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ZUSAMMENFASSUNG

In dieser Arbeit untersuchen wir geometrische Mafle in zwei verschiedenen
Erweiterungen der Brunn-Minkowski-Theorie.

Der erste Teil dieser Arbeit befasst sich mit Problemen in der L,-Brunn-
Minkowski-Theorie, die auf dem Konzept der p-Addition konvexer Korper ba-
siert, die zunéchst von Firey fir p > 1 eingefiihrt und spéater von Lutwak et al.
fiir alle reellen p betrachtet wurde. Von besonderem Interesse ist das Zusammen-
spiel des Volumens und anderer Funktionale mit der p-Addition. Bedeutsame
offene Probleme in diesem Setting sind die Giiltigkeit von Verallgemeinerungen
der berithmten Brunn-Minkowski-Ungleichung und der Minkowski-Ungleichung,
insbesondere fiir 0 < p < 1, da die Ungleichungen fiir kleinere p starker werden.
Die Verallgemeinerung der Minkowski-Ungleichung auf p = 0 wird als loga-
rithmische Minkowski-Ungleichung bezeichnet, die wir hier fiir vereinzelte poly-
topale Fille beweisen werden. Das Studium des Kegelvolumenmafles konvexer
Korper ist ein weiteres zentrales Thema in der L,-Brunn-Minkowski-Theorie,
das eine starke Verbindung zur logarithmischen Minkowski-Ungleichung auf-
weist. In diesem Zusammenhang stellen sich die grundlegenden Fragen nach
einer Charakterisierung dieser Mafle und wann ein konvexer Koérper durch sein
Kegelvolumenmaf} eindeutig bestimmt ist. Letzteres ist fiir symmetrische konve-
xe Korper unbekannt, wihrend das erstere Problem in diesem Fall gelost wurde.
Die Schliisseleigenschaft in der Losung ist eine Konzentrationsgrenze eines gege-
benen Kegelvolumenmafles eingeschrankt auf lineare Unterrdume. Wir werden
eine Charakterisierung von Kegelvolumenmaflen von Trapezen herleiten und
neue Beispiele konvexer Korper mit nicht-eindeutigem Kegelvolumenmaf préa-
sentieren. Dabei werden wir diskutieren, wie das Vorhandensein einer Schranke
an die Konzentration auf Unterrdumen die oben genannten Fragen beeinflusst.

Im zweiten Teil betrachten wir eine erst kiirzlich entdeckte Familie geometri-
scher Mafle, die in der dualen Brunn-Minkowski-Theorie vorkommt. Die soge-
nannten dualen Krimmungsmafle von konvexen Kérpern fungieren als Gegen-
stlicke zu Krimmungsmaflen in der klassischen Brunn-Minkowski-Theorie und
schlieffen das Kegelvolumenmafl als Sonderfall ein. Duale Kriimmungsmafe ha-
ben in den letzten Jahren grofles Interesse geweckt. Die Aufgabe, die Resultate,
die fir Kegelvolumenmafe erzielt wurden, auf die allgemeineren dualen Kriim-
mungsmafle auszudehnen, erfordert neuartige Abschétzungen der Unterraum-
konzentration. Den Ideen von Kneser und Siiss folgend, beweisen wir Varianten
der Brunn-Minkowski-Ungleichung unter gewissen Symmetrievoraussetzungen,
mit deren Hilfe wir scharfe Schranken an die Unterraumkonzentration fiir nahe-
zu alle dualen Kriimmungsmafle symmetrischer konvexer Korper folgern.






ABSTRACT

In this work we study geometric measures in two different extensions of the
Brunn-Minkowski theory.

The first part of this thesis is concerned with problems in L, Brunn-Minkowski
theory, that is based on the concept of p-addition of convex bodies, which was
first introduced by Firey for p > 1 and later considered for all real p by Lutwak
et al. The interplay of the volume and other functionals with the p-addition
is of particular interest. Considerable open problems in this setting include
the validity of extensions of the celebrated Brunn-Minkowski inequality and
Minkowski’s inequality, particularly for 0 < p < 1 as the inequalities become
stronger for smaller p. The generalization of Minkowski’s inequality to p = 0
is called logarithmic Minkowski inequality, which we will prove here for some
particular polytopal instances. The study of the cone-volume measure of con-
vex bodies is another central subject in L, Brunn-Minkowski theory, which
exhibits a strong connection to the logarithmic Minkowski inequality. Funda-
mental questions in this context ask for a characterization of these measures and
when a convex body is uniquely determined by its cone-volume measure. The
latter is unknown even for symmetric convex bodies whereas the former prob-
lem was solved in this case. The key property in the solution is a concentration
bound of a given cone-volume measure restricted to linear subspaces. We will
establish a characterization of cone-volume measures of trapezoids and present
new examples of convex bodies with non-unique cone-volume measure. Thereby
we will discuss how the presence of a subspace concentration bound affects the
aforementioned questions.

In the second part we consider an only recently discovered family of geometric
measures arising in dual Brunn-Minkowski theory. The so-called dual curvature
measures of convex bodies act as counterparts of curvature measures in the
classical Brunn-Minkowski theory and include the cone-volume measure as a
special case. Dual curvature measures gained much interest in the last few
years. The task of extending the results obtained for cone-volume measures to
the more general dual curvature measures requires novel subspace concentration
inequalities. Following the ideas of Kneser and Siiss we establish variants of
the Brunn-Minkowski inequality under some symmetry assumptions with the
aid of which we prove sharp subspace concentration bounds on nearly all dual
curvature measures of symmetric convex bodies.
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Introduction

The Brunn-Minkowski theory combines the concept of convex sets, which find
applications in many mathematical subfields due to their structural richness,
with the volume and other functionals. The foundation of this theory is the fa-
mous (and name-giving) Brunn-Minkowski inequality linking the volume func-
tional and the Minkowski addition of convex sets. It states that for two convex
bodies K, M in Euclidean n-space R™ and a parameter A € [0, 1]

vol((1 = A\)K + AM)= > (1 — A) vol(K)= + Avol(M).

An important aspect is the study of differentials of the volume and other func-
tionals with respect to Minkowski addition. Variational formulas for these func-
tionals exhibit a connection between certain measures and the convex body
under consideration. Those measures induced by convex bodies are called geo-
metric measures. One of the most well-known examples is the (classical) surface
area measure of a convex body K, that for a set ¢ of unit outer normal vec-
tors measures the area of the part of boundary of K which is associated to U.
The understanding of geometric measures has been proved to be an important
ingredient for establishing sharp inequalities in convex geometric analysis. The
task of characterizing geometric measures, i.e., to find necessary and sufficient
conditions such that a given measure appears, for instance, as the surface area
measure of a convex body, is called Minkowski problem. Although Minkowski
problems have been worked on for decades, for many important geometric mea-
sures a full characterization is missing. There are two far-reaching extensions
of the classical Brunn-Minkowski theory, both arising basically by replacing the
classical Minkowski addition by another additive operation. The first one is
the p-addition introduced by Firey [30] for p > 1 and extended by Lutwak [61,
62] to p < 1, which leads to the rich and emerging L, Brunn-Minkowski the-
ory. Therein a central object is the cone-volume measure which stands out
due to its SL(n)-invariance, whereas most other geometric measures are only
SO(n)-invariant. The second extension, introduced by Lutwak [58], is called
dual Brunn-Minkowski theory and essentially emerges by replacing convex bod-
ies and support functions by star bodies and radial functions, respectively. The
word “dual” here refers to similarities of concepts in both theories rather than
duality in a strict mathematical sense. The geometric measures of interest in
dual Brunn-Minkowski theory are the dual curvature measures recently intro-
duced by Huang, Lutwak, Yang and Zhang [48]. These are the long missing
counterparts of curvature measures in classical Brunn-Minkowski theory and
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Sk (n)

Figure 1: Surface area measure and cone-volume measure of a smooth convex
body

they have already been studied thoroughly since their discovery. This thesis
is mainly concerned with Minkowski problems regarding cone-volume measures
and dual curvature measures.

We will provide notions and definitions that will be used later on in Chapter 1.
In particular we will properly introduce the concept of area measures, including
the classical surface area measure

Sk(n) =H"" (v (n),

where K C R” is a convex body,  C S*~! a Borel set and H" ' the (n—1)-
dimensional Hausdorff measure. Here S”~! denotes the unit sphere in Euclidean
n-space and vk denotes the Gauss map (see p. 7 for the definition). The cone-
volume measure of a convex body K C R” with the origin in its interior is given
by
1 _
Vet = [ Gwe) @)
v (n)

for every Borel set n C S™~1. It is closely related to the classical surface area
measure (see Fig. 1). We will state the Minkowski problems associated to the
respective measures and present (partial) solutions to them.

Chapter 2 focuses on some problems in L, Brunn-Minkowski theory that are
related to the cone-volume measure of convex bodies. The task of characterizing,
when a given measure is the cone-volume measure of a convex body, is also
known as the logarithmic Minkowski problem. Symmetric convex bodies are
the largest class this goal has been achieved for. It was proved in [19] that a
non-zero finite even Borel measure ;¢ on S*~! is the cone-volume measure of a
symmetric convex body if and only if the subspace concentration inequality

< dim(L) i

pLNS"™) < (8"

n

is satisfied for every proper subspace L C R", and equality is attained for
some L, if and only if there is a subspace L’ complementary to L such that



u is concentrated on S*~1 N (L U L'). In the general setting the gap between
known necessary and sufficient conditions is quite large. A little more is known
for the two-dimensional case. Here we will examine the cone-volume measure
of trapezoids explicitly to highlight the presence of conditions which are — in
contrast to the subspace concentration inequality — non-linear in terms of cone-
volumes. Moreover, we will discuss the question when a polygon is uniquely
determined by its cone-volume measure. This has been answered by Stancu [77]
for symmetric polygons, but for symmetric polytopes in higher dimensions it
is an open problem. Here we will present examples of non-symmetric polygons
with few vertices and non-unique cone-volume measure. In addition, the cone-
volume measure appears naturally in problems of L, Brunn-Minkowski theory
aiming for results stronger than their counterpart in classical Brunn-Minkowski
theory. For two convex bodies K, M C R" with the origin in their interiors their
log-combination with respect to A € [0, 1] is given by

(1 — )\)K +o AM
={z eR": (u,z) < hg(u)' " hy(u)* for allu e S"71},

where hx and hj; denote the support functions of K and M, respectively. The
logarithmic Brunn-Minkowski inequality reads as

vol((1 — N K +o AM) > vol(K)*~* vol(M)*.
As a consequence of the inequality of arithmetic and geometric means one can
easily check that the logarithmic Brunn-Minkowski inequality, if it holds true,
is in fact stronger than the classical Brunn-Minkowski inequality. It was proved
(among other cases) for pairs of symmetric convex bodies in the plane in [18]
and if both K and M are unconditional convex bodies in arbitrary dimension
in [74]. It is conjectured that the logarithmic Brunn-Minkowski inequality holds
whenever K and M are symmetric. It was shown by Boéroczky, Lutwak, Yang
and Zhang [18] that the logarithmic Brunn-Minkowski inequality is equivalent
to the logarithmic Minkowski inequality
has(u) vol(K) vol(M)
[ 1oe () vt > = s (555

Sn—

in the sense that if one holds for all pairs of symmetric convex bodies K and
M, the other one follows. The logarithmic Minkowski inequality does not hold
for arbitrary pairs of convex bodies with the origin as an interior point. For
centered convex bodies, i.e., convex bodies whose centroid (or center of mass) is
the origin, there is no example known that violates the logarithmic Minkowski
inequality. Here we will verify the logarithmic Minkowski inequality for some
particular instances where one of the convex bodies is centered and the other
one is either a simplex or a parallelepiped. The presented results are based on
joint work with Martin Henk [43].

Chapter 3 revolves around Minkowski problems in dual Brunn-Minkowski
theory, namely regarding the dual curvature measures. For some ¢ € R and a
convex body K C R™ with the origin in its interior one may define the gth dual
curvature measure of K via

~ 1
Ckm = [ el wkl@)e) W @)

n
vi(n)~!
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for every Borel set n C S"~!. They not only play an important role in dual
Brunn-Minkowski theory, they also include well-known measures from classical
Brunn-Minkowski theory, e.g., the cone-volume measure in case ¢ = n. Regard-
ing the dual Minkowski problem, i.e., finding necessary and sufficient conditions
on dual curvature measures, much progress has been made during the past cou-
ple of years. In [48] it was shown that, given ¢ € (0,n) and a non-zero finite
even Borel measure x4 on the sphere, a certain subspace concentration inequality
is sufficent for the existence of a symmetric convex body K with u = Cy(K, ).
In this work we will establish tight subspace concentration bounds of dual cur-
vature measures of symmetric convex bodies for the parameter ranges g € (0,n)
and ¢ € [n+ 1,00). The former supplements a result obtained by Boroczky,
Lutwak, Yang, Zhang and Zhao [17] which lead to a solution of the even dual
Minkowski problem for parameters ¢ € (0,n): A non-zero finite even Borel mea-
sure p on S*! is the gth dual curvature measure of a symmetric convex body
if and only if the subspace concentration inequality

dim(L)

p(LNs™ 1) < min{ ,I}M(Snl)

is satisfied for every proper subspace L C R™. Our proofs of the necessity of the
subspace concentration inequality rely heavily on the symmetry of the involved
convex bodies and variants of the Brunn-Minkowski inequality where the volume
functional is replaced by a measure having a power of the Fuclidean norm as
Lebesgue density function. Moreover, we will discuss which of these inequalities
can be easily extended to other norms. The remaining range ¢ € (n,n + 1)
in the symmetric setting is completely open as neither necessary nor sufficient
conditions are known at this moment. At least in the planar case n = 2 we also
provide tight subspace concentration bounds by extending the abovementioned
inequalities. The results presented in this chapter are based on joint works with
Karoly Boroczky, Jr., and Martin Henk [14, 42].



1 Preliminaries

The aim of this chapter is to provide the essential definitions and concepts used
throughout the thesis. We recommend the books by Gardner [32], Gruber [36]
and Schneider [75] as excellent references on convex geometry.

FOUNDATIONS

We consider the Euclidean n-space R® = {z = (v1,...,2,)" 1 21,..., 2, € R}
equipped with standard inner product (z,y) = Y., z;y; for z,y € R". The
Euclidean norm will be denoted by |x| = \/{(x,z) for £ € R" and if  # 0 its
normalization is T = I%I We write eq,...,e, for the standard basis vectors in

R™. For any set X C R™ we write int(X) and X for its interior and its boundary
points, respectively. We denote by B, the n-dimensional Fuclidean unit ball,
ie, B, ={x € R": |z| <1}, and by S ! = 0B,, = {x € R" : |[z| = 1} its
boundary.

