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Abstract

The subject of this paper are stationary random measures on a homogeneous space
and their Palm measures. After the discussion of some fundamental properties as the
refined Campbell theorem we will study invariant transports, invariance properties
of Palm measures and stationary partitions. A key tool will be simple transformation
of stationary random measures that will allow to extend recent results for stationary
random measures on a group to the more general case of a homogeneous state space.
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1 Introduction

Palm measure and Palm probabilities are a fundamental and important concept in theory
and application of point processes and random measures, see e.g. Matthes, Kerstan and
Mecke [11], Kallenberg [4], Stoyan, Kendall and Mecke [17], Daley and Vere-Jones [1],
Thorisson [18], Kallenberg [5] and Schneider and Weil [16]. In his seminal paper [12]
Mecke has introduced and studied Palm measures of stationary random measures on
Abelian groups. Later Tortrat [19] and Rother and Zéhle [15] introduced Palm measures
of stationary random measure on a group and on a homogeneous space, respectively.
However, these more general cases have found little attention in the literature. The most
general approach to invariance properties of Palm measures can be found in Kallenberg
[6].

In this paper we will advance Palm theory for stationary random measures on a ho-
mogeneous space S. A simple but crucial tool will be a deterministic transformation of a
stationary random measure on S into a stationary random measure on the group G. As
this transformation is preserving the Palm measure, it can be used for extending recent
results from the group case to general homogeneous spaces. This approach is not only
short and elegant but has also the advantage of highlighting the important special case of
a stationary random measure on a group. Stationary random measures and their Palm
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measures are introduced in Section 3. Sections 4-6 are extending some of the results in
9, 8] on invariance and transport properties of Palm measures. In Section 7 we will estab-
lish Mecke’s [12] intrinsic characterization of Palm measure in our setting, see also [15].
In the two final sections we will apply the theory to stationary partitions (see [3, 7, 2] for
the case S = G = R?) of (a random subset of) S.

2 Homogeneous spaces

We consider a topologial (multiplicative) group G that is assumed to be a locally compact,
second countable Hausdorff space with unit element e and Borel o-field G. A classical
source on such groups is [13], see also chapter 2 of [5]. A measure v on G is locally finite if
it is finite on compact sets. There exists a left-invariant Haar measure on G, i.e. a locally
finite measure satisfying

/ F(hg)A\(dg) = / f(9)M(dg), heG, (2.1)

for all measurable f : G — R, where Ry := [0,00). This measure is unique up to
normalization. The modular function is a continuous homomorphism A : G — (0, 00)
satisfying

/ F(gh)\(dg) = A() / f(9)M(dg), heG, (2.2)

for all f as above. This modular function has the property

/ f(g™)\(dg) = / Alg™)(9)\(dg). (2.3)

The group G is called unimodular, if A(g) =1 for all g € G.

Next we consider another locally compact second countable Hausdorff space S with
Borel o-field S. We assume that the group G is operating continuously on S. This means
that there is a continuous mapping (g,x) — gz from G x S to S having ex = x and
h(gx) = (hg)z for all h,g € G and x € S. We assume that G is operating transitively,
i.e. that the projection 7, : G — S, m,(g) := gz, is surjective for one (and hence for all)
r € S. We also assume that G operates properly, i.e. that 71K is compact in G for any
compact K C S. Then S is called homogeneous space.

A measure p on S is invariant (or G-invariant) if

[ fommtan) = [ f@ntan), g6 (2.4
for all measurable f : S — R,. Up to a factor there is only one such invariant measure
which is locally finite. In fact, we can and will choose

pwi=Mom. !, (2.5)

where ¢ is some fixed element of S. For any x € S we let G, := {g € G : gc = z}. Since
G, is a compact subgroup of G, there is a unique left- and right-invariant probability
measure A\, on G.. It is convenient to extend A. to G by setting A.(G \ G.) := 0. We have

Alg)=1, geG. (2.6)



Indeed, if w : S — R, is measurable with [wdu = 1, then (2.5) and (2.2) imply for
g € G, that

1= /w(hc)k(dh) = /w(hgc)k(dh) = A(g‘l)/w(hc)k(dh) = A(g™).

For any x € S we choose some ¢, € G, and define a probability measure A\, on G by

Ao (B) = / 1{g,9 € BI\(dg). B €G. (2.7)

By G -invariance of \., this definition is independent of the choice of g,. This does also
imply that

/1{g € FAna(dg) = / 1{hg € -})\.(dg), heG,zeS. (2.8)

Note that A, is supported by G,. Moreover, the proof of Theorem 2.29 in [5] shows that
(x, B) — A;(B) is a kernel disintegrating the Haar measure A as follows:

[ taxg) = [[ rantagntas). (2.9)

In fact, (2.9) is a straightforward consequence of (2.5), Fubini’s theorem and (2.6).

Important examples of groups (e.g. in stochastic geometry) are the translation group,
the rotation group and the group of rigid motions, all defined as subgroups of the group
of bijective affine maps. The linear (resp. affine) Grassmannian of k-dimensional linear
(resp. affine) subspaces of R? is a homogeneous space under the group of rotations (resp.
rigid motions). More details on these (and related spaces) can be found in the Appendix
of [16].

For further reference we state the important special case of a group acting on itself
explicitly:

Example 2.1. Assume that S := G and that (g,x) — gz is just the multiplication in
the group. Take ¢ :=e. Then p = A\. Moreover, G, = {h} and A\,({h}) =1 for all h € G.

3 Stationary random measures

We denote by M(.S) the set of all locally finite measures on S, and by M (S) the cylindrical
o-field on M(S) which is generated by the evaluation functionals v — v(B), B € S. We
often write M and M instead of M(S) and M(S), respectively. The support supp v of
a measure v € M is the smallest closed set F' C G such that v(G\ F') =0. By NC M
(resp. Ny C M) we denote the measurable set of all (resp. simple) counting measures on
S, i.e. the set of all those v € M with discrete support and v{z} := v({z}) € Ny (resp.
v{z} € {0,1}) for all x € S. We can and will identify N with the class of all locally finite
subsets of S, where a set is called locally finite if its intersection with any compact set is
finite.

