Mixed volume of infinite-dimensional convex
compact sets

Mariia Dospolova

Abstract

In 1985, B. S. Tsirelson discovered a deep connection between Gaussian
processes and important geometric characteristics of a convex compact sets in
a separable Hilbert space, called intrinsic volumes. In this work, we generalize
Tsirelson’s theorem to the mixed volumes of the infinite-dimensional convex
compact sets, first introducing this notion and studying its properties. Using
the obtained result we compute the mixed volume of the closed convex hulls
of the two orthogonal Wiener spirals. Moreover, we prove an analogue of the
Tsirelson’s theorem for Grassmann angles of infinite-dimensional convex cones.
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1 Introduction

1.1 Intrinsic volumes

Let K C R? be a non-empty convex compact set and dim K be the dimension of K
(that is, the dimension of the smallest affine subspace containing K). One of the most
important geometric characteristics of K is its intrinsic volumes Vo(K), ..., Vi(K),
which are defined as the coefficients in the Steiner formula (see, e.g., [19, rela-
tion 14.5])

VOld K + /\Bd Z Kq— ka )\d_k, A 2 0, (1)

where Voly(+) denotes the volume (d-dimensional Lebesgue measure), B is the k-
dimensional unit ball and sy := Vol,(B*) = 7%/2/T'(£ + 1) is the volume of B*. In
other words, the volume of the neighborhood is represented by a polynomial whose
coefficients depend on the set K.

The intrinsic volumes play an important role in convex geometry (see, e.g., [18]).
In particular, it can be shown [19, Section 6.2] that V() is the d-dimensional volume,
Va_1(+) is half the surface area for d-dimensional convex compact sets, Vi(-) is the
mean width, up to a constant factor, and V(-) = 1.

Moreover, the normalization in (1) is chosen so that the intrinsic volumes of
the set do not depend on the dimension of the ambient space. This means that
if we embed K into RY with N > d, the intrinsic volumes will be the same. This
observation allowed Sudakov [20] and Chevet [3] to generalize the concept of intrinsic
volume to the case of infinite-dimensional K as follows.

Let H be an infinite-dimensional separable Hilbert space. Then for an arbitrary
non-empty convex set K C H we define Vi (K),k =0,1,..., by the formula

Vi(K) = sup Vi(K') € [0, 0], (2)

K'CK

where the supremum is taken over all finite-dimensional convex compact subsets
K’ of K.

In the next subsection, we formulate the well-known results demonstrating a deep
connection between the intrinsic volumes of some convex compact sets and Gaussian
processes.



1.2 Sudakov’s and Tsirelson’s theorems

A mean-zero Gaussian random process (£(h))nem over a separable Hilbert space H
is called isonormal if its covariance function has the form

cov(§(h),&(g)) = (h, g), (3)

where (, ) denotes the inner product on H.
In his paper [20, Proposition 14] Sudakov discovered a connection between the
first intrinsic volume and the expectation of the supremum of an isonormal process.

Theorem 1 (Sudakov). For a conver compact set K C H

Vi(K) = V2r E sup &(h). (4)
heK
Later Tsirelson [23, Theorem 6] generalized Theorem 1. Let {&(h): h € H},
1 < i < k, denote k independent copies of the isonormal process. Then the k-
dimensional spectrum of a convex compact set K C H is defined as the following
random set;:

Spec, K = {(&1(h), ..., &(R)): h € K} C R,

To formulate Tsirelson’s result, we first need the notion of a GB-set. A subset K
of a separable Hilbert space H is said to be a GG B-set if there exists a modification of
the isonormal process with index set K, which has almost surely bounded realizations
(see Section 3 for detailed definitions and properties). It is known [20, Theorem 1]

that the property of a convex K to be a GB-set is equivalent to V;(K) < oo. In the
latter case Vi(K) < oo for all k=0,1,... (see, e.g., [3]).

Theorem 2 (Tsirelson). For all convex compact GB-sets K C H and allk = 0,1, ...,

(27T)k/2
k’!/ik

Vi(K) = E Vol (Spec, K). (5)

Remark 1. In the case when K C R?, k < d, the last formula can be rewritten as

92 k/2
Vi(K) = ( kf) E Vol (AK),
‘K

where A is a standard Gaussian matrix of size k x d (whose entries are independent
standard normal random variables), Spec, K = AK = {Ar : x € K} C R*,

Notice that in R? for all non-empty convex compact sets V;(K) < oo; therefore,
in the finite-dimensional case, it is not necessary to assume the G B-property, since
it is certainly satisfied.



Remark 2. Strictly speaking, in Theorem 1 we need the existence of a separable
modification of the process £, and in Theorem 2 we need the existence of a so-called
natural modification of &; (see Subsections 3.3, 3.4 for details). We will show that
under the assumptions of Theorems 1, 2 the corresponding modifications do exist
(see Statement 1).

The main goal of this work is to obtain a generalization of Theorem 2 to the
mixed volumes defined in the next subsection.

1.3 Mixed volumes

In 1911, Minkowski proved [16] that for arbitrary non-empty convex compact sets
Ki,..., K, CR? the functional Volg(A\ K7 + ...+ \K,) for Ay,..., Ay =0 is a ho-
mogeneous polynomial of degree d with non-negative coefficients:

Vola(MK1 4.+ XK =D > Ny A Va(KGy, L KG). (6)

i1=1  ig=1

The coefficients %(Kip ce
are symmetric with respect to the permutations of K, ,..., K;,.
Va(Ky,, ..., K;,) is called the mized volume of K, ... K;,.

It is easy to understand (see, e.g., [18, Section 5.1]) that intrinsic volumes are
special cases of the mixed volumes, namely,

K;,) are uniquely determined if we assume that they
The coefficient

d
Vi(K) = Mf/d(K, LK B BY). (7)
fd=k k times

The theory of mixed volumes finds wide application in convex and algebraic
geometry |2, Chapter 4], inequalities [18] and the theory of Gaussian distributions [9].
Some of the properties of the mixed volumes are given in Subsection 3.5.

A well-known inequality related to the mixed volumes is the Aleksandrov—Fenchel
inequality (see, e.g., [18, Section 7.3]), independently proven by Aleksandrov and
Fenchel.

Theorem 3 (Aleksandrov, Fenchel). Let Ky, Ky, ..., K4 be non-empty convexr com-
pact sets in R?. Then

V2K, Ky, ..., Kg) > ViK1, K1, Ks, ..., Kg)Vy(Ks, Ko, Ks, ..., Ky). (8)



Remark 3. If Ky and K5 are homothetic, i.e., Ky = AK; + = for some A\ > 0 and
r € R? or one of K, K is a one-pointed set, it is not hard to prove that equality
in (8) holds (see Properties 3, 4 of the mixed volumes in Subsection 3.5). However,
the complete classification of the equality cases is still unknown.

The Aleksandrov—Fenchel inequality generalizes many well-known inequalities,
such as the Brunn-Minkowski inequality, the Minkowski’s inequalities, the isoperi-
metric inequalities. We refer to the book of Schneider [18]| for more detailed infor-
mation.

In the next subsection, we consider conic counterparts of the intrinsic volumes,
so-called Grassmann angles.

1.4 Convex cones and Grassmann angles

We begin this subsection with the well-known notion of a solid angle. Let C' C R? be
a convex cone (equivalently, C' is a closed convex set such that Az € C for all z € C
and A > 0), U be a random vector uniformly distributed over the unit sphere in the
linear span of C' in R? (U € lin C' N'S1). The solid angle of a convex cone C' C R?
is defined as

a(C):=PJU € C].

