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Introduction

This thesis is concerned with the connection of two streams of research in the theory of
sphere packings and codes. The first is the development of linear programming bounds
for invariants of sphere packings. The second is the study of random sphere packings in
homogeneous spaces, as initiated by Bowen and Radin for hyperbolic space.

Our main aim is to demonstrate that the study of random sphere packings leads very
naturally to linear programming bounds for invariants of sphere packings, once a range of
tools from stochastic geometry is adapted to homogeneous spaces. With these methods
we obtain general linear programming bounds on sphere packing invariants for a wide
range of homogeneous spaces.

As special cases we obtain linear programming bounds for packing invariants of homo-
geneous spaces for which no such bounds have been available so far. One important
example is the linear programming bound on the optimal packing density of hyperbolic
space, which was conjectured by Cohn and Zhao.

In the following we first describe the known linear programming bounds for sphere
packings in R™ and for spherical and binary codes. Then we will contrast this with our
generalizations of these bounds and give an overview of the methods used to obtain these
results.

Codes and Euclidean sphere packings

Let (X,dx) be a metric space. An r-sphere packing P in X is a collection of disjoint
open balls in X with radius r. Classically, three examples are of particular importance:
the case where X is the n-sphere S™ with the angular distance, the case where X is [}
with the Hamming distance and the case where X is given by Euclidean n-space. The
first two cases are of particular practical importance, as they have applications in the
field of error correcting codes. In the first case P is also called a spherical code with
separation 2r and in the second case P is called a binary code with minimal distance
2r + 1.

However, the case X = R" is the most notorious, primarily because of the difficulty of
determining the invariant

S A(B(0,R)nJP)
A(R",r) = suplim sup A(B(0,R))

with the supremum taken over all r-sphere packings of R". A(R", ) is called the optimal
packing density of R™. Note that this invariant does not depend on r. It is known that



there always exists an r-sphere packing P such that

Er) = D(P) = o XG5

the number D(P) is then called the density of P. Thus we can equivalently define
A(R™ r) as the supremum of the densities of all r-sphere packings which have a density.
For n = 2, Fejes Toth showed in [49] that the so-called honeycomb packing P satisfies
A(R% r) = D(P). In dimension 3 Hales showed in [62] that the density of the so-called
canonball packing equals A(R?,7). Both Fejes T6th’s and Hales’ approaches to the
problem are geometric and Hales’” approach was first suggested by Fejes Toth.

The only other cases where A(R",r) has been determined are n = 8 and n = 24. The
case n = 8 was settled by Viazovska in [96] and the case n = 24 by Cohn, Kumar, Miller,
Radchenko and Viazovska in [38], following the approach used by Viazovska in the case
n =_8.

In both of these dimensions it is possible to obtain upper bounds on A(R",r) which
agree with densities of specific sphere packings (the E8 packing for n = 8 and the Leech
lattice packing for n = 24). Thus A(R",r) must equal the density of these specific
packings. These upper bounds are obtained using the following linear programming
bound by Cohn and Elkies:

Theorem (Cohn-Elkies, [36]). We have

AR™r) < )\(B(O,r))&

B f(0)
for every f in a certain set W(R", r) of witness functions.
Here an integrable f: R™ — R is in W(R™, r) if

(W1) f(x) <0 for o] > 2r,

(W2) f>0and f(0) > 0,
(W3) f and f satisfy certain decay conditions.

The problem of determining A(R", ) is related to an energy minimization problem. A
set P C R™ such that ||z —y|| > r for all z # y € P is called r-uniformly discrete and we
will denote the set of all r-uniformly discrete sets in R” by UD,.(R"). For any function
p:[0,00) — [0,00), which we call a potential function, and any point set P C R"™ which
is r-uniformly discrete for some r > 0 the p-energy of P is defined as

1
E,(P) := lim inf ) p(llz —yl).
p e #(POBO,R) |, oo

As the problem of minimizing E,(P) is trivial if one allows the set P to be spread arbi-
trarily “thin”, one introduces a quantity i(P), called the intensity of P, which obstructs
arbitrarily thin spread of P. More precisely, we say that P has intensity i(P) if

oy . #(B(0,R)NP)
i(P) = fim A(B(0, R))




Now the p-energy minimization problem with intensity ¢ is the task of determining
E(p,d) = irlgf E,(P),

where the infimum is taken over all P with intensity §.

If we consider the potential p, := x[0,2r), then E, (P) = 0 if and only if P is 2r-uniformly
discrete. Moreover, if P has intensity ¢ and E, (P) = 0, then we can construct an r-
sphere packing P" consisting of the balls of radius r centered at the points in P. Then
Pr will have density D(P") = A(B(0,7))d. Thus a solution of the energy minimization
problem with intensity o for every potential p,, s > 0, and every § > 0 would solve the
problem of determining A(R"™,r).

Recently Cohn, Kumar, Miller, Radchenko and Viazovska have shown in [39] that the
ES8 lattice in dimension 8 and the Leech lattice in dimension 24 are energy-minimizing
for all completely monotonic potential functions. As in the case of sphere packings in
dimension 8 and 24, their proof uses a linear programming bound:

Theorem (Cohn—Kumar [37], Cohn—de Courcy-Ireland [34]). For § > 0 and any poten-
tial function p we have

~

E(p,6) = 6f(0) — f(0)
for all integrable, continuous f : R® — R satisfying
(i) f(z) < p(llz|)) for all z € R™\ {0},

(i) f>0.

All notions and results in the preceding paragraphs have analogues for spherical and
binary codes. More specifically, let X denote either S™ or [} and let mx denote either
the surface measure on S™ or the counting measure on F}. Let P be a spherical code
with angular separation 2r or a binary code with minimal distance 2r 4+ 1. Then the
density of P is simply given by

_ mx(B(zo,7))

D(P) = TP,

where x¢y € X is an arbitrary point. Thus, if one thinks in terms of error correcting
codes, the density measures how many different pieces of information an n-bit code can
encode whilst maintaining a given quality (i.e. minimal separation). For the density of
binary codes a linear programming bound was obtained by Delsarte in [46] and for the
density of spherical codes a linear programming bound was obtained by Kabatjanskii
and Levenstein in [67].

In both of these cases the space X can be written as G/K with G a locally compact
group and K a compact subgroup; the sphere being given by SO(n + 1)/SO(n) and Fj
being given by (F% % S,)/S,, where we consider F§ x S,, as a subgroup of the affine
motion group of F} by sending elements of S,, to permutation matrices. This enables
the introduction of a representation theoretic analogue of the Fourier transform for
(sufficiently regular) radial functions f on S™ or Fj, i.e. those functions which only
depend on the distance to a chosen fixed basepoint xy. This transform is called the



spherical transform and denoted by f Now the following linear programming bound
holds for either (G, K) = (SO(n+1),S0(n)) or (G, K) = (F} x S, S,).

Theorem (Delsarte [46], Kabatjanskil and Levenstein [67]). For every r-sphere packing
P in X we have
D(P) S mx(B<I0,T>>M,
f(1)

where 1 is the trivial character on G and f is in a certain set W(X, ) of witness functions.

Here a radial function f: X — R is in W(X,r) if
(W1) f(z) <0if d(z,z9) > 2r,

(W2) J?Z 0 and ]?(1) > 0,

(W3) f and J?satisfy certain regularity conditions.

Similarly, one can extend the notions of energy and the linear programming bound for
energy to spherical codes and binary codes, see the article [37] by Cohn and Kumar
and the article [40] by Cohn and Zhao as well as the references therein. All of this also
generalizes to other sufficiently nice compact homogeneous spaces.

Packings in non-Euclidean geometries

If one tries to further generalize these results to non-compact non-Euclidean geometries,
several issues with the definition of density we have used above become serious enough
to require more attention.
Let us focus on the hyperbolic n-space H* = SO(n,1)q/SO(n) for now and let P be
an r-sphere packing in H". In [25] Boroczky pointed out that the exponential volume
growth in hyperbolic space leads to the fact that the quantity

— mun(B(z, R) NJ P)

D(P,x) :=limsu
(Po) = limswp == = B )

has a fundamental dependence on the point x € H", as it is dominated by effects near
the boundary of B(z, R). Even if the limes superior is realized as a limit, these effects
still occur. This does not happen in Euclidean space, which is why we could use the
fixed basepoint 0 € R™ in our definitions of A(R",r) and D(P).
This issue severely complicates the theory of sphere packings in H” and led Bowen and
Radin to define a notion of optimal packing density for H™ in [28, 29| in terms of random
sphere packings. We will now describe the basics of their approach in terms of point
processes as we formulate it in Chapter 3 . Note that this is equivalent to their original
formalism.
The set

() = {306, | P e UD, ()

x€EP

can be equipped with a compact metric such that the group G := SO(n, 1)y acts on it
continuously. A bijection with the set of all r-sphere packings is given by identifying an



element p = > _p 0, € Ny.(H") with the sphere packing

supp(p)" = {B(z,r) | v € P}.

Sometimes we will identify p with P and write € p instead of x € P to simplify
notation. An invariant random r-sphere packing is a random variable A : (,P) —

o.(H™) which has a G-invariant distribution. In the terminology common in stochastic
geometry A is a stationary hard core point process with hard core distance 2r. The
density of A is defined as

D,(A) = P(z € |_Jsupp(A)"),

where the choice of € H" does not matter because of the G-invariance of the dis-
tribution of A. Using an ergodic theorem for G-actions, Bowen and Radin now show

that Blz R Ay
R mn(Ble, R))
for almost all w € Q and all x € H" (where my» is the hyperbolic volume measure) if the

distribution of A is G-ergodic. Thus calling D(A) a density is justified. Now a notion of
probabilistic optimal packing density of H™ is defined by Bowen and Radin as

Aprob(H", 7) == sup D,.(A),
A

with the supremum taken over all invariant random r-sphere packings (ignoring set
theoretic issues).

In this thesis we develop a second formulation of Bowen and Radin’s formalism via the
notion of a generically measured element of UD,, (X). These are sets which are essentially
generic points of some G-ergodic measure p on UDy,.(X). To any such P we can associate
an invariant random r-sphere packing A”: (UDg (X), 1) — N5.(X), Q = > c0a
with ergodic distribution. We show that any random invariant r-sphere packing A with
ergodic distribution can be obtained in this way. We then show that all functions to
which Bowen and Radin apply ergodic theorems in their work are in some sense Riemann
integrable. This allows us to show that the r-sphere packing P" associated to P satisfies

py_ . man (B, R) NUPY)
DT(A ) - I%EIOIO mHn(B(l'OaR))

for all x € H"; hence it is meaningful to say that P" has packing density D(P") =

D(P", xp). This further allows us to show

Aprob(H", 1) = sup D(P"),
P

where the supremum is taken over all generically measured elements of UD,, (X).

If P € UD,,.(H") is a union of finitely many lattice orbits, we call P weakly-periodic
and note that P is generically measured. In the terminology of Bowen and Radin P" is
called a periodic sphere packing.



Cohn, Lurie and Sarnak obtained a linear programming bound on the density D(P") of
weakly-periodic P. Note that we again have a representation theoretic notion of spherical
transform for radial functions on H" = SO(n, 1),/SO(n), i.e. functions f : H* — R such
that f(z) only depends on dyr(x,xg), where zg = eSO(n).

Theorem (Cohn-Lurie-Sarnak, [41]). Let P € UD,,(X) be weakly-periodic. Then

D(P") < mua(B(ao, r))ff”‘))

f()

for all radial functions f: H" — R with
(W1) f(z) <0 if dgn(x,x0) > 2r,

(W2) f >0, where f denotes the spherical transform of f,

(W3) f is admissible, see [41, pg. 1989].

This led Cohn and Zhao to conjecture in [41] that this bound holds more generally

for Aprob(H™, 7). In this thesis we obtain the following linear programming bound on
Aprob (Hn, 7’).

Theorem A. We have

f (o)
Apron(H", 1) < mgn (B(z, 7)) —=—=,
(H",r) < mgn(B(z,7)) e

where [ is in a set W(H",r) of witness functions.

Here f € W(H", r) if and only if
(W1) f(z) <0 if dgn(x,x9) > 2r,

(W2) f>0and f(1) >0,

(W3) f is a Harish-Chandra L'-Schwartz function.

We should note that Cohn and Zhao conjectured a slightly bigger function space, namely
the space of all continuous, integrable functions instead of the space of Harish-Chandra
L'-Schwartz functions. We also note that the spherical transform f of f can be computed
very explicitly, see Remark 1.4.9.

The bound given by Theorem A is actually a special case of a theorem in the following
general setup:

e Let G be a Lie group and K < G a compact subgroup such that (G, K) is a
Gelfand pair, see Chapter 1. We set g = eK and 7: G — G/K, g — gxo.

e dy is a G-invariant, proper and continuous metric on X = G/K.

e The invariant pointwise ergodic theorem holds for (C(UDq,.(G/K)), (Gt)t=0), with
Gy = 7 1(B(x, 1)), see Definition 2.4.2.

e S(G, K) denotes a Schwartz-like function space, see Definition 1.5.1.



We then call (G, K,dx,S(G, K)) a convenient Gelfand pair. As a volume measure on
X we take the unique G-invariant Borel measure mx on X (see Section 1.1 for the
normalization of my).

Bowen and Radin’s method for handling sphere packing density now directly extends
to sphere packings in the homogeneous space X = G/K. For all noncompact amenable
explicit examples of G we consider, the necessary ergodic theorems go back to work
by Calderon in the 1950s. In the semisimple case we rely on recent pointwise ergodic
theorems by Gorodnik and Nevo, [56]. In fact, the availability of these new ergodic
theorems motivated the start of our investigations into Bowen and Radin’s approach to
packing density. Finally we should mention that Bowen and Radin’s approach recovers
the ordinary optimal density bounds the case G = R" and K = {0} and for compact G.

As Gelfand pairs come with a version of the spherical transform, we can obtain linear
programming bounds in this general setup. In this thesis we obtain the following density
bound, which implies Theorem A as a special case:

Theorem B. We have

—
~—

(e
A1Dr0b()(a r) < mX(B(iB,r))f(l )

~—

where f is in a set W(X,r) of witness functions.

Here f: G — R is in W(X,r) if and only if
(W1) f(g) <0if dx(gz zo) > 2,

(W2) F>0and f(1) >0,

(W3) feS(G,K).
This result is very general and implies the previously mentioned linear programming
bounds on density by Delsarte, Kabatjanskii and Levenstein, and Cohn and Elkies.

In analogy to Bowen and Radin’s definition of density, we define a notion of energy of
an invariant random r-sphere packing A in X as

Ep(A) = Z.J\)E ! S>> pdx(@y))| —p(0),

mX(B(x()’ R)) xeAﬂB(x(JvR) yEA

where it turns out that the choice of R > 0 does not matter and i(A) =
D, (Nymx(B(zg,7))"" is the intensity of A as a point process. This definition is
based on Bjorklund and Byléhn’s definition of the autocorrelation measure of A in [14].
We prove the following energy sampling theorem, showing that E,(A) deserves the
name energy:

Theorem C. Let A be a random invariant r-sphere packing in X with G-ergodic dis-
tribution. Assume that the potential function p is continuous, monotonically decreasing



and rapidly decaying in relation to the volume growth! of X. Then

1
B0 = s mm a2 2 M@y

“ 2EALNB(z0,R) T#YyEAwW

for almost all w € Q), assuming the sequence (Gy)i~o is very convenient, see Definition

2.5.7.

For 6 > 0 we define the quantity

with the infimum taken over all random invariant r-sphere packings with i(A) = § and
r > 0 (not fixed!). We obtain the following linear programming bound for E(p, d):
Theorem D. We have

~

E(p,8) > 6F(1) — f(e),
where f: G — R satisfies
(i) f(g9) < p(dx(gxo,70)) for g € G\ K,
(ii) f >0,
(i) f € S(G,K).

Note that this generalizes the Euclidean linear programming bound for the energy.

Methods

We obtain our results by embedding Bowen and Radin’s framework for packing density
in the wider theory of point processes in homogeneous spaces. For homogeneous spaces
of Gelfand pairs (often called commutative spaces), an extension of the usual spectral
theory of point processes was developed by Bjorklund, Hartnick and Pogorzelski for the
study of so-called model sets in [20, 21]. Bjorklund and Byléhn further refined the theory
in [14, 15] for questions related to hyperuniformity.

More specifically Bjorklund, Hartnick and Pogorzelski first define the autocorrelation
of locally bounded point processes in X = G/K as a measure on K\G/K and then
apply spherical harmonic analysis to this measure. We use the following definition,
given by Bjorklund and Byléhn for locally square integrable point processes A in X.
The autocorrelation measure of A is the unique bi-K-invariant measure 1 on G such

that
{ | [ #e@ totmaantin)

where f : G — C is left and right K-invariant and continuous with compact support,
o : X — G is a Borel section and b : X — [0,00) is measurable with mx(b) = 1 and
bounded support. Note the similarity between this measure and our definition of energy.

1See Theorem 2.6.4 for the precise condition.



The measure 17 and the measure 1y = i — i(A)*mg, where mg is the Haar measure
on (G, are both positive-definite measures, which allows the definition of an analogue of
the spectral measure of a point process in this general context.

For this, one proceeds by first defining a class of functions, called positive-definite spher-
ical functions, which serve as replacements for the functions ey (z) = exp(izk), k € R, in
the definition of the Fourier transform. We denote the space of all positive-definite spher-
ical functions by PS(G, K). Then one defines the spherical transform f of a function
f €LY G) by

7 PS(G.K) = C, wes flw) = / F(g)lg™)dmalg).

Gelfand pairs are essentially defined as pairs (G, K) for which this procedure works and
yields a reasonably well-behaved variant of the Fourier transform. This theory is very
well-developed and enters deeply in the representation theory of semisimple Lie groups,
see for instance [64]. Now the Godement-Plancherel theorem ensures the existence of
unique positive Borel measures 77 and 7, on PS(G, K) (appropriately topologized) such
that

ma(fx f) =0 (1f1P) and oa(f"* f) = Da(lf1*)
for all f € C.(G, K). One can think of these formulas as “Poisson summation” for point
processes. In the case of point processes coming from the theory of quasi-crystals, they

yield exotic Poisson summation formulas, see [20]. Alternatively one can view 7, as an
analogue for the spectral measure of a point process in R™ for point processes in G/ K.

In fact, these formulas are close enough analogues to the Poisson summation formula
to allow us to transfer Cohn and Elkies Poisson summation based proof of the linear
programming bound on the Euclidean optimal packing density to this general setting.
Our proof for the linear programming bound on the energy uses a similar method.

We obtain the sampling theorem for the energy by rewriting the energy of A in terms of
the autocorrelation measure and rewriting the autocorrelation measure in terms of the
Palm measure Py of A, as defined by Last in [75]. Then we show the following sampling
theorem for the Palm measure, which we can apply to obtain the energy sampling result:

Theorem E. Let (G;)i~o be a nice sequence of Borel sets with positive measure in G and
assume that a strong enough ergodic theorem?® holds for (Gy)iso. Let A : (,P) — N5 (X)
be a 2r-uniformly discrete (i.e. hard core), ergodic, G-invariant point process. Then
there 1s a G-invariant conull set (g C €2 such that

lim ——— 3 flo@) A = Pa(f(A)

=00 M (Ge) et (e

for every f € C(N5.(X)) which is invariant under the action of K on N5.(X), and
every w € ).

2See Theorem 2.5.9 for the precise conditions.



Organization of this thesis

In the first chapter we go over the spherical harmonic analysis on Gelfand pairs needed
to develop the spectral theory of point processes in commutative spaces to the level
required for the linear programming bounds. Only two things are novel in this chapter,
our definition of Schwartz-like function spaces and the Bochner theorem for spherical
distributions on the Heisenberg group, which we prove in Appendix C. It seems likely that
this Bochner theorem is known to experts on the harmonic analysis of the Heisenberg
group, but we could not find a suitable reference in the literature. The material in this
section corresponds quite closely to the first section of my preprint [98].

In the second chapter we go over the point process theory needed to handle invariant
random r-sphere packings. The material here is collected from a number of different
sources. In this chapter we prove several new results. We prove a sampling theorem
for Palm measures of hard core point processes. We also define the energy of hard
core stationary point processes and use the Palm sampling theorem to prove our energy
sampling theorem. We also introduce the concept of generically measured sets, which
has been implicit in the literature on mathematical quasicrystals for some time.

The third chapter is concerned with Bowen and Radin’s theory of packing density
in H". We give a survey of their theory in the generality of homogeneous spaces with
sufficiently strong ergodic theorems using the language of point processes. Bowen and
Radin’s showed in 28] that periodic sphere packings in H™ can only be optimally dense
for countably many radii. We give a proof of this result not only for hyperbolic n-space
but in the generality of symmetric spaces of noncompact type. This proof is based on
an approach suggested to us by Bowen during the writing of my master’s thesis under
the supervision of my advisor Tobias Hartnick.

In addition we give a second formulation of Bowen and Radin’s notion of optimal packing
density in terms of generically measured sets. We further use this opportunity to give
new proofs for several results of Bowen and Radin. Of note here is our proof of the
Voronoi density formula, which we prove via the refined Campbell formula for the Palm
measure.

In the fourth chapter we use the tools we collected in the previous chapters to prove
our general linear programming bounds on density and energy. We also explain some
analogies between our approach and Cohn and Elkies use of Poisson summation in the
derivation of the density bound in the Euclidean setting. The proof of the density bound
contained in this chapter can also be found in Section 5 of my preprint [98].

In the fifth chapter we introduce model sets, which give a class of examples for random
invariant r-sphere packings in groups (i.e. homogeneous spaces of the form G/{e}). This
class of examples was developed in the generality we cover by Bjorklund, Hartnick and
Pogorzelski [19, 20, 21], though especially in the case of model sets in R™ a large amount
of theory has been developed in the last 50 years, see for instance |7| and the references
therein. We obtain a number of results related to the ergodic theory of these examples.
More precisely, we are able to give explicit conull sets of generic points. We also use
the Palm measure to derive a very explicit method of calculating certain frequencies of
patterns occurring in model sets in terms of volumes of so-called acceptance domains.
We then give one example demonstrating how some of the methods we present in this
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chapter can be used to obtain very precise control over a specific family of Euclidean
sphere packings.
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1. Harmonic analysis on
homogeneous spaces

1.1. Basic conventions

Throughout this thesis, G denotes a fixed unimodular locally compact and second count-
able topological group and K C G a compact subgroup. We fix a left-Haar measure mg
on G and denote by my the Haar measure on K, normalized such that my(K) = 1.
For g € G we let L, denote the left-multiplication by ¢ and let R, denote the right-
multiplication by ¢~!. For any function f : G — C we denote by f the function defined
by f(g9) = f(g~"). We denote by X the homogeneous space G/K = X with base point
xo = eK and let m denote the quotient map 7 : G — G/K, g — gro = gK. We will
always assume that X is equipped with a G-invariant proper metric dx inducing the
quotient topology.

As G is unimodular, there is a unique G-invariant Radon measure myx on X such that
the Weil disintegration formula

[ 1@amato) = [ [ foRyimukiamor)

holds for all f € C.(G), i.e. all compactly supported continuous functions on G.

We note that for any G-invariant Radon measure p on X there exists some constant
C > 0 such that p = Cmyx.

If Y is a topological space, we will denote the Borel o-algebra of Y by B(Y). If YV is
locally compact, we will call a measure p defined on B(Y") a Borel measure if u(C') < oo
for any compact C' C Y. If Y is in addition separable, then any Borel measure y on Y
is automatically inner and outer regular and thus a Radon measure.

1.2. Gelfand pairs and the spherical transform

We denote by
CAG,K) ={f € CAG) : f(kigks) = f(g) for all ky, ko € K},

the set of all complex valued bi- K-invariant compactly supported continuous functions.
C.(G, K) is a x-algebra with multiplication given by the convolution

f1 % falg) = / £1(0) fo(h~ g)dme (h)
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and involution given by f*(g) == f(g~!). We denote by L' (G, K) the closure of C.(G, K)
in L'(Q).

Definition 1.2.1. The pair (G, K) is called a Gelfand pair if C.(G, K) (or equivalently
LY(G, K)) is commutative.

Even if we only assume that G is a lesc group with a compact group K such that
C.(G, K) is commutative and drop our standing assumption of unimodularity, the group
G is automatically unimodular.

For f € C.(G) the function f%: G — C, defined by

filg) = /K /K £ ks gha)dime (ky g (k)

is in C.(G, K) and is called the K -periodization of f.

If f:G — Cis a bi-K-invariant function on G, then there is a K-invariant function fx
on G/K given by fx(gK) = f(g). If h: G/K — C is a K-invariant function, then there
is a bi-K-invariant function h’ on G given by h¥(g) .= h(gK). Note that (fx)¥ = f
and (h®)g = h. f— fx and h — h% send continuous functions to continuous functions
(by a theorem of Gleason on the existence of continuous local sections G/K — G, see
[54]), functions with compact support to functions with compact support. If G is a Lie
group they also send smooth functions to smooth functions as the quotient map 7 is a
submersion and thus admits smooth local sections, cf. [77, Theorem 4.26].

We now review the notion of the spherical transform of functions on Gelfand pairs. The
following is well known and can be found in the books [47], [53], [94] and [100].

Denote by C(G, K) the set of bi- K-invariant continuous functions on G. The convolution
algebra L'(G, K) equipped with the L'-norm is a commutative Banach algebra with
involution. Each character ¢ : L'(G, K) — C is of the form

o(f) = / F(9)lg™)dmelg), (12.1)

for some bounded w € C(G, K) satisfying

/K w(grkga)dms (k) = w(g)w(g2) (1.2.2)

for all g1,90 € G. If w € C(G, K) is bounded and satisfies equation (1.2.2), then it
induces a character ¢,, of the commutative Banach algebra L'(G, K') by formula (1.2.1)
and is called a bounded spherical function. We denote the set of bounded spherical

functions of (G, K) by BS(G, K) and for f € L'(G, K) we define
G(f): BS(G.K) = C, w du(f)
Note that this is just the Gelfand transform of f, rewritten by parametrizing the Gelfand

spectrum of L'(G, K) by BS(G, K). We equip BS(G, K) with the weak topology in-
duced by the family {G(f)}ser1(c,x) of maps. Then BS(G,K) is a locally-compact
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Hausdorff space and we have a map
G:LYG,K)— Cyo(BS(G,K)), f+ G(f).

We denote by PS(G, K) the set of positive-definite functions in BS(G, K), i.e. the set
of functions ¢ € BS(G, K) such that

[ [ o097 g)dmabyimats) = 0

for all f € C.(G).

Definition 1.2.2. We define the spherical transform of f € L'(G, K) by

o~

f = G(f)|PS(G,K) : PS(G, K) — C.

Note that the spherical transform satisfies fA* = f for all f € L}G, K).

The restriction to positive-definite spherical functions comes from the fact that these
functions admit a representation theoretic interpretation. If 7 : G — U(H) is a unitary
representation of G such that the subspace

H® ={rx € H|Vk € K : n(k)z = x}

of K-fixed vectors is one-dimensional, 7 is called K -spherical. There is a one to one
correspondence between positive-definite functions and irreducible K-spherical unitary
representations of G up to unitary equivalence. More precisely, if w € PS(G, K), then
there is an irreducible K-spherical unitary representation H, and a K-fixed unit vector
r,, € HEX such that w(g) = (7,(9)7w, z.). (7, H,) is unique up to unitary equivalence.
If on the other hand 7 : G — U(Q) is any irreducible K-spherical unitary representation
and z € HX is a unit vector, then g — (7(g)z, z) is a positive-definite spherical function

of (G, K).

1.3. Plancherel transforms of measures and
distributions

The Plancherel transform of measures

Definition 1.3.1. Let u be a Borel measure on G.
(1) p is called positive-definite if

p(f** f) >0 forall feC(G).

(ii) p is called K-spherical if u(f) = p(f?) for all f € C.(G).

Positive-definite measures are important because they admit spherical transforms by the
Plancherel-Godement theorem:
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Theorem 1.3.2 (Godement, [55]). Let pu be a positive-definite Borel measure on G.
Then there is a unique reqular Borel measure i on PS(G, K) such that

(i) [ € L*(@) for all [ € C(G, K),
(ii) u(f*g*) =0(f-g) for all f,g € C(G, K).

A detailed proof of the Plancherel-Godement theorem can be found in [47]. A simple
proof of a version for distributions was given by Barker in [8] and can be modified to
yield this version for measures. Motivated by the theorem above, we will write C.(G, K)?
for the complex linear span of {f x¢g | f,g € C.(G, K)}.

The Plancherel transform of distributions

In order to prove estimates involving Schwartz functions, we will later take advantage
of the Lie group structure of the Gelfand pairs we consider by using a version of the
Plancherel transform for distributions.

For a manifold M let D(M) denote the algebra of differential operators on M, i.e.
the algebra generated by the derivations of C*°(M) and the maps Dy : C®°(M) —
C>®(M), g~ fgfor f e C®(M).

Definition 1.3.3. Let M be a manifold. A distribution T on M is a linear map T :
C>*(M) — C such that for every open, relatively-compact O C M there are finitely
many Dy, ..., Dy € D(M) such that

k
T <) NIDifllee for all f € C(M) with supp(f) C O.

=1

A more detailed discussion of distributions on manifolds and Lie groups can be found in
[64] and in the appendix of [99].

Lemma 1.3.4. Assume that G is a Lie group and let i be a Radon measure on G. Then
the map
T,:C2(G) = C, frulf)

1s a distribution on G.

Proof. Let C'C M be open and relatively-compact and let f € C2°(M) with supp(f) C
C. Then

[ 18] < w@e < @ )

Definition 1.3.5. Assume that G is a Lie group.
(i) A distribution 7" on G is called positive-definite, if

Tf*xf] >0 forall feC®GQG).

(ii) A distribution 7" on G is called K-spherical, if T[f] = T[f o Ly| = T f o Ry] for all
ke K and f € CX(G).

16



Theorem 1.3.6 (Godement, [55]). Assume that G is a Lie group. Let T' be a positive-
definite distribution on G. Then there is a unique reqular Borel measure T on PS(G, K)
such that

(i) f € L*T) for all f € C¥(G, K),
(i) T[f * g*| = T(f - §) for all f.g € C=(G, K).

