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ABSTRACT

The tensorial curvature measures are tensor-valued generalizations of the curvature measures
of convex bodies. On convex polytopes, there exist further generalizations some of which
also have continuous extensions to arbitrary convex bodies. The global tensorial curvature
measures are the well-known Minkowski tensors, which are tensor-valued generalizations of
the intrinsic volumes of convex bodies.

We prove two complete sets of integral geometric formulae, so called kinematic and
Crofton formulae, for the (generalized) tensorial curvature measures. The kinematic
formulae express the integral mean of the (generalized) tensorial curvature measures of
the intersection of two given convex bodies (resp. polytopes), one of which is uniformly
moved by a proper rigid motion, in terms of linear combinations of the (generalized)
tensorial curvature measures of the given convex bodies (resp. polytopes). The Crofton
formulae express the integral mean of the (generalized) tensorial curvature measures of
the intersection of a given convex body (resp. polytope) with a uniformly moved affine
subspace in terms of linear combinations of (generalized) tensorial curvature measures
of the given convex body (resp. polytope). In the proof of the kinematic formulae, we
proceed in a more direct way than in the classical proof of the principal kinematic formula
for curvature measures, which uses the connection to the Crofton formula, to determine
the involved constants explicitly. However, we apply this aforementioned connection to
prove the Crofton formulae for the (generalized) tensorial curvature measures.

By globalization of these integral geometric formulae, we derive two complete sets
of corresponding integral geometric formulae for the Minkowski tensors. Non-trivial
adjustments of the above methods to the case of SO(n)-covariant tensorial curvature
measures (which are versions of the tensorial curvature measures with slightly different
covariance properties and only occur in dimensions two and three), yield the corresponding
integral formulae for them as well. From a different approach we finally obtain Crofton
formulae for the tensorial curvature measures which are defined with respect to the uniformly

moved affine subspace as the ambient space (and for their global versions).
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CHAPTER 1

INTRODUCTION

In the third of his famous twenty-three mathematical problems, which David Hilbert
presented at the International Congress of Mathematicians in 1900 in Paris (see [40]), he
raised the question if any polyhedron (in three-dimensional Euclidean space) can always
be dissected into finitely many polyhedra which yield reassembled any given polyhedron
of the same volume as the first. Contrarily to the well-studied equivalent for polygons
(in two-dimensional Euclidean space), Hilbert conjectured the answer to be negative in
general (referring to a correspondence between Gaufl and Gerling; see [31] p. 240ff]). This
was confirmed by Max Dehn in the same year, by introduction and application of the so
called Dehn invariant (see [24]), which can be seen as the first important example of a
real valuation (which is not a measure) on convex polytopes, and therefore, as the starting
point of valuation theory, one facet of which form the tensorial curvature measures, the
crucial objects of investigation in this thesis.

A mapping ¢ defined on the set ™ of convex bodies (non-empty, compact, convex sets)
in Euclidean space R™ which takes values in an abelian group is called a valuation (or
additive) if

P(K) + ¢(K') = o(KUK') + o(K N K')

whenever K, K', K U K’ € K™. This concept of additivity weakens the countable additivity,
which basically defines a measure and is therefore essential in various fields all over
mathematics. However, the theory of valuations is likewise remarkably fruitful, to a

great extent due to the investigations of the algebraic structure of valuations in recent
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years, which led to deep new insights into integral geometry (for an overview thereof, see
[4, 10 [30]).

Some of the most important classical valuations (and the first step towards introducing
the tensorial curvature measures) are the intrinsic volumes V; : K — R, for j € {0,...,n},

which occur as the coefficients of the monomials in the Steiner formula
n .
HY (K +eB") =Y kin_j Vi(K)e" ™, (1.1)
j=0

for a convex body K € K" and € > 0. As usual in this context, + denotes the Minkowski
addition in R", B™ is the Euclidean unit ball in R™ of n-dimensional volume k,, and H"
is the n-dimensional Hausdorff measure. The basic properties of the intrinsic volumes,
isometry invariance, additivity and continuity (with respect to the Hausdorff metric),
which are derived from corresponding properties of the volume functional, are crucial
in characterizing them. More precisely, Hadwiger’s characterization theorem states that
Vo, ..., Vy, form a basis of the vector space of continuous and isometry invariant real-valued
valuations on K" (see Hadwiger’s original works [36} (37, [38] or Klain’s new and shorter
proof in [59], reproduced in [60, Theorem 9.1.1] and [83, Theorem 6.4.14]). This key result
for intrinsic volumes is one of the fundamental tools in convex integral geometry, which
will be explained later in this chapter in more detail.

A far reaching generalization of the intrinsic volumes is obtained by their localization as
measures, associated with convex bodies, such that the intrinsic volumes are just the total
measures. Specifically, this leads to the support measures which are weakly continuous,
locally defined and motion equivariant valuations on convex bodies with values in the space
of finite measures on Borel subsets of R™ x S*~!, where S*~! denotes the Euclidean unit
sphere in R™. In the spirit of Hadwiger’s characterization theorem, Glasauer characterized
the support measures using these properties, where the additivity is not required (see [32]).
The support measures are determined by a local version of the Steiner formula , and
thus they provide a natural example of a localization of the intrinsic volumes. Their
marginal measures on Borel subsets of S”~! are called area measures, and the ones on
Borel subsets of R" are called curvature measures, both of which admit characterizations of
Hadwiger type via suitable properties (including additivity) as well, proved by Schneider
(see [79, 80]).

Already in the early seventies of the last century, Schneider, and Hadwiger and Schneider
analyzed vector-valued versions of the intrinsic volumes, so called quermassvectors (curvature
centroids), in terms of characterizations and integral geometry (see [39, [77, 78]). More
recently, in 1997 McMullen extended this framework and initiated a study of tensor-valued
generalizations of the (scalar) intrinsic volumes and the vector-valued quermassvectors (see
[68]). This naturally raised the question for an analogue of Hadwiger’s characterization

theorem for basic additive, tensor-valued mappings on the space of convex bodies. As



shown by Alesker in [2, 3], and further studied in [52], there exist natural tensor-valued
functions, the Minkowski tensors, which generalize the intrinsic volumes and span the
vector space of tensor-valued, continuous valuations on the space of convex bodies which
are also isometry covariant. Although the basic Minkowski tensors span the corresponding
vector space of tensor-valued valuations, they satisfy non-trivial linear relationships and
hence are not a basis.

The next natural step is to combine local and tensor-valued extensions of the classical
intrinsic volumes. This setting has recently been studied by Schneider (see [82]) and
further analyzed by Hug and Schneider in their works on tensorial support measures, or
local Minkowski tensors (see [47, 48] [49]). As their names suggest, these valuations can
be seen as tensor-valued generalizations of the support measures. On the other hand,
they can be considered as localizations of the (global) Minkowski tensors. Inspired by the
characterization results obtained in [82] (47, 48] 49| [74], we consider tensor-valued curvature
measures, the tensorial curvature measures, and their generalizations, some of which only
occur for polytopes. Even though a general characterization of the tensorial curvature
measures is still an open problem (see however [74] for results in the smooth setting),
we prove their linear independence in this thesis, which is a crucial result in view of the
upcoming integral formulae.

Minkowski tensors, tensorial curvature measures, and general local tensor valuations are
useful morphological characteristics that allow to describe the geometry of complex spatial
structure and are particularly well suited for developing structure-property relationships
for tensor-valued or orientation-dependent physical properties; see [69, 86, 87] for surveys
and Klatt’s PhD thesis [61] for an in-depth analysis of various aspects (including random
fields and percolation) of the interplay between physics and Minkowski tensors. These
applications cover a wide spectrum ranging from nuclear physics [91], granular matter
[57, [101], (76} [67], density functional theory [100], physics of complex plasmas [20], to
physics of materials science [73]. Characterization and classification theorems for tensor
valuations, uniqueness and reconstruction results [42, 64, [63] [62], which are accompanied
by numerical algorithms [86) 87, 45, 21], stereological estimation procedures [65] [66], and
integral geometric formulae, as considered in the present work, form the foundation for

these and many other applications.

After the brief motivation of the tensorial curvature measures in the preceding paragraphs,
we now turn to the integral geometric formulae, in which the former are applied in this thesis.
The classical integral geometry goes back to a series of lectures held by Wilhelm Blaschke
in Hamburg, in the 1930s (collected in [19]). He initiated investigations of problems in the
field of convex and differential geometry, which arise from problems in classical geometric

probability, but are nevertheless of geometric interest, independent of their stochastic
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applications. In particular, intersection formulae are key results in integral geometry, in
which specific geometric quantities of the intersection of moving geometric objects are
averaged with respect to invariant measures. For a classical approach to this topic see [75],
for more recent developments see [85, Chap. 5] and [83, Chap. 4.4].

The two best known and most fundamental classical intersection formulae are the principal
kinematic formula and the classical Crofton formula, which treat the intrinsic volume of
the intersection of a convex body with another geometric object (in the principal kinematic
formula this is a second convex body, in the Crofton formula this is an affine subspace)
which is uniformly moved by a proper rigid motion. More precisely, the principal kinematic
formula (see [83] (4.52)]) states, for two convex bodies K, K’ € K™ and j € {0,...,n}, that

/G Vi(K NgK') u(dg) = En: ik Vie(K) Vi (K7), (1.2)
. —~

=J

where G,, denotes the group of proper rigid motions of R™, x4 is the motion invariant Haar

measure on Gy, normalized in the usual way (see [85, p. 586]), and the constant

() (k)

) )

(1.3)

is expressed in terms of specific values of the Gamma function. Furthermore, for a convex
body K € K" and k € {0,...,n}, j € {0,...,k}, the classical Crofton formula (see [83,
(4.59)]), the name of which originates from works of the Irish mathematician Morgan W.

Crofton on integral geometry in R? in the late 19th century (see [23]), states that
[ Vi 0 E) in(dE) = e Vi (), (1.4)
A(n,k)

where A(n, k) is the affine Grassmannian of k-flats in R™, on which py, denotes the motion
invariant Haar measure, normalized as in [85, p. 588], and ay,j;, is again defined as in .
Both of these formulae can be proved by applying Hadwiger’s characterization theorem,
which yields a representation of the integrals in and in in terms of intrinsic
volumes of the involved convex bodies. For the classical Crofton formula, the occurring
coefficients of this representation are then determined by computation of the formula for
suitable convex bodies. These further yield the coeflicients in the principal kinematic
formula, using the connection via Hadwiger’s general integral geometric theorem (see [85,
Theorem 5.1.2]).

It is natural to extend these integral formulae by applying the corresponding integrations
to the functionals introduced above which generalize the intrinsic volumes. We briefly
summarize various aspects of the progress concerning these extensions, which has been

made during the past decades. In 1959, Federer (see [27, Theorem 6.11]) proved kinematic



formulae for the curvature measures, even in the more general setting of sets with positive
reach, which contain the classical kinematic formula as a very special case. More recently,
kinematic formulae for support measures on convex bodies have been established by Glasauer
in 1997 (see [32, Theorem 3.1]). These formulae are based on a special set operation on
support elements of the involved convex bodies, which limits their usefulness for the present
purpose, as explained in [33]. As mentioned above, Schneider and Hadwiger developed
integral formulae for the vector-valued quermassvectors, early in the nineteen-seventies (see
[39, 77, [78]). For a proof of a tensor-valued version of the integral formulae, an application
of Alesker’s characterization theorem for Minkowski tensors does not seem to be promising,
due to the fact that the Minkowski tensors are not linearly independent and because of the
inherent difficulty of evaluating them explicitly for sufficiently many examples. Nevertheless,
major progress has been made in various works by different methods. Integral geometric
Crofton formulae for general Minkowski tensors have been obtained in [51]. A specific
case has been further studied and applied to problems in stereology in [65], for various
extensions see [93]. A quite general study of various kinds of integral geometric formulae
for translation invariant tensor valuations is carried out in [15], where also corresponding
algebraic structures are explicitly determined. An approach to Crofton and thus kinematic
formulae for translation invariant tensor valuations via integral geometric formulae for
area measures (which are of independent interest) follows from [33] and [89]. Despite all
these efforts and substantial progress, a complete set of kinematic and Crofton formulae
for general Minkowski tensors has not been found so far. The current state of the art is
described in several contributions of the lecture notes [58].

In the joint works with Daniel Hug [53, 55], we established two complete sets of kinematic
and Crofton formulae for the tensorial curvature measures (and their generalizations),
which had not been considered in the literature before. By globalization of these integral
geometric formulae, we further derive two complete sets of the corresponding integral
formulae for the Minkowski tensors. Following the approach of [48,[49], we introduce the
SO(n)-covariant tensorial curvature measures, which are versions of the tensorial curvature
measures with slightly different covariance properties (and only occur in dimensions two
and three). By non-trivial adjustments of the above methods to their case, we obtain
integral geometric formulae for these tensorial valuations as well. A completely different
approach, which is based on the techniques in [51], finally yields Crofton formulae for
the tensorial curvature measures defined in the uniform affine subspace as the ambient
space (and for their global versions), which is published in the joint work with Daniel Hug
[54] (containing generalizations of [99]). The results listed in the present paragraph are
the outcome of my research during the last two and a half years. Their placement in the
structure of this thesis is provided in the last part of this chapter.

In the present thesis, we explore generalizations of integral geometric formulae to ten-
sorial measure-valued valuations. Various other directions have been taken in extending

the classical framework of integral geometry. Kinematic formulae for support functions
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have been studied by Weil in [96], by Goodey and Weil in [34], and by Schneider in [81].
Furthermore, there is recent related work on mean section bodies and Minkowski valuations
by Schuster (see [88]), Goodey and Weil (see [35]), and Schuster and Wannerer (see [89]); a
Crofton formula for Hessian measures of convex functions has been established and applied
n [22]. Instead of changing the functionals involved in the integral geometric formulae,
it is also natural and in fact required by applications in stochastic geometry to explore
formulae where the integration is extended over subgroups of the motion group. The
extremal cases are translative and rotational integral geometry, where the subgroup is R"
and O(n), respectively. The former is described in detail in [85, Chap. 6.4], recent progress
for scalar- and measure-valued valuations and further references are provided in [97, 98] [46],
applications to stochastic geometry are given in [43] 41} [44], where translative integral
formulae for tensor-valued measures are established and applied. Rotational Crofton
formulae for tensor valuations have recently been developed further by Auneau et al. in
[8)[7] and Svane and Vedel Jensen in [93] (see also the literature cited there), applications to
stereological estimation and bio-imaging are treated and discussed in [71} 103}, 56]. Various
other groups of isometries, also in Riemannian isotropic spaces, have been studied in recent
years. Major progress has been made, for instance, in Hermitian integral geometry (in
curved spaces), where the interplay between global and local results turned out to be
crucial (see [13] [14] 28] 29} 95] 94 [92] and the survey [11]), but various other group actions
have been studied successfully as well (see [5, (9, 10, 12| [16] 17, 18] 26]).

The thesis is structured as follows. In Chapter [2| we fix our notation and terminology,
and provide a brief introduction to the basic concepts and definitions required in this thesis.
Chapter |3]is intended to motivate and define different tensor-valued generalizations of the
curvature measures, which is done in Section Moreover, in Section we recall the
definition of the Minkowski tensors and the required background concerning these.

In Chapter [4, we establish a complete set of kinematic formulae for the generalized
tensorial curvature measures on polytopes and for their non-vanishing extensions to convex
bodies (see Section . The constants involved in these formulae are surprisingly simple
(when compared to the previous results from the literature) and can be expressed as a
concise product of Gamma functions. Although some information about tensorial kinematic
formulae can be gained from abstract characterization results (as developed in [82] [47]),
we believe that explicit results cannot be obtained by such an approach, at least not in a
simple way. In contrast, in the proof (provided in Section , our argument starts as a
tensor-valued version of the proof of the kinematic formula for curvature measures (see [83,
Theorem 4.4.2]). But instead of first deriving Crofton formulae to obtain the coefficients
of the appearing functionals, we have to proceed in a direct way. In fact, the explicit

derivation of the constants in related Crofton formulae via the template method does not



seem to be feasible. The main technical part of the present argument, which requires the
calculation of rotational averages over Grassmannians and the rotation group (prepared in
Section , is new even in the scalar setting. Therefore, we also provide the proof of the
(scalar) principal kinematic formula for curvature measures, as an instructive preparation
for the general (tensorial) proof in Section

In Chapter |5, we provide a complete set of Crofton formulae for (generalized) tensorial
curvature measures as a straightforward consequence of the kinematic formulae, and relate
them to results in Chapter |8 (see Section . This complements the particular results for
tensorial curvature measures in [93]. The current approach is basically an application of
the kinematic formulae for (generalized) tensorial curvature measures derived in Chapter
The connection between local kinematic and local Crofton formulae is well-known for the
(scalar) curvature measures. In that setting, it is used to determine the coefficients in the
kinematic formula for curvature measures. In the tensorial framework however, we apply
this relation reversely to derive the explicit Crofton formulae (see Section [5.2).

Since the tensorial curvature measures are local versions of the Minkowski tensors, it
is rather straightforward to derive the corresponding sets of integral geometric formulae
for Minkowski tensors as well. This is the subject of Chapter [6} see Section for the
kinematic formulae and Section for the Crofton formulae. These results extend some of
the integral formulae for translation invariant Minkowski tensors obtained by Bernig and
Hug in [15] and significantly simplify the coefficients of the Crofton formulae proved in [51].
We prove the integral formulae by globalization of the corresponding ones for tensorial
curvature measures (see Section [6.3)). The total generalized tensorial curvature measures,
which naturally occur in that approach, are the only challenging part of the proof. They
can, however, be treated using a relation due to McMullen (see [68]).

Chapter |7| is devoted to the study of integral formulae for versions of the tensorial
curvature measures with weakened covariance properties. More precisely, in dimension
two and three there exist tensorial generalizations of the curvature measures which are
covariant under proper rotations but not under orientation reversing rotations (see Section
. We establish kinematic and Crofton formulae for these and for their global versions
(in case they do not vanish); see Sections and The proofs are based on the ideas in
the previous chapters. Nevertheless, at some point we have to deviate from the general
approach, which is explained in detail in the proofs.

Finally, in Chapter (8] we derive Crofton formulae for tensorial curvature measures which
are defined with respect to the uniformly moved affine subspace as the ambient space
(intrinsic viewpoint); see Section The approach of the proofs combines main ideas
of the previous works [51] and [47] and also links it to [I5] (see Section [8.2). From the
general local results, we deduce further various special consequences for the total measures
(obtained by globalization), the Minkowski tensors. For the latter, we restrict ourselves to
the translation invariant case, which simplifies the involved constants. In a second step, we

demonstrate how the arguments can be extended to the case where the curvature measures
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are considered in R™ (extrinsic viewpoint), even though these are basically special cases of
the formulae in Chapter 5, In the case of the results for the extrinsic tensorial Crofton
formulae, the connection to the approach in [15] via the methods of algebraic integral
geometry is used and deepened (see Section .

As a matter of completeness, we recall several auxiliary integral geometric formulae
known from the literature, which are required during this thesis, in Appendix [Al Finally in
Appendix [B] we state and prove some explicit expressions for sums of Gamma functions
and binomial coefficients. The proofs of these results are based on relations found with

Zeilberger’s algorithm (see [70]).



CHAPTER 2

PRELIMINARIES

In this chapter, we set up the notation and terminology, and review several basic mathe-
matical facts.

We work in the n-dimensional Euclidean space R", n > 2, equipped with its usual
topology generated by the standard scalar product (-,-) and the corresponding Euclidean
norm | - ||. For a topological space X, we denote the Borel o-algebra on X by B(X). We
write 7, j € {0,...,n}, for the j-dimensional Hausdorff measure on B(R™). The unit ball
in R™ centered at the origin is denoted by B", its boundary (the unit sphere) is denoted
by S*~1, and the product space R" x S*~! is denoted by £". We further write &,, for the

volume of the unit ball and w,, for its surface area, that is,

0|3
|3

2
(5)

where I' denotes the Gamma function, which is briefly introduced with some important

Kp = H"(B") = Wy, = ’H"il(Snfl) = nK, =

—

[SIEY RS
_|_
N3

T(Z+1)

properties in the end of this chapter.

For a set A C R", we denote the affine, linear, and positive hull by aff A, linA and posA,
respectively. The dimension of A is defined as the dimension of the affine hull of A, and
denoted by dim A. The interior, closure and boundary of A are respectively denoted by
int A, c1A and bd A. We further write relint A (resp. relbd A) for the relative interior
(resp. relative boundary) of A, which is the interior (resp. boundary) of A relative to its
affine hull as the ambient space. We define the Minkowski sum of A and a set B C R"
by A+ B:={a+0b:a¢€ Abec B}, and shortly write A + = := A+ {z}, where x € R".
We denote the indicator function of A by 14 : R" — R, which is defined by 1 4(z) := 1 if
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z € Aand by 14(z) :=0if z ¢ A. Similarly, for an assertion P, we set 1{P} =1 if P is
true and 1{P} = 0 if P is false.

The rotation group (or orthogonal group) on R™, consisting of all distance preserving
linear mappings from R™ onto itself, is denoted by O(n), and the proper rotation group
on R™ which is the subgroup of O(n) consisting of orientation preserving rotations, is
denoted by SO(n). We write v for the Haar probability measure on both of these topological
groups. By G,,, we denote the (rigid) motion group on R", consisting of all distance and
orientation preserving affine maps from R™ onto itself. Between G,, and R™ x SO(n), there
is a bijection. In fact, we can write every rigid motion g € G,, as the unique composition
of a proper rotation ¥ € SO(n) and a translation ¢, : R — R™ (which is defined by
te(y) :=y+ =z, for y € R™), that is, g = t, o ¥. We write pu for the Haar measure on Gy,
normalized as in [85] p. 586], that is,

() :/ Lty 00 € - YH(dz) v(dD).
SO(n) JR™

By G(n, k) (resp. A(n,k)), for k € {0,...,n}, we denote the Grassmannian (resp. affine
Grassmannian) of k-dimensional linear (resp. affine) subspaces of R"™. We write v for the
rotation invariant Haar probability measure on G(n, k), and py for the motion invariant
Haar measure on A(n, k), normalized as in [85, p. 588], that is, for a fixed (but arbitrary)
linear subspace L € G(n, k),

uk(-)Z/ L{(L +1) € -} H"*(dt) v(d). (2.1)
SO(n) J L+

The directional space of an affine k-flat E € A(n,k) is denoted by E° € G(n,k), its
orthogonal complement by E+ € G(n,n — k), and the translate of E by a vector t € R”
is denoted by E; := E+t. For k € {0,...,n} and F € G(n, k), we denote the group of
rotations of R™ mapping F' (and hence also F1) into itself by SO(F) (which is the same as
SO(F1)) and write v for the Haar probability measure on SO(F). For I € {0,...,n}, we

set

{LeG(n,l):LcCF}, if [ <k,
G(F)1) :=
{L € G(n,l): L D F}, itl > k.

Then G(F, 1) is a homogeneous SO(F)-space. Hence, there exists a unique Haar probability
measure v{" on G(F,[), which is SO(F) invariant. An introduction to invariant measures
and group operations as needed here is provided in [85] Chap. 13], where, however, SO(F)
is defined in a slightly different way.

The orthogonal projection of a vector x € R™ to a linear subspace L of R" is denoted
by pr(z), and its direction is denoted by 7 () := pr(x)/||pr(z)|| € S*~! for = ¢ L*. For

two linear subspaces L, L’ of R™, the subspace determinant [L, L] is defined as follows (see
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[85, Sect. 14.1]). If dim L + dim L’ > n, one extends an orthonormal basis of L N L' (the
empty set if LN L' = {0}) to an orthonormal basis of L and to one of L. Then [L, L]
is the volume of the parallelepiped spanned by all these vectors. If dim L + dim L' < n,
we define [L, L] := [L*, L'*]. Consequently, if L = {0} or L = R™, then [L,L'] = 1, and
[L,L'] =0 if and only if L and L’ are not in general position. For two sets F, F' C R™ (in
this thesis F, F” will often be faces of polytopes), we define [F, F'] := [F°, (F")?], where F°
is the direction space of the affine hull of F'.

In this paragraph we introduce the required notation from convex geometry, which
can be found in detail in [83]. We call a non-empty, convex and compact subset of R™ a
convex body, and denote the set of all convex bodies in R™ by K". For an arbitrary set
A C R", the convex hull of A is denoted by convA. We call the convex hull of finitely
many points a polytope, and denote the set of all non-empty polytopes in R™ by P™. For
a convex body K € K", we call K N E a support set of K, where E € A(n,n — 1) is a
hyperplane (that is an (n — 1)-dimensional subset of R™), whenever (K N E) C relbd K. A
j-dimensional support set, j € {0,...,n — 1}, of a polytope P € P™ is called a j-face or
simply a face (and the polytope itself is its only n-face, if it is n-dimensional). In particular,
a dim P — 1-face is referred to as facet. We further denote the set of j-faces of P by F;(P).
For a convex body K € K™ and a point x € R”, we denote the metric projection of x onto
K by p(K, ), which is the unique nearest point of z in K. We further set the unit vector
w(K,z) = (z — p(K,x))/||z — p(K,x)|| € S*"! to be the direction of the vector pointing
from the metric projection p(K,z) to x € R™\ K, which we call an outer unit normal
vector of K at p(K,z). A pair (z,u) € R® x S* ! is a support element of K if 2 € bd K
and v is an outer unit normal vector of K at z, and the set of all support elements of K is
denoted by Nor K C R x S*~!. The normal cone of a convex body K € K" at a point
x € K is defined as

N(K,z) :={ueR":2=p(K,x+u)}.

We set the normal cone of a polytope P € P™ at a face F' € F;(P), j € {0,...,n}, of P to
be N(P, F) := N(P,x), where x € relint F' can be chosen arbitrarily.

The algebra of symmetric tensors over R" is denoted by T (the underlying R™ will be
clear from the context), the vector space of symmetric tensors of rank p € Ny is denoted
by TP (with T® = R). In T there are no non-zero zero divisors. Identifying R™ with its
dual space via the given scalar product, we interpret a symmetric tensor of rank p as a
symmetric p-linear map from (R™)? to R. The symmetric tensor product of k € N tensors
T; € TPi over R", where p; € Ng, i € {1,...,k}, is denoted by T} --- T}, € TP1+ Pk and
(with g0 :=0, ¢; :==p1+ -+ pi, i € {1,...,k}) defined as

1 k
Tl"'Tk(xla"wqu) = Z Hz—‘i('ra(qi,l—l—l)v"'7x0(qi))7

|
U 5es(qr) i=0
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for z1,...,24 € R", where S(gx) is the symmetric group of permutations of the set
{1,...,qx}. (For the sake of clarity, we deviate here from the standard notation 77 ®- - - ® T
for the symmetric tensor product.) For ¢ € Ny and a tensor T € T, we write T for the
g-fold tensor product of T (with T° := 1). The symmetric tensor product is not only

commutative, but the algebra of symmetric tensors satisfies a binomial theorem; that is,

k
(T+S9)"=>" (j) TiSk =i, T,8 € TP, peN,.
=0

A special tensor is the metric tensor Q € T?, which is defined by

Qz,y) == (z,y), x,y € R".

For an affine k-flat E C R™, k € {0,...,n}, the metric tensor Q(F) associated with E
is defined by Q(F)(z,y) := (pgo(z),pgo(y)), for z,y € R™. Obviously, we observe that
Q = Q(E)+Q(E*) and even more generally Q(E+ F) = Q(FE) + Q(F), whenever F' C E+
is a second flat orthogonal to E. If F' C R" is a k-dimensional convex body (in this thesis
F will often be the face of a polytope), then we again write Q(F') for the metric tensor
Q(aff F) = Q((aff F)?) associated with the affine subspace aff F' spanned by F.

In the coefficients of the kinematic formula and in the proof of our main theorem, the

classical Gamma function is involved. It can be defined via the Gaussian product formula

z

a*a!
T(2) = ahﬁngo 2(z+1)---(z+a)

for all z € C\ {0, —1,...} (see [6, (2.7)]). For ¢ € R\ Z and m € Ny, this definition implies
that

I(—c+m)
I'(—c)

F(c+1)

LA yr—

(2.2)

The Gamma function has simple poles at the non-positive integers. The right side of
relation provides a continuation of the left side at ¢ € Ny, where I'(c —m +1)~! =0
for ¢ < m.

Another in this work repeatedly used relation concerning the Gamma function is Legen-

dre’s duplication formula, which states that
I(c)T(c+4)=2'"2¢/7T(2c)

for ¢ > 0 (see [6, (3.11)]).



CHAPTER 3

TENSORIAL VALUATIONS ON CONVEX BODIES AND
POLYTOPES

In this chapter, we introduce the geometric mappings which form the backbone of this
work, the (generalized) tensorial curvature measures (see Section [3.1). As their names
suggest, they extend the curvature measures of a convex body to tensor-valued measures
(and contain the latter as scalar special cases). The curvature measures on convex bodies
are additive, isometry invariant, locally defined and weakly continuous. They can even
be characterized by these properties (see [80]). We show that the (generalized) tensorial
curvature measures satisfy tensor-valued equivalents of these characteristic properties of
the scalar curvature measures. However, there does not exist a tensor-valued counterpart
of this characterization result so far (see nonetheless [74] for results in the smooth setting).
Corresponding versions of these characteristics have been extensively studied by Schneider
in [82], and Hug and Schneider in [47] for tensorial support measures, so called local
Minkowski tensors. Weakening the isometry covariance property, leads to interesting new
mappings in dimensions two and three (see Saienko’s PhD thesis [74], and the works by Hug
and Schneider [48][49]). We transfer these mappings to the setting of tensorial curvature
measures.

The tensorial curvature measures are local versions of the Minkowski tensors, for which
we therefore also consider integral formulae in this thesis (mainly in Chapter @ and in
Chapter [8). In Section we consequently recall the definitions of the latter. The
Minkowski tensors have been studied first by McMullen (see [68]) and characterized shortly

after by Alesker (see [2,[3]). We recall Alesker’s characterization theorem and a relation,
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which is due to McMullen, between the Minkowski tensors and the (generalized) tensorial
curvature measures. This relation is a usefull tool to derive integral formulae for Minkowski

tensors from the corresponding ones for tensorial curvature measures.

3.1. THE (GENERALIZED) TENSORIAL CURVATURE MEASURES

The tensorial curvature measures are tensor-valued generalizations of the curvature measures.
Therefore, in order to define them we start by introducing the support measures on convex
bodies (which are measures on B(R™ x S"~1)), the marginal measures on B(R"™) of which
are the curvature measures.

For a convex body K € K", ¢ > 0 and a Borel set  C X" (we recall that ¥ = R" x S"~ 1),

M. (K,n) = {x € (K+eB")\ K: (p(K,z),u(K,x)) € 77}

is a local parallel set of K which satisfies the local Steiner formula
n—1 )
HMY(M(K,n) =Y kg (K,m)e"™7,  e>0. (3.1)
j=0

This relation determines the support measures Ao(K,-), ..., Ap—1(K,-) of K, which are finite
Borel measures on B(X™). Obviously, a comparison of and the Steiner formula lb
yields

Vi(K) = Aj(K,5"). (3.2)

In other words, the intrinsic volumes are the total support measures. As mentioned before,
the curvature measures of a convex body are the marginal measures on B(R") of the

support measures. Hence for K € K™ and j € {0,...,n — 1}, they are defined as
¢j(K,-) == Aj(K, - x S"7H). (3.3)

Additionally, we define the nth curvature measure as ¢, (K, ) := H"(K N-). For further
information on support measures, curvature measures and intrinsic volumes we refer to [83,
Chap. 4.2].

3.1.1. THE TENSORIAL CURVATURE MEASURES ON CONVEX BODIES

The tensorial curvature measures are tensor-valued versions of the scalar curvature measures,
obtained via generalization of relation (3.3). That is, for a convex body K € K", a Borel
set f € B(R"™), and r, s € Ny, they are given by

OB = [ A (), (3.4
BXSn—l
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for j € {0,...,n — 1}, where

T‘,S,O . 1 wn_j
c,, =

md rlslwp_jts

As in the scalar case, we extend this definition by further defining
GO B) = [ amHr(da),
’ KnB

where ¢;0:0 := & For the sake of convenience, we moreover set gb;’s’o :=0forj ¢{0,...,n}
orr ¢ Ngorsé¢Nyor j=mnands # 0. Furthermore, we observe that, for K € K",
r=s=0,and j € {0,...,n}, the scalar-valued tensorial curvature measures qS?’O’O(K, )
are simply the curvature measures ¢;(K, -).

3.1.2. THE GENERALIZED TENSORIAL CURVATURE MEASURES ON POLYTOPES

There exist generalizations of the tensorial curvature measures (some of which are exclusively
defined on polytopes), which are as well of substantial interest in the context of tensor-
valued curvature measures. Their significance is shown later in this chapter, as we prove
that they are essentially linearly independent, which will be important for the representation
of the integral formulae in the upcoming chapters. The most obvious way to introduce
these generalizations uses a different, more intuitive interpretation of the support measures
for polytopes.

The jth support measure Aj(P,-), j € {0,...,n — 1}, of a polytope P € P™ is explicitly
given by

1
Aj(Pn) =

Z / / Ly (@, u) H" I~ (du) H/ (dz), (3.5)
Wn—j Fer ) F N(P,F)nsr—1
for n € B(X").