Although we mostly work on a o-finite measure space (€2, F,P) (P need not be a
probability measure), we are still using a probabilistic language. Together with P we
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will consider several other measures on (2, F). A random measure on S is a measurable
mapping £ : 2 — M. A random measure is a (simple) point processon S if P(§ ¢ N) =0
(resp. P(§ ¢ Ng) = 0). A random measure £ can also be regarded as a kernel from Q to
S. Accordingly we write &(w, B) instead of (w)(B). If £ is a random measure, then the
mapping (w, z) — 1{z € supp {(w)} is measurable.

We assume that (€2, F) is equipped with a measurable flow 8, : Q@ — Q, g € G. This is
a family of measurable mappings such that (w, g) — 6,w is measurable, 0. is the identity
on {2 and

99 ol = Ggh, g,h € G, (31)

where o denotes composition. This implies that 6, is a bijection with inverse 9;1 =0,1.
A random measure £ on S is called invariant (or flow-adapted) if

€(O,w,gB) =€Ew,B), weQ geG, BeS, (3.2)

where gB := {gx : x € B}. This means that

/ F(2)E (8w, d) = / f(g2)€(w, dz) (3.3)

for all measurable f : S — R,. We will often skip the w in such relations, i.e. we write
(3.3) as [ f(2)(6,.dr) = [ J(g2)E(Oer i) or [ F(@)E(0. dx) = [ F(gr)é(da). Recal that
0. is the identity on 2. Still another way of expressing (3.2) is

§obl, =9, g€, (3.4)

where for v € M and g € G the measure gv is defined by gv(-) := [ 1{gz € -}v(dz).
In order to formulate a close relationship between 1nvar1ant random measures on S
and G we need the following Lemma.

Lemma 3.1. Ifv € M(S) then v/ := [ A\, (- ) € M(G).
Proof. Let B C GG be compact. We first prove that

K:={reS:G,NB#0}

is compact. Let U C G be an open cover of K. Then {n;'U : U € U} is an open cover
of B. Indeed, if g € B then there is a z € S with g € G,, i.e. x € K. This means that
g € 71U for some U € U. Since B is compact, there is a finite subset U’ of U such that
{m7'U : U € U'} is an open cover of B. But then U’ is an open cover of K. Indeed, if
x € K, then we may take some g € G, N B. In particular, there is some U € U’ such that
g€ U, ie. v =m.g € U. We conclude that K is compact. It follows that

V' (B) = /)\I(B)l/(dx) < /1{Gx N B # 0}v(dr) = v(K) < 0.

Therefore, v/ is locally finite. O

The following lemma is a strengthening of Theorem 7.3 in [6] in our more specific
situation. It will play a crucial role in the sequel. Invariance of a random measure on G
is defined in the setting of Example 2.1.



Lemma 3.2. If £ is an invariant random measure on S, then

¢ = / Ao(-)€(d) (3.5)

18 an invartant random measure on G.

Proof. Let B € G. Since = +— \,(B) is measurable, {'(B) is measurable as well. If B
is compact, then &'(B) is finite by Lemma 3.1. Using (2.8) and (3.2) we get for any g € G
and B € S that

¢'(0y,9B) Z/Ax(gB)f(%,déf) Z/Agx(gB)f(dw) = ¢'(B).

Therefore, & is invariant. O

Remark 3.3. If ¢’ is given as in (3.5), then

¢ = / 1{ge € }¢'(dg). (3.6)

Conversely, if ¢ is an invariant random meansure on G, then (3.6) defines an invariant
random measure on S.

A measure P on (2, F) is called stationary if it is invariant under the flow, i.e.
Pob, =P, geG, (3.7)
where 6, is interpreted as a mapping from F to F in the usual way:
A ={fw:weA}, AcF, ged.

Example 3.4. Consider the measurable space (M, M) and define for v € M and g € G
the measure 0,v by 0,v := gv, i.e. O,v(B) ;== v(g~'B), B€ S. Then {0, : g € G} is a
measurable flow and the identity £ on M is an invariant random measure. A stationary
probability measure on (M, M) can be interpreted as the distribution of a stationary
random measure.

Example 3.5. Assume that G is an additive Abelian group and that S = G. Consider
a flow {6, : g € G} as in [9] (see also [14]). In our current setting this amounts to define
gr :=2x+gand §, := ég_l. It is somewhat unfortunate that in the point process literature
it is common to define the shift of a measure v € M by g € G by g 'v and not (as it
would be more natural) by gv. Here we follow the terminology of [6].

Remark 3.6. Our setting accomodates stationary marked point processes (see [1, 11]) as
well as stochastic processes (fields) jointly stationary with a random measure £ (see [18]).
The use of an abstract flow {6, : ¢ € G} acting directly on the underlying sample space
is making the notation quite efficient. An even more general framework would be to let
the group operate on the appropriate state spaces and to replace (3.7) by a distributional
invariance, see [6]. Such an approach might be better suited for the case of a group
operating in a non-transitive way. A specific non-transitive case is treated in Remark
3.12.



We now fix a o-finite stationary measure IP on (€2, F) and an invariant random measure
§onS. Let w: S — R, be a measurable function having [ w(z)u(dx) = 1. The measure

Pe(A) = / / / 10w € Ayw(x) M, (dg)é(w, du)P(dw), A€ F, (3.8)

is called the Palm measure of £ (with respect to P). A more succinct way of writing (3.8)
1s

Pe(A) = Es / / 10! € AJw(n)\o(dg)e(dz), A€ F, (3.9)

where Ep denotes integration with respect to IP. It is easy to see that P¢ is concentrated
on {c € supp¢}, i.e.

Pe(c ¢ supp§) = 0. (3.10)

If ¢ is an invariant random measure on G, then (3.9) simplifies to
Pe(A) = Ep/l{eg_l € Aw'(g)¢'(dg), AeF, (3.11)

where w’ : G — R, is a measurable function having [w'(g)A(dg) = 1. The following
refined Campbell theorem connects P and Per. For a proof we refer to [19], [6] and [§].

Proposition 3.7. Let £’ be an invariant random measure on G. Then Pg is o-finite and
we have fo any measurable f : Q) x G — R,

Be [ £(6,",9)¢/(dg) =Bz, [ 1(6.9) o) (3.12)

Equation (3.12) or rather its equivalent version

Es / 1{(6..9) € -}£(dg) = Es, / 1{(6,.9) € -}A(dg).

is known as skew factorization of the Campbell measure of £'. A general discussion of this
technique can be found in [6].