A proof of the theorem can be found in [9]. An important special case occurs if the dis-
tribution is given by integration against a positive-definite Borel measure. The unique-
ness in the Plancherel-Godement theorems for measures and distributions together with
Lemma 1.3.4 implies the following:

Corollary 1.3.7. Assume that G is a Lie group and p is a positive-definite Radon
measure. Then T, = plce(q) is a positive-definite distribution and

—

T, =1

Remark 1.3.8. In all of the examples for Gelfand pairs we will consider, positive-definite
distributions extend to tempered distributions (wrt. to an appropriate Schwartz space)
by variants of the Bochner-Schwartz theorem. This tempered distribution is no longer
necessarily given by integration against .

1.4. Examples

1.4.1. Euclidean space

See [94], [100] or [4] for the material of this section.

(i) Consider the pair G = R", K = {0}. Then X = G/K = R" and as convolution of
functions in L'(G, K) = L'(R") is commutative, (R™,{0}) is a Gelfand pair. For
each £ € R", let

¢ :R" = C, x> exp(2mi(x,£)).
Then PS(R",{0}) = {¢¢ | £ € R"} and the spherical transform is the ordinary
Fourier transform. Let .#(R") denote the Schwartz space on R™.

Theorem 1.4.1 (Bochner-Schwartz). If T' is a positive-definite distribution on
R™, then T extends uniquely to a tempered distribution T and we have

~

Tf=1(})
for all f € S (R™).
(ii) Consider the pair G = R" x SO(n), K = SO(n). Then X = G/K = R" and
one can show that (R™ x SO(n),SO(n)) is a Gelfand pair. If f is a bi-K-invariant
function on R™ x SO(n), then f satisfies

f<x>B) = f<<07A><x7 B)<O> BilAil)) = f(Al‘,[n)
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for all z € R® and A, B € SO(n). Thus there is a function f; : [0,00) — C with
f() = folll=[]).

The spherical transform of f is related to the Hankel transform of f;. More specif-
ically, the spherical functions of (R™ x SO(n),SO(n)) are given by

ny (Al )"
ox(z, A) ::r(g) = T pNz])  for A >0,

where J, denotes the Bessel function of the first kind of order & > 0. Thus the
spherical transform of f is given by

FON = / n /S o @A AT A s (AN

1
\(n—2)/2

= (2m)"/* Hy((n —2)/2,2),
where H; denotes the Hankel transform of r — r~2f,(r). Note that this is just
the Euclidean Fourier transform of f in radial coordinates.

1.4.2. Riemannian symmetric pairs of compact type

Assume in this subsection that (G, K) is a Riemannian symmetric pair with G compact
and semisimple (and connected). We denote by g the Lie algebra of G, by ¢ the Lie
algebra of K and by 6 the Cartan involution with G ¢ K C G, where G? is the group
of fixed points of # and G its connected component.

Let k denote the Killing form on g. Then —x defines a scalar product on g which extends
uniquely to a complex scalar product (-,-) on g¢c =g ® C.

Let g = € @ p denote the Cartan decomposition of g with respect to # and choose a
maximal abelian subspace a C p. Let ¥ C 7a* denote the set of restricted roots of g¢
with respect to ac and X1 a choice of positive roots.

Denote the universal covering group of G' by G. The involution @ lifts to an involution
§ on G and K = G? is connected.

Theorem 1.4.2 (Helgason, [64]). PS(G, K) is in bijection with the set

.- A
AT (G/K) = )\Eia*WaeE*:MeZ* :
(o, )
More precisely, there is a bijection between A*(é/f() and the set of equivalence classes

of irreducible K -spherical representations sending \ € A*(C;'/f() to the equivalence class
of irreducible representations with highest weight .

For A € A*(G/K) let (my,V3) denote a fixed irreducible representation with highest

weight \. Let A*(G/K) denote the set of A € AT(G/K) such that (7, V}) descends to
a K-spherical representation of G.
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Lemma 1.4.3 (Olafsson-Schlichtkrull, [85]). There are Ay,..., A\, € AT(G/K) such
that
AM(G/K)=Z"\ & - ®ZT )\ Cia*

with k = dim a.

For A\ € AT(G/K) we denote by ¢, the spherical function associated to (my, Vy). A
K-invariant distribution on X = G/K is an continuous functional 7" on C*°(X) such
that

T(f)=T(f(k-)) forall fe C®(G/K)andkeaq.

Theorem 1.4.4 (Olafsson—Schlichtkrull, [85]). Let T be a K -invariant distribution on
X =G/K. Then we have

T(f)= Y, dim(V3)F(6x)T(6x)

AEAH(G/K)

for any f € C™°(G, K), where ¢« is defined by ¢x-(g) = ér(g™1).

Corollary 1.4.5. Let T be a bi-K-invariant distribution on G. Then

~

T(f) =T(f)
for all f € C*(G, K).

Remark 1.4.6. A particularly interesting case occurs in this family of examples when
G =8S0(n+1) and K = SO(n). In this case G/K can be identified with the n-sphere
S* = 0B(0,1) € R™*! as SO(n + 1) acts transitively on S* and e; = (1,0,...,0)T is
stabilized by a subgroup isomorphic to SO(n).

We will quickly review the Haar measure and spherical functions for the pair (SO(n +
1),S0(n)), see [4] and references therein for more information.

Let z € S™ and let §(x) denote the angle between x and e; == (1,0,...,0)". We can
identify bi-SO(n)-invariant functions with SO(n)-invariant functions on S*. With respect
to the usual spherical coordinates these functions only depend on cos(#(-)). The integral
of a radial measurable function f with respect to the Haar measure is then given by

7T.n/2

/f(g)dmso(n+1)(g) ZQW/O fSO(n)(COS(Q))Sin(@)”_ldé

The spherical functions on S™ are of the form

onleos(0) = 2l o) = P eon(0)

n_qn

where A € N. Here the C}gm) denote the Gegenbauer polynomials, the Pia”B ) denote the
Jacobi polynomials and (m); denotes the falling Pochhammer symbol. They can also
be expressed in terms of the Gauss hypergeometric function:

Px(cos(6r)) = oFy (=X, A +n —1;n/2;sin(6,)?).
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In view of Theorem 1.4.4, the case of finite Gelfand pairs is instructive, even though
they are not Riemannian symmetric pairs:

Remark 1.4.7. In the case that (G, K) is a finite Gelfand pair (i.e. G is finite), the the-
ory becomes quite easy. Then PS(G, K) is finite, i.e. there are finitely many spherical
function wy, . .., w, and the Plancherel theorem states that there are constants d, ..., d,,
given by d; = dim V,,, (the dimension of the associated irreducible K-spherical represen-
tation), such that

> h@)f(2) = G/K delwz (c:)

zeG/K

for any K-invariant functions fi, f : G/K — C. As any K-spherical measure p on G
can be identified with a K-invariant function on X, we see that

> fa)u(x) G/K dewz

z€G/K

reminiscent of Theorem 1.4.4. If 4 is positive-definite, Bochner’s theorem for Gelfand
pairs ([100, Theorem 9.3.4]) implies that there are Ay, ..., A, > 0 such that

i=1

As @;(w;) = #(G/ K) , the orthogonality relations for matrix coefficients of compact groups

imply .
=3 flw)i,
i=1

essentially a version the Bochner-Schwartz theorem. More details can be found in [32,
Chapter 4.7] and [42, Chapter 9].

1.4.3. Riemannian symmetric pairs of noncompact type

Assume in this subsection that G is a (connected) semisimple Lie group with finite center
and no compact factors and choose a Cartan decomposition g = €@ p of the Lie algebra
of G. The following setup is well-known (see [53| and [70]) and we use the usual notation,
le.

(i) ais a maximal abelian subspace of p,

(ii) p is the Weyl vector associated to the restricted root space decomposition with
respect to a,

(iii) K is the maximal compact subgroup of G associated to ¢,
(iv) & is the Killing form of g,
(v) W is the Weyl group of the restricted root system wrt. a.
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(G, K) is a Gelfand pair and G has the Cartan decomposition G = Kexp(p). The
Iwasawa decomposition G = K AN allows us to define

H:G=KAN — a, g=kan — exp '(a).

We will assume that the measures mg, my, my and m, obey the standard normaliza-
tion, see Section 2.4 of [53]. Using the function H, for each A € af, the dual of the
complexification of a, we define the function

ox(g) = / =GR g ().
K

This formula parametrizes a superset of all bounded spherical functions of (G, K) and
is called the Harish-Chandra parametrization (see [64] and [53]). It has the following
properties:

(i) ¢x = g, iff there is some w € W with wA = p.

(i) p-x(g) = @alg™)
(iii) If oy € PS(G, K), then there is a w € W with wA = .

Define the tube domains .#°¢ = a*+icC, where C is the closed convex hull of {wp | w €
W}. The Helgason-Johnson theorem states that

BS(G,K) ={px| X e 7'}

and using property (i) above, one can identify BS(G, K') with the set Z'/W.
The Harish-Chandra =-function is defined as

==
and one defines
0:G=Kexp(p) > R, kexp(X) — /r(X, X).

Using = and o one can define the Harish-Chandra LP-Schwartz seminorms

N |f(D;g; E)|
1w emsI) = T o() L) T

where 0 < p <2, D, F € U(g) and m € Ny. Here U(g) denotes the universal enveloping
algebra of g and f(D:;-; F) is the function obtained from f by acting on the left by the
differential operator D and from the right by the differential operator E.

We define the Harish-Chandra LP-Schwartz spaces for 0 < p < 2 as

IP(G)={f € C®G) | Ym e NVD,E cU(g) : qp.pmp(f) < o0}.
The spaces .#?(G) are topologized by the families

(QD,E,m,p)D,Eeu(g),meNo
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of seminorms and we denote by .?(G, K) the set of bi- K-invariant functions in .7?(G).
It can be shown that #?(G, K) C (G, K) for p < gq.
The Harish-Chandra transform of f € #?(G, K) is defined by

KN = [ Fa)eslg)imals)
and the Abel transform of f is defined by

A(f)(H) = e /N f(exp(H)n)dmuy (n).

These transforms fit in the following commutative diagram of isomorphism:

Here F denotes the Fourier transform (note that any factors of 27 disappear by the
standard normalization of the Haar measures)

FH) = / ) dp (H)

and . (a)" and . (F°)" denote the Weyl group invariant elements of the ordinary
Schwartz spaces on the real vector spaces a and .#° = a*. A theorem by Trombi
and Varadarajan characterizes the image of .77 (G, K) under H in terms of spaces of
functions on tube domains, see for instance Theorem 7.10.9 in [53] for a precise statement.
A continuous functional #?(G) — C is called a LP-tempered distribution.

Theorem 1.4.8 (Spherical Bochner-Schwartz theorem (Barker, [8])). In the setting
above assume that T  is a positive-definite distribution on G. Then T has a unique
extension to an L'-tempered distribution T and for all f € S (G, K) the formula

Tf= / FdT
holds.
Note that |y, is positive-definite. Hence the spaces G/K can be equipped with a nat-
ural left-invariant Riemannian metrics induced by the bilinear form x on p = T, (G/K).
The length metric on G/K induced by this Riemannian metric is called the Cartan-
Killing metric. A wealth of information about the geometry and harmonic analysis on

these spaces can be found in the books [65] and [64] by Helgason.

Remark 1.4.9. A particularly interesting case occurs in this family of examples when
G =850(n,1)p and K = SO(n), n > 2.
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In this case G/ K with the Riemannian metric induced by & is isometric to the hyperbolic
n-space H". Moreover A is one-dimensional, such that bi-K-invariant functions only
depend on r = dyn (9o, o).

Thus the value of a spherical function ¢ at ¢ € G only depends on the distance r =
dun (g0, 70). Set p = L. Then the positive definite spherical functions in radial

2
coordinates are given by

1 +iA p—iA n .
oalr) = o3P (r) = oFy (B2 B D —sinh(r)?
2 2 2
with
A €0, p] U [0, 00),
where oF)(a,b;c;z) denotes the Gauss hypergeometric function and the @&a’ﬁ ) denote

the Jacobi functions, see [4]. The spherical transform in radial coordinates is then given
by

-~ s

n/2 0 ‘ -
F) =25 [ ressinbr e

with the additional sinh-term coming from the Haar measure.

In this case there is also an explicit formula for the Abel transform (see [4]), given in
radial coordinates by

(QW)%
INC=S)

2

Af(r) =

/loo sinh(s)(cosh(s) — cosh(r))nT_sf(s)ds.

|

In odd dimensions the inverse of the Abel transform can be obtained by

AN = @0 (<) )

and in even dimensions by

n/2—1
L 1 et (mws) e
AN = A \/COSh(S) — cosh(r) ds.

272 7

n
2

For G = SO(n,1)p, K = SO(n) the spaces .#?(G, K) can be identified via radial coor-
dinates with the spaces

cosh™ 7 Fien(R),

where .Zoen(R) denotes the space of even Schwartz functions on R (see Theorem 6.1 in
[73] or 2.28 in [5]).

The image of Y?(G, K), 1 < p < 2, under the Harish-Chandra transform # is given by
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the set Z(.F1/7~1/2) of smooth even functions f on the strip

1

12 _ {)\ eC ' [m(A)] < (13 B %) = 1)} ’

which are holomorphic on its interior and satisfy

(&) s

for all M, N € Ny. The image of .#?(G, K') under the Abel transform can be identified
with the space

sup (14 [ADY
m()|<(2-3)(n-1)

< 00

cosh~(1/p=1/2)(n—1) Foven(R)

and we have the following commutative diagram of isomorphisms:

cosh™ 7 ien(R) " » DT

x /

cosh~(1/p=1/2)(n-1) %ven(R)

See [73] and [5] for further details and references.

For semisimple groups with dim(A) = 1, similar formulas for the spherical functions
hold, see for instance [73] or [100]. Moreover an explicit inversion formula for the Abel
transform is known, see 73] and [4].

In the case of dim(A) > 1, one must replace the hypergeometric functions by multivari-
able analogues. These can be handled in a somewhat explicit way with Dunkl theory,
see [4] and the references therein.

In contrast to the Fourier transform, there can be no eigenfunctions of the Harish-
Chandra transform (as it maps functions on G to functions on PS(G, K)). A partial
substitute for eigenfunctions is given in [73, Section 9] by Koornwinder. More specifically
Koornwinder gives an orthogonal system of functions in L?*(G, K) which is mapped by
the Harish-Chandra transform to an orthogonal system in L?(PS(G, S), S\e)

1.4.4. The Heisenberg group
Set H,, =R x C" and for (¢, ), (s,y) € H, define

(t,v) - (s,w) = (ts — %Im(@, w), v+ w).

Then (H,,-) is a nilpotent Lie group, called the Heisenberg group. The group U(n) acts
via

k.(t,v) = (t,kv) for k € U(n)

by automorphisms on #,,. Thus we can form the semidirect product H,, x U(n), called
the Heisenberg motion group. We note that H,, = H, x U(n)/U(n) (as manifolds),
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which is why we will also call H,, the Heisenberg space. We can equip H, with the
Cygan-Koranyi metric dog, which is induced by the group norm

It 0)llex = (& + [lvll2)

on H, and is proper, left-invariant and complete.! We note that the Heisenberg group
can be equipped with a family (D,),~o of group automorphisms, defined by

D, :H, — Hy, (t,0) — (7“225,7’11).

These automorphisms are called dilations of ‘H,, and the Cygan-Koranyi metric is com-
patible with the family (D,),~¢ in the sense that

|D:(9)|| = rllgll for all g € Hp,r > 0.

This implies that
D,(B(g,s)) = B(Dy(g),7s)

for all g € H,, and r, s > 0. For all measurable functions f,¢ : H, — C and all » > 0
we have

(e D@t (2) = iy [ F@)e 0 D)@, (@

if the integrals exist. The number h := 2n 4 2 appearing in this formula is called the
homogeneous dimension of ‘H,,. Here we should also point out that there is a rich theory
of nilpotent Lie groups equipped with dilation structures, see for instance [52].
The pair (H, x U(n),U(n)) forms a Gelfand pair. See [93| or [100] for a detailed
exposition of the theory of spherical harmonic analysis for (#H,, x U(n),U(n)).

Theorem 1.4.10 (Benson-Jenkins-Ratcliff, [12]). The spherical functions of (H, X
U(n),U(n)) fall into the following two families:

(A) 1
Oram(t,v, k) = @iAtLq(g—l) (5)\”@”%) o~ A3

Jor A >0 and m € Zy and ¢xm = @zm for m € Zy and X < 0.

(B)
27~1(n — 1)
(Tllvfl2)"

for >0 and no(t,v, k) =1 for all (t,v, k) € H, x U(n).

Here '
LY(z) = (n—1)! Z (m) %

Jj=0 J

n-(t,0,k) = Jn-a(7][0]]2)

1s the generalized Laguerre polynomial of order n — 1 normalized to 1 at O and J,_1 is
the Bessel function of order n — 1.

!There are many other proper, left-invariant and complete metrics on H,,.
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As the Haar measure my, is given by mg ® mcn, the spherical transform on H,, is
just given by ordinary integration against the spherical functions with respect to the
Lebesgue measure on R x C".

Denote the Lie algebra of the Heisenberg group H,, by b, and note that exp : b, = H,
is a diffeomorphism. We define the Schwartz space . (H.,) by

S (Hn) = {foexp™ | f € L (hn)}
and set
S (Mo, Un)) = {f € L (M) | f(t, kv) = f(t,v) for all k € U(n)}.
We define the space of bi-U(n)-invariant Schwartz functions on H,, x U(n) by
S (HaxU(n),Un)) ={for|fe€SHUn)}

and topologize it such that the canonical map . (H,,U(n)) = S (H, x U(n),U(n)) is
a topological isomorphism.
Due to lack of reference we prove the following theorem in Appendix C:

Theorem 1.4.11. Let T be a positive-definite distribution on H, x U(n). Then there
is a (unique) continuous functional

T:S(H, xU(n),U(n)) —C
such that )
Tf=Tf
for any f € CX(H, x U(n),U(n)). In addition

A~ A~

Tf=1(])
forall f € S (H, xU(n),U(n)).

1.5. Schwartz-like function spaces

Assume in this subsection that G is a Lie group.

Definition 1.5.1. We say that a topological *-subalgebra S(G, K) C LY(G, K)NC(G)
(with a possibly finer topology) containing C2°(G, K) is Schwartz-like, if

(i) for every f € S(G, K) without compact support there is a sequence (g,),>1 in
C>(G, K) such that

a) gnf € CX(G,K) for all n € N,
b) g.f = fin S(G, K),
c) gn takes values in [0, 1],

)

d) gn(e) =
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(ii) felL'n) foral fes (G, K) and K-spherical positive-definite Radon measures
won G.

(iii) For any K-spherical positive-definite Radon measure u there is a unique continuous
linear functional 7), : S(G, K) — C such that

1,(0) = [ Fin

for all f € S(G, K) and T,|co(c,x) =

C2°(G,K)-

Proposition 1.5.2. The following algebras are Schwartz-like:
(i) C.(G,K)*> =span{f*g | f,g € C.(G,K)} for a general Lie group Gelfand pair.
(i) 7 (R™).

(iii) NG, K), where G is a semisimple Lie group with finite center and no compact
factors, K a maximal compact subgroup.

(iv) C(G, K) for Riemannian symmetric pairs (G, K) of compact type.
(v) L (Hn,xU(n),U(n)).
(vi) C(G, K) the set of bi-K -invariant functions G — C if (G, K) is a finite Gelfand

pair.

Proof. (i) As every function in C,(G, K)? has compact support, Condition (i) holds
vacuously. Conditions (ii) and (iii) follow directly from the Godement-Plancherel
theorem 1.3.2.

(ii) This follows from the Bochner-Schwartz theorem together with Corollary 1.3.7 and
[58, Theorem 1.8.7].

(iii) This follows from Barkers spherical Bochner-Schwartz theorem (Theorem 1.4.8)
together with Corollary 1.3.7 and the remarks after [53, Definition 7.8.4] together
with [53, Lemma 6.1.7].

(iv) This follows directly from Corollary 1.4.5.

(v) The existence of a sequence (g,),>1 follows directly from the Euclidean case, by
the definition of the Schwartz space. Now Theorem 1.4.11 together with Corollary
1.3.7 implies that .7 (H,, x U(n),U(n)) is Schwartz-like.

(vi) This follows directly by applying Remark 1.4.7. O
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2. Point processes in homogeneous
spaces

2.1. Spaces of sets and measures

2.1.1. Spaces of sets

Assume that (Y, dy) is a second countable and proper metric space and note that (Y, dy)
is automatically complete. The set F(Y') of closed subsets of Y can be equipped with a
natural compact (Hausdorff) topology, called the Chabauty-Fell topology (see |1, 10, 19,
82, 84|). This topology has a subbasis given by the sets

Uy ={AcFY)| ANV £0}, UK ={AcF(Y)|AnK =0},

where V' runs over the open subsets of Y and K over the compact subsets of Y. This
topology is metrizable. In [13] Biringer gives a particularly nice expression for a metric.

Proposition 2.1.1 (|11, Proposition E.12]). A sequence (C},)n>1 in F(Y) converges to
C € 5(Y) if and only if
(i) for every x € C there are x,, € C,, such that x,, — x,

(11) for every sequence (ng)i>1 in N with ny, — oo and x,, € C,, such that (x,, )k>1 1S
convergent to some x € Y we have x € C.

Definition 2.1.2. (i) Let » > 0. We say that C C Y is r-uniformly discrete if
dy(z,y) > r for all x # y € C. We denote the set of r-uniformly discrete subsets
of Y by UD,(Y).

(ii) For R > 0, we say that C' C Y is R-relatively dense if for every € Y there is
some y € C' with dy(z,y) < R.

(iii) If C is r-uniformly discrete and R-relatively dense, we say that C'is (r, R)-Delone.
We denote by Del(Y) € UD,(Y) the subset of (r, R)-Delone sets.

Note that r-uniformly discrete sets are also sometimes called r-separated sets. The
following lemma follows directly from Proposition 2.1.1, see for instance [21, Proposition
3.2].

Proposition 2.1.3. The sets UD,(Y) and Del(Y) are closed subsets of F(Y).

Proposition 2.1.4. Assume that a lcsc group G acts continuously from the left on'Y .
Then the natural left G-action on F(Y) given by G x §F(Y), (g9, A) — {gz | x € A} is
continuous.
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1

Proof. Notice that gUy = U,-1y and gU® = U9 K. ]

Note further that UD,(Y) and Del®(Y) are G-invariant, if the action of G on Y is
continuous and dy is G-invariant.

2.1.2. Spaces of measures

As (Y,dy) is proper, it follows from our definitions that any Borel measure p on Y is
locally finite in the sense that p(B) < oo for any bounded Borel set B C Y. We denote
the set of all (positive) Borel measures on Y by M(Y). We say that P C Y is locally
finite, if #(P N B) < oo for every bounded Borel set B C Y and set

N (Y) = {Z 0 | P C Y locally ﬁnite} :

zeP

The elements of N*(Y') are called simple point measures.

We equip the set M(Y") with the topology of weak-* convergence wrt. to C.(Y"). This
topology is commonly also called the weak-# topology (cf. [44, Appendix A2.6]) or
vague topology (cf. [69, Chapter 4.1]). By [69, Lemma 4.6], the topological space M(Y")
is a Polish space.

We further note that by [44, Proposition A2.6.11] a sequence (f1,,),>1 in M(Y') converges
to u € M(Y) if and only if u,(B) — u(B) for every bounded Borel set B C Y with
pu(0B) = 0 (these sets are often called continuity sets of 1). Moreover, by [44, Theorem
2.6.111] the Borel o-algebra on M(Y) is generated by the maps (75 : p +— u(B))pes,
where § is an arbitrary semiring of bounded Borel sets of Y generating the Borel o-
algebra on Y.

Thus all evaluation functionals 7 : u — p(B), with B C Y a Borel set, are measur-
able, as we can decompose B into countably many pairwise disjoint bounded Borel sets
(Bi)ieny and mp = ), T, is measurable as a countable sum of non-negative measurable
functions.

Measurability of certain subsets of M(Y") can easily be determined from the following
measurable form of atomic decomposition, see for instance |69, Lemma 1.6]. Note that
in [69] Kallenberg works with so-called localized Borel spaces. Taking as a Borel space
Y with its Borel o-algebra and as localizing ring the set of all bounded Borel sets, one
obtains the following:

Theorem 2.1.5 (Atomic decomposition). Any u € M(Y') has a decomposition

p=o(w)+ Y Br(i)do,

k<r(p)

with a(p) € M(Y) non-atomic, k() € NgU{oo} and f(n) € Rso and pairwise distinct
or(p) €Y for all k < k(). Moreover we can choose the functions o : M(Y) —
MY), u— alp), K : MY) = NogU{oo}, u — k), and (By,0r) : MY) —
Rso XY, pu— (Be(p),o6(p)), k € No, as measurable functions and the decomposition
above is unique up to reordering of terms.
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This theorem implies that the set N*(Y) is a Borel subset of M(Y"). We further define
the set

NAY) = {Z S, | P e UDT(X)} :

zeP

By [21, Proposition 3.2| the map

§:UD,(Y) > N (Y), Prsdpi=) b,

zeP

is a homeomorphism and thus N(Y) is compact. The inverse of ¢ is given by the map

supp : N (V) — UD,.(Y), Z 0y > P.

Lemma 2.1.6. If G acts continuously on'Y', then the action of G on M(Y') given by

18 continuous.

Proof. Observe first that for any bounded Borel set B C Y and g € G there is a
compact set C C Y with B C C and thus ¢7'B C ¢ 'C, i.e. ¢ !B is bounded.
Note now that for any g € G and v € M(Y) we have (L,),v € M(Y), as we have
(Ly)sv(B) = v(97'B) < oo for any bounded Borel set B C Y.

Assume that ((gy, tin))n>1 is a convergent sequence in G x M(Y') with limit (g, 1) and
let f € C.(Y). Then

[(Gntin) (f) = (gu) ()| = [1n(f © Lg,) — pn(f © Lg)| + |ptn(f 0 Ly) — p(f o Lg)|
< Pm(An)Hf o Lgn —fo LgHoo + |ﬂn(f o Lg) - M(f o Lg)|>

where A, = supp(foL,, — foL,) C g, 'supp(f)Ug 'supp(f). As g, — g we know that
there is a compact S C G with g, € S for all n and thus A,, C Ssupp(f) for all n. Note
that Ssupp(f) is compact and choose ¢ € C.(Y) with ¢|geupp(s) = 1 and ¢ > 0. Then
pn(An) < () = p(e) and hence there is a A > 0 with p,(A,) < A for all n. Thence

fin(An)||f © Ly, = f o Lglloo + [ (f © Lg) — u(f © Lg)| —= 0. =

Remark 2.1.7. If G acts continuously on Y, then N*(Y) is G-invariant. If, in addition,
the metric dy on Y is G-invariant, then NV*(Y) is G-invariant and the maps ¢ and supp
are G-equivariant.

2.2. Point processes and random sets

Point processes

Definition 2.2.1. (i) Let (Q,P) be a probability space. A N*(Y)-valued random
variable A : (Q,P) — N*(Y) is called a point process (in'Y ).
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(ii) If G acts continuously on Y and the distribution AP of A is G-invariant, we say
that A is G-stationary.

(iii) If in addition G acts measurably and probability measure preserving on {2 and the
map A is G-equivariant, we say that A is G-invariant.

(iv) We say that A is r-uniformly discrete, if A, € N*(Y) for every w € €.

(v) If, for 1 < p < oo, we have that for every bounded Borel set B the random variable
A(B) is in LP(Q,IP), we say that A is locally LP. If p = 1 we say that A is locally
integrable. If p = 2 we say that A is locally square integrable.

(vi) If A is G-stationary and its distribution AP is G-ergodic, we say that A is ergodic.

For a given point process A we will often denote the support of A,,, w € €, by P, such
that A, = > cp 0a

In this thesis we will mainly be interested in G-stationary/G-invariant point processes
in X. We will see some examples for point processes in Subsection 3.4.1 and Chapter 5.
Our terminology of r-uniformly discrete point processes is non-standard. These processes
are more typically called hard-core point processes with hard core radius r in the majority

of sources on stochastic geometry.

Random sets

Recall that F(Y) denotes the set of closed subsets of the proper second-countable metric
space (Y, dy) equipped with the Chabauty-Fell topology. Denote the set of open subsets
of Y by &(Y).

Definition 2.2.2. Let (2,[P) be a probability space.
(i) A random closed set in Y is a measurable map C' : (2,P) — §F(Y).

(ii) A random open set in (Y,dy) is a map O : (,P) — &(Y) such that for every
F e F(Y) theset {we Q| F C O,} is measurable.

(iii) A weak random open set is a map U : (2,P) — &(Y) such that for every finite set
E CY theset {we Q| FE CU,} is measurable.

(iv) A map S : (Q,P) = P(Y) is called weakly measurable, if {w € Q| S, NG # 0} is
measurable for every G € &(Y).

Random open sets can equivalently be defined as maps O : (2,P) — &(Y) such that
the complement map w — Y \ O, is a random closed set, see [82, pg. 76]. Note that
a weak random open set is not necessarily a random open set. The definition of weak
random open sets is not a standard definition, but turns out to be exactly what we need
to define the packing density of a random sphere packing later.

Proposition 2.2.3. Assume that A : (Q,P) — N5.(Y), w3, p 0, is a 2r-uniformly
discrete point process. Then the map

supp(A,7) : (4, P) - &(Y), w U B(xz,r)

z€eP,
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15 a weak random open set.

Proof. Note that we only need to show the measurability of the sets A, = {w € Q |z €
supp(A, ), }. We have x € supp(A,r) if and only if A(B(z,r)) > 0. Thus the sets A,
are measurable by the definition of the o-algebra on N5.(Y). O

Remark 2.2.4. It does not seem like supp(A,r) is generally a random open set. But
in certain circumstances one can show with relative ease that it is. If X = R" with the
Euclidean metric, then the Minkowski sum supp(A) + B(0,7) is a random closed set (cf.
[82, Theorem 1.3.25]) and the interior of this set is given by supp(A, ). As the interior of
a random closed set is a random open set (cf. [82, Proposition 1.3.36]), one obtains the
claim. This proof-strategy already fails for R™ with the [;-metric, as here the interior of
the union is no longer necessarily the union of the interiors. In more degenerate spaces
it might happen that all sets are clopen, such that B(x,r) is no longer the interior of
B(x,7), also causing this strategy to fail fundamentally.

We also prove that supp(A,r) is weakly measurable, though we do not need it in the
following.

Proposition 2.2.5. If A : (Q,P) — N5.(X) is a 2r-uniformly discrete point process,
then supp(A, 1) is weakly measurable.