As above, we will denote by dim C' the dimension of the cone C' (i.e., the dimension
of the smallest linear subspace containing C').
Note that if C' C R? has non-empty interior (i.e., dim C' = d) and

C # R,

then its solid angle a(C') can be calculated as the one half of the probability to be non-
trivially intersected with the random line W, passing through the origin randomly
chosen with respect to the Haar measure:

o(C) = PO, # {0)]

This observation encouraged Griinbaum |[8] to introduce the generalization of
the solid angle in the following way. Let W, be a j-dimensional linear subspace
randomly chosen with respect to the Haar measure on the Grassmannian of all linear
j-dimensional subspaces in R?. Define the j-th Grassmann angle of the convex cone
C C R? as the probability of the non-trivial intersection of C' with the random
(d — j)-plane Wy_;:

’}/J(C) = P[CﬂWd_j#{O}], ]:0,1,,d



If C' is a d-dimensional cone, its solid angle can be expressed in terms of the Grass-
mann angles:

1 1 1 1
a(C) = 5%,1(0) + 5]1[0 =RY = §P[O NW; # {0}] + §IL[C =RY.
In [8], Griinbaum showed that, like the solid angle and the intrinsic volumes, the
Grassmann angles do not depend on the dimension of the ambient space: if we
embed C in RY with N > d, the Grassmann angles remain the same. In particular,
for a linear j-plane L; CR? j=1,...,d, we have

Yo(Ly) =...=v-1(L;) =1, v(L;)=...=(L;) =0.

For C' = {0}, we have v(C) =71 (C) =...=0.

It turns out that the Grassmann angles are conic counterparts of the intrinsic vol-
umes. Generally speaking, there are at least two conic functionals that can be consid-
ered as conic analogs of intrinsic volumes with similar properties: Grassmann angles
and the so-called conic intrinsic volumes. It is well known that these two concepts
are related to each other by linear expression (see, e.g., [19, p. 261, Crofton formulal).
At the same time, they have an important difference for us: Grassmann angles are
monotone under set inclusion, while conic intrinsic volumes in general are not. In
this paper, we are going to work with Grassmann angles and will not delve into the
concept of the conic intrinsic volumes. We refer the reader to the works [15, 19] for
more detailed information about conic intrinsic volumes.

Another goal of this paper is to find a conic analogue of Tsirelson’s theorem for
Grassmann angles.

Next, we formulate the main results of this work.

2 Main results

2.1 Generalization of Tsirelson’s theorem

In order to generalize Theorem 2 to the case of mixed volumes, we first construct an
isonormal Gaussian random process according to Tsirelson [22].

Consider a linear topological space with mean-zero Gaussian measure (£, ) and
its kernel Ey C E (see Section 3 for definitions and properties). Since the kernel is
a Hilbert space, the inner product on Ey is defined, which we will denote by ( , )z,
(it is uniquely determined by the measure 7). For each § € E; the linear functional
(0,m) g, is continuous in € Ey and has a unique (up to equality almost everywhere)



extension to a linear functional, measurable in x € E (see [12, Section 9, Lemma 2|
or [1, Corollary 2.10.8]), which we denote by (6, z). Moreover,

/E (6.2)(dx) = 6] = (6.6). (9)

Thus, for any set K C Ey, the isonormal Gaussian random process (6, z) is de-
fined, where § € K, x ranges over the space E equipped with the Gaussian measure 7.

To state and prove the main result, we will consider the kernel Fy as H and the
process (0, -) as isonormal process.

Let us rewrite Theorem 2 according to the notation of this subsection for further

convenience. Formula (5) for £ = 0,1, ..., becomes
(2m) k/2
Vi(K) = P / / / Vol (Spec(z1, . .., x| K))y(dzy) . .. y(dxy).

Here K C Ej is a convex compact G B-set and
Spec(z1, ..., 2x|K) == {({0,21),...,{(0, 1)) : 0 € K} C RF

is the joint spectrum for xy,..., 2, € F on K.

Now we introduce the concept of mixed volume for infinite-dimensional convex
sets similar to (2).

Let K4, ..., K; C H be non-empty convex subsets of an infinite-dimensional sepa-
rable Hilbert space H. Then the mized volume V (K, ..., K}) of the sets K, ..., K
is defined as

d
V(Ky,...,Ky) = sup () ViK!,... K, B ... BY, (10)
K/CK; Kd—k m—/

where the supremum is taken over all d > k and all finite-dimensional convex compact
subsets K| C K;,dim K] < d,i=1,...,k.

Remark 4. The normalization in (10) is chosen so that for K; with dim K; < d,
the right-hand side of (10) does not depend on d, as well as in (7). Therefore,
V(Ky,..., Ky) is well defined.

The proof of Remark 4 can be found in Subsection 4.

Remark 5. The author of this paper found only one source |2, Chapter 4, Section 25],
which mentioned a possible generalization of the concept of mixed volume to the case
of infinite-dimensional sets. However, the normalization given there is incorrect and
for finite-dimensional sets the definition depends on the dimension d of the ambient
space.



Now we are ready to formulate the main result of this subsection.

Theorem 4. Fiz k € N. For convex compact GB-sets K; C Ey, i = 1,...,k,

we have
(27T)k/2
V(Ky,...,Ky) = e E V,.(Spec, K1, ..., Spec, K}
k
)k
k'/ﬁk / / Vk (Spec(zy, ..., xk|Ky), ..., Spec(xy, ..., xk|Ky))y(dzy) . .. y(dzg).

Remark 6. G'B-property of the sets K; ensures almost everywhere boundedness (and
convexity) of the sets Spec(z1, ..., x| K;).

Remark 7. As mentioned in the introduction (see Remark 1), in the case when
K; CR? i=1,... k, wehave Vi(K;) < oo, hence, the G B-property is automatically
satisfied and need not be assumed.

2.2 Example: mixed volume of the closed convex hulls of two
orthogonal Wiener spirals

Let us first recall the definition of the Wiener spiral introduced by Kolmogorov [11].
The set of functions
{1pg(-): t€0,1]} € L*[0, 1]

is called the Wiener spiral. This set is an important object in functional analysis [11].
Recall that the convex hull of a set F' is the smallest convex set containing F'.
Gao and Vitale [6] calculated the intrinsic volumes of the closed convex hull K

of the Wiener spiral (it is known that K is a compact subset of L?[0, 1]):

- k2

) = =t e

(11)

This was probably the first result that gave an explicit formula for the intrinsic
volumes of a non-trivial infinite-dimensional convex compact set. In particular, (11)
implies that Vi(K) < oo, so K is a GB-set (see Theorem 10 in Subsection 3.4).

Later similar results were obtained for other infinite-dimensional convex compact
sets [10].

Unsurprisingly, the Wiener spiral is closely related to the Wiener process. Let
{W(t): t > 0} be the standard one-dimensional Brownian motion. Consider the
standard two-dimensional Brownian motion

{X®(t) = (W), Wa(t): t > 0},

9



where Wi (t), Wa(t) are independent copies of W (t). Looking at the definition of the
Wiener spiral and Property (3) of the isonormal process, it is easy to see that Specy, K
has the same distribution as the closed convex hull of the two-dimensional Brownian
motion {X®(¢): t € [0,1]}.

Consider two Wiener spirals S; and Sy in L?[0, 2]:

St ={lpg(): t€[0,1]} € L*[0,2] and Sy = {Lpiey(-): t €[0,1]} C L?[0,2].