For a linear subspace L C R, L+ is its orthogonal complement and the
orthogonal projection onto L is denoted by -|L. For a non-empty set X C R"
we define its linear hull by

lin(X) = {zm:)\isci:meN,/\i eR,x; € X for i = 1,...,m},
i=1
its affine hull by

aff(X) = {i)\imi:mEN,/\i eR,z; € X fori= 1,...,m,§:)\i = 1},

i=1 i=1
its positive hull
pos(X) = {Zm:)\,;:ci:mGN,/\i >0,x; € X fori= 1,...,m}
i=1

and its convex hull by
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conv(X)

—{Z)\imitmGN,)\iZO,ZEiGXfOI‘i—l,...,m,Zx\i—l}.
i=1

i=1

The convex hull conv{zx,y} of two points x,y € R™ will be abbreviated by
[z, y]. A set is called convex if it equals its convex hull. A set of points
X C R” is called affinely independent if aff(X \ {x}) # aff(X) for every
x € X. Its dimension is the maximal number of affinely independent points
contained in it minus 1 and will be denoted by dim(X). For convenience we
also define dim(()) = —1. The relative interior of a set X is the interior of X
with respect to its affine hull.

CONVEX BODIES

A convex and compact set with non-empty interior is called a convex body.
We write K™ for the set of all convex bodies in R™ and K7 for convex bodies
containing the origin in the interior, i.e., K = {K € K™ : 0 € int K'}.

As usual, Minkowski addition of subsets of R™ and multiplication with
scalars are defined pointwise so that for X,Y C R™ and «, § € R we write

aX+pY ={ax+Py:xec X, ycY}. (1.1)

Incase X, Y e K"and o, 8 > 0or 0 < 8 =1—a < 1, we also speak of Minkowski
combination and convex combination between convex bodies, respectively. For
A CR we also define A- X ={ax:ac A,x e X}

The normalized k-dimensional Hausdorff measure will be denoted by H* and
instead of it we will sometimes write volg for the volume or just vol if the dimen-
sion is apparent from the context. The k-dimensional Hausdorff measure par-
ticularly coincides with the k-dimensional Lebesgue measure in affine subspaces
and k-dimensional spherical Lebesgue measure on subspheres. In integrals we
will often abbreviate dH™(x) by da, when integrating with respect to H", and
dH" (u) by du, when integrating with respect to H"~1. According to this,
the centroid c(X) of a Lebesgue measurable set X C R™ with positive volume
is defined by

c(X) = voliX) /wdw.
X

If ¢(X) = 0, the set X is called centered. In addition, we will denote the set of
centered convex bodies by K7 and the subclass of symmetric convex bodies by
K7, i.e., convex bodies K with K = —K. An even stronger notion of symmetry
is held by unconditional convex bodies. These are symmetric about every

coordinate hyperplane, i.e., if K € K™ is an unconditional convex body, then
(z1,...,2,)T € K implies (£z1,...,+z,)T € K.

By the well-known Brunn-Minkowski inequality we know that the nth root
of the volume of a Minkowski combination is a concave function.



Figure 1.1: Smooth convex body and supporting hyperplane

Theorem 1.1 (Brunn-Minkowski inequality, see, e.g., [75, Thm. 7.1.1]). If
K,Le K" and 0 < A <1, then

vol((1 = A\)K + AL)" > (1 — ) vol(K)* + Avol(L)= (1.2)

and equality holds if and only if K and L are homothetic, i.e., they are equal up
to translation and scaling.

For fixed @ € R" \ {0} and a € R the hyperplane given by the equation
(a,z) = a will be denoted by H(a,a). We will sometimes use a’ instead
of H(a,0). We write H (a,«) and H"(a,«) for the halfspaces defined by
(a,z) < a and (a,x) > a, respectively. For a convex and compact set K C R"
the support function hx : R"” — R is defined by (see Fig. 1.1)

h = .
(@) = max (2. y)

It is worth noting that convex bodies are uniquely determined by their support
functions since for given K € K" the support function hg is the pointwise
minimal function with

K ={x cR": (u,z) <hg(u) for all u € S"'}.

On the other hand, each convex, positively 1-homogeneous function R™ — R is
the support function of a convex and compact set. A boundary point x € K
is said to have a (not necessarily unique) unit outer normal vector u € S"~1
if (u,x) = hg(u), i.e., ¢ € H(u,hg(u)). The corresponding supporting hy-
perplane H(u,hg(u)) will be denoted by Hg (u). We write 0'K for the set of
boundary points of K with unique outer normal vector and define the Gauss
map v : 'K — S"~! such that v (x) is the unique unit outer normal vector
of x € K. Almost every boundary point of convex body has a unique outer
normal vector in the sense that (0K)\ (0'K) has (n — 1)-dimensional Hausdorff
measure 0 (see, e.g., [75, Thm. 2.2.5]). If 0K = 9'K, K is called smooth.
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PoLYTOPES

A polytope is the convex hull of finitely many points. If a polytope is k-
dimensional, we also call it k-polytope. Fulldimensional polytopes are also
convex bodies and we will use the symbols P", P}, P?, P} C K™ to denote
the sets of n-polytopes, centered n-polytopes, symmetric n-polytopes and poly-
topes containing the origin in the interior, respectively. Polytopes in the plane
R? will also be called polygons. Each polytope can be written as the convex
hull of a unique minimal set of points, called vertices. In addition to that,
it is well known (c.f., e.g., [75, Sect. 2.4]) that a polytope can be equivalently
described as a bounded intersection of finitely many halfspaces, i.e., a bounded

set of the form
{x e R" : Ax < b},

where m € N, A € R™*" and b € R™. For an n-polytope P € P™ we say
that w € S"~! is a unit outer normal vector of P if vol,,_1(P N Hp(u)) > 0.
The outer normal vectors of P are precisely the irredundant row vectors of A
scaled to unit length. In particular, there are only finitely many of them. The
set of all unit outer normal vectors of a polytope P is denoted by U(P). For a
given u € U(P) we associate a set of points in the boundary of P arising from
the intersection of P with the supporting hyperplane Hp(w). This point set
F(P,u) = PN Hp(u) is called facet of P normal to u. Moreover, a given finite
set U C S"~1 appears as the set of outer normal vectors of some fulldimensional
polytope in R™ if and only if posU = R", i.e., we say that U is not concentrated
on a closed hemisphere.

There are two notable instances of polytopes in this work. A k-simplex or
just simplex is the convex hull of k + 1 affinely independent points. Volume
and centroid of a simplex can be easily computed from their vertices, i.e., if

an n-simplex is given as S = conv{vy,...,v,11} for some affinely independent
points vy,...,v,+1 € R, then
vol(S) = |det(vy 41 — V1, Vpt1 — Va2, .o, Upng1 — V)],
1 n+1
c(9) = ;.
&)=

Moreover, n-simplices are the only polytopes in R™ having exactly n + 1 outer
normal vectors which is also minimal among all n-polytopes. Restricting to
symmetric polytopes PI the latter role is taken by linear images of the cube
[-1,1]™. These are called parallelepipeds and are precisely the polytopes
given as solution sets of systems of the form

(ui, z)| < hi, i=1,...,n,

for some linearly independent w1,...,u, € S* ! and hy,...,h, > 0. In this
case the volume of the parallelepiped can be computed by

2" H?:l hi
|det(wy, ..., uy,)|

(1.3)

Both simplices and parallelepipeds often appear as extremal cases of problems
in convex geometry. Three-dimensionals instances of a simplex and a paral-
lelepiped are depicted in Figure 1.2.



T

Figure 1.2: 3-simplex and 3-dimensional parallelepiped

GEOMETRIC MEASURES

The combination of the volume functional and Minkowski addition is fundamen-
tal in the Brunn-Minkowki theory. The Minkowski sum K+ M, K, M € K™, for
“small” M may be interpreted as a pertubation of K. Intriguingly, since sup-
port functions are linear with respect to Minkowski addition of convex bodies,
the support function of the sum K + M is represented by the sum of support
functions hx +hy;. When hyy is replaced by an arbitrary function f: S*~! — R,
the convex body defined by

hg + f]={z € R": (u,z) < hg(u)+ f(u) for all u € S" '},

is called the Wulff shape of hx + f. The support function of the Wulff shape
[hx + f] does not necessarily agree with hx + f, but we always have [hx] = K
for K € K™. The variational formula

i YOl + ef]) — vol([hi)) / Flu) dSk (u (1.4)

e—0 e

for every continuous function f: S*~! — R, was originally established by Alek-
sandrov ([2], see also [75, Lem. 7.5.3]). Here Sk is the Borel measure on S"~!
known as the surface area measure of the convex body K and defined by

Sk () =H"" v (1)

for each Borel set 7 C S*~!. The notion of surface area measures goes back
to Lebesgue and Minkowski. If K = P is a polytope, the surface area measure
is discrete and concentrated on the outer normal vectors. Moreover, for each
outer normal vector it assigns the area of the facet. To be more precise, it holds

that
Sp(m) =Y. voly_1(F(P,u))
ueU(P)Nn

for every Borel set n C S"~! (see Fig. 1.3). A common extension of the volume
functional are the quermassintegrals W;(K) of a convex body K € K", which
may be defined via the classical Steiner formula, expressing the volume of the
Minkowski sum of K € K™ and AB,,, i.e., the volume of the parallel body of K
at distance A > 0, as a polynomial in A (cf., e.g., [75, Sect. 4.2])

vol(K + AB,,) ZM( ) K). (1.5)
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T Sp(n)

Figure 1.3: Surface area measure of a polygon

In particular, Wy (K) = vol(K). The quermassintegrals of a convex body K may
be interpreted as — up to normalization — the average volume of projections of K,
i.e.,, Kubota’s integral formula (cf., e.g., [75, Subsect. 5.3.2]) states that

vol(B,,)
n—i(K) = ———+ I;(K|L)dL, 1.
W) = Y [ ol x| (16)
G(i,n)
i = 0,...,n, where integration is taken with respect to the rotation-invariant

probability measure on the Grassmannian G(i,n) of all i-dimensional linear
subspaces. Aleksandrov [2] and Fenchel and Jessen [28] established a variatonal
formula similar to (1.4) for quermassintegrals in case f is a support function
and only right limits are considered:

lim anlfi(K + EM) — anlfi(K)
eN\0 3

_ / has () dSs (K, ) (1.7)
Sn—l

for K,M € K™, i = 0,...,n — 1, where S;(K,-) are Borel measures on the
sphere called area measures of K. The (n — 1)th area measure S,_1(K,-) is
just the surface area measure of K. Interestingly, the area measures of a convex
body admit a local Steiner-type formula like (1.5) in the following sense. For
a convex body K € K™ and a point € R™ the metric projection p,(x)
is the unique point in K that is closest to @. For @ € R™ \ K we also define
vi(x) = — pg(x), ie., vg(x) is a (not necessarily unique) unit outer normal
vector of py(x) and for every x € R™ its distance to K by

A(K, z) = e —py(x)|, ifed¢K,
’ 0, ifexeK.

Then for a Borel set 7 C S*! and A > 0 we consider the local parallel body
(see Fig. 1.4)

Br(An) ={xecR":0<d(K,z) < Xand vg(x) € n}.

The local Steiner formula expresses the volume of By (A, 7) as a polynomial in .
Its coefficients are — up to constants depending on ¢ and n — the area measures
(cf., e.g., [75, Sect. 4.2])

vol(Bie () = £ YO (”) S_s(K,m). (18)



11

n

CO(K7 (.d) Hn_l(n)

Figure 1.4: Local parallel bodies By (A, 7) and Ax (A, w)

In particular, the total of the area measures give the quermassintegrals, i.e.,
nW;(K) = S,_i(K,S" 1) for i =1,...,n (cf. (1.5) and (1.8)). Other notions
of parallel bodies give rise to different sets of measures. For K € K, A > 0 and
a Borel set w C S"~! we set (see Fig. 1.4)

Agx(\w) = {az eER":0<d(K,z) <)\and pi(x) € w},

whose volume admits the Steiner-type formula
ol(Ax (A w)) = ~ f:x‘ ") Cpi (K, w) (1.9)
Vi = - n—t ) ) .
K\ n pat i

where the Borel measures C;(K, ) are called curvature measures of the con-
vex body K. Note that this is the definition of curvature measures given in [48]
and other authors define the curvature measures on K instead of S"~!. Both
notions are related by an appropriate scaling of the points in w. The 0th curva-
ture measure was introduced by Aleksandrov [2] and called integral curvature.
The name of the curvature measures stems from the relation

Co(K,w)=H""'({ueS" ' :xe KNHg(u) and T € w}),

i.e., if K is smooth, then every direction v € w points towards a unique boundary
point Av € 0K, which has a unique outer normal vector, and in that case
Co(K,w) measures the subset of points in S"~!, that are normal to such points
in K. Again, from (1.9) it can be seen that n W;(K) = C,_;(K,S""!) for
i =1,...,n. An exhaustive treatment of surface area and curvature measures
can be found in [75, Chapter 4] (see also [27]).

The cone-volume measure of a convex body K € K7 is the Borel measure
Vi on the sphere defined by

Vieln) = [ el dSie(w)

7
for every Borel set 7 € S"~!. In case of a polytope P € P” the cone-volume

measure takes on a simple form. Just as the surface area measure the cone-
volume measure of a polytope is concentrated on its outer normal vectors U (P),
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Vp(n)

Figure 1.5: Cone-volume measure of a polygon

and for every u € U(P) the cone-volume measure at w is the volume of the
cone with apex at the origin and as base the facet of P with outer normal u
(see Fig. 1.5), i.e.,

Ve(n)= Y vol(conv(F(P,u)U{0})). (1.10)
ueU(P)Nn

The cone-volume measure of convex bodies has been studied extensively over
the last few years in many different contexts like the geometry of I} balls ([5,
70, 71]), classification of SL(n)-invariant valuations ([39, 57]), centro-affine sur-
face area and curvature ([56, 73, 76, 85]), Schneider’s projection problem ([40]),
Ehrhart polynomials ([44]), L,, John ellipsoids ([45, 65]), isotropic measures ([12,
16]) and Orlicz-Brunn-Minkowski theory ([34, 66, 67]). One very important
property of the cone-volume measure — and which makes it so essential — is its
SL(n)-invariance, or simply called affine invariance, i.e., for K € £, A € R"*"
with |det(A)] = 1 it holds that Vax(n) = Vik(A~Tn) for every Borel set
n C S"~!. The definition of the cone-volume measure also stems from L, Brunn-
Minkowski theory. This will be elaborated in Chapter 2.

MINKOWSKI PROBLEMS

A cornerstone of the Brunn-Minkowski theory is to characterize geometric mea-
sures. The problem originates from the characterization of surface area measures
of convex bodies. Minkowski himself posed and solved the problem for sur-
face area measures of polytopes. Later Aleksandrov [2] as well as Fenchel and
Jessen [28] independently established the following solution for arbitrary con-
vex bodies by using the variational formula (1.4) to transform the Minkowski
problem into a minimization problem among support functions. This technique
is still widely used to solve Minkowski problems related to other measures.