Remark 3.8. For additive groups (3.12) is mostly written as

Es / £(8y.9)€(dg) = Ex, / £(6e. 9)M(dg), (3.13)

see Example 3.5.

Equation (3.12) shows in particular that definition (3.11) is independent of the choice
of w', see the argument below. For instance we may choose w’(g) := w(gc), where w is as
in (3.8). This yields:

Lemma 3.9. Let £ be an invariant random measure on S, and define £ by (3.5). Then
Pg - Pgl.



The previous lemma is a convenient tool for extending results for Palm measures of
invariant random measures on groups to the case of a homogeneous state space. We start
with the basic refined Campbell theorem. In particular, this theorem will show that the
definition (3.9) is independent of the choice of the function w. In the canonical case of
Example 3.4 and for finite intensities the result was derived in Rother and Zahle [15].

Theorem 3.10. Let £ be an invariant random measure on S. Then P¢ is o-finite and we
have for any measurable f: Q2 x G — R,

Be [ [ 16, 9ldo)élds) = B, [ 1(6..9)Mdg). (3.14)
Proof. Define ¢’ by (3.5) and apply Proposition 3.7 together with Lemma 3.9. O

Let w': S — R, be another measurable function having [ w'(z)u(dz) = 1 and take
A € F. Then (3.14) implies that

B [[ 106" € Apue)n(dg)elan) = Bx [ [ 106" € Abu(gor.(do)e(a)

B, / 146, € Abw'(go)\(dg) = Pe(A).

Hence the definition (3.8) is indeed independent of the choice of w.
The intensity ¢ of £ is defined by

6= Be() = Br [ w(z)é(do) (3.15)

We have 7 = Ep{(B) for any B € S with pu(B) = 1. The refined Campbell theorem
implies the ordinary Campbell theorem

Be [ fe)sld) = [ fpulds), (3.16)

for all measurable f: S — Ry,. We just have to use that f(x f f(ge)Az(dg). In case
0 < 7 < oo we can define the Palm probability measure of § by IP} =% 1IP’§

To derive another corollary of the refined Campbell theorem, we take a measurable
function w : M x S — R, satisfying

/u?(u, z)v(dr) =1, (3.17)

whenever v € M is not the null measure. For one example of such a function we refer to
[12]. We then have the inversion formula

Ep1{£(S) > 0}f = Ee, / (€ © 6y, 90) 1 (6,)\(dg) (3.18)

for all measurable f : 2 — R,. This is a direct consequence of the refined Campbell
theorem (3.14).

The invariant o-field T C F is the class of all sets A € F satisfying §,A4 = A for all
g € G. Let ¢ be an invariant random measure with finite intensity and define

£ =B / w(x)é(dn)|z], (3.19)



where the conditional expectation is defined as for probability measures. Since é 0y, = é ,
g € G, the refined Campbell theorem (3.14) implies that Epl, [w(x)E(dx) = Pe(A) for
all A € Z. Therfore definition (3.19) is independent of the choice of w. If P is a probability
measure and S = G = R?, then € is called sample intensity of €, see [11] and [5]. Assuming

~

that P({ = 0) = 0, we define the modified Palm measure P§ (see [11, 18, 7]) by

P:(A) = Egé ! / / 1{6;" € Ayw(x) A\, (dg)é(d). (3.20)
Conditioning shows that
P:(A) =P(A), AeT. (3.21)
Comparing (3.20) and (3.8) yields
P} = £ dP,. (3.22)

The refined Campbell theorem (3.14) takes the form

B [ [ 16, 9huld)6tdn) = B [ f16..9)Mdg) (3.23)

Remark 3.11. If P is a probability measure and £ is a simple point process with a
positive and finite intensity, then the Palm probability measure IP? can be interpreted as
a conditional probability measure given that £ has a point in ¢. This could be justified by
Theorem 12.8 in [4]. The modified version describes the underlying stochastic experiment
as seen from a randomly chosen point of £, see [11], [18]. Both measures agree iff £ is
P-a.e. constant and in particular if P is ergodic, i.e. P(A) = 0 or P(2\ A) = 0 for all
Ael.

The above theory can be extended to certain non-transitive situations:

Remark 3.12. Let (S, S’) be some measurable space and ¢ a kernel from 2 to S x S’
We call ¢ marked random measure (on S with mark space S') if ¢(- x S’) is a random
measure on S. Such a marked random measure is invariant if (- x B’) is invariant for all
B’ € §'. In this case the Palm measure P; of ¢ is the measure on 2 x S’ defined by

P(A) = Es / / 1{(071, ) € Adw(@)\o(dg)M(d(z,2), A€ F® S

Note that P¢(- x B’) is the Palm measure of {(- x B’). The refined Campbell theorem
(3.14) takes the form

Ep / / F(6:, 9. 2) Nl dg) M (d(x, 2)) = / / (@, g, )MdgP(d(w, 2))  (3.24)

for all measurable f: Q x G x " — R,.

Assume that (2, F) is a Borel space. (This is e.g. the case in Example 3.4.) If
P (2 x -) is a o-finite measure, then we may disintegrate P¢, to get another form of (3.24).
For simplicity we even assume that the intensity v of & := (- x 5’) is finite. Assuming
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also 7¢ > 0 we can define the mark distribution W of ( by W := 75_11?’4(9 x -). There
exists a stochastic kernel (2, A) — PZ(A) from S’ to Q satisfying

Pe(d(w, 2)) = VePE(dw)W(dz).

Therefore (3.24) can be written as

B [[ 16, 9.0 0)¢ e, 2) = e [[[ £, 200 P20 W2)

As might be expected, the Palm measure is invariant under G, see [15].
Proposition 3.13. For all h € G, we have P¢ 0 0;, = Pe.