We denote the corresponding closed convex hulls by K7 and K5. In our next theorem,
we compute V (K, Ks).

Theorem 5. For the closed convex hulls K1 and Ky of two orthogonal Wiener spirals
we have

V(K Ky) = 2.

The proof of Theorem 5 uses Theorem 4 (see Section 6).

2.3 The Aleksandrov—Fenchel inequality

In this subsection, we generalize the Aleksandrov—Fenchel inequality to the case of
the mixed volumes of infinite-dimensional convex compact sets.

Theorem 6. Let K1, Ko, ... Ky be non-empty convexr compact sets in H. Then
VHKy, Ky, ..., K) =2 V(K Ky, Ks, ..., Kp)V(Ky, Ko, K3, ..., K}). (12)

We provide the proof of Theorem 6 in Section 7.

Remark 8. As in the finite-dimensional case (see Remark 3), if K; and K, are ho-
mothetic, then equality in (12) holds.

Remark 9. Let K;, i = 1,...,k, be convex compact G B-sets. Taking the expectation
of both sides of (12) for random sets Spec, K;, i = 1,..., k, we obtain
E V?2(Spec, K1,Spec, K, . .., Spec, K})
> E (Vi(Spec, K1, Spec, K1, Spec, Ks, . . ., Spec, K}, (13)
X f/k(SpeckKQ, Spec, Ko, Spec, K, ..., Spec, Kx)).

On the other hand, Theorem 4, together with the Aleksandrov—Fenchel inequality,
gives us another estimate for the mean mixed volumes. More precisely, if we apply

10



Theorem 4 to the left- and right-hand sides of (12), we get

(E Vk(SpeckKl,Specng, . ,Speck[(k))2
> E f/k(SpeckKl, Spec, K1, Spec, K3, ..., Spec, K},) (14)
x E f/k(Specng, Spec, Ko, Spec, K3, . .., Spec, K},).

The Cauchy—Schwarz inequality implies that the left-hand side of (14) is not greater
than the left-hand side of (13):

E V?2(Spec, K1, Spec, Ko, ..., Spec, K1) > (B Vi(Spec, K1, Spec, K, . . ., Spec, K))2.

Nevertheless, the right-hand sides of (13) and (14) are generally incomparable.
Thus, by Theorem 4 we obtain one more estimate for the mean mixed volumes
different from (13).

2.4 Analogue of Tsirelson’s theorem for Grassmann angles

As before, let H be a separable Hilbert space. A non-empty set C' C H is called
a convex cone or simply a cone, if C' is a closed convex set such that A\C C C for
all A > 0.

We shall introduce the concept of Grassmann angles for infinite-dimensional con-
vex cones similar to (2), (10). For j = 0,1,..., by definition, put

74(C) := sup 7;(C") = sup P[C"NWy_; #{0}], (15)
c'ce crce

where the supremum is taken over all d > j and all finite-dimensional convex cones
C'c C, dimC’ < d.

Remark 10. Since Grassmann angles for finite-dimensional cones are monotone under
set inclusion and do not depend on the dimension of the ambient space, v;(C) is
well defined.

Remark 11. It suffices to consider the supremum in (15) only over polyhedral finite-
dimensional cones (a cone is called polyhedral if it is the intersection of a finite number
of closed half-spaces which have 0 on their boundary).

The proof of Remark 11 is postponed to Section 8.
By the k-dimensional spectrum of the cone C, similarly to the case of a compact
set, we mean the following random set:

Spec,C == {(&(R), ..., &(Rh)): h € C} C R,

11



where &;, 1 < i < k, are independent copies of the isonormal process.

We say that the cone C' is a GB,-cone if C' is represented as a countable union
of G B-sets.

As above, to state and prove the following theorem, we use the kernel Fy as a
Hilbert space H and the process (f,-) as an isonormal process.

Theorem 7. Let C C Ey be a GB,-cone, and let k be some fized positive integer,
m :=min(dim C, k) < oco. Then for all j =0,...,m — 1 we have

E[y;(Spec,C)] = 7;(C).

Remark 12. For finite-dimensional cones, Theorem 7 was proved by Gotze, Kabluchko,
and Zaporozhets in [7, Theorem 3.5].

The proof of Theorem 7 can be found in Section 8.

Let us conclude this introductory part by describing how the rest of the paper
is organized. The next section contains the necessary concepts, definitions and facts
from the theory of random processes and convex geometry, which supplement the
information presented in the first two sections. In particular, in Subsection 3.4 we
formulate and prove Statement 1 auxiliary to Theorem 4 about one of the interpreta-
tions of the G'B-property of convex compact sets. Sections 4 and 5 contain proofs of
Remark 4 and Theorem 4. The proofs of Theorems 5, 6 are presented in Sections 6, 7.
Finally, in Section 8, one can find the proof of Theorem 7 about Grassmann angles.

3 Preliminaries

3.1 Gaussian vectors in linear spaces

Following [13, Chapters 1, 4] and [12, Sections 8, 9|, we present the definition and
basic properties of a Gaussian vector in a linear space.

Let E be a linear topological space, E* be the space of continuous linear function-
als on E. A random vector X taking values in E is defined as a measurable mapping
from some probability space (2, B,P) to E. At the same time, it is assumed that
the corresponding o-algebra of the space E is large enough: all continuous linear
functionals on E are measurable with respect to it.

A random vector X € E is called Gaussian if f(X) is a normal random variable
for all f € E*.

An element a € E is said to be the ezpectation of X if Ef(X) = f(a) for all
f € E*. A linear operator C' : E* — F is called the covariance operator of X if

12



for any f1, fo € E*

cov(f1(X), (X)) = [1(C f2),

where cov(+, -) denotes the covariance between two random variables. The covariance
operator C' has the following properties:

L f(Cg) =g(Cf) Vf g€ E" (symmetry);
2. f(Cf) =0 Vf e E* (non-negative definiteness).

The definition of a Gaussian vector makes sense when the space of continuous
linear functionals on E is rich enough. To this end, we will tacitly assume everywhere
below that E is a locally convex linear topological space, and the distribution of X
is a Radon measure. In this case, any Gaussian vector X has an expectation and
a covariance operator [12, Section 8| that uniquely determine the distribution of X.
Therefore, similarly to the finite-dimensional case, we denote by N (a, C') the distribu-
tion of the Gaussian vector X with expectation a and covariance operator C'. Under
the above assumptions, the distributions of all Gaussian vectors have form N(a,C).

In the following, we will be interested in mean-zero case when a = 0.

3.2 Measurable linear functionals and kernel

Consider a Gaussian vector X taking values in the linear space E. We will assume
that a = 0. Denote by v = N(0,C) the distribution of X in FE.

By definition of a Gaussian vector, the random variable f(X) has normal distri-
bution, so

Ef(X)? = /E (@) P (dz) < oo.

Thus, a canonical embedding I* of the space E* into the Hilbert space Ls(E,~)
is well defined. The closure of the image I*(E*) in Ly(F,~) is said to be the space
of measurable linear functionals and denoted by EZ.