Theorem 1.2 (Aleksandrov [2], Fenchel, Jessen [28]). Let i be a non-zero finite
Borel measure on S*~! that is not concentrated on a closed hemisphere. Then
there exists a convex body K € K™ with S = p if and only if

/ udp(u) = 0. (1.11)
Sn—l

If such K exists, it is unique up to translation.
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Minkowski first solved the problem for measures which are either discrete or
continuous, thus referred to as (classical) Minkowski problem. In case of a
polytope P the equation (1.11) becomes

> vol,_1 (F(P,u))u = 0. (1.12)
ueU(P)

Today the characterization of area measures S;(K,-) of convex bodies K € K",
i € {1,...,n — 1}, among the finite Borel measures on the sphere is known as
the Minkowski—Christoffel problem, since for i = n — 1 it is the classical
Minkowski problem and for ¢ = 1 it is known as Christoffel problem. For
i = 1 Firey [29] and Berg [6] solved the problem independently and derived
a necessary and sufficient condition which looks rather technical (see also [75,
Thm. 8.3.8]). In the case 1 < i < n — 1 the characterization of area measures
S; (K, -) still is a major open problem. If one considers the curvature measures we
speak of Aleksandrov problems since for Cy the problem has been solved by
Aleksandrov [2]. We refer to [75, Chapter 8] and [48, p. 4] for more information
and references on the Minkowski-Christoffel problem and also characterization
of curvature measures.

The Minkowski problem associated to cone-volume measures of convex bodies
in K7 is called logarithmic Minkowski problem. The discrete planar even
logarithmic Minkowski problem was completely solved by Stancu [77, 78] via
crystalline flows. She also proved that cone-volume measures of polytopes in
P? are unique with parallelograms being the only exception. The latter result
was generalized to K2 by Béroczky, Lutwak, Yang and Zhang in [18]. Later,
the same authors used a variational approach to extend Stancu’s solution of
the even logarithmic Minkowski problem for P2 to arbitrary dimensions and
even measures on the sphere. One of the striking properties of cone-volume
measures of symmetric convex bodies is an upper bound on the concentration
on subspaces.

Theorem 1.3 (Boroczky, Lutwak, Yang, Zhang [19]). Let p be a non-zero
finite even Borel measure on S"~t. Then there exists a symmetric convex body
K € K with Vi = p if and only if

dim L

p(S*tNL) < p(S" ) (1.13)

for every proper subspace L of R™, and equality in (1.13) is attained for some
L, if and only if there is a subspace L' complementary to L such that p is
concentrated on S*1 N (LU L’).

The inequality (1.13) along with its equality condition is known and will be
referred to as subspace concentration condition. The above result settles
the logarithmic Minkowski problem for symmetric convex bodies. However, the
question of uniqueness of cone-volume measures of symmetric convex bodies re-
mains an open problem. The general setting is more challenging. The validity
of the subspace concentration condition for cone-volume measures of centered
polytopes was established by Henk and Linke [41] and extended to centered
convex bodies by Boroczky and Henk [13]. In the latter paper another remark-
able result states the existence of lower bounds on concentration of cone-volume
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measures of centered convex bodies on open hemispheres. Stability in (1.13) for
centered convex bodies is thematized in [12]. Regarding the general case, even
less is known. Zhu [86] proved that in the discrete case there are no additional
conditions on the measure if its support is in general position and not con-
centrated on a closed hemisphere. A set of vectors is said to be in general
position if each n-element subset is linearly independent. In other words, Zhu
showed that every measure on S*~!, that is concentrated on a finite subset of
S”~! in general position, but not on a closed hemisphere, can be realized as the
cone-volume measure of a polytope. A refinement of this result can be found
n [11], where it was proved that the validity of (1.13) (for a certain subset
of subspaces) is a sufficient condition when the given measure is discrete but
not necessarily symmetric. Chen, Li and Zhu [22] then used a sophisticated
approximation argument to conclude that the strict inequality in (1.13) is also
sufficient in case of non-even measures. Moreover, they gave the first examples
of non-unique cone-volume measures not coming from parallelepipeds. On the
other hand, necessary conditions on arbitrary cone-volume measures are widely
missing. In [10], Boréczky and Zhu established a sharp upper bound on sub-
space concentration on 1-dimensional subspaces. Nevertheless, as they point
out, their condition is non-sufficient even in the planar case.



2 The logarithmic Minkowski inequality and the
planar cone-volume measure

2.1 An introduction to L, Brunn-Minkowski
theory

The starting point of this chapter is the study of the volume of certain sums of
convex bodies other than the Minkowski addition defined by (1.1). Recall that
the support function of a Minkowski combination AK + (1 — A\)M, K, M € K",
A € ]0,1], is given by Ahg + (1 — A)hps which represents the weighted arithmetic
mean of hx and hjs. It seems natural to consider other means of the respective
support functions as well, where p-means (also called Holder or generealized
means) are the most well-known examples. For p € R\ {0}, positive numbers
s,t € Ryp and a weighting parameter A € [0, 1] the p-mean of s and ¢ is given
by

S

My(s, t,N) = [(1 = N)s? + AP,

where we may extend the definition to p = 0 via taking the limit

My(s,t,A) = lim [(1 — \)s? + AtP]7 = s ¢,

p—0

which is the weighted geometric mean of s and ¢. The family of p-means include
the arithmetic mean as special case when p = 1. Moreover, the means are
monotone with respect to p, i.e., for p < p’ it holds that

Mp(s, t,A) < My (s,t,\).

In order to consider the p-mean of support functions we have to assure positivity.
That is why here only the class K7 is considered. Now for p # 0, K, M € K7,
and scalars s,t > 0 the p-combination of K and M with respect to s and t is
(see Fig. 2.1)

sp K+t M
= {:v eR": (u,z) < [shi(u)? +thM(u)”]% for all u € S”_l} )

orincase s=\,t=1— ),

15
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p=1/2

2 A
RN

Figure 2.1: p-combination %K +p %M for K = conv{(g), (_71}2), (_12/2)} and
M =[-1,1]?

Q=X pK+pAp M
={z e R": (u,z) < M,(hg(u), hy(u),)) for all w € S*" 1}, (2.1)

In the context of p-combinations we will usually just write - instead of -},.

We want to point out that one may study p-combinations in a slightly more
general way: The notion of p-means can be extended to p € {+oo} via taking
the limit, and if p > 0, the p-mean can be defined on the set of nonnegative
numbers so that also convex bodies K with 0 € 0K may be considered in p-
combinations. However, for the sake of simplicity we restrict ourselves to p € R
and p-combinations within 7.

The p-combination of convex bodies was first considered by Firey [30] for
p > 1. He also established an extension of the Brunn-Minkowski inequality (1.2)
to p-combinations for p > 1. More precisely, he proved that forp > 1, K, M € K7
and A € [0,1]

b2
n

vol((1 — N)K +p AM) 7 > (1 — ) vol(K)# + Avol(M) (2.2)

Very recently Kolesnikov and Milman [54] established (2.2) under some smooth-
ness assumptions on K and M, if p < 1 and p is sufficiently close to 1. Due to
Lutwak [61] is the following variational formula

a YOI ) = volCK) :% / har(w)Phye(w) P dSpc(w).  (2.3)

S§n—1

li
eN\o0 S
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for p > 1and K,M € K. The measure Sg) given by
ds'?) = hl-P ds

is called L, surface area measure of K and can be defined this way for every
p € R. In particular, the L, surface area measure coincides with the classical
surface area measure and — up to a factor — with the cone-volume measure in
the cases p = 1 and p = 0, respectively. The task of characterizing L, surface
area measures is known as L, Minkowski problem and was first addressed
by Lutwak [61]. The L, Brunn Minkowski theory has gained much interest
throughout the years and has developed rapidly since 1990’s. We refer to [75,
Chapter 9] for a comprehensive overview of L, Brunn-Minkowski theory. Recent
progress on the L, Minkowski problem was made in [7, 15, 21, 23, 24, 46, 49,
50, 55, 63, 84, 85, 87, 88].

As Schneider points out, Lutwaks solution to the L, Minkowski problem for
p > 1in [61] actually only requires p > 0. This was the dawn of the L, Brunn-
Minkowski theory for 0 < p < 1, which is both fascinating, since inequalities like
(2.2) and (2.3) become stronger for smaller p, and challenging, since in general
the p-mean of support functions is not the support function of the respective p-
combination for p < 1. By taking the limit p — 0+ the inequality (2.2) becomes
the logarithmic Brunn-Minkowski inequality

vol((1 = \) - K 49 A - M) > vol(K)'~* vol(M)*, (2.4)
where we define by

(1-=XNK+o M
={x e R": (u,z) < My(hg(u), hps(u), ) for all w € S*7'}

the log-combination of K and L with respect to A (cf. (2.1)). It can be seen
from the arithmetic-geometric mean inequality that the logarithmic Brunn-
Minkowski inequality (2.4), if it holds true, is in fact stronger than (1.2).
Boroczky, Lutwak, Yang and Zhang [18] conjectured that (2.4) holds for all
pairs of symmetric convex bodies K, M € K7, but so far it has been verified
only in particular instances. In [18], the planar case n = 2 was established and
Saroglou [74] showed that (2.4) holds for pairs of unconditional convex bodies
in arbitrary dimension, i.e., for convex bodies that are symmetric about every
coordinate hyperplane (see also [8, 25] for preliminary work). Both results were
given alongside a characterization of the equality cases.

It is well-known that the classical Brunn-Minkowski inequality (1.2) is equiv-
alent to Minkowski’s mixed volume inequality, which, for two convex bodies
K, M € K7, can be stated as

/ hpr(u) AV () > vol(K)“7 vol(M)*. (2.5)
s hg (u)

Just as for the Brunn-Minkowski inequality, the Minkowski inequality (2.5)
can be seen as a particular case of a family of L, Minkowski inequalities in
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the L, Brunn-Minkowski theory. The L, Minkowski inequality states that for
K,M e K}

has (U) P n—p D
dVi(u) > vol(K) ™ vol(M)n (2.6)
h (u)
S§n—1

and it was proved by Lutwak [61] for p > 1. So far, however, it is an open
problem if (2.6) holds even for pairs of symmetric convex bodies when 0 < p < 1.
In a fundamental paper, Boroczky, Lutwak, Yang and Zhang [18] established
the L, Minkowski inequality in the plane in the case where K, M € K2 and
0 < p < 1. Moreover, they showed that in any dimension the L, Brunn-
Minkowski inequality (2.2) and the L, Minkowski inequality (2.6) are equivalent
in the class of symmetric convex bodies.

Theorem 2.1 (Bordczky, Lutwak, Yang, Zhang [18]). Letp > 0. The L, Brunn-
Minkowski inequality (2.2) holds for all K, M € K? and X\ € [0, 1] if and only if
the L, Minkowski inequality (2.6) holds true all K, M € K7.

The results extend to the limit case p — 0+ which is as follows.

Theorem 2.2 (Boroczky, Lutwak, Yang, Zhang [18]). The logarithmic Brunn-
Minkowski inequality (2.4) holds for all K,M € K and X € [0,1] if and only if
the logarithmic Minkowski inequality

/ log EA;EZ)) dVi(u) > VOIT(LK) log :,/le((]\;)) (2.7)

Sn—1
holds true all K, M € K.

The inequality (2.7) is called the logarithmic Minkowski inequality and it was
proved to hold in the plane ([18], see [68] for a different proof) and for pairs of
unconditional convex bodies in any dimension ([74]).

In the general setting almost nothing is known. There are counterexamples
showing that neither (2.4) nor (2.7) hold for pairs of arbitrary convex bodies
containing the origin in the interior, e.g., a cube and a suitable translate of it.
Instead one considers certain classes of convex bodies granting control over the
location of the origin. Xi and Leng [80] proved that (2.4) holds if the two bodies
are in so-called dilation position, which includes the class K. Guan and Li [38]
established among others the logarithmic Minkowski inequality when K is the
Euclidean unit ball and the Santalo point of M is the origin. The Santalo point
of a convex body K is the point € int X' minimizing vol([K — z]*) where
[K — x]* is the polar body of K — x (cf. (3.1)). Further results were obtained
by Stancu [79], e.g., she proved among others that the logarithmic Minkowski
inequality (2.7) holds true for convex bodies K, M € K7, when K is a polytope
and each facet of K touches the boundary of L. Stancu also established versions
of (2.7) where in place of M an affine image of M is used; for instance when
K is a centered simplex with constant edge length and M a given convex body,
then there is an affine image M of M such that (2.7) holds for K and M.

In the Sections 2.2 and 2.3 we will study the logarithmic Minkowski (2.7) in-
equality in the context of centered convex bodies. This particularly includes the
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class of symmetric convex bodies. Here we will prove the logarithmic Minkowski
inequality in some very particular instances. More precisely, we establish the log-
arithmic Minkowski inequality (2.7) when the gauge body is a centered simplex
and the other one is centered, and also when the gauge body is a parallelepiped
and the other one is symmetric. The main tool in the proofs are sharp volume
bounds on intersections of centered convex bodies with hyperplanes and halfs-
paces like Griinbaum’s inequality (2.9). Furthermore, we extend the logarithmic
Minkowski inequality for parallelepipeds to the setting where the second body is
only centered rather than symmetric, but only in small dimensions. The results
of the Sections 2.2 and 2.3 appeared as joint work with Martin Henk [43].

The Section 2.4 treats the logarithmic Minkowski problem in the plane for
trapezoids. Our main result is a full characterization of cone-volume measures
of trapezoids including the explicit computation of a trapezoid from a given
cone-volume measure. Together with results stated in [78] this settles the loga-
rithmic Minkowski problem for quadrilaterals. We discuss uniqueness of cone-
volume measures in Section 2.5. Moreover, from the aforementioned explicit
description we may derive a family of examples confirming non-uniqueness of
cone-volume measures of quadrilaterals. So far, the only examples, which are
not parallelepids, were given in [22] including fivegons in the planar case. The
logarithmic Minkowski problem for polygons with at least five vertices is still
open.

2.2 The logarithmic Minkowski inequality for
simplices

We will now prove the logarithmic Minkowski inequality (2.7) for some special
cases. They all have in common that one of the convex bodies under consider-
ation is assumed to be centered and the other one is either a centered simplex
or, in Section 2.3, a parallelepiped. One of the used tools is a reformulation of
Minkowski’s characterization theorem (Theorem 1.2). For a polytope P € PZ
and a unit outer normal vector u € U(P) the volume of the corresponding cone
can be computed by (cf. (1.10))

Vp(u) = vol(conv(F(P,u) U{0})) = hp(u)

vol,—1(F(P,u)),

which is the well-known pyramid formula. Substituting into (1.12) yields the
equivalent equation

Ve(uw) _
> ) =0, (2.8)

ueU(P)

so that Minkowski’s characterization becomes a statement formulated entirely in
terms of support functions and cone-volumes. The second important ingredient
in the proofs is Griinbaum’s inequality. Each symmetric convex body divided
by a hyperplane through the origin will have its volume split into equal parts.
Due to Griinbaum is the following sharp bound for centered convex bodies
(see Fig. 2.2).
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i

Figure 2.2: Extremal case of Griinbaum’s inequality

Theorem 2.3 (Griinbaum [37]). Let K € K2 and w € S*"1. Then

n n
(KN H™ (u,0)) > vol(K 2.9
vol( 0 (,0) 2 vol(8) (2 ) (2.9
with equality if and only if K is a cone whose base is parallel to H(u,0) and
contained in HT (u,0).