Proof. Let h € G.. By (2.8) and (2.7) we have for all x € S that

Mo = [ 1hgg € Inldg) = [ 1{hough™ € Inldg) = [ 1{hoi € rc(dg),

where the second equality comes from the right-invariance of .. Using this fact, we get
from the definition (3.9) of P¢ and invariance of £ for all A € F that

Pe(on ) = B [ [ 146" € 6, A)w(ha)Nialdg)€ o 05 o)
= Ep // 1{6," 0 0, € AYw(hx)A,(dg)€ o 6; " (dx)

= Ep / / 1{0," € A}w(hx)A.(dg)(dx),

where we have used stationarity (3.7) for the last equation. By invariance of u we have
[ w(hy)p(dy) = 1. Since the definition (3.9) is independent of the choice of w, we conclude
the assertion. O

4 Transport-kernels and an exchange formula

We first adapt the terminology from [9] to our present more general setting. A transport-
kernel (on S) is a kernel T from 2x S to S which is Markovian, i.e. which has T'(w, z, S) = 1
for all (w,z) € Qx.S. We think of T'(w, z, B) as redistributing a (potential) unit mass at
within S. A weighted transport-kernel is is a kernel T from Q x S to S such that T'(w, x, -)
is locally finite for all (w,z) € 2S. A weighted transport-kernel 7" is called invariant if

TO,w,gx,gB)=T(w,z,B), geG,zeS weQ, BeS. (4.1)

Quite often we use the short-hand notation 7'(x,-) := T(0,,x,-). If £ is an invariant
random measure on S and 7 := [ T(w,,-){(w, dz) is locally finite for each w € Q, then
7 is again an invariant random measure. Our interpretation is, that 7" transports £ to n
in an invariant way.



Let & and 7 be two invariant random measures on S. A weighted transport-kernel T
on S is called (&, n)-balancing if

/T(w, z, )¢ (w,dxr) = n(w,-) (4.2)

holds for all w € €. In case £ = n we also say that T" is {-preserving. If Q is a measure on
(Q, F) such that (4.2) holds for Q-a.e. w € ) then we say that T" is Q-a.e. (£, n)-balancing.

We nox fix a o-finite stationary measure P on (£, F). The next result is a fundamental
transport property of Palm measures. It generalizes Theorem 4.2 in [9]. We use the
function A* : S — (0, 00) defined by

A*(z) = AlgY), weS, (4.3)
where g, € GG,. This definition is independent of the choice of g,. Indeed, if g, h € G, then

g~ 'h € G, so that (2.6) implies 1 = A(g'h), i.e. A(g7') = A(h™'). The representation
A*(z) = [ A(g7")A:(dg) shows that A* is measurable.

Theorem 4.1. Consider two invariant random measures & and n on S and let T' and T
be invariant weighted transport-kernels satisfying

J[ 1w e yrw e dn = [[ 1@y € 1T @ donedy) (@49
for P-a.e. w € Q). Then we have for any measurable function f:Q x G — R, that
Be, [[ 16,9 DN @A dn)T () =Ee, [[ fl6. 99T (.00 (45)

The following special case of the previous theorem has been proved in [9] for Abelian
and in [8] for general groups.

Proposition 4.2. Consider two invariant random measures & and n on G and let T and
T be invariant weighted transport-kernels satisfying

[ 1t.m € 41w g dnge.dg) = [[ 1o € AT @ dote.an) (10
for P-a.e. w € Q. Then we have for any measurable function f - Q@ x G — R, that
e, [ 706,97l T (e, dg) = Bx, [ 6,97 (c.dg) (4.7)
Proof of Theorem 4.1. Define a kernel T’ from © x G to G by
T'(g, B') = /)\I(B’)T(gc, dr), geG, B eg. (4.8)

Lemma 3.2 implies that 7" is a weighted transport-kernel on G. From (2.8) and invariance
of T' we have for all g,h € G and B’ € G that

T(0h, hg, hB') / N\(hB)YT(0h, hge, dz) / el RB)T (g, dz) = / (BT (ge, dx).
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Hence T” is invariant. Define the invariant weighted transport-kernel 77 on G in terms
of T* as T" in terms of T'. Defining £’ by (3.5), we have

[[1t0.m e yrg.ametds) = [[[[ 11600 € rtanrige. do, dg)etay
— []][ 146.0 € gt dogian),

where we have also used Fubini’s theorem. Applying assumption (4.4), we obtain that

/ / 1{(9, 1) € JT"(g, dh)E'(dg) = / / 1{(g.h) € YT"(h dg)r/ (dh)

holds P-a.e., where ' := [ A\, (-)n(dz). Hence we can apply Proposition 4.2. In view of
Lemma 3.9 thls ylelds the assertlon O

Corollary 4.3. Let the assumptions of Theorem 4.1 be satisfied. Assume moreover that
¢ and n have finite intensities and that P(§ = 0) = P(n = 0) = 0. Then we have for any
measurable function f:Q x G — R, that

E [ [[ 10,078 @A) T (e o)) = B | [[ 116 )0 (0) T e d)z],

P-a.e. for any choice of the conditional expectations.

Proof. Define the random variables X := [[ f(6,;', g7 ")A*(z)\:(dg)T(c, dx) and
X" = [[ f(0e, 9)Ne(dg)T*(c,dz) and let A € Z. Due to (3.21) we have Py = P} on
Z. Hence we have to show that

Ep: 146X = Bpy 147X,

By (3.22) this amounts to Ep, 14X = Ep, 14 X", i.e. to a consequence of (4.5). O

5 Transport properties of Palm measures

In this section we fix a stationary o-finite measure P on (2, F). The following fundamental
invariance property of Palm measures has recently been established in [9] and [8].

Proposition 5.1. Consider two invariant random measures & and n on G and an invari-
ant weighted transport-kernel T on G. Then T is P-a.e. (&, n)-balancing iff

/ 16, \T(e, dg) = Bz, f (5.1)

holds for all measurable f : Q — R,.

The previous proposition generalizes as follows:
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Theorem 5.2. Consider two invariant random measures & and n on S and an invariant
weighted transport-kernel T'. Then T is P-a.e. (§,n)-balancing iff

e, [[ 76,8 (@A (o) (e, d) = B, g (5.2)

holds for all measurable f : €2 — R..

Proof. Assume first that T is P-a.e. (£, n)-balancing. Lemma 5.3 below shows that
there exists a invariant transport-kernel T* satisfying (4.4) for P-a.e. w € Q. Applying
(4.5) to a function not depending on the second argument, yields (5.2).