The inner product in E7 is inherited from Ly(F,7):

(91,92 2 = [E 01 (2)g2 () (dx) = gy (X)ga(X);
122; = EQ(X)Q-

lg]

13



In what follows, we treat the operator I* as the embedding I* : E* — EZ.
We define the dual operator I : EJ — E by the following relation:

f(Ig) =(I"f,9)e: = Bf(X)g(X), VfeE g€k

It is known [13, Section 4.1] that under the assumptions stated in Subsection 3.1,
the dual operator [ exists, it is linear and injective, and, moreover, the covariance
operator C' can be factorized as

Cc=1I"

Finally, the kernel is defined as the set Fy := [ (Ef/) C FE equipped with inner
product

(01,02)py = (17101, 1 '03) e, 61,05 € Ey,
and hence with norm
101> == 10]1%, = (0. 0)5,, 0 € Ex.

The norm is well defined since the operator I is injective.

Thus, the kernel is uniquely determined by the measure v and provides the key
information about it (see [13]).

We collect some properties of the kernel (see [13, Section 4.1]).

1. C(E*) C Ey C E. If the kernel is finite-dimensional, then in the nondegenerate
case these three spaces coincide, otherwise they are all distinct.

2. If Ey is infinite-dimensional, then v(Ey) = 0.
3. The space Ej is separable.
4. The balls {0 € E, : ||0]] < R}, R > 0, are compact sets in E.

3.3 Separable and natural modifications of process

Let (2, B,P) be a probability space and T be a metric space. A random process
E(t,w), t € T, w € ), is said to be separable if there exists at most countable set
S C T (a separant of the process) such that for any open set U C T with probability 1
the following equalities hold:

sup£(f) = sup £(t), Inf&(t) = inf £(F).

teU teuns teUns

14



Recall that a random process (7(t))ier is called a modification of the process
(&(t))ser if these processes are defined on the same probability space and equality
P (&(t) =n(t)) =1 holds for any ¢ € T. A realization of the process (£(t))er is
the function ¢ — £(t,w) for some fixed w € Q. The following theorem (see, e.g.,
[1, Proposition 2.6.5]) provides a sufficient condition for the existence of a separable
modification of a mean-zero Gaussian process.

Theorem 8. Consider a mean-zero Gaussian random process ({(t)),cp on a set T.

Suppose that T with semimetric d(t,s) = \/E |£(t) — £(s)|? is separable. Then, there
exists a separable modification (n(t)).cr of the process (&(t)),crp-

To prove Theorem 4, the existence of a separable modification of the process
(0, ) is not sufficient. We need the so-called natural modification introduced by
Tsirelson [21].

A modification (n(t)):er of the process (£(t)):er is called natural if there exists a
metric p; on T such that (T, p;) is a separable metric space and the process (n(t))ier
has almost surely continuous realizations on (7', py).

Below we formulate a theorem (see [12, Section 7] or [1, Theorem 2.6.3, Proposi-
tion 2.6.4|) that allows us to check the existence of a natural modification in terms
of the oscillations «.

Theorem 9. Let (T, p) be a separable metric space and let (£(t))ier be a mean-zero
separable Gaussian random process with the continuous covariance function

(t,5) = E £(t)&(s).

Then there exists a non-random function o : T — [0, 00| such that with probability 1
forallt €T

a(t) = }:ii%supﬂg(uvw) - §(U7w)|’uvv € B(t,&)}7

where B(t,e) denotes the open ball of radius € centered at t.
Moreover, if a(t) < oo for all t € T, then the process (£(t))ier has a natural
modification.

3.4 ('B-sets: equivalent definitions and properties

As mentioned in the introduction, a GB-set is a subset K of a separable Hilbert
space H such that there exists a modification of the isonormal process with index
set K, which has almost surely bounded realizations.

15



In this subsection, we formulate the results of Sudakov [20, Theorem 1] and
Tsirelson [21, Theorem 3| on equivalent definitions of G B-set, and also prove an
auxiliary Statement 1 about the connection between the G B-property of a set and
the oscillation of a corresponding process.

Theorem 10 (Sudakov). Let K C H be a convex subset of a Hilbert space H. The
following statements are equivalent:

1. the set K is a GB-set;
2. Vi(K) < 0.

Theorem 11 (Tsirelson). Let K C H be a subset of a Hilbert space H. The following
statements are equivalent:

1. the isonormal process on the set K has a natural modification;
2. the set K is a GB,-set (that is a countable union of GB-sets).

Statement 1. Let K C FEy be a convex compact GB-set. Then Theorem 9 holds
for the process (0,-) on T = K with standard metric generated by the inner product.
Thus, the process (0,-) on K has a natural modification.

Moreover, the converse also holds. Consider a convex compact set K C FEqy with
standard metric satisfying all conditions of Theorem 9. Then K is a G B-set.

Remark 13. Note that Statement 1 can be deduced from Theorem 11. Nevertheless,
we will provide an alternative proof of Statement 1 for the reader’s convenience.

Remark 14. The existence of a separable modification of the process (6,-) does not
require the G B-property of the compact set K, as can be seen from the proof below.

Proof of Statement 1. First, let us check that the process (0, z), 6 € K, has a sepa-
rable modification.
We will use Theorem 8. Note that for 6,60, € K we have

61,92 . \/E’ 91, 92, |2 = \/E 91, <92,LE>2 — 2<91,$><92,I>)
= V/(01,01) + (03, 02) — 2(0s, 0) = \/(91 — 02,01 — 02) = |01 — 62|

Here in the third equality, we used the fact that the process (0, x), 6 € K, is isonor-
mal. Therefore, the semimetric d coincides with the standard metric on K, and hence
K is separable with this semimetric. Then, by Theorem 8, we can assume without
loss of generality that the process (6, -) is separable.
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Now we need to check the continuity of the covariance function.
Let (61,02) € K x K and [|6} — 01|| — 0, |65 — 62]] — 0 as n — oo. Let us
show that

E(0}, ) (6, ) = /E (67, 265, 7)1 (d) — / (61, 2B, )7 (dr) = B{By, 2) (0, ).

Indeed, by the isonormality of the process and the Cauchy-Schwarz inequality,

JE R SRy RORCIORERIC

— 1467, 82) — (61,62)]
(07 — 01, 02)| + [{0F — 01,05 — 02)[ + (05 — 02, 01)]
< 167 = 0116 + 185 — 8,182 — B3]l + 1165 — G2l .

Letting n — oo in the last inequality leads to the required relation.
Finally, let us verify that the oscillation « introduced in Theorem 9 is finite in

the case when K is a convex compact G B-set.
We have Vi(K) < oo by Theorem 10. We will need formula (4) for V4 (K):

Vi(K) = V27 | (sup(6, 2))y(da).

E 6eK

Assume that there exist § € K, Fy C E,v(E;) > 0 such that for z € E)

a(f) = liir(l)supﬂ(&l,x) — (02,2)|,01,02 € B(#,¢e)} = oo.
Since for z € E; we have

o0 = 04(0) < 2Sup |<07 (L’>|, sSup —<9,ZL‘> = Sup<07 _‘T>7
ocK 0eK ocK

and the distribution 7 is symmetric, we get a contradiction with finiteness of V;(K).
This means that «(f) < oo.
Conversely, suppose that () < oo for all § € K. Let us prove that in this case

v(z € E :sup|(f,x)] < o0) = 1.
0c kK

We fix ¢ € Ej, where E; C E is a set of full measure on which a(f) < oo
for all 0 € K.
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For each 0 € K we choose (), M (#) < oo such that
sup{|(by,z) — (62, 2)|, 01,62 € B(0,£(0))} < M(0). (16)

Consider the covering of K by balls {B(6,£(6))}scx. Since K is compact, we can
choose a finite subcovering of K of the form {B(#¢,£(60"))}¥, = {B;}Y,.
Then by the linearity of the process (6, -) and by relation (16), we have

sup [(0, z)| = max sup [( — 0", z) + (0, x
sup|(0.2)| = max. sup (0 = ,) + (7'

< i i
< max [(#',2)] + max sup [(§ — ', z)|

< max (6", z)| + max M(6") < oo.
1<i<N 1<i<N

Since the last inequality holds for all # € E; by our assumption, and y(E;) = 1,
we have y(x € E : supyeg [(0, )| < 00) = 1.

