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CHARACTERIZATION OF MEAN VALUE HARMONIC FUNCTIONS
ON NORM INDUCED METRIC MEASURE SPACES
WITH WEIGHTED LEBESGUE MEASURE

ANTONI KIJOWSKI'

ABsTRACT. We study the mean-value harmonic functions on open subsets of R" equipped with weighted
Lebesgue measures and norm induced metrics. Our main result is a necessary condition saying that all such
functions solve a certain homogeneous system of elliptic PDEs. Moreover, a converse result is established in
case of analytic weights. Assuming Sobolev regularity of weight w € W we show that strongly harmonic
functions are as well in W% and that they are analytic, whenever the weight is analytic.

The analysis is illustrated by finding all mean-value harmonic functions in R? for the [P-distance
1 < p < oo. The essential outcome is a certain discontinuity with respect to p, i.e. that for all p # 2
there are only finitely many linearly independent mean-value harmonic functions, while for p = 2 there
are infinitely many of them. We conclude with a remarkable observation that strongly harmonic functions
in R™ possess the mean value property with respect to infinitely many weight functions obtained from a
given weight.
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1. INTRODUCTION

Analysis on metric spaces has been intensively developed through the last two decades. Studies of such
researchers as Cheeger, Hajtasz, Heinonen, Koskela and Shanmugalingam brought new light to a notion of
the gradient in metric measure spaces. One of many important notions of this area is a counterpart of a
harmonic function on metric measure spaces being a minimizer of the Dirichlet energy. Recently, there has
been a new approach to this topic by using the mean value property. Such an approach is much easier to
formulate, than the variational one, because it does not require the notion of the Sobolev spaces on metric
measure spaces. Strongly and weakly harmonic were introduced in [I7] and [I] by Adamowicz, Gaczkowski
and Gorka. Authors developed the theory of such functions providing e.g. the Harnack inequality, the
Holder and Lipschitz regularity results and studying the Perron method. Nevertheless, many questions
remain unanswered, including the one on the relation between minimizers of the Dirichlet energy and mean
value harmonic functions. In order to understand this class of functions in the abstract metric setting one
needs to investigate their properties in the classical setting of Euclidean domains, or in the wider class of
Riemannian manifolds.

Recall, that by a metric measure space we denote metric space (X,d) equipped with Borel regular
measure u, which assigns to every ball a positive and finite value. In this setting we introduce the
following class of functions.
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Definition 1 (Definition 3.1 in [I]). Let © C X be an open set. We call any locally integrable function
u: Q — R a strongly harmonic in Q if for all balls B(z,r) €  there holds

u(z) = ][ u()du(y).
B(z,r)

We call a radius > 0 admissible at some x € 2 whenever B(z,r) € €. The space of all strongly harmonic
functions on Q) is denoted by H(,d, u).

The main subject of this work is a characterization of strongly harmonic functions on a certain class
of metric measure spaces. Namely, we consider an open subset 2 C R" equipped with a norm induced
metric d and a weighted Lebesgue measure dy = w(z)dz, w € L}, (), w > 0 a.e.

Bose, Flatto, Friedman, Littman, Zalcman studied the mean value property in the Euclidean setting,
see [5H7,I3HI6L23]. We extended their results with our main result, see Theorem [Il below. It generalizes
Theorem 1 in [I6] (see Theorem [ below) and Theorem 1 in [7] (see Theorem [6 below) in the following
ways:

(1) we consider general metric functions induced by a norm, not necessarily the Euclidean one,

(2) we allow more general measures, i.e. the weighted Lebesgue measures du = wdz,

(3) the Bose approach uses derivatives of strongly differentiable weights and techniques suitable only for
that case, whereas we only need to assume Sobolev regularity of w.

Throughout the paper we use the multi-index notation proposed e.g. in the Evans’ book [11].

Theorem 1. Let Q C R™ be an open set. Let further (2, d,u) be a metric measure space equipped with

a norm induced metric d and a weighted Lebesgue measure dy = wdz, w € L}OC(Q), w > 0 a.e. Suppose

that the weight w € I/Vlzl’oo(Q) for some given | € Ni. Then every function u € H(Q, d, wdz) is a weak

ocC
solution to the following system of partial differential equations

(1) Z Ay (DY (uw) — uD%w) = 0, forj=24,...,2L
|or|=j

Coefficients A, are defined as follows:

|
Ay = <\a!> / z%dr = %/ zft o xdrde.
[0 B(0,1) Q1. ... Qp! B(0,1)

In order to prove Theorem [Il we need to establish regularity results which are stated as Proposition
and Theorem @l Namely, we show that if weight w is locally bounded and in the VVllo’f, then all strongly

harmonic functions are in VVllof and that if w is in W5, then all strongly harmonic functions are in Wllogo
Our second main result is the following converse to Theorem [

Theorem 2. Let  C R™ be an open set and (2,d, 1) be a metric measure space equipped with a norm
induced metric d and a weighted measure dy = wdx. Suppose that weight w is analytic and positive in Q.
Then, any solution u to system of equations () is strongly harmonic in .

Another, perhaps most surprising results are presented in Section 4 where we illustrate Theorem [ with
the following observations:

If p# 2 and n = 2, then the space H(2, 1P, dx) is spanned by 8 linearly independent harmonic polynomials.

We already know that (2,12, dx) consists of all harmonic functions in €, which differs significantly
from the previous case. It is worthy mentioning here, that this dimension coincides with the number of
linear isometries of (R™,[P), which is 2"n! and is computed in [§]. For more information see Section 4.2,
4.3 and 5.1.



The organization of the paper.

In Preliminaries we introduce basic notions and definitions, which will be essential in further parts of
the paper. Among them we give the definitions of strongly and weakly harmonic functions on metric
measure spaces and motivations for their formulations.

In Section 3 we present a historical sketch of the studies of the mean value property ending with the
proof of Theorem [l Moreover, by assuming the Sobolev regularity of weights, we prove in Theorem
[ that strongly harmonic functions are in the Sobolev space of the same order as the weight, see also
Proposition Bl Further on we recall results of Flatto and Friedman—Littman concerning functions with
the mean value property in the sense of Flatto (see (@) below) and compare them to strongly harmonic
functions. Then, we recall a result of Friedman—Littman [16] which characterizes functions with the mean
value property in the sense of Flato for the Lebesgue measure, but a metric not necessarily the Euclidean
one. In fact we extend their proof to describe such functions via a system of PDEs. On the other hand, we
present another approach studied by Bose [5H7]. He considered a mean value property on Euclidean balls
for a weighted Lebesgue measure. We generalize both approaches in Theorem [l to the case of a weighted
Lebesgue measure and a norm induced metric. We show that this case is the only one in which strongly
harmonic functions coincide with those having mean value property in the sense of Flatto.