Let us now assume that (5.2) holds. Defining the invariant weighted transport-kernel
T" by (4.8), (5.2) can be written as

/ f T/(e dg) Epnf.

Hence we get from Lemma 3.9 and Proposition 5.1 that

/ T'(g. B\ (dg)€(dzr) = / Ao(B')n(de)

holds P-a.e. for any B’ € G. Applying this with B’ := 7, !B for B € S easily yields that
(4.2) holds P-a.e. O

The above proof has used the following lemma:

Lemma 5.3. Assume that T is a P-a.e. (§,n)-balancing invariant weighted transport-
kernel. Then there exists an invariant transport-kernel T* on S such that (4.4) holds for
P-a.e. w € Q.

Proof. Consider the following measure W on 2 x S x S:

W= [[[ 1n) € Y0 dy)s(o. o))

Stationarity of P, (3.2), and (4.1) easily imply that

[ 1(60.97.99) € YW d, ) = W, g€G.

Moreover, as T is a P-a.e. (£, n)-balancing, we have

- / 1{(w.y) € W (d(w, z,y)) = / / 1{(w,y) € @, dy)Bdw).  (5.3)

This is a o-finite measure on 2 x S. We can now apply Theorem 3.5 in [6] to obtain an
invariant transport-kernel 7™ satisfying

W= / / 1{(w,2,9) € T (w,y, de)W'(d(w, ).

12



(In fact the theorem yields an invariant kernel 7", satisfying this equation. But in our
specific situation we have T"(w,y, G) = 1 for W’-a.e. (w,y), so that 7" can be modified
in an obvious way to yield the desired T*.) Recalling the definition of W and the second
equation in (5.3) we get that

/// H(w,z,y) € }T(w, z, dy)§(w, dz)P(dw)

- ///1{(w,:):,y) € 3T (w,y, dr)n(w, dy)P(dw)

and hence the assertion of the lemma. O

6 Existence of balancing weighted transport-kernels

We fix a stationary o-finite measure P on (€2, F). Our aim is to establish a necessary and
sufficient condition for the existence of a balancing invariant weighted transport-kernel T’
satisfying

/A*(:E)T(c, dx) = 1. (6.1)

Theorem 6.1. Assume that & andn are invariant random measures on S with positive and
finite intensities. Then there exists a P-a.e. (§,n)-balancing invariant weighted transport-
kernel satisfying (6.1) iff

Ep[¢(B)|Z] = Ep[n(B)IZ] P - a.c. (6.2)
for some B € S satisfying 0 < u(B) < oc.

The following consequence of Theorem 6.1 has been proved in [9] for Abelian and in
8] for general groups.

Proposition 6.2. Assume that & and n are invariant random measures on G with pos-
itive and finite intensities. Then there ezists a P-a.e. (£, n)-balancing invariant weighted
transport-kernel satisfying [ A(g)T(e,dg) =1 iff (6.2) holds for some B € G satisfying
0 < A(B) < c0.

Proof of Theorem 6.1: Let B € S satisfy 0 < u(B) < oo and take A € Z. Applying
the refined Campbell theorem (3.14) with f(6,.,g) := 141{gc € B} yields that
1(B)Pe(A) = Ep[148(B)],  n(B)Py(A) = Ep[1an(B)]. (6.3)

Assume now that T is a P-a.e. (§,n)-balancing invariant weighted transport-kernel
satisfying (6.1). Then Theorem 5.2 implies for all A € 7 the equality P¢(A) = P, (A).
Thus (6.3) implies Epl 4&(B) = Epl 4n(B) and hence (6.2).

Let us now assume that (6.2) holds for some B € § satisfying 0 < p(B) < oo. From
(6.3) and conditioning we obtain that P, = P, on Z. By Lemma 3.9 and Proposition 6.2
there is an invariant weighted transport-kernel 77 on G such that

/ Alg )T (e, dg) = 1 (6.4)
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and
/ / T'(g, B (dg)é(dz) = / Ne(B)n(dz) P—ace. (6.5)

for all B € G. Define
T(w,z, B) = /T'(w,g,ﬂc_lB))\m(dg), rES, weQ BES. (6.6)

Applying (6.5) with B’ := 7' B for B € S, gives

/T(x, B)¢(dx) =n(B) P—ae. (6.7)

It remains to show that 7" is an invariant weighted transport-kernel satisfying (6.1).
By definition of 77 and A*,

/A* T(c,dz) // A*(he)T'(g, dh)Ae(dg) = // DT (g, dh)\(dg).

Using invariance of 7", we get

/A* T(c,dx) // ((gh)™)T"(e, dh)\.(dg) = // YT (e, dh)A(dg) = 1,

where we have used (6.4) and that A(g~') = 1 for ¢ € G.. Now we take a compact
B C S. Since g — A(g™!) is bounded away from 0 on the compact set 7,1 B = U,epGy,
the mapping A* has the same property on B. Therefore (6.1) implies that T'(¢, B) must
be finite. Hence T is a weighted transport-kernel. To show invariance, we take h € G,
r€S,and B €S. Then

T(6n, ha, hB) = / T' (O, 9.7 (hB)) Ana(dg) = / T' (01, hg, 7  B) o (dg),

where we have used (2.8) and 7,1 (hB) = hn, ! B. Therefore invariance of T is implied by
the same property of T". O

7 Mecke’s characterization of Palm measures

In contrast to the previous sections we do not fix a stationary measure on (€2, F). Instead
we consider here a measure Q on (92, F) as a candidate for a Palm measure of a given
invariant random measure w.r.t. some stationary measure P on (Q,F). In case of an
invariant random measure on an Abelian group (and within a canonical framework) the
following fundamental characterization theorem was proved in [12]. A proof of the present
more general version (close to Mecke’s original proof) can be found in [8].

Proposition 7.1. Let & be an invariant random measure on G. The measure Q is a
Palm measure of & with respect to some o-finite stationary measure iff Q is o-finite,

Q(E(G) = 0) = 0, and

Bo [ 6,97 AMg)6(d) = Eq [ £(6u,9)¢(dy) (71)
holds for all measurable f: Q2 x G — R,.
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In the canonical framework of Example 3.4 and for finite intensities the following
extension of Proposition 7.1 has been established in [15].

