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Abstract

We introduce a Laplacian on a class of metric measure spaces via a
direct pointwise mean value definition. Fundamental properties of this
Laplacian, such as its symmetry as an operator on functions satisfying a
Neumann or Dirichlet condition, are established.
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1 Introduction

The purpose of this paper is to introduce a Laplacian in the setting of metric
measure spaces. While harmonic functions have been studied on doubling metric
measure spaces satisfying a Poincaré inequality by several authors, see e.g. [6],
[1] and [8], these functions are usually defined indirectly as minimizers of a
certain energy integral. In contrast to this, we will give a specific, pointwise
definition of the Laplacian.

While this Laplacian can be defined in a very general setting, we need to
restrict ourselves to metric measure spaces, which are sufficiently locally homo-
geneous in order to establish some of the usual, basic properties, like e.g. sym-
metry of the Laplacian as a linear operator on functions satisfying a Neumann
or Dirichlet condition. We will also establish a version of Green’s formulas for
sets which has, in a suitable sense, codimension 1 boundary.

In the final section we will show that on a Riemannian manifold, the Lapla-
cian introduced in this paper, is a constant multiple of the usual Laplacian
associated to the Riemannian metric.

The main results are summarized in Theorem 33 and Theorem 41.

*Supported by the Danish Research Agency



Prerequisites

Let (X, d, 1) be a metric measure space, with u a Borel measure on X. We will
use the following standard notation:

B(p,r) ={q € X|d(p,q) <r}
is the open ball of radius 7 centered at p, and for a locally integrable function

1
B, = ]{3 o f(@ule) = B /B o fl@)u(q)

is the mean value of f over B(p,r). A function f: X — R is Lipschitz if

If(p) — f(@)| < Ld(p,q) (1)

for some L > 0 and all p,q € X. We will use LIP f to denote the infimum
over all real numbers L such that (1) holds. LIP(X) will denote the space of all
Lipschitz functions on X.

For f € LIP(X) we define, c.f. [5], the local Lipschitz constant of f at p € X

as:
) . |f(p) — f(q)|
L =1 EAZAmir A\ Vil
ip f(p) qlf; S;;I; g

which is interpreted as 0 if p is an isolated point.

Poincaré Inequalities:
We will assume that an inequality of the following type holds for any Lipschitz
function f:

sup | f(p) — f(q)| < Cprr{ (Lip f(q))*u(q)}*, (2)

q€B(p,r) B(p,tr)

where B(p, ) is an arbitrary ball of sufficiently small radius » < rp and s,Cp >
0,7 > 1 are constants.
Recall that a Borel measure p on X is said to be doubling with doubling
constant Cy > 1, if
1(B(p,2r)) < Cap(B(p, 7)) (3)

for all p € X and all » > 0. p is said to be locally doubling if (3) holds for balls
of radius bounded from above r < rg.
An s’-Poincaré inequality, is an inequality of the form:

‘é @~ Fopnln@ < Corlf  Lipf@) ) @)

B(p,r)

for any Lipschitz function f, constants Cp, s’ > 0 and an arbitrary ball B(p, ).
If (4) only holds on balls with radius bounded from above, we call (4) a local
Poincaré inequality.



In certain cases a local Poincaré inequality will guarantee (2) with 7 = 1 for
some sufficiently large s, when g is locally doubling. This is the case if every
ball is a so-called John domain, e.g. when X is a proper length space. See [4]
chapter 9.

If a Poincaré inequality holds globally, i.e. for any radius » > 0, and pu is
doubling, we get (2) with 7 = 5 and some sufficiently large s without further
assumptions on the geometry of balls, see [4] Theorem 5.1.

Thus in both cases we have:

sup | f(p) — f(q)| < Cpr{ (Lip f())*n(a)}*, (5)

q€B(p,r) B(p,57)

for r sufficiently small, since when p is (locally) doubling,

{][ Lip (@)@} <C{f  (Lipf(@) (@)}
B(p,r)

B(p,5r)

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

Definition of the Laplacian:
We are now ready to define the object, that we will be studying.

Definition 6. Let (X, d, 1) be a proper metric measure space, with u a Radon
measure on X s.t. u(B(p,r)) > 0 for every ball B(p,r) of radius r > 0. For a
function f: X — R and p € X define

8,70) = tmsup {2 f @ -10) ) < B 7)

r—0,r>0 (T

and

r—0,r>0 | 72

A, f(p) = liminf {2 f @ -10) u<q>} R, ®)

where R* := R U {—o00, +0oc} denotes the extended real line.
If A,f(p) = Auf(p) € R*, we denote this common limit by A, f(p), and
define it to be the u-Laplacian of f at p.

Thus if the Laplacian of f exists, and is finite, at p € X, we can write

Fotor) = 1)+ 58I + (1), )

where €,(r) is some function such that €,(r) — 0 for r — 0.

The requirement that p has support everywhere, u(B(p,r)) > 0 for r > 0,
is just a convenience to avoid discussing mean values over sets of measure zero.

The definition of the Laplacian involves both the metric and the measure,
and unless there is some kind of compatibility between these objects, one cannot
expect the Laplacian to have nice properties similar to those of e.g. the Laplacian
on a Riemannian manifold. In general, if the Laplacian with respect to u behaves
nicely, this might not be the case for the Laplacian with respect to fu, even
when f is a Lipschitz function.



The compatibility condition between the measure and the metric, that we
shall be using here, is the following:

Definition 10. A locally doubling measure p is said to be compatible if there
are constants rp,r, > 0 and Cj, > 0, s.t.

1. Inequality (5) is satisfied for sufficiently small radii r < rp.

2. There is a set £ C X of measure zero, u(€) =0, s.t. forpe H:= X\ &

we have:
o liml |M_1|M(Q):O (11)
r=0r B(p,r) H(B(q,’f‘)) ’
3. And finally
1 u((B(p,r))
TfB(m) CuBlg,r) )= On (12)

for d(p,&) > 2r and r < r},. Here we set d(p, &) := o0 if £ = 0.

Example 13.

e On a Riemannian manifold with boundary having Ricci curvature bounded
from below the standard volume measure (i.e. n-dimensional Hausdorff
measure) is compatible with exceptional set £ = M. This follows since
on a Riemannian manifold (without boundary) of dimension n, we have
,u(B(p, r)) = c,7" +O(r"*+?) for r — 0, with a specific bound on the error
in terms of curvature. See (some of the ) details below. Also M is locally
doubling and satisfies a local Poincaré inequality, c.f. [4] chapter 10.

e On a l-dimensional simplicial complex, i.e. a weighted graph with edges,
the 1-dimensional Hausdorff measure H' is compatible, if the degree of
the vertices (0-simplex) is bounded from above; (5) is easily verified, also
H! is doubling. The exceptional set is seen to consist of the vertices (0-
simplices) of degree different from 2.

e Clearly any homogeneous measure, u(B(p,r)) = n(B(q,r)),Vp,q € X, is
compatible with exceptional set £ = {), if u is doubling and satisfies (5).
2 The Laplacian as a symmetric operator

In this section we will study the situation, where the Laplacian acts as a sym-
metric operator on a class of functions.

Notation 14. To shorten proofs, we will sometimes use the notation:

o= [ L, 1ot —o)a@yutp),



and [f, g]- for the same term, with the order of integration "reversed”

fal= gl [ A 1060 @),

Lemma 15. Let p be compatible, let f,g be Lipschitzs functions and assume
that the support of f Lipg, supp(f Lipg), is compact. If either

1. Lipg(p) < Cd(p, &), for some C > 0. Or
2. flp)=0 forpeg,

then
[ 50 1060 - sl
X B(p:r)

s convergent as r — 0 iff

/ i{][ 1) (9(a) = 9(p)) 1(p) } ()
X B(q;r)

s convergent, in which case the limits equal.

Proof.

(pﬂ’))
r(p; q)
-5l /X MR 1) ))f(p)(g(q)—g(p))u(q)u(p)l
<B<p,r>>i [N
/\f I{][ M(B(q)r)) 1p(g }{T EBI;T) 9(q) — g(p)| }u(p)
1 w(B(p,r)) .
/‘f | ]{3(1”,)|,u(B(q,r)) 1|IU’(q)}CP{ B(p’ET)Lpg } H’
(16)

Fubini is used to interchange the order of integration in the first term of the
second line, while the Poincaré inequality is applied in the final step; we have

also used the notation:
1if d(p,q) <r
6r(p, q) == { ( .) ;

0 otherwise

for r > 0.



Since p is locally doubling, we always have u((B(p,r)) < Cqu(B(q,r)) when
d(p,q) < r (and r is sufficiently small).Thus

1 H(Bp:r) Cat1
,ﬁ]i(p, : | W(Blg.r) lp(e) = —— (17)

If now d(p,€) < 5r, then clearly by the triangle inequality d(q,&) < 10r on
B(p, 5r), thus in case 1 holds:

{]iwnhpg @} <{][ B(p.sr) d(q,€)*u(q)}* < 10Cr.

Hence in this case the integrand

w =

oI EEED @ien{f Tpsra@} 08

(p,r) ILL(B((] B(p,57)

is dominated by C1|f(p)| with support on a 5r-neighborhood of supp(f Lip g),
which is compact since X is proper.
In case d(p,E) > br we use

{][ Lipg(q)® } <ILIPg
B(p,5r)

while (for r sufficiently small) by (12)

! w(B(p;r))
r ]{3@, LatBlg.r) ~ 0 < Cn

Thus the integrand (18) is dominated by Cs| f(p)|, with support on a 5r-neighbor-
hood of supp(f Lipg).

Hence, in any case, for sufficiently small r, under the condition 1 the inte-
grand is bounded by the compactly supported L!-function Cs|f(p)| for some
C3 > 0. Then since the integrand is converging pointwise to 0 a.e., we can
use dominated convergence to conclude that the integral vanishes in the limit
r — 0.

If instead 2 holds, we use |f(p)| < LIP fd(p,&) and (17) in a similar fashion
to get, that the integrand is bounded by a constant in a 2r-neighborhood of &,

and by Cs|f(p| outside this neighborhood, to get the same conclusion. O
Notice that since [1, f]; = —[1, f]—, we have
1. .
[ aurn=3 (s~ (L 10) = i ). (19)
X r— r—

when we have the dominated convergence condition, c.f. Definition 28. Thus

using Lemma 15:
/ Aufu=0.
b'e



Lemma 20. Suppose that f is Lipschitz, |A,f(p)| < oo and |A, f(p)| < oo,
then

lim inf ig f (f(a) = £(0))*ulg) = liminf iz ][ (f(a) = foepm) 1)
B(p,r) B(p,r)

r—0 7 r—0 71

and

r—0

lim sup — f (f(a) = F(») n(a)
T JB(p,r)

= lim sup % ]{3( : (f(q) — fB(p,r))zﬂ(q) < Lip f(p)?,
p,r

r—0 T

Proof. We have

(f(®) = £(@)* = (f®) = TBepw — (F(@) = fa0r)
= (f(p) - fB(p,r))2 - 2(f(P) - fB(p,r)) (f(q) - fB(p,r)) + (f(Q) - fB(p,T’))2

thus

1

r2

%(f(p) - fB(p,r))2 +

r

][ (f(@) = ) 1l)-
B(p,r)
Clearly, under the hypothesis above, lim, o 75 (f(p) — fB(p)T))Q =0, so we get

lmmif (MW#@fﬁMMif (F(@) = Fotpm)?u(@)
B(p,r) B(p,r)

r—0 T2 r—0 7'2
and similarly for limsup. By definition of Lip f(p), for any ¢ > 0:
(f(a) = f(p))? < (Lip f(p) + €)*r?,

when d(g,p) < r and r is sufficiently small. So clearly

fimsup 5 f (@)~ F0)n(0) < (Lip f))* (21)
= JB(p,r)

r—0
O

The estimate (21) can be a quite rough. For a smooth function f on a
Riemannian n-manifold M™, one can show that:

r—0 r2 n 4+ 2

. 1 2 _n ’U2’U
i o @ s = s f @)’

:ingwmﬁ<m

where S"7! is the unit sphere in 7, M. Compare to Proposition 52 below.



Lemma 23. Assume that p is compatible, and f is a compactly supported Lip-
schitz function with A, f € L*(X, ) satifying either condition 1 or 2 of Lemma
15 and furthermore

C % fB(p ") (f(p) — f(q))2,u(q) is convergent as r — 0 for almost all p € X.

DC r2f(p) — fBp.n| < p(p) for some p € L*(X, ) and r < rc sufficiently
small.

Then
1 2 —(_
/X {mn]{g INCCE) u(q)}u(p)—< M) (29)

Proof. First of all, since lim, o fB(p " (f(g) — f(p))zu(q) < CLip f(p)?
C'LIP f on the support of f, we get by dominated convergence:

/X}li%rjé(ﬁﬂr) J@)=1) s _Thﬂ%/x?“/é(pr) @1 n@n )
Then since (f(p) — f(q))* = f(p)(f(p) — f(@)) + fF(O)(f(p) — f(q)), we can

continue the equation as:

. 1
~uy [ L f L OO = S@)n@ne)
©tim /X = ]i @U@ = S0)n@n). (25

r—0

We then use Lemma 15 to interchange the order of integration in the second
term, which is convergent since the first term is:

Fofle = —5 0 uf),

where the limit is moved back inside the first integrals using dominated conver-
gence, condition DC. O

Lemma 26. If u is a doubling measure, then there is a constant C > 0 de-
pending only on the doubling constant for p, such that for a Lipschitz function
f with |A,f(p)| < oo and |A, f(p)| < oo almost everywhere, we have

imswp = f (10~ 10)'M0 2 (L s0)' @D

r—0 T

for almost all p € X.



Proof. By Proposition 4.3.3 in [5], we have for a Lipschitz function f:

r—0 T C

lim sup > ][ 1£(@) — Fa(pr)li(a) > = Lip (p),
B(p,r)

for almost all p € X and a constant C' depending only on the doubling constant
for p. But then by Lemma 20

. 1 . 1
imswp of  (F@—t @) na) =tmsuw o f (70~ fonn) uie) 2

r—0 T r—0

2
imswp (7 150 = Jopn (@) = g (Lin )

r—0 r
O

In view of the previous lemmas we combine properties to define a class of
admissible functions on which the Laplacian acts nicely.

Definition 28. Define A to be the Lipschitz functions f € LIP(X), such that
CS supp(f) is compact.
L2 A, f is well defined a.e., and gives a function in L*(X, u).

DC Dominated Convergence: There is an r.(f) > 0 and a p(f) € L*(X, u),
depending on f , such that r—2|f(p) — B, | < p(p) for r <.

2 .
SC r% JQB(W,) (f(p) — f(q)) 1(q) is convergent as r — 0 for almost all p € X.
Now define the following two subclasses of A:

e Let Apn be the functions in A satisfying also the condition that f has crit-
ical points on the exceptional set £ in the sense of Lemma 15: Lip f(p) <
Cyd(p,€), for some Cy > 0 depending on f.

e Let Ap be the functions in A satisfying the condition f(p) =0 for p € £.

A simple calculation reveals that condition SC above is equivalent to A, (f?)
being well defined a.e., given that A, f is well defined almost everywhere.

As defined A need not be a vector space, however in interesting cases A
should contain a large, possibly dense, vector space as a subset. It is not hard
to see, that if f,g and f + ¢ are all in A, then A,(fg) is well defined almost
everywhere, and defines a function in L'(X, ). The functions in A should be
thought of as a ”very nice” class of functions, and in general one would be
interested in a suitably defined completion of these functions.

The condition defining Ay, having critical points on the exceptional set,
should be thought of as a rough generalization of a Neumann condition, while
Ap is simply the functions in A satisfying also a Dirichlet type condition.



Proposition 29. If i1 is a compatible measure, then A, is a symmetric operator
on An as well as on Ap:

<Aufvg>:<f,Aug>7fag€-A*7 (30)
where A, is either Ay or Ap.

Proof. Given f,g € A we have
<97A#f> - <fv Au9> =
2
Jowim={ (@ - 1o
B(p,r)

—07r

/f hmf][ (9(q) — 9(p)u(@)u(p) =
B(p,r)

r—0 7"2

lim /X 2 ][B IR CCHORGHOWION®

r—0

r—0

— lim /X 7’22]{3@,@ (f(p)g(a) = fP)g())ul@)p(p) =, (31)

where we have used dominated convergence to move the limits. Using Lemma 15
to interchange the order of integration in the first term, and then interchanging
p and ¢, we can continue (31) as:

i [ 5/ () = F(@)g(@) ul(r). 3
=0 /x 1 B(pm)

The product fg is Lipschitz (since supp(fg) is compact) with local Lipschitz

constant Lip fg < |f|Lip g + |¢| Lip f, and thus with critical points on €. Using

Notation 14, we can write the term (32) as

7%}%([1,]”9]4. ~[1, fgl-),

hence the term vanishes by Lemma 15. O

We can now combine these results into the following theorem:

Theorem 33. Let (X,d, u) be a proper, metric measure space, with u a com-
patible measure. Then —A, is a nonnegative, symmetric operator on any vector
space contained in either Ax or Ap. Furthermore there is a constant C > 1
depending only on the doubling constant for p s.t. for f € Ay U Ap

SILiD I3 < (= Auf, f) < I Lip 13 (34)

If it is the case, as it will be in many interesting examples, that the set
of admissible functions A is dense in L?*(X, u), then we can consider the self-
adjoint Friedrichs extension of the Laplacian acting on functions with a Dirichlet
condition, and thus as usual the spectral theory of A, as an unbounded operator
on L?(X, ). We will not go further into this in the present paper though.

10



It is an interesting question, when (34) can be replaced by
(= Auf, f)=C'|Lip 3. (35)

This is the case e.g. on a Riemannian manifold, compare to Proposition 52
below. It remains to be investigated, when this property is preserved under
measured Gromov-Hausdorff convergence.

3 Green’s Formulas

It is possible in a quite general setting also to establish some weak versions
of the classical Green’s formulas, when the exceptional set is in some sense of
codimension 1. We will use assumptions that make the proofs fairly easy. These
could most likely be weakened considerably.

Definition 36. We will say that the exceptional set £ has essential codimension
1, if there is a measure v with support on &, a constant C > 0 and for each
p € € a curve v, : [0,1] — X paramatrized by arclength with ~,(0) = p, s.t. for
every compactly supported continuous function f > O:

/B(g,r)f(p”‘(l?)ﬁc/g/o Fw(t))dt v(p), (37)

where B(&,r) is a r-neighborhood of £ and r < ro(f) is sufficiently small.

Lemma 38. Let f be continuous, g Lipschitz and suppose that fLipg has
compact support. Furthermore, assume that £ has essential codimension 1 and
that p is a compatible measure. Then

imsw | [ {(f, 1060 - o)) uto
—/ {][ £(0)(9(a) — 9(0)) (@) }u(p)|
X B(p,r)

<c /g 1£()| Lipg(p) v(p),

for some constant C' > 0.

11



Proof. We continue as in (16) until we arrive at the the last line. Then

frgl-
Bpﬂ“)_ ;
/If )= ][,,) ) 1p(q) }Cp{ Lip g(q)* 1) }* p(p

B(p,57)

= e MBw.1) 1
_/ 527‘) rf(n w(B(g,7) 1pu(q) }CP{][ s T)Lpg } u(p
1 u(B(p,r) ,
+/X\B<527)f(p)|{ ]{3<pr>|u(3(q,7’)) Hala) }CP{J[p, T)Lpg } p(p
<C// (a(t CP{]{B( ()5T)Llpg (@)} dtw(p

+/ |f(p \ChCP{][ Lip g(q } p(p
X\B(&,2r) (p,57)

assuming that r is sufficiently small so that (12) is satisfied. Since p is doubling
we have

1

{][ Lip g(q } < Cof Lipg(q)°n(q)},
B(vp(t),57) B(p,7r)

for some C5 depending only on the doubling constant. So we can continue the
calculation as:

<001020p/ {f - Lipg(q)*u(q)}* f/ Yp(t))|dt v(p)

+/ 1 \chcp{][ Lip g(q)*u(a)} " u(p
X\B(E,2r) B(p,5r)

<y / { ][ o Lipgla)n (@} 2 / ()t v(p)

+04/ |f(p I{][ A Lip g(q } p(p

By Lebesgue’s differentiation theorem (and dominated convergence) the limit
of the first term is:

. . %1 2r , .
e [Af, . vve@u@)t ] [ isGueio)
20y [ 110)| Lingp)v(r). (39)

while the integrand of the second term is dominated by

[/ (P)| LIP g,

12



with support on a 5r-neighborhood of supp(f Lip g), which is compact. Hence,
since the integrand is converging pointwise to 0, we get by dominated conver-
gence, that the limit of the second term is 0. O

As in (19) we have

1
[ Autn= g (g1~ 111

under the dominated convergence condition in Definition 28. Thus under the
hypotheses of the Lemma above:

C .
|/XAufM| < g/ngpr- (40)

This also follows from Green’s formulas:

Theorem 41 (Green’s Formulas). Suppose that p is a compatible measure, and
that € has essential codimension 1. Then there are constants Cy,Cy > 0 s.t. for
f, g Lipschitz functions satisfying conditions CS, L2 and DC of Definition 28.

(Auf.a) = (18,0 <01 [(fLibg+lolLipnyy (@2
|Call Lin £15 + (£, 8,8 < 5C1 [ IfILip o (13)
£

where we for (43) also require condition SC of Definition 28. Furthermore if
AL (fg) is defined a.e., we have:

. . 1 .
(1:800)1 < (Lipg.Li /) + 301 [ IflLingw. (14)
Proof. We use notation as above, 14. Calculating as in Proposition 29 we get:

|<Auf’9>_<faAu9>|
= tim [(g. /14 — (£,)+| = lim [lg. /11 = lg. - = ((F. )+ — lg.11-)]
< limsup g, fl+ — L9, 1= + lisn sup Ilfs 91+ — l9. f1-]

— timsup |[g, £+ — [g, f]| + limsup | / (9(0)F(@) - 9(0)F () (@) (o)
r—0 r—0 T X J B(p.r)

. 1

= limsup|[g, fl+ = [, f1-| + 3 lim sup |1, fg)+ — [1, fg]-|
. 1 . .

<c [laitiv fv+5¢ [ alLiv 1 + |7l Ling).

which proves (42). Now for (43). Following the proof of Lemma 23, we get (25)
rewritten as:

1 2 1 1.
[ im0 100w pute) + (805.0) = 3 70

13



and thus
J A 00~ 1) 0@ ) + 58 1) + il 11
X B(p,r)

— /X { lim 12]{3(1”) (flq) — f(p))2u(q)}u(p) +(ALS )

r—0 71
1

= 5 m([f, fl+ = [f, f]-)

and then the result follows by Lemma 38 and Lemma 26.
Finally, we deal with (44). By Hoélder’s inequality:

timsup 5 f (@) = F0)(o(0) ~ 9Dnla) <
= JB(p,r)

r—0
lmsup{— £ (F(a) — F)2u(@)} limsup{— £ (9(a) — 9(p))*u(a)}?
r—=0 7" JB(p,r) r—=0 T JB(p,r)

< Lip fLipg, (45)

c.f. Lemma 23. Also

(f@=F@)(9@)—9p) = (f(@g()—FP)g())—F ) (9(a)—9(p))—9() (f(0)—F(p))

thus 2 f5,.(f(@) = F(2)(9(a) — 9(p))p(q) is convergent as r — 0 iff A,(fg)
is well defined at p. Then since

— tim 210l — 5(F Ag) = I Sl — [f.01) — (Ao,

thus (44) follows by Lemma 38 and (45). O

4 Comparison with Riemannian manifolds

We will end the analysis of the "mean value” Laplacian in this paper, by showing,
that it is in fact proportional to the usual Laplacian in the setting of Riemannian
manifolds. Refer to [7] or [2] for background on Riemannian geometry.
Let (M, g) be a n-dimensional Riemannian manifold and let f : M — R be
a smooth function. The Riemannian Laplacian at p € M of f is usually defined
by
Anf(p) i= trace(HJ),

14



where Hg is the Hessian of f at p, and the trace is taken with respect to the
Riemannian metric. Another way of getting the same is:

n

Arf(p) =

H (v,v)dw, 46
o Jos »(0,0) (46)
where wy,_1 is the volume of the unit n — 1-sphere in T,,M.

On an n-dimensional Riemannian manifold the Riemannian volume measure
conincides with n-dimensional Hausdorff measure, which we will denote by H",
while n—1-dimensional Hausdorff measure on codimension 1 sets, will be written
Hr L

Let S(p,r) = 0B(p,r) = {q € M|d(p,q) = r} denote the sphere of radius r
centered at p.

Normal and polar coordinates: We get normal coordinates (z1, zg, ..., zy)
around p € M, by identifying (T, M, g,) with R™ via a linear isometry and using
the exponential map, exp, : U — M, on a neighbourhood U of 0, € T,M. In
normal coordinates we have for the matrix of the (pulled back) metric:

Gij = 035 + O(TQ)a (47)

where r = /g, (v, x) = d(p,exp,(z)). As usual we can introduce polar coor-
dinates on T,M by writing w € T,M as w = rv, with v € S"~! C T,M. In
the usual frame on T, M associated to polar coordinates 0,, dy,, ..., 9y with
9p(9a.,,00,) = Sapr?, the pulled back metric is:

n—17

g:dr2+ga5d9“d96, a,fe{l,...,n—1},

where dr,d0%, « = 1,2,...,n — 1 is the dual frame. From (47) we get, by the
transformation between polar and cartesian coordinates:

Gap = Sapr?® +O(r*)
Hence the the volume density in polar coordinates is
A(r,v) = \/|{gaﬁ}| = \/r2(n71) +O0(r2") =" /1+ 0(r?) = "' +0(r" ),

and therefore

H ) = [ M) = w06

Lemma 48. On the Riemannian manifold M™ pick u to be Riemannian volume
measure, then for a smooth function f:

Arf(p) = lim 22 7[5 =1 (49)

;T)
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Proof. Given the smooth function f, we can expand it in polar coordinates
around p as

1
fTQHI’: (v,v) + o(1?).

F(r,0) = Fo) +rdfy(0) +

Define S, := H"'(S(p,r)). Then:

(flo) = f(p)H"(q) =

I 2n(1
1m
r—0 ’I"2 S §n—1

2
T;fr /Snildfp(v))\(r,v)dv—ksir Sning(v7v))\(r7v)dq})+0

f(rv U)/\(T7 U)d?} - f(p)) =

s g dfp(v)(rn—1+0(rn+1))dv+sﬁ Hg(U,U)(T"_l—i—O(r”H))dU
T S§n—1 n g1
O™ +1)  nrn—1 O+
/S"_l dfp(v)dv+ TST + S’r S§n—1 HX(U’ U)d'U—'-T)
n
= Hg(v,v)dv = Arf(p)

Wn—1 Jgn—1

since [, dfp(v)dv = 0. O

Lemma 50. For a smooth function f: M™ — R we have:

i ()~ SR 0 =
S(p.r)

r—07r

P2 i i][ (F(@) - F(0)H™ (@)
B(p,r)

n  r—0r?

Proof. Given p € M define S, :== H"~!(S(p,r)) and B, := H"(B(p,r)). Then
S, and B, are smooth for r > 0 close to 0 and (see above) %BT =5 =
wp—1"" 1+ O(n + 1), thus B, = Lw, 17" + O(r"+2).

We can then write

]{g(w)wp) HaH(q) = / { / N FaH (@)}

From the previous lemma it follows that [g, . (f(p) — Fl@QH" L (q) = ar" Tt +
o(r"*t1). Thus we see, that the comparison of the limits (51) will follow if

F
i:brz—i—o(rz) = _ =
g

n
b2 2
G n+2r—i—o(r)7

when g = r"~1 + o(r"~1) andf = br"t! + o(r"*!) and F,G are antiderivatives
of f,g respectively. However this is an easy calculation; details are left to the
reader. O
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From these two lemmas it then follows:

Proposition 52. Let f: M™ — R be a smooth function, then

B () = —5Arf (),

when we pick p to be Riemannian volume measure.

Concluding Remarks

Proposition 52 suggests that for a sufficiently nice metric space, the natural
Laplacian associated to the metric should be:

(d+2)A,, (53)

where p is taken to be (local) Hausdorff measure and d is the (local) Hausdorff
dimension. We claim, that in fact this is the pointwise form of the Laplacian
introduced in [3] on Gromov-Hausdorff limits of Riemannain manifolds with
Ricci-curvature bounded from below.

We think that the utility of the simple direct definition of the Laplacian given
here, has been demonstrated. Using the definition the calculus of the Lapla-
cian is reduced to simple algebraic manipulations, always keeping convergence
questions in mind, of course.

Finally, having a Laplacian on a metric measure space opens up for defining
various curvature concepts, via some of the many connections between these
entities in Riemannian geometry, c.f. [7]. The usefulness of such an approach
remains to be investigated further.

Acknowledgments: The author would like to thank Stephen Buckley for
many useful discussions and suggestions.
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