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METRICALLY INVARIANT MEASURES ON
LOCALLY HOMOGENEOUS SPACES
AND HYPERSPACES

CHRISTOPH BANDT AND GEBRESELASSIE BARAKI

We compare different invariance concepts for a Borel measure p on
a metric space. p is called open-invariant if open isometric sets have
equal measure, metrically invariant if isometric Borel sets have equal
measure, and strongly invariant if any non-expansive image of 4 has
measuure < p(A4). On common hyperspaces of compact and compact
convex sets there are no metrically invariant measures. A locally compact
metric space is called locally homogeneous if any two points have
isometric neighbourhoods, the isometry transforming one point into the
other. On such a space there is a unique open-invariant measure, and this
measure is even strongly invariant.

1. Introduction. There are two important classes of spaces with a
“natural volume function”: locally compact groups with Haar measure
and Riemannian manifolds with their volume form. Since in everyday life
volume of sets is calculated from length measurements, we consider
measures invariants with respect to a metric structure rather than a group
structure or differentiable structure. We deal with Borel measures on
locally compact metric spaces which are finite on compact sets and
metrically invariant in the sense that

“congruent sets have equal measure”.

Two sets in a metric space are congruent if there is an isometry f from one
onto the other. In Euclidean R” such f can be extended to an isometry f
from the whole space onto itself but in general this is not the case (cf.
Example 2).

If on a metric space ( X, d) there is a unique (up to a constant factor)
metrically invariant measure, it can be considered as the “natural volume
function” of the space. This is the case for locally compact metric groups
with left-invariant metric [2]. The volume form on Riemannian manifolds
is metrically invariant with respect to the interior metric [18], and the
volume form on manifolds in R" is invariant with respect to the Euclidean
metric [10]. However, in general it is not uniquely determined by this
property (cf. Example 1).
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Let us state our main result. (X, d) is called locally homogeneous if
for any two points x, y in X there is an € = &(x, y) > 0 and an isometry
between the e-neighbourhoods of x and y which sends x to y.

THEOREM 1. Let (X, d) be locally compact and locally homogeneous,
and let A, be a compact subset of X with non-empty interior. Then there is a
unique metrically invariant Borel measure X on X with A(A,) = 1.

Mycielski [22] proved a much more general existence theorem (see
§2). However, his invariance condition for measures is weaker than ours:

“congruent open sets have equal measure”.

Measures with this property will be called open-invariant. Mycielski’s
open invariant measures are in general not unique. Under the assumptions
of Theorem 1, however, uniqueness can already be shown if only con-
gruent e-neighbourhoods have equal measure. In fact, our uniqueness
result is quite related to theorems of Loomis [19], Christensen [6] and
Mattila [21].

Thus, our essential contribution to Theorem 1 is the proof that the
open-invariant measure which exists by Mycielski is actually metrically
invariant. Examples in §2 will show that in general there is considerable
differencé between the two invariance concepts. Ulam asked whether
Lebesgue product measure on [0,1]* is metrically invariant with respect
to metrics of the type

(d(x, ) = (a2 (x,=»)) ", a=(apa...) €L,

Open invariance was verified by Mycielski [23] but metric invariance
could only be proved for very fast decreasing sequences a by Fickett [11].
Our present paper also results from an attempt to answer this question of
Ulam. We would like to express our gratitude to Professor Mycielski for a
very stimulating correspondence on these topics.

It should be noted that Theorem 1 also contributes to the solution of
an old problem by Banach and Ulam [1]: Does every compact metric
space ( X, d) admit a finitely additive, metrically invariant and finite Borel
measure? For countable X, where a positive answer was found recently [8],
such measure will not be o-additive. Our class of locally homogeneous
spaces yields o-additive invariant measures.

Although this class includes all metric groups with left-invariant
metric, it is rather small. Among Riemannian manifold with interior
metric it contains only those with constant curvature (theorema egregium,
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cf. [17], Theorem 12.4.2), and among C?-curves in the Euclidean plane it
contains only open line segments and circular arcs. The following example
shows, however, that a strong homogeneity condition is needed for
uniqueness of a metrically invariant measure.

ExAMPLE 1. The half-parabola X = {(¢,?)|0 < ¢ < o0} contains no
two sets with more than four points which are congruent in the Euclidean
sense. (The isometry would extend to an isometry f of the whole plane
which transforms parabolas onto parabolas. Since five points determine a
parabola, f maps X onto itself, hence f = id.) Thus all non-atomic Borel
measures on X are metrically invariant.

To get a unique volume function for such spaces, one has to utilize
the stronger invariance concept introduced by Kolmogoroff [16] (cf. §6).