Theorem 7.2. Let & be an invariant random measure on S. The measure Q is a Palm

measure of & with respect to some o-finite stationary measure iff Q is o-finite and invariant
under G., Q(&(S) =0) =0, and

Eq / / F(0-, g7 YA (@) A (dg)E(da) = Eq / F(0, )¢ (d2) (7.2)

holds for all measurable f : Q2 x S — R,.

Proof. If Q is a Palm measure of ¢, then Q is o-finite by Theorem 3.10 and invariant
under G. by Proposition 3.13. Equation Q(£(S) = 0) = 0 holds by (3.10), while the
Mecke equation (7.2) is a special case of (4.5).

Let us now conversely assume the stated conditions. We define a random measure &’
on G by (3 5) and consider a measurable function f: Q x G — R,. Applying (7.2) to the
function ( — [ f(w, h)A,(dh), we obtain

Fq / 1609 dg) = Eo [[ [ 10, 7, (ah) Mg oldg)€(a)

Equation (2.8) and Fubini’s theorem imply

Bo [ (0..9)¢ () = [ Eo U/ 070, WA (dg)E () | Aldh).  (7.3)

By invariance of Q under G. the expectation occuring in the above right-hand side equals

Bo [ 165" 06097 WAl )l dg)é 0 61(do)
—Eq / F(071 0 0y, (hg) W) A((hg) ™) (dg)E(dx)

_Eq / / F6;. g7 A A (dg)E (da),

where we have used the properties of the modular function and (2.6). Inserting this into
(7.3), yields

Eq / £(6., 9)€'(dg) = Eq / 697 )A (e (dg).

Since Q(¢'(G) = 0) = 0, Proposition 7.1 implies that there is a o-finite stationary measure
P such that Q = Pe. A reference to Lemma 3.9 concludes the proof of the theorem. [

Remark 7.3. Let £ be an invariant random measure on S such that Q(£(S) = 0) = 0.
The inversion formula (3.18) shows that there is at most one stationary o-finite measure
P on (2, F) such that Q = P,.
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8 Stationary partitions

A stationary partition is decomposing a random subset Z of S in pairwise disjoint sets.
This partition is assumed to be consistent with the flow {6, : ¢ € G}. Motivated by
recent work in [3] and [2] on allocations to a simple point process, stationary partitions
were introduced and studied (in case S = G = RY) in [7]. Stationary tessellations of
classical stochastic geometry (see e.g. [17, 16]) are a special case.

Let n be an invariant simple point process on S. It is convenient to assume that
n(w) € Ny for all w € Q and to identify n with its support. A stationary partition
(based on ) is a pair (Z, ) consisting of a measurable set Z : Q@ — S and a mapping
m: QxS — S such that both Z and 7 are covariant and such that 7(z) € n whenever
x € Z. We also assume that {Z = (0} = {n = 0}. Measurability of Z just means that
(w,z) — 1{x € Z(w)} is measurable, while covariance of Z means that

Z(Ow) =gZ(w), wel, ged. (8.1)
Covariance of 7 is defined by
(0w, gr) = gn(w,z), weQ zeS ged. (8.2)
For convenience we also assume that w(x) = z, © € S, whenever 7 = (). Define
Clw,z) ={ye Z(w) :m(w,y) =2}, we zeS. (8.3)

Note that C'(z) = () whenever = ¢ n # (). The system {C(z) : x € n} forms a partition of
Z into measurable sets provided that 1 # (). Equations (8.1) and (8.2) imply the following
covariance property:

Cllyw,gz) =gC(w,z), weQ zes, ged. (8.4)

Although we do not make any topological or geometrical assumptions we refer to C'(x)
as cell with (generalized) centre x € n. We do not assume that x € C'(z) and some of the
cells might be empty.

We now fix a o-finite stationary measure P on (€2, F). The following theorem gener-
alizes Theorem 7.1 in [7] from the case S = G = R? to homogeneous spaces. The former
case is also touched by Lemma 16 in [2].

Theorem 8.1. Let (Z,7) be a stationary partition. Then we have for any measurable
fa f 1 — R—i—;

Eel{c € Z}A*(n(c))f / (0o (dg) = Ep, / F6;)1{ge € C(OIAdg).  (3.5)

Proof. Consider the random measure £ := pu(Z N -). By covariance (8.1) of Z and
invariance of p we have £(0,,9B) = [1{z € ¢B N gZ}u(dx) = &(B) for all g € G and
B € S. Hence € is invariant. An equally simple calculation shows that the Palm measure
of £ is given by

Pe(A) =P(ANn{ce Z}), AcF. (8.6)
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Define weighted transport-kernels 7" and T by T'(z, ) := 6x(z) and T*(x, -) := pu(C(z)N-).
Since 7(z) € n whenever x € Z, it is straigthforward to check that (4.4) holds even for all
w € €. By (8.2), T' is invariant. Invariance of 7% follows from (8.4) and invarance of pu:

T*(0,, gr,9B) = n(C(0y, 9r) N gB) = u(gC(x) NgB) = T*(x, B).

Theorem 4.1 implies that (4.5) holds. Applying this formula to the measurable function

(w,9) — f(w)f(8;'w) and taking into account (8.6) as well as the definitions of 7" and
T*, yields the assertion (8.5). O

Putting f =1 in (8.5) yields:
Corollary 8.2. Let (Z,m) be a stationary partition. Then we have for any measurable
f:Q—=Ry,
Bet(c € 2) [ £(6;")8° (1(6) o (dg) = e, u(C0)S. (87)

Under additional assumptions on f and f, Theorem 8.1 can be simplified as follows.

Theorem 8.3. Let (Z,7) be a stationary partition and f, f - Q x S — R, be invariant
and measurable. Then

Epl{c € Z}YA*(n(0)) f(c)f(n(c) =Be,f |  f(a)u(dx). (8.8)

C(c)
Proof. Apply (8.5) with f (resp. f) replaced by f(6e,c) (resp. f(6e,c)). O

Corollary 8.4. Let (Z,m) be a stationary partition and f : QxS — R, be invariant and
measurable. Then

Epl{c € Z}A™(n(c)) f(m(c)) = Ep, fu(C(c)). (8.9)
The special case f =1 of (8.9) gives
Ep,1(C(c)) = Epl{c € Z}A*(n(c)) (8.10)
If n has a positive and finite intensity 7, and G is unimodular, this yields the formula
Epo(C(c)) = P(c € Z)v, " (8.11)

Define
V(z):={yeS:n(y)=n(zx)}

as the cell containing x € S.

