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Abstract

In this work, we present a new method of computation that we call zonoid calculus. It is based
on a particular class of convex bodies called zonoids and on a representation of zonoids using
random vectors. Concretely, this is a recipe to build multilinear maps on spaces of zonoids from
multilinear maps on the underlying vector spaces. We call this recipe the fundamental theorem
of zonoid calculus (FTZC).

Using this and the wedge product in the exterior algebra we build the zonoid algebra, that is a
structure of algebra on the space of convex bodies of the exterior algebra of a vector space. We
show how this relates to the notion of mized volume on one side and to random determinants
on the other. This produces new inequalities on expected absolute determinants. We also show
how this applies in two detailed examples: fiber bodies and non centered Gaussian determinants.
We then use FTZC to produce a new function on zonoids of a complex vector space that we call
the mized J-volume.

We uncover a link between the zonoid algebra and the algebra of valuations on convex bodies.
We prove that the wedge product of zonoids extends Alesker’s product of smooth valuations.
Finally we apply the previous results to integral geometry in two different context. First we
show how, in Riemannian homogeneous spaces, the expected volume of random intersections
can be computed in the zonoid algebra. We use this to produce a new inequality modelled
on the Alexandrov—Fenchel inequality, and to compute formulas for random intersection of real
submanifolds in complex projective space. Secondly, we prove how a Kac-Rice type formula can
relate to the zonoid algebra and a certain zonoid section. We use this to study the expected
volume of random submanifolds given as the zero set of a random function. We again produce an
inequality on the densities of expected volume modelled on the Alexandrov—Fenchel inequality,
as well as a general Crofton formula in Finsler geometry.
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Introduction

Introduction

The word calculus comes from the latin for pebbles, in its most general sense, it denotes “a method
of computation or calculation in a special notation” [65]. In this work, we present a new “method of
computation” involving special convex-shaped pebbles called zonoids.

In this introduction, we will give a general idea of the work presented here and give the main results
and ideas. The statements of the results are sometime simplified to be readable here. When in doubt,
the reader should always refer to the proper statement that is in the text.

Zonoids

Zonoids are a particular class of convex bodies. They are limits of special polytopes called zonotopes
that are finite Minkowski sum of segments, i.e. centrally symmetric polytopes with all faces centrally
symmetric, see Figure 1, a precise definition is given in Section 1.2.1.

Figure 1: A sequence of zonotopes and its limit: a zonoid.

Zonoids appear in different context in convex geometry, historically with the projection body [0,
Section 10.9] and Shephard’s problem [80, Section 10.11]. But also in many other domains such as
statistics with the lift zonoid [50, 67|, probability [66, 86], quantum information theory [13], control
theory [94], and even physics of solids [59].

In particular zonoids are deeply linked with integral transforms and measure theory. Indeed there
is a bijection between the non negative measures on the unit sphere of a Euclidean space V and the
zonoids in V (up to translation). This bijection, called the cosine transform, associates to the dirac
delta measure supported on the points £ and of total weight » > 0 the segment (r/2)[—z,z] and
then is extended by linearity where the sum on the space of convex bodies is the Minkowski sum. This
connection is explained in detail in Section 1.2.3.

In this work we advocate for another point of view introduced by Richard Vitale in [86] that uses
random vectors. If X is a random vector in V that admits a first moment and X1,..., Xy,... are iid

7
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copies of X then one can construct the Vitale zonoid associated to X as:
. 1
E[0, X]:= lim N ([0, X1] 4+ -+ [0, Xn])

where the sum is the Minkowski sum (Definition 1.1.4). One can show that all zonoids can be obtained
in this way (Proposition 1.2.30), we explain this construction in detail in Section 1.2.2. Although the
correspondence between random vectors and zonoids is not one to one, it allows more flexibility than
the measures on the sphere. This flexibility will allow to build algebraic structures on the space on
zonoids and introduce the zonoid calculus. Moreover the simplicity of this point of view will allow to
do computations sometime rather easily.

Zonoid Calculus

The main result in this context is the Fundamental Theorem of Zonoid Calculus (FTZC, Theo-
rem 2.1.16), this is a joint work with Peter Biirgisser, Paul Breiding and Antonio Lerario [26]. It
allows to build multilinear maps on the spaces of zonoids from a multilinear map on the underlying
vector spaces, this is based on a tensor product of zonoids that apppears in [13].

We denote by 2 (V) the space of zonoids in V, the precise definition is given in Section 1.2.

Theorem 2.1.16. Let M : Vi x --- x Vi, = W be a multilinear map between finite dimensional real
vector spaces. Then there exists a unique continuous map

M:Z(Vy) x - x Z(V;) = Z(W)

that is linear in each variable and that is such that for every x1 € Vq,...,z € Vi we have

—

M([O,Z‘l},. cey [O,Ik]) = [O,M(xl, “en ,l‘k)].

Note that the actual statement of Theorem 2.1.16 involves the centered segments 3 [—x;, z;] rather
than [0, z;], the map is then extended to the non centered case in Definition 2.1.17. We omitted this
subtlety here to increase readability.

There is nothing mysterious in this construction: the hypotheses and multilinearity determine the
map on finite Minkowski sum of segments, namely zonotopes, then if we show that this is well defined
and continuous, it determines the map on zonoids. In fact this idea may have been implicit or hidden
in some argument involving zonoids in the past. However, having it explicitly stated like this is of
great help and allows to uncover this construction in already known convex geometry operations as
well as building new ones.

For example, if we consider the multilinear map

det : (R™)™ - R

then it is not difficult to show (Theorem 2.2.6) that for all zonoids K7, ..., K, in R™, we have that
cTe\t(Kl, ..., Kin) C Ris a segment of length m!MV (K7, ..., K,,) where MV denotes the mixed volume
(Proposition 1.1.22).

A less trivial example is given in Section 2.5 where we explain, in a joint work with Chiara
Meroni [61], how the construction of fiber bodies, a generalization of the fiber polytopes introduced
by Louis J. Billera and Bernd Sturmfels [22], falls into the framework of zonoid calculus and FTZC.

Theorem 2.5.22. The fiber body of a zonoid is a zonoid. If K is a zonoid in R™**™ then
F.(K,...,K)=(n+ 12, (K)

where Y denotes the fiber body with respect to an orthogonal projection w : R"™ — R™ (Defini-
tion 2.5.2) and Fy is defined in Definition 2.5.21.
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This allows, for example, to give a new explicit formula for the fiber body of a zonotope in Corol-
lary 2.5.23, that generalizes a formula for the fiber body of a cube [22, Theorem 4.1].

The map M behaves well under the Vitale construction as it satisfies for independent random
vectors Xy,..., Xk, .

M (E[0, X4],...,E[0, X]) = E[0, M(X1,..., Xk)].

Together with the example of the determinant given above, this allows to link random determinant
and convex geometry, generalizing what was done by Richard Vitale in [86]. In a joint work with Peter
Biirgisser, Paul Breiding and Antonio Lerario [26] we show the following.

Corollary 2.2.26. Let 1 < k < m, let Xq,..., X be independent integrable random vectors of R™

and let M = (Xq,...,Xy) € R™*k be the random matriz whose columns are the vectors X;. We have
!
Ev/det(MIM) = — MV(E[0, X1], ..., E[0, X3, Bum[m — k])

(m — k) km—t

where B, := B(R™) is the unit ball, By,[m — k] denotes that it is repeated m —k times in the argument
of the mized volume MV and Kpy,—p, := voly— g (Bm—k)-

The application of zonoid calculus to absolute random determinants is explained in Section 2.2.3.
In particular, applying the Alexandrov—Fenchel inequality (Lemma 1.1.25) we get the following new
inequality for random determinants.

Corollary 2.2.29. Let X1, X, X2, X}, Y1,..., Yo be independent random vectors of R™ that admit
first moments and such that X1 and X7, respectively Xo and X}, have the same law. We have

(E‘ det(Xl, XQ, Yl, e ,Ym_2)|)2 Z (E| det(Xl, X{,Yl, . ,Ym_2)|) (]E| det(XQ,Xé,Yl, e ,Ym_Q)D .

And similarly for the Brunn-Minkowski inequality, see Corollary 2.2.28.
In Section 2.6 we study this in the context of Gaussian vectors. Studying the Vitale zonoid asso-
ciated to a non centered Gaussian vector, we can show that it is very close to an ellipsoid.

Theorem 2.6.7. Let ¢ € R™ and let £ be a standard Gaussian vector in R™. There is an ellipsoid
E C R™ such that
bool CE[0,6+¢] C &

where boo 1= min {peo (cos(t),sin(t)) |t € [0, 27} ~ 0.989..., with v defined in (2.6.5).

The ellipsoid is precisely defined in the proper statement of Theorem 2.6.7 below and estimates and
asymptotics of its volume are computed. Moreover, applying this to random determinants, it gives an
estimate of the expected absolute determinants of a non centered Gaussian matrix in terms of mixed
volume of ellipsoids which corresponds to the centered case and was proved by Zakhar Kabluchko and
Dmitry Zaporozhets in [46].

Theorem 2.6.13. Let 0 < k < m and let Xq,..., X € R™ be independent non degenerate Gaussian
vectors and consider the random matriz T' := (X1,..., Xk) whose columns are the vectors X;. There
are ellipsoids &1, . ..,Ek such that

(boo) ¥ Cm kMV (€1, . . ., Ex, Biu[m — k) < Eo/det (T'T) < i MV (&1, - ., Ek, By [m — K))

where Bpy,[m — k] denotes the unit ball B,, C R™ repeated m — k times in the argument of the mized

volume MV and o, i, = (27r)k/2(n71nik)!n —-

All these results can be seen as operations in an algebra that we construct and call the zonoid
algebra. Given a real finite dimensional vector space V it is defined as

o (V) = é Z(A*V)
k=0
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with the sum being the Minkowski sum and the product is constructed from the wedge product in the
exterior algebra of V and using FTZC:

A Z(ARV) x Z2(AV) - 2 (AR,

In practice, using the Vitale construction, this product, that we call wedge product of zonoids, satisfies
for X,Y independent random vectors:

(E[0, X]) A (E[0,Y]) =E[0,X AY].

The zonoid algebra is introduced and explained in Section 2.2. Note that this is not properly
speaking an algebra since the Minkowski sum doesn’t have an inverse. However, it is not difficult

—

to embed algebraically the space of zonoids Z'(V) into a vector space 2 (V) via a Grothendieck
construction. The space Q/p\(w), that we call the space of virtual zonoids, consists of formal differences
K — L with K,L € 2°(V). This construction is purely algebraic and in particular does not give any
topology on the vector space of virtual zonoids.

There are, for zonoids, essentially two ways to realize 3/”\(\7) as a topological vector space. The first
one is to embed it as a subspace of the continuous functions on the sphere with the help of the support
function. The second choice uses the correspondence between the zonoids and measures on the sphere
to identify the space of virtual zonoids with the space of even signed measures on the unit sphere. We

have two maps:

h: Z(V) = C(S(V)) e Zo(V) = M(S(V))
K*L*-)hthL K*Li—),u](flLLL

where the subscript in 2 indicates that we consider centered zonoids (i.e. with the center of sym-
metry at the origin) and hg is the support function of K and pg its generating measure. When on
Ceven(S(V)) we consider the topology given by the supremum norm |||/ and on M(S(V)) the weak-x
topology we get two different topologies on the space :@%(V) that both coincide, on the cone of zonoids
Z (V) C :@%(V), with the standard topology given by the Hausdorff distance.

Having a vector space can come handy and allows to use the tools of linear algebra. However
topological considerations here are very subtle and one should be careful when making continuity
statements. See for example Proposition 1.2.54 that summarizes some continuity and non continuity
properties of the cosine transform (which corresponds to the passage from measures to continuous
functions in the above identification).

Nevertheless, we show that Corollary 2.2.26 is a particular case of a more general statement in the
zonoid algebra.

Theorem 2.2.24. Letcy,...,c, € N such that ¢ := c1+...4+cp <m, let X1 € R™>*1 X, € RM™*¢
be independent and integrable and let M = (Xy,...,Xy) be the random m X ¢ matriz whose columns
are the matrices X;. Then we have

E/det(MM) = £(E[0, Yi] A~ - AE[0, Yi])

where £(-) is the length or first intrinsic volume (Definition 1.2.31) and Y; is the random vector in
A% R™ that is the image of X; under the map R™*¢ — A%R™ that maps (X1, ...,2T¢,) to x1 A+ A2,
for all zq,...,2., € R™.

There is a particular subalgebra of the zonoid algebra where most of the future computations
will take place. Recall that the Grassmannian of k& dimensional vector subspaces of a vector space
V, denoted G (V), embeds in the projective space of A*¥V via the Pliicker embedding. Thus signed
measures on the Grassmannian Gp(V) can be seen as a subspace of the even signed measures of
S(AFV).

Zonoids in A¥V that have as generating measure a measure supported on the Grassmannian G (V)
will be called Grassmannian zonoids. It is not difficult to see that they form a subalgebra of o7/ (V)
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that we call the Grassmannian zonoid algebra or simply Grassmannian algebra. One may think of it
as a product structure on the spaces of (signed) measures on the Grassmannian, although it is good
to keep in mind the point of view of random vectors, where the expression for the (wedge) product
is rather simple. We introduce and study Grassmannian zonoids in Section 2.2.2. We derive a few
formulas and lemmas that will be useful in the next chapters. In particular Lemma 2.2.17 for the
computation of length in the Grassmannian algebra that will be extensively used for computations in
the last chapter.

Finally, in a complex vector space C" = R?" we consider the (real and complex) multilinear map
complex determinant:

detc : (R™)" = (C")" —» C =R~

Mimicking the relation between mixed volume and real determinant, but this time with complex
determinant, we define a new function on zonoids of C™ that we call the mized J-volume (here J refers
to the complex structure) and that is given for all Ky,..., K, € Z(C"), by:

1 —~
MV (Koo Ky o= — (detc(Kl, . ,Kn))

where £ denotes the length or first intrinsic volume. The J-volume of a zonoid K € Z(C™) is then
defined to be vol! (K) := MV/(K, ..., K).

It is not difficult to prove that the mixed J-volume shares some similar symmetries with the classical
mixed volume. In fact when restricted to a Lagrangian subspace it is equal to the classical volume.
In general, however, they are different, indeed note that the mixed J-volume takes n arguments in a
space of real dimension 2n.

The mixed J-volume shares many similarities with another function of degree n on convex bodies of
C™ called Kazarnovskii’s pseudo volume. However similar, we show that, surprisingly enough, they are
not the same. In fact we show in Section 3.1.2 that the mixed .J-volume, defined on zonoids, extends
to polytope but does not extend continuously to all convex bodies. We introduce and study in detail
the J-volume in Section 2.3.

Valuations

A waluation on convex bodies is a map ¢ defined on convex bodies with values on a semigroup such
that for all convex bodies K, L it satisfies

O(K)+ (L) = (KU L)+ (K NL)

whenever K UL is a convex body. Valuations have been extensively studied since the time of Dehn who
solved Hilbert’s third problem using valuations [34]. In this work, we mostly focus on continuous real
translation invariant valuations. McMullen proved that the space val(V) of continuous real translation
invariant valuations on convex bodies of a real vector space V of dimension m decomposes as

val(V) = @ valg (V)
k=0

where valg (V) are the valuations of degree k, i.e. the valuations ¢ such that for all convex body K
and all t > 0 we have ¢(tK) = t*¢(K), see Proposition 3.1.3 below.

More recently, in the 2000s, Semyon Alesker made two major breakthroughs in the study of val-
uations. First he proved in [3] that the spaces valg(V), when further decomposed in even and odd
valuations, is an irreducible representation of GI(V). In infinite dimension, this means that every
invariant subspace is dense. Using this he was able to answer positively to a conjecture by McMullen
about the density of the subspace spanned by mixed volumes.

The second result was the construction in [5] of a product structure on a dense subspace of val(V),
namely the smooth valuations, that turns it into a graded algebra. In Section 3.3.2, we will show that
our wedge product of zonoids can extend Alesker’s product to a larger subspace of even valuations and
that this is a special case of a recent extension constructed by Nguyen-Bac Dang and Jian Xiao in [33].
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The idea is very simple. Given a signed measure p on the Grassmannian G (V) one can construct
an even valuation ¢, in vali(V) by letting, for every convex body K

oK) = [ ol (K|E) du(E)
Gr(V)

where K |E denotes the orthogonal projection of K onto the subspace E € G (V). Recalling that signed
measures on the Grassmnnian correspond to Grassmannian zonoids in the terminology introduced
above, this defines a map ® from the Grassmannian algebra to the space of translation invariant
continuous real even valuations:

K Gy

Next we show that the kernel of this map, which turns out to be the same as the kernel of the cosine
transform IM(k, V), is a closed ideal for the wedge product of zonoids. Thus the wedge product of
zonoids gives a well defined product on the image of ®. It is then not difficult to show that this
extends Alesker’s product of smooth valuations by showing that it is a special case of Dang and Xiao’s
extension. Moreover we show that other operations on valuations, such as convolution and a certain
duality, descend from operations on the Grassmannian algebra. We explain this in Section 3.3 in a
setting that does not depend on the choice of an Euclidean structure.

Theorem 3.3.18. The product defined by the map ® and the wedge product of zomoids extends
Alesker’s product of smooth valuations.

The interest of this point of view is that, with zonoid calculus, the expressions appear simpler.
In fact we show that the valuations in the image of ® take a special form on zonoids. For this we
introduce the exponential of a zonoid, that is given for every zonoid K in V by

m 1
K . Ak
e ._E k!K
k=0

where m = dim V. This is a semigroup morphism between the zonoids with Minkowski sum and the
Grassmannian zonoids with the wedge product. Next, if V is endowed with a scalar product (-, ), it
induces, using FTZC, a bilinear form on the space of zonoids that we denote (-,-). Concretely, with
the Vitale construction, this bilinear form gives for random vectors X and Y:

(EX,EY) = E(X,Y)]

where EX = E[0, X] + 5 {~EX} is the centered version of the Vitale construction. With this, we show
in Proposition 3.3.10 that if A is a (virtual) Grassmannian zonoid with generating measure u, then for
every zonoid K we have:

Pu(K) = (A,").

The author’s hope is that this point of view of zonoid calculus and random vectors will help with
the computation in the algebra of valuations. In the meantime, it certainly helps with the computation
in the Grassmannian algebra. Indeed certain operations, such as taking the length, can be done at
the level of valuations. Thus if one is interested in evaluating the length in the Grassmannian algebra,
one can work instead in the algebra of valuations which is smaller (it is the quotient by 9(V)). In
some cases this is a considerable reduction of complexity. For example in the case of a complex vector
space, the space of unitary invariant Grassmannian zonoids (i.e. unitary invariant measures on the
real Grassmannian) is infinite dimensional while it was proved by Alesker (again!) in [3] that the
space of unitary invariant valuation is finite dimensional, generated, as an algebra, by two elements,
see Example 3.3.20 below.

Integral geometry

In the last chapter of this work, Chapter 4, we apply zonoid calculus to integral geometry, more
precisely to random intersection problems. Typically, the setting is as follows. Given Xi,..., X
independent random submanifolds of a Riemannian manifold M, we want to evaluate the quantity

Evol(Xy NN Xg) =2
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where the volume is the Riemannian volume in the appropriate dimension. In particular if the sum of
the codimensions of the submanifolds adds up to the dimension of M we want to evaluate the average
number of points in the intersection. Of course one has to specify how to take random submanifolds
in M.

Homogeneous spaces

We will first assume that M is a compact Riemannian homogeneous spaces. This means that there is
a compact Lie group G that acts on M by isometries. Then, if X C M is a fixed submanifold and g is
a random element of G taken with the probability defined by the normalized Haar measure, it defines
a random submanifold by taking ¢ - X.

Now, to such a random submanifold, one can associate a Grassmannian zonoid in the cotangent
space at a point o € M. The idea is the following: take a point z € X and move it to o using
the group action. Then consider the normal space of X at o and its orbit under the isotropy group
H := Fizg(0). This defines a measure (that is H-invariant) on the Grassmannian G.(T;M) where
¢ is the codimension of the submanifold X. Then we average over all z € X and normalize by the
quotient of volumes vol(X)/vol(M). We call the corresponding Grassmannian zonoid Kx. The main
result, that is a joint work with Peter Biirgisser, Paul Breiding and Antonio Lerario, is that this zonoid
computes the volume of random intersections.

Theorem 4.1.4. Let Xy,...,X,, C M be submanifolds, such that ¢ := Y. codim(X;) < m =
dim(M), and let Kx,,...,Kx, be their associated zonoids. Let gi,...,gn be independent random
elements of G taken with the normalized Haar measure. Then

WE[VOI(ngl ﬂ...ﬁann)] :[(le /\.../\KXTL).

In particular, in the case where ¢ = m we obtain
E#4(g1 X1 N NgpXp) = voly (M) U(Kx, A-+- AN Kx,).

In the last case this can be reformulated as an equality in the zonoid algebra with a nice cohomo-
logical flavor as follows.

Kx, N---NKx, = (E#(ngl n---N ann)) K{O}

where K, is the zonoid associated to a point.
The link between wedge product of zonoids and mixed volumes allows then to interpret the
Alexandrov-Fenchel inequality in a new inequality in the context of random intersection.

Theorem 4.1.12. Let X,Y,Z5...,Z,, C M be hypersurfaces. Let g1,...,9m be independent and
uniform in G and denote the random surface Z := g3Z3 N -+ N gmZm. We have

Next, we use Theorem 4.1.4 to study intersection of real submanifolds of CP™. In particular, using
the reduction to valuations we produce the following formula that generalizes Bézout and which, to
the knowledge of the author, is new.

Theorem 4.1.26. Letn > 2, let X < CP™ be a real submanifold of real codimension 2, and consider
dx := E#(X NgCP) where g is random and uniform in U(n+1) and Ax = dx — (n—1)! volgy,—2(X).

an—1

Then, if g1,...,gn are uniform and independent random element in U(n + 1), we have

" /n c .
E#(@iX N NgaX) =3 (k) 4k(nk— 1)k Akdy ™
k=0

where ¢y := Zf:o (’;) (2JJ) 2k=J,
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If X is a complex irreducible hypersurface then Ax = 0 and dyx is the degree of X in which case
the formula gives Bézout. Note that this formula could also presumably be proven by means of a
kinematic formula in complex space forms proved by Andreas Bernig, Joseph Fu and Gil Solanes in
[21], see the discussion at the end of Section 4.1.2.

For example, in the case where n = 2 and X is a real surface in CP2, this gives

9
E#(g1 X NgaX) = d% +2dxAx + gA?X.

Then we show how to construct the zonoids Kx in the special case where X is a Schubert variety
in the Grassmannian. Schubert varieties are particular subvarieties of the Grassmannian indexed by
Young diagrams. We explain in Section 4.1.3 how these Schubert diagrams can also be used to describe
the normal and tangent space at a point of a Schubert variety. We then explain how Peter Biirgisser
and Antonio Lerario in [29] and Antonio Lerario and the author in [54] use the invariance of the zonoid
K x to compute its volume.

In Section 4.1.4 we put this in a more general perspective. Given a group action on a vector space
V and a subspace ¥ C V, we show how the convex bodies of V invariant under the group action can be
identified, under suitable conditions on the action and the subspace, with the convex bodies on . The
map that goes from one to the other is the orthogonal projection 7 : V — 3. We study the necessary
conditions in detail and give some examples where this situation appeared, see Theorem 4.1.38 below.

Kac-Rice formula and zonoids

In the very last part of this work, Section 4.2, we present a joint work with Michele Stecconi where we
study a more general setting. In this case M is any Riemannian manifold and X := f~1(0) is the zero
set of a random C! map f: M — R*. We have again to specify how do we want to take the random
map, that we call random field, f. We collect a list of hypotheses that will make the Kac-Rice formula
work in Definition 4.2.3 and we call those the z-KRok hypotheses for “zonoid-Kac-Rice ok”.

There are 4 z-KRok hypotheses. The first one ensures that 0 is almost surely a regular value of f so
that X = f~1(0) does indeed define a random submanifold while z-KRok-ii and iii are some regularity
and absolute continuity assumptions. Then the difficulty in building the zonoid with respect to the
previous case is that there is no isotropy group. You would like to be able to fix a point p € M
and look at all the random submanifold X that passes through p. The problem being that the event
“p € X7 or equivalently “f(p) = 0” has probability zero and thus conditioning to it is not well defined.
This problem can be solved with the concept of regular conditional probability, see Definition 4.2.1.
The condition z-KRok-iv ensures that there is a regular conditional probability that satisfies some
continuity and finiteness assumption.

Hence, given a random field f : M — R* that is 2-KRok (i.e. satisfies the z-KRok hypotheses),
writing f = (f,..., f¥), we can consider, for a given p € M, the random vector of AkT;M given by

(dpfl/\"'/\dpfk|f(p):0)

where (-|f(p) = 0) denotes the conditioning defined by z-KRok-iv. The precise meaning is given in
Section 4.2.1. Then we can define, for every p € M, a Grassmannian zonoid in A*T » M associated to
the z-KRok field f by letting

Cf(p) = ([O,dpfl /\"'/\dpfk”f(p) :O)'

This zonoid will then, as in the previous case, allow to evaluate expectations of volumes. For this
we will use a Kac-Rice formula, see (4.2.23) which is based on one that was proved by Michele Stecconi
in [82]. We obtain from it the main theorem of this section.

Theorem 4.2.30. Let f : M — RF be z-KRok and consider the random submanifold X = f~1(0).
Then for all open set U C M we have

E [vol(X N U)] = /U (¢ (p)) AM ()

where £ is the length or first intrinsic volume.
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We also show two important features of the zonoid section. The first one is the pull-back property,
Lemma 4.2.17. In its simplest form, it states that given a submanifold S C M that is almost surely
transversal to X = f~1(0) then the restriction of f to S is again z-KRok and its associated zonoid
section is the pull back of (. Unfortunately this condition of being almost surely transversal to the
field f cannot be removed and there are some z-KRok fields that admit submanifold that do not satisfy
this, see (4.2.17). It would be convenient to have at least a sufficient condition to avoid these cases
but for now it is not clear to the author what this should be.

Nevertheless, this pull back property is helpful to compute the zonoid section in some examples.
We also use it to prove, in Proposition 4.2.21, that if M is endowed with any Riemannian metric then
there exists a z-KRok field f: M — R such that the zonoid section is given by the unit balls. We call
such fields AT-fields after Robert J. Adler and Jonathan E. Taylor [2] and they play a key role in the
proof of the Alpha formula.

The second property of the zonoid section is the fact that independent intersections correspond to
wedge products of the zonoids. More precisely, if f : M — R¥ and f’ : M — R are two independent
2-KRok fields then we construct a third field (f, f’) : M — R*+! whose zero set is the intersection of
the previous two zero set. We show in Lemma 4.2.26 that (f, f') is again 2-KRok and that we have
forallpe M

S () = Cr(p) A Cpr(p).

This allows to compute the expectation of number of points in intersection of independent z-KRok
fields in terms of mixed volumes in Corollary 4.2.32. Once again, we can then interpret the Alexandrov-
Fenchel inequality in this context to produce a Kac-Rice Alexandrov-Fenchel inequality (KRAF).

Theorem 4.2.33. Let g1,...,9m—2, f1, f1, f2, f4 : M — R be independent z-KRok fields, such that f]
is distributed as f1 and f} is distributed as fa. Let Y = (g1)"1(0)N...N(gm—2)"1(0), X; := (fi)~1(0)
and X! := (f/)71(0), i = 1,2. Then we have for all open subset U C M:

E#XiNnXoNnYNU)| > / \/5#memy(p) Opxanxyny (p) dM (p)
U
where for i = 1,2 we wrote

5#XmX,gnY(p) = L(Cy,(p) A Cf{ (P) NG (P) A -+ A g, 5 (P))-

Note that, unlike in Theorem 4.1.12, we cannot directly relate this to the product of the expectation
of number of points on the right hand side. In fact by Holder’s inequality, one sees that the right hand
side is smaller or equal than \/E[#(X: N X, NY NU)|E[#(X2NX,NY NU)].

The zonoid section (y contains more information than just the expectation of volume and one
could also count the number of points of intersection of independent z-KRok fields with sign, see
Corollary 4.2.36 and Theorem 4.2.35.

Finally we conclude this section, chapter and work by interpreting our results in the context of
Finsler geometry. The choice, for each point p € M of a norm Fj, : T,M — R that satisfies further
regularity assumptions is called a Finsler structure on M. Here these regularities will not always be
satisfied but, at least in this introduction, we will use the term Finsler anyway. In Finsler geometry,
the notion of length of smooth curves is well defined, if «y : [0,1] — M is a C* curve then, one simply
let

)= [ P io)e

In our case, given a z-KRok field f : M — R, the zonoid (;(p) defines a (semi) norm on T,,M, by
the support function. If X := f~1(0), we obtain then a Finsler structure on M that we denote FX.
Concretely, this is given for every p € M and every v € T,M by

£ ) = 290 g [, 1) | ) = ]

With this, we are able to show a Crofton formula in Finsler geometry.
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Theorem 4.2.43. Let f : M — R be z-KRok and consider the random hypersurface X = f~1(0).
Let v :[0,1] — R be a C* curve such that X is transversal to y almost surely. Then

E#(yNX) =207 (v).

Furthermore, there is a notion of volume in Finsler geometry called the Holmes-Thompson volume,
see Definition 4.2.44. We show that this can be obtained using zonoid calculus in Lemma 4.2.45 to
obtain a more general Crofton formula for higher dimensional submanifold.

Theorem 4.2.46. Let 1 < k <m, let f1,..., fx : M — R be iid z-KRok fields, let X; := f[l(O) and
let Xk .= X, N---NXy. Let v: S < M be an embedded submanifold of dimension k such that X *)
1s transversal to S almost surely, then we have

E4 (s N X(k)) = klrg volE ™ (S)
where Vol,ljx1 denotes the Holmes—Thompson volume for the Finsler structure FX1.

Disclaimer on vocabulary

The names theorem, proposition, lemma, etc...are attributed to the results in accordance to their
position in this work and in no way to their importance in overall mathematics. The name “theorem”
is reserved to original results that the author is at least a coauthor of and that he considers of particular
importance among the other results, something that the reader can bring back home.

The name “lemma” is given to results that are used to prove theorems or that have more the flavor
of a tool in this work.
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Chapter 1

Convex bodies and zonoids

Throughout this chapter, V will denote an Euclidean space of dimension m < co. We will write V* for
the dual space of V, that is V* := Hom(V,R). We will write (-,-) to denote both the scalar product
in V and the pairing V* x V — R.

We consider an Euclidean space in order to be able to talk about volumes but we will try to avoid
to identify V* =2V as much as possible.

In this chapter we recall a few facts from convex geometry. The results being standard we will
not give a proof most of the time but we will indicate a precise reference each time. The standard
reference in convex geometry is Rolf Schneider’s [80].

1.1 Basics of convex geometry

1.1.1 Convex bodies and representing functions
We start with the most basic definition.

Definition 1.1.1. A subset C' C V is called convex if for any pair of points z,y € C the segment
[x,y] is contained in C, that is if for all ¢ € [0, 1], we have (1 —t)z +ty € C.

Definition 1.1.2. A conver body is a non empty compact convex set. The set of convex bodies of
V will be denoted J# (V). We also define % (V) := {C € # (V) | (—=1)C = C} the convex bodies
symmetric with respect to the origin.

The space £ (V) is a monoid with a scalar multiplication with the following operations.
Definition 1.1.3. The scalar multiplication: YA € R, \C := {\z |z € C}.
Definition 1.1.4. The Minkowski sum: C + D :={z+y|x € C, y € D}.

Note that (V) C (V) is a submonoid, i.e. it is closed under the two operations just defined.
Moreover, the neutral element for the Minkowski sum is {0}, the convex body consisting of only one
point: the origin.

Remark 1.1.5. Note also that the Minkowski sum is monotone with respect to inclusion, that is if
K C K’ and L C L' are convex bodies then K + L C K/ + L.

There is a natural distance on £ (V) induced by the norm on V.
Definition 1.1.6. The Hausdorff distance is given for all K, L € (V) by

d(K,L):=inf{r >0|K C L+rB(V); LC K+rB(V)}
where B(V) is the unit ball of V. The norm of a convex body K is then defined to be
K| :=d({0}, K) =inf {r > 0| K C rB(V)}

in other words it is the radius of the smallest ball containing K.

19
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Figure 1.1: Support and radial functions

Note that this norm satisfies the triangle inequality with the Minkowski sum. The space 2 (V)
will always be considered endowed with the topology induced by this distance. The Hausdorff distance
depends on the choice of a norm on V, but one can check that the induced topology doesn’t.

We now introduce two functions that characterize a convex body K. The first one is natural to
consider but the second one will turn out to be easier to work with, see Figure 1.1.

Definition 1.1.7. The radial function rx : V — R is given for all v € V by
rr(v) :==sup{r>0|rve K}.
If K contains the origin in its interior, it defines a norm on V such that K is the unit ball of this norm.

It is given by
1

rir(v)

ol == inf{r >0)| ; € K} -
Definition 1.1.8. The support function hi : V* — R is given for all u € V* by
hi(u) :=sup{{(u,z) |z € K}.

The support function turns out to characterize the convex body meaning that one can reconstruct
a convex body from its support function. The following is [80, p.44].

Proposition 1.1.9. Let K € # (V) then
K={zeV|{u,z) <hg(u)Vuec V*}.
One can characterize the support functions, the following is [80, Theorem 1.7.1].

Proposition 1.1.10. A function h : V* — R is the support function of a convex body if and only if it is
sublinear, that is if for every A > 0 and every u,uw’ € V*, h(Au) = Ah(u) and h(u+u") < h(u) + h(u).
Ezample 1.1.11. The support function of the unit ball B(V) is hpvy(u) = |lu.

Ezample 1.1.12. Let x € V, the support function of the point {x} is hy,3(u) = (u,x). The support

function of the segment z := %[, 2] is hy(u) = 1[(u,z)|. The support function of the segment [0, z]

is hjo,z)(u) = max{0, (u,z)}.

Let us mention that the support and radial function are dual to each other.

Definition 1.1.13. Let K € .# (V) have non empty interior. Its polar body is defined to be

K° = {ue V" |hg(u) <1} € (V).
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By [80, Theorem 1.6.2] we have that K°° = K if, in addition, K contains the origin. Moreover the
following is [80, Lemma 1.7.13]

Proposition 1.1.14. Let K € Z (V) containing the origin in its interior and let K° € ¢ (V*) be its
polar body then for all v € V we have hgo(V) = ||v|| k-

In that case, we have, by duality, hx = || - ||ko. In other words, the support function defines a
norm on V* that is the dual norm to || - || k.
The support function turns out to be very handy when manipulating convex bodies.

Proposition 1.1.15. Let K,L € £ (V) and let A > 0. The following holds.
(i) haxx+r = Ahg +hr;
(ii) K C L if and only if hiy < hyp;
(iii) Let T : V — W be a linear map and Tt : W* — V* be its transpose we have hrxy = hi o Tt
(i) (K, L) = sup {|hs(w) — by ()| |1 € S(V*)}.

Proof. Ttems (i) and (iii) are a direct consequence of the definition of the support function in Defini-
tion 1.1.8. Ttem (i7) follows from the expression of K from its support function in Proposition 1.1.9.
Finally, item (v) is [80, Lemma 1.8.14]. O

We have the following bound for the support function.

Proposition 1.1.16. Let K € (V) and let u € V*, we have hi (u) < |Ju|||| K|| with equality if and
only if K is a ball.

Proof. As mentioned above, ||K||B(V) is the smallest ball containing K, thus by Proposition 1.1.15-(ii)
we have hyx < [|K||hpv). The result follows from the identity hpv)(u) = [Jul|. O

Remark 1.1.17. If we write hg for the restriction of hx to the unit sphere S(V*), item (iv) in the
last proposition reads d(K, L) = ||hx — hi||cc Where || - ||oo is the supremum norm on the continuous
functions on S(V*), i.e.

[flloo = sup {|f(u)]|u € S(VF)}.

This means that the map h. : # (V) — C(S(V*)) that maps K + hy is a linear isometric embedding.
Its image is a convex cone inside the vector space C'(S(V*)) (endowed with the supremum norm). We
will study in more detail this point of view in Section 1.2.4.

Since the Hausdorff distance corresponds to the supremum norm, we have that a sequence of convex
bodies converges if and only if their support functions (restricted to the sphere) converge uniformly.
Uniform convergence can be tricky to prove, luckily, for support functions, pointwise convergence turns
out to be sufficient, the following is [80, Theorem 1.8.15].

Lemma 1.1.18. Let (K, )nen be a sequence of convex bodies and let h : V* — R be such that hg,,
converges pointwise to h. Then h is the support function of a convex body K and K, — K in the
Hausdorff distance topology.

Let us make the following definition.

Definition 1.1.19. Let K € # (V) and let v € V*\ {0}. The face of K in the direction u is
K" :={x € K|{u,x) = hg(u)}. If K* consists of a single point we say that K is strictly convez in
the direction u and we denote this point xx (u). Finally we say that K is strictly conver if it is strictly
convex in every direction.

This is usually called an exposed face and the notion of face is strictly weaker in some cases but we
will abuse notation and make no distinction here.

An additional property of the support function is the following which is [80, Corollary 1.7.3]. We
denote by Vh the gradient of the function h: V* — R.
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Proposition 1.1.20. Let K € JZ (V) and let uw € V*\ {0}. The support function hy is differentiable
at w if and only if K is strictly convex in the direction u. In that case we have

Vhg(u) = zg(u).
where recall from Definition 1.1.19 that xx (u) is the point such that K* = {zk(u)}.

Let us also mention that the faces of a convex body satisfy some additive properties, the following
is [80, Theorem 1.7.5.(c)].

Proposition 1.1.21. Let K,L € (V) and let u € S(V*), we have

(K+L)"=K"+L"

1.1.2 Mixed volume and related concepts

The function volume on # (V) is homogeneous of degree m (where recall that m = dim V) meaning
that for all K € (V) and all ¢ > 0 we have vol,, (tK) = t™ vol,,,(K). Minkowski proved that it can
be polarized and gives rise to a multilinear form. The following is [80, Theorem 5.1.7].

Proposition 1.1.22 (and Definition). There is a nonnegative symmetric continuous function, called
the mixed volume, MV : & (V)™ — R such that for all Ky,...,K; € # (V) and allty, ..., t, we have

l
Vol (1 Ky + -+ + 1K) = Z 27 ¢

i1yenyim=1

MV(K; K, ).

tm 177

The mixed volume satisfies the following properties, for details and proofs see [80, Section 5.1].
Proposition 1.1.23. Let K1,...,K,,, K,L € ' (V), the mized volume satisfies the following.
(i) For all permutation o, MV(Ky(1), ..., Ko(m)) = MV(K1, ..., Kp);
(ii) for all X >0, we have MV(AK + L, Ko, ..., K;;,) = \MV(K, Ks, ..., Kp,) +MV(L, Ks, ..., K;,);
(ii) we have MV(K, ..., K) = vol,,(K);

(v) we have MV (K7, ..., K,,) > 0 if and only if there are segments [x1,y1] C K1, ..., [Tm, Ym] C K,
such that the vectors yy — T1,...,Ym — Tm are linearly independent.

In the following we denote MV (Kk],...) for the repetition of K, k times in the argument of the
mixed volume.
A particular case is the mixed volume with the unit ball.

Definition 1.1.24. Let K € # (V) and let 0 < k < m. The k-th intrinsic volume of K is defined to
be
(%)
Vi(K) := ~ELMV(K[k], B(V)[m — k]).
Rm—k
Note that we have V,, = vol,, and Vj is constant equal to one. Moreover, by Proposition 1.1.22

the intrinsic volumes are the coefficients of the polynomial describing the volume of a neighbourhood
of a convex body K € # (V), that is for all ¢ > 0, we have

m

Vol (K + tB(V)) = > Vi(K) ki it™ "
k=0

This formula is called Steiner’s polynomial.

Mixed volume and intrisic volumes are the main objects of key inequalities in convex geometry.
One of the most important (if not the most important) is known as the Alexandrov—-Fenchel inequality
(AF), see [80, Theorem 7.3.1].
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Lemma 1.1.25 (AF). Let Ks,...,K,, € (V) and let us denote by R, the tuple (Ks,...,K,,). For
all convex bodies K,L € (V) we have

MV(K,L,8) > /MV(K, K, &R)MV(L, L, &).

Another inequality bounds from below the volume of the Minkowski sum of two convex bodies and
is known as the Brunn—Minkowski inequality (BM). It has several equivalent forms and we chose to
present here the multiplicative one, see [80, p.372 (e)].

Lemma 1.1.26 (BM). Let Ko, Ky € % (V). For all t € [0,1], we have
vol,, (1 = t) Ko + tK7) > vol,, (Ko)' = vol,, (K;)*.
There exists a local, measure theoretic version of the intrinsic volumes and Steiner’s polynomial.
To define it, let us introduce the following.

Definition 1.1.27. Let K € 2 (V) and recall that 0K denotes its boundary. The normal cone at
x € 0K is defined to be
Ni(z) :={ue V" |{uy—z)<0,Vy e K}.
If K has a smooth boundary then the normal cone is the half line spanned by the outer normal.

We can now define the surface area measure, see [89] or [80, Section 4.2].

Definition 1.1.28. Let K € Z (V). The (m—1)—surface area measure (or just surface area measure),
is the nonnegative measure S,,_1(K, ) on the unit sphere S(V*) given for all Borelian n C S(V) by

Sm_l(K, 77) = me—l ({l‘ € 0K |NK(.’L‘) nn 7é @})
where H™~1 denotes the Hausdorff measure.

There are other surface area measure Si(K,-), 0 < k <m — 1 that can be obtained by means of a
Steiner-type formula, see [80, (4.27)], for ¢ > 0, this gives

m—1

Sm-1(K+tB(V),-)=>_ (mk_ 1)tm1k8k(K,-).

k=0
Similarly there is a mixed version of the surface area measure. The following is [80, Theorem 5.1.7].

Proposition 1.1.29 (and Definition). There is a symmetric map MS, called the mixed area measure,
from 2 (V)™=1 into the space of finite Borel measures on S(V*) such that for all K1, ..., K; € (V)
and all t1,...,t; > 0 we have

I
Smor(tiKi+- -+ 6K,y = >ty ety (MS(EK, . K ).

i1,eeyim—1=1

The mixed area measure satisfies similar properties as the mixed volume, for details and proofs
see [80, Section 5.1].

Proposition 1.1.30. Let Ky,..., K1, K, L € ' (V), and let A\ > 0. The mized area measure
satisfies the following:

(i) For all permutation o, MS(K,(1), ..., Ko(m—1)) = MS(K1,..., Kpn_1,-);

(i1) we have MS(AK +L,Ks,...,Kyy_1,") = MWS(K,Ky,..., K1, )+ MS(L, Ky, ..., Kpn_1,);
(iii) we have MS(K,..., K, ) = Sn-1(K,");
(iv) for all0 <k <m — 1, we have Sy(AK,-) = \¥Sy.(K, ).

Moreover the mixed area measure allows to compute the mixed volume, the following is still [80,
Theorem 5.1.7].

Proposition 1.1.31. Let Ky,...,K,, € #(V), we have
1

MV(Klw--?Km):E hKl(u)MS(KQ,...,Km,l,du).
S(V*)
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1.1.3 Curved bodies and polytopes

Let us illustrate the concepts of the previous section in two cases where computations are doable.

Curved bodies

Recall that if a support function is differentiable its gradient restricted to the sphere parametrizes the
boundary of the convex body, see Proposition 1.1.20.

Definition 1.1.32. A convex body K is called curved if hx is C? and the map
T = (VhK)|S(V*) : S(V*) — 0K

that maps u +— 2 (u) the point of 9K that admits u as an outer normal, is a C! diffeomorphism. The
inverse of xk is the Gauss map ugx : 0K — S(V*) which is such that for all © € 0K, ux(x) is the
outer unit normal of K at z.

Note that the property of being curved implies, in particular, that the convex body has nonempty
interior and that its boundary 0K is a (closed) C? hypersurface of V. Curved bodies can be dealt with
by using functional analysis tools on their support functions. They are dense in the space of convex
bodies, for more details see [30, Section 2.5] where curved bodies are called C3 .

Let us observe that for all u € S(V*) the tangent space 7,,S(V*) and the tangent space T}, (,)OK
can both be identified with u'. Thus the differential D,z can be seen as an endomorphism of u=,
and as such is selfadjoint, see [80, p.116].

Definition 1.1.33. The reverse Weingarten map is the selfadjoint operator W, := Dyxg : ut — u™ .
Its eingenvalues denoted rqy > --- > r,_1 > 0, are called the principal radii of curvature of K at u.

Then the surface area measure of a curved body admits a density that can be expressed in terms
of the principal radii of curvatures, see [80, (4.26)].

Proposition 1.1.34. Let K € (V) be a curved body and let n C S(V*) be a Borelian. We have for
al0<k<m-—1

Sk(K,n) :/sk(K,u)du

n

where s (K, u) denotes the normalized k-th elementary symmetric polynomial in the principal radii of
curvature of K at u, i.e.

m—1\""
sk(K,u)( i > Z Tiy oo Tig-

1<y < <ip<m—1

In particular we have

1
vol,, (K) = - s )hK(u)sm_l(K, u)du.

Polytopes
At the other extreme there is another very important dense subset of convex bodies.

Definition 1.1.35. A convex body P is a polytope if it is the intersection of finitely many half spaces.
The space of polytopes of V will be denoted P(V).

Polytopes are handy because they are given by a finite amount of data. Indeed according to the
definition, for all P € P(V) there exist uy,...,u; € S(V*) and aq,...,a; € R such that the polytope
P can be written P = ﬂé:l {z € V| {u;,z) < a;}. Thus they often can be handled with combinatoric
tools.

Recall the definition of a face in Definition 1.1.19 and of the normal cone in Definition 1.1.27.
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Definition 1.1.36. Let P € P(V), we denote by Fi(P) the set of k-dimensional faces of P. If
F € Fi(P) we denote by Np(F) := Np(x) where z is any point in the relative interior of F. Finally
for all F € Fi,(P), we define its external angle

O(F, P) :=voly_p—1(Np(F) N S(V*))/Sp—g—1-
where s, := vol,, (S™).

We can express the intrinsic volumes of a polytope in terms of volume of its faces and external
angles. The following is [80, (4.23)].

Proposition 1.1.37. For any P € P(V) and all 0 < k < m we have

Vi(P)= > O(F P)voly(F).
FeFL(P)

Similarly one can explicitly compute the surface area measure.

Proposition 1.1.38. Let P € P(V) and for all F' € Fp,_1(P), let up(F) denote the outer unit normal
of P at any point in the relative interior of F. Then we have

Sp-1(P,-) = Z VOlm_l(F)(SUP(F)(')-
Fefmfl(P)

Proof. From the definition of the surface area measure in Definition 1.1.28 we see that if n C S(V*)
is a Borelian then S,,,—1(P,n) = _ vol,,—1(F) where the sum runs over all F' € F,,_1(P) such that
Np(F) is spanned by a vector in . Since the half line Np(F') is spanned by up(F), this proves the
result. O

1.2 Zonoids, definition(s)

We now come to our main object of study, namely zonoids, which are a special class of convex bodies.
When dealing with zonoids there are essentially four different points of view that we will detail in this
section.

First we will see the most geometric definition which builds zonoids using the Minkowski sum of
segments.