Proof. For x € X consider the map d, : UDy,(X) — [0,00), P+ inf cpdx(z,y). Note
that d,(P) € (a,b) iff PNB(x,b) # 0 and PNB(z,a) = (), where we use that P is locally
finite and the infimum in the definition is thus a minimum. Thus d,'((a, b)) is open in
UDa,.(X) by the definition of the Chabauty-Fell topology and hence d, is continuous.
Now, for C' C X consider the continuous map

Ue : UDg(X) = []10,00), P (da(P))zec

zeC

If C' is compact, we have C'Nsupp(P") = 0 iff inf,cc d,(P) > r iff mingec d,(P) > r (as
x> dy(P) is continuous) iff ¢ (P) € [[,co[r, 00). Hence the set

Sc = {P € UDy,(X) | dist(P,C) > r} = W (] ][, 00))

zeC

is closed as the preimage of a closed set.
If G CY is open, we write G as a countable union of compact sets (C),),>1 and note
that
{P€UDy(X) |3z € P:GNB(x,r)# 0} = () Sc,)
n>1
Hence this set measurable. Thus §({P € UDo.(X) | 3z € P : B(z,r) NG # 0}) is
measurable and this implies the claim, as

{weQ|supp(A, 7)o NG #D}y =AY (S({P € UDy,(X) | Jz € P: B(z,r) NG # 0})).
[
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Remark 2.2.6. The proposition above implies that supp(A,r) is a random closed set.
If X is the n-dimensional hyperbolic space with the usual hyperbolic metric, this implies
(similar to the Euclidean case in Remark 2.2.4 above) that supp(A,r) is a random open
set.

2.3. First and second moments

The first moment

Lemma 2.3.1. Let A be a stationary locally integrable point process in X. Then there
is a constant i(A) > 0 such that

E(A(B)) = i(A)mx(B)
for all Borel sets B.

Proof. The map B — E[A(B)] is a G-invariant Borel measure, as

E[A(gB)] = / A (gB)dP(w) = / (Ly-1).Au(B)AP(w)

Q
[ @A) = [ u(BirEG
*(X) N*(X)
~ [ AB)pw) = BAB)
Hence the claim follows from the uniqueness of the measure mx up to scaling. O

Definition 2.3.2. The constant i(A) above is called the intensity of A.

Remark 2.3.3. Note that Lemma 2.3.1 and the other results in this section also apply
if X =G/{e}.

Proposition 2.3.4. Let A : (Q,P) — N*(X) be a stationary locally integrable point
process in X and assume that mx(X) = oo. If i(A) > 0, we have A,(X) = oo for
P-almost every w € 2.

Proof. Assume that there is some measurable A C 2 with P(A) > 0 and A, (X) < oo for
all w € A. Then we know that the G-invariant set N (X) == {u € N*(X) | u(X) < oo}
has positive A,P-measure. Consider the Borel measure m on X defined by

1
m(B) = wa/j\/gn(m#w)d/\*@(#)-

As A is G-stationary and NV (X) is G-invariant, m is a G-invariant probability measure
on X. But any G-invariant measure on X must be a multiple of myx, a contradiction. [J

Remark 2.3.5. Let A be a stationary locally integrable point process in X with ¢(A) > 0
and assume that myx(X) = oo, i.e. that X is noncompact. Then AP is a G-invariant
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probability measure concentrated on N (X) = {u € N*(X) | u(X) = oo}. By
considering the map

A% (NE(X), AP) - N5(X), p—

inf
we obtain a G-equivariant point process with the same distribution as A. We call A*°
the canonical infinite model of A.
Proposition 2.3.6. Let A : (,P) — N(X) be a r-uniformly discrete point process.
Then A is locally L™ and thus locally LP for all 1 < p < oo. More precisely
mx (B(zo, R+ 1))
mx (B(zo,7))

A(B(zg, R)) <

for all R > 0.

Proof. Let B C X be a bounded Borel set and choose R > 0 such that B C B(xg, R)
Observe that for any P € UD,(X) we have

U B(z,r) C B(zg, R+ 1),

x€PNB(xo,R)

where the first union is disjoint. Thus

mX(B(.l"o,R“'T))
#(P N B) < #(P N B(x, R)) < mx (B(xo,7))

Hence A, (B) < C for all w € , which implies the claim. O

= C.

The second moment

The existence of approximate identities in C.(G, K) (see for instance [21, Remark A.12])
directly implies the following lemma.

Lemma 2.3.7. The set {fxg | f,g € C.(G,K)} is dense in C.(G, K). In particular,
if u,v are two K-spherical Borel measures on G such that p(f * g) = v(f * g) for all
frg € CAG,K), then u = v.

Let £L24(G) ={f : G — C | f measurable, bounded with bounded support} and note
that this is a convolution algebra with involution given by f — f*.

Proposition 2.3.8 (Bjorklund-Byléhn, [14]). Let A be a locally square integrable G-
stationary point process in X. For all measurable b : X — [0,00) with mx(b) = 1 and
bounded support and Borel sections o : X — G, we have

E[ /[ f**9(0(96)’10(3/))b(w)dA(y)dA(:v)] — BA(Fo0)A(go o)

d

E UX/Xf**g(U(x)‘10(y))b(w)dA(y)dA(x)] —i(A)2me(f*#g) = Cov(A(foo), A(goo))
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for all right K-invariant f,g € L (G).

Proof. Let f,g € L52,(G) be right K-invariant. We note that

Thus

- [® _ / ‘f<ho<x>>g<ho<y>>b<x>dA<y>dA<x>] dma(h)
G

L/ X JX

=
T
=
2
>
=
Y
2
>
s
=
=
=
—
QU
=
Py
e
QU
3
Q.
>=
~—

[ [ Te@atowtaanAwanA)| dme)
|| ToTaato )b a)h.pa)bep)da. 2)
|| Fetaatotu)bn ) dute)dut)in. 2

| T ot b a)an (o) ) dp(w)dme

JE[A(f 0 0)A(g o o)l = E[A(f o 0)A(g 0 0)],

where we have used that the right K-invariance of f and g implies f(ho(x)) = f(o(hx))
and g(ho(y)) = g(o(hy)). Observe that

Cov(A(f o 0),Algoo)) =E[A(f o 0o)A(g o o)] —E[A(f 0 0)[E[A(g 0 0)]
=E[A(f 0 0)A(g 0 0)] —i(A)*ma(f)ma(g)-

As mg(f* * g) = ma(f )ma(g), the claim follows. n

T —

S—5—5— [

I

3

Q Q
=

Corollary 2.3.9 (Bjorklund-Byléhn, [14]). Let A be a locally square integrable point
process in X. For any choice of b and o as in Proposition 2.3.8 we can define K-
spherical Radon measures ny and ni on G by

—E [ | [ ot
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and
n(h) =B [ [ Flo@) olmpaastirem)] - i me(r)
for all f € C.(G). These measures are independent of our choice of b and o.
Proof. This follows directly from Lemma 2.3.7 and Proposition 2.3.8. O]
Now the following corollary follows directly from Lemma 1.3.4.
Corollary 2.3.10. If G is a Lie group, ni and ny induce distributions on G.

Definition 2.3.11 (Bjérklund-Hartnick—Pogorzelski, [21], Bjorklund-Hartnick, [17]).
Let A be a locally square integrable point process in X. The bi-K-invariant Borel
measures 1, and 1y on G are called autocorrelation measure and and reduced autocor-
relation measure of A. The distributions Ty and T induced by 7} and 7, are called
autocorrelation distribution and reduced autocorrelation distribution of A.

Remark 2.3.12. As the autocorrelation measure is one of the central technical tools
of this thesis, some remarks on its origin are in order. In the case of G = R" and
X = R", this measure is a common technical tool in the theory of point processes and is
known under the name reduced second order measure, see for instance [45, Proposition
12.6.I11]. In the theory of mathematical quasi-crystals it is used to define the diffraction
of quasi-crystals, see for instance |7, Chapter 9]. Motivated by examples from the field of
mathematical quasi-crystals, specifically cut-and-project sets, Bjorklund, Hartnick and
Pogorzelski set out in [19, 20, 21] to generalize the ergodic theory and diffraction theory
of cut-and-project sets to a large class of locally compact groups. More specifically for
a G-stationary locally square integrable point process A in X they defined the second
correlation measure 77[\2) on X x X by

| h@nar? ) = BRI,

The G-stationarity of A now implies that 77/(\2) is invariant under the diagonal action of

G on X x X. Using this they show that the measure 77/(\2) disintegrates to a measure 775
on K\G/K satisfying

ni(f**g) =E[A(foo)A(goo)]
for all right- K-invariant f, g € C.(G) (note that f*x* g is bi- K-invariant and thus defines
a function on K\G/K). This measure then lifts to a K-spherical measure on G. This
allows for application of the full toolbox of harmonic analysis on Gelfand pairs to the
study of point processes on X.

A relative version of the following statement was observed by Bjorklund, Hartnick and
Pogorzelski in [20] for their measure 77} on K\G/K.

Proposition 2.3.13. Let A be a locally square integrable point process in X and as-
sume that G is a Lie group. The measures ny and ny are positive-definite and thus the
distributions Ty and Ty are positive definite.
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Proof. Let g € C.(G) be right-K-invariant. Then the Proposition 2.3.8 implies that

ni(g* xg) > 0.

If f e C.(G), then

(e f) = / §* % F(kgh) dm (ky) dmgc (k) di (9)

/ / FOT) (ke ghs) dime (h) dime (k) dimc (k) digi ()

/ TRy ) f (1 gha) dmes () dimgc (ky) dime (ks) digi (9)

/ FOTR) (R ghs) dimg (k) dimyg (ky) dme (ks) dii (g)

I
S—

S/ (h=1) f'(h™g) dmg(h) dn (g)

(f)* =+ (f")(g) dn} (9)
((f) = (") >0,

where we note that the function f’ on G defined by

Il
3
=4 Q

f(g) = /K F(gk)dmi (k)

is right- K-invariant and in C,(G). The same calculation applied to 7, shows that 7, is
positive-definite. O

This proposition will allow us to use the Godement-Plancherel theorem and the tools of
harmonic analysis to study point processes in commutative spaces.

2.4. Ergodic theory of point processes
In this section we will discuss the ergodic theory of uniformly discrete point processes.

We do so by studying ergodic measures on UDy,.(X).

2.4.1. Invariant pointwise ergodic theorems

Definition 2.4.1. Let (G});>¢ be a sequence of subsets of G with positive measures, let
F be a set of measurable functions on UDs,.(X) such that the map

Prob(UDs, (X)) = CF, v (v(f))fer

is injective, and let u be a G-ergodic probability measure on UDy,.(X).
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(i) We say that Py € UDo,.(X) is (u, F, (Gt)i>0)-generic, if

.
5o ma(Gy)

/G f(gPo)dme(G) = u(f) (f € F).

(ii) We say that Py € UDs,.(X) is invariantly (u, F, (Gi)i=0)-generic, if

lim @ [ SonR)im(G) = u) (f€Fne )

Definition 2.4.2. We say that the invariant pointwise ergodic theorem holds for the
tuple ((Gy)i=0, F) if for every G-ergodic p € Prob(UDay, (X)) there is a G-invariant conull
set Qg C UDy,.(X) such that every P € € is invariantly (u, F, (Gy)i>0)-generic.

In the following chapters we will usually assume that an invariant pointwise ergodic
theorem holds for F = C(UDa,.(X)) and some sequence (G});~o. We now discuss some
examples for choices of G, K, X, d, (Gt);~0 which satisfy this requirement. In order to
obtain invariant pointwise ergodic theorems from the (usual) pointwise ergodic theorems
we have in all of the examples, we make use of the following.

Definition 2.4.3 (Gorodnik—Nevo, [56]). A sequence (G});~¢ of bounded Borel subsets
of (G is called quasi-uniform if

(QU1) for every € > 0 there is an open neighborhood O of e in G such that for all
sufficiently large ¢ > 0,
OG, C Gy,

(QU2) for every § > 0 there is an € > 0 such that for all sufficiently large ¢ > 0,

me(Grie) < (14 8)ma(Gy).

Theorem 2.4.4 (Gorodnik—Nevo, [56, Theorem 5.22|). Let G be a lcsc group acting
measurably on a standard Borel space 2 equipped with a G-invariant Borel probability
measure p. Let p > 1 and suppose that (Gy)io s a family of measurable subsets of G
with positive measure such that for every f € LP(Q, 1) there is a conull set o such that

mGEGt) /th (9~ @)dma(g) — /X fdu

for every x € Qy. Then, if (Gy)i=o is quasi-uniform, Qg can be chosen to be G-invariant.

This result by Gorodnik and Nevo is a generalization of a technique employed by Bowen
and Radin in [29] to obtain invariance properties for an ergodic theorem for the isometry
group of hyperbolic space.

Proposition 2.4.5. Assume that (Gy)i=o s a quasi-uniform family of symmetric sets.
Let p be a G-invariant Borel probability measure on UDq,.(X). Let F C C(UDa,.(X)) be
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a dense subset. If for every f € F there is a conull set Qo C UDo,.(X) such that

1
G S f(gP)dmg(g) — S fdp

for every P € €y, then the invariant pointuise ergodic theorem holds for the tuple
((Gt)es0, C(UD2r (X))
Proof. Note that C(UDy,(X)) is separable as UDy,(X) is compact and choose a count-

able dense subset {f, | n € N} C F. For each n € N use Theorem 2.4.4 to choose a
G-invariant conull set €2, C UD,,(X) such that

fulgP)dmel(g) — /X fudy

ma(Gi) Ja,
for every P € €),,. Set €y = ﬂneN Q),, and note that Q0 is a G-invariant conull set. Now
let f € C(UDy.(X)) and choose a sequence (ng)g>; such that f, — f uniformly as

k — oco. Given € > 0 we choose N € N such that ||f — f,||cc < € for all & > N. Then
for any P € €,

AW = | [t i [ foPyanata)
< [ = s | [ i s [ gtaPamats)

1
+— n. — fld
G(Gt) Gt’f F f‘ ma

m
< d : P)d
< €+‘/fnk M—m thnk(g ) mg(g)‘+5.

By our assumptions there exists ty(¢) such that for all ¢ > ty(e) the second summand is
bounded by €, and hence A(t) < 3¢ for all ¢ > ty(¢). This shows that A(t) — 0, which
shows that P € (), satisfies

1
— n(gP)dm —>/ nd
oG th (9P)dmalg) = | Judp
for every f € C(UDy, (X)) and P € Qy. As € is G-invariant, this implies that every
P € Q) is invariantly (u, C'(UDs, (X)), (Gt)>0)-generic. O

2.4.2. Generically measured sets

It turns out that 2r-uniformly discrete G-ergodic point processes are completely deter-
mined by certain elements of UDs,(X).

Definition 2.4.6. Let (Gy);~0 be a sequence of measurable subsets of G with finite
positive measure.

(i) We say that an element P € UDy,.(X) is generically measured (wrt. (Gy)iso)
if there is an ergodic i € Prob®(UDs,(X)) such that the set P is invariantly
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(1, C(UDgr (X)), (Gt)¢=0)-generic. We denote the set of P in UDy,(X) 2r-uniformly
discrete which are generically measured wrt. (G¢)i~o by UDS" (X, (Gt)i>0)-

(ii) Let A : (,P) — N5.(X) be a 2r-uniformly discrete G-invariant ergodic point
process. We say that P € UDo,.(X) is generically measured for A (with respect to
(Gi)t>0), if P is invariantly (supp,A.P, C(UDs,(X), (Gt)t>0)-generic.

Lemma 2.4.7. P € UDy,.(X) is generically measured (wrt. (Gy)i=o0) if and only if there
is a 2r-uniformly discrete G-invariant ergodic point process (2,P) — N5.(X) such that
P is generically measured for A (wrt. (Gt)=o)-

Proof. 1t is clear that P is generically measured, if P is generically measured for a
G-invariant ergodic point process A.

Let P € UDy.(X) be generically measured (wrt. (Gy)iso). Then there is an
ergodic probability measure g € Prob®(UD,, (X)) such that P is invariantly
(i, C(UDg,. (X)), (G¢)¢>0)-generic. Now the map A : (UDg.(X),u) — N5(X), P —
> sep 0z is a G-invariant ergodic point process such that P is generically measured for
A (wrt. (Gt)iso). O

Invariant pointwise ergodic theorems are not in a convenient form for application to
invariant point processes. The definitions above imply the following conveniently for-
mulated ergodic theorem:

Proposition 2.4.8. Let A : (Q,P) — N5.(X) be a 2r-uniformly discrete G-invariant
ergodic point process. If the invariant pointwise ergodic theorem holds for the tuple
((Gy)i>0, C(UDo,.(X))), then there is a G-invariant conull set Qo C Q such that we have

1
i@ J, Tt = [ it
for any f € C(N5.(X)) and any w € Qy. Moreover, the set P, := supp(A,,) € UD,,(X)
is generically measured for A (wrt. (Gy)i=o) for any w € Q.

Proof. Note that for f € C(N3.(X)) we have fod € C(UDy,. (X)) (and that we can
obtain any function in C'(UDy,.(X)) is this way, as 0 is a homeomorphism). Apply the
invariant pointwise ergodic theorem to the measure supp,A.P and the function f o 4.
Then, if P is invariantly (supp,A.P, (Gt)i=0, C(UDa,.(X)))-generic, we have

lim
t—o00 mG(Gt) G

F(6(gP))dma(g) = / o SO dsp A B(P)

By the invariant pointwise ergodic theorem there is a supp,A.P-conull set Qf C
UDs,(X) of invariantly (supp,A.P, (Gi)i=o, C(UDg,.(X)))-generic elements. Set ©y =
A~ (supp~1(€f)) and note that Qy C Q is a G-invariant P-conull set. We further ob-
serve that

/UDQT( )f(5(P))dsupp*A*IP’(P) :/N F(0(supp(p)))dAP(u /f )dP(w

3 (X)
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as supp and ¢ are inverse to each other. We also note that for w € €}y we have

f(Ago)dmea(g) = | f(gAs)dma(g) = [ f(gd(supp(Aw)))dma(g)
Gt Gy Gt

= g f(8(gsupp(Ay,)))dmea(g) = ; f(6(gP.))dme(g)

with supp(A,) = P, € €, as ¢ is G-equivariant. Hence the claim follows. H

Proposition 2.4.9. Assume that there is a sequence (Gy)i=o of subsets of G such that
an invariant pointwise ergodic theorem holds for ((Gt)iso, C(UDg,.(X))).

(i) LetP € Prob®(UDy, (X)) be ergodic. Then P-almost every P € UDy,.(X) is gener-
ically measured wrt. (Gy)i=o-

(ii) Let P € UDy.(X) be generically measured wrt. (Gi)i=o. Then there ezists
a unique ergodic measure Pp € Prob®(UDy,.(X)) such that P is invariantly
(Pp, C(UD2r (X)), (Gi)is0)-generic.

Proof. (i) This follows directly from the invariant pointwise ergodic theorem.

(ii) The existence of such a measure is clear from the definitions. We still need to
check the uniqueness. Thus assume that there are two ergodic measures u, v
on UDy,(X) such that P is invariantly (u, C(UDg.(X)), (Gi)i=0)-generic and
invariantly (v, C(UDy,.(X)), (Gt)i>0)-generic. Then for any f € C(UDy. (X)) we
have

f(gP)dmea(g) = v(f).

e mG(Gt) G,

Hence p and v agree as functionals on C(UD,,.(X)) and thus they are equal as
measures by the Riesz-Markov-Kakutani theorem. O

Note that there is a bijection between ergodic probability measures on N .(X)
and ergodic probability measures on UD,.(X), given by sending an ergodic
1 € Prob®(UDy, (X)) to d.p.

Definition 2.4.10. Let P € UD,,.(X) be generically measured. We define the ergodic
2r-uniformly discrete point process A¥' associated to P by

AP (UDgy(X), Pp) = N3 (X), Q0o =Y 0,
z€EQ

Theorem 2.4.11 (Structure of ergodic uniformly discrete point processes). Assume that
there is a sequence (Gy)i=o of subsets of G such that the invariant pointwise ergodic the-
orem holds for ((G¢)i=0, C(UD9.(X))). Then for every 2r-uniformly discrete G-ergodic
point process A : (Q,P) — N5.(X) there is a generically measured P € UDs,.(X) wrt.
(Gy)t=0 such that the distributions of AT and A are equal.

Proof. Apply the invariant pointwise ergodic theorem to the ergodic measure supp, (A, P)
on UDy,(X) to obtain a generically measured P € UD,,.(X). By (ii) in Proposition 2.4.9
we then have Pp = supp, AP and thus A, Pp = A, P. O
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Remark 2.4.12. If G is a compact group, every set is generically measured. If
P € UDg,.(X), then the orbit GP is compact, as the image of the compact set G
under a continuous map. Hence i: G/Stabg(P) — GP, gStabg(P) — gP is a bijective
continuous map between two compact Hausdorff spaces and thus a homoemorphism.
Thus any G-invariant Borel measure on GP is a multiple of p, = i.mg/stabs(p) by the
uniqueness properties of mq /sian(p) and thus ergodic by the transitivity of the G-action
on G P. Moreover, if there is some 7' > 0 with G; = G for all t > T', then

lim
t—o0 maqg (Gt) G

f(ghP)dma(g) = /G floP)ime(s) = | F(Qdur(@)

for all f € C(UDy,(X)) by the unimodularity of G and the Weil disintegration theorem.
Moreover, if p is any ergodic measure on UDs,.(X), then pu is supported on a G-orbit
by [102, Proposition 2.1.10 and Proposition 2.1.12] and thus of the form Aup for some
P € UDy,(X) and A > 0.

2.4.3. The case of amenable groups

All amenable examples we consider in this thesis satisfy the assumptions of the following
theorem.

Theorem 2.4.13. Assume that there is are d € N and b > 0 such that mx (B(e,t)) = bt?
for all t > 0 and set Gy == 71 (B(zo,t)). Then the invariant ergodic theorem holds for

((Go)i>0, C(UD2,(X))).

Proof. Note that mg(G;) = mx(B(zo,t)) and that G;'G; C Go. Further there is
a C' > 0 such that mg(Ge) = Cme(Gy) and llmtﬁw% = 1 for any s > 0.

Additionally, for ¢ > 0 we have that G,/ is a unit nelghborhood with G./2Gy C Giye.
Hence the sequence (G)~o satisfies (QU1). Moreover, if § > 0, we choose ¢ such that
(14+¢)?<1+46. Then, if t > 1,

ma(Grye) = bt + ) < btA(1 + 2)? < (1 + 6)me(Gy)

and thus (QU2) holds and (G})¢=o is quasi-uniform. Now Calderon’s pointwise ergodic
theorem for families of symmetric unit neighborhoods with volume doubling, cf. [31],
together with Proposition 2.4.5 imply our claim. O]

Example 2.4.14. In the following cases the assumptions of the previous theorem apply:
e G=R" K ={0} and X = R" with the Euclidean distance.
e In the case G = R"xS0(n), K = SO(n) and X = R” with the Euclidean distance.

e In the case of the Heisenberg motion group G = ‘H,,xU(n), K = U(n) and X = H,
(the Heisenberg group) with the Cygan-Koranyi metric.

More generally these assumptions apply to homogeneous Lie groups equipped with ho-
mogeneous metrics.

43



2.4.4. The case of Riemannian symmetric spaces

In the case of symmetric spaces of noncompact type a special case of an ergodic theorem
by Gorodnik and Nevo together with Proposition 2.4.5 provides a invariant pointwise
ergodic theorem.

Theorem 2.4.15 (Gorodnik-Nevo, [56]). Let G be a semisimple Lie group with finite
center and no compact factors. Let K be a mazximal compact subgroup and let B(xg,t)
denote the balls in the symmetric space G/K (equipped with the Cartan-Killing metric).
Let (2, p) be a standard Borel space with a pmp ergodic action of G. Then, for Gy =
Y (B(xo,t)) and f € LP(Q, p) with 1 < p < oo, there is a G-invariant set Qy C Q of
full measure such that

i — [ (g™ )imale) = [ s

t—o0 mG<Gt) G
for every x € Q. Moreover the sequence (Gy)i>o is quasi-uniform.

We should also mention that this special case of Gorodnik and Nevo’s results for Cartan-
Killing balls was previously obtained by Margulis, Nevo and Stein in [78|.

2.4.5. Function spaces

Definition 2.4.16. We call a function f: UD,.(X) — R invariantly Riemann-
integrable, if there are sequences (f.7),>1 and (f, ),>1 in C(UD,,(X)) such that

fo <finn <fF< [ <f7 forallnmeN

and for any G-invariant Borel probability measure g on UD,.(X) we have
lim, o0 fy (P) = lim, oo f;7(P) = f(P) for p-almost every P € UDy,(X). Denote
the set of all invariantly Riemann-integrable functions on UDg,.(X) by R(UDy,.(X)).
We say that A C UDs.(X) is invariantly Jordan-measurable, if x4 is invariantly
Riemann-integrable.

Proposition 2.4.17. Assume that the invariant pointwise ergodic theorem holds for
((Gt)=0,C(UD9,.(X))). Then the invariant pointwise ergodic theorem also holds for the
tuple ((Gt)=0, R(UDo,(X))).

Proof. Let p be a G-ergodic Borel probability measure on UDs,.(X). Let
f € R(UD.(X)) and choose sequences (f.),>1, (f, )a>1 as in Definition 2.4.16.
For every € > 0 there is (by monotone convergence) a N € N such that

[r-sianse wa [gr-gan<e
for all n > N. Choose T' > 0 such that

1
‘m . ff(gP)de(g)_/ﬁdu‘ <e
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for t > T. Then

[ ran-2z< e [ raPiameto) < s [ saPameto
< mGEGt) . [ (gP)dma(g) < /fdu+2€
and thus for any € > 0 there is a 7" > 0 such that
1
‘mG(Gt) . f(gP)dme(g) — /fdu‘ < 2e
for any t > T. O

The following proposition will ensure that an important function that appears in the
stochastic definition of packing density is invariantly Riemann-integrable. This allows
for our reformulation of Bowen and Radin’s density framework in terms of generically
measured sets.

Proposition 2.4.18. Assume that mx(B(z,7) \ B(x,7)) =0 for allr > 0 and z € X.
For every x € X the set

UDy, (X)), = {P € UDy,(X) | dist(P,z) < r}

is invariantly Jordan-measurable and in particular p(0UDs.(X),) = 0 for any G-
invariant Borel probability measure on UDa,(X).

Proof. Let i be a G-invariant Borel probability measure on UDs,.(X) and consider the
set W = {(z, P) € X x UDg,.(X) | dist(P,z) = r}. Then the horizontal slices

WP = {z € X | dist(P,z) =r} = | | Blx,r)\ B(x,r)

yeP

are m y-nullsets. Thus, by Fubini’s theorem for o-finite measures, we have my @ u(W) =
0 and thus, again by Fubini’s theorem, for m y-almost every = € X the vertical slice

W? :={P € UDy,(X) | dist(P,z) = r}

satisfies u(W*) = 0. But gW?* = W9 % and as G acts transitively on X and g is
G-invariant, we see that u(W?) = 0 for every z € X. We note that, by the definition of
the Chabauty-Fell topology, the set UDs,.(X), is open and the set

Ve ={P € UDy,(X) | dist(P,z) < r}

is closed. As V, is closed, xv, is upper semicontinuous. As UD,,(X), is open, xup,, (x).
is lower semicontinuous. By Baire’s theorem on semicontinuity there are continuous
functions (f, )n>1 and (f;)n>1 on UDs,(X) such that f, < f; and £, < f,} for all
n € Nand lim, . f,, = Xup,,(x), (pointwise) and lim,_. f,” = xv, (pointwise). Hence
the claim follows, as W* =V, \ UDg,(X), is a p-nullset. O
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2.5. The Palm measure

Associated to each G-invariant point process is a technical gadget, called the Palm mea-
sure, which encodes behavior of the point process around a fixed point. Palm measures
for point processes in homogeneous spaces were first developed by Rother and Zéhle in
[88]. We will use a variant of the Palm measure for point processes in homogeneous
spaces due to Last, [75].

The Palm measure and the refined Campbell theorem

For x € X choose ¢, € G with g,z = z (e.g. g, = o(z), with o a Borel section of 7).
We define

k: X xB(G) =R, k(r,B)=mg(g,'BNK)=mg(c(z) 'BNK).

Then k is a transition kernel. Its definition is independent of our choice of g, (see [75]).
We will write
kz(B) = k(z, B).

/ £(g)dra(g / F (o)) dmic (k) = /K F(goke)dmic (k)

for all measurable f > 0.

Then

Theorem 2.5.1 (Last, [75]). Let A be a locally square integrable G-invariant point
process and let w : X — [0,00) be measurable with mx(w) = 1. Then the formula

// /X“’ w)w(x)dr,(g)dA (x)dP(w)

for A C Q measurable defines a (finite) measure Py on €.

We should point out that Last’s result does not require local square integrability (in
fact Last works in a general context where P is not necessarily a finite measure and Py
is then also not necessarily finite). As we will only consider locally square integrable
processes later, there is no harm in assuming it for all statements in this section and
simplifying our assumptions overall.

Definition 2.5.2. The measure P, is called the Palm measure of A.
Furthermore, Last observed the following:

Lemma 2.5.3. The measure Py is concentrated on the measurable set T = {w € Q|
Au({xo}) = 1} in the sense that Py(Q\ T) = 0. We call T the canonical Q-transversal
for A.

By abuse of notation we denote the measure Py |7 again by P,. Note that g7'w € T if
and only if ¢ = g,k with A,(z) =1 and k € K.
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Definition 2.5.4. Let A : (Q,P) — N*(X) be a locally square integrable G-invariant
point process and let F': 7 x G — R, be measurable. The Palm periodization of F is

defined as
_ / / F(g'w, g)dr(g)dAy(x)
X JG

forwe Q. If F:Q x G — R, is measurable, we define T'F' as the Palm periodization
of FlT

Now the following variant of the refined Campbell theorem holds.

Theorem 2.5.5 (Last, [75]). Let A : (,P) — N*(X) be a locally square integrable
G-invariant point process in X. Then Py satisfies

/Q / / 9)dme(g)dPA ()

for all measurable F': T x G — Ry. Moreover Py(€2) = i(A).

The significance of the Palm measure for this thesis is given by the following proposition,
which will allow us to prove a sampling result for the autocorrelation measure.

Proposition 2.5.6. Let A be a locally square integrable G-invariant point process in X
and let f € L (G) be bi-K-invariant with f > 0. Then

M (f) = Pa(A(f 0 0)).
Proof. We set

F:QxG Ry, (0g) 0 /X £(0()b(m(g))Au(dy).