Corollary 8.5. Let (Z,m) be a stationary partition. Then we have for any 5 > 0 that

Epl{c € Z}A* (n(c)u(V(c)? = Ep,pu(C(c))". (8.12)
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Proof. Define f(w, ) := u(C(w,z))”. Equation (8.4) and invariance of y imply that
f is invariant. Hence we can apply (8.9). It remains to note that C'(w(c))) = V(c). O

A stationary partition (Z, ) is called proper, if
P (u(C(c) = 0) = Py(u(C(c) = 00) = 0. (8.13)

For unimodal groups the second equation is implied by (8.10). The following two results
can be proved as in Section 5 of [7].

Proposition 8.6. Let (Z,m) be a stationary and proper partition. Then we have for any
measurable f: Q) — R, ,

Epl{c € Z}A"(n(c)u(V(e) " f(0r) = Er, [, (8.14)
where 9;(10) : Q — Q is defined by 9;(10) (W) :== 9;(1;,0)”

Corollary 8.7. Let (Z,7) be a stationary and proper partition. Then (8.12) holds for all
B € R. If the intensity 7, of n is finite, then we have in particular,

v, = Epl{c € ZYN (m(e))pu(V(e)) 7 (8.15)

From now on we assume that 7 has a finite intensity and P(7) = 0) = 0. Just for
simplicity we also assume that P (and hence also IP;) is a probability measure. We first
note the following consequence of the proof of Theorem 8.1 and Corollary 4.3:

Corollary 8.8. Under the hypothesis of Theorem 8.1 we have for any measurable f, f :

02— ]R-i-;
Ep [l{c e VA (r f/f o(dg) )I] — ) Es, /f Y1{gc € C(c)IA(dg) ‘I}
(8.16)
P-a.e. for any choice of the conditional expectations. In particular,
0B L € Z}A°(r(0) [ 6,0 @0)[T] = BeslfuClonm.  (327)

Let a > 0. Essentially following [2] (dealing with the case S = G = R?), we call a
stationary partition (Z, ) (based on n) a-balanced, if

P(u(C(x)) = an ' for all z € n) = 1. (8.18)

The significance of a-balanced stationary partitions is due to the following theorem.
The result extends Theorem 13 in [3] and Theorem 9.1 in [7] (both dealing with a = 1)
from R? to general homogeneous spaces.

Theorem 8.9. Let o > 0. A stationary partition (Z, ) is a-balanced iff

P! = o 'Epl{c € Z}A"(n(c)) / 16,1 € Jhnge(dg). (8.19)

18



Proof. 1f (Z, ) is a a-balanced stationary partition, then (8.19) follows from (8.17).
Assume now that (8.19) holds. Since P, has the invariant density 7 with respect to
P, (8.19) implies that

P,, = Epl{c € Z}A*(x(c))i / 10, € Fhno)(dg), (8.20)

where we have also used that P,, = olP,. Using the invariant weighted transport-kernels
T(z,-) :=N1{x € Z}6x(y) this reads,

Poy — Ep / / 1{6;" € JA" (@) Au(dg)T(c. d).

Since P is the Palm measure of p, we get from Theorem 5.2 that T is P-a.e. (u,an)-
balancing. Therefore we have P-a.e. that

/ 1{z € Z,n(z) € Ju(dz) = ai~'n(").

This is just saying that (Z, ) is a-balanced. O

Remark 8.10. If a a-balanced stationary partition (Z, ) is given, then (8.19) provides
an explicit method for constructing the modified Palm probability measure P} by a shift-
coupling with the stationary measure P. In case S = G is a unimodal group, (8.19)
simplifies to

P, =a 'Eel{e € Z}1{0 ,, € -}. (8.21)

"
Since a = P(e € Z), this means that Py = P(H;(le) €-lee 2).

The actual construction of a-balanced partitions is an interesting topic in its own
right. Triggered by [10], the case S = G = R? was discussed in [3, 2]. Among many other
things it was shown there that a-balanced partitions do actually exist for any o < 1. The
occurence of the sample intensity 7 in (8.18) is explained by the spatial ergodic theorem,
see Proposition 9.1 in [7]. The paper [3] has also results on discrete groups in case a = 1.
In case of a general homogeneous space with a diffuse invariant measure p it might be
conjectured that a-balanced partitions exist for all @ < 1. For a special case we will
establish this in the final section of this paper.

9 Allocations to isotropic flat processes

In this section we will consider balanced stationary partitions in the case where S is the
affine Grassmannian A(d, k) of all k-dimensional affine subspaces (k-flats) of RY. Any
F € A(d, k) can be uniquely written as F' = L + z, where L is an element of the linear
Grassmannian L(d, k) of all k-dimensional linear subspaces of R? and x is in the orthogonal
complement L of L. We let G; denote the goup of rigid motions on R%. Any g € Gy can
be written as the composition of a rotation ¥ € SO, and a translation t,, x € R?. Here
SOy is the special orthogonal group and t, : R? — R? is defined by t,(y) := = +y. This
representation can be used to introduce a natural topology on G4, making Gy a locally
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compact second countable topological group. Moreover, a left- and rightinvariant Haar
measure A on G is given by

A= /SO /Rdl{txoﬁ € - I\ (dx)v(dv),

where A% is Lebesgue measure and v is the normalized Haar measure on SOy, see [16] for
more detail. Note that A(B x SO,) = 1 whenever \X%(B) = 1. The group Gy is acting on
A(d, k) by

gF ={gx:x € F}, ge€Gy FeAldk).

Under this action A(d, k) becomes a homogeneous space. We fix a subspace Ly € L(d, k)
and define an invariant measure p on A(d, k) by

M3:/1{9L0 € -}A(dg).