A very interesting fact is that even the existence of a metrically
invariant measure requires a certain degree of homogeneity of the underly-
ing space. In §3 we show that many hyperspaces of compact sets and of
compact convex sets with Hausdorff metric do not admit o-finite, metri-
cally invariant measures due to their inhomogeneous metric structure.
This generalizes a result of Boardman [5] and answers a question by
McMullen.

2. Open-invariant and metrically invariant measures. A Borel mea-
sure p on a metric space (X, d) is called metrically invariant if for any
pair of isometric Borel sets 4, B we have u(A) = u(B). This implies
p*(M) = p*(N) for any isometric subsets M, N of X. p is called open-in-
variant if w(A) = p(B) whenever A, B are isometric open subsets of X.
Clearly, metric invariance implies open-invariance, but the converse does
not hold. Even in “good” spaces an isometry f: A — B need not extend to
an isometry f between open neighbourhoods of 4 and B.

ExaMPLE 2. Consider R? with maximum metric

d(x, y)= max{|x1 -l |x2 _)’2|}-

The sets 4 = {(x,0)|x € R} and B = {(x, x)|x € R} are isometric, an
isometry is given by f(x,0) = (x, x). But there are no points p & A4,
q ¢ B such that 4 U { p} is isometric to B U {g}. The reason is that B
has exactly one point of shortest distance from g (for ¢ = d(g, B) the
closed square U,(q) intersects B in one point), but A has many points of
shortest distance from p.
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The following result implies that there is an open-invariant proba-
bility measure on each compact metric space. For a compact set C in a
metric space (X,d) let E(C,t) denote the minimum cardinality
of a covering of C by sets of diameter < ¢. C is called thick in X if
there is an open neighbourhood U of C in X and a constant ¢ with
E(D,t) < c- E(C,t)forall compactsets D C Uand 0 <t < 1.

THEOREM ( Mycielski). Let C be a thick set in a metric space (X, d).
Then there is a regular open-invariant Borel measure p. on X with p(C) =1

The proof in [22] uses generalized limits. Halmos’s existence proof for
Haar measure ([14], §58) can also be adapted but it needs the axiom of
choice, too.

Note that open-invariant measures sometimes can be rather trivial. If
X = {1/nln € N} U {0}, or X =[0,1), the point measure §, is open-in-
variant. Namely, two open isometric sets in X either both contain 0, or
both do not contain 0.

Next, let X be a triangle with interior in the Euclidean plane. Let Y
denote the boundary of the triangle and a, b, ¢ the vertices. There are
three types of points: vertices, edge points and interior points. Points of
different types will never have isometric neighbourhoods in X. Thus if f:
A — B is an isometry between two open subsets of X, f maps 4 N Y onto
B N Y, and f transforms the vertices in 4 onto vertices in B.

It follows that there are three open-invariant measures: the discrete
measure 8§, + §, + §,, the one-dimensional Lebesgue measure con-
centrated on Y and the two-dimensional Lebesgue measure on X. Only the
last one is metrically invariant. Let us add that linear combinations of
open-invariant measures are open-invariant, and that §,, §, and §, alone
are open-invariant if X has three different angles.

A metrically invariant measure on an arbitrary metric space must be
non-atomic, however, unless all infinite sets have measure 0.

On very inhomogeneous metric spaces metrically invariant measures
may not exist. Our next example reflects the structure we shall find in
hyperspaces.

ExampLE 3. Let X = U%_,C,, where C, is the n-dimensional cube
[0,1/n]". Let d be the Euclidean metric on every C, and let d(x, y) =
max{1/n,1/m} for x € C,, y € C,,, m #+ n. For every n, the Lebesgue
measure A, on C, induces an open-invariant X', on X. All linear combina-
tions of the X', with positive coefficients are open-invariant, and there are
other open-invariant measures concentrated on the edges and vertices of
the C,.
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On the other hand, there is no o-finite metrically invariant measure
p# 0on(X,d). If u(C,) > 0, a subcube of C, with side length 1/(n + 1)
will have positive measure, and C, , ; contains an uncountable number of
pairwise disjoint isometric copies of that subcube.

We have made use of the following well-known fact.

LEMMA 1. A measure cannot be o-finite if there is an uncountable
number of pairwise disjoint sets with positive measure.

3. Non-existence of metrically invariant measures on hyperspaces.
A situation similar to Example 3 occurs for quite familiar hyperspaces.
The following theorem extends and simplifies a result of Boardman [5]
concerning Hausdorff measures on F([0, 1]). F(X) denotes the system of
all compact subsets of ( X, d), equipped with the Hausdorff metric

dy(A4,B) = max{ supd(a, B), supd(b, A)}

a€A beB

THEOREM 2. Let (X, d) be a locally compact separable metric space
without isolated points. Then there is no o-finite, metrically invariant Borel
measure u # 0 on (F(X), dy).