Then
17@) = | [ Pl v g)dn(o)idu
= || [ semr@nin, utan @ir
= [ ] Hetaprlo@h) e (k)b o)
= [ [ o) ) pein. e k) dn. o)
-/ / Xf )b A (y)dmi (R)dA. (@)
= [ ] fote) otupsaan. s o)
Whence

7t (f) = E[TF] = /G / Fw,g)dPA(w)dme(g)
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/ / F(0())b(r(9))dA(dy)Pa(w)dme(g)

/ f(o (y)dPA ()
=PA(A(f 0 0)). O

A sampling theorem for Palm measures

Given two subsets A, B C GG we write

Ag = ﬂ gA and A} = U gA.

geB geB

Definition 2.5.7. We say that the family (G);~o of symmetric, measurable and bi-K-
invariant subsets of G is a very convenient sequence if there is a decreasing sequence
(Un)n>1 of symmetric open pre-compact identity neighborhoods in G and sequences
(0n)n>1, (En)n>1 and (t,)n>1 of positive real numbers such that 6, e, — 0 and

Gt_gn g (Gt) (Gt) C Gt+6 for all ¢ Z tn

and

G G
1—5n§1iminfmc( o) and limsupM§1+5n

l—o0 mG<Gt) t—o0 mG(Gt)

for all n.

Example 2.5.8. The sequence (G)s~o defined by Gy = 71 (B(z0, 1)) is very convenient
if (G, K,dy) is given by one of the following triples.
(i) G =R" and K = {0} with the ordinary Euclidean metric.

(i) G =H, xU(n) and K = U(n) with the Cygan-Koranyi metric.
)

GG a semisimple Lie group with finite center and no compact factors, K a maximal
compact subgroup and dx the Cartan-Killing distance (this follows from the work
of Gorodnik and Nevo, see Chapter 7, in particular Proposition 7.2, and Theorem
3.18 in [56]).

(i

(iv) (G, K) a Riemannian symmetric pair of compact type and dx the Cartan-Killing
distance, as G; = G for large t.

(v) (G, K) a finite Gelfand pair with any distance satisfying our basic assumptions, as
G = G for large t (and we can choose U,, = {e}).

In the first two cases this can be proven by direct calculation.

The following theorem is a generalization of a sampling result by Bjorklund, Hartnick
and Karasik in [18] for Palm measures of uniformly discrete stationary point processes
in groups.

Theorem 2.5.9. Assume that (Gy)i~o is a very convenient sequence and that the invari-
ant pointwise ergodic theorem holds for ((Gy)i=o, C(UDs,.(X))). Let A : (2,P) — N5.(X)
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be an 2r-uniformly discrete, ergodic, G-invariant point process. Then there is a G-
imvariant conull set Qg C Q such that

: 1 1A Y
tllglo mG(Gt> xeSupp(AZw)ﬂﬁ(Gt) f(o-(x) AW) - PA(f(A))

for every w € Qqy and every f € C(N5.(X)), which is invariant under the action of
K on N3.(X). Moreover, we can choose €y such that for every w € Qg the set P, =
supp(Ay) € UDy,(X) is generically measured for A (wrt. (Gy)i=o).

Lemma 2.5.10. Let A be a locally square integrable G-invariant point process in X . Let
F:Q x G — Ry be measurable and h € G. Then

TF(hw) =TFy(w)

where Fj(w,g) = F(w, hg)
Proof. For h € G and = € X choose ky,, € K with o(hz) = ho(z)kp, . We have

F(hw) / / “Lhw, g)dky (9) A (dz)

F(g~ " hw, g)dkne(9) A (d)

F((o(hx)k) hw, o(hx)k)dmg (k) A, (dz)

F((ho(x)kn.k) " hw, ho(z)k, nk)dmg (k) A, (dz)

Il

F((ho(z)k) hw, ho(z)k)dmg (k) A, (dx)

F((hg)~"hw, hg)dr,(g)A,(dz)

_ /X /G Fg™w, hg)dro(g)Au(dz) = TFy(w),

where we used the G-invariance of A in the second equality and the definition of k in
the third and fifth equality. O

Lemma 2.5.11. Let f € C(N5.(X)) be non-negative and invariant under the action
of K on N3.(X) and let p : G — R be continuous with compact support U such that
7(U) C B(xg,2r) and mg(p) = 1. Then

o N = R s [ [ o) ) () ta)

1S continuous.
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Proof. Consider the map

02 X X NG (X) = R (o) = [ plank) £ 0 () = [ o)™ ) (1)

and note that it is independent from our choice of g, by the K-invariance of f. By
a result of Gleason, [54], on local sections of actions of compact groups (applied to
the action of K on (), for each z € X there is a open neighborhood U, of x and a
continuous local section o, : U, — G of m. Thus we can write g locally as an integral of
the continuous function

9z Up x K x N5.(X) = Ry, (y,k, 1) = plos()k) f(oz(y) " 1)

over the second variable over a compact set. Additionally, for all (y,k, u) € X x K X

o (X)), 192 (y, ks )] < |lpllocll flloo is an mg-integrable dominating function which does
not depend on k. Thus g is continuous and satisfies |g(z, u)| < || flleo [ p(R)dE(h), L.e. is
bounded by a compactly supported function independent from p and is thus compactly
supported. Let us now consider the map

G NL(X) x NG (X) = Ry, (1, 0) /X g(, w)do(x)

and let (1,,)n>1 be a convergent sequence in N5 (X) with limit u € N5.(X).
Then

/Xg(x,un)dun(:v)—/Xg(x,u)du(:v)
/X 9(@, pn)dpn () — /X 9(@, p)dpn ()
/Xg(fv,u)dun(x)—/ 9(@, p)dp(z)).

X

<

+

The second summand now goes to zero for n — oo by the definition of weak-x con-
vergence. For the first summand we observe that ¢ is compactly supported and thus
uniformly continuous wrt. to the product metric dy ® d on X x NZ.(X), where we fix
some compact metric d on N3.(X) inducing the topology, for instance the Prohorov
metric. Hence for any ¢ > 0 there is a § > 0 such that dy ® d((z,p), (y,v)) =

\/dX LL’ y 2 + J(
that d(pn, 1) <
and thus |g(z, p,

m(supp(p)) x N

< ¢ implies |g(x,u) — g(y,v)] < e. Choose N € N such

V)2
§ for all n > N. Then d ® d((x, i), (x,p)) < 0 for all n > N
) — g(x,p)] < e for all n > N. More precisely, g is supported in
“(X). Thus, if R > 0 is such that m(supp(p)) C B(zo, R),

/Xg(w?un) = g(@, p)dpn ()| < pn(m(supp(p)))e < mxriiig)(’j,t)ir))e

by Proposition 2.3.6. Thus the second summand converges to zero and we see that the
map f, : N5 (X) = R, pu— f,(n) = G(u, p) is continuous. O
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Proof of Theorem 2.5.9. For w € Q we set f(w) = f(A,,). We set

o) =Tloe Py = 00 = [ [ ol £ Ay, () o).
By Theorem 2.5.5 we have
P(f,) = P( / / (@)dmea(R)dPA(w) = PA(f).
Using Lemma 2.5.10 we obtain
(gw) / / (hg) f(h~'w)dr, () Ao (dz), for all g € G,
and thus, for every Borel set B C G,
[ Btgorameto) = [ [ [ (o) Ft)dn, (A doydmats)
= | [ [ ot taiptarmeta) For )i, (Ao
= [ [ [ o tptadimata) )i, ma (o),

Suppose V' is a symmetric unit neighborhood of G, supp(p) C V and that B is a
precompact symmetric bi- K-invariant Borel set. Then, as p is non-negative,

14

X, (h) < / Xgp-1(h)p(g)dma(g) < X gy (h),

where
By=(19B'=()9B=(g"
gev gev gev
and
By =g =Jy9B=1J9g"
gev gev gev

Note that both of these sets are right- K-invariant by the bi- K-invariance of B. Hence

/ / Xy i@ < [ [ [ gm (pta)ameto) - w)ar. r)an )
/ / [ o ptaydma () Fo )i, hida@) < [ [ v F0 )r, ()aA (o).

In the following we write P, = supp(A,,) and note that

v €m(BE) <= g, € B
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by the right- K-invariance of the sets B‘j/[. Now

X JG

=3 Flgrtw) / oy (gah () = 3 Fla:') [ i an)dmac(h
= Y. [l = ) fle A
zeP,Nm(By,) x€P,Nm(By,)

Here we have used the right- K-invariance of y By in the fifth and in the second to last
equality and the left- K-invariance of f in the fourth equality. Similarly

| [xssmioroimitg = ¥ fal = X @)
z€P,Nr(B5r) z€P,N7(By)
Thus

Z 0= [ [ [ om ptahamato)fr el (i)

z€P,Nm(By,

/ / / Xop-1 (W)p(g)dme(9) f(h™'w)drko (WA (x) < Y flo'AL),

1.e.

> )< [ faima < X flate)

r€P,NT(By,) zePwﬂﬂ(B;;)

As (Gy)iso is a very convenient sequence there exist sequences (6y,)n>1, (tn)n>1 of posi-
tive real numbers and neighborhoods (V},),>; as in the definition of a very convenient
sequence. These satisfy 6, — 0 and

Gt—5n C (Gt) (Gt)\/ C Gt—l—éna for all t > tn

Let (pn)n>1 be a sequence of non-negative compactly supported continuous functions
such that supp(p,) C V,, and mg(p,) = 1 for all n. Then, by the calculation above,
setting B = Gy, p = p, and noting that G; is symmetric and bi- K-invariant, we see that

S g < /G Fulgh)dma(g) < S flor'A)

z€P,Nm(Gy—s,,) t 2€P,NT(Gits,,)
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for all w € Q and t > ¢,,. Define

Z flgz'Ay)

z€P,Nm(Gy)

’l/}+ ((.U) = hItIi)Sogp mG<Gt)

and

1
_(w) =liminf ———— 1A,
) =it s 3 Sl

z€P,Nm(Gy

for w € 2. As f,, is continuous by Lemma 2.5.11, we can use the invariant pointwise
ergodic theorem /Proposition 2.4.8 to obtain a G-invariant set €y of full measure such
that supp(A,) is an invariantly (supp,A.P, (Gt)i=0, C(UDa,.(X)))-generic point for every
w € Qy and

im —— [ £, (gA)dma(g) = (S, (A)) = P(f) = Ba(F) = Pa(F(A)).

t—o0 mg (Gt) G,

for every w € 0y and every n € N. We set

'QD (w) — lirnt—>c>o m fG’t fpn (gw)de(g)a w e Q0
" 0, otherwise

By the definition of a very convenient sequence there is a sequence (e,),>1 of positive
real numbers with ¢, — 0 and

. oma(Giss,) : me(Gits,)
1—¢, <liminf ———>* and limsup——> <1+¢,.
oo mal(Gy) e’ ma(Gy)
Hence we see that
1
Yp(w) < liminf ——— Z flg'AL)

t—o0 mG( t) zEP,NT(Gits,,)

.. mG(Gt+6 )
=1 f - E
B ma(Grys, )me(Gy) fla

xGPWﬂW(Gt+5n)
G 1
<lmsup PG e LS gy
t—o00 mG(Gt) t—0o0 mG(Gt+5n) eP,Nm(G
x€PuN(Gits,,)

< (L4 en)i-(w)
as all terms are positive and similarly
(1= en)ty (W) < (W)
for all w € Q. As ¥, (w) =P(f,,(A)) =Pa(f(A)) for all w € Q and &, = 0 as n — oo,
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we conclude that

m ——— S f(gAL) = Pa(f(A))

=00 m(Gy) zeP,Nm(Gy)

for all w € Q. O

2.6. The energy of a point process

In this section we define the energy of point sets and of uniformly discrete G-invariant
point processes. We further prove a sampling result which shows that these notions
are closely related. The energy of point sets was first introduced for arbitrary potential
functions by Cohn and Kumar in [37], and generalizes notions of energy for more specific
potential functions by Andreev in [2, 3] and Yudin in [101]. Cohn and Kumar prove linear
programming bounds on the energy of periodic point sets, which were extended Cohn
and Courcy-Ireland in [34] to more general point sets. In [39] Cohn, Kumar, Miller,
Radchenko and Viazovska use these linear programming bounds to prove that the ES8
lattice is energy minimizing for a large class of potentials, using methods developed by
Viazovska in [96] to prove that the E8 sphere packing is optimally dense. We will develop
analogues for the linear programming bounds on energy in Chapter 4.

Definition 2.6.1. Let P C X be uniformly discrete and let p : [0,00) — [0, 00).
(i) The lower p-energy of P is defined as

E,(P) = hmlnf ! Z Z (dx(z,y))

o R0 #(P n B(ZL’(), R)) z€PNB(zo,R) x#YyeP

(ii) The upper p-energy of P is defined as

S

1
(P) = sy e B ), 2 2 Plx( )

r€PNB(zo,R) x#ycP
(iii) If E,(P) = E,(P) we define the p-energy of P by

E,(P) = Ey(P) = E,(P).

We will sometimes call p a potential function.

Definition 2.6.2. Let p : [0,00) — [0,00) be measurable and set dy(g) = dx(gzo, zo)
for g € G.

(i) Let » > 0. For a 2r-uniformly discrete G-stationary point process A in X with
i(A) # 0 we define the p-energy of A as

LTzX(p odp) — p(0).

E,(A) = i)
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(ii) For 6 > 0 let PP(J) denote the set of uniformly discrete G-stationary point pro-
cesses in X with intensity 6. We define the minimal stochastic (p,d)-energy as

Evomn(p,8) = i {E,(A) | A € PP(5)}.

Definition 2.6.3. The volume growth function vx : [0,00) — [0,00) of X is defined by
vx(R) = mx(B(xo, R)).

Theorem 2.6.4 (Energy sampling). Assume that Gy = 7~ 1(B(zo,t)) defines a very
convenient sequence and that the invariant pointwise ergodic theorem holds for the tuple
((Gt)t=0,C(UDgn(X))). Let A : (Q,P) — N5.(X) be a 2r-uniformly discrete ergodic
G-invariant point process. Let p : [0,00) — [0,00) be continuous and monotonically
decreasing on (0,00) such that

Z p(n)vx(2n) < oo

neN

Write P, = supp(Ay). Then there is a G-invariant conull set Qg C Q such that

Ey(A) = Ep(F.)

for every w € Qg and for every w € Qq the set P, is generically measured for A wrt.
(Gt)i>o-

Proof. We first note that

i(A) =Px(1) = lim 1 3 1(o(z)"'A,) = lim #(P N B(xo, 1))

t=o00 ma(Gt) tooo mx(B(zo,1))

reEP,NMx (B(mo,t))

where we note that 1 : N5.(X) = R, g — 1 is continuous.
Choose a sequence (gn)n>1 in Ce(G, K) such that gn|=—1(B@en) = 1, gn(g) = 0 for

ge G\ 7Y (B(zg,n+1)) and 0 < g, < 1. Let u € N5.(X) and choose P € UD,,.(X)
with o =3 . pd,. Then, for n > r,

(gnpodo) — p(podo)l < DY (1= gu())podo(z)|

z€PN(X\B(zo,n))

<Y poda)

[>n ye PNB(zo,l+1)\B(zo,l)

<> p(l+D#(P N B(x,1+1))

>n
UX(Z +1+47)
< p(l+1)————=
; mX(B(x(]?r))
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Note that this bound does not depend on pu € N5.(X). By the definition of the weak-
* topology on N (X) this implies that the map ¥ : N5 (X) = R, pu — pu(p o do)
is continuous as the uniform limit of the continuous maps ¥, : N5.(X) = R, p —
1(gnp o dy). Then, by monotone convergence and Proposition 2.5.6,

Ey(8) = g (0o do) = p(0) = lim oo (g @ o) = p(0)

— lim ——P(A(gup o do)) — p(0)

w55 i(A)
_ ﬁmwp o dy)) — p(0)
1
= P EW) ~ PO

and we can apply the second part of Theorem 2.5.9. Thus, setting P,, := supp(A,,), we
obtain

PA(T(A)) = lim 1(; > Uo(z)'AL)

z€P,NB(zo,t)

) 1
= tlirg m Z Z p(dX(yer))

x€P,NB(x0,t) yeo(z)~1 P,

_ 1
= lim s > > pldx(yx)

x€P,NB(x0,t) YEPw

1
= li - @@ @ d
By 2 2 Mixe

x€P,NB(xo,t) t#YEPy

—I—lim; Z p(0)

t—oo mg (B (g, t))

€PN (Gy)
. #(P N B(xo, 1)) |, !
= lim lim Pt
t—oo mx(B(xo,1)) t=o0 #(P N B(wo,t)) xerZB(xo t) 2’75?42613“
1
+ lim ———————— p(0)
t=oe mx (B(zo,1)) ggePwﬂZB(woi)

= i(A)Ey(P,) +i(A)p(0)
for almost every w € ) and in particular for any w such that P, is generically measured
for A. O
2.7. Spectral theory of point processes
By Proposition 2.3.13 the measures 1, and 1) as well as the distributions Ty and Ty (if G

is a Lie group) are positive-definite. Thus they have Plancherel transforms by Theorem
1.3.2 resp. Theorem 1.3.6. This enables us to make the following definition, a precursor
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of which (involving the measure 77; on K\G/K) can be found in [20]. Issues with
the Plancherel transform of measures on K'\G/K and the respective Bochner-Schwartz
theorem, see [90] and the references in [86], make the following definition better suited
for our purposes.

Definition 2.7.1. Let A be a locally L? stationary point process in X. Then the
Plancherel transform 7} of ny is called the diffraction measure of A.

Remark 2.7.2. In the context of point process theory in R" the Plancherel transform
of np is known as the spectral measure of A. Decay behavior of the spectral measure
around the trivial character (i.e. 0 € R") has been related to the notions of number
rigidity and hyperuniformity, see [74| and [17] and the references therein. See [14] and
[15] for related work in hyperbolic space.

If G is a Lie group, then it does not matter if we define the diffraction in terms of the
autocorrelation measure or via the autocorrelation distribution:

Proposition 2.7.3. If G is a Lie group and A is a locally L? stationary point process
m X, then R R

ni=T¢ and 7\ =T,.
Proof. This follows directly from Corollary 1.3.7. [

Lemma 2.7.4. If A is a locally L? stationary point process in X, we have
Ny = Ma +i(A)%1,
where 1 : G — C, g+ 1 denotes the trivial character of G.

Proof. We have 1 = nx +1i(A)*m¢. The uniqueness of the Plancherel-Godement trans-
form in Theorem 1.3.2 implies that mg = 47, as

H=ra /f “Hdma(g) = ma(f)

for all f € C.(G, K)?. The uniqueness in Theorem 1.3.2 then implies the claim. O

Remark 2.7.5. A very detailed exposition of the spectral theory of point processes on
Gelfand pairs can be found in the article [15] by Bjorklund and Byléhn, dealing with
questions of hyperuniformity and number variance, as well as conditions for existence
and uniqueness of the spectral measure/diffraction measure. We have used the positive
definite lift n{ of 7{ from K\G/K to G to define the spectral measure of A, following
Bjorklund and Byléhn’s approach in [14].

In [15] they show that one can define the spectral measure without lifting the measure to
a measure on G by considering the functional induced by 77} on a large enough function
space of bi-K-invariant functions on . For this they refine the Godement-Plancherel
theorem to [15, Theorem 3.2].

We should also mention the following result by Bjérklund and Byléhn, which refines
the statement of Lemma 2.7.4 and gives a generalization of a well-known fact in the
Euclidean setting. See [17, Proposition 2.5] for the same statement in the setting of
LCA groups.
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Proposition 2.7.6 (Bjorklund-Byléhn, |15, Proposition 3.6]). If A is a locally L* sta-
tionary point process in X, then we have ni ({1}) = i(A)?.

Remark 2.7.7. We should point out that there are other ways to construct the K-
spherical lift of 77} to G. One can for example consider the functional C,.(G) — C, f —
74 (f), where we note that we can evaluate f% on elements of K\G/K. Another way of
constructing the lift of 77{ can be obtained as follows: In [75] Last constructs the Palm
measure of A by lifting the invariant point process A to an invariant random measure

A on G, defined by
A = / KedA(T).
X

Last then defines the Palm measure of A as the Palm measure of A’. Now one can define
the autocorrelation measure of A, see for instance [21, Corollary 4.11]. Taking the
K-periodization of this autocorrelation measure, one again obtains a positive-definite
K-spherical measure on G, which satisfies the equations in Proposition 2.3.8.
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3. Sphere packings in homogeneous
spaces

In this chapter, we will describe Bowen and Radin’s approach to sphere packings in
hyperbolic space, reformulated in the language of point processes and for more general
homogeneous spaces.

3.1. The classical notion of packing density

Definition 3.1.1. Let » > 0. An r-sphere packing in a metric space (Y,dy) is a set P
of disjoint open balls of radius r. The set of all r-sphere packings in Y will be denoted
by Pack(Y,r). If P € Pack(Y,r) we define supp(P) = |J P.

In this thesis we will be mainly interested in sphere packings in the homogeneous space
X. Note that for any P € UDy,(X) the set P" = {B(x,r) | x € X} € Pack(X,r) is an
r-sphere packing.
Definition 3.1.2. Let P be a r-sphere packing in (X, dx).

(i) The upper lower density of P at x € X is defined as

cpy o mx(ULB € P| B C B R))
D>(P, )._lR_wop s (B R))

(ii) The lower density of P at v € X is defined as

oo mx(B(z, R) Nsupp(P))
D(P) = lin inf =" )

(iii) The upper density of P at x € X is defined as

— — Timsap X (B, B) N supp(P))
D(P z) =1 R_mp mx (B R)

(iv) If D(P,z) = D(P, x), we say that P has well-defined density at x and write D(P, x)
instead of D(P,z) or D(P, ).

(v) If P has well-defined density at every z € X and the function z — D(P,z) is
constant, we say that P has well-defined density and write D(P) := D(P, x).

Groemer investigated the fundamental properties of this notion of density in [59, 60, 61].
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Theorem 3.1.3 (Groemer). If z € X and r > 0, then there is an r-sphere packings PT
whose upper lower density at x 1s

DE(PT,z)= sup DF(P ).

PePack(X,r)
Theorem 3.1.4 (Groemer). If

P mx (B R)

for every & > 0, then
(i) D*(P,x) = D(P,z) for every x € X,

(ii) the map X — [0,1], o — D(P,z) is constant,

(111) for any packing P which has well-defined density at some x € X, P has well-
defined density at every x and the map X — [0,1],  +— D(P,x) is constant, i.e.
P has well-defined density.

Definition 3.1.5. We define

AR",r):=sup sup D(Pz).
z€R™ PePack(R"”,r)

Theorem 3.1.6 (Groemer). There is an r-sphere packing P> of R™ with well-defined
density such that
D(P%) = AR", 7).

Moreover, P® can be chosen such that the functions

mx (B(z, R) Nsupp(P*))

fR: X =R, z— mx (B )

converge uniformly to the constant function
[ X —=>R, x— AR 7).

Remark 3.1.7. Note that » — A(R",r) is a constant function. We will later de-
fine quantities Ayob(X, ) and Aggr(X, 1), extending the definition of A(R",r) to other
spaces X, where this is no longer the case.

Definition 3.1.8. We say that P € Pack(X,r) is weakly-periodic, if there is a lattice
I' < G and 24,...,2, € X such that P = {B(yx;) | y € I'yi € {1,...,n}}. If'is
cocompact, we say that P is periodic.

Let P be a periodic r-sphere packing in R” with I' := Stabg~ (P). Then there are finitely
many points 1, ...z, € R" such that P = {B(y + x;,r) | i € {1,...,k},v € T} and all
of the orbits I' + z; are pairwise disjoint. Moreover P has density

D(P) = kan(|1€3|(0,r))'
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(a) Packing drawn with z; in the center (b) Packing drawn with x5 in the center

Figure 3.1.: Construction of a packing without well-defined density. The shaded region in (a)
equals the shaded area in (b) and contains all of the balls in the packing.

We will later see a generalization of this formula, see Proposition 3.4.4. Now the following
folklore result holds, see for instance [36, Appendix A].

Theorem 3.1.9. We have

A(R"™,r) =sup{D(P) | P € Pack(R",r) periodic }.

Pathological examples in H?

While the notion of packing density is reasonably well-behaved in Euclidean space, issues
appear in hyperbolic space. We will give several examples which illustrate that there
is a fundamental dependence of D(P,x) on the point x. In spaces with polynomial
volume growth this phenomenon does not appear by Theorem 3.1.4. As the volume of
hyperbolic balls grows asymptotically exponential in the radius, this theorem does not
apply to hyperbolic n-space. This issue was first noted by Boroczky in [25], where he
gave several examples of packings for which the notion of density is problematic.

The following example is a modification of an example by Bowen and Radin in [29],
where they observed that for a half-space H C H? the limit

lim su mHQ(H N B(Q?, R))
ol e (B(w, R))

depends on the point x. It shows that an analogue of Theorem 3.1.4 does not hold in
hyperbolic space.

Example 3.1.10 (Half-planes in angular sectors). Let I' < Iso(H?) be a cocompact
lattice and y € H2. Then there is some r > 0 such that P = {B(yy,r) | v € T} is an
r-sphere packing of H2. We will see in Proposition 3.4.4 (in conjunction with Proposition
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3.3.1) that it has the well-defined density

1 my2 (B(zo,7))
D(P) = ET7
where |I'| denotes the covolume of I" and k = #(Stabr(y)). Choose points a,b on
the boundary of H? and let v be the geodesic in H? connecting them. Denote the
two connected components of H? \ 7(R) by H; and H,. Let Q be the sphere packing
constructed from P by removing all spheres fully contained in H;. As depicted in Figure
3.1 we can choose points z1, 75 € H? such that H; is contained in the cone given by
the geodesics 7,4,V from x; to a resp. b with interior angle 7/6. The shaded area in
Figures 3.1a and 3.1b is the half-space H, and the white area the half-space H;. Let
us denote the cone spanned by ~,; and v,; by S;. Suppose for the moment that I" was
chosen such that P is invariant under rotations of angle 7/6 around z; and xs. Then

D(Q.2) = limsup mH<S;§HP(< zxrlB()a;h R))
> hggp my: (su;;;;; : ()Bﬂ( fog),) )\ S) _ g DP)
and
D(Q.2) = limsup mH<S;§HP(< zxﬂ%a;h R))
o

Hence D(Q, ;) > D(Q, ) can not have a well-defined density. The only thing left to
see is that it is possible to choose I and the points x1, 22,y € H? such that P has the
rotational symmetries around x; and x5 required for this calculation.

Consider the triangle P with all interior angles 7/6 (such a triangle exists because
1/6+1/641/6 < 1, see [87, Theorem 3.5.1]). Place a polygon Q congruent to P on the
geodesic 7' connecting x; and x5 such that one corner is x; and another corner lies on
the geodesic. Let I' be the Fuchsian group generated by the reflections at the sides of
Q and choose y = x1. Then I' will have an infinite amount of points which it stabilizes,
namely all corners in the tiling 7 of H? by P containing Q. It is easy to see that the
geodesic v contains infinitely many corners and more specifically there is a d > 0 such
that if «(¢) is stabilized by T', then (¢t 4+ d) is stabilized by I'. As slightly moving
at most d/2 on 7' away from x; does not disturb the properties we required above, we
can assume that xs is a corner of 7 and that z; and z, satisfy all other properties the
density calculation above requires.

The example above shows that there are issues with the notion of density in hyperbolic
space, as we defined it. Bordczky gave another example which makes it clear that there
is also very little hope of defining a notion of density by using tilings associated to
packings by giving an example for a packing to which one can not even assign some sort
of density on an intuitive level.
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Figure 3.2.: Binary tiling in upper half plane with associated sphere packing and isometric
tiles.

Example 3.1.11 (Boroczky’s binary tiling). Consider the sphere packing and tiling
pictured in Figure 3.2. This tiling and the associated sphere packing were discovered by
Borocezky in [25]. More accessible expositions can be found in [29, 51]. The blue and
the green tile are isometric. But the relative amount of volume taken up by a sphere
in the blue tile is half of the relative volume taken up by a sphere in the green tile. It
is not intuitively clear what the packing density of this packing should be. Note that
the borders of the tiles consist of geodesics and horocycles. This tiling can be modified
such that the tiles are isometric convex pentagons and the same seemingly paradoxical
density behaviour occurs.

3.2. Random sphere packings and their density

Definition 3.2.1. A random invariant r-sphere packing in X is a 2r-uniformly discrete
G-stationary point process A. If the point process A is G-invariant, we call A a random
equivariant r-sphere packing in X. If A, = oy for every w € ), we say that A is trivial.
As in the deterministic case, we define A" .= {B(x,r) | € supp(A)}.

It might seem more natural to define random invariant r-sphere packings as actual G-
stationary random sphere packings, i.e. as random variables A : (©2,P) — Pack(X,r)
such that the distribution AP is G-invariant (where we equip Pack(X,r) with some
appropriate o-algebra). If B(xz,r) = B(y,r) implies z = y, then there is a unique
map c: {B(z,r) | « € X} — X such that ¢(B(z,r)) = z and ¢*: Pack(X,r) —
UDy,(X), P+ {c(B) | B € P} is a G-equivariant map. Then we obtain a random set
¢* o A with G-invariant distribution. As UD,,(X) is G-equivariantly homeomorphic to

(X)) we obtain a G-stationary point process in X encoding the centers of spheres in
A. For various reasons it is technically easier to directly work with this point process.
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Moreover some results about random invariant r-sphere packings also apply when balls
do not have unique centers, if we work with this definition. We do however need to
assume in this chapter that mx(B(x,r)) = mx(B(z,r)) for all z € X and r > 0 and
will do so from now on.

Definition 3.2.2 (Bowen-Radin, [28]|). The density of a random invariant r-sphere
packing A in X is defined as

DT(A) = IP)('IO S Supp(A,T))-
Note that this is well-defined by Proposition 2.2.3.

We keep track of r in the notation for the density, as any random invariant r-sphere
packing is also a random invariant s-sphere packing for 0 < s < r. We will actually
make use of this fact later on.

Lemma 3.2.3. Let A be a random invariant r-sphere packing in X. Then A is locally
bounded and for every x € X we have

D,(A) = B(z € supp(A, 7)) = E[A(B(z, )] = i(A)mx (B(a, 7).