Thus, K is a GB-set. Then by Theorem 10, we obtain that V;(K) < oo.

The statement is proved. O

3.5 Properties of mixed volumes

We collect the basic properties of the mixed volumes defined in the introduction,

some of which we will need in the proofs of Theorems 4, 6. For a more detailed

introduction to mixed volume theory, we refer to [2, Chapter 4| and [18, Chapter 5].
For any non-empty convex compact sets K, K, ..., K; C R? we have:

1 Vy(K,...,K) = Voly(K).

2. Independence of order:

%(Kla v )Kd) = ‘Zi(KO'U s 7K0d>a
where ¢ is an arbitrary permutation of numbers 1,...,d.

3. Non-negative multilinearity:

ViAK, + NK! K, ... Ky)
= \Vy(K1, Ky .. Kg) + NVy(K K, ..., Ky) for A, N > 0.
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4. Invariance with respect to a parallel translation:
Vd(Kl+a1,...,Kd+ad) :Vd(Kl,...,Kd)

for any ai,...,aq € RY,

5. Invariance with respect to a unimodular affine transformation O:
Vi(OKy,...,0Ky) = Vy(Ky, ..., Ky).

6. Monotonicity with respect to each argument: let L;, ¢ = 1,...,d, be convex

compact sets such that K; C L;. Then

Va(Ki, ..., Kq) < Va(Ly, ..., La).

This property implies the non-negativity of the mixed volumes.

7. Additivity: if A, B, AU B C R? are non-empty convex compact sets, then
Vi(AUB,...,AUB, Kij1,..., Kq) = Va(A,.. ., A, Ky, Ky)

vV
7 times

+ Vi(B,...,B,Kis1,...,Kg) = V4y(ANB,...,ANB, K1, ..., Ky).

8. The mixed volume V is continuous function on (K%)¢, where by K¢ we denote
the collection of all non-empty convex compact sets in R? equipped with the

Hausdorff metric dg
(dg(Ki, Ky) :==inf{e > 0 : K|, C Ky + eB? and K, C K, +cB?}).

4 Proof of Remark 4

Let K; C R%. It is sufficient to prove that
(d+1

d
/@(k) Va(Ky, ... K, B .. B = 2LV, (K, ... K, B, B,
d—k Kd+1-k

Indeed, according to Minkowski’s formula (6),
Volg1 (MK + ..o+ MKy + ABH)
A
= / Volg(M KL + ..+ MKy + VA2 — 22B%)dz

A k+1 k+1

A
:/AZ...ZAH__,)\idXZi(Kil,...,Kid)dz,

=1 ig=1
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where M\jp1 = VA2 — 22, K;.; = B% To explain the first equality notice that the
intersection of the set \{K; + ... + M\ K + AB?*! with the horizontal hyperplane
RZ+(0,...,0, 2) gives us the set \{ K; +. ..+ K ++v/ )22 — 22B? and equality follows
from Fubini’s theorem.

Now let us look at the coefficient of the monomial A - - - A\ on the left- and right-
hand sides of the last equality.

By Minkowski’s formula (6) applied to the left-hand side, we obtain the coefficient

y d+1
k! ml(Kl,.--,Kk,Bd“,...,Bd“)( ’]: )Ad“’“.

On the right-hand side, the coefficient of A\ --- Ay is

>\ —
k! %(Kl,...,Kk,Bd,...,JB%%(Z)/ Vo= 2 iz
-\

Notice that

IR R G BV e R T kﬂ(g kj) 2}

-1

Comparing the coefficients, we obtain

) d+1
k! \/ClH(Kl,...,Kk,BW,...,Bd+l)< Z ))\‘”1"“

- d 1 _
— K VK, ... Ky, BY .. BY) <k>Ad+1—k/ Ja ="
—1

Taking into account the value of k; := /2 /T'(£ + 1) and the last equality, we have

d+1
( L >‘/d+1<K17'"7Kk7Bd+1)"'7Bd+1)K/d—k

d\ ~
= (k') ‘/;i(Kly sy Kkanv s 7Bd)l{'d+1—k7

which completes the proof.

5 Proof of Theorem 4

We divide the proof of the theorem into two cases.
Case 1. dimK; < oo for all ¢ = 1,...,k. In this case, taking into account
Remarks 1, 4, the statement of Theorem 4 can be rewritten in the following form.
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Statement 2. If K,,..., K, CRY k=1,...,d, then
ViK1, ..., KB .. BY) = g B Vi(AK,, ..., AKy),
where ci 4 = ”dk"“(—z)ﬂ)m AK; = {Ax : x € K;} C R* and A is the standard Gaussian

matrix of size k X d.

Proof of Statement 2. Let us look at Vol (Zle a; K+ (d— 1))\IB3d>.
By Minkowski’s theorem (6),

k d+k—1 d+k—1
Vol (ZaiKi—i—(d—l )\IB%d) ST Y N AV, LK), (A7)

=1 11=1 tg=1
where )\1 = O, .. .,)\k = O, )\kJrl =...= )\dJrk,l = )\, Kk+1 =...= KdJrk,l = ]Bd.
Therefore, in the sum on the right-hand side, the coefficient of A% is a polynomial
in a,..., a4, and the coefficient of A% *ay - - -, is equal to

k! (Z) Vi(Ky, ..., K, B ... BY).

On the other hand, considering K := >  a;K;, by Minkowski’s theorem (6),

we have

d d
Voly(K + (d — 1)ABY) = Z Z Aiy A, Va(Liy, ., L), (18)

=1 ig=1
where \y =1, Ay = =M=\ L1 =K, Ly = = L, = B%. In this case, since

the mixed volumes are 1nvar1ant with respect to perrnutations of the arguments, the
coefficient of A% will be equal to

d\ ~
( )Vd(K,...,K,IB%d,...,IB%d).
N —

k
k times
Further
k
VK, ... KB B DBy ) = F"d ky, Zale
— (%)

k times

(—5)““(2”)/13\/1 A : K
= W aps k Zaz‘ i
k =1

K (2 )k/2 k
_ o E Vol,, ZalAKl

=1
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Applying again Minkowski’s theorem (6), we conclude that E Vol (Ele (xiAKi)

is a homogeneous polynomial of degree k in «q,...,a; with coefficient of aq - oy
equal to 3
Kl EVy(AKy, ..., AKy).

Thus, on the right-hand side of (18) the coefficient of A**a; - - - ay, equals

om\k/2
(27) EVi(AK,, ..., AK}).

Kd—k
Kk

So, the left-hand sides of relations (17) and (18) are the same. Hence, the coeffi-
cients of A *q; - - - a;, are the same on the right-hand sides:

d\ ~ o2m)k/2 .
k! (k)Vd(Kl, L KiBY L BY) = LY EVi(AK,..., AK)).
R
This completes the proof of Statement 2.
]
Case 2. dim K; = oo for at least one index i =1,..., k.

According to Statement 1, the G B-property of the compact sets K; implies that
the processes (0, z),0 € K, have a natural modification.

Next, we reduce Case 2 to the finite-dimensional one (Statement 2).
Let Kl,l C KLQ C...C Ky, K271 C K272 C...C Ky, ..., Kk71 C Kk,g C...CK;.
Here K;; are finite-dimensional convex compact sets, and U2 Ky is dense in K;.
Then by definition (10) and by Properties 6, 8 of mixed volumes, we get

V(Ky, ..., Kg) = lim V(Kyj,..., K ).

j—00
Now we formulate the lemma proved by Tsirelson in [23].

Lemma 1. Let £(t,w) be a natural modification of some random process, w € 2,
t €T, and let S C T be dense in T in the following sense: for any t € T there
are s, € S, n=1,2,..., such that {(s,,w) — £(t,w) as n — oo for almost all w
(the corresponding set of probability 1, generally speaking, depends on t). Then there
exists a set Qg C Q of probability 1 with the following property: for anyt € T there
are s, € S, n=1,2,..., such that £(s),,w) — &(t,w) as n — oo for all w € Q.

Corollary 1. Let K C Ejy be a convex compact GB-set. If Ky C K is dense
in K, then for almost all (z1,...,zg) the set Spec(z1,...,zx|Ky) is dense in the set
Spec(xy, ...,z K).
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The above corollary is stated in [23] without proof. For the reader’s convenience,
we prove it here.

Proof of Corollary 1. Since K is dense in K in the usual sense, for any § € K
there exist s, € Ko, n = 1,2,..., such that ||s, — 0|| - 0 as n — oco. Moreover,
by Property (9),

/(sn — 9,x>27(dx) =||sn — 0||2 —0
E

as n — oo. Therefore, the sequence (s, — 6, x)? converges to 0 in measure. Then
there is a subsequence (we will also denote it by s,,) such that (s, — 6, z)? converges
to 0 almost everywhere (the corresponding set of probability 1 depends on 0).

Since K C Ej is a convex compact G B-set, the Gaussian process (0, x) has a
natural modification by Statement 1. Hence, by Lemma 1, for any # € K there exist
si, € K such that

(s, ) = (0, ) (19)

as n — oo for almost all x, and the corresponding set of probability 1 is common
for all € K.
Then we can conclude that for almost all (x1, ..., x) the set

Spec(zy, ..., ve|Ko) = {({0,21),...,(0,2)) : 0 € Ko} C RF
is dense in the set
Spec(zy, ..., 2x|K) = {((0,21),...,(0,2)) : 0 € K} C R¥,

since the argument above implies a coordinate-wise density (19), and the correspond-
ing set of probability 1 in R* will also be common for all § € K.
]

Using Corollary 1, we get that almost surely U2, Spec(x1, ..., zxK; ;) is dense
in Spec(xy, ...,z K;).
Then we use Statement 2 for the finite-dimensional K ;:

V(Kl,.. Kk) = hm V(Klj,.. Kkj)

)2
= hm / / Vi(Spec(z1, . .., xk| K1), - . ., Spec(z1, . .., xg| Ky 1))y (dz1) . .. y(dwy)

27T k/2
=7 / / lim Vi(Spec(x1, ..., 25| K1), .., Spec(x1, ..., x5 Ky j))y(d21) . .. y(dzy,)
K E]—)oo
27T k/2
= i / / (Spec(z1, ..., x| K1), ..., Spec(x1, ..., x| Kg))y(dz1) ... y(dzg).
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Here in the third equality we have used Lebesgue’s dominated convergence the-
orem. The last equality also follows from Properties 6, 8 of mixed volumes and
Corollary 1.

The proof of Theorem 4 is complete.

6 Proof of Theorem 5

Since K; and K, are compact G B-sets, we can apply Theorem 4 with k£ = 2:
2m ~
V(Kl, KQ) = 2— E VQ(Spechl, SpeczK2).
Rg

Since ko = m, we get
V(K1,K;) = E Va(Spec, K1, Spec, K>)
—_ET, (conv ({Xf”(t): telo, 1]}) , conv ({XQ(Q)(t): telo, 1]})) . (20)

where X 1(2) (), X 52) (t) are independent standard two-dimensional Brownian motions,
and conv(F') denotes a convex hull of the set F' (i.e., the smallest convex set con-
taining F).

Therefore, our problem is reduced to finding the mean mixed area E Vs of the
convex hulls of independent two-dimensional Brownian motions on [0, 1].

Further, for calculation, we will use an analogue of the technique given in [14].
The main tools of this technique are the support function and the associated Cauchy’s
formulae.

Let C' be an arbitrary closed smooth convex curve in a plane. Let us represent
the curve C as

C ={(z(s),y(s)), s € C}.
Now we recall the notion of the support function of the curve C.
For ¢ € [0, 27) the value of the support function M (p) of the curve C'is defined by

M () = max{z(s) cos p + y(s) sin p}.

The Cauchy’s formulae (see, e.g., [14, pp. 48-49]) allow us to express the length L
of the curve C' and the area A of the figure bounded by the curve C' in terms of the
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support function:

2

L= i M(p)dyp, (21)

A= [ () - o)) de. (22)

In the case when the curve C' is random (for example, the boundary of a convex
hull of a two-dimensional Brownian motion is almost surely smooth [4]), M (¢) and
M'(p) are random variables.

Taking the expectation of both sides of relations (21), (22), we get

EL — / T BM (o), (23)
BA= 1 [ (BOI)? - BOLG)P) de 21

Note that the distribution of the two-dimensional Brownian motion is invariant
under rotations. Hence, the distribution of the support function M (p) does not
depend on ¢. Therefore, it is sufficient to consider ¢ = 0, M (y) LM (0), where < is
equality in distribution. Relations (23), (24) in this case can be written in the form

EL = 27 EM(0),
EA =n (E(M(0))* — E(M'(0))?) . (25)

The following expression (see, e.g., [17, pp. 4-5]) is an analogue of the Cauchy’s
formulae for computation of the mixed area of two convex compact sets Fi, F5 in a
plane with smooth boundary:

~ 1

VFi ) =5 [ OR(o)Ma(e) = M ()M () di

where M, and M, are the support functions of the curves representing the boundaries
of F1 and F5, respectively.
Similarly to (24), for random Fi, Fy we get

BV F) =3 [ BOLG)ME) - BOL@M@)d. (20
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Now consider conv ({Xl(Q) (t): t €0, 1]}) and conv <{X2(2)(t): telo, 1]}) as Fy

and Fy, respectively. By formula (26) and the independence of X1(2) (t) and XQ(Q) (1),
we have

E Vs (conv ({X*(¢): ¢ € [0,1]} ), conv ({X§(1): ¢ € [0,1]}))

1 2w
—5 [ EMQEM() - EMI)EM () dp
0
1
= 5 2n ((BML(0))? — (BM(0))?) = = ((BM,(0))” — (BM(0))) . (27)
Here the second equality follows from relation (25) and the fact that M; and M, are
identically distributed.

Thus, it remains to calculate EM;(0) and EM;{(0), where M; is the support
function of the boundary of the convex hull of the two-dimensional Brownian mo-
tion on [0, 1].

Recall that

{X®(t): t €[0,1]} = {(W1(t), Wa(t)): t € [0,1]},

where W (t) and W(t) are independent standard one-dimensional Brownian motions.
We fix a direction ¢. For ¢t € [0, 1], consider projections on the direction ¢ and
perpendicular to it:

2,(t) = Wi(t) cos o + Wa(t) sin g,
hy(t) = =Wi(t) sin g + Wa(t) cos .

Then z, and h,, are independent standard one-dimensional Brownian motions on [0, 1].
Consequently, the support function

Mi(p) = t
1) = max z,(t)

is the maximum of the one-dimensional Brownian motion z, on [0, 1].
Let t* € [0, 1] be the time when this maximum is attained. Then

Mi(p) = z,(t") = Wi(t") cos ¢ + Wy (t") sin . (28)
Differentiating (28) with respect to ¢, we have

Mi(p) = —Wi(t") sinp + Wa(t") cos p = hy,(t).
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In other words, M;(y) is the maximum of the first Brownian motion z,, and Mj(¢)
corresponds to the value of the second, independent Brownian motion h, at time ¢*
when the first one attains its maximum.
In particular, for ¢ = 0 we obtain zy(t) = Wi (t), ho(t) = Wa(t), and
Mi(0) = Wit
1(0) I}Q[Oaﬁ (1),

M{(O) - W2<t*)-

The cumulative distribution function of the maximum of one-dimensional Brow-
nian motion on [0, 1] is well known (see, e.g., [5]), namely

F(m)=P (tem[% Wi(t) < m) — erf (%) ,

where erf(z) = \% I e~ du. The first moment of this distribution is easily calcu-
lated:

2
EM;(0) = E max Wi(t) =4/ —. (29)
t€[0,1] T
Let us show that
EM(0) = EW,(t*) = 0. (30)

Indeed, since t* and Wj(t) are independent, we see that

EM;(0) = EW,(t*) = /0 /_OO xpy(x, t)dx po(t)dt. (31)

Here p; denotes the density of the normal distribution N(0,¢) under the condition
that t* = ¢, and p, denotes the density of the random variable t* (an explicit formula
for py can be found in [14]). Since for a fixed ¢t € [0,1] the inner integral in (31)
equals 0, we have EM/(0) = 0.

Combining (20), (27), (29) and (30), we get

V(Ki, K>) = 7 ((EM;(0))* — (EM;(0))%) = 2.
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7 Proof of Theorem 6

Taking into account Remark 4, we can write

V(K Ky, ..., Ky) = sup V(K| K}, ... ,K}),
KZ{CKi

where the supremum is taken over all finite-dimensional convex compact subsets
So, we want to prove that

2
sup V(K1,K5,...,K) | = sup V(K{,K{,...,K}) sup V(Ky Ky, ...,K}).
K,L{CKZ' KZ(/CK'L K,f”CKi

(32)
Let us start with the right-hand side of (32):

V(Ky, Ky, Ks, ..., Kp)V(Ks, Ko, K3, ..., Ky)

1 1 1! 1 " " " "
- Sup V(K17K17K3,...7Kk) Sup V(K2 ,KQ 7K3 g ey k})
K/'CK; K!"CK;
1 1 i 1 " 1" " 1"
- Sup [V(K17K1,K3,...,Kk)V(K2 ,K2 7K3 g e ey k)]

K!'CK;, K" CK;

< sup  [V(KY{, K], conv(K3 UKY'), ... conv(K} UK]}"))
K!'CK;,K]"CK;

xV(KY', Ky conv(Ky UKY), ... conv(K; UK]"))]

2 " " 1 " " "
< sup VA(KY, Ky conv(Ky UKY'), ... conv(K; UK"))
KZ{/CKZ‘,K,L{”CKZ‘

2
< <sup V(K{,K;,...,K,;)> = V3K, Ky,..., K}).

K:CKl
Here, the first inequality holds by monotonicity Property 6 of the mixed volumes

and the second inequality holds by the Aleksandrov—Fenchel inequality (8) for finite-
dimensional sets.

8 Proof of Theorem 7

Throughout this section we use the following notation:
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e the closed conic (or positive) hull of the set F' we denote by
pos F :={\x:x € conv(F), A > 0},
where conv(F') denotes a closed convex hull of the set F.
We will write pos(vy, ..., v;) for conic hull of vectors vy, ..., .
e the linear span of F' we denote by lin F;
e dy denotes the Hausdorff metric on the sphere;
e for two orthogonal vectors x and y we write = L y;

e (z,y) denotes the inner product of vectors x, y and ||x|| denotes the norm of z,
it will be clear from the context in which space the inner product and norm
are taken.

To prove Remark 11 and Theorem 7, we need two statements.

Statement 3. Suppose that the cones C, {Chp }nen in R? satisfy C,NS4 1 — C NSt
in the Hausdorff metric dg on the sphere S*™'. Then for j =0,1,...,d we have

(Cn) = 7;(C)
asn — 0o.

Remark 15. This statement is not new, see [15, Proposition 8.2|, [19, Theorem 6.5.2(b)].
In [15] it was proved that the conic intrinsic volumes mentioned in the introduction
are continuous with respect to the so-called conic Hausdorff metric. This implies
Statement 3. For the reader’s convenience, here we present the proof of Statement 3
without using the concept of conic intrinsic volumes.

Proof of Statement 3. Denote S = CNS¥ 1S, = C, NS4 (see Figure 1) and let
dy(Sp, S) = e,. We have to show that

[PIC, MWy # {0} = P[CNWy_; #{0}] =0, n— o0,
which will follow from the two convergences:

P[On N Wd—j 7& {0}7 cn Wd—j = {0}] — 07 n — o0,
P[C, N Wa,; = {0},CNWa, #{0}] =0, n— oo
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If j = d, then the claim of the statement is trivial. If j = d—1, then it is equivalent to
convergence of the Lebesgue measure of S, to the Lebesgue measure of S. Further,
we proceed by induction on the difference d — j.

Let us denote by G (H) the Grassmannian of j’-dimensional linear subspaces of
the affine space H. The Haar measure P of the required events (for j < d — 1) can
be represented as (see, e.g., [19, Theorem 7.1.1])

PIC, N Wy £ {0}, C O Wa s = {0}] (33)
_ / / 1[C, N Wa s 1(Hy) # 0,C N Wa s 1(Hy) = 0] du de,
sa-1J Gy ;1 (Hy)

and
P[C, N Wy, = {0},CNW,_; # {0}]

:/ / 1[C, N Waj_1(Hy) =0,C N Wy_j—1(H,) # 0] du dx,
Sd—1 Gd]1ch

where H, denotes the hyperplane {y € R%: (x,y) = 1} with x as the origin, dx is
the normalized Lebesgue measure on the sphere S, du is the Haar measure on
G4—j-1(H,;). By Lebesgue’s dominated convergence theorem it is sufficient to prove
that the inner integrals in (33) tend to 0 as n tends to oo for almost every z € S,
If z € IntS (where IntS denotes the interior of the set S taken on the sphere),
then this claim is trivial, since for large n we have x € S,,. The set of x such that
z € S\ IntS has Lebesgue measure 0. Hence further we can assume z ¢ S and
x ¢ S, for sufficiently large n.

Consider the sets B, = CNH, and B,,, = C,NH, and let I,: H, — S*?(H,) be
the projection on the unit sphere in H,, i.e., the mapping defined by x +h — x + ﬁ
for h L z. It is clear that the following events coincide:

{CNWaja(He) = 0} = {Be N Waj1(H.) = 0}
= {IleBe N Wy j1(Hz) = 0} = {posy, (Il B.) N Waj 1 (Ha) = {x}},

where posy_denotes the positive hull in H,. Similarly, for C,, we get

{Co N Wy 1 (Hy) # 0} = {Ben N Waj 1 (H,) # 0}
= {luBen N Waj1(H,) # 0} = {posy, (. Byn) N Waj1(H,) # {z}}.

Hence, we have to show that for almost every z € S!

p By " Waj—1(Hy) # 0,11, B, "\ Wy_j_1(H;) = 0] = 0, asn — oo;
p By " Wa_j1(Hy) = 0,1, B, N Wy_;—1(H,) # 0] — 0, asn — oo.
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Figure 1: Illustration for the proof of Statement 3.

The latter will follow from the convergence
II,B;n — 1I;B;, asn — oo,

in the Hausdorff metric on H, by the induction hypothesis. First let us show that
I, B, is a subset of a small neighbourhood of II,B,. Consider p € II,B,,. We
have to show that there exist a point p’ € II,B, close to p. By the definition
of II, and the Hausdorff metric there exist ¢ € S, A > 0 and v € B? such that
Mg+ env) € H, and I1,(Aq + Ae,v) = p. Expanding ¢ = ax + h and v = o,z + hy,
where o, o, € R, h,h, L x, we get

h 4 enhy,

p =1L, (Aq¢+ Aepv) = I, (Ao + h) + Aep(owz + hy)) = + Tk
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Notice that o + ¢,a,, > 0, since A > 0 and the coefficient of = is A\(«a + ¢,a,) = 1.
Hence, —a < ¢,,a, < &,,.

If « > 0, then éq:$+§ € B, andweputp’:x—l—ﬁ € I1,B,. Since x ¢ S,
infges [|h]| > 0. Therefore, ||p—p/|| = O(e,), because the projection II, is 2-Lipschitz
on the sets {x + h: ||h]| > r} for all » > 0.

The case a < 0 is a bit more complicated.

Assume that there exists ¢, € S such that A = (g, z) > 0. Consider ¢, = %.
For some h, 1 x we have ¢, = Az + h,. Let

¢ =0-¢e)g+¢eg=((1-¢c)a+Ac)r+ (1—¢e)h+eh,.

It is clear that o := (1 —¢))a+ Ac), > a+ Ae), > 0 for sufficiently small ¢,,. Hence,
L¢' € B, and we put

h+¢e (h, —h)
=2+ i ell,B,.
P e (e =l
Similarly to the previous situation we get the uniform bound ||p — p/|| = O(e,).

When (q,z) < 0 for all ¢ € S we have II,B,,, = II,B, = () for all sufficiently
large n. Consequently, we are left with the case when sup,cs(q, 7) = 0. This set of
possible  has measure 0 and hence can be dismissed.

To show that II,B, is a subset of a small neighbourhood of II,B,, we pro-
ceed similarly. For p € II,B, we take ¢, € S,, A\, = 0 and v, € B¢ such that
M¢qn + €nvn) € Hy and 11, (Mg + A\nenv,) = p. All of the constants in O(e,,) de-
pended only on inf eg, ||h]|, which is uniformly bounded for all S,, for large n. Hence,
the same bounds will hold. O

Proof of Remark 11. Let {C!}n,en be a sequence of polyhedral finite-dimensional
cones approximating an arbitrary finite-dimensional cone C": C] C C), C ... C (',
uee,C! c C". If dim €’ = d, then C!, NS — C"NS* ! in the Hausdorff metric dy
on the sphere S¢~1. Therefore, by Statement 3, v;(C’) = P[C, N Wy_; # {0}] —
7 (C") = P[C" N Wy_; # {0}]. Thus, it suffices to take the supremum in (15) over
polyhedral finite-dimensional cones. O]

Statement 4. Consider the finite-dimensional cones C,, C Ey, n € N: C; C Cy C
... C C that approximate the cone C' C Ey from the inside: U2 ,C,, is dense in C.
Then we have

75 (Pos(UnZ1Cn)) = 7;(C).
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Proof of Statement 4. Clearly, v;(pos(U;2,C,)) < 7;(C) because of Uy ,C,, C C
and monotonicity of Grassmann angles. Let us show that v;(pos(U32,C,,)) = 7;(C).
By definition,

v;(C) = sup P[C" N W,_; # {0}],
cree

where the supremum can be taken only over polyhedral finite-dimensional cones by
Remark 11. Consequently, it is sufficient to prove that for every finite-dimensional
polyhedral cone ¢’ C C, d := dim C’, we have

%4(C") = PWa_; N C" # {0}] < 7;(pos(UpZ, o))

The cone C’ is polyhedral, hence there are unit vectors vq,...,v; € linC"’ such
that C" = pos(vy,...,v;). Consider € > 0. The set U ,C,, is dense in C, hence for
every v; there exists a unit vector u; € U2 ,C,, such that dy(u;,v;) < e. Therefore,
the cone C! = pos(ui,...,u) is close to C'; ie., dg(C.NS(Ey),C"' NS(Ey)) < &,
where S(FEy) denotes the unit sphere in Ey. Let € be a sequence of positive num-
bers such that lime;, = 0 as £ — oco. We want to use Statement 3 to show that
limy, 00 75 (CL, ) = 7;(C’). To do this formally we need to place all C. into one
common finite-dimensional space with C".

Notice that dim C! < [ for every ¢, hence dimlin(C. U C") < d 4 [. This means
that for every e there exist a linear subspace U. C Ey with dim U, = d + [ such that
C!U " C U.. Decompose U, into the orthogonal sum U, = linC’" & V.. Now fix
(d + I)-dimensional space R4 = R? @ R! and the isometry Z between lin C’ and
R?. Let J.: U. — R be an isometric operator such that 7. coincides with Z on
linC". Then v;(C") = v;(ZC"), 7;(CL) = v;(JCL) and d(CLNS(Ep), C'NS(Ey)) =
dg(J.C. NS TC" NS4, Therefore, J=,CL — ZC', as k — oo, Statement 3
applies and

%(C) = 7(ZC7) = lim (T, L) = lim 5;(CL).

To conclude the proof notice that for every € > 0, we have C. C pos(U;2,C,,), hence

7 (CL) < ;5(pos(Up2, Cr)).
]

We return to the proof of Theorem 7.

For cones C' such that dim C' < oo, this theorem is proved in |7, Theorem 3.5]. It
remains to check the case dim C' = co. We approximate the cone C from the inside
by finite-dimensional cones C,,, n € N: C; C Cy, C ... C C; U2 ,C, is dense in C.
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We will use the same argument as applied above to the mixed volumes (see
Subsection 2.1 and Section 5).

The proof of Corollary 1 does not use the compactness of the set K, the key
property in the proof is the existence of a natural modification of the process (0, )
on K. Therefore, by Theorem 11 we can repeat the proof of Corollary 1 for a convex
G B,-cones C.

Thus, using Corollary 1, we get that U Spec(xy,...,zx|Cy) is almost surely
dense in Spec(zy, ..., x,|C) = {((0,x1),...,(0,x)) : 6 € C}. Hence,

Ely;(Spec,C)] = Elv;(pos(UpZ,Spec,Cn))] = E[ lim ~;(Spec,C)]

= lim E[y;(Spec,Cy)] = Tim 7;(Cn) = 7;(pos(UzZ,Cn)) = 7;(C)-
Here, the first and last equalities hold by Statement 4, the second and fifth by defi-
nition of Grassmann angle (15). In the third equality we have used Lebesgue’s dom-

inated convergence theorem. Finally, the fourth equality is the assertion of the theo-
rem for finite-dimensional cones C,,.
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