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Abstract. We study the asymptotic behaviour of a p-harmonic measure wy, p € (1,], in a
domain ©Q C R?, subject to certain regularity constraints. Our main result is that w, (B (w,d) N
8Q,w0) ~ §% as § — 07, where ¢ = q(v,p) is given explicitly as a function of v and p. Here, v is
related to properties of €2 near w. If p = oo, this extends to some domains in R"™. By a result due
to Hirata, our result implies that the p-Green function for p € (1, 2) is not quasi-symmetric in plane
CY1-domains.

1. Introduction

Let Q C R™ be a regular bounded domain and let f be a real-valued continuous
function defined on 0€). It is well known that there exists a unique smooth function
u, harmonic in €2, such that v = f continuously on 9€). The maximum principle and
the Riesz representation theorem yield the following representation formula for w,

u(z) = /f(w) dw?(w), whenever z € Q.
o0

Here, w?(w) = w(dw, z,$) is referred to as the harmonic measure at z associated
to the Laplace operator. As the harmonic measure allows us to solve the Dirichlet
problem, its properties are of fundamental interest in classical potential theory.

Consider the harmonic measure at some fixed point z, a natural question is: How
does the harmonic measure of a d-neighborhood around a given boundary point decay
when ¢ tends to zero? Or, expressed in probabilistic terms, what is the probability
that a Brownian motion started at z will first hit the boundary in a d-neighborhood
around the boundary point? For smooth domains, a classical result is that the
probability is comparable to "', when ¢ is small.

In this paper we study decay of a p-harmonic measure, defined below, which
is a generalization of harmonic measure, related to the p-Laplace equation. For
p € (1,00), the p-Laplace equation yields

Ayu =V - (|[VulP?Vu) = 0.
If p = o0, then the equation is no longer of divergence form and can be written as

" Ou du D

. Oz, 0, w0,

(1.1) Agou :=

1,J=
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which is the so called co-Laplacian. For the definition of solutions to the p-Laplacian,
that is, weak solutions, viscosity solutions and p-harmonicity, we refer the reader to
Section 3.

Definition 1.1. Let Q C R" be a domain, £ C 92, p € (1,00), and wy € Q.
The p-harmonic measure of E at wy with respect to €, denoted w,(E,wp, ), is
defined as inf, u(wp), where the infimum is taken over all p-superharmonic functions
u > 01in € such that liminf, ., u(z) > 1, for all w € E.

The oo-harmonic measure is defined in a similar manner, but with p-superhar-
monicity replaced by absolutely minimizing (AM), see [PSSWO09, pp. 173-174|. To
avoid confusion, we mention that there are at least three different definitions of p-
harmonic measure in the literature. Besides the p-harmonic measure above, we refer
to the definitions given in [BLO5| and [HK97]. In the rest of the paper, we write
p-harmonic measure to mean w,(E,wy,2) as defined in Definition 1.1, and if the
underlying domain is clear from context, we allow ourselves to write w,(E,wp) in
place of w,(E,wp, ). It turns out that w,(E, -) is p-harmonic in Q and that 0 <
wy(E,wy) < 1, for all wy € Q. For these and other properties of p-harmonic measure,
as well as for the fundamentals of the p-Laplace operator, we refer to [HKM93).

When p # 2, the p-harmonic measure fails to be a measure, and it no longer
provides a solution formula for the Dirichlet problem, owing to the nonlinearity of
the p-Laplace operator. Nevertheless, it can still be used to estimate solutions to
the p-Laplace equation. For instance suppose that u is p-subharmonic in €2, with
limsup,_,,, u(z) bounded by C' when w € E C 952, and by ¢ < C on the rest of the
boundary. Then u < (C' — ¢)w,(E, - ) + ¢ in §2, see [HKM93, Theorem 11.9].

The p-harmonic measure also has a probabilistic interpretation, this time in terms
of the zero-sum two-player game tug-of-war [PS08, PSSW09|. Roughly speaking,
given a domain in R", n > 2, and a starting point, two players take turns in choosing
an e-step, which is then perturbed by a p-dependent noise vector. The game ends
when one of the players is able to reach the boundary of the domain. Player one
receives a payoff of $1 from player two if the game ends at a part E of the boundary,
otherwise neither player receives any payoff. As e — 0T, the value of this game tends
to the p-harmonic measure of F.

Now consider a domain in R?. Our main result (Theorem 2.1) is that the p-
harmonic measure of a J-neighborhood of a boundary point, satisfying certain regu-
larity conditions, decays as a certain power of §, when § — 0. For the upper bound,
the condition on the domain is simply that it is contained in a sector with a certain
aperture and with apex at the boundary point. The lower bound requires instead
that the domain satisfies a generalized interior ball condition. Before giving the def-
inition of the generalized interior ball, we introduce the sector S,, having aperture
7/v and apex at the origin. Let ¢ € (—m, 7] be the polar angle of (z,y), then

(1.2) So={(.9) € R\ {0.0)}; 9] < 5=} where v > %

We now give the definition of the generalized interior ball condition. Here, as in
the sequel, (r, ¢) are polar coordinates for (z,y).

Definition 1.2. Let 2 C R? be a domain and let, for v,r; > 0 and v > 1/2,

2 Y\’ ™
E(y,r,v) = {(:c,y) € R*; cos(ve) > (E) el < 2_11}
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A boundary point w € 0f2 is said to satisfy the generalized interior ball condition
of type (v,r1,v), if there exists a rigid transformation 7' of the plane such that
T(E(fy,rl,v)) C Q and w = T(0,0). We then say that w € 9 is of type (v,7r1,v)
for €.

The set E(v,71,v) is by definition contained in the sector S, defined in (1.2). On
the boundary OF(v,r;,v) we have that r = r; cos'/7(ve), see Figure 1. If v = v = 1,
this is just a circle with radius /2 and center (m /2,0) and hence, in this case
Definition 1.2 yields the usual interior ball condition. We also see that if w € 99 is
of type (v, r1,v), then it is also of type (v/,7},v"), for all v >+ > 0, r; > r] > 0,
and 1/2 < v <v'. Finally, it is not too difficult to verify that E(v,r,v) is convex if
and only if v > 1, but that the parts of E(v,r;,v) that are in the upper and lower
half plane, respectively, are both convex for all v > 1/2. In particular, E(v,r,v) is
star-shaped around (z,0), for all = € [0, r].

hol—

(a) p=2 b)v=1

Figure 1. The boundaries of the bounded sets E(q,r1,v), where ¢ = g(v,p) is as in (2.1), for
various values of p and v. The lower bound in Theorem 2.1 requires that E(q,r1,v) can be mapped
by rotating and translating to a subset of 2, with (0,0) mapped to a given boundary point of €.

The rest of the paper is structured as follows. In Section 2 we present our main
result (Theorem 2.1) and a number of Corollaries. In Section 3 we present some
well known results and definitions for p-harmonic functions and geometry. Finally,
in Section 4 we prove Theorem 2.1 using singular solutions to the p-Laplace equation
discovered by Aronsson and Persson.

2. Results

Let B(w,d) = {z € R?% |z —w| < ¢} be the open disc with radius § > 0 and
center w € R? and let, for v € [1/2,00) and p € (1, o0,

(204 1)(2—p) +pv® + (v+ 1)/ (20 + 1)(2 — p)? + p*0?

(21)  g=gqlv,p) = 2 —D20 1 1) ,

interpreted as a limit when p = oo, so that q(v, c0) = v?/(2v + 1).
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Our main result is the following characterization of p-harmonic measure of plane
domains. Roughly speaking, the theorem implies that if 0f) fits in between a sector
and a generalized ball, both with aperture /v and apex at w € 952, then

wp(A(w, J), wo, Q) ~ 01

when ¢ > 0 is small. Here and in the rest of the paper, A(w,d) = B(w,d) N 0Q
and A ~ B means that there exist constants ¢ and C such that cA < B < CA.
In general, C' and ¢ denote constants C' > 1 and ¢ < 1, not necessarily the same
at each occurrence. Moreover, dist(z, F') denotes the Euclidean distance between
the point x and the set F, and a domain is an open connected set. If the domain is
unbounded, then the point at infinity is by definition in the boundary. For definitions
of the Harnack chain and the exterior corkscrew conditions, we refer the reader to
Section 3.

Theorem 2.1. Let Q2 C R? be a domain, wy € Q, p € (1,00], v € [1/2,00),
r1 € (0,1), and let ¢ = q(v,p) be as in (2.1). There exist constants C; and Cy such
that the following is true.

(i) If w € 09\ {oo} is such that there exists a sector, with aperture m/v and
apex at w, which contains (), then

5 q
Wp(A(U% d), wo, Q) < (i <m>

for all 6 > 0.

(ii) Assume that ) satisfies the Harnack chain condition and that either p > 2
or that ) satisfies the exterior corkscrew condition (3.1) on A(w,d). There
exists a constant 0y > 0, such that if w € 0Q \ {00} is of type (q,r1,v), then

69 < Co wy(A(w,d), wy, Q)

for all 0 < § < Jy.

The constant Cy depends only on p and v; Cy depends only on p, v, 1, dist(wg, 09),
|w —wo|, and if p € (1,2] also on the exterior corkscrew condition, that is, on roy and
M; b depends only on p, v, r1, and if p € (1,2] also on ry. Moreover, C; decreases
in p, dg Increases in p and, if p > 2, then Cy is decreasing in p.

From equation (4.1) in the proof of Lemma 4.1, it follows that the exponent
q = q(v,p) is decreasing in p and increasing in v. Moreover, from (2.1) we obtain

2

limg=o00, limg= and lim g = cc.
p—1 q p—00 q 2’U + 1 V—00 q
For the classical case p = 2, we have that ¢(v,2) = v, as expected.
Since the geometric assumptions in Theorem 2.1 are quite lengthy, we state the
following direct consequence of Theorem 2.1 as a corollary.

Corollary 2.2. Assume that Q C R? is convex and satisfies the usual interior
ball condition with radius ry. Let wy € Q and p € [2,00]. There exist constants C'
and 69 > 0 such that

C7151P) < w, (A(w, §), wp, Q) < CH1LP)
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whenever 0 < 0 < 8. The constant C depends only on p, ri, dist(wg,dS) and
|w — wy|; g depends only on p and ry. Moreover, if p > p > 2, then the constants C'
and 0y can be chosen independent of p but depending on p.

Next, suppose that S,,, C R? is a sector having aperture 7 /v and apex at w.
Since both the p-Laplace equation and S, ,, are invariant under scalings, we have, for
2 € Sy and s > 0,

s z
wp(B(w, S) N 8Sv’w, Z) = Wp (B (w, m) N (9Svyw, m) s
and hence Theorem 2.1 and Harnack’s inequality implies the following.

Corollary 2.3. Let p € (1,00], v € [1/2,00) and s € (0,00) be given. There
exists a constant C', depending only on p and v, such that

B s q s q
C — | < wp(B(w, s) N OSy w, z,Sva) <(C

lw — z| |lw — z|

whenever z € Sy, \ B(w, s).

In the case p = co we have the following extension of Theorem 2.1 to R". When
(2 is a unit ball, this result was first proved in [PSSW09, Theorem 1.5].

Corollary 2.4. Assume that 2 C R" is rotationally invariant around an axis /.
Let €2, be the intersection between ) and a two-dimensional plane containing ¢, let
wo € O, v € [1/2,00) and ry € (0,1). There exist constants C; and Cs such that the
following is true.

(i) If w € 922 N ¢ is such that there exists a sector with aperture /v and apex

at w that contains §;, then

Woo (A(w7 5)7 Wo, Q) S é\l (L> "

|wo — w
for all 6 > 0.
(i) Assume that 2 satisfies the Harnack chain condition. There exists a constant
8o > 0, such that if w € 8N L is of type (v?/(2v + 1),71,v), then

5#11 < 62 Woo (A(w, J), wy, Q)

for all 0 < § < 50.
The constant C, depends only on v; Oy depends only on v, ry, dist(wg, dS2) and
|w — wg|; while 8o depends only on v and r,.
To prove Corollary 2.4, assume that u € C?(Q), otherwise, we switch to a C*-
function through the definition of viscosity solutions. Since the co-Laplacian is invari-
ant under rotations and translations, we also assume that the axis ¢ coincides with

the xi-axis and that €2, is contained in the xxs-plane. By symmetry, we conclude
that u,, = u,, =+ =u,, =0 on {2 and hence

n
2 2
A u = E Uz, U Ugyz; = Uy Uy + 2Ugy Uy Uy gy + Uy, Ugyzy = 0.
1,5=1
Thus, u is oo-harmonic in €, C R?, which allows us to deduce Corollary 2.4 from
Theorem 2.1.
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Returning to two dimensions, let G, be the p-Green function for Q C R?, that
is, a weak solution to

AGy(-,2) =—6, inQ,
Gp(-,2)=0 on 01,

such that G,(w, z) - [w — 2|@P/®=D is bounded, and let K, be the p-Martin kernel,
defined in the usual way; see [Hir08| for details.

Corollary 2.5. Let p € (1,00], let 2 be a bounded C*'-domain in R? and let
wo € § be fixed. Then there exist a point w € 02 and a constant C such that

wy (A(@, ), w, Q) < C51P)
for § > 0 small enough. The constant C' depends only on p.

In fact, convexity must hold in some point w € 92, and hence Theorem 2.1 yields
the result. In connection with Hirata, we give the following remark.

Remark 2.6. For a Ct!'-domain in R™ and for p € (1,n], Hirata [Hir08, The-
orem 2.7| proved that the following statements are equivalent to each other. Let 74
be the radius in the ball condition (interior and exterior) guaranteed by [AKSZ07,
Lemma 2.2|, and let xy € €.

(a) wp(A(w r), 7o) ~ r /=D whenever w € 99 and 0 < 7 < 7,

(b) Gy(z,y) = Gp(y,z) for any pair =,y € ,

(c) G (xo, x) ~ dist(z, 02) whenever dist(z, 0Q) < 11,

(d) for each w € 0f), there is a positive p-harmonic function v on 2 vanishing

continuously on 89\{w} such that u(xg) = 1 and u(x) ~ dist(z, 9Q)1-")/F-D
on the inward normal at w,

(e) for each w € 99, K,(x,w) = dist(z,0Q)/|x — w|"TP=2/P=D for z € Q.
Hirata then proved (d) for p = n; and hence all of (a)—(e) are valid for p = n. It
is classical that all of (a)—(e) are valid for the linear case p = 2. The validity for
the other case is not known. Corollary 2.5 implies that none of (a)-(e) holds for
l<p<2andn=2 since 1/(p—1) < q(1,p).

In the linear case p = 2, it is well known that an upper bound on the harmonic
measure of discs immediately gives a lower bound on the Hausdorff dimension of the
harmonic measure. More precisely, if wy (A(w,é),wo) < €0, for all w € 992 and
all sufficiently small 6 > 0, then the Hausdorff dimension satisfies dimy(E) > v, for
all E C 09Q with wy(E,wg) > 0. In passing, we recall that Beurling’s projection
theorem gives the lower bound dimy(E) > 1/2 for all simply connected domains
[GMO5, Corollary I11.9.3]. This bound was improved by Carleson [Car73| to 1/2 + ¢,
with ¢ > 0 a universal constant, and Makarov [Mak85| proved, in particular, that
dimy(E) = 1 for Jordan domains.

When p # 2, however, the p-harmonic measure is in general not subadditive, not
even if we allow a multiplicative factor. For instance, it is known that the boundary
of the half-plane can be partitioned into finitely many sets of p-harmonic measure
zero [LMWO5|. Although Theorem 2.1 shows that the pointwise dimension, defined
in the obvious way, is ¢ = ¢(v,p), there are no immediate ties between this and
the dimension of the p-harmonic measure. For the question of the dimension of a
different notion of p-harmonic measure, coinciding with w, only when p = 2, we refer
to [BLO5].
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Concerning doubling properties of the p-harmonic measure we note the following.
Theorem 2.1 implies the existence of a constant C' such that

wy (A(w, 26), wp) < Cw,(A(w,d), wp),

if 0 is small enough. Unfortunately, C' depends on both w on wy. If we in addition
assume that the boundary conditions imposed on w holds uniformly for all w € 012,
then C' can be chosen independent of w. We note that such assumption implies that
v = 1 and hence () is a convex domain which satisfies the generalized interior ball

condition. If also p = 2, then () satisfies the usual interior ball condition, and then
Q is a CM'-domain, see [AKSZ07, Lemma 2.2].

Acknowledgement. The authors want to thank G. Aronsson, J. Bjérn, T. Lundh
and K. Nystrom for useful discussions and ideas. We also thank the anonymous
referee for a careful reading of the paper and for constructive comments.

3. Preliminaries

In this section we state some definitions and known results for p-harmonic mea-
sure and p-harmonic functions. We start with defining solutions and p-harmonicity.
If p € (1,00), we say that uisa (weak) subsolution (supersolution) to the p-Laplacian
in a domain Q provided u € W?(Q) and

loc

/|Vu|p_2 (Vu, Vo) dr < (>)0,
Q

whenever 6§ € C§°(f2) is non-negative. A function u is a (weak) solution of the
p-Laplacian if it is both a subsolution and a supersolution. Here, as in the sequel,
WhP(Q) is the Sobolev space of those p-integrable functions whose first distributional
derivatives are also p-integrable, and C§°(§2) is the set of infinitely differentiable func-
tions with compact support in €. If p = oo, the equation is no longer of divergence
form and therefore the above definition is replaced by the following. Here, as in the
sequel, A is the co-Laplace operator defined in (1.1).

An upper semicontinuous function u: 2 — R is a (viscosity) subsolution of the
oo-Laplacian in € provided that for each function ¢ € C?(f2) such that u — ¢ has a
local maximum at a point zy € €2, we have A 1(x) > 0. A lower semicontinuous
function u: Q — R is a (viscosity) supersolution of the oco-Laplacian in Q provided
that for each function v € C%*(2) such that v — 1 has a local minimum at a point
zo € 2, we have A 1(xg) < 0. A function u: Q — R is a (viscosity) solution of the
oo-Laplacian if it is both a subsolution and a supersolution.

If u is an upper semicontinuous subsolution to the p-Laplacian in Q, p € (1, o0]
then we say that u is p-subharmonic in Q. If u is a lower semicontinuous supersolution
to the p-Laplacian in ©, p € (1, 00|, then we say that u is p-superharmonic in . If
u is a continuous solution to the p-Laplacian in Q, p € (1, 00|, then u is p-harmonic
in Q.

We note that for the p-Laplacian, 1 < p < oo, weak solutions are also viscosity
solutions (defined as above but with A, replaced by A,); see [Ju98, Theorem 1.29].
Moreover, under suitable assumptions, an co-harmonic function is the uniform limit
of a sequence of p-harmonic functions as p — oo; see [J93|. For more on weak
solutions, viscosity solutions, p-harmonicity and p-superharmonicity, see for instance

[HKM93] and [CIL92|.
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Concerning geometric assumptions, we recall the following. A domain 2 is said
to satisfy the Harnack chain condition, if given any € > 0 and w, wy € €2 such that

dist(wy, 082) > €, dist(wq, Q) > € and |w; —wsy| < Ce

for some constant C', then there exists a Harnack chain from w; to wy, whose length
may depend on C, but not on e.

A domain §? is said to satisfy the exterior corkscrew condition on E C 0f) with
constants 1o and M > 1, if the following holds. For any w € E and any r € (0, r9),
there exists a point a,(w) € R™ \ © such that

r ) r
(3.1) < la,(w) —w| <r and dist(a,(w),0Q) > 7

As mentioned in the Introduction, the p-harmonic measure wy,(E, -) is a p-
harmonic function 2 — [0, 1], and the following lemma tells us that the bound-
ary behaviour at p-regular boundary points (regular with respect to the p-Laplace
operator) is as expected.

Lemma 3.1. Let p € (1,00], let zy be a p-regular boundary point of a domain
Q C R", and let E C 09). If zy has a neighborhood V such that V N 02 C E, then

lim wy(E,2,Q) = 1.

z—20

Similarly, if zy has a neighborhood V' such that V N 9Q N E = (), then
lim w,(E,2,Q) =0.

z—20
Proof. In the case p € (1,00) this follows from [HKM93, Theorem 11.6]. If
p = 00, then the result folows by definition, see [PSSW09, pp. 173-174]. 0J

Recall that a sufficient condition for p-regularity is that the domain satisfies the
exterior corkscrew condition, as defined in (3.1). See [HKM93, Theorem 6.31].

We will make use of the comparison principle and Harnack’s inequality for p-
harmonic functions, as well as the fact that these results hold with constants inde-
pendent of p, if p is large.

Lemma 3.2. Let p € (1, 00| and suppose that u is p-superharmonic and that v
is p-subharmonic in a bounded domain 2 C R™. If
limsupv(z) < liminf u(z)
for all w € 02, and if both sides of the above inequality are not simultaneously oo
or —oo, then v < u in ).

Proof. If p € (1,00), this follows from [HKM93, Theorem 7.6]. For the case
p = o0, this was first proved in [J93, Theorem 3.11|. A shorter proof was later
presented in [AS10]. O

Lemma 3.3. Let p € (1,00], w € R? r € (0,00) and suppose that u is a non-
negative p-harmonic function in B(w,2r). Then there exists a constant C' € [1, 00),
depending only on p, such that

sup u < C inf wu.
B(w,r) B(w,r)

Moreover, if p > 2, then the constant C' is decreasing in p.
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Proof. For the case p € (1,00), see [KMV96| or [LuN10, Lemma 2.3]. For the
case p = oo the result follows by taking the limit p — oo in the former case, see

[LM95]. O
Classically, every harmonic function « in a simply connected plane domain has a
harmonic conjugate, that is, a harmonic function v such that u), = v, and uj, = —v;.

For general p-harmonic functions, p € (1, 00), the corresponding concept is that of a
stream function.

Definition 3.4. Let p € (1,00) and denote by p’ = p/(p — 1) the conjugate
index. If u is p-harmonic, a p’-harmonic function v is said to be a stream function to
u, if ul, = |Vv|p/*21); and uy, = — Vo'~

Similar to the classical case, every p-harmonic function in a simply connected
plane domain has a p’-harmonic stream function, see [AL88, Theorem 4].

4. Proofs

To prove Theorem 2.1, we use similar ideas as in the proof of [PSSW09, Theo-
rem 1.5, which is the corresponding result for co-harmonic measure in any dimension
n > 2, when the domain is the unit ball. For p > 2 we use a p-harmonic function
from [Aro86|, and if p < oo, then the function has a p/(p — 1)-harmonic stream
function which—making use of a representation from [Per89]—also has the desired
properties. The functions are defined in the sector S, and can be written

Hyp(,y) =17y (9),

where h,,, and ¢ = ¢(v, p) are certain functions given below, and (r, ¢) are polar coor-
dinates for (x,y). We summarize some properties of these functions in the following
lemma.

Lemma 4.1. Let p € (1,00] and let v € [%,oo). There exists a p-harmonic
function H, ,: S, — (0,00) of the form H,,(x,y) = r~9h,,(¢), where ¢ = q(v,p) is
given by (2.1). The exponent q is decreasing in p and increasing in v. Moreover, the

function h,, is continuous on [—Z’r—v, %], differentiable, and satisfies
() hop(£3;) =0,
(i) hop(), N, ,(¢)] < M,, < oo, for all ¢ € (=35, 5-), and
(iii) min|¢‘§ﬁ hv,p(QS) >m, >0,
where M, , and m,, are constants depending only on v, p and v, respectively. Moreover
M, , is decreasing in p with v fixed, and M, , < v for p > 2.

For the convenience of a reader who has access to [Aro86] but not [Per89], we
record the following result from [Per89|, which allows the results in [Aro86] to be
extended to p € (1,2).

Lemma 4.2. Assume that p € (2,00) and that ¢ > 0. Let p’ = p/(p— 1) be
the conjucate index to p, and define ¢' by the relation (1 + q)p = (1 + ¢')p'. If
(r,¢) — r7%h(¢) is p-harmonic in a sector S, then

5((qh(¢>)2 +6)?) T 1)

is a ¢'-harmonic stream function in S,,.

(T’ ¢) = T_q/ :
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In [Per89, Theorem 1A], this is proved by observing that the condition [Aro86,
Equation (5)] for p-harmonicity of (7, ¢) — r~%h(¢), also for p € (1,2), can be written
[Per89, Equation (3.3)] as

d p=2
Go (0 (@ + 7)) - adh ((ah)? + (1Y)
To shorten our proof, we will also make use of a compact representation formula
given by [Per89] of the stream function, see Case 3 in the proof of Lemma 4.1. Of
crucial importance, however, is the fact that the correct radial exponent ¢’ is given

by the relation (1 + ¢)p = (14 ¢')p'.

Proof of Lemma 4.1.  The facts (ii) and (iii) are actually quite easy to see
from continuity and positivity of h,,(¢). However, the proof of Theorem 2.1 calls
for better control of the constants in the lemma, which requires the following more
delicate proof.

For p = 2, we immediately see that H,,(z,y) = r~"cos(v¢) is a function with
the desired properties, since ¢(v,2) = v. Next, we prove the lemma for p € (2, 0],
and then show that H, ,, when p < oo, determines a stream function which is the
required function for p/(p — 1) € (1, 2).

p—2
2

=0.

Case 1: 2 < p < oo. By [Aro86, Case 2 on p. 145], there exists a p-harmonic
function H,,, defined in S, of the form H, ,(x,y) = r~%h,,(¢). The function h,,
can be written as

g+1

cos? 0, ()~ 2
aq ’
where a = (p —1)/(p — 2) and 6,,, is a certain continuous, strictly decreasing function

of ¢.
When |¢| < -, we have that

1 agq
arctan(pt,, tan6,,(¢)), where fu,, = /m’

see [Aro86, p. 145]. The function 6, , is chosen so that it maps the interval [—%, %}

hap(6) = 036, (6) (1 n

¢ = Qv,p(gb) - -

to [—g, %}, and this condition immediately determines the radial exponent q.
More precisely, the condition that determines ¢ is given by [Aro86, p. 146], and

reads .
£ ofg) o) oo D)

This equation in ¢ was derived and solved in [Aro86, Equation (8)] for v an integer,
but that assumption is needed only when the function is extended to the entire plane.
Solving the equation first for a = (p — 1)/(p — 2) and then for p, we obtain

1 v?
+ .
14q (2u+1)g—1?
From (4.1) we see that ¢ is decreasing in p and increasing in v. Solving for ¢, we
arrive at a quadratic equation, whose unique positive root ¢ = ¢(v,p) is given by
(2.1) in the Introduction.

We proceed by observing that p,, is strictly decreasing in p, since p > 2 and
q is decreasing in p, with lim, . p,, = v/(v + 1) and lim, .5 p,, = 1, so that

(4.1) p=1+
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fop € (7255,1). Tt is then easy to see that minyg<x h,,(¢) > ¢, for some constant
¢ > 0 independent of p € (2, 00), since 0, ,(¢) is bounded away from £7, uniformly
in p, if |¢p| < £ and v € [3, 00) is fixed.

Next, note that 0 < hy,,(¢) < 1 for [¢| < Z-, and that h,,(£5) = 0. Finally,
using the formula [Aro86, page 143]

, cos? 0, ,()\~ %5
(4.2) Hop(6) = a-sinf,(0) - (1+ T?) ,
we have that |, (¢)] < g, for all ¢ € [—2, 2], and hence also that |h] ,(¢)| < v,

since q(v,p) < q(v,2) = v. The proof of the lemma in the case when p € (2,00) is
complete.

Case 2: p = oco. Letting a = 1 when p = oo, the function from Case 1 is imme-
diately extended to the case when p = co. By [Aro86, Case 2 on p. 148| and [Aro86,
Lemma 3’|, this function is smooth and co-harmonic when ¢ # 0. Consequently, the
function H, ~ satisfies the required conditions, except that it is not immediate that
the function is co-harmonic in the viscosity sense in the entire sector.

For v = 1, it was shown in [Bha04, Appendix I| that H;  is indeed co-harmonic
in the viscosity sense. However, the exact same proof works for all v > %; or more
generally for oo-harmonic functions with polar representation r~9h(¢) > 0, with
q-(g+1) >0 and where h € C' is C? for ¢ # 0, has a local maximum at ¢ = 0 and
satisfies limg_,o h"(¢) = —oo. Thus the proof of the lemma is complete in the case
when p = oo.

Case 3: 1 < p < 2. It is convenient to view the p-values at hand as conjugate to
those in Case 1. Hence, let € € (0,1), fix p’ € (1+¢,2), and denote the conjugate
index by p=p'/(p' — 1).

First we extend the domain of h,,, defined in Case 1, to R. To do so, we first
extend 0, , by ‘pasting’ together copies of its graph on [ 505 9e } so that, for instance,
Opp(@) =T+ 06,, ((b + %) for ¢ € [—%, —%], which is the extension we will need.
Using this extension of 0, ,, the domain of definition of h, , is extended to R, and
although the function is no longer positive at all points, we still have that |h, ,| <1
and |h;, | < gq.

By [Aro86, Case 2 on p. 145|, restricting (r, ¢) — r9h, ,(¢), 7 > 0, ¢ € R, to
any angular interval of length 27 or less yields a p-harmonic function. In particular,
let Hyp(x,y) = 1%y, (¢) for r > 0 and ¢ € [—%, 0}, which is then p-harmonic for
r>0and ¢ € (—%, O). As we shall see, the stream function of H,, is, up to rotation,
the desired function.

Let Fy (v, y) = r~ @2V f, (¢), for r > 0 and ¢ € [—%, 0}, where

(2 — p/) sin® 0, () ) _ategii
(7 = Da(v.#) -

fop (@) =sinb, (o) - (1 _

Here q(v, p') satisfies
(1 +q(v.p)p',
and then expanding the expression using the

(1 +q(v,p )
as can be verified by plugging in p’ = Ll

2-p' 8 1
(' —Da(3.p") < and q(2,p) =

q(v,p") < q(v,1+¢€), we see that |f, ,(¢)| < C, for a constant C' depending only on

definition of ¢, formula (2.1). Since, by a calculation,
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¢ and v. Then by [Per89, Theorem 2], as can also be verified using Lemma 4.2 and
(4.2), F,,y is a stream function to the function ~, ,H, ,, where

q(v,p')7 ( q(v,p') )
q(v,p)  \(p—Dg(v,p)
is a constant, and we see that v,, < C, for all p’ € (1+¢€,2) and p = p'/(p — 1),
where C' only depends on € and v.
Since ﬁv,p is p-harmonic for » > 0 and ¢ € (—%,O), it follows that F,, is p’-
harmonic in the same domain, and that [V F, | =~5" - |VH,,|P~*. Hence, writing
the gradient in polar coordinates and simplifying, we get that

11 @] <221 (=002 hn(@)* + (7,(6))°)

where we have used the fact that (¢(v,p)+1)(p—1) = ¢(v,p’)+1. Since |h,,| < 1 and
Bl < q(v,p), we get that |f; ,(¢)] < C, for all ¢ € [—%,O] and all p’ € (1+¢,2),
for some constant C' depending only on € and v.

If v € [1,00) is fixed, then 6, ,(¢) is uniformly bounded away from 0 and = when
NS [_%7 —1} and p’ € (1,2). Hence there exists a constant ¢ > 0, independent of

4v

p' € (1,2), such that f, (¢) > cforall ¢ € [_%7 —%}. We also see that f, (¢) > 0,

all p € [—=Z,0], and that f,,/(0) = fu(—%) = 0. Letting hyy(¢) = fop (o + =),
for ¢ € [—Z,0], we see that H,,, = r~9?)h, ,(¢) is the desired function. The proof
of Lemma 4.1 is complete. [l

Proof of Theorem 2.1. Part (i). Fix p € (1,00], v € [3,00), and w € 90\ {o0}.
After possibly translating and rotating, we may assume that w = (0,0) and that

Q C S,, where S, is the sector defined in (1.2). To simplify notation, we also put
As = A((0,0),6) = B((0,0),6) N oK, for 6 > 0.

q(v,p)+1
2

Yop =

p—1
2

Figure 2. Geometry for the upper bound on w) (Ag7 wo), part (i) of Theorem 2.1. The function
I?(s has a pole at (—4,0), and is shown to be bounded from below by some constant on As. In the
figure v = 1, so that €2 is contained in a half-plane.

Let Hy(xz,y) = (20)9H, p(x+0,y), for (z,y) € S,, where H, , is the function from
Lemma 4.1. If (z,y) € As, then we see geometrically that the polar angle ¢ of the
point (z + 9,y) satisfies [¢'| < -, since ¢’ is no larger than the inscribed angle of an

arc with central angle 5~ (Figure 2). This fact, which trivially holds if v = %, can
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also be seen algebraically, for v > 3, by letting (r, ¢) be polar coordinates for (z,y),
and noting that

r+8 cos|o|+ 2 T T T
= 91 L > cot — + csc — = cot —,

t || = =
cot ¢ ly sin || 20 2v 4v

since r < 0 and |¢| < Z-. Hence, we may use property (iii) in Lemma 4.1 to get that,
for (z,y) € As,

ﬁg(ﬂf,/y) > (25)(] "My - (25)—11 = My,
since As C B((—&, 0), 26), implying that 15 < [:T(;/mv on 0f). By the definition of
p-harmonic measure (Definition 1.1), this implies that, for all wy = (g, o) € Q,

25)4 20)9M, 3 29 M, 04
( ) 'HU,P<xO+57 yO) S ()—J) : |(ZL‘0+5, ?/O)l ¢ S L. )
My My m,  |wy — wld

wp(A(Sa wO) S

allowing us to pick Cy = 29M,,,,/m,.
Finally, since M, , and ¢ = ¢(v, p) are decreasing in p, we can conclude that C;
is decreasing in p, completing the proof of part (i) of Theorem 2.1.

Part (ii). Fix p € (1,00, v € [$,00), and w € 00\ {oo}. After possibly
translating and rotating, we may assume that w = (0,0) and that E(q,7,v) C Q

(Figure 3), where E(q,71,v) is the set in Definition 1.2.

OF (Q(Ua p)a T1, U)

Figure 3. Geometry for the lower estimate of wj,(As, wo), part (ii) of Theorem 2.1. The function
H has a pole at (26,0), and is bounded from above by C'6¢ on dE(q,r1,v), and by w,(As,wp) on
dB((26,0),0tan ). In the figure p =4 and a = 1.

Choice of dy. Fix 9 > 0 so small that §y < 7z and

W S0 ()

where M, , and m, are the constants from Lemma 4.1. Note that d, can be chosen
to be increasing in p. In the case when p € (1,2], we also assume that dy < 7o,

where 7y is the constant from the exterior corkscrew condition (3.1). Let Bs =
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E((?é, 0), 0 tan Slv), for 6 > 0, where B denotes the closure of B. We now show that,
for all 6 € (0, dy),

2

~ v
(1.4) By C B(3oriv) € Bla.mv) €0,
where the second inclusion follows immediately since g > %, and the last inclusion

holds by assumption. For the remaining inclusion, let (7, ¢) be polar coordinates for
(z,y) € Bs. Now |¢| < &, since if (z—20)? +y? < (d tan %)2, then z > ¢, and hence

also |y| < xtan g-. Consequently, Bs C E(#iv r1, U), since cos (vp) > cos(v . %) >
'u2
(%)m, where the last inequality holds since r < 30 < {5 and 20”11 > %.

Lower bound of w, on Bs. Let § € (0,0y). Aiming to find ¢; > 0 such that

wp(As, - ) > ¢1 on E(;, we first find such a lower bound near the boundary.
If p > 2, then all points on 02 are p-regular, see [HKM93, pages 124-125], and
hence the boundary convergence in Lemma 3.1 holds. Let, for z € B ((O, 0), (5),
« p J— 2

f(z)=1- ,  where a:a(p):p_

Recall that f is p-harmonic in B((0,0),é) \ {(0,0)}, with f(0,0) =1 and f =0 on
0B ((O, 0), (5). Moreover, by Lemma 3.1 and by the comparison principle we see that
wy(As, +) > f whenever both functions are defined. Hence w,(As, (6/2,0)) > 1—-272.

If p € (1,2], then by assumption € satisfies the exterior corkscrew condition on
As. This implies that As is p-regular and hence we may apply Lemma 3.1 and the
comparison principle. Consider the p-harmonic function

( ) a/’ €T — xoy(p_Q)/(p_l) + b7 lfp % 27
xT) =
g alog|x — xzo| + b, if p=2,

and «a(oco) = 1.

for some a,b. Choose a and b such that g has boundary values ¢ = 1 on 0B (a5/4(0, 0),
6/(4M)) and g = 0 on 9B(as4(0,0),0/2). Here, M and as/a( - ) are given by the
exterior corkscrew condition (3.1). By construction and by the comparison principle,
we have g < w,(A;s, - ) whenever both functions are defined. Hence, by the Harnack
inequality we conclude the existence of a constant ¢, increasing in p and depending
only on M and p, such that w, (A(;, (0, O)) > c.

Consequently, for all p € (1, 00), the Harnack inequality shows that w,(As, - ) >

¢; on Bs, for some constant ¢; > 0, depending only on p and, if p € (1,2], also on
M. Furthermore, c; is increasing in p when p > 2.

Upper bound of the comparison function. Let Hj(z,y) = 37 (5 tan %)qu,p(a:—

v,p

26,y), for (z,y) € R? such that (z —26,y) € S,, First note that if (z,y) € 9B, then

* c T\4 T\ 4
Hi(z,y) < Ml (5tan @> . <(5tan §> - M, , < wp(Ag, (:U,y)),

U’p
where the first inequality follows from property (ii) in Lemma 4.1.
Let D be the set of points (z,y) € E(q,r1,v) such that (z —20,y) € S,. We now
show that Hj(z,y) < Cyd? on 0D \ {(24,0)}, where

mC1 2 T \4
Co = —<—t —> .
0 2v \ry an Sv
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Let (r', ¢') be polar coordinates for (z — 24, y) Since Hy ,(x—26,y) = (r') " hy,(¢'),
where h,,, by Lemma 4.1 satisfies hvp( ) =0 and |h, | < M,,, the mean value

theorem yields
1
ok
Hence, if (z,y) € 0D and if we pick ¢’ € [ = } then

207 20
M
—P (r’)’q coSs v¢’.

Hv,p(w - 257 y) S Mv,p : (T/)_q

n— Q0 /
Hv,p<x - 257 y) S Mv,p : (7') q(% - ’¢ |) S

We now show that cosvg’ < (?r—:/)q on 0D. If (x — 24,y) € E(q,%,v), then
(2x — 46,2y) € E(q,r1,v) by definition. As the latter set is star-shaped around
(46,0), we get that (z,y) = 3(2z —46, 2y) + 3(40,0) € E(g,r1,v), and hence also that
(z,y) € D, since |¢'| < o (Figure 4). In particular, this implies that if (z,y) € dD,
then (x — 26,y) ¢ E(q, 2 v), and hence cosvg’ < (27" )%

By definition of Hj and Cj, we then get that Hj(z,y) < Cyd? for all (z,y) €
0D\ {(26,0)}; in fact, we even have that Hf =0 on 0D \ 0E(q,r,v).

8E(q(v P), 71,V )

E(q(v,p), %, v) + (26,0)

Figure 4. The shaded set D is the part of E(q,r1,v) that lies within a sector with aperture T
and apex at (26,0). Contained in D is the set E(q, =, v) translated by (26,0). In the figure, p = 4
and v = 2.

Final comparison. Combining the last estimate with the bound of Hj on OB,
the comparison principle yields that Hy < w,(As, - )+ Codé? on D\ Bs. In particular
for the point (4d¢,0), which is in the set,

Wp (A67 (4607 O)) >
v,p

> 015‘1(]\7;” (469)71 — %(f—)q) . (tan 81@>q > 109,

/U7p

T \4
(5 fan @) H, (485 — 26,0) — Cyo

where the last inequality follows from the assumption in (4.3) on dy. An application
of the Harnack inequality yields w,(As, wo) > cw,(As, (4d0,0)) for some constant
¢ > 0 depending on &y, dist(wg,d€2) and |w — wy|. This completes the proof of
Theorem 2.1. 0
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