The second approach is the one introduced by Vitale in [86] which builds zonoids using random
segments. This approach plays a central role in this work and will often be our favourite choice.

The third point of view uses measures on the sphere and is classical when dealing with zonoids, it
is for example extensively used in [80].

Finally we can see zonoids as (continuous) functions on the sphere through their support functions.
This part is less developed, as characterizing such functions is a difficult problem (as we will see in the
next section).

As we mentioned, the second approach will often be the one we adopt in the following. However it
is the plurality of points of view that makes the space of zonoid rich and interesting. Switching from
one point of view to the other can often make proofs and/or computations easier and having many of
them is a great chance.

Let us also mention that there is a fifth point of view that characterizes zonoids as the range of
vector valued measures. This will not be discussed here since the author did not work on it. Maybe it
deserves more attention and can lead to something interesting, in the meantime one can refer to [24].

In the following, we will denote, for every =z € V

z = %[z, a]. (1.2.1)
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1.2.1 Zonoids as limits of zonotopes

Definition 1.2.1. A convex body K € J# (V) is called a zonotope if it can be expressed as a finite
sum of segments, that is if there exist x1,y1,...,2n,yny € V such that K = [x1,y1] + - + [N, yn].
A zonoid is a limit (in the Hausdorff distance topology) of zonotopes. The space of zonoids in V will
be denoted Z(V), moreover we let 24(V) := Z(V) N (V).

Note that segments are centrally symmetric, more precisely, for all z,y € V, we have
[2,y] = 2+ 3{c}

where z := (x — y) and ¢ := = + y (recall notation (1.2.1) for the segment z). Observing that
{c}+{} = {c+} for all ¢, € V this means that for every zonotope K, there exist 21,...,2y,c € V
such that K = 2z +---+ 2y + %{c} In other words, this means that every zonotope, and thus every
zonoid, has a center of symmetry.

Proposition 1.2.2. Let K € Z(V), there exists a unique Ko € Z(V) and a unique point o(K) € V
such that

KZKO—F%{O(K)}

Definition 1.2.3. The point o(K) € K which is the symmetric of the origin with respect to the center
of symmetry of K (or equivalently 2 times the center of K) will be called the pole of K. Elements of
Z5(V) will be called centered zonoids.

By Proposition 1.2.2, we have the decomposition
ZW)=2,WV)eVv

as monoids. Indeed if K,L € Z(V) and K = Ko + 3{o(K)}, L = Lo + 3{o(L)} then we have
K+ L =Ko+ Lo+ 3{o(K) + o(L)}. In particular o(K + L) = o(K) + o(L). This simple observation
will allow us to treat the centered zonoid and the pole separately.

Zonotopes

Zonotopes are polytopes that, as mentioned above, are centrally symmetric. However not all centrally
symmetric polytopes are zonotopes. The following characterization of zonotopes is [80, Theorem 3.5.2].

Proposition 1.2.4. A polytope is a zonotope if and only if all its two dimensional faces are centrally
symmetric.

In particular all centrally symmetric polytopes in R? are zonotopes. By approximation we have
that all centrally symmetric bodies in dimension 2 are zonoids.

Corollary 1.2.5. In dimension 2 we have Z5(R?) = 5 (R?).

In general for m > 2, the inclusion Z4(R™) C J#(R™) is strict. Let us describe more precisely the
face structure of zonotopes, the reader can also refer to [62]. Without loss of generality we can assume
that the zonotope is centered: let x1,...,zny € V, we let

K=z + - +ay e (V). (1.2.2)

By Proposition 1.1.21 we have that every face of K is again a zonotope. More precisely we have the
following.

Proposition 1.2.6. Let K be the zonotope given by (1.2.2) and let u € S(V*). We have

where €; := sign(u, x;).
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Proof. Apply Proposition 1.1.21 and note that ;" is either the point ${x;} if z; ¢ ut or z;" = z; if

z; € ut. O
Thus faces that are parallel are translate of the same wvectorial face. Let us be more precise

introducing a few notations. We denote by G (V) the Grassmannian of (vectorial) k-planes of V.

Definition 1.2.7. Let P € P(V) be a polytope and let F' € Fi(P), we denote by Er € Gi(V) the
vector space parallel to the affine span of F'. Moreover we define

Gr(P) :={E € Gi(V) | there exists a k-dim. face F' of P such that £ = Ep}.
Note that if K is the zonotope defined by (1.2.2) then, by Proposition 1.2.6, this takes the form
Gi(K) = {F € Gi(V) | there exist linearly independent ;,,...,x;, € E}. (1.2.3)

Definition 1.2.8. Let K be the zonotope defined by (1.2.2) and let E € G (K), we define the vectorial
face of K parallel to F to be
F(E,K) := Z ;.

z, €EE

By Proposition 1.2.6 above, for every face F' € F(K) there is ¢ € V such that
F=F(Ep, K)+ 3{c}. (1.2.4)

Moreover c is a combination of the summands x; with coefficient in {0, £1}.
The face structure of zonotopes imply an important property of their external angles (recall Defi-
nition 1.1.36).

Lemma 1.2.9. Let K € Z3(V) be the zonotope defined by (1.2.2) and let E € Gi(K). The external
angle satisfies
> K, F)=1
Er=FE

where the sum runs over all the faces F' € Fi(K) such that Erp = E.

Proof. We give a proof similar to what can be found in the proof of [26, Theorem 6.15]. Given
E € Gi,(K), pick a nonzero u € E+. By the above discussion, the face K" is a translate of Z@;Eul ;.
In addition, if F' is a face of K such that Er = E, F is a translate of F(K,E) = _p;. Since
E C ut, the face K contains a translate of F. Moreover, dim(F) = k and it follows that dim(K*) > k
which implies dim(Ng (K*)) < m — k. In other words we proved that if £ € G4 (K) and u € E+, then
dim(Ng (K*)) <m — k.

We now show that for almost all u € E+ we have dim(Nx(K")) = m — k. Indeed, for this it is
enough to write E+ C (J,cpr N (K™), thus the set {u € E+| dim(Ng(K")) < m —k} is contained
in a finite union of cones of dimension at most m — k — 1.

Let us now consider the unit sphere S(E+) C S(V*), and denote by F the set of faces F' of K such
that Er D E and dim(Nk (F)) < m — k. Then, by the above reasoning,

{ue S(EY)| dim(E") <m—k} C | J Nx(F)nS(E").
FeF

Each set Nx(F) N S(E+) with F € F has dimension at most n — k — 2. Since the set F is fi-
nite, it implies, as above, that {u € S(E*)| dim(K") < m — k} is contained in a finite union of sets
of dimension at most m — k — 2, and in particular it has measure zero in S(E+). It follows that
{ue S(E+)| dim(K") =k} C S(E*) has full measure. Letting u vary in S(Et), the set {K"}
exhausts all k—dimensional faces F' with Er = E and therefore:

Z O(K,F) = Z VOl — k1 (Nx (F) N S(V*)) _ Volmikil(smfkfl) .

VOlm_k_l(Sm_k_l) VOlm_k_l(Sm_k_l)

Ep=E

This concludes the proof. O
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It is possible that an analogous to Lemma 1.2.9 exists for curved zonoids, i.e. zonoids that are
curved bodies in the sense of Definition 1.1.32. It could be a result similar to [10, Theorem 2 and 3].
As far as the author knows, it remains an open problem.

This allows another expression for the intrinsic volumes of zonotopes.

Corollary 1.2.10. Let K € Z (V) be a zonotope and let 0 < k < m. The k-th intrinsic volume of K
s given by
Vi(K)= > volu(F(E,K)).
EecGi(K)

Proof. Since all parallel faces are translate of each other (see (1.2.4)), the formula in Proposition 1.1.37
yvields Vi(K) = Y peg, () Vol (F(E, K)) >, —p ©(K, F) where the internal sum runs over all the
faces F' such that Er = E. The result then follows from Lemma 1.2.9. O

Remark 1.2.11. Note that if K is the zonotope defined by (1.2.2) then the first intrisic volume takes
the following simple form:

N
Vi) = Y il

Generalized and virtual zonoids

By definition of zonoids, Z,(V) is a closed subset of J#,(V) (in the topology induced by the Hausdorff
distance). Let us describe a larger class of convex bodies.

Definition 1.2.12. A (centrally symmetric) convex body K € J(V) is called a generalized zonoid
if there exist zonoids Ly, Ly € Z3(V) such that K + Ly = Ls.

It turns out that the set of generalized zonoids is not a closed subset of (V). The following
is [80, Corollary 3.5.7]

Proposition 1.2.13. The set of generalized zonoids form a dense subset of J#,(V), that is for every
K € (V) there is a sequence of generalized zonoids (K,,) such that K, — K in the Hausdorff
distance.

If K is a generalized zonoid, it can be thought of as the difference of two zonoids. In fact there is a
way to consider the group generated by differences of zonoids (or convex bodies) via the construction
of the Grothendieck group, see [51].

Indeed, the set of centered zonoids 2, (V) with the Minkowski sum forms a commutative monoid
with the so called cancellation rule, that is if A, B,C € 24(V) are such that A+ B = C + B then
A = C. This implies that the monoid Z,(V) embedds into a commutative group that we denote
é’?o(V) that satisfies some universal property, see [51, p.39].

Concretely, each pair of zonoids K, L € Z,(V) gives rise to an element of the Grothendieck group
that we denote by K — L € Z(V) and is such that if K/, L' € %(V) then K — L = K’ — L' in Z(V)
if and only if K + L' = K’ + L in 2,(V). The Grothendieck construction and the cancellation rule
ensures that E\%(V) is a well defined commutative group. To each zonoid K € Z,(V) corresponds the
element K — {0} € %(V). By a slight abuse of notation, we will still write K = K — {0} and we
denote —K := {0} — K.

In our case we also have the multiplication by a nonegative scalar A > 0 on Z,(V). This operation
carries on to the Grothendieck group by letting A(K —L) := AK —AL. Moreover if we let (—1)(K—L) :=
(L — K) we obtain a multiplication by all scalars that turns :@’\{)(V) into a vector space. Similarly one
can construct the vector space %(V).

Definition 1.2.14. The vector space of virtual zonoids is denoted :@%(V) and is a subspace of the

virtual symmetric bodies denoted %(W). Moreover we define Q/f\(W) = :@B(V) @ V where the sum is
intended as vector spaces.
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—

Note that the expression K — L € Z(V) with K, L € Z,(V) is not unique since for all A € Z,(V)
we have K — L= (K + A)— (L+ A).

Remark 1.2.15. The subset ZH(V) C EA%(V) is a convex cone. Similarly for (V) C %(V).

Remark 1.2.16. This abstract construction does not give a topology on the vector spaces. In fact two
different topologies can be defined on Z4(V) that coincide on Z5(V) with the topology given by the
Hausdorff distance. These will be discussed in the next sections.

1.2.2 Zonoids as average segment: Vitale’s construction

Let us recall some elements of probability theory. If M is a measurable space, that is a set endowed
with a g-algebra, a random element X of M is a measurable map X : 2 — M from some probability
space €2, that is a measurable space endowed with a probability measure. The law of X is the push
forward of this probability measure on M. Probabilists are very rarely actually interested in the source
space §2 and we will make no exception. We thus introduce some convenient notation that is adapted
to this and was invented by Michele Stecconi.

Definition 1.2.17. If X is a random element of M a measurable space, we write X € M.

If M is a topological space we always consider it endowed with the o-algebra of the Borelians
generated by the open sets. If X€M and f : M — R is a measurable map integrable with respect
to the law of X, we write Ef(X) for the integral of f with respect to the law of X. Finally we
say that a property &2 holds almost surely if it happens with probability one, that is if the set
{w € Q| X (w) has property &} has measure one with respect to the probability measure on €.

Let us now turn to the specific case of convex bodies.

Definition 1.2.18. Let A€.Z (V) be a random convex body such that E|A]] < co. Then we define
EA € (V) to be the convex body whose support function is given for all u € V* by

hga(u) := Ehp (u).

The fact that it indeed defines the support function of a convex body follows from the finiteness
assumption and Proposition 1.1.16 and from the characterization of support functions in Proposi-
tion 1.1.10.

There is a strong law of large number for compact sets proved by Zvi Artstein and Richard A.
Vitale in [11] that gives to this convex body a geometrical meaning. The following is [11, Theorem,
p-880].

Proposition 1.2.19. Let Ay,...,An,... €2 (V) be independent identically distributed (iid) random
convex bodies, then we have
1
N (A +---+An) m 1
almost surely.
Remark 1.2.20. Note that in the previous proposition we have a sequence of random convex bodies,

but the limit object EA is deterministic.

Since the sum of zonoids is a zonoid and the space of zonoids is closed in the space of convex bodies
we obtain the following.

Proposition 1.2.21. Let A€ Z (V) and Ao € Z5(V) be such that B||A||, E||Ao|| < oo, then EA € Z(V)
and EAg € Z5(V).

In the following we will mainly consider two examples constructed from a random vector.

Definition 1.2.22. Let X €V be a random vector, we say that X is integrable if E|| X|| < co. In such
case, the (centered) zonoid EX € Z,(V) will be called the Vitale zonoid associated to X.
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The support function of the Vitale zonoid associated to a random integrable vector X €V is com-
puted using Example 1.1.12. We obtain for all u € V*

e () = B (u, X)|. (1.25)

Remark 1.2.23. Note that the Vitale zonoid depends only on the law of X.

From an integrable random vector one can also consider the zonoid E[0, X]. It turns out that this
is just a translate of the Vitale zonoid associated to X.

Proposition 1.2.24. Let X€V be integrable, we have
E[0, X] =EX + 1 {EX}.
In particular o(E[0, X]) = EX.

Proof. From Example 1.1.12, we have for all u € V*

hgfo,x) (u) = E {max(0, (u, X))} . (1.2.6)
It is thus enough to note that for all ¢ € R, we have max(0,t) = 3(|¢t| +¢) and use (1.2.5) and the fact
that for all z € V, hy,y = (-, 2). O

Remark 1.2.25. This implies that E[0, X] = EX if and only if EX = 0 in particular this is the case if
X is symmetric, that is if X and —X have the same law.

Let us have a look at some examples.

Ezample 1.2.26. Let x1,...,2ny € V and let X€V be the random vector that is equal to Nz; with
probability ;. Then using (1.2.5) and (1.2.6) we obtain

N N

EX =) E[0, X] =) [0, ;.

i=1 i=1

Moreover, Let X€V be equal to z; /pi with probability p; for any choice of 0 < p; < 1 such that
>N pi = 1. Then we have again EX = EX and E[0, X] = E[0, X].
Ezxample 1.2.27. Let £EV be a standard Gaussian vector, that is the law of £ admits the density given

for all z € V by W exp(—||z]|?/2) (see Section 2.6.1). Then we have

1

EX = EB(W).

Indeed for all uw € V* with ||u|| = 1 the random variable (u,&)€R is a standard Gaussian variable and
thus we have E|(u, )| = \/% and the result follows from (1.2.5)

We see from Example 1.2.26 that the Vitale zonoid does not uniquely determine the integrable
random vector. This defines an equivalence relation on the integrable random vectors of V known as
the zonoid equivalence that was studied by Ilya Molchanov, Michael Schmutz, and Kaspar Stucki in
[66].

Definition 1.2.28. We say that two integrable random vectors X,Y €V are zonoid equivalent if
EX =FEY.

A simple characterization of zonoid equivalence is proved in [66]. The following is [66, Theorem 2].

Proposition 1.2.29. Let X, Y€V be integrable. X is zonoid equivalent to Y if and only if for every
measurable f 1V — R that is nonnegative, positively homogeneous and even we have

Ef(X) = Ef(Y).
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The application X — EX is thus not injective. However it was proved in [86, Theorem 3.2] that
it is surjective, that is, every zonoid can be obtained as the Vitale zonoid associated to some random
vector. Because of the importance of this result we include a proof of it.

Proposition 1.2.30. Let K € Z,(V), there exists X €V integrable such that K = EX

Proof. If K is a zonotope then the random vector is given in Example 1.2.26. Else, there is a sequence
of zonotopes K; such that K; — K. Since K is centered, we can also assume that K is centered for

all ¢ and write K; = a:gi) +oo 4 a:ﬁ@ We define the random vector X;€V that is equal to a:gl)/Ha:gl)H

with probability p;i) = ny)H/VI(KZ) Recall from Remark 1.2.11 that V;(K;) = Zjvz‘l ny)H and
thus Zjvzl pg»i) = 1 and this indeed defines a probability.

Now we have K; := E& = WIQ Moreover the sequence of random vector X, is uniformly

bounded. Thus , up to taking a subsequence, we can assume that X; converges weak-x to some
integrable random vector X €V, we let K := EX. Since X; converges weak-* to X, it follows that iy ¢

converges pointwise to hp ¢ and thus, by Lemma 1.1.18, we have K, > K.

But by assumption and continuity of first intrisic volume we know that K; converges to Vlé K)K
and thus K = V;(K)K = EX with X := V;(K)XEV. O

The characterization of the zonoid equivalence in Proposition 1.2.29 shows that the following is
well defined.

Definition 1.2.31. Let X €V be an integrable random vector, let ¢ € V and consider K := EX +3{c}.
The length of K is defined to be
UK) :=E|X|.

Following a similar idea as in the proof of Proposition 1.2.30, we can prove that the length is
something we already encountered.

Proposition 1.2.32. For all zonoid K € % (V) we have {(K) = V1(K).

Proof. We assume without loss of generality that K is centered. Let K; be a sequence of zonotope with
K; — K. Let X; be as in the proof of Proposition 1.2.30 in such a way that K; := EX; = WIQ

and X; converges weak-* to X with K = V;(K)EX. Note that || X;|| = 1 almost surely and thus

| X|| = 1 almost surely and in particular E||X| = 1. Now K = EX with X = V;(K)X and thus
E||X|| = V1(K) which is what we wanted. O

Since we will use the function length a lot on zonoids, we will continue to use this name and notation
despite the equality just shown to emphasize that we think about Definition 1.2.31.
Next we see that the Vitale construction behaves well with linear transformation.

Proposition 1.2.33. Let A€EZ (V) be a random convex body with E||A|| < co and let T : V. — W be
a linear map. Then E|T(A)|| < oo and we have

ET(A) = T(EA).
In particular if X€V is an integrable random vector
ET(X) = T(EX) E[0, T(X)] = T(E[0, X]).

Proof. The finiteness condition follows from the fact that T'(B(V)) C ||T||opB(W) where || - ||op is the
operator norm. Next, by definition of EA and by Proposition 1.1.15-(iii), we have for all u € W*,
heray(w) = Ehpay(u) = Ehp (T (u)) = hga(T*(uw)). Applying again Proposition 1.1.15-(iii) we get
hera)(u) = hr@Ea)(u) which is what we wanted. O

Next we show how to obtain the Minkowski sum with Vitale’s construction.
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Proposition 1.2.34 (The Bernoulli trick). Let Xo, X1 €V be integrable and €€{0,1} be a Bernoulli
random variable of parameter 0 < t < 1 independent of the pair (X,Y), that is ¢ = 0 with probability
(1 —1t) and equal to 1 with probability t. Let X; := (1 — €)Xy + €X1, then we have

EX; = (1 - )EXq + tEX,.

Proof. Writing down the support function, we have, using the independence assumption, for all u € V*:
hex, (u) = (1 — t)hgx,(u) + thex, (u) which is what we wanted. O

Remark 1.2.35. It can be useful at this point to emphasize that the operation of taking the (centered)
segment is not linear, that is
r+yFr+y

and thus EX +Y # E(X +Y) = EX + EY in general. This remark may seem trivial since = + y is
one dimensional and z+y is (in general) of dimension 2, however, in the Vitale construction one could
be tempted to assume linearity without thinking about it. If, while manipulating Vitale zonoids, you
find yourself proving something that you think shouldn’t be true, try to see if somewhere along the
way you assumed that x +y =z + v.

If t € R and 2 € V then we have tz = |t|z and thus if X €V is integrable we have EtX = [t|EX.
This can be generalized in the following way.

Proposition 1.2.36. Let XEV be integrable and let pER be independent of X and integrable. Then
we have
EpX = E|p| EX.

Proof. Let u € V*, then hg,x (u) = 1E|p| |(u, X)|. Using the independence gives the result. O

We illustrate how this can help to compute the Vitale zonoid in the next example.
Ezample 1.2.37. Let UES(V) be uniform on the unit sphere. Then we have

1
V27T prm,

where p,,, = E||£|| with £EV standard Gaussian vector, that is
RCIN G ) B
P r (%) V2 k1

Indeed, £ have the same law as ||£||U with £ independent of U. As observed in Remark 1.2.23, the
Vitale zonoid only depends on the law of the random vector and thus E{ = E||£||U = E|£||U = p,,EU.
The first term has been computed in Example 1.2.27 and it gives what we claimed.

EU =

B(V)

(1.2.7)

Examples 1.2.27 and 1.2.37 gives another way to compute the length of a zonoid.

Proposition 1.2.38. Let K € Z(V), let £EV* be a standard Gaussian vector and let UES(V*) be
uniform on the unit sphere S(V*). We have

UK) = V21Ehi (€) = V2 pn Ehi (U).

where the definition of py, is given in (1.2.7).

Proof. First of all, we can assume that K is centered since £ is symmetric. Suppose now X €V is
independent of ¢ and such that K = EX. then Ehg () = 1E[(, X)| = Ehge(X). By Example 1.2.27,

we have hge(X) = ﬁHX || which gives the first equality. The second one is deduced similarly. O

Corollary 1.2.39. The length is increasing with respect to inclusion, i.e. if K,L € (V) are such
that K C L then ((K) < {(L).

Proof. Tt is enough to apply Proposition 1.1.15-(¢7) to the formula in Proposition 1.2.38. O
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These provide an inequality between the length and the norm.

Proposition 1.2.40. Let K € Z(V), we have
2Kl < UK) <V2mpm| K],

with equality on the left hand side if and only if K is a (centrally symmetric) segment, and equality
holding on the right hand side if and only if K is a ball.

Proof. Let X€V be such that K =EX. Then by applying Cauchy-Schwartz to (1.2.5), we get for all
u € S(V*), hg(u) < 2¢(K) and this proves the first inequality as well as the equality case. For the
second inequality, we apply Proposition 1.1.16 and 1.2.38. The equality in Proposition 1.1.16 happens
if and only if K is a ball. O

Let us conclude this paragraph by mentioning that there is a variant of the Vitale construction
introduced by Karl Mosler called the lift Zonoid. Given a random vector X €V, consider (1, X)ERX V.
Then the lift zonoid of X is E(1,X) € 25(Rx V). Unlike the Vitale zonoid, the lift zonoid characterizes
the law of the random vector X, it has numerous applications in probability and statistics, see [67]

1.2.3 Zonoids as measures: the classical viewpoint

It is most common to approach centered zonoids with even measures on the sphere. This point of view
is extensively used in [80] for example. We recall it and describe how this approach relates to Vitale’s
construction. In the following, we denote the space of even signed measures on the uit sphere S(V)
by M(S(V)) and the cone of non negative measures M1 (S(V)). Recall that M(S(V)) is dual to the
space of even continuous functions on the sphere, that we denote by Ceyen(S(V)). In accordance to
this, we will write for every p € M(S(V)) and for every f € Cepen(S(V)):

(, f) = /S(V) fdpu.

Moreover, recall that the space M(S(V)) admits a topology called the weak-* topology that is such that
a sequence [, converges to p weak-x if and only if for every f € Cepen(S(V)), we have (u,, f) = (u, f).
The starting point is the following which is [80, Theorem 3.5.3].

Proposition 1.2.41. For every centered zonoid K € Z,(V) there is a unique ux € M*(S(V)) such
that

hic () = / (2| A (). (1.2.8)
S(V)

Definition 1.2.42. Given a centered zonoid K € Z,(V) the measure pgx is called the generating
measure of K. If X €V is integrable, we write ux = pgx.

The generating measure of a Vitale zonoid can be computed.

Proposition 1.2.43. Let X €V be integrable, then ux is the measure such that for every continuous
function f: S(V) = R we have

1 X
o famx = 3= {1l () o

Proof. The function x — ||z f (H%\I) 1,0 is a one homogeneous continuous function on V. Thus,

by Proposition 1.2.29, the term on the right only depends on the zonoid EX. To see that it satis-
fies Proposition 1.2.41 apply it to f = |[(u, )| for any u € V*. O

One can build the zonoid whose generating measure is the surface area measure of a given convex

body, see [80, (5.80)].
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Definition 1.2.44. Let K € (V). The projection body of K is the zonoid IIK € Z5(A™~1V) whose
support function is given for all w € A™~'V* by

1

hik (w) = 3 /S(V*) |w A ul dSp,—1(K)(u).

Similarly one can define the mized projection body. Using the formulas for the volume involving
the surface area measure, one finds for all w € S(V*) ([80, (5.80)])

hiti (w) = voly, 1 (K |wh)

where (K|w®) denotes the orthogonal projection of K onto w™ identifying A™~'V* = V with the
volume form. It turns out that every zonoid is a projection body. This is called Minkowski’s existence
and uniqueness Theorem, see [80, Theorem 8.1.1 and 8.22 and Section 10.9]

Proposition 1.2.45. For every centered zonoid K € 25(A™~V) there is a unique L € (V) such
that K =1IIL.

One can express the length (recall that this is how we call the first intrinsic volume see Defini-
tion 1.2.31) of a zonoid as the total mass of its generating measure.

Proposition 1.2.46. For all K € %,(V) we have
(K = 2use (S(V).

Proof. Let X €V integrable such that K = EX then by Proposition 1.2.43 we have that
1 1
pr (S(V)) = Lduk = SE{IX][Txz0} = SE[X]|,
S(V) 2 2

which is what we wanted. O

The main tool to consider the link between zonoids and measures is the following.

Definition 1.2.47. The cosine transform is the linear map H : M(S(V)) = Cepen(S(V*)) given for
all p € M(S(V)) and u € S(V*) by

mmw:ﬁmmwwwm

The image of the cosine transform will be denoted by H(V) and the image of M™*(S(V))) by HT(V).

It was proven by Bolker in [24] that H is continuous on M™(S(V))). In fact we will prove in
the next section that the restriction of H to the non negative measures is a homeomorphism between
MT(S(V))) with the weak-* topology and H* (V) with the supremum norm. By Proposition 1.1.15-
(#v), it implies the following.

Proposition 1.2.48. Let K € Z,(V) and let K, € 25(V) be a sequence of centered zonoids. We
have K, — K if and only if px, — px weak-*.

With this point of view of the cosine transform, a (symmetric) convex body K € (V) is a zonoid
if and only if its support function (restricted to the sphere) is in the image of the cosine transform
H* (V). When one considers instead signed measure the Hahn Jordan decomposition will allow us to
extend this point of view.

Proposition 1.2.49 (Hahn—Jordan decomposition). For every u € M(S(V)), there are unique non-
negative measures i, p— € MV(S(V)) such that p = py — p— and such that (py + p—)(S(V)) is
minimal.

Corollary 1.2.50. Let K € % (V), then K is a generalized zonoid if and only if there is a signed
measure pig € M(S(V)) such that H(pux) = hi|sov+)-
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Proof. Suppose there is A, B € Z,(V) such that K + A = B. Then hx = hp — ha, thus by linearity
of the cosine transform pux = pup — pa. Conversely if H(ux) = hxl|scy+) then, by the Hahn-Jordan
decomposition, there are o, 3 € MT(S(V)) such that ux = 8 — a. Then consider the zonoid A,
respectively B, whose generating measure is «, respectively 8. By the linearity of the cosine transform
they satisfy K + A = B and thus K is a generalized zonoid. O

Note that the Hahn—Jordan decomposition is unique, but the writing o = p—v for a signed measure
a is not. In fact for all p,v, p', v € M(S(V)) we have p —v =/ — v/ if and only if u+ 2" = p/ +v.
By this simple remark we see that there is a bijection between the space of centered virtual zonoids
:@%(V) and the space of signed measure M (S(V)). This gives a first topology on ,?L%(V).

Definition 1.2.51. The pull back by the bijection E%(V) — M(S(V)), K — L — pg — pur, of the
weak-* topology on M(S(V)) will also be called the weak-* topology on Z,(V).

Remark 1.2.52. By Proposition 1.2.48, we see that the restriction of the weak-* topology on Ez':’\{)(V)
on the cone Z((V) coincides with the topology given by the Hausdorff distance.

1.2.4 Support functions of zonoids

In this section we detail the point of view of support functions. Let us recall that we denote by
Ceven(S(V*)) the space of continuous even functions on the unit sphere of V*. On this space we have
the supremum norm given for all f € Cepen(S(V*)) by

[flloo == sup {|f(u)| u € S(VF)}.
As observed in Remark 1.1.17, we have an embedding
h.: (V) = Cepen(S(V*)) (1.2.9)

that sends K — hyx = hi|sev+y. By by Proposition 1.1.15-(iv) this is an isometry whose image is a
convex cone and the image of Z((V) is also a cone contained and closed in the previous one.

This map extends to an injective map on virtual symmetric bodies (recall Definition 1.2.14) by
mapping K — L € %(V) to (hx —hr)|sv+) € Ceven(S(V*)). This allows to define a norm on %(V)

and thus on E&%(V).
Definition 1.2.53. Let K — L € ;{\O(V). We define its norm to be
|K - L] := d(K, L).

By Proposition 1.1.15-(7v) this makes the map h. : %(V) — Cepen(S(V*)) an isometry and, in
particular, a homeomorphism on its image. Moreover, note that for all K € J&4(V), | K| = || K — {0}
coincides with the norm of convex bodies already defined in Definition 1.1.6.

In the previous section, we saw that a convex body is a zonoid if and only if its support function
restricted to the sphere belongs to a certain subspace HT (V) that is the image of the linear operator
called the cosine transform, (Definition 1.2.47). In other words, the image of 24(V) by the embedding
(1.2.9) is H*(V) and the image of E)(V) is what we called H(V).

Thus the relation between the weak-* topology on :@%(W) defined in the previous section (Defini-
tion 1.2.51) and the topology given by the norm just defined is described by this operator: the cosine
transform. We already announced (and we will prove it below) that these two topologies coincide on
the cone Z4(V), since they both coincide with the topology given by the Hausdorff distance. However,
since the weak-* topology on the space of measures is in general not metrizable, they must be different
on the whole space Dgé\’b(V).

We now prove some continuity result of the cosine transform. The space of signed measure M(S(V))
is considered endowed with the weak-* topology (see previous section) and the space of even continous
functions Ceyen (S(V*)) with the supremum norm. The following is similar to [26, Theorem 2.26].
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Proposition 1.2.54. The cosine transform H: M(S(V)) = Cepen(S(V*)) satisfies the following prop-
erties.

(i) H is injective.
(i) H(V) is a dense subspace of Ceyen(S(V*)).
(11i) There exists ¢y, > 0 such that for all p € MT(S(V)), cm|H(1)[loo < u(S(V)) < [[H(1)||oo-
(iv) H is sequentially continuous.
(v) The restriction H: M+(S(V)) — HT (V) is a homeomorphism.
(vi) The inverse H™1 : H(V) — M(S(V)) is not sequentially continuous for m > 1.

Proof of Proposition 1.2.54. Assertions (i) and (i7) are in (the proof of) [80, Theorem 3.5.4] and item
(4i7) is just Proposition 1.2.40 restated in our context using the expression of the length as total mass
proved in Proposition 1.2.46.

As for assertion (iv): because H is linear it suffices to prove sequential continuity at 0. Suppose
that (u;) converges to 0 in M(S(V)) in the weak-* topology. Let h; := H(u;), in such a way that
hi(u) = fs(w) [{(u, )| p;(dz), and in particular h;(u) — 0 for all v € S(V*). So we have pointwise
convergence of the h;. Since those are signed measure, h; are not necessarily support functions and
we cannot apply Lemma 1.1.18. We are going to show that h; — 0 uniformly. Recall that every
measure p; has a unique Hahn—Jordan decomposition p; = u; + — f1;,— (see Proposition 1.2.49), where
iy phi,— € MT(S(V)). We define |u;| := i+ + pi,—. The Banach-Steinhaus Theorem (e.g., see [74])
implies that x := sup; (|#;|(S(V))) < oo. Therefore, we have for any u € S(V*),

()| < /S o ) < S V) < .

and hence sup; ||h;|lcoc < k. Moreover, for uj,us € S(V*),
[hiv1) = hiva)| < / : [{v1 = w2, B[ d|pi| () < K]l = val|
S(V

The Arzela-Ascoli Theorem (e.g., see [74]) implies that (h;) has a uniformly convergent subsequence
(hi],). Thus hij — 0 uniformly since hi;, — 0 pointwise. By the same argument we see that any
subsequence of (h;) has a subsequence that uniformly converges to 0. This implies that h; — 0
uniformly. Therefore, it follows that the map H is sequentially continuous.

For assertion (V), Bolker [24, Theorem 5.2] showed that H: M (S(V)) = Ceypen(S(V*)) is contin-
uous. So we only need to show that the inverse H=! : H¥(V) — M™T(S(V)) is continuous. For this it
suffices to show that H™! is sequentially continuous on H* (V), because the topology on H (V) is given
by a norm. We take a sequence (h;) C H"(V) that converges to h € HT (V). Let (u;) € MT(S(V))
be such that H(u;) = h; and let p be a measure with H(u) = h. We have to show that u; converges
weak-* to p. For this, we fix f € Cepen(S(V*)) and show that (u; — p, f) — 0. This would imply that
i — — 0. Let € > 0, by assertion (i), there are z1,...,zny € S(V) and ¢1,...,ty € R such that the

function g(u) := Zszl ti|(u, 1) In Cepen (S(V*)) satisfies ||f — glloo < £/(2¢). We decompose

(i — s ) = (i [ —9) + (i — 11,9) + {1, f = 9)- (1.2.10)

The sequence of real numbers ||h;||o converges to |||l and is thus bounded so that there is ¢ > 0
such that sup, ||hillec < ¢ and ||h]|c < ¢. An upper bound for the absolute value of third term in
(1.2.10) is [{u, f — g)| = |fs(w)(f(:z:) —g(x)) du(x)] < p(S(V))||f — glloo where we used the Euclidean
structure to identify V* = V and the fact that p is nonnegative. By assertion (¢i¢) and by taking
¢ = ¢, this is bounded by ¢||f — g]|oo < €/2. We get the same bound for the first term. The middle
term equals Z,]CVZI ti(hi(xr) — h(zy)) and, by the pointwise convergence already proven, converges to
zero for i — oco. Therefore, limsup; |(p; — i, f)| < € which proves assertion (V).

Assertion (vi) relies on the noncontinuity of the tensor product of zonoids that will be proven
below, see [26, Theorem 2.26-(6)]. O
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We thus proved that there are two different topologies on the space of virtual zonoids that coincide
on the cone of zonoids. It is unclear for now if there are others.

Open problem 1. Characterize the topologies on :@\%(V), respectively Ji//\(V), that coincide with the
Hausdorff distance topology on 25(V), respectively 2 (V).

The zonoid problem

So far we saw several ways to build zonoids but we didn’t see how to characterize zonoids. Indeed
one could ask: given a convex body K C V, how can I recognize if it’s a zonoid or not? We already
observed that the first necessary condition is that K is centrally symmetric. To determine further
characterization is in general a difficult problem and remains, in its whole generality, open.

Open problem 2 (The zonoid problem). Is there an algorithm that, given K € J£(R™), determines if
K e Z(R™)?

Of course the answer to this question depends on a definition of an algorithm. Let us give some
partial answers. The first is that, as was observed in Corollary 1.2.5, this question is trivial in dimension
2 and all centrally symmetric convex bodies are zonoids. When m = dim(V) > 2 however, the inclusion
Z(V) € (V) is strict. Indeed since a polytope is a zonoid if and only if it is a zonotope ([80,
Corollary 3.5.7]) then Proposition 1.2.4 provides examples of centrally symmetric polytopes that are
not zonoids.

Ezample 1.2.55. The octahedron in R3 is in J#,(R3) \ Z5(R3).

This is not specific to polytopes and for example, Rolf Schneider in [80, p.203] provides a one
dimensional family of curved convex bodies in . (R?) \ 2H(R?).

Wolfgang Weil proved in [88] that an answer to the zonoid problem cannot be strictly local. More
precisely he proved the following, see also [80, p.204].

Proposition 1.2.56. For all m > 2, there ezists a convex body K € J(R™) \ Z5(R™), arbitrarily
smooth, that has the following property. For each u € S™~! there exist a zonoid Z € Zy(R™) and a
neighbourhood U of u in S™~! such that the boundaries of K and Z coincide at all points where the
exterior unit normal vector belongs to U.

WEeil conjectured a weaker characterization along great spheres that turned out to be true if and only
if the dimension is even. For a little tour d’horizon of zonoid characterization, see [80, p.204 note 9].

An equivalent formulation of the zonoid problem would be the following: given an even function
h : S(V*) — R, that is a support function of a convex body, is there an algorithm to determines if
h € HY(V)? Weil’s result shows that it cannot be answered by means of only local quantities such as
derivatives.

This is in contrast to the case of convex bodies in general. Indeed if h € Cepen (S(V*)) is C?, then
the condition of h being the support function of a convex body can be characterized by a positivity
condition of its Hessian at each point which is a local condition.

We mention one last characterization that is due to Yossi Lonke in [58] and that will be used in
the next section. Let us first make a definition.

Definition 1.2.57. Let e € ™!, we define O(e) C O(m) to be the subgroup of the orthogonal group
of R™ that fixes e, i.e. Oe) = {g € O(m)|g(e) =e} = O(m — 1). Moreover, we say that g€O(e) is
uniform if its law is the normalized Haar measure on the compact Lie group O(e). If K € JZ(R™),
we define for each e € S™~1

S K = Eg.(K)

where g.€0O(e) uniform.

Note that S, K is a solid of revolution, that is, for all g € O(e), g(SeK) = S.K. The following is
[58, Theorem 1].

Proposition 1.2.58 (Lonke’s criterion). Let K € J(R™), then K € Z5(R™) if and only if for every
e € S™ 1 we have

S.K € Zy(R™)
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In other words, hx € HY(R™) if and only if for all e € S™ !, E(hg o gt) € HT(R™) with g.€O(e)
uniform.

This characterization is nice and explicit but is this an algorithm? Some people would argue that
the only conditions that can be tested by an algorithm are the sems algebraic ones. In the next section
we prove that the condition of being a zonoid is definable in an o-minimal structure larger that the
semi algebraic one.

1.3 Tameness of zonoids

In this section we examine how nice the condition “being a zonoid” is in R™. This is a joint work with
Antonio Lerario and, in particular, this section will be a shortened and introductory version of [55].
We invite the reader to refer to it for more details.

1.3.1 o-minimal structures

Polynomials are a finite data and thus easier to handle for a mathematician or a computer. Thus the
subsets defined by polynomial equations, namely the algebraic sets are easier to study. Unfortunately,
this class of sets is not stable by projection. One has also to consider the following.

Definition 1.3.1. A subset X C R™ is called basic semialgebraic if it is defined by a finite number
of polynomial equalities and inequalities, i.e. if there are Py, ..., Py, Q1,...,Qp € Rlx1,..., 2] such
that X = {z e R™ | Pi(z) =0, 1 <i<aand Q;(x) >0, 1 <j<b}. A set is semialgebraic if it is a
boolean combination (i.e. finite intersection, union and complementary) of basic semialgebraic sets.
Finally, if X,Y are semialgebraic, a function f : X — Y is said to be semialgebraic if its graph is
semialgebraic in X x Y.

The first observation is that, in dimension 1, the semialgebraic sets of R are finite unions of points
and intervals (possibly unbounded). In higher dimension, semialgebraic sets still have many finite-
ness properties such as bounded number of connected components or bounded homology. Moreover,
projections of semialgebraic sets are semialgebraic and, finally, all first order formulas involving semi-
algebraic objects define semialgebraic sets (this means that every set that you define with quantifiers
and semialgebraic sets and functions is again semialgebraic).

With this collection of nice properties (and many more), working in the semialgebraic category often
makes proofs easier. However, they are not stable with integration, i.e. the partial integration of a
semialgebraic function is not necessarily semialgebraic. This makes it difficult to work with conditions
such as Proposition 1.2.58.

One can generalize the notion of semialgebraicity and give a list of axioms for collections of subsets
in order to have similar properties.

Definition 1.3.2. An o-minimal structure is a collection &, of subsets of R™ for all m > 0 such that
1. O, is a boolean algebra of R™, i.e. ),R™ € 0, and if A, B € 0,, then so does AN B and AU B;
2. ifA€ 0, then Rx AJAXR € Oppyn;
3. we have for all m > 1, {(21,...,2m) ER™ |21 =2} € Op;
4. if A€ Opy1 and m: R™TL — R™ is the projection on the first m coordinates, then w(A) € O,,;
5. we have {(z,y) € R?* |z < y} € O0;
6. the sets in & are precisely the finite union of points and intervals.

A set A € 0, is said to be definable in the o-minimal structure. A function f : A — B between two
definable sets is called definable if its graph is definable in A x B.
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It turns out that sets that are definable in some o-minimal structure share many properties with
the semialgebraic sets. This is why definable sets of functions are also called tame, as opposed to wild.

A subset of R™ is called semianalytic if it is locally defined by a finite number of analytic equalities
and inequalities. This does not define an o-minimal structure since this is not stable by projections.
One can then consider these together with the projections of semianalytic sets to form the subanalytic
sets and functions. Finally, globally subanalytic functions are functions that are subanalytic in the
ambient projective space and it gives a well defined an o-minimal structure, see [85] or [16] for a more
rigorous definition.

Definition 1.3.3. We denote by R,, the o-minimal structure generated by the globally subanalytic
sets and by R,y exp the o-minimal structure generated by the globally subanalytic sets together with
the graph of the exponential function.

If P is a globally subanalytic set, following [31], we denote by % (P) the R-algebra of real valued
functions generated by all globally subanalytic functions on X and all the functions of the form
x +— log f(z), where f : X — (0, 00) is globally subanalytic. A function in € (X) is called a constructible
function. Notice that functions definable in R,,, are constructible and that constructible functions are
definable in Rap exp-

In the sequel we will simply say that a set or a function definable in R,, is subanalytic (omitting
the word “global”).

We will use the following crucial result [31, Theorem 1.3], see also [32] and [57].

Proposition 1.3.4. Let P be subanalytic and F € € (P x R™). Suppose that for all p € P the
function F(p,-) : R™ — R is integrable. Then the the function I(F): P — R defined by I(F)(p) :=
me F(p,x)dx is constructible, and in particular definable in Rap exp-

Remark 1.3.5. In the case F' : P x R™ — R™ is semialgebraic, then the parametrized integral function
I(F) is definable in a structure strictly smaller than Ry, exp, see [47].
Let us make the following definition.

Definition 1.3.6. For every continuous h : R™ — R and e € S™~! we define S.h := E(h o g') where
ge €0(e) uniform.

This definition is made in such a way that for all K € #(R™) and e € S™! we have hs, x = Seh.
The following result will allow us to use Lonke’s criterion.

Corollary 1.3.7. If h : P x S™~1 — R is constructible, the function (e,p,u) — Sch(p,u) is also
constructible.

Proof. Consider a subanalytic function F : S™~1 x O(m — 1) — O(m) such that for almost all
e € S™~1 the function F(e, ) is a subanalytic isomorphism between O(m — 1) and O(e). (Since we are
only requiring that F' is definable, such function can also be defined piecewise.) Then we can write:

Schip) = [ . (Ple,) ) [ det TF (e, a5

where dg is the normalized Haar measure on O(m — 1). Since the integrand is constructible, the
result follows by applying Theorem 1.3.4 after noticing that there is a diffeomorphism, definable in
Ran, between an open dense of subset of O(m — 1) and R™, m = n(n — 1)/2 (for instance one can
take the restriction of the Riemannian exponential map at the identity on an appropriate subanalytic
domain). O

1.3.2 Tame families of convex bodies and zonoids

Definition 1.3.8. Let P be a subanalytic set. A subanalytic family of convex bodies in R™ is a
subanalytic set T' C P x R™ such that for every p € P the set

K, ={zeR"|(p,x) €T}

is a convex body. For p € P, we will denote by &, the support function of K, (instead of h, ).
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If T'C P x R™ is a subanalytic family of convex bodies, the function H : T — R, given by
H(p,u) = hp(u), is subanalytic. Moreover, if P and T" C P x R™ are subanalytic, denoting by
T, :={x € R™|(p,x) € T}, it is immediate to see that the following sets are subanalytic:

(i) #(P):={pe P|T, is a convex body};
(ii) A (P):={p € P|T, is a centrally symmetric convex body, centered at the origin} .

Theorem 1.3.9 (Lerario-M). Let P be a subanalytic set and let {K,|p € P} be a subanalytic family
of convex bodies in R™. Then the set 25(P) := {p € P| K, is a zonoid} is definable in Ran exp-

Idea of the proof. Using the notation introduced in the previous section, one needs to show that the
set {p € P|h, € H"(R™)} is definable. It turns out that one can always invert the cosine transform
of definable function in a distributional sense, so one has to show that the condition “H~!(h,) is a
nonnegative measure” is definable among the family of distributions H’l(hp).

The first step is to reduce the problem to a one dimensional one using Lonke’s criterion. Indeed
fixing e € ™! the function S.h(u) is a function of (u,e).

The second ingredient is an expression of the inverse of the cosine transform using another integral
operator called the Radon transform. For smooth functions this allows to express the inverse of the
cosine transform as a differential operator.

Then one considers that subanalytic functions are piecewise smooth and the pieces are definable.
Thus in dimension one a differential operator in the sense of distribution has a simple form: where the
function is smooth it is the classical differentiation, at points where it is not smooth there are some
jumps that produce deltas and derivative of deltas.

Since the points where a subanalytic function is not smooth form a definable sets, one shows that
“being a nonnegative measure” at those points is a definable condition. O



Chapter 2

Zonoid calculus

In this chapter, we introduce explain and illustrate zonoid calculus. Concretely this is a recipe to build
multilinear maps on the spaces of zonoids from multilinear maps on the underlying vector spaces. We
call this recipe the Fundamental Theorem of Zonoid Calculus (FTZC), see Theorem 2.1.16 below. It
is based on a tensor product of zonoids that we define in Definition 2.1.3.

We then give a particular focus on the bilinear map given by the wedge product. Using this, we
build the zonoid algebra and Grassmannian algebra in Section 2.2. We investigate what happens in the
case of a complex vector space and construct a new function on zonoids that we call mized J-volume
in Section 2.3. Finally we investigate some operations on the zonoid algebra that will be useful later
in Section 2.4 and we illustrate the zonoid algebra with two detailed examples in Section 2.5 and
Section 2.6.

Once again, in this chapter, V will denote a real vector space of dimension m < oco. Sections 2.1, 2.2,
2.2.3 and 2.3 are a joint work with Peter Biirgisser, Paul Breiding and Antonio Lerario (abbreviated
B.B.L.M).

2.1 FTZC

Consider a linear map 7': V — W. As was observed previously, the image of a convex body in V is
a convex body in W, in other words, T induces a map T : # (V) — # (W). This map satisfies some
properties collected in the next result.

Proposition 2.1.1. Let T : V — W be a linear map and let T : (V) — (W) the induced map
on convex bodies, that is for all K € 2 (V), T(K) = {T(z)|x € K}. The following are satisfied.