Let P be a stationary probability measure on (£, F) and 7 an invariant simple point
process on A(d, k). Then n is an isotropic and stationary process of k-flats, see [16]. The
Palm measure [P is defined by (3.9), with L serving as the reference point c.

Theorem 9.1. Assume that n has a finite intensity and a positive sample intensity. Let
a € (0,1]. Then there exists an a-balanced stationary partition (Z, ) based on n.

Proof. Our proof is based on some of the arguments used by the authors of [2] to
prove their Theorems 1 and 3. (These theorems deal with the special case S = R?
but make stronger assertions.) To do so, we need an invariant metric p on A(d, k), i.e.
a metric generating the topology on A(d, k) and having p(gF,gF’) = p(F, F’) for all
F FFe Aldk)andallge Gg. f F=z+ L and F' =2'+ L' for L, L' € G(d, k), x L F,
and 2’ L F’, we can take p(F, F’) as the sum of the Euclidean distance between x and 2’
and a SOg-invariant distance between L and L’. We can now use the site-optimal Gale-
Shapley algorithm as in [2] to construct a stationary partition (Z,7) with the following
properties

0<u(C(F)<an™, Fen, (9.1)
and
{n' #0}n{Z # Ald, k)} =0, (9.2)
where the invariant point process 7' is given by
W ={F €n:u(C(F)) <an} (9.3)

By (8.17) we have P-almost surely that
P(Lo € Z|T) = Ep;[1) - p(C(Lo))|Z], (9-4)
while (9.2) entails Z = A(d, k) on the invariant event {n’ # (}. Hence (9.4) implies that

Ep: [ - 1(C(Lo)) = a|Z] =1 P —as. on {n' # 0}. (9.5)
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On the other hand, (9.1) implies
Py (- u(C(Lo)) = a|I) =1 P—as. on {n = 0}. (9.6)
This yields
P (0 - 1(C(Lo)) = a) =1 (9.7)

in case a = 1. Assume o < 1. Then (9.4) and (9.1) imply that P(Ly € Z) < a < 1, so
that P(Z # A(d, k)) = 1. Therefore (9.2) yields P( = () = 1, so that (9.6) implies (9.7)
also in case o < 1.

To finish the proof, we use the definition (3.20) of P, together with invariance of u
and (8.4) to conclude

0 = Bz / 1{- u(C(F)) # a}n(dF)

for all measurable B having 0 < p(B) < co. This yields P-a.s. that

/ 1{i) - w(C(F)) # a}n(dF) =0,

as desired. O

Remark 9.2. The stationary partition (Z,7) used in the proof of Theorem 9.1 has an
interesting property of stability (see [2]) expressed in terms of the distance p. Each centre
in 7 desires to have the flats in its cell as close as possible, while each flat in A(d, k) would
like to have its centre as close as possible. A pair (E, F) € A(d, k) x n is called unstable
if it has the following two properties. The first property is that p(E, F) < p(E,7n(E)) or
E ¢ Z, meaning that E prefers F' to its actual centre w(E). (In particular £ ¢ C(F).)
The second property is that p(E, F) < p(E', F') for some E' € C(F) or u(C(F)) < a,
meaning that £ would like to have F in its cell. It can be proved as in [2] that unstable
pairs do not exist almost surely.

Acknowledgements: I wish to thank Daniel Gentner for helpful discussions of some of
the topics treated in this paper. The research of the author has partly be supported by
a Marie Curie Transfer of Knowledge Fellowship of the European Union under contract
number MTDK-CT-2004-013389.

References

[1] Daley, D.J. and Vere-Jones, D. (2008). An Introduction to the Theory of Point
Processes. 2nd ed., Springer, New York.

[2] Hoffman, C. Holroyd, A.E. and Peres, Y. (2006). A stable marriage of Poisson and
Lebesgue. Annals of Probability 34, 1241-1272.

[3] Holroyd, A.E. and Peres, Y. (2005). Extra heads and invariant allocations. Annals
of Probability 33, 31-52.

21



Kallenberg, O. (1983). Random Measures. Akademie-Verlag Berlin and Academic
Press, London.

Kallenberg, O. (2002). Foundations of Modern Probability. Second Edition, Springer,
New York.

Kallenberg, O. (2007). Invariant measures and disintegrations with applications to
Palm and related kernels. Probab. Th. Rel. Fields 139, 285-310.

Last, G. (2006). Stationary partitions and Palm probabilities. Advances in Applied
Probability 37, 603—620.

Last, G. (2008). Modern random measures: Palm theory and related models. in: New
Perspectives in Stochastic Geometry, eds. W. Kendall and I. Molchanov, Clarendon
Press, Oxford, to appear.

Last, G. and Thorisson, H. (2008). Invariant transports of stationary random mea-
sures and mass-stationarity. to appear in Annals of Probability.

Liggett, T.M. (2002). Tagged particle distributions or how to choose a head at ran-
dom. In In and Out of Equlibrium (V. Sidoravicious, ed.) 133-162, Birkh&user,
Boston.

Matthes, K., Kerstan, J. and Mecke, J. (1978). Infinitely Divisible Point Processes.
Wiley, Chichester.

Mecke, J. (1967). Stationére zuféllige Mafle auf lokalkompakten Abelschen Gruppen.
Z. Wahrsch. verw. Gebiete 9, 36-58.

Nachbin, L. (1965). The Haar Integral. D. van Nostrand Company, Inc., Princeton.

Neveu, J. (1977). Processus ponctuels. Ecole d’Eté de Probabilités de Saint-Flour
VI. Lecture Notes in Mathematics 598, 249-445, Springer, Berlin.

Rother, W. and Zéahle, M. (1990). Palm distributions in homogeneous spaces. Math.
Nachr. 149, 255-263.

Schneider, R. and Weil, W. (2008). Stochastic and Integral Geometry. Springer,
Berlin, in print.

Stoyan, D., Kendall, W.S. and Mecke, J. (1995). Stochastic Geometry and Its Appli-
cations. Second Edition, Wiley, Chichester.

Thorisson, H. (2000). Coupling, Stationarity, and Regeneration. Springer, New York.

Tortrat, A. (1969). Sur les mesures alatoires dans les groupes non abéliens. Annales
de Uinstitut Henri Poincaré (B) 5, 31-47.

22