We are now ready to prove the logarithmic Minkowski inequality for centered
simplices and centered convex bodies. As an introductory remark we want to
point out that for P € P} and M € K7 with vol(P) = vol(M) — which we can
always assume because the logarithmic Minkowski inequality is scaling-invariant
— the inequality (2.7) can be restated as

hM(u) Vp(u)
11 | (hp(u)) > 1. (2.10)

ueU(P

Theorem 2.4 (Henk, P. [43]). Let S,M € K, where S is a simplex. Then

c’

/ log }}111\;1 ((Z)) dVgs(u) > VOIT(LS) log \:;ll((]g)) (211)

§n—1

Equality holds if and only if S and M are dilates.

Proof. The inequality (2.11) is homogeneous in both S and M, so without loss
of generality we assume that vol(S) = vol(M) = 1. Let U(S) = {u1,...,Unt1}.
First we note that since S is centered all cone-volumes Vg(u;) coincide. Indeed,
ifvy,...,v,41 € R™ are the vertices of S, then each facet F'(S,u;) of S contains
exactly n of its vertices, say v1,...,V;—1,Vit1,...,Unt1, and

Vs(u;) = vol(conv(F(S,u;) U{0}))
= % [det(v1, ..., 0i—1,Vit1,.-.,0p)]
= L ldet(vr — (n+1)€(S), 02, Vi1, Vigr, 00
- % |[det(—(va + ...+ Uy + Vng1), V2, e oo, Vi1, Vig1y .-, Up)|

= E |det(’vi,v2, s Vi—1,V5415 - - - ,’Un)|
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= Vs(ul).

Thus, for each i € {1,...,n+1} we have Vg(u;) = —1=. Hence in view of (2.10)

. n+1"
we just have to verify
n+1

11 };M(“i) >1 (2.12)
i1 Ds(ua)
and by (2.8) we also know
n+1 1

Grinbaum’s centroid inequality (2.9) applied to the centered convex body M
givesfor 1 <i<n+1

vol(M N H~ (u;,0)) > vol(M) (n i : ) ' (2.14)

and for the simplex S we have the equality

vol(S) = vol(S N H™ (us,0)) <“+ 1)n (2.15)

n

fori=1,...,n+ 1. Now suppose (2.12) does not hold. Then there exist also n
indices i = 1,...,n, say, with

HhM(ui) < HhS(ui)~ (2.16)
i=1 i=1

Since M C {x € R" : (u;,x) < hpy(u;),1 < i < n}, we conclude in view of
(2.14)

(nil) vol(M) < vol(M N H™ (n+1,0))

< VOI({:B ER™: <ui7w> < hM(uZ)a 1<i<mn, <'U,n+17.’13> < O})

Let T = {x € R" : (e;,z) < 1,1 < i <n, (> e,x) >0} and A be the

(n X n)-matrix with columns hM“(Li)7 1=1,...,n. Then

ATTT = {z e R": (us, ) < hpr(ug), 1 <i<n,(upyr,x) <0}

and thus, by (2.16) and (2.15),

(n n 1) vol(M) < ‘det (hM(ul) ey hM(Zn))
_ [T5- o (wi) vo
|det(wg, .., wn)| iT)
H?:l hg(u;)
det(mr . un D)
=vol({x € R" : (u;,x) < hg(u;),1 <i<n, (upt1,z) <0})

-1

vol(T')
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= (ni 1)nv01(5).

This contradicts, however, the assumption that S and M have the same volume.

Suppose now we have equality in (2.12). Then we must also have equality for

each n-element subset of {1,...,n + 1}, since in view of (2.16)
n+1 n
H har(u;) > | | hs(us)
i=1 i=1
i i£]

must hold for every j and

n+l n
(hs(wr) .. hs(ung1)" = [] [[Rs(u)
j=11i=1
i#]
n+l n
< IT JT 0o (wi) = (har(ua) - . by (ng0))™
j=1i=1
i#]
Moreover, for every choice of n indices, say {1,...,n}, by repeating the steps

above we have

(n o 1>nvol(M) - (nzl)nvol(S)

[Iizs bs(u:) vol(T)

~ Jdet(ug, ..., un)|
— H?:l hM(ul) VOl(T)
|det(wy, ..., uy,)|

=vol(M N H™ (up41,0))

and by the characterization of the equality case in Theorem 2.3 we know that M
is a simplex with outer normals u; and centroid at the origin. Hence Minkowski’s
characterization formula (2.13) also holds with hg(w;) replaced by has(u;) which
shows that S and M must be equal. O

It is not hard to see that the logarithmic Minkowski inequality for centered
simplices (Theorem 2.4) implies the uniqueness of cone-volume measures con-
centrated on n + 1 affinely independent directions. However, this is also a
consequence of Minkowski’s characterization theorem (cf. Theorem 1.2). For if,
let wq,...,upny1 be the outer unit normals of two simplices S,T" € P]' and the
two simplices have equal cone-volumes v; = Vg(u;) = Vp(u;), 1 <i < n+ 1.
Let ;(S),04(T), 1 < i < n+ 1, be the (n — 1)-dimensional volume of the
facet with outer normal vector u; of S and T, respectively. By (1.12) and the
affine independence of the normal vectors we get that (a1(S),...,an41(9))7
and (a1(T),...,a,+1(T))T are contained in a one-dimensional subspace, so
a;(S) = poy(T) for 1 <i<n+1 and a positive scalar u. Hence,

hs(w)  (255)  auls)
()~ () D) a

(e 77 (T)
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and so S = pT'. Since vol(S) = vol(T) it follows that S =T

2.3 The logarithmic Minkowski inequality for
parallelepipeds

Using the same arguments as in the foregoing proof of Theorem 2.4 we may es-
tablish the logarithmic Minkowski inequality when both bodies are o-symmetric
and one is a parallelepiped. Instead of Griitnbaum’s inequality (2.9) we use the
fact that hyperplanes through the origin cut symmetric sets into equal halves.

Proposition 2.5 (Henk, P. [43]). Let Q, M € K?, where Q is a parallelepiped.
Then
hps(u) vol(@) , vol(M)
log dVo(u) > log .
S/l ho(u) (w) vol(@)

Equality holds if and only if M is a parallelepiped with U(M) = U(Q).

Proof. Without loss of generality we assume that vol(Q) = vol(M). Let U(Q) =
{£wus,...,tu,}. First we note that all cone-volumes Vg(£u;) coincide as @
is the linear image of a cube, so each cone of @ is the linear image of a cone of
the cube. Therefore and since M is symmetric we just have to verify

I1 t’g((;‘)) > 1. (2.17)
i=1 ¢

Now suppose (2.17) does not hold. Since M C {x € R™ : |[(u;, )| < hpr(u;), 1 <
i <n}, we get

vol(M) < vol({x € R": [{(u;, x)| < hpr(u;),1 <i<n}) (2.18)

2T s (w)

|det (e, ..., u,)

2" [[i—1 ho(u:)

|det(wq, ... ,up,)

= vol(Q).

This contradicts, however, the assumption of having the same volume.

Suppose now we have equality in (2.17). Then by the same arguments as
above

vol(Q) = vol(M) < vol({x € R"™ : |[{u;, )| < hpr(u;), 1 <i<n})
_ 2"l b (wi)

C|det(ug, .., un)|
217, hg(w)
|det(wq, ..., up,)]

= vol(Q),
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ie, M ={x e R": |(u;,x)| <hp(u;),i=1,...,n}. Thus, M is parallelepiped
with outer normals +uq,...,+u,. On the other hand, if Q and M are paral-
lelepipeds with the same volume and sets of outer normal vectors, then (2.17)
is satisfied with equality since the volumes are proportional to the product of
the supporting distances. O

We conjecture that a similar result holds when the symmetry of M is replaced
by the weaker assumption M € K. In this case, however, we can prove it only
in dimensions n < 4.

Proposition 2.6 (Henk, P. [43]). Let n € {2,3,4} and Q € K, M € K7,
where Q) is a parallelepiped. Then

/ log };Z((Z)) dVg(u) > VOIT(LQ) log t:z)ll((g)).
S’n—l

Equality holds if and only if M is a parallelepiped with U(M) = U(Q).

This case seems to be more intricate and the proof of the above statement
needs some preparation. Since the logarithmic Minkowski inequality only de-
pends on the supporting distances in directions u € U(Q), similar to (2.18)
the problem becomes to find volume bounds for a certain M enclosing shifted
parallelepiped of the form

{x e R": —a; ' <(e;,x) <y, 1 <i<n}, (2.19)

with some constants aq, ..., a, > 1. More precisely, establishing the logarithmic
Minkowski inequality in this setting is equivalent to proving that a centered
convex body contained in (2.19) has a volume smaller than 2™ unless a; = 1 for
alli=1,...,n (see Fig. 2.3).

For the proof of Proposition 2.6 we will need the following result by Milman
and Pajor [69] (see also [4]).

Theorem 2.7 (Milman, Pajor [69]). Let K € K. Then
vol(K N (—K)) > 27" vol(K).

From Theorem 2.7 one can easily deduce a volume bound for a centered convex
body with circumscribed axis-aligned parallelepiped.

Corollary 2.8. Let K € K. Suppose there are numbers oy, ...,a, > 1 such
that
KC{zxcR": —a;' <(ej,x) <y, 1 <i<n}

Thenalm..'ang%,

Proof. By Theorem 2.7 and since
KN(-K)C{zeR": —a; ' < (e;,x) <a;',1<i<n}
we get

27" vol(K) < vol(K N (—=K)) < 2"a;-...-a; b O
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€2

ey .

Al SRR L e e 1

-1

Figure 2.3: A centered convex body M enclosed by the shifted paral-
lelepiped (2.19)

A more sophisticated estimate will be needed. We will establish next an upper
bound on the volume of centered convex bodies with respect to volume sections
and supporting distances. The intuition behind the following lemma is that if
the mass of slices of a convex body inside a bounding box is shifted with respect
to a fixed direction, then the centroid of the body moves into the same direction
(see Fig. 2.4).

Lemma 2.9 (Henk, P. [43]). Let K € K

nou € St and for t € R define
f(t) =vol,_1(K N H(u,t)). Then

vol(K) < 2hg (u) max f@), (2.20)
with equality if and only if K is a centered prism over a base parallel to u™.

Proof. Write || f||,, = maxcr f(¢). By Fubini’s theorem we have
vol(K) = / f(t)dt (2.21)
—hg(—u)
and, since K is centered,

hi(u)
0 = (u,vol(K) c(K)) = /(ww) de = / tf(t)dt. (2.22)
K

7hK(7u)
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—hk(—u)

Figure 2.4: Mass distribution of a convex body shifted as in the proof
of Lemma 2.9

By (2.21) we get
vol(K) < (hp(u) +hp(—u)) [|fll -

Thus, for s = Vo;(K) we have —hg (—u) < hg(u) —s < hg(u) and (2.22) yields

[FS

h(u)—s hge (u)
0= / FF(E) dt + / LE(t) dt
—hk(—w) hg (u)—s
hp(u)—s hy (u)
< (hg(u) —s) / f)de + / tf(t)dt. (2.23)
—hk(—u) hg (u)—s

With (2.21) it follows that

hx (u) hre (u)
0 < (h () — s) | vol(K) — / fyae | + / Lf() dt
hp(u)—s hg (u)—s
hx () hye (u)
—tw-s) | [ (- fo)a]| + [ o
hi (uw)—s hi () —s
hr (u) hr (u)
< / (Il - r@)at+ [ eryar
hi (u)—s hx (u)—s
hr (u)
= [ il
hi(u)—s

= Wles e~ (se(w) - 97

= %(%hK(u) — 5%
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sl vol(K)
=73 (%K(“)‘nfnoc)'

From the latter inequality we obtain (2.20).

Suppose now we have equality in (2.20). Then we also have equality in
(2.23), and since f is positive on the interval (—hgx(—u),hg(u)) it follows that
“hg(—u) = hg(u) —s. Hence vol(K) = (hK(u) + hK(—u)) I£]l.. which
by (2.21) shows that the volume sections f(t) are constant. Then (2.22) yields
hg(u) = hg(—u). Moreover, the equality conditions of the Brunn-Minkowski
inequality (1.2) assert that the sections K N H(u,t), t € [~hi(u), hg(u)], are
translates. Thus K is a prism. O

As above we apply the foregoing lemma to the parallelepiped (2.19).

Corollary 2.10. Let K € K7 with vol,(K) = 2". Suppose there are numbers
at,...,an, > 1 such that

Kg{mER":—a;lgxigai,lgign}.

n —1
o+
H <J2J> > q;.

Jj=1
J#i

Then

Proof. Let i € {1,...,n}. By applying Lemma 2.9 with u = —e; we obtain

2" = vol(K) < 2hg(—e;) max vol,—1 (K N H(e;, t))

teR
n
< 2a;t H(a;l + o). O
j=1
i

As our next step we show that the inequalities obtained in the Corollaries 2.8
and 2.10 admit only a trivial solution aj, ..., a, if the dimension n is particu-
larly small.

Lemma 2.11. Let n € {2,3,4}. Then the system of inequalities

a; >1 for eachi=1,...,n, (2.24)
ap-..oan <27 2.25
n 04.71 4 o
H <J2J > ay, foreachi=1,....,n, (2.26)
j=1
i
has the only solution ay = ... = ay, = 1.

Proof. Without loss of generality we assume there is a solution to the above
system with oy > ... > .
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Case n = 2: By (2.26) we readily have
gt ag > 201 > 2as,

which with (2.24) gives a; = ay = 1.
Case n = 3: Inequality (2.26) for i = 1 gives
(a2 +1)(a2 +1) > dajazas > 4asas. (2.27)
Rearranging the terms yields
a3+ 1— (4az — a3 —1)a3 > 0.
Note that (2.25) implies 3 < 2 which in turn shows
4a3—a§—1240¢3—2a3—1>0.
Thus o241 i i
dog—aZ—1 > 05 2> 03,
which again can be rearranged to the polynomial inequality
0<aj—4a3+2a5+1=(az—1)(al —3a3 —az—1).
Since for the latter factor we have
a3 —3a3—a3—1<203-303 —az—1=—-a3 —a3—1<0,
by (2.24) we find a3 = 1. By (2.27) then it follows that

2(a2 +1) > dajay > 402,

Thus ap = ay = 1.

Case n = 4: From (2.26) for i = 1 we get
(a3 +1)(a3 + 1)(af + 1) > 8ajazazay > 8asazay
or
(03 +1)(3 +1) ~ (Sagas — (a3 + D(af +1))af = 0. (228)

We will eliminate successively the variables as and ag to obtain a poly-
nomial inequality in the single variable ay.