Proof. The fact that A is locally L*> follows directly from Proposition 2.3.6. For x € X
and A, = ) cp 6, we have v € supp(A,r) <= Ty € B, : dx(y,z) <1 <=
A(B(z,r)) #0 <= A(B(z,r)) = 1. Thus

P(z € supp(A, 7)) = P(A(B(z, 7)) = 1) = E[A(B(z,7))] = i(A)mx (B(z, 7)),
as A(B(z,r)) € {0,1}. This implies the claim, as
P(x € supp(A, 1)) = i(A)mx(B(xo, 7)) = P(xq € supp(A,r)). O

Observe that for any random invariant r-sphere packing A : (2, P) — N.(X) there is a
random invariant r-sphere packing A" : (N5 (X), AJP) — N5.(X), p+— p, the canon-
ical measure model of A, with D,(A) = D,(A°™). Moreover if P is a G-invariant proba-
bility measure on N5, (X), there is a canonical point process Ap : (N5.(X),P) — N5.(X)
and it is clear that we obtain every canonical measure model of a point process from a
G-invariant probability measure on N5, (X). This motivates the following definition.

Definition 3.2.4. The probabilistic optimal r-sphere packing density of X is given by
Aprob(X, 1) = sup{D,(Ap) | P € Prob% (N5, (X))}
A random invariant r-sphere packing A in X is called optimally dense, if
D, (A) = Aprob(X, 7).

Theorem 3.2.5 (Bowen-Radin, [28, Theorem 1|). There is an invariant G-ergodic
probability measure P on N5.(X) such that D,(Ap) = Apron(X, 7).
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Proof. We have

6<UD2T (X):co) = {Z O

zeP

= {1 € Ny (X) | u(B(wo, 7)) = 1} .

Hence Ay, = {pn € N;.(X) | u(B(zo,7)) = 1} is open and for any P’ € Prob® (N, (X))
we have

P € UDy,.(X), dist(P, zg) < r}

DT(A]}D/) = ]P)/(A]}D/<B(ZE0,T)) = 1) = P/(Ax())-

Set B, = {>,cp s | P € UDs,(X), dist(P,zg) < r} and note that this set is closed by
the definition of the Chabauty-Fell topology. By the proof of Proposition 2.4.18 we have
that

P/<A:ro> = P/(on).

Choose a sequence (P,),>; in Prob®(Na,. (X)) with D,(Ap,) — Apon(X,7). As the
topological space Prob®(N,,.(X)) is compact (wrt. the weak-* topology), there is a
subsequence (PP, )x>1 with a limit P,. As B,, is closed, x B,, 1S upper semicontinuous.
Hence we can find a decreasing sequence (f;);>1 in C'(N5,.(X)) with lim; .. f; = x3,,
pointwise. Thus

Pr,(fj) = Pos(f;) as (k — o0)

by the definition of weak-* convergence and
IP)OO(fj) — POO(BZEO) = DT(APoo)
by dominated convergence. Since

P”k(fj) 2 PNk(Baco) = DT(APnk)

we have

Poo(fj) 2 limsup Py, (By,) = lim D,(Ap,, ) = Apon(X, 7).

k—o0 k—o0

Hence
DT<AIP’OO> > DT(AIP’nk) — Aprob()(a T)

and thus D, (Ap,.) = Apon(X, 7). By ergodic decomposition, cf. [95, Theorem 4.4.],

*

there is a probability measure y on the set Prob®(ANj,.(X)) of invariant G-ergodic Borel
probability measures on N5 (X) such that

Poc(Buo) = [ B(Ba)du(P)
Thus there must be an invariant G-ergodic Borel probability measure P with

Dr(AIPoo) - POO(Bzo) = ]P)<Bmo) - DT(AIP’)' u
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3.3. Optimal density in terms of generically measured
sets

It is also possible to obtain the optimal probabilistic packing density Apon(X) as a
supremum of ordinary packing densities of particularly nicely behaved packings.

Proposition 3.3.1. Assume that an invariant pointwise ergodic theorem holds for
((G¢)t=0,C(UDy,(X))), where Gy = 7 Y(B(xo,t)). Let P € UDy,.(X) be generically
measured wrt. (Gy)i=o. Then P" has well-defined density and

D(P") = D,(A").

Proof. Note that for any g € G the set gP is generically measured by definition. We
have

D, (A") = Pp(zq € supp(A”, r)) = Pp({Q € UDy,(X) | dist(zo,supp(Ag)) < 7})

—Pr({Q € UDa,(X) | dist(an, @) <) = [ xumacx, (Q)Pr(Q).

UDa2, (X)

But by Proposition 2.4.18 the function xup,,(x)
Thus, by Proposition 2.4.17, we have that

is invariantly Riemann-integrable.

0

. 1 |
/UDQT(X) XUDs, (X)a (Q)dPP(Q) = tlgglo ma(Gy) /Gt XUDs, (X), (B gP)dme(h).

Observe that h=tgP € UD,,(X),, if and only if dist(zg, h~'gP) < r if and only if
dist(hxg, gP) < r if and only if hxy € supp(gP”). Thus

1 . 1
/ XUDQT‘(X)IO (h_lgP)dm(;(h) = hm
Gy

ot ma(Gt) t—o0 mg(Gy) /Gt Xsupp(gPr) (hzo)dme(h)
1

= lim

Xsupp(gpr) (Z)dmx ()
t=00 me(Gy) /B(xo,t) pp(gP")

_ iy x (B(2o,t) N supp(gFT))
=00 mx (B(zo, 1))

iy Mx(Blg 20, 1) N supp(PT))
t=o0 mx (B(zo,1))

= D(P", g ).

As G acts transitively on X, the claim follows. m

Recall that UD3." (X, (G})¢>0) denotes the set of all P € UD,,.(X) which are generically
measured wrt. (Gy)i=o-

Definition 3.3.2. Set G; := 7~ !(B(xo,t)). The Bowen-Radin optimal r-sphere packing
density of X is defined as

Apr(X,r) = sup{D(P") | P € UD3"(X, (Gt)r=0)}-
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If P e UD"(X,(Gy)i>0) and D(P") = Apr(X, ), we call P" optimally dense.

Theorem 3.3.3. Assume that there is an invariant pointwise ergodic theorem for the
tuple ((m~1(B(z0,1)))i>0, X, C(UDy.(X))). Then

ABR(Xy ’l") = Aprob(X7 7”).

Proof. By Proposition 3.3.1, every generically measured P € UD,,(X) has a well-defined
density and there is a random invariant r-sphere packing A" with D,.(A”) = D(PT).
Hence Apr(X,7) < Apon(X, 7).

By Theorem 3.2.5 there is a random invariant r-sphere packing A with ergodic distribu-
tion such that D, (A) = Apop(X, 7). By Proposition 2.4.9 there is a generically measured
P € UDy,.(X) (wrt. (77 Y(B(z0,1))))s>0) such that A¥ and A have the same distribution.
Now D(P") = D,(A") = D,(A) and thus Apr(X,7) = Apon(X, 7). O

3.4. Density formulas for random invariant sphere
packings

3.4.1. Periodic random invariant sphere packings

Definition 3.4.1. (i) Let P € UDy(X) and I' < G a lattice. P is called
weakly-periodic (wrt. to I'), if there are zq,...,z, € X such that P = |J;_, T'z;
for all v € I'. If I' is cocompact, P is called periodic.

(i) € N5.(X) is called (weakly)-periodic (wrt. to T") if there is a (weakly-)periodic
P € UDy,(X) (wrt. to I') such that = dp.

(iii) An invariant random sphere packing A : (Q,P) — N5.(X) is called weakly-periodic
wrt. to T, if there is a weakly-periodic p € N3.(X) wrt. to I' such that AP =
¢«mg,r, where ¢ : G/I' = G.pu, gI' = gp. In this case we say that A is modeled
on u. If P € UDy,.(X) such that = dp, we also say that A is modeled on P. If
' is cocompact, we say that A is periodic.

In degenerate examples it might happen that P € UDy,.(X) is not (weakly-)periodic,
but P" € Pack(X,r) is (weakly-)periodic. For example if X is an ultrametric space. In
the case that balls have unique centers, this can not happen.

If G is a semisimple Lie group with finite center and no compact factors or G = R" or
G = Iso(R"), then any lattice I in G has a finite index subgroup I"” that is torsion free,
see Theorem B.3.2.

Lemma 3.4.2. If P € UDy,.(X) and there is a lattice T' < G leaving P invariant such
that T' has a finite index torsion-free subgroup, then there are finitely many x+,...,x, €
X such that P =J;_, Tz; and x; & Tx; fori# j.

Proof. Let IV < T' be a torsion-free finite index subgroup and let F' be a strict fun-
damental domain for the action of IV on X (F' exists by Lemma B.2.6). Assume that
#PNF)=o0andlet PNF = {x,29,...}. As I" is torsion free, we know that
vB(x;,r) N B(z;,r) = 0 for all i and v € I' \ {e}. Thus the map (J;-, B(x;,r) — '\ X
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is injective. By Lemma B.2.6 we can find a strict fundamental domain F’ C X for the
action of IV such that |, B(x;, ) C F'. Observe that

oo

00 = ZmX(B(xi,r)) = mx (| B(xi,r)) < mx(F') < oo,

i=1

a contradiction. ]

Lemma 3.4.3. Assume that X is a Riemannian symmetric space of noncompact type
and that G = Iso(X)g. Then G is semisimple with trivial center and no compact factors.
Let P € UDy,(X) be periodic. Then Stabg(P) is a lattice in G.

Proof. We know that Stabg(P) is cocompact as it contains a cocompact subgroup by the
definition of P. Thus we are finished once we know that Stabg(P) is discrete. Assume
that it is not and let H denote the connected component of the identity in Stabg(P).
For h € H choose a l-parameter subgroup 7, in H with 7,(0) = e and v,(1) = h.
Then, for each € P, t — ~(t)z defines a continuous map R — P and thus we see that
H.x = x for every « € P. Let exp, denote the Riemannian exponential map at zy and
set P = expal(P). If P spans a proper subspace U of the tangent space T}, X, then we
can choose some v € T, X with v L U with respect to the Riemannian metric at z,. We
claim that dx(exp(tv),z) > dx(exp(tv),xo) >t for all t > 0 and = € P. If we establish
this claim, then it follows that P does not contain the orbit of a cocompact subgroup.
As this is a contradiction, there must be a B C P such that B = exp, *(B) is a basis of
the tangent space and for each b € B and f € H we have f(exp(b)) = exp(b). Hence,
if 7, denotes the unique geodesic from xy to b, we have f(7,) = %, as f is an isometry
and fixes two points on 7. Thus df(b) = b and hence df = id. Thus f = id.

We will conclude our claim from facts about the geometry of CAT(0)-spaces, see Ap-
pendix A for additional explanation. Set ¢ = exp(tv) and let A(g,To,T) be the Eu-
clidean comparison triangle to A(gq, xg, ). Then by [30, Chapter IT Corollary 1A.7|, the
Alexandrov angle Z, (¢,x) = m/2. By [30, Chapter II 1.7 Proposition (4)], we have
/2 =Ly (q,v) < Zi(q, T) < m. Thus we see that the comparison triangle has an angle
of at least m/2 at xy. Thus

dX(q7 .To) S dIE2 @, TO) S dIE2 (67 E) = dX(Qa [IZ’)

and we are finished. O

Proposition 3.4.4. Let A be a random invariant r-sphere packing, weakly-periodic wrt.
I' < G and modeled on P = |_|f:1 Fz; € UDy,(X). Set n; == #Stabr(x;). Then

and thus
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Proof. We need to calculate E[A(B(zo,7))]. Let FF C G be a strict right fundamental
domain for I" and choose g1, ..., gr € G with g;zg = z;. Set = dp. We have

E[A(B(xo, )] = — [ g.u(Blao,r))dmer(gT) = —

(g~ (B(xo,7)))dmeyr(gl)
| Jar

L] Jar

‘F|/ xo, )de g) = m/ ZXB(IOVT)(gx)de(g>
mZ/Xonr (gz)dma(g |ZZ/XBIOT (gz)dma(g)

zeP =1 xel'z;

‘F’ Z Z/ XB(zo,r) gvxl de |F’ Zn /XB(:L"()T gx; de( )
k
XB(QS()T‘ ggsz)de XB(:EOT ng)de'( )
\F! n;

- % Z niimX(B(xo, ).

Remark 3.4.5. This result is often wrongly stated without consideration of the stabi-
lizers. The calculation of the intensity for a single orbit can be found in a very similar
form in [14].

Corollary 3.4.6 (Bowen-Radin, |28, Proposition 1]). Let A be a random invariant r-
sphere packing, weakly-periodic wrt. I' < G and modeled on P = |_|/;€:1 Fz; € UDy,(X).
Assume that I' is torsion-free and let F' C X be a strict fundamental domain for the
action of I' on X. Then

mx(F Nsupp(P"))  #(F' N P)mX(B(xo,r)).

Dy === mix (F)

Proof. We know that D,(A) = %mX(B(ajo,r)). Thus we need to see that mx(F N
supp(P")) = kmx(B(xo,7)). Since I is torsion free, we have that yB(x;, r)NB(z;,r) =0
fori=1,...,kand v € I'\ {e}. Thus, by Lemma B.2.6, we can choose a fundamental
domain F” such that B(zy,7)U---UB(zy,7) C F' and F' ¢ X\, U, ervgey B(yzi, 7).
Then #(P N F') = k and thus #(P N F') = k. Since the set supp(P") is the union of &k
disjoint I-orbits of balls, we know that mx (F' N supp(P")) = kmx (B(zo,7)). O

Lemma 3.4.7. Assume that the pointwise ergodic theorem holds for ((Gt)i=0, C(UDa,(X)))
Let P € UDy,.(X) be periodic and let A be a periodic random invariant r-sphere packing
modeled on P. Then P is generically measured for A.

Proof. We know that the support of AP consists of the single (compact!) orbit Gop.
By the invariant pointwise theorem there must be a G-invariant set of P € UDy,.(X)

generically measured wrt. (Gy)io. It follows immediately that this set is given by
GP. O
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If P is only weakly-periodic, then the same result takes more effort:

Lemma 3.4.8. Assume that the pointwise ergodic theorem holds for ((Gy)i=o, C(UDg.(X))).
Let P € UDs,.(X) be weakly-periodic and let A be a weakly-periodic random invariant
r-sphere packing modeled on P. Then P is generically measured for A.

Proof. Without loss of generality we can assume that P is not periodic. Assume for
the moment that the orbit closure of Gdp is given by Op = Gdp U {dp}. Then the
support of A, = g.mg;r must be a subset of Op. Note that Op contains two G-
orbits, the obit Gdp and {dy}. Clearly A,P(Gop) = 1 and AP({d}) = 0 and thus
AP is ergodic. Hence supp,A,P is an ergodic measure on GP with supp,A,P(GP) =1
and supp,A.P(0) = 0. By the invariant ergodic theorem there must be a conull set
of @ € UDy,(X) which are invariantly (u, C(UDg,.(X)), (G¢)i>0)-generic. Hence there
must be a gP € GP which is invariantly (g, C(UDa, (X)), (G¢)¢0)-generic and thus P is
invariantly (u, C(UDq,. (X)), (Gt)i>0)-generic and thus generically measured wrt. (Gy)iso.
By [16, Proposition 4.4], we have () € Gop. Now assume that 6p € Gép \ {#}. Then
there are (g, ),>1 in G with P, == g, P — P’. By Proposition 2.1.1 for y € P" are y,, € P,
with ¢, — y. Then, if P = U§:1 ['z; there is some x; such that vy, = g,v,x;, for suitable
vn € T, for infinitely many n. Hence we find a subsequence (ny)r>1 and v, € I' with
Gny Yn, i — y. But then (g,,7n, )k>1 must have a convergent subsequence (anl 'Ynkl)lzl
with limit A € G. Then P’ = lim;_, gnklP = lim;_, I, ’ynklP = hP. O

Remark 3.4.9 (Density of periodic sets). Note that Lemma 3.4.7 and Lemma 3.4.8
allow us to switch freely between (weakly-)periodic P € UDy,.(X) and (weakly-)periodic
random invariant sphere packings modeled on P, assuming that the invariant pointwise
ergodic theorem holds. Moreover we see that for each (weakly-)periodic P € UDy,(X)
there is exactly one (weakly-)periodic random invariant sphere packing modeled on P
by Proposition 2.4.9.

Thus, if the invariant pointwise ergodic theorem holds for ((Gt)=0, C(UDs,.(X))) with
Gy = 7 1(B(e, 1)), we will freely switch between (weakly-)periodic elements of UD,,(X),
(weakly-)periodic random invariant sphere packings and (assuming balls have unique
centers) (weakly-)periodic sphere packings. In particular, by an optimally dense peri-

odic r-sphere packing, we will understand a periodic r-sphere packing P with D(P) =
Aprob<X7 7“) .

Remark 3.4.10 (Periodic approximation). It is not known if the hyperbolic analogue
of Theorem 3.1.9,

Aprob(H", 1) = sup{D(P") | P € UDy,(H") periodic}

holds for all n € N. For n = 2 Bowen obtained this result in [27] and conjectured that
his approach might extend to n = 3.

Thus the linear programming bound by Cohn, Lurie and Sarnak, [41], on the density
of periodic sphere packings in H" implies a linear programming bound on A, (H?, 7),
but not (necessarily) on Ao, (H™, 7) for n > 2.
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3.4.2. Density in Voronoi cells

Let € N3.(X) with P = supp(p) € UDo,(X). If 2 € X such that there is some y, € P
with dx(x,y,) < dx(z, z) for all y, # z € P, we define the Voronoi cell of p containing
T as

Vig,x) ={a' € X |Vy, # 2z € P:dx(a',y,) < dx(a',2)}.

Before stating the main result of this subsection, we need to show that Voronoi cells
play well with measurability of point processes.

Lemma 3.4.11. Let R > 0. The set Ty = {u € N5.(X) | u({xo}) = 1} is closed in
+.(X) and the set

F={(g,1) € GXTy|gro€V(px0)}
is open in G X Ta,.

Proof. The closedness of 75, follows directly from the fact that ¢ is a homeomorphism and
the characterization of convergence wrt. to the Chabauty-Fell topology. Assume that
(9ns Hn)n>1 s @ convergent sequence in G x T, \ F' with limit (g, p). Let P,, P € UDy,(X)
with 6p, = p, and dp = p. Then, for each n > 1, there is some z,, € P, \ {xo} with
dx(xo, gno) > dx (s, gno). Then

dx(Tn, gnTo) > |dx(2n, o) — dx (gnTo, o)

by the reverse triangle inequality and thus

2dx (gnwo, o) > dx (T, gno) + dx (gnTo, o) > dx(Tn, o),

and the left hand side converges, as (gn)n>1 is convergent. Hence there is some C' > 0
with dx(z,,r0) < C and thus we find a convergent subsequence (x,,)r>1 with limit
xr € X. By the characterization of convergence in the Chabauty-Fell topology we see
that x € P and

dX(gnkxO,xO) > dX(gnkxO,xnk> — dX(ng,x).

Moreover
dx(zo,z) = lim dx(xo,2s,) > 7
k—o00
and thus = # zo. Whence (g, ) € G X T, \ F and thus F is open. O

The following was obtained by Bowen and Radin via the mass transport principle. We
give a proof using the refined Campbell theorem.

Theorem 3.4.12 (Bowen—Radin, [28, Proposition 3|). Let A : (Q,P) — N5.(X) be a
random invariant r-sphere packing in X and for each w € Q let P, = supp(A,). If
mx(V(Ay, z)) < oo for every x € P, and every w, then

B mx (B(zg,T)) . . N
D) = [ 3 SRRy e € V(A 2)haP(o)
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Before we prove this, we remark that at most one of the summands in the formula
above survives, namely the one corresponding to the Voronoi cell containing z, if such
a Voronoi cell exists. It might happen that z( is exactly on the boundary of two or more
Voronoi cells and thus not contained in a Voronoi cell. In that case the sum above is
0. We further note that this is exactly Bowen and Radin’s formula expressing D,.(A) in
terms of Voronoi cells, cf. |28, Proposition 3|, just written down without the assumption
that the probability of hitting the boundary of a Voronoi cell is zero (which might be
wrong in our general setting, see Proposition 3.4.14).

Proof. Note that D,.(A) = D,.(A*) and that

|3 I € Vi, o))

(V(Ay, 7))

- mx (B(zo, 7))
= Jv o Z Wl{xoe\/(u, ) tdAP(p)

xESupp

only depends on the distribution of A, which is by definition of the canonical infinite
model equal to the distribution of A*°. Hence we can assume without loss of generality
that A is of the form A* that Q = N5 (X) and that 7 = 75,. Consider the function

2r

1{g g € V(Au,z0)}
mx (V(Aw, o))

f:GxXT =R, (g,w) —

and note that mx (V (A, z)) > mx(B(x,r)) for any x € supp(A,,). Observe that Lemma
3.4.11 above implies that f is measurable, as

1

flg,w) = XF(g_l’A‘”)fo(g,Aw)dmc(g)

for every w € T and g € G. We have that

/ / F(g,w)dme(g)dPa(w / / 1{9%GVAUJA";’O‘;;)}de(g)dPA@)

mx(V (A, 7o)
7 mx(V(Ay, 7o)

Py (w) = PA(T) = i(A),

where we used the unimodularity of GG in the first equality. Apply the refined Campbell
formula to f to obtain

/ / F(gek, k™10 o) (k) dP ()

zeP,

/Z/ 1{k ga: I'0€V(k' gw vamO)}de(k)dP(w)

2 V(k g, A, 10)))

/ / 1{$0 € V w’gxkxo)}dm;{(k)dﬂ]’(w)

2€P, w7gmk$0)))
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1{[L’0 E V )}
/ 2 ) )

Hence

1{%0 E V )}
/ 2 ) T

The claim now follows by multiplying both sides by my (B(z,)) and using the formula
D, (A) = mx(B(xg,7))i(A) from Lemma 3.2.3. O

Remark 3.4.13. We should point out that the formula in the theorem is related to
the well-known Palm inversion formula in the Euclidean setting. See for instance |76,
Proposition 9.7| or [69, Theorem 5.3| in the Euclidean case and |75, Equation 3.17| for
homogeneous spaces.

With the notation from the statement of the theorem above, we also note the following:

Proposition 3.4.14. If X \ V(Au, ) is a null-set for every w € ), then

zeP,

1= Z 1{xg € V(A,,2)}

IEPW
for P-almost every w € Q).

Proof. For g € G we have ), 1{gzo € V(Ay,2)} = 0 if and only if gzg € X \
U.ep, V(Au, 7). As A is G-stationary, we have

/Zmoev o) }dP(w /Zl{xoev 1AL g 'a) }dP(w)

zeP, zeP,

= [ 3 tgmi e Vidao)ap

zeP,

for every g € G. Thus 1 = [, .p H{zg € V(A,,z)}dP(w) if and only 1 =
Jo>wer, H{gzo € V(Au, 2)}dP(w) for every g € G and this is the case if and only

.’EGPw
But

//1{gx0€X\UV w, ) }P(w)dme(g /mXX\UV w0, @))dP(w) = 0

and thus 1 = [, > .p 1{gzo € V(A,,2)}dP(w) for almost every g € G' and hence by
stationarity for every g € G. As erp 1{gzo € V(A,,2)} € {0,1} for every g € G and
w € €, this implies the claim. m

Remark 3.4.15. Bowen and Radin observed in [28] that Theorem 3.4.12 in conjunction
with a result by Boroczky, [24|, implies that the so-called tight-simplex packings are
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optimally dense. Tight-simplex packings are the packings obtained by (face-to-face)
tiling H™ with a regular n-simplex of side length 2r and placing spheres of radius r at
the vertices of the simplices of this tiling. Radii r for which such a tiling exists are called
tight. For n = 2 there are countably many tight radii. If the dimension of H" is higher
than 4 no hyperbolic simplex reflection groups exist, see [87, pg. 291].

3.5. Complete Saturation

In this section we collect a few facts about the notion of complete saturation, which
will be of importance in the next section. The notion of complete saturation was intro-
duced by Fejes Toth, Kuperberg and Kuperberg in [50] as a substitute for the notion of
optimally dense packing, as it enforces “local optimality” of sphere packings.

Definition 3.5.1. We say that P € UDy,.(X) is completely saturated, if there is no finite
subset F; C P and finite subset F, C X with #F; < #F, such that (P \ F}) U F; €
UDy,.(X). We call p € N5.(X) completely saturated if there is a completely saturated
P e UDQ’F(X) with n = (Sp.

An r-sphere packing P of X is called completely saturated if there is no finite subset
F} C P and finite set Fy of r-balls in X such that #F; < #F, and (P \ F})U F; is an
r-sphere packing

In particular, the definition above implies that for any bounded set B C X and com-
pletely saturated P € UD,,(X) the number #(B N P) is determined by P\ B and given
by

Np(P) = max{#F | FF C UDy,(X) finite , FU (P \ B) € UD,,(X)}.
Definition 3.5.2. Let A : (,P) — N;.(X) be a random invariant r-sphere packing.

We say that A is completely saturated if A, is completely saturated for P-almost every
weP.

We mention the following theorem of Bowen, although we will not use it anywhere. Note
that it’s difficult proof was originally given by Bowen for X = R" and X = H".

Theorem 3.5.3 (Bowen, [28]). Assume that A is random invariant r-sphere packing in
X =R" or X a symmetric space of noncompact type with D,(A) = Apon(X, 7). Then
A is completely saturated.

3.6. Periodic sphere packings in symmetric spaces of
noncompact type

Throughout this section, X denotes an irreducible Riemannian symmetric space of non-
compact type and G := Iso(X)o. Our aim in this section is a proof of the following
theorem:

Theorem 3.6.1. Let R denote the set of all radii r > 0 for which there exists an
optimally dense periodic packing of X by spheres with radius v. Then R is at most
countable.
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This is a direct generalization of a result by Bowen in [28| for hyperbolic space. The
main idea of the proof (using Mostow rigidity and the fact that any lattice in G is finitely
presented), is also due to Bowen. The approach given here was established during my
master’s thesis under the supervision of my advisor Tobias Hartnick and is based on a
suggestion by Bowen.

3.6.1. Outline of the proof

For every r € R we choose an optimally dense periodic sphere packing P.. We denote
by C. the set of centers of spheres in P, and by T', = Stabg(C,) the symmetry group
of P, (or, equivalently, C,). Note that I', is a lattice by Lemma 3.4.3. By Theorem
B.3.2 we may also fix a finite-index torsion-free normal subgroup I < T', and a strict
fundamental domain F'(I") for the action of I}, on X. We observe that the number

_ FI) NG

P, T €Q (3.6.1)

is independent of the choice of I".. Indeed, if we replace I/ by a subgroup of index k,
then both the numerator and the denominator are multiplied by k. We now denote by
FP the set of isomorphism classes of finitely presented groups and observe that it is
countable, since

FP = U {[coker(f)] | f € Hom(F,, F,,) and f(F,,) a normal subgroup}.

n,meN
By Theorem B.3.2 we obtain a well-defined map
O:R—-QxFP, r— (m,[I]), (3.6.2)

and thus we have reduced the proof of Theorem 3.6.1 to the following theorem, whose
proof will occupy the remainder of this section:

Theorem 3.6.2. The map ® from (3.6.2) is injective.

Before we go into details we provide a rough outline of the proof of Theorem 3.6.2. We
assume for contradiction that ®(r¢) = ®(r1) for some r > ro > 0. We then abbreviate
Py := P,, and P, := P,,, and similarly I'g :=I',, and I'; :=T,,. Since ®(r¢) = ®(r;) we
have I'y 2 I'1, and we fix an isomorphism f : 'y — I'y. Since r; > r¢, there is a unique
sphere packing P with set of centers C,, and radius 7y which is obtained from F,, by
shrinking all spheres. Its symmetry group is I'; (since the symmetries only depend on
the positions of the centers). We are going to show:

Lemma 3.6.3. The packing P is not completely saturated.
This implies:

Lemma 3.6.4. The packing P is not optimally dense.
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Lemma 3.6.4 could be deduced from Lemma 3.6.3 and Theorem 3.5.3; however, using
the fact that P is periodic there is a much easier way to derive Lemma 3.6.4 directly
from Lemma 3.6.3 without appeal to the rather involved Theorem 3.5.3. To conclude
the proof of Theorem 3.6.2 we finally show:

Lemma 3.6.5. The packings Py and P have the same density.

Lemmas 3.6.4 and 3.6.5 taken together imply that F, does not have optimal density
and thus yield the desired contradiction. For the proof of Lemma 3.6.5 we are going
to combine the density formula from Corollary 3.4.6 with a volume rigidity theorem
for locally symmetric spaces which follows from Mostow rigidity. In the following two
subsections we are going to establish Lemmas 3.6.3, 3.6.4 and 3.6.5; this will finish the
proof of Theorem 3.6.2.

3.6.2. Step 1: Exploiting the CAT(0) inequality

The goal of this subsection is to establish Lemma 3.6.3. For this we are going to use the
fact that X is a CAT(0) space, see Appendix A. Our spaces X also have the additional
property (not shared by general CAT(0) spaces) that every geodesic segment can be
extended uniquely to a bi-infinite geodesic (i.e. an isometric embedding R — X'). This
implies in particular, that for any two distinct points ¢,a € X there exists a unique
isometric embedding v : R — X with v(0) = ¢ and v(dx(a,q)) = a. Given s > 0 we can
thus define the point a,(s) := vy(dx(a,q) + s).

Lemma 3.6.6. Let a,b,q € S be three distinct points. Then dx(a,b) < dx(a(s),by(s))
for all s > 0.

Proof. Apply the CAT(0) inequality to the triangle g, a,(s),b,(s); since a € [gq, ay(s)]
and b € [g,b,(s)] the lemma follows from the corresponding statement in Euclidean
geometry. 0

This weak version of the CAT(0) inequality is sufficient to deduce the following lemma;
roughly speaking, the lemma ensures that if there is a little bit of space between all balls
in a sphere packing, the packing cannot be completely saturated since we could just
push around enough spheres to make space for a new one. This was originally shown by
Bowen and Radin in |28, Lemma 3| and their proof extends directly to CAT(0) spaces,
since it only requires Lemma 3.6.6.

Lemma 3.6.7. If P € UD,,.(X) and there is a t > 0 such that dx(z,y) > 2r +t for all
x,y € P, then P is not completely saturated.

Proof. The strategy is to pick a central point ¢ and a large enough radius R and to push
points in B(q, R) away from ¢ “radially”, using the assumption that there is a little bit
of space between neighboring points. If we choose R correctly, we should have enough
space to insert a new point at q.