Proof. Let S be a countable dense set in X. Forsin S,let M, = {4 €
F(X)|s & A}. The open sets M, cover F(X) — { X}. Let u be a positive
metrically invariant measure on F(X). Then we have u(M,) > 0 for at
least one s. (Note that u({ X }) = 0 in the case of compact X.) If we write
M as the union of closed sets M, = { A|d(s, A) = 1/n}, we get u(M,,)
> 0 for one n € N. Since X has no isolated points, the neighbourhood
U=U,,(s)in X is uncountable. For x € U let N, = {4 U {x}|4 €
M, }. The natural map f: M,, = N, is not necessarily a d ;-isometry but it
preserves all distances smaller than a = 1/n — d(x, s). Since F(X) is a
separable metric space, M, admits a countable partition into sets of
diameter < a. The invariance of p implies then u(N,) = p(M,,) > 0 for
all x € U. Since the N, are pairwise disjoint, p is not o-finite by Lemma 1.

The next theorem also extends a result on Hausdorff measures, and it
answers in the negative a question by McMullen (see [13], problem 54).
For U C R" let K(U) denote the system of all compact convex subsets of
U. We consider the locally compact space (K(R"), dy), where the
underlying metric d is given by a norm || - || on R". For the Euclidean
norm, Gruber and Lettl [12] have shown that each isometry from the
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hyperspace K(R") into itself can be written as composition of a mapping
f(A) = f(A) induced by a Euclidean isometry f: R" — R" and a mapping
g(A)=A+C={a+cla€ A, ce C}, where C is a fixed compact
convex set. f is onto, but g is not surjective unless C is a singleton. Here
we shall only use the fact that in the case of an arbitrary norm, g is an
isometry on K(R").

THEOREM 3. For n > 1 there is no o-finite Borel measure on
(K(R"™), dy) which is invariant with respect to all isometries from the whole
space into itself.

Proof. Let S, = { x| ||x|]| < p}. Then K(R") =U%_, K(S,). lf pis a
positive measure, p(K(S,)) > 0 for one p. It suffices to show that K(S;,)
contains an uncountable number of mutually disjoint isometric copies of
K(S,). For each x € R" with ||x|| =2p let D, = {x]0 <t <1}. We
prove that the sets K(S,) + D, are mutually disjoint. To this end let y # x

and y # —x (the case y = —x is easy) be vectors with norm 2p, and
assume there are elements 4, B in K(S,) such that
(1) A+D,=B+D,.

Take a basis of R” containing x and y as first and second element, and let
a(z) denote the first coordinate of z with respect to that basis. Thus
a(x) =1, a(y) = 0. By compactness we find an a* € 4 with a(a*) =
min{ a(a)|a € A}. By (i) thereis b € B and s € [0,1] witha* + 0 - x =
b+ s-y and hence a(a*)= a(b). Again by (i) there is a € A and
t[0,1] with a+¢t-x=b+1-y. Now a(a) +¢= a(b) = a(a*) <
a(a) implies ¢ = 0. Thus a = b + y which yields the contradiction || y|| <
lla]] + ||| < 2p. The D, are disjoint.

Let us note that (K(R!), dj) is isometric to the half-plane
{(a, b)|la < b} with maximum metric on which Lebesgue measure is
metrically invariant.

An open-invariant measure A on K(R") is induced by n-dimensional
Lebesgue measure: A(C) = A ,({ x|{x} € C}). We omit the proof.

4. Locally homogeneous metric spaces. Having shown that metri-
cally invariant measures do not exist on very inhomogeneous spaces, we
now turn to the other extreme. A metric space ( X, d) is called (metrically)
homogeneous if for any two of its points x, y there is an isometry f:
X — X which is onto and sends x into y. Let U(p) = {g|d(p, q) < &}.
We call (X, d) locally homogeneous (abbrev. Lh.) if for any x, y there
exists an ¢ = &(x, y) > 0 and an isometry f: U(x) — U,(y) which is onto
and sends x into y. This implies f(Us(x)) = Us(y) for0 < § < e.
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We have not tried to avoid the condition f(x) = y and require that
Us(x) and Us(y) are isometric for all § < g, or only for arbitrary small 8.
(The latter holds for Cantor’s middle-third set with Euclidean metric.) We
have chosen the definition with f(x) = y since it seems technically con-
venient, in particular for Theorem 4 below.

If in a Lh. space there is a compact set with non-empty interior, the
space must be locally compact. Hence we shall restrict our attention to
locally compact spaces.

Metric groups with left-invariant metric are examples of homoge-
neous metric spaces. More generally, if a uniformly equicontinuous group
of one-to-one and onto mappings acts on a space (Y, d,) (cf. [27], §7.3),
the metric d(x, y) = supse rdo(f(x), f(¥)) is uniformly equivalent to d,,,
and every f in F is a d-isometry. So (Y, d) is homogeneous whenever the
F-orbit of a point is dense in Y and Y is locally compact (cf. Lemma 2
below).

Any open subset U of a homogeneous metric space ( X, d) is locally
homogeneous. (Let &(x, y) = min{d(x, X — U), d(y, X — U)}.) The
converse 1s not true.

EXAMPLE 4. Let C = {(x;, X5, X3)| — 00 < x3 <1, (1 — x3)* = x{ +
x3} be the surface of an unbounded cone, and let d be the interior metric.
That is, d(x, y) is the length of the shortest arc in C connecting x and y.
The cone without peak p = (0,0,1) is developable into the plane [17].
That is, small neighbourhoods of points in X = C — { p} are isometric to
open subsets of Euclidean R?. This is not true for neighbourhoods of p. So
X is Lh. but C is not. X is not homogeneous, only rotations around the
X 5-axis are isometries of X.

Now C is the completion of X. Thus when X is imbedded in a larger
Lh. space Y as an open subset then X will be closed, too. So X is not
isometric to an open subset of a homogeneous space.

Local homogeneity does not only carry over to open subspaces but
also to finite products. Suppose f,: U, — V, are isometries in ( X,, d,) for
i =1,2. Then

U XU, = VX, f(xy, x,) = (fl(xl)’fz(xz))

is an isometry with respect to the maximum metric as well as to any other
metric on X; X X, which has the form d(x, y) = g(d,(x;, y,), d,(x5, ¥,)).
Thus if (X, d,) are Lh. then X; X X, is Lh. with respect to any of the
familiar metrics. Moreover, local homogeneity carries over to so-called
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symmetric products:

ExAMPLE 5. Let m be a positive integer, let F,(X) denote the family
of m-point subsets of the metric space (X, d), and let d_,, on X" be
defined by

dpax (x, p) = max{ d(x,, y,)|i = 1,...,m}.
Let

B = (el Xoxy %, for 1 ).

Then the mapping f: (X", d_, ) — (F,(X), dy) with f(x,,...,x,) =
{x4,...,x,,} is m!-to-one and onto, and f is a local isometry: if ¢ < e, =
- min{d(x,, x;)[l <i<j<m}, fmaps U(x,,...,x,) in X" isometri-
cally onto U({ x;,...,x,,}) in F,(X).

If (X, d) is locally homogeneous, then (X™, d,,,.), the open subset
(X™, d__..) and hence (F,(X), d,;) become Lh. spaces, too.

In contrast to the results of §3 we have found a Lh. hyperspace.
Unfortunately, F,(X) is only a very small part of F(x). It would be
interesting to know whether F([0, 1])—that is, the Hilbert cube—has a Lh.
metric. Is one of the familiar metrics for hyperspaces of convex bodies (cf.
[28]) Lh.? An 1.h. metric on such a “space of shapes” by Theorem 1 would
yield a natural measure for “shapes”, and this is what people working in
convex geometry [13] and integral geometry (cf. the first two papers in [0])
are looking for. More generally,

Problem. When does a topological space X admit a compatible Lh.
metric?

Clearly it is necessary that X is Lh. in the topological sense (for any
x, y there is a homeomorphism between neighbourhoods U(x) and V()
which sends x into y). But is that enough? A classical result of Dantzig
and van der Waerden [7] says that the sphere with two handles does not
possess a homogeneous metric although it is homogeneous in the topologi-
cal sense. However, it admits a L.h. metric, since every Riemann surface
admits a Lh. Riemannian metric ([9], Theorem IV.8.6).

A Riemannian metric on a manifold is Lh. if and only if it has
constant curvature ([17], Theorem 12.4.2).

The ¢ in the definition of L.h. space depends on x and y. But for all
points of a compact set we find a common &.
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THEOREM 4. Let e be a point and A a compact set in a locally compact
and locally homogeneous space (X, d). Then there is an ¢ = ¢, > 0, such
that U(x) and U/ e) are isometric for every x in A, where the isometry sends
X into e.

LEMMA 2. Let a >0 be so small that U/(e) is compact. Then
D, = { x|there is an isometry f: U,(e) — U, (x) with f(e) = x} is closed.