Note that from (2.24) and (2.25) we have

ozj < ajasagay <16,

ag < a§a4 < ajagazay < 16. (2.29)
Hence oy <2 and a3 < 24/3 < 13/5. We aim to show that then

8azay — (i + 1)(af + 1) > 0. (2.30)
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To this end, define D = [1,43] x [1,2] and f: D — R with f(z,y) =
8zy — (22 +1)(y? +1). As a polynomial, f attains a minimum on D. Also
f is differentiable and its gradient and Hessian are given by

8y —2z(y*+1)
Vi@y) = (83: —2y(a? + 1))7

(-2 +1)  8-—day

respectively. If (z,y) € D is a solution of Vf(x,y) = 0 we see from the
first coordinate of V f that = = y;lil' Then from the second coordinate
we find

=) -2 (52) )
=@+ 1)‘23/(32(1/2 +1) = 32> —2(y° + 1)2)

= (> + 1)’2@/( —2(y* = 3)(y* + 5))~

Since y > 1, f has its only stationary point at y = 2 = v/3 which is a not
a minimum since

v = () )

is indefinite. Thus f attains its minimum at a point in 9D, i.e., at some
point (1,y), (15—3,y), (x,1) or (z,2), where z € [1, %] and y € [1,2]. Since

F(Ly) =8y —2(y* +1) > 8y — 22y +1) = 4y — 2> 0,
104 194 , 194 194 (260 ) )

1 -y - = 2 -t —1
JF(13/5,y) YT Y "o =95 L9 ¥ Y

> 1 (5y—y2 - 1) - w120

25 \ 2 25

1 2
f(x,l)8:E2(x2+1)289:2<53:c+1>5(7x5)>0
2 16 2
f(z,2) =16z —bz*—5=5 T -1

>5 (169541: —2? - 1) =5(13/5 — x)(z — 5/13) > 0,

are positive in the given range, we have proved (2.30).

From (2.28) it then follows that

(@3 +1)(ei+1)
8azay — (a3 4+ 1)(a3 + 1)

> a5 2o

[\l )
wn

which can be rewritten as
af +1 S 8a3
ag (a3 +1)%

(2.31)
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The left hand side is increasing in a4 when 1 < a4. We distinguish now

two cases. First, if ag < 2, we use ay < ag to conclude from (2.31) that

o3 +1 S 8a3
a3 (a% + 1)2

and so

0<(a2+1)°—8a3=ai—5a;+3a3+1
= (af — 1)(a5 — 403 — 1) < (a3 — 1)(a3 — 403)

= aj(a3 —1)(a3 - 4).
The only solution to this inequality in [1,2) is ag = 1.

Now suppose a3 > 2. From (2.29) we know ay < %, which we may
3
combine with (2.31) to obtain

2
16
8af  _ (673) +1 256+ a8
(@2 +1)2 — 10 1603

or equivalently

0 < (256 + a$)(a3 +1)* — 12845
= a3’ + 20§ — 127§ + 25603 + 51203 + 256.

Clearly, in the range a; € [2, £3] we have
192 + 1744(a3 — 4) + 16(a3 — 4)* > 0
and therefore

0 < il + 205 — 12708 + 25604 + 51202 + 256
+ (192 + 1744(a3 — 4) + 16(a3 — 4)?)
= a3’ + 20§ — 127§ + 27205 + 212803 — 6272
= (% — 4)*(a? — 7)(aj + 1703 + 56).
But this is false since a3 < 7. Thus, we have proved a3z = 1 and subse-

quently ay = 1. But in this case (2.26) becomes a;l + as > 2cp and as
above this implies o = ag = 1. O]

If n > 5, the system of inequalities (2.24), (2.25), (2.26) admits more solutions,
e.g., for a1 = ... = a,, = 2 the inequalities (2.26) become (5/4)"~! > 2 which
is true for n > 5.

We are now ready to give the proof of Proposition 2.6.

Proof of Proposition 2.6. Since @ is a parallelepiped, there exist linearly inde-
pendent uq, ..., u, € S*! such that

Q={z eR": [(ui,z)| <hg(u;)}
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Let A be the matrix with columns ul, .., Uy. Without loss of generality we
assume that vol(Q) = vol(M) = IdT As in the proof of Proposition 2.5 we

note that all cone-volumes Vg (+u;) coincide. Hence we just have to verify

n

[] B (uihar (Zt) (2.32)
ho(u;)? -
=1

Note that under these assumptions it follows from (1.3) that

2 _ [ det(A)] _
ghQ(ui) = TVO](Q) =1.

Hence, with K = AT M, i.e., hg(+e;) = hps(+u;), we only have to show
I1 (hK(ei)hK(—ei) >1, (2.33)
i=1

where vol(K) = 2™ and the centroid of K is at the origin. Moreover, after
scaling by a suitable diagonal matrix of determinant 1 we may also assume
hi(ei)hg(—e;) =7, 1 <i <n, for a suitable constant v > 0.

Suppose (2.33) does not hold. Then v = hg(e;)hi(—e;) <1 for 1 < i <mn,
and without loss of generality assume hg(e;) > hg(—e;), i = 1,...,n. Then
forevery x € K and i =1,...,n,

—hg(e;) ™t < —hg(—e;) < (e;, ) < hg(e;).
Hence, K is strictly contained in a shifted parallelepiped

P={xeR": —a;l < (e, x) < a;}

for some aq,...,a, > 1. Now Corollaries 2.8 and 2.10 yield ag - ... a, < 2"
and
n 044_14-05'
J J
g > A
H < 2 = %
Jj=1
J#i
for each i = 1,...,n. By Lemma 2.11 it follows that oy = ... = a, = 1. In

particular, vol(P) = 2™ which contradicts vol(P) > vol(K) = 2™.

Suppose now we have equality in (2.32). Then we also have equality in (2.33).
Repeating the steps above we find that K is contained in the cube [—1,1]™.
Since vol(K) = 2™ it follows that K = [—1,1]". Thus, M is a parallelepiped
with outer normals tuq, ..., +u,. O

We conjecture that Proposition 2.6 also holds in arbitrary dimension which
could possibly be proved by establishing an analogue of Lemma 2.9 for lower-
dimensional sections. It is, however, not clear how such an extension should
look like.
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Figure 2.5: Trapezoid violating the subspace concentration inequality (2.34)

2.4 The logarithmic Minkowski problem for
trapezoids

It was mentioned earlier that the even logarithmic Minkowski problem, i.e.,
the task of characterizing the set of cone-volume measures of bodies in K, was
solved in [19] (see Theorem 1.3). As a starting point of the search for the solution
in the general setting we will consider the cone-volume measures of polygons
with few vertices. Restricting to the plane allows the use of tools that may not
have a direct extension to higher dimensions. For instance, the equality cases of
even cone-volume measures in the plane were fully characterized by Boroczky,
Lutwak, Yang and Zhang [18], but in higher dimensions this is considered a
significant open problem. Another example is the following result proved by
Stancu [78]. Here, for a discrete measure p on the sphere, its support supp(u)
is the set of points u with u(u) > 0.

Theorem 2.12 (Stancu [78]). Let 1 be a non-zero, finite, discrete Borel mea-
sure on S, that is not concentrated on a closed hemisphere, and let m =
#(supp(p)) > 4. If either m > 4 and

WS N L) < %ﬂ(gl) (2.34)

for every proper subspace L of R? with #(L N supp(u)) = 2, or supp(u) is in
general position, then there exists a polygon P € P2 with Vp = p.

An extension of the preceding theorem to higher dimensions was discovered
only after a decade by Béroczky, Heged{is and Zhu [11]. The subspace concentra-
tion inequality (2.34) is not necessary as can be easily seen from the trapezoid
with vertices (i;), (ﬂ), for small e > 0 (see Fig. 2.5). Still, Boroczky and
Heged{is [10] proved a necessary condition for cone-volume measures evaluated
at antipodal points, which in the plane reads as follows.

Theorem 2.13 (Bérdczky, Hegedts [10]). Let K € K2 and uw € St. Then
Vi ({tu}) <vol(K) — 24/Vg(u)Vg(—u) (2.35)

and equality is attained if and only if K is trapezoid with two sides parallel to

u't and the intersection point of the diagonals is contained in u=.
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u;
supp( i)
Uz
) l
u3

Figure 2.6: Exemplary starting point (and solution) in Theorem 2.14
and Corollary 2.18

To this day no sufficient or necessary condition other than (2.34) and (2.35)
is known for the unrestricted planar logarithmic Minkowski problem.

Since cone-volumes of parallelograms associated to antipodal outer normal
vectors sum up to half of the parallelograms area (which characterizes their
cone-volume measures), and quadrilaterals without parallel sides are covered
by Theorem 2.12, trapezoids are the vertex-minimal open case in the discrete
logarithmic Minkowski problem. It is the main goal of this section to prove
a characterization of cone-volume measures of trapezoids which together with
Theorem 2.12 solves the logarithmic Minkowski problem for quadrilaterals.

Theorem 2.14. Let pu be a non-zero, finite Borel measure on S' supported on
pairwise distinct and counterclockwise ordered unit vectors ui,us, s, us € S'.
Suppose supp(u) contains a single pair of antipodal points, say w; = —ug, and
there is an open hemisphere w C S' such that supp(u) Nw = {uz}. Then there
exists a polygon P € P2 with Vp = pu if and only if either

(i) p(ur) + p(us) < p(uz) + p(us), or
(i) p(ur) + p(us) > p(ug) + p(wa) > 2/ p(ur)p(us) and plur) < p(us).

Moreover, P is uniquely determined unless p(u1) + p(us) > p(uz) + p(ug) >
2/ p(ur)p(ug) and p(uy) < p(us), and in the latter case there are exactly two
such polygons.

See Fig. 2.6 for a graphic representation of the notation.

It is remarkable that condition (i) is the subspace concentration inequal-
ity (2.34) whereas condition (ii) is mainly a rearrangement of (2.35). This
shows that the inequality (2.35) is almost a sufficient condition. The peculiar
thing about this characterization is the appearance of an extra condition if the
subspace concentration inequality is not satisfied.

The proof of Theorem 2.14 is based on an explicit computation of P for a
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given p. Thereby a polynomial system arises which is stated and solved in the
following lemma.

Lemma 2.15. Let a,b € R with a < b, and v; € Ry, 1 < i < 4. Write
la=vV1+a2, Iy =vV14+0% and D = (2 +14)* — 47173 Consider the system

2v1 = hi(—(b — a)h1 + loha + lpha),
2y9 = lgha(h1 + h3),

273 = h3((b — a)hs + loha + lpha),
24 = lyha(hy + h3),

lahs + lyha > (b— a)hy,

ha, ha, ha, hy > 0.

(2.36)

(i) If either
(a) 1 +73 =72+ and 1 > 73, or

(b) 72 + 4 < 27173,

then (2.36) admits no solutions.
(i) If either
(@) v+ <72+,
(b) v1+v3 =72 +74 and y1 < s, or

(c) i +793> 72+ v =277 and 1 < 73,

then (2.36) has a unique solution given by

oo L —miptutVD
1 — )
V2(b —a) \/73—71-1'\/5

2(b —
hy = (l a) 72 ,
“ 3 =7+ VD

hee L P72+ VD
\/Q(b—a) \/’7:3—’)’1-f'\/E
2(b—a) Y4 .
b Y3 =+ VD

)

hy =

(i) If y1 +v3 > y2 + 74 > 2./7173 and 1 < 73, then (2.36) has exactly two
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different solutions given by

1 —271 +72 + 71 £ VD
hlz )
\/Q(b_a’) \/’yB—’yli\/ﬁ

2(b—
hy = (l a) 2 :
¢ % —mnEVD
b = 1 2y3—y—y+VD
3 — )
V=4 -+ VD
2(b—
hy = (l %) = .
’ Y3 —m VD

‘We shall prove Theorem 2.14 first.

Proof of Theorem 2.14. After carrying out a suitable rotation and reflection we
may assume that u; = (0,1)", uz = -(=1,-a)", uzg = (0,-1)" and uy =
i(l,b)T7 where a,b € R, b > a and [, = |(—1,—a)T|, ly = |(1,b)T|. Suppose
hi,ho, h3, hy > 0. A polygon

P = ﬁH_(u“hZ)

i=1

is a proper trapezoid if and only if the intersection point of H(us,hs) and
H (w4, hyg) given by

1 —(labhg + lbah4)
b—a laho 4 lyha

is contained in int H* (wuy, hy), i.e., loha + lyhy > (b—a)hy, since otherwise P is
a triangle. Moreover, in this case the vertices of P are given as intersections of
index-adjacent supporting hyperplanes, namely

7bh1 + lbh4 ah3 — lahg
v = hl ) V3 = —h3 ’
—ahy — I ho bhs + lphy
V2 = hl ) Vy = *hg )
so that
F(P,u;) = [v1,v2], F(P,u3) = [v3,v4]
F(P,uz) = [vg,v3], F(P,ug) = [vg,v1].

Moreover, the cone-volumes of P (dependent on h;) are given by

1
Vp(ul) = §h1 . (—(b - a)h1 + lahg + lbh4),

1
VP(’U,Q) = §h2 . la(hl + hg)7
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1
Vp(us) = §h3 -((b—a)hs +lgha + lpha),
1
VP(U4) = §h4 . lb(hl —+ hg)

Applying Lemma 2.15 to the system Vp(u;) = p(u;), 1 < i < 4, yields the
desired assertion. O

We finish this section with the proof of Lemma 2.15 where we reduce solving
(2.36) to finding positive solutions of a biquadratic equation. To this end, we
recall that for p,¢ € R, and denoting D = p? — ¢, the biquadratic equation
x* — 2p2? + ¢ = 0 in the variable € R has

e 10 positive solution, if either D < 0 or p < —+/|D|,
e exactly one positive solution, if either D > 0 and p € (f\/ﬁ, \@], or
D =0and p >0, given by z = \/p + VD,

e exactly two positive solutions, if D > 0 and p > VD, given by x =

\VpEVD.

Proof of Lemma 2.15. Suppose hy, ha, hg, hy > 0 solve the system (2.36). Both
ho and h4 can be computed from h; and hs and the given data, so that

21_1’}/2
_ 2 2.37
2 hi+ hs ( )
2l_1’}/4
hy = —2 2.
Y7 hy+hg (2.38)
2(v2 +
2 =y (~(0 - apm + 2L, (2.39)
23 = hs ((b —a)hs + 2(72+74)) . (2.40)
hi + hs

By considering the sum and difference of (2.39) and (2.40) and substituting the
variables hi,hg > 0 by z > 0 and y € R via

h vy
1= Y
x4/2(b— a) (2.41)
22 +y '
hy =

2y/2(b —a)’
we find that the variables z = {/%5%(hy + h3) and y = 25%(h3 — h?) satisfy

21 +73) = (b—a)(h3 — b3) +2(72 + )

=2y +2(72 + 7)), (2.42)
hs — hy
hi+ hs3

2073 = m) = (b= a)(hi + h3) + 2(72 + 74)
2 2

= (bia) <bl_la + (b—ya)m2> +2(72+74)%
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=g ? (x4 + 92+ 2(v2 + 74)y>. (2.43)

As a final step we normalize (2.43) and substitute y by means of (2.42). Summed
up, we find that each solution of (2.36) yields a positive root of

at = 2(ys — )2 + (11 +73)? — (2 + ). (2.44)
Let p =3 — v and D = (2 +74)* — 47173

(1) I y2 + 71 <2773, then D < 0. Also, if v1 +793 > 72 + 71 and 1 > 73,
then p <0 and

P’ = (73 — 71)2 =(m +W’3)2 —4y1yv3 > D.