Hence we start by choosing a ¢ € supp(P") \ P. Fix k € N such that kt > 2r > (k— 1)t
and set R == k(2r +1).
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Given x € P with dx(z,q) < R, we can find a j, such that 0 < j, < k and
R—2(j, = 1)(r +1t) > dx(q,2) > R —2j,(r +1).

Define a function f : P — X by

fla) = {xq@ =z, ifd(go) 2R

Zq(Jut), if dx(¢,x) < R.

Set P' == f(P)U{q}. We claim that P’ € UD,,(X) was created from P by replacing
the points of P in B(gq, R) with a set containing one more point. The only things left
to show are that P’ € UD,,(X) and that f is injective. We are finished if we show
dx(f(x), f(y)) >rforall z #y € P and dx(f(z),q) > r for all x € P.

The case dx(f(x),q) > r: Let € P and choose 0 < j < k with f(z) = z,(jt). Then

dx (f(x),q) = dx(x4(jt), q) = dx (v, q) +jt = R —=2j(r +1) + jt = (k= j)(2r + 1)

and note that these estimates also hold for j = 0. Thus, if dx(f(z),q) < r, then
f(x) = z4(kt). But then

dx(q, f(c)) = dx(q,c) + kt > kt > 2r.
We will reuse the estimate
dx(f(z),q) > (k—j)(2r +1) (*)

we just obtained above in the next case.

The case dx(f(x), f(y)) > r: Take now z,y € P. If dx(x,q) > R and dx(y,q) > R,
then

dx(f(z), f(y)) = dx(z,y) > 2r +t > 2r.

Assume now that one of x, y has distance less then R to ¢ and that dx(f(x), f(y)) < 2r.
Without loss of generality we can assume that dx(z,q) < R. Write f(z) = z,(jt) with
1 <j<kand f(y) = y,(j't) with 0 < j' < k. Now

dx(f(v),q) < dx(f(y), f(z)) +dx(f(2),q)
< 2r+dx(z,q) + jt
<2r+R-=2(—1)(r+1t)+jt
=(k—Jj+2)(2r+1) ()

By (%) and (**) we now obtain
(k—=3)@2r+t)<(k—7+2)(2r+1)

and thus
0< (j’ —J+2)(2r +1).
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Hence
j<j+2
If /=0, then j = 1. If j/ # 0, we have dx(q,y) < R and thus we get
j<j+2
by switching x and y in the derivation above. Thus
J<iH1<j+2
and therefore we can assume that j = j or j = j' + 1. Now 3.6.6 shows

2r+t <dx(z,y) < dx(z,(jt),y,(jt))
= dx(f(z),y,(jt))
)

< dx(f(x), f(y)) +dx(ye(5'), yq(41))
< 2r +dx (y,(5't), Y, (jt))
< 2r+4t,
which is a contradiction. O

This now immediately implies Lemma 3.6.3:

Proof of Lemma 3.6.3. Since the packing P obtained from P; by shrinking the radius
of spheres down from 7 to rg, we can apply the previous lemma with t := 2(r; — 7¢):
Since the distance of any two centers of distinct spheres in P is at least 2r; = 2rg + t,
we deduce that P is not completely saturated. O

3.6.3. Step 2: Lattices with large girth

We now give a short direct argument for Lemma 3.6.4, which avoids the use of Theorem
3.5.3. Instead we are going to use the following much easier lemma in the setting of
periodic sphere packings.

Lemma 3.6.8. Suppose that P is a periodic sphere packing of X. If P is Bowen—Radin
optimally dense, then P is completely saturated.

Proof. Assume that P is not completely saturated and denote by rp, Cp and I'p re-
spectively the radius of balls, the set of centers of balls in P and the symmetry group
I'p = Stabg(Cp). By definition, we can then find a packing P’ such that rp = rp/, a
point ¢ € Cpr such that ¢ € Cp and some R > 0 such that Cp\ B(q, R) = Cp \ B(q, R)
and #(CpNB(q, R)) < #(Cp N B(gq, R)). By Theorem B.3.2.(iii) we find a torsion-free
subgroup I' C I'p with girth(I' ~ X) > 4R. By Lemma B.3.3 this implies that the
projection 7|p (g gy is injective, hence by Lemma B.2.6 there exists a strict fundamental
domain F' C S of I which contains B(q, R). Now let

"= U g(Cp NF).

gerl’
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Since P is the same as P’ outside of B(q, R), it follows that there is a sphere packing
P" of spheres with radius rp associated to C”. Since F' is the fundamental domain of
a finite index subgroup of I'p and the relative volume of the packings taken up in the
fundamental domain is larger for P” than P, it follows from Corollary 3.4.6 that P” has
a higher density than for P. Thus P is not optimally dense. O

Lemma 3.6.4 now follows from Lemma 3.6.3 and either Theorem 3.5.3 or (more effi-
ciently) Lemma 3.6.8.

3.6.4. Step 3: Exploiting volume rigidity

In this subsection we establish Lemma 3.6.5 and thereby finish the proof of Theorem
3.6.2. For this we have to show that the sphere packings F, and P have the same density.
This is a consequence of the classical volume rigidity, due to Mostow:

Theorem 3.6.9 (Volume rigidity). If My and My are compact orientable locally sym-
metric spaces with isomorphic fundamental groups whose universal cover is the same
wrreducible symmetric space S of non-compact type, then they have the same volume.

Proof. If the dimension of My and M is at least 3, then My and M; are isometric by
Mostow’s strong rigidity theorem (cf. [79]), hence in particular have the same volume.
Otherwise M, and M; are compact orientable hyperbolic surfaces of the same Euler
characteristic, hence have the same volume by Gaufs-Bonnet. O]

Proof of Lemma 3.6.5. We recall that the symmetry groups of P, and P are given by
[y and I'; respectively and that we have fixed an isomorphism f : I'y — I';. Since
O(rg) = ®(ry) we also have m,, = m,,.

By Theorem B.3.2 we now pick a finite index torsion-free subgroup I'j) < I'y and define
Iy == f(I'}); by the same theorem we find strict fundamental domains Fy and Fy for I,
and I} in X respectively.

Since I'jy and I"} are isomorphic via f, the quotients My := I'y\S and M; := I'}\S are
compact orientable locally symmetric manifolds with isomorphic fundamental groups
and universal cover S. By Theorem 3.6.9 they thus have the same volume, which is
given by

On the other hand, since m,, = m,, and [['y : I'j] = [I'; : T'}] we deduce from (3.6.1),
that
#(Cp, N Fo) = #(Cp, N F1) = #(C(P) N Fy). (3.6.4)

Combining (3.6.3) and (3.6.4) with Corollary 3.4.6 we finally obtain

D(P) = #(Cr, N Fzz)'{?;:)(B(ﬂﬁoaTO)) _ #(Cp N FZ%?Z)(B(%,W)) = D(P),

i.e. Py and P have the same density. O]
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4. Linear programming bounds

In this chapter we will prove to general linear programming bounds on the density
and energy of random sphere packings. These linear programming bounds generalize
previously known linear programming bounds. For the density these are due to Cohn and
Elkies, [36], for R", Delsarte, [46], for finite homogeneous spaces, and Kabatjanskii and
Levenstein, [67], for compact two-point homogeneous spaces. Additionally Cohn, Lurie
and Sarnak have obtained linear programming bounds for periodic sphere packings in
H"™ in [41]. The linear programming bounds for the energy are due to Cohn and Kumar,
[37], for periodic point sets in R™ and for point sets in compact two-point homogeneous
spaces and Cohn and Courcy-Ireland, [34], for general point sets in R™.

4.1. Convenient Gelfand pairs

For the linear programming bounds we will assume that our homogeneous spaces have
a rich enough harmonic analysis and ergodic theory. We only impose the ergodic theo-
retic assumptions to guarantee the interpretability of the notions of energy and density
of point processes in terms of energy and density of deterministic point sets/sphere
packings.

Definition 4.1.1. (i) Assume that G is a Lie group and K < G is a compact sub-
group such that (G, K) is a Gelfand pair.

(ii) Assume that dx is a G-invariant, proper and continuous metric on X := G/K
such that mx(B(z,r)) = mx(B(z,r)) for all z € X and r > 0.

(iii) Assume the invariant pointwise ergodic theorem holds for ((Gi)>1, C(UDo,.(X))),
where Gy = 771 (B(z0,t)) (see Definition 2.4.2).

(iv) Let S(G, K) be a choice of Schwartz-like function space for (G, K) (see Definition
1.5.1).
Then we refer to (G, K,dx,S(G, K)) (or just (G, K)) as a convenient Gelfand pair. If
the sequence (G;)io is in addition very convenient, then we refer to (G, K,d,S(G, K))
as a very convenient Gelfand pair.

Example 4.1.2. Recall that the sequence defined by G; := 7~ (B(xy,t)) is very conve-
nient by Example 2.5.8 if

(i) G=R", K ={0}, X =R" and dx is the ordinary Euclidean metric.
(i) G=H, x U(n), K =U(n), X =H, and dyx is the Cygan-Koranyi metric.

(iii) G is a semisimple Lie group with no compact factors and finite center, K is a
maximal compact subgroup and dx is the Cartan-Killing metric on the symmetric
space X = G/K of noncompact type.
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(iv) (G, K) is a Riemannian symmetric pair of compact type, dx is the Cartan-Killing
metric on G/ K.
Note that in all of these cases the invariant pointwise ergodic theorem holds for

((Gt)t>0, C(UDg,.(X))) (see Theorem 2.4.13 and Theorem 2.4.15). Further note that
we have the following Schwartz-like function spaces in these cases:

(i) L (R") for G = R" and K = {0}.

(ii) (G, K), where G is a semisimple Lie group with finite center and no compact
factors, K a maximal compact subgroup.

(iii) L (H, x U(n),U(n)) for G = H, x U(n) and K = U(n).

(iv) C=(G, K) for (G, K) a symmetric pair of compact type.

Hence we have a very convenient Gelfand pair in each of these cases.

4.2. Density

4.2.1. Cohn and Elkies linear programming bound

Before we come to the proof of our general linear programming bound for the density,
we will first sketch Cohn and Elkies proof of the linear programming bound for the
Euclidean packing density, see [36]. Their proof is based on a reduction to periodic
sphere packings and the Poisson summation formula. Our proof of the general bound
is in some sense very similar, but replaces the Poisson summation formula with the
Plancherel formula for the autocorrelation distribution. In contrast to Cohn and Elkies
approach we do not need a reduction to periodic packings, but bound the density of a
general random invariant r-sphere packing.

Cohn and Elkies first observe that a bound on the density of all periodic r-sphere pack-
ings implies a bound for A(R™,r) by Theorem 3.1.9. Assume now that P is a peri-
odic r-sphere packing of R™. Then there is a lattice I' < R™ and finitely many points
x1,...,2x € R" such that P = {B(y+x;,7) | 1 <i < k,y € I'} and for i # j the orbits
I'z; and I'z; are disjoint. Then

D(P) = mRn(B(O,r))%.

We will now use Poisson summation to bound k-|T'|~!. Note that this is just the intensity
of the random invariant r-sphere packing modeled on P. Assume that f : R” — R has
the properties

(W1) f(x) <0if |2y > 2r,
(W2) 7> 0and f(0) > 0,

(W3) f is a radial Schwartz function.

Then we will call f a Fuclidean witness function, see also Definition 4.2.1. Now the
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Poisson summation formula states

> s+ = 3 fite e

yel tel

for every v € R". Here [ denotes the dual lattice to I'. Thus

> S s =g 3 feien

1<i,j<k v€T et 1<i,ji<k
_ 1 D 27 (xq,t) 2mi(—x;,t)
tel 1<i<k 1<5<k
1 L ’
_ |T| Z f(t) Z 627Ti<xi,t> > W (O) Z 6271'1'(361 0)
tel 1<i<k 1<i<k
1 ~
= —f(0)k?
|
Additionally
k
SN flytai—a) <> fla— ) = kf(0).
i<i,j<k el i=1
Thus "
LAPIC)
T~ F(0)
and hence " 10)
D(P) - mRn(B<O,T>)_ S mR7L<B(0,T))A_.
T £(0)

Considering the above argument carefully, we see that we did not use the full strength
of the Poisson summation formula. We used that there is a measure np associated to P
(specifically >, icp D er Oy+a;—x;) Which has a "diagonal structure” and that 7jp is a
positive measure with an atom at the trivial character, which encodes the intensity of
the random invariant r-sphere packing modeled on P.

In the next section we will see that this behaviour is replicated by the autocorrelation
measure of (not necessarily periodic) random invariant r-sphere packings.

4.2.2. A general linear programming bound

We now come to the proof of the general linear programming bounds on density for
convenient Gelfand pairs. We first announced these bounds in [97] and gave a full proof
in [98].

Definition 4.2.1. Given a convenient Gelfand pair (G, K, dx,S(G, K)) we define the

space W(X,r) of witness functions for X = G/K as the set of functions f : G — R
such that
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(W1) f(g) <0if dx(gzo,xo) > 2r,
(W2) f>0and f(1) >0,
(W3) feS(G,K).

Theorem 4.2.2. Let (G, K,d,S(G,K)) be a convenient Gelfand pair and let A be a
random invariant r-sphere packing in X = G/K. Assume that f € W(X,r). Then

i(n) < fle)

Hence

f(e)
ABR X,’f‘ _mxBl‘o,T = .
(X, ) < mx(B( ))f(l)

Proof. Lemma 2.7.4 implies that

A~ -~ ~ ~

Mx(f) = 0a(f) +i(A)*me(f) > i(A)*F(1),

where we have used condition (W2) and the fact that 7, is a positive measure by the
Godement-Plancherel theorem. Assume first that the support of f is compact. Fix
R > 0 such that mx(B(zo, R)) = 1 and set b := xp(z,,r). We set P :=supp(A). Then

mH=E|> > fle@lew)| <E| > flo@) o))
_yeP z€PNB(zo,R) z€PNB(zo,R)

=B |fle) >, 1| =f(eE[#(PNBxy,R)] = fule)E[A(B(wo, R))]

z€PNB(zo,R)

— f(e)i(A)mx (B(xo, R)) = F(e)i(A),

using property (W1) for the inequality and Lemma 2.3.1 in the second to last equality.

Hence 75 (f) < f(e)i(A).

If the support of f is non-compact, set f, = g¢,f, where (g,),>1 is a sequence in
C>*(G,K) as in Definition 1.5.1. Note that the functions f, satisfy (W1) and that
f(e) = fule) for all n. As f, is compactly supported, the calculation above implies

T =Ty () = lim nf () < lim i(A) fule) = i(A)f(e).

Thus in either case

~ ~

i(A) fle) > i (f) = i(A)?f(1)

~—

and we obtain

ia) < 19

f(1)
as i(A) > 0. Now the bound on A, (X, ) follows directly from Proposition 3.2.3. Now
Theorem 3.3.3 implies Apgr(X,7) = Apon(X, 7) and the claim follows. O
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Remark 4.2.3. In the absence of the invariant pointwise ergodic theorem, the method
above still yields estimates for the probabilistic optimal packing density.

Remark 4.2.4. (i) As we pointed out in Remark 3.4.10, it is not known for n > 2
whether Agg(H", r) can be approximated by densities of periodic sphere packings.
Thus in the case X = H", n > 2, Theorem 4.2.2 does not follow from the linear

programming bound on densities of periodic sphere packings by Cohn, Lurie and
Sarnak, [41].

(ii) There are linear programming bounds related to periodic structures we should
point out. In [26] Bourque and Petri develop linear programming bounds on various
invariants of compact Riemann surfaces, such as the Kissing number and systole,
using a variant of the Selberg trace formula. They are able to adapt Cohn and
Elkies approach to numeric optimization of the linear programming bounds as
they use a variant of the Selberg trace formula which relates the spectrum of the

Laplace operator with the length of geodesics via the ordinary Fourier transform
on R.

We also record the following curious observation:

Proposition 4.2.5. Let G be a (connected) simple Lie group without compact factors
and with finite center and K a maximal compact subgroup. Let d be the Cartan-Killing
metric and let G = KAN be an Iwasawa decomposition of G as in Subsection 1.4.2.
Then a with metric d, induced by the Killing form and the Haar measure mq with
the standard normalization is a Euclidean space and (a,{0},d,, . (a)) is a convenient

Gelfand pair. If f € W(G/K,r), then the Abel transform Af is in W(a,r).

Proof. |64, Chapter VI, Exercise B2.(iv)| states that dx (zo, naxo) > dx(xo, axg) for all
a € A;n € N. Hence, if dx(axg,x) > 2r we have that dx(anzg,zo) > 2r. Thus, for
Heaq,

AF(H) = D /N Flexp(H)n)dmay (n) < 0.

if \/k(H,H) = dx(exp(H)xg,xo) > 2r. Moreover F(Af) =H(f) > 0 on a*. O

4.3. A linear programming bound for the energy

In this section we prove a lower bound on the energy of a uniformly discrete G-equivariant
point process with a fixed intensity. This bound is analogous to the linear programming
bounds on the energy of point sets that have been obtained by Cohn and Kumar in [37]
for periodic point sets and by Cohn and Courcy-Ireland in [34] for more general point
sets. The proof of Cohn and Kumar’s linear programming bound uses methods that
are reminiscent of the methods used by Cohn and Elkies to prove the Fuclidean linear
programming bound on packing density. The proof of our bound again uses the idea
of replacing Poisson summation with the Godement-Plancherel theorem /the spherical
Bochner theorem for distributions.
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Theorem 4.3.1. Assume that (G, K,d,S(G, K)) is a convenient Gelfand pair. Let A be
a uniformly discrete point process in X with i(A) # 0. Assume that p : [0,00) — [0, 00)
is measurable and that f € S(G, K) satisfies

(i) f(g) <pody(g) for allg € G\ K and
(i) f > 0.
Then

~

Ep(A) 2 i(A)f(1) = fe). (4.3.1)

Proof. Assume first that f is compactly supported. Then

/ p(dx((0(2) " o ()0, 20))b(x)dA (2)dAu () | — i(A)p(0)

»

—p(0)i(A)

> | /X /X 5 f(a(x)_la(y))b(fv)d/\w(fv)d/\w(y):
_E / / F(0(2) o (y))b(a)dAy (@)dAy (y) | +i(A)F(e) — i(A) f(e)
L/ X J X\{y} J

=1y o) o)A )| + S [ / b(w)dAm)]
N
i () — (A (o).
By Lemma 2.7.4 we have
ni () = TE(F) = AL (F) = (A TQ@) + () = (A F(w).

and thus the claim follows in this case. Assume now that f € S(G, K) is not compactly
supported. As f is in S(G, K), there is a sequence (g, )n>1 in CX(G, K) with g,f — f
in S(G, K), g, > 0 and g,(e) = 1. Hence by the calculation above

(M) Ep(A) = 0 (fg.) —i(A) f(e)gn(e)

and taking n — oo we obtain

~

iNE,(A) 2 Ty (f) = (A f(e) =5 (F) = i(A) f(e) 2 i(A)F(1) = i(A) f(e). O

Corollary 4.3.2. Let (G,K,d,S(G,K)) be a convenient Gelfand pair. Assume that
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p:[0,00) — [0,00) is measurable, 6 > 0 and that f € S(G, K) satisfies
(1) f(g) <pody(g) forallg € G\ K and

(ii) > 0.
Then

~

Estoch(pv 6) Z 6f(1) - f(e)

This is an analogue to the linear programming bound, [39, Proposition 1.6], used by
Cohn, Kumar, Miller, Radchenko and Viazovska in their proof of the universal optimality
of the ES lattice. Note that their notion of density corresponds to our notion of intensity.

4.4. Discussion of the density bound

There are two related questions in the context of the linear programming bounds that
we should address. The first is why these bounds are called linear programming bounds
and the second is the construction of concrete functions that give bounds.

The name “linear programming bounds” comes from the case of finite Gelfand pairs
(G, K) such that (G/K,dx) is two-point homogeneous, which was historically the first
case where the linear programming bounds (on density) were discovered. As (G/K,dx)
is two-point homogeneous, any bi- K-invariant function on G only depends on the radial
distance dx(gzo,xo). In this case the spherical functions are usually given in radial
coordinates by a set of orthogonal polynomials { P, },>0, where we assume that P, = 1
induces the trivial character. Making the ansatz

1=0

the conditions on witness functions can be expressed as
(W1) > NiPi(dx(gzo, o)) < 0 for dx(gzo, xo) > 2,

(W2) A\; >0 and Xy >0,
(W3) this third condition is trivial satisfied.

We can further enforce Ag = 1. Then we want to minimize

S ALO)

as .
Apr(X,7) < mx(B(zo,)) > \iPi(0).
i=0
These conditions specify a genuine linear program on (A, ..., \,), as (W1) consists of

finitely many linear inequalities.
If G = SO(n) x R", K = SO(n) with the Euclidean distance, then this approach no
longer works. Cohn and Elkies observed in [36] that one can use Laguerre polynomials
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to obtain a method of constructing bounds. More precisely, in radial coordinates they
make the ansatz i
= Z ML (2mr?)e ™™
i=0

where @ = n/2 — 1. As the functions L¥(27r2)e™™" are (—1)i-eigenfunctions of the
Fourier transform (in radial coordinates), one sees that

~

Fr) = (1) NLE2mr?)e ™.

=0

Now one can choose the coefficients such that f and fAsatiSfy the conditions (W1) and
(W2) by enforcing single zeros, wherever a sign change is needed, and double zeros,
wherever a sign change should be avoided.

If G = SO(n,1)y, K = SO(n) with the hyperbolic distance on G /K, this approach
fails, as there are no eigenfunctions of the spherical transform in this case. In [73]
Koornwinder constructed an orthogonal set of functions {r,},>o in L*(G, K) which is
mapped to an orthogonal set {s,, },>0 of functions in L?(PS(G, K), (/5\6) Both of these sets
of orthogonal functions converge in the “zero-curvature limit” to the eigenfunctions of
the radial Euclidean Fourier transform described above (up to scaling of the argument).
Sadly this family seems unsuitable for application to our linear programming bound, as
the functions {s,},>0 seem to be supported on the support of the Plancherel measure
5\@, which does not contain the trivial character.

There are two results that we should point out. The first is the fact that the trivial
bound Agg(X,r) <1 can always be recovered:

Proposition 4.4.1. Let (G, K,d,S(G, K)) be a convenient Gelfand pair. Then for every
d >0 andr >0 there is a f € W(X,r) such that

ABR(X, 7“) S Jj\(e)

f()

In other words Theorem 4.2.2 recovers the trivial bound

<1+6.

ABR(X,T’) S 1

for all r > 0.

Proof. Set B; == 7w '(B(x,t)). For 0 < ¢ < r choose a real-valued symmetric smooth
bump function x. : G — [0,1] in C°(G, K) such that x.|p,_. = 1 and x|\, = 0. Note
that such a function can be obtained from a smooth bump function by symmetrization
and K-averaging. Now y. * x(g) = 0 for g & B, and m; = |xc|*> > 0. Then

Xa*X:(e) fXa 2de ) < mG(Br) _ mX(B(I()vr))
(1) ([ xelg)dmalg))® ~ ma(Br—e)?  ma(B(zo,r —€))*
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Thus Theorem 4.2.2 implies

mX(B@jOa T))
mx (B(xg, 7 —€))?

Agr(X,7) < mx(B(xo,1))

forall0<e<r. O

The second is a result by Cohn and Zhao, [41], that the linear programming bound, if
shown for a sufficiently large function space (for instance C.(G, K)), will always beat
the hyperbolic version of the so-called Kabatjanskii-Levenstein bound. This bound is
obtained from the linear programming bound on spherical codes in conjunction with a
geometric argument, see for instance [41]. Cohn and Zhao show that there is a function
f € C.(G, K) satisfying (W1) and (W2) such that if f € S(G, K), f yields a linear
programming bound smaller than the Kabatjanskii-Levenstein bound.

More precisely let g : [-1,1] — R be a witness function for the linear programming
bound on the density of a spherical code with angular separation 6 in S™~! (given in

the coordinate cos(#)) and let AXP(n,0) = g((i)) be the bound on the size of such a code.
They show that

mn (B(xg, 7)) %= < sin"2(0/2)A* (n, 0), 0 € [n/3,7].

Here the function f is obtained by first defining R via sinh(R) = sinh(r)/sin(6/2) and
setting

Fa.y) = / glcos(Z.(a,y)))dz.
B(z,R)NB(y,R)

Then they observe that f only depends on dgn(z,y) (one can rewrite cos(Z.(z,)) using
the hyperbolic law of cosines) and thus defines a radial function f. Sadly the Harish-
Chandra L!-Schwartz space does not seem to contain this f, as f does not appear to
be smooth. It might be possible to still make some progress towards the function space
required by Cohn and Zhao. To circumnavigate the issue, one could either try to directly
approximate f by Schwartz functions, as in |33, Section 4] for the Euclidean case, or by
using Harish-Chandra L!'-Schwartz space analogues of Weil-Schwartz envelopes, similar
to [35, Proposition 3.5.] in the Euclidean case.

Finally we want to sketch an approach for numeric determination of bounds on
Aggr(H?3,7). This approach is based on using the hyperbolic heat kernel in conjunction
with partial integration and was first used to bound the density of periodic packings
in H?® during a REU at Columbia University led by Yakov Kerzhner, though this
work is not published. Alex Blumenthal, who participated in this REU, privately
communicated to me that these bounds were used to bootstrap bounds for H, H!3 and
HY by constructing witness functions inductively. The bound given by the witness
function they obtained for H® is Agg(H?, 1) 5 0.8369.

The focus on the space H* = SO(3,1)y/SO(3) is due to the simplicity of the spherical
transform in this case, see for instance [4]. The positive-definite spherical functions are
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given by
sin(At)
)= ——"2
oM = S an()
in the radial coordinate ¢t for A € (0,00) Ui(0,1] and ¢o(t) = @
transform of a radial function f (given in radial coordinates) is given by

The spherical

~

) = - / " F(t)pa(t) sinh(t)2dt.

Additionally mys(B(xg,r)) = m(sinh(2r) — 2r). The (scaled) heat kernel at a fixed time
2

is given in radial coordinates by ﬁe_t . One ansatz for a witness function that was

(e
tried during the REU is
B t e

with p a polynomial. We can use partial integration to see that

S~ [ t e osin(At) | _ [T =p(®)sin(A) O _p
A7) _/0 POGREH Nsib(t) Slnh(t)?dt_/o nooo

_1 ~
20 o

- %sxp'(t)e*) + %pr(t)e*)-

2 & 1 2
p'(t)sin(At)e " dt +/ §p(t) cos(At)e " dt
0

Here S, denotes the (one-sided) sine transform evaluated at A and C) the (one-sided)
cosine transform evaluated at A (note that A here is a complex argument).

Let us observe a few facts under the assumption that a “nice” system of polynomials
exists. If we choose p(t) as a finite linear combination p = Zln:l anp, of polynomials
(Pn)n>1 such that for each n > 1 the function ¢ — p,(t)e " is an eigenfunction of the
cosine transform and pﬁl(t)e—tQ is an eigenfunction of the sine transform, then it might
become feasible to optimize the coefficients a, to control the zeros and sign change
behaviour of f and f. In particular, if p, only contains even powers, then pn()\)(3_>‘2
is real-valued on the real and the imaginary axis. In this case %]0;1(/\)6*’\2 also only
contains even powers and is thus real-valued on the real and the imaginary axis. Hence
they would be real-valued on the spectrum of (SO(3,1),/SO(3)).

A related approach is given by choosing for p a linear combination of Hermite polynomials
with even index, as the derivative of a Hermite polynomial is again a Hermite polynomial
(up to scaling) and the integrals above can be evaluated explicitly if p is a Hermite
polynomial of even index, see [57, #7.387 and #7.388] and also [48, (18.17.24) and
(18.17.28)].
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5. Model sets as examples for
invariant random sphere packings

In this chapter we will give an overview of a class of examples for invariant random sphere
packings, called model sets, which can be understood in a very explicit way. In this class
of examples explicit descriptions of generically measured points, the autocorrelation
measure, the Palm measure and the diffraction measure are available. A class of subsets
of the transversal, called acceptance domains, can be defined. The Palm measure of an
acceptance domain directly measures the frequency of patterns appearing. In Euclidean
space, the Heisenberg group and the hyperbolic plane there are also explicit bounds on
how the number of patterns of a given size grows.

To illustrate the techniques that can be used when working with model sets, we will
use them in conjunction with basic algebraic number theory to give a very explicit
description of the density of a specific family of model sets.

5.1. Basic definitions

Initially model sets were developed by Meyer (|80, 81]) as examples of sets for which
exotic Poisson summation formulas hold. In the Euclidean case they are commonly used
as models for mathematical quasi-crystals, see the monograph [7] and the references
therein. In [89] Schlottmann generalized many of the Euclidean results on the dynamics
to model sets to locally compact abelian groups, using the so-called “torus parametriza-
tion”. For general lcsc groups the theory of model sets was developed by Bjorklund,
Hartnick and Pogorzelski in [19, 20, 21|, initially generalizing Schlottmanns methods to
the non-abelian setting. More or less all results we present in this section are due to
them in the generality we present them here.

Definition 5.1.1. Let H be a lcsc group and let I' < G x H be a lattice projecting
densely to H and injectively to G. Then the triple (G, H,T") is called a cut-and-project-
scheme. If T" is cocompact, the cut-and-project-scheme (G, H,T') is called uniform.

For a given cut-and-project-scheme (G, H,I") we will denote the projections from G x H
to G resp. H by mg resp. my. Note that the injectivity of mg|r implies that for any
g € I'g = mg(l') there is a unique (g,¢*) € I' projecting to g. Hence we have a map
7: ¢ — H, g— g*, called the star-map.

Definition 5.1.2. A compact set W C H is called
(i) T-regular, it OW N7y (L) =0,

(ii) measurably reqular, if my(0W) = 0, where my is the Haar-measure on H,
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(iii) topologically reqular, if W° = W,

(iv) aperiodic, if Staby (W) = {e},

(v) regular, if it satisfies all of the properties above.
Definition 5.1.3. Let (G, H,T') be a cut-and-project-scheme and W C H regular. The
set P(G,H,T,W) =71"YW) =7c((GxW)NT) is called a reqular model set and W is
called a window. If (G, H,T') is uniform, we say that P(G, H,I', W) is a uniform regular

model set.

Any lesc group is metrizable with a proper, left-invariant metric by a result of Struble
[91]. See also [43, Theorem 2.B.4] for a textbook account. We will now fix such a metric
on G and denote it by dg. It turns out that regular model sets are uniformly discrete
for any such choice of dg.