Using representation (3.5), we can generalize the definition of the tensorial curvature
measures in the following way. For a polytope P € P™, we define the generalized tensorial

curvature measure

o7 (P, je{0,...,n—1}, 15,1 €N,

as the Borel measure on B(R") which is given by

r,s,l . ms,l
o7 (P B) == ¢, w-
") PeF;(P)

Q(F)' / " M (dx) / w1 (du),
FnB N(P,F)nsr—1

for 5 € B(R™), where

1 wp—j wj ) 1 w
c;’sfl S M AU T () CZ’SO’O =——"  and c;’%’l :=1forl>1.
J rlsl wp_jts Wy , rlsl wpys :
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As the coefficients ¢*° of the tensorial curvature measures (defined in Section ) match

n?]

the just defined coefficients ¢%!

r.j for [ = 0, the tensorial curvature measures for polytopes

are simply generalized tensorial curvature measures without the additional weight of powers
of the metric tensor on the faces of the given polytope, meaning [ = 0. We note that if
j=0and ! > 1, then we have gbg’s’l = 0, as in that case Q(F') = 0 for all F' € Fy(P). In all

other cases the factor 1/w,_; in the definition of ng;’S’l(P, B) and the factor w,_; involved
7,5,
n7j

In a similar way, we extend the tensorial curvature measures ¢/'*?, which can even

in the constant ¢~ cancel.
be done on K™. For a general convex body K € K", we define the generalized tensorial
curvature measure

QO’I(Ka '), Tal € NOv

as the Borel measure on B(R™) which is given by
(Z)I;OJ(K’ ﬁ) — C;’?{l l/ " H”(dx),
’ Kng

for 5 € B(R™), where c:;%l = %wfj—fl We observe that the generalized tensorial curvature
measures ¢/'%! are basically renormalized tensorial curvature measures ¢/%? multiplied
with powers of the metric tensor, which therefore seem to be superfluous. However, they
turn out to be quite useful in order to simplify the integral formulae in the upcoming
chapters.

There exist further relations among some of the generalized tensorial curvature measures.

In fact, we observe that the normal cone of a given polytope at each (n — 1)-face is

7,8,l
n—1»

r,s,l € Ny, can be combined with the metric tensors on the corresponding faces. We state

one-dimensional. Hence, the integrations on the normal cones in the definition of ¢

the resulting relations in the following lemma.

Lemma 3.1. Let r,s,l € Ng. Then

(z)r,s,l o i (_1)m< ! ) (5 + Qm)' Ws+2m+1 Wn4-21—1 Qlfm¢r,s+2m,0
1 — .

n—1
s! Ws+1 Wn—1

Lemma is simply a “marginal version” of the analog result for generalized tensorial
support measures by Hug and Schneider (see [47, Lemma 3.4]). The generalized tensorial
curvature measures are the marginal measures on B(R") of the latter, which we introduce
in the following section. Therefore, we do not need to provide the proof of Lemma here,
as we basically obtain the assertion from [47, Lemma 3.4] by going over to the marginal

measures (and renormalizing).
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3.1.3. PROPERTIES OF THE (GENERALIZED) TENSORIAL CURVATURE MEASURES

The systematic investigation of local tensorial valuations on convex bodies (and polytopes)
has been initiated by Schneider in 2013 (see [82]) and further deepened by Hug and
Schneider (see [47,50]) in their works on generalized local Minkowski tensors. In this thesis
we prefer to call them generalized tensorial support measures, as the original name is slightly
imprecise. For a polytope (or in some cases, for a convex body), these are tensor-valued
measures on B(X"), the marginal measures on B(R™) of which are the generalized tensorial
curvature measures. We recall the relevant definitions and results from the just mentioned
works, in order to put the generalized tensorial curvature measures into their natural
context and to emphasize some of their properties.

For n € ¥, t € R" and ¥ € SO(n), we set n +t := {(z + t,u) : (z,u) € n} and
O = {(9x,9u) : (z,u) € n}. For p € Ny, let T,(P") denote the vector space of all
mappings I : P" x B(X") — T? such that

(SM1) T(P,) is a TP-valued measure on B(X"), for each P € P";

(SM2) [ is isometry covariant, that is, translation covariant of degree r € Ny in the
sense that, for all P € P*, n e B(X"), and t € R",

o 4
F(P+tn+t)=S"TyPno
(P+t,n+t) ZZ:O (P,

with fi(P, n) € TP~% and rotation covariant in the sense that, for all P € P,
n € B(X"), and ¥ € O(n),

TP, 9n) = 9T(P,n);

(SM3) T is locally defined, that is, for all n € B(X") and P, P’ € P" which satisfy
n N Nor P = 1N Nor P, we have ['(P,n) = T'(P', 7).

For a polytope P € P", the generalized tensorial support measure

S, je{0,...,n—1}, 1,51 €Ny,

is the Borel measure on B(X") which is defined by

TS rs 1 r..8q/] n—j—
¢ 7l(P, n) = cn’JJ — Z Q(F)l/F/N S Ly (2, u)z"v® H (dz) H"™ '(du),
"] peF;(P) (BF)N

for n € B(X™). We note that the name of the generalized tensorial support measures is
perfectly justified, as their definition is a tensor-valued generalization of representation (3.5)).
It was shown in [82][47] (where a different notation and normalization was used) that the

r,8,0

mappings QmQNSJ , where m, r, s, € Ny satisfy 2m+r+s+2l = p, where j € {0,...,n—1},
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and where [ = 0 if j € {0,n—1}, form a basis of TP(P”). This fundamental characterization
theorem highlights the importance of the generalized tensorial support measures. In
particular, since the mappings P nggg’s’l(P, -), P € P, are additive (as further shown
in [47]), all mappings in T),(P") are valuations.

Noting that

¢ (P, B) = (P, xS" ), je{0,...,n—1}, 7,51 €Ny,
for P € P™ and g € B(R"), it is clear that the mappings
gl P BRY TP, (P,B) = ¢ (P, 8),

where p = r + s + 2[, have similar properties as the generalized local Minkowski tensors. In
order to show these, let T),(P™) denote the vector space of all mappings I' : P xB(R") — T?,
p € Ny, such that

(CM1) I'(P,-) is a TP-valued measure on B(R"), for each P € P™;

(CM2) T is isometry covariant, that is, translation covariant of degree r € Ny in the
sense that, for all P € P*, g € B(R"), and t € R",

T(P+t,pf+1t) = ZE(R@’);,
i=0 ’

where I';(P, 3) € TP~%, and rotation covariant in the sense that
(WP, 9B) = IL (P, B),

for all P € P", g € B(R"), and ¥ € O(n);

(CM3) T is locally defined, that is, if 8 C R™ is open and P, P’ € P™ are such that
PN g =P nNg, then T'(P,v) =T (P, ~) for all Borel sets v C f3;

(CM4) P+ T'(P,-), P € P", is additive (a valuation), that is, we have
I(PUP,)+T(PNP,)=T(P,)+T(P,),

for P, P’ € P(R") with PU P’ € P(R).

In , we moreover call I' translation invariant if it is translation covariant of degree 0.
Furthermore, we note that the notion of what we called “locally defined” in is
common in this context, though different from the definition in for mappings
L:P" x B(X") — TP (see [83] Sect. 4.2]).

Since the generalized tensorial curvature measures are the marginal measures on B(R")

of the generalized tensorial support measures, we obtain the following theorem.
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Theorem 3.2. For j € {0,...,n—1}, r,s,l € Ny, where p =1+ s+ 2l, we have

¢ € T,(P™).

Moreover, the degree of translation covariance is r, with (qb;’s’l)i = qS;fi’s’l, ie€{0,...,r}.
Theorem implies that the only translation invariant generalized tensorial curvature

0,s,l

N

In this work, we sometimes refer to the (generalized) tensorial curvature measures a bit

measures are ¢

sloppily as valuations or as measures, even though they are maps which are valuations in

the first component and measures in the second.

Proof. The properties (CM1), (CM2)) and (CM4) immediately follow from the corresponding
properties , and the additivity of the generalized tensorial support measures,
by going over to the marginal measure, that is, by setting n = 8 x S"~1, where 3 € B(R").

As differs slightly from , we prove directly that qb;’s’l is locally defined (in
the sense of (CM3)). Let 8 C R™ be open and P, P’ € P™ be such that PN 3 =P Np. It
is clear that dim P = dim P’ =: k if PN 3 # 0 (and else we do not have to show anything).
In fact, as 8 is open, we have dim P = dim(P N 8) = dim(P’ N B) = dim P’. Moreover,
for every face F' € F;(P) of P with F N # (), there exists a unique face F' € F;(P’)
of P, such that F' N B = F NS (and vice versa). We even have N(P',F') = N(P, F).
More precisely, as (3 is open, there exists a unique facet G’ € Fj,_1(P’) of P’ with F/ C G’
for every facet G € Fp_1(P) of P with FF C G, such that G'N 3 =GN S # 0. Since
N (P, F) is determined by the outer normal vectors of all facets of P in which F' lies (see
[83, Lemma 2.4.9]), the normal cones of P at F and of P’ at F’ coincide. Therefore, we

obtain

7,8 7,8 1 r 1
Grea=ai— ¥ e[
=) FeF;(P): FN#) :2(/;) @
—_— —— — Py

=F/eF;(P'): F'NB#0

x/ u® H I (dw)
N(P,F) ns»—1

——
=N(P',F')

= o7 (P',7),
for v € B(R") with v C 3. Hence, gb;’s’l is locally defined. O

It has been shown by Hug and Schneider in [47] that the generalized tensorial support
measure é;’s’l has a continuous extension to K" which preserves all other properties if
and only if [ € {0,1} (orif j =n — 1 and [ € Ny, due to [47, Lemma 3.4], which is the
analogon of Lemma for generalized tensorial support measures). In fact, they even

proved a characterization theorem for these extensions (see [47, Theorem 2.3]). These
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can be represented with suitable differential forms which are defined on the sphere bundle
of R™ and evaluated on the normal cycle. This is the reason why they are called smooth
(for more details, see for example [74] and [47]). A characterization theorem for smooth
tensor-valued curvature measures has recently been found by Saienko [74].

For | = 0, the extension of the generalized tensorial support measures gﬁ?’s’o, which are
also called tensorial support measures, can be easily expressed via the jth support measure
(analogously to the definition of the tensorial curvature measures; see ) For [ =1, Hug
and Schneider found an explicit description of the extension of the generalized tensorial
support measures &;’8’1, j €10,...,n— 2}, in [47], which instantly yields the extension
of the corresponding generalized tensorial curvature measures, by globalization of the
S"~l.coordinate. However, as the construction itself is neither instructive for nor required

in this thesis we do not state it here, but refer to [47, Section 4] for the explicit description.
r,8,l
7 ’
! € {0,1}, we deduce the properties (CM1]), (CM2)), (CM3), (CM4) (where P™ is replaced

by K™) from the corresponding extensions of the generalized tensorial support measures.

For the continuous extensions of the generalized tensorial curvature measures ¢

Furthermore, for [ € {0,1}, we conclude that

(CM5) gb;’s’l is weakly continuous, that is, for each sequence (K;);en of convex bodies

in K™ converging to a convex body K € K", the relation

lim [ @) 65 (K de) = | f(2) 67" (K, de)

1—00 Rn
holds for all continuous functions f : R® — R.

We note that also the generalized tensorial curvature measures ¢/\%! (defined on K") satisfy
all these properties.

It is an open problem whether the vector space T,(P") is (analogously to Tp,(P™))
spanned by the mappings ngﬁ;’s’l, where m, 7, 5,1 € Ny satisfy 2m +r + s + 2] = p, where
j€40,...,n—1}, and where = 0if j € {0,n—1}, or where j = n and s = [ = 0. However,
the linear independence of these mappings can be shown in a similar way as it is done for

local Minkowski tensors in [47, Theorem 3.1]. We state this in the following theorem.

Theorem 3.3. For p € Ny, the tensorial measure valued valuations

Qe P™ x B(R™) — TP

with m,r,s,l € Ng and j € {0,...,n}, where 2m + 2l +r + s = p, but with | = 0 if
j €{0,n—1} and with s =1 =0 if j = n, are linearly independent.

In Theorem it is obvious that we have to require | = 0 if j = 0 (recall that qﬁg’s’l =0
for I > 0), and [ = 0 if j = n (recall that ¢/;%! is basically a renormalization of the
valuation qub:;()’o). Furthermore, Lemma shows that the valuations qb;’i’i are linearly
dependent. Thus, we require [ =01if j =n — 1.
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Proof. Suppose that

(O) T’s7l J—
D Ty @ME =0 (3.6)
j,m,r,s,l
2m—+2l+r+s=p

(0)

J,m,r,s,l

€ R, where al? = a? =0if ] # 0 and al?

om,r,s,l — “n—1m,r,s,l — n,m,r,s,

(0)

j,m,r,s,l

holds for some a ;=0

if s 20 or ! # 0. In the proof we will replace the constants a by new constants

(1)

a; ; without keeping track of the precise relations, since it will be sufficient to know

7,m,T,S,
that agor)nrsl—()lfand only 1fa§7)nml = 0.

For a fixed j € {0,...,n}, let P € P" with int P # (), F € F;(P), and 8 € B(relint F).

Then, if j < n we obtain for the generalized tensorial curvature measures

7,8,l rayj s qmn—j—1
“UPB) = e ) e i) [ Wi
05 (PB) = cnjrsi Z Qe G’n,Bx (dz) N(P,G)msn—lu (du)

GEFJ(P
= cnirsiQ(F) / o HI (de) / wt H I (dw),
B

N(P,F)nsn—1

where ¢y, jrs; > 0 is a constant, and ¢, l(P, B) =0 for k # j. Moreover, we have
G00PB) = [ a7 W),
B
Hence, from (3.6) it follows that

> el [

m,r,s,l P
2m—+2l+r+s=p

z" H? (dx) / u H" I (du) = 0,
N(P,F)nSn—1

where for j = n the spherical integral is omitted (also in the following).
We may assume that [; 2" H7(dz) # 0 (otherwise, we consider a translate of P and 3).
If we repeat the above calculations with multiples of P and /3, a comparison of the degrees

of homogeneity yields, for every r € Ny, that

1
S a0
m,s,l B
2m+2l+s=p—r

" M (dx) / w1 (du) = 0.
N(P,F)nsn—1

Hence, due to the lack of zero divisors in the tensor algebra T, we obtain

> e | CHI ) =0 (37)
mos. e N(P,F)nSn—1
2m~+2l+s=p—r

This shows that, in the case of j = n (where the spherical integral with respect to u is
1)

nomrsil = 0 also for s = [ = 0. Hence, in the following we may assume

omitted), we have a
that j < n.
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Let L € G(n,j), j < n, and ug € L-NS" L. For j < n — 2, let up,up,...,up—j—1
be an orthonormal basis of L. In this case, we define the (pointed) polyhedral cone
C(ug,7) := pos{ug £ Tu,...,up = 7up_j—1} C Lt for 7 € (0,1). Then, for any v €
C(up,7) NS™ 1, we have (v,ug) > 1/v/14 72, and therefore ||ug — v|| < v/27. In fact,

any v € C(ug,7) NS™ ! can be written as v = Hz—”, where z € Conv{vft, .. f . 1} with
+ _ wodTu; _ uwotTuy n—1 . o4 _
Vi = ekl = i € St iedl,... j — 1}. Thus we have z = Z)‘sz where

we sum over all i € {1,...,n —j — 1} and all e € {+,—}, with > Af = 1 and X{ > 0,
ie{l,...,n—j—1}, e € {+,—}. This yields

1
(v, u) = ( §Us, up) = A > ———,
|| I Z \/1+7'2Ha:|| Z V1472

as ||z]| < Y A{|lv§|| = 1. This proves the assertion. For j = n — 1 we simply put
C(uo, ) := pos{up}.

Let C(up,7)° denote the polar cone of C(ug, 7). Then P := C(ug,7)°N[-1,1]" € P"
and F := LN [—1,1]" € F;(P) satisfy N(P, F') = N(P,0) = C(ug, 7). With these choices,
(3.7) turns into

S G Qo) / w H I (du) = 0, (3.8)

— C(ug,7)NSn—1
2m~4-2l+s=p—r

Dividing (3.8) by H"7~1(C(ug,7) NS"~1) and passing to the limit as 7 — 0, we get

Z §,17’)n T8, lQmQ( ) =0
m,s,l

2m—+2l+s=p—r

for any ug € L+ NS"~!. Here we use that

W (Clun, 1) 8" ut {7 (du) — u
C(ug,m)NS™ 1

< max{|u® —uj| : u € Clug,7) NS" '} =0

as 7 — 0.
The rest of the proof follows similarly as in the proof of [47, Theorem 3.1]. O

Finally in this section, we confirm the measurability of certain maps concerning the
(generalized) tensorial curvature measures, which we need for the integral formulae in the
next chapters. Obv1ously, the measurability of the map K +— qb” %K,.), K € K, is clear
from the definition and the measurability of K — A;(K,-). In [47], it is shown that
the map K ggg’s’l(K, n), K € K", is measurable for all n € B(X"). As the generalized
tensorial curvature measures are the marginal measures on B(R™) of the generalized tensorial
support measures, this immediately yields that the map K + qﬁg’s’l(K ,B), K € K", is
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measurable for all 5 € B(R™). The measurability of the map <Z>§»’S’l(-, B) on P" follows from

the next (more general) lemma for generalized tensorial support measures.

Lemma 3.4. For j € {0,...,n—1}, r,s,l € Ny, and n € B(X"™), the mapping
r,s,l
P" 3 P ¢ (Pn)

18 measurable.

Lemmaalready implies that P gb;’s’l(P, B), P € P", is measurable for all 5 € B(R")
(by setting n = B x S*71).

Proof. For the proof, it is sufficient to consider the case where r = s = 0 and n = 8 X w with
Borel sets 8 € B(R") and w € B(S*1). In fact, a basic monotone class argument (see [25],
Theorem 4.4.2]) then yields the assertion. For a locally compact Hausdorff space E with a
countable base, let F(E) denote the system of closed subsets of E. With the Fell topology,
F(E) becomes a compact Hausdorff space with a countable base and F'(E) := F(E) \ {0}
is a locally compact subspace. Then K™ and P™ are measurable subsets of F(R"™) and the
subspace topology on these subsets coincides with the topology induced by the Hausdorff
metric (see [85, Theorem 12.3.4]). Further, let N(E) denote the set of counting measures
on B(E). On N(E) we write N (FE) for the o-algebra generated by the evaluation maps
n — n(A), where A € B(E). We refer to [85, Chapter 3.1 and Chapter 12.2] for details on
these topics.

In the proof of [85, Lemma 10.1.2] it is shown that the map P™ — F(F'(R™)), P — Fi(P),
is measurable. By [85, Lemma 3.1.4] it follows then that the map P™ — P™ x N(F'(R")),
P — (P, NFu( p)) is also measurable, where 7z, (p) is the simple counting measure with
support F(P). Further, if g : P x F'(R™) — [0, 00| is measurable, then the map

PU XN @) = (0,00, (P [ g(PFyn(aP),

is measurable. Thus, to prove the assertion of the lemma, it is sufficient to show that, for
all B € B(R") and w € B(S" 1), the map g defined by

9(P.F) = 1{F € Fi(P)}HQ(F) )iy, H'(F N By H"H(N(P,F) Nw),

for (P, F) € P"xF'(R"), is measurable, where the definition is to be understood in the sense
that g(P, F) := 0 if F ¢ F3.(P) and where (Q(F)");, .. i, is the coordinate of the tensor Q(F')!
with respect to some basis of T?. We note that (aff F)° = U{\(F — s(F)) : A € N}, where
s(K) € relint(K) is the Steiner point of a convex body K € K™ (see [83] p. 50]). Since the
maps P — F(F'(R™)), P+ Fi(P), and s : K™ — R™ are measurable, the measurability
of the mapping (P, F) = 1{F € Fj(P)HQ(F)")i,. i, is implied by Theorems 12.2.3, 12.2.7
and 12.3.1 in [85]. Moreover, it follows that My := {(P, F) € P" x F/(R") : F € Fi(P)} is

measurable.
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Next we show that the map M — F'(R"), (P,F) — N(P,F)NS"!, is measurable.
For this, we observe that s(F) € relint(F') implies that N(P,F) = N(P,s(F)). Since
M :={(P,z) € P" x R": x € P} is a measurable subset of P" x R", and s : K" — R" is
measurable, it is sufficient to show that the map 7' : M — F'(R"), (P,z) — N(P,x)NS"~!,
is measurable. To see this, let C' C R™ be compact. It is sufficient to prove that the
set Mo = {(P,z) € M : T(P,x) N C = 0} is open in M. Aiming at a contradiction,
we assume that there are (P;,z;) € M \ M¢, for i € N, with (P, z;) — (P,x) € M¢ as
i — 00. Then there are u; € N(P;,z;) NS* !N C for i € N. By compactness, there is a
subsequence u;;, j € N, which converges to u € SN C. For a convex body K € K", a
point € K, and v € R™ we have v € N(K, z) if and only if (v, z) = h(K,v), where h(K,v)
is the support function h(K,-) of K evaluated at v (for details see [83] Section 1.7.1]). By
assumption, we have (u;;,z;;) = h(P;,,u;;) for j € N. Since the support function depends
continuously on (K, v), it follows that (u,x) = h(P,u), and thus u € N(P,z). This yields
u€ N(P,z)NS" 1 NC #0, that is, (P,z) ¢ Mc, a contradiction.

The measurability of the map g now follows by applying twice [102, Corollary 2.1.4],
since the indicator function ensures that both of the Hausdorff measures H*(F N -) and
HFY(N(P,F)nS" ' N ") are locally finite. O

3.1.4. THE SO(n)-COVARIANT TENSORIAL CURVATURE MEASURES

The characterization of the (generalized) tensorial support measures on polytopes and on
convex bodies via their properties (SM1), (SM2), (SM3) in [82] [47] raises the interesting

question for further classification results (potentially involving new mappings) with other

properties. A natural idea is to consider proper rotation covariance instead of rotation
covariance in (SM2), that is, replacing the rotation group O(n) by its subgroup, the proper
rotation group SO(n). Subsequent to their previous works on local Minkowski tensors, Hug
and Schneider proved characterization theorems for polytopes [48] and for convex bodies
[49] in this slightly varied setting. Interestingly, these classifications do not require any new
mappings in dimensions n > 3. Only for n = 2,3, there appear further mappings which
are covariant under SO(n), but not under O(n). The same discovery was already made by
Saienko under different continuity and smoothness assumptions (see [74]). In this section,
we introduce the marginal measures on B(R"™) of these additional mappings.

We start in the two-dimensional Euclidean space R?. For a convex body K € K2, we

define the SO(2)-covariant tensorial curvature measure

v}

¢;’8(K7 ')a j € {07 1}; RS NOa

as the Borel measure on B(R?) which is given by

5 (K, B) = wn / 2"t A (K, d(z, )
BxS1t
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for € B(R?). Here, u € S' denotes the unique unit vector for which (u,%) is a positively

oriented orthonormal basis of R?, for u € S!; that is, @ = pu for the rotation

P (? _01> € S0(2).

For a polytope P € P?, we can once more use the alternative representation of the support
measures for polytopes (3.5), to obtain

ng’s(P, B = > / x" M (dx) / au® 1 (dw),
Fer,(p)?FN N(P,F)nSt
for 8 € B(R?) and j € {0,1}, r,s € N.
Since the gg;s occur in dimension two, they admit other, more intuitive representations
for polytopes. If the polytope P € P? is of full dimension (that is dim P = 2), then there

exists a unique outer unit normal vector ur € S!, for every facet F € F;(P), meaning that
N(P,F)NS! = {ur}. Hence, we have

P = X wpup [ o ),
FeFi(P) Fng
for r,s € Ny and 8 € B(R?). On the other hand, if dim P = 1 (in that case P € K? is

even a convex body), then Fj(P) = {P}, and there exists a unit vector up € S! such that
N(P,P)NS! = {Zup}. Thus, we can rewrite

3 (P.) = (upup —wp(—up)) [ a7 # (a0

= 1{s odd} 2@1@;/ " 1 (dx),
PN
for r,s € Ng and B € B(R?). Lastly, there exists a unique vector zx € R2, for every O-face
F € Fy(P) of a polytope P € P? such that F' = {xr}. Therefore, we have

e = 3w [ ae ),
FeFo(P) N(P,F)nSt
for r,s € Ng and 8 € B(R?).
In R3, we at first introduce tensor-valued SO(3)-covariant (yet not O(3)-covariant)
generalizations of the curvature measures operating on the 1-faces of polytopes, some of
which can then be continuously extended to the convex bodies. Therefore, let P € P3 be

a polytope. We can choose a unit vector vp € FON'S? in the directional space of every
one-dimensional face F' € F;(P). Then, for 3 € B(R3) and r, 5,1 € Ny, the SO(3)-covariant
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tensorial curvature measures are given by

Felpg) = X wQ) [

x" ’Hl(dx)/ (vp x w)u® H(du),
FeFi(P) FOp N(P,F)Ns?

where (a x b) € R? denotes the vector product of the two vectors a,b € R3. Here in
particular, we have that (vp x u) € S? extends the orthogonal unit vectors vp,u € S?
to a positively oriented orthonormal basis (vp,u,vF X u). Hence, the definition of gzuﬁ"’s’l
is independent of the choice of vp € FO N S%. In fact, if we choose —vp instead, then
(—vr) x u = —(vp x u), and therefore, the definition stays unchanged, as the two newly
appearing negative signs cancel each other.

Since the metric tensor on a one-dimensional face F' € F;(P) of a polytope P € P3 can
be written as Q(F') = v%, with the unit vector vy € FY N 'S?, we obtain the alternative

representation

¢ (P, B) = v2l+1/ " H (dz / (vp x w)u® H(du),
Fe%:(P) " Jrns ) NP RS )

for r,s,1 € Ng and 8 € B(R?).

The SO(3)-covariant tensorial curvature measures ¢"*!(P,-), P € P3, are the marginal
measures on B(R?) of the mappings introduced by Hug and Schneider in [82]. It has been
shown by the same authors that only the ones with | = 0 admit a continuous extension
to the convex bodies (for details see [47, Section 3]). This extension can be transferred
by globalization of the S2-coordinate. Therefore, the SO(3)-covariant tensorial curvature
measures J)r,s,o’ r,s € Np, can be continuously extended to the convex bodies.

As the SO(n)-covariant (that is, SO(2)- and SO(3)-covariant) tensorial curvature measures
are the marginal measures of the corresponding mappings introduced and characterized by
Hug and Schneider, we can deduce some of their properties as we did in Section for the
(generalized) tensorial curvature measures. That is, they satisfy (CMI), (in which
O(n) has to be replaced by SO(n)), (CM3)), (CM4)) and (CM5) (for the ones defined on ™).

Remarkably, even though the SO(n)-covariant tensorial curvature measures are not O(n)-

covariant, they satisfy some kind of covariance under orientation reversing rotations. That
is, for ¥ € O(2) \ SO(2) (resp. Y3 € O(3) \ SO(3)), we deduce from the O(n)-invariance of
the support measures and Jou = —27 (resp. (Yzvr) x (Y3u) = —I3(vE x u)) that

O (02K, 9982) = —V2 5°(K, Ba),  resp. ¢! (V3P Vsp3) = —3 6" (P, B3),

for K € K%, By € B(R?) (resp. P € P3, B3 € B(R?)).
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3.1.5. THE INTRINSIC (GENERALIZED) TENSORIAL CURVATURE MEASURES

For a lower dimensional convex body which is contained in an affine subspace of R", we can
consider (generalized) tensorial curvature measures defined inside of the surrounding affine
subspace. In this section, we define those valuations and call them intrinsic (generalized)
tensorial curvature measures. Throughout this work, we sometimes refer to the original
(generalized) tensorial curvature measures as eztrinsic (generalized) tensorial curvature
measures, when we want to clearly distinguish between them and their intrinsic versions.

Let j,k € Ng with j < k < n,and K" 5 K C E € A(n,k) be a convex body which
is lying in an affine subspace F of R™. Then we denote the jth support measure of K

defined with respect to E as the ambient space by Ag-E)(K ,+), which is a Borel measure on

BR"™ x (E° N S" 1)), concentrated on X% := E x (E°NS"*1). Then, for 8 € B(R"), and

r,s € Ny, the intrinsic tensorial curvature measures are given by
15,0 7,5,0 r s A (E)
O (K, B) = / ' u A (K, d(x,u)).
7,E ( ) k,j Bx (EONSm—1) 7 ( ( ))

For j = k, we extend this as in the extrinsic case (but here directly for the generalized

tensorial curvature measures) by defining
7011 701l
GHE.B) = Q[ amH(da),
’ Knp

for [ € Ny.
Next, let j, k € Ng with j < k <n, and P" > P C E € A(n, k) be a polytope contained
in an affine subspace of R”. Then, for 8 € B(R"), and r, s,l € Ny, the intrinsic generalized

tensorial curvature measures are given by

r,8,l r,8,l 1 l/ j / k—j—1
(P B) =) F " H (dx w® H 77 (duw),
BEPH =l e [ e [ (v

where Ng(P,F) := N(P,F) N E° denotes the normal cone of P at the face F, taken with
respect to the linear subspace E?. Of course, the intrinsic generalized tensorial curvature
measures qb;fgl can again be continuously extended to K", for [ =0, 1.

The intrinsic and extrinsic (generalized) tensorial curvature measures satisfy relations
among each other. That is, we can express the extrinsic (generalized) tensorial curvature
measures as a linear combination of intrinsic (generalized) tensorial curvature measures
(and vice versa). These relations have been proved by McMullen (see [68, Theorem
5.1]) for the total tensorial curvature measures, the Minkowski tensors (introduced and
further studied in Section . A generalization of these results to tensorial curvature
measures by Schuster can be found in [90, Korollar 2.2.2]. In the following lemma, we state
these relations extended to generalized tensorial curvature measures without proof, as one

proceeds analogously to the proofs of the just mentioned results.
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Lemma 3.5. Let j,k € Ng with j <k <n, and P*> P C E € A(n,k). Then we have,
for B € B(R™) and r,s,l € Ny,

13
K 7l J— k) -2 7l
" (P8 = 2 iy mm, QET)"g5E (P D).

m=0

M\m

The same holds if P is replaced by a convex body K € K", forl=0,1.

3.2. THE MINKOWSKI TENSORS

In the same way as the tensorial curvature measures generalize the (scalar) curvature
measures, the Minkowski tensors are tensor-valued generalizations of the real-valued intrinsic
volumes. They were the first tensor-valued valuations which were considered systematically.
In 1997, McMullen introduced and further analyzed the Minkowski tensors (see [68]). This
lead to a broad investigation in the newly established field of tensorial valuation and
integration theory (part of which are the local tensorial valuations of Section and the
integral formulae in the following chapters). In this section, we recall their definitions and

most important properties.

3.2.1. THE EXTRINSIC MINKOWSKI TENSORS

As seen in equation li the intrinsic volumes are the total support measures. A tensor-
valued generalization of this relation yields the Minkowski tensors. For K € K™ and
j,rys € Ng with j < n, they are defined by

W) = i [t A (K da),

and

o0 (K) _c’“OO/ " H(d).
K

As a matter of convenience, we again set ®7° := 0 for j ¢ {0,...,n} or 7 ¢ Ng or s ¢ Np
or j =n and s # 0.

Analogously to relations and (3.3)), we observe that the Minkowski tensors are the
total tensorial curvature measures (due to their similar normalization). In other words, we
have

= ¢ R,

for j,r,s € Ng with j < n.
Obviously, the Minkowski tensors inherit some of the properties of the tensorial curvature
measures (and therefore of the tensorial support measures). More precisely, for j,7, s € Ny

with 7 < n, we have that
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(MT1) <I>7fs is isometry covariant, that is, translation covariant of degree r in the sense
that

K—i—t Z(I)r zs

for all K € K", and t € R", and rotation covariant in the sense that
T,8 o TS
P, (UK) =09, (K),

for all K € K", and 9 € O(n);
(MT2) ®7* is continuous with respect to the Hausdorff metric;
(MT3) @7 is additive (a valuation).

As pointed out before, McMullen initiated the investigation of the Minkowski tensors
in 1997. In particular, he raised the question if the Minkowski tensors span the vector
space of isometry covariant and continuous valuations on ™. This was positively answered
by Alesker, who proved a tensor-valued characterization theorem for Minkowski tensors
(see [2 3]), as had been done by Hadwiger for intrinsic volumes.

Moreover, Alesker showed in [3, Theorem 4.1] that weakening the rotation covariance
in to proper rotation covariance (i.e. replacing the orthogonal group O(n) by its
subgroup, the special orthogonal group SO(n)) in the characterization does not yield more
tensorial valuations than the Minkowski tensors in dimensions n > 3. But in dimension
n = 2 there occur further SO(2)-covariant Minkowski tensors, which are not O(2)-covariant.
For a convex body K € K2, r,s € Ng and j € {0, 1}, these are defined by

87K = wy /E 2"’ A (K, d(x, ).
Obviously, these SO(2)-covariant Minkowski tensors are the total SO(2)-covariant tensorial
curvature measures. The SO(3)-covariant tensorial curvature measures, in contrast, do not
have a non-vanishing globalized counterpart. This follows either by Alesker’s characteriza-
tion theorem (see [3, Theorem 4.1]) or can be calculated in a direct way, as was done by
Hug and Schneider in [49, Proposition 2].

The SO(2)-covariant Minkowski tensors satisfy several relations, which have been stated
and proved by Hug and Schneider (see [49, Theorem 6]). As we apply some of them in the
integral formulae in Chapter 7, we recall them here and refer to [49] for the proof. They

read

=0, BY*=0, forrseN, (3.9)
rd T 4 s =0, for r, s € Np.
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3.2.2. THE INTRINSIC MINKOWSKI TENSORS

Apparently, there exist intrinsic versions of the Minkowski tensors. That is, for j, k € Ny
with j < k <n, and a convex body K" 5 K C E € A(n, k) contained in an affine subspace

of R™, the intrinsic Minkowski tensors are given by

D(K) = e [ @t A (K d(e )

E

and
"0 (K) = 07,;’7%0/[(1‘7’ HE (dx);

)

in all other cases, @;E is defined as the zero function. Of course, the intrinsic Minkowski
tensors are the total intrinsic tensorial curvature measures.

Globalizing the results in Lemma (which is basically the original statement by
McMullen [68, Theorem 5.1]) yields a representation of the extrinsic Minkowski tensors in

terms of in intrinsic Minkowski tensors.

3.2.3. McCMULLEN’S LEMMA

As pointed out in Section there exist more tensor-valued generalizations of the curvature

measures for convex bodies than the “obviously appearing” tensorial curvature measures.
r,8,1
J

convex bodies. In the upcoming (local) integral formulae, we will observe that these are not

The generalized tensorial curvature measures ¢ also admit a continuous extension to the

only a theoretical construct, but they appear naturally in the representation of kinematic

and Crofton integrals of tensorial curvature measures for convex bodies. Since we aim to

obtain integral formulae for Minkowski tensors by globalization of the corresponding local
7,5,1
J

curvature measures have no global counterpart, in the same way as the Minkowski tensors

formulae, the valuations ¢ (-,R™) likewise occur. Although the generalized tensorial
are essentially the total tensorial curvature measures, Alesker’s characterization theorem
shows that these are representable in terms of Minkowski tensors. The exact form of
this representation has already been proved by McMullen (see [68, p. 269]). As it is an
important tool in the upcoming proofs, we recall it in this section.

In order to represent the argument more clearly, we define (in the sense of McMullen)
for a polytope P € P" with k-dimensional face F' € Fi(P), where k € {0,...,n},

1
Y. (F):= ] /Facr HF(dx), r € No,
1 1

Os(P, F) := w® H" R (dw), s € Np.

s! Wn—k+s /N(P,F)HS”—1

If r,s ¢ Np, then we set T,.(F') := 0 and O4(P, F') := 0.
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We confirm the following relation

Q(P)= Y Y(F)Os(P,F),
FeFi(P)

using the just defined mappings. This is a tensor-valued generalization of a well-known

representation for intrinsic volumes (see [83] eq. (4.23)]). Furthermore, we obtain

GNPRY = T QTR o(r F)
FeF,(P)

Next, we state McMullen’s lemma.

Lemma 3.6 (McMullen). Let P € P" be a polytope, r,s € Ny and k € {0,...,n}. Then

2rs CDZ’S(P) = Z Q(FL)Tr(F)GS,Q(f: F)
FeF(P)
+ Y QAT (G (PG).
GeFpy1(P)

For r = 0, the second sum on the right side of the formula in Lemma [3.6] vanishes. If

furthermore s = 1, the lemma simply states that
0,1 _
¢, =0,

for k € {0,...,n}. We note that Lemma is essentially a global result which is derived
by applying a version of the divergence theorem (for more details see [68] p. 269]).

Moreover, we can deduce a representation of the total generalized tensorial curvature
measures gbZ’S_Q’l(P, R™) in terms of Minkowski tensors from Lemma

Lemma 3.7. Let K € K" be a convex body, r,s € Ng and k € {0,...,n}. Then

2T <

o (R = (Q@Z;’;’””‘Q(K ) — 27 (s + p) B} 0P (K ))- (3.10)
p=0

In fact, the summation with respect to p on the right-hand side of the representation in
Lemma |3.7 goes up to min{r,n — k}.

Proof. We start the proof for a polytope P € P". Then we conclude from Lemma

2o P PRY) = Y QUF)Y(F)O, (P, F)
FeF(P)

= QP A P) - 215 (P)+ Y. Q(G)Y,-1(G)O,_1(P,G)
GeFi4+1(P)

= Q3" *(P) — 215 B (P) + 6y ° V(P R™),
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where we have ¢, +11 STLLC R = 0 if r = 0 (or if k = n). Now a recursive application of

Lemma [3.6] to the newly arising total generalized tensorial curvature measures of gradually

decreasing degree of translation covariance yields

£op PR = QOp A (P) + QLY T (P) — 2ms O°(P) — 2n(s + 1) 951 (P)
+ Y QIO (G)O(P,G)

GeFr4+1(P)

— Z (qu,; FAE 2(P) — 27(s +p) <1>;+§;’S+p(P)>.

Since the valuations on both sides of this relation are continuous, we obtain the assertion

for a general convex body K € K™ by approximation. O

Another interesting consequence from Lemma is the following lemma, which has been
proved by McMullen (see [68, Theorem 5.3]).

Lemma 3.8. Let k,r € Ng. Then

D IR TEIED DL
s€Np s€Np

In fact, the summation with respect to s on the left-hand side of the relation in Lemma|3.8]|
starts at max{r — k,0} and goes up to min{r,n — k + r}; the one on the right starts at
max{r — k, 2} and goes up to min{r,n — k + r}. For the proof of Lemma we sum the
relation obtained in Lemma over s, while keeping r + s and k + r constant. Then, we
combine the metric tensors Q(F4) + Q(F) = @ and obtain the assertion for polytopes.
The rest follows by approximation.

Even though the Minkowski tensors span the vector space of isometry covariant and
continuous valuations on K™, the relations in Lemma show, that they do not form a
basis thereof. However, Hug, Schneider and Schuster proved that these are essentially all

linear dependences among the Minkowski tensors [52].



CHAPTER 4

KINEMATIC FORMULAE

In this chapter, we establish a complete set of explicit kinematic formulae for the generalized
tensorial curvature measures (;5;’5’1 of polytopes. In other words, for P,P' € P"™ and

B, € B(R"™), we express the integral mean value
[ e ngP, 8098 ldg) (4.)

in terms of the generalized tensorial curvature measures of P and P’, evaluated at 3 and
B', respectively (see Section . In fact, the precise result shows that only a selection
of these measures is needed. Furthermore, for [ = 0,1, the tensorial measures <Z>§’S’l can
be continuously extended to mappings defined on K™ x B(R™), and therefore in these two

cases we also consider integral means of the form

[ o3 ngi’. 80198 ). (4.2)

for K,K' € K" and 8,8 € B(R"). Although the formulae for convex bodies are a
straightforward consequence of the ones for polytopes, it came as a surprise that the general
formulae simplify for [ € {0,1} so that only tensorial curvature measures are involved
which admit a continuous extension.

We note that, since the generalized tensorial curvature measures depend additively on
the underlying convex body (resp. polytope), all integral formulae in this chapter remain
true if the occurring convex bodies (resp. polytopes) are replaced by finite unions of convex

bodies (resp. polytopes).
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Our proof of these kinematic formulae proceeds more directly than the classical proof of
the kinematic formula for curvature measures (see [83, Theorem 4.4.2]). In the latter one
first expresses the kinematic integral in terms of curvature measures with some coefficients,
which are then determined by application of the Crofton formula for curvature measures to
specifically chosen convex bodies. Here we start as in the classical proof by first treating
the translative part of the kinematic integral, but then find a direct way to compute its
rotational part. As the scalar version of this proof gives a new direct proof for the scalar
kinematic formula, we first provide this in Section as an instructive introduction of the
general tensorial proof in Section The integral geometric machinery which we require
for those proofs is introduced in Section (or recalled from the literature in Appendix [A).

Remark. The results in this chapter have already been submitted. To a great extent
the present chapter contains direct quotes from the publication Kinematic Formulae for

Tensorial Curvature Measures, a joint work with Daniel Hug, submitted in 2016 (see [53]).

4.1. THE RESULTS OF CHAPTER

In this section, we state the formulae for the kinematic integrals for generalized tensorial
curvature measures on polytopes (4.1) and on convex bodies (4.2).

4.1.1. GENERALIZED TENSORIAL CURVATURE MEASURES ON POLYTOPES

At first, we give the intersectional formula concerning the integrals (4.1).

Theorem 4.1. For P,P' € P", 3,8 € B(R"™), j,l,r,s € Ny with j < n, andl = 0 if

J=0,
[ e ngP, 5098 idg)
n 3] m '
= Z Z 262’72?];m Qm Z¢T‘S 2m, l-‘rl(P’ 6)¢n7k+j(Pla ﬂ/)7 (43)
k=7 m=0 =0
where
s,lim (_1)Z ( )(Z+l—2)‘r(n k+]+1) (k 1)
mik T (4n)ymm) w1 - 2)! ("‘H) (+

2
)
IE+ 1) —m+1) T2 +m)

X 2 -
r(d+1) D(E=+1) r(5)

Several remarkable facts concerning the coefficients ¢’ f,;m should be observed. First,

the ratio (i +1—2)!/(Il —2)! has to be interpreted in terms of Gamma functions and
relation (2.2)), for I € {0,1}, as further described in the two theorems in Section

Second, the coefficients are indeed independent of the tensorial parameter (and degree
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of translation covariance) r and depend only on [ through the ratio (i +1— 2)!/(l — 2)!.
Moreover, only tensors ¢Z’s_2m’p (P, 3) with p > [ show up on the right side of the kinematic
formula. Using Legendre’s duplication formula, we could shorten the given expressions
for the coefficients cflljzkm
exhibiting that the factors in the second line cancel each other if s = 0 (and hence also

even further. However, the present form has the advantage of

m =i = 0). Furthermore, in contrast to the classical kinematic formula, the coefficients
are signed. We shall see below that for [ € {0,1} all coefficients are non-negative.
In Theorem we can simplify the coefficient cflljzkm for k € {j,n} and j < n —1 such

that only one generalized tensorial curvature measure remains. From (2.2) it follows that

. . s_4 ;.
Furthermore, since ¢7:*! vanishes for s # 0 and the measures Q2 ‘¢l"%* 4 € {0,..., 5h

can be combined, we can redefine

LT

Cr () T

for more details see and in the proof of Theorem

It should also be observed that the generalized tensorial curvature measures ¢

s,l,i,m

Cnjn

= 1{s even,m =i = 5}

r,s—2m,l+i
n—1

can be expressed in terms of the tensorial curvature measures (multiplied with suitable
powers of the metric tensor) legﬁ;’f/io, where m/, s’ € Ny and 2m’ + s’ = s + 2I. We do
not pursue this here, since the resulting coefficients do not simplify nicely; see, however,
Chapter |5, where this is done for some specific Crofton formulae.

Theorem states an equality for measures, hence the case » = 0 of the theorem
immediately implies the general case. In fact, algebraic induction and the inversion

invariance of u yield the following extension of Theorem [4.1

Corollary 4.2. Let P,P' € P", j,l,r,s € Ng with j <n, and 1 =0 if j = 0. Let f, h be

tensor-valued continuous functions on R™. Then

L [ 1@htg2) 6} (P01 g~ P da) nldg)

3] m
=
=0

k=j m=0i

QT /R S@ (P dx) | h(y) Gne (P dy).

In particular, we could choose h(y) = ", y € R™, for ¥ € Ny. We state and prove
Theorem in the present form, since this does not change the argument and globalization

yields corresponding results for general Minkowski tensors (see Chapter @
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4.1.2. (GENERALIZED) TENSORIAL CURVATURE MEASURES ON CONVEX BODIES

The cases | = 0,1 in Theorem are of special interest, since we can formulate the

kinematic formulae for general convex bodies in these cases.

Theorem 4.3. For K,K' € K", 3,5" € B(R™) and j,r,s € Ng with 1 < j < n,
[ or s ngi’ 50 98) )

= Z Z Ci{;ioQO(prs 2m, 1(K, ﬁ)¢n—k+j(K/76/)7

k=j m=0
where
alom 1 TEEEELPEL TE + 1) TEE —m+ 1) T(5 +m)
7'7k - —J
" (4m)ymml D)D) T +1) T +1) r(&2)

Proof. We apply (2.2) to obtain

G- TG .
O T 1{i = 0}.

Then, Theorem [4.1] yields the assertion in the polytopal case. For a convex body, we

r,.s—2m,1

conclude the formula by approximating it by polytopes, since the valuations ¢;’ have

weakly continuous extensions to K™ (and the same is true for the curvature measures). [

Theorem 4.4. For K, K' € K", 8," € B(R") and j,r,s € Ny with j <n,

|60 Nk 51 g8 ldy)
n \_%J 1 0. ] o
— Z Z ZCZ,J:ZWL Qm—zd)z,é?* m,l(K’ ﬁ)¢n—k+](K/, ﬁ/)7
k=j m=04=0
where
sodm _ 1 (T) D=L TR+ ) TR —m 7+
wIE - (dm)mml o Ty T 41) T 1) r(54)

Proof. We apply (2.2) to obtain

(-2 Tl-1 ., 1
Y A e

=1{i =0} — 1{i = 1}.

Then, Theorem yields the assertion in the polytopal case. For a convex body, we
conclude the formula by approximating it by polytopes, since for i € {0,1} the valuations

¢2’s_2m’i have weakly continuous extensions to ". Finally, we note that 023’2’0 =0. O
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It is crucial that the right sides of the formulae in Theorem and Theorem only
involve the tensorial curvature measures QST’S’O and gZ)Z’s’l, which are the ones with weakly

continuous extensions to K", and not ¢’ % with i > 1.

4.2. SOME AUXILIARY RESULTS

Before we start with the proof of the kinematic formulae, we establish several auxiliary
integral geometric results in this section. Some of these require facts from the literature
which we, for the sake of completeness, provide in Appendix [A] As a rule, these results hold
for n > 1. If not stated otherwise, the case n =1 (or even n = 0) can be checked directly.

From Lemma we deduce the first integral formula, which will be applied in the proofs

of Lemma and Proposition

Lemma 4.5. Let i,j,k € Ng with 0 < k <n. Then

| ewrewy nr) -
G(n,k)

Proof. The cases where k € {0,n} can be checked easily by distinguishing whether i,7 =0
or not. Hence we can assume that 1 < k < n—1. Let I denote the integral we are interested
in. By expansion of Q(L+)7 = (Q — Q(L))’ and Lemma we obtain

(_1)l<?>le/(nk)Q(L)i+l Vk(dL)
J (5+i+1) i
&) lz ()r( e A

Then relation (B.1) yields the assertion. O

T
M-

T
=

F

—
w\:

’1
N’\k

The next lemma will be used in the proof of Theorem in one of the boundary cases
which are approached in Section [4.4.2]

Lemma 4.6. Let j, 1,5 € Ng with j <n, L € G(n,j) andu € LN S" . Then

D3IL(+DICE)
VA (£ DI()

/ QL) (9u)* (A9 =
SO(n)

if s is even. The same relation holds if the integration is extended over O(n). If s is odd

andn >2 (orn =1 and the integration is extended over O(1)), then the integral vanishes.

Proof. The case n =1, j = 0 is checked directly by distinguishing { = 0 or [ £ 0. Hence let
n > 2. Let I denote the integral we are interested in. Due to symmetry, I = 0 if s is odd.
Therefore, let s be even. Let p € SO(LY). Then, by the right invariance of v, it follows
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that

I= Q(UpL)! (Vpu)® v(dV)
SO(n)

= Q(IL) (9pu)® v(d).
SO(n)

Now we integrate over all such rotations p € SO(L") and then apply Fubini’s theorem in

order to obtain

_ l s L+
- - / oy QL) (Fpu)* v(@9) v (@)
- / QML) Y (pu)* V™" (dp) w(d).
SO(n) )

SO(L+

Lemma applied in Lt with dim(Lt) > 1, yields

[ v dp) =
SO(LL)

and hence we get

1

Wn—j

Lo o ) = 2 i,

Ws++1Wn—j

I— QM/ QWLY QL3 v(dv)
O(n)

Ws+1Wn—j

—ait [ QUi p(av).
G(n,j)

Ws+1Wn—j

From Lemma we conclude that

n

O n

r=p tomite JLS
Ws4-1Wn—j F(

and thus we obtain the assertion. O

The following lemma is one of the tools which are required to treat the rotational part
of the kinematic integral which is discussed in Section [4.4.3]

Lemma 4.7. Let u,v € S* 1, i,t € Ng and n > 1. Then

LEJ (7’) ( ) i—22¢QIE
it)+ 2z F( z_’_x"i'l) ’

if i +t is even. The same relation holds if the integration is extended over O(n). If i+t is

L(5)I(t+1)

/S Ny ey

J:

a=(

odd and n > 2 (or n =1 and the integration is extended over O(1)), then the integral on

the left side vanishes.

Proof. First, we assume that n > 2. Let I denote the integral we are interested in. By

symmetry, it follows I = 0 if i + ¢ is odd. Thus, in the following we assume that i 4 ¢ is
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even. Applying the transformation
fo=1L1] x (S" T nut) = S"7L (z,w) = zu+ V1 — 22w,
with Jacobian J f(z,w) = V1 — 2277 to the integral I, we get
= — 7 tam—1 d
o /Snilv (u,v)" H" " (dv)
1 1 n—3
:—/ / (1—22) : (zu—l—x/l—z%u) <uzu—i—\/1—22 >’H"2dw)d

Wn J-1JSn—1nut

Binomial expansion of (zu + v/1 — 22w)? yields

7ot SN i [N i 1.2 Hg%?’d mam=2(q
_anz o Y /_1z ( —z) Z/Snflmuiw (dw),

=1{m even}B(7t+i_2m+l,7n+g%_l) =1

where B(-,-) denotes the Beta function. However, we rewrite it by applying its connection
to the Gamma function (see equation (2.13) in [6]). From Lemma we obtain

I'=1{m even}ZM Qut)?,
Wm+1

and thus

uJ_)m

L3] . i
I — d ? F(% ) Tl ) 2Wn+2m71u2‘_2m@(
I-\(n+2+t) WnW2mt1
L2] ;
0 i—2m 1ym
0 (2m>r<m + DD )i ()

5 ) e

Since Q(ut) = Q — u?, binomial expansion yields

Q(UL)m — i(_l)m—kx (?) u2m—2a:Qa:.

=0

The fourfold application of Legendre’s duplication formula to the occurring binomial
coefficients and Gamma functions gives

i m i N — )t —z+1
(o) (2Jrem 0= (0 Jre bt e

r 2
(i 4=\ T =+ )
= (o) (2 )T
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and thus we obtain by a change of the order of summation

INEY! i . .
I = 2/ T 1 T i+l 1y, i—2x
ﬂTW?“>Tﬂ<%) e

) 5] (_1)m+x<L§J —a:) F(t-i—;—i-l —m)

m—x )T —m+ )’

m=x

We denote the sum with respect to m by S1. An index shift by x, applied to Sy, yields

L5 il thitl o
S1= Z (1)7”<L2J )I‘(U h )

m=0

Now we conclude from relation |j that

_ (—1)ls N e N (e e e )
T(B] -z + DO B - B + )
=(-1)%=1 =I(5)r(5+1)
— (—1)iLE LS D5 — [0S — (55 + 3)

2
P —a+)0(F +a+1)

where we used (2.2) with ¢ = =2t — |21 — 1 e Njand m =i — "] — 2 € Np. We
notice that 57 = 0 if z < % Thus we obtain the assertion by another application of
Legendre’s duplication formula.

It remains to confirm the assertion if n = 1 and i + ¢ is even (all other assertions are easy
to check). In this case, u = +v and therefore the left-hand side of the asserted equation
equals (1)v'. Using first Legendre’s duplication formula repeatedly, then relation ,

and finally again Legendre’s duplication formula, we see that the right-hand side equals

%] /. 1
2tr(1+2i+t) Z <2x> F( 7 : (il) v

=0 %—i—x—kl)
VAT D 1 S (L) i y
_QtF(H-Qi—Ht)P(LgJ—FQ)xz_:O(Q (%+1+$)F(L%J+%—$)(il)

VAT +1) T
" () T 1
— (1),

which confirms the assertion. O
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The next lemma is an integral transformation formula which we require in the proof of

Proposition

Lemma 4.8. Let j,k,n € Ny with j +k <n, n > 1, and U € G(n,j). Then, for any
integrable function f: G(U,j+ k) — R,

UL B v
/G(Ul,k) fU+ L)y (dL) = /G(U,j+k) F(L) Vigr(dL).

Proof. We consider the map H : G(U*,k) = G(U,j + k), L — U + L, which is in fact
well-defined, since dim(U N L) = 0 and hence dim(L + U) = j+4kforall L € G(U, k).
It is sufficient to show that H (I/g )=

1
I/,[C] under H.

v; U i, where H(vY ) denotes the image measure of

Since H(vY ) and V]-UJrk are probability measures, and V]UJrk is SO(U™) invariant by
definition, we only need to show that H (v L) is SO(U*) invariant. To verify this, we
choose A € B(G(U,j +k)) and ¥ € SO(U~). Then we obtain

H(v " )(0A) = v ({L € GWU* k) : U + L € vA})
= ({LeGU k)9 WU+ 097 'L e A}).
The SO(U+1) invariance of v * yields
H(vf ") 0A) = v ({L € GU* k) : U+ L€ A}) = Hy " )(A),

which completes the argument. O

The following proposition, which is a generalization of Lemma in the case a = 2,
is one of the most important ingredients in the calculation of the rotational part of the
kinematic integral which is stated in Section [4.4.3] Its proof uses several of the lemmas

provided above.

Proposition 4.9. Let F' € G(n, k) with 0 < j <k <n and m,l € Ng. Then

Lo IRLPQIMQEN L) vy (dD)
G(n,n—k+j)

_ (n—k+j)K! T2+ 1)L +0)T()
nlj! F(+m+U(@H%)(”HLH)
l+z—2)'F( + i) ("—5*H Mi b m—i+1) i I
XZ<Z> (1 —2)! r(§+z+) wrreuT

For [ < 1, we interpret the factor % in Proposition as stated in 1' and
discussed in Section Moreover, the factor I'(l + j/2)/T'(j/2) vanishes if j = 0,1 # 0

and cancels, that is, equals one if j =1 = 0.
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Proof. Let I denote the integral in which we are interested. If j = k, all summands on the
right side of the asserted equation are zero except for ¢ = 0. Thus it is easy to confirm the
assertion. Now assume that 0 < j < k <n, hence n > 1. If j =1 = 0, then the assertion
follows as a special case of Lemma If j = 0,1 # 0 then both sides of the asserted
equation vanish.

In the following, we consider the remaining cases where 0 < j < k. Then Lemma
yields

T=duse [ [P LPQ(L)"QF N L)' Vi ,(aL) vf (D).
T JG(RG) JG(UR—k+))

For fixed U € G(F,j), we have dim(FN L) = j = dimU for ngkﬂ—almost all L €
GUmn—k+j)and U C FNL, hence U = F N L, and therefore

T=duin [ QWY [ [F, LV QL) vl (dL) vf (D).
An application of Lemma [4.8) shows that
I=dyjk / QY [F,U + LY*?Q(U + L) v (dL) v (D).
G(F,j) G(UL n—k)
AsU C F and L C U', we have
[F,U+ L] =[FnU*+, L))

and

Thus we obtain

m

m
I=4d. . l+m—a
n,j,kazz% (Oé) /G(F,j) Q(U)

1y\J+2 o U+
></G(UL " (1P U, @) Q) vy (dL) v (dU).

We observe that dim(U+) =n —j >n —k > 0, hence dim(U+) > 1. Therefore Lemma

can be used to see that the integral with respect to L can be expressed as

I3 +1) a ;
P (-1)#
n—jn 7] F(?"L’;ﬂ+1)1“(g+1+04)ﬁz=% B

DAk 1140 - AP(FE + AN + 2r(5)
T(5Or(E +2 - B + )

QU PQ(F nUL,
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and thus

r'g+1)
N

& [ m) [« F(#—i—l—i—a—ﬁ)r(%—%m
X;mz_o( Y <a><5> L(5+1+a)0(5+2-5)

I'=dnjken—jn—kk—jj+2

< [ Q)T AQUE A UL v (D).
G(F,j)

Observing cancellations and using Legendre’s duplication formula several times, we get

(n—Fk+j7)k!

g En—jn—k—ji+2 = = I

Expanding Q(U+)*# = (Q — Q(U))* ¥, we obtain

kT T () () ()

. “k+1q
nlj! P(" == +1) i is a

—k ]
L Tt +1+a—p)
r@+1+a)l(+2-8

Q[ QuU)tmIHQIEAULY v (D).
) Jaws)

Lemma applied in F', yields

;_ (k) T(5+ 1)r()§)r(;’ +k2_} f: Eaj a—a(_l)w <m> @) <a ; 5)

nljt T rGOrG) S o S “
D 1t a= TG+ Itm == ITEF +8) i o
F(2+1+a) Tk +1+m—iI(+2-p) |

Using the relation

(G- () E=)

and by a change of the order of summation, we conclude that

=k TE+DTETE+2) & (m) I+m—i
SR F("Ek“ + 1)21“(%)2F(h) ; <z>Q QU™

X -
L5 +1+m—i) r(Z+2-2)

)
S arifm—i—B\T(* 5 +1+a-p)
x Z(_l)Jr(a—i—ﬁ) FQ(%+1+OC> '

I
o

a=i+3
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For the sum with respect to «, we obtain from relation (B.1')

opuar NE+i+B8+1+a)
T(%5t g+ )05 +m — i)
I'(2+m+1)I(5EL + )

a

= (-1

Next, for the resulting sum with respect to 3, we obtain again from relation (B.1)

m_ii m+i+p3 m— F(%"i'l'i'ﬁ) _(_1\ym+i F(%—{—Z)F(Q—l)

ﬁz;;( b ( B8 )r(;’+2—m+z’+ﬁ)_( D T(4+2)0(2—1—m+1i)

T +0)T(+m—i—1)
rE+2rg-1

where we used j > 0 in the first step and (2.2)) in the second (and distinguished the cases
l=0,1=1,1>2). Thus we get

[ (n—k+j)k! I’(% 1)F(%+Z)F( )
it (G m DT (5 + 1)
l+z—2'F(kJ i) ("= ’““+m i+1) . .
X Z ) A Q Q(F)l+ )
) (1 —2)! I‘(§+l+2)
where we reversed the order of summation. O

4.3. A DIRECT PROOF OF THE CLASSICAL KINEMATIC FORMULA

In this section, we provide a proof of the classical kinematic formula for curvature measures.
It is a scalar-valued version of the proof of Theorem which is given in Section [4.4]
This course of action is chosen for two reasons. On the one hand, it is a new and the first
direct proof of this famous classical result, and therefore, an interesting result by itself. On
the other hand, it is a special case of the general proof. Hence, providing it first, already
gives an impression of the integral geometric ideas which are used again in a more involved
setting in the following section.

First, we recall the classical kinematic formula for support measures (see [83, Theo-

rem 4.4.2]) in the following theorem.

Theorem 4.10. For K, K' € K", 8,5" € B(R") and j € {0,...,n},
/G 6;(K N gK', 30 g8) u(dg) = > amji (K, B) bn_i15(K', B,

where the coefficient au,ji is defined as in equation (1.3).
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The classical proof of Theorem starts by expressing the kinematic integral as a
linear combination of curvature measures of the given convex bodies, with undetermined
coefficients though. These coefficients are then obtained by making use of the connection
to the classical Crofton formula, which is proved by calculating the Crofton integral for
specific choices of the given convex body. Here, in contrast, we determine the coefficients
of the appearing curvature measures directly, by transforming the rotational part of the
kinematic integral and then using an integral geometric formula known from the tensorial
calculations by Hug, Schneider and Schuster (see [51, Lemma 4.4]).

We start as in the classical proof, and only prove the assertion for polytopes P, P’ € P™.
The general case can then be obtained by approximation (see for example the classical proof
in [83] p. 243f]). We denote the kinematic integral by I and decompose the integration
with respect to g to get

= /SO(n) /n ¢;j(P O (OP" +1), 40 (05" +1)) H"(dt) v(d).

Now we apply Theorem 4.4.3 in [83] to determine the translative integral

n—1
I— 1 A Z Z Z Hn_k+j(F/ m/@/)er(Fmﬂ)

W — 3
") k=j+1 FEF(P) F'€Fp_p1i(P)

x / FOF |1 (N(P.F) + ON(P' F') n§" ) v(dd)
SO(n)

+65(P, B)on(P', B') + 6n(P, B)¢; (P', B), (4.4)

where we see that the boundary cases k = j,n are already treated. In the proof of the
tensor-valued case, this is done in two steps, the examination of the translative integration
in Section and the determination of the boundary cases in Section [4.4.2]

So far, we have proceeded as in the classical proof. But now we deviate from it and
calculate the value of the rotational part of the kinematic integration directly. In the
general case this is done in Section [4.4.3]

In the following, we denote by C(w) := {Az € R" : x € w, A > 0} the cone spanned by a
set w C S"~1. For j > n — 1, we note that the summation with respect to k is empty and
thus in those two cases the assertion is proved. Hence, we assume j < n — 1. In order to

determine the remaining rotational integration in (4.4), we define the map

J:B(F-NS§" ) x B(Fns*™") =R

T(w, ') = /S g O ((C(w) +90(W)) N8 v(av).
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The Hausdorff measure can be rewritten as integration which we transform and obtain

2

2 / [F, 0 F"] / e 1#1? 373 (dz) v ().
I'(%52) Jsom) C(w)+9C(w)

J(w,w') =

Then we apply the transformation
T:wxw x(0,00)% = C(w) +9C(W), (u,v,t1,ts) — tyu + tadv,

which is bijective for almost all ¥ € SO(n) (more precisely, for all ¥ € SO(n) such that F*

and YF' are linearly independent subspaces), and has Jacobian
TT(u,v,t1, 1) = 7 W=7 L 9] = ¢p=F 1T F 9,
to the integration with respect to x in J(w,w’). This gives

Tew,') =~ / [F9F"]? / / / gk gh=i=1 vtz
’ F(n%j) SO(n) 7 wJw’ J(0,00)2 ! 2

x H2(d(t1, t2)) HEI 7Y (dv) HF1(du) v(dD)
2

- / [F,ﬁF']Q/// kL= o= (2t (u00))
I'(%51) Jsom) w Juwr J(0,00)2

x H2(d(ty, t2)) HEI71(do) H R (dw) v(d9).

Because of the left and right invariance of v, we obtain for arbitrary but fixed rotations
o € SO(F4) and p € SO(F')

—[F9F]
F(T]) SO(n) w Jw’ J(0,00)2

x H2(d(t1, t2)) HE 7Y (dv) H*F 1 (du) v(d9)
- 3_/ [F,ﬁF’P/// gkl
F(TJ) SO(n) w Jw' J(0,00)2

« / / ef(t%+t§+2t1t2 (ou,9pv)) VF’L (dp) VFL (da)
SO(FL) Jso(rrty

X H2(A(ty, t2)) HF I (do) H R (dw) v(d9),

where we integrated over all such rotations ¢ € SO(F+) and p € SO(F'+) in the second step
and applied Fubini’s theorem. The value of these two inner integrations is now independent
of the specific choice of the unit vectors u € F- NS and v € F'- N S"!. Therefore, we
obtain for arbitrary but fixed unit vectors ug € F-NS" ! and vy € F'+ N S*!

p(n;j)

Hn—k—l(w)er—j—l(w/)/ [F,?S‘F/]z/ / /
5 SO(n) (0,00)2 JSO(FL) JSO(F'L)

x Ry I e HE R ow0 00 I (dp) T (do) H(d (11, £2)) (),

2

J(w,w') =
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Rewriting the integrations on SO(F1) and SO(F'!) as integrations on F+ N S*~! and
F+NS" 1, and again applying the transformation 7' (with w = F+ and w’ = F'*), we get

_ an—kz—l (w) Hk’—j—l (wl)

Wn—kWk—j

J(w,w") /SO( )[F, IF | H I ((Fl +9F1) N S”‘1> v(dv).

We have dim(F++9F'%) = n—j and thus H" 7L ((F+ +9F')NS" 1) = w,,_; for almost
all ¥ € SO(n). Hence we can apply Lemma to determine the well-known remaining

rotational integral and obtain

Wn_j p(u)p(w)

ankfl(w)f}_[kfjfl(w/)'

S W EFENBH NP, F)NS"
“n—k per.(p)

Z Hn_k+j(F,ﬂﬁ/)Hk_j_l(N(Pl,F/) ﬂSn_l)
wk_j F/e}—nfk+j(Pl)

+6(P,B)on (P, ) + én(P, B)d; (P, B').

The definitions of the curvature measures for polytopes and of the coefficient ay,j;, (where

Qpjj = 0pjn = 1) yield the assertion.

4.4. THE PROOF OF THEOREM

In this section, we provide the proof of Theorem which we, for the sake of clarity, divide
into several steps. First, we treat the translative part of the kinematic integral. This can be
done similarly to the proof of the translative integral formula for curvature measures. Then
we consider two “boundary cases” separately. This is also done in the classical (scalar)
proof. However, in the tensorial case it requires more involved techniques. In the third
and main step, we approach the explicit calculation of the rotational part of the kinematic
integral. Once this is accomplished, the proof is basically finished, as we obtain an explicit
representation of the kinematic integral in terms of generalized tensorial curvature measures
of the corresponding polytopes. Nevertheless, at this point the coefficients in the formula
are still given in terms of several iterated sums of products of binomial coefficients and
Gamma functions. Therefore, in the final step, we simplify these coefficients to attain the

form provided in the statement of the theorem.
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4.4.1. THE TRANSLATIVE PART

The case j = n is checked easily (since then s = 0). Hence we may assume that j <n —1
in the following. Let I; denote the integral in which we are interested. We start by

decomposing the measure p and by substituting the definition of qb;’s’l for polytopes to get

L= [ o' (PrgP. B8 u(dg)

- / ST (P (OP 4 1), B0 (98 + 1)) H(dE) v(dD)
SO( n) R™

Y / / QG 2" H (da)
Y Wn—j JSO(n) JR™ GeF,;(Pn 19P’+t)) GNBN(IB +t)

x / 1P (du) H(AY) v(dY).
N(PN(YP'+t),G)NSr—1

Let ¥ € SO(n) be fixed for the moment. Neglecting a set of translations ¢ € R™ of
measure zero, we can assume that the following is true (see [83] p. 241]). For every j-face
G € F;(PN(YP'+1t)) there are a unique k € {j,...,n}, a unique F' € Fi(P) and a unique
F' € Fp_jyj(P') such that G = F N (VF' +t). Conversely, for every k € {j,...,n}, every
F € Fi(P) and every I’ € F,_4;(P’'), we have F N (YF' +t) € F;(P N (IP +t)) for
almost all ¢ € R"™ such that F'N (JF' +t) # (). Hence, we get

L= /S S QUE N (wF))!

7]
Wn—
3 /S0(n) .= ]Fe]-'k(P) FIE€Fn_ksi(P)

X / u® H™ I (du)
N(PN(YP'+t),FN(IF’'+t))NSn—1

x / / o H(de) HM A v(dD),  (4.5)
n JFN(YF +6)NBN (98 +t)

where we use that the integral with respect to u is independent of the choice of a vector

t € R™ such that relint F Nrelint (OF' + t) # (.

As a next step, we calculate the integral with respect to ¢, which we denote by Is. The
argument is essentially the same as in [83, p. 241-2]. We include it for the the sake of
completeness. For this, we can again assume that F' and 9F’ are in general position, that
is, [F,0F'] #0. We set a := F N S and o/ := JF' NIp". We can assume that a # () and
o' # (), since otherwise both sides of the equation to be derived are zero. Let sg,tg € R"
be such that s € a N (o’ + tg) # 0. Then we define Ly := FOn (JF')°, Ly := FON L,
L3 = (WF)'N Lf. Hence, for every t € R™, there are uniquely determined vectors t; € L;,
1=1,2,3, such that ¢t = tg + t1 + to + t3. The transformation formula for integrals then
yields that

Ib = [F,0F] / / / / & HI () HO(dty) HEI (dts) HPF (dt).
L3 JLy J Ly Jan(a/+to+t1+t2+13)
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From
(a—SQ—tg)ﬂ(O/-i—to—So—i—tl—i-tg) CFoﬂ(ﬁF/)OZLl,

we conclude
ﬂ(o/—i—to—i—h +t2+t3) C so+ L1+ to.

Hence, for the two inner integrations with respect to  and t1, an application of Fubini’s

theorem yields

/ / " M (dx) HY (dty)
Ly Jan(a'+to+t1+ta+t3)N(so+L1+t2)

_ / / (2 + 50 + t2)" HI (dz) HI(dty)
L1 L1ﬂ(aftg780)ﬁ(a’+t0730+t1+t3)

:/]1{.7}6 (Oé—tQ—SO)le}([IJ‘i‘S()—f—tQ)T
« /11{t1 €L,z €a 41t — so -+t +ts) Hi(dty) H (dx)

:/]l{me(Oé—tz—so)ﬂLl}(x+50+t2)T

X Hj([(o/ + 10 — 80) + tg] N Ll) H](dl')

— ([0 + to — s0) + 3] le)/ (2 + 50+ t2)” HI(da)
(afsoftg)ﬁLl

= H/((o/ +to — s0) N (L1 + ts))/ (z + s9)” H’(dzx).
(a—SO)ﬂ(L1+t2)

This gives
I, = [F, 19F,] / HI ((Oé/ +to — 80) N (Ll + t3)) Hn_k(dtg)
L3
y / / (2 + s0)" H (dar) HFI (dtn)
Lo J(a—so)N(L1+t2)
— [FOF " (o] + to — s0) / ( + 50)" H¥(da)
a—sgp
— [F,0F\H" " (F' 0 §) / " H* (da).
FNg

Thus, (4.5) can be rewritten as

R SED SIS SEE G (A E0) |

2" H*(de) / [F,0F]

i (D peR (P) F'€Fn_4;(P) Fng SO(n)
< Q (Fn@wF)°) / 0 1T (du) v(d9),
N(PN(YP'+t),FN(IF’+t))nSr—1

where ¢ € R" is chosen as described after (4.5).
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4.4.2. THE BOUNDARY CASES

In the summation with respect to k, we have to consider the summands for £ = j and k =n
separately, since the application of some of the auxiliary results requires that kK —j > 1 and

k <mn — 1. Starting with k = j and denoting the corresponding summand by S;, we get

1 .
S=dil—— ¥ ¥ W) [ ) [ [FoF)
"7 - —J FEF;(P) F'eFn(P') Fnp SO(n)
l .
% Q (FOn (0F')°) / u® H I (du) v(d9)
N(PN(YP'+t),FN(YF’+t))nSn—1
—c’“fjlw > HY P’ﬂﬁ)/ x?‘w'(d:c)/ [F,9P]
n~j per, (P)%,—/ ns SO(n) ~——
én(P',5") =[FR"]|=1

x Q(F°n (vP")?) / u® H" 7 (dw) v(dY)
~—— N(PN(YP'+t),FN(YP' +t)) NSn—1
=Rn

=N(P,F)

= ¢;757l(P7/8>¢n(PlﬂB/>'

For k = n, we denote the corresponding summand by 5, and conclude from Fubini’s

theorem
1
Sn:C:isjl Z Z ’HJ(FIQ,B)/ xrﬂn(dfl})/ [F,ﬁF/]
e FeFn(P) F1EF;(F') Fng SO(n) =[R" 9F']=1
x Q( F° N(9F / w41 (d W
Q(:Ig: WED) N(PN(IP'+t),PN(IF'+t)) NSn—1 (du) v(dd)
=9N(P!,F')
1 .
_CT,Sjli/ T 'Hn(dx) Z ,HJ(F,ﬂﬂl)
Wn—j JPNB FreF(PY)

x / / Q (VF')! (9u)® v(d9) H" 91 (du).
N(P',F')nsn—1 JSO(n)
For this, we obtain from Lemma
st 1 T(HT(G + DT ()
M wnoj /AT(55E 4+ DT(3)
< Y H(FNg) / HO0 ()

n—1
FreF(PY) N(P',F")nS

=i, 00T (P, B)e (P, B),

Sy = 1{s even}c

QH-% / 2" H™(dz)
PN

where .
1 F(n—g—ﬁ—S)
(2m)s (3)! T(%52)

2 )
ey i =1{s even}L = 1{s even}

n7
J 5!W3+1wnfj+s

(4.6)
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Hence, we get

L= Z 3 S HYH(F N )

" L J+1 FEFL(P) F'€Fn_ps, (P)
l
v / 2" 1o (da) / F9F)Q (F° 0 (0F")°)

Frg SO(n)
X / 1 (du) v(d9)
N(PN(YP'+t),FN(YF’+t))nSr—1

+ &7 (P, B)u(P, B) + iy o (P, By (P, B).

Furthermore, for any ¢ € R™ such that relint F' N relint (JF’ + t) # 0 we obtain from [83,
Theorem 2.2.1]

N (PN (WP +t),FNWF +1t) = N(P,F) +9IN(P', F'),

and thus

Il _ rjlw Z Z Z ankarj(F/ ﬂﬁ/)

") k=j+1 FEF,(P) F'€Fn_ji;(P')
l
x / " 1 (dx) / F,0F)Q (FO 1 (0F)°)
Fg SO(n)

v / 0 1 (du) v(d9)
(N(P,F)+IN(P,F'))nsn—1
r,0,2+1

l K
+¢;787 (PHB)(ZS’VL(P,)/B,) n] ¢n 2 (P7 5)¢](P/76/> (47)
In the following, we denote by C(w) := {Az € R" : x € w, A > 0} the cone spanned by a set
w C S" L. Moreover, if F is a face of P, we write F* for the linear subspace orthogonal to
FY. For the next and main step, we may assume that j <n — 2 (since j < k <n —1). We
define the mapping

J:B(Ftns" 1) x B(F+ns1t) — T2+s

T(w,w) = /S ooy PV (F°n F)°)

y / 0 1 (du) v(d9)

(C(w)+9C (w'))NSP—1
for w € B(F-NS" 1) and ' € B(F'* NS*!). Then J is a finite signed measure on
B(F+NS" 1) in the first variable and a finite signed measure on B(F'* N S"!) in the

second variable, but this will not be needed in the following. In fact, we could specialize to
the case w = N(P,F)NS" ! and o’ = N(P', F') N S"*~! throughout the proof.
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Since [F,9F"|Q (F' N (ﬁF’)O)l depends only on the linear subspaces F° and (9F')°, we
can assume that F € G(n, k) and F' € G(n,n — k + j) for determining J(w,w’). Moreover,
for v-almost all ¥ € SO(n), the linear subspaces F+ and ¥(F'*) are linearly independent.
This will be tacitly used in the following.

4.4.3. THE ROTATIONAL PART

In this section, w,w’ are fixed and as described above. Due to the right invariance of v, we
obtain for p € SO(F'+)

J(w,w') = / [F,9pF"|Q(F N ﬁpF')l/ u® H" I (dw) v(dY)
SO(n) (C(w)+9pC(w'))NSn—1

= / [F,9FQ(F NYF")!
SO(n)

X / / w1 (du) v (dp) v(dd),
SO(FL) J(C(w)+9pC(w'))NSm—1

where we averaged over all such rotations p € SO(F'1) and applied Fubini’s theorem in the
second step. Next, we introduce a multiple .J; of the inner integral of J(w,w’) and rewrite

it by means of a polar coordinate transformation, that is,

Jl Z:%F(inijdrs

3 u® H" I (dw)

) »/(C(w)+19pC(w’))ﬂS"_1

= / / (ru)se*”m”%"*j*l H" I (du) dr
0 (C(w)+9pC(w'))NSn—1

= ase Il gyn— (dx).
C(w)+9pC(w")

The bijective transformation (here we assume that 9 € SO(n) is such that F+ and 9(F'%)

are linearly independent subspaces)
T:wxw x(0,00)% = C(w)+9pCW), (u,v,t1,ts) — tiu+ topv,
has the Jacobian
TT(u,v,t1,to) = P W=7 L 9] = ¢p=F 17 F 9 F).
Hence, we obtain

Ji = / / / kLI R 9 R (fu + tdpu)® e ITuttzdel®
w Jw' J(0,00)2

x H2(A(ty, 1)) HF 771 (dv) HF L (duw).
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Applying a polar coordinate transformation to the inner integral yields
Ji = [F, ﬁF,} / / /5 /OO (’F COS(a))n_k_l(T Sin(a))k—j—le—ﬂrcos(a)u—i—rsin(a)ﬂvaQ
wJw' JO 0
x (1 cos(a)u + rsin(a)dpv)® rdr da H* 771 (dv) H* 1 (dw).

Using binomial expansion, we get

1 = [F9F] / / Z() (Wpv)’ / * cos(a)m R~ gin(g)k I tioL
0
X/ P e 2(14-2 cos(a) sin(a) (u,9pv)) drdakajfl(d,v) ,Hnikil(du).
0

We factor the occurring exponential function and expand the second part of it as a power

series, to obtain

Ji = [F, ﬁF’]// Z (?)us_i(ﬁpv)i/2 cos(oz)”_’l“rs—i—1 sin(a)k_j+i—1/ pn—its—1
wJw ] 0 0

=0

X (9.2 ; t )
> 677‘2 ( 2r COS(O&) SI'H(OZ) <u’ 19,0’0)) dr da kajfl(dv) /ankfl(du)
=0 t!
— [F, 'lgF/] / / Z ( ) ﬁpv z Z U 19/)7))) / rn—j+8+2t—1€—7~2 dr
w Wi t=0 0

X /5 cos.((Jc)”_lﬁs_iﬂ_1 sin(a)k_j'wrt_1 do Hk_j_l(dv) Hn_k_l(du),
0

where we interchanged the integrations with respect to r and to o with the series with
respect to ¢t by dominated convergence which can be applied for almost all (¢, u). In fact,
for v ® H"*~l.almost all pairs (¥,u) € SO(n) x F+ we have 9~ 'u ¢ F’* (and hence
{(u,9pv) < 1, for all p € SO(F'*) and v € F'*) such that the series converges absolutely
and uniformly and yields an integrable upper bound. The integrations with respect to r
and to a can now be simplified, applying the definitions of the Gamma function and of the

Beta function and the relationship between them. This gives

_ i[F’ﬁF/]/w/w,g:< > 9pu) Zi u'ﬁpv>)

=0
Xr(n—k+2s—i+t)r(k ]—H-‘rt)er j— 1(dv)7—[nik71(du).

The series with respect to ¢ again converges absolutely for almost all (9, u); in fact,

> |2

t=0

(u 19PU>) F(nfk+2sfi+t)r(k—j;‘i+t)

o0
Z (2((u, ﬁpv F(n—k+2s—z+t)F(k—J;-z+t) < o0,

t=0



54 CHAPTER 4. KINEMATIC FORMULAE

which can be seen applying the ratio test, using as above that for v @ H" *~1-almost all
pairs (9, u) € SO(n) x F+ we have 9~'u ¢ F'* (and hence (u, 9pv) < 1, for all p € SO(F"*)
and v € F't). Furthermore,

FOFQENIE)Y S (S us—i(opy S (EHw0P0))
oty Jsogersy o o | IF T QA )izoz“(””)z

x T (n=htaittyp(Emititt) | /h=3=1(dqy) 4k (du) v (dp) v(dV)

g/ / /// R UE TR O |[tru + a9 pu]|Pe Ituttzdpel?
SO(n) JSO(F'L) Jw Jw' J(0,00)2

x H2(A(ty, t2)) HE T (do) 71 (dw) P (dp) v(dY)

1 . /L
| w||* H N (dw) v (dp) v(dY
_21“(%*8) /SO(n) /SO(F’i)~/(C(w)+19pC(w’))ﬁS"1 lul (du) (dp) v(d)

is finite. Therefore, Fubini’s theorem yields

AN # 112 AV
T(w,o) = Qr(n_gﬂ)/w/so(n)[ﬂw] Q(F NIF)

S

S, s—i - <_2)t n—k+s—i+t k—j+itt
3 (Furt S0 S (et p it
=0 t=0 :

X /w/ /SO(F’J-) (ﬂpv)i<u, ﬁpv>t yF’J- (dp) Hk_j_l(dv) v(dv) Hn_k_l(du).

Due to the right invariance of the measure v’ -

, the integrand is now independent of the
specific choice of v € F'*-NS" 1. Thus, we obtain for an arbitrary but fixed unit vector
vg € F 'L Agn-t

k—j—1 W'
~arg T,

I S

i—0 \* =0

/ [F,0F' ]2 Q(F N 9F")
SO(n)

X / (9pvo)* (u, 9 pug)* yF (dp) v(d) H"*1(du).
SO(F'L)
We denote the integral with respect to p by Js and obtain
-1 -1 bt
Jy = 19/ pvo P (0 u) + ppr (0 ), pv0> v’ (dp)

t AN
~ Ipgpr: (u H 9 / (ow0)* (s (97", o) " (00

if 9=u ¢ F' (which holds by an analogous argument as above for almost all pairs (¢, u)).
We note that the integration over SO(F'F) yields the same value as an integration over all
¥ € O(n) which fix F'° pointwise, since dim(F'+) € {1,...,n — 1} and n > 2. Hence, an
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application of Lemma in F'* yields

(M) D(t+
7= it oven) 22 F(EHHL) Iporr ()
5] ,
19 AR (u)l_sz(ﬁFu‘)w.
o= (’};)+< ) tTJFxJFl) !

Thus we conclude

b

(%)

n—j+s
2

B T
NG )
X Z(—l)i j) T Z 1{i+t even}F(%) g g (w)])*
i=0

t=0

J(w,w")

HEIL (W) /w /So(n) [F,9F"1? Q(F NnYF")

Iy X
v ['(x + 5) o n s
=i . N ’ vmar T n
3 () o awr e,

where we used that (—1)f = (—1) provided that i + ¢ is even.
As the series with respect to t converges absolutely for almost all (J,u) (using again that
we have 9~ 'u ¢ F' U F'*, for v @ H" F~l-almost all pairs (J,u) € SO(n) x F1), we can

rearrange the order of the summations to get

/ F(kgj) k—j—1¢ A/ : %J
J(w,w') = ——2 - yk=i- // FFPQ(F noF)'S
(,) 2/ml(2=4E2) ) w SO(n)[ Fo P 0
x (j) (;x)I‘(:U + Dt g (w) T EQIF)

(w) t n—k—1
X Z 1{i+t¢ even}“—HpﬁFu (w)||* v(d9) H (du).
t=1—2x ( 2 +z+ )

We denote the series with respect to ¢t by S;. Then, for 9~ 'u ¢ F'*, we obtain (after an
index shift)

(w)

0o
Sy = Zﬂ{% — 2z +t even} F(i—il)npﬂFu(u)Hl_%H
=0 =1{t even} 2
. 9] F(n—k+s +t—.1‘)
= ||p'r9l:‘”-(,u“)”Z 2:132 2 Hng/J_(U)HQt

= It+1)

=T n—k+s 1—2x - _n7§+s + o 2\t
= D("5* —2)llpypr ()72 ) ; (=llpypre (w)[7),

t=0
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where the remaining series is just a binomial series. Hence, we get

_ . _n—k+s
Sy = D=5 — @) |pypr (W7 (1 = [lpg s (w)|?) =2

= D("5E — ) |lpgprs (W) |27 po e (w) | " FF7522,

Expanding Q(WF'*)* = (Q — Q(YF))* in J(w,w'), we obtain

k—j s T i x
e e o £ (1) e

2 =0 =0 y=0
n—k+s x)ussz:(:fy[F7 ’l9F ] HpﬂF’(U) H7n+k75+2x
X poprs (W) EQIF)VQ(F NIF) v(dy) H" *~(duw).

Changing the order of the summation under the integral gives

- | e s NN L
ﬂ%wvzHitﬁﬁﬂ“ﬁ%dylém)§2§3§2<1Wﬂ@><%)Q)r@+;>

r=0y=0i=2x

2
% F(n—k+s o l‘)us_iQx_y[F, 79F] HpﬁF/(U)H n+k—s+2xpﬁFu_ (u)i—2z
x QIF)YQ(F NOF) v(d9) H™ 1 (du).

We denote the integral with respect to 9 in J(w,w’) by J3 and transform it, to obtain

SR ‘ s ] x
B /G(n,n—kﬂ') 2.2 Z (D™ (@) (21‘) <9>F(x +3)0 ("5 — )

z=0y=0 =2z

w QT TY[E, G lpe (w) | T pg 1 (w) TR Q(G)YQ(F N GY vk (dG).

Sincen >2and 1 <n —k+j <n—1, LemmalA.2] yields

13 = s .
_Wn—k+j/ /1/ AV EAYE" L
Jy = nkts SDID I P+ 1
’ 2wn, Gutn—k+j-1) /-1 JULnutnsn—1 "—5 " —¢ ( ) 7 2z Y (:L‘ 2)

z=0y=01i=2z
X F(”‘Tk*‘s — 2)utTIQE Y| kAL (1 - 22> *[Fin{U, zu + V1 — 22w})?
X lein{U,Zqu\/ﬁw}@j’)HinJrkiS+2xQ(hn{U7 zu+ V1= 22w})?
X Q(F Nlin{U, zu + mw})lphn{azw@wp (u) %
x HF I (dw) dz vy (dU).

The required integrability will be clear from (4.8) below. Since u,w € U © we obtain

Plin{U,susvI=Zuyt (W) = 4 =Dy o, (u) = u — 2(zu + V1= 22w)
=V1—22- (V1 - 22u — |z[sign(z)w)
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and |]p1in{U,2u+mw}(u)|| = |z|. Furthermore, since also F' C u', we have

[P, lin{U, 2u + V1 — 22w}] = [F, U]z,
QUin{U, zu + V1 — 22w}) = QU) + (|z|u + V1 — 22sign(z)w)?

and, for all z € [-1,1]\ {0} and w € U+ Nut NS* 1,
Q(F Nlin{U, zu+ V1 — z2w}) = Q(FNU),

as F' C ut and U = lin{U, zu + v1 — 22w} Nu*. Using the fact that the integration with

respect to w is invariant under reflection in the origin, we obtain

5] = s .
_Wn—k+j/ /1/ i (SY[ 0\ [ L
J3 = E E E -1 . I'x+ 5
3 2wy Jaut p—k+j—1) J-1 Utnulnsn—1 7= . (=1) 1) \2x ) \y (2 2)

0y=01i=2z
k—j+i—2z—2

. . '_2
D QT (1= 2) T (VI Pu o)

< (12,01 (Q) + (2lu + VI~ 22w)?) Q(F N DY

x HE I (dw) dz vy 1 (dU).

Binomial expansion yields

i—2x

(VI= =) =3 ( 2x><mu>”f‘”‘<|z|w>“.

A change of the order of summation gives

|_ Iz s—22
_ Wn—k+j
BT o, /G(u%nkﬂ‘l) / /Uimuimsn 122 2 (- ( )

z=0y=0 a=0

< 3 () (L) () e e
1=2x+«

k—j—4dz—a—2

% I‘(m + %)us—Zx—an—y‘Z‘j—s+2x+a+1 (1 _ 22) 2 Q(F N U)l
x (QU) + (|2fu+ V1 = 22w)?)" HET 7N (dw) dz vy (AU).

With Lemma we conclude

2] x s— 2:(:
_ Wn—k+j s s —2x B o -
“n rz=0y=0 a= 0
k—jta=2

1
9 / (17 UJW”)Q R e (R h e
G(ut,n—k+j-1) -1 U+nutnsn—1
x Q(FNU) (Q(U) + (Jz|lu+ V1 — z2w)2)y HEI " (dw) dz yﬁikﬂ_l(dU). (4.8)
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At this point we easily see that the integrals in Js3 are finite, since j + s —2x —a+1 >0
and k — j+ a — 2 > —1. In fact, the absolute values of the integrands have finite integral,
which also justifies the application of Lemma above. Therefore, we can change the
order of summation and integration from now on. We write J4 for the integral with respect
to U multiplied by the factor wy,_x;/(2wn).

By (twofold) binomial expansion of (Q(U) + (|z|u + V1 — z2w})?)¥ we obtain

_ Wnkij N~ (Y i . |
To= =5 ;%(5) /G(u%n—kﬂ'_l) (IR U19) Q)= Q(F N U)

1 ) k—jta=-2
X / |z|JFo—2e—atl (1 - 22) : / w®(|z|u 4+ V1 — 22w)??
-1 U+nutnsn—1

x HFI T (dw) dz vy, 1 (dU),

and in the second step

wn Wn—k+j Y —y ut)) 2 y—
= ZZ( )( )w /G@L,Mﬂn (1R, 01) Q(uyr=*

W 3204=0
k—jta+ty—2

1 .

x Q(F N U)l / |z|]+57217a+2577+1 (1 _ 2’2> 2 dz
oz—&-w k—j—1

TR ) D).

Using Lemma and expressing the involved spherical volumes in terms of Gamma

functions, we get

INE

Jy = fF” 5*’ Bzo%]l{a—i-’yeven}< )( )

F(H—s—ro ol —x+[3+1) (a+’2y+1) 28 ’Y/
U
rErs — 24+ 8+1) Glutn—ktj—1)

+

< (IE.0))) QU #QUP N QW Nut) ™ vy (D).

With an index shift in the summation with respect to v we obtain

y a+283
nk ZZﬂ{yeven}()( )
\fF 2+J ) 5=0 1=a —a
D= — 2+ B+ 1)T (;F)ua+257/
1“(’7”S r+ [ +1) G(ut,n—k+j—1)

x (IF,0190) Q) PQUF nUYQU* Nt )3 vy (AU).
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We plug Jy into J3 and change the order of summation to get

T T AT
Js = . 1)Y1{~y even}< ) < ) ( )

Vl( k+]zOy0,80 =0 y)\B

min{s—2z,v}
s s — 2z 203
XP(:U—‘,—%)F(%—.%‘) Z ( o )( —Ol>
a=(y—28)* 7
F(J+87’y T+ [+ 1) (’y )us—2x+26—'ny—y/
(ks — 24+ 8+1) Gut n—k+j—1)

x (IF,U100) Q) PQUF nUYQU* Nt )3 vy (dU).

From Vandermonde’s identity we conclude that

min{szzh"y} (s — 237) ( 273 ) B <s — 2z + 26)
a=p—2p+ \ ¢ /NI LA
and thus

b i LEE 8 <>GKXSTMWH9

)+ 1
r(ambis_FUE =2 48—+ DE +
2 rErs — 2+ 8+1)

X /G(ui7nk+j1) ([F; U](u )) Q(U)y_BQ(F N U)ZQ(UL N uL)'y V,}i_k_i_j_l(dU),

s 2x+26— 2’me Yy

Furthermore, the term Q(U+ Nut)Y = (Q(ut) — Q(U))Y can be expanded so that we
obtain

oSl H
J(w,w) = — £ e 1)y
2L ( kﬂ)r %Jr ) =0y=08=0 ~=0 4=

()OO e
+

J+5 —x+p— v+ 1)F(’7 %) Qa:—y/ us—2m+25—2ny(uJ_)'y—§
(& —2+8+1) w

(wh))? —B+6
. /G(ui,nkJrjl) ([F7 Yl ) QW) Q(FN U) Vn— k—l—j 1(dU)
x H" P 1(dw).

X

Reversing the order of summation, first with respect to 3, and then with respect to y, we
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get

re ZZZ Z 2 (e

z=0y=08=0 ~=0 §=
(D) (e e

. INCE v 8- 7+1)F(V+%)Qy/ uTHTEEQ ()0

DA —y—B+1)
(wt))? B+
X/G(uLn k+j—1) GF’U] ) QU QFNU) v, k+] 1(dU)
x H" R (du).

A change of the order of summation yields

/ (ks . 15) 15)-
J(w,w') = 27{(@)&” ]+5)%k L Z Z

S0

(52 =28\ (V\TUE —y =B+ (1 + )
2y 5 ks —y—p+1)

5—2y—28—2 1\y—0 (wt))?
@ [wmnquent [ (0)
x QU)PHQF NUY vy i1 (AU) H" L (dw).

By Legendre’s duplication formula, applied several times, we obtain

) G (73

B s y+ 8 L —y— B —y—B+1)
_<2y+2ﬁ>< y )“‘””” DT oI G —e+ D@ —y— 3

P(=
_ s y+p 5] (] —y—B+3)
_<2y+2ﬂ>< Y )F(y+5+ )<; y—ﬁ) F(E%J—aﬂr%)z'

We denote the resulting sum with respect to x by S,. An index shift and a change of the

order of summation imply that

I

— 12 +a 5] —vy— 5) [(2=kts — 5] 4 2)
s 3 ot (H ) Ty

=0

Hence, an application of relation 1} and then of relation (2.2)) with ¢ = ”%k“ — L%J —%
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and m = | 5] —y — B € Ny yield

/—:f—
D(e=gt — [0 + [5) -5 —y — B+ 3)
(53] —y = B+ )0 = =5+ 3)
=I(ngh)r(a=ktL)

S, = (1) [3]

:(,1)y+ﬁ

sl rees DO - BT — [0 + )
P(L*E —y =B+ 3T = =y + B - 3)

= (-1

where we used that ¢ > 0, except for k =n — 1 and odd s when ¢ = —1/2. We note that
Sy=0ifn—k+sisoddand n—k+1<s—2y—23. Thus, we obtain

13) L -B

(Sl
|_

J_

[N
<

-y

(Sl

NG NG DI C S
27TP(” k—‘r])r(n %4—5) ( )y 0 5= ” (52::0

><< s ><y+ﬁ><s—2y—26><>F +s —y—p—7+ )(74'%)
29+28)\ y 2 g (s —y—p+1)

I'(y+p+43 S 2u—28— _
% n—ks—l 2) . Qy/ u 2y—26 2’yQ(uJ_)7 5/ '
r(*=S=+y+5-3) w G(ut,n—k+j—1)

< (IF.01) Q)PP QUF N0 sy (AU) 14 (du),

J(w,w) =

(]

Qg

We conclude from Proposition [4.9 that

ut

@h))? B+6
/G(ul,nk+j1) ([F’U] ) QU QUF N U) vy -1 (dU)

_(n—k+j— 1)K INEESSy (%+) (%) %(ﬁw)
(n—1)1j! < L B OD(B)D(DT () i\ i
(i+1— 2! DA +in(2=EHH g 45— ) L\B+d—i I4i

(i—2) (5 +1410) QUTYTREDT,

and hence we get

D(2)D(E2 ) (n — k + 5 — 1)) KID(E)D(252) D (=540 (4 + 1)
[ ("=t )p(nkiitl) 21T (4)T("=5+2)

3] [3]-y153]-y-58
y R et zv:ﬁ+5(_1)5+6 s y+ B\ [s—2y—28\ [~
y=0 =0 =0 6=0i=0 2y +28 Yy 2y 4]
J+s

5 =

5+5>P(§—y—ﬂ—v+1>r<v+;> T(y+B+3)
i k ) I(2=Etl 4y 4+ B —3)
(i4+1—2) D(552 i) D(EEH 4 545 —4)
(=2 TE+i+49) TEH+8+96)

X/us—2y—26—2'yQ(uJ_),3+’y—i %n—k—l(du).

Hk—j—l(w/)

QUQ(F)"
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To simplify the right-hand side we apply Legendre’s duplication formula three times. Then

binomial expansion of Q(u)*7~" = (Q — u?)#**~% and an index shift in the resulting
sum yield

n K=k =DTETE +1) by 1 L3 3y 5]=y=B8 ~ B+oy+B+y
J(w,o) = —— e TH (W) YL
2yl ()T (F=)

6=0 =0 m=y+1i
miginss( 5 \[u+B)(s—2y—28
X“UWH+<%+WQ< y)( 2y )
8

B0

(i+1-2)! Ty+6+3) T —y-B-7+1I(y+3)
(=28 T +y+5-3) D5 —y—B+1)
(TJ +1) (nfk;rjﬂ +B+0—1) . I+i s—2m 4 n—k—1
x I +i+i) TEE+8+0) QTR /wu " (du).

An index shift in the summation with respect to 8 implies that

) = kl(n—k—1)IT(5T( H)’H’f—j—l(w/) 15) 13 LSJ—ﬂzw:BJrZé:—y ﬁix
’ 277 /w0 (5)0 (") =04y 4=0 6=0 i=0 m=gti

Y
+o—y\(B+r—y—i
1 m—y—1
(i+1-2)! T(B+3) TEE-B—y+DI(y+35) TG +9)
=2 T(*=5=+5-3) L(*3* — B +1) P(5 +1+1)
F(% +6+0- Y- ’L) m—i I+1 s—2m qm—k—1
gy @ e /u H R (d).

w

By a change of the order of summation we finally obtain

5] m
J(w,w’) — Hk—] 1 Z Z S:l]’lk A;:ZJ,T;L Qm ZQ( )l—i—z/ us—Qm Hn_k_l(du),
m=01=0 w
where
i PG K- k=DI+1-2TG + (5 +9)
NN V=) ! (-2t rvE+i+i)
m—i 3] [5]-8 v

w55 S 2 om0
n’]’
y=0 B=y y=(m—p)T d=(i—F+y)* 28

)(ﬁ+)(v+b

5 B —y+1) (it L g6 —y — )
Fﬁ?—6+nﬂﬂ§ﬂ+ﬁ—a (2 +5+6—y)
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4.4.4. THE SIMPLIFICATION OF THE COEFFICIENTS

In this section, we simplify the coefficients a by a repeated change of the order of

n j k
summation and by repeated application of relations and (B.1').

First, an index shift by 5, applied to the summation with respect to -, gives

i L3) 13] -8
As,z,m _1\m B+s( S B s = 2ﬁ
p-Ey T [ [ Py

y=0 =y y=max{8.m} 5=(i—G+y)*+

x(”gﬁ)@*f‘y)(;‘fj‘fl) (54 D00~ 5+ 1)

T3 -y +1) D(vEHEL L B 46—y — i)

S G T = i e Y )

A change of the order of summation yields

m—i 5]~ y—pB
8,1, B s — 26 v — ﬂ
Ay 5p = (—1)m+y+7+5+6< s ) < ) ( ) ( )
o y=0 V=m,82:y s=(i—B+y)*+ 26)\y)\2v—25 0
5— _
X( o ﬂ e ) B+ 0y —B+1)

y T —y+1) D(vkEEL L B4 6 —y — i)
T —p+1T(=EL +5-35) T +8+5-y)

Shifting the index of the summation with respect to § by 3, we obtain

m—i L3] ~ ¥
AS80,m _1\m s S /B s — 25
CHE 5 30 S S P TG T A

y=0 v=m B=y §=max{B,i+y}

)(523’)(;‘2) (B+ 100y +)

y D52 -y +1) TP 45—y — i)
P52 =B+ DI +5-35) T +o-y)

A change of the order of summation gives

m—i 3] ~+ &
AS,E,M m F) S /8 S — 2/8
“ngk = 2 2y <2ﬂ> <y> (27 - 26)

_ 5 — y—i
x (}g Z. y) (;@;Qrm D0y -8+ D)
(&2 —y+1) D(2rEt L5y — )

X
r(Es g+ )r(e=5L +5-35) T +6-yp)
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We conclude from an index shift by y, applied to the summation with respect to S,

Aszm § m ) S y+ﬁ S_2y_2ﬁ
J’“‘ZZ Z Z o <2y+25>< y )(27—2y—26>

y=0 y=m §=i+y =0

X(ﬁii’iﬁ)(ﬁﬁ(ﬁi_) (y+B+3)(y—y—FB+3)

(&2 -y +1) D(Zhhtl 5y )
P —y— B+ ( y+8-5) T(EE+6-y)

X

and by —i — y, applied to the summation with respect to 9,

m—i L) y—y—ii
ds,izm _ 2 WX?J: f(_l)i—&—m—l—v—l—é S y+ B s — 21/ - 2/8
ok 29 +28)\ v J\2v—2y-28

y=07=m §=0 B=0

Gz (e s e —u- s b

7
y (&2 —y+1) [(n=hhitl 4 )
DA —y — B+ DI +y+8-5) T2 +i+0)

X

With Legendre’s duplication formula (applied three times) we obtain

s y+B\[s—2y=28\[(v—y—B\[(i+d\[rv—y—i
2y+2p y 2y —2y—2B8)\i+d6—-3 i m—y—i

xPy+B8+3)T(v—y—B+3)

_ (;) (my— z) (;—_1) (257—_2;) (7 “¥- z) <i;5>r(i + DTy =i+ ),

and hence
‘ 1 Sm_ingvy = i-+m+y+4
A 8,0, .
S (D 3p ol S wET At

s—2i —y—1i\[{i+4
(27—2)(” (e

T(E2 — 5+ 1) D(*=4H2 4+ 5)
DA —y = B+ D05 +y+ 8- 3) T("51 +i+9)

Now we define afff,? = (D(i+1) (2‘92))_1&2’]7; We first use relation (B.1]) and then apply
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relation (B.1') twice. Thus we obtain

ii%(i—i-&) 1
S\ B )Tk —y— g+ )Pk oy 4 )

L("3 +i+9)
DA —y 4+ DD 4 oy + 0)D (L)

e () e
D=kt 4+ y 4 6)
F(nfk;errl)F( ]+s +'Y)
[(n=kostl 4 7)P(—% +i+y)
F(nfk;j+1)r(]+s

_ (_1)i+7+y i y+ 1)

I(nbzstl ) D(HEE -y + 1)

where we used with ¢ = 1£5 —

5 y > 0and m =+ —17—y € Ny in the second step,
and

m—i may [T P(jﬁ_z‘_y_'_l)im—i iy (M F(]—i-s m+y+1)
S () et 5o

This gives

We deduce from Legendre’s duplication formula that

—i\ [ s—2i _ N DL (S —i+1)
CL—J<%~QJF”_1+5*:mpwﬂ@_nmaﬁ;—2

_ (1818 (15) - m\ D — it )
‘J<5w4><§—m>ruﬁw +3)

Denoting the remaining sum in ai?? with respect to v by Sy, we obtain

51 )
542(

7=0

4
v )PF ] -m—y g

2){\(%_#”14_7)’

1
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66

for which relation 1} yields
L=+ |5 + 5] —m)

Sy =
DT - m e DR (5] - )T

) D(z=kt2 — m)
T w3

2

We obtain from Legendre’s duplication formula

vﬁoﬂ;§<VHJi+b&

m

P4 —m) @ TE—i+ I -
— )05 —m+ 1)L —m)

DRI (m

r(2=kts —m) (5-2i ,
e K%w?)“m_”é»

This gives
I( n—k+j+1 )

sim i s—2i i
a ( ) ( >F( + ) ( ) (n k+1) ( 5 )F(k;s—l-l)

L 2m — 2i
T(2=hts _)D(EEE —m+ )05 +m)
>< .
P55 +1)
Next, using
s s —2 s! T
I'(z I'(m —
(22’) <2m 2i> (P4 2)T( it3) (s —2m)! 22mjl(m — 4)!
(n—k—1)Ik! on—I-1T(E + 1)I(EH)
PO T VE T+ DT
and ‘ i .
F(% +1 F(n_2+s — m)F(§> \/>] k—2i—2m Wn—j+sWjWE4214+2;
F(n_éﬁ)r(%)r(% +i+ 7’) Wi 20Wn—k+s— 2mwk:
we get
w w Cr,s,l s
»l7'7 R —kWk—j N 7l>' a'7
Z,j?km == . ’ 7,8 nQinl—H 2% F(Z + %)bf@,j,lkafm,lj,rkn
Wn—j an
(s s —2i (n—Fk—1)k!
= (=1) T+ HT(m—i+ 3
( )<%><%n—29 BRI S EY

(i 41— 2 DO — o + DD 4+ m)
(l-2) 2= /mT (BT (5 + 1)




4.4. THE PROOF OF THEOREM ﬂ 67

7,8,l

L2kt —m)D(E) 27 T way 6

OPGITE +1+i) T(55T) wag o2

— (_1)i '1 (Z +1- 2)! F(w)r(%)
4mil(m — i)l witm (1 —2)! INEESINEE=Y

L +1) T —m+ )T

rige+1)  TE+1) NGO

=
~—~
N[
~
SN—

3
X
+

which yields the assertion.
Finally, returning to (4.7) and using the definition of the tensorial curvature measures,

we get

n—1 3] m
_ s,Li,m Am—i 1 r,5—2m,l+i
S S S L
n—

k=j+1m=0i=0

« ¥ Q(F)l”/

FEFL(P) B

% 1 Z Hn_k+j(F/ N B/)ij—j—l (N(P,,F/) N Sn—l)
“h=T FreF, s (P)

" Hk(dx) / us—Qm %n—k—l(du)
nB N(P,F)nsSn—1

7,0,2+1

P B (P' B) + ¢y b 2T (PB)6 (P, B)

]
n L% m )
Z Z Z 873’?];7” Qm 1,¢7‘8 2ml+z(P’ ﬁ)(bnkarj(PIuBI)-
k=7 m=01i=0

In the last step, we use that for k£ = j we have cfll/]m

the case k = n we use that ¢7*~2"!*? vanishes for m # 5. Hence, for even s we have to

= 1{i = m = 0}. Moreover, in

simplify the sum

S NS Qg0 (P, B)g (P, B)

=0

(N1

s,li,5 Wn42042i 70,5+
¢ ,]n2 Mgﬁ 2 (P’ﬁ)¢j(P,7ﬁ/)'
i=0 Wn+s+21

For this, an application of relation (B.1) yields

1 T ) T(R41) T & (_1)i<§> I(i+1-1)
0 1

@nr (3)! TU-1) T+ 1) 1(51) & YO
< g3 (P, B); (P, B)
=5 o T (PG (P B, (4.9)

as required. This completes the proof.






CHAPTER D

CROFTON FORMULAE

In this chapter, we establish a complete set of Crofton formulae for the tensorial curvature
measures of polytopes. That is, for P € P™ and 8 € B(R"), we explicitly express integrals

of the form
| o PAEBNE) mdE)
A(n,k)

in terms of generalized tensorial curvature measures of P, evaluated at 5. Furthermore,
. . I . .
since the tensorial measures gb;’s’ can be continuously extended to mappings defined on

K™ x B(R™), for l =0, 1, we also consider the Crofton integrals
| @K NEBNE) m(dE)
A(n,k)

for K € K", g € B(R"), I = 0,1. Moreover, we point out several special cases of these
formulae which can be simplified even further.

Since the generalized tensorial curvature measures depend additively on the underlying
convex body (resp. polytope), all integral formulae in this chapter remain true if the
occurring convex bodies (resp. polytopes) are replaced by finite unions of convex bodies
(resp. polytopes).

In the proof of the Crofton formula for generalized tensorial curvature measures on
polytopes, we make use of a well-known connection to the corresponding kinematic formula,
which is already applied in the proof of the classical Crofton formula for curvature measures

(see [83, Theorem 4.4.5]). More intuitively, we choose the polytope in the kinematic integral



70 CHAPTER 5. CROFTON FORMULAE

that is uniformly moved by the rigid motion to be of a suitable dimension and “sufficiently
large” in a sense that the integration goes over to the Crofton integral in which the affine

hull of the polytope is moved uniformly.

Remark. The results in this chapter have already been submitted. To a great extent the
present chapter contains direct quotes from the publication Crofton Formulae for Tensorial
Curvature Measures: The General Case, a joint work with Daniel Hug, submitted in 2016
(see [55]).

5.1. THE RESULTS OF CHAPTER

We present the Crofton formulae in two steps. We start with results for the generalized
tensorial curvature measures on polytopes. Then we state the formulae for the ones with
existing extension to convex bodies. For the latter we deduce some special cases and point

out the connection to the extrinsic results from Chapter (8]

5.1.1. GENERALIZED TENSORIAL CURVATURE MEASURES ON POLYTOPES

As explained before, we start with the Crofton formulae for the generalized tensorial

curvature measures on polytopes. First, we separately state a formula for j = k.

Theorem 5.1. Let P € P", g € B(R"), and k,r,s,l € Ny with k < n. Then,

1 F(n k+s) r,0,5+1

e T o (B

Theorem generalizes Theorem 2.1 in [51]. In fact, setting [ = 0 and § = R" one

obtains the known result for Minkowski tensors. If [ € {0,1}, one can even formulate

/ ¢2’87Z(P NE,BNE)u,(dE) =1{s even}
A(n,k)

Theorem for a convex body, as in both of these cases all appearing valuations are
defined on K™. For k = n, the integral on the left-hand side of the formula in Theorem
is trivial. However, we note that on the right-hand side the quotient of the Gamma
functions has to be interpreted as 1{s = 0}, according to (2.2).

Next, we state the formulae for general j < k.

Theorem 5.2. Let P € P*, g € B(R"), and j,k,r,s,l € Ny with j < k < n, and with
l=01i35=0. Then,

@

/A - ¢ (PNE,BNE) up(dE) = Y S dtim Qmign 2t i(p, p),

m=0 i=0

|
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where

s,bi,m (_1)1 ( ) (Z +1— 2)' F(%)F(k 1)

ik T (dn)ymm! wi (1= 2)! F(nﬂ) (4 ;li
P +1) D5 —m+ ) D(FE +m)
PR ) () + ) Lesh

For k = n the coefficient in Theorem [5.2| has to be interpreted as

according to , so that the result is a tautology in this case.
The coeflicients ds’lj’ljﬁm in Theorem [5.2| are well-known from the kinematic formulae in

sJ 9

Theorem [4.1] In fact, they satisfy the relation

s,lim _ s)lim
dyik = Cnjn—ktj (5.1)

However, we restate them here for the sake of clarity.
s,l,i,m
n7j7k

Chapter [4, First, the ratio (i +1 — 2)!/(l — 2)! has to be interpreted in terms of Gamma
functions and relation 1' if I € {0,1}. The corresponding special cases will be considered

Several remarkable facts concerning the coefficients d should be recalled from

separately in the following two theorems and the subsequent corollaries. Second, due
to our normalization of the generalized tensorial curvature measures, the coeflicients
are independent of the tensorial parameter r and depend only on [ through the ratio
(i4+1—2)!/(l —2)!. Third, only tensors ¢;Sk%;n’p(P,5) with p > [ show up on the right
side of the kinematic formula. Using Legendre’s duplication formula, we could shorten the
given expressions for the coefficients d’ 7l Z " even further. However, the present form has
the advantage of exhibiting that the factors in the second line cancel each other if s =0
(and hence also m = ¢ = 0). Furthermore, in general the coefficients are signed in contrast
to the classical kinematic formula. We shall see below that for [ € {0,1} all coefficients are

non-negative.

5.1.2. (GENERALIZED) TENSORIAL CURVATURE MEASURES ON CONVEX BODIES

For | € {0,1}, the generalized tensorial curvature measures ¢;,s,l can be continuously
extended to all convex bodies. In these two cases, Theorem (in which j = k) holds for
general convex bodies as well. For this reason, we restrict our attention to the cases where
J < k in the following. The next theorems are stated without a proof, as they basically
follow from Theorem and approximation of the given convex body by polytopes (using
the weak continuity of the curvature measures and the usual arguments needed to take
care of exceptional positions).
We start with the formula for [ = 1.
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Theorem 5.3. Let K € K™, 5 € B(R"), and j,k,r,s € Ng with 0 < j <k <n. Then

5]
/. oy GBSO B dB) = 3 a0 QU2 (K 6),
Us m=0

n—k+j
where

n—k+j+1 k+1
df{;fl)ﬂ’m = (471-)1mm! F<F(n—2i-1 )F)(I\J(rli)
2
L5 +1) D5 —m+ 1) T(%5E +m)
PO b TG+ T

Next, we state the formula for [ =0
Theorem 5.4. Let K € K™, 5 € B(R") and j,k,r,s € Ny with j <k <n. Then

/A( ” ¢;S O(K NE,BNE)u,(dE) Z Z d° gv}czm Qm—z(br,szm,z(K’ 3)

n—k+j
m=0 i=0
where

s,0,i,m 1 (m> F(n k+]+

. i L)
wIE T (dm)mmd F(”“)F(%)
F(%ﬁﬂ) T(ZE —m 4+ 1) T(%5E +m)
F(%—Fl) (4 +1) F(%"“)

In Theorem we have d‘:l’(j)-’i’o = 0 so that, in fact, the undefined tensor Q" does not
appear.

For the special case j = k — 1, we deduce two more Crofton formulae. The first concerns
the generalized tensorial curvature measures ¢,

Corollary 5.5. Let K € K™, 5 € B(R"), and k,r,s € Ny with 0 < k <n. Then

5]
/A( OB S0 B ield) = 32 3 QP )
, m=0

where

1 TN mrgt 4 m)
nk ° (47r)mm! F(nJr;Jrl)r(%)r(ank)

Due to the easily verified relation

r,5— 2m1
d)n 1

<Q¢rs 2m,0 _or (8_2m_|_2)¢7"s 2m+20>’
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Corollary can be transformed in such a way that only the tensorial curvature measures
gf)Z’i}Qm’O are involved on the right-hand side of the preceding formula. This is presented in

the following corollary.
Corollary 5.6. Let K € K™, 5 € B(R"), and k,r,s € Ny with 1 < k <n. Then,

[5)+1
/A( G N BB E) py(dE) Z N QT 0 (K g).

where
Ao m I(D(EEL — ) (255 4+ m — 1)
e (= 1)(dm)mTim! D50 (5)0(255)

x (Zm(%—m) (s—2m+2)(T+m—1)),

forme{l,...,|5]}, and

350 _47r2(8 +2)I(3)T k+§+1)

mETT n—1 p(mEgEhp(ky
\olal 27 D3T3 - B0 + 15D
h (n—1)(dm)3)([5])! D(rtsthr(kyr(agk)

The second special case concerns the tensorial curvature measures qﬁzsf Although this
result is also derived in a different way from the intrinsic Crofton formulae in Chapter
(see Theorem and its proof in Section [8.3)), we state it and derive it here as a special

case of the present more general approach.
Corollary 5.7. Let K € K™, € B(R"), and k,r,s € Ny with 1 <k <n. Then

[5]
/A( NI B B0 B) ield) = 32 K3 QU ),

m=0
where
ﬁs,m o k—1 1 F(%)F(’H—S_l - m)l—w(n2;k + m)
S N E NN C
ifm#£ 5=, and
Ks;*;l  k(n+s-2) 1 NG F(%)
nk T n+s n—k\"
2<n_1) (471') 2 T ( +2+1)F(Tk)

Finally, we state the remaining case where k =1 (see also [54] Theorem 4.13]).
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Corollary 5.8. Let K € K™, 5 € B(R"), and r,s € Ny. Then

r,s—2|5],0

Qg T (K, B).

Comparing Corollary and Corollary to the corresponding results in Chapter
it should be observed that the normalization of the tensorial measures in Chapter 8] is

different from the current normalization (although the measures are denoted in the same

way).

5.2. THE PROOFS OF THE CROFTON FORMULAE

In this section, we prove the Crofton formulae which have been stated in Section The
proof uses the connection to the corresponding (more general) kinematic formulae. For the
classical scalar-valued curvature measures this connection is well-known (see for example
[83, Theorem 4.4.5)).

We start by proving both, the Crofton formulae in Theorem and Theorem at
once using Theorem

Proof of Theorem and Theorem[5.2, Let P € P" and 8 € B(R"). First, we prove the
identity

J = / ¢ (PN E, B) u(dE) = / ¢ (P N gEy, BN ga) pu(dg)  (5.3)
A(n,k) Gn

for an arbitrary (but fixed) Ej, € G(n, k) and a € B(E}) with H*(a) = 1, where we define

J to be the Crofton integral in which we are interested. This is shown as follows. Using

, we obtain

J= / / / 7 (P 0 p(By + 1), da) H™ (A1) v(dp).
SO(n) EJ- n
For t; € Ej- and x € p(Ej + t1) we have

pr(a+t1+t2)<:>t2E—a+p71:z—t1,

1

for all ty € Ey. Moreover, —a + p~'x —t; C Ej, since a C Ej, and = € p(Ey, + t1) yields

p~tx —t; € E;. Thus, we get

HE{ty € By iz € platty+12)}) = HF(—a+plz—t) = HF(a) =1,
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and hence we have

= /SO(n) /Ekl /n Ls(x) /Ek 1{z € p(o+t1 + t2)} H*(dtz)
x ¢;’S’Z(P Np(Eg +t1),dz) ’H”_k(dtl) v(dp)

- Lgrp(a 2) 7N (P N p(By 4t + to), da
/SO(n) ‘/Ekl /Ek Rn Bp(attrz)( )¢] ( p(Ex + t1 + t2),dx)

x HE (dto) H 7 (dty) v(dp).
Finally, Fubini’s theorem yields

= /So(n) / &7 (PO p(Ex +1), 8.0 plac+£) H' (dt) v(dp)

= |, ¢ (P gy B0 ga) u(dy),

which concludes the proof of 1'

Let a € B(R") be compact with o C Ey and H¥(a) = 1. Then choose P’ € P" with
P’ C Ej, and a C relint P/, such that the following holds, for all g € G,,: If g7'P N # 0,
then ¢g~'P N E;, C P'. Hence, if PN ga # (), then PN gE), = PN gP’. Thus we obtain

J = /G ¢ (P N gP', BN ga) u(dg),

and therefore, by Theorem

n 3]l m
s,l,i,m ~Am—i ;r.s—2m,l4+i
=23 D G Qe (P B) gy (P ).

p=j m=01i=0

Hence, if k£ = j we get

1 D(m=hEs) o
J =1{s even} 2" ¢ 2 (P, B) pr(P', )
:’Hk(a)ZI
F(fn—k—i—s) r,0,2+1
= 1{s even 2 2 (P B),
(s evenl o Som iy O (R
and for j < k we get
3] m y . "
J = Z C;’ s ] Qm—ngr,szm, +’L(P B) d)lg(Pl Oé)
7.77n_k+.] TL—k—‘rj ’ !
— = N———r
N =Hk(a)=1

n,j,k

m
7l)‘) —1 ) -2 7l+
= Z de’]fkm Qm Z¢;ik+7;l z(P7 6)7
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since ¢q(P’, ) = 0 for q # k. O

Next, we prove Corollary [5.5/and Corollary [5.6, which are derived from Theorem [5.3| The

first follows immediately, whereas the second subsequently is obtained by an apphcatlon of
relation (5.2).

Proof of Corollary|[5.5 and Corollary[5.6, In both cases, we denote the integral we are
interested in by I. First, we consider Corollary and hence [ = 1 in the general formulae.
In this case, Theorem [5.3] yields
L%
L Q r,5— 2m 1 (K /8)

m=0

where

s,m ds,l,om o 1 F(%)F(k+s+1 — m)F(L_k + m)
Ln,k . nk—1,k — (47.‘.)mm! F(n+8+1)1—‘(§)1—‘(”27k) 5

which already proves Corollary

Next, we turn to the proof of Corollary From Corollary and (5.2), we conclude
that

3]
T 2 ST QU O, B) — 2m(s — 2+ 2kl QO TR, B)

m=0
[5]+1
_ 27 sm 1 ~ym 75— 2m+20
=T X T Q)
o ~2m+2,0
—n_lz27r(s—2m+2) QT (K, )

=Y T (2l — 2m o+ D) QUK )

27 472(s +2)

-1

r,s—2|5],0

Co QU i ) - 28 g2k, ).

Denoting the coefficients by /\n . » we obtain for m € {1,..., 5]}

A5 — m F(%)P(% —m)['("7% +m —1)
kT (n — 1) (4m)m—1m! I‘(%ﬁl)[‘(%)[‘(%—k)

x (2m(E5E —m) — (s — 2m + 2)("3% +m — 1)),
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and
350 _ A% (s 4 2) 50 _ Ar(s 4 2) T(H)T ()
" n—1 n—1 T(E0(E)
s2]4+1 27 s, 2]
An,k2 = n 1[‘n,k2
_ 27 LAt — s (%55 + |5 J)
(n—1)(dm)2l([5])! N NN

where A% nk is defined according to the general definition, but )\S Lal+t differs slightly for

odd s. O

Finally, we prove Corollary [5.7] and Corollary which are immediate consequences of
Theorem

Proof of Corollary and Corollary[5.8. We denote the integral we are interested in by
I and establish both corollaries simultaneously. Theorem yields

L5] 2]
di,%g,ink QmeTS QmO K, ﬁ)"_ Z diﬂk,l,{ﬂk Qm ld)TS 2m, 1(K ,B)

m=0

where

dstm . 1 1 F(%
n,k—1,k * 4m(m_i)!ﬁi+mr(n+s+l)r(2)r(n;)

From (5.2) we obtain

L%J 13

2w
0,0, 2 0 0 2m,0
D QO B) T B i QO )
m=0
4”2 & 0,1 1 2m+2,0
S ,,m -1 ,r,s—2m+2,
1Zdnk 1k872m+2)Qm ¢n—1 (K,ﬁ),
m=1
s,0,1,0

where we used that d’ b1k = 0. This can be rewritten in the form

3]

$,0,0,m 27 sOlm m Tr,S— 2m0
Z( A 1nk 1k ) QM0 (K, B)

m=0
42 2! 0,1,m+1 2m,0
- 2 R (s 2m) QU PO, )
m=0

s

-1
z( oo 20 o s = 2m) o

_|_ o —
k—1k n—1 n,k—1,k n—1

)Q%” (K, B)

m=0

5,0,0, 2 501 rs—2] 2,0
+<dnk 1ij+ 7r1 n,k— 1LkJ>QL Jﬁb 3 (K, B).
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Denoting the corresponding coefficients of the summand Q™ ¢, 2m, O(K ,3) by Hfl’;?, we
obtain
sm _ <1 L 2m ) 1 T(E)DEE —m)D(25E +m)
n.k n—1) (47)mm! I(2EE)T(5)r(25E)
s—2m 1 TETESE -m)I(%E +m+1)
N LT N NN e
1 T(E)EE=L —m)D(%5E +m)
(4m)mml - D(HEED(5)T(25E)
G e = L RR).
—h-lntso
k-1 1 DErEEE —m)r(2E +m) (5.4)
n—1(4mmm!  pess=hrdregt) '
for m € {0,...,[5] — 1}. For k = 1, we immediately get ;7" = 0 in these cases.

Furthermore, we have

JET (1+ 23] ) 1 D - BT + 15
nk n—1) (mI[3]) DD (E)r(255)

If s is even and k > 1, this coincides with (5.4) for m = 5. If s is odd, we have

2

K == —
n,k Z(n — 1) (47_‘_)&21 %! P( +5+1)P(n%>

5,851 k(n +5— 2) 1 F(% r n—k;-s—l)
n

and thus the assertion of Corollary O



CHAPTER 0

INTEGRAL FORMULAE FOR MINKOWSKI TENSORS

Since the Minkowski tensors are the total tensorial curvature measures, it is a natural
consequent step to globalize the kinematic and Crofton formulae for tensorial curvature
measures (see Chapter [4]and Chapter [5)), in order to obtain the corresponding formulae for
Minkowski tensors. Even though these integral formulae are well-studied in the translation
invariant case, using methods from algebraic integral geometry (see [15]), and there exist
Crofton formulae (which can be applied to further obtain kinematic formulae) for general
Minkowski tensors (see [51]), the aim of this chapter is to establish two complete sets of
these integral geometric formulae, which not only generalize the translation invariant results
n [15], but also allow a considerably less technical representation than in the formulae
which were derived in [51].

Recalling the integral formulae for the tensorial curvature measures on convex bodies
(see Theorem and Theorem , we observe that the representations of the integrals
involve the generalized tensorial curvature measures gb;’s’l, which do not have a direct
global counterpart. However, McMullen’s Lemma (or rather the consequence thereof,
Lemma yields a representation of the globalization of these measures in terms of
Minkowski tensors. This will be the crucial ingredient of the upcoming proofs. As this
representation is most simple in the translation invariant case, we state the integral formulae
separately for translation invariant and for general Minkowski tensors.

We note that, since the Minkowski tensors depend additively on the underlying convex
body, all integral formulae in this chapter remain true if the occurring convex bodies are

replaced by finite unions thereof.
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6.1. KINEMATIC FORMULAE

In this section, we provide the complete set of kinematic formulae for the Minkowski tensors

of convex bodies. In other words, for K, K’ € K" we express the integral mean value

. 7° (K NgK') u(dg)
in terms of the Minkowski tensors of K and K’. In fact, one does so using only a selection
of them (in particular, only scalar Minkowski tensors, that is, intrinsic volumes of K').
We proceed in two steps, first we state the formulae for the translation invariant Minkowski
tensors, which are then followed by the formulae for general Minkowski tensors. The proof

is basically an application of the kinematic formulae for the tensorial curvature measures
(obtained in Chapter [4), combined with Lemma

6.1.1. TRANSLATION INVARIANT MINKOWSKI TENSORS

As explained before, we start by stating the kinematic formula for translation invariant
Minkowski tensors CI‘?’S, j,s € Ng with j < n, where s = 0 if j = n. Here, the proof and
the representation of the kinematic integrals are more simple as in the general case, as one

can combine several coefficients of the occurring Minkowski tensors.

Theorem 6.1. For K, K' € K" and j,s € Ny with j <n, where s=0if j =n

s
n 2

/ (POS KN gK/ dg Z Z e’ Z”L],CO Qm@g,s—Qm(K) Vn—k-}-j(K/),
k=37 m=0
where
smo _ 1 D=L 1)) F(%ﬂﬂ) T(%L +m)
mHET (dmmml T r(EE) TR 1)) T(5)

P 1) reg - 5]+ DI+ 15)

;)
ik S amBlsl TeRNER) T+ MG+ r2<TJ>

In Theorem one could, in fact, define the coefficient e L J

the definitions coincide for even s, and their difference for odd s is irrelevant, as @2’1 =0.

as for general m, since

However, for later use we already define them here in the correct way.

For k = j, we note that the coefficient in Theorem is given by

) 70
ey =1{m = 0}.
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For k = n, we note that the Minkowski tensors ®%*~2™ vanish if m # 5. In the case of
m = 5 (and hence s even), the corresponding coefficient is given by

L("4*)

) T(*51)

s20 1 ['(3)
n—+s

ANCYOEING

If j = 0, then the kinematic integral equals zero, for odd s, and further, for even s,
the only non-vanishing coefficients on the right side of the kinematic formula are ei’g’g,
k€ {1,...,n}, as in that case the quotient F(% - m)/F(%) is read as 1{m = 3}, due to

the continuation of the Gamma function (2.2).

6.1.2. GENERAL MINKOWSKI TENSORS

In this section, we state the kinematic formula for general Minkowski tensors. The
representation of the kinematic integral will be more involved compared to the translation
invariant case treated in Theorem as Lemma 3.6/ adds Minkowski tensors to the formula
which did not appear before, and can thus not be combined with the rest. However, the
representation of the geometric integral is still remarkably more simple than the ones
obtained for the Crofton formulae in [51] (which can be applied to obtain kinematic

formulae).

Theorem 6.2. For K, K' € K" and j,r,s € Ny with j <n, where s =0 if j = n,
’ s ,§—2
/G OF (K NgK) p(dg) =3 > > e Qg " (K) Vi (K),

where the coefficients 62’?1}0 are defined as in Theorem . For all further p=1,...,r the

coefficients are

eSP k 3 2 2 T
n:ds (4m)mm! reehrEdt) rEE+1) rd+1) 0 )
orm = 2| —1, and
f ) ) LQJ )
o3P 1 P EOrEL) g TER - B+ TEE +13)
sJs : +1 k—1 .
" @mal[s -1t reghreE) riEe+1) LG+ I'(%%)
In Theorem (6.2, we note that for p > 0 and k = j, we have ¢’ = 0. If p > 0 and
k = n, then the Minkowski tensors ®;_ 2~ 2mHP Ganish. For further simplifications of the

k+p
coefficients, see the remark after Theorem
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6.2. CROFTON FORMULAE

In this section, we state the complete set of Crofton formulae for Minkowski tensors,
which can be derived from the corresponding formulae for tensorial curvature measures in

Chapter [5| That is, for K € K", we explicitly express integrals of the form
[ eprmnE) mar)
A(n,k)

as a linear combination of Minkowski tensors of K (multiplied with suitable powers of
the metric tensor). Similar to the kinematic formulae, we only need a selection of these
tensorial valuations.

At first, we consider the case j = k. For the matter of completeness, we mention this
formula here, even though it is a well-known result, derived in [51] using a completely

different approach.

Theorem 6.3. Let K € K" and k,r,s,l € Ny with k < n, where s =0 if k =n. Then,

/ ©.°(K NE) pu(dE) = 1{s even} !
A(n,k) (4m)

It is not necessary to state a proof of Theorem [6.3] In fact, the formula is an immediate
consequence of Theorem which is derived by simply setting [ = 0 and § = R". If k = n,
then the Minkowski tensor on the left side of the formula vanishes if s # 0, and so does the
factor T'(2=E+) /T'(%5%) on the right side.

6.2.1. TRANSLATION INVARIANT MINKOWSKI TENSORS

We proceed with the Crofton formulae in the case of j < k, and start with the translation

invariant Minkowski tensors.
Theorem 6.4. Let K € K™ and j,k,r,s € Ng with j < k < n, where s =0 if j =n. Then,

15)
0, — ,;m,0 0,5—2
/A(n " O (K NE)up(dE) = Y ey Q" " 7 (K),

m=0

. s,m,0 .
where the coefficients € jm—ktj GTE defined as in Theorem .

For j = 0, we have F(% — m)/F(%) = 1{m = §}. Thus in that case, the only
remaining summand on the right-hand side of the Crofton formula in Theorem is
55 2400
en,?,k Q2 (I)n—k—i—j
that Theorem coincides with Theorem 3 in [15], which was derived by a completely

different algebraic approach.

(K), if s is even (else the integral on the left-hand side vanishes). We note
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6.2.2. GENERAL MINKOWSKI TENSORS

Finally, we state the Crofton formula for general Minkowski tensors. Similar to the
kinematic formulae, we conclude from Lemma that the representation of the Crofton

integrals involves more Minkowski tensors than in the translation invariant case.
Theorem 6.5. Let K € K" and j, k,r,s € Ng with j < k <n. Then,

r

) - _2 +
/ (K NE) ug(dE) Z Z?’?f—k—&-j QM Y (KD,
A(n,k) p=0m=0

where the coefficients ei’gff_kﬂ are defined as in Theorem and .

In Theorem [6.5} for j = k — 1, the only summand remaining in the summation with

respect to p is the one for p = 0, as the Minkowski tensors, which occur for p > 0, vanish.

6.3. THE PROOFS

6.3.1. THE ProoOFS OF THE KINEMATIC FORMULAE

The proofs of the kinematic formulae are applications of the kinematic formulae for tensorial
curvature measures (obtained in Chapter . Even though one can prove Theorem and
Theorem together at once, as the latter implies the first, we split the proofs in order to
emphasize the difference in the coefficients of the appearing translation invariant and the
general Minkowski tensors.

We start with the translation invariant case.

Proof of Theorem[6.1. We only prove the assertion for polytopes P, P’ € P". The rest
follows by an approximation argument. We denote the integral under investigation by I.
Then Theorem with 3 = 8/ = R" yields

n—1 I'%J
=X ( Z SO QY TP+ 3 b QT g (P, R”>) Vit (P)
k=j+1 m=1

+ @5 (P) Va(P') + ¢, ; Q2 8°(P) Vi (P').

We conclude from Lemma

(Zszs 2m, 1(K Rn) _ 27T Z Q(F)TO(F)@s—Qm(Pa F)
FeFL(P)
= 2 Qa2 (p) - (- am )0 (),

k
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Hence, we have

- Z s = am)e A Q) V()

+ @?’%P) Va(P') + ¢35 QB V(P Vi (P).

Combining all the sums with respect to m gives

n—1 \.QJ 2
21 47 _
I=% > <sz2$ + *CZEZL - T(S - 2m)02’,§-’,2n+1> QMY ™ (P) Vp(P)

n7j

which holds as Cii% =0 and, for m = |§], either (s —2m) = 0 (if s is even) or ®)° > =0
(if s is odd). Now we simplify the occurring coefficients
2 4
e?sl,szo — ¢ s OZL + l 751;77]: N % s,1,m—+1
_ 1 RO T+ 1)
- (47r)mm! F(n-i—l)l—w( +1) F(kJQrs + 1)

2
2m\ L5 —m+1)T(552 + m)
X I+ — i =
k F(§ +1) F(T)
B s—QmF(J;*—m)r(’“zf+m+1)>
£ TG+ T
1 rEEEEOPER) TR+ 1) D(EE -m) T +m)
Gyl TEOTED) TE+1) TG+1) (5
k+2m j+s s—2m k—j )
X ( z ( 5 m) k ( 5 +m)
_J k+ts
k 2
1 TR T(E) DS m) D )
(dm)mml - T(ELD(EE) D) T()) r(%)
for j <k <nand m=0,...,[5] — 1. Even though it is irrelevant here, as explained

earlier, we define the coefficients for m = [ 5| in a slightly different way by

5,151,0 s0.l5) | 27 s3]

n,j,2k: = cn,j,k2 +?Cn7j,k2
_ s+ l3) TOERENCGE) TG TR - 5+ DTG+ (5)
UmBls)r TN T2+ T+ I
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which is necessary in Theorem For even s this coincides with the general definition,
whereas for odd s they differ.

As the continuation of the coefficients to k = j,n is

=™ — 1{m =0}

n7.]7.]
and
n n—j+s
efl’?;f 1{s even} 5 Ffliz, I n{ ): -
& (\f )3 0(%52) T(%5) ’

we can briefly write

n, & 0 0,5—2

I= Z Z S,an; QM®" " (P) Vit (P)

k=37 m=0

since ®05~2™ vanishes for m # 5. O]

In the proof of the general case, we observe that the coefficients of the translation
invariant Minkowski tensors are the same as the ones which we derived in Theorem
However, the coefficients of the other Minkowski tensors have to be defined in a slightly

different way.

Proof of Theorem[6.2. Again, we only prove the assertion for polytopes P, P’ € P". The
rest follows by an approximation argument. We denote the integral under investigation
by I. Then Theorem with 8 = 8/ = R" yields, as in the proof of Theorem

n—1 L3 2]
= 2 < D L QTP + Y ey Qe (P R”>>Vn—k+j(P’>
k=j+1

+ @5 (P) Va(P') + €5, 122 Q3 @°(P) Vy (P).

5J n
n

We conclude from Lemma

n—1 §
Z Z CS ’Oj’m qu)rs Qm(P) Vn—k+j(P,)

k=j+1m=0

,_
wle

>
)17 ) -2
£ 5 S (S atrara e
k=j+1 p=0 “m=1
L3]

—21 Y (s —2m+p+2)cT leqf,;;gvs—?m*p“(za)) Vi ki (P

m=1

F P ValP) + 70 QR (P) V(P
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For p = 0, we can combine all of the coefficients as in the proof of the translation invariant
case in Theorem For this purpose it is important that the definition of the coefficients
for m = % (if s is odd) differs from the general ones, as for r > 0, we have CIJZ’I Z%0in

general. Thus, we obtain
I=32 3 el QUep™ " (P) Vo (P)

n—1 r
27 -
" Z k < Z (Cflﬁzzfs —2m(s —2m —l—p)cfb’;’;”"'l) qu);;_‘rg,s 2m+p(P)
=1

s,1,|2 s|oT—p,s—2|2 |+
+ cn,j}cQJ QL2JQ)]€+§) L2J p(P)> Vn—k+j(P,),

1,0 - .
as ¢ nik = = 0. Now we rename the remaining coefficients as

$,m,p , _ 2 5717m _ _ 8717m+1
ek =T (Cn,j,k 27(s — 2m —i—p)cnyjyk ,

which we simplify via
omp _ 1 TCEELPAE T(E4+1) TEE - m) ("5 +m)
i T Gl T TEE ) TG+ 1)
-2 k—j
< F(m (e —m) -2 (5 4m)),

— k=P _stpk—j
=m— 2 &

b 2 9. 711 2 . . .
and denote 6;5213 P= %ci jJLfJ, for p > 0, which gives the assertion. O

6.3.2. THE PROOFS OF THE CROFTON FORMULAE

There are several possible ways of proving the Crofton formulae for Minkowski tensors.
One can use the connection of the Crofton formula and the kinematic formula to derive
the results (for the scalar (local) case see [83, Theorem 4.4.5], for the tensorial (local) case
see the proof of Theorem and Theorem [5.2). However, here this is done by globalizing
the Crofton formulae for the global curvature measures and then applying Lemma to
the results. Again, we split the proof into the translation invariant and the general case,
and start with the first.

Proof of Theorem [6.4. We only prove the assertion for a polytope P € P™. The rest follows

by an approximation argument. We denote the integral under investigation by I. Then
Theorem with 8 = R" yields

[3]

- s,0,m mx0,5—2m s,1,m m—1 ,0,s—2m,1 n

I=) Cognkrj @ " P ur; (P)+ 2 Cojnpr; @7 duiy; (PR,
m=0 m=1

ﬁ
N w
[
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where we applied relation 1) to use the same notation as in the kinematic formulae. As

in the preceding proofs, we obtain from Lemma

[5] [5]
o s,0,m m 50,5—2m o2 s,l,m m 50,5—2m
I= Cn,j,n—k—‘rj Q cI)n—k-I—j (P) + n—k+j n,j n—k+j Q cI)n k+j (P)
m=0 m=1

L%

s,1,m m—1g0,s—2m+2
—2m+ 2 Cn Jn—k+j Q (I)n—k—i-j (P)

m=

Comparing this to the proof of Theorem we observe, that we simply obtain the same

coefficients in a different order. Thus, the proof is already complete. O

In the proof of the Crofton formulae for general Minkowski tensors, we observe that the
coeflicients of the translation invariant Minkowski tensors are the same as the ones which
we derived in Theorem However, the coefficients of the other Minkowski tensors have

to be defined in a slightly different way.

Proof of Theorem[6.5. We only prove the assertion for a polytope P € P™. The rest follows
by an approximation argument. We denote the integral under investigation by I. Then
Theorem with 8 = R™ (and application of (5.1))) yields

ﬁ
Nlm

]

_ s,0,m m g T,S—2m s,1,m m—1 ,7,5s—2m,1 n
I'= 2 fnnes @ iy (P) + 2 fn sy @ 04y (BRY).

0 m=1

_
Nolm
o

m

As before, we conclude from Lemma

[5)
_ s,0,m m rs—2m s,1,m msT—p,S—2m~+p
I= Cn,]n k+j Q (I)n k+] n— k+j Z Z nvjan_k+jQ (I)"—]H‘j‘f']? (P)
m=0 m=1p=0

717 -1 ) -2 + +2
n— k—i—j Z Z Z,j?; k+j —2m+p—|—2) Qm q):zf;cijJrZL ? (P)
m=1 p=0

Similarly to the preceding proof we observe, that we obtain the same coefficients as in the
proof of Theorem which concludes the proof. O






CHAPTER 7

INTEGRAL FORMULAE FOR SO(n)-COVARIANT
VALUATIONS

In the preceding three chapters we derived several complete sets of kinematic and Crofton
formulae for tensorial curvature measures and for Minkowski tensors. The aim of this
chapter is to establish the corresponding integral geometric formulae for SO(n)-covariant
tensorial curvature measures (introduced in Section and for their total measures,
the SO(n)-covariant Minkowski tensors (see Section . These valuations only occur in
dimensions two and three (the total measures even vanish in dimension three).

Hence, for K, K' € K? and 3, 3 € B(R?), our purpose is to express the integral mean

values

G&?U{mﬂ@ﬂmganmmx (7.1)

and
[ S0 ESNE) @E), (7.2)
A(2,1)

in terms of (SO(2)-covariant) tensorial curvature measures of K evaluated at § and, in
the kinematic case , of K" evaluated at 3. Furthermore, we deduce the corresponding
integral formulae for the SO(2)-covariant Minkowski tensors.

Moreover, for P,P' € P3 and 3,3 € B(R?), we develop explicit formulae for the
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kinematic integrals

; Y (PN gP, BN gp) u(dyg), (7.3)

and for the Crofton integrals
| P AEBNE) m(dE). (7.4)
A(3,k)

For the SO(3)-covariant tensorial curvature measures with continuous extensions to the
convex bodies (that is, for [ = 0), we provide analog formulae for K, K’ € K. Since
the total SO(3)-covariant tensorial curvature measures vanish, we do not consider global

versions of the formulae in dimension three.

7.1. SO(2)-COVARIANT TENSORIAL VALUATIONS

In this section, we start our investigations in dimension two. At first, we state the kinematic
formulae (7.1) for the local and the global valuations. In the second step, we provide the

Crofton formulae (7.2).

7.1.1. KINEMATIC FORMULAE

We begin with the kinematic formulae for SO(2)-covariant tensorial curvature measures in

the following theorem.

Theorem 7.1. Let K, K' € K2, 3,58" € B(R?) and r,s € Ng. Then
[ 3 19K’ B8198) u(dg) = 67 (K, B)on(K', B,
2
and

/G &* (K N gK', BN gf') u(dg)
r(ssl)
VAT (5E)

Remarkably, in Theorem the representations of the kinematic integrals contain

= ¢y (K, B)pa(K', B') + 1{s even} Q297 (K, B)on (K, B).

SO(2)-covariant tensorial curvature measures of the convex body K, and (scalar) curvature
measures of the convex body K’ (which are O(2)-invariant). Moreover, they only involve
a selection of measures, which is even smaller than the corresponding formulae for the
classical tensorial curvature measures in Theorem

We easily conclude the corresponding kinematic formulae for the SO(2)-covariant Min-

kowski tensors.
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Corollary 7.2. Let K,K' € K?, and r,s € Ng. Then
[ BI(K N gK') p(dg) = B (K) Va(K),
2

and
[ 8570 (1K) udg) = B (1) Va (),
2

Corollary is easily obtained by setting § = 3’ = R™ and applying the definition of
the SO(2)-covariant Minkowski tensors. Moreover, we note that the kinematic integral

for Cfg’s can be represented by only one summand, as the second summand (occurring in
Corollary ) vanishes, due to relation (3.9) which states that &V{’O =0, r € Np.

7.1.2. CROFTON FORMULAE

We proceed with the Crofton formulae for SO(2)-covariant tensorial curvature measures.
Here, the only interesting results arise for the intersectional integrals on the affine Grass-
mannian A(2,1). In fact, for E € A(2,0), we have ¢j°(K N E,-) = 0, which is an immediate
consequence of Lemma in Section Therefore, the Crofton integral vanishes in

this case. The following theorem treats the remaining case.

Theorem 7.3. Let K € K2, B € B(R?) and r,s € Ng. Then
[ SN EANE) mdE) =0,
A(2,1)

and

2
VAT (55)
Theorem [7.3| can be proved using the same method as in the proofs of Theorem [5.1] and
Theorem [5.2] Therefore, we do not provide it here. Furthermore, there is a global version
of Theorem which can be obtained by setting 3 = R™ (in the same way as Corollary|[7.2]
was deduced from Theorem . For the matter of completeness, we state it here.

/ %’S(K NE,BNE)u(dE) = 1{s even}
A2,1)

Corollary 7.4. Let K € K2, and r,s € Ng and j € {0,1}. Then
/ (K N E) py(dE) = 0.
A(2,1)

Remarkably, the global Crofton formulae for both of the SO(2)-covariant tensorial
curvature measures vanish. This fact again follows from relation (3.9) which already

simplified the kinematic formulae.
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7.2. SO(3)-COVARIANT TENSORIAL VALUATIONS

In this section, we proceed with our investigations in dimension three. At first, we state the
kinematic formulae for the SO(3)-covariant tensorial curvature measures on polytopes
and (if existing) for their continuous extensions on convex bodies. In the second step,
we provide the Crofton formulae (7.4). As the total SO(3)-covariant tensorial curvature

measures vanish, there are no global results.

7.2.1. KINEMATIC FORMULAE

We begin with the kinematic formulae for SO(3)-covariant tensorial curvature measures in

the following theorem.

Theorem 7.5. Let P,P' € P3, 3,3 € B(R3) and r,s,l € Ng. Then
[ @+ PgP 808 udg) = 57 (P 6) 6P, ).
3

In Theorem |7.5, we can replace the polytopes by convex bodies K, K’ € K2 if [ = 0, since
in this case there exist continuous extensions of the SO(3)-covariant tensorial curvature
measures to 3. We do not consider global versions of these kinematic formulae, as the
global counterparts of the SO(3)-covariant tensorial curvature measures vanish.

As in Theorem in R?, we note, that the representations of the kinematic integrals in
Theorem consist of SO(3)-covariant tensorial curvature measures of the polytope P,
and (scalar) curvature measures of the polytope P’ (which are O(3)-invariant). Moreover,
the representations in Theorem are more simple than the corresponding ones for the

generalized tensorial curvature measures in Theorem

7.2.2. CROFTON FORMULAE

The Crofton formulae for SO(3)-covariant tensorial curvature measures are rather simple,
as the only potentially interesting intersectional integrals vanish. This is stated in the

following theorem.

Theorem 7.6. Let P € P3, 3 € B(R3) and k,r,s,1 € Ng with 0 < k < 3. Then
. P BOE) m(dE) = 0.
A(3,k)

Similar to the two dimensional case, we do not provide the proof of Theorem [7.6, but
refer to the proof of the Crofton formulae for generalized tensorial curvature measures (see
Theorem [5.1] and Theorem [5.2)), which is easily transferred to the current situation.
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7.3. THE PROOFS

In this section, we provide the proofs of the main results of this chapter, Theorem and
Theorem 7.5 Before we provide these in Section we state and prove an integral
geometric lemma in Section [7.3.1] which is then applied several times in the upcoming
proofs.

7.3.1. AN AUXILIARY LEMMA

In the proofs of Theorem and Theorem |7.5, we need the following lemma in dimensions

two and three. Nevertheless, here we state a more general version.

Lemma 7.7. Let uy,...,u, € S"! be an orthonormal basis of R™, and s1,...,s, € Ny,

where s; is odd for some i € {1,...,n}. Then

O(ust - udr) v(dd) = 0.
/SO(n) (ul un)y( )

The special cases of Lemma that we need are the following. For v € S?, and s € Ny,

we have

/ 9(u®) v(dd) = 0. (7.5)
SO(2)

This is basically equation (43) in [49, Theorem 6] (resp. relation (3.9) in this thesis), which
states that the SO(2)-covariant Minkowski tensors <f>8’8, s € Np, vanish. This is also proved
there. However, as a matter of completeness, we still provide a different proof here.

For u,v € S? with v € ut, and s1, s2 € Ny, we have
/ I((u x v)u0%2) p(d9) = 0. (7.6)
SO(3)
Further, if s; is odd and w € v’ then we obtain
I((u x v)uv2) v (dY) = 0. 7.7
L, P vty @) (7.7

In fact, we can split the occurring vectors into their components in w' and in lin w, and
then apply equation (7.5) in wr. That is, denoting the integral in (7.7) by I,

1= /SO(wJ-) 79((1711#(“ X V) + Plinw (U X v) )usl (pr(U) + Plinw(v) )82) l/wl(dﬁ),

=(uxv,w)yw =(v,w)w

where u remains unchanged as w € u. Since we have (p, 1 (v),u) = (v,p,. (u)) = 0 and
(Ppr (u X v),u) = (u X v,p,1(u)) = 0, it follows that p, 1 (v),p,L(u x v) € ut Nwt and

hence these two vectors are multiples of each other. That is, we can write p,,1 (v) = ciz and
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Pyl (U X v) = cow, where x € S2Nw™ and ¢y, ¢z € [~1,1] (which are chosen independently

of p). Applying the binomial theorem to the summations yields

+ (u x v, w)yw /So(wl) ﬁ(uslq;i> St (dﬂ)),

where we used that Yw = w for ¥ € SO(w'). Then it follows from equation (7.5 applied
in w' that both of the remaining integrals vanish, as u, z form an orthonormal basis in w=.

Now we provide the proof of Lemma

Proof of Lemma|7.7. We prove the assertion by induction on n € N with n > 2. We denote
the integral under investigation by I,

Induction start: For n = 2, let uq, us € S* be an orthonormal basis of R?, and s, so € Ny,
where without loss of generality s; is odd. Due to the invariance of the Haar measure v,

the tensor Iy € T*1752 is rotation invariant. That is, for a rotation p € SO(2), we have
plo= [ pouitu) v(dd) = [ pi(uiust) v(dd) = I
SO(2) S0(2)

Therefore, if s1 + s is odd, then Is is of odd tensor rank, and thus I = 0. So we assume
s1+s
$1 + $2 to be even, meaning that s; and sy are odd. As @ 52 s up to scalar multiples

the only rotation invariant tensor of rank s; 4+ s, there is a constant ¢ € R such that

Ir=c . Finally, to determine ¢, let v € S'. Then we have

s1+s9
2

c= (V1752 cQ ) = /80(2) (v, 9u1)* (v, Yug)* v(dd).

Without loss of generality, let ug := w;. Then, since SO(2) is commutative, we can rewrite

c=2 [ (v,u)* (v,a)* H'(du).

w2 st
A simple transformation of the integral yields

= //Slﬂv V1-22 (vzv—&—x/ﬁu& <vzv+m> HY(dw)dz =0

_{U _%} =z 1—22(v,w)

1 o
V1-—22" Lo dz/ (v, @)* HO(dw).
1 (5,—7}

Since both integrals vanish due to the parity of s; and s2, we have I, = 0.
Induction step: Assume the assertion to be proved for all dimensions up ton —1 > 2.

Then, let uq,...,u, € S ! be an orthonormal basis of R", and s1,...,s, € Ny, where



7.3. THE PROOFS 95

without loss of generality s; is odd. For p € SO(u;), the invariance of v gives

I, = / (Fpur)*t -+ - (O ptin_1)** (I puy)*™ v(dd).
SO(n) ~—~
=Up,

Hence, we obtain with an application of Fubini’s theorem

In:/ ﬁ(u;n/ S v (d )ydq?.
S0(n) SOW%)P(% u,"1') (dp) ) v(dD)

The induction hypothesis applied in u;}- to the integral with respect to p yields the

assertion. ]

7.3.2. THE PROOFS OF THE MAIN RESULTS

We start with the proof of Theorem Interestingly, the method of proof of the kinematic
formulae for generalized tensorial curvature measures does not simply carry over to the
present case. In fact, we change the approach, when the integration over the intersection
of normal cones needs to be evaluated (see equation and the following). This turns
out to be quite promising in such a low dimension (it is further transferred to the proof of
Theorem in dimension three, which we provide subsequently) and might even help to
find an easier proof of Theorem

Proof of Theorem[7.1. We prove both of the formulae at once and only for polytopes
P, P’ € P?. The general case then follows by approximation. We denote the kinematic
integrals by I;, j € {0,1}. Then we start by decomposing the measure ; to get

I; = <Z>’7’S(P NgP', B8N gp") u(dg)

/ / G (P O (9P +1), B0 (98 + 1) HE(dE) v(dv)
SO(2 R2

= o

/ a" M (dx)
GeF( Pm(ﬂPUrt) GNAN(9B’+1)

X / aw® H (du) H2(dE) v(d).
N(PN(YP'+t),G)NSt

Now we proceed as in the proof of the kinematic formulae for generalized tensorial curvature

measures to obtain

Ij:i > > WTH(FE N / 2" HF(dx)

EFL(P) F'eFa_j1;(P) F0p

x / F,0F] / aut HYI (du) v(d9), (7.8
SO(2) N(PN(OP'+t), FN(OF' +4))NS!

where the integral with respect to u is independent of the choice of a vector ¢t € R? such
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that relint F Nrelint (JF" + t) # (). Next, we consider the two summands for £ = j and for
k = 2 separately. In the first case, we get

D HQ(F’HB)/ " M (dx)
FEF;(P) F'eFy(P') Fng

x / [, OF / au® HY (du) v(d9)
SO(2) N(PN(YP'+t),FN(IF’'+t))NSt

—12(P' N B / o H (da) / / u® 1 (du) v(do)
Fer Py FO8 so(2) JN(P,F)ns!

= 07 (P, B)¢a(P', B).

In the second case, Fubini’s theorem yields

D HJ(F’m,@)/ " H2(de)

FeF(P) F'eF;(P') Fng

x / [F,0F] / au® H (du) v(d0)
SO(2) N(PN(IP'+t),FN(IF'+t))NSt

= Y WEFENR) / o H2(dz) / I /S ) W) H

F'eF;(P") N

=0,

which follows from equation (7.5), the special case of Lemma in R2.
If j =1, then these are the only two cases for k to be considered. If j = 0, then there is

also the case k = 1. Since we obtain from [83, Theorem 2.2.1]
N (PN @WP +t),FN(VF' +t)) = N(P,F)+9N(P', F),

for any ¢t € R? such that relint F' Nrelint (9F" +t) # ), we get

=Y ¥ H(F’ﬂﬁ)/ 2" HY (dw)

FEF,(P) F'eFi(P') Fng

x / F9F / au® H (du) v(d9)
SO(2) N(PN(YP'+t), FN(IF'+t))NSt

-y ¥ H(F’OB)/ " H (dx)

FE]'—1 )F’G]:l P’)

X / [F,9F"] / au® H (du) v(dv) (7.9)
SO(2) (N(P,F)+9N(P’,F"))NSt

for the summand k£ =1 in (7.8) if j = 0.
Up to now we proceeded accordingly to the proof of Theorem But as it turns out,
now we have to use a different approach. In fact, an evaluation of the remaining integral

with respect to ¢ in (7.9) according to the original proof does not seem to be promising,
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as one soon reaches a dead end. However, since the normal cones of P at F' and of P’ at
I’ are one-dimensional, we can make use of the simple structure of the Minkowski sum
thereof. This is done in the following.

Let up (resp. wups) denote the unique outer unit normal of F (resp. F’). That is,
N(P,F)={ur} (vesp. N(P, F') = {up'}) and thus N(P, F)+9N(P’, F") = pos{up, Yup }.
Therefore, we obtain for the integration with respect to 1 in , denoted by J,

J = [F,9F"] / 1{u € pos{up, Yup } }au® H* (du) v(dd).
SO(2) ~—— Jst

=[up,9ups]
Next we observe that the equality 1{u € pos{up, Yup }} = 1{u € int pos{up, dup }} holds

for H'-almost all u € S'. The occuring condition can be rewritten as follows

u € intpos{up,Yup} < I\ u>0:u=Aup+ pdup
1 A
= HA,,U/>0229UF/:7U—*UF
g
& 3INE>0: Yup = jiu+ M—up)
< Yup € intpos{u, —up}.

Hence, we have 1{u € pos{up,Yup}} = 1{dup € pos{u, —up}} for H'-almost all u € S*,

and therefore

J = [uF,ﬂuF/]/ 1{Yup € pos{u, —up}}uu® H'(du) v(dv).
S0(2) st

A transformation of the integration with respect to ¥ and Fubini’s theorem yield
1
J= —/ Hus/ 1{v € pos{u, —up}} [up,v] H' (dv) H' (du).
wg Jst St

For the inner integration with respect to v, we get

(u,—up)
/S1 1{v € pos{u, —up}} [up,v] H' (dv) = /04 sin(a) da
=1—cos(ZL(u,—ur))
— 1+ G, up), (7.10)

where Z(u, —up) € [0, 7] denotes the angle between u and —up. This gives

J = —/Sl(l + (u, up) )au® H (du)

w2

1 2,5 91
= Sl(u,uF>uu H (du),

where we applied equation (7.5) (the special case of Lemma in R?) again, in the second
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step. Transforming the remaining integral in J yields

/ / V1—z22 <zuF+\/1—z2w,uF>
w2 Slﬂu

7{“F —up}

X (zup + V1 — 22w) (zuF +V1-— zQw)S HO(dw) dz
1 _
= 1/ / 2V 1 — 22 ! (zﬂp +V1-— 22@> (zuF +V1-— zQw)s HO(dw) dz.
w2 J-1 J{up,~ur}

Then we conclude from the binomial theorem

s ool ) i— )
J = = Z <S> ﬂpu}ﬂ/ 2521 — 22 ! dz/ w' HO (dw)
_1 {

i—o \* Up,—~Tp}
1 G ol . i .
+— Z <S> up / 2571 — 2 dz/ ww' HO (dw).
. ) -1 {up,—ur}
The definition of the beta function and

/ ww' HO(dw) = 1{i + | even} 2(—up)uy, 1€ {0,1},
{#p,—ur}

give

Z 1{s —i even}1{: even}( ) (=43 Y st

- = Z]l{s — 4 odd}1{i 0dd}< ) (2= z+2a %)Uz up s

=0

We combine the resulting summations with respect to ¢ and get

=1{s even}

3 165 veny (2 g0t o

=0

— 1{i odd} <S> (=2 ) P52 )l .
(3

(%

Furthermore, evaluating the indicator functions, we obtain

2 2 S ) ) ) )
J=1{s even} ——— | D (=23 (2L 2it Ly s 20
{ }w2r(s24) ; <2Z> ( 2 ) ( 2 ) F F

S o . o o
-y e n e
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The two summands inside the summation with respect to ¢ can be combined as follows

s

2
Z(S—QQH—I)(;i>r(s—2i+l)r(21+1)2z+1 5—2i

2 2 JUp Up
i=0

_ 5—221‘ <2sz> 1—\(3—227;+1 )1’\(215‘,—1 )ﬂ%i-&-lu%—%

I . L |
=1{s even}ﬁ 8. F(#)F(%)ﬂ%“u;—%
CL)QF( ) i—0

J =1{s even}

2
CUQF(#)

== 2i

Applying the binomial theorem to % = (Q — u%)? yields

J=1{s even} 22: Z < ) (;)F(S_ZJH)I‘(%H)Q Tpuss2m.,
2 i=0 m=0

F

Then a change of the order of summation and an index shift give

s s_
2 2 M

i § i+m s—2m—21 i+2m
J = 1{s even} (1) <2i N 2m) ( . )I‘( 2 : 20412 +22 +1)
0 =0

X QMupuy, m

Next we apply Legendre’s duplication formula three times to the coefficients of the remaining
tensors to obtain

. 2142 1 —2i—2 1
s i+m [($=2m=2itL )P 2itme1) _ sl (i +m)ID(2E2mtly p(s=2i=2m1)
2i + 2m m 2 2 mli! (20 + 2m)! (s — 2i — 2m)!

e ()7

[\e]lv

and hence

TT(sHL 3 s\ 2™ s _
=1{s even}f ((;24)) mz::() (;) ; (-1)° (2 . m) Qmupul ™
GG s
= 1{s even} 2 Q2 up
wal'(557)

Plugging this into (7.9) gives

s+1
S1 =1{s even}mQ

WQF(#)

(NI

; /F L H e ST ().

FreFi(P)

=41°(P,8) =2¢1(P".6)

Combining this with the results for the summands where k = 0,2, yields the assertion

O]
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Next, we prove Theorem As in the proof of Theorem we change the approach of
the proof of Theorem at a certain point (see equation ) Then we proceed as in
two dimensions, which works similarly (with some minor difficulties) as the codimension of

the involved faces again equals one.

Proof of Theorem|[7.5. We denote the kinematic integral by I. A decomposition of the

measure p yields

I= / / GrH PN (OP +1), B0 (95 + 1) H3(dt) v(dY)
SO(3) JR3

/ / %ZH / x" ’Hl(daz)/
SO(3) Fefl(Pm 9P +t)) FnBN(9p’+t) N(PN(9P'+t),F)NS?

x (vp x w)u® H (du) H3(dt) v(dD).

In the same way as in the proof of Theorem we obtain

r sk 2041
@ A (de) /50(3)[F IFY +( IF'+t)

-y Yy W E ) [

k=1 FEF,(P) F'€F4_p(P') Fng

<[ (vrnorr s x 1) u* H (du) v(dd),
N(PN(IP'+t),FN(IF’+t))NS2

where the integral with respect to u is independent of the choice of a vector ¢t € R3 such

that relint F' Nrelint (OF' +t) # 0. By Sk, k = 1,2,3, we denote the summands of the

summation with respect to k, and calculate each of them separately. For S; we get

=3 % H3(F’ﬂﬂ’)/

" HY(d / F9F | o2t
- / / Fp (dz) [ JVpa@r )
eF1 (P) F 6.7:3(13 )

SO(3)

x / (Wpn@rrae x u)u® H(du) v(dd)
N(PA(IP'+t), FN(IF' +t))NS2

=H(P'np) > v%”l/ z" Hl(dx)/ (vp x u) u® H' (du)
FeF(P) Fnp N(P,F)NS?

= ¢"(P, B) ¢3(P', B).

Next, we show that both of the other summands vanish. In fact, for kK = 3, we obtain

5= 3 % H(F’ﬂﬁ)/

o 1P (da / FFopth
. , , Fp (dz) [ JVpn@F 1)
€F3(P) F'eF(P)

SO(3)

x / (Wpn@rr e % 1) u* H(du) v(dd)
N(PN(YP'+t), FN(IF'+t))NS?

= "W (dx) Y H'(F NP
Png Frer (P)

x/ / V2 (g X w) u® HY (du) v(dd).
SO(3) J N(9P" 9F")NS?
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Then, Lemma in R3 (more precisely, equation (7.6)) yields after an application of

Fubini’s theorem
Sy = / SHAr) S HA(F OB
PN FIeF (P)
x / / (Dop )2 (Bupr x du) (9u)° v(d9) H (du)
N(P',Fnsn—1 JSO(3)

:07

as vpr,u,vpr X u form an orthonormal basis of R3.

For k = 2, we have

S=Y 3 H2(F’ﬂﬁ’)/

z" HQ(d:c)/ [F,9F] w21
FeF2(P) F'eFa(P') Fng

50(3) VEN(9F +t)

x / (Wrnr s % ) u® H(du) v(dd). (7.11)
N(PN(YP'+t),FN(YF’+t))NS?

We denote the integral with respect to ¥ by J; and apply once more [83, Theorem 2.2.1] to
obtain
N (PN@WP +t),FN(VF +t)) = N(P,F)+9N(P',F").

Since dim F' = dim F’ = 2, there exist unique outer unit normal vectors up (resp. upr)
of F (resp. F'), such that N(P, F) = {up} (resp. N(P', F") = {up}). Consequently, we
have N(PN (OP' +t), F N (VF +t)) = pos{up, Yup }. It follows that

Ji = / / 1{u € pos{up,Yup }} [up, Yup]
SO(3) Jlin{up,dups }NS?
X v%lrf(lﬂF,H) (VP F 1) X ) U’ H (dw) v(dY).

In the same manner as in the proof of Theorem we have
1 {u € pos{up,Vup}} = 1 {Jup € pos{u, —up}},

for H'-almost all u € (lin{up, Jup } N'S?). We further set

U X 19UF/

: 1 2
UFﬂ(ﬁF’—l-t) = m € (IIH{UF,'IQUF/} mS )’

which is defined for v-almost all ¢ € SO(3). We recall, that the calculations are independent
of the choice of vpnyrr 44 € (linfur, Ju r}+ N S?). Therefore, it follows that

J = / / 1 {Yup € pos{u, —up}} [up, Sup]
SO(3) Jlin{up Yu s }NS2

X (LFW“F' )2l+1( upXGupr u)us H (du) v(dV).

lup x9upr|| lup x9upr||
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A transformation of the integration with respect to ¢ yields

1
Iy = 7/ / 1 {w € pos{u, —ur}} [ur,w]
w3 Js2? Nlin{up,w}ns?

x (M)Ql“( ueXt o u)ut 1 (du) HA (dw).

Tupxw]

From another transformation of the integral with respect to w, we conclude

Jzi/ / v, W 1 {w € pos{u, —u wpw
1 2&}3 u#ﬂSQ lin{uF,’U}ﬁSZH >’ lin{uF,w}ﬂSz { p { F}}[ F ]

X <‘”L‘1”¢>2l+1<‘“1”¢ X u)us H (du) H (dw) H (dv),

|up xwl| |up xwl|

where we can rewrite |(v,w)| = /1 — [(up,w)]? = [up, w]. We further apply
up xw | up xov, if (w,v) >0,
lup X w]| —Uup X, if (w,v) <0,

to obtain

JZi/ / / Iw € posiu, —u up, w)?
1 2ws wkns? Jinfur w3082 Jin{up w)ns? { p { F}}[ F ]

X (up x U)2l+1((uF x v) x u)u® H' (du) H* (dw) H (dv).

As v € ug, it follows that lin{ug, w} = lin{up, v}, for H-almost all w € lin{up,v}. Then

Fubini’s theorem yields
1
J:—/ / / 1{w € posiu, —u up, w]? H (dw
! 2ws upNS? Jlinf{up,0}NS? Jlin{up,v}NS? { P { F}}[ r ] ( )
X (up X v)QZH((uF x v) x w)u® H'(du) H' (dv).

We denote the inner integration with respect to w by Jo and get

n=| fu, w]? M (dw)
pos{u —upNS?

—/ ) sin(a)? da
Z(u, —up) —sin (£(u, —up)) cos (£(u, —up))
=: c(L(u, —up)),

where Z(u, —up) € [0, 7] denotes the angle between u and —up. Thus, we obtain

1 B 21+1 sq41 1
Ji = S /11#082 /lin{up s c(Z(u,—up))(up x v)" " ((up x v) x w)u®H' (du) H' (dv).
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For p € SO(u), it follows from the rotation invariance of H! that

U, —u
QW?, /H’TSQ /hn{uF,pv} ns? ( F))

—plm{uF v}
X (up X pv )2l+1((up x pv) x u)u® H' (du) H' (dv)
\‘,_./ ——

=p(up xv) =p(up xv)

U, —Uu
2w3 /L0S2 /hn{uF,v}ﬂS2 u)
=Z(u,—up)

% (plup x v))" " p((up x v) x u)(pu)* H'(du) H(dv).

Then we can integrate over all such rotations p € SO(uf) and obtain

J —1/ / / (£ (1, —up))

 2w3 Jsout) Jutrs? Jinfup v)ns? o
% (plur x )™ p((ur x v) x u) (pu)* ! (du) 7! (dv) v (dp).
A further application of Fubini’s theorem yields
Ji = i/ / c(L(u, —up))
b 2w3 upNS? Jlinfup,v}nS? ’ r
X / p((uF X v)2l+1((uF X v) X u)us) PUF (dp) H'(du) H'(dv).
SO(uf)

Now it follows from equation (7.7) (the consequence of Lemma that the inner integral
with respect to p vanishes, which finishes the proof. O






CHAPTER &

INTRINSIC CROFTON FORMULAE

In the present chapter, we use a different normalization of the (intrinsic) generalized
tensorial curvature measures and the (intrinsic) Minkowski tensors, defined in Chapter

in order to simplify the representations of the upcoming formulae. That is, we define

A

-1 R -1 .
T8l 7,8, 7,8, r,0,0 .__ ( 0,0 7,0,0
¢j = W (Cn,j ) qﬁj and oy = (cn,n ) O,

on K" x B(R™), for j,r,s € Ny with j < n, I € {0,1}, and set the corresponding total

measures as

A

b Py— n b ’0 A b -— 2 "
T i= g (LR and @0 = GLO0(, R,

Furthermore, for E € A(n, k) with k € {0,...,n}, we define

sl 7,8,1 -1 T,8,l 7r,0,0 7,0,0 -1 27r,0,0
¢j,E = Wk—j (Ck,j ) ¢j,E and kE T (Ck,k ) & E
on (K"NB(E)) x B(R™), where j,r,s € Ng with j < k, [ € {0,1}, and set the corresponding

total measures as

2rs . 11,s,0 n 2r0 . 77r0,0 n
g i=0p (WRY)and @G =0 (- RY)
However, we still refer to these valuations as (intrinsic) tensorial curvature measures, resp.

(intrinsic) Minkowski tensors, since they are simply renormalized versions thereof.

The aim of this chapter is to state and prove a set of Crofton formulae for the intrinsic
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tensorial curvature measures on convex bodies. More precisely, for K € K", 8 € B(R")

and j,k,i,r,s € Ng with 0 < j < k < n, we express the integral mean value
/. oy QB B OB, 601 ) () (8.1)

in terms of (generalized) tensorial curvature measures of K, evaluated at 5. In fact, we
show that this expression requires only a selection of these valuations.

By globalization of (8.1), we then deduce explicit expressions for the Crofton integrals
| QUEY @YK N E) maE) (8.2)
A(n,k) ’

in terms of Minkowski tensors of K. However, in the global case we restrict our investigations
to the translation invariant intrinsic Minkowski tensors (setting » = 0). Crofton formulae
for general (intrinsic) Minkowski tensors have already been established in [51]. The proofs in
this chapter are based on the approach used to prove these. Nevertheless, the restriction to
the translation invariant case allows substantial simplifications of the appearing coefficients.
Via the relation between extrinsic and intrinsic tensorial curvature measures depicted in
Lemma one can derive extrinsic Crofton formulae from the intrinsic results. This is
what we explain in detail for j = k — 1, meaning we investigate Crofton integrals of the

type
/. oy BN B 50 B) (AB), (8.3)

and we again obtain simplified coefficients in that case. These formulae are special cases of
the Crofton formulae stated and proved in Chapter |5 Nevertheless, they are provided here
as well, as the approach is completely different from the one in Chapters|4/and |5l Moreover,
we introduce an alternative representation of the tensorial curvature measures (similar to
the so called W-basis of the Minkowski tensors, introduced in [15, Proposition 4.10]) and
show quite simple Crofton formulae for the thus obtained valuations.

We note that, since the tensorial curvature measures (resp. Minkowski tensors) depend
additively on the underlying convex body, all integral formulae in this chapter remain true

if the occurring convex bodies are replaced by finite unions thereof.

Remark. The results in this chapter have already been published. To a great extent
the present chapter contains direct quotes from the publication Crofton formulae for
tensor-valued curvature measures, a joint work with Daniel Hug, appearing as Chapter 4 in
the lecture notes Tensor Valuations and their Applications in Stochastic Geometry and
Imaging edited by Kiderlen and Vedel Jensen (see [54] in [58]). Parts of this chapter (more
precisely, Theorem and the global results in Section with the deduction thereof)
are already included in my Master’s thesis from 2014 (see [99]).
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8.1. THE RESuLTS OF CHAPTER

In this section, we state the formulae for the Crofton integrals (8.1), (8.2) and (8.3). Along
the way, we present some special cases which are either new results or have already been

proved by other authors using different methods.

8.1.1. INTRINSIC TENSORIAL CURVATURE MEASURES

At first, we give the formulae concerning the integrals (8.1) and (8.2)), and start with the
local versions, where we distinguish the cases j = k and j < k. In the first theorem we

consider the former.

Theorem 8.1. Let K € K™, 5 € B(R™) and i,k,r,s € Ng with k <n. Then

. INEANE
oy QU K 050 B ) = L L @ik

if s =0; for s # 0 the integral on the left is zero.

If s =0 in Theorem then relation allows us to interpret the coefficient of the
tensor on the right-hand side as 0, if k = 0 and ¢ # 0, and as 1, if k =i = 0. A global
version of Theorem is obtained by simply setting 8 = R™.

Next, we proceed with the case j < k.

Theorem 8.2. Let K € K", 5 € B(R") and i,j,k,r,s € Ny with j < k <n and k > 1.
Then

| QBN G5 N E 80 E) ()
A(n,k)
ying (0) Ar,54-2i—22,0 1) 2i—22-21
= Tn,k,j Z Qz ()‘n,k,j,s,i,z (b:z’i—g—&-zj ° (K 6)+)\n k,jszz¢2i—£—|—zj_ - (Kaﬁ))v
z=0

where for € € {0,1} we set

n—k+j—1\I(2=4)
Tnk,j ‘= ] o )

i i\ (s+2i—2p\ (p+q—e
TR S S | G [ RS

p=0 g=(z—p+e)* 2q
P +i—p—q+1) TEE +p)T(%E +q) (o

X - 3 )
r(hbits Ly pp1) T(E 4ptq) P

00 ==kt ), 9= pn—k) —qlk—1).

In Theorem if j = k — 1, then the tensorial curvature measures and the generalized

tensorial curvature measures are linearly dependent. In this case, the right-hand side can
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be expressed as a linear combination of the valuations qubT 5 +20—22,0 (K,-), whereas the
measures Q%" ST27221 (5¢ ) are not needed. An explicit description of this case is given
in Corollary for ¢ = 0 and in for ¢ € Np.

If the additional metric tensor is omitted as a weight function, that is in the case
i = 0(= p), then the coefficients )\gﬂc 50, in Theorem simplify to a single sum.

Apparently, the coefficients in Theorem 8.2 are not well-defined in the (here excluded)
case k = 1 and j = 0, as I'(0) is involved in the numerator of )\£I ) 0,s,i,.- Although this
issue can be resolved by the proper interpretation of the (otherwise ambiguous) expression
I(p)-p=T(p+1) as 1 for p =0, we prefer to state and derive this case separately. In fact,

our analysis leads to substantial simplifications of the constants, as our next result shows.

Theorem 8.3. Let K € K", € B(R") and i,r,s € Ng. Then

/A oy Q) 63X (K 1 B, BN E) i (dE)

:F(g)r( L+4) w_ <2+z> S imz 2r20
T(E );)( DA - QXTI (K B)

for even s. If s is odd, then

T(8N(3+i+1)
VAT (M5 1)

We note that in Theorem the Crofton integral is expressed only by tensorial curvature

/. oy QBN G (K OB, BN E) () = QT HIMK, ).

measures éz’f’? (multiplied with suitable powers of the metric tensor), whereas generalized
tensorial curvature measures are not needed. A global version of Theorem is obtained
by simply setting g = R™.

A translation invariant, global version of Theorem [8.2] allows us to combine several of the
summands on the right-hand side of the formula with the help of McMullen’s Lemma

Theorem 8.4. Let K € K" and i,j,k,s € Ny with j <k <n and k > 1. Then

L5+

o QU B P E) ) =ty 3 N @ (),
" z=0

where Yk, j and A0 are defined as in Theorem but

n,k,j,8,4,2

IC) e = (0= kT D55 +p) — (p(n— k) — gk — 1)) (1 + 57511 (1 - 2)

(0)

(0) .
n,k.j,p,q’ =0.

replaces 1 nk s | 2]

except if s is odd and z = [ 5| + 1, where A

In Theorem [8.4] if p = ¢ = 0, then the definition of )\ﬁgi

thus, 797(3}@7]7 .= =1

rsinz implies that also z = 0 and

51.0,0,0 is well-defined with p+
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8.1.2. SOME SPECIAL CASES

In the following, we state some special cases of the just given theorems. For that purpose,
we restrict to the case of Crofton formulae for unweighted intrinsic Minkowski tensors or

tensorial curvature measures, meaning ¢ = 0.
Corollary 8.5. Let K € K™ and k,j,s € Ng with 0 < j < k <n. Then

L5]
/ (n,k) (I)?:%(K nE) Mk(dE) - 5”7’“%5 Z Min k,j,s,2 chbgsk?l-? (K)
: z=0

where

(n—k+j— 1) D=5 (5
6n,k,j,s = )

j ﬂ-r(m

L%J j+s n—~k
. s\(q D57 — g+ DI(%5" +q)
Mn,k,j,s,2 = E (—1)? <2q> <Z>F(q + 5) 2 F(n—i—l :

q==z
X (n*;"F] + q _|_ (kfsjj;z)qu*Z)) ,

but Mk j.s, 5 =0 if s is odd.

SPECIFIC CHOICES OF s

Next we collect some special cases of Corollary which are obtained for specific choices

of s € Ny by applications of Legendre’s duplication formula and elementary calculations.

Corollary 8.6. Let K € K" and k,j € Ng with 0 < j <k <n. Then

s

| #3300 E) ()
A(n,k)

(%) (o k+]+1) n—k §0.0 K n—k+nj+j §0,2 K
( ) (]-l—l) 4(n7k+j)Q n—lc+j( )+W n— k—l—j( ) .

Corollary 8.7. Let K € K" and k,j € Ng with 0 < j <k <n. Then

5 +1 (i) (n ) 203
%3 (K N E) yp(dE) = — 2 ) §03 ().

As F(%)*l =0, for j = 0, the integral in Corollary equals 0 in this case. However, as
the integrand on the left-hand side is already 0, this is not surprising. The same is true for
any odd number s € N and j = 0.

Corollary immediately leads to a result which was obtained and applied by Bernig
and Hug in [15, Lemma 4.13].
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Corollary 8.8. Let K € K". Then

A

—1
N n

[ 0 E) wn) - ( ) 309, (5.
A(n,2) ’ 2

THE CHOICE j =k —1

Furthermore, we obtain simple Crofton formulae for the specific choice j = k — 1 in the

local and in the global case.
Corollary 8.9. Let K € K™, 5 € B(R") and k,r,s € Ng with 1 < k <n. Then

L5]
/A( 5 gb;’i’?’E(K N Ea ﬁ N E) /«Lk(dE) = 6n,k,k—1,s Z én,k:,s,z QZQS:iiEQZ’O(Ka 5))
n, z=0

where

\_%J k+s+1 n—=k
- s\ (a L(F5= — ("5~ +q)
iz 1= ) (=1)" <2q> ()F ()" rmrg

q=z

Corollary 8.9 will be derived from Theorem 8.2]in the same way as Theorem [8.4]is proved.
More specifically, we apply the special case of Lemma where [ = 1, that is,

o1 = QY — ¢ (84)
which can be considered as a local version of McMullen’s Lemma in the particular
case where j = n — 1. Although k =1 is excluded in Corollary the result is formally
consistent with Theorem (for : = 0), which can be checked by simplifying the coefficients
&n,1,s,> wWith the help of Zeilberger’s algorithm.

A global version of Corollary is obtained by setting g = R™.

Finally, Theorem can be globalized to give a result, which was obtained in [65] by a
completely different approach.

Corollary 8.10. Let K € K" and s € Ng. Then

s

20,s 2Wnts 2 (—1)°
[ B0 0 By tam) = 220t 5= U

TWs1Wn T 1-—

)@szég’zm

for even s. For odd s the integral on the left-hand side equals 0.

We note that if s € N is odd, then the Crofton integral in Theorem [8.3]is a non-zero
r,1,0
n—1
01 _
n—1 =

measure, as the tensorial curvature measures ¢’ '; (K, -) are non-zero (if the underlying

set K is at least (n — 1)-dimensional), whereas &

Corollary

0 in the global case considered in
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8.1.3. EXTRINSIC TENSORIAL CURVATURE MEASURES

In the following, we state Crofton formulae for tensorial curvature measures for j = k — 1.
The method also applies to the cases where j < k — 2, but it remains to be explored to
which extent the constants can be simplified then by the current approach. However, in
Chapter 5| we have presented all the remaining cases, though obtained by a completely
different approach.

As for the intrinsic versions, we have to distinguish between the cases kK > 1 and k = 1.

We start with the former, which is basically a (renormalized) special case of Theorem
Theorem 8.11. Let K € K™, § € B(R") and k,r,s € Ny with 1 < k <n. Then
L3
Jyngy BN OB 0 B)lB) = 32 s Q670 ),
where

E-1 w0() DN +1) D + (st — o)
—k

Rn,k,s,z *—

n = D8 TIN5y T3 — 2 + 1)
if z # %, and
n—k— 2 -2 e rE+1
= k(n +5—2) (3,1 (Qfﬂ). (8.5)
8 =3 (n—1)(n—Fk+s—1)I(25%) D5+

In Theorem if s is odd the coefficient £,, 1, ; (s—1)/2 has to be defined separately,
as the proof shows. In fact, one easily checks that the difference amounts to a factor
k(n+s—2)[(k—1)(n+s—1)]7!. For even s, the constants involved in the proof of
Theorem can be simplified by a direct calculation to arrive at the asserted result.
However, if s is odd, we need the connection to the work [15] to simplify the constants.
Since this connection breaks down for z = (s — 1)/2, s odd, a separate direct calculation is
required for this case, and that finally yields the correct constant in (8.5). The result is
also consistent with the special case k£ = 1 which is considered next. The more structural
viewpoint in Chapter |5 provides another explanation for the case distinction required for
the coefficients in the preceding Crofton formula (see Corollary which is a renormalized
version of Theorem .

For k = 1 the Crofton integrals can be represented with a single tensorial measure, as

the following theorem shows.

Theorem 8.12. Let K € K", g € B(R") and r,s € Ng. Then

r,s,0 (ﬂ) (LLJ"FL) r,s— 2L 1,0
oy P0G B B0 ) m0B) = 577 s QUG M e ),
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Theorem is a renormalized version of Corollary It can be easily checked that
this formula for £ =1 can be obtained from Theorem (which actually holds for k& > 1)
by a formal specialization and proper interpretation of expressions which a priori are not
well-defined. For this to work, it is indeed crucial that for odd values of s and z = (s —1)/2
the definition in applies.

In [15 Proposition 4.10], an alternative basis of the vector space of continuous, translation
invariant and rotation covariant TP-valued valuations on K™ was introduced, based on the
trace free part of the Minkowski tensors, which was called the W-basis. In the same spirit

(but locally and with the current normalization), we now define

18,0 727,8,0 2 S F(]+%)F(%+S_J ) r,s—27,0
V= o +7z_: <2j> (% +s—1) P

for r,s € Ny and k € {0,...,n — 1}. Interpreting this definition in the right way if n = 2

and s = 0 (where ;" = ;%) we can also write

Ar,s,O F(] + l)l—‘(ﬂ +s _j ) r,s—2j 0
Uk Z ( j> 13(% js_ 1 QI (8.6)

In particular, 1[),:’5’0 = &2’5’0 for s € {0,1}. Conversely, we have

[5] 1

\ 1 TG+ LT D

¢1’;,5,0 _ ﬁ 2 : (;y) (] + (2) 4{28 7?) j)ijz,s 2],0' (87)
Jj=0

Although this will not be needed explicitly, it shows how we can switch between a d;—
representation and a ﬁ-representation of tensorial curvature measures.
The main advantage of the new local tensor valuations given in is that the Crofton

formula takes a particularly simple form.
Corollary 8.13. Let K € K™, 5 € B(R"), and let k,r,s € Ny with 0 < k < n.
If s ¢ {0,1}, then
[ N B8N E) (B
A(n,k)

st k= 1D D(s)
n = TD(HN(5) T2

=7 2

wrsO(K 6)

If s =0, then

n\T(k+1
wpn T3P

[ O N B B0 E) ldB) = 7
A(n,k)
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If s =1, then

1.0 nk k 1 ~r1,0
sy KQE, mE dE = 2 - 'nj—’ K, .
Joy PRGN B, B0 B) 0B = = Tz U

For r = 0 and 8 = R", Corollary coincides with [15, Corollary 6.1] (in the case
corresponding to j =k — 1). If s € {0,1}, then 1&2’5’0 = gﬁi’s’o and Corollary coincides
with Theorem (resp. Theorem for k =1). If k = 1, then the integral in Corollary
vanishes, except for s € {0,1}.

&.2. THE PROOFS FOR THE INTRINSIC RESULTS

In this section, we prove the intrinsic Crofton formulae stated in Section The
approach applied here is heavily based on the proofs in [51]. Therefore, before we can start,
we derive an integral formula which is required in the following proofs (similarly to the

procedure in [51]).

8.2.1. AUXILIARY INTEGRAL FORMULAE

With the preliminary integral formulae from [51], recalled in Appendix we are able
to establish the following integral formula, which is a slightly modified version of [51]

Proposition 4.7].

Proposition 8.14. Let i,j, k,s € Ny with j <k <n andk>1, F € G(n,n—k+j) and
uwe F-NS™ 1. Then

/ Q(L)'mr (w)*|pr(w)||P~*[F, L)? v (dL)
G(n,k)
LSX:J ! (0) (1) .
= Tk (An,k,j,s,i,z’lﬂ + )\mk,j,s,i,zQ(F)) Qzu8+22_22_2,
z=0

where the coefficients are defined as in Theorem 8.2,

In Proposition we exclude the case k = 1, the reason of which becomes clear in
the following proof, which further leads to undefined coefficients in that case (see the
explanation after Theorem . However, these coefficients can be properly interpreted,

such that the assertion also holds for k£ = 1. Nevertheless, we derive this case separately in

Proposition
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Proof. The integral geometric transformation formula in Lemma yields

/ QL) mr (w)°||lpr (u) | ~F[F, L]? v (dL)
G(n,k)

_ k—1 £2)5=2 s
T 2w, / ul k—1) / /UlmuLmSn 1 A =) M v =y (W)
X Qn{U, tu+ V1= 2w} [Py s s y 0y (DI
X [F,lin{U, tu+ V1 — t2w}]2 HF N (dw) dt v, (dU).

Q(lin{U, tu + mw}) + (|tju + V1 = Bsign(t)w)?,
Thin{Utu-vI—w) (W) = Itlu + MSlgn

1Prin (0,0t v T=0) (U)H = ¢,

[Flin{U, tu + /1 — 2w} = [F, U]t
hold for all ¢ € [-1,1] \ {0}, we obtain
Ly QT o (0 (F, 1] ve(al)

= JHL] 2y (ut)y2 —5 s
2("‘)” uJ‘ Jk—1) / /ULQULQSTL 1 |t| ( ) 2 ([F’ U] ) (|t‘u+ \/ﬁw)
< (QU) + (tu + V1 — 2w)?) H** 1 (dw) dt v~ (dU),

where we used the fact that the integration with respect to w is invariant under reflections in
the origin. Then we apply the binomial theorem to the terms (Q(U) + (|t|u + /1 — t2w)?)?
and (|t|u + V1 — t2w)*+2P and get

/G Q(L)'mr(w)*|lpr(w)|P~*[F, L]? v (dL)
(n,k)

i S+2p

s+ 2p s n—k+q—2
2w Z Z ( )( )_/G( " 1)/ |t|J+ +2p— q+1(1 t2) 2q dt

" p=0 ¢q=0

% / wd HF Y (dw) ([F, U] us 20 9Q(U) P v~ (dU).
ULtnutnSn—1

Since Lemma yields

/ w? H" 1 (dw) = 1{q even}2MQ(UL Nut)z,
Utnutnsn—t Wa+1

we can rewrite the integration with respect to ¢ in terms of the Beta function and apply
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the relation of the latter to the Gamma function, to obtain
L. oy QT P2 () (E, L (L)
i + j+s n—
s HZP ( ) ( + 2p> D52 +p — g+ D05+ 0) wn kg
" p=0 ¢=0 2q D(*=H55E 4 p+ 1) @2q+1
[ Q@ (R D)) QW) v (a0,
G(ut,k—1)
Applying the binomial theorem to Q(U+ Nut)? = (Q(ut) — Q(U))4 yields
L. oy QT I () L ()
r(%) i“i”i <><5+2p><q>r( +1)F(j¥+p—q+1)
q 2 n— +5s
f quOy: 2q Y 2F(#+p+l)
g [ (RO @) (58)
G(ut,k—1)

We conclude from Lemma which is applied in u' to the remaining integral on the
right-hand side of (8.8),

L QU el (P LI (L)
G(n,k)

n— Nk — 1) T(2)0 (L) i L3]+p .
:(fﬁ?&ﬁ 2r§§zz<><HﬂW+b

quO 2q
D(L2 + +1) \TER +i—p+y)
o P—q uS - 2qz 2 pTY
F(n k+j+s+ ‘l‘l

y) (L +i—p+y)
x (5t +i-p+y)Qut)” = + G - p+y)QW) TR,

Relation applied twice to the summations with respect to y and Legendre’s duplication

formula applied three times to the Gamma functions involving n, k and n — k yield together
with the definitions of 7, ; and ﬁ%}g]pq, e €{0,1},

/ QL) mr (w)*|lpr (w) [T ~*[F, L]? vy (dL)
G(n,k)

i L3l+i-»p

s+ 2t —2p
=V, D ( )( ) )F(q+§)
p=0 q=0 \P 1
PP +i—p—g+ 1) I+ +4)
F(n—k;—]+s +i n+tl

2
—p+1) NG
us+2i—2p—2q< (0)

+p+q)
1\p+
ﬁn,k,j,p,qQ(u )p ! 7(1

— 00 5@ QUE)),
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where we changed the order of summation with respect to p. From the binomial theorem
applied to Q(ul)PT4 = (Q — u?)P*? we obtain

/ QL)' (w)*|lpr (u) | ~*[F, L]? v (dL)
G(n,k)

i L3l+i-p its | .
s+ 2i—2 F] —I—z +1
R o S | L R
=0 a0 \P 2q N~ = 4 —p+1)

_ n— +
% F(le +p)F(Tk +4) (g(_l)p+qz (p + q) ﬁ(o) , Qzus+2i722
z

F(”T‘H +p+ q) o n,k,7,p,q

ptg—1 pta—1\ . '
+ Z p+q z ( )ﬁn7k7j7p7quus+2'L2Z2Q(F)) ]
A change of the order of summation, such that we sum with respect to z first, gives

[ @ ms(w) e ()| HF L m(dL)
G(n,k)
5]+ " '
= Tnk,j Z n k,],s %, LU + )\n,k,j,s,i,zQ(F))Qzus+2li2272’
which concludes the proof. O

Next we state and prove the extension of Proposition to the case of k = 1.

Proposition 8.15. Let i,5s € Ng, F € G(n,n —1) and u € F- NS""!. Then

/G Q(L)'mr(w)*[lpr (u) | T, L]? v (dL)
(n,1)

1 N 3t .
_ F(%)F(% + Z) QZ(—I)Z % + 1 u2ZQ§+i—z
nstl ) & z )1—2z

for even s. If s is odd, then

LG +i+1)
VAL (5 40)

Proof. The proof basically works as the proof of Proposition But we do not need to

apply Lemma as (8.8)) simplifies to
Ly QUm0 )| 1P, L wiAL)

uQ Tt

/G QL)' (u)*llpr (w) |~ F, L] v(dL) =
(n,1)

i

(z) Ll e s+2 T(5+p—q+1
P8 5 5 G e ey

p=0 ¢=0

Yy
x uHP2Q () 1Y /G< Lo (PU) DY QUYTPHY v (dU).
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Since the remaining integral on the right-hand side equals 1, if p =4 and y = 0, and in all

the other cases it equals 0, we obtain
Ly @B w2 @)l ) P4, L i AL)

e

[5]+i .
I'(3) '3 s+2i WIE+i—g+1) (oo 1\
T =0 ( 2q )F(q+2) F(n+s+1 + 1) ! Q)™

Applying the binomial theorem to Q(u')? = (Q — u?)? yields

Iz ' —z + 2 M(3+i—qg+1 s+2i—2z Nz
= (71_2) Z(_l)q (8 2q Z) (Z)F(Q"f‘%) (F2(n+:s+li_i))u+2 ZQ.

A change of the order of summation and Legendre’s duplication formula applied to the

Gamma functions involving ¢ give

/G QL) mr(w)*|pr (w) P~ [F, L) vy (dL)
(n,k)

. (S+2Z 'F . (_1)q—z $+2i—2z Nz
25+21F(n+s+1 +Z Z Z F(% +q— q)(q _ Z)! Q"

z=0 q==z

If s is even, we conclude from Lemma applied to the summation with respect to ¢ and

from another application of Legendre’s duplication formula that

L QU L) ps )l (R LI vi(dL)
G(n,k)

1 .~ 5+ .
_ F(%)F(% + 7’) 22:(_1)%+i72+1 % +1 1 u8+2i722Qz
nP(”*S“ 44 = z s+2t—2z—1 '

A change of the order of summation with respect to z then yields the assertion.
On the other hand, if s is odd, the binomial theorem gives, for | 5| 4+ # z,

LS |44 B 12| +imz .

2 NI B W (E R

q;zF(%ﬂ'—q)(q—z)!_(L§J+i—Z>! q;o ( 1)‘1< q )
:;(1_1)Lj+zz
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For |5] +i = 2, the sum on the left-hand side of equals 1. Hence, we finally obtain

P(HIT(5 +i+1)
VAT (5 + )

/G<n K QL) mr(w)*lpr (W) |7 ~*[F, L ny(dL) = o in

if s is odd. O

8.2.2. THE PROOFS

Now we possess all the required tools to provide the proofs of the main results of this
chapter and start with the proof of Theorem

Proof of Theorem[8.1, Let L € G(n,k) and t € L*. Then we have

Sr50(K 1 Ly, B0 L) = 1{s = 0} o HH (da)
7 KNpBNLy

and thus, for s # 0,

/. oy QEV G OB, 50 F) ()

)

_ /G . QL) G50 (K N Ly, B0 L) H'H(dt) v (dL)

=0.
Furthermore, for s = 0 Fubini’s theorem yields
/A(mk) QE)$; % (K N E, BN E) jy,(dE)
— oo Q(L)’ /LL /Kmﬂmt 2" M1 (de) H(dE) v (dL)

= QLY wdL) [ a7 (da).

G(n,k) KnB
Then we conclude the proof with Lemma and the definition of 700, O]

We turn to the proof of Theorem The integral formula in Lemma allows us
to rewrite the integration with respect to the intrinsic support measure, appearing in the
Crofton integral of Theorem (in the definition of the tensorial curvature measures).
After this integral transformation we apply the other integral formulae to calculate the

remaining integrals.

Proof of Theorem[8.2. First, we prove the formula for a polytope P € P™. The general

result then follows by an approximation argument.
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As a matter of convenience, we name the integral of interest I. Then Lemma yields

I=w_ ]/ Q(L) / / 1g(x)z"u®
nk) L+ JLyx(Lnsn=1)

x A (P Ly, d(a, ) H R (L) vy (AL)

- ¥ /w ) [ oy

FeF,_ k;+‘7

<[ w1 () lpw (o) I, L2 A9 (dw) v (dL)
N(P,F)nSn—1

With Fubini’s theorem we conclude

I= / " H R (dx) /
Fe})gk:ﬂ(P) Fnp N(P,F)nSn—1

QU T )P, L) W ). (8.0
G(n,k)
Then we obtain from Proposition

I = ’Yn,k’,j / an k+](dx>
FG]‘—n k+]( Fﬂff

\_gj-i-z

y O z/ W22 ki1 gy,
(Z:O ks 2 N(P,F)nsn—1 (du)

[5]+i-1

+ Z Nokusi s QF )/

us+2i—2z—2 er—j—l (du)
N(P,F)nsn—1 '

With the definition of the tensorial curvature measures we get

[5]+i
_ 0) 27r,8+2i—22,0
I = Tn.k,j Z )\n,k,j,s,i,zngén—k—i-j (P7 ﬁ)
z=0
L3)+i-1
(1) r,s+21—22—2,1
+ Tnk,j Z )\n,k,j,s,i,zqusnkarj (P’ B)
z=0
Combining the two sums yields the assertion in the polytopal case.
As pointed out before, there exists a weakly continuous extension of the generalized
tensorial curvature measures q@Z’fﬁf}QZﬂ’l from the set of all polytopes to K. The same
is true for the tensorial curvature measures &;i}:izj_?zo Hence, approximating a convex

body K € K" by polytopes yields the assertion in the general case. O

Now we prove Theorem which deals with the case k = 1 excluded in the statement
of Theorem

Proof of Theorem[8.3. The proof basically works as the one of Theorem Again, we
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prove the formula for a polytope P € P™. We call the integral of interest I and proceed as
in the previous proof in order to obtain (8.10). Now we apply Proposition and obtain

PP +i) & s4i) 1
I = 2 —1)? 2 5ti—z
w2 + 1, i) ;)( ) z 1—2zQ
% / 2T H k“(d:c)/ 2z ’Ho(du)
Fe]—' FnpB N(P,F)nsn—1

if 5 is even. Hence, we conclude the assertion with the definition of ¢/*%°.

If s is odd, Proposition [8.15| yields

T(3)T(5+i+1)
VAT (M5 4 )

As sketched in the proof of Theorem the general result follows by an approximation

I= QT (P, B).

argument. O

For the proof of Theorem we first globalize Theorem [8.2] and then apply Lemma
(which is a direct consequence of McMullen’s Lemma to treat the appearing valuations
(;Aﬁ?l’f:fj_%_2’1(~, R™). For the sake of convenience, we add here the special case of Lemma
which we need (and with the renormalized valuations that we use in this chapter).

Lemma 8.16. Let P € P" and j,s € Ng with j <n — 1. Then

Rl TPy = Y QUEM)HI(F) / w® {7 (dw).

Fer, (P) N(P,F)nsn-1
With the help of Lemma now we can prove Theorem

Proof of Theorem 8.4l We only prove the formula for a polytope P € P". As before, the
general result follows by an approximation argument.

We briefly write I for the Crofton integral under investigation. Starting from the special
case of Theorem where r = 0 and 8 = R", we obtain

5]+ ) [5]+i-1 W
0,5+2i—2
I = Tnk,j Z )\n,k,j,s,i,zQZq)nskJ:j Z(P) +’Yn7k7j Z )\n,k,j,s,i,zQz
z=0 z=0

> Z Q( )/Hn k+j F / 5+2i_22_2’Hk—j—1(du).

Fe}—nka(P) nsnt
With Q(F) =Q — Q(N(P, F)) and Lemma we get

Z Q(F)H”_k+j (F) / uSt2i—22-2 9 k—j—1 (du)

n—1
FeFy—k+;(P) N(PF)nS

o 0,54+21—2z—-2 k—j+s+2i—2z—2 50,5+2i—22
Q(I)n k+j (P) s+2i—22—1 (I)n k+j (P)
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and thus
LT
0,5+21—2
I:’mG,j Z An,k,j,s,i,zqu)nSJlg+Z] Z(P)
z=0
[5)+i-1

(1) 0,5+2i—22—2 k—j+s+2i—22—2 £0,5+2i—2z
""Yn,k,j Z )‘n,k,j,s,i,zQ (Q(I)n k+j (P) s+21—2z—1 (I)n k+j (P))
z=0

Combining these sums yields

5]+
— . 0) (1) k—j+s+2i—2z— 2 2 50,8+2i—2z2
I = Tnk,j Z (An,k,j,s,i,z + )‘n,k,j,s,i,z—l T s+2i—2z—1 nk,jszz)Q <bn k+j (P)
z=0

In fact, we have )\S;C] 8,0,—

_; = 0 and, furthermore for even s, as the sum with respect to ¢
is empty, ASLL&M%H% also vanishes. On the other hand, for odd s, as @glkﬂ =0, the
last summand of the sum with respect to z actually vanishes and thus its coefficient does
not have to be determined and is defined as zero.

Hence, we obtained a representation of the integral with the desired Minkowski tensors.
It remains to determine the coefficients explicitly. First, we consider the case where (k > 1

and) z € {1,...,[5] +i—1}. We get

i Lsl+i-p .
(0) 1\ [(s+2i—2p\ [p+q 1
T S S 1) G SR LTS

p=0g=(z—p)*
XN%+2pﬁﬂW%ﬂM%+@
D(2EEs 4 — p+ DI 4+ p+ g

)
x (0 =k + ) (52 +p) = 55 (p(n— k) —q(k = 1))

and

(1) i Ll 1\ [(s+2i—2p\[(p+q
—z - 1
o= X X Crm=()(5 ) (7 ey
+

P=0g=(2—p)* ‘
ST +i-p— wﬂW@T+MH%ﬁ 9)
D=5 i = p+ DT +p + )
x Bt (p(n — k) —Q( 1)- (8.11)
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Hence we conclude

(0) (1) k—j+s+2i—22-2 (1)
)\n,k,j 58,2 + )\n k.gsi,2—1 Z+;i72zzfi n,k,j,8,,2
i Ls)+i-p
pypa—s s+2i—2p\(p+q 1
- Z Z 9 P F(q + §)
p=0g=(z—p)* P q

U +i—p— g+ DI(F +p)0("5 +q)
F(m+i—p+l)F("TH +p+q)
% ((n =k )(5g +p) = P (p 4+ (G ) )

p+q
The case z = [ 5] + i, for even s, follows similarly. For z = 0, we have /\S’L’jﬁ%_l =0 and
still holds, if one cancels the remaining p”ﬁqz =1 O

Finally, we provide the argument for Corollary(8.9] which is the special case of Theorem
obtained for i = 0 and j + 1 = k > 2. The proof makes use of relation (8.4) to rewrite the

r,8— 2z 2, 1
generalized tensorial curvature measures ¢,~

Proof of Corollary[8.9. With the specific choices of the indices, we obtain

13]

£ [ S q—¢&
A 0. = > (1) ( )( )r(q+;>

q=2te 2q z
DAl — ) TN (25 + 9 4@
r(ntst) D2 4q) TR0
with
Whpr0g =30 —Dh=1), 0% 1, = —alk—1),
and

_[(n—2 F(”‘Tk“‘l)
Tnkk—1 = E—1 .

Let us denote the Crofton integral by I. Then, (8.4) applied to the generalized tensorial
curvature measures <Z>r 5722721 i) Theorem yields that

1 22,0
I= Tnk,k— 1ZQ nkk lst_AgL,L,kfl,s,O,z)gbrs - (K B)

L§J+1
1 ~ —
+ ’YTLJC,]C—l Z QZ)\gl,L,k—lysyo,Z—l¢:i12Z70(K’ /8)

(1) (1) 2r,s—22,0
= Tnkk—1 Z QZ n k: k—1,5,0,2 + )‘n,k,k—l,s,O,z—l - )‘n,k,k—l,s,o,z) (bnfl (K7 B)v

=\
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2 q==z 2 z
D(mhtl) = 2q) \z ? L("5* +q)
from which the assertion follows. O

&.3. THE PROOFS FOR THE EXTRINSIC RESULTS

Our starting point is the relation, due to McMullen, between the intrinsic and the extrinsic
Minkowski tensors (see [68, Theorem 5.1]). The localization of this result stated in
Lemma (which has to be renormalized to fit the setting of this chapter) can be
combined with the binomial theorem applied to the relation Q = Q(E) 4+ Q(E~), where
E C R" is any k-flat, which yields the following lemma.

Lemma 8.17. Let j, k,r,s € Ny with j < k <mn, let K € K" with K C E € A(n,k) and
B € B(R™). Then

R ”2 sl 5] m T k—j+s _ ~
3, B) = sy D2 (- ( ) e @O ),
=0

= 4mml(s —2m)!

We start with the proof of Theorem for which we use Theorem after an
application of Lemma,

Proof of Theorem 8.11. Lemma for j =k — 1 gives

/A oy BN 0B 501 B) p(aB)

)

B 7z sl m el F(ﬂ—m) m l

N F("—k‘;SH Z(_l) 4mml(s — 2m)! (l)Q

< [ QU (K (1 B0 E) ).
A(n,k)

For 7 = k — 1 we can argue as in the proof of Corollary [8.9] to see that Theorem [8.2| implies
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that

/A(M) QE) 31" o(K N E, B0 E) j(dE)

5]+
= Tn,k,k—1 Z )\nkk 1szzQz¢rs+2Z 2Z7O(KmEvﬁﬂE)v (812)

where

i Lzl+i-p
o . s+2i—2p\(p+q
)\n,k,k—l,&’hz — — 1 Z Z p q—z (p) ( 2q z

p=0g=(z—p)*
(M5 +i—p—g) T(* +p)D("F" + )
P +i—-p)  T(*3+p+q)

x (g + 3)
(Of course, for i = 0 we recover Corollary ) Hence, we obtain

[ N 0 ESNE) m(ar)
A(n,k)

= 4mm!(s—2m)! l

zO

Tz s'
= Tn,kk— 1F(n k+s+1

mO

1 2[—22,0
X>\nk:k: 1,5s—2m,m— le+z¢r8 ‘ (Kyﬁ)

An index shift of the summation with respect to z yields

/A o BT N BB 0 B) ()

5] m L3] s+l
kg 2 2 , TEE—m) (m
= Tnokik— L p(n=ktstly (n= k+5+1 Z()%Z 4mm!(s—2m)! l

z=l

X)\nkk 1,s—2mm—Il,z— lQZ¢TS zzO(Kvﬁ)-

Changing the order of summation gives

/ Sr*(K A E, BN E) 1,(dE)
A(n,k)

LJ z 3] 1
ﬂ— 2 S' 2 F(ST—m> m
X)\nkk 1,s—2mm—lIl,z— IQZ¢TS QZO(KnB)' (813)

The coefficients of the tensorial curvature measures on the right-hand side of (8.13)) do not
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depend on the choice of r € Ny or 5 € B(R™). Thus, we can set

[5]
/A( LGN N B0 E) ie(dB) = Znnkszcm” 20K, ),

where the coefficient #,, 1 s . is uniquely defined in the obvious way. By choosing r = 0 and
8 =R", we can compare this to the Crofton formula for translation invariant Minkowski
tensors in [15]. In fact, since the measures Q*¢0° > (K,R"), z € {0,...,[s/2]} \
{(s —1)/2}, are linearly independent, we can conclude from the Crofton formula for

the translation invariant Minkowski tensors in [15, Theorem 3| that

k-1 77 0(3)  TCEING+1) Tt

z)I’(% —2)

JT(55) T (25=T) (35— 2+ 1)l

+

Rn,k,s,2 =

e

for z # (s —1)/2. If z = (s — 1)/2, then ¢257**%(K,R") = ¢!

n—1

(K) = 0, and hence we
do not get any information about the corresponding coefficient from the global theorem.
Consequently, we have to calculate £, 1, 5 (s—1)/2 directly, which is what we do later in the
proof.

But first we demonstrate that the coeflicients of the tensorial curvature measures in

(8.13) can be determined also by a direct calculation if s is even. In fact, we obtain

Lt —m) (m
S = -1 mt 2 Ankk—1,5—2mym—1,z—
(=1) 4mml(s —2m)!\ [ kb= ls=2mom=lzl

[3]-p F(s—f—l )

=k-1)>> > (—1)m+z+p+q—z4m m'*(s - me)!

=1 p=lq=(z—p)*+

o)) e

Dt —p— ) D5 +p— DI(25E + q)
[kt — p) et +p+qg-1)

Changing the order of summation gives

3] [5]-p
(s—2p\(p+q—1
>+ 1

z—1
p=l q=
DA G —p—q)F( EL 4+ p—DI(%5% +q)
r(otstl — p) Tt +p+q—1)

m=

L3] e m\ (m—1\ T(L—m)
XZ +< )(p—l>4mm!2(s—2m)!'
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We denote the sum with respect to m by T and conclude

[5]
2 — m—1 F(ﬂ_m)
T=> (-1) +<l><p_l>4mm!2(8—2m)!

m=p
[5] 541
_ 1 22: (_1)m+p F(T — m) )
l!(p—l)!m:p 4™ (m — p)l(s — 2m)!
An index shift yields
1 [5]-p m25—2p—2mr(% —p— m)

I= 250(p —1)! Z (=1) m!(s — 2p — 2m)!

m=0
Legendre’s duplication formula gives

\/77_ L;J_p

25l(p —1)!

1
1™ .
m:O( ) m!F(%fpfqul)

If s is even, the binomial theorem yields

ﬁ E71)(71)771 (; _p>

T 2U(p - D5 —p)! = m
Y
“rp-oG oV

s VT

Hence, we obtain

S:M i (_1)l+q—z<§jq—l)r(q+é)
2 'q:

3+
TR — g T 0T (gt + o)
() P 4+ q-1)
_ (B DY) ( — I\ T P - DTt

2sl!(§ - z—1 F(nTJrl) F(n+§—1 )

s e MRl L e

F(nTH) 23“(% —\z—1 I‘(n+§71 )

Furthermore, Legendre’s duplication formula yields
g — (L) B DVATCEDDEEONEED (3) (5 —1) D52 1)
| L) 1)J\z—1) (=L —



8.3. THE PROOFS FOR THE EXTRINSIC RESULTS

127

Thus, we obtain

/ $r0(K N E, BN E) iy (dE)
A(n,k)

n—k+l n— s 5 s
U et \ G ru’fm;)i@
(ke L) S0 \F
& 1 -z * k+§_1 _l) 2z 2r,s—22,0 K
x Z(_ ) l nts—1 Q ¢n 1 ( 75)
=0 (5= -1

From relation 1’ we conclude

[ KN EBOE) m(dB)
A(n,k)

n—k+1

2z (k—DTELHD )
:'Yn,k,k 1]:‘(" k‘-‘r5+1> P(n

2=0 \?
With
n— 2\ I(2=5t) (n—2)!  T(2=5H)
k. 1_<k—1> 21 (n—k-D(k—1)! 2n
we get

[ 0B E) m(ar)
A(n,k)

C(n—2)! T(2=kE) T(BL) (s
T (%) (n—k— 1)l (k- 2)! o (sl (nohistl

x ZO @F(’“*;—l —2)0("5E + 2)Q76, 7 (K, B).

Legendre’s formula applied three times gives

IR CONCOINEE SNy
X Z (i)r(’”;l — z)f‘( )Qz¢rs 2z, 0( ,ﬁ),
z=0

which confirms the coefficients for even s.
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On the other hand, if s is odd, then Lemma yields

s—1

28l (p —1)! = m!l'(5 —p—m+1)
§+1
1 s+1 1
= — —]_ 2 P
23l' < mz: m!F(% —p—m+1) (=1) (st —p)!F(%)
ﬁ s+1 1 s+l 1

:2wm>zn0‘”2pvf<s+zm@“ o YT R

which can be further simplified as

s—1 ™ 1
T=(D= %wé—mwﬂihm¢ w Y

1
2571(s = 2p) (552 — p)Ul(p — 1)
1, 2(5+1) (
V(s — 2p)s!

Hence, we obtain

s—1 s—1

2 2k — L5 4+1) A& 2 - L1
sy S = 2 Z Z —
1=0 VT 1=0 p=l g=(z—p)*+ (s = 2p)
1
= s—2p p—i—q—lF 1
()0 )(z-z><q+z>
T - q)F(%+p—l)F(L5'“+Q)
L —p) T +p+a—1)

This yields

[ 0B SN E) m(ar)
A(n,k)

ek sfl

ST QK B)

z=0

Lt ltptg—z 1 5571 p\(s—2p
X§§q<z>+ wl)00)

X<p+q—l>r(q+1)F(k+s+1 p—g) T +p—DI(%5E +9)
z—1 (M —p) (" Hptga—])

[

L(5+1)

T 2
F(n k+s+1)

= Q(k - 1)7n7k,k—1
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With

[n—2\T(e=kHy (n—2)! ("5
Tn,kk—1 = E—1 o (n—k—1)(k—1)! 2

we get

[ 0 ESNE) m(ar)
A(n,k)

n—k—3

n—2)! w2 F(n k+1)1—‘( +1 z 1T,8—22,
- (n—k:(—l)!()k—Z)! I (n=htstl) ZQ il (K )
x ZZ Z

erem ()00
120 7= = (o0 )+ (s—=2p)\ p l 2q z—1

Mt —p— ) DAL +p - DI(25E + )
[(otstl — p) N2t +p+qg-1)

x T'(q+ %)

We denote the threefold sum with respect to [, p and ¢ by R. Hence, R multiplied with
the factor in front of the sum with respect to z equals xy, 1 s .. A direct calculation for R
still remains an open task. However, for the proof this is not required.

Finally, if s is odd we calculate the only so far unknown coefficient x,, j, 5 (s—1)/2. For z =

(s — 1)/2 we see that the sum over g only contains one summand, namely ¢ = (s — 1)/2 — p.
Hence, we obtain

_ g | P\ys (%5 +p— LGt —p)
BTG (0 ()0 o

_ & e (5 L. Dkl ) o P\ +p =)

_r<g+1>pzo<_1>z (;>r<2—p> T(EEE ) g(_l)l<l>r(r€*s—l—1)'

a
oo DG+ DICrebe= & 0 (51 TG —p)
= r n+s 1 Z( ) T n—+s+1
( 2 ) p=0 p ( D) p)
s—1
_ DG DPEEOICEEEY o g (5H) LG +2)
(s —1) =0 p )JI(5+1+p)
Again, we apply relation (B.1’) and obtain
o r T DICEY Tesgrehiet)
M) T(g - R
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Thus, we conclude

; B (n—2)! 7 T(n=kE (s 4 Do
nks St T (n =k — 1)I(k — 2)! T(n=kfet)
k

!T(5 + (55 D=5 (n+s—2)0(5+1)
reely (k=20 (n—k—1!'(n—k+s— ()

Applying three times Legendre’s formula gives

n—k—1 Qk(n +s— 2) F(%) F(% + 1)
s—1 = T 2

3 (n—1)(n—k+s—1) (k) T(vtsHy’

which completes the argument. O

Next we prove Theorem As in the previous proof, one can compare the Crofton
integral to the global one obtained in [15, Theorem 3]. However, we deduce it directly from
Theorem

Proof of Theorem 8.12. Lemma yields

s L2

or,s,0 - F(ﬂ _ m) 1
Jrny G070 VBB 0 B) i (AB) = (- ( >4m a0

)m 01=0

/ QE)Y™ @5 (K A B, 81 B) ju (dE).
A(n,1)

X

If s € Ny is even, we conclude from Theorem

/ oK NE,BNE)u(dE)
A(n,1)

Tl P —m)
( OZ ( >4mm!(s—2m)!

> ;
(sl s _
(2) ( )Z( 1)Z<2Z l) 1 Q77z¢r2z0(K7I8)'

FF(” S‘H ) 1-—22

A change of the order of summation yields

/ o0 (K NE, BN E) pi (dE)
A(n,1)

77 sl DL —m)
= n+s ZZ < >4m 2( 2m)!

lOml

nyp(stl _ gy 37 s _
Xi(rQ()ri(sfl_ )Z<—1)z<2 l) 2290 (K, B).
2 =
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Legendre’s duplication formula gives for the sum with respect to m, which we denote by S

.y m 1
I Jm!I'(5 —m+1)

——l
1
m!l“(% —l—m+1)

251‘

As seen before, we conclude from the binomial theorem

Hence, we obtain
| KN EB0E) i (E)
A(n,1)

On the other hand, if s € N is odd, we conclude from Theorem

[ 0 B0 ) maE)
A(n,1)

s,

F(% —m) (m) 5
T )

T (%)s Ui
- T2 TGS Z
rege) = = 4m ml(s —2m)!\ [ 5

A change of the order of summation yields

| KN E 80 E) m(E)
A(n,1)
s—1 s—1 11
(_1)m—l F(T — m) m
4mml(s —2m)!\ 1

[t — )

) PG oIHD ot o, gy,

_ I
i

Legendre’s duplication formula gives for the sum with respect to m, which we denote by S

5*171
JF 2 1
= s]1 Z (_1)7” (s 7] — :
25| mIT(5 — 1 —m+1)
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Then Lemma yields

ﬁ( 2 1 s+1_y 1
S = (=™ 5 —(=1)z )
25 mZ::O mID(5 —1—m+1) (=2 - DIn(3)
B ﬁ<(_1)s;1_l 1 _ (_1)342-1_1 1 )
28] V(s = 2052 - )t V(e — 1)
s—1 ].
=(-1)=z .
. 25~ 1l(s — 20) (52 — 1)!
Hence, we obtain
[ N E BN E) ()
A(n,1)
(sl & (-0
w2 I s=1_ 1 NG s=1 21,0
= ()7 i Q= 9,1 (K, B)
25T () & T ) !

__mrg)st ¢ SN TU4+3) oo
- zsr(L);( )l_o(_l)l< . >n+22Q 7 0n-1 (K B).

Then relation 1) gives

/ oK NE,BNE)u(dE)
A(n,1)

n 1
s! 2 I'(3) s=1 27.1,0
~ 2T F(”““)F(’%)

Now the assertion follows from Legendre’s duplication formula.

O]

Finally, we show that the Crofton formula has a very simple form in the -representation

of tensorial curvature measures, which is stated in Corollary

Proof of Corollary(8.13. The cases s € {0,1} are checked directly, hence we can assume

s > 2 in the following. Using we get

/ V(K N E, BN E) i (dE)
A(n,k)

1 L;J(_l)j<3>F(j+;)F(g+8_j—1)Qj

r'g+s—-1)

x [ GO 0 E 80 E) m(dE).
A(n,k)

(8.14)
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Then, for k # 1, Theorem yields

| G OB E) m(dE)
A(n,k)

:1Z(_l)j<s.>l“(j+%‘zf‘(g+s—j—1)

T 2j 5+s—1)
l5]-3
X Z Rn,k,s— 2sz2+]¢rs - 2ZO(K B)
z=0
_LL%J LSJ(_I)j< )F(]—i— (G +s—7—-1)
T 2j I(§+s—1)

X Kn k,s—2j,2— ]Qz¢rs 2Z0(K76)7

where

k—1 72 0(2)  TEE - HIE—j+1)
—k

3
Kn,k,s—2j,2—j = n 1T %)F(L) F(n—k+s+1 _j)]:w(n-i-;—l —]>

if z # (s —1)/2. On the other hand, if z = (s — 1)/2, then the coefficient needs to be
k(n+s—2j—2)
(k=D (n+s-2j—1)

Applying Legendre’s duplication formula twice, we thus obtain

multiplied by the factor (see the comment after Theorem [8.11)).

| RN E, 0 E) pdE)
A(n,k)

n7k+1 J _
n—1 r<§>r<*’6> 2 24 0(5 +s - DI(3 — 2+ 1)
XZ ()r( +s—y—1)r("7*k+z—j)
p(% _])F(%S—l —7)
_ s—1 k(nts—2j—2)
. (1—1{2—%}(1—W))»
Denoting the sum with respect to j by S, an application of Lemma shows that

: (2\T(5+s—j— D" +2—)
S, = (_l)j ( > 2n— s : n2 5— ;
2 j) TR — p(es=l —

NM

7)

(DD (E=)0(g + s — 2 — 1)

2
F(n—k—{s—i—l)r(n—&—s 1) (5—51 _ Z)F(k+§_1 . Z)’

(8.15)

for z # (s —1)/2 and k£ > 1. On the other hand, for z = (s — 1)/2 =: ¢, we obtain from
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Lemma and Lemma (since s > 1 and thus ¢ > 0)

- t e r(2 +2t—j)lj(nfk+t—j)
Sy = % Z(_l)J (]) (1 - n+2}:_2j) F(” +t—j+ 1)F(% +t—7)

. B (5 +2t = HT("F" +t —j)
_k_1<Z( 1) <j>Fn +t_j+1)r(§+t—y)

(
Lot . T(R+2t—j)
-2 (=1 <]> 2k+tjr(g+t—j+1>>

which coincides with (8.15) for z = (s — 1)/2.

Thus, we have

| U N BB E) u(dE)
A(n,k)

—k+1
2

_ k-1 = NN I N )
n—1 P(%)Iw(n—k-&-s-l-l)r(n—&-;—l) 9s

Ny +s—z—1)

z Ir,s— 2z0
xz le 2 +s— DI -2+ )F(s? )Q (o (K, ).

Applying Legendre’s duplication formula twice, we get

/ DUO(K N E, BN E) py(dE)
A(n,k)

k1w J“r(2)r(k+8 L (s$L)
_“—1F(§) (n=kistlyp(nts=l)
L% z 1 S —Z —
z:: <22> ( +lzzg( :__1) )Qz¢rs 220( 76)

With we obtain the assertion for k # 1.
On the other hand, if ¥ = 1, then Theorem yields for (8.14) that

/ 050K O B, 80 E) u(dE)
A(n,1)
R0
INCOINCETFESIE
( i

TG bsmgot J +3)
F<§+L—1J—j>

r,6—2| 35|

2 Qlsl g 220k ).

Denoting the sum with respect to j by S and applying Legendre’s duplication formula
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three times, we conclude that

L5) '
e ey (B DG s =i 1)
S = /xl(| % J+2)j:0( 1)J<§>p(g+f§1j—j)'

Since s > 2, relation 1) yields S = 0 due to lb and hence the assertion. ]






APPENDIX A

BASIC INTEGRAL FORMULAE

In this chapter, we recall various integral formulae, which are known for some time and
have been applied several times in different works on integral geometry.
A Dbasic tool in this work is the following integral geometric transformation formula,

which is a special case of [85, Theorem 7.2.6].

Lemma A.1. Let 0 < j < k < n be integers, F € G(n, k), and let f : G(n,n—k+j) > R
be integrable. Then

/G(nn k+3) FE) Vnoiess (AL) = /G(F,j / Un k+j)[F’ LY J(L) v ki (AL) V) 7 (au)

with
1:[ %)F(n k+]+1)
n,j,k i n k+1)
=1 2 2

The preceding lemma yields the next result, which is again an integral geometric
transformation formula (which is required in Chapter |4 and Chapter . It can be used to
carry out an integration over linear Grassmann spaces recursively. Here we (implicitly)

require that n > 2.

Lemma A.2 ([51, Corollary 4.2]). Let u € S*~* and let h: G(n, k) — T be an integrable
function, where and 0 < k < n. Then

h(L) v (dL / / dh-1(] _ 42y k=2
/G(n,k) ( )Vk( ) 2‘*}71 G(ut,k—1) Utnulnsn—1 ‘ ‘ ( )
x h(lin{U, tu + /1 — 2w}) "+ (dw) dt v, (dU).
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The following lemmas can be derived from Lemma (for proofs see [84] (24)], [51]
Lemma 4.3, Proposition 4.5, and Corollary 4.6]).

Lemma A.3 ([84, (24)]). Let s € Ny and n > 1. Then

/ u® H" 7 (du) = 1{s even} o ¥nts Q2.
Sn—1 Ws+41

The next lemma is used in the proofs of Lemma below and Lemma [4.5/in Chapter

Lemma A.4 ([51, Lemma 4.3]). Let i,k € Ng with k <n and n > 1. Then

/ Q(L) v(dL) =
G(n,k)

In Lemma we interpret the coefficient of the tensor on the right-hand side of the
equation as 0 if k =0 and ¢ # 0, and as 1 if K = ¢ = 0. This follows from relation and
fits the value of the integral on the right.

The following lemma extends Lemma (but the latter is used in the proof of
Lemma . It will be needed in the proof of Proposition in Chapter |4| (of which
Lemma in the case a = 2 is a special case).

Lemma A.5 ([51, Proposition 4.5]). Let a,i € Ng, k,7 € {0,...,n} withk+r>n>1,
and let F € G(n,r). Then

a % _ F(n—i—a) . _1\8 ? k+a .
/G(n,m[F’ QN ldl) = ensna (3 +?)F(%) 5:0( Y <5>F(k§ Hed
P+ BLG+HDIE) igay s
TG arGg s C o)

with

€nkora =

Proof. Although this lemma is stated in [51, Proposition 4.5] only for k,r > 1, it is easy to
check that it remains true for £ =0 (and » = n) and for r =0 (and k = n) with n > 1 as
well as forn=k=r=1.

The only non-trivial case that has to be checked concerns the assertion for kK =0, r =n
and ¢ > 1, where we have to show that the right side is the zero tensor. For this we

can assume that a > 0, since the case a = 0 is covered by Lemma Up to irrelevant
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constants, the factor on the right side equals

~ (Va1 r(3 +5)
2 (5)“2* ECE )

B < i rg+p
=) Z(_l)ﬂ<ﬁ) F(%+21—¢+6) =0

which follows from relation (B.1’), since I'(1 — i)~t=0fori>1. O

Interestingly, the sum representation of the integral in Lemma simplifies significantly
for the special choice of a = 2, as in that case the factor I'(§ + 1 — B)~! equals 0 for all
B > 1. Therefore, we state this result in a separate lemma, even though it is an immediate

consequence of the preceding lemma.

Lemma A.6 ([51, Corollary 4.6]). Let a,i € Ny, k,r € {0,...,n} withk+r >n>1, and
let F € G(n,r). Then

k! L%+ 1k +9)
nl(k+r—n)!T(% +i+ DI(5+1)

x (5 +0Q +ik2Q1Q(F)) .

| IR LPQU) mdd) =
G(n,k)

In Lemma we interpret the second summand on the right-hand side of the equation
as 0, if ¢ = 0, which is consistent with [51, Lemma 4.4]. If » = 0, we also interpret the
second summand as 0 and the integral on the left equals Q. If k£ = 0, we interpret the
right side as 1{s = 0}, since we read I'(£ +4)(% +4) for i = 0.

We conclude this chapter with the following integral formula (see [51, p. 503]), which
is a special case of [72, Theorem 3.1] and is required in the proof of the intrinsic Crofton

formulae.

Lemma A.7. Let P € P" be a polytope and 0 < j < k < n. Let further L € G(n,k) and
g:R" x (S !N L) = T be a measurable bounded function. Then

L./ gla,u) A (P 1 Ly, () HH ()
Lt th(LﬁSnfl)
1

o gz, mr(w) [pL(w)|l?[F, L H*(d(z, ).
k=3 FeF, i, (P)

/F><(N(P,F)OS”—1)






APPENDIX B

ExpLICIT SUM EXPRESSIONS

In this chapter, we establish closed form expressions for sums which are required in the
preceding parts. All of them can be proved using special relations obtained by application

of Zeilberger’s algorithm (see [70]).

Remark. The results in this chapter have already been published or submitted in different
works. Lemma and Lemma can be found in Kinematic Formulae for Tensorial
Curvature Measures, a joint work with Daniel Hug, submitted in 2016 (see [53]). Lemmal(B.3]
Lemma B.4]and Lemma[B.5|can be found in Crofton Formulae for Tensor-Valued Curvature
Measures, a joint work with Daniel Hug in the lecture notes Tensor Valuations and their
Applications in Stochastic Geometry and Imaging edited by Kiderlen and Vedel Jensen (see
[54], which is Chapter 4 in [58]).

Lemma B.1. Let g € Ny, b,c € R. Then

~ (4 1  T(h+c+qg-1)
yzo <y> Tb+ylc—y) TETb+qT(b+c—1) (B.1)

In this work, we often use a consequence of Lemma With (2.2) we obtain for a > 0
and b € R the relation

q g\I'(a+y) T(@IL(b—a+q) /
y;)(—l)y <y> T(b+y) Tb+qT(b—a) (B.1)

which can be found as Lemma 15.6.4 in [1] under the additional assumption a < b (and

thus b > 0). Since this case is not sufficient for our purposes, we deduce the current more
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general version via Zeilberger’s algorithm.

Proof. For the proof, we can assume that b, c ¢ Z. The general case then follows from a

continuity argument. We set

— (¢ 1
Flaw:= <y> IR

Then we have F(q,y) =0if y ¢ {0,...,q}. We set
q
fl@)=> Flqg,y), q€No.

y=0

Furthermore, for q,y € Ny we define

vru=D) p(q,y), for y € {0,..., ¢},
G(q,q9) — (b+q)F(q+1,
Glgy) =4 C@0) =0+ aFg+1,q)
+(b+c+q—1)F(gq), fory =q+1,
0, for y > q+ 2.

A direct calculation yields
—(0+q-DF(qy) +(b+c+q-2)F(g—1,y)=GCGlg-1Ly+1) - Glg—1y)
for y € Ny and ¢ € N. Summing this relation for all y € {0,...,q} gives
—(b+q¢—-1Df(@)+(+c+q—2)f(g—1) =0,

and thus recursively

b+c+qg—-3)(b—a+qg—2)

(b4 c—1)---(b+c+q—2)
B b---(b+q—1) 10)
_T(b+c+q—-1)I(D)
Tt grore—1) O
With f(0) = W we obtain the assertion. O

The next two lemmas can also be proved with the help of Zeilberger’s algorithm. We,

however, show the closed sum expressions in a shorter, more direct way.
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Lemma B.2. Let o, 8,7 € N, 0 < j <n. Then

® o fs\ (i \[i—2x i
2 () e
— (2(1) (S _Oé2x> 2257417204(1 - Z2)2x+a'

Proof. We start with an index shift

F ) () e

_ (1 _ 22)2x+a S’sz’a (i+2i+a> (z —1—222—1— oz) <i4c;oz> (22 B 1)1"

=0

It is easy to check that

o) (702 = 0) ()07

Then the binomial theorem yields
—2r— .
s zx: o (8 — 2 — CV) (22 B 1)7, _ 25 dr-2a
, i ’
=0
and thus the assertion. O

Lemma B.3. Let a € Ny. Then

e
2 a—q+Da ~ VAl 2ajal

q=0

Proof. For the sum S on the left-hand side of the asserted equation, we obtain

g~ (_2 (—1)4 2q + 2 (—1)4
2a—1T(a—q+3)g!  2a—1T(a—q—3)(g+ 1))’

where we use that (—1)['(—3) = /7. Due to cancellation in this telescoping sum, the

assertion follows immediately. O

Lemma B.4. Let a,b,c € R and z € Ny witha >z >0 and b > 0. Then

2 (2 Tla=H)rk+z-yj)

;(_1)j<j)F(C—j)F(a+b—c—j+1)

(—1)7 I'(a — 2)I'(b) ['(a—c+1) ['(c—b)
Ta+b—c+)(c)T(a—c+1-2)T(c—b—2)
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The factor I'(a — ¢+ 1) (resp. I'(c — b)) in Lemma does not cause any problems for
c¢—a € N (resp. b—c € Np), as the also appearing I'(a — c+ 1 — 2) (resp. I'(c — b — 2))
cancels out the singularity. On the other hand, in our applications of the lemma, we only

need the cases wherea —c+1 > zand ¢—b > z.

Proof. We set

z) Ia—j)T'(b+2—-7)

for j € {0,...,z}, and F(z,7) = 0 in all other cases, and
f(z) =) F(z7).
=0

Furthermore, we define the function

e (5, ), for j € {0,..., 2},
Gl ) G(z,z)+(a—z—1)F(z+1,2)
Z,J) =
+c—b—z—1)(a—c—2)F(z,2), for j =z +1,
0, otherwise.

A direct calculation yields

(a—2)F(z,j)+(c—b—2)(a—c—2z+1)F(z —1,j)
=G(z—-1,7+1) - G(z—1,7)

for j € Ng. Summing this relation over j € {0,...,z} gives
(a—2)f(z)+(c—b—2)(a—c—2z+1)f(z—1)=0

and thus

_(e=b—2z)(c—b—z+1)(a—c—z+1)(a—c—2+2) .
J(z) = (@a—2)(a—z+1) J(z=2)

_ (~q)pLle=b(e—c+ 1)l —2)
B L(c—b—2)(a—c+1—2)(a)

£(0),

where
I'(c—0)

m:(c—b—z)'--((z—b—l)
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is well-defined, even for b — ¢ € Ny, and a similar statement holds for % With

L'(a)l'(b)
FO = rorato-ct1)

we obtain the assertion. O

Lemma B.5. Let a,b € R with a,b >0 andt € N. Then

Fla+1+j) Tl@-b+1Ib+t+1)

zt:(_l)j 1 <t> Lla+t+j) Tla—b+t)TO)T(E+1)
= b+j\J
7=0

The factor I'(a — b+ t) in Lemma does not cause any problems for b —a —t € Ny,
as the also appearing I'(a — b + 1) cancels out the singularity. In our application of the

lemma, we will additionally know that a > b.

Proof. We set

F(t.d) = (-1) 1 (t)I‘(cH—H—j)

b+ji\j/T(a+1+j)
for which we see that F(¢,5) =0if j ¢ {0,...,t}, and
t
F(t) =3 F(t,)).
§=0
Furthermore, we define the function

j(a+j)(a4+-2t+1)(t2+t(a+1)—j+1)(b+j . .
ey t(t—j—&—%g(a—‘,—t()(a-i-%-‘ri) " J)F(tvj)a for J e {Oa s 7t}7

G(t,t) — (b+t+ 1)F(t+1,t)
+(t+1)(a—b+t)F(t, 1), for j=t+1,

G(t,7):

0, otherwise.

A direct calculation yields
—(b+t)F(t,j)+tla=b+t—1)Ft—1,5)=G({t—-1,7+1)—-G(t—1,7)
for j € Nyg. Summing this relation over j € {0,...,t} gives

—(b+ ) +tla—b+t—1)f(t—1)=0
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and thus
(t—Dtla—b+t—2)(a—b+t—1)
t) = t—2
1) b+t—1)(b+1) 1 )
B Ft+D(a—b+t)T(b+ 2) £(1)
- Tla—-b+1T(b+t+1) '
With
1 1 1

ﬂnzé_b+1:bw+n

we obtain the assertion.
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