Hence (2.44) has no positive root.

(ii) Suppose that D > 0 and p € (—vD, VD], so that z = \/p++D > 0
solves (2.44). Then backsubstituting via (2.42), (2.41), (2.37) and (2.38)
yields

y=(1+7)— (v2+7),
P+ VD — (71 +73) + (32 + )

" 2(b —a)\/p+ VD
_ 1 —2v1+7%2 + 71+ VD
V20—a) s+ VD ’
hy = PFYD (1) — (2 + )

2(b—a)\/p+ VD
1 293 =12 =+ VD
Valb-a) \/73—%+\@
la 2(73— 1+\F)
2(b—a) V2

la ’
Y3 —mn+ VD

h _2&\/2(17*@)\/’73*71+\/5
ly 2(v3 — 71 + VD)
2(b—a) V4
l .
’ v = +VD

In any case, v2,7v4 > 0 implies ho, hy > 0. Moreover,

)

0<4dvi(vi+r2+73+71) = Cr+y2+71)% — (2 + 1) + 4173
and 5o 271 + 72 + 74 > v/D. This gives
b—a 271+72+74+\F

\/73—714—

b—(l hl
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b—a 27v9 + 24

2
\/73—71-1-\/5

=l ho + lphy.

<

It remains to show, that in either of the cases D > 0, p € (f\/ﬁ, \/5],
or D =0 and p > 0, and that consequently hi,hs > 0 holds. The latter
inequalities are equivalent to v/D > max (291 — Y2 — Y4, V2 + Y4 — 273).

Case 71 + 73 < 72 + v4. The assumption yields

D=(v2+7)’—4nys > (m+13)° —dnys = (s —m)* >0,
PP =(13—7)"=n+7)" —dnvs < (12 +74)* — dy1v3 = D,
and
VD = /(72 +74)2 — 4173

= \/(72 +7)? + 493 — dy3(n1 + 73)

> \/(72 +7)? + 493 — dy3(72 +74)
=V (72 + 74 — 273)?
> Y2 + 74 — 273,
> 2+ 74— 293+ 2(71 + 73 — 72 — Ya)s
=271 — Y2 — V4.
Case 71 +73 =72 + 74, 11 <73. We have
D= (ye+7)? =4y = (m+1)> 4y = (13 —n)> =p> > 0.

Hence 0 < p = v/D. Therefore, from the assumptions we also find

271—72—’742724-’}’4—273:71—73<0<\/5.

Case 71 + 73 > 72 + 74 = 2y/7173, 71 < 73. We have
D= (y2+v)"—47173 =0
and p = v3 — 1 > 0. Furthermore,
293 > 71 +v3 > Y2 + Y4 = 27173 > 271,

so that 21 — 2 —v4 < 0=+vD and 75 + 74 — 273 < 0 = V/D.
(iii) From o + 4 > 2,/7173 it follows that

D = (2 4+ 71)* — 41173 > 0.

Furthermore we readily have p = 73 — 1 > 0. Then v1 +v3 > 72+
yields

pP=(1—m)2=0s+m)"—4nvs > (2 +74)* —dyiv3 = D,
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which shows that « = \/p + v/D are the positive roots of (2.44). It remains
to show that both roots lead to distinct solutions of (2.36). In full analogy
to (ii), backsubstituting gives

y=(m1+73)— (v2+7),
1 —2vi +v2 +74 £ VD

h1: 9
V2(b - a) \/’Ys—’hi\/ﬁ
hy = 1 2v3 — 72 — Y4 £ VD
V2b-a) \fy 5+ VD
2(b —
hy = (l a) Y2 7
“ 3 —v1 £vVD
2(b —
hy = (l a) V4 .
b v3—v £vVD

Again, 79,74 > 0 implies hs, hy > 0 and from hy and hy it can be seen
that both solutions are distinct. Moreover,

0<dvi(vi 472+ +7) =+ +7)° — (2 +71) + 47173
and so 21 + 2 + Y4 > \/5 > —\/5. This gives

b—a 271+’Y2+74:E\F

b—a hl
Vs —m+ VD
b— 2 2
< a Y2 274
73 —71 £ VD
= lghy + lyha.

It remains to show that in both cases hi, hg > 0. From v 4+ 3 > 2 + 74
we find

VD = /(72 + )2 — 4173

= \/ (Y2 +74)? + 4] — 4y (71 + 73)

\/(72 +74)? + 497 — 471 (2 + 7a)
(v2 + 4 —2m)2
Since v2 + v4 > 2,/7173 > 271 it follows that
—VD < VD <7y +75— 27

<Yty =271 +2(m 73— 72— 7a)
=273 — 72 — M4

Thus, hi,hs > 0. O
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2.5 Subspace concentration and uniqueness of
the cone-volume measure

This section is concerned with non-uniqueness of cone-volume measures, i.e.,
the question when it is possible that two distinct convex bodies K, M € K sat-
isfy Vg = V. We particularly discuss the correlation between uniqueness of
cone-volume measures and the validity of the subspace concentration inequal-
ity (1.13). This problem remarkably connects to the logarithmic Minkowski
inequality (2.7) — at least to some extent — as we will demonstrate. Suppose
K € K7 strictly satisfies the subspace concentration inequality (1.13). Boroczky,
Lutwak, Yang and Zhang [19] transformed the even logarithmic Minkowski prob-
lem into the optimization problem

inf {/Snl loghg(u)dp(u) : Q € K7, vol(Q) = M(S"_l)} ) (2.45)

where p is a given even measure on the sphere satisfying the strict subspace con-
centration inequality. In particular, Lemma 4.1 and Theorem 6.3 in [19] assert
that (2.45) has a global minimum and every minimizer Qo satisfies Vg, = p.
Hence, by setting = Vi in (2.45) we find that Vi is unique if and only if for
every M € K” and 7 = (vol(K)/vol(M))'/™ it holds that

/ logh,p(uw) dVg(u) > / loghg (u) dVk(u),
Sn—l Sn—l
which can be equivalently written as
ol(K)  vol(M)
vol(K)’

/ log By () dVg(u) > —vol(K)logr = v

lo
I () &

Sn—l

i.e., Vi is unique if and only if the strict logarithmic Minkowski inequality (2.7)
is satisfied for K and every M € K7.

A significant aspect of Theorem 2.14 is that it asserts the non-uniqueness
of cone-volume measures of trapezoids. Only recently, Chen, Li and Zhu [22]
gave the first non-trivial examples for non-uniqueness of cone-volume measures.
Their construction is based on a family of truncated cross-polytopes, which in
the planar case become fivegons (see Fig. 2.7).

The explicit computation in Lemma 2.15 produces every example of non-
unique cone-volume measures of trapezoids from prescribed unit outer normals
and cone-volumes. The solutions corresponding to the given data

w= (1) plan) =4,
up = % (‘f) , uz) = 24,

w=("). plus) = 56,
(

1
0) ) ,U,('U,4) = 127
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Figure 2.7: Two fivegons with equal cone-volume measure found by Chen, Li
and Zhu [22, Thm. 6.1]

are illustrated in Fig. 2.8. Overall, on the one hand the uniqueness question for
cone-volume measures in the class K2 is settled and the logarithmic Minkowski
inequality (2.7) is known to hold. On the other hand both assertions are false
for the class K2. For centered convex bodies in the plane they are both open
problems.

From the characterization result in Theorem 2.14 we may draw conclusions
about cone-volume measures of centered trapezoids. In this case the subspace
concentration inequality (1.13) holds, which is stronger than (2.35).

Theorem 2.16 (Boroczky, Henk [13]). Let K € K?. Then

dim L

Vg(S"'nL) < vol(K) (2.46)

for every proper subspace L of R™, and equality in (2.46) is attained for some
L, if and only if there is a subspace L' complementary to L such that u is
concentrated on S*~* N (LU L').

We will use the following relation which is probably known, but no reference
is known to the author.

Figure 2.8: Two trapezoids with equal cone-volume measure
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c;, = (’Ul +U2—|—U3+’U4—’Ui)/3

Figure 2.9: Determining the centroid of a quadrilateral from triangulations as
in the proof of Proposition 2.17

Proposition 2.17 (Xue!). Let Q € P2 be a quadrilateral with counterclockwise
ordered vertices vi,vs,v3,v4 € S'. Then Q is centered if and only if
det(ve,v4) = — det(va, v1) + det(vs, v2) + det(vy, v3) — det(vy, vy),

2.47
det(vs,v1) = — det(va, v1) — det(vs, v2) + det(vy, v3) + det(vy, vy). ( )

In particular, if Q is centered with ordered unit outer normals uy, ug, us, us € S',
then

Vo(u1)® = Vo(ui) Vo (us) + Vo (us)®
= Vg(u2)® = Vo(uz)Vo(ua) + Vo(us)®.  (2.48)

Proof. Let Q € P? with vertices vy, vs,v3,v4 € R? and ordered outer normals
w1y, Ug, U3, us € S' such that

F(Q7u1) = [’01,1)2], F(Q7u3) = [’03,1)4]
F(Q,’U,Q) = [’Ug, ’03]7 F(Q,’U,4) = [’04, ’01].

The centroid of any measurable set X C R™ with vol(X) > 0 satisfies for any
partition into measurable sets X1 U X5 = X, vol(X; N X3) = 0, the relation

vol(X1) vol(Xa)
— Y2 Y22 e(x

X = Jax) X ey oK)

ie, c(X) lies on the segment [c(X7),c(X2)]. Consider the partitions of @

coming from its diagonals, i.e.,

Q = conv{vy, va,v3}Uconv{vy, vs, v4} = conv{vs, v3, v4}Uconv{vy, vo, vs}.

1Fei Xue, private communication.
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The centroid is the unique intersection point of the segments joining the cen-
troids of the cells (see Fig. 2.9), i.e.,

c(@) € %(Ul + vy +v3), %(TH +v3 + U4)]

1 1
N g(’vg +’03 +'l)4),§(’l)1 +’02 +'l)4)

The origin lies on each of both segments if and only if

det(vy + v2 +v3,v1 +v3 +v4) =0,
det(vy + v3 + v4,v1 +v2 +v4) = 0.

Rearranging these equations by using the properties of the determinant yields
the equivalent equations

det(vg,v4) = —det(ve, v1) + det(vs, va) + det(vy, v3) — det(vy, vy),
det(vs,v1) = —det(ve, v1) — det(vs, va) + det(vy, v3) + det(vy, vy4).

This is (2.47). Now if @ is centered, by multiplying the latter equations we find

det(vq, v4) det(vs, v1)
2

— det <<<‘;g§ <<‘; j;) — (a,¢) (b,d) — (a,d) (b,c). (2.50)
In particular,

det(vg, v4) det(vs, v1)
= (v2,v3) (v4,v1) — (V2,v1) (v4,v3)
= (v2,v3) (V4,v1) — (v3,V1) (V4,V2) + (V3,V1) (V4,v2) — (V2,v1) (V4,V3)
= <’03,U1> <’02,U4 - <’U37’U4> <’Uz7’01> - <02,’U4> <Ul,’U3> + <Uz, U3> <Ul, U4>
= det(vs, va) det(vy, v4) — det(va, v1) det(vy, v3)

= 4(Vo () Vo(us) - Vo(un)Vo(us)).
Together with (2.49) it follows that
Va(u2)Va(us) — Vo(ur)Ve(us)
= (VQ(US) —VQ(ul)) - (VQ(uz) _VQ(U4)) ;

which gives (2.48). O
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The conditions of Theorem 2.16 and Proposition 2.17 together are almost
sufficient for centered trapezoids. In fact, we may deduce a characterization of
cone-volume measures of centered trapezoids from Theorem 2.14 (see Fig. 2.6).

Corollary 2.18. Let y1 be a non-zero, finite Borel measure on S* supported on
pairwise distinct and counterclockwise ordered unit vectors wy, us, us, us € St.
Suppose supp(p) contains a single pair of antipodal points, say u; = —us, and
there is open hemisphere w C S' such that supp(u) Nw = {uz}. Then there
exists a polygon P € P2 with Vp = p if and only if

(1) p(ur) + p(us) < p(uz) + p(u),

(i)
(iii) p(ur) < p(us),

(i) p(ug) = p(us).

Moreover, P is uniquely determined.

w1)® — p(wn)p(us) + p(us)® = pluz)? — p(ug)p(ws) + p(us)?,

(
(
(
(

Proof. We start by proving the necessity of all the conditions. Let T' € P}
be a centered trapezoid with order outer normal vectors wi,us,us, us € St,
u; = —ug3, such that us = U(T) Nw for a suitable open hemisphere w C S!.
Condition (i) is just the strict subspace concentration inequality for centered
convex polygons that are not parallelograms (see Theorem 2.16). The asser-
tion (2.48) of Proposition 2.17 is condition (ii). For condition (iv) consider the
segment S connecting the midpoints of F(T,uy) and F(T,ug). It divides T
into two parts of equal area such that exactly half of each segment T'N H (uq, t),
t € R, lies on either side of S. This shows that ¢(7') is contained in S. Moreover,
S also divides the cones conv(F (T, u;)U{0}), i € {1,3} into equal parts. Thus,
Vr(us) = Vr(ug). The condition (iii) can be seen as follows. We abbreviate

hi = hT(ui),
fi = VOll(f‘ﬁ<T7 uz)),

for i = 1,2,3,4. Since T is centered, Fubini’s theorem yields

hy
0= /tvoh(TﬂH(ul,t))dt

—hs

h1
= /t<}f—:h; (fr — f3)+f3> dt

“hs
hi + hs
6
2(h1 + h3) f1f3

= f(@fl + f3) fsVr(u) — (f1 + 2f3)f1VT(U3)),

((2f1 + fa)hi — (f1 + 2f3)h3)

and so

(fr+2f3)fr

Vrlw) =Vr(us) - G s
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From Minkowski’s characterization (2.8) and the fact that U(T) Nw = {us} it
follows that f1 < f3 and thus (f1 4+ 2f3)f1 < (2f1 + f3)fs, which shows (iii).