Proposition 5.1.4 ([16, Proposition 2.13]). Let P C G be a reqular model set. Then
there is some r > 0 such that P € UDy,.(G). P is R-relatively dense for some R > 0 if
and only if P is a uniform regular model set.

We will now explain how one obtains an ergodic 2r-uniformly discrete point process from
a regular model set. From now on we denote the regular model set P(G,H,T",V) by
Py and let » > 0 such that F, is r-uniformly discrete. We denote the punctured orbit
closure G.Py \ {0} C UDy,(G) by Qp,. It turns out that Qp, is closely related to the
parameter space Y = (G x H)/T'. This is sometimes called the torus parametrization
and goes back to Schlottmann, [89], in the abelian case.

Theorem 5.1.5 (Bjorklund-Hartnick-Pogorzelski, [19, Theorem 3.1|). There exists a
unique G-equivariant Borel map B : Qp, — (G x H)/T" which maps Py to (e,e)l’. This
map additionally satisfies the following:

(i) Set Y™ = {(g,h)l € Y | I(h"'W)Nmyu(l) = 0} and QF = S71(Y™). Then

B|Qr1.% QU — Y s bijective.

(ii) For P € Qp, we have xy € P if and only if B(P) = (e, h,)I" for some hp € H.
(iii) If z9 € P and P € Q% , then P = 7g((G x hp'W)NT).

(iv) B is automatically continuous if Py is a uniform regular model set.

Theorem 5.1.6 (Bjorklund—Hartnick—Pogorzelski, [19, Theorem 3.4|). There is a
unique G-invariant Borel probability measure pp, on the punctured orbit closure

Qp, C UDy, (G).

Moreover pup,(Qg5) = 1 and B : (Qp,pr) — (Y, |Tl‘m(c;xH)/p) IS a measur-
able isomorphism of (measured) G-spaces (and thus induces an isomorphism
B* LAY, |—%,|mG><H/I‘) — L*(Qp,, pp,) of unitary G-representations).

Thus from each regular model set we obtain an ergodic 2r-uniformly discrete point
process A 2 (Qp,, up,) = N (G), P+ dp.

Remark 5.1.7. We note that Qp = GFy (and thus compact) if and only if Fy is R-
relatively dense for some R > 0, which is the case if and only if I" is cocompact, see |16,
Proposition 4.4] and [19, Corollary 2.11].
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5.2. Ergodic theory

Theorem 5.1.5 and Theorem 5.1.6 in conjunction with the homogeneous dynamics of
(G x H)/T' allow Bjorklund, Hartnick and Pogorzelski to obtain relatively fine grained
control over invariantly (u, F, (Gt)i>0)-generic points for a large set F of functions. More
precisely there are two lemmas enabling this control, one dealing with the correspondence
of evaluation of functions on {1p, and Y and one dealing with the ergodic theory of Y.
To state the result on the correspondence of functions, we define the following two maps:
For f € C.(G) the periodization P(f) fo f is defined as

7D(f):glPo %(C, PH(SP(f) :Apo(f>

and for F': G x H — C bounded with bounded support the I'-periodization Pr(F') of F
is defined as

Pr(F):Y = C, Pe(F)((g,)T) = Y F(g,h)v).

yel’

Lemma 5.2.1 ([19, Lemma 4.12]). If P € Q¥ and f € C.(G), then

P(f)(P)=Pr(f @ xw)(B(P)).

Having dealt with the correspondence of evaluation of functions, Bjorklund, Hartnick
and Pogorzelski use the following lemma to show that every P € Qp is invariantly
(py, Fp, (Gi)i=0)-generic, where Fp = P(C.(G)), assuming a sufficiently strong ergodic
theorem holds.

Lemma 5.2.2 ([19, Lemma 5.8|). Assume that (Gi)i=o is a quasi-uniform sequence of
pre-compact subsets of G with positive measures such that for every f € C.(Y) there is
a conull set Y/ C'Y with

1

mG(Gt) Gt

f(g_ly)dmg(g)%/yf’%’dmy (5.2.1)

for ally € Y/, Then
1

ma(Gy) G

F(g y)dma(g) = /Y fﬁdmy

for every f € C.(Y') and every y € Y. Note that this then also holds for all compactly
supported Riemann-integrable functions on Y .

Remark 5.2.3. The statement given above differs slightly from [19, Lemma 5.8]. More
precisely in [19] it is assumed that the limit (5.2.1) holds for every f € L*(Y,my).
From the proof of [19, Lemma 5.8| it is immediately apparent that this difference is
inconsequential, as this is only used for functions in C.(Y). We have also clarified the
order of quantifiers.

Sadly Lemma 5.2.1 is too weak to imply that every P € (2 is generically measured,
even if we assume that Py is a uniform regular model set. The issue is the following:
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The functions in P(C.(G)) separate points in g, but do not form an algebra (as
products of periodizations are not necessarily periodizations), hence it does not follow
from Stone-Weierstrass that P(C.(G)) is dense in C(Qp,).

Luckily it is possible to prove a stronger version of Lemma 5.2.1, using a trick Michael
Bjorklund shared with me. The idea is to consider periodizations of functions on G,
i.e. periodizations in multiple variables. Given f € C.(G™) we define

P(f):Qp —C, P~ Z flors--,9n)

and for F: G" x H" — C bounded with bounded support we define

Pr(F)((g. M) = > Flgren), ... .g7c(), bru(n), - ., hrg ()

Lemma 5.2.4. For every f € C.(G") the map
P(f) N5 (G) = C, i @ @ p(f)
is continuous. Thus P(f) € C(Qp,) is the restriction of the continuous map P(f)od on
UDay (G).
Proof. For n > 0 let (ugk))kzl, 1 < i <n, be convergent sequences in N5,.(G) with limits

wi € N (G). By [69, Lemma 4.1] we have @), ugk) — Qi i in the weak-* topology

on M(G™) if and only if (@, ") (AL @ fo) = (@' i) (fi @ -+ @ f,) for all
fis-o oy fu € Ce(@). Thus, if (p;)i>1 is a sequence in N, (X) with limit p € N.(X), then
Wi Q- @y — - - -®u in the weak-* topology and hence 1;®- - -Q@u;(f) = p®---Qu(f).
Hence P(f) is continuous. O

Lemma 5.2.5. For f € C.(G") and P € QF, we have

P)(P) =Pr(f @xw - @xw)(B(P)).

In addition the function Pr(f @ xw ® -+ ® xw) on'Y is Riemann-integrable.

Proof. Let g € P and set P’ = g7'P. Then 8(P) = gB(P") = g(e,hp)T' = (g,hp/)T.
Note that P’ = 7' (hp W). Thus

Pr(f@xw @@ xw)(B(P))
= > flgman)s - gma(m))xw(hra (1) -+ xow (b ()

('Yl ,,,,, 'yn)EF”

= > flogh, 99 = D flagh,---,99)
(g5l )ET =1 (g W)™ (9159 €(P)"
(gl ~~~~~ gn)EP”

To obtain the Riemann integrability we proceed as follows. As W is compact, yw
is upper semicontinuous. Hence by Baire’s theorem on semicontinuity we can choose
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(positive) continuous functions ¢ : H — R, k € N, with ¢5 > ¢g4q for all n > 1 and
limg_00 o = Xw pointwise. Using Urysohn’s lemma we choose a function o € C.(H)
with a(H) C [0,1] and «a|w = 1. By considering the products agy we again have
app > apgprr and limg . apr, = xw pointwise. Thus we can assume without loss of
generality that the functions ¢; are compactly supported.

The set W* is open and thus yw- is lower semicontinuous. Hence, by Baire’s theorem
on semicontinuity, we can choose continuous functions v, : H — R with ¢ < 9,1 and
limy o0 ¥x = Xwo pointwise. By replacing v, with %(Wk\ + 1x) we can further assume
Y > 0 and thus also that v is compactly supported.

Then Pr(f@pr®- - Qi) > P(fQprt1®- - Qpy1) for all k > 1 and for (g,h) € GX H
we have

Pr(f @ op @+ @ @r)((g, h)T)
= Y flgme(n), - gma(i))er(bra (1) - - pr(hmn (1))

Note that the right hand side is just the integral of a function with respect to a counting
measure. Further we have

Pr(f@er®- - @ pp) < F#(supp(f @ 1 @ @ 1) NI flloo 15

where supp(f ® 1 ® +-- ® 1) NI is to be understood with the necessary obvious
reordering of coordinates. Thus by dominated convergence we have

Pr(f @ ox @+ @¢i)((g, h)L) = Py(f @ xw @ -+ ® xw)((g, h)T).
Similarly one shows Pr(f @ p @ -+ @ ¢y) > P(f @11 ® -+ @gy1) for all k > 1 and
Pr(f@¢r @ @) = Pr(f @ xwe ® -+ @ Xwe)

pointwise. Now

Pr(f@xw - @xw)((g, M) # Pr(f @ xwe @ -+ @ xwe)((g, R)T)

implies (g, )" € (G x OW)/T, which is a mgxmyr-nullset. Thus we have shown the
Riemann-integrability. O]
If we now have f1,..., f, € C.(G), we apply the lemma to f: G* = C, (g1,...,gn) —
fi(g) - falgn). AsP(f1)-...-P(fn) = P(f), this allows us to obtain the whole algebra
generated by P(C.(G)). Thus we have circumnavigated the issue described above. This
lemma together with Lemma 5.2.2 therefore implies the following theorem:

Theorem 5.2.6. Assume that (Gy);>o is a quasi-uniform sequence of symmetric compact
subsets of G with positive measures such that the invariant ergodic theorem holds for
((Gt)i>0, C(UDqo,(G))). Then for any uniform reqular model set Py every P € Qp is
generically measured wrt. (Gy)i~o in the homogeneous space G.

Proof. Note that Y is compact, as Py is a uniform regular model set. Thus C(Y) =
C.(Y). We will first prove that for every f € C(Y) there is a my-conull set Y/ C Y



such that .

1 1
ma(Gy) th(g y)dma(g)%/f‘r—ldmy

for every y € Y.

As Py is a regular model set, 8 : Qp — Y is continuous. Moreover § : QF — Y™ is
a bijection between conull sets. Consider the function f o f € C({2p,) and note that
there is a function f € C(UD,,(X)) with f(P) = f(8(P)) for all P € Qp, by the Tietze
extension theorem (as Qp, C UD,,(X) is a compact subset). By the invariant pointwise
ergodic theorem for ((Gt)i>0, C(UDa,(X))) we can find a pip,-conull set Q5 C UDy,(X)

such that .

ma(G) G

for every P € Qp,. As Qp is a up,-conull set, the set Q7 N Q7 is a pp,-conull set. For
any P € Qy NQp and ¢ > 0 we have

FlgP)dma(g) — / Fdur,

1
ma(Gy) Gy

Set Y/ = B(Qy N QE). Then Y/ is a my-conull set and for each y € Y/ we have

1

f(g~ ' P)dme(g) = ma (G Ju

f(B(P))dme(g).

lim

FBP)dmetg) = [ o By, = /Y Fdmy.

Qp,

Now let f € C.(G™) for some n > 1. Then, if P € QF, Lemma 5.2.5 shows P(f)(P) =
Pr(f@xw @@ xw)(B(P)). Observe further that for any g € G the set gP is in Q.
Thus

P(f)(gP) =Pr(f @ xw ® - @ xw)(98(P))
for all g € G. Thus, by the definition of yp, and Lemma 5.2.2,

. 1 -1
fim /G PNy Pima(s)
— lim Pr(f ® xw ® - ® yw) (g~ BP))dme(g)

o t—oo mG<Gt) Gy

- [P e @@

mdm(GxH)/F«g, h)T')

- / P()(P)dpur, (P).

as up, (2F) = 1 = maxmr(Y"™). Now we note two facts:

(i) The set [J,»; P(Cc(G™)) contains the algebra generated by the functions P(f),
f € C.(G). This algebra separates points and by the Stone-Weierstrass theorem
it is dense in C(Qp,).

(ii) Every continuous function on UDy,.(G) restricts to a continuous function on Qp,.

Combining these two facts with Proposition 2.4.5 implies the claim. O
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Remark 5.2.7. Even if P, is a regular model set which is not uniform, it is still evident
that Lemma 5.2.2 together with Lemma 1.3.4 allows for fine grained control of the ergodic
theory of pp,. In particular in all of the classes of examples for G we have considered so
far in this thesis, the ergodic theorems are strong enough to show the theorem above in
the case of non-uniform regular model sets.

5.3. Palm measures

We will now determine the Palm measure of A, The results we present in this section
are well-known to experts (see |22, Section 7]), but our approach using Last’s version of
the Palm measure for point processes in homogeneous spaces is novel.

Recall that we have fixed a regular model set Py € UD,,(G) and the associated point
process AT, We will now give an explicit description of the Palm measure of Af. The
canonical Qp -transversal for Ag is given by 7 = {P € Qp, | e € P}.

Our determination of the Palm measure of A™ is based on two proposition. The first
one identifies the image of the transversal under the inverse parametrization map 5 and
the second one is a generalization of Lemma 5.2.1.

Proposition 5.3.1. We have T ={g~'Py | g € Py} and 5(T) = ({e} xW)/I'. Moreover
Blr: T — ({e} x W) /T is continuous.

Proof. For P € T we have 5(P) = (e, hp)l’ by Theorem 5.1.5. Assume for the moment
that T ={¢g~'Fy | g € Py}. For g € Py we have

Blg™ P) = (97", e)T = (97",¢)(g,7(9)T = (e, 7(9))T € ({e} x W)/T.

As 7y(T) is dense in H and W is the closure of its interior, we see that S({g™' P |
g € By}) is dense in W. Then, if w € W and (¢,)n>1 is a sequence in Py such that
B(g,, ' Py) — w, we can choose a subsequence (gy, Jx>1 such that the sequence (g, ' Po)i>1
is convergent (as 7 is a compact subset of UD,,.(G)). Thus, if P, € T is the limit of
(9n Po)k=1, we see that g, ' Py — P and (g, ' Py) — w. As the graph of f is closed, we
have B(P) = w.

If P € T, then there is a sequence (g,)n>1 with g, 'Py — P and we can consider the
sequence (3(g,'Py). As W is compact, we can choose a subsequence (g,, )x>1 such that
B(gn Po) is convergent (to some element wp € W). As f3 has closed graph we see that
Note that we have actually shown that the map 7 — ({e} x W)/T" is continuous. This is
not surprising as any closed graph map between compact Hausdorff spaces is continuous
by the closed graph theorem.

Now all that is left to show is T = {g7'Fy | g € Fy}. To do this we will use that there is a
topology on §(G), called the local topology, which is equal to the Chabauty-Fell topology
on the subspace Qp, by [19, Corollary A.8|. By [19, Appendix A.2| a neighborhood basis
of P € Qp, in the local topology is given by the sets

UKJ/(P) ZI{QEQPO‘HtEVZtQﬂKZPﬂK},
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where K runs over the compact subsets of G and V runs over the open subsets of
G. Let P e T. As{gPy | g € G} = {g7'Py | g € G} is dense in Qp,, we can
choose ¢, € G with g,Py — P. Hence for any n € N there is some t¢,, € B(e,r) with
tngnPo N B(e,n) = PN B(e,n) and thus e € t,g, P, i.e. (tngn) "t € Py. Ast, € Ble,r),
we can choose a convergent subsequence (t,, )y>1 by the properness of the metric on G.
Let t € Ble,r) denote its limit. Then t,, g, Po — tP. As t, g, P € T, we see that
tP € T,as T is compact. Thust~! € Pand t~* € B(e,r), i.e. t™' € PN B(e,2r) = {e}.
Hence t = e and t,, g, Po — P. Setting gr = (., gn, )", We obtain e € g, ' Py and
G.'Py— P and thus {g~'Py | g€ P} =T. O

Proposition 5.3.2. Let P € Q% with B(P) = (gp, hp)T, i.e. P = gp7 ' (hp'W) and
let f:GxT —[0,00) be measurable. Then

> fg,97'P) =Y flgpmu(), 7 ((hemu() " W)xw (hpma (7))

geP vyel

Proof. Note first that x € mg(y) "7~ 1(hp'W) is equivalent to 7a(y)z € 7 1(hp'W)
which in turn is equivalent to 7(mg(y)r) € hp'W. This is again equivalent to
7 (y)7(x) € hp'W which is the case if and only if 7(z) € 7y (y)"*hp'W. Thus we
have 7 () 7 H(hp'W) = 77 ((hpmg (7)) "'W) and obtain

> flg.g7'P) =Y f(g,9 ' gpm(hp'W))

geP gepP

=Y Flgem (7). (gpma (7)) gpr " (hp"W))xw (hpmu (7))

vyel

=" Flgrn().ma(n) " (B W) xw (hema (7))

vyel

= Zf(.gPﬂ-(IY)aT_l((hPﬂ-H(7))_1W))Xw(hp7TH(’y)). [l

yel

In order to state what the Palm measure of A is, we need to make some definitions. Let
H" :={h € H | h™'W is T-regular} and W™ = H™NW. Let i : W — (Gx H)/T, h —
(e,h)I' and note that i is continuous. Let par : Y™ — QF denote the inverse of
6’9!11% : erlgi — Y,

Proposition 5.3.3. W™ is a conull set in W and the Palm measure of AT is given by

Vp, = = par, i, mpy|wns.

Iy

mg (W) .

In particular i(A™) = "™

Proof. We will first prove that the measure vp, satisfies the refined Campbell theorem.
Let f: G x T — [0,00) be measurable and let F' be a fundamental domain for I' in
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G x H. For P € Qp choose (gp, hp) € G x H with S(P) = (gp, hp)I'. Then

/Qp/fgg 'w)dA® (g)dpp, (w /Q > f(g.97 P)dpp,(P)

Py geP

:/ns S~ Flgpma(), 7 ((hpma (1) W) xw (hpm (7)) du( P)

Po v€l

= [ 3 slameto, T‘l((hﬁH(v))‘IW))XW(hWH(V))ﬁdmy((g, m)

vyer

_ /F oy 2 ama(2), r—l((hﬂH(V))—lw))XW(th(y))ﬁdmg & mu((g.h))

- / flgor (- 1W>>XW<h>ide<h>de<g>
G x Hns ‘F|

/ F(gom (B W) = dimg () dme )
e |

//fg, d(par) i, (P)dma(g //fg, )du(P)dma(g).

If P denotes the Palm measure of A, then

//fg, )dv(P)dmg(g /Qp/fgglwd/\()dupo()
= [ [ 10, Pyr(Pyimets)

and thus, choosing f(g,w) = Xper)(9)xa(w) with A C T measurable, we see that
v(A) = Pr(A). Thus v = Pr and v is the Palm measure of A. To see that W™ is
conull, we observe first that W \ W™ c H \ H™. But h € H \ H™ if and only if
h=toW N7y (T) # 0, which is equivalent to h € Wy (T') (compare to the proof of 19,
Lemma 3.6]). But this set is a countable union of nullsets and thus a nullset. O

5.4. Patch frequencies and acceptance domains

In this section we will prove that the frequency with which certain patters appear in F,
is given by the volume of certain subsets of the window W, called acceptance domains.
This will give a fairly complete understanding of the transversal and the Palm measure of
A" in terms of frequencies and patterns, which in turn are controlled by these acceptance
domains. In the case of model sets in Euclidean space some results of this section are
folklore results. The idea of acceptance domains was first introduced by Julien in [66].
They were later used by Koivusalo and Walton in |71, 72| and by Haynes, Koivusalo and
Walton in [63] to address questions related to complexity and linear repetitivity. In [68|
Kaiser generalized some of their methods and in particular acceptance domains to lcsc
groups. It is this generalization that we will present and use to obtain our results.

As in the previous section Py = P(G, H,T', W) is a regular model set.
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5.4.1. Basic theory of acceptance domains

In this subsection we will quickly introduce acceptance domains and their basic proper-
ties. All results in this subsection are due to Kaiser, [68], in the generality we present,
except for the example at the end of the subsection.

Definition 5.4.1. Let g,h € Py and s > 0. We say that g ~, h if g7'Py N Be,s) =
h='PyN Ble,s). If g ~4 h, we say that g, h € Py are s-related. The set g~'Py N B(e, s)
is called the centered s-patch at g.

Definition 5.4.2. Let s > 0. The s-slab of (G, H,T',W) is the set
Ss ={v €T |m6(7) € Ble,s), mu(y) € W W}
The s-slab at g € Fy is
Ss(g) = {v € Ss | gma(7) € P}
Lemma 5.4.3. For g,h € Py we have g ~s h <= S;(g) = Ss(h).

Proof. If g ~ h, then g1 PyN B(e, s) = h"PyN B(e, s). For v € S(g) we have gng(7) €
Py, i.e. mg(y) € g1 Py and by the definition of Ss(g) we also have m¢(7y) € B(e,s). Thus
7¢(v) € g ' PyNBle,s) = h 'PyN B(e, s). Thus hrg(y) € Py. In addition there is some
h' € Py with mg(y) = h7'h and thus 75 (y) = 7(76(7)) = 7(h)'7(K') € W='W. Thus
v € Ss(h).

Assume now that Ss(h) = Ss(g). If z € g7 Py N Ble, s) then x € mg(T), 7(x) € WIW,
x € Ble,s) and grg(z) € Py. Thus (z,7(z)) € Ss(g) = Ss(h) and thus (doing the same
in reverse) x € h™ 1Py N B(e, s). O

Hence we see that the slabs encode the possible centered s-patches. We now use this to
define a decomposition of W.

Definition 5.4.4. Let z € Py and s > 0.

(i) The pre-acceptance domain of (z,s) is the set
Aps =7({y € Po |  ~5 y}).

(ii) The acceptance domain of (z,s) is the set

Wy = ﬂ Werg(y)™H | N ﬂ Werg(y)™
1€54(2) AVAE

Theorem 5.4.5. If x 745y, then Wy s "W, s =0. If & ~5 y, then W, s = W, ;.

Proof. By the lemma above we have x ~, y iff Sj(z) = Ss(y) and this implies W, =
Wys. If © ots y, then Si(z) # Ss(y). Without loss of generality we can assume that
there is some v € Sy(x) \ Ss(y) (otherwise swap z and y). Hence W, C Wemp(y)™
and W, s C Werpg(y)~t. Thus W, , N W, = 0. O
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Lemma 5.4.6. For all x € Fy and s > 0 the pre-acceptance domain A, s is a dense
subset of W 5.

Proof. Let y € Py with © ~; y. Then W, = W, as Ss(x) = Ss(y). Thus we must
show 7(y) € Wy, ie. 7(y) € Wemy(y)™* for v € Ss(y) and 7(y) & Wrpg(y)™* for
v € S\ Ss(y).

But 7(y)m(y) € W° is equivalent to ymg(y) € Py (as W is topologically regular and
[-regular) and by the definition of the s-slab at y we have 7g(y) € y~'Py N Be, s).
Similarly for v € S, \ Ss(y) we have ng(7) € y~ Py N B(e, s) and thus, by the definition
of the s-slab, mg(v) € y~'Py. Hence 7(y)mg(y) € W and thus 7(y) € Wrg(y)™ .

The density of A, follows directly from the fact that J,cp Azs = 7a(I) N W C
U.e p, Wa,s and the fact that there are only finitely many acceptance domains. O]

Example 5.4.7. For an arbitrary (non-Euclidean) cut-and-project scheme the calcula-
tion of the r-slab can be quite difficult, as it boils down to computing all lattice points
in a given compact unit neighborhood of G x H. However, for specific families of lattices
one can sometimes find relatively simple methods. Consider for instance the Hilbert
modular group I' == SLy(Z[v/2]) as a lattice in SLy(R) x SLy(R) via the diagonal em-
bedding id x o, with o the entry-wise Galois conjugation in Q(v/2) mapping a + bv/2
to a — by/2. If we have any compact unit neighborhood U in SLy(R) x SLy(R), we can
choose t > 0 such that U C 71 (B(x,t)) x 71 (B(zo,t)), where B(zg,t) denotes the
ball in H?. Thus we can compute all lattice points in U by computing all elements of T’
with 7g(y) € B(xo,t) and mg(o(y)) € B(xo,t). but

s/2 0 1 s/2 0 T s/2 0
e o s - _ e e
d (( 0 6_8/2) .z,z) = dy2(e%,i) = s = cosh™* <§tr (( 0 6_5/2) ( 0 6_5/2) .

The KAK decomposition of SLy(R) now implies that tr(g"g) = 2cosh(dy2(g.4,1)) for
all g € SLy(R). Thus, if ( 2) = v € I' with dg2(7.7,7) < t and dy2(0(7).7,7) < t, we
must have tr(y"7) < 2cosh(t) = T and tr(o(y) ") < 2cosh(t) = T. This is equivalent
to a®? + >+ 2+ d*> < T and o(a)? + o(b)* + o(c)? + o(d)* < T. This implies

la| < T, |b| <T, |c| <T, |d <T
and
lo(a)| < T, |o(b)

| <
If j: Q(v2) = R xR, 2+ (x,0(x)), then j(Z [\/5]) is a lattice in R? and every entry
of v must be contained in C' = j( [\/5]) N ([-T,T] x [-T,T]). Hence we can compute
every matrix in T' N7~ Y(B(i,t)) x 71 (B(i,1)) by testing all possible combinations of
points in C' as matrix entries.

T, |o(0)| < T, |o(d)| <T.

5.4.2. Acceptance domains, the transversal and patch
frequencies

We now make the standing assumption that Fj is a uniform regular model set and that
the pointwise ergodic theorem holds for ((G¢)i~o, C(UDo.(X))) with (G})i~o a quasi-
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uniform sequence of symmetric pre-compact sets. In particular, P, is generically mea-
sured by Theorem 5.2.6.

Definition 5.4.8. Let IT C G be finite. If there is some x € Py with 2 'PyN B(e, s) = 11
we call IT a realized s-pattern of Py. Denote the set of realized s-patterns of Fy by P.
Let IT C G be a realized s-pattern and (G;);~o some sequence of Borel sets with positive
measure in G. If the limit

#{ge PBhNGy | g PN Ble,s) =11}

f(Po, 1L, (Gi)e=0) = Jim ma(Gy)

exists, we call f(Py, I, (Gy)i~o) the pattern frequency of Il in Py wrt. (Gy)iso-

This is not really a “frequency”. To obtain something which behaves like a “frequency”
we need to multiply with

. ma(Gy) 1

im = - .

t—00 #(PO N Gt> Z(APO)

This is very similar to the definition of energy, which also uses normalization with
(#(PyN Gy))~! and not normalization with ma(Gy) ™.

Our aim is the following theorem:

Theorem 5.4.9. Let I1 be a realized s-pattern and let x € Py with x~'PyN Ble,s) = 1.
If the invariant pointwise ergodic theorem holds for (C.(UDq,.(G)), (Gt)i=0), then

J(Po, 1L (Gt)e0) = mp (Was).

Recall that v denotes the Palm measure of A,

Lemma 5.4.10. Assume that the invariant pointwise ergodic theorem holds for

(C.(UD9.(G)), (Gt)t=0) and let I1 C G be a realized s-pattern. Then

. #{gePhNG, | T Cg'PyNB(e,s)}
lim
t—00 mG(Gt)

=v({PeT|IlCP}).

Proof. We first note that there are only finitely many realized s-patterns, as the finiteness
of the s-slab implies that there are only finitely many acceptance domains and thus only
finitely many pre-acceptance domains. By [19, Theorem A.7] for any P € Qp, and z € P
there is some y € Py with x71P N B(e,s) = y~ 1Py N B(e, s). Hence the set

A= U PN Ble,s)
PeT

is finite. Choose & > 0 such that dg(z,y) > 20 for all x,y € A and for x € A let ¢, €
C.(G) with ¢, : G — [0, 1], supp(p,) C B(z,d) and ¢, (z) = 1. Let IT = {z1,...,z,}
and set

f :G" — ]R7 (gla"‘7gn) = ngzz(gl)

=1
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Then ) _p. f(z) = 1 if and only if I C P. We can now apply the Palm sampling
theorem 2.5.9 to f and obtain

lim #{ge BhNG |1 C g P}_ Z flg'Py)

t—o0 mG(Gt) t—)oo mG Gt JePonGe

=v(f)=v({PeT|IIC PNB(e,s)}). O

Lemma 5.4.11. Assume that the invariant pointwise ergodic theorem holds for

(C.(UD9(G)), (Gy)i=0) and let I C G be a realized s-pattern of Py. Then

i FOERNG T =g RN Ble,s)})

=00 mea(Gy) v({PeT|Il=PnNBle,s)}).

Proof. Consider the set P of all realized s-patterns of F, and note that this is a finite
set on which we define an partial order < by inclusion. Note that for a maximal element
IT € P we have

{geR|Icg'R}={9€ PR | g PN B(e,s)=1I}

and
v{PeT |ICcP})=v({PeT |lI=PnNDBle,s)})

(as the set of realized s-patterns of P is contained in P by [19, Theorem A.7|). Thus
the claim holds for all maximal elements of P. Assume now that II € P and that we
have shown the claim for all II" > II. Then

{geP|TICg'RNBles)t=|J{geP | =g ' PN Ble,s)}
I<Ir

and
{PeT|NcPt=|J{PeT|II'=PNBes)}

<11/

Note that both of these unions are disjoint unions. We have

i € R | =g 'PNBes
f(P07H, (Gt)t>0) — tli)n;i) #{g 0 ‘ g 0 ( )}

mG(Gt)
= lim #ge P [ NC g RNBles)t \Uncn{g € R |1 =g ' Py N Ble,s)}
e ma(G)
=v({PeT|IC P}~ v{{PeT|II'=PNBs)})
=v({PeT |Il=PnBles)}). 0

Lemma 5.4.12. Let II C G be a realized s-pattern and let x € Py with II = 27'Py N
Ble,s). Then
v({PeT |ll=PnNB(es)}) =mugWss).

Proof. Recall that A, ; C W™, We first show par(i(A,s)) C{P €T |l = PNB(e,s)}.
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For 7(y) € A, s we have

par(i(7(y))) = par((e, 7(y))T') = par((e, 7(y))(y,7(y))~'T) = par((y,e)l') =y~ ' Py

and as 7(y) € A, s we have y"'PyN B(e, s) = 27 Py N B(e, s) = II. Thus par(i(7(y))) €
{PeT |ll=PnNB(es)}

We now note that A, ; is dense in W, ; and W, C W™, as W, s does not contain any
right 7p (I')-translates of the boundary OW. If h € W, ; then we can choose a sequence
(Yr)k>1 in Py with 7(yg) € A, s for all k > 1 and 7(yx) — h as k — oc.

Then, as T is compact, the sequence (par(i(7(yx))))r>1 has a convergent subsequence
(par(i(7(y,))))i>1 with limit P € T. As {Q € T | QN B(e,s) =11} C T is closed, we
have PN B(e, s) =11

Now B(par(i(7(yx,)))) = i(7(yx,)) — i(h) by continuity of 7. Thus, as § has closed
graph we see that 5(P) = i(h) and thus, as i(h) € Y™, we have P = par(i(h)). Hence
par(i(1V,..)) € {Q € T | Q1 Ble,s) =TT},

Now choose some x; € P, for each realized s-pattern Il of Fy. Then W™ = Unep Wans
where the union is disjoint, and thus v({Q € T | QN B(e,s) =}) = my(Wy, ). O

Proof of Theorem 5.4.9. The theorem follows directly from the three previous lemmas.
]

5.5. A Euclidean example

Using the results of the previous section we will now demonstrate how one can get a
complete understanding of the density behaviour of a specific family of Euclidean regular
model sets. We will use a very modest amount of algebraic number theory to obtain the
lattice I' with which this family is build.

We specialize to the situation where G = R", H = R¥ and let W := [~1,1]*. For
I' <R" x R* a lattice we define the set of I'-reqular scalings by

St = {t€R|t>0, taWﬂﬂH(F):@}

For each t € Sp we get a regular model set P(t) := P(R™, R¥ T,tW). We define a
function r : Sp — R by

r(t) = max{r > 0| P(t) € UDs, ()} = £ min{llz —ylls | = # y € P(1)}.

As P(t) C P(s) for t < s in Sr, we see that r is monotonically decreasing.
mH(tW)

We note that the intensity of A”® is given by T and thus

mH(tW) <1

D,y (A"D) = mg(B(0,7(t))) S

Hence C,r(t)” < (y;)lk , where C), = m¢(B(0, 1)). By rearranging we obtain the following
estimate:
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Lemma 5.5.1.

) < (%) — o).

We will use the slab and acceptance domains to study the behaviour of r. For t € Sp
we define the following slight modification of the slab:

S(t,r) ={y €T | mul(y) € t(W° = W?), na(y) € Ble,r)}.

Lemma 5.5.2. For all t € St we have

r(t) = 5 min{|lme(1)ll | 7 € S(t,2p(1))}.

Proof. Assume that v € S(t,r). Then there are h,h' € tW*° such that h + 7g(y) =
R'. By the density of 7y (I') in H we can find a 7/ € I' such that my(y') € tW°
and 7y (Y') + mu(y) € tW° by choosing 7' € I" such that 7y (y') is close to h. Thus
(YY) € tWe and 7y (y') +mu(y) € tWe. Hence mg ('), ma(v') +ma(vy) € P(t) and thus
(0) < Hime ()l

We can find z,y € P(t) with 2r(t) = |z — yll2 < 2p(t). Thus (z,7(2)),(y,7(y)) €
NG xtWe° and (z — y, 7(z) — 7(y)) € Ble, 2p(t)) x t(W° — W°). This implies r(t) >
Sin e |7 € St 20(1))}. .

We will now specialize the situation further and assume that L is a totally real number
field with embeddings oy,...,04 in R, with d = n + k. Let O, denote the ring of
algebraic integers of L and assume that I' := {(01(&),...,04(§)) | £ € Or}. Then T is a
lattice in R? with covolume |I'| = |AL[, the absolute value of the discriminant of L.

Let N(§) =o01(§) -+ 04(§) be the (number field) norm of £ € Oy, and note that | N ()|
is always a natural number. Set & = 0;(§) for all i. Then as in [17, Example 5.2|, we
obtain for ||(&1,...,&,)]]2 < s from the AM-GM inequality

1 1
(s, €l = [1(€ntrs - €a)lloe = 2l (Gnvrs s Ca)llt 2 [€nsa - - Eal®

— IN(OF|&] % - €l % = INE)FII(&rs -, &)l

> (€r - &)yt > 57

If we now pick v, € I'NG xtW with 2r(t) = ||7a(v) —7c(Y)||, then |7y (v) =75 (V)] >
r(t)"% and ||7g(y) — 7u(7’)|| > diam(W) = 2t. Thus we have shown the following
lemma.

k
n

Lemma 5.5.3. For allt € Sr we have r(t) > (2%)

Theorem 5.5.4. Assume that k = n, i.e. that L C R has degree d = 2n. Assume
further that there is a unit € € Op with € > 1 such that

(1) |oi(e)] =€ forall1 <i<mn,

(ii) |oi(e)| =e ! forallm+1<i<d.
Then r(et) = 2r(t) for all t € Sp.
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Proof. Note that r(t) < p(t) = C; for some constant C' > 0. Define j; : K —
R™ & — (01(§),...,00(8)) and jo : K — R & — (0,31(&),...,04(§)) such that
T = {(j1(&),72(&)) | € € Or}. We also set j: Op — R?, & = (j1(€), j2(€)) and note that

I' with coordinate-wise addition and multiplication is a ring and j is a ring isomorphism
from Op, toI'. Now

r(et) = g minfllra(n)ls | 7 € S(et, p(et)))
= sminflre()l |7 €T, 7 € B0, plet) x [~=t,<f]")

= smin{lno()ll | v €T, 5 € ZB(0,p(1)) x <[~ 11"}

= Sminflre(ll |7 €T, j(e)y € 2B, 1) x Zel1,1]")

= %miﬂ{lhc(j(éfl)v)lb |7 €T, v € B(0,p(t)) x [t 4]"}

= 2 minfe mo(lley € S p(1))} = 2r(r) =

Example 5.5.5. If L = Q(,/p), with p a prime, the assumptions of the theorem above
are fulfilled. Lattices coming from this construction in conjunction with intervals as win-
dows are very commonly used in the Euclidean theory of model sets to test hypothesis.
As is evident, these types of model sets are very special.

Corollary 5.5.6. In the setting of the theorem above we have for every t € St that

an([—“fr,st]”) _ Cnr(;)" 5”mH|(lE—|t,t]") _ D’r(t)(P(t))'

Dy ety (P(et)) = Cur(t)

If we define D(t) : Sp — R, t — D,y (P(t)), then D oexp : log(Sr) — R is periodic.

Moreover, by calculating all relevant sets S(s, p(s)), t < s < et, we can determine the
complete behaviour of s — 7(s). Notice that this can be done by determining all lattice
points in S(et, p(t)), i.e. finitely many lattice points, as S(s, p(s)) C S(et, p(t)) for all
t < s < et. Thus we can obtain a complete understanding of the densities of the family
(P(t))tesy. of regular model sets with a finite amount of calculations.

106



A. Basic CAT(0) geometry

In this appendix we summarize the basic CAT(0) geometry we need in this thesis. See
[30, Chapter I1.1] for comprehensive coverage of everything we explain here.

A geodesic segment in a metric space (Y, dy) joining z,y € Y is the image of a path of
length dy (z,y) in Y starting at « and ending at y. Such a path v : [a,b] — X will be
called a geodesic path from x to y, if is is an isometric embedding. If any two points in
Y can be joined by a geodesic segment, we call Y a geodesic metric space. A geodesic
triangle in Y consists of three points x,y, z € Y and choices [z, y], [y, z|, [z, 2] of geodesic
segments joining = and y, y and z, and z and . It will be denoted by A(z,y, z). For
any such geodesic triangle there is a Euclidean triangle with corners 7,7,z € R? such
that

dp2(T,9) = dy(x,y) and dg2(y,2) =dy(y,2z) and dg(7,2) = dy(x, 2).

This Euclidean triangle is called a comparison triangle for A(x,y, z).

Definition A.0.1. A geodesic metric space (Y, dy) is called a CAT(0)-space, if for any
geodesic triangle A(z,y, z) and any p € [z,y], ¢ € [z, z] and p € [T,7], § € [T, Z] such
that dy (x,p) = dg2(7, D) and dy (z, q) = dg2(T,q) we have

Inequality (A.0.1) is called the CAT(0)-inequality.

Proposition A.0.2.

(i) CAT(0)-spaces are uniquely geodesic, i.e. any two points are joined by a unique
geodesic path.

(i1) Symmetric spaces of noncompact type are CAT(0)-spaces.
Let 7,, 7. be geodesic paths from z to y and z to z. Let Z,(v1(t),72(#')) denote the angle

at T in the Euclidean comparison triangle with corners 7, v; (t), 72(t) to A(x, v, (1), 7:(t')).
The Alexandrov angle between ~; and 7, at z is defined as

4(’71772) = lim sup Zm(’yl(t)a’)/?(t/))'

200t t/<e

As each geodesic triangle A(x,y, z) comes with an implicit choice of geodesic paths we
can define the Alexandrov angle Z,(y, z) between [z, y] and [z, z] at . Now the following
characterization of CAT(0)-spaces is available, see [30, Chapter II.1 Proposition 1.7]:
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Proposition A.0.3. A geodesic metric space (Y, dy) is a CAT(0)-space if and only if
for any geodesic triangle A\(z,y, z) in'Y we have

Aﬂv(y7 Z) S lf(ya 2)7
where Zz(7,Z) denotes the angle at T in the Euclidean comparison triangle to N(x,y, z).

For Riemannian manifolds the Alexandrov angle is of course the ordinary Riemannian
angle, cf. [30, Chapter II.1 Corollary 1A.7].

Proposition A.0.4. Let Y be a smooth Riemannian manifold and let vy, v2 be geodesics
with v1(0) = v2(0). Then Z(y1,72) is the ordinary Riemannian angle between ~y, and 7s.
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B. Lattices

B.1. Metrizing quotients

In this appendix we will make use of the following theorem, see [87, Theorem 6.6.1].

Theorem B.1.1. Let H be a group of isometries of a metric space (Y,dy). Then

dmy ([2], [y]) = dist(Hz, Hy)
is a metric on H\Y if and only if each H-orbit in'Y is closed.

We will mostly use this theorem in the case that H is a lattice. The case where H is a
compact subgroup is also of interest:

Remark B.1.2. Let G be a lcsc group equipped with a left-invariant metric. If K is
a compact subgroup, then a version of the theorem above for right-actions implies that
G/K is a metric space with a metric given by

deyx(z,y) = dist(n ™ (z), 7 (1)),

with 7 : G — G/K the quotient map.

If we now start with a proper metric space (Y, dy) on which G = Iso(Y") acts transitively
such that point stabilizers are compact, then we know that ¥ = G/Stabg(y) as a
topological space for any y € Y, where we equip G = Iso(Y') with the compact-open
topology. It seems to be unknown when exactly we can put a left-invariant metric on G
such that the metric

d(z,y) = dist(r (), 7 (y))

is equal to dy.

B.2. Borel sections and fundamental domains

We will make frequent use of the following selection theorem guaranteeing the existence
of Borel sections. It can be found in [102, Corollary A6].

Theorem B.2.1. Assume that Q and Q' are topological spaces, metrizable by a complete
separable metric. If f: Q — Q' is a Borel measurable map such that for each w € ' the
set f~Y(y) is a countable union of compact sets, then f(Q) is a Borel set and there is a
Borel measurable map f': f(2) = Q such that f(f' (V")) =w' for all W' € f(Q).

Corollary B.2.2. Let G be a lcsc group and K < G a compact subgroup. Then the
quotient map m : G — G /K has a measurable section 0 : G/K — G.
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In many cases it is possible to write down a Borel section explicitly, for example if
G is a semisimple Lie group and has a Cartan decomposition exp(p)K or if G is a
semidirect product of K and another group. In these cases the section will usually even
be continuous. More generally, in the setting of Corollary B.2.2 it was shown by Gleason,
[54], that there exist continuous local sections of 7 (around each point in G/K).

Definition B.2.3. Let I' be a countable group acting by isometries on a metric space
(Y,dy). A subset F' C Y is called a strict fundamental domain for the I'-action if Y
decomposes as a disjoint union Y = | | er vF.

The following examples shows how the selection theorem can be used to construct strict
fundamental domains:

Example B.2.4. Let G be a lcsc group and let I' < G be a discrete subgroup; then
" is countable, hence the canonical projection 7 : G — G/I' has countable fibers. By
Lemma B.2.1 it thus admits a Borel section o, and F' := o(G/I) is a strict fundamental
domain for the action of I' on G by right-multiplication. Moreover, I" is a lattice if and
only if mg(F') < oo and in this case the unique G-invariant probability measure on G /T’
is given by

(7T F)*mG’F

e (B.2.1)

mg/r =
Example B.2.5. Let X be a CAT(0) space of the form X = G/K where G is an lesc
group and K < G is compact. If I' < G is a discrete subgroup which contains a torsion
element ~, then v has a fixpoint in X; this implies that the action of I' on X does not
admit a strict fundamental domain. It turns out that, by the following lemma, torsion
elements are the only obstruction to the existence of strict fundamental domains.

Lemma B.2.6. Let G be an lcsc group, K < G a compact subgroup and I' < G a
torsion-free discrete subgroup. Then the action of I' on X = G/K admits a strict
fundamental domain. Moreover:

(i) If Binj C Bewj C X are Borel subsets such that the map mp : X — I'\X is injective
on Binj and surjective on Bgyj, then there ewists a strict fundamental domain F
with Binj CF C Bsurj-

(11) If T is a lattice, then mx(F) < oo for every strict fundamental domain F C X.
Proof. Assume first that By,; C Bgyj are asin (i), andlet Y := I'\X and Y}, := 7p(Bjyj) C
Y. By Lemma B.2.1 the set Y is Borel and, hence Y; := X \ X is Borel as well. By
the same lemma there exists a Borel section ¢ : Y — By of 7r| Bawsi - We now consider

the set ' := By, Uo(Y7), which is a Borel set by Lemma B.2.1. The map 7y is injective
on By,j and o(Y7), and we have

Tr(Bigy) Nr (o (Y1) = Yo NY; = 0.

This implies that 7p|r : F — Y is injective. Since I is torsion-free, it acts freely on X,
hence FNvy.F = () for all v € T'. Moreover, 7r|f is surjective (since mp(F) = YoUY; =Y),
and hence F' is a strict fundamental domain for the I'-action on X.
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This proves (i), and choosing Biy; := ) and Bgyj := X we see that a strict fundamental
domain F for I' ~ X exists. Its preimage in G is then a strict fundamental domain for
[' ~ G, and hence has finite Haar measure if I' is a lattice; since K is compact, this
implies that mx(F) < oo. O

B.3. Lattices in semisimple Lie groups

The goal of this section is to establish properties of lattices in isometry groups of sym-
metric spaces and their finite index subgroups and in particular to establish Theorem
B.3.2 below.

Existence of torsion-free subgroups of large girth

We recall the following notions:

Definition B.3.1. Let I' be a countable group acting by isometries on a metric space
(X, d).
(i) I is called residually finite if there exist subgroups I' =Ty > I';y > I’y > ... such
that I', 41 is a finite index normal subgroup of I';, and (I, = {e}.

(ii) The girth of the I'-action on X is defined as

girth(I' ~ X) := inf inf dx(z,vx).

z€X vel'\{e}

We can now state the main theorem of this appendix, which is a straight forward con-
sequence of theorems of Malcev, Bieberbach, Selberg and Borel-Serre:

Theorem B.3.2. Let X be either Euclidean space or a Riemannian symmetric space
of non-compact type and let G := Iso(X)g. Then for every lattice I' < G the following
hold:

(i) T is countable, finitely-presented and residually finite.

(i1) There exists a finite-index normal subgroup I'" < T' which is torsion-free, and any
such I admits a strict fundamental domain F C X of finite volume.

(111) If T is uniform, then for every T > 0 there exists a finite-index normal subgroup
I as in (ii) such that girth(I'" ~ X) > T.

In view of Lemma B.2.6, the second half of Part (ii) of Theorem B.3.2 follows from the
first.

We can state (iii) by saying that uniform lattices in G admit finite-index normal sub-
groups with strict fundamental domains and large girth. In order to apply this, we will
also use the following simple observation:

Lemma B.3.3. If I' is torsion-free with girth > 4R, then the restriction mr|pr) :
B(q,R) — I'\X s isometric for every q € X. In particular, the injectivity radius of
I' ~ X is uniformly bounded below by R.
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Proof. Let x,y € B(q,R); then dx(z,y) < 2R. We then have dp\x(I'z,Ty) =
inf,er dx(yx,y) by B.1.1. Now for v # e we have dx(yz,z) > girth(I' ~ S) > 4R
and hence

dx (v, y) 2 ldx (e, ) — dx(z,y)| > [4R = 2R[ > 2R > dx (2, y).

This implies that dp\x (I'z,I'y) = dx(z,y) and hence 7p|g(q,r) is an isometry. O

Theorems of Malcev, Bieberbach, Selberg and Borel-Serre

We now turn to the proof of Theorem B.3.2: Note that I' is countable since G is second
countable and I' < G is a discrete subgroup. Residual finiteness is thus immediate from
the following two observations (see [83, 4.842] for the former):

Theorem B.3.4 (Malcev). Every countable linear group is residually finite.

Proposition B.3.5. The groups G from Theorem B.3.2 (and hence their subgroups) are
linear.

Proof. This is clear for Iso(E")y = R™ x SO(n) and follows from the classification of
Riemannian symmetric spaces of non-compact type (combined with the fact that the
adjoint group of a connected semisimple Lie group is linear) in the non-Euclidean case.

[]

The existence of a torsion-free finite index subgroup (and hence a torsion-free finite index
normal subgroup) is a consequence of Bieberbach’s theorem (see [92, Theorem 2.1]) and
Selberg’s lemma (see [83, Theorem 4.8.2|):

Theorem B.3.6 (Bieberbach). Let T" be a lattice in Iso(E™)y = R" x.SO(n). Then there
exists a lattice I < R" N T < Iso(E™)y which is normal and of finite index in .

Lemma B.3.7 (Selberg). Let X be a symmetric space of non-compact type and let T
be a lattice in Iso(X)g. Then there exists a torsion-free finite index normal subgroup
I"<T.

Note that Bieberbach’s theorem immediately implies that in the Euclidean case I' ad-
mits a finitely-presented torsion-free finite index normal subgroup, and hence is finitely-
presented itself.

Theorem B.3.8 (Borel-Serre). If X is a symmetric space of non-compact type and I'
is a lattice in Iso(X)g, then I' is of type F., hence in particular finitely presented.

In the present generality, Theorem B.3.8 was established in [23| using reduction theory.

If I is uniform or G has Property (T), then much simpler proofs are available. At this
point we have established Part (i) and the first half of Part (ii) of Theorem B.3.2.
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Large girth

We now turn to the proof of Part (iii) of the Theorem B.3.2. We will need the following
consequence of residual finiteness:

Lemma B.3.9. Let I" be a countable residually finite group. Then for every finite subset
M C T there exists a finite index normal subgroup I < T" with M NI C {e}.

Proof. Let ' =Ty >T'1 > I’y > ... with I',,;; a finite index normal subgroup of I',, and
(T, = {e}. There thus exists a map n : I' = N such that {z} NI, C {e} for all
x € T'; now choose I :=T',, with n := max{n(z) | x € M}. O

Proof of Theorem B.3.2.(iii). Fix T' > 0. I' is cocompact we find a compact subset L C
G such that G = 'L, and we may assume that L contains the basepoint ro = eK € X.
Since G acts properly on X and since I' < G is discrete, the set

M = {y e '|ldx(zo,v.x0) < T — 2diam(L.0)}

is finite. Since I' is residually finite by Theorem B.3.2.(i), Lemma B.3.9 allows us to
extract a finite index normal subgroup I" < I' such that I N M = {e}. As in the
proof of Theorem B.3.2.(ii) we can achieve that I is torsion-free and thus has a strict
fundamental domain (of finite measure). We then have

dx(x9,7 .xg) > T — 2diam(L.zo) for all v/ € I\ {e}.

Since G acts transitively on X and every g € G can be written as g = 7, 'l for some
v € ' and [ € L, we have

irth(I" ~ S) = inf inf dx(g.79,N19.7 = infinf inf dx(yg 'l.xo, g Hlx
girth( ) inf Jnf x(9-20, 119-%0) Inf inf Jnf x(Yo Lo, Mo Lo)
= inf inf infdx(l. 1. = inf inf d !
’)}Orér'ylelfI‘l’\{e} }QL X( o 7010 x()) ’}/IGIFI}\{@}LL‘IGI}/.O X(‘T’f}/ .73)
> inf dx(z—,v.x9)+ 2diam(L.zg) > T,
v'e€r’\{e}
where we have used that I' normalizes I H

This concludes the proof of Theorem B.3.2.
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C. The spherical Bochner-Schwartz
theorem for the Heisenberg

group

Recall that exp : b, — H, is a diffeomorphism and that the Schwartz space . (H,,) is
defined by
S (Hy) = {foexp ' | fe.Z(b)}.

Recall further that we defined
L (Hn, Un)) ={f € L (Hn) | f(t,kv) = f(t,v) for all k € U(n)}.
Our aim in this appendix is a proof of the following theorem.

Theorem C.0.1. Let T be a positive-definite distribution on H, x U(n). Then there
exists a unique Borel measure g on PS(H, x U(n),U(n)) and a continuous functional
T on the space . (Hy, U(n)) with the subspace topology coming from . (H,,), such that
T[f] = TIf] for all f € C®(Hn,U(n)) = C=(H,) NS (H,, U(n)) and

T(f] = /fdu

for all f € S(H,,U(n)). Note that this property uniquely defines T and that the
Godement-Plancherel theorem for distributions forces u =T

For the proof we will use that the image of .(H,, U(n)) under the spherical transform
has been characterized by Astengo, Di Blasio and Ricci in [6].

C.1. Schwartz spaces

For [ € N let ¥ C R! be closed and set I(X) = {f € Z(R!) | fls = 0}. We define
Z(%) =L (R /I(X) and equip . (¥) with the quotient topology.
Given a seminorm p on a vector space X and a linear subspace M, we define p,; on
X/M by

pu([z]) = inf{p(z +y) |y € M}.

For m € Ny we define the Schwartz seminorms

pr(f)= sup (1+z])*
z€R! |a|<k

aa
@f(l’)‘-
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Lemma C.1.1. The topology on . (X) is the topology induced by the family {¢* | k €
No} of the seminorms ¢* = p’;(z).

Proof. This is clear from the definition of quotient topology. ]

Remark C.1.2. There is a canonical isomorphism of algebras
R:ZE) = {flsl fesR)}=S®R)ls [fl= fls

and we will identify these two spaces when convenient (and in particular equip .7 (R)|s
with the topology induced by this isomorphism). Given f € .7 (R')|s and a, 3 € N} we
define

11l = ¢"(R™(f))
and note that the topology on .(R!)|x is induced by the family {||-||x }xen,-

C.2. Embeddings of the Gelfand spectrum

From now on set G := H,, x U(n) and K := U(n). Before coming to the proof of C.0.1,
we give overview over the harmonic analysis on the Heisenberg group, mainly based on
[6], covering more ground than we did in Chapter 1.

Let F) denote the Fock space consisting of entire functions F' on C™ such that

A\ e
71, = () [ PG s <

and define the Bargmann representation m, of G on F, by
[ma(t, 2)F(w) == eMe 2R3 F(y 4 2)

and
m_a\(t,2) = m\(—t, 2).

The space P(C™) of polynomials on C™ is dense in F) and decomposes under the action
of K into K-irreducible subspaces

:Zpou

a€EA

with A € K. Let {v},. .. ,UC’}im(Pa)} denote an orthonormal basis of P, with respect to
the Fock scalar product (-, -) 7, on F, obtained from the Fock norm ||-|| 7, by polarization
and set

¢/\,O¢(t7 Z) = dlm Z 7T)\ t Z ]7 j/\>.7:
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We also set

Niw(t, 2) = /K exp(iRe((z, kw)))dmg (k).
Then
PS(G,K) ={nkw | w e C"}U{dra | A € R",a € A}.

We note that 7y, only depends on the length 7 = ||w||. By enumerating A one can
obtain the parametrization of the U(n)-spherical functions on the Heisenberg group in
Theorem 1.4.10.

Let D(G/K) denote the algebra of G-invariant differential operators on G/K. Recall
from [64] that the spherical functions of the Gelfand pair (G, K') are exactly those func-
tions w such that wg is an eigenfunction of every element of D(G/K). If w € PS(G, K)
and V € D(G/K), we denote the eigenvalue of wy with respect to V' by ?(w) A
differential operator D € D(G/K) is called homogeneous of degree m € C, if

D(f o D,) =r"D(f)o D,

for all f € C*(G/K) and r > 0.

Theorem C.2.1 (Astengo-Di Blasio—Ricci, [6]). There are differential operators
Vi,..., Vs € D(G/K) such that

{‘/b = _iata‘/la"'yVS}

generate D(G/K) and
(1) each V; is homogeneous of degree 2m;, with m; € N (and mo = 1),

(it) each V; is formally self-adjoint and ‘7]'<¢1,a) €N for each a € A,

(i17) \A/j(an) = pj(w,w) for every w € C", where p; is a non-negative homogeneous
polynomial of degree 2m;, non-zero away from the origin,

FEach element ¢ of PS(G, K) is smooth and a common eigenfunction of Vi,...,Vy with
real eigenvalues. Moreover each ¢ € PS(G, K) is uniquely determined by its eigenvalues

%(gzﬁ), . ,‘Z,(gzﬁ) with respect to Vp, ..., V.

By [6] the map
V:BS(G,K) = R, 6 (Vo(9), ..., Vi(9))

is well-defined and a homeomorphism onto its image
2, = V(BS(G, K)) = V(PS(G, K)).
¥, is a closed subset of R**! and the Gelfand transform f — fdeﬁnes a map

G : S(Hn,U(n)) = Map(,,,C), frs foV L
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Theorem C.2.2 (Astengo-Di Blasio-Ricci, [6]). The map
G: S Ma,Un)) = SR, [ G(f)

is a topological isomorphism. More specifically, for each p € Ny there exists a F, €
S (R and q € N, both depending on p such that Fy|s, = f and ||F)ls, |, < Cullfll,
for C, > 0.

Remark C.2.3. Note that Theorem C.2.1 and the explicit formula for ng,, implies that

V(nkw o D) = Vngrw) = (0,725 Vi (0gw)s - - - 7™ Va(nxcw)).

As

Pra = P10 D /5
for A > 0 and

Ora = ¢T’ao D\/m

for A < 0, we see that

V(6ra) = (AVo(S10) ™ Vi(d1a, -, A

for all A # 0 and o € A. Thus

mS‘Z(¢1,a)))

V(¢oD,) = (r*Vo(¢),r*™Vi(6),...,r"" V()

for any ¢ € PS(G, K) and r > 0.

C.3. Proof of the spherical Bochner-Schwartz
theorem

Lemma C.3.1. Let T be a positive definite bi-U(n)-invariant distribution on H, x U(n)
and let p denote the Godement-Plancherel measure of T'. Then there exists a positive
polynomial Q on R** such that

/ (g O {/

Proof. Let ¢ be a smooth function on H, x U(n) with B/, C supp(¢) C Bi/24s (Where
the balls are with respect to the Cygan-Koranyi metric) and set y = ¢ % ¢*. Then
By C supp(x). Let h denote the homogeneous dimension of #H,, and for ¢ < 1 set

Xe = (%)hx o D /.. It follows that there is some N € N and C' > 0, C' > 0 such that

T(xe) < Cllxelly
= Csup{|07x:(t, 2)| | (£, 2) € Hyya € Ng"H, [af < N}
< e |Ix|lw,
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where the family (||-||x)nen of seminorms defined by
11l = sup{|0” f ()| | * € Hn, 0 € NG"™, |o] < N}

induces the topology on C°(H,,).

We also have for any R > 0 that

TWJ—:LﬂGK?AM—<i) l;@K%/xvlhk o) dme(g) du(w)

< ) /Ps G.K) /( ) )w(D:(g)) dma(g) dp(w)
/PS(GK / )) dma(g) dp(w)

/ R(w o D.)dp(w)

PS(G,K)

~ [ 600w D) dutw

/ GO0 ETh(0), ™ i), ... ™ Til) di(w)
PS(G,K)

g G(x)(%xg, ¥y, ..., 2™ xy) d‘A/*u(aso, CeT)

> / g(x)(ezxo,amlxl, o 782msx8) d‘/}*ﬂ(l‘o, oo ,ZI)S)
{a3+. 22<r2 L}
B
B

(2(:2)
( (O f)) inf{G
o (65)

> [ inf{G(x)(e%x0, ™ x1,..., e x,) | 22 + 2 + ... 22 < R*7%}
>M ( )(x07x177xs)|x3+$%+$3§R2}

with
= inf{G(x)(z) | = € B(0, R)}.
Since
G(x)=16(¢)> >0
and

G00(0) = x(1) >0
we can choose R > 0, independently from ¢, such that K is positive (as G(x) is contin-
uous). Substituting 7 = (1/¢) and h = 2n + 2 we get

2(n41+4N)

(2n+2+2N)
4 ) =Lr

n(B(0.1) < il (%
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for some L > 0, independent of r. This implies the claim. m

Proof of the Bochner-Schwartz theorem. Consider the map
T:9(H,Un) = C, [ /fd,u.

By Lemma C.3.1 and Theorem C.2.2, this map is well-defined. More precisely, as for
any Schwartz function F, any positive polynomial P and any subset A C R* there is a
constant C' > 0 with

sup|F(z)P(x)| < C,

z€A

we have c
L ——
@) < 5

This implies that the integral [ fd,u is well-defined for any f € ./ (H,,U(n)), as p
has polynomial growth. Choosing a Schwartz function Fy and ¢ as in Theorem C.2.2
restricting to G(f), we see that

| < / Fldp = / G|V = / (FoldVg
F ~ 1 ~
< [1Ehig < [ Satn- 1l Colfl,

and thus we see that T induces a well-defined (continuous) functional on .%(H,,, U(n))

satisfying
Tf= / Fap
for all f € & (#H,,U(n)). Moreover
T(f*x f) =T(f 1)

for all f € C°(H,,U(n)) by the Godement-Plancherel theorem. As these functions span
a dense subset of C°(H,,, U(n)) (with respect to the topology on C°(H,,)), given a func-
tion g € C*(H,,U(n)), we can choose functions gy € C*(H,,U(n)) such that g, — g
in C°(H,) and T(g) = T'(gy) for all k (as the inclusion C°(H,,, U(n)) = . (Hy, U(n))
is continuous). Again by the continuity of the inclusion C°(H,) — 7 (H,,), we see that
gr — g in.7(H,) and thus Tg = Tg. Now the density of C2°(H,,, U(n)) in 7 (H,, U(n))

implies the uniqueness of the extension 7. O
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