(i) the map T is linear, i.e for all K,L € # (V) and t > 0, we have T(tK + L) = tT(K) + T(L);
(ii) the map T is continuous;

(iii) for all z € V, we have T(z) = T(z) and T([0,z]) = [0, T(z)];

o~

(iv) the map T is increasing with respect to inclusion, that is if K C L then T(K) C T(L).

(v) the map T extends uniquely to a linear map on virtual convex bodies that we also denote by
T: (V) — (W) and this extension is continuous.

Proof. Ttem (i) and (ii) are a consequence of Proposition 1.1.15-(¢4¢). Item (4i7) and (iv) follow from
the definition of the map 7. As for item (v), the linear extension is defined as T (K —L) := T(K)-T(L).
One can check that this is well defined. Continuity of this map follows again from Proposition 1.1.15-
(iid). O

41
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Consider now a multilinear map M:Vy x---x Vi — W. One would like to have a similar result
and be able to produce a map M : # (Vy) x --- x H (V) — (W) that is multilinear, continuous
and maybe also satisfies the other properties of Proposition 2.1.1.

Unfortunately a pointwise definition as before would not work here. In particular, the multilinear
image of convex bodies need not to be convex.

However, restricting to zonoids one can define such a map, this is the main result on this section
that we call the fundamental theorem of zonoid calculus (FTZC), Theorem 2.1.16. It relies on a notion
of tensor product of zonoids which already appeared in a work of Guillaume Aubrun and Cécilia
Lancien [13, Definition 3.2].

2.1.1 Tensor product of zonoids
In order to define the tensor product in terms of Vitale zonoids we need the following lemma.

Lemma 2.1.2. Let X, X'€V and Y,Y'€W be integrable random vectors such that (X, X') is indepen-
dent of (Y,Y"). We have: if X is zonoid equivalent to X' and Y zonoid equivalent to Y' then X @ Y
is zonoid equivalent to X' @ Y.

Proof. Fixing y € W, consider the linear map 7, : V. — V ® W defined by 7,(z) := z ® y. Then, for
all u € V¥ ® W*, we have

hexey (1) = $E(X, (1v)"(w)] = E [hex ((7v)"(w))] . (2.1.1)

where in the second equality we used the independence of X and Y and where in the last term, the
expectation is on the random vector Y. This shows that the zonoid EX ® Y only depends on EX and
not on the random vector. A symmetric argument shows the same for Y and we get the result. O

This shows that the following is well defined.
Definition 2.1.3. The tensor product of zonoids
R ZV)x Z(W) - (Ve W)
is defined for all X €V and YEW integrable and independent by
EXQEY :=EX®Y
and for all K € Z5(V) and L € 25(W), and all z € V,y € W by
(K+3{z}) @ (L+3{y}) = KO L+ 3{z®y}.

Remark 2.1.4. Notice that in the proof of the previous lemma, more precisely in (2.1.1) we have proved
that for every centered zonoid K € Z24(V) and every integrable EY we have for all u € V* @ W*:

hK®Ex(u) = EhK ((Ty)t(u)) (212)

where recall that for all y € W and all € V, we define 7,(z) = £ ® y. More precisely, in our case, we
get (1) =Idy- @(-,y) : V* @ W* — V*. Equivalently, one could write

K ® EY = E7y (K).

Notice that for this formula makes sense even if K is not a zonoid and this could be a definition of a
tensor product of a general convex body with a centered zonoid.
Let us give right away some examples.

Example 2.1.5. Let x € V and y € W, we have
LOY =19y, [0,2]©[0,9] = [0,z ®y].

Indeed, the centered case is done using the fact that £ = EX where X = z with probability one. For
the non centered segment, one compute it using that [0,z] = z + +{z}.
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Similarly one can prove the following.

Proposition 2.1.6. Let XE€V and YEW be independent and integrable. We have
E[0,X] ® E[0,Y] =E[0, X ® Y]

Proof. This is a straightforward computation using the fact that E[0, X] = EX + 3{EX} (Proposi-
tion 1.2.24). O

Ezample 2.1.7. Let a,b € N, we define the Segre Zonoid to be the tensor B(R%) ® B(R?). If we identify
the space of matrices R® ® R® to the space of linear maps M : R® — R%, then the support function of
the Segre zonoid can be expressed as the first intrinsic volume of the ellipsoid defined by the matrix,
more precisely for all M € R* ® R® we have:

hp@®a)epEn) (M) =€ (M(B(R"))

Indeed, let us first notice that in this identification, given y € R? and M € R* ® R® we have that
(1y)'(M) = M (y), where recall the expression of (7,)! in Remark 2.1.4. Let Y €R® be integrable such
that B(R?) = EY. Then, from (2.1.2) we get

hp@EeepEn) (M) = E[|MY)].

We recognize on the right hand side the length of EM(Y) = M(EY) = M(B(R%)) which proves the

claim. —

This tensor product satisfies at least some of the desired properties.

Proposition 2.1.8. The tensor product of zonoids is associative, it is linear and positively homoge-
neous in each variable. Moreover, on centered zonoids, the tensor product is monotonically increasing
in each variable; that is, if K1 C Ko and L1 C Lo then K1 ® L1 C Ko ® Lo.

Proof. The associativity and homogeneity follow from the definition and the associativity and homo-
geneity of the classical tensor product. For linearity, we use the Bernoulli trick (Proposition 1.2.34).
Indeed let X, X; €V, YEW independent of X, X’ and let ¢€{0,1} be a Bernoulli variable of param-
eter 1/2 independent of X, X’ and Y. Then by Proposition 1.2.34, if Z = (1 — €)2X, + €2X; we then
have EZ = EX, + EX;. Moreover, Z®Y = (1 —€)2Xo®Y + €2X; ® Y so, by the same argument,
EZQY =EXo®Y +EX; ®Y = EXy ® EY + EX; ® EY. But by definition of the tensor product
and by the independence of the variables, EZ ® Y = EZ ® EY = (EX, + EX;) ® EY. This shows
linearity in the first variable, the same argument shows linearity in the second variable. Monotonicity
is a consequence of (2.1.2) and Proposition 1.1.15-(i). O

Example 2.1.9. Let x1,...,2xy € V and y1,...,ynm € W, we have

<Z[07ﬂfi]> ® (Z[Qw]) = ZZ[OW ® yj].

Indeed, this is a conscequence of the multilinearity and Example 2.1.5.

We now show how the length and norm behave well under the tensor product.

Proposition 2.1.10. For all K € (V) and L € (W) we have
U(K®L)=LK)(L).
Moreover, if K and L are centered then

1K @ LIl < 2+/m || KI[[|L]|
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Proof. Since the length is translation invariant, we can suppose for the first assertion that K = EX and
L = EY with independent random vector X €V and YEW. Then, by Definition 1.2.31, /(K ® L) =
E|X Y| =E|X|E|Y| = ¢(K)¢(L), which is what we want.

For the norm inequality, assume V = R™ and W = R™ and w.l.o.g. m < n. Recall that the nuclear
norm of a matrix M € R™*™ is defined as the sum of its singular values. The corresponding unit
ball By equals the convex hull of the rank one matrices V. ® W such that v € R™ and w € R™ have
norm one, e.g., see [35]. If we denote by B the unit ball with respect to the Frobenius norm, we get
B C \/mBhpye, where we used that m < n. We obtain

IK @ L|| = Igleaé(hj(@L(u) < Vm max hrer(u) = %\/ﬁmngKu,X@Yﬂ.

u€ Bnuc

But for u = V® W with unit vectors v, w, we have
E(VeW,X ®Y)|=E[(v, X)| - E[{(w,Y))| = 4hx (V)h (W) < 4| K] |L].
Using the convexity of hix g, implies the second assertion. O

It is straightforward to extend the tensor product of zonoids to a bilinear map between spaces of
virtual zonoids.

Proposition 2.1.11 (Tensor product of virtual zonoids). The tensor product of zonoids from Defi-

< — —

nition 2.1.3 uniquely extends to a bilinear map - ® - : Z (V) x (W) — Z (Ve W). The resulting
tensor product of virtual zonoids is associative.

Proof. The only possible way to define it is by setting
(K1 — K2) ® (L1 — L2) == (K1 ® L1 + K2 ® La) — (K1 ® Ly + K2 ® L1).

Using the multilinearity of the tensor product of zonoids, it is straightforward to check that this is
well defined and defines a bilinear map. The associativity follows from the associativity of the tensor
product of zonoids. O

Notice that we haven’t talked about continuity yet. We will prove that the tensor product is
continuous on zonoids but that this is not true for its extension to virtual zonoids. In order to do that,
it is convenient to use the point of view of measures introduced in Section 1.2.3.

Recall that the Segre map is the map S(V) x S(W) — S(V ® W) that sends (u,v) — u ® v.

Definition 2.1.12. We define the map T : M(S(V)) x M(S(W)) — M(S(V @ W)) to be the tensor
product of measures composed with the pushforward of the Segre map.

Proposition 2.1.13. Let K € Z,(V) and L € Z (W), we have

prerL =T (uK, pr)-

Proof. Since the map T is bilinear we can assume without loss of generality that pux and pp are
probability measures; the general case then follows by homogeneity and linearity. In that case, by
Proposition 1.2.43, K = EX where X€S5(V) C V is a random vector of law py. Similarly, L = EY,
where YES(W) € W is a random vector of law pj,, that we can assume to be independent of X. By
definition, we have K ® L = EX ® Y. The law of X ® Y is the pushforward by the Segre map of the
tensor product of measures px ® pur, € M*(S(V) x S(W)), and this concludes the proof. O

One could take Proposition 2.1.13 as the definition of the tensor product of zonoids, as it may
appear simpler. This simplicity however entirely relies on the fact that the tensor product on vectors
(the Segre map) sends the product of spheres to the sphere. When later in Section 2.1.2, we will deal
with multilinear maps that do not have this property, the point of view of random vectors will be
easier to handle.

We see that the tensor product of zonoid is well understood in the point of view of measures and
in the point of view of the Vitale zonoid. However for the two other point of view this is less clear and
this is the reason why it is not obvious how to generalize this tensor product to general convex bodies.
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In particular we lack a description of the support function of the tensor product in terms of the
support functions of the arguments. The best we have is (2.1.2) which express the support function of
the tensor product in terms of the support function of the first variable. We saw in different proofs how
useful was this expression but it still requires to know the Vitale construction for the second argument.

Open problem 3. Find an expression of hg g directly in terms of hx and hy.

Continuity of the tensor product

Let us start by proving an inequality.

Lemma 2.1.14. Let K1, Ky € Z3(V) and L € Z3(W) and let n := dim W, we have
1K1 ®L—Ky®L| < vV2mpu|l L[| K1 — Ka|,

where recall the definition of py, in (1.2.7).

Proof. Let u € V* @ W* be such that ||u|| =1 and [|K1 ® L — K2 ® L|| = |hk,on(u) — hk,er(u)|. Let
L=FEY. From (2.1.2) we get

hic,oL(u) — h,or(u) = E (b, — hic,) ((1y)*(u)),

hence,
hiyor(u) = hiaern ()] < El(hg, — hi,) (1) (u)]
< by = i, [loo Ell (7y) () |
< 1Ky — K| E|Y] = [| Ky — Kaf| £(L)
where, for the third inequality, we used the fact that ||(7)"||op = ||7yllop = ||yl With |- ||op the operator
norm. Applying Proposition 1.2.40 completes the proof. O

The main continuity properties are summarized in the following result.

Proposition 2.1.15. Suppose that dimV,dim W > 2. Then, the tensor product map satisfies the
following.

(i) @ : Z(V)x Z(W) > Z(VeW) is continuous. More specifically, for K1, Ky € Z(V) and
Ly, Ly € Z3(W), we have

dig (K1 ® L1, Ky ® La) < V27 (pm || K| + pnl|L1]]) (d (K1, K2) +d (L1, L2)) ,

where m := dimV and n := dim W;

—~ — —

(i) the extension to virtual zonoids - ® - : Z (V) x (W) — Z(V @ W) with the norm topology on
both sides is not sequentially continuous, but separately (i.e., componentwise) continuous;

(iii) the extension to virtual zonoids - ® - : 3/’\(\/) X fé/f\(W) — E»’?(W ® W) with the weak—x topology
on both sides is sequentially continuous.

Proof. In this whole proof, without loss of generality, we assume that the zonoids are centered. For
proving (1), recall that d(K,L) = ||K — L||. From the multilinearity of the tensor product and the
triangle inequality of the norm, we get

||K1 & Ll - K2 ®L2|| S ||K1 ®L1 - K2 ®L1H + ||K2 ®L1 — K2 ®L2H
Combined with Lemma 2.1.14, this yields
[K1® L1 — K2 ® La|| < V2mpp | L[| K1 — Kal| + V27 pn | K2|l[[ L1 — L2,

which proves the first assertion.
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As for (2), the separate continuity follows directly from Lemma 2.1.14. To prove that it is not
(sequential) continuous, we begin with a general observation. Let ¢: F x F' — G be a bilinear map of
real normed vector spaces. Then ¢ is (sequential) continuous if and only if it has finite operator norm:

Iellop :=  sup [le(x,y)| < oo
el <1yl <1

We show now that the tensor product of virtual (centered) zonoids has infinite operator norm. It
suffices to prove this for V.= W = R2. Consider the sequence of vectors a,, := (n,1), b, := (n,0)
and the corresponding sequence of segments a,,, b, in R?%. This defines the sequence of virtual zonoids

—~

a, — b, € Z(R?). It is immediate to check that

1
= bull = d (an, ba) = -

Consider P, := (a,, — by) ® (an — by) € Z(R?* @ R?). It suffices to show that lim,_,o || P,|| = co. For
this, we compute

a®a—n2nb®b—n20a®b—n20b®a—n2n
neErr T g 1T 10 o no0of T {0 0

- . . 1 —n|. .
Their inner product with the matrix w,, := [n On} is given by

<an ® anawn> = 7n23 <bn ® bna wn> = 77,2, <an ® bna wn> = <bn & anawn> =0,
We obtain h,, ga, (Wn) = %|(an®an,wn>| = §7 hy, @b, (Wn) = %2, and hain@)bi(wn) = h@@@(wn) =0.

Therefore,
( Wn ); he, (wa) _ 0% (2.1.3)

But since ||wy] = V14 2n2, (2.1.3) explodes as n — oo and this completes the proof of the second
item.

For item (3) we recall from Proposition 2.1.13 that at the level of measures, the tensor product of
(centered) zonoids equals the tensor product of measures composed with the pushforward of the Segre
map. The pushforward of a measure under a continuous map is weak—+ continuous. Mapping two
measures to their product measure is sequentially continuous by [23, Theorem 2.8]. This finishes the
proof for the third assertion. O

2.1.2 Multilinear maps induced on zonoids

We are now ready to state and prove our main result.

Theorem 2.1.16 (The Fundamental Theorem of Zonoid Calculus, B.B.L.M.). Let M : Vi x---xVj —
W be a multilinear map. There is a unique multilinear map

M Z5(Vy) x -+ x Z5(Vy,) = Z5(W),
that is continuous on zonoids and such that for every x1 € Vq,... ,x € Vi

M(ﬂ,...,%) =M(zq,...,2zk).
Moreover, M sends zonoids to zonoids and is continuous in each variable for the norm topology and
sequentially continuous for the weak-+ topology.

Proof. To show existence, we rely on the universal property of tensor product: there is a unique linear
map L:V;®---® Vi - W such that L(z; ® -+ ® ) = M(x1,...,2%). Consider the induced
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linear continuous map L : :@%(Vl ®--®@Vg) — D%%(W) For (Ki,...,K,) € D%%(Vl) X e X Q/”\(Vk),
we define the map M by e R
M(Ky,...,K) = LK ® - @ Ky).

This is the composition of the linear map L with the multilinear tensor product defined in Defini-
tion 2.1.3, therefore it is multilinear.

Restricting to zonoids, we see that M(%(Vl) <X Z5(Vi)) € 25(W). The asserted formula
for the image of M on tuples of segments is a direct consequence of Example 2.1.5 and the definition
of the map M.

Since L is continuous and the tensor product map from Proposition 2.1.11 is separate continuous,
M is separate continuous. Similarly, M | % (V1) x.- X Zo (Vi) is continuous since the tensor product map
on zonoids is continuous (Proposition 2.1.8) and L is continuous (Proposition 2.1.1).

For the uniqueness of the map M we argue as follows. Since by definition, any zonoid in V; can be
approximated by symmetric segments and the values of M are determined on tuples of segments, the
componentwise continuity of M determines M on Zo(V1) x -+ - x Z5(Vg). In turn, this determines M
by multilinearity.

By Proposition 2.1.8, the tensor product of zonoids preserves the componentwise order. Moreover,
L preserves the order as shown in Proposition 2.1.1. This implies that M preserves the componentwise
order.

The last statement about the sequential continuity with respect to the weak-* topology follows
from Proposition 2.1.15-(4t). O

Let us extend this map to non centered zonoids. We use the same symbol to denote it.

Definition 2.1.17. Let M : Vi x --- x V;, — W be a multilinear map. We define the multilinear
map M : (Vi) x -+ x (Vi) — Z(W) to be given for all K1 € Z,(Vy),..., K1 € Z(V;) and
1 EVl,...7.’L‘k e Vg by

M (K + Ha), oo Ky + MHag)) o= M (Ky, . Ky) + MM (@, 2))

Note that with this definition we have

—

M([O,ﬂ?ﬂ,. cey [O,.Z‘k]) = [O,M(xl, NN ,l‘k)].

In fact this could be a justification of why we carry this % term everywhere.
Finally, we show that FTZC (Theorem 2.1.16) behaves well with the Vitale construction.

Proposition 2.1.18. Let M : V; x --- x Vi, = W be a multilinear map and let X1€Vy,..., X EVy
be integrable independent random vectors. Then, M (Xy,..., X)€W is integrable and we have

M (EXy,...,EXy) = EM(Xy,..., Xy)
M (E[0, X4],...,E[0, Xz]) = E[0, M(X1,...,Xp)].

Proof. The fact that it is integrable follows from the fact that M has a finite operator norm and
integrability and independence of the random vectors. Moreover let us note that the second equality
follows from the first and Definition 2.1.17 using the fact that E[0, X;] = EX; + 1{EX;}.

To prove the first equality, consider, as in the proof of Theorem 2.1.16, the linear map L : V; ® - ®
Vi — W induced by the universal mapping property of the tensor product. Then recall that M is the
composition of the tensor product with L. We obtain

M(EXy,....EXy)=L(EX,® - @EX;) =L (EX, ® - © Xy).

Moreover, we have L (EX; @ ---® Xi) = EL(X; ® --- @ X;) = EM(X1,. .., X}) which is what we
wanted. O

Open problem 4. Is the image of generalized zonoids in Theorem 2.1.16 a generalized zonoid? What
is the preimage of zonoids?
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2.2 The zonoid algebra

For this section, recall that an Euclidean structure on V induces an Euclidean structure on the exterior
product A*V given for all vy, ..., v, w1,...,w, € V by

<’U1 A A Vg, W1 A A ’U.)k> = det((vi,wﬁ)lgi,jgk. (221)

Equivalently this can be seen as an identification A*(V*) = (A*V)*.

2.2.1 The algebra

In the exterior algebra, we have a collection of bilinear maps wedgey, ; : APV x AW — ARV that
is given by wedge, ;(a,b) = a A'b. We consider the bilinear map induced on zonoids and if A €

Z(AFV), A" € Z(A'V) we write

ANA = wedge,, ; (4, A, (2.2.2)
We will call this operation the wedge product of zonoids. Using Proposition 2.1.18 we have for X and
Y independent integrable random vectors:

EXAEY =EXAY; E[0, X] AE[0,Y] = E[0, X AY]. (2.2.3)

Remark 2.2.1. Note that the wedge product on centered zonoids is commutative, this follows from (2.2.3)
and the fact that z = —x.

Definition 2.2.2. The zonoid algebra and respectively the centered zonoid algebra are defined as
vector spaces to be

(V) =P Z(A"V), (V) = P Zo(AV),
k=0 k=0
and endowed with the multiplication given by the wedge product of zonoids. Similarly we define

m m
o (V) := P Z(A*V) C 7 (V), (V) := @) Z0(A*V) € (V).
k=0 k=0
We will abuse notation and often also refer to those as the (centered) zonoid algebra. Finally, an
element of 2°(AFV) C &7 (V) will be said to have degree k.

Remark 2.2.3. Definition 2.2.2 defines the zonoid algebra as an algebra, but remember that if we
want a topology we have essentially two choices: the norm topology and the weak-x topology (see
Section 1.2.4) and they have different implication in terms of continuity of the wedge product, see
Theorem 2.1.16. If instead we restrict to (V) with the Hausdorff distance topology, the wedge
product is continuous.

Note that we have, as algebras,

o~

(V) =2 (V) @ AV
where AV := @~ , A*V. Therefore we can often reduce to the study of the centered case.

Proposition 2.2.4. The algebra o7 (V) is an associative real graded algebra and the subalgebra «/5(V)
18 in addition commutative. The wedge maps of zonoids

ZADV) x - x Z(APV) = Z(ADT V) (A, A) = AL A A4,

are continuous. These maps preserve the inclusion order of zonoids: if we have A;- C A; for zonoids
in Z(A4V), then
AYN--NA, C AN NA,

Moreover, the wedge product of zonoids does not increase the length:

UAL A AAy) < (A1) L(Ay).
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Proof. The associativity follows from the associativity of the wedge product and (2.2.3). The dis-
tributivity is equivalent to say that the wedge product is bilinear which is guaranteed by Theo-
rem 2.1.16. The gradedness follows from the definition of «/(V)). The multiplicative unit lies in

o~

Z(AV) = Q/;(R) ~ R. The commutativity of the wedge product of centered zonoids was already
observed in Remark 2.2.1.

The continuity of the wedge product of zonoids and the monotonicity with respect to inclusion are
features of Theorem 2.1.16.

For the length inequality, we use that the antisymmetrization map ®jAdﬂ'V — Aat ety ig an
orthogonal projection. Hence ((A1A---AAp) < (A1Q---®@A,) = (A1) ---L(A,) by Proposition 2.1.10.
O

Here is an immediate yet important observation about wedge products of zonoids.
Lemma 2.2.5. Let K € Z(V), we have K"* =0 for all k > dim(K).

Proof. Without loss of generality, we can assume that K is centered. Let us write K = EX. By (2.2.3)
we have K" = EX| A --- A X}, where X;,..., X}, are independent copies of X. With probability
one we have that X belongs to the linear span of K which is of the same dimension of K, and so
with probability one the X; are linearly dependent. Hence, X A --- A X = 0 almost surely, so that
KM =0. O

The zonoid algebra is deeply linked with the notion of mixed volume and intrisic volumes.

Theorem 2.2.6 (B.B.L.M.). For every Ki,...,K,, € Z(V), we have

KiA-AKp=mMV(Ky,...,Kn)+ % {det(o(K), ..., 0(Km))} € Z(A™V)

where recall that o(K;) € V is the pole, that is the unique point such that K; + £{—o(K;)} € Z,(V).
In particular composed with the length we get

UKL A AEp) =mIMV(Ky, ..., Kn). (2.2.4)
Moreover, if K € (V) we have for every 0 < k < m:
(K™Y = K Vi (K) (2.2.5)
where recall that Vi, denotes the k-th intrisic volume (Definition 1.1.24).

Proof. Let us first assume that the zonoids are centered, that is that o(K;) = 0 Vi. Then, let
z1,...,x, € V and notice that det(zy,...,zx) = voly,(z1 + -+ + xm). Moreover, by the proper-
ties of the mixed volume (Proposition 1.1.23), we have voly,(z1 + -+ + ) = mMV(z1,...,2n).
Since the mixed volume is continuous and linear in each variable, and since in dimension 1 we have
x4y = z + y, this implies the result for centered zonoids. For the non centered case, simply apply
Definition 2.1.17.

For the second part, since the length is translation invariant, we can assume that K is centered.
Moreover for simplicity, let us assume V = R™ and write B,, := B(R™). Let us take the independent
integrable random vectors Xi,..., Xy, Y1,...,Y,, €V such that K = EX; and Y} are Gaussian of
variance V27 in such a way that B,, = EY}. By the first part of the proposition, we can write

1

1
UK ABN™ ) = —BIXy A AXp AYIA - A Y g,

m!
Using the independence, we first integrate over the Y; while leaving the X; fixed. By orthogonal
invariance of Y := Y, A--- AY,,_, we can assume that the space spanned by the X; is the span of a
fixed orthonormal frame ey, ...,ex. Then, Xy A--- A Xy = || X1 A+~ AXg|lex A+ A e and so, using
that Y is independent of the X;:

C C
MV(K[k], Byp[m — k]) = ooy E[|Xi A AXg| = ME(KNC)’
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with the constant ¢ := Eylle; A --- Aex A Y. In order to determine this constant, we use that
llet A ANew ANY|| = ||[Y1 A ... A Yy, where Y; denotes the orthogonal projection of Y; onto the
orthogonal complement R % of RF = Span{ei,...,ex}. Since the unit ball B,  is the projection of

the unit ball B, we have that B,,_; = EY;, we obtain with the first part of the proposition:

E[Vi A+ AV k| = £(BA™Y = (m — k)!voly, 1 (Bm_s)-

We therefore conclude that MV (K[k], By[m — k]) = - voly,—(Bm—x)¢(K"*), which finishes the
proof. O

Thus we can think of the wedge product of zonoids as an intermediate term, when computing the
mixed volume, and the study of the zonoid algebra, the study of these intermediate terms.
When computing products of zonoids in V we obtain a particular class of elements.

Definition 2.2.7. An element of the zonoid algebra A € Z°(A*V) is called fully decomposable if there
are Kq,...,K,, € Z(V) such that we can write A = K1 A -+ A K.

As we see in Theorem 2.2.6, only fully decomposable zonoids are involved in the computation of
mixed volumes. It turns out that they span a proper subalgebra of the zonoid algebra that we describe
in the next section.

2.2.2 Grassmannian zonoids

We will call simple vectors of A*V all vectors of the form z1 A---Axj, with z1,...,2; € V. Recall that
we denote by G (V) the Grassmannian of k vectorial subspaces of V. Recall that the Grassmannian
embeds in the projective space of A¥V via the Pliicker embedding that sends E € G (V) to the class
[e1 A---Aeg] € P(AFV), where ey, . .., e is a basis of E. In particular the set of simple vectors in A¥V
can be viewed as the cone over the Grassmannian and a measure on G;(V) can be identified with an
even measure on S(V) supported on the simple vectors. Similarly functions on the Grassmannian can
(and will) be identified with even homogeneous functions on simple vectors.
Let us begin with a notation.

Definition 2.2.8. Let E € G;(V), we define the segment
E:=eiA---Nep C APV
where e, ..., e is an orthonormal basis of F.
This allows to make the following definition.

Definition 2.2.9. A zonoid K € Z(A*V) is a Grassmannian zonotope if there exists subspaces
Ei,...,E, € Gp(V), scalars \1,...,\, > 0 and a simple vector ¢ = ¢; A --- A ¢, € A¥V such that

K=MNE+ -+ ME, + 3{c}

A Grassmannian zonoid is a limit of Grassmannian zonotopes. We denote the set of Grassmannian
zonoids in A*V by ¢ (k, V) C 2(A*V), and we define the set of centered Grassmannian zonoids to be
Go(k, V) := 4 (k, V)N 2(A*V). Similarly we define the virtual Grassmannian zonoids ?\(k,V) and
virtual centered Grassmannian zonoids %Ao(k, V).

Remark 2.2.10. For k € {0,1,m — 1,m}, where recall m := dimV, all zonoids are Grassmannian.

Remark 2.2.11. Note that for all k, 4(k, V) is closed under Minkowski addition and multiplication by
a non negative scalar.

From the random vector and measure point of view Grassmannian zonoids can be characterized.
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Lemma 2.2.12. Let K € 245(A*V). The following are equivalent.
(i) K € %(k,V);

(ii) There is an integrable random vector X € AFV that is almost surely simple, i.e. such that almost
surely X = X3 A -+ A Xy (the vectors X1,..., Xy can be dependent), such that K = EX

(ii) There is a random subspace E€G(V) and a random scalar p€R such that p > 0 almost surely
(E and p be dependent) and such that K = EpE.

(iv) The support of the measure ux € M*(S(V)) is contained in the intersection of S(V) with the
set of simple vectors, i.e. px € MT(GR(V)).

Proof. The equivalence (i) <= (iv) follows from Proposition 1.2.43. The equivalence (i) <= (i)
follows from the fact that Hausdorff convergence of zonoids corresponds to weak— convergence of
measures which is Proposition 1.2.48.

To see (i) = (iii), let p := | X1 A--- A Xi| and E := Span(Xy,...,Xy) if X1 A+ A Xy # 0 and
whatever if X1 A--- A Xy =0.

Finally one can see that (iii) = (i) by choosing a measurable map that sends E € G(V) to a
simple vector e; A --- A e, and thus we get a random vector X := pe; A --- A e, EAFV. By definition,
X is almost surely simple and K = EX which concludes the proof. O

Finally from this we get the following.
Lemma 2.2.13. The wedge product of two Grassmannian zonoids is a Grassmannian zonoid.

Proof. If the zonoids are centered, this follows from Lemma 2.2.12-(ii) and (2.2.3). The noncentered
case follows then from the fact that the wedge product of two simple vectors is again simple. O

This allows to define this special subalgebra of the zonoid algebra.

Definition 2.2.14. The Grassmannian zonoid algebra and the centered Grassmannian zonoid algebra
are defined to be

d
G(V) =PIk V) D (V) = P %k, V)
k=0

— —~

which are subalgebra of &/ (V) and (V) respectively. Similarly we define

d

d
G(V) =Pk V) G (V) == P %k, V)

k=0 k=0

we will again sometimes abuse notation and call those (centered) Grassmannian zonoid algebra more-
over we will sometimes use simply the term Grassmannian algebra to denote any of them.

One can describe the wedge product operation directly in terms of measure. As one can see, the
description is significantly more involved compared to (2.2.3) and this is precisely why we often prefer
the point of view of random vectors.

Proposition 2.2.15. Let A € %Ao(k,V) and A’ € %AO(Z,V) where k +1 < d, and let p = pa and
p' = par. Then pAp' is the (signed) measure such that for all continuous f : G (V) = R we have

WAL f) = EAF|f(E+ F)d(u i) (E, F), (2.2.6)

2 /Gk(V)XGz(V)\E

where [EANF| = |les Ao+~ ANex A fi A+ A fi|| withey,..., e, an orthonormal basis of E and fi1,..., fi
an orthonormal basis of F', and = is the subset where the planes E and F intersect non transversally.
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Proof. Since both sides are bilinear we can assume the measures are probabilities. In that case A = EX
with X following the law p (remember that we identify measures on the Grassmannian with even
measures on the sphere supported on simple vectors) and A’ = EX’ with X’ following the law p’ and
that we can assume independent of X. Then from Proposition 1.2.43 we get

<;Mu’,f>:/

1 XAX
Fatun i) = 58 [1X a1 (FEAT) e
Gry1(V)

XA X7

If X represents in Pliicker a subspace F and X’ a subspace F' and X A X’ # 0 then the unit vector

% represents the subspace E + F. Moreover then ||X A X'|| = |E A F|. Finally note that
X A X' =0if and only if F and F intersect non transversally and the result follows. O

We have of course that gAO(V) with the weak-* topology is homeomorphic to ;- , M(Gx(V)).
With this point of view, one can see the centered Grassmannian algebra as an algebra structure on the
space of signed measures of the Grassmannian, with the product given by (2.2.6). As we said before,
the reason why we do not adopt this point of view is because the definition in terms of random vectors
is much simpler and more flexible. For example the associativity of the wedge product is immediate
from (2.2.3) while it is less obvious on (2.2.6).

A particular case of Grassmannian zonoids are the fully decomposable ones (Definition 2.2.7). This
corresponds to the case in Lemma 2.2.12-(it) where X7, ..., X are independent random vectors.

Proposition 2.2.16. Finite sums of zonoids of fully decomposable zonoids are dense in 4(k,V).
Hence the set {K1 N+ ANKy | Ky,...,K, € Z(V)} spans a sequentially dense subspace in the virtual

Grassmannian zonoids 4 (k,V) in both the norm and weak-+ topology.

Proof. Tt is enough to show the centered case. By definition, any zonoid in % (k,V) is the limit of
finite sums of segments of the form x1 A --- A . It is then enough to see that such segments are fully
decomposable. Indeed we have 1 A--- Axp =21 A--- Az O

Next we see that the length of a Grassmannian zonoid can be computed inside the Grassmannian
algebra.

Lemma 2.2.17. Let C € 9(k,V). Then we have

1 AN(m—k
40 = o= (C/\ BV k>)

where recall kg := volg(B(R?)).

Proof. Since the length is translation invariant, we can assume C' is centered. Moreover let us assume
V = R™ and write B, := B(R™). Let C = EX; A--- A X}, let bER™ be a Gaussian vector of mean
0 and variance v/27 in such a way that B,, = Eb and let by,...,b,_x be iid copies of b that are
independent of X; A---A Xj. Then, using the independence of the random variables and the fact that
by A -+ A by, is orthogonal invariant, we have

E(CABQ(”H“)) —E| X1 A AXp Aby A Abgol|
B X1 A AXel-Elles A Aex Abi A Abmgl,

where ey, ..., e, denotes the standard basis of R™. We obtain
(CABNR) = (C) - Ellm(br) A+ Am(bmr)]|

where 7 : R™ — R™~* is the orthogonal projection onto Span(ey1, .. .,emn). Then it remains only to
see, using Theorem 2.2.6, that E||m(by) A -+ A m(bp—p)|| = £ (7(Bm) ™8} = £ (Bp—p)"m=P) =
(m — k) Km—k.

Let us give two examples that show how this can be useful to do computations.
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Ezample 2.2.18. If By, := B(R™) is the unit ball we have

K
(By,) = -
(Bm) =m =
Indeed by the previous lemma we have £(B,,) = WK(BQW). Then the result follows by (2.2.4).

Ezample 2.2.19. Let O(V) be the orthogonal group of V. Note that O(V) acts on G (V) transitively.
Let g€O(V) be a random element that has as law the normalized Haar measure on O(V); we will say
that g is uniform. Let E € G (V) be any fixed k-subspace of V. We have

(m — k) km—rk

EgE = B(V)"k,

m!Km,
Indeed both sides admit as generating measure a (nonnegative) measure on G (V) that is invariant
under the action of O(V). Since such a measure is unique up to a scalar multiple, it is enough to
compute the length of both zonoids to prove the equality. On the left hand side we have ¢(gE) =
£(E) =1 and thus the zonoid on the left have length 1. On the right hand side, by Lemma 2.2.17, we

have
1 m!km

((B(V)F) = {(B(V)N™) = (2.2.7)

(m — k) Em—rk (m — k) em—rk

Note that this gives an example of a Grassmannian zonoid that is fully decomposable although it was
not immediately clear from the definition EgFE.

In the particular case of the powers of a zonoid in V the support function on simple vectors have
a simple interpretation.

Lemma 2.2.20. Let K € 23(V) be a centered zonoid and let u = uj A -+ Auy € AFV* be a stmple
vector. We have

hKAk(’Lbl /\"'/\’Lbk) =

A A
M K voli (. (K)

where m, : V — Span(us,...,ux) denotes the orthogonal projection, identifying V* = V with the

FEuclidean structure.

Proof. Let X€V be such that K = EX and let X1,..., X, be iid copies of X. Then we have

1
hK/\k(u) = §E|<X1 A A X, un /\"'/\Uk>|

- umm(xl) A AT (X |

2
lwg A= Augll
= fﬁ(ﬂ‘u(K)/\k).
Finally, by Theorem 2.2.6, we have (m, (K)"*) = k! voly(m,(K)) which concludes the proof. O

In the case k = m — 1, this completely determines the support function, since all vectors are simple
in A™~1V. In this case in Lemma 2.2.20 we find the support function of the projection body of K, see
Definition 1.2.44.

Corollary 2.2.21. Let K € Z(V) and let IIK € Z5(A™~1V) denotes its projection body. We have

(m—1)!
2

KNm=1) — K.

This implies that the surface area measure is the wedge product of the generating measure; this
was also proven in [80, Theorem 5.3.3].

Corollary 2.2.22. Let K € Z,(V) and identify A™~'V = V* with the Euclidean structure. We have

4 —
Sm—1(K) = muﬁ( b,
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This last example together with Minkowski’s uniqueness Theorem (Proposition 1.2.45) shows that
the map K — K"("=1 is injective. Thus the following.

Proposition 2.2.23. For all 1 <k <m — 1, the map 2,(V) — 4 (k,V); K — K"* is injective.

Note that, for ¥ = m — 1, it is not surjective since some zonoids in A™ 1V are the projection body
of centrally symmetric bodies that are not zonoids [80, Theorem 8.2.2].

The Alexandrov—Fenchel inequality (Lemma 1.1.25) also interprets as a statement in the Grass-
mannian zonoid algebra. More precisely it states that if A € 2°(AFV) is a fully decomposable zonoid
(Definition 2.2.7) then for all K, L € Z(V) we have

(KEANLANA? >UKANKANAULANLAA), (2.2.8)

This immediately rises the question if this still holds more generally in the (Grassmannian) zonoid
algebra. The following conjecture is more a shot in the dark than something based on hard evidence.

Congecture 5. The Alexandrov-Fenchel inequality (2.2.8) is still true if A € 4(k, V) but is not true in
general for A € Z(AFV).

Finally let us remark that the Brunn—Minkowski inequality (Lemma 1.1.26) can also be seen as an
inequality in the Grassmannian zonoid algebra. More precisely, it states that for all Ko, K; € Z°(V)
and all ¢ € [0,1] we have

0(((1 = ) Ko + tK1)™N™) > 0(K)™) ADoK {m)E

2.2.3 Random determinants and mixed volume

In this section we explain how statements in the (Grassmannian) zonoid algebra such as Theorem 2.2.6
interpret in terms of expected absolute determinants in the spirit of [86]. We start with the most general
form.

Theorem 2.2.24 (B.B.LM.). Let c¢1,...,¢x € N such that ¢ := ¢1 + ... + ¢ < m, consider
X1 ER™*er [ X €R™* yndependent and integrable and let M := (X1, ..., X)ER™*€ be the ran-
dom matriz whose columns are the matrices X;. Then we have

E+/det(M*M) = ((EY; A --- AEY;)

where Y, €A“R™ s the image of X; under the map R™*% — A“R™ that maps (z1,...,%.,) to
Ty N Nxe, for all xy, ..., xe, € R™ in particular EY; € 9y(c;, R™) C Z5(A“R™).

Proof. First of all, let us remark that the right hand side is equal to E||Y; A --- A Yg||. Then the
rest is a matter of translating in terms of matrices what we saw before in the zonoid algebra. Let us
write M := (Z1,...,Z;) with Z;€R™ in such a way that X; = (Z;,_,11,...,Zz) where & := 0 and
¢; =c1+ - +¢ for 0 <i<k. Note that, by construction, Y1 A---AYy = Z1 A--- A Z.. Finally it is
enough to see that

det(M'M) = det((Zi, Zj)1<ij<c)

which, by definition of the Euclidean structure on A°R™, see (2.2.1), is equal to || Z; A -+ A Z.||? =
[Y1 A -+ A Yg||? and this concludes the proof. O

Remark 2.2.25. Note that, since the length is translation invariant, we can replace on the right hand
side, each EY; by E[0, Y;].

In the case where ¢; + - - - + ¢ = m the matrix M is a square matrix and we obtain
E|det(M)| = {(EY1 A --- AEYR). (2.2.9)

Another special case is when the blocks X; are just columns, in this case this gives a generalization of
Vitale’s Theorem [86, Theorem 3.2].
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Corollary 2.2.26. Let 1 < k < m, let X1,..., Xx€R™ be independent and integrable and consider

M= (Xq,..., Xk)@Rka, the random matriz whose columns are the vectors X;. We have
|
Ey/det(MIM) = ——— MV(EX,,...,EXg, Bm[m — k])

(m — k) Kpm—rk

where recall that By, := B(R™) is the unit ball and B,,[m — k] denotes that it is repeated m — k times
in the arqgument of the mized volume MV . In particular, if all columns are identically distributed we
have

Ev/det(MtM) = k!'V,(EX,).
where recall that Vi denotes the k-th intrisic volume (Definition 1.1.24).

Proof. By Theorem 2.2.24, we have E\/det(M*M) = ((EX; A--- AEX}). Applying Lemma 2.2.17 we
find ((EX 1 A--- AEXY) UEXA--- AEX, A BA™F), the result follows from (2.2.4). [

_ 1
= R

In the case £k = m, M is a square matrix and we obtain
E|det(M)| = m! MV(EXy, ..., EX,,).
If in addition all columns are identically distributed, we find Vitale’s Theorem [86, Theorem 3.2]:
E|det(M)| = m! vol,,,(EX}). (2.2.10)

Ezample 2.2.27 (Centered Gaussian vectors and ellipsoids). Recall that a Gaussian vector X €R™ is
a random vector such that for all u € R™, (u, X)€ER is a Gaussian variable, see Section 2.6.1. If it is
centered, i.e. if EX = 0 then there is a linear map T : R™ — R such that X has the same law as
T (&) where EER™ is a standard Gaussian vector. The variance of X is then given by vT*T, moreover,
by Proposition 1.2.33 we have that EX = \/%T(Bm) where B, = B(R™). In other words the Vitale
zonoid of a centered Gaussain vector is an ellipsoid.

In the case where T is invertible, the ellipsoid Ex := T(B,,) is also called the dispersion ellipsoid
of X (see [46, (1.1)]) and can be described, using Proposition 1.1.9 for K = T'(B,;,), by:

Ex ={z eR"|(u, T (z)) <1Vue S™'}.

Now let X1,..., Xx€R™, k < m, be independent centered Gaussian vectors, let M := (X7,..., X;) ER™*F
be the Gaussian matrix whose columns are the X; and write & := £x, in such a way that we have
EX; = (2m)~Y/2&;. Applying Corollary 2.2.26, we find a new proof of the result of Zakhar Kabluchko
and Dmitry Zaporozhets, [46, Theorem 1.1], namely :

m!
E+/det(M?M) = PRI MV (E1,. .., Ek, Bm[mi)).

We will see later in Section 2.6, in a more developed example what happens when the Gaussian vector
is not, centered.

Corollary 2.2.26 allows also to translate the Brunn—Minkowski (Lemma 1.1.26) and Alexandrov—
Fenchel (Lemma 1.1.25) inequalities in term of random matrices.

Corollary 2.2.28 (BM for random determinants). Let Xy, X1 ER™ be integrable, let e€{0,1} be a
Bernoulli variable of parameter t € [0,1], i.e. € = 1 with probability t, independent of Xo, X1 and let
X = (1—¢)Xog+eX;. Let MyER™*™ be a random square matriz whose columns are iid copies of X;.
We have

E|det M,| > (E|det M)~ (E| det M;|)" .

Corollary 2.2.29 (AF for random determinants). Let X, X1, Xo, X5, Y7,...,Y,_2€R™ be indepen-
dent and integrable and such that X1 and X (respectively Xo and X)) have the same law. We have

(E‘ det(Xl, XQ, Yl, ey Ym_2)|)2 Z (E| det(Xl, X{,Yl, . ,Ym_2)|) (]E| det(XQ,Xé,Yl, e ,Ym_Q)D .
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Remark 2.2.30. Note that the generalization of Alexandrov—Fenchel for Grassmannian zonoids, that
is the first part of Conjecture 5, is equivalent to the fact that the previous result is still valid if the Y;
are dependent.

Remark 2.2.31. The equality case of Alexandrov—Fenchel for zonoids was described in [79]. From this,
one can deduce the equality case for random determinants in Corollary 2.2.29.

We conclude by an example.

Ezample 2.2.32. Let Z1,...,Z, € C" be integrable random vectors and L := (Z1,...,Z,) € C"*" be
the random complex matrix whose columns are the complex vectors Z;. We show how to “compute”
E(| det(L)|?) with Theorem 2.2.24 (in the next section we will examine the case E|det(L)|, see (2.3.1)
below). To this end, we decompose Z; = X, + iY; with real random vectors X;,Y; ER" (possibly
dependent) and where i = /—1. We let m := 2n and we consider the random real matrix given by

M = (M,...,M,)ER™ ™ where M, = ();JJ _)2:’ ) It satisfies the hypothesis of Theorem 2.2.24 with

all ¢; =2, k =n and ¢ = m. Observe that |det(L)|* = | det(M)|. If we define the integrable random
vector
e Xj 7)/]' 2/mm
0o () () v

E(|det L|*) = {(EQ1 A -+~ ANEQy).

we get then by (2.2.9) that

2.3 Mixed J-volume

In this section we assume that our vector space V is endowed with a complex structure, that is a linear
endomorphism J : V — V that is such that J? = —Idy . This implies that the dimension of V is even
and we let m =: 2n and it turns V into a complex vector space by letting for all z € V and a,b € R,
(a+ib) -z = ax + bJ(x).

Given a complex structure, we can mimic all the construction of the zonoid algebra with complex
linearity (which in particular implies real linearity). In particular mimicking (2.2.4) with complex
wedge product leads to a new multilinear function on zonoids that we call the mized J-volume and
denote by MV”. It takes n zonoids in a 2n—dimensional real vector space, while the ordinary mixed
volume is instead a function of 2n arguments. This notion turns out to be closely related but different
from Kazarnovskii’s pseudovolume (see Definition 2.3.17 below).

Before going into more details, let us describe the setting more precisely. We assume that J is an
isometry for the Euclidean structure of V. This implies that the complex bilinear form V x V — C,
(z,y) = (x,y) —i{z, Jy) is a hermitian form.

In such a setting, a Lagrangian plane is a subspace E € G,,(V) such that JE = E*, i.e. such that
the bilinear form (-, J-) is identically zero on E. In other words we have V.= E® JE. Thus, the choice
of an orthonormal basis on E induces an isomorphism V = C" that sends E to R".

We denote A(IE(V) the complex exterior algebra and, given vectors vy, ...,vx € V, we denote by
v1 Ac - Ac vg € AE(V) their complex exterior product. Note that this construction depends on the
choice of the complex structure J, however we prefer the notation with “C” that we find easier to
read. Note that the hermitian structure on V implies an hermitian structure on the complex exterior
algebra in a similar fashion as (2.2.1). In particular, taking the real part, it induces an Euclidean norm
on each AL(V) and consequently we have a length functional £ : 2°(AE(V)) — R; see Definition 1.2.31.

Finally, for simplicity, we will reduce our study to the centered case, that is to ZH(V).

2.3.1 The mixed J—volume of zonoids

The complex wedge product is, in particular, a real multilinear map. Therefore we can apply Theo-
rem 2.1.16 to obtain a well-defined notion of complex product of virtual zonoids.

Definition 2.3.1. Consider the (real and) complex multilinear map F': V* — AZ(V) defined by the
complex wedge F(v1,...,v,) :=v1 Ac -+ Ac Up. For any K,..., K, € Z,(V), we define:

KiAc Ac Ky = F(Ky, ..., Ky).
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The next definition uses this construction to define the mixed J—volume, this is to be compared
with (2.2.4).

Definition 2.3.2. We define the mized J-volume MV : :@%(V)" — R to be the R—multilinear map
given, for all Ky,..., K, € Z(V), by:

1
MV (Ky,..., K,) = LKy Ac - e Kn).

The J-volume of a zonoid K € E’B(V) is defined to be:
vol/ (K) :== MV/(K, ..., K).

Remark 2.3.3. Notice that, since A?"(V) ~ R is of real dimension one, zonoids in A?*(V) are just
segments. By contrast, the top complex exterior power AZ(V) ~ C is of real dimension two and
centered zonoids in this space are more than segments (in fact they are precisely the centrally symmetric
convex bodies; see [80, Theorem 3.5.2]). Thus Kj Ac -+ Ac K, is a zonoid in A%(V) ~ R2?. Then
taking its length loses some information. However, one can see using Definition 2.3.1, that if one of
the K is invariant under the U(1) action on V, then K Ac - - - Ac K, is also U(1) invariant and hence
must be a disc centered at the origin which in this case is completely determined by its length. We
compute the length of a disc in Lemma 2.3.5 below.

Let us study some of the properties of the mixed J—volume. On some classes of zonoids of the
complex space V it behaves particularly well. The first case is when V = C™" and all the zonoids are
contained in the real n—plane R C C". In that case, we will show that the mixed J—volume is equal
to the classical mixed volume (see Proposition 2.3.6 (2)).

Next, we consider complex discs.

Definition 2.3.4. Let z € V. We define A, to be the closed centered disc of radius |z| in the complex
line Cz = R?.

In order to describe a random vector representing A, let us introduce the following notation. For
6 € R we denote by ¢’/ : V — V the linear operator

e?7 .= cos(#) Idy + sin(6).J.
We then have the following lemma.

Lemma 2.3.5. Let § € [0, 27] be a uniformly distributed random variable and z € V nonzero. Consider
the random vector X, € V defined by X, := ne’’ 2. Then:

A =EX; U(A;) = ml|z]].

Proof. Since for every 6 € [0,27] the vector e’z belongs to Cz, we have hgx. (u) = 0 for every

u € (Cz)*. This implies that EX, is contained in Cz. Moreover, we have E[(e?/ 2, z)| = ||z||? E| cos §] =
2||z||%. This implies for A € C that

1 1
hex. (A2) = SEI(X:, A2)| = oA B[’ 2, 2) = A[[l2]* = |12 - [A2].

On the other hand, ha_(Az) = ||z]|-|Az], hence the first assertion follows. The second statement follows
immediately from the fact that | X,|| = 7| 2| almost surely. O

Proposition 2.3.6 (Properties of the mixed J—volume). The following properties hold:

(i) The mized J—volume of zonoids MV7: 24(V)™ = R is symmetric, multilinear, and monotonically
increasing in each variable.

(i1) Let E € Gn(V) be a Lagrangian plane and let K1, ..., K, € Z(E) C 2(V). Then:

MV7(Ky,...,K,) =MV(Ky,...,K,).
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(iii) Let T : V — V be a C-linear transformation (i.e., such that TJ = JT'), and denote by detc(T)
its complex determinant. Then, for all K1,..., K, € Z(V),

MV/(TK,,...,TK,) = |detc(T)| MV’ (K1, ..., K,).

(iv) For every zi,...,z, € V we have MV7 (A, ,--- A, ) = ’Tn—”zl AC -+ AC Zn]
(v) For every 8 € R and every K1, ..., K, € Z,(V) we have

MV7 (e K1, Ky, ..., K,) = MV/(K,,...,K,).

(vi) Let Kq,..., K, € Z,(V), we have MVJ(Kl7 ..., K) > 0if and only if there are zy € Kq,...,2, €
K, such that z1,...,z, form a C-basis of V.

Proof. Multilinearity of MV follows from the definition and Theorem 2.1.16. To see that MV” is
symmetric, given zonoids Ki,..., K, in V, let X;,...,X,, € V be independent integrable random
vectors such that K; = EX;. We have

KiNc Ko Ne - Nec K, =EX1 A\c Xo Ac - Ac X,
=E—Xs Ac X1 Ac - Ac Xy,
—EXy Ac X1 Ac - Ac Xy,
=Ko Ac K1 Ac -+ Ac K.

The same argument gives symmetry in each pairs of variables. The fact that the mixed J—volume is
monotonically increasing in each variable is a direct cosequence of the definition, Theorem 2.1.16 and
the monotonicity of the length (Corollary 1.2.39) .

Let us prove point (i7). Let K,..., K, € 25(F) C Z,(V) and let X4,..., X, €E be independent
and such that K; = EX;, 1 < j <n. By Definition 2.3.2 the mixed J—volume is MVJ(Kl, LK) =
%é (K1 Ac--Ae Kyp) = %EHX1 Ac: - AcXn||. We have, by Lemma 2.3.12 below, || X1Ac: - -Ac Xy, =
[ X1 A AXy|. We get MV (K, ..., K,) = LE||X; A+ A X,|. We conclude from (2.2.4) that the
latter is equal to MV (K7, ..., K,).

In order to prove (iii), let Ky,..., K, € Z(V) be zonoids and let again X;,..., X,, €V be inde-
pendent and such that K; = EX;. Then TK; = ET(X;) and we have

1
MV/(TK,,...,TK,) = SEITX) Ac -+ Ac TX|
1
= EE‘(detc(T))Xl Ac - A¢ Xn|

1
= m|det(c(T)‘E|X1 Ac - A\¢ Xn|
= |dete(T) MV (K1, ..., K,).

To show point (iv) we use Lemma 2.3.5 and write, for 61,. .., 60, €0, 27] independent and uniformly
distributed:

1
MV7(A.,,...,A,, ) = — Az Ao Ac Az
1
= mf(Ewe‘mlzl Ac -+ Ac Ewe‘mlzn>
1 "
= EE |(7T€J91z1) Ac -+ Ac (ﬂng"Zn)| = ﬁ|21 Ac *** Ac 2l

which is what we wanted.
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For point (v), let again Xi,...,X,,€EV be independents and such that K; = EX;. Then ea‘]Kj =
EeaJXj and we have

1
MV (P Ky, Ky, ..., K,) = EE|69JX1 Ac X2 Ac -+ Ac X

1
= EE|X1 Ac - Ac Xp| = MV (K, ... K,).

Finally for the last item, let again X3, ..., X,,€V be independents and such that K; = EX;. Then
MVJ(Kl,KQ, ..., K,)=0if and only if X; A¢---Ac X,, = 0 almost surely. This is true if and only if

the C-span of X1,..., X, is contained almost surely in a complex hyperplane and thus K, ..., K, are
contained in a complex hyperplane. In other words, for all choice z; € K1,...,z, € K,, the vectors
Z1,...,2n are C-linearly dependent and this concludes the proof. O

Conjecture 6. The mixed J-volume satisfy an Alexandrov—Fenchel inequality.
Maybe one could try to prove this conjecture with the method of combinatorial atlas as explained

in [30] as it seems adapted to the algebraic nature of the J-volume of zonoids and the combinatorial
nature of the J-volume of zonotopes.

2.3.2 Random complex determinants and J-volume

Here we state and prove a complex version of Theorem 2.2.24 which gives a way to describe the
expectation of the modulus of the determinant of a random complex matrix with independent blocks
(to compare with Example 2.2.32 where we used Theorem 2.2.24 to compute instead the expectation
of the square of the modulus of the determinant). To do that, mimicking the definition of the wedge
product of zonoids (2.2.2), we associate with each complex wedge product Ac: A(’(“:V X AfCV — A(’[“:HV
the componentwise continuous bilinear map

Ac s Zo(AEV) x Z5(ALV) — Z5(AEHY).
induced from it by Theorem 2.1.16. We then have the following.

Theorem 2.3.7 (B.B.L.M.). Let ¢1,...,¢cx € N be such that ¢ := ¢1 + ... + ¢ < n, consider
X EC>er .. X €C™ % independent integrable and let M := (Xi,...,X)EC™*¢ be the random
complex matrix whose columns are the matrices X;. Then we have

E+/det(M*M) = L(EY1 Ac - - - Ac EYR)

where M* = M denotes the adjoint of M and Y, €A C™ is the image of X; under the map C™*¢ —
AZC™ that maps (21, ..., zc;) to 21 Ac- - -AcZe, for all z1,. .., z., € C™ in particular BY; € Z5(A¢C™).
Proof. First note that M*M is hermitian and in particular its determinant is real and nonnegative
thus /det(M*M) is well defined. Then the proof is the same as the proof of Theorem 2.2.24 noticing

that M*M is the Gramm matrix of the columns of M for the hermitian form and thus y/det(M*M)
gives the norm of the complex wedge of the columns of M. O

As before we can derive some special cases. First, in the case where ¢; 4 - -+ + ¢ = n the matrix
M is a square complex matrix and we obtain

]E|det(c(M)‘ = K(Eﬁ Ac - A¢ E&)
Another special case is when the blocks X; are just columns, in this case it relates to the J-volume.

Corollary 2.3.8. Let 1 < k < n, let Xq,..., Xx€C" be independent and integrable and consider
M = (X1,...,X,)EC™ ¥ the random complex matriz whose columns are the complex vectors X;. We

have |
E\/det(M*M) = ————— MV’ (EXy, ..., EXy, Bo[n — k])
(n—k)k2_, — —

where k! _, = voli_k(Bz(n_k)) (computed in Corollary 2.3.9 below).
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Proof. Once again, the proof is the same as Corollary 2.2.26, we just need to prove that

n!

Z(IEXl Ac - - A¢ EXk) =
7 = (n—k)k;_,

MV7(EXy,...,EXy, Ban[n — k).

We let &, ...,&,, EC™ =2 R?" be iid Gaussian vectors of mean 0 and variance v/27 in such a way that
E¢; = By, we assume that they are independent of the X; and we let eq,...,e, € C" be a unitary

basis. Then we have
1
MVY(EXy,...,EXy, Boy[n — k]) = gf(E& Ac - A EXg Ac &1 Ac -+ Ac &n—k)
1
= EEHXI Ac - A Xi||Eler Ac -+ Ac ex Ac &1 Ac -+ Ac €n—kl

Where we used the unitary invariance of £&; Ac - - - Ac &, —x and the independence of the random vectors.
Denoting by 7 : C" — Span{eg1,...,en} = C" ¥ the orthogonal projection, we get

1
MV (BXy, ., EXy, Banln = b)) = —U(EX1 Ac -+ Ac EXQE|m(1) Ac -+ Ac 7(§n-i)

1
= JUEXi Ao Ac EXg)(n — k)t voly_.(Ban—t)

which is what we wanted. O
In the case where k = n, M is a square complex matrix and we obtain
Eldetc(M)| = n! MV7(EX4,...,EX,,). (2.3.1)
If in addition all columns are identically distributed, we find:
E|detc(M)| = n! vol2 (EX,). (2.3.2)
As an application, we compute the J—volume of balls.
Corollary 2.3.9. The J-volume of the unit ball By, C C" equals:
Kk = vol! (Byy) = ;TTZ ﬁ <2J>
=1\

Proof. Let Z = (21,...,2,)€EC" be a random vector filled with independent standard complex Gaus-
sians z; = %(@-71 +1i&j2), that is, £.1,&,2, ..., &n,1,&n,2 are independent standard real Gaussians. We
claim that

1

EZ = —— Bo,,.

Indeed, let u € C". By definition, we have hgz(u) = $E|(Z,u)|. Using the U(n)-invariance of Z, we
can then assume that u = |lul|e; where e; is the first vector of the standard basis of C™. We obtain

1 1 1 2 1
h = —E|Re(ZT7)| = ——||u||E = = lul.
s (w) = 3B [Re(270)| = o2l Bléral = 5=sllully - = 5= lul

which is what we wanted.
Let now M € C™*"™ be a random complex matrix whose columns are i.i.d. copies of Z. Then, the
complex version of Vitale’s Theorem, that is (2.3.2), gives

n!
(2ym)"

Now, we show that E|det(M)| = [[;_, T(j + 1)/T'(4). Indeed, note that | det M| has the same law as
det(W)z where W = MM* is a complex Wishart matrix. Following [28, p. 83-84], we see that det(WW)

E|detc(M)| = vol! (Bay).
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Figure 2.1: Iii and ko, as a function of n

is distributed as 5k x3,, - X3, _» - - X3, where each x3; denotes a chi-square distribution with 2j degrees
of freedom and the ng are independent. Therefore, | det(M)| has the same law as #XQ»,L “X2n—2 """ X2
Var(i+3)

Recall from (1.2.7) that Exo; = TG Using independence, we have proved that:
n .1
J J (4m)"? 2 T(j + 3)
Ky = vol:, (Bay) o H ) (2.3.3)
j=1 J
The half integer value of the Gamma function are computed in Lemma A.3 and we get
I'(j+ %) B i 27
rg) 2\
Thus the product gives
11 (12( ')2) = nl 2n7(Tn2+1) II ( ])
=1 Y j=1 N7
Reintroducing in (2.3.3) gives the result. O

Notice that applying Corollary 2.3.9 when n = 1 we get vol{ (By) = 7 = voly(By), but already
when n = 2 we get volJ (By) = % + %2 = voly(By). In general vol? and voly, are different, starting
by the fact that the first is homogeneous of degree n while the other is of degree 2n, see also Figure 2.1.

2.3.3 The J—volume of polytopes

In this section we show that it is possible to extend the notion of J—volume to polytopes in C* = R,
To do so, we give an alternative formula for the J—volume of zonotopes that makes sense for any
polytope (Theorem 2.3.14). To obtain this formula, we rely on the special property of normal cones
of a zonotope that is given by Lemma 1.2.9. We will see later that this connects to the theory of
valuations. However, as we will see, it is not possible to continuously extend the J—volume continuously
from polytopes to all convex bodies.

As a first step, we will give in Proposition 2.3.13 below an alternative way of writing the J—volume
of zonotopes. This involves the following quantity, from now on we will denote by G(k, m) := G (R™).

Definition 2.3.10. For every E € G(n,2n), we define
o/(E):=|EANJE|=le1 A ANea AJer A--- A Jey| €[0,1]
where {ej,...,e,} is an orthonormal basis of E.

One can check that this definition does not depend on the choice of an orthonormal basis. Moreover,
o’ is invariant under the action of U(n) on G(n,2n). Note that o/(E) = 1 if and only if E is
Lagrangian, and o’ (E) = 0 if and only if E contains a complex line.
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Remark 2.3.11. Denoting by 01(E) < --- < 6| |(E) the Kdihler angles of E, introduced by Tasaki in
[84], one can check that

o/ (B) = 114 (sin 0:(E))2.
In general, 0/ (E) can be computed using the following lemma.

Lemma 2.3.12. Let z1,...,2, € C" be R-linearly independent and denote by E € G(n,2n) its real
span. Then, writing z; = x; +iy; with x;,y; € R, we have

|21/\c~~~/\<czn|—H{xl}/\~~/\[xn:| UJ(E)%.
Y1 Yn
Proof. Consider the matrices X = (z1,...,2,) € R™™and Y = (y1,...,yn) € R™*" with the columns
zj,yj. One can check that det (i,( ;(Y) = |det(X +iY)|?, see [17, Lemma 5]. In particular, we can
write
X -Y
2 . 2 _
|21 Ac -+ - Ac zn|” = | det(X +Y)|* = |det {Y Y }
[l [ e 2]
Y1 Yn Ty T
p 1112
= Fl A /\{x" et A ANen Ader A ey,
Y1 yn_
where {e1,...,e,} is an orthonormal basis for F, and the last equality follows from:
[ml] Ao A {x"} = H xl] A A x”] ‘-61/\-~-/\en.
1 Un v Yn
The conclusion follows from Definition 2.3.10. O

Recall the notation from Section 1.2.1: for a k-dimensional face F' of a polytope P in R™, we
denote by Er € G(k,m) the vector space parallel to the affine span of F. For 0 < k < m recall
Definition 1.2.7 G (P) := {E € G(k,m) | there exists a k-dim. face F' of P such that E = Ep} and its
particular form (1.2.3) in the case of a zonotope P = x; + - -+ + x,, for some z1,...2, € R™. Recall
also in that case Definition 1.2.8 of the “vectorial” face F(E,P) =3 .

The next result gives an explicit expression of the J—volume of a zonotope.

Proposition 2.3.13. Let P C C" be a centered zonotope. Then

voll(P)= Y vol (F(E,P)) o’ (E).
EeG,(P)

Proof. We write P = Z§=1 zj. By definition, we have vol! (P) = Lg(Phem). Using multilinearity and
Theorem 2.1.16, we can write

() rene(Xa)= % v

Jj=1 Jj=1 1<g1,00n <p
where wj, ... j. = %j, Ac -+ Ac %j,. Therefore, using the linearity of the length,
Jipy_ L —
vol, (P) = — S whgld = D wi gl
T 1<, n <p J1<.<Jn
We may assume the sum runs only over the j; < ... < j, such that the real span Ej, . ;. of z;,...,z;.

has dimension n. We write z; = x; + 1y; with z;,y; € R" and use Lemma 2.3.12 to obtain

Yj Yjn

[wjy,.jn| =

1
’ ol (Ejy..j.)7
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Combining this and exchanging the order of summation, we arrive at
vll(P)= Y JmEEi Y {‘”ﬂ] Ao A Fﬂ}
Yja Yjn

EeG,(P) Ejy,in=E
where for fixed E € G, (P), the second sum runs over all j; < ... < j, such that E = Ej, ;.
Shephard’s formula [81, (57)] applied to the zonotope F(E, P) (see Definition 1.2.8) tells us that

Substituting this into (2.3.4) gives the statement. O

‘ , (2.3.4)

' = vol,,(F(E, P)).

Eji,....in=FE

We now turn to a key result of this section. Based on the property of the external angle of a
zonotope given by Lemma 1.2.9 we can give an alternate formula for the J—volume of zonotopes.

Theorem 2.3.14 (B.B.L.M.). Let P C C" be a zonotope. Then

voll(P)= Y vol,(F)-©(P.F)-o’(Ep)?,
FeF,(P)

where recall that F,(P) denotes the set of n—dimensional faces of P.

Proof. We will prove that the right hand side in this theorem is equal to the right hand side in
Proposition 2.3.13. Let z1,...,2, € C" be such that P = Z?Zl 1[=zj,2;] and let E € G,(P). As we
discussed in Section 1.2.1 (see (1.2.4)), all the faces F' of P such that Ep = E are translates of the

vectorial face F(E, P) = szeE zj, we can thus write:

> Vol (F)O(P,F)o’(Ep): = > vol (F(E,P))o” (Bp) > O(P,F).

FEF,(P) E€G,(P) Ep=E
But, by Lemma 1.2.9 > "5 _ 5 O(P, F) = 1 and this gives what we wanted. O

We now note that the formula in Theorem 2.3.14 still makes sense for polytopes that are not
zonotopes. We use this to define the J—volume on polytopes.

Definition 2.3.15. Let P be polytope in C". We define its J—volume to be

vol(P):= Y volu(F)-O(P,F) o’ (Ep)?
FeF,(P)

where F,,(P) denotes the set of n—dimensional faces of P.

We will later study the J—volume in the framework of the theory of valuations on polytopes. For
now, let us show some properties of the J—volume on polytopes.

Proposition 2.3.16. The J-volume on P(C™) has the following properties.
(i) The valuation vol! is n—homogeneous and U(n)—invariant.
(ii) Let P C R™ C C" be a polytope. Then vol. (P) = vol,(P).

Proof. The first item follows from the U (n)-invariance of o/ and Definition 2.3.15. For the second item,
if P is of dimension less than n, both volumes are zero and there is nothing to prove. If dim(P) = n, its
only face of dimension n is P itself and Ep = R™. Moreover o/ (R") = 1. Finally since Np(P) = (R")*
we have O(P, P) = 1. The claim follows with Definition 2.3.15.
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We will see later that it is not possible to extend the J—volume continuously on the whole J# (C™). In
particular, Andreas Bernig observed that this implies that the J—volume is not increasing on polytopes
since this property would imply the extension.

We conclude with the notion of Kazarnovskii’s pseudovolume [48]. We use the expression found
in [4] in the proof of his Proposition 3.3.1. The normalization constant can be determined using the
fact that it agrees with the classical volume on R™ C C™ just like the J—volume.

Definition 2.3.17. The Kazarnovskii’s pseudovolume Vol,}f is given for any polytope P C C™ by the
formula
1

where recall that F,,(P) denotes the set of n-dimensional faces of P, B(Er) denotes the unit ball of
Ep, and &y, := vol,(B(R™)).

voli (P) = Y voln(F)-O(P,F)-
FeF,(P)

In our setting we prove the following, to be compared to Definition 2.3.15.

Proposition 2.3.18. For any polytope P € P(C™) the Kazarnovskii pseudovolume is given by

volg (P) =Y vol,(F)-O(P,F)-0’(Er),
FeF,(P)

where F,,(P) denotes the set of n-dimensional faces of P;

Proof. We need to prove that for any E € G(n,2n) we have
vola, (B(E) 4+ JB(E)) = (wn)?0”(E). (2.3.5)

Using (2.2.4) we write

vola, (B(E) + JB(E)) = ﬁg ((BE)+ 7B(5)"™")

j=0

where we used that ¢ is linear. Since dim(B(E)) = dim(JB(F)) = n, we see from Lemma 2.2.5 that
(B(E))N = 0 whenever j > n and that (JB(FE))"(?"~7) = 0 whenever j < n. In other words, only the
index j = n contributes to the sum and we get

vola, (B(E) + JB(E)) =

(n!)g l ((B(E>)An A (JB(E))AH) . (2.3.6)

Next let X €FE be such that EX = B(F) (for instance, a Gaussian vector in E of variance v/27) and
let Xq,...,X,, beii.d. copies of X. Let eq,...,e, be an orthonormal basis of E. Note that we have

Xi A AXy == X1 A AXpller A Aep.

With this in mind, (2.3.6) gives

1
1
= oz XA A Xall) o (B)

Again, by (2.2.4), we have E|| X1 A --- A X, || = nlvol,(B(F)) = nlw, and this gives (2.3.5), which
concludes the proof. O
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2.4 Operations in the zonoid algebra

In this section we describe several operations that one can do in the zonoid algebra and in the Grass-
mannian algebra. It will be of great help in the next chapter when studying the valuations induced
from zonoids.

2.4.1 Hodge star

In the exterior algebra of V there is a collection of linear maps called the Hodge star denoted
x 0 APV — ARV
that is given for all z € A*V and y € A *V by
(xz,y) := (wy=, T Ay).

Where wy+- € A™V* denotes the volume form of V*. Note that the Euclidean structure determines
the volume form only up to sign, so we fix one. This choice will not matter for centered zonoids.

It can be shown that the Hodge star is a linear isometry and that it is an involution up to sign, in
the sense that for all z € A*V, * xz = (—1)Fz.

Moreover, the Hodge star preserves the simple vectors and sends a vector space E € G (V) to its
orthogonal E+ € G, (V*).

The Hodge star induces a map in the zonoid algebras and since it preserves the Grassman-
nian/simple vectors also on the Grassmannian zonoid algebras:

— — o~ ~

x: (V) = o/ (V*); x: 9 (V) - 9(V").

Note that it reverse the grading in the sense that if A is an element of degree k then *A is of degree
m — k. Moreover note that when restricted to centered zonoid we have xx = Id (V)"

This allows us to define a dual to the wedge product on the zonoid algebra.

Definition 2.4.1. Let A, A’ € %(W), we define their convolution to be
AV A =% ((xA) A (xA")).

This operation respects the dual grading, i.e. if A is of degree m — k and A’ of degree m — [ then
AV A’ is of degree m — (k + 1) and the neutral element is wy where wy € AV is the volume form.

Because the Hodge star preserves the Grassmannian zonoids, % (V) is also a subalgebra of PA (V),
for the convolution V.

2.4.2 The pairing

Definition 2.4.2. Consider the bilinear map V* x V — R. By FTZC (Theorem 2.1.16), it induces a
map Zo(V*) x Z5(V) — Z(R). Composed with the length this defines a bilinear form:

Z5(V*) x Z5(V) > R.
For all A € :@F()(V*), B e :@\%(V), we denote their image by this bilinear form by (A4, B) € R.

For Vitale zonoids this pairing is quite explicit. Indeed, by Proposition 2.1.18, for all UEV™* and
X €YV integrable and independent we have

(EU,EX) = E|(U, X)) (24.1)

From this we obtain the following.
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Lemma 2.4.3. For all K € Z)(V) and v € V*, we have

(u, K) = 2h (u);
(B(V"),K) = 2{(K).

Proof. The first statement is a direct consequence of (2.4.1) letting U = w almost surely. The second
one follows from the first and Proposition 1.2.38, considering U to be a standard Gaussian vector. [J

Corollary 2.4.4. The pairing defined in Definition 2.4.2 is non degenerate.

Proof. Suppose that K —L € :@\%(V) is such that (-, K — L) is identically zero on %(V*). In particular
for all u € V*, hg_r(u) = hg(u) — hp(u) = 0. This implies that K — L = 0 in (V). A similar
argument shows it for the first variable O

Fixing L € Z(V*) we thus get a linear map (L, -) : Q/;(V) — R. By FTZC the pairing is continuous
in each variable for the strong topology so this defines an element of the dual space. Since it is non
degenerate, this means that it defines an injective map

Zo(V*) = Zp(V)* (2.4.2)

where on the right we have the dual of the vector space EXB(V) with norm topology. The continuity
of this map is related to the continuity of the pairing as a function of two variable, which we saw in
general is not always guaranteed and depends on the choice of topology. The next lemma gives another
interpretation of the pairing which will make the choice of topology natural.

Lemma 2.4.5. Let B Eﬁé’?o(V) and A € %(V*) and recall that pa € M(S(V*)) denotes the gener-
ating measure of A and hg € C(S(V*)) the restriction of the support function of B to the unit sphere
S(V*). We have

(ash) = [3 oo B a) = [AB)

Proof. Suppose A = EU for some integrable UEV*. Then by Proposition 1.2.43, we have that
{(pa,hp) = sEhp(U). Now assume that K = EX for some X €V integrable and independent from U,

we obtain (4, hp) = 1E|(U, X)| and we conclude by (2.4.1). O

Corollary 2.4.6. The pairing
Z(V) x Z(V) = R

s continuous when :@%(v*) is endowed with the weak-x topology and Q/‘;(V) with the norm topology.

Remark 2.4.7. Maybe at this point the reader start feeling dizzy about the choices of topology. There
is nothing really mysterious here. The space Z4(V) with the norm topology is a subspace of C(S(V*)).
This subspace is dense in the even continuous functions and thus its dual Z5(V)* is Cepen (S(V*))*
which is again the space of signed even measures M(S(V*)). Then, Lemma 2.4.5 tells us that the map
(2.4.2) takes a (virtual) zonoid and gives its generating measure. This is of course continuous in the
weak-* topology since it is the very definition of this topology.

Next we see how this pairing behaves in the zonoid algebra with the wedge product and the Hodge
star.

Proposition 2.4.8. Let A, A’ € %(V*), B,B' € ,Q?O\(V) remember that wy € A™V denotes the
volume form of V and consider 1 and any other scalar as part of A°V = R. The following holds.

(i) (A, B) = (+B, xA);

(ii) (ANA',B)=(A,«A"V B) and (A,BAB’) = (AV B’ B);

(iii) (*B,B') = (wy+, BAB') = (*xBV *B’,1)
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Proof. Point (i) follows from the fact that |(u, z)| = |(xx, *u)|.
Point (4¢) is derived from the identity |(z Ay, 2)| = [{z, *(y A *2))|.
To prove point (iii) write *B = wy~ V *B or B’ = B’ A 1 and apply point (i7). O

Remark 2.4.9. Point (iii) could be reformulated by saying that (B, B’) is the (length of) the term of
degree m in B A B’ or the term of degree 0 in *B V *B’.

2.4.3 Invariant zonoids: measure theoretic approach

The standard action GI(V) ~ V induces an action on the exterior algebra given for all g € GI(V) and
simple vectors x; A --- Az € AFV by

g-(x1 A Aag) = glz) A A glag). (2.4.3)
In particular this action preserves simple vectors. In other words this gives a group morphism
P GUV) — GIARY).
In our case, this map preserves orthogonality in the sense that the image of the the orthogonal group

O(V) is contained in O(A¥V). This is because for all g € GI(V), (p"(g))t = p"F(g?).

—

This action induces an action on the zonoid algebra GI(V) ~ «/(V) and on the Grassmannian
algebras 4 (V), % (V). From (2.4.3), we see that it satisfies for all A, B € (V)

g-(ANB)=(g-A)A(g-B). (2.4.4)
Moreover we have the following.

o~ —

Proposition 2.4.10. Let A € o4 (V*), B € 24 (V), for all g € GI(V) we have
Thus if g€ O(V) (g- A,g- B) = (4, B) and in particular ¢(g - B) = {(B).

Of course the action of GI(V) on the Grassmannian algebra splits into {%(V) =P, %Ao(k, V). We

will see in the next section that for 1 < k < m—1, %(k,V) admits a closed GI(V)-invariant subspace.
Let us say a word about invariant zonoids.

Definition 2.4.11. Let G be a group acting on a space S. We denote by S the subset of the points
fixed by the action of G, that is S := {z € S|g-x =z Vg € G}.

Let H C O(V) be a closed subgroup and consider the action on S(A*V) induced by the GI(V) action
(2.4.3). By definition of the quotient topology we have an identification of the spaces of continuous
functions C(S(A*V))? = C' (S(A*V)/H). Dualizing we get

M(S(AFV)H = M (S(A*V)/H) .
In particular, since O(V), and thus H, preserves the Grassmannian, we have
(G (k, V) weak-%) 2 (M (G (V)/H) , weak-+)

and

(Go(k, V)™ || - [}) = (C (S(AFV)/H) |- 1)

Remark 2.4.12. There is a unique normalized Haar measure on H, recall that a random element g€V
is called uniform if its law is this Haar measure of probability. This induces a projection

— —

prg A (V) — ,Qf/(V)H

given for all K € Z°(AFV) by
pru(K):=Eg- K

where g€ H is uniform. This projection preserves the Grassmannian algebra because of (2.4.3).
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The space G;(V)/H is the space of H-orbits. For every z € G(V) we have a point in the orbit
space H -z € G,(V)/H. The Dirac delta measures 6p., are dense in M (G(V)/H) = M (G,(V))?
they are the analogous of the segments for the invariant zonoids.

Definition 2.4.13. For every x € G (V) we define H - x € 4(k, V) to be the zonoid whose generating
measure is 0., € M (Gr(V)/H) = M (Gr(V))"

One can see that we have
H -z =pry(z).

Because of (2.4.4), the product of invariant zonoids is again invariant. Thus the wedge product
defines an algebra structure on @@, M (G(V)/H). The structure constants of this algebra are given
by the measures

for all x € G (V) and y € Gi(V).

Ezample 2.4.14. If we let H = O(V) be the whole group then the action is transitive on every
Grassmannian and the orbits spaces are all reduced to a point. Indeed we have

Go(V)ON) = ORB(V)"* = RJt)/(t™+).
k>0

Example 2.4.15. Let m = 2n and let V = R?" = C". Consider the action of U(n) on Gj(R?"). Then
Tasaki showed in [84] that, for 1 < k < n, given E € Gj(R?"), a complete invariant of the orbit
U(n) - E are the Kdhler angles 2 > 61(E) > --- > QLEJ (E) > 0. Hence the orbit space is

2

k
Gu@m)/u = foe p.on B oz 20 b,
2
Hence the vector spaces % (k, C")U(™ =~ M(G,(R2")/U(n)) are one dimensional for k = 0,1,m—1,m
and infinite dimensional if 1 < k <m — 1.

Ezample 2.4.16. Let V = R* ® R® assuming a < b and consider the action of H = O(a) x O(b) on V.
If we identify R* ® R® with the a x b rectangular matrices then this action is given for all (g1, g2) €
O(a) x O(b) and all M € R*®R® by (g1, 92)- M = g1 Mgh. The singular value decomposition (svd) tells
us that the complete invariants of this orbits are the singular values of M: o1(M) > -+ > 0,(M) > 0.
Note that instead of ordering the singular values we can consider them as elements of the quotient
space R*/E® where £% := &, x (Z/2)% is acting on R* by permutation of coordinates and change of
sign of coordinates. Thus we have

:%?O(Ra ® Rb)O(a)xO(b) ~ E)%(Ra)ga'

It is not clear, at least to the author, what are the orbit spaces on the higher Grassmannians.
Open problem 7. Describe the orbit spaces Gi(R* ® R®)/O(a) x O(b) for k > 1.

In Section 4.1.4, we will see another approach to invariant zonoids that is more adapted to the
computation of geometric quantities.

2.4.4 The kernel of the cosine transform

We already introduced the cosine transform in Definition 1.2.47. One can generalize that replacing
measures on the sphere by measures on the Grassmannian and looking at its cosine transform as a
function on the Grassmannian.

In our context this corresponds to a map that takes the generating measure s € M(G(V)) of a
virtual (centered) Grassmannian zonoid A € %AO(V) and maps it to halg, (v+). Where recall that even
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functions on the sphere of the exterior algebra induce functions on the Grassmannian via the Pliicker
embedding. In the following let us write

ga = hA‘Gk(V*) : Gk(V*) — R.

It was first conjectured by Georges Matheron in [60] that this is still injective and he proved the
cases k = 1, m—1 (which are clear in our context given the injectivity of the classical cosine transform).
However, this was disproved by Goodey and Weil who showed in [43, Theorem 2.1] that its kernel is
non trivial for 1 < k < m.

Definition 2.4.17. We define the kernel of the cosine transform (KoCT) to be
Mk, V) = {A € Gk, V)| ga = o} .

Moreover we write
m

M(V) := P M(k, V).
k=0

Proposition 2.4.18. The subspace M(V) is an ideal ongo(V) invariant by x and closed in the weak—x
topology.

Proof. By definition, 9t(k, V) is a subspace of {%(k,V), to prove it is an ideal, we need to show that
given A € %Ao(k, V) and xk € M(I, V) their wedge product is in the KoCT. Suppose A = EX —EY and
k = Ea—Ep for some random integrable simple vectors X, Y, «, 8 all independents. Let uq, ..., ux4; €
V* 2V and write w i=ug A -+ A ug+;- Then we have

hina(w) = %(]EKO&AX,WI TE[BAY,w)| —E[(fAX,w)| —E[{a Y, w)]).

We now observe that |(z Ay, z)| = |(z,*(y A*z))|. Using this identity and the independence we obtain
hapa(w) = E[hg(x(X A *w))] — E[hg(x(Y A sw))].

Since X,Y, and w are (almost surely) simple vectors, so are (X Axw) and *(Y A xw). Moreover since
k is in the KoCT, by definition, h, vanishes on simple vectors. Thus we have proved that hsa(w) =0
for all w simple, i.e kK A A is in the KoCT.

To see that it is closed, let us write for all E € G(V), fg := [(E, )| € C(Gx(V)). Then we have
by definition

mE V)= () {Aefé(k,W fEdqu}.

BEG(V) Gk (V)

By definition of the weak—+ topology, each of the sets on the right are closed and thus the intersection
is closed.

The fact that it is Hodge star invariant follows from the fact that the Hodge star preserves the
simple vectors. O

Remark 2.4.19. Since it is Hodge star invariant, 2(V) is also an ideal for the convolution V (see
Definition 2.4.1).

Next we see that the KoCT is related to the pairing from Section 2.4.2.

Proposition 2.4.20. Let A € %AO(V*). Then A € M(V*) if and only if for every B € {%(V) we have
(A,B)=0.

Proof. We can assume A is of degree k. Let w € A*V be simple. Then, by Lemma 2.4.3, we have
(A,w) = 2ha(w). If (A,-) = 0 on Grassmannian zonoids, in particular it vanishes on segments and
thus A € M(k, V). Now suppose A € M(k,V) and let B = EX — EY € % (k, V) with X,V almost
surely simple. We have (A, B) = 2E [h4(X) — ha(Y)] = 0 and this proves the result. O
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Remark 2.4.21. This last result means that the pairing (-,-) when restricted to Grassmannian zonoids
is degenerate: there are nonzero elements A such that (A4,-) is identically zero (on Grassmannian
zonoids). In particular it implies that the pairing on the whole zonoid algebra is not positive definite.

Of course if one has an algebra and a closed ideal, one immediately wants to take a quotient.
Indeed we shall do so in Chapter 3 and see how %,(V*)/9(V*) injects in the space of even continuous
translation invariant valuations on ¢ (V), see Corollary 3.3.8.

Finally since the GI(V) action on the exterior algebra preserves simple vectors we have the following.

o~

Proposition 2.4.22. The subspace M(V) C 4 (V) is a GI(V)-invariant subspace.
Proof. It A € M(k,V), g € GI(V) and E € Gi(V*) then g4.4(E) = ga(g' - E) = 0. O

2.4.5 Radon Transform and wedge with balls
We introduce the following integral transform.

Definition 2.4.23. The Radon Transform is the linear map R : Cepen(S(V)) = Cepen(S(V*)) given
for all f € Cepen(S(V)) and u € V* by

(Rf)(u) := E[f(Xy)]
where X, €S(ut) is uniform.
We connect this transform with an operation on the zonoid algebra.
Definition 2.4.24. We define the map 3 : E)(V) — %(Am_l\/) given for all A € E%(V) by
B(A) := AAB(V)Nm=2),
We can show the following.
Proposition 2.4.25. For all A € E%(V), identifying with the Hodge star *(A™~'V*) = V, we have

- m—1D)km_1 -
hepa) = %R’M

where recall that hy denotes the support function restricted to the sphere.

Proof. We can assume A = K = EX € 24(V), moreover, let by,...,b,_1€V be iid independent of X
such that Eb; = B(V). Then for all z € S(V) we have

1
hapr (z) = §E|<x,*(X AL A Abp_2))]

- %]EKX, (@ADL A Abmos))]
=E[hg(*(@Abi A Abp_2))]

where in the second line we used the properties of the Hodge star and in the last line the independence
of the variables. Next we want to compute the law of the random vector Y := s«(x Aby A+ Abpy—2).
Assume that ||z|| = 1, we see that £ Aby A+ -Abp_o = m5(b1) A+ - - ATz (b —2) where 7, is the orthogonal
projection on z+. Thus Y € ' almost surely and Y is invariant under the action of O(xt). Since
h4 is homogeneous, we can replace Y by anything zonoid equivalent to it (see Proposition 1.2.29). By
what we just said Y is zonoid equivalent to a constant times X, uniform on the unit sphere of 2. To
compute this constant we see that
E[|Y]| = £(mo (BV)N" ™) = (B, 7).

m—1
We use Lemma 2.2.17 to compute it, giving

(m— DK
2

which gives what we wanted. O

e(B/\(m—Z)) _ %g(B/\(m—l)) _

m—1 m—1
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Remark 2.4.26. Note that for all g € O(V) and all K € Z5(V) we have (g K) = g- 5(K).
Erample 2.4.27. Let x € V we get

+Bla) = P22 )

Indeed by the previous remark 3(z) is invariant under the action of O(z) thus to prove the equality
we claim it is enough to compute the length.

ta A BVY ™) = Stz A BVY D)

(m — 1)km—1
= SR g
m — 2) K
= = D2, )
where we used Lemma 2.2.17 in the case k = m — 1 for the first equality and in the other direction in
the case k = 1 for the second equation and in the third equality we used the expression for the length
of balls computed in Example 2.2.18.

The Radon transform has been extensively studied and in particular is known to be injective. Thus
it proves the following.

Proposition 2.4.28. For all0 < k < m—2, the map ,E%(V) — Go(k+1,V) given for all K € Z(V)
by K — K A B(V)"* is injective.

Open problem 8. Is the previous proposition still true if we replace B(V) by any curved /full dimensional
zonoid of V?

2.5 Example 1: Fiber bodies

In this section we give an example where the zonoid algebra naturally appears and helps with compu-
tations. This is a joint work with Chiara Meroni and this section is based on [61].

In this section we consider the Euclidean vector space R"™™ endowed with the standard Euclidean
structure and we let E C R"™™ be a subspace of dimensions n. Denote by F its orthogonal complement,
in such a way that R**™ = E @ F. Let # : R*™™ — E be the orthogonal projection onto E.
Throughout this section we will canonically identify the Euclidean space with its dual.

If K € #(R""™) we write K, for the orthogonal projection onto F' of the fiber of 7|k over z,
namely

K, ={yeF|(x,y) € K}.

The fiber body of K with respect to 7 is the average of the fibers of K under this projection:

YK = K, dz. (2.5.1)
w(K)

Where this integral is defined in a similar way as the expected convex body in Definition 1.2.18. We
will make it more rigorous below.

Such a notion was introduced for polytopes by Billera and Sturmfels in [22]. It has been investigated
in many different contexts, from combinatorics such as in [12] to algebraic geometry and even tropical
geometry in the context of polynomial systems [38, 37, 83].

We propose here to study the fiber body of zonoids. After a quick investigation of the fiber body
of general convex bodies, we will show how the fiber body of a zonoid can be computed using zonoid
calculus.
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2.5.1 Definition and first considerations

Let us first define the fiber body of a general convex body in # (R™*™) and study some basic properties.
We will need the following notion.

Definition 2.5.1. A map ~ : 7(K) — F such that for all x € n(K), v(z) € K, is called a section of
m. When there is no ambiguity on the map 7 we will simply say that v is a section.

Using this notion we are now able to define our main object of study for this section.

Definition 2.5.2. The fiber body of K with respect to the projection 7 is the convex body
YK = {/ ~v(x)dx |v : 7(K) — F measurable section} e A (F).
7(K)

Here dx denotes the integration with respect to the n—dimensional Lebesgue measure on E. We say
that a section ~y represents y € XK if y = fw(K) ~(z)dx.

Remark 2.5.3. Note that, with this setting, if 7#(K) is of dimension < n, then its fiber body is
Y.K ={0}.

This definition of fiber bodies, that can be found for example in [37] under the name Minkowski
integral, extends the classic construction of fiber polytopes [22], up to a constant. Here, we choose
to omit the normalization m in front of the integral used by Billera and Sturmfels in order to

make apparent the degree of the map X, seen in (2.5.2). This degree becomes clear with the notion of
mized fiber body, see [37, Theorem 1.2].

Proposition 2.5.4. For any A € R we have £,(AK) = A|N"Z, K. In particular if X >0
Yr(AK) = \"TY K. (2.5.2)

Proof. Tf X = 0 it is clear that the fiber body of {0} is {0}. Suppose now that A # 0 and let
v : w(K) — F be a section. We can define another section 3 : m(AK) — F by J(x) := My (§). Using
the change of variables y = /), we get that

| @A [ @ d
A (K) 7(K)

This proves that X, K C A|A|"Y,K. Repeating the same argument for A~! instead of )\, the other
inclusion follows. O

Corollary 2.5.5. If K € #,(R""™) then ¥, K € J(F).

Proof. Apply the previous proposition with A = —1 to get X, ((—1)K) = (-1)X, K. If K is centrally
symmetric with respect to the origin then (—1)K = K and the result follows. O

As a consequence of the definition, it is possible to deduce a formula for the support function of
the fiber body. This is the rigorous version of equation (2.5.1).

Proposition 2.5.6. For any u € F we have

hs k(1) = / hic. (u)dz. (2.5.3)
7(K)
Proof. By definition
hs, k(u) = sup {/ (u,v(x)) da |y measurable section} < / hr, (u)dz.
m(K) w(K)

To obtain the equality, it is enough to show that there exists a measurable section v, : 7(K) — F
with the following property: for all € w(K) the point 7, (z) maximizes the linear form (u,-) on K.
In other words for all x € w(K), (u,v,(x)) = hk,(u). This is due to [14, Proposition 2.1]. O
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Remark 2.5.7. In the terminology of Section 1.2.2 and Definition 1.2.18 we could write this last result
as Y, K = vol,(n(K))EKx where X €n(K) is uniformly distributed.

A similar result can be shown for the faces of the fiber body.

Definition 2.5.8. Let K € J (R"™™), if U = {uy,...,u} is an ordered family of vectors of R"*
we write
KY = (o (KM

where recall that K" denotes the face of K in the direction u, see Definition 1.1.19.

In the following, we show that the face of the fiber body is, in some sense, the fiber body of the
faces.

Lemma 2.5.9. LetU = {uy,...,ux} be a an ordered family of linearly independent vectors of F, take
y € 3K and let v : w(K) — F be a section that represents y. Then y € (EWK)M if and only if
v(z) € (Kp)" for almost all z € w(K). In particular we have that

(S KM = {/ v(z)dz |y section such that v(z) € (Kz)* for all m} . (2.5.4)
7(K)

Proof. Suppose first that & = {u}. Assume that (z) is not in (K,)" for all z in a set of non—zero
measure ¢ C 7(K). Then there exists a measurable function £ : 7(K) — F with (u,&) > 0 and
(u,&(x)) > 0 for all x € &, such that 7 := v+ £ is a section (for example you can take ¥(z) to be the
nearest point on K, of v(x) +u). Let § := fﬂ(K) 4 . Then (u,3) = (u,y) + fW(K) (u, &) > {(u,y). Thus
y does not belong to the face (X, K)".

Suppose now that y is not in the face (3, K)". Then there exists § € ¥, K such that (u,§) > (u,y).
Let 4 be a section that represents §. It follows that fﬂ(K) (u, %) > < (K) (u,~y). This implies the existence
of a set & C m(K) of non—zero measure where (u,5(z)) > (u,v(x)) for all x € &. Thus for all x € O,
v(z) does not belong to the face (K,)".

In the case U = {uq,...,ur+1} we can apply inductively the same argument. Replace ¥, K by

(S K) " and u by w1, and use the representation of (S,K) "} given by (2.5.4). O
Using the same strategy in the proof of Proposition 2.5.6 we obtain the following formula.
Lemma 2.5.10. For every u,v € I, h(s gy« (v) = fW(K) b,y (v) da.

By definition, a point y of the fiber body ¥, K is the integral y = fW(K) ~v(x)dz of a measurable
section . Thus v can be modified on a set of measure zero without changing the point y, i.e. y only
depends on the L' class of . It is natural to ask what our favourite representative in this L' class will
be and how regular can it be. In the case where K is a polytope, 7 can always be chosen continuous.
However if K is not a polytope and if y belongs to the boundary of ¥ K, a continuous representative
may not exist. This is due to the fact that, in general, the map x — K, is only upper semicontinuous,
see [49, Section 6].

Ezample 2.5.11. Consider the function f : S' — R such that

Fag) {0 z <0

1 >0

and let K € 2 (R3) be the convex hull of the graph of f, see Figure 2.2. Let 7 : R®> — R be the
projection on the first coordinate 7(x,y, 2) = x. Then the point p € £, K C R? maximizing the linear
form associated to (y,z) = (1,0) must have only non—continuous sections. This can be proved using
the representation of a face given by (2.5.4).

Open problem 9. What regularity can we ask to the section needed to represent all points of the fiber
body?
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Figure 2.2: The convex body of Example 2.5.11. In its boundary there are 2 green half-discs, 2 red
triangles and 4 blue cones.

2.5.2 Fiber bodies of curved bodies

In this section we are interested in the case where K is a curved body in the sense of Definition 1.1.32.
This, a priori, does not concerns zonoids nor zonoid calculus but the author found the result short and
interesting enough to be included. We prove Theorem 2.5.14 which is a formula to compute support
function of the fiber body directly in terms of the support function of K, without having to compute
those of the fibers.

If K is a curved body then in particular it is full-dimensional and its boundary is a C? hypersurface.
Moreover we have the following which is [80, p.116], where curved convex bodies are said to be “of

class Ci” and the differential d, Vhg is denoted by W,,.

Lemma 2.5.12. Let K C R™™™ be a curved convex body and let v € S"T™~L. Then the differential
d,Vhg is a symmetric positive definite automorphism of v*.

Recall that in the curved case the gradient of the support function gives is equal to the face, see
Proposition 1.1.20. The following gives an expression for the face of the fiber body. This is to be
compared with the case of polytopes which is given in [38, Lemma 11].

Lemma 2.5.13. If K is a curved convex body and u € F with ||u|| =1, then

Vhs, x (1) = /E Vhic(u+8) - Iy, (€) de

where 1, : E — E is given by ¥,(§) = (moVhg) (u+ &) and Jy, (§) denotes its Jacobian (i.e. the
determinant of its differential) at the point €.

Proof. From (2.5.4) we have that Vhy_g(u) = fW(K) ~Yu(z)dz, where v, (z) = Vhg, (u). Assume that
x = 1, (€) is a change of variables. We get v, (z) = (ywomoVhg)(u+£&) = Vhg (u+¢) and the result
follows.

It remains to prove that it is indeed a change of variables. Note that Vhg(u + &) = Vhg(v)
where v = ﬁ € Sntm=1 The differential of the map & — E maps E to (E + Ru) Nvt. Moreover
Vhg restricted to the sphere is a C! diffeomorphism by assumption. Thus it only remains to prove
that its differential d, Vhy sends (E + Ru) Nt to a subspace that does not intersect ker (|, ). To
see this, note that ker (m|,»)" = (E 4 Ru) N vt. Moreover, by the previous lemma, we have that
(w,d,Vhg -w) = 0 if and only if w = 0. Thus if w € ker (r|,.)" and w # 0, then 7 (d,Vhg - w) # 0.
Putting everything together, this proves that d¢v,, has no kernel which is what we wanted. O

As a direct consequence we derive a formula for the support function.

Theorem 2.5.14 (M-Meroni). Let K C R"*™ be a curved convex body. Then the support function
of XK 1is for allu e F

s, 1 (u) = /E (u, Vi (a4 €)) - T (€) de
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where ¢y, : E — E is given by ¥, (§) = (m o Vhg) (u+&) and Jy, (§) denotes its Jacobian at the point
&

Proof. Apply the previous lemma to hs_g(u) = (u, Vhs_x(u)). O

Assume that the support function hx is algebraic, i.e. it is a root of some polynomial equation.
Then, the integrand in Lemma 2.5.13 and in Theorem 2.5.14 is also algebraic. Indeed, it is simply
Vhi(u+€) times the Jacobian of 1, which is a composition of algebraic functions. We can generalize
this concept in the direction of D-modules (see [95], or [77] for a text with a view towards applied
nonlinear algebra). One can define what it means for a D—ideal of the Weyl algebra D to be holonomic.
Then a function is holonomic if its annihilator, a D-ideal, is holonomic. Intuitively, this means
that such function satisfies a system of linear homogeneous differential equations with polynomial
coefficients, plus a suitable dimension condition. Holonomicity can be seen as a generalization of
algebraicity which is closed under integration. We say that a convex body K is holonomic if its
support function hg is holonomic. In this setting, the fiber body satisfies the following property.

Corollary 2.5.15. If K is a curved holonomic convex body, then its fiber body is again holonomic.

Proof. We prove that the integrand in Theorem 2.5.14 is a holonomic function of u and £. Then the
result follows from the fact that the integral of a holonomic function is holonomic [77, Proposition 2.11].
If hk is holonomic then Vhg (u + ) is a holonomic function of v and &, as well as its scalar product
with u. It remains to prove that the Jacobian of v, is holonomic. But 1, is the projection of a
holonomic function and thus holonomic, so the result follows. O

It is probable that the assumption of being curved is not needed for Corollary 2.5.15 but we needed
it to write down the formula in Theorem 2.5.14.

2.5.3 Fiber bodies of zonoids

We saw in Corollary 2.5.5 that the fiber body of a centrally symmetric convex body is again centrally
symmetric. However, it is not clear from the definition, nor from (2.5.3) that the fiber body of a zonoid
is a zonoid. Indeed, if K € Z5(R"T™), the section K is not in general a zonoid.

We will show however that it is the case and that the operation of taking the fiber body is actually
an instance of zonoid calculus. Let us first introduce some of the tools used by Esterov in [37].

Definition 2.5.16. For any u € F define T, := Idg ®(u,) : E® F - E®R.
Definition 2.5.17. Let C' € #(E ®R). The shadow volume V1 (C) of C is defined to be the integral

of the maximal function on 7(C') C E such that its graph is contained in C, i.e.

V€)= [ lad,
=(C)
where p(x) = sup{t|(z,t) € C}. In particular if (—1)C' = C, then the shadow volume is V; (C) =
1 vol,41(0).
The shadow volume can then be used to express the support function of the fiber body.

Lemma 2.5.18. For u € F and K € ¢ (R"t™), we have

hssoic(w) = Vi (Tu(K)).
In particular if (-1)K = K,

sy 1 () = %anﬂ (Tu(K)) . (2.5.5)

Proof. We also denote by 7 : E®R — E the projection onto E. The shadow volume is the integral on

7(Ty(K)) = m(K) of the function ¢(z) = sup {t| (z,t) € T, (K)} = sup {{u,y) | (z,y) € K} = hk, (u).
Thus the result follows from Proposition 2.5.6. O
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Remark 2.5.19. Note that if m = 2 then T}, is the projection onto the hyperplane spanned by E and
w. In that case (2.5.5) is the formula for the support function of the projection body IIK of K at Ju,
where J is a rotation by 7/2 in F, see [80, Section 10.9]. Thus in that case, ¥, K is the projection of
IIK onto F rotated by m/2.

At this point, the reader familiar with zonoid calculus starts to see the signs that indicates its
presence such as volume and projection body. But before going any further, let us note that Esterov
shows in [37] that the map X, : ' (R"*™) — ¢ (F) comes from another map, which is (Minkowski)
multilinear in each variable: the mized fiber body. The following is [37, Theorem 1.2].

Proposition 2.5.20. There is a unique symmetric multilinear map
MS, : (A (R™™)" T 5 o (F)
such that for all K € 2 (R"t™), MY, (K,...,K) = 3, (K).

As announced, we will show that on zonoids this maps comes from FTZC (Theorem 2.1.16). To
describe the corresponding multilinear map, let us observe that the splitting R** = E @ F induces
a splitting

MEoF) = @ AEoF) (2.5.6)
a+b=k
where A%*(E @ F) =2 A°E @ AYF. This induces a collection of multilinear maps

F*: (E® F)* 5 AE @ A°F (2.5.7)

given by the wedge product (E @ F)* — A¥(E @ F) composed with the orthogonal projection on one
of the components of the splitting (2.5.6).
In our context we will be interested in the case where (a,b) = (n,1).

Definition 2.5.21. We write F, := F™! more explicitely, it is given for all z1,...,2,.1 € E and
Y1,---:Ynt1 € F by:
n+1
Fr (@, 01), -5 (Bng, Yngr)) = Z(_l)nﬂﬂ(iﬂl N NZG A N Tpge1 )Y
i=1
where z1 A -+ AZ; A -+ A xp1q denotes the determinant of the chosen vectors omitting ;.

We are now able to prove the main result of this section, here stated in the language of the zonoid
calculus introduced in Section 2.1.2 and Theorem 2.1.16.

Theorem 2.5.22 (M-Meroni). The mized fiber body of a zonoid is a zonoid. Moreover, if K1, ... Kp11 €
Zo(R™™) then

Fﬂ(Kl, ey Kn+1) = (TL + 1)' MEW(Kl, e ,Kn+1)
where ﬁ; s Zo(Rrm)ntl 5 4(F) denotes the maps induced on zonoids from Fy by FTZC (Theo-
rem 2.1.16).

Proof. Suppose first that all zonoids are equal that is K; = K for all 4 and let K = EX and v € F.
Note that T, (K) = ET,(X1). Thus by (2.5.5) and Vitale’s Theorem (2.2.10) we get

hs. k(1) = L vol, 4y (]ETu(X)> = Lo EIT(X0) A A Tu(Xopa)| (2.5.8)

where X1,..., X, 11 € R*™™ are iid copies of X.
Now let us write X; := (o, 8;) with oy €F and B;€F. Then

‘(041, <ua 51>) TARRRRA (an-‘rlv <u7ﬂn+1>)|
n+1

DD @ A A A A dn) (u,B)
=1

= [{u, Fr ((1,81), - -+ (@ng1, Bnr1)))] -

|Tu(X1) ARERNAN Tu(Xn+1)|
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Reintroducing this in (2.5.8) we obtain:

1 1
h =——"F F.(X4q,....X
Zﬂ.K(u) (n ¥ 1)| ) |<ua ( 1 n+1)>|
which is what we want. The general case follows by expanding X, (¢1 K7 + -+ + tn41Kng1). O

Applying it to zonotopes, this allows to generalize [22, Theorem 4.1].

Corollary 2.5.23. For all z1,...,zn € R*™™, the fiber body of the zonotope sz\;ﬁ is the zomotope

given by
N
S <Zzz> = (n+1)! > Fr(Ziys s Zip s )- (2.5.9)
1=1

1< < <1 <N

Proof. This follows from the defining property of F, namely ﬁn(@7 s Zign) = Fr(Zigs oo Zinygy ),

the fact that if any two z; are equal this is zero and the symmetry of E.. which both follow from its
definition. O

Formula (2.5.9) was implemented by Chiara Meroni for 0SCAR 0.8.2-DEV [71] and SageMath 9.2 [75]
and is available at https://mathrepo.mis.mpg.de/FiberZonotopes.

Remark 2.5.24. In Definition 2.5.21, we have defined the map F); as the composition of the wedge prod-
uct and a projection. It follows that the (mixed) fiber body enters the framework of the zonoid algebra.
More precisely if K € 2o(R"™™) then XK is a projection of ¢ KN+ g g4 (AR,

nil)!

Considering the splitting (2.5.6), the fiber body can be seen as a particular case of a collection
of maps F\ﬁ’b D Z(E @ F)*t? — 25(A°E ® AYF) induced from the maps (2.5.7). Indeed from
Definition 2.5.21, it corresponds to the case (a,b) = (n,1). Moreover from Corollary 2.2.21 we see
that if a+b=n+m—1, i.e (a,b) = (n,m — 1) or (n — 1,m) then we obtain a projection of the
projection body 11K . Tt remains the question to what correspond the other cases. Is there something
that already appeared in convex geometry? A rapid count of dimensions shows that in most of the
other cases, the target space A°E ® APF has a bigger dimension than the source space R"*™. There
are however exceptions for instance n = m = 2 and ¢ = b = 1. In that case we obtain a bilinear map
F11:(RY)? 5 RZ@RZx= R

Open problem 10. Investigate, in the case n = m = 2, the map
FLU: 2 (RY? = 25(RY).
From this point of view and using basic zonoid calculus techniques, we can deduce the following.
Proposition 2.5.25. Let K € Z5(R™™™), for all Ly, ..., Ly,_1 € Z5(F), we have

(n+1)lm!
MV(Ly,...,Lyp—1, K 1)) = —MV(Ly,...,Lyp—1,2: K
( 1y ) 1 [n+ ]) (m+n)' ( 1 1 )
where on the left the mized volume is on the whole space R™™™ while on the right we consider the
mized volume on the subspace F'.

Proof. Let X€R™™ and Yi,...,Y,_1€EF be integrable all independent such that K = EX and
L; = EY; and let Xi,..., X4 be iid copies of X. Then by (2.2.4) we have

MV (L1,..., L1, K[n+1]) = ']E\Yl AN AYm g AXg A A Xy

(m +n)

In the decomposition (2.5.6), Y1 A --- AY,,_1 € A%™~IR"*™ thus in the wedge product above, the
only non zero term in the decomposition of X; A --- A X,,11 is the one in A™!R"*™ . In other words

EYiA- AYp i AXa A AXpa| =EYI A A Y1 AR (X, Xag) |-
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By Theorem 2.5.22, this yields

!
(”L)'e(L1 Ao A L, ASAK)

MV(Ly,..., L1, K[n+1]) = (n+m)!

and the result follows by (2.2.4). O
Next, we illustrate how Theorem 2.5.22 can be useful to explicitely compute the fiber body.

Definition 2.5.26. Let eg, 2, e3 be the standard basis of R? and let D, := B(e;-) be the unit disc in
J‘ >~ R2. We define the dice to be the zonoid 2 := D; + Dy + D5. See Flgure 2 3a.

The dice is a special case of what is called a discotope, that is a finite Minkowski sum of discs. For
more on discotopes see [1, 42] or [61, Section 5.2].

Consider the projection 7 := (e1,-) : R@® R? — R. Even in this simple example the fibers of the
dice under this projection can be tricky to describe. However, using zonoid calculus, one can compute
explicitly the fiber body without much effort (see Figure 2.3b).

(b)

(a)
Figure 2.3: Left: the dice. Right: its fiber body.

Proposition 2.5.27. With respect to this projection m, the fiber body of Z is
m 1
£e(2) = Di+ 7 (62t es) + A

where A is the convexr body whose support function is given by

ha(ug,u3) / \/cos % 1 sin(6)2 (ug)® dé.

Proof. First of all let us note that by expanding the mixed fiber body MY, (Z, Z) we have
() = Ex(D1) + Er(D2) + Er(D3) + 2 (ME (D1, D2) + MEr (D1, D3) + ME (D2, D3)) -

Now let 01(6) := (0,cos(),sin(d)), o2(0) := (cos(),0,sin(f)) and og3(#) := (cos(#),sin(d),0) in such a
way that hp,(u) = FE|(u,04(0))| (see Lemma 2.3.5).

We then want to use Theorem 2.5.22 to compute all the summands of the expansion. Using this
and Proposition 2.1.18 we have that MY, (D;, D;) = 7T;]EFW(Q(G)J]- (¢)) with 6,¢ € [0,27] uniform
and independent. In our case, Fy(z,y) = (z1y2 — Y122, T1Ys — y123). We obtain

Fr(01(0),01(8)) =0, Fr(02(0),02()) = (0,sin(¢ — 0)),
Fr(03(0),03(8)) = (sin(¢ — 0),0), Fr(01(0),02(¢)) = —cos(¢) - (cos(0),sin(0)),
Fr(01(0),03(¢)) = —cos(¢) - (cos(8),sin(d)), Fr(o2(0),05(¢)) = (cos(8) sin(¢), sin(6) cos(¢)).
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Computing the support function hr2/sgr, (0,(0),0,(6) (W) = (7/4)*E|[(u, Fr(0:(0),05(¢)))| and using

that E|cos(¢)| = 2/, we get

s

v
Eﬂ'(Dl) = 0; Eﬂ'(DQ) = Z €2; ET&'(DS) = Z €3;
1
MX (D1, D3) = MY, (D1, D3) = 1D1

It only remains to compute MY (D2, D3). We have

].’/T2 2

hums, (Ds,Dy) (U) = §§E|<u, Fr(02(0),03(9)))| = %Emg cos(0) sin(¢) + us sin(0) cos(@)|.

We use then the independence of § and ¢ to find

. 1
hns, (D2, Dy) (U) = gE cos(6)? (uQ)2 + sin(6)? (113)2 = Zh/\(u)

Puting back together everything we obtain the result. O

Remark 2.5.28. In the case where us # 0 we have

ha(u) = |us|E | /1 — <“3>2

U2

where E(s) = Oﬂ/ 2 /1—s2 sin(#)2d0 is the complete elliptic integral of the second kind. This function

is not semialgebraic thus the example of the dice (which is semialgebraic, see [61, section 5.3]) shows
that the fiber body of a semialgebraic convex body is not necessarily semialgebraic. However F is

holonomic. This suggests as mentioned before that the curved assumption in Corollary 2.5.15 may not
be needed.

Conjecture 11. Let M be a multilinear map between finite dimensional vector spaces and let M be
the induced map on zonoids by FTZC. Then M maps holonomic bodies to holonomic bodies.

2.6 Example 2: Gaussian zonoids

This example is less about zonoid calculus and more about an application of the generalizations of
Vitale’s Theorem presented in Section 2.2.3.

We will see how the point of view of convex geometry can help the study of random determinants.
For example suppose we have two integrable vectors X,Y €V such that EX C EY. This implies
numerous inequalities in random matrices, for instance for any Xs, ... X,, €V integrable, independent
of X,Y we have E|det(X, Xo,..., X;,)| < E|det(Y, Xo,..., X,,)|. But also many more, for rectangle
matrices, complex determinants, etc. The statement EX C EY is a concise way to express all these
inequalities.

In this example, we illustrate this with Gaussian vectors.

2.6.1 (Gaussian vectors

Recall that a Gaussian random variable of mean ¢ € R and variance o > 0 is a random real number

whose law has the density ¢ — \/2;7 exp(—(t — ¢)?/(20?)). Moreover, one can see the Dirac delta

measure §. as a degenerate Gaussian variable obtained from the general case letting o — 0.

Definition 2.6.1. Let X€V. We say that X is Gaussian is for every v € V*\ {0}, the random
variable (u, X)€R is Gaussian. We say that X is non degenerate if for all v € V* \ {0}, the random
variable (u, X)€R is non degenerate.
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If a Gaussian vector X €ER™ is non degenerate, then there is a positive definite ¥ € R™*™ and a
vector ¢ € R™ such that the law of X admits the density

1 E exp <;<(azc),21(xc)>>. (2.6.1)

T ———
det(27%

In that case, c is the mean of X while ¥ is its variance (sometime also called covariance matrix). We
say that a Gaussian vector is centered if its mean is ¢ = 0, otherwise we call it non centered.
In this section we want to study the Vitale zonoid associated to Gaussian vectors.

Definition 2.6.2. A zonoid K € Z4(V) is called a Gaussian zonoid if there is a Gaussian vector
X €YV such that K = EX.

In the following, we assume, for simplicity, that V = R™ and that all Gaussian vectors are non
degenerate.

A particular case is the standard Gaussian vector & € R™ which admits a density given for all
x € R™ by p(z) = (27) "% exp (—@) i.e. the centered Gaussian vector with variance ¥ = Id.

One can prove, using for example the general expression of the density of a Gaussian vector (2.6.1),
that for every (non degenerate) Gaussian vector X €R™ there is a linear map M : R™ — R™ and a
vector ¢ € R™ such that X has the same law as M (c+£). In that case, X has mean M (c) and variance
MtM.

We use this fact and Proposition 1.2.33 to reduce our study to the case where the Gaussian vector
is of the form ¢+ &, i.e. has variance the identity, hence the following definition.

Definition 2.6.3. For every ¢ € R™ we define

where £ER™ is a standard Gaussian vector.

Hence, a convex body K C R™ is a (non degenerate) Gaussian zonoid if and only if there exists a
linear map M : R™ — R™ and a vector ¢ € R™ such that K = M (G(c)).
We already saw in Example 1.2.27 that, in the case ¢ = 0, we have:

where recall that B, = B(R"™) denotes the unit ball. Thus centered Gaussian zonoids are linear
images of the unit ball, that is ellipsoids.

2.6.2 Non centered Gaussian zonoids

In general, we can compute the support function of G(c) explicitly, see Figure 2.4. Note that, by
Proposition 1.2.33 and the invariance of &, G(c) is invariant by O(ct), the stabilizer of ¢ in the
orthogonal group O(m), that is G(c) is a solid of revolution around the axis spanned by ¢ € R™.

Proposition 2.6.4. Let c € R™\ {0} and let us write every u € R™ as u = (x,y) € R x R™~1 with
x = (u,c/||c||) and y € ¢+. Then the support function of G(c) is given by

2 2 2 —a2]c)?
hae (@,y) = VA IEl) + WP st | zlel |
var 2 V2V (A [elP) + vl

where erf(t) := %r fot e=*"ds is the error function.

Proof. The random variable ((z,y), c+¢) is a Gaussian variable with mean z||c|| and variance equal to
Va2(1+ ||c]]?) + [Jy[[2. Computing the first absolute moment of a Gaussian gives the result, see [53,
(3)] or [90]. O
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Figure 2.4: The Gaussian eye: the zonoids G(c) for ||¢|| = 0,1,2 and 3.

Proposition 2.6.5. The map G : R™ — Z(R™) given by ¢ — G(c) is continuous. Moreover for all
¢ # 0 the map t — G(tc) is strictly increasing with respect to inclusion on t > 0.

Proof. Continuity follows from the fact that the function hg)(-) : R™ x R™ — R given by (c,u)
he(e)(u) is continuous and Lemma 1.1.18.

For the second part, we can assume without loss of generality that ||c|| = 1. It is enough to show
that given a fixed non zero point (z,y) € R x R™~!, the function t — hg ) (,y) is strictly increasing.
We get from Proposition 2.6.4:

2242
d h (@) trle2GEZA+2)+vl?) x ¢ rt
NG\ T, Y) = + —er
e a2+ 2+ 2 20 \V2y/a2 0+ 2) + [y

which is positive on ¢ > 0 and this concludes the proof. O

For ¢ # 0 the Gaussian zonoid G(c) is not an ellipsoid. However we shall show that it remains
close to one, in a certain sense that we describe in Theorem 2.6.7 below, see also Figure 2.5. In order
to state the main result, let us first introduce a few definitions.

First we define A : R — R to be given for all s € R by

2

. p s
A(s) = V1 + 8220+ 45y [ —erf () . 2.6.2
(®) 2 V21 + 82 (2.6:2)

Note that, by Proposition 2.6.4 and following the same notation, for all ¢ € R™, we have

Allel)
Var

ha(e)(1,0) = (2.6.3)

Using that and we find a first naive bound.

Proposition 2.6.6. For all ¢ # 0, the zonoid G(c) is contained in the following cylinder:

L [2AdeD
G(o) © =B )+\/; TG

(m —1)Kpm—1
Kim—2oV 2T

Proof. We use the fact that heg()(2,y) < ha(e)(0,y) + hge)(x,0) and then use (2.6.3) and the ex-
pression of the support function in Proposition 2.6.4 to get the first statement. The second statement
follows from the linearity of the length and the computation of the length of a ball of dimension m —1,
see Example 2.2.18. O

and in particular we have

§G(©e) < 2\

Then we define the constant

1 m 1
=e 2 —erf (| —= ) ~1.462... 2.6.4
Uoo =€ 2 44/ 5 o (\/5) ( )
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and the function ¢, : R? — R given for all (x,2) € R? by
/2 7 2 2
T At exp( 5 x2 5 >—|— A orf [ ——— ). (2.6.5)
(oo 2(2? +a%.2%) ) a2 V2y/a? + a2 22

Finally, given ¢ € R™, we define the linear map 7T, : R”™ — R"™ that is the identity if ¢ = 0 and
that sends ¢ — A(||c||)c and is the identity on ¢t if ¢ # 0. In other words, in an orthonormal basis

Voo, 2) :=

€1, ..., em such that ¢ = ||c|ley, it is given by the matrix:
Alllel) 0
1
T, = . (2.6.6)
0 1

Theorem 2.6.7 (M.). For all c € R™, we have

m&(éhmJCG@cﬁ<£%&J

where boo 1= min {@us (cos(t), sin(t)) |t € [0,27]} ~ 0.989...

Proof. If ¢ = 0, G(0) is equal to the upper bound and there is nothing to prove. Thus we can assume
without loss of generality that ¢ = se; where e; is the first standard basis vector of R™ and s > 0. Let
G(s) == V2rT;.)G(sey). The idea of the proof is to show that the map s — G(s) is strictly decreasing
with respect to inclusion for s > 0. Once this is established, it is enough to show that the limit object
G(00) exists and contains a ball of radius be.

Let us first show that s — G(s) is decreasing. Let (z, z) € R2 and consider the function

_o(s) e @er 7(s)
o) = e Bt ()

_ 5T _ |+l . _ 1(s)
p(s) := o) o(s) = m, 7(s) == )

Then hé(s)(u) = Qg |ly| (s) where, as in Proposition 2.6.4, 2 = (u, 1) and y is the orthogonal projection

where

of u onto ell. It is enough to show that for all z € R and z > 0, the function s — ¢, .(s) is decreasing
on s > 0. One can check that ¢, = |2| and ¢, 0 = |z| which are constants in s. Moreover since
Pta, 42 = Pz,2, We can assume x,z > 0. Thus in the following we fix z,z > 0 and omit them in the
notation, writing ¢ 1= @, ..

Consider now the change of variable § := \/‘S;T
§. Since § is strictly increasing on s > 0 it is enough to show that ¢ is decreasing in s on 0 < 5 < 1.
Writing ¢’ for the derivative of ¢ with respect to § at §, we obtain for 0 < § < 1 (we omit the
dependence on s in the notation):

@) () 267

One can write ¢(s) as a function of the variable

where )
erf’ (t) 2te~t
p(t) =t = .
erf(t)  /merf(?)
One can show that p(t) is strictly decreasing for ¢ > 0, see [9, Lemma 2.1]. Moreover, since z,z > 0,
we have

X

r= §< 3.
V2 +2m(1 — §2)\222
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Figure 2.5: The boundary of G(c0) and G(0) = By in the positive orthant

And thus p (%) <p (%) The coefficient in front of ¢’ in (2.6.7) is positive on 0 < § < 1 and thus

this shows that ¢/ < 0 on 0 < § < 1. In definitive we have shown that for all s > 0 the map s — G(s)
is (strictly) decreasing with respect to inclusion.

We now note that for all fixed (z,2z) € R? and as s — 00, ¢, .(s) tends to oo (z,2) defined
in (2.6.5). Writing as before u = (z,y) € R x R™~1, by Lemma 1.1.18, the function ¢u(z, ||y||) is the
support function of a zonoid that we denote by é(oo) By what we just proved, for all s > 0 we have

G(0) C G(s) C G(0).

Since Ty is the identity, we have that G(0) = B,,. Moreover, G(co) contains a ball of radius beg since

it is the minimum of its support function on the sphere. Mapping everything through \/%Tsel (which

preserves inclusion) gives the result. O

From Theorem 2.6.7 and the fact that det(T.) = A(||c||), we get as an immediate corollary an
estimate on the volume of the Gaussian zonoids G(c).

Corollary 2.6.8. For every ¢ € R™ we have

= km < Vol (G(c)) <

where recall the definition of A in (2.6.2) and of b in Theorem 2.6.7.

The function A is explicit and is expressed in terms of special functions. However, one can get a
simpler expression in the asymptotic cases s — 0 and s — oco. In these cases we have the following
expansions:

As)=1+s>+0(s"); A(S) = aoos + O (1> (2.6.8)

S

where recall the constant a, defined in (2.6.4). We see that, when c is close to 0, the volume of G(c)
tends to the upper bound in Corollary 2.6.8 and the lower bound is far from being sharp. In fact in
that case we have a better estimate from below that comes from the following inequality.

Lemma 2.6.9. For any t > 0 we have

terf(t) > % (1 - e_tz) .

Proof. Tt is enough to see that terf(t) > - fg 2se=%"ds. a

S



84 CHAPTER 2. ZONOID CALCULUS

For all ¢ € R™ we define L. : R™ — R™ to be the identity if ¢ = 0 and to be the map that sends
¢+ /1 + [|¢[|%c and is the identity on ¢t if ¢ # 0. In other words, in an orthonormal basis ey, ..., ey,
such that ¢ = ||c||e1, it is given by the matrix:

14 ||c/|? 0

Proposition 2.6.10. For all c € R™, we have

L. (\/lz?Bm> C G(o).

Proof. Applying Lemma 2.6.9 to the support function of G(c¢) computed in Proposition 2.6.4 we find

1
hoo(z,y) > —v/x2(1 + ||||?) + ||ly||3.
(@) 2 = /A T+ Tl

The right hand side is equal to \/%”LC(U)” when, as before, x = (u,c¢/||c||) and y is the orthogonal
projection of u onto c¢*. Since L. = L', by Proposition 1.1.15—(4ii), this is the support function of
L. (\/%Bm) and the result follows by Proposition 1.1.15-(iz). O

Noting that det(L.) = /1 + ||c||?, we get the following.

Corollary 2.6.11. For every ¢ € R™, we have:

e JTFTTE < w0l (G(6).

(2m)¥

Combining this result with Corollary 2.6.8 and the expansion (2.6.8) we find the following.

Proposition 2.6.12. When ||c|| = 0, we have

(2m)%

m

1
L+ 5llel® + O (llel*) < Vol (G(e)) < 1+ |lef* + O ([lel*) -

2.6.3 Random Gaussian determinants

We now apply the previous results and the results of Section 2.2.3 to estimate the expectation of
the absolute determinant of a random matrix whose columns are non centered Gaussian vectors.
As mentioned in Example 2.2.27 the centered case was proved by Zakhar Kabluchko and Dmitry
Zaporozhets in [46] to be equal to the mixed volume of ellipsoids. We now show that the non centered
case is not far from that. This is an application of Corollary 2.2.26.

Theorem 2.6.13 (M.). Let 0 < k < m and let X1,...,Xr € R™ be independent Gaussian vectors
such that X; = M;(c; +&) with M; : R™ — R™ q linear map, ¢; € R™ fized vectors and &; #id standard
Gaussian vectors of R™. Consider the random matriz T := (X1, ..., Xi) whose columns are the vectors
X, and define the ellipsoids &; := (M; oT,,) (By,) fori=1,...,k where B,, C R™ is the unit ball and
recall the definition of T, in (2.6.6). We have

(boo)FQm kMV (€1, .. ., Ek, Bm[m — k]) < Ey/det (T'T) < i xMV (&1, ..., Ek, Bin[m — k)

where By, [m — k] denotes the unit ball B,, C R™ repeated m — k times in the argument of the mized
volume MV, o, , 1= e and by is defined in Theorem 2.6.7.

m!
m—k) km_k
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Proof. We have EX; = M;(G(c;)). Since the maps M; preserve inclusion, Theorem 2.6.7 gives the
inclusions b, (M; 0T, ) (LBm) C M;(G(¢;)) C (M;0T,) (LBm). Then we apply Corollary 2.2.26

V2 V2
and the result follows by the monotonicity of the mixed volume. O

This result is to be compared with [46, Theorem 1.1] which says that, in the centered case (i.e.
the case where ¢; = 0 for all ¢) this is equal to the upper bound. In some sense one can interpret
Theorem 2.6.7 by saying that, for each non centered Gaussian vector of the form X = M (£ + ¢), there
is a centered Gaussian vector Y = (M o T;)(&) such that, for random determinants, X is "trapped”
between b,Y and Y.

As before, in the case where some ¢; are close to zero, the lower bound in Theorem 2.6.13 is not
very good. Applying Proposition 2.6.10 and building the ellipsoids with L. instead of T, we get a
better estimate.

Proposition 2.6.14. Let 0 <l < k <m and let Xy,..., X, € R™ be independent Gaussian vectors
such that X; = M;(c; + &) with M; : R™ — R™ aq linear map, ¢; € R™ fized vectors and & iid
standard Gaussian vectors of R™. Consider the random matriz I := (X1, ..., X)) whose columns are
the vectors X; and define the ellipsoids & := (M; o L,) (By,) fori=1,...,1l and & = (M;oT,,) (Bp,)
fori=1+1,... k. We have

(boo) " L k MV (E], ... &), &1y - - - Eky Bm[m — k]) < Ey/det (T'T)

where oy 1 1= (2ﬂ)k/2(nTik)!nm,_k and by is defined in Theorem 2.6.7.
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Chapter 3

Zonoids and valuations

In this chapter we introduce the theory of valuations on convex bodies. The goal of this chapter is then
to show that we can extend the product of smooth (even) valuations introduced by Semyon Alesker
using the wedge product of zonoids.

We first introduce the general theory in Section 3.1. We then build the exponential of zonoids in
Section 3.2 that will be used in the next section. Finally, in Section 3.3, we explain how to build a map
from the Grassmannian algebra to the algebra of even continuous real translation invariant valuations
such that the kernel is a ideal. We then show in Theorem 3.3.18 that the product thus defined extends
Alesker’s product by showing that this is a special case of a recent extension built by Nguyen-Bac
Dang and Jian Xiao in [33].

As before, V denotes an Euclidean space of dimension m < co.

3.1 Theory of valuations

Let us start with the general definition.

Definition 3.1.1. A waluation on a subclass C C # (V) of convex bodies with values on a semi group
(S,+) isamap ¢ : C — S, such that for all K, L € C such that K UL, K N L € C we have

d(K)+ (L) =d(KUL)+d(KNL) (3.1.1)

We will be particularly interested in real valuations on convex bodies or polytopes that are trans-
lation invariant and sometimes continuous.

3.1.1 Translation invariant continuous even valuations

Definition 3.1.2. We denote by val™ (V) the space of translation invariant continuous real valuations
on (V) that are even (i.e ¢(K) = ¢((—1) - K). We write val; (V) C val* (V) the valuations that
are positively homogeneous of degree k.

McMullen proved that translation invariant continuous valuation can only have integer degree of
homogeneity. More precisely, we have the following, see [80, (6.22)].

Proposition 3.1.3. We have

m

val™ (V) = @ valf (V).

k=0

Moreover, valzr (V) is one dimensional for k = 0,m and infinite dimensional otherwise.

There is a classical norm on the space of valuations given for all ¢ € val* (V) by
[¢]] := sup {¢(K) | K C B(V)}.

87



88 CHAPTER 3. ZONOIDS AND VALUATIONS

We will call the topology induced by this norm on val™ (V) the standard topology. Endowed with this
norm, valt (V) is a Banach space, see [80, Section 6.5].

Since the space val;, (V) is one dimensional spanned by vol,, if we restrict a valuation of degree k
to a subspace of dimension k it is a multiple of the volume vol; on that space. This gives rise to the
following definition.

Definition 3.1.4. for a valuation ¢ € val}f (V), its Klain function is the map Kl, : Gx(V) — R such
that for all E € Gx(V) we have
¢l5 = Kl (E) vol(:)

It turns out that the Klain function is continuous and uniquely determine the valuation, see [80,
Theorem 6.4.11].

Proposition 3.1.5. The map val (V) — C(G(V)), ¢ — Kl is injective.

Thus another possible topology on valzr (V) is given by pulling back the sup norm topology by the
Klain embedding. In other words we define

[ollkr := 1| Klg [|oo-

We call the induced topology the Klain topology on val*(V), for more on this topology one can check
[19, Section 3].

The fact that the Klain function detemines the valuation implies that to check equality of valuations,
it is enough to check it on zonoids.

Lemma 3.1.6. Let ¢1,¢2 € val™ (V) then ¢1 = ¢o if and only if for all K € Z5(V) , ¢1(K) = ¢o(K).
Proof. Tt is enough to see that for every ¢ € val;(V) and every F € G(V), we have

Kly(E)=¢ (ex+ -+ ex)
where ey, ..., e is an orthonormal basis of F. O

Moreover for a valuation ¢ € val; (V) we have

1

Kly(E) = —o(B(E)).

Thus, since B(E) C B(V) we have that there is a constant 0 < ¢ < oo such that for all ¢ € val™ (V)

]k < cll¢]l- (3.1.2)

Example 3.1.7. One can check that for all K, L € (V) we have K + L= K UL+ K N L. Tt follows
that any linear function is a valuation of degree one.

Ezample 3.1.8. Let Ly,..., Ly € (V) and define the function ¢r, .1
for all K € (V) by

: (V) — R that is given

¢L1,.4.,Lk (K) = MV(K[m — k],Ll, ey Lk)
Then ¢r,,..1, € valt(m — k, V). In particular the intrinsic volumes V}, are valuations.
Ezample 3.1.9. If ¢ € val™ (V) is a valuation and L € % (V) then the map
K— ¢(K+1L)

is also a valuation. In particular vol,, (- + L) is a valuation.
Another example that will be of particular importance to us is the following.

Ezample 3.1.10. For every signed measure y € M(Gx(V)), we can associate a valuation ¢,, € val}l (V)
given for all K € (V) by

6, (K) = / voly (K |E) dpu(E)
Gr(V)

where (K|E) denotes the orthogonal projection of K onto E.
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3.1.2 Valuations on polytopes and non extendability of J-volume

On polytopes we have a weaker notion of continuity that corresponds to continuity on the set of
polytopes that have parallel faces.

Definition 3.1.11. A valuation ¢: P(V) — R is said to be weakly continuous if for every finite set
U={uy,...,ur} C S(V*) of unit vectors positively spanning V*, i.e., > . Ryu; = V, the function

(t1,.. s tp) m d({v eV | {(vu) <t,i=1,...,r})
is continuous on the set (t1,...,t,) for which the argument of ¢ is nonempty.

One can check that a continuous valuation is weakly continuous. The general form of weakly
continuous, translation invariant valuations on P(V') was described in [63]. In particular, applying [63,
Theorem 1] to the J-volume (Definition 2.3.15) we get.

Proposition 3.1.12. The map Voli : P(C™) — R is a weakly continuous, translation invariant
valuation.

The valuation voli is a special case of an angular valuation, see [87].

Definition 3.1.13. Let f : G;(V) — R be a measurable function. The angular valuation associated
to fis ¢p : P(V) = R, defined for all P € P(V) by

¢r(P):= > volg(F)-O(F,P)- f(Ep),

FeFy (P)
where recall the notation of Section 1.1.3 on polytopes.

It is known [63] that ¢ is a weakly continuous valuation.

The possibility of continuously extending an angular valuation from polytopes to convex bodies
was studied by Wannerer in [87]. The following is [87, Theorem 1.2]. We recall that an even function
on the sphere of AV induces a function on the Grassmannian G (V) via the Pliicker embedding.

Proposition 3.1.14. The angular valuation ¢;: P(V) — R can be extended to a continuous valuation
on A (V), if and only if f is the restriction to Gy (V) of a homogeneous quadratic polynomial on A*V.

We see from Definition 2.3.15 that the J-volume is the angular valuation associated to the function
(eH)V?: G, (C") — R.

If n = 1, then ¢’ is constant and equal to 1. The previous proposition implies that in this case we
can extend vol‘{ to a continuous valuation on J#(C). In fact one can see that in that case we obtain
the classical first intrinsic volume. If n > 2, however, it is not possible as we will show next.

Corollary 3.1.15. Ifn > 2, there is no continuous valuation on # (C") that is equal to vol; on P(C™).

Proof. Using the notation of Proposition 3.1.14, we have vol,{ = @(p7y1/2. We identify C" = R2"
and let J be the standard complex structure on it. Consider the homogeneous quadratic polynomial
p: A"R?™ — A2"R*™ w — w A Jw. From Definition 2.3.10, o/ (w) = |p(w)| for w € G(n,2n) (in the
Pliicker embedding). Suppose there were a homogeneous quadratic polynomial ¢: A"R?" — R such
that we have |p(w)|2 = g(w) for all w € G(n, 2n). Let us show that this leads to a contradiction, which
will complete the proof by Proposition 3.1.14. First of all, we notice that ¢(w) must be a nonnegative
polynomial and that we have |p(w)| = q(w)? on G(n,2n).

Let eq,...,e, € C™ be the standard basis, so that |eg A---Ae, AJeg A---AJe,| = 1. We define the
curve w(f) := (cos(f)ey + sin(f)Jex) Aea A--- Aey, in G(n,2n) for 6 € [0,71]. This curve interpolates
between a Lagrangian plane (for # = 0) and a plane, which contains a complex line (for 8 = 7). We
have that

p(w(0)) = (cos(B)er + sin(f)Jex) Aea A« Aey A(cos(f)Jey —sin(B)ea) Aea A--- Aey
= cos(0)2(61 AN Neg ANder A+ N Jey),
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and so [p(w(#))| = cos(#)?. If we have [p(w(#))| = q(w(8))?, then q(w(#)) = cos(d), because q is
nonnegative. Since ¢ is a quadratic form and by the definition of w(#), there are a,b,c € R such
that q(w(0)) = acos(6)? + bcos() sin(#) + csin(h)? for all §. Thus, we have an equality of functions
acos(0)? + beos(0) sin(0) + csin(h)? = cos(#). It can be checked that such an equality is not possible,
so our assumption was wrong and (o/)/2 cannot be the restriction of the square of a quadratic form
to G(n,2n) and this completes the proof. O

Remark 3.1.16. Note that for all continuous f : G,(V) — R there is a continuous extension of ¢ to
zonoids given for all K € 25(V) by

0,8 = [ o

Open problem 12. Let d > 4 be even. What is the biggest subclass Cy C (V) containing Z5(V)
such that, for every f that is the restriction of a polynomial of degree d on A*V to G (V), the angular
valuation ¢ extends continuously to C4?

3.1.3 Modern theory of valuation

In the modern theory of valuations there are two breakthroughs made by Alesker that we will present
here. The first one is the irreducibility theorem and the second one is the discovery of a product on a
subclass of valuations that respects the grading.

These results concern the study of the action of GI(V*) on val™ (V) given for all g € GI(V*),
¢ €valt (V) and K € # (V) by

(9 d)(K) = ¢(g"(K)). (3.1.3)

It is in general more common to consider the action of GI(V) given by (g-¢) = ¢ o g~! but this
makes no difference since the map g — gt is a Lie group isomorphism between GI(V*) and GI(V).
Moreover, it will be clear later that the action given by (3.1.3) is more natural in our context.

The following is [80, Theorem 6.5.1].

Proposition 3.1.17 (Alesker’s irreducibility Theorem). The representation of GI(V*) on val; (V) is
wrreducible for every 0 < k < m meaning that each invariant subspace is dense in the standard topology.

Note that because of inequality (3.1.2), a subspace dense in the standard topology is also dense in
the Klain topology.

FEzample 3.1.18. The valuations of the form ¢, ., of Example 3.1.8 span a dense subspace of
valt (V). Indeed, it is enough to note that for all g € GI(V*)

g- ¢L1,~~7Lk = |det(g)|_1¢5’7t(L1)7~--797t(Lk)'

Thus the subspace spanned by such valuations is GI(V*) invariant. By Alesker’s irreducibility theorem,
this is also dense.

In order to define the product and convolution of valuations, we need to restrict to a certain
subclass.

Definition 3.1.19. A valuation ¢ € val™ (V) is called smooth if the map GI(V*) — val™ (V) given
by g — (g - ¢) is smooth. We denote the subspace of smooth valuations by val™>(V) C val* (V).
Siminarly we write val,"> (V) C val (V).

Ezample 3.1.20. Consider the inclusion C22,,, (Gk(V)) — M(G,(V)) that identifies a smooth function
f on the Grassmannian with the measure whose density is f. Then we can consider the valuation ¢

as in Example 3.1.10: it is given for all K € # (V) by
oK)= [ vol(KIE)/(E)dE
Gr(V)
where K|E denotes the orthogonal projection of K onto E and dE denotes integration with respect

to the normalized Haar measure. It turns out that such valuation are smooth and furthermore that
every smooth valuation admits such a form, see [20].
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Example 3.1.21. If Ly,..., Ly € (V) are curved with smooth boundary then the valuation ¢, 1
defined in Example 3.1.8 is smooth.

k

In [5], Semyon Alesker constructed a product of smooth valuations.

Proposition 3.1.22 (Alesker’s product). There is a bilinear map val;”> (V) xval,"* (V) = val; ;7 (V)

that is continuous for the standard topology and that turns the space val™>°(V) into a graded algebra.
For every k, the product val}">(V) x val>> (V) — val,* (V) = Rvol,, is a perfect pairing. We
denote the product of two valuations ¢1,p2 by 1 A ¢a.

We will not need a precise description of this product since we will rather use the point of view
of convolution that has a simpler characterization. The perfect pairing gives rise to a duality in this
graded algebra, see [4, Theorem 1.2.1].

Proposition 3.1.23 (Poincaré-Alesker duality). There is an involution isomorphism of vector spaces
* 1 val,n (V) 55 vl (V*) uniquely determined by the fact that for every E € Gy (V*) we have

Kl (E) = Klg(EL).

With this duality we can define a convolution product.

Definition 3.1.24. The convolution V : val"> (V) x val (V) — val;’f?k+l)(V) is defined for all
valuations ¢1, ¢ by

P1V g2 = *((x¢1) A (x¢2))

The convolution just defined is uniquely determined by continuity (for standard topology) and the
fact that for every Li,..., Ly, L},..., L) € #(V) we have (see [33, Definition 1.12] and also [20])

PLyvoiLi V PLy Ly = PLyos Li L. L

where recall the definition of the valuation ¢r, . . r, in Example 3.1.8.
The intrinsic volumes are valuations that are invariant by the O(V*) action (3.1.3). In fact Hadwiger
showed that these are the only one, see [80, Theorem 6.4.14].

Proposition 3.1.25 (Hadwiger’s Theorem). For all 0 < k < m, we have
valt(V)°V) = RV,
A remarkable refinement of this Theorem was given by Alesker, see [80, Theorem 6.5.3].
Proposition 3.1.26. Let H C O(V*) be a compact subgroup. The space val® (V)" is finite dimen-

stonal if and only if H acts transitively on the sphere S(V*).

3.1.4 ‘P—positive valuations

Recently Nguyen-Bac Dang and Jian Xiao in [33] extended the product and convolution of smooth
valuations to a larger subspace of val® (V) (they do not restrict to even valuations but we will).

Definition 3.1.27. A valuation ¢ € val; (V) is P—positive if there exists a Radon measure M on
H (V)™=k guch that for every convex body K we have

P(K) = MV(KT[k], L1, ..., Lp—)dM (L1, . .., Lyn—g).- (3.1.4)
H(Vym—F

We denote by 73,:_ C val,j(W) the cone of P—positive valuations and by P, C val,': (V) the subspace it
generates, i.e P = 7)2‘ — fpl;i-'
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Radon measures M on (V)™= % such that (3.1.4) is finite for every K € # (V) (and thus give
rise to a well defined P—positive valuation) are characterized by the fact that

/ MV(B(V)[k], L1, ..., Lyn_)dM (L1, ..., Lin_3) < 0. (3.1.5)
‘X/(V)wn—k

The smooth valuations are dense in Py, see [33, Theorem 2.19]. Moreover, one can then show that
there is a well defined extension of the convolution product on the completion of the space Py for a
certain norm, see [33, Section 2.3].

Proposition 3.1.28. There is a well defined extension of the convolution product of smooth valuations
that is such that if My, respectively Mo, is a Radon measure on # (V)k1, respectively # (V)*2, that
satisfy (3.1.5) and if ¢1 € 'P:;_kl, respectively ¢o € P;_kz is its associated P—positive valuation then

1V po € P;,(kﬁ;%) 18 the P—positive valuation associated to the product measure My ® Ms on
H (V)katkz in other words, it is given for all K € (V) by

(61 V ¢2)(K) = /MV(K[m — (k14 k2)), L1, -, Ly i) AMy (L, -+, L, )AMa (L, 1, - - s Loy 1)

where the integration is over J# (V)k1 x o (V)F2 = ¢ (V)kitkz,

3.2 The exponential map on zonoids

Before going on to the part where we show the link between the Grassmannian zonoid algebra and
valuations (that the reader may have guessed at this point), we need a last little tool of zonoid calculus.
We present in this section an exponential map from zonoids to the Grassmannian zonoid algebra and
show how this shares similarities with Peter McMullen’s polytope algebra [64].

3.2.1 Exponential and logarithm

Definition 3.2.1. We define the map exp : :?B(W) — {%(V) to be given for all A € Ez't’\b(W) by

NE
|

exp(A) := ANk

x>~
Il
=]

We also write e” := exp(A).

Note that exp maps the cone Z;(V) to the cone % (V). Moreover, since the wedge product is
commutative on centered zonoids, we have the following.

Proposition 3.2.2. The map exp : (,E%(V),—i—) — (% (V),A) is a group morphism, i.e. we have
el% =1 and for all A, A" € Z,(V) we have

ATA = A et (3.2.1)

In particular every element in the image of the exponential is invertible for the wedge product
and the inverse of e? is e=#. Note that moreover for the GI(V) action defined in Section 2.4.3 the

exponential is a GI(V) morphism, meaning that for all g € GI(V) and all A € EXB(V) we have
exp(g - A) = g - exp(4). (3.2.2)

Proposition 3.2.3. The image of the exponential map spans a sequentially dense subspace of E%(V)
for both the weak-+ and norm topology.
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Proof. Tt is enough to see that we can obtain all segments of degree k for all k = 1,...,m. Indeed if

x € V then e =1+ z thus,
z =% — 0},

We go by induction, suppose we can obtain all segments of degree< k — 1 and let z1,...,z; € V then
et I = (14 29) A A (14 z5) = {segments of deg <k — 1} +z1 A--- Ay
and this proves the induction. O

One can invert algebraically the exponential but in order to do so we need to restrict to a subclass
of Grassmannian zonoids.

Definition 3.2.4. We define

G(V)1 = P %(k,V)
k=1

i.e. elements of %A()(W)l are elements of %AO(W) that have no term of degree 0.

Note that %(V)l is a subalgebra and that 14+%(V); is closed under the wedge product operation.
Moreover note that for all A € Z5(V), e4 € 1 +%(V);.

Definition 3.2.5. We define the map log : 1 + %(V)l — %(V)l to be given for all A € %(V)l by

log(1+ A) := Z #A/\k.

E>1
Once again, because our algebra is commutative, we have for all A, B € %(V)l,
log((1+A)A(1+ B)) =log(l1+ (A+ B+ AAB)) =log(l+ A) + log(1 + B)

and for all A € Z5(V)
log(e?) = A.

Note that all these definition could be made using the convolution V instead of the wedge product.
If we define for all A € Z5(A™~1V)

| —

Avk
!

o

m
€A = E
k=0

with the convention that AV = w where w € A™V is the volume form. Then since AVF = x((xA)"¥),

we have

eq = xe*A.

3.2.2 Zonoid vs polytope algebra

Peter McMullen, in [64] introduced the polytope algebra. Formally it is the group generated by [P] for
all P € P(V) with the product defined for all P,@Q € P(V) by

[P]-[Q] =[P+ Q] (3.2.3)
and with the relations
(i) [P+ {z}]=[P]Vz €V;

(i) [Pl+[Q]=[PUQ]+[PNQ],VP,Q € P(V) such that ,PUQ € P(V)
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The relation (i) means that the polytope algebra is actually generated by the translation class of
polytopes while in (i) we recognize the valuation property (3.1.1).

Similarly as what we did in the Grassmannian algebra, one can define the exponential and logarithm
as power series in a subspace of the polytope algebra, see [64, Lemma 18]. The logarithm of a class
[P] can be thought of as the polytope P itself and thus the map P +— [P] can be thought of as an
exponential map, the reader can check [27] to see how this statements can be made more rigorous in
terms of support function. This is coherent with the definition of the product in the polytope algebra
(3.2.3).

In the Grassmannian algebra we saw a very similar situation. If we consider the image of the
exponential exp : Z5(V) — % (V) (which spans a dense subspace by Proposition 3.2.3) then for each
centered zonoid K € Z,(V) we have a class eX in the algebra. It indeed satisfies for all K, L € 24(V),
e A el = eX+L which is the analogous of (3.2.3).

Moreover the centered zonoids Z4(V) can be thought of as the translation classes of the space of
all zonoids 2’ (V) which would be the analogous of relations (i) in the polytope algebra.

It remains to see if we have an analogous of the relations (i) in the zonoid algebra. That is, do we
have ef + el = eKVL 4 ¢KUL whenever K, L € 24(V) are such that KN L and K UL € 2,(V)? This
amounts to ask if the map 25(V) — 25(A¥V) given by K — K"* is a valuation.

For k = 0,1, m—1, m we already know that this is the case. Indeed k£ = 0, 1 are trivial, £ = m is the
volume and k = m — 1 is the projection body (see Corollary 2.2.21). However for all the other k, the
map K +— K" is not the restriction of a continuous translation invariant valuation # (V) — J# (A*V).
Indeed our map is equivariant (see (3.2.2)) and recently Jacob Henkel and Thomas Wannerer showed
in a yet unpublished work that such equivariant valuation do not exist for 1 < k < m — 1. It could be
however that the exponential is a valuation on the set of zonoids only.

Despite this fact, we will see below in Section 3.3 how % (V*) is deeply linked to the algebra
val ™ (V).

Finally, William Fulton and Bernd Sturmfels showed in [41] that the Chow ring of a toric variety
embedds into the polytope algebra. The Chow ring of a toric variety computes the complete intersection
of divisors in a toric variety, see also [25] for an extension of this fact to a more general algebra generated
by convex bodies. We will see in Chapter 4 that the Grassmannian zonoid algebra will help compute
random intersection in real manifolds, which strengthen the link between polytope and zonoid algebra.

3.2.3 Exponential of a polytope

One can extend the definition of the exponential to polytopes in a similar fashion as the extension of
J-volume that was presented in Section 2.3.3. This is based on the property of the external angle of
a zonotope showed in Lemma 1.2.9. However, we will show here that it fails to satisfy the axiom of a
group morphism (3.2.1).

As for J-volume we start by giving a formula for zonotopes. Recall all the notation introduced in
Section 1.1.3 and Section 1.2.1. The reader is also encouraged to compare this section to Section 2.3.3.

Proposition 3.2.6. Let x1,...,2, € V and let K := ) " x; be a zonotope. Then for all0 <k <m

we have ]
—K™ = 3" vol(F(E,K))E

k!
EeGr(K)
where recall that Gi(K) denotes the k-subspaces parallel to k-faces of K (Definition 1.2.7), F(E, K)

is the vectorial face defined in Definition 1.2.8 and E C A*V is the segment defined by a representent
in Plicker of the subspace E (Definition 2.2.8).

Proof. We have
1

Nk
SR = ST A A,
’ i< <ig,

= Y (e A Aml)E

EeGL(K)
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where the internal sum on the second line runs over the ¢; < --- <14 such that z;,,...,z;, € E. We
then just apply Shephard’s formula [81, Equation (57)] to see that this is equal to vol,(F(E, K)). O

Of course this sum only makes sense for zonotopes since it refers to the vectorial face. However,
using Lemma 1.2.9, we find another expression.

Proposition 3.2.7. Let x1,...,2, € V and let K := ) " x; be a zonotope. Then for all0 <k <m
we have

1
EKA’“ = Y volu(F)O(K,F)EF.
FGfk(K)
Proof. The proof is the same as in Theorem 2.3.14. O

This allows us to carry over the definition of exp on polytopes.

Definition 3.2.8. for all 0 < k < m we define ¢, : P(V) — % (k, V) for all P € P(V) by

er(P):= Y volu(F)O(P, F) Ep.
FeFr(P)

Moreover we let exp : P(V) — % (V) be defined as exp := > ;- €.

Note that, in particular, €; is a map that associate to each polytope a zonotope and that is the
identity on zonotopes. The case k = m — 1 is something we already encountered.

Lemma 3.2.9. For every P € P(V) we have
1
em-1(P) = STIP.

Proof. This follows from the definition of the projection body in Definition 1.2.44 and the expression
of the surface area measure of a polytope in Proposition 1.1.38. O

Remark 3.2.10. In general, we can show with the same proof that £(e;(P)) = Vi (P).

By Proposition 1.1.21, the k-faces of a sum P; + P> can be decomposed into the sum of i-faces of P;
and (k — i)-faces of P, for 0 < i < k, it follows that there is a mixed version of ¢, : P(V)* — % (k, V)
that is Minkowski multilinear and such that e, (P) = €x(P,. .., P) for all P € P(V). For the exponential
to be a group morphism we would need for all 0 <+ < k that (f) ex(P1]i], Polk —1]) = €;(P1) Aeg—i(P2).
Unfortunately this is impossible because of the next result.

Lemma 3.2.11. Let P C 'V be a centrally symmetric polytope that is not a zonotope. Then

em—1(P) # Emfl(el(P))

Proof. This follows from Lemma 3.2.9 and the unicity of the solution to the Minkowski problem [80,
Theorem 8.1.1]. O

3.3 Valuation associated to a zonoid

In this section we describe how the algebra % (V*) surjects on a dense subalgebra of val* (V). From the
point of view of measures, the correspondence between our convolution product and the convolution of
valuations was described in [20]. We show here how this correspondence connects to the exponential
just defined and hope to convince the reader that the flexibility of the point of view of random vectors
helps to simplify the expressions and computations.
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3.3.1 Valuations with Crofton measures

We start with the definition of the main object of this section. Remember that to each A € g%(k,V)
there is a generating (signed) measure associated pg4 € M(G(V)), see Section 2.6.

Definition 3.3.1. For every A € %(V*), we define ¢4 : (V) — R to be the map given for any
K e (V) by

pa(K) = /G e volg (K| E)dpa(E) (3.3.1)

where E = E under the identification V* 22 V given by the Euclidean structure and K \E denotes the
orthogonal projection of K onto E. We also define a mixed version, that we also denote ¢4, that is
defined for all Ky,..., Ky € # (V) by

0alKr, o K i= [ MV, K E)dpa(E),
Gr(V*)

Finally if A € % (V) and A := Y7 A; with 4; € % (i, V) we define ¢4 := 37" da,.
The measure p 4 is somtimes called a Crofton measure for the valuation ¢ 4.

Remark 3.3.2. The choice in the definition of taking a measure on the dual space and then identify
the subspaces £ & F may seem strange and arbitrary. However we will see that this definition is
independent of the choice of the Euclidean structure which should convince the reader of its naturality.

Lemma 3.3.3. For every A € ng(k:,V*), the map ¢4 belongs to valf (V).

Proof. Suppose K, — K in (V), the projection onto a subspace and the volume are continuous
thus voly, (K, |E) — volx(K|E). Moreover since K,, converges, it follows that voly (K, |FE) is bounded
uniformly on E and thus we obtain ¢4(K,) = ¢4(K) by dominated convergence. O

We denote by R
®: G (V*) — val™ (V)

the map given for all A € gAO(V*) by ®(A) := ¢4. We denote the image of ¢ by
YV (V) = ®(%(V*)) C valt(V) (3.3.2)

and we write ¥ +(V) := ®(%(V*)), ¥ (k, V) 1= ®(Go(k, V*)) and ¥+ (k, V) := &(%(k, V*)).

It follows from the definition that & is linear. Moreover we will prove later that it is a GI(V) map
for the representation (3.1.3). Let us prove something a bit weaker for now. It is easier in this case to
identify V* = V and consider the action given by the inverse rather than the transpose.

Proposition 3.3.4. For all 0 < k < m, the space ¥ (k,V) is GI(V)~invariant under the action given
by (g°¢)(K) := ¢(g ' K) and thus it is also invariant for the action given by (3.1.3).

~

Proof. Let ¢ := ¢4 for A € 4(k,V*). Then identifying V* =V we have:
0a(g ) = [ voli(g K IEYdpa(E).
Gr(V)

Now we prove that
1

—1

volg (g7 K| FE) 0B voly (K |g(E)) (3.3.3)
Where ||g(E)| := |lg(e1) A---Ag(ex)] for eq, ..., e, an orthornormal basis of E. We use the decomposi-
tion g = QR where Q is orthogonal and R preserves E. Then vol,(¢ ' K|E) = | det(R™!|g)| volx (Q ' K |E).
Next we note that | det(R~ Y| g)| = |det(R|g)|~! = |R(E)||~! = ||g(E)||~*. Moreover since Q is orthog-
onal and R(E) = E, we have Q"' K|E = K|Q(E) = K|g(E) and this proves (3.3.3). Now considering
the measure p such that for all f € C(Gr(V)) we have

1
/Gk(v) f(E)dv(E) = /Gk(v) mf(g(E))duA(E)_
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It follows that
(g~¢A>ur>:l/ vl (K|g(E))dv(E) = é.4(K)
G (V)

where A’ is the zonoid generated by v. O
From Alesker’s irreducibility Theorem (Proposition 3.1.17) we deduce then the following.
Corollary 3.3.5. The subspace ¥ (V) C val™ (V) is dense for the standard topology.

The following is a key result that will allow us, in some sense, to identify ® with the cosine transform
on the Grassmannian. Recall from Section 2.4.4 that for every A € %y(k, V*), we write ga = hala, (v
for the restriction of the support function on the Grassmannian.

Lemma 3.3.6. For every A € %(k,V*) we have
K]¢A = gA.

Proof. Let F' € Gi(V), we want to compute Kl , (F'). To do this consider K € J¢(F). We need only
to observe that in that case for every E € G(V), volg(K|E) = volp(K)|{E, F')|. Then using (3.3.1)
and (1.2.8), we find ¢4 (K) = volg(A) - ha(F). O

It follows that we have
|pallxi < ||A]l.

In other words, the map R
@ (Go(V), |- 1)) = (val ™ (V), || - k1)

is continuous. The cosine transform can be seen as the map Id : (%(W*),weak—*) — (% V0 1D-
Since it is sequentially continuous (Proposition 1.2.54-(iv)), we have that

P : (Go(V*), weak-x) = (val* (V). | - [lx)

is sequentially continuous.

Remark 3.3.7. Note that from the definition we have immediately that weak— convergence implies
pointwise convergence of the corresponding valuation. However sequential continuity is stronger.

Recall the definition of the kernel of the cosine transform (KoCT) in Section 2.4.4. It follows from
Lemma 3.3.6 that this corresponds to the kernel of ®.

Corollary 3.3.8. The kernel of the map ® is the KoCT, i.e. for all A € %(V*) we have
Ppa=0 <= AecMV").
This allows us to identify the spaces
Y (V) = G (V") /IM(V).

Since MM(V*) is an ideal, the wedge product is a well defined product on the quotient. Moreover
remember that it is preserved by the Hodge star and thus is also an ideal for the convolution, see
Section 2.4.4. This implies that the following is well defined.

Definition 3.3.9. Let A, A’ € G(V*), we define

PaNPa = Pana *PA = Qxa PaN Qar = Pavar.

As the reader may expect, we will see that this notation does not contradict the one introduced
in the previous section with Alesker’s product. For this it will be handy to use the zonoid calculus to
prove it on zonoids and then use Lemma 3.1.6 to conclude.
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3.3.2 Exponential and valuations

On zonoids the valuations of ¥ (V) take a very nice form. Recall the definition of the exponential of
a zonoid in Section 3.2 and the definition of the pairing in Section 2.4.2.

Proposition 3.3.10. For every A € E%(V*) and K € 25(V) we have
pa(K) = (A, e5). (3.3.4)

Proof. Since both sides are linear in A, we can assume that A is of degree k and that p4 is a probability
measure on Gp(V*). Let Y = Y] A--- AYy be of law 4 and let Ey be the k—space represented by Y
in Pliicker. Let K = EX with X €V integrable and let X,..., X be iid copies of X that we assume
independent of Y. We have by (2.2.4)

1

pa(K) =

[ Elme() A Ame(6) ldua(E)
Gr(V*)
where 7g is the orthogonal projection onto E. Since Y is of law A, We can rewrite it as

1
¢a(K) = HE|mp, (X1) A~ Ampy (X
1
= BV, X1 A A X))

1
- (A, HKAk).

Since A is of degree k, the last term is equal to (A, eX) and this concludes the proof. O

Note that, as promised in Remark 3.3.2, the expression (3.3.4) is independent of the choice of any
Euclidean structure.

~ ~

Lemma 3.3.11. Let A1,As € 4 (V*). Then, ¢pa, = ¢a, if and only if for every C € 4(V*),
(AL NC) =LA A C).

Proof. We can assume A; and Ay are of degree k. Let us write ¢; := ¢4,. From Lemma 3.1.6 ¢; = ¢2
if and only if for all K € Z5(V) , ¢1(K) = ¢2(K). From Proposition 3.3.10 this is the case if and only
if (A] — Ag,ef) =0 for all K € 24(V). Since they are of degree k, we get that ¢; = ¢, if and only
if £((A; — Ag) A*(K"F)) =0 for all K € Z,(V). The result follows by the (sequential) density of the
image of the exponential, that is Proposition 3.2.3. O

Corollary 3.3.12. For every g € GI(V*), A€ %AO(V*), K e #(V), we have
$g-A(K) = pa(g'K).
In other words, ® is a GI(V) map and we have g- ¢4 = ¢g.4

Proof. For zonoids this is almost immediate since (g - A, eX) = (A, g'eX) = (A,e9'K). Then we use
Lemma 3.1.6 to conclude in general. O

Ezxample 3.3.13. Using Lemma 3.3.6 one can prove that
We can easily compute another example.

Lemma 3.3.14. Let L € Z(V), then for all K € (V) we have

¢yor (K) = vol,, (L + K).
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Proof. As before, by Lemma 3.1.6, it is enough to prove it for K a zonoid. In that case we use the
expression of Proposition 3.3.10 and the rules in Proposition 2.4.8 to obtain

Buen () = (seh,e5) = (.68 1 eK) = (w, € K) = 0 (K + 1))

where w € A™V* is the volume form. We conclude by (2.2.4). O

With the same proof we find the following, to be compared with Example 3.1.8.
Ezample 3.3.15. Let Lq,..., Ly € 25(V). Then for all K € # (V) we have:

m!

mMV(K[m — k‘],Ll, .. .,Lk).

QS*(Ll/\---/\Lk)(K) =

Finally one can compute the length of a Grassmannian zonoid just knowing the associated valuation.

Lemma 3.3.16. Let A € g%(k,V*) and let o4 € ¥ (k, V) be the associated valuation. We have

Proof. The unit ball is a zonoid thus, by Proposition 3.3.10 and because A is of degree k, we have
$A(B(V)) = %(A,B(V)"*). Using the rules of the pairing Proposition 2.4.8 we find ¢4(B(V)) =
Hl(xA A B(V)™) and by Lemma 2.2.17 £0(xA A B(V)"*) = kl(xA) = rxl(A) which is what we
wanted. O

Let us now show that the valuations obtained from zonoids are a particular case of P-positive
valuations in the sense of Definition 3.1.27.

Proposition 3.3.17. Let X; A---AX,EA*V* be integrable and let A :=EX; A--- A X}, € Gy(k, V*).
Let us write Xpy1 A A Xy i= (X1 A -+ A Xp)EA™ KV, Then for every conver body K C V, we

have: )
Pa(K) =

In particular, ¥+ (k, V) C ’P,:' and thus ¥V (k,V) is a subspace of Py.

E[MV (K[, Xki1, o Xm )| -

Proof. Both sides define a continuous even translation invariant valuation of degree k. Thus it is
enough to prove the equality for zonoids, in which case it follows from Proposition 3.3.10. O

It is now not difficult to show that our product and convolution correspond to those already defined
on valuations.

Theorem 3.3.18 (M.). The convolution V on ¥ (V) in Definition 3.3.9 corresponds to the convolution
product of P-positive valuations from Proposition 3.1.28, and the Hodge star x to the Poincaré—Alesker
duality. Thus the wedge product N\ corresponds to the usual product of valuations.

Proof. The duality follows from Proposition 3.1.23 and Lemma 3.3.6.

Let us prove the convolution. Let A := EX;A---AXy € %(k,V*), B .= EV17A---AY] €
Go(1,V*). Let us write Xpi1 A+ A Xy i= #(X3 Ao A Xp)EA™ RV and Vg A - A Y, =
x(YI Ao A Yl)éAm_lV. By definition ¢4 V ¢ = ¢pavp and

AV B = x((xA) A (*B)) = *EXpp1 A A Xpy AYigg Ao A Yo,

Thus by Proposition 3.3.17 we have for every convex body K

(64 V 65)(K) = ! )!E[MV (K[k‘+l—m],@,...,&,@,...,&ﬂ

(k+l-—m

which is what we wanted. O
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Later, we will want to evaluate length of wedge products in the Grassmannian algebra. Lemma 3.3.11
tells us that for this purpose we can reduce to the quotient % (V*)/9MM(V*) = val™ (V). The last result
Theorem 3.3.18 tells us that this equality is also an equality of algebras.

This quotient can reduce the ring significantly specially in the case of invariant zonoids. Since the
map ® is a GI(V*) map, if H C O(V*) is a closed subgroup, it maps % (V*)# to val* (V).

Ezample 3.3.19. Using Example 3.3.13 and Example 2.4.14 we get Hadwiger’s Theorem (Proposi-
tion 3.1.25) and we get that as algebra

val* (V)0 2 RJf]/(¢m+)

where the generator is t = ¢p(v). In this case there is no reduction and MV OV = {0}.

Example 3.3.20. Let H = U(n) acting on C" = R?". Since U(n) acts transitively on the sphere §2"~1,
by Proposition 3.1.26, val™(C™)V(") is finite dimensional. As an algebra, it was described by Joseph
Fu, see [40, Theorem 3.1]:
valt (CMY™) =Rt 51/ (for1s futa),
where degt = 1, deg s = 2, and
log(1+1t+s) =Y fit,s)
i>1

is the decomposition into homogeneous components. The generators are given (up to multiples) by
t = ¢pmeny and s = ¢p, where P,, € %(2,C") is the Grassmannian zonoid whose generating measure
is the uniform measure on CP™ C G2(R?"). In that case this is a considerable reduction, since the
algebra %AO(C")U(") is infinite dimensional, see Example 2.4.15. Note also that, as was explained in

Section 3.2, log(1 + B(R?") + P,) is a well defined element of the Grassmannian algebra. It is unclear
to the author what exactly is happening here.



Chapter 4

Integral geometry

In this chapter we apply the techniques developed in the previous chapters to the study of random
intersection in Riemannian manifolds. The general setting is as follows. Let M be a Riemannian
manifold and let Xq,...,X; < M be independent random submanifolds. We want to compute in
general the quantity

Evol(XiN---NXy) (4.0.1)

where the volume is the Riemannian volume in the appropriate dimension. For example when we have
2%, codim(X;) = dim M we should expect a finite number of points in the intersection and we want
to compute the number

E#A(XiNn---NXy)

We will see this in two different situation. The first case is a joint work with Peter Biirgisser,
Paul Breiding and Antonio Lerario (abbreviated B.B.L.M.) and is still partly ongoing. We let M be
a compact Riemannian homogeneous space meaning that its group of isometries G acts transitively.
The random submanifolds considered are then built taking a fixed submanifold X < M and a uniform
random g€G and considering X = ¢ - X. We will see that in that case one can associate to each such
X a zonoid Kx € % (V*) where V* = T M is the cotangent at a point M. This zonoid computes
(4.0.1) in the sense that we have:

EVOI(Xlﬁ“-de) :é(KXl /\-“/\de).

In some sense the Grassmannian zonoid algebra and the algebra of valuation behave as a probabilistic
Chow ring on Riemannian homogeneous spaces. We will see how in that case the action of the isotropy
group and the invariance of the zonoid will help to reduce the complexity.

The second case is a joint work with Michele Stecconi. In this situation M is a Riemannian
manifold and X = f~1(0) where fEC!(M,R¥) is a random differentiable function whose law satisfy
some suitable condition. In that case we build a zonoid in each cotangent space at each point, i.e. we
build a section ¢ : p — ((p) € %(T;, M) of the fiber bundle whose fibers are spaces of zonoids in the
cotangent space. Then we show that for each open set U C M we have

Evol(X;N---NX4NU) = /Uf(Cxl(p) A~ A Cx,(p)dM (p)

where dM (p) indicates integration with respect to the Riemannian density on M. In other words the
map U — Evol(X;N---NXyNU) is a measure on M which is absolutely continuous with respect to
the Riemannian density and whose density is given by p — £({x, (p) A -+ A Cx,(p)). We will see how
this interprets nicely in the context of Finsler geometry.

4.1 Homogeneous spaces

In this section, the global approach presented in Section 4.1.1 and the probabilistic Schubert calculus
of Section 4.1.3 is a joint work with Peter Biirgisser, Paul Breiding and Antonio Lerario. The reduction
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to valuations (Proposition 4.1.15 and 4.1.16), the computations in CP™ presented in Section 4.1.2 and
the geometry of invariant bodies in Section 4.1.4 are the work of the author.

In this section, G will be a compact Lie group, endowed with a left and right invariant Riemannian
metric. We denote by Id € G the identity and by L, : G — G the left translation by g € G. If
H C G is a closed Lie subgroup, the homogeneous space M := G/H inherits a Riemannian structure,
by declaring the quotient map p : G — G/H to be a Riemannian submersion (this is well defined since
H acts on G by isometries). We let m := dim M. We denote by o € M the image of Id under the
projection map and by L, : M — M the map induced by left translation by an element g € G. For
the left translations, we will use use the notation Ly(x) = g - = (when the base point is clear from the
context, we will simply denote by g, the differential of L,). Finally, we denote by g7 : T;(w)M - T M
the pull-back given for all o € T/, \ M by 95 (a) := avo g.. We refer the reader to [45] for more details
on these constructions.

Below, when talking about “volume” of a submanifold of a Riemannian manifold, we will mean
the Riemannian volume (for the induced Riemannian structure). When a smooth manifold has finite
volume, we can turn it into a probability space by normalizing the volume to 1; we will call the
resulting distribution the wuniform distribution. Recall also that on compact Lie groups there is a
unique normalized Haar measure and that we call random elements with such law uniform.

4.1.1 Submanifolds and associated zonoid

In the following, submanifolds are assumed to be relatively compact and of finite volume. The Rie-
mannian structure induced on a submanifold X C M gives rise to a measure and a random point z€ X
will be called uniform if its law is this measure normalized to be a probability measure.

In all this section, the isotropy group H is the subgroup of G that fixes o € M. Thus we have an
action of H on T,M by g-v:= g.(v) and on TS M by g - o := g*(a).

Definition 4.1.1. In the following we will write V :=T,M and V* := T} M.

Recall, from Section 2.4.3, that the linear action of H on V* induces an action on all the exterior
powers A¥V*. Moreover, G acts by isometries on M and thus the action of H is orthogonal. This
implies that H acts on the Grassmannians G.(V*). For the following definition, recall also that given
a subspace E € G.(V*), we denote by E the segment of length 1 in A°V* that is supported by a
representant of E in the Pliicker embedding, see Definition 2.2.8.

Definition 4.1.2. Let X C M be a submanifold of codimension ¢ and let x € X and let ¢ € G be
such that g(o) = z. Then we define the following Grassmannian zonoid of V*.

Vol —c(X)

Kox(w) := vol, (M)

ER*g* N, X € 9(c, V*) (4.1.1)

where h€ H is uniform. Moreover we let
Kx = EKX(f) S g(c, V*)
where £€X is uniform.

Note that this definition is independent of the choice of g € G. Moreover observe that we have

VOl —o(X)

HEx) = vol,, (M)

Ezample 4.1.3. Points are submanifolds of codimension m = dim M and, as one can see from the
definition, for all x € M we have

Kz} = Kioy = wo € ZH(A™VY) (4.1.2)

o
vol,, (M)

where w, € A™V* is the volume form at o.
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In general, products of these zonoids compute the average volume of intersection. This is based on a
kinematic formula in Riemannian homogeneous spaces proved by Ralph Howard in [45] and generalized
by Peter Biirgisser and Antonio Lerario in [29]. The following is [29, Theorem 7.2] translated in our
context.

Theorem 4.1.4 (B.B.L.M.). Let X1,...,X, C M be submanifolds, such that ¢ := > | codim(X;) <
m where recall that m = dim(M), and let Kx,,...,Kx, be their associated zonoids defined in Defini-
tion 4.1.2. Let g1,...,9,€G be independent and uniform. Then

1

W E [VOlm—c(ngl n---N ann)} = K(le A A KXn)' (413)

In particular, in the case where ¢ = m we obtain
E#4(g1 X1 N NgpXp) =voly (M) U Kx, A---NKx,). (4.1.4)

In this case, since Kx, N---NKx, € Z5(A™V*) 2R is a segment, it is determined by its length thus,
this is equivalent to

Ky, A AKx, = <E#(g1X1 AN ann)> Koy € Zo(A™V"), (4.1.5)

where K,y is the zonoid associated to a point, see (4.1.2).

Notice the nice cohomological flavour of (4.1.5).
There is an important class of submanifolds for which the associated zonoid is easier to compute.
This notion of was introduced in [29] in the case of hypersurfaces.

Definition 4.1.5. A submanifold X C M is said to be cohomogeneous if for all x1,x2 € X, there is
g € G such that g(z1) = x5 and
"N, X = N, X.

With the help of our Riemannian structure one can see that, since G acts by isometries, this is
equivalent to ask the same property on tangent spaces rather than normal spaces. Moreover, one can
see that a submanifold X is cohomogeneous if and only if for every x1,z2 € X and every g1,92 € G
such that g;(0) = x;, i = 1,2, the subspaces (g1)*N,, X and (g2)*N,,X are in the same H-orbit in
G.(V*). This implies that in that case, the zonoid Kx (z) does not depend on x.

Proposition 4.1.6. Let X C M be a cohomogeneous submanifold. Then for every x € X we have
KX = KX (x)

Ezample 4.1.7. Orbits of subgroups of G are cohomogeneous submanifolds of G. In fact if H = {Id}

is trivial one can see that those are the only cohomogeneous submanifold.

Ezample 4.1.8 (The sphere). Let us consider the example M = S™ as a sanity check. The sphere is a

Riemannian homogeneous manifold that can be presented as

S™ 2= 0(m+1)/0(m).

In that case the isotropy group is the whole orthogonal group, H = O(V*) and thus every submanifold
is cohomogeneous. Similarly in the real projective space RP™.
Let X C S™ be a submanifold of codimension c¢. Its associated zonoid is given by:
Vol —o(X) 1

Kx == (27T)CB(W*)C (4.1.6)

where recall that kg = voly(B(R)) and where s,, := vol,,(S™). Indeed, because the isotropy group is
the whole orthogonal group, the random segment in (4.1.1) has the same law as g - E where g€O(V*)
is uniform and F € G.(V*) is any fixed subspace. In that case, it was computed in Example 2.2.19
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that Eg - E = wB(V*)AC. Then we use the identity m!k,,s,, = 2(27)™, see Lemma A.4. In

m!Km

particular if X = H is an hyperplane section, we find

Ky = %B(W*). (4.1.7)

Using zonoid calculus (see (2.2.4)), we see that m-th power of this zonoid gives

1
Y4 K/\m = — mlk,, = —

(™) (2m)m ™ s
which is coherent with the fact that m independent random hyperplanes intersect (on the sphere)
almost surely on exactly two points. Note that on the sphere, since % (k, V*)O(V") = R>oB(V)"k all
zonoids obtained from Definition 4.1.2 are proportional. In fact if X C S™ is a hypersurface we see

from Definition 4.1.2 that we have Kx = MK% More generally, if X is of codimension ¢, by
(4.1.6) and (4.1.7):

Sm—1

Ky — volm,C(X)Kﬁc.

Sm—c

In particular, if v < S™ is a curve, we find by letting c =m — 1

1 voli ()
UK, NKy) = ———-=.
(K #) Sm T
Using our results, this gives
1
Ed(y 0 gh) = “oL0), (4.1.8)

where g€O(m + 1) is uniform. This is the well known Crofton formula. Similarly one can prove with
this technique the fact that the random intersection of submanifolds is proportional to the product of
volumes and compute the constant.

_ Of course everything is easier on the sphere because, as was observed in Example 2.4.14, the algebra
G(V*)OWV") = R[t]/(#™F1) is very simple. In general, not all zonoids obtained from cohomogeneous
submanifolds are proportional.

Definition 4.1.9. We say that two cohomogeneous submanifolds X,Y C M of codimension c are of
the same H-type if for one (and thus any) (z,y) € X xY and g¢,¢’ € G such that g(o) = z, ¢'(0) = v,
we have that ¢*(N,X) and (¢')*(N,Y") are in the same H-orbit in G.(V*).

Proposition 4.1.10. Let X, Y C M be cohomogeneous submanifolds of codimension c¢. Then X and
Y are of the same H-type if and only if

VOl — (X))
Kyx=—""2 K,
X Vol_o(Y) Y

Proof. Recall from Section 2.4.3 that we can identify invariant Grassmannian zonoids with measures
on the orbit space : %(c, V¥)H =2 M*(G.(V*)/H). Zonoids obtained from Definition 4.1.2 all have
as generating measure a Dirac delta measure on this orbit space. These have the same support if and
only if they are of the same H-type and this concludes the proof. O

Remember that for zonoids in V* (i.e. of degree 1), the length of the wedge product corresponds
to the mixed volume, see (2.2.4). Thus, in the particular case of hypersurfaces, Theorem 4.1.4 gives
the following.

Corollary 4.1.11. Let Xq,...,X,, < M be hypersurfaces and let Kx,,...,Kx, € Z(V*) be their
associated zonoids defined in Definition 4.1.2. Let g1,...,9m €G be independent and uniform. Then

E#( X1 N NgmXm) =mlvol,,(M)MV(Kx,,...,Kx,,).

m
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This allows to interpret the Alexandrov-Fenchel inequality (Lemma 1.1.25) as an inequality in
random intersection.

Theorem 4.1.12 (Kinematic AF, BB.L.M.). Let X,Y, Z5 ..., Z,, C M be hypersurfaces. Let g1,...,gm€EG
be independent and uniform and denote the random surface Z := g3Z3 N+~ N gmZm. We have

Remark 4.1.13. Note that a positive answer to Conjecture 5 would mean that we can replace Z by
any submanifold of dimension 2 translated uniformly by G.

Recall that the the c-th intrisic volume of a zonoid K € V* is given by V.(K) = £(K"¢)/c!, see
(2.2.5). Thus, in the case of self intersection, Theorem 4.1.4 gives the following.

Corollary 4.1.14. Let X C M be a hypersurface and let gi1,...,9.€G be uniform and independent.
Then we have
Evoly,— (1 X N---NgeX) = vol, (M) Vo (Kx)

where recall that V. denotes the c-th intrinsic volume.

Recall the link between the Grassmannian algebra and the algebra of valuations that was detailed
in Section 3.3 and recall Definition 3.3.1 where we define the (translation invariant continuous real
even) valuation ¢4 € val™ (V) associated to a Grassmannian zonoid A € % (V*) (equivalently to a
measure on the Grassmannian). Because of Lemma 3.3.11 to compute the length of wedge product
of Grassmannian zonoids such as in (4.1.3), one can reduce to the algebra of valuation ¥ (V) =
%(V*)/M(V*), see (3.3.2). In fact, in the light of Lemma 3.3.16 and with the product of valuations
defined in Definition 3.3.9 (which extends Alesker’s product by Theorem 3.3.18) we can rewrite (4.1.3)
as follows.

Proposition 4.1.15. Let X1,...,X,, C M be submanifolds of codimension ¢; :== codim(X;), such that
=30 ¢ <m. and let ¢x, € V1 (c;, V) C vall (V)H be the valuation associated to the zonoid
Kx, using Definition 3.3.1. Let g1,...,9,€G be independent and uniform. Then we have

E [volm_o(g1.X1 N+ N gaXa)] = 22 (6 Ao Ao, )(BV)):

(&
Similarly intersection of independent copies of a hypersurface with a fixed submanifold can be
interpreted as a valuation operation on the zonoids.

Proposition 4.1.16. Let X < M be a hypersurface and let Y — M be a submanifold of dimension
¢ (and thus of codimension m — c) and let ¢y € ¥ (c, V)2 be the valuation associated to Ky from
Definition 3.3.1. Let g1,...,9.€G be independent and uniform. Then we have

E#Y NgiXN---NgX)=vol,(M)c! (x¢y)(Kx)

where recall * : ¥ (m — ¢, V) — ¥ (¢, V*) denotes Poincaré-Alesker duality (see Proposition 5.1.23 and
Definition 3.3.9).

Proof. First note that the left hand side is equal to E#(gY Ng; XN---Ng.X) where g€G is uniform, in-
dependent of g1, ..., g.. Now, by (4.1.3), this is equal to vol,, (M )¢(Ky AK%). Using Proposition 2.4.8
we find

E#(gY Ng1 X NN geX) = vol,, (M) (xKy, KX°).

We conclude by (3.3.4). O

To conclude, let us note that we have seen that to each cohomogeneous submanifold of codimension
¢ corresponds an H-orbit in the Grassmannian G.(V*). It is not clear if for each orbit there exists a
cohomogeneous submanifold with the normal in this orbit.

Open problem 13. Given an orbit H - E € G.(V*)/H, is there a cohomogeneous submanifold X of
codimension ¢ such that for all € X and all g € G such that g(o) = z, we have ¢*N, X € H - E?
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4.1.2 A case study: complex projective space

Consider the case M = CP" 2 U(n+1)/(U(n) x U(1)). In homogeneous coordinates [zg : - - : z,], we
can assume that o =[1:0:---:0]. In that case the tangent space identifies V 2 C™ and the action
of the isotropy group H on it is just the regular action of U(n) on C". The Fubini-Study metric is
precisely the one that corresponds to the usual scalar product in this identification.

The first observation is the following.

Proposition 4.1.17. Every real hypersurface X C CP™ is cohomogeneous. Its associated zonoid is
2n=1(p —1)!
i ()
Proof. Because U(n) acts transitively on S(V*) = §?27=1 X is cohomogeneous. Using the fact that

voly, (CP™) = n™/n! we find that its zonoid is given by

KX = VOlanl(X) B(V*)

|
Kx = volay_1(X) = EU (4.1.9)
7-[-71
where U€S52"~1 is uniform. We can then use Example 2.2.19 in the case k = 1,m = 2n to find that

RKan—1
EU = ——=B(V*
T 2nKop (V%)

Then we use the identity ko,—1/Kon = 2”7?/(71(2")), see (A.1), and reintroduce in (4.1.9) to get the

n

result. O

Before giving the second example let us define a zonoid (the most careful readers will notice that
it already appeared in Example 3.3.20).

Definition 4.1.18. In the identification V* = C", consider the first complex coordinate line C C V*
seen as a real plane. Then we define

P, :=Eg-C € %(2,V*)

where g € U(n) is uniform and where recall that ¢g - C denotes the segment supported by a Pliicker
coordinate of g - C, see Definition 2.2.8.

Since the group U(n) acts transitively on the complex Grassmannians, we have that complex
subspaces in CP™ are cohomogeneous. We have the following.

Proposition 4.1.19. For every 1 < k < n, the complex plane CP"~* — CP" is a cohomogeneous
submanifold (of real codimension 2k). For k = 1, the zonoid associated to the complex hyperplane is
given by
n
Kepn-1 = — P,
T

Using integral geometry we can then compute the length of the powers of the zonoid P,.

Corollary 4.1.20. For every 1 < k < n we have

1 1 (n

—U(P)) = —|( ). 4.1.10

e == () (11.10)
Proof. First notice that if g1,...,g9x € U(n + 1) are independent and uniform then the intersection

g1CP"1N...Ng,CP"~ ! is almost surely a CP"~%. In particular E voly,, o1 (g1 CP?"~1N. - -NgpCP" 1) =
7=k /(n — k)!. By (4.1.3) we obtain

n nl gnk

(%) ern = Y TR

Dividing by k! gives the result. O



4.1. HOMOGENEOUS SPACES 107

Notice that P, is of degree 2 > 1 thus Corollary 4.1.20 is not the computation of the k-th intrinsic
volume. From the previous result we obtain the following.

Corollary 4.1.21. For all 1 < k < n we have
Kepn-r = (Kgpn-1)"F

Proof. The zonoid Kcpn-r € % (2k, V*) has a generating measure that is a multiple of the uniform

measure on the complex Grassmannian, thus there is a constant ¢ > 0 such that Kcpn-r = ¢ (P,)"*.
To compute this constant, notice that, by definition of the associated zonoid, we have
voly ,Qk((CPnfk) n!
é(chn—k) - n = |7k'
vola, (CP™) (n—Fk)!m
Then we obtain ¢ = W and we conclude by Corollary 4.1.20. O

Once again, because U(n) acts transitively on the complex Grassmannians, every complex sub-
manifolds in CP” is cohomogeneous and they all are of the same U(n)-type (in the sense of Defini-
tion 4.1.9). In complex algebraic geometry, the volume of a subvariety is given by its degree, more
precisely if X < CP" is a complex irreducible variety of complex codiension k then we have (see [68,
Section 5.C]):
7.rnflc

vola, o1 (X) = deg(X) vola, 2, (CP™" %) = deg(X) e

(4.1.11)
It follows that the associated zonoids are integer multiples of the zonoids associated to to the
complex planes. More precisely we have the following.

Proposition 4.1.22. Let X — CP™ be a complex irreducible variety of complex codiension k and
degree d, we have
Kx =dKcpn—&.

Proof. Since X and CP"~* are of the same U (n)-type, it follows from Proposition 4.1.10 and (4.1.11).
O

Thus we realize the cohomology ring of CP™ as a subring of %(V*)U(").
As detailed in Example 2.4.15, Hiroyuki Tasaki proved in [84] that the U(n)-orbit in the real
Grassmannian G.(C™) are characterized by the Kdhler angles 2w > 01(E) > -+ > QL%J (E) > 0. Let

us remind the reader that these are the angles between a plane and its image under multiplication by
the complex structure. In particular for a complex plane they are all zero and for a Lagrangian plane
they are all /2.

As observed in Example 2.4.15 there are many more zonoids in % (V*)V(") as it is infinite di-
mensional, in particular there is a different zonoid for each Kéahler angle. However, as shown in
Proposition 4.1.15, we only care about the valuation induced by zonoids. In the particular case of
U(n) invariant valuations, as explained in Example 3.3.20, they are exactly generated by the two pre-
vious examples. That is, for each Grassmannian zonoid K € %(c, V*)U(”), there are real numbers
x;, such that

ok = Y. Tk (b)) Aldp, )"

Jj+2k=c

Be careful that in general the coefficients x5, can be negative even when we start with a zonoid and
not a virtual zonoid. In particular for ¢ = 2 we can compute these coefficients with a simple linear
system.

Proposition 4.1.23. Letn > 2 and let K € g0(2,V)U("). The coefficients xr, xc € R such that

¢K = TR B(V+)rz + T Pepr-1
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where gcpn—1 is the valuation associated to Kcpn—1 = (n/m) P, are given by
TR = (27r)21(n—1) (FUK) — dk)
e = m ((2n —1)dx — ZU(K))

where dig = %E(K A Kcp1) and where recall that Kepr = (n/ﬂ)”_anA(nfl).
Proof. By Lemma 3.3.11 and using the fact that ¢cpn—1 = (n/m)¢p,, we have that
U(K) = arl (B(V*)N?) +  ac(n/m)U(Py)
¢ (K A Kgg:t3>) = ap(n/m)"" Y (B(V*)A2 A Pn“"—”) + ae(n/m)H (P

The length of the powers of the unit ball was computed in (2.2.7) and we find

Ran

UB(V)"?) = (2n)(2n — 1) = (21)(2n — 1)

R2n—2

where in the second equality, we used kg2, = 7" /nl. Next, using the useful Lemma 2.2.17 and the
length of powers of P,, computed in (4.1.10), we have

|

€(B(V*)A2/\P,f("’1)) = (2m)¢ (P,f“““) = (21) ——_.

nn—l

Then using ¢(P,) = 1 and ¢(P)™) = n!/n", and the fact that Kélgﬁj) = Kcp1, we find that zg and
xc are solution of the linear system

212(2n — 1) g + zc = TUK)
272 TR + zc = %LE(K A Kepr) '
Inverting the system gives the result. U

Applied to zonoids associated to submanifolds of codimension 2 this gives the following.

Proposition 4.1.24. Let n > 2, let X — CP"™ be a submanifold of real codimension 2, let ¢px €
val;(W) be the valuation associated to the zonoid Kx. Then the coefficients rgr,zc € R such that

dx = TR GB(v=)r2 + TC Pepr-1

are given by

TR = m (dX - % V012n—2(X))
(4.1.12)

ve = iy ((2n = Ddx — Z2 voly, (X))

where
dx = E#(X N gCPh)

with g€U(n + 1) uniform.

Proof. We simply apply the previous result to K = Kx, noticing that Z¢(K) = (:7;11)! voly,—2(X) and

that, by (4.1.3) we have Zr{(K A Kcp1) = E#(X N gCP?). O

Remark 4.1.25. In particular if X is an irreducible complex hypersurface of degree d then dx = d and,
by (4.1.11), we have also (n—1)! volg,_2(X) = d. Thus we find zg = 0 and ¢ = d which coincides

qan—1

with what was found in Proposition 4.1.22.

This interprets nicely in terms of self intersections.
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Theorem 4.1.26 (M.). Let n > 2, let X < CP" be a submanifold of real codimension 2, and let
dx = E#(X N gCPY) where g€U(n + 1) uniform and Ax = dx — =D} ol o(X). Then, if

915 .- gn€U(n + 1) are uniform and independent, we have .
" (n
E XN---Ng,X) = 7A d"_k
where

S0

Proof. By our general formula (4.1.4), we have that E#(¢: X N -+ N g, X,) = (7" /n)(K{"). By
Lemma 3.3.11 and (4.1.12), we can replace Kx by g B(V)"? + z¢ Kcpn—1 where g, x¢c € R are given
by (4.1.12). Next we note that

1
= A
ERCT Iy
1
—dy + —— Ay,
xc x + 2n—1) X
Then we have:
2pB(V)" + 2cKepn-1 = dx Kepn-1 + _Ax Kepno1 + iB(V*)A2
2(n —1) o2

We obtain the following.

E#(gp XN---Ng,X) = ﬂé ((Z‘RB(V)/\Q + xCK(:pn—l)An)
k Ak dn k k 4
B ”' Z ( ) (n—1)F Z ( )2] 55 { (Kepi A B(V*)"2) (4.1.14)

where, in the second equality, we used the fact that Kél()i D= = Kcps (Corollary 4.1.21). Then we use
our favourite lemma: Lemma 2.2.17 to compute

¢ (K A BV = <2j)!ﬁ6<Km>

where for the first equality we used ro; = 7 /j! and for the second equality the fact that ¢ (Kcps) =
(n!m?)/(j!7™). Reintroducing in (4.1.14) above, we get

sriennngn -5 (9 S (1) ()1

In the internal sum, we recognize cx/2* and this gives what we wanted. O

The sequence ¢, defined in (4.1.13) is listed in the Online Encyclopedia of Integer Sequences (OEIS)
[70] as [A081671], the first terms starting from k = 0 are 1,4, 18,88,454,2424, . ..

In the case where X is a complex irreducible hypersurface of degree d, as noticed in Remark 4.1.25,
we have dx = d and Ax = 0. Theorem 4.1.26 then tells us that the self intersection E#(g1 X N---N
gnX) = d"™ which in that case is given by Bézout’s Theorem. When X is close to a complex irreducible
hypersurface, the quantity Ax is small and we can see Theorem 4.1.26 as a perturbation of Bézout:

E#4(gpXN--Ng,X)=dy + —d" "Ax + 1—6d” A% +O(A%).
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The formula in Theorem 4.1.26 could also presumably be obtained by means of a kinematic formula
in CP™ as developped by Andreas Bernig, Joseph Fu and Gil Solanes in [21]. Let us say a word about
this point of view. There is a notion of waluations on manifolds developped by Semyon Alesker
(see [6]), those are functions on the submanifolds with corner (also called differentiable polyhedra)
of M, that satisfy the valuation property (3.1.1). Similarly as for the case of convex valuations in
Proposition 3.1.26, the space of U(n + 1) invariant valuation in CP™ is finite dimensional. The Euler
characteristic x is an example of such valuation (which in dimension 0 coincide with the number of
points). The kinematic formula in that case says that for every submanifolds X,Y < CP"™ and if
g€U(n + 1), we have (see [21, Section 2.3])

E (X NgY)] = Y en(X)e5 (V) (1.15)

where ¢; is a basis of the U(n+ 1) invariant valuations on CP™ and ¢; ; € R are constants that does not
depend on X and Y. By taking X of codimension 2 and Y = g3 X N---Ng,_1X we can iterate (4.1.15)
to obtain a formula for the number of points E#(g1 X N--- N g, X). Next, one can relate valuations
on CP" to the valuations on C™ by means of a transfer principle, see [21, Section 2.4]. It would then
remain to compute the constants which could require some work but in principle is doable.

4.1.3 Probabilistic Schubert Calculus

We now study the case of the real Grassmannian. We fix 0 < a < b integers and consider the
homogeneous space M = G(a,a+b) = G,(R***) =2 O(a+b)/(O(a) x O(b)). This is a smooth manifold
of dimension ab. We fix our favourite point to be o := R the plane spanned by the a first coordinates
in R?T?. The tangent space at o is given by V = T,G(a,a + b) = Hom(R?, (R*)+). We sometime
identify V = R* ® R? that we think of as the space of a x b real matrices. The action the isotropy
group H = O(a) x O(b) is given for every ¢ € V and every (g,h) € O(a) x O(b) by

(9,h)-p=gopoh

where we used the natural identification ((R%)+)* = R? where R” C R**? is the space spanned by the
last b coordinates. We use the standard scalar product on V. It is such that the Pliicker embedding
(see the beginning of Section 2.2.2):

Pl:G(a,a+b) — P(A*R*T?)

is a Riemannian immersion. Indeed fixing an orthonormal basis eq,..., e, of R* and an orthonormal
basis f1,..., fp of (R%)+ = R’ then an orthonormal basis of V is given by the maps vij, 1 <1< a,
1 < j < b, that are given by

@i’j(ek) = 5i,kfj~ (4116)

A simple computation yields
doPl(gOiyj) =e; N---Ne;i_1 /\fj/\eiJrl N Neg

which is again an orthonormal frame and this proves the claim.

We want, in this section, to apply our integral geometry and zonoid calculus framework to the
intersection of Schubert varieties. These are special subvarieties of the Grassmannian that play a
central role in the understanding of these spaces. It is convenient to index them by Young diagrams.
Let us make a few definitions.

Definition 4.1.27. A Young diagram that fits in a x b is a collection of boxes in the grid with a rows
and b columns such that if a box is selected then all the boxes on the left of the same row and above
in the same columns are also selected, see Figure 4.1. We sometime omit to say that a Young diagram
fits in a x b if it is clear from the context or if it has no importance. If A is a Young diagram, we call
the codimension of A the number of boxes in the Young diagram and we denote it by |A|.
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(d) (e) ()

Figure 4.1: All the Young diagrams that fit in 2 x 2: one of codimension 0,1,3 and 4 and two of
codimension 2.

We think of the a x b grid with the rows labelled from top to bottom and the columns labelled
from left to right. In this context if A is a Young diagram that fits in a x b, for each (i,7) € a X b we
write (4,7) € A if the box in the ith row and jth column belongs to A\. Moreover, if (i,5) € A is such
that (i 4+ 1,7), (4,5 + 1) ¢ A\, we say that it is an outer corner of A.

Remark 4.1.28. We can think of the vector space V =2 R* ® R? as the space spanned by the boxes in
the a x b grid. To the box (7,j) we can associate the map ¢; ; given by (4.1.16).

Finally in R**? we fix the complete flag:
{O} =WoCW; C---CWyyp:= Ro+b

where for all 1 < k < a + b, W;, := RF is the space spanned by the k first coordinates. We are now
ready to define our favourite varieties for this section.

Definition 4.1.29. To every Young diagram A that fits in a X b, we associate the Schubert variety
Q) € G(a,a+b), defined by:

Ox = {E€Gla,a+b)| dm(ENW,_j;) >i V(i,5) € A}

Each Q) C G(a,a + b) is a subvariety of codimension |\|, the codimension of . It is possibly
singular but of finite volume.

One can check that if E' € G(a, a+0b) is such that dim(ENW;_;4;) > i for some (7, 5) € a x b then,
because of the inclusion condition of the spaces Wy, it is automatic that the same holds for (i — 1, j)
and (4,7 — 1). It follows that only the boxes at the outer corners of the Young diagram are needed
to define the Schubert variety. In other words, if A is a Young diagram that fits in @ x b with outer
corners (mq,p1), ..., (my,p,) then we have

M ={EFecG(a,a+b) | dmENWy_p,4m,) >m; 1<i<r}

The smooth part of €2 is obtained by replacing inequalities by equalities in this definition:
Q" ={F eGa,a+b)| dm(ENWy_p,4m,) =m; 1<i<r}

In the complex setting, Schubert varieties form a basis of the cohomology spaces of the Grassman-
nian. Hence intersection problems in the complex Grassmannian can be reduced to computing the cup
product of cohomology classes of Schubert varieties. At the level of Young diagrams, the laws that
rules these products are known as Schubert calculus.

In the real setting, in general, the cohomology ring can only compute intersections modulo 2. We
will try here to apply thecniques developed above to compute average random intersection. For this
we will first show that they are cohomogeneous and thus we need to understand better the tangent
and normal spaces of Schubert varieties.

The following lemma gives a description of tangent spaces to Schubert varieties (at smooth points).
In the case of simple Schubert varieties, i.e. varieties associated to a Young diagram with a unique
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outer corner, it was proved by Laszl6 Fehér and Akos Matszangosz in [39, Proposition 4.3]. Recall
that the tangent space at E € G(a,a + b) is identified with the morphisms E — E-+. Moreover, let us
identify in the following R®*? with its dual using the Euclidean structure and in particular we consider
E* as a subspace of R*T?.

Lemma 4.1.30. Let A be a Young diagram that fits in a x b and Q\ C G(a,a+0b) be the corresponding
Schubert variety. Denote by (m1,p1),...,(my,pr) the outer corners of \. We have for all E € Q3™:

Tp" ={p:E— B |o(ENWy_psm,) CEE N Wi pim, Yi=1,...,r} (4.1.17)

Proof. First suppose r = 1 so that Q" := {E € G(a,a+b)| dim(ENWy_ptm) =m} . We prove
that the right hand side of (4.1.17) is included in the left hand side. The equality follows by a count
of dimensions (this can also be seen, a posteriori, using (4.1.20)).

Let ¢ € Hom(E, E1) and consider the curve v, : (—¢,&) = G(a,a + b) given by

Yo(t) ={x +to(z) |z € E} € G(a,a+D).

Then 7, satisfies 7,(0) = £ and 5,(0) = ¢.

Now suppose ¢ (ENWy_pym) C E+tn Wy—p+m. Then we have that the image of EN Wy_pim,
under the map Id +t¢ is included in v, (¢) N Wy_p 4., and, since dimension can only locally decrease,
and, for small ¢ € (—¢,¢€), the map Id +ty is invertible, it means that for ¢ small enough we have
dim (7, (t) " Wy_pim) = m, Le. 7,(t) € Q™. Thus ¢ € TpQ3™ and we have the inclusion we wanted.

Now let r > 2. Then

T

Q" ="

i=1
where )\; is the Young diagram with unique outer corner (m;,p;) and thus
N ={E € G(a,b)| dim(ENWy_p, 1m,) = m;}.

Then for all E € Q3™ we have TgQ}" = ﬂ;zl TEQf\:” and in the right hand side each term falls into
the case already dealt with 7 = 1. The result follows. O

This description of the tangent space given in Lemma 4.1.30 can be interpreted in terms of the
Young diagrams once we choose an appropriate basis. More precisely, let A be a Young diagram that

fit in a x b with outer corners (m,p1),..., (M, p,) with my <--- <m, (and thus p; > --- > p,.) and
let £ € Q™. Choose an orthonormal basis e1, ..., e, of E such that

ENWy_p,+m; = Span{ei,...,em,} (4.1.18)
and choose f1,..., f, an orthonormal basis of E+ such that

E* Wy p,tm, = Span{fi,..., fp}- (4.1.19)

Such a basis exists because of the relations of inclusion of the flag and because of the ordering we chose
on the outer corners.

Then let ¢;; € Hom(E, EL) be the map defined by (4.1.16). The set {p;;|1<i<a, 1 <j <b}
forms an orthogonal basis of Hom(E, E+). The previous lemma states precisely that, in this basis,
TeQ™ = Span {;; |1 <i<k, 1<j<n—k, (i,j) ¢ \}. (4.1.20)
Note that the dual to the space Hom(E, E1) is identified with
Hom(E, EY)* = Hom(E*, E)
by letting for every ¢ € Hom(E+, E), and every ¢ € Hom(E, E*+):

(Y, ) :==tr(y o).
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In the light of this, we let ¢} ; € Hom(E+, E) be the map given by

oi i (fr) = 0j ke

They form an orthonormal basis of the normal space NgG(a,a + b) (the dual basis of {¢; ;}). One
can then identify the normal space of the Schubert variety as

NeQ5™ = Span {¢j; | (i,j) € A} . (4.1.21)

Definition 4.1.31. Let A be a Youg diagram that fits ¢ x b and let £ € Q™. An orthonormal basis
{e1,...,€a, f1,---, fr} of RTP that satisfies (4.1.18) and (4.1.19) is called adapted to the couple (A, E).

Theorem 4.1.32 (M.). Schubert varieties are cohomogeneous.

Proof. Let E,E' € Q™ and let ey, ..., eq, f1,..., fo be abasis adapted to (A, E) and €},...,¢e,, f1,..., fi
a basis adapted to (A, E’). Then we let ¢ € O(a + b) be the element that satisfies g(e;) = e, and
g9(f;) = fj' Then it is clear using the description (4.1.20) that g, sends TrQ5™ to T Q™. O

We can now consider zonoids associated to Schubert varieties.

Definition 4.1.33. Let A be a Young diagram that fits a x b. We define the Schubert zonoid to be
Ky = Kaq, €%\, V*) 2 4(|\,R*@R") where Kq, is the zonoid associated to the cohomogeneous
submanifold Q5™ < G(a, a + b) from Definition 4.1.2.

Let us describe these zonoids in the identification V* = R®* @ R®. Let ey, ...,e,, respectively
fi,--., f5, be an orthonormal basis for R, respectively R?. For each A Young diagram that fits a x b,
we define the simple vector

Uy = /\ e; X fj S Al)“ (Ra ®Rb)
(i,9)€EX
where the wedge product is done in lexicographic order (a different ordering will just change the sign

and this won’t matter in the end). Then, using the description of the normal space (4.1.21) and the
definition of the associated zonoid Definition 4.1.2, we see that

~ volgppay (S2)
~ volg (G(a,a + b))

Eh - vy (4.1.22)

where h€0(a) x O(b) is uniform.
The volume of the Grassmannian G(a, a+b) can be computing using known formulas for the volume
of orthogonal groups and we obtain, see [29, (2.11)]:

ERIONCORRIC
volap(Gla,a+b) = 7% - (a;gw)r (‘(”32) F(<)*>

The first difficulty is to compute in all generality the volume of the Schubert varieties.

Open problem 14. Compute the volume of Q — G(a,a + b) for any Young diagram A that fits a x b.

In the case of the Young diagram consisting of a single box, this was computed by Peter Biirgisser
and Antonio Lerario in [29, Theorem 4.2], they obtain:

VOlab,1 (QEI) i I‘(a—l)l“(b—l)

(4.1.23)

2 2
volg, (G(a,a + b)) r'(4)r(d)
We then can compute its associated zonoid.

Proposition 4.1.34. Let A := 0 be the Young diagram consisting of one box in the a X b grid. Then
the Schubert zonoid associated to it is

1
Kn=-B.®By € %(R"® RY)O(@)xO()
vy
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Proof. We have vg = e;® f1 and thusif h = (g1, g2) €O0(a) x O(b) is uniform then h-vg = g1(e1)®g2(f1)
have the same law as U ® V € R* ® R® where UES*~! and VES*~! are uniform and independent.
Thus we have Eh - vg = EU ® EV. Using Example 2.2.19 in the case k = 1, m = a we find

Ka-1 I (3
EU = fetp, -~ \2) _p
= akg Vvl (451)
and similarly for EV. Reintroducing in (4.1.22) and using (4.1.23) gives the result. O

In [29], it is called the Segre zonoid. Using Corollary 4.1.11, we can then express the volume of the
tensor of balls as an average intersection number in the Grassmannian.

Corollary 4.1.35. We have

(471_)0,17

volas(Ba ® By) = (ab)!volay(G(a,a + b))

E# (10N N ga§20)

where g1, . . ., gap € O(a+b) are uniform and independent and Qg — G(a,a+0b) is the Schubert variety
associated to the Young diagram consisting of just one box.

To compute volumes of zonoids in 2 (R® @ R?)P(@*O®) one can use the symmetry given by the

group action to reduce the complexity. Recall that we assumed a < b and consider the space
Y :=Span{e; ® f; |1 <i<a} Cc R* @ R°.

When thinking of R*®R® as the space of rectangular a x b matrices, ¥ 22 R? is the subspace of diagonal
matrices. The complete invariants of the O(a) x O(b) is given by the singular value decomposition.
Before the statement, let us define

E" =6, x (Z)2)".
Together with the action £ ~ ¥ = R® that acts by permutation and change of sign of coordinates in

the basis.

Lemma 4.1.36 (SVD). For all z € R* @ R?, there is a unique o(z) = (o1(z),...,0.(7)) € L = R
such that o1(x) > -+ > o4(x) > 0 that is in the same O(a) x O(b) of x. Moreover in that case

(O(a) x O(b) - 2)NE =& o(x).
We use SVD to reduce the computation of a mixed volume of invariant zonoids.

Lemma 4.1.37. Let K1, ..., Ko, € Z5(R°®@R)C@XO®) gnd let Xy, ..., X, ERC QR be independent
random vectors such that K; = EX;. Then we have

MV(Ky, Ko, ..., Ku) = E [Ar(x,)(Y)]

2
(ab)!

where Y = o(*(Xa A -+ A Xop))EX with + : AR @ R® — R* @ R® the Hodge star and where
7:R*®@RY — ¥ is the orthogonal projection.

Proof. Suppose that K = EX; with X; independent of the other X;. Then by basic zonoid calculus
we have

1 2
@]EKXM*XQ /\.../\Xab>| = @E[hKl(*XQ/\.../\Xab)] .

Since K € Z(R* @ R)P(@*xO0) the support function hg is O(a) x O(b)-invariant. Thus the last
term is equal to ﬁﬂi [hi(o(x*X2 A+ A Xgp))] which is what we wanted O

MV(Ky, Ks,...,Ku) =
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In terms of measures, if we denote by py the generating measure of EY C X, we can reformulate

the previous result, using Proposition 1.2.43, as follows:

4

MV (K, Ko, ..., Kap) = (@b /S(E) hi, dpy -

We see that we reduced the computation of a volume in R to an integral on the sphere of 3 = R®
which is a considerable reduction of dimension although one of course still needs to compute the
measures fy .

Peter Biirgisser and Antonio Lerario in [29] and Antonio Lerario with the author in [54] use this
to compute asymptoticf of the number

6a71,a+b = E# (ngD n---N gabQD)

where g1,...,gap € O(a + b) are uniform and independent, as b — oco.
The link with the O(a) x O(b) invariant zonoids and £ invariant zonoids is actualy stronger than
just computation of mixed volume. Let us detail this in a more general setting in the following.

4.1.4 Invariant zonoids: geometric approach

In this section let us consider again our m dimensional Euclidean space V. We suppose we have a
subspace X with a linear Euclidean injection:

L:x— V.

Writing this injection explicitely may seem pedantic but it actually helps to make things more clear
when dualizing. We suppose it is Euclidean in the sense that it preserves the Euclidean structure or
equivalentely «(S(X)) € S(V). We also consider the projection

mi=4 V= 3

Suppose that we have closed subgroups H C O(V) and £ C O(X) such that their action satisfy the
following property:

Ve € £,5s € £,3h € H such that «(e - s) = h - ¢(s). (HE-1)
We have the following.
Theorem 4.1.38 (M.). The projection 7 induces a linear map
T (VT (2)°
that is continuous in the norm topology. If the action of H satisfies
H ((X)=V (HE-2)

then this is an isometric embedding: T : Ji//\(V*)H — ﬁE*)g and for every A € %(V*)H we have
lw(A)|| = [|A||. Finally, if, in addition, we have the property that for all s,s’ € X:

(sYeH 1(s) <= €& s (HE-3)

then T is an isomorphism of normed vector spaces: T : ﬁV*)H = Ji//\(Z*)g.

Proof. We need first to prove that if K € ' (V*)H then 7n(K) € ¢ (X)¢. Indeed, let s € ¥ and ¢ € £.
Then hrxy(e-s) = hx(t(e-s)). By assumption (//£-1), there exists g € H such that (e -s) = g-(s).
Thus hy(x)(e-s) = hi(g-t(s)). By H-invariance, this is equal to hr (1(s)) = hr(x)(s) and this proves
that 7(K) is indeed &-invariant.
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To prove continuity, we need to prove that for every A € .?a%(W*)H, we have [|7(A)| < ||A||. The
norm of a (virtual) convex body is given by the supremum of its support function. Using again that
hr(x)y = hi o, we obtain

[ (A = sup {|ha(z)[ |z € (S(X))} -

Since (S(X)) € S(V) we get ||7(A)|| < ||A|| which is what we wanted.
Now suppose that we have (HE-2). It implies that H - ¢(S(X)) = S(V). By H-invariance of A we
have
[7(A)| = sup {[halg - 2)| |z € (S(X)), g € H}

which is equal to ||A| as we claimed and this shows that the map preserves the norm and in particular
is injective.

We need to show that if we assume (H£-3) it is invertible. Let K € .# (X*)¢. We define the convex
body L € J#(V*) by letting for all z € V:

hip(z) :=sup{hi(s)|s€X, t(s) € H- x}. (4.1.24)

It is sublinear and thus defines a support function and it is H-invariant thus L € ¢ (V*). Now
applying m, we get for all s € X:

hary(s) =sup{hg(s')|s" € B, u(s') € H-u(s)} = hi(s)

where in the last equality we used the property (HE-3) and the E-invariance of K. Thus we have
7m(L) = K and since it preserves the norm this inverse is unique and the inverse map is continuous. [

Remark 4.1.39. Since 7 is linear, the map 7 sends zonoids to zonoids. However, be careful that even
in the case where we have properties (HE&-2) and (HE-3) the restriction to zonoids of the isomorphism
7 is not in general an isomorphism of the spaces of zonoids. In other words there might be zonoids
K € 23(2%)¢ such that the preimage 771(K) € ¢ (V*)H is not a zonoid. In that case it only gives
an embedding of normed vector spaces

7 (V)T < 25(37)°

Remark 4.1.40. Note that if we have properties (HE-1), (HE-2) and (HE-3) then the inverse of
K € #(¥*)¢, L = 771(K) has support function given for any 2 € V by hr(z) = hx(s) for any
s € ¥ such that «(s) € H - z. Indeed, it is given by (4.1.24) but because of (HE-3), we have that
t(s') € H -(s) if and only if s’ € £ and thus, because of the invariance of K, the argument in the sup
is constant.

As the reader may expect, the first nontrivial example is given by the O(a) x O(b) action on a x b
matrices and SVD.

Corollary 4.1.41. The projection 7 : R*®@R? — X on the space of diagonal matrices, induces a linear
1sometry
. %’/‘(Ra ® Rb)o(a)xo(b) o %’/‘(Z)ga

and a map
7 - %(Ra ® Rb)O(a)XO(b) N %(2)6“

that is an isometric embedding of normed vector space.

Proof. Properties (HE-1),(HE-2) and (HE-3), are all features of SVD (Lemma 4.1.36). O

Ezample 4.1.42. Another example is given by Raman Sanyal and James Saunderson in [76] where they
consider the following case. V := Sym,(R) is the space of n x n symmetric matrices and H = O(n)
acts by conjugation. ¥ = R™ and £ = &,, is the group of permutations acting by permutation of
coordinate. Then the inclusion ¢ : R™ < Sym,, (R) is given by the diagonal matrices. We can see that
(HE-1) holds because if z € R™ and p € &,, then the diagonal matrix ¢(p - ) can be obtained from
t(x) conjugating by a permutation matrix (which is also orthogonal). Property (HE-2) follows from
the fact that every symmetric matrix is diagonalizable in orthonormal basis. Finally property (HE-3)
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is equivalent to the fact that the only diagonal matrices in the orbit of a diagonal matrix are given by
permutation of the entries on the diagonal.

Sanyal and Saunderson call preimages of zonoids by the map 7, spectral zonoids and they show
that they are not always zonoids. This is an instance of what was anticipated in Remark 4.1.39.

This approach is a priori different from the one presented in Section 2.4.3 that consisted in identi-
fying the orbit spaces and then consider invariant measures as measures on the orbit spaces. In term
of measures, the map 7 presented here is dual to the restriction map that take a continuous function
on V and restrict it to X, i.e. the map f + f o.. In particular we have also continuity in the weak-x
topology.

Proposition 4.1.43. If the action satisfies (HE-1), the map T : E\%(V*)H — :@’\{)(E*)g is continuous
in the weak-+ topology.

This geometric approach has the advantage to be more adapted to the computation of geometric
quantities such as volume or mixed volume. Indeed, suppose we have a continuous map (not necessarily
linear)

c: V=X

such that for all x € V we have
o(x)) € H-x.

Then with the exact same proof as Lemma 4.1.37 we can prove the following.

Lemma 4.1.44. Let Ky,..., K, € Z5(V*)! and let X3, ..., X,, € V* be independent random vectors
such that K; = EX;. Then we have

2
MV(K;,Ks,...,K,) = %E [hW(Kl)(Y)]

where Y := o(x(Xa A -+ A X,,))ED with x : A™~1V* — V the Hodge star.

One could use this and the description by Sanyal and Saunderson in [76] for symmetric matrices
to compute random intersection in the Lagrangian Grassmannian and this will be the object of future
works.

4.2 Kac-Rice and the zonoid section

Results in this section are a joint work with Michele Stecconi.

In the following, M will denote a smooth Riemannian manifold of dimension m. This time the
random submanifolds we consider are given by random maps f€C!(M,R¥) that we call random fields
(where recall the notation € X for a random element 2 of X see Definition 1.2.17). Indeed, if 0 € R*
is almost surely a regular value of f then the zero set X := f~1(0) defines a random submanifold of
M of codimension k.

We will ask additional regularity condition on the law of the random function f€C!(M,RF) that
we call the z-KRok conditions (this stands for “zonoid-Kac-Rice ok”). They are a bit technical but
the idea is to be able to give a sense, for every p € M, to conditioning to the event f(p) = 0 which
in general is of probability zero and then to have that the differential d, f conditioned to f(p) = 0 is
integrable.

Given a z-KRok random field f€C'(M,R*), we build a zonoid section in the k-th exterior power of
the cotangent bundle of M. That is, for every p € M we build a zonoid (x (p) € Zy(A*T; M). Then we
prove that this zonoid section satisfies nice pullback and intersection property. Most importantly, by
adapting the Kac-Rice formula, we prove that its length computes the density of volume of the random
submanifold X = f~1(0). We deduce inequalities for densities of random intersection of z-KRok fields.

Given a z-KRok random field f€C'(M,R), the support function of its zonoid (x (p) € Z6(T*M)
defines a (semi)norm h¢(,y : T, M — R. If this norm is regular enough this is called a Finsler structure
on the manifold M. In the last part we interpret our results in this context to produce a Crofton
formula in Finsler geometry.
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4.2.1 The z-KRok condition

In this section we are going to describe a class of random functions for which Kac-Rice formula works
well and it can be written in terms of a field of zonoids as we will explain later. The space of
C" functions between two manifolds M and N is denoted by C"(M,N) and we consider it to be a
topological space endowed with the weak Whitney topology (see [44]). Spaces of measures are, as
usual, considered endowed with the weak-* topology.

The definition of the z-KRok conditions are based on a notion in probability that formalizes the
notion of conditioning, see [36] or [52, Definition 2.1-1].

Definition 4.2.1. Let fEC'(M,R*) and let p € M, suppose that the law of f(p)ER” is absolutely
continuous with density py(p): R¥ — [0, +00). Then, a regular conditional probability of f given f(p)
is a function

plp,)(): R > B = [0,1]
(z, B) = p(p, z)(B)
where B denotes the Borelians of C'! (M, R¥), that satisfies the following two properties.
(i) For every Borelian B C C'(M, N), the function u(p,-)(B): R¥ — [0,1] is measurable and for
every Borelian V C R¥, we have

P(f € B:f(p) € V) = /V u(p, 2)(B) pyp (x)dz.

(ii) For all z € R* u(p, ) is a Borel probability measure on C*(M, N).
One more geometric definition. For this, recall that our manifold M is Riemannian.

Definition 4.2.2. Let ¢ : M — R* be a differentiable function and write ¢ = (p',...,¢*). The
Jacobian of ¢ at p € M, denoted J,p, is defined to be

Jpp = [|dpe" A+ Adpe®]).

This is sometimes called the normal Jacobian of . We are now ready for our main definition,
namely the z-KRok hypoteses. The name z-KRok' stands for “zonoid-Kac-Rice ok”.

Definition 4.2.3 (z-KRok hypotheses). Let fEC!(M,R*) be a random field. We say that f is z-KRok
if the following properties hold.

z-KRok-i: Almost surely, 0 is a regular value of f.

2-KRok-ii: For any p € M the law of f(p)ERF is absolutely continuous and thus admits a density
Prp): Rk — [07 +OO)

2-KRok-iii: The function py(y(-): M x R — R given by (p,z) = py () is continuous at (p,0) for all
pe M.

z-KRok-iv: There exists a regular conditional probability u(p,z) € Z(CL(M,R¥)) of f given f(p)
such that the following holds. Let J, - u(p, z) € M* (C*(M,R*)) be the measure defined
for every continuous ¥ : C*(M,R*) — R by

Uy 1l ), W) 1= (ulpy2), U 1) = [ 9(0) Ty d (n(p, ) ().
Then we ask that J, - u(p, ) is a finite measure and that the function
Jp: M xRFE — MT(CH(M,RF))

(pa Jf) = JP : /’(‘(pa .’IJ)
is continuous at (p,0) for all p € M.

IThe author pronounces it “zkrok” or “zee krok”.
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By definition, for every p € M,z € R¥, u(p, ) is a probability measure on C'*(M,R¥). We denote
by
(f1f(p) = 2)EC* (M, R¥)

a random function that has law u(p,z). Note that this is not properly defined as a random variable
but in the following we will only care about the law. If ® : C'(M,RF) — R is a u(p, z)-integrable
function then we write

E[®(f)f(p) = 2] :=E[2((fIf(p) =2))] = / ®(p) dp(z, p) ().

C1(M,RF)
Similarly if ¥ : C1(M,RF) — A is a Borel map to a topological space A, we write

(W ()£ (p) = ) = T ((If(p))) EA

ie. (U(f)|f(p) = «) has law the push forward of p(xz,p) by ¥. In particular, if we write f =
(f%,..., f¥), in the following we will be interested in the random vector

(dpf' Ao AdpfF|f(p) = 0)EATT M. (4.2.1)

Notice that the finiteness assumption in z-KRok-iv is equivalent to say that the random vector
(dpft A Adpf*|f(p) = 0) @AkT;M is integrable. Of course if we have an integrable random vector
in an m dimensional vector space we feel the urge of taking the Vitale zonoid and that is what we will
do in the next section. But first let us give a few examples of 2-KRok fields. The first one, still rather
general, should help the reader not familiar with the technical probabilistic concepts introduced, to
understand better the z-KRok conditions.

Proposition 4.2.4. Let F C CY(M,R¥) be a subspace of dimension n < oo endowed with a scalar
product and such that for all p € M, the map ev, : F — R*, o+ @(p) is surjective. Let fEF be a
random function whose law admits a continuous density py : F — R such that py(0) > 0 and such
that when ||| — oo, we have pr(p) = O(||¢|| =) for some o > n. Then f is z-KRok.

Proof. Let us detail the z-KRok conditions one by one.

For the first one, the trick is to use the parametric transversality theorem, see [44, Theorem 2.7].
Indeed, consider the function @ : F x M — R given by ®(p, p) = ¢(p). Then its differential at (p, p) is
given by ev, ® dpp. By assumption this is surjective and thus the map ® is transversal to zero, i.e. 0
is a regular value of ®. The parametric transversality theorem then tells us that for almost all ¢ € F,
the map ¢ — o(p) is transversal to 0, i.e. for almost all ¢ € F, 0 is a regular value of ¢ which is what
we wanted.

The law of f(p) is the push forward of the law of f by the linear map ev, : F — R*. Suppose
B C R* is a Borel subset of measure 0. Then P(f(p) € B) = P(f € ev,'(B)). Let us denote

Fp = ker(ev,) = {p € F|p(p) =0}.
—1

Then the space ev, (x) is an affine subspace parallel to F, which, by the surjectivity of ev,, is of
dimension n — k. Thus ev, '(B) = B x F, is of Lebesgue measure zero in F. Since the law of f
is, by assumption, absolutely continuous with respect to the Lebesgue measure on f, we obtain that

P(f € evy;'(B)) = 0 and thus P(f(p) € B) = 0. This proves that the law of f(p) is absolutely

continuous with respect to Lebesgue on R* and thus admits a density Pip) R* — R and this proves
the property z-KRok-ii.
We can compute this density, we have for all p € M and = € R¥:

pf(p)(ff):/ L )Pf(‘P)d80~ (4.2.2)

To prove continuity, we can use the assumption of the behaviour at infinity of p; and dominated
convergence. Indeed, with the Euclidean structure, we can assume F = R™. Let p € M, we can
assume that F, = R"~* c R™ is the space spanned by the n — k first coordinates. Then we write
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pr(y,z) with y € R** and z € R¥. Let now p; — p and x; — 0, let g; € O(n) be such that
g;l(}'p].) = F, = R"* then we have

Pi(ps) (25) :/]R ~ Pr(g;(y), z5)dy.

On R"F the function y + [jy[|~® is integrable at infinity if and only if o > n — k. Thus under our
assumption y — p¢(g;(y), z;) is dominated by an integrable function uniformly on j and by dominated
convergence we get z-KRok-iii.

We define u(p, ) to be the probability measure on F with support on the affine space ev, L(z) that

admits the continuous density py.,. : ev, ! (z) — R that is 0 if py(,)(z) = 0 and else is given by

Pfpx = pf|ev;1(m). (4.2.3)

Pr(p) (@)

Then u(p,x) defines a regular conditional probability for f given f(p). Now let us note that for all
p € M, there exists a constant ¢ = c¢(p) > 0 such that J,¢ < c¢|/¥. Thus the function ¢ — J,pps(¢p)
is at infinity an O (||¢[|~(®~®)) and this is integrable on ev, ' (z) = R"¥ if and only if a > n which is
precisely our assumption and this gives us the finiteness condition in z-KRok-iv. To see the continuity,
let ¥ : 7 — R be a bounded continuous function. Let p; — p and x; — 0, we repeat the argument of

the previous item to write

1

(Jp - p(pj, ), ¥) = ————
P Psps) (%)

| ¥0,00.2) 30500 3) 0y ). )

for some sequence g; € O(n) converging to Id. Since py(0) > 0 we get from (4.2.2) that ps,(0) >0
for every p € M and we can argue similarly as before: this is dominated by a O (||<p||_(a_k)) at infinity
which is integrable and we conclude by dominated convergence to obtain z-KRok-iv. O

Definition 4.2.5. We will call a random field fEF C C'(M,R*) that satisfies the hypotheses of
Proposition 4.2.4, a random field of (F, a)-type. If there exists n > 0 such that f is of (F, «a)-type for
every « > n then we say that f is of (F, 00)-type.

Ezample 4.2.6 (Gaussian random fields). A smooth Gaussian random field (GRF) is a random map
fEC>=(M,RF) such that for every finite tuple of points pi,...,p; € M, the random vector given
by (f(p1),---,f(p;))ER¥ I is a Gaussian vector (in the sense of Definition 2.6.1). For example, if
1,y on € C(M,R¥) are fixed smooth functions and if Ay, ..., \, ER are Gaussian variables then

fi=Ag1 + -+ Apn€C(M,RF) (4.2.4)

is a GRF. Not all GRF can be built this way, some naturally live in an infinite dimensional space. For
a deeper treatment of GRF, the reader can refer to [56].

If fEC™(M,R*) is a GRF and if for all p € M, the support of the law of f(p)ERF is the whole
R* . i.e. if the Gaussian vector f(p)ERF is non degenerate, then f is z-KRok. In the finite dimensional
case of a GRF of the form (4.2.4), this is given by Proposition 4.2.4, indeed, one can see that such
GRF is of (F, c0)-type for F := Span{¢1,...,¢n}. In all generality, this is [82, Theorem 3.2]. In that
case and if k = 1, for all p € M, the random vector

(dpflf(p) = 0)ET M

is also a Gaussian vector. In the case of a GRF of the form (4.2.3), it follows from the fact that the
restriction of a Gaussian density to a hyperplane is again (the multiple of) a Gaussian density on this
hyperplane.

Example 4.2.7 (Random level sets). Let ¢ € C*(M,RF) be a fixed function and let A\ER¥ be a random
vector whose law admits a continuous density py : R¥ — R. Then the random field

f = — XeCH(M,RF)
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is z-KRok. Indeed, to see z-KRok-i we see that 0 is a critical value of ¢ — x if and only if x is a critical
value of p. By Sard’s theorem, those are of Lebesgue measure zero and since the law of A is absolutely
continuous with respect to Lebesgue, this gives z-KRok-i.

Then we see that f(p) admits the density given for every x € R¥ by py(,(z) = pa(¢(p) — ) and
this gives z-KRok-ii.

z-KRok-iii is a consequence of the continuity of py.

Finally to prove z-KRok-iv, we let u(p,z) be the Dirac delta measure p(p,r) = dp_y(p)42- One
can check that this is a regular conditional probability for f given f(p) and that it satisfies z- KRok-iv.

Note that in that case, we have

(dpfP A AdpfFf(p) = 0) = dpp' A Ady” (4.2.5)

almost surely.

Before going to geometric considerations, we need one more probabilistic technicality. Indeed, it will
be useful to have another formulation of the continuity statement in z- KRok-iv. This formulation which
seems stronger turns out to be equivalent. A similar generalization was proved in [82, Proposition 2.4],
and with a slight modification of the same argument we can show the following.

Lemma 4.2.8. Let fECY(M,R¥) be a random map satisfying z-KRok-i to iii and let u(p,-)(-) be a
regular conditional probability of f given f(p) such that J, - p(p, x) is a finite measure. The following
statements are equivalent:

(i) (z-KRok-iv) The function J - : M x RF — M*(CYH(M,R¥)), (p,x) — J, - u(p, ) is continuous
at (p,0) for all p € M. That is, for any bounded continuous function ¥ : C*(M,R¥) — R and
any convergent sequence (pp,T,) — (p,0) in M x R* we have

E (1) f|fpn) = 2] > E[(1),f|1(0) = 0]

(ii) For any sequence of continuous functions ¥, : C'(M,R¥F) — R that converges in the compact-
open topology to a continuous function Wq : C*(M,R¥) — R and any sequence (pp, ) — (po,0)
converging in M x R¥ such that for alln >0, ¥, (f) < CJ,, f for some C >0, we have that

E [\I/n(f)‘f(pn) - xn] SE [\po(f)(f(po) - o} . (4.2.6)

Proof. We need only to prove (i) = (ii).
Assume (i) and let U, p,, €, — o, po, 0 as in the statement of (ii). Observe that for all n > 0, if
JIp, =0, then ¥, (¢) =0, so that

E [\I'n(f)‘\lln(pn) - x} z/ U, (0)dp(pn, ) () =

C1(M,RF)

‘Pn(w)Mdu(pm ) () + / U (@)du(p, ) ()

/Cl(M,]Rk)\{J =0} Ip,p OV (MR*)N{J,, =0}

B () .
_ /C e 7o 4 U - 1o, ) (¢)

where on the last line, the integral is over all C'*(M,R¥) because {J, = 0} is of measure zero for the
measure J, - u(p, ).

Let E(p,z) := E[J,f|f(p) = z] be the total mass of the measure J, - u(p,z). By 2-KRok.iv, the
number E(p,0) > 0 is finite, though notice that it could be zero. The hypothesis (i) implies that
E(pn,zn) = E(po,0). If E(po,0) =0, then the limit (4.2.6) holds since

< CB(pa,a) = 0 = E [Wo(f)|£(p0) = 0]

where the equality on the right holds because we assumed ¥y (p) < CJpy .
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Assume that E(pg,0) > 0, then we can assume that E(p,,z,) > 0 for all n € N. In this case, the
following sequence of probability measures converges:

P, = E(pn;xn)ilJpn 'N(pnaxn) — Py = E(pOaO)iljpo ':U'(pOaO)~

Thus by Skorohod’s Theorem (See [23, 73]) there exists a sequence of random functions Y, Yo €C* (M, R¥)
defined on a common probability space such that Y,, has law P, for all n > 0 and such that Y,, — Y}
in C'(M,R¥) almost surely. Then

(1|0 = o] = B [ S ap
= E(pn, 7n)E [\II;O:Z)} m E(po,0)E |:\IJ;(1;?)1|
:ﬂmmlgwmiffﬂﬂw

= E[wo(£)|7() =0].

almost

Here the limit holds by dominated convergence, since ‘I'JLYS) < C and ‘I';(Y;') — \1/;(}:2)
Pn

Pn

surely. O

4.2.2 The zonoid section

Let us start with a short comment on zonoid bundles. Let 7 : E — M be a vector bundle of rank &
over M. The structure of vector bundle is given by the trivialization maps xv : E|y — U x R* which
are homeomorphisms that are linear isomorphism on the fibers.

We can define the zonoid bundle Z°(E) whose fiber at a point p € M is defined to be the space
Z(E), = Z(E,) where E, = n~!(p) is the fiber of F at p, and whose bundle structure is given
by the collection of maps Xy : Z(E)|y — U x Z(RF) in particular the topology on Z(E) is the
smallest topology that makes all 7 homeomorphisms. Similarly one can define 2, (FE), 4 (k, E), 9 (E),
% (k,E), % (E) and all the virtual counterparts.

Given a fiber bundle 7 : F — M we denote by I'(F) the space of continuous sections of F', that
is v € T'(F) if and only if v : M — F is a continuous map such that for every p € M, w(v(p)) = p.
In particular a section ¢ € T'(Z(E)) is the choice of a zonoid at each point p of the manifold M
in the vector space F, such that this zonoid depends continuously on the point p. Locally, on the
trivialization charts, this is just a continuous map

C:U — Z(RY

The first observation is that, as vector bundles, we have Z(FE) & Z,(F)® E with the decomposition
given by the pole (Proposition 1.2.2) recall that the pole of a zonoid K € Z(V) is the unique point
o(K) € V such that K + £{—0o(K)} € Z,(V). Thus we have

[(Z(E)) 2 T(%(E)) & I(E) (4.2.7)

Therefore we can, as before, treat the pole of a zonoid and the zonoid as separate sections.

Let us also note that a zonoid section ¢ : M — Z4(E) defines a seminorm on each fibers £ of the
dual through the support function he(,y : £, — R.

We are now ready to define the main object of this section.

Definition 4.2.9. Let fEC!(M,R¥) be z-KRok. We define (; : M — 4(k,T*M) to be the zonoid
section given for all p € M by

Cr(p) = psp)(OE ([0,dpf! A~ Adpf¥]f(p) = 0)

That is the zonoid py,) (0)E[0, Y] for the random vector Y = (d,f* A--- Ad,f*|f(p) = 0) EA*T M,
see (4.2.1) .
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Similarly, we define (5 : M — %o(k,T*M) to be the section given for all p € M by

¢ p) = prn (O (dpf ' A+ A dyf* () = 0).

We also denote
0r(p) = 0(Cs () = Pr(py (OE (dpf' A+ Adpf¥|f(p) = 0) € AFT M.

Note that we have for all p € M, ((p) = (;(p) + 1 {of(p)}, i.e. in the splitting (4.2.7), we have

(r =G @505

Note also that, as observed earlier, the finiteness condition in z-KRok-iv guarantees that the random
vector (dpf1 A ANdpfEf(p) = O) @AkT;M is integrable hence the zonoids are well defined. Note
also that oy is a section of A*T*M, i.e. a differential form of degree k on M. Finally, observe that we
have for all p € M:

(6 w) = (4 0)) = pri (O [ 15 () = 0] (4.2.8)

Lemma 4.2.10. The sections (s, G5 and oy are continuous.

Proof. Since this is a local statement, we can assume M = R™. Let p, € R™ be a sequence that
converges to po € R™ and let Y, := (d,, f' A--- Ady, f¥|f(pn) = 0) EAFR™. For any v € AFR™ we
have

Pf(pn)(0)
hey (o) (v) = “LEE|(0,Y,,)].

By 2z-KRok-iii we have pf, )(0) = pg(pe)(0). Moreover let us also consider the continuous function
W, : CY(M,R™) — R given by ¥, (p) := [(v,d,, @' A+ Ady, ©*)|. Then we have

El(v, Ya)| = (u(pn, 0), W)

where y(py,,0) € M+ (C(M,R¥)) is the regular conditional probability of f given f(p,) from property
z-KRok-iv. Note that for all ¢ € C1(M,R*) we have by Cauchy-Schwartz ¥, (¢) < ||v||.J,¢o. Thus we
can apply the technical lemma, Lemma 4.2.8 and obtain that

hes oa) (V) = R (o) (V)

i.e., we have pointwise convergence of the support function. We use Lemma 1.1.18 to conclude that
Cf(pn) = Cs(po) in the Hausdorff distance topology. The case of oy is done similarly and ¢y = (5 & %of
follows. O

Let us compute this zonoid in some example, starting with the (F, a)-type, recall Definition 4.2.5.
Proposition 4.2.11. Let fEF C C'(M,R¥) be a z-KRok field of (F, a)-type where (F, ) satisfy the
hypotheses of Proposition 4.2.4. For every p € M and every w € AkTpM we have

hep oy (w) = % /f [(dpp" A+ A ™) (w)] py(0)dep (4.2.9)

orp)(w) = [ (@' A+ Ay wlo (o)
where recall that Fp, = ker(ev,) = {p € F|¢(p) = 0} and py : F — R is the density of the law of fEF.

Proof. We already did all the work in the proof of Proposition 4.2.4. In particular we computed the
measure 4(p, z) in (4.2.3). Letting 2 = 0 and multiplying by ps,)(0) gives the result. O
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Remark 4.2.12. Notice in this case, and if A € R, A # 0, using Proposition 4.2.11 and the fact that
prr(p) = ps(/N)/IN|* we have
G = G-

One can also show that this is true in general but we will not do it here.

We apply this to compute the zonoid section in a particular example.

Proposition 4.2.13. Let M = R™\ {0} and let fEC'(M,R) be given for all p € R™\ {0} by

f(p) ==& p)
where EER™ s a standard Gaussian vector. Then f is z-KRok and the zonoid section is given for all
p e R™\ {0} by

Crp) = %B(pL) (4.2.10)

where recall that B(p™) is the unit ball of p*.

Proof. The field is z-KRok because it is of (F,oc0)-type with F = Span{{e1,-),...,{€m, )} where
€1,...,€n is the standard basis of R™. Indeed, using the basis (e1,-), ..., {(em, ), that we declare to
be orthonormal, we identify F = R™. Then we have for all y € F = R™,

1 6—\\g||2
(2m)%

pry) =

and this decays faster than any polynomial at infinity.

Now to compute the zonoid, we will use Proposition 4.2.11. First note that under our identification,
we have F, = p*. Now since py|,. is even, we get that os(p) = 0 and thus (s (p) = (s(p). Now we use
Proposition 4.2.11 to find for every v € R™:

—lyl?

2

1 e
h = — —_dy.
¢ (V) o /pL|<v,y>| e y

We recognize the density of a standard Gaussian vector é €pt = R™~!. Remembering that we have
E¢ = B(p)/V2m, we get that

1
B V2T

which is what we wanted. O

Cr(p) E¢ = %B(pl)

Ezample 4.2.14 (GRF and Gaussian zonoid section). Let f€C™(M,R) be a Gaussian random field
(GRF). Then, as mentioned in Example 4.2.6, the random vector (d, f|f(p) = 0)€ET,; M is Gaussian
and thus (¢(p) is a Gaussian zonoid in the sense of Definition 2.6.2. If it is non degenerate, it follows

that there are sections v € I'(T*M) and A € I'(Hom(T*M,T*M)) such that

where recall (Definition 2.6.3) that G(v(p)) = E§ + v(p) where €T, M is a standard Gaussian vector
(standard for the Riemannian scalar product). In particular, if f(p) is a centered Gaussian variable
then v(p) = 0 and (;(p) is an ellipsoid. If we are not centered, we can use Theorem 2.6.7. Let
B, CT;M be the unit ball for the Riemannian metric, then we have

1800 Ty) (=80 © Gl0) © (A o Ty (=5, )

with T,y € GI(T,; M) and b, ~ 0.989... are defined in Theorem 2.6.7.
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Example 4.2.15 (Segment section). Let us consider again the case of Example 4.2.7: let ¢ € C*(M,RF)
be a fixed differentiable function and let A€R be a random variable with a continuous density pj :
R — R and let f := ¢ — X. We computed already the “random” vector (4.2.5) and the density ps(,).
We obtain then for all p € M:

Cr(p) = pal@(P))[0,dpe A -+ Adp"].

In particular, notice that if ¢ is constant then the zonoid is {0} at each point.

A natural question is then to ask what are exactly the zonoid sections that we can obtain from
z-KRok fields.

Open problem 15. Characterize the zonoid sections (f € I'(%(T*M)) that come from z-KRok fields
from Definition 4.2.9. o

Later in Proposition 4.2.21, we will see that we can obtain every ellipsoid section. Moreover, note
that at least some of the topological obstructions could be solved by replacing R* by a co-oriented
vector bundle of rank k and taking random 2-KRok sections in a similar fashion.

A very partial answer to Open Problem 15 is the following.

Proposition 4.2.16. Let M = R™ and let K € 4(k, T{ M) = %(k,R™). Then there exists a z-KRok
field fECT(M,R*) such that ¢r(0) = K.

Proof. If K = {0} then this was done in Example 4.2.15. Else, let Y7,...,Y,€ERF be such that K =
Y1 A« A Yy We can assume that Y7 A- - -AYy # 0 almost surely. Let AERF be independent of Y7, ...,Y;
and with a continuous bounded density py : R¥ — R. We also assume that for all z € R¥, py(z) > 0.
Then let us consider the map Ty : R™ — R¥ given for all p € R™ by Ty (p) := ((Y1,p), ..., (Y&, D).
We define the random field f€C*(R™, R¥) by

f = TY - A
where A is intended as the constant function. We shall prove that this is z-KRok. First, note that
Jpf = |IY1 A--- AYy| and we assumed that this is almost surely non zero thus almost surely 0 is a
regular value and this gives z-KRok-i. For z-KRok-ii one finds for all z € R¥:
Piw)(2) = E[pA(Ty (p) — 2)] . (4.2.11)

Since py is bounded, the continuity z-KRok-iii follows by dominated convergence. Now for z- KRok-iv,
one finds that a regular conditional probability for f given f(p) is the measure p(p,x) such that for
every ¥ : C1(R™,R¥) continuous and bounded, we have

(u(p, ), ¥) = E [\IJ(TY Ty (p) + @W] . (4.2.12)

Note that because of (4.2.11) and because we assumed py > 0 we get that ps,) > 0 and this is well
defined. Moreover note that because of (4.2.11) this is indeed a probability measure. To check for
finiteness, we can apply this with ¥ = J,,. Then, since J,(Ty — Ty (p) +z) = J,(Ty) = ||[Ya A---AY%],
we get that the total mass of J, - u(p, x) is

E |:||Y1 N /\YkaA(TY(p) - x)]

Pr(p) (@)

and this is finite since p)(Ty (p) —x) is bounded and Y7 A- - - AY} is integrable. Again, we get continuity
by dominated convergence and this proves that f is z-KRok.

Now applying (4.2.12) when x = 0 and multiplying by ps(,)(0), we get that for every w € AFR™
we have

ey () = 2E [pa(Ty () [, Yo A+ A Y]

Since Ty (0) = 0 almost surely, if we assume that p»(0) = 1 then in p = 0 we get (;(0) = K and this
concludes the proof. o O
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The Pull-Back property

We will now show one of the most important properties of the zonoid section and z-KRok fields, namely
that it satisfies a pull-back property. Recall that if N is a smooth manifold and ¢ : N — M is a C!
map then for each ¢ € N the differential is a map dgp : Ty N — T, ()M and thus its transpose, denoted
dqp* is a map between the cotangent spaces:

g™ : T M — TEN.

It is sometimes called the pull back of ¢ at q. Note that it also induces a map between the exterior
algebras that we denote in the same way. Moreover, recall that if X C M is a submanifold then we
say that ¢ is transversal to X if for every ¢ € ¢=1(X) C M we have that the sum of Ty(q)X and the
image of d,¢ span the whole space T,,(,) V. In particular if ¢ is an embedding this means that the two
submanifolds X and ¢(N) intersect transversally. Note that this implies that the dimension of M is
at least the codimension of X

Lemma 4.2.17. Let fECY(M,RF) be z-KRok. Let N be a smooth manifold and let o: N — M be a
C map such that o is transversal to f~1(0) almost surely. Then f o p€CY(M,R¥) is z-KRok and for
all g € N we have

Crop(q) = dg"Cs(0(q))- (4.2.13)

Proof. If we know that f o ¢ is z-KRok, then (4.2.13) is immediate from the definition. The difficulty
is to prove that the random map f o ¢ is indeed z-KRok. Let us detail them one by one. We assume
that N is endowed with any Riemannian metric.

Firstly, under the condition that 0 is a regular value of f, we have that 0 is a regular value of fop
if and only if ¢ is transversal to f~1(0) and this proves z-KRok-i.

For ¢ € N, the law of (f o ¢)(¢)ER* has density given by P(fop)(a) = Pf(p(q)) and this gives
2z-KRok-ii.

Since ¢ is continuous and py is continuous at (p,0), it follows that py., is continuous at (g, 0) for
any ¢ € N which proves z-KRok-iii.

Let u(p,x) € £(CY(M,RF)) be the regular conditional probability of f given f(p) given by z-
KRok-iv for f. Thus the function

Jop: M xRF — Mt (CH(M,RF))

is continuous at (p,0). Let »* : CY(M,R¥) — CY(N,R¥) be the function given for all functions
Y € CH(M,R*) by ¢*(1) = ¢ o ¢. This is continuous with respect to the C'! topologies and we define
v(q,r) € Z(CY(M,R¥)) to be the push-forward of the probability measure u((q), ) via the function
©*. So v(q,z) is the probability such that for every continuous bounded function ¥ : C(M,RF) — R,
we have

(v(g,2),¥) = (u(g,z), Vo ™) = E[U("(f))|f((p)) = 2]
where the second equality is simply the definition of the notation introduced after Definition 4.2.3.

From this, one can check that v(g,-)(-) is a regular conditional probability of f o ¢ given (f o ¢)(q)
(see Definition 4.2.1). Indeed for every Borelian B C C'(M,RF), we see that

v(g,z)(B) = P((f o) € Blf(¢(p)) = )

is a Borel measurable function of # € R* and for any Borelian V' C R¥, we obtain
P(fopeBi(fop)q) eV)=P(f ¢ (B) flela) V)
= [ 160 )& (B (ot (@i
= [ Haa)(B)ogann )i
where the second inequality holds because u(p(q),x) is a regular conditional probability of f given

f(o(q)) and the third is by definition of v(q,z). This proves that v(g,x) is a regular conditional
probability for f o ¢ given (f o ¢)(q).
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We now have to show that it satisfies z-KRok-iv. For the finiteness condition, observe that the
Jacobians satisfy for all ¢ € N:

Jo(fop) < o) f - Jatp- (4.2.14)

It follows that the total mass of J, - (g, ) is bounded by the total mass of J, 4 - (2(q), x) times Jg
and thus is finite.

It remains to prove the continuity of J, - v(g,x) at (g,0) for all ¢ € N. Let ¥ : C*(N,R*) - R
be bounded and continuous. Let (g, 2;) — (qgo,0) be a converging sequence in N x R*. Then in our
notation, we have

(Jq, - v(gj,2), ¥) =E[U(f o) (Jg, (f 0 9)) I(f 0 ©)(g5) = ;] (4.2.15)

Now, since the sequence g; is contained in a compact subset of N and since Jy¢ is continuous in g,
(because ¢ is C') we can bound dg, ¢ uniformly on j and thus (4.2.14) implies that there is a constant
C > 0 such that for all j > 0,

Jy(fow) <CJugf (4.2.16)
Thus if we define ®; : C*(N,R¥) — R for all 1) € C1(N,R¥) by

Qi(p) ==V (o), (o).

We will want to apply Lemma 4.2.8 to the sequences ®;, p; := ¢(g;), ;. By (4.2.16) and since ¥ is
bounded, we have that ®;(¢) < CJp,; 4 for some C' > 0 where p; := ¢(q;). Moreover (4.2.15) becomes:

E[U(fop)(Jg(fop)|(fow)g) =] =E[®;(f)f(p;) = ]

The sequence ®; converges to the function ®¢ in the compact-open topology of continuous functions on
C*(M,RF). Indeed this is equivalent to say that for every converging sequence ¥; — vy in C*(M, R¥),
®,;(1h;) — Po(tho). Moreover, in C1(M,R¥), 1); — g if and only if dp; %5 — dp,to for every converging
sequence p; — po in M, thus, in particular, Jy, 1; — Jp,1o, since Jyp depends continuously on dyp.
This proves that ®; — ®;. Then, applying Lemma 4.2.8 we get

E[®;(f)If(pj) = 23] = E[¥(f 0 @)y (f 0 0)I(f 0 ¢)(q0) = 0],

which proves the continuity in z-KRok-iv. Thus we proved that the random field f o ¢ is z-KRok and
this concludes the proof. O

Notice that (4.2.13) also implies that for all ¢ € N:
Crop(a) = " Cs (0(q)); 0fop(q) = dgp™0r(0(q))-

Ezample 4.2.18 (Pre-sheaf property). In the case where N = U C M is an open subset of M and
@ : U < M is just the inclusion, then f o = f|y is the restriction of f to the subset U. In that case
Lemma 4.2.17 tells us that the restriction of a z2-KRok field to an open subset is again z-KRok and
since the pull-back of ¢ is the identity, the zonoid section of f|y is just the restriction of the zonoid
section of f. In fancy words, one would say that the z-KRok fields have the pre-sheaf property. It is
however not clear if they form a sheaf. That is if we have two z-KRok fields defined on two open subset
on M that “agree” (it is not even clear what this should mean here) on the intersection, can we glue
them to make a z-KRok field on the union? This difficulty, is one of the reason why Open Problem 15
seems to be a difficult problem.

Ezample 4.2.19 (Submanifolds). More generally, let N be a submanifold of M and let ¢ : N < M be
the inclusion. Then again f o ¢ = f|y is the restriction to N. Thus if N is almost surely transversal
to f71(0), Lemma 4.2.17 tells us that the restriction f|y is a z-KRok field on N.

This time, for all p € N, the pull-back is the projection

dpp* : Ty M — TN,
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Thus the zonoid (g, (p) is the projection of the zonoid (t(p) onto the subspace T, N by the map
dpe*. Note that the submanifold needs not to be embedded and this still works if ¢ is a (Riemannian)
immersion.

We can have some submanifold that are not almost surely transversal to f~1(0). For example,
consider the random field f€C!(R?,R) defined for all (z,y) € R? by

fla,y) = (az +b)* + ey, (4.2.17)

for suitable a,b, cER this is 2-KRok and one can see that f~1(0) is almost surely not transversal to
the curve {y = 0}. It is not clear in general, what condition to impose on the random field to avoid
these pathological cases.

Corollary 4.2.20. Let M = S™ C R™*! and let fEC(S™,R) be given for all p € S™ C R™+L by

fp) = (& p)
where EER™ T is a standard Gaussian. Then f is z-KRok and we have for all p € S™

Crlp) = %B(T;Sm). (4.2.18)

m
Proof. Tt is enough to consider S™ as a submanifold of R™*1\ {0}. Then f is the restriction of the
2z-KRok field defined in Proposition 4.2.13. The zero set of this field is a random uniform hyperplane
and thus the sphere is almost surely transversal to it. As we discussed in Example 4.2.19, this implies
that (¢(p) is the projection onto T,;S™ of the previous zonoid section on R+ computed in (4.2.10).

But in our case we can identify 7,;.5™ = pt and this gives the result. O

From this, one can deduce the general case of any Riemannian manifold, this gives a partial answer
to Open Problem 15.

Proposition 4.2.21. For any Riemannian manifold M, there exists a z-KRok field fEC*(M,R) such
that for all p € M, the zonoid section is given by
1

¢rp) = 5 B(T, M) (4.2.19)

where B(T,; M) is the unit ball of Ty M for the Riemannian metric.

Proof. Let us first do it for R™ with the standard Euclidean metric. Consider the map ¢ : R — ﬁS L
that is given for all t € R by ¢(t) := T%(cos(\/ﬁt), sin(y/mt)). Computing for all t € R, ||d:p|| = 1, it
follows that ¢ is an isometric immersion. Now consider the map ¢ that is the direct sum of m copies
of ¢:

~ ~ m 1 1 m

As the direct sum of isometric immersion, ¢ is also an isometric immersion. Now it remains to see that

SQm—l

m
(LS 1) is a submanifold of $?™~!. Thus ¢ is an isometric immersion of R™ into . Now on

vm
the sphere S2™~1 we consider the z-KRok field f given by Corollary 4.2.20, that is the scalar product
with a standard Gaussian vector. As we already observed, f~1(0) is almost surely transversal to any
map and in particular to ¢. Thus we can use the pull-back property and get that the random field
fi=1Ffo ¢ is 2-KRok and that the zonoid section (¢ is the pull-back by ¢ of the zonoid section of Cf.
Since ¢ is isometric, the pull-back is an isometry, and the result for the zonoid section follows from
(4.2.18) and this concludes the case M = R™.

Now if M is any manifold we use Nash’s isometric embedding Theorem [69] to get an isometric
embedding M — R™ and proceed as before. O

Of course the (27r)~! in (4.2.19) is only cosmetic because we started with any Riemannian met-
ric, but because of the situation on the sphere on Corollary 4.2.20, it seems more natural, see also
Example 4.2.25 where this appears naturally.
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Figure 4.2: The zero sets of two sample of an AT field for R? in the square [—5, 5]?

Definition 4.2.22. A 2-KRok random field satisfying (4.2.19), will be called an Adler-Taylor field,
abbreviated AT field, for the Riemannian manifold M.

Remark 4.2.23. Note that from the construction of the AT field in the proof of (4.2.19), we can assume
that given any submanifold S € M an AT field f for M is almost surely transversal to S. Moreover,
by the pull-back property and Example 4.2.19 we see that the restriction of f to .S, i.e. the z-KRok
field f|s is an AT field for S.

Remark 4.2.24. Following the proof of Proposition 4.2.21, we see that an AT field for R™ is given for
all p=(p1,...,pm) € R™ by

L\ "sin(~/m p;
f(p)—ﬁ;&cowﬁpnms (Vmp;)

where &1,...,&m, &L, .-, &, ER are iid standard Gaussian variables, see Figure 4.2. Note that this is
an eigenfunction of the Laplacian of eigenvalue m.

Let’s consider the case in Lemma 4.2.17 where N = M and ¢ : M — M is an isometric diffeomor-
phism. Then Lemma 4.2.17 tells us that if the field f is invariant by ¢, meaning that f and f o have
the same law then the zonoid section is also invariant under ¢. In the case where we have a Lie group
G acting by isometries on M, then if f is invariant under this action, so is the zonoid section (f. With
this point of view we could find the cases covered in the previous section.

Ezample 4.2.25 (Kostlan polynomials). Let M = S™ and let F(9 be the space of homogeneous
polynomials of degree d in m + 1 variables restricted to the sphere. We choose the basis of F(®) that

is given by the monomials
d
valz) = <a> x

where o = (g, ..., ;) € N1 is a multiindex with || := ag + --+ + @, = d and where recall
that (Z) = d!/(ag! - ay,!) and 2% = 2§° - - 22m. We endow the space F(@) with the scalar product
that makes this basis orthonormal. Then, as the reader can check, the action of the orthogonal group
O(m + 1) on the sphere S™ induces an action on F' (d) that is also orthogonal, i.e. that preserves this
scalar product. We define the random field f,, 4€C1(S™, R) by

fm,d = Z ga‘Poz

|or|=d

where £, €ER are iid standard Gaussian variables, i.e f,, 4 is a standard Gaussian vector of F (d) The
random polynomials f,, 4 are called Kostlan polynomials. They are of course z-KRok for all d > 1
since they are of (F(@, a)-type for any a big enough. Now because of what we said, this random field
is invariant by the action of O(m+1) on S™. Thus, by the pull-back property, as observed above, the
zonoid section is also invariant by this action. It follows that at each point they are balls of the same
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radius. To compute this radius, we place ourselves at the north pole py = (1,0,...,0) € S™. Then at
this point, the kernel of the evaluation map is given by

F$Y = (¢(a0,..0)"

where recall @40, 0)(z) = ;vg. We need now to compute the differential of the elements on this

subspace. The only monomials of the basis whose differential at py will be non zero are
p;(x) = \/cjxg_1$j

where we abused notation in the index indicating j instead of the appropriate multiindex. To compute
its differential on the sphere at py, one can compute it on R"*! and kill the component in dzy. We
obtain

dpypj = Vddz;. (4.2.20)

Now, we use (4.2.9). The density of f,, 4 restricted to ]-',(,ff,) is the density of a standard Gaussian vector
on this space multiplied by 1/4/27. Now remember that the Vitale zonoid of a standard Gaussian vector
is the ball of radius 1/+/2x. In the light of this and (4.2.20), we obtain at this point and thus at every

pES™
\/& * Qm
Cfm,d(p) = o B (TpS ) .
Note that this implies that the Kostlan polynomials f,,, 4 are an AT field for the standard metric on
S™ rescaled by 1/v/d.

Independent intersection and wedge product

Let us give one last important property of the zonoid section. If f; EC*(M,R*) and f, €C'(M,R!) are
two z-KRok fields, one can build another random field f := (f1, fo) ECT(M,R**+!) given for all p € M
by f(p) = (fi(p), f2(p)). Note that in that case, the zero set of f is the intersection of the previous
two zero sets: f~1(0) = f;1(0) N f5 *(0). In the case where f; and f, are independent, we show that
the zonoid section of the new field is the wedge product of the previous zonoid sections.

Lemma 4.2.26. Let fi€CY(M,R*) and fo€C(M,R!) be independent z-KRok fields with k+1 < m.
Then the random field f := (f1, fo) ECH(M,R**!) is z2-KRok and we have for all p € M

Cr(p) = Cr(P) A Cra (D) (4.2.21)

Proof. First let us prove that f is z-KRok. We proceed, as usual, to prove the z-KRok conditions one
by one.

By definition, zero is a critical value of f if and only if there exists p € M such that f(p) = 0 and
the differential d, f is not surjective. Since f = 0 if and only if f1(p) = 0 and f2(p) = 0 and since the
differential of f is the direct sum of the differential of f; and the differential of f5, this can only happen
if zero is a critical value of f; or fs. Since they are z-KRok and independent this is of probability zero
and this proves z-KRok-i.

Since f; and f, are independent we have that, for all p € M, the law of f(p)ER**! admits the
density given for all 2; € R¥, 25 € R by:

Pr) (X1, %2) = ppy(p) (T1)P gy () (T2)-

This proves that f satisfies z-KRok-ii and iii.

As usual, the most delicate property to prove is z-KRok-iv. For all p € M and z; € R, 2o € R,
let w;(p,x;) be the regular conditional probability of f; given f;(p), i = 1,2 given by z-KRok-iv.
Identifying the spaces C' (M, RF!) = CY(M,R*) @ C'(M,R!), we define the probability measure:

1(p, (w1, 22)) = p1(p, 21) @ p2(p, x2). (4.2.22)

Then this is a regular conditional probability for f given f(p). Indeed, it is enough to check property
(i) in Definition 4.2.1 on products of Borelians, and in this case this follows from the independence of



4.2. KAC-RICE AND THE ZONOID SECTION 131

fi and fo. Now, since J,f < J, f1 Jpfo we get that the total mass of J, - u(p, (z1,22)) is bounded by
the product of the total masses of J,, - u(p, x1) and J,, - pa(p, 22) and thus is finite. To prove continuity,
let ® : C1(M,RF*!) — R be continuous and bounded and consider sequences p; — po in M, (z1); — 0

in R¥ and (z2); — 0 in Rl. Then, if we write u/ := u(p;, ((21);, (x2);)) and ug = pi(py, (z);) for
1 =1,2, we have for all j >0

@)= [ e, (o) did(en)did (o)
C1(M,RF) JCL(M,RY)
= / (1) dpf (1)
C1(M,RK)

where
(1) = / (o1, 02) Ty, (91, 02) At (02).
C1(M,R!)

Since ® is bounded, we have:

D(p1,92)Jdp; (01, 92) < (w1, 02)Jp,p1dp,02 < C Jp, 2

where C' > 0 depends only on ¢1. We apply the technical lemma (Lemma 4.2.8) to get that U; — U,
Similarly, we have that

Wj(p1) < (/ ‘I’(<P1a¢2)Jpj<P2dMg(@2)> Ip; 1
CL(MRY)

Since the expression between parentheses converges and since ® is bounded we obtain that ¥;(pq) <
CJp,p1 for some C' > 0 and we can again apply Lemma 4.2.8 to get that

<J:Dj ’ /J’j7(I)> = <Jpj 'M{7qjj> - <Jp0 'M?7\I}0> = <Jp0 'M07CI)>

which is what we wanted and this finishes to prove that f is z-KRok.
It remains only to compute the zonoid. To do that, note that for every p € M, we have:

Apfr A Ay = (dpfE A A YA (dpfE A Adyfh).

Now because the regular conditional probability of f given f(p) is the product of the previous ones
(see (4.2.22)) we obtain that

(dpfl /\"'/\dpfk-‘rl‘f(p) =0)= (dpfll /\"'/\dpfﬂfl(p) =0) A (dple /\"'/\dpfé|f2(p) =0)

where the two random vectors on the right hand side are independent. Multiplying both sides by
P£(p)(0) = ps, () (0)ps,(p)(0) and taking the associated zonoid gives the result. O

Note again that (4.2.21) also implies that for all p € M we have

¢r(p) = ¢ (p) A G (p); o7(p) = o7, (p) Nos,(p).

4.2.3 The Alpha formula and density of volume

We now proceed to use the zonoid section we defined to compute expected volumes of the zero set
of 2z-KRok fields. We will use the following version of Kac-Rice formula to deduce all our results.
This is obtained as a particular case of [82]. The only differences with more standard statements of
Kac-Rice formula are in the hypotheses, in particular the statement below is almost identical to [15,
Theorem 6.7). If fECT(M,R™) is z-KRok (where recall m = dim(M)), then, in the language of [82,
Definition 2.1}, the pair (f,{0}) is a KROK couple. Thus we get the following which is [82, Theorem
4.1].
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Lemma 4.2.27 (a-Kac-Rice formula). Let fEC(M,R™) be a z-KRok field. Let
a:CHM,R™) x M =R

be a Borel measurable function. Then

Bl X o) = [ G@amo).

pEf~1(0)

Where dM (p) indicates integration with respect to the Riemannian volume form on M and where

35 0) = 07 () E [o(£0) 1| () = 0]

The name “Kac-Rice formula” is often used to denote also a more general version which allows
to deal with the case in which f~1(0) is not zero dimensional, see [15, Theorem 6.8]. The additional
flexibility provided by Lemma 4.2.29 below is crucial for us, since we want to be able to compute
average volume (and other quantities) of random submanifolds f~1(0) of arbitrary codimension.

Let us prove a lemma that will be a key point in this reduction with AT fields.

Lemma 4.2.28. Let g1,...,9m €CY(M,R) be i.i.d. AT fields for M and define the random discrete
subset ¥ := g7 H(0)N---N g, (0). Let a: M — R be Borel with compact support. Then we have

/Ma(p) dM (p) = %mE > alp)

peEXS

where recall that s, is the volume of the unit sphere S™ C R™*1,

Proof. We apply the a-Kac-Rice Formula (Lemma 4.2.27) to f = (g1,-..,gm)ECH(M,R™), that is
2-KRok because of Lemma 4.2.26, and with a function «(f,p) = «(p) that only depends on p. We
obtain:

B> )| = [ prnOE |61 = 0] at) arip).

peEX M

As observed in (4.2.8) we have

P10 [y f

F(B) = 0] = £(4(B)) = € (G (B) A -+ A g (0)

where the second equality holds because of the formula for the zonoid section of independant z-
KRok fields computed in Lemma 4.2.26. Since g; are AT fields for M, we have for all p € M,
o (p) = (2m)"'B(T; M). Remembering the basic zonoid calculus fact that the length of the wedge
product of m zonoids is m! times their mixed volume (see (2.2.4)) we obtain:

mlk
0)E [ =0 = 70
Using the identity m!&,, = 2(27)™ /s, (see Lemma A.4) this gives what we wanted. O

Lemma 4.2.29 (Alpha Formula). Let 1 < k < m, let fECY(M,R¥) be a z-KRok random field and
define the random submanifold X := f~(0). Let o : C'(M,R¥) x M — R be a Borel measurable
function. Then

B | [ attnaxe] = [ o)) (12.23)

where AN (p) denotes integration with respect to the Riemannian volume form on N and where

57 (p) = pr(p) (0) E [a(ﬁ p)Jpf

flp) = 0} . (4.2.24)
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Proof. We are going to prove that, with little work, this is a natural consequence of Lemma 4.2.27.
This method of proof shows how it’s always possible to reduce everything to the zero dimensional case,
thanks to the construction, by Adler and Taylor [2], of Gaussian fields that represent the Riemannian
structure, our AT fields defined earlier (Definition 4.2.22).

Let g1,...,9m_rECH(M,R) be iid 2-KRok fields independent of f that are also AT fields for M.
Let us define F := (f,g1,...,9m_x)ECH(M,R™). By Lemma 4.2.26, we have that F is z-KRok. Let
X = f710) and Y := gy '(0) N ---N g, (0). We start with the left hand side of (4.2.23). Since f
is independent of the g;, we can integrate first in g; pretending f is fixed. As we already observed,
the restriction of an AT field to a submanifold is an AT field (see Remark 4.2.23), we can thus apply
Lemma 4.2.28 to X to deduce the following:

E{/Xa(f,p)dX(P)} =5’"2”“E > alfip)

peEYNX

Now we apply Lemma 4.2.27 to the right hand side of this equation with the function «(F, p) := a(f,p)
that depends only on the first factor of F' = (f,g1,...,gm—) to find:

2| [ atrmaxe)]| =25 [ spmar).

It remains only to show that S"‘Q”‘é% = (5}". In order to do that, first observe that, since f and

(g1, -+, 9gm—r) are independent, we have for all p € M:

pF(p) (0) = pf(p)(o) p(gly--wg?nfk)(p) (0)'

Moreover, recall that in the proof of the formula for independent intersection (Lemma 4.2.26) we
proved that the regular conditional probability of the direct sum of two independent z-KRok fields is
the product of the two regular conditional probabilities, see (4.2.22). In probabilistic notation, this
means that we can use Fubini’s Theorem to write for all p € M:

07(p) = prp) (0) E[a(f, p)J, F|F(p) = 0]

= 9 ()(0) Py O [a(£. DI [,(£. 9) () = 0] ‘f(p) _ o] (4.2.25)

where we wrote g :== (g1, -..,gm—k). By definition, we have
Jp(£,9) = lldpf* A+ AN dpfE A dpgr A+ Adpgmr]-

Moreover, we have pg(,)(0) = pg,(»)(0) -~ pg,. _,(»)(0). Let us write b; := py, ;) (0)(dpgilgi(p) = 0).
Using the independence of the g; we find

Py OB [Jp(f,9)lg(p) = 0] = Elldpf* A+ Adpf¥ Aby A-es Abp_gl| (4.2.26)

Now g; are AT fields so, by definition, we have Eb; = B(T,; M)/(27). This allows us to rewrite (4.2.26)
as follows.

Pg(p) (O)E [Jp(f, 9)l9(p) = 0] = (zﬂ%z (dpf1 A AdpfE A (Bm)A(mfk)>

where, abusing notation, we wrote B,, for the unit ball B(T;M ). Now we can compute this using
basic zonoid calculus and in particular our favourite lemma: Lemma 2.2.17, to get:

P OEL(f.9)lg(p) = 0] = Wf (dpfl A /\dpfk> _ (m = k)l

@mym—t

m—k (

Using the identity (m — k)km—gSm—r = 2(27) see Lemma A.4) and reintroducing in (4.2.25)

gives what we want.

O
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Expected volume density
Of course we would like to relate the alpha formula to the zonoid section defined earlier. The first case
and the one we will use the most is the following.

Theorem 4.2.30 (M-Stecconi). Let fECY(M,RF) be z-KRok and consider the random submanifold
of codimension k given by X := f~1(0). Then for all open set U C M we have

E [vol_x (X N U)] = /U (¢5(p)) AM ()

where (s (p) is the zonoid section defined in Definition 4.2.9.

Proof. This is a direct application of the alpha formula Lemma 4.2.29 with a(f,p) = 1y (p) where 1y
is the indicator function of the subset U. O

A way of seeing this result is to say that the measure on M given by U — E [vol,,_,(X NU)]
admits a density and this density is p — £({f(p)). Applying this to the random intersections of z-KRok
fields (see Lemma 4.2.26) we get the following.

Corollary 4.2.31. Let fiECY(M,R%), ..., fr€CY(M,R) be independent z-KRok fields such that
we have ¢ :== ¢1 + -+ + ¢, < m and consider the random submanifolds X; = f;l(O), i=1,...,k.
Then for any open subset U C M we have

E[VOImfc(le"'kamUﬂ :/UE(Cfl(p)/\/\ka(p))dM(p)

Specializing again to the case where all the codimensions are one we get the following.

Corollary 4.2.32. Let fi€C*(M,R),..., fLECH(M,R) be independent z-KRok fields and consider
the random hypersurfaces X; := f[l(O), i=1,...,k. Then for any open subset U C M we have

M)lmm_k/UMV (Cn (), Cp(p), B(Ty M)[m — k]) dM (p)

where MV denotes the mized volume (see Section 1.1.2) and B(T; M)[m — k] denotes that the convex
body B(T;M) 18 repeated m — k times in the argument. In particular, when k = m we get

E Volp_i(X1 NN XpNU)| =

E (X1 N0 X N )] = m! /U MV (1, (), 1o (p)) M (). (4.2.27)

Proof. Once again, we apply our useful lemma, Lemma 2.2.17 to find that

(¢ (P) N+ NCp(p) = mg@h (P) A+ A g (p) A BY™F)

where, abusing notation, we wrote B,, := B(T;M). Then the result follows from the previous one
(Corollary 4.2.31) and the fact that the wedge product of m zonoids is equal to m! times their mixed
volume (see (2.2.4)). O

Now the Alexandrov-Fenchel inequality can be interpreted in terms of random intersection (see
(2.2.8)). We call the following the Kac-Rice Alexandrov-Fenchel inequality, abbreviated KRAF.

Theorem 4.2.33 (KRAF,M-Stecconi). Let g1,...,Gm_2, f1, f1, f2, fyECH(M,R) be independent z-
KRok fields, such that f] is distributed as fi and f} is distributed as fo. Let Y := (g1)~1(0)N...N
(gm—2)"1(0), X; := (f))71(0) and X| := (f/)=1(0), i = 1,2. Then we have for all open subset U C M :

E#XinXoNnYNU)| > / \/5#memY(P) : 5#X20X50Y(p) dM (p)
U
where for i = 1,2 we wrote

dpxinxiny (p) == €(Cr (P) A Cpr(p) A Gy (D) A+ A, o (P))-

Remark 4.2.34. Note that a positive answer to Conjecture 5 would mean that we can replace the
random field (gi,...,gm_2) by any z-KRok field g€ C*(M,R™~2) independent of the other random
fields.
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Current of expected integration

We are now going to show that the differential form oy € I‘(AkT;M), defined in Definition 4.2.9,
computes the average of integration of differential forms. If M is orientable, given a differentiable form
n € T(A?T*M) of degree d and an oriented submanifold S C M of dimension d, one can integrate 7
on S. Formally, if ¢ : S <+ M is the inclusion, then the pull-back dv*n € T'(A?S) defines a top degree
differential form that can be integrated on S (we insist that S and M are assumed oriented). We
denote

nls = de*n.
In local coordinates, if for ¢ € S, we have v1(q),...,¥m—a4(q) an orthonormal basis of N,S C T;M
then the integral is given by
Lals = [ @ - nvela) Ania) asa) (4225)

where, using the orientation, the map q — v1(q) A -+ Avim—a(q) An(q) € AT, M = R is considered
as a real valued function.
We are now ready to give a precise statement.

Theorem 4.2.35 (M-Stecconi). Assume that M is orientable. Let 1 < k < m, let fECT(M,RF) be
a z-KRok field, let X := f=1(0) and let n € I‘(Am*kT;M) be a continuous differential form of degree

m — k. Then we have
EU nx} :/ of N1).
X M

Proof. We will apply the Alpha formula Lemma 4.2.29 with a,, : C1(M, R¥) x M — R given by 0 if
Jpp = 0 and else by

1
oy (p,p) — J—dpwl/\--~/\dpcpk/\n
p¥

where we used the orientation to identify A™T;M = R. Note that a, is uniformly bounded in ¢,
indeed for all (¢,p) € C1(M,R¥) x M, we have |a,(p,p)| < ||n(p)||. In the left hand side of the Alpha
formula (4.2.23), we get

E {/Xa(f,p)dX(p)} =E {/Xz/(p)/\ndX(p)]

where v(p) = ﬁdpapl A+ Adpp®. Now it is enough to see that v(p) € AkT;M represents the

subspace N, X C T,y M in Pliicker coordinates and thus applying (4.2.28) we get:

B[ [ atrnaxw)] =& [ alx].

Now it remains to compute the density (5?”. By definition (see (4.2.24)) this is given for all p € M by:

85" (p) = pr(OE[a(f.p)Jpf | f(p) = 0]
= ps(0)E [dp A+ Adpe® An| f(p) = 0]
= ps(0)E [dpe" A+ Adp® | f(p) = 0] A

where on the third equality we used the linearity of the map v — v A n. Now we recognize in the last
line of(p) A n and this concludes the proof. O

This formula when k& = m allows to do an expected sign count of points of intersection. The
following is a direct consequence of the previous result.
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Corollary 4.2.36. Let M be oriented and let fi, ..., fn ECY(M,R) be independent z-KRok fields and
let X; = f[l(O), i=1,...,m. Then for all open set U C M, we have

E[#i(X1ﬂ~~ﬁXmﬁU)]:/Ofl/\"'/\Ofm
U

where #4 (X1 NN X, NU) is the number of points of intersections in U counted with sign, i.e.

#+(X1N---NX,NU) = > sign(dyfi A -+ Ady fm)-

peX1N---NX,,NU

Note that under the hypotheses of Corollary 4.2.36, for all p € M, the zonoid (¢, (p) A--- Ay, (p)
is a zonoid in A™T;M = R and thus a segment in R. This segment contains the information of both
the count of points of intersection with or without sign. Indeed, its length gives the count without
sign by Theorem 4.2.30 and its center is %of1 A---Noy, which, as we just showed, computes the count
with sign.

What does the zonoid section know?

We have seen two cases of the Alpha formula (Lemma 4.2.29) where the density 0% was a function of
the zonoid section (y. We can ask what are the conditions on the function a for this to be the case.

Proposition 4.2.37. Let a : C*(M,RF) x M — R be a measurable function that is given for every
(,p) € CH(M,R*) x M by 0 if J,p =0 and else by:

a(p,p) = (Jp<P)71T(dp<P1 ARERRA dp‘/’k) =+ (Jp<P)71F(dp901 ARRRRA dpﬁak)

where T : A¥T*M — R is linear on the fibers and F : A*T*M — R is positively homogeneous on the
fibers. Then for every z-KRok field fEC'(M,R*) and every p € M, the density 6% (p) is a function of
the zonoid C¢(p).

Proof. Let fECY(M,RF) be z-KRok and let p € M. By definition, see (4.2.24), the density is given by

55 (p) = sy (O)E [T (dpf* A+ Adpf*) [£(p) = 0] + ppy (OE [F (dpf* A+ Adpf*) | f(p) = 0]

The first summand gives
i O [T(dpf' A+ Adpff)|f(p) = 0] = T (pp) (O)E [dpf' A+ Adyf*|f(p) = 0]) = T(05(p)).

For the second term, if we call Y := p(,) (0)(dpf* A -+ Ad,f*|f(p) = 0) then we have tautologically

Pi) OE [F(dpf' A+ AdyfF)|f(p) = 0] = E[F(Y)]

But since F' is positively homogeneous, by Proposition 1.2.29, this does not depend on the random
vector Y but this is a function of the zonoid EY = (;(p) and this concludes the proof. O

The current of expected integration treated in Theorem 4.2.35 is the case where FF = 0 and T is
the map given for each p € M and for each 8 € AkT;M by T(8) = 8 An(p). The case of density of
volume covered in Theorem 4.2.30 is the case where T' = 0 and F is the norm (given by the Riemannian
structure).

In the latter, we actually need less than the zonoid section and we can reduce to valuations. For
each point p, recall that the space val™ (T, M) denotes the translation invariant continuous valuations
on convex bodies of T),M, see Section 3.1. Recall that to each Grassmannian zonoids ¢ € ¥ (k, T, M)
(equivalentely to each measure on the Grassmannian G (T, M)) we associate a valuation in val™* (T, M)
and that this map is an algebra map, see Section 3.3. Thus for each z-KRok field f€C(M,RF), the
zonoid section (f € I'(9(k,T*M)) gives rise to a section ¢¢ € T'(valf (TM)) where val; (TM) is
the (infinite dimensional) vector bundle whose fiber at the point p € M is val} (T,M). Now since
length of wedge product of Grassmannian zonoids can be evaluated in the algebra of valuations (see
Lemma 3.3.16), we can argue as in Proposition 4.1.15 to obtain the following.
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Theorem 4.2.38 (M-Stecconi). Let f€CT(M,R*) be z-KRok, let X := f~1(0) and let ¢ € T'(vali (TM))
be the valuation section associated to the zonoid section (; as explained just above. Then for every
open set U C M, we have o

E [voly_x (X N U] /¢f M))dM (p).

Moreover, let fi€CH(M,R%),..., fLECY(M,R) be independent z-KRok fields that satisfy c :=
S e <m, let X; = f;1(0) and let ¢y, be the valuation section associated to the zonoid section (,,
i=1,...,n, then for every open set U C M, we have: o

B frol o (X2 010X, V0] = o= [ (@(0) A+ 1 6, (0) (BT, AD) M)

Similarly as we did in the end of Section 4.1.2, we can relate this to the theory of valuations on
manifolds, see [6]. Indeed, Alesker showed in [6, Sectlon 3.1] that the space of smooth valuations on a
manifold M admits a filtration whose corresponding graded algebra is the vector bundle of valuations
on T'M, i.e. the vector bundle whose fiber at a point p € M are the smooth valuations on the convex
bodies of T,M and this construction is compatible with the various products of smooth valuations
defined. It is clear that the link between the theory presented here and the theory of valuations on
manifold runs deeper than this and understanding it better will be the subject of future works of the
author.

4.2.4 Crofton formula in Finsler geometry

A Finsler structure on a manifold M is the choice, for every point p € M, of a norm F, on each
tangent space 1, M that depends continuously on p and such that the unit ball in T}, M is curved for
all p. This gives a well defined notion of length of curves. Indeed, given « : [0,1] — M a smooth curve,

one defines L
o= [ B

In our case, the choice of a full dimensional convex body in each cotangent space induces a norm
on the tangent space. Indeed if ((p) C Ty M is a convex body containing the origin in its interior
then h¢e,) @ TpM — R defines a norm (not necessarily symmetric). In our case the convex body
can be taken centrally symmetric (by taking the centered the zonoid section, (¢) but it is not always
full dimensional, let alone curved. In the case where it is not full dimensional it only defines a sems
norm.Note that Finsler structure such that the dual of the unit balls are zonoids are sometimes called
hypermetric.

Definition 4.2.39. We call semi Finsler structure a collection of semi norm Fj, : T, M — R such that
there exists ((p) C Ty M a convex body containing the origin depending continuously on p € M such
that F, = he¢p)-

Remark 4.2.40. The convex body ((p) C T,y M is contained in an hyperplane vt with v € T, M if and
only if he@py(v) = 0. For the semi Finsler structure, it means that travelling along the direction v is
free and curves that passes at p tangent to v have locally length zero. In the case where the zonoid is
¢(p) = C¢(p), the centered zonoid section of a z-KRok field, this happens if and only if (d, f|f(p) = 0)

is in v almost surely.

The (centered) zonoid section of a z-KRok field with value in R defines a semi Finsler structure.

Definition 4.2.41. Let fEC!(M,R) be a 2-KRok field and condsider the random hypersurface given
by X := f~1(0). We denote by FX the semi Finsler structure induced by (;(-) that is the centered
zonoid section of f defined in Definition 4.2.9. More explicitely, this is defined for all p € M and all
v e T,M by

P (0) o
FX(v) = f(” [|dpf )| ‘f ] (4.2.29)

p
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Remark 4.2.42. Note that we abused notation and wrote FX while a priori this could depend on the
choice of f.

Our previous results interpret in this context as follows. This is to be compared with the classical
Crofton formula (4.1.8).

Theorem 4.2.43 (Crofton formula in Finsler geometry, M-Stecconi). Let f€CY(M,R) be z-KRok
and consider the random hypersurface X := f=1(0). Let v : [0,1] — R be a C' curve such that X is
transversal to v almost surely. Then

E#(yN X) =26 ().

Proof. Consider the random field f o y€C!([0,1],R) and apply the pull-back property Lemma 4.2.17.
By (4.2.13), we have

h(fow(t) (at) = h(f(«,(t)) (’Y(t))

Remember that (o~ () lives in a space of dimension 1 (formally the cotangent to [0, 1] at ¢) and thus
its length is given by

U(Croy () = heson () (O6) + hepo (1) (—00)
= h¢s (3(®) + Ry (=)
= Qth('y(t))(;Y(t)) = QFX(/j/(t)).

Applying Theorem 4.2.30 to the random z-KRok field f oy, we obtain

1 1
E4(f o) }(0) = / ((Cron(t)) dt =2 / FX(3(t)) dt

We recognize on the right 2¢F (v). To conclude, note that (f o ~)~1(0) = y~1(y N X) and thus
#(f 07)7H0) = #(v N X). -

Constructions of Finsler structures that admits a Crofton formula are known for random hyper-
planes in projective space, see [18, 72, 78]. Moreover, a more general result very similar to The-
orem 4.2.43 can be found in [8, Theorem A] although the z-KRok hypothesis is significantly less
restrictive and the construction of the metric FX explicit with (4.2.29).

Unlike for the length, there are several definitions of volume in Finsler manifolds. One way to define
k-dimensional volumes of submanifolds is to define a k-density, that is a nonnegative homogeneous
function ¢, on the simple vectors of A*T'M. The k-densities satisfy a pull-back property and thus,
given an embedded submanifold ¢ : S < M, t*¢}, defines a density (in the classical sense) and can be
integrated. The k-volume of S is then defined to be

voly, (5) ::/L*(pk.
s

See [7] for the possible choices of k-densities and more details. One of the most common choice is the
Holmes-Thompson density. To define it, it is convenient for us to use the Riemannian metric on our
manifold M and assume that the semi Finsler structure is given at each point p € M by a convex body
C(p) C Ty M in such a way that F}, = h¢(y)-

Definition 4.2.44. The k** Holmes-Thompson density 902“5 is given for all p € M, and all simple
vectorsv=vi A--- Av € A’“TpM

vi A A
@Z‘t(vl/\.../\«vk) = uvol

k(™o (C(P)))

K
where ||+ || is the norm on A*T, M induced by the Riemannian structure, 7, is the orthogonal projection
onto Span(vy,...,v;) (identifying the space and its dual) and voly, is the k-dimensional volume for the

Riemannian metric in T, M.
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The reader can refer to [7, p.19]. One can also show that this definition doesn’t depend on the
choice of the Riemannian metric, however, in our case this becomes clear with the next lemma.

Lemma 4.2.45. If the semi Finsler structure is given al each point p € M by a zonoid {(p) C oM
then the Holmes—Thompson density is given by
2
nt _
Pl Ty e
Proof. This is a consequence of the definition and Lemma 2.2.20. O

With this notion, we obtain a Crofton formula for higher dimensional volumes.

Theorem 4.2.46 (M-Stecconi). Let 1 < k < m, let f1,..., [r€CH(M,R) be iid z-KRok fields, let
X, = f;l(O) and let X*) .= X1 N---NXy. Letv: S < M be an embedded submanifold of dimension
k such that X®) is transversal to S almost surely, then we have

E4 (s N X<k>) = klrg volE ™ (S)

where volfx1 denotes the Holmes—Thompson volume for the semi Finsler structure FX1 defined by
(4.2.29).

Proof. The proof is almost identical to the proof of Theorem 4.2.43 but let us repeat it, if only to
compute the constant. Let f) := (fi,..., fr)ECY(M,R¥) and consider f*) o L€CT(S,R¥). Since
S is almost surely transversal to X(*) = (f(®))=1(0), by the pull-back property (Lemma 4.2.17) it is
z-KRok and we have for all ¢ € S

* * * k
Cromo(@) = dgt" oo (1(9)) = dge™ ((Cr ((@))) = (dge™ G (@)™ -
where the second equality holds because f*) := (f1,..., fr) and f1,..., fi are iid and the third equality

is by definition of the linear maps induced in the exterior algebra. We fix a Riemannian structure on
S such that ¢ is a Riemannian embedding and we let w, € A¥T9S be the choice of a volume form (if S
is not orientable we can work locally). Now we note that (s ,,(g) lives in the one dimensional space
AKT,S thus its length is given by:
¢ (Cf(’“>0L(Q)) = th(k)OL(Q) (wq) + th(k)o,l(Q)(fwfI)
= th(k)(b(q))(qu(wq)) + th(k) (L(q))(qu(qu))
= 2h¢ 1) (o)) (dgt(wg))

= QhCL(L(q))Ak (dgt(wy)) = Klrrplt(dge(wy)).

Where here ¢}'* denotes the Holmes Thompson density for the semi finsler structure defined by (y,.

To conclude, we note that #(f*) o0¢)=1(0) = #(S N X™®) and thus applying (4.2.27) to the z-KRok
field (f*) o01) we get

E#(SNX®) = /

4 (Cf“’)OL(Q)) dS(q) = k!“k/ ‘P}lzt(dqb(wq)) dS(q)
S S

which is what we wanted. O

In the case where the random field is an AT field for M we obtain the following Crofton formula
in Riemannian geometry.

Corollary 4.2.47. Let fECY(M,R) be an AT field for M, let fi,..., fi be iid copies of f and let
X®) = frh0)yn---n f71(0). Then for any submanifold S < M of dimension k, we have

E# (SﬂX(k)) = é volg(S)

where vol(S) denotes the Riemmannian volume of S.
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Proof. As observed in Remark 4.2.23, any submanifold is almost surely transversal to the zero set of
the AT field. By definition, the Finsler structure obtained from an AT field is the Riemannian metric
multiplied by 1/(27). Now the result follows from Theorem 4.2.46 and the identity k!siri = 2(27)F,
see Lemma A 4. O

If we consider the submanifold S in Theorem 4.2.46 to be again random, given by z-KRok fields,
we obtain the following funny formula.

Corollary 4.2.48. Let fi,..., fx,g1,- -, 9m-_r ECY(M,R) be independent z-KRok fields with f1,. .., fr,
respectively g1, ..., gm_k, identically distributed. Consider X®) = (f1)=1(0) N --- N (fr)~*(0) and
Ym=F) .= (g1)7H0) N -+ N (gm_r) "1 (0). Then we have

Kl [volf * (Y<m—k>)] — (m — k)i E [volf,f,k (XW)]
where VolkFX , respectively VOlS::k, denotes the Holmes-Thompson volume for the semi Finsler structure
defined by Cy, , respectively by Cg, -

Proof. Applying the previous result Theorem 4.2.46 successively to fi,..., fi, fixing Y™ %) and to
g1, gm—p fixing X®*) we get, using the independence assumption, that both sides are equal to
E#(X®) Ay (m=k), O



Appendix A

Gamma function, spheres and balls

In this appendix, we present the Gamma function and formulas involving this function and volumes
of spheres and balls. The reader can refer to the Wikipedia pages “n-sphere” [93], “Gamma function”
[91] and “Multiplication theorem” [92].

Definition A.1. The Gamma function is the function given for all complex number z with non
negative real part by:

F(z):/ t*~te~tdt.
0

In what follows we will only be interested in the value at real points. The Gamma fuction is a
famous analytic generalization of the factorial as it satisfies for all non negative integers n > 0:

I'(n+1) =nl
More generally, we have for all z > 0:
I(z+1) = al(x).
Another useful formula is the following.

Lemma A.2 (Legendre duplication formula). For all x > 0, we have:
1 1-2x
['(z) (z+ 3) = 2 Vv T(2z)
Applying it to x = m an integer, we deduce the value of the Gamma function at half-integers

points.

Lemma A.3. For all m > 0, integer, we have:

1) _ V7 (2m)!

F —
<m+2 9m

The volume of spheres and balls can be expressed with the Gamma function. Recall that B,, =
B(R™) is the unit ball of R™ and that we denote S™ = S(R™*!) the unit sphere in R™*1. Moreover,
recall that we denote their volume by

Km := VOl (Bm); Sm := VOl (S™).

We have for all m > 0:

m m+1
2

Lo oo
Toml (%) Toor(mH)
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Note that in even dimension, this gives for all n > 0:

and in odd dimension, for all n > 0:
| ﬂ.n—i-l

@n+ 1)

Ron+1 = 2(277)”

We find that the quotient gives for all n > 0

Kon 1 [2n : Sont1 _ T 2n . (A1)
Kon—1 22" \ n Son 2n\n

Using Legendre duplication formula we also find the following.

Lemma A.4. For all m > 0, we have:

mlkmSm = 2(2m)™.
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