On the other hand, suppose pu is given as above such that (i), (ii), (iii) and
(iv) hold. Theorem 2.14 asserts that there exists a unique trapezoid T' € P2 with
Vr = p. It remains to show that T is centered. To this end, let v1, vq, v3, v4 € R?
be the vertices of T and sorted such that

F(T,u1) = [v1,v2], F(T,u3) = [v3,v4]
F(T, uz) = [v2, v3], F(T, us) = [vg, v1].

We start by proving that det(vs,v1) = det(va, v4). Indeed, since F(T,u) and
F(T,u3) are parallel we find that

0 = det(va—v1,v4—v3) = det(ve, v4) —det(va, v3) —det(vy, va)+det(vy, v3).

Now (iv) is equivalent to det(vs, v2) = det(vy,v4). Hence det(vsz, v1) = det(va, vy4).
As above, by (2.50) we have
det(va,vy) det(vs, v1)
= (v2,v3) (v4,v1) — (V2,v1) (V4, V3)
= (v2,v3) (v4,v1) — (V3,v1) (V4,V2) + (V3,V1) (Vg,V2) — (Va, V1) (Vg, V3)
= <’U3,’U1> <’U2,’U4> — <’U3,’U4> <’U2,’U1> — <’Ug,’U4> <’Ul,’03> + <’l)2,’v3> <’Ul,’U4>
= det(vs, v2) det(v1, v4) — det(va, v1) det(vy, v3)
4(VT(u2)VT(u4) - VT(ul)VT(u;;))
= 4(VT(U2)2 - VT(Ul)VT(u3)>
(Var(w)? + Vi(us)? = 2V (ur) Vr (us) )
(Vr(uz) — Vp(ur))?,

where we used (ii) and (iv). Since det(vs,v4) = det(vs, v1) and because of (iii)
and (iv) it follows that
det(vg,v4) = Z(VT(Ug) — VT(ul))
=2(Vr(uz) — Vr(u1) + Vr(uz) — Vr(us))
= det(vy4,v3) — det(va, v1) + det(vs, v2) — det(vy, vy)

and

det(vs,v1) = 2(Vr(uz) — Vr(uy))
= Q(VT(U3) - VT(U1) - VT(UQ) + VT(u4))
= det(vy, v3) — det(va, v1) — det(vs, v2) + det(vy, vy).

Since (2.47) is satisfied, Proposition 2.17 asserts that 1" is centered. O

The presented examples confirming non-uniqueness of non-trivial cone-volume
measure all have in common that either the subspace concentration inequality
is violated for a pair of antipodal outer normals, or the considered polygon has
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Figure 2.10: Fivegon in Proposition 2.19

no parallel sides. In case of quadrilaterals, Theorem 2.14 assures that this is
necessary. However, Malikiosis discovered the existence of a fivegon satisfy-
ing the strict subspace concentration inequality with non-unqiue cone-volume
measures.

Proposition 2.19 (Malikiosis?). There are two fivegons satisfying the strict
subspace concentration inequality that have the same cone-volume measure.

Proof. The fivegon given as (see Fig. 2.10)

P eone [ (36 (330 (—330\ (-30) (66
=M t100)\ 100 /0 \ —98 ) \—98) \—2) ("
has cone-volume data

1
ﬁ) , Vp(uy) = 3264,

uy = (2) , Vp(uy) = 14700,
(
(

Uz = 01> ; Vp(us) = 32670,
0
Uuys = _1> 5 VP(U4) = 14700,
1
us = <¢§1 ) : Vp(us) = 3264.
V2

In particular, P satisfies the subspace concentration inequality (2.34). Moreover,
the cone-volume measure of P is invariant under reflection about es, but P is
not. O

The results of this section raise the questions whether cone-volume measures
of centered polygons are unique and if the the number of distinct polygons
realizing given cone-volume data can be bounded.

2Romanos Diogenes Malikiosis, private communication.



3 Dual curvature measures

3.1 An introduction to dual Brunn-Minkowski
theory

Duality of concepts generally describes the act of translating aspects of one
theory into another by an (often involutive) operation, e.g., dual spaces of vector
spaces or primal and dual linear programs in optimization. A duality within the
space of convex bodies is described by the following operation. For a non-empty
set X C R™ we define its polar set by

X ={yeR": (z,y) <1lforal e X}. (3.1)

The polar set is always a closed convex set containing the origin. Moreover, for
K € K7 its polar K* is a convex body in K7 and (K*)* = K. There is no
relation between the support functions hx and hg~ of the same simplicity, but
hg« exhibits a geometric interpretation regarding K, which is

(hg-(w)) ™' = max{\ > 0: \u € K}, (3.2)
for u € S"~1. Tts (—1)-homogeneous extension defined by px (z) = (hg«(z)) "
for x € R™\ {0} is called radial function of K. The geometric intuition behind
this duality is that points contained in K* interchange roles with halfspaces
containing K, i.e., ® € K* if and only if K C H™ (x, 1), for  # 0, and vice
versa.

The dual Brunn-Minkowski theory is a conceptually dual to the classical
Brunn-Minkowski theory which arises by replacing the Minkowski addition (1.1),
i.e., the addition of support functions, by addition of radial functions in the fol-
lowing way. For K, M € K7, and scalars s,t > 0 the radial combination of

K and M with respect to s and ¢t is
sK +tM = {x € R" : spg(x) + tppr(x) > 1}. (3.3)
In general, the radial combination of convex bodies is not necessarily a convex

set, but it is always a star-shaped set, i.e., a non-empty set S C R™ such
that for every @ € S the segment [0, z] is contained in S (see Fig. 3.1). The

47



48 3 Dual curvature measures

Figure 3.1: Radial combination %K—T— %M for K = conv{(g)7 (:1}2), (712/2)}
and M = [-1,1]?

definition (3.2) may be extended to compact star-shaped sets S C R™ via
ps(x) = max{\ >0: \x € S},

for x € R™\ {0}. If pg is positive and continuous, we call S a star body. The
set of star bodies in R™ will be denoted by S. Then the left hand side of (3.3)
can be characterized as the unique star body with

Psk Fim = SPK +tpm.

The dual Brunn-Minkowski theory was introduced by Lutwak [58]. His con-
tributions include among others an analogue of the Minkowski inequality (2.5)
from which the dual Brunn-Minkowski inequality

vol((1 — VK FAM)® < (1 — A)vol(K)* + Avol(M),

K, M € 8" and X € [0, 1], may be derived (see also [59]). Moreover, there exist
functionals similar to the quermassintegrals defined in (1.5). Lutwak [58] found
that for a star body K € S” its dual parallel body K + AB,, also admits a
polynomial expansion given by

vol(K ¥ AB,) = ; Al <’;> W, (K),

where the functionals WZ(K ) defined this way are called dual quermassinte-
grals of K. In analogy to Kubota’s formula (1.6) the dual quermassintegrals
W, (K) exhibit the following integral geometric representation as the means of
the volumes of sections (see [60])

~ vol(B,,)
Wa-ilK) vol;(B;) / veli(£N L)
G(i,n)
for ¢ = 0,...,n. The celebrated solution of the Busemann-Petty problem is

amongst the recent successes of the dual Brunn-Minkowski theory (cf. [31,
35, 81]) and it also has connections and applications to integral geometry,
Minkowski geometry and the local theory of Banach spaces. For more infor-
mation about the study of central sections of convex bodies we recommend the
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Figure 3.2: Local dual parallel body Ax (X, n)

books of Gardner [32], Koldobsky [53] and Schneider [75, Sect. 9.3] and the
references therein.

For a long time an analogue of the variational formula (1.7) for dual quer-
massintegral has been unknown. This gap between classical and dual Brunn-
Minkowski theory was recently closed in a groundbreaking paper by Huang, Lut-
wak, Yang and Zhang [48]. Define the logarithmic Wulff shape of K € K7
with respect to a function f: S*~! — R, as the convex body

[hg exp(f)] = {x € R" : (u,z) < hg(w)exp(f(u)) for all w € S"~1}.

Huang, Lutwak, Yang and Zhang proved for K € K] and every continuous
function f: S*~! — R the variational formula

ani h )" _ani h =~
gy Wzl el oles D= W) ;{4
e—0 e
Sn—l
i =1,...,n, where o(¢,) is an arbitrary family of real functions on S"~! with
lim_,q @ = 0, uniformly in w, and C;(K,-) are Borel measures on S"~!

(see [48, Thm. 4.5)). Amazingly, the measures C;(K,-) admit a local Steiner-
type formula comparable to (1.8). For a convex body K € K and a point
x € R™\ {0} we define by px(x) = px(x)x € OK its radial projection onto
K and by

a(K z) = e —px(x)|, ifxé¢K,
’ 0, if x € K,

its radial distance to K. Then for a Borel set 7 C S*~! and A > 0 we consider
the local dual parallel body (see Fig. 3.2)

A\ 1) = {m ER":0<d(K,z) < A
and, if ¢ # 0, px(x) € Hx(u) for some u € n}.

Huang, Lutwak, Yang and Zhang established the polynomial expansion
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o (m)

Figure 3.3: Reverse radial Gauss image of a smooth convex body

~ n\ i

el =3 ()N Cta (3.4
for every Borel set 7 C S"~! (see [48, Thm. 3.1]) and used (3.4) as the defini-
tion for the dual curvature measures @(K, ) of K, 0 < i< n, which act as
conceptual counterparts of the curvature measures defined in (1.9) in the dual
Brunn-Minkowski theory. Moreover, they gave an explicit integral representa-
tion of the dual curvature measures which is as follows. For a Borel set n C S*~!
we define the reverse radial Gauss image by (see Fig. 3.3)

() ={ucS" ! :pg(u) € Hx(v) for some v € n}.

Then the dual curvature measures satisfy

~ 1 A
Gy, ) = / prc (w) du
ast (1)

n
for ¢ = 0,...,n. This representation justifies to define for any ¢ € R the gth
dual curvature measure of K € ' by

Cokm =1 [ pxlwdu (3.5)

aj(n)

If 7 is a Borel set, then aj (1) is H"~'-measurable (see [75, Lemma 2.2.11.]) and
so the gth dual curvature measure given in (3.5) is well defined. An astonishing
feature of these dual curvature measures is that they link two other fundamental
geometric measures of a convex body. When ¢ = 0 the dual curvature measure
is — up to a factor of n — Aleksandrov’s integral curvature of the polar body
of K, ie., Co(K, ) = %CO(K*, -), and for ¢ = n the dual curvature measure
coincides with the cone-volume measure of K (see [48, Lem. 3.8]).

We want to point out that there are also dual area measures corresponding
to the area measures defined in (1.8) given by

S,(Kw) = 1 [ prc(u)du

w



3.1 An introduction to dual Brunn-Minkowski theory 51

for ¢ € R and Borel sets w C S*~!. An extensive description of the duality
between classical and dual area measures and curvature measures is contained
in [48].

The analogue to the Minkowski-Christoffel problem in the dual Brunn-Min-
kowski theory is the dual Minkowski problem. The task is, given ¢ € R and a
finite Borel measure 1 on S*~1, to find necessary and sufficient conditions for the
existence of a convex body K € K7 such that C,(K,-) = pu. It was introduced
in [48] and therein a sufficient condition for even measures was established.

Theorem 3.1 (Huang, Lutwak, Yang, Zhang [48]). Let ¢ € (0,n] and u be a
non-zero finite even Borel measure on S"~t. If
q—1n—dimL

w(S" ' NL) < min {1 e Tasi 1} w(S™1) (3.6)

for every proper subspace L of R™, then there exists a symmetric convex body
K € K7 with Cy (K, ) = u.

There are two remarkable aspects of Theorem 3.1. As for ¢ = n the gth dual
curvature measure is equal to the cone-volume measure, also (3.6) becomes
the strict form of the subspace concentration inequality (1.13). Furthermore,
for 0 < ¢ < 1 the inequality (3.6) only asserts that p is not concentrated
on a great subsphere. This is a necessary condition that can be seen from
(3.5). In particular, Theorem 3.1 solves the even dual Minkowski problem in
the range ¢ € (0,1]. Examples of convex bodies showing that for ¢ € (1,n)
the inequality (3.6) is not a necessary condition were given in [14, Prop. 1.5]
and [82, Prop. A.1]. A necessary subspace concentration inequality for gth
dual curvature measures of symmetric convex bodies was proved by Béroczky,
Henk and the author. It was also shown that the inequality is sharp since the
aforementioned examples get arbitrarily close to the upper bound.

Theorem 3.2 (Boroczky, Henk, P. [14]). Let ¢ € (1,n) and K € K?. Then
dim L

C,(K,S""'NL) < min { , 1} C,(K,S" 1) (3.7)

for every proper subspace L of R™.

We remark that since the bounds (3.6) and (3.7) coincide for dim L = 1, the
Theorems 3.1 and 3.2 solved the even dual Minkowski problem in the plane for

€ (1,2). The sufficiency of (3.7) was first proved by Zhao [82], when ¢ is an
integer, and very recently in full generality by Boroczky, Lutwak, Yang, Zhang
and Zhao [17].

Theorem 3.3 (Boroczky, Lutwak, Yang, Zhang, Zhao [17]). Let ¢ € (0,n) and
u be a non-zero finite even Borel measure on S"t. If

dim L

w(S""*NL) < min {q’ 1} u(S™h

for every proper subspace L of R™, then there exists a symmetric conver body
K € K} with Cy(K,-) = p.
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The Theorems 3.2 and 3.3 combined solve the dual Minkowski problem for
symmetric convex bodies in the range g € (0,n). The case ¢ < 0 was treated by
Zhao [83]. He proved the absence of a non-trivial subspace concentration bound
even without any symmetry assumptions on the given measure. Moreover, he
established the uniqueness of dual curvature measures of convex bodies when
q < 0.

Theorem 3.4 (Zhao [83]). Let g < 0 and p be a non-zero finite Borel measure
on S"7L. Then there exists a convexr body K € K" with éq(K,-) = u if and
only if p is not concentrated on any closed hemisphere. Moreover, K € K is
uniquely determined.

In the remaining paramater range ¢ > n no sufficient condition in the (even)
dual Minkowski problem is known. A necessary subspace concentration inequal-
ity for dual curvature measures of symmetric convex bodies when ¢ > n+1 was
proved by Henk and the author.

Theorem 3.5 (Henk, P. [42]). Let ¢ >n+1 and K € K?. Then

qg—n+dimlL ~

Cy(K, " 'nL) < p Co(K,S" 1) (3.8)

for every proper subspace L of R™.

The main goal of this chapter is to present the proofs of the Theorems 3.2
and 3.5 in full detail. We use the representation (3.5) to conclude that — sim-
ilar to the cone-volume measure — éq (K, 7n) measures the cones associated to
the outer normals in 7 just by a measure different from the volume. We will
follow the approach of Henk, Schiirmann and Wills [44] who proved the neces-
sity of (1.13) for cone-volume measures of symmetric polytopes using only the
Brunn-Minkowski inequality (1.2). To this end, we establish Brunn-Minkowski
type inequalities in the Sections 3.2 and 3.3, where the volume is replaced by a
measure with a Lebesgue-density that satisfies a convexity principle.