Proof of Lemma 2. This is an application of Ascoli’s theorem ([26], p.
179). Let (x,) be a sequence in D, converging to x € X, and let f,:
Ue) —» U, (x,) beisometries onto with f,(e) = x,. For z € U, (e) choose
B with d(e,z) < B <a and n, with d(x,,x,)<B—d(e,z)=f—
d(x,, f,(z)) for all n > n,. Then {f,(x){n € N} is relatively compact
since almost all f,(z) lie in the compact set Uy(x, ). Any family of
isometries is equicontinuous, so a subsequence f, converges pointwise to a
map f. Obviously f is an isometry and f(e) = x, f(U,(e)) C Uy (x). It
remains to show that f is a map onto U, (x). Let y € U(x) and vy =
d(y, x). Since f, maps U,(e) onto U,(x, ) and the convergence f, — fis
uniform on U, (e), every neighbourhood of y contains a point of f(U, (e)).
Thus y itself belongs to this compact set, f is onto and x € D,

Proof of Theorem 4. Apply Baire’s category theorem to the sets D, ,,,
m € N, which cover X. There isn € N, w € X and & > 0 with Uy(w) C
D,,,. For a <n =73 -min{§,1/n} every point z in U e) has an a-
neighbourhood isometric to U,(e). (Take isometries g: U, (e) = U, (w)
c D,,, with g(e) =w and h: U, (e) = U,(g(z)) with h(e) = g(z) and
consider g7 'h: U (e) —» Uy(z).)

For every x in 4 we find a, > 0 such that the a,-neighbourhood of e
and x are isometric with f(e) = x. Let &, = min{3 - a,, n}. Every point
of U, (x) has an e,neighbourhood isometric to U, (e). The open cover
{U,(x)|x € A} contains a finite subcover {U, (x,)li =1,...,p}. Now
e, = min{¢, |i = 1,...,p} is the number we were looking for.

5. Haar measure on locally homogeneous spaces. Let 4, be a
compact set with non-empty interior in a locally homogeneous (hence
locally compact) space X. To show the existence of an open-invariant
measure A with A(4,) = 1 we apply Mycielski’s theorem (cf. §2). We only
have to show that 4 is thick in X. Let e be an interior point of 4, and let

8 < g4 be chosen so that Us(e) € 4,. By Theorem 4, 4, is covered by
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n = n(48) isometric copies of Us(e). Let U be their union. Then
E(D,t)<E(U,t)<n-E(Uy(e),t) <n-E(4y,1)

for compact D € Uand 0 <t < 1. 4, is thick.

It is easy to see that our measure A is positive on open sets and finite
on compact sets. (Since 1/n(8) < A(Us(e)) < 1, we have A(V') > 1/n(8)
whenever V' contains a copy of Us(e), and A(C) < m whenever C is
covered by m such copies.) A is regular since it is a Baire measure [14].

Now we want to show that A is uniquely determined by the require-
ment that isometric e-neighbourhoods have equal measure and A(4,) = 1.
Christensen [6] called a Borel measure on (X, d) uniform if for every
¢ > 0, all e-neighbourhoods of points in X have the same finite measure,
say f(e). He proved that on any metric space such a measure is unique.
This applies to our situation only if X is (globally) homogeneous, but we
could use more general and sophisticated results of Mattila ([21], Corollary
4.5).

We prefer a simple uniqueness argument. The following approxima-
tion theorem is proved in §7. 1, denotes the characteristic function of 4
(1,(x) =1 for x € A and 0 otherwise).

THEOREM 5. In a locally homogeneous and locally compact space let e be
a point, A a compact set, V an open neighbourhood of A and ¢ > 0. Then
there is an m > 0 such that for every open set L C U, (e) there exist integers
n, k and isometries f;: U,(e) — V with
1 - 1
T glﬁ(L) 21, and + - ;lk(j}(L)) <A(4)-(1 +e).
(For A(A) = 0 write ¢ instead of \(A) - (1 + ¢).)

For the uniqueness proof we need the case L = U,( e). Let fi(e) = x,.
Then f,(L) = U,(x,). Given 4, we choose V' such that V' is compact, and
we take n < ep. Now all U (x,) are isometric to L. Since isometric
neighbourhoods should have equal measure, the right-hand inequality of
Theorem S becomes (n/k) - A(L) < A(A) - (1 + €). Applying A (or more
exactly, the corresponding integral) to the left inequality of Theorem 5 we
get (n/k) - A(L) = A(A). Thus

n

(i) %.(1 +e) " NML) NMA) < 7 -A(L).

If n was chosen small enough, we have a similar estimation for 4.

(ii) o “AL) =2 A (4,) = o (1+¢)  -A(L).
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Dividing (i) by (ii) and using A(4,) = 1,
P e e n(a) < 2K 11,
kn' kn’
If p would be another measure with u(A4,) = 1 which assumes equal

values on isometric e-neighbourhoods, we obtain the same inequality for
p(A) instead of A(A). Hence

IA

A(A)
n(A)
and this implies A(A) = u(A) since € can be chosen arbitrarily. So A and p
agree on all compact and by regularity on all Borel sets.

1+ < <(1+e)

6. Hausdorff measures and strong invariance. Hausdorff found a
method to construct metrically invariant measures [25] Let A: [0, c0) —
[0, 0) be a non-decreasing function with lim,_,A(¢) = A(0) = 0. The
h-dimensional Hausdorff measure on ( X, d) is defined for Borel sets D by

oo o0

p'(D) = lim inf{ Zl h(8(B))| UlBj 2 D,8(B) < t}.
j= Jj=

Here §( B) denotes the diameter of the set B in ( X, d). Since §( B N D) <

8(B), we can require that B, C D for all j. Now it is easy to see that

Hausdorff measures are metrically invariant. And we can say more.

Following Kolmogoroff [16] we call a Borel measure p on (X, d)
strongly invariant if u(C) < p(D) whenever C, D are Borel sets and C is a
non-expansive image of D. That is, there is a map f: D » C with
d(f(x), f(y)) < d(x, y)forx, y € D.

Obviously strong invariance implies metric invariance. Example 1
shows that the converse is not true: the measure p on X = {(,7?)|0 < ¢
< oo} given by u(C) = A,({¢|(¢, t?) € C}) is not strongly invariant since
the mapping g: [2, 3] — [0, 2], g(z) = 2¢ — 4 induces a non-expansive map
between the respective parts of the parabola.

LemMMA 3a. Hausdorff measures are strongly invariant.

Proof. 1If f: D — C is non-expansive and D = U B;, we have C =
U f(B,) and &(f(B))) < 8(B)). Thus to every sum for u*(D) we get a
corresponding sum for p"(C) which is smaller or equal. Consequently,
r'(C) < p"(D).

To show that our measure A on a Lh. space is metrically invariant, it
suffices to find some function & with A = p”. Sometimes this is easy.
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ExAMPLE 6. If X is an open set in an n-dimensional normed space, the
n-dimensional (with A(¢) = ¢") Hausdorff measure fulfils 0 < p"( X) < o0
[25]. Furthermore, on the space ( F, ( X), dy;) of m-point subsets of X the
(n - m)-dimensional Hausdorff measure fulfils

W (E,(X)) = - (W (X))
To prove this fact we use the m!-to-one map f: (X", d__.) = (F,(X), d};)
of Example 5. We partition F,(X) into V,,V,,... such that, for each i,
f~XV,) consists of m! isometric copies of V,. We omit the details.

For the general Lh. space it will be better to work with a modified
Hausdorff measure »" [2].

v"(D) = lim inf{ Z ¢, h(8(B)1y< Lo 1;,¢,20,8(B) < z}.

Jj=1 J=1
LEMMA 3b. For each h and each ( X, d), v" is strongly invariant.

The proof is similar to that of Lemma 3a.

LEMMA 4. Let A, be compact with non-empty interior in the I.h. space
(X, d), and let N\ be the unique open-invariant measure with A(A,) = 1.
Then \ = v" where

h(t) = sup{ A\(B)|B closed,8(B) < t, BN Ay + B}.

Proof. We show »"(4,) = A(4,) and apply the uniqueness argument.
If1, < X% c; - 15 with B;N A, # @, it follows that

A(A0)=/1Aod>\s [ Xe,-15d = Ye,-A(B)

< ch : h(8(Bj)).
So all sums in »"( 4,) and hence »"( 4,) itself are > A(A4,).

To show the reverse inequality, let ¢ > 0 and choose ¢ < min{ n(e), &,
&4,} (&4, from Theorem 4 and n(e) from Theorem 5 with 4 = 4, and
V = X), such that & is continuous in . We take an open set L C U(e)
with 8(L) < tand h(t) < (1 + €)°A(L). (Let ¢’ < t with h(z) < (1 + &) -
h(t’), let C be a set with CN A, # @, 8(C)<t" and h(t') < (1 +¢)-
A(C), and let B = {x|d(x,C) < 3(t — t’)}. Since §(B) < t < &4, there is
an open set L in U,(e) isometric to B and therefore assuming the same -
and A-values.)
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The covering (1/k) - X1, ,, = 1, from Theorem 5 fulfils §( f;,(L)) < e
and

IA

Yo hBUL) < X h() < @+ 2N

(1+ 8)3 -A(4,).
Since this holds for every ¢, it follows that »"( 4,) < A(A4,).

IA

Collecting the results of §§5 and 6, we see that we have not only
proved Theorem 1 but a stronger statement:

THEOREM 1'. Let A, be a compact set with non-empty interior in a
locally homogeneous space (X, d). Then there is a unique Borel measure A
on X with AN(A,) = 1 which assumes equal values on isometric e-neighbour-
hoods. N is regular, positive on open sets, finite on compact sets and—most
notably— strongly invariant.

7. Proof of the approximation theorem. It remains to show Theo-
rem 5. We derive it from a similar theorem which does not involve any
measure A.

THEOREM 6. In a locally homogeneous and locally compact space ( X, d)
let e be a point, A a compact set and W a neighbourhood of A. Then there is
an m > 0 such that for all open sets K, L with K C L C U,(e) there exist
positive integers n, k and isometries f;: U, (e) —> W with

Yl ,=2k-1, and 211,1(,0 <k-1,.
i=1 i=

Theorems 5 and 6 can be considered as modifications of a classical
theorem of H. Cartan (cf. [2], [24]). Concerning the above-mentioned
problem of Ulam we note that these theorems do not hold for the Hilbert
cube with certain maximum metrics ([3], Example 1).

To derive Theorem 5 from Theorem 6, let ¢, A and V be given, and
take y > 1 with y2 < 1 + & Choose open sets W, K with 4 C W C V,
AW)<y-AN4A), KC L, \(L)<y-X(K). Now open isometric sets
have equal measure, and A can be applied to the second inequality of
Theorem 6:

1
Y A(f(K))

<y AMW)<(1 +e) -)\(A).

ML) sy T oAK) =y

uM:
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If we wanted to prove Theorem 5 only for L = U,(e) (the case used
in the uniqueness proof), we could choose K as some U,(e), and we need
only assume that isometric a-neighbourhoods have equal measure. The
proof of Theorem 6 becomes also much easier for this case, it is the same
as for groups [4]. The difficulty of our situation is that there is no uniquely
determined “translate xL of the set L”. For this reason we have to work
with spaces of isometries.

Proof of Theorem 6. We can assume W is compact. Let 7 < % - &5

such that Us,(4) € W. We consider
F={f|f:Ufe) > W, fisometry}
with the metric

d(f,g)= sup d(f(x),g(x)).

xe U, (e)

(F, d) is precompact. (Given a > 0 take U(x,), i = 1,...,p, covering
U,(e), and U,(y;),j = 1,...,q, covering W and show that not more than
q” functions in F can have pairwise d-distance > 4a.)

Choose B < nwith Uys(K) C Landlet C = {f € F|f(Uf(e)) N4 #
& }. Let n denote the minimal number of S-neighbourhoods with respect
to d necessary to cover C, and let ¥ = {Va(f)li =1,...,n} be a minimal
covering of C. Then Vp(f,) N C # & which implies f,(U,(e)) € U;,(A4) so
that all V(f,) are subsets of F. Since we assume K C L C U(e), we have
proved that

n

Y 1k (x) =0 forx & Uy, (A).
i=1

For x € U;,(A) define F, = {f € F|x € f(K)}. Let k denote the
minimal number of S-neighbourhoods with respect to d needed to cover
Vg(F,). In fact k does not depend on x as we will show later. We have

Zn: 1 xy(x) = card{ i|x € f,(K)} = card{ i|f, € F.} < k.
i=1

Namely, if k < card{i|f, € F,}, we could replace all the correspond-
ing V,(f,) in € by a k-element covering of V,(F,) Since f, € F, implies
Va(f) € V3(F,), this would give another covering €’ of C, contradicting
the minimality of %. With this, the second inequality of Theorem 6 is
verified.

We continue with points in Us,(A4) defining G, = { g € F|x € g(L)}.
Clearly F, C G, C F. For any two points x, y the sets G, and G, are
d-isometric: There is a d-isometry h: U, (x) = U,,(y) with h(x) = y, so
h(g) = h - g defines a d-isometry h: G, = G,.
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Let us show Vy,(F,) € G,. Then h maps Vp(F,) onto Vy(F)), and the
k defined above does not depend on x. We have

Vig(F,) € {g € Flthereisf € Fwithf'(x) =z € K

and d(f(z), g(z)) <28}

No
d(x,g(z)) =d(g7'(x),z) <28
implies
g (x) e Up(K)c L
and

Vip(E)c (g€ Flg"(x) € L} = G,.

Finally let x € 4. Then V(F,) € G, C C, and V,(F,) will be covered
by the V(f;,) in €. For every i used in this covering, Vg(f;) N Va(F,) # &
and hence f, € V,,4(F,) C G, and x € f,(L). This proves the first inequal-
ity of Theorem 6:

S

1 y(x) = card{ ilx € (L)} > k.
1

I

1

REFERENCES

[0] R. Ambartzumian and W. Weil (ed.), Stochastic Geometry, Geometric Statistics,
Stereology, Proceedings of a Conference held at Oberwolfach, 1983, Teubner,
Leipzig 1984.

[1] S. Banach and S. Ulam, Problem 2 (17 July 1935) in The Scottish Book, see P 34 in
Collogq. Math., 1 (1948), 152-153.

[2] C. Bandt, Metric invariance of Haar measure, Proc. Amer. Math. Soc., 87 (1983),

65-69.

[31 , Many measures are Hausdorff measures, Bull. Polon. Acad. Sci. Ser. Math.,
31 (1983), 107-114.

[4] , Sets of equal Haar measure admit congruent partitions, preprint, 1984.

[5] E. Boardman, Some Hausdorff measure properties of the space of compact subsets of
the unit interval, Quart. J. Math. Oxford, Ser. (2) 24 (1973), 333-341.

[6] 7. P.R. Christensen, On some measures analogous to Haar measure, Math. Scand., 26
(1970), 103-106.

[7] D. van Dantzig and B. L. van der Waerden, Uber metrisch homogene Riiume, Abh.
Math. Seminar Hamburg, 6 (1928), 367-376.

[8] R. O. Davies and A. J. Ostaszewski, Denumerable compact spaces admit isometry-in-
variant finitely additive measures, Mathematika, 26 (1979), 184-186.

[9] H. M. Farkas and I. Kra, Riemann Surfaces, Springer 1980.

[10] H. Federer, Geometric Measure Theory, Springer 1969.



28

(11]
[12]
(13]

(14]
(15]

(16]
7]

(18]
(19]

(20]
[21]

(22]
[23]

(24]
[25]
(26]
[27)
(28]

CHRISTOPH BANDT AND GEBRESELASSIE BARAKI

J. W. Fickett, Approximate isometries on bounded sets with an application to measure
theory, Studia Math., 72 (1981), 37-46.

P. M. Gruber and G. Lettl, Isometries of the space of convex bodies in Euclidean
space, Bull. London Math. Soc., no. 6, 12 (1980), 455-462.

P. M. Gruber and R. Schneider, Problems in geometric convexity, Contributions to
geometry (Proc. Geom. Sympos., Siegen, 1978), 255-278, Birkhauser, Basel 1979.

P. R. Halmos, Measure Theory, New York 1950.

Thakyin Hu and W. A. Kirk, On local isometries and isometries in metric spaces,
Collog. Math., 44 (1981), 53-57.

A. Kolmogoroff, Beitrige zur Masstheorie, Math. Ann., 107 (1933), 351-366.

D. Laugwitz, Differential and Riemannian Geometry, Academic Press, New York and
London 1965.

L. H. Loomis, The intrinsic measure theory of Riemannian and Euclidean metric
spaces, Annals of Math., 45 (1944), 367-374.

, Abstract congruences and the uniqueness of Haar measure, Annals of Math.,
46 (1946), 348-355.

, Haar measure in uniform structures, Duke Math. J., 16 (1949), 193-208.

P. Mattila, Absolute continuity and uniqueness of measures, Trans. Amer. Math. Soc.,
266 (1981), 233-242.

J. Mycielski, Remarks on invariant measures in metric spaces, Colloq. Math., 32
(1974), 109-116.

, A conjecture of Ulam on the invariance of measures in Hilbert’s cube, Studia
Math., 60 (1977), 1-10.

L. Nachbin, The Haar Integral, van Nostrand 1965.

C. A. Rogers, Hausdorff measures, Cambridge University Press 1970.

H. L. Royden, Real analysis, 2nd ed., Macmillan, New York 1968.

I. E. Segal and R. A. Kunze, Integrals and Operators, McGraw Hill 1968.

G. C. Shephard and R. J. Webster, Metrics for sets of convex bodies, Mathematika, 12
(1965), 73-88.

Received June 17, 1983 and in revised form October 8, 1984.

ADDIS ABABA UNIVERSITY
POB 1176, ADDIS ABABA
ETHIOPIA

First author’s current address: Sektion Mathematik

Ernst-Moritz-Arndt-Universitat
2200 Greifswald
German Democratic Republic