In Section 4 we focus on [P metrics for 1 < p < co. Equations of system (I are calculated explicitly with
their coefficients A,. We show that there appear only two distinct cases: either p = 2 and H(, 12, dx)
consists of all functions which Laplacian vanishes in €2, or p # 2 and there are only finitely many linearly
independent strongly harmonic functions in the space H (€2, [P, dx). Similar observation can be obtained
in higher dimensions using our techniques.

The last Section is devoted to proving Theorem 2] a converse to Theorem [l In order to complete that
goal we recall the notion of generalized Pizzetti formula following Zalcman [23]. Moreover, in Lemma @] we
prove that equation for j = 2 of (J) is of the elliptic type. We use this fact to prove a regularity of strongly
harmonic functions, i.e. that all strongly harmonic functions are analytic whenever weight is analytic.

We conclude the Section 5 with applying Theorem 2] to obtain the following peculiar observation. Sup-
pose that u is strongly harmonic, weight w is smooth and metric is Euclidean. Then, u is strongly harmonic
with respect to infinitely many weights obtained as compositions of the Laplacian on w, i.e. Alw for [ € N.

Acknowledgements: A.K. is particularly grateful to his academic advisor Tomasz Adamowicz for im-
portant comments, fruitful discussions and valuable lessons in many cases extending results of the paper.

2. PRELIMINARIES

In this section we introduce basic notions used in further parts of the work.
Let A C R™ be any set of positive Lebesgue measure, |A| > 0, and a measurable function f : R" — R,
then the mean value of f over set A will be denoted by

Z[ F(@)da = |7%| ! Fa)da.

We say that a function u € C%(Q) is harmonic in an open set  C R", if Au = 0 in Q. One of several
properties of harmonic functions is the Gauss theorem stating that if « is harmonic, then it has mean
value property with respect to balls and spheres. There is an elegant converse relation between the mean
value property and harmonicity brought by Hansen-Nadirashvili in [I8]: Let Q be an open bounded subset
of R", uw e C(Q)NL>(Q) be such that for every x € Q there exists 0 < r* < dist(x, 0Q) with the property
w(xz)= F wu(y)dy. Then u is harmonic in .

B(z,rv)

The aforementioned relation between harmonicity and the mean value property leads to formulating a
relaxed version of the strong harmonicity (cf. Definition[)): Let Q C X be an open set. We call any locally
wntegrable function u : 0 — R weakly harmonic in Q if for all points © € Q) there exists at least one radius



0 < r® < dist(z, 0Q) with the following property u(z) = § wu(y)du(y). For further information about
B(z,re)
properties of weakly and strongly harmonic functions we refer to [I,17].
Let us consider a function f: R™ — R. For z,h € R™ we define the difference of f at z as follows

Apf(x) = f(z +h) — f(z).
Observe, that for any h,h’ € R™ difference operators Ay and Aj commute. In what follows we use the
multi-lindex notation proposed e.g. in the Evans’ book [II]. For h = (hy,...,h,), h; € R™\ {0} and
a=(a1,...,a,) € N" the a-th difference is defined as follows

(2) Wf (@) = (Ap)" 0 (Ap,)* 0.0 (Ap,)*" f(2).
The a-th difference quotient of f is the following expression Aﬁhﬁx) = hl‘fﬁf' I(ffi\“n' Formulas describ-

ing the difference of a multiple and a quotient of two functions are similar to formulas describing their
derivatives. Let us consider two functions f, g : R™ — R with g > 0. In what follows we will need a repre-
sentation of the a-th difference quotient of f/g in terms of difference operators applied to the nominator
f and the denominator g. Observe, that for &« € N there holds a difference quotients analogue of the
Leibniz formula

aff a) \a- 1
3) 8¢ (D)0 =X (§)ar s+ s (1) @,
g o \P g
where by f < a we understand that ; < a; for all i = 1,...,n. Using ([B) we only need to express the
B-th difference quotient of 1/g in terms of difference quotients of g. To reach that goal we use a discrete
variant of the Faa di Bruno formula developed in [9], from which one can derive the following result.
Proposition 1 (Theorem 1.3 in [9]). Let f € N*, 2 € R", h = (h1,...,hy), hy € R"\{0} and g : R" - R
be positive. Then

Ag (%) (x) _ (—1)™m! ‘Aflg(a;)‘ . ‘Agmg(az)‘

4 + Err(h),
(4) G 2 g 7 (h)
B +...+B"=p
where we sum with respect to 3¢ € N*\ {0} for i = 1,...,m, m € Ny and the error term satisfies

Err(h) = 0 with |h|® = 0.
An outcome of the above discussion is that we can represent the a-th difference quotient of f/g as the

sum of fractions whose numerators, apart from constants, consist only of terms Ag_a f(x+ Bh), Agjg(x)
and their products for some ' 4...4 8™ = B < a. Furthermore, the operator Ay, appears in each of these
numerators exactly |a|-times, which can be justified by calculating the sum Zle 16| + | — B] = |a.

We use difference quotients to prove regularity of strongly harmonic functions in Theorem @l Therefore,
we gather below a characterization of Sobolev functions via their difference quotients.

Theorem 3 (Theorem 3, p. 277 in [I1]). Let Q C R™ be an open set and f € LY (Q). Then f € VVli’f(Q)

loc
Apf

if and only if for every K € Q there exists Cx > 0 such that Ih] < Ck holds for all h such that

2|h| < dist(K, 092).
Moreover, in case p = oo we derive from Theorem 5 in [I2] the following result.

Proposition 2. Let Q C R™ be an open set, f : 0 — R and k € Ny.. Then f € WIIZ’COO(Q) if and only if

for all K € Q2 and all multi-indices o € N such that |a| < k there exists Cg o > 0 such that for allt € R™

with t; # 0 and 2|agty + ... + apty| < dist(K, 0Q) there holds

‘A%f
1% 1l e (@)

where A} is defined in @), h = et = (t1e1,taea,...,the,) and e = (e1,. .., ey) is the standard basis of R™.

’LP(K)

< CK,O!7




The proof of this result follows the same steps as the one in [12] and therefore we will omit it.

3. STRONGLY HARMONIC FUNCTIONS ON OPEN SUBSETS OF R"

In this section we focus our attention on the class of strongly harmonic functions appearing in Defini-
tion [0l Let (X,d, p) be a metric measure space with a Borel measure . We denote by H(€2,d, ) the set
of all strongly harmonic functions on an open domain 2 C X. In what follows we will omit writing the
set, metric or measure whenever they are clear from the context.

The key results of this section are Proposition [Bland Theorem [l There, we show the Sobolev regularity
for functions in H(Q,d, ) for the weighted Lebesgue measure du = wdz depending on the Sobolev
regularity of weight w. The properties of strongly and weakly harmonic functions were broadly studied
in [IlI7] and in [2] in the setting of Carnot groups. Below, we list out some of those properties especially
important for further considerations.

Proposition 3 (Proposition 4.1 in [I7]). Suppose that measure p is continuous with respect to met-
ric d, i.e. for allr > 0 and x € X there holds limg, )0 pt (B(2,7)AB(y,r)) = 0, where we denote by
EAF :=(E\ F)U(E\ F) the symmetric difference of E and F. Then H(Q,d,pn) C C(Q).

Moreover, the Harnack inequality and the strong maximum principle hold for strongly harmonic func-
tions as well as the local Holder continuity and even local Lipschitz continuity under more involved
assumptions, see [I]. It is important to mention here that similar type of problems were studied for a more
general, nonlinear mean value property by Manfredi-Parvainen—Rossi and Arroyo—Llorente, see [3/[419,20].

We know that H is a linear space, but verifying by using the definition whether some function satisfies
the mean value property might be a complicated computational challenge. From that comes the need for
finding a handy characterization of class H, or some necessary and sufficient conditions for being strongly
harmonic.

Our goal is to characterize class H if X = R" equipped with a distance d induced by a norm and a
weighted Lebesgue measure dy = w(z)dz.

From now on we a priori assume that a function w € L}, (2) and w > 0 almost everywhere in (2.

Let us begin with noting that strongly harmonic functions in such setting are continuous.
Proposition 4. Let Q C R™ be an open set. Then H (S, d,w(z)dz) C C().

Proof. Observe that u(0B(z,r)) = faB(x r) w(y)dy = 0. The proof follows then by Lemma 2.1 from [17]
and Proposition O

Let us observe that the proof of continuity of strongly harmonic functions works for all weights w.
However, in order to show existence and integrability of weak derivatives we need to assume Sobolev
regularity of w.

Proposition 5. Let 2 C R" be an open set, d be a norm induced metric and a weight w € W/li’f(Q)ﬂLf;’C(Q)
for some 1 < p < co. Then H(Q,d,w) C W P(Q).

Proof. Fix a compact set K &€ ). Moreover, let r = %dist(K, 09). Fix h € R™ with |h| < r. Denote by
K' :={z € Q : dist(z,K) < 2r}. Let us observe that due to the first assertion of Lemma 2.1 in [I] by
continuity of the measure p = wdz with respect to the metric d there exist 0 < m := inf e u(B(z,7)).
The difference quotient of v at x € K reads

fB(x-i-h,r) ww fB(:c,r) uw

[Apu(z)| = [u(z + h) - u(z)| =
fB(w—l—h,r) w fB(m,r) w

)



fB(z,r) uw

where we used the mean value property. Now we add and subtract a term and use the triangle

B(z+h,r)

inequality to get

. B(a+h,r) YW J B(z,r) YW

. Bla+hyr) W J B(a+h,r) W

/ uw — / uw
B(z+h,r) B(z,r)
ol

) |B(x + h,r)AB(z,7)],

fB(:c,r) uw fB(Z‘,T’) uw

(5) [Apu(z)] < -
fB(x—i—h,r) w fB(Z‘,T’) w

_l’_

The first term can be estimated as follows

fB(x-l-h,r) uw = fB(:c,r) uw

fB(:c—i—h,r) w

1
<

" JB@hn @

< juwl

1
m

B(z+h,r)AB(x,r)

(6)

where the last term denotes the n-dimensional Lebesgue measure of the symmetric difference of two balls.
To manage this term we refer to Theorem 3 in [22] to get that

(7) |B(x + h,r)AB(x,r)| < |h||0B(z,r)| = \h]cnr”_l,

m

where in the last term ¢, stands for the (n — 1)-dimensional Lebesgue measure of the unit sphere.
The second term of (] reads

fB T,r \uw[
< () / w(y)dy — / w(y)dy
fB(m—I—h,r) w fB(w,r) W |JB(z+h,r) B(w,r)

[ty )~ w)dy
B(z,r)

fB(Z‘,T’) uw fB(:c,r) uw

fB(w—l—h,r) w fB(m,r) w

_ luwl] oo 7y

o] oo
(8) < W) /B L )] dy

m

By gathering together both terms of (B]) we obtain the following

P
B ¢ o [lEen ([ s
— ) da < 2P |luw|P o, o) -+ — " dy dx.
Z( |h| H ” (K)K mp m2p Bla.r) |h|

The first term is bounded, therefore we only need to take care of the second one. For the sake of simplicity
we omit writing the constant 2P~ 1m 2P |uw|]? (K7) and use the Jensen inequality

p

J(f ) oz | [ (25020 e
K

(z,r) K B(z,r)

This integral is finite by the assumptions on regularity of w and Theorem [l applied to weight w with an

observation, that from the proof of Theorem [3] follows the uniform boundedness of constants Cm with

respect to © € K. Therefore, by applying this theorem again to u we obtain that u € VVllof(Q) O

We prove higher regularity of strongly harmonic functions by using difference quotients characterization
of the space VV/Z’COO presented in Proposition

Theorem 4. Let Q C R"™ be an open set, d be a norm induced metric and a weight w € I/Vll(;ZO(Q) for some
l € Ny. Then H(Q,d,w) C WiX(Q).



Proof. Let u € H(,d, w) and w be as in the assumptions. We will show the assertion using the mathe-
matical induction with respect to k <[ proving that u € W/IIZCOO(Q)
Let k = 1 and K, K’,r,h,m be as in the proof of Proposition Bl The following is the consequence of

), (@) and &)

|Ahu(gj)| Cn'r'n_l fB(x T) ‘Ahw’ n—1 |B(0’ 1)| r
< Juw]| + ’ < uw|| +
‘h’ LOO(K/) m ’h’m2 LOO(K’) m m2

and is bounded by Proposition 2

Now let us assume that u € W/ZIZZLOO(Q) and choose K, r as above, K’ := {z € Q : dist(z, K) < 2r}. We
consider the a-th order difference quotient of u for o] = k. Let t € R™ be such that a1ty + ... + ants| < 57
and define h = (tieq,...,tpe,). Proposition [II formula (@) and the related discussion applied to

flz) = fB(:B ry uw and g(x) = fB(w »y w allows us to reduce the discussion to showing that

a—p 7 (AP
(Ah fB(w+Bh,r) uw) 21;[0 <Ah fB(w,r) ’LU)
|t]*
is bounded for any 8! + ...+ ™ = B < «, cf. @). Let us observe that

Ahw
[h]

HLOO(K’)

Agl fB(x,r) wo / A w
i Jean 17
is bounded by the regularity of w and Proposition 2l Therefore, we only need to show boundedness of the
term [t[7~ Az‘_ﬁ fB(:c—i—Bh,T’) uw. We deal with the case = 0, since for |§| > 0 the difference quotient of
order | — | < k — 1 is bounded due to uw € W*~1:°°. Observe that there exists j such that a; # 0 and
AL = AtjejAZ_ej, hence

1 a—e;
_aAO‘/ uw :—aA_e./ A Juwydy
i Rl el
1 a—e;j a—ey
=@ Ay, uw(y)dy — Ay, Huw(y)dy
‘ ’ B(z+tjej,r) B(z,r)
Aa_ejuw(y)‘ a—e;
= i/ ‘ - a—e; dy < C"Tn_l Ah a_gw ’
‘tj‘ B(z+tjej,r)AB(z,r) ‘h‘ / ‘h’ ! Lo (K)

which is bounded on behalf of the regularity assumption on both u and w (in the last estimate we have
also used (7). Therefore, we conclude that u € VVllo’io(Q), which ends the proof. O

3.1. Proof of Theorem [l The consequences of the mean value property has been studied in the 1960’s
by Flatto [13,14], Friedman-Litmann [I6] and Bose [5H7]. Subsequently, their work was extended by
Zalcman [23]. Below, we briefly discuss these results. According to our best knowledge, the investigation
in this area originate from a work by Flatto [13]. He considered functions with the following property:

Let us fix an open set {2 C R™ and a bounded set K C R™. Moreover, let u be a probabilistic measure
on K such that all continuous functions on K are py-measurable and for all hyperplanes V' C R" it holds
that (K NV) < 1, i.e. p is not concentrated on a hyperplane. We will say that a continuous function
u € C() has the mean value property in the sense of Flatto, if

(9) mm=/¢m+mwmw

K



for all x € Q and 0 < r < r(x). Let us observe that for K = B(0,1) and p being the normalized Lebesgue
measure on K, property (@) is equivalent to the strong harmonicity of u in by the following formula

(10) u@ = f u@dz= f uerrdy = [ ale+ ry)auy).
B(z,r) B(0,1) K
This holds exactly for homogeneous and translation invariant metrics, because only then
B(z,r) =z +r-B(0,1),

where we understand the above equality in the sense of the Minkowski’s addition and multiplication,
see [2I]. For such distance functions one can obtain any ball B(x,r) from B(0,1) by using the change of
variables y = . In relation to homogeneous and translation invariant distance let us recall the following
lemma, which is likely a part of the mathematical folklore. However, in what follows we will not appeal
to this observation.

Lemma 1. If d is a translation invariant and homogeneous metric on R™, then there exists a norm | - ||
on R™ such that for all x,y € Q there holds that d(x,y) = ||z — y||.

We present also a characterization of all such metrics on R™ by using the Minkowski functional, see [21].
From now on we use the word symmetric to describe a set K C R" which is symmetric with respect to the
origin of the coordinate system. For any nonempty convex set K we consider the Minkowski functional.

Lemma 2 (p.54 in [21]). Suppose that K is a symmetric convex bounded subset of R™, containing the
origin as an interior point. Then, its Minkowski functional ng defines a norm on R™. Moreover, if || - ||
is a norm on R™, then the Minkowski functional ng, where K is a unit ball with respect to || - ||, is equal
to that norm.

Example 1. Among many examples of norm induced metrics on R™ are [P distances for 1 < p < oo.

Moreover, let us fix numbers a; > 0 for i = 1,...,n, set a := (ay,...,a,) and 1 < p < co and define
» 1
’x2’>17 P
x| = .
Izl (; (&
In case p = 2 all balls with respect to || - [|5 are ellipsoids with the length of semi-axes equal to a; in x;’s

axes direction respectively.

Let us observe that by Lemma [2] there is the injective correspondence between norms on R” and a class
of all symmetric convex open bounded subsets K of R™. More specifically, every K defines a norm on R"”
through the Minkowski functional and vice versa, given a norm on R™ the unit ball B(0, 1) is a symmetric
convex open bounded set, therefore provides an example of K. This can be expressed in one more way,
namely that all norms can be distinguished by their unit balls, so to construct a norm we only need to
say what is its unit ball. Therefore, further examples of norms can be constructed for any n-dimensional
symmetric convex polyhedron K. All balls with respect to ng will be translated and dilated copies of K.

The formula (I0) is true only if the measure of a ball scales with the power n of its radius, the same
which appears in the Jacobian from the change of variables formula. This is true only for measures which
are constant multiples of the Lebesgue measure. Note that (@) does not coincide, in general, with the one
presented in our work, since the Flatto’s mean value is calculated always with respect to the same fixed
reference set K and measure p, whose support is being shifted and scaled over 2. Whereas, in Definition [I]
the measure is defined on the whole space, and as x and r vary, the mean value is calculated with respect
to different weighted measures. Indeed, from the point of view of Flatto, the condition from Definition [

reads
. w dﬂ’B(w,r)
o) = [ Sty



This mean value property cannot be written as an integral with respect to one fixed measure for different
pairs of x and r, even when (I0)) holds.

Flatto discovered that functions satisfying (@) are solutions to a second order elliptic equation, see [13].
However, from the point of view of our discussion, more relevant is the following later result.

Theorem 5 (Friedman-Littman, Theorem 1 in [16]). Suppose that u has property @) in Q@ C R™. Then
u 1s analytic in 0 and satisfies the following system of partial differential equations

(11) > AuDu=0  forj=1.2,...

|al=j

The coefficients A, are moments of measure pu and are defined by Ay := (IZI) fK xdu(x). Moreover, any
function u € C*°(8) solving system () is analytic and has property ().

Remark 1. Theorem [Hl gives full characterization of (€2, d) for d being induced by a norm. Theorem 3.1
in [I3] states that all functions having property (@) are harmonic with respect to variables obtained from
x by using an orthogonal transformation and dilations along the axes of the coordinate system. On the
other hand the proof of Theorem 1 in [16] shows that the equation in system (Il corresponding to j = 2
is always elliptic with constant coefficients from which the analyticity follows.

Flatto as well as Friedman and Littman described in their works the space of functions possessing
property ([@). We present appropriate results below.

Proposition 6 (Friedman—Littman, Theorem 2 in [I6]). The space of solutions to system () is finitely
dimensional if and only if the system of algebraic equations szj Apz® =0 for j = 1,2,... has the
unique solution z = (z1,...,2,) = 0, where z; € C.

Remark 2. From the proof of Proposition [ it follows that if there exists a nonpolynomial solution

to (), then the solution space is infinitely dimensional. If the dimension finite, then all strongly harmonic
functions are polynomials.

A rather different approach to the mean value property and its consequences was studied by Bose,
see [5HT]. He considered strongly harmonic functions on Q C R™ equipped with non-negatively weighted

measure p = w(z)dz, for a weight w € L} () being a.e. positive in  and only a metric d induced by

the lo-norm. Under the higher regularity assumption of weight w, Bose proved the following result.

Theorem 6 (Bose, Theorem 1 in [7]). If there exists | € N such that w € C**1(Q), then every u € H(Q,w)
solves the following system of partial differential equations

(12) AulNIw 4 2VuV (Ajw) =0, forj=0,1,...,1,

where AV stands for the jth composition of the Laplace operator A. If w is smooth, then equations (I2)
hold true for all j € N.

The converse is not true for smooth weights in general, see counterexamples on p. 479 in [5]. Further-
more, Bose proved in [7] the following result, by imposing further assumptions on w.

Proposition 7 (Bose). Let | € N and w € C?(Q). Suppose that there exist ag,...,a;_1 € R such that
Alw = agw + a1 Aw + . .. + a1 A 1w,
Then any solution u to (I2A) for j =0,1,...,1 — 1 is strongly harmonic, that is u € H(Q, w).
The following result by Bose contributes to the studies of the dimension of space H(2, w).

Proposition 8 (Bose, Corollary 2 in [5]). Suppose that Q@ C R™ for n > 1 and there exists A € R such
that Aw = \w. Then dimH(Q,w) = oo.



Remark 3. Before we present the proof of Theorem [ let us discuss the equations of system (IJ). First
of all, by Remark [[] we know that the set B(0, 1) is symmetric with respect to the origin. If || is an odd
number, then z% is an odd function, hence A, = 0. Therefore only evenly indexed equations of (II) are
nontrivial, although we will prove them for all j < 2[. In fact, the proof of Theorem [l can be applied to
functions with the mean value property over any compact set K C R™, which does not necessarily need
to be a unit ball with respect to a norm on R", i.e. to functions with the following property

1
u(@) = Jre w(@ +ry)dy

which holds for all x € Q and 0 < r < r(z). In that case we obtain also oddly indexed equations of
system () are nontrivial.

If the unit ball is symmetric with respect to all coordinate axes, the coefficient A, is zero whenever
some «; is odd. Therefore, in the j-th equation of (Il) occur only differential operators acting evenly on
each of variables. Examples of norms for which B(0, 1) is symmetric with respect to all coordinate axes
include the [P norms for p € [1, 00|, but also by Lemma 2l one can produce more examples.

/ u(z + ry)w(x + ry)dy,
K

We are now in a position to present the proof of Theorem [1I

Proof of Theorem[l. Let u € H(Q,d,wdz) be as in assumptions of Theorem [[I Then, for z € Q and
0 < r < dist(z,00) as in ([I0) there holds

u(x) / w(y)dy = u(x) / w(z +ry)rdy = / u(z + ry)w(x + ry)r'dy = / u(y)w(y)dy.
B(z,r) B(0,1) B(0,1) B(z,r)
Without the loss of generality we may assume that
B(0,1) ={z : d(z,0) < 1} C {x : ||z|2 < 1},

since we can always restrict the set of admissible radii in the mean value property. The assertion is a local
property, therefore we may restrict our considerations to the analysis of the behavior of u on a ball B C Q2
with dist(B, 9) = 2¢ > 0. Furthermore, let B’ be a ball concetric with B with e distance from 9. We
redefine v and w in the following way
u(z) = u(x)xp(z)  w(r) =w@)xp ()

The function @ and the weight @ are both in WQI’OO(B) since B € B'. Let ¢ € C§°(B). Then for all
x € B,y e B(0,1) and 0 < r < ¢ it holds u(z + ry) = u(z + ry). Since p(x) = 0 outside of B we have
that for all z € R™ there holds
(13) a(z)p() / D+ ry) = () / Bz + ry)D(E + ry).

B(0,1) B(0,1)

For the sake of simplicity below we still use symbols u and w to denote @ and 0, respectively. We integrate
both sides of ([I3]) with respect to x € R™ to obtain

(14) /u(x)go(:p)( / w(x —I—ry)dy) dr = /90(:1:)< / u(z + ry)w(x +ry)dy> dx.
R” B(0,1) R” B(0,1)

Observe, that the Fourier transform of functions ¢u, fB(O 3 w(z + ry)dy and fB(O 3 u(x +ry)w(z +ry)dy

exist and the latter two are L?(R™) integrable. Therefore, we apply the Parseval identity in (I4) and
obtain

) Wf( / w(-+ry)dy>(£)d£= / W?( / u(-+ry>w(-+ry>dy><s>ds.
Rn e

B(0,1) B(0,1)
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Here F(f fR” ~iY f(y)dy stands for the Fourier transform of f at & € R™. The following formula
holds for any f € L} (Q):

[ ([ sesnm)a= [ Foerm©n=Fne [
Rn B(0,1) B(0,1) B(0,1)

We apply this formula twice: for f = w and f = uw and employ respectively to the left- and the right-hand
side in (7)) to arrive at the following identity:

w WF(w)(é)( / e"yidy)dsz / Wf(uw)(é)( / e"yfdy)ds.
J

B(0,1) R™ B(0,1)

Let us observe that both sides of (I6) are smooth functions when considered with respect to r and this
allows us to calculate the appropriate derivatives by differentiating under the integral sign. Namely, we
differentiate (@) with respect to r by j < 2l times

[Fe@rwie( [ ey~ [Fa@rwe( [ e )
J

B(0,1) R B(0,1)

For r = 0 this identity reads

[ iF@r ( [ e ﬂdy)ds / z'ff«o)(s)f(uw)(s)( / <sy>fdy>ds.
Rn B(0,1) R™ B(0,1)
Note that

/ (Eyidy = [ (Gapr+...+ &) dy = / Z(' ')sa Gy = > Al

B(0,1) B(0,1) B(0,1) lal=J |a|=j

Using the above observations equation (I0) transforms to

(1) [ 3 Aclier Fn@F(w)©d = [ 3 Aaie) FR@F ww)(€)ds.

Rr lal=j Rn |af=]
Apply the Parseval identity in (7)) and move the expression on the left-hand side to the right-hand side
in order to recover the following equation

/ Z Aqp(x) <Dau(x)w(:p) - u(m)Daw(:E))d:E =0,
R la|=j
which is a weak formulation of the following equation
Z A, (Da(uw) — uDaw> = 0.
lo]=j
The proof of Theorem [l is, therefore, completed. O

4. APPLICATIONS OF THEOREM [l

In this section we illustrate Theorem [I] by determining the space H(£2,d,dx) in case of the distance
function d being induced by the [P norm and a constant weight w = 1. Our goal is to show that whenever
p # 2 and n = 2, the space H (2, [P, dz) consists of at most 8 linearly independent harmonic polynomials.
We already know that (€2, 12, dz) consists of all harmonic functions in €, which differs significantly from
the previous case. Moreover, we describe system (Il) for p = 2 and smooth w and compare with the
equations from Theorem [6l Our computations are new both for H (€, P, dz) with p # 2 and for p = 2 and
a smooth weight.
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Let us consider the space R™ with the distance I for 1 < p < oo and a smooth weight w. First, we
calculate coefficients A, for a. Due to Remark [8] we only need to consider multi-indices o with even
components. Using the Dirichlet Theorem (see [10], p. 157) we obtain

n F a;+1
_afll e
(18) Ay =2 it xprdr = —_,
a ) " P a)r (la\+n+p)
>y <1l,x;>0 p

where I' stands for the gamma function. Notice, that coefficients A, for j = 2 are constant by symmetry
of balls in the [P norm. Therefore, the equation of system () for j = 2 translates to

0? 0?

e - (uw) — U@(w) =0,
or equivalently to
(19) wAu + 2VuVw = 0.

Let us recall that since (1) is an elliptic equation with bounded coefficients, then every weak solution
is smooth and solves (I9) in a classical way. Therefore H(,P,w) C C*°(2) and the system () can be
understood in the classical sense. In order to describe further equations we need to divide our calculations
into more specific instances: p = 2, p = 0o and remaining values of 1 < p < oo.

4.1. The case of weighted I? distance. We show that for p = 2 system () is equivalent to the one in (IZ),
see Theorem We begin with computing the coefficients A, in (8], which take the following form
(including the case j = 2 discussed in the beginning of Section [])

(20) Aa_(h»ﬂLglﬁfl

a <|a\+n+2>
2

Recall the two formulas concerning the Gamma function. For any k& € N there holds

r(%)Zﬁ(k%)” and F<k+%> :ﬁsz)!!'

We use the above in (20) to obtain that

|a| 23+7L+1 |a| ﬂ_n;lZn;l n a'
A | | = IR
: < ) V(i) < 20” 5 ) <a>(j—i—n)” o (B!

Therefore the j-th equation of system (Il) can be written in the following form

0= Z Ay (D*(uw) — uD%w)

|a|=7,0;€2N
_ jome ( o
(21) = Z ol ]—I—n”H .D (vw) — uD%w)
|a|=7,0,;€2N
]'7T 7 2n+1 ] 25 25

IB\ =j/2
Next, observe that for any f € C%(Q) its I-th Laplace operator can be written in the following form

(22) Alf:<a—2+ +8—2>f > ———=Dasf
gz T Oaf Wllﬁ' Bn 2o

12



where the multinomial formula has been applied. Finally by (ZI)) and ([22) we conclude that in the [>-case
system () is equivalent to

(23) Al(uw) = uAlw, fori=1,2,...

In fact ([23) is equivalent to (I2). To that end observe that A(uw) = wAu + 2VuVw + uAw. Upon
joining this with the equation of ([23)) corresponding to j = 2 we obtain the first equation of (I2)). Further
equations of ([I2]) follow from (23] and the following computation:

uAT i = A(A(uw)) = A(uAlw) = AuAlw 4+ 2VuV (Alw) + uAF .

Therefore
AuAlw + 2VuV (Alw) =0 for 1 =0,1,2,...

and we end this part of discussion by concluding, that by above considerations our Theorem [l is a
generalization of Bose’s result, see Theorem [0l

4.2. The case of [P distance for p ¢ {2,00}. Strongly harmonic functions on @ C R" equipped with
the [P-distance and the Lebesgue measure behave quite differently in case of p ¢ {2, 00} than for p = 2. In
what follows we demonstrate that only finitely many equations of system (IJ) are nontrivial, and that in
fact all of functions in H (€2, P, dx) are harmonic polynomials. For the sake of simplicity we consider case
n = 2, and u depending on two variables x := x; and y := xs.

We now focus our attention on equations of system ({I) for j > 2 since the equation for j = 2 is described
in (I9). We examine the differential operator R; := Z\ a|=4 A,D%. We already showed that for p = 2

operator Ry is equal to A up to a multiplicative constant. Recall formula (Ig]):

T (252)
=1 P

1= () () RE=D)

We restrict our attention to the part of A, varying with respect to «, i.e. H?:l I'((a; +1)/p). Let us
observe, that for || = 4 those coefficients attain only two different values:

(1 r (%) r (%), whenever o = (4,0) or o = (0,4). This coefficient stands by g—; and 36—;4 in Ry,
2
(2) 6I" (%) , if a = (2,2). This coefficient appears by %;yz in operator Ry.

Therefore Ry takes a form

G () T C)rG) G ) o () ()|

which, up to a multiplicative constant, reduces to A% = 88—; + g—; + 2#;/2 if and only if

By the previous considerations this holds true for p = 2. Let us differentiate f with respect to p. Recall,
that the formula for derivative of the gamma function stays:

I'(z) = I(2) (—3 R M %) = D()0(2),
k=1

13



where 7 is the Euler constant and V¥ is the digamma function defined by the above equality. We use this
identity to compute the following

(G (2) 2o () e ()

Since f is positive for p € [1,00), we only need to investigate the sign of the second factor in the above

formula:
6 3 5 5 1 1
() 5) )
p p p p p p

5 o0
< ]_9 Z k + 5/p E)
i —6 5 1

k=1 k=
1 SN | 1 1
+_2<_p_7_kzzlk+1/p_k) TPk +3p  k+5lp  kTijp

8k
=7 G TS S 1)

Therefore f is monotonically increasing on [1,00) and attains value 1/3 exactly at p = 2. We conclude
our computations with the following:

F(%)F()A2 for p = 2,

We are now in a position to apply Theorem [l Let u € H(Q,[P,dx). Then it satisfies the system of
equations (). By observation (I9) equation of system (II) for j = 2 reduces to

(24) Au =0,
hence u is harmonic, and its bilaplacian vanishes. Moreover u has to satisfy equation of system () for

j =4, ie. Ryu = 0. Since bilaplacian of u vanishes, therefore w is in fact solution to u;zy, = 0. Let us
observe, that differentiating twice Au with respect to  and y respectively we obtain

Ugzgr T Uzpyy = 0 and  Uggyy + Uyyyy = 0.

Therefore both ugzpe = 0 and uy,,, = 0, which means that for each fixed value of y function u(zx,y) is a
polynomial in x of degree at most 3 and analogously for a fixed x function u(z,y) is a polynomial in y of
degree at most 3. Then there exist a;(y) and b;(x) for i = 0,1, 2,3 such that

ul\r,y) = aoly ai\y)xr — a2(y)x az\y)r- = bolx 1\Z)y 2(T)Y 3\L)Y
(25) (z,y) = ao(y) + ar(y)z + az(y)a® + as(y)z® = bo(x) + ba(2)y + ba(2)y” + bs(x)y’
In what follows we omit writing the arguments of a; and b;. Simple calculations give us that
(26) Uzao = by + 05y + 05 y2 1050 yP =0,

and

(27) Uyyyy = a((] )+ a§4):17 + ag '2? + a§4)x =0.

14



Now at each fixed x in (28) the polynomial in y has to have all coefficients equal to 0 due to the Equality

of Polynomials Theorem, hence b§4) =0 for ¢ = 1,2,3,4. Similarly, at ([27)) we set that a§4) = 0 for all
i = 1,2,3,4. Therefore, all of a; and b; are polynomials of degree at most 3. Moreover, we know that
Uzzyy = 0. We calculate this derivative in ([23]) to get

0 = Uggyy = 2a5 + 6zas = 205 + 6ybs.
Thus, once again we obtain that a] = 0 and b = 0 for i = 2,3, so ag, as, by and b3 are in fact of degree
at most 1. By the above considerations we conclude that u is a linear combination of the monomials
(28) L,y ey, a®, 2%, 2y?, ay’, 2%y, 2%y, 4%, 7,

which solves equation (24]). Therefore, u has to be a harmonic polynomial of the form described by (285).
The part of u generated by {1, z,y,zy} is already harmonic and for that reason we only need to consider
u being a combination of the remaining monomials in (28], i.e.

u = cla:2 + czx?’ + 03a:y2 + C4xy3 + C5x2y + cﬁx?’y + C7y2 + csy?’.
Inserting u to ([24) we get the following
0=2(c1 + ¢7) + 2x(3cg + ¢3) + 6zy(ca + ¢c6) + 2y(cs + 3cg),
and once again using the Equality of Polynomials Theorem we obtain that
x3 y3
(29) u € span {Lx,y,xy,xz —yhayt = eyt - 2ty ety - 3} :
Finally, let us observe that in equations of system ([I]) for j = 6 there appear only the following operators
o X X o
0257 9249y2’ H220y* Oys’
which all vanish on w as in ([29). The triviality of equations for j > 6 follows immediately. Therefore, we
summarize our discussion with the following inclusion:

3 3

We postpone the proof of the opposite inclusion till Section 5.l Similar observation can be made in higher
dimensions.

3 3
(30) H(Q7lp7 dm) C Span {17$7y7$y7$2 - y2,xy2 - ‘T_,xy?) - $3y,x2y - y_} .

4.3. The case of [P distance for p = co. In order to complete our illustration of Theorem [Il we need to
consider the remaining case, i.e. characterize functions u in H(£2, [P, dz) for p = oo by using Theorem [II
In this case B(0,1) = [—1,1]" in [*° norm. Therefore, we obtain the following formula for the coefficients

A, in ([d):
A — |l /1 7% . /1 20n — |af 2"
T Na ) T T Na T (s + 1)

Then, after inserting A, and dividing by the 2" factor, system () converts to the following

laf 1 o _
(31) 2 <a>(a1+1)!....-(an+1)!D“_0‘

As in the previous subsection we restrict our attention to case n = 2 and write out the equation for j = 2:

%(um + uyy) = 0. Hence v is a harmonic function. Equation for j = 4 is the following

1
m(umm + Uyyyy) + Eumyy =0,

and can be reduced to A%+ 20Uzzyy = 0. This, combined with an analogous discussion to the one ending
the previous subsection leads us to the conclusion that inclusion ([B0) holds true also for p = oco.
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5. THE CONVERSE OF THEOREM [

Since both Theorems [ [ and Proposition [7] give not only the necessary, but also the sufficient condition
for the mean value properties in the sense of Flatto and Bose, respectively, our next goal is to find
an appropriate counterpart of these results. In case of nonconstant weights Proposition [7 imposes an
additional PDE condition on w, hence we expect an analogous condition. From the point of view of our
further considerations, the following generalized Pizzetti formula introduced by Zalecman in [23], will be
vital.

Theorem 7 (Theorem 1, [23]). Let p be a finite Borel measure on R™ with compact support and
F(&) = fRn e‘i@y)du(y) be the Fourier transform of the measure . Suppose that f is an analytic function
on a domain  C R™. Then the following equality holds

(32) [ uta + ro)duty) = (F(-rD) 1)),
for allx € Q and r > 0 such that the left-hand side exists and the right-hand side converges. The symbol D
is given by D = —i (%,,%)

Remark 4. Formula (B82)) is one of the most important tools used in the proof of our Theorem [ and
requires the analyticity of functions. Thus we need to assume analyticity of weight w. Weakening this
assumption would require developing a completely new approach.

Remark 5. Theorem 2 generalizes the converse part of Theorem Bl and Proposition [[l Theorem [ follows
from our Theorem 2l with w = 1 and the regularity of solutions to the Laplace equation (24]). Proposition[1l
is generalized by Theorem ] due to the following lemma.

Lemma 3. Suppose that w € C*(Q) solves the following equation
(33) Aw+ a1 A7 w+ . 4 a1 Aw + agw = 0,
where all a; € C. Then w is analytic in €.

Proof. We prove the lemma by the mathematical induction with respect to . Recall the following fact
(see Theorem 2 on p. 229 in [I1]): Suppose that w € C?(f2) solves the following equation

(34) Lw + Aw = ¢,

where L is elliptic and ¢ is analytic in Q, A € C. Then w is analytic in 2.
If | = 1, then we use the above regularity fact with ag = A and ¢ = 0. Now let us assume that the
assertion holds for [ — 1 and consider w as in ([B3]). We may rewrite this equation as follows with A € C:

0 =AY Aw 4+ dw) + (a1 — NAT2(Aw 4+ Aw) + (ai—a — Mag—1 — \)AT3(Aw + Aw) + ...
+ (a1 = Maz = AC-))(Aw + ) + (a0 = Mar = Aaz = A(-..))) ) w.

Choose such A, so that the last factor, standing by w in the equation, vanishes. We use the assumption for
[ — 1 to obtain that Aw + Aw is an analytic function, denoted by ¢, i.e. Aw + Aw = . This observation
together with the regularity observation allow us to conclude the proof. O

Before proving Theorem [2] we need to show the following regularity result for strongly harmonic func-
tions.

Lemma 4. Suppose that 2 C R™ is open, w is a positive analytic function and d is induced by norm.
Then any u € H(Q, d, wdzx) is analytic as well.

Proof. By the assumptions function u is a weak solution to equation for j = 2 of system (II). Let us show
that this equation is strongly elliptic. Let £ € R", then

Aa o _ v . 2’
3 Awut® =w /B IR /”x”2<5<a: )

|a|=2
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where the last estimate holds with some € > 0 since d is equivalent to the Euclidean distance. Next,
observe that

[ wer= [ o 2wl = 163 [ cos® 2 €)lel =0l
llzll2<e llzll2<e llzll2<e

where 6 > 0 is defined by the above equality. It does not depend on £ due to the symmetry of the Euclidean
ball. Hence

> Aqwg™ > w|i¢]3.

|a|=2
Therefore the operator Z| al=2 AqwD® is strongly elliptic. We apply the regularity result ([34)) to obtain
that w is analytic. O

Now we are in a position to prove Theorem

Proof of Theorem[2. We need to show the following equality
(35) u(x) / w(x + ry)dy = / u(z + ry)w(z + ry)dy.
B(0,1) B(0,1)

In order to prove (BZ)) we use the generalized Pizzetti formula for a measure p being the normalized
Lebesgue measure on the unit ball. Then

_ ity g — (=) P
Ao = [ &A= / o s = ]Z%

|
=0 7

—i)lol
LSS %Aasa,

|a|=j a€N™?

where A, = (Ig\) i} B(0,1) y“dy. We apply Theorem [1 twice: to w and uw to obtain

ol
(36) / w(z +ry)d 4 —Aa D w(z),
B(0,1) S lel!
rled
(37) / u(z + ry)w(z + ry)d Z o "A oD% (u(x)w(x)),
B(0.1) aeNn

Subtract the above equations from each other to obtain the following:

7Ja| a [
= Y — A« (u(@)D*(w(x)) — D*(u(z)w()))
al!
aeN?
=Y = > Aq (u(x)D*(w(z)) — D*(u(z)w(x))) =0,
7=0 """ |a|=j
where in the last step we appeal to (). Thus, the proof is completed. ]

5.1. Applications of Theorem 2L In the last part of our work we present some of the consequences of
Theorem 2l First of all, we are now in a position, to augment observation (B0) with the converse inclusion:

3 3

and to add, that now we see that the dimension of H(,(P,dx) is equal to 8. The result in dimension 3
is due to Grzegorz Lysik, who computed it to be equal to 48. Those numbers coincide with 2"n! - the
number of linear isometries of (R™,(P), which is discovered in [8]. We believe that there is a link between
the dimension of the space H(€2,d, ), still to be examined.

3 3
7{(§Llp7dx)::Span-{lawayaxy7x2__y27xy2'_ E_7xy3_'x3y7x2y'_ g_}'
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Moreover, let us consider the metric measure space (€,1%,wdz) for the analytic weight function w.
Then, by Theorems [ and Bl and Section Bl we know that H(£2,12, wdz) consists exactly of solutions to
the following system of equations

(38) Auliw + 2VuV (Alw) =0,  for j=0,1,....

Let us observe, that u solves also infinitely many other systems of equations, obtained from (B8) by
excluding [ € N initial equations

AulNT T + 2VuV (AT ) = Aud? (Alw) 4+ 2VuV (AT (Alw)) =0,  for j=0,1,....

Therefore, u is strongly harmonic in countably many metric measure spaces (€,12, Alwdz) for all | € N.
In other words, function w has infinitely many mean value properties, with respect to different weighted
Lebesgue measures dpu = Alwdz for all | € N, whenever Alw are positive.
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