In Section 3.4 we will prove Theorems 3.2 and 3.5 and also the sharpness
of the given bounds. Moreover, in Section 3.5 we establish an extension of
Theorem 3.5 to the range g € (n,n+ 1) in case n = 2 and discuss the occurring
obstructions when n > 2.

Finally, we bring up a generalization of dual curvature measures proposed
in [64] in Section 3.6 and survey extensions of Theorems 3.2 and 3.5 in this
setting.

The results of this chapter originally appeared as joint works with Karoly
Boroczky, Jr., and Martin Henk [14, 42].

3.2 A generalization of Anderson’s theorem on
even quasiconcave functions

The integral representation of dual curvature measures (3.5) has a striking re-
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semblance to the well-known volume formula of convex bodies K € K7

VOI(K):% / pr(u)" du,

S§n—1

which can be proved just by using spherical coordinates in R™. Using the con-
vention 0% = oo, a < 0, for convenience, which is consistent to measure theoretic
considerations, the same method yields the following formula.

Lemma 3.6. Suppose ¢ > 0, K € K" and Q € S?. Let n C S*~! be a Borel
set. Then
[ o tocwrdu=a [ polrde (9)

ai (n) KQ(REO'O‘}(W))

Proof. Since ¢ > 0, the integral foa r¢~1dr exists for any a > 0. By using
spherical coordinates and (3.5)

pr(u)
q / pQ(w)”_qd:c:q/ /pQ(ru)”_qr"_ldr du
KN (Rso-ap (n) aj(m \ 0
px(u)

=q po(u)" ™1 ritdr | du

o (n) 0

= [ potw prc(w)? du. o

o (n)

The nature of Lemma 3.6 is revealed when we consider (3.5) for a polytope
P € P rather than an arbitrary convex body K € K. In this case (3.9) with
Q@ = B, gives (cf. (1.10))

~ 1
CuP == [ petu)du
ag(n)
_4 / 2" dar o
3.10

PA(Rso-ap(n)

DY [ aras.

ueU(P)Nn conv(F(P,u)u{0})

i.e., the sum in (3.10) is taken over the same cones as the cone-volume measure,
which are measured by |-|* dH"(-), for some a € (—n,o0), rather than the
Lebesgue measure. Following the idea of Henk, Schiirmann and Wills [44] we
therefore seek for Brunn-Minkowski type inequalities for measures of this kind.
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oa=—1
a=1/2
a=4/3

Figure 3.4: Quasiconcave (red), quasiconvex (violet) and convex (blue) instance
of the family {|-|* : « € R\ {0}}

We point out that Lemma 3.6 is crucial for this approach which is why it is only
viable when ¢ > 0.

For each o € R\ {0} the function |-|* has a convexity property (see Fig. 3.4).
If @ > 1, then it is convex. When « € (0,1), it is a quasiconvex function, but
not convex. For a < 0, the function is quasiconcave. We say that a nonnegative
function f: R™ — R>o U {00} is quasiconvex if for every ¢ € R> the sublevel
set

{f<c=f710,c) ={z € R": f() < c}

is convex, and quasiconcave if the superlevel sets

{fzct=f"(e,0]) = {x eR": f(x) > c}

are convex. Since convex sets are measurable and measurability of sub-/superlevel
sets implies measurability of functions, this definition yields that quasiconvex
and quasiconcave functions are Hausdorfl-measurable functions. In [3], Ander-
son proved that if K € K? and f: R™ — R>o U {oo} is quasiconcave and even,
the minimum value of

/ f(x)de

t+K

with respect to t € R" is attained at ¢ = 0. This is obvious if restricted to the
one-dimensional case, since the evenness of f together with the quasiconcavity
implies that f is monotonically decreasing on any ray starting from the origin.
The proof of Anderson relies only on the Brunn-Minkowski inequality (1.2),
but the result can be strengthened to a Brunn-Minkowski type inequality for
integrals of quasiconcave functions. Here we compare the integral of f over
a convex body K with the integral over Minkowski combinations of the form
(1-= MK+ A(—K). It can be observed, that on the one hand (1 —A)K + A\(—K)
is larger than K regarding volume, but also it lies somewhat closer to the origin
where f attains its peak (see Fig. 3.5).
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Figure 3.5: Level sets of a two-dimensinal quasiconcave function, and a
Minkowski combination (1 — A\)K + A\(—K)

Theorem 3.7 (Boroczky, Henk, P. [14]). Let f: R™ — Rx U {oo} be an even
quasiconcave function. Let K C R™ be a compact, conver set with dim K = k.
Then for X € [0,1]

f(a) dHE (@) > / (@) dHF (@), (3.11)
(1N K+A(=K) K

If the superlevel sets {f > c} are closed for every ¢ > 0, then equality holds if
and only if for every ¢ >0

volg ((AK + (1 — A)(=K)] N {f > ¢}) = volu (K N {f > ¢}).

Proof. Let Ky = (1 — \)K + A(—K). By the convexity of the superlevel sets
of f we have for every ¢ > 0

Kn{f>c}D (1—>\)(Kﬁ{f2c}) +)\((—K)m{f2c}). (3.12)

The Brunn-Minkowski inequality (1.2) applied to the set on right hand side of
(3.12) gives

voli (Kx N{f > c})
>vol (1 =N (K N{f >c}) + AM(=K)N{f >c}))

> (1= Nvole(K N {7 2 Dt +Avoly(—K) 1 {f 2 ep)t) . (3.13)
Since f is even, the superlevel sets {f > ¢} are symmetric. Hence,
volg (K N {f > ¢}) = volu((—K) N {f > ¢})
and so (3.13) becomes

volp(KxN{f >c}) > volpg(KN{f >c})
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for every ¢ > 0. Fubini’s theorem yields

/f(w) dH" () = / 7m)1 de | dH"(x)
K K 0
= 7V01k(K,\ N{f>c})de

> [ volpg(Kn{f > c})de

A— O —g °

f(z) dH ().

Suppose {f > ¢} is closed for every ¢ > 0, and we have equality in (3.11). Then
volg (KxN{f > ¢}) is lower semi-continuous with respect to ¢, and for A € [0, 1]
we find that

volg (Kx N{f = c}) = volp (K N{f = ¢})

for every ¢ > 0. O

Theorem 3.7 includes the result of Anderson [3] as a special case when K
is the translate of a symmetric set. If f is chosen to be the constant function
f(z) =1, z € R™, then (3.11) becomes the Brunn-Minkowski inequality (1.2)
for M = — K. Another interpretation is as follows. For a quasiconcave function
f:R" — Rxo U {oo} we denote by ¥ the measure with Hausdorff-density
function f, i.e., d¥U; = fdH™. The inequality (3.11) for k = n states that

Ui((1= MK +A=K)) > U4(K)
for K € K™ and A € [0,1]. The natural extension reads
Ur((1—=XNK+AM)>min{¥;(K),¥s(M)} (3.14)

for any K,M € K", which is known as quasiconcavity of the measure Wy.
However, the restriction to pairs (K, —K) € (K™)? of Theorem 3.7 is crucial.
Counterexamples to (3.14) can be easily found also when f is an even func-
tion. As a matter of fact, the famous Borell-Brascamp-Lieb inequality asserts
that (3.14) holds if f~# is a convex function (which is stronger than f being
quasiconcave). For more information on how convexity of measures and density
functions are related we refer to [9], [26] and [33, Sect. 15].

3.3 A Brunn—Minkowski type inequality for
moments of the Euclidean norm
Establishing a Brunn-Minkowski type inequality like (3.11) for convex functions

f is significantly more challenging. In this case the sublevel sets {f < ¢} are
convex, but adapting the proof of Theorem 3.7 is not possible. In fact, for any
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M € K%, and t € R™ such that M N (M +t) = () we may choose f to be 0 on M

and 1 otherwise, and K = M +t. Then f is an even convex function, but (3.11)

is wrong for any A € [0, 1] sufficently close to % Nevertheless, in the special

case when f is a power of the Euclidean norm we prove the following result.

Theorem 3.8 (Henk, P. [42]). Let « > 1 and K € K™ with dim K =k > 1.
Then for X € [0, 1] we have

|| dH"(z) > |2\ — 1|"/|m|a dH" (), (3.15)
(1=NEK+A(=K) K
with equality for X\ € (0,1) if and only if a = 1, there exists a uw € S"~! such

that K C linu, and the origin is not in the relative interior of the segment
(1=K +\-K).

Note, that when a = 0, also the inequality (3.15) becomes the Brunn-
Minkowski inequality (1.2) for K and —K. The rest of this section is devoted
to the proof of Theorem 3.8, but actually we prove a slightly more general
statement.

Theorem 3.9 (Henk, P. [42]). Let o > 1 and Ky, K1 € K™ such that dim Ky =
dim Ky = k > 1, volg(Ky) = volg (K1) and their affine hulls are parallel. For
A€ [0,1] let Ky = (1—A)Ko+ AKy. Then we have

/|a,-|“ dHF (@) + / | dH* ()
Ky Ki_»x
> 24 — 1" /\m|a d?—lk(w)+/|w|a dH*(x) | (3.16)
Ko Kl
with equality for X\ € (0,1) if and only if o = 1, there exists a w € S"~! such
that Ko, K1 C linw, and the hyperplane H(u,0) separates Ky and Ki_».

Now Theorem 3.8 follows by setting K = Ky = —K;. We start by recalling
a variant of the well-known Karamata inequality which often appears in the
context of Schur-convex functions.

Theorem 3.10 (Karamata’s inequality, see, e.g., [51, Theorem 1]). Let D C R
be convex and let ¢: D — R be a non-decreasing, convex function. Letxq, ..., Ty,
Y1,-.-,Yx € D such that

(1) x4 > x0 > ... > xy,

(i5) 11 >y2 > ... > yx, and

(i) x1+xo+ ...tz 2y +y2+...+y; foralli=1,... k.
Then

(1) +p(x2) + ... + (k) = Y1) + p(y2) + ... + @(yk)- (3.17)
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If ¢ is strictly convex, then equality in (3.17) holds if and only if x; = vy,
i=1,...,k.

As a consequence we obtain a 0-dimensional version of Theorem 3.9, i.e., when
the convex sets are replaced by singletons.

Lemma 3.11 (Henk, P. [42]). Let o > 1 and 29,21 € R. Then for A € [0, 1] we
have

|(1 — )\)ZO + )\Zl‘a + ‘/\ZO + (1 — )\)Zl|a Z |2)\ — 1|a (|Zo|a + |Z1|a) (318)
with equality for A € (0,1) if and only if either
(i) z1 = —zo, or

(ii) a« =1, zpz1 <0 and max{\,1 — A} > w

lzol+[21]
Proof. By symmetry we may assume that A < 3, [20] > |21] and z > 0. Write
xr1 = ‘(1 — )\)Zo + )\Z1| s
To = ‘)\ZO +(1— )\)le,

y1 = (1-2X)
Y2 = (1 —2)\)

20,

|21 -

We want to apply Karamata’s inequality with D = R>q and f(t) = t*. We
readily have

Y1 ZyQa
x% —x% =(1- 2)\)(23 — zf) >0,

which gives x1 > 5. Since z1 > —zy we also have
(I1=XNzo+Az1 > Azg+ Az1 = A(z0 + 21) >0, (3.19)
from which we find
1 =(1—=Nzo+ Az1 > (1= N)zo — Az = y1.
It remains to show that 1 + x5 > y1 + y2. The triangle inequality gives
[(1=MNzo+Az1) £ (Azo+ (1= X)z1)| < 21 + 2.
Hence

21 + x2 > max{|zo + 21|, [(1 — 2X\) (20 — 21)|}
> (1 —2X) max{|zg + 21|, |20 — 21|}
— (1= 20)(z0 + |21))
=Y+ Y2

(3.20)

and Karamata’s inequality (3.17) yields ¢ + x§ > y{ + y$.

Suppose now we have equality in (3.18) and as before we assume 0 < A < %,
|z0| > |#1] and zp > 0. In view of our assumptions we have (3.19). First let
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a > 1. In this case the equality condition of Karamata’s inequality asserts
z1 = y; and from (3.19) we conclude Az; = —Azg. So for @ > 1 equality in
(3.18) is equivalent to z3 = —zq.

Now suppose @ = 1, and z; # —2p. In this case (3.18) becomes x1 + z2 =
y1 + y2 and the equality in (3.20) yields

(1 — )\)ZO + )\Zl + |>\ZO + (1 — )\)Zl‘ =1+ X2 = |(1 — QA)(ZO — Zl)‘ y
i.e., we have equality in the triangle inequality
|((1 - )\)ZO + )\Zl) + (—>\ZO — (]. — )\)21)‘ S xr1 + Xo.

Thus, by (3.19) it follows that Azp + (1 — A)z; < 0. Since zg > 0 and z1 # —zp
we must have z; < 0. Moreover, since zg > |z1| this also shows zy > 0. By
rearranging Azg + (1 — M)z < 0 the inequality becomes

1-X>

O_Zl

In consideration of the made assumptions this is condition (ii). On the other
hand, following the same arguments condition (ii) implies 1+ 22 = y1 +y2. O

At the present day there is a vast number of different proofs of the Brunn-
Minkowski inequality (1.2). Here we want to emphasize the version of Kneser
and Siiss [52] who used an inductive argument and Fubini’s theorem to apply
a lower-dimensional Brunn-Minkowski inequality onto sections of convex bodies
with hyperplanes (see [75, Thm. 7.1.1] for an English version). An inductive
approach in the setting of Theorem 3.9 comes with the task of considering
the restriction of the function |-|* to sections of convex bodies. Instead, the
next lemma will allow us to replace spheres appearing as level sets of the norm
function by hyperplanes. It appeared first in Alesker [1] and for more explicit
versions of it we refer to [72, Lemma 2.1] and [4, (10.4.2)].

Lemma 3.12. Let a > —1. There is a constant ¢ = ¢(n, ) such that for every

x € R"
=c- / (6, z)|" d6.
S§n—1

Consequently, in the subsequent lemma we will prove a version of Theorem 3.9
with the function [(8,-)|*, @ € S"~! fixed, in place of |-|“.

Lemma 3.13 (Henk, P. [42]). Let o > 1 and Ko, K1 € K" such that dim Ky =
dim Ky = k > 1, volg(Ky) = volg (K1) and their affine hulls are parallel. Let
0 € S"1 and for A € [0,1] let Ky = (1 — \)Ko + AK;. Then we have

/|9w AH* (x /|0x | dH ()

>[2x — 1" /|0:c dH" ( /|0:c dHF(x) | . (3.21)



60 3 Dual curvature measures

Moreover, if Ky and K1 are not contained in affine spaces parallel to 0+ and
equality holds in (3.21) for A € (0,1), then a = 1, Ky and K7 are translates and
the hyperplane H(0,0) separates Ky and Ki_j.

Proof. Without loss of generality we assume that volg(Ky) = volg (K1) = 1.
The Brunn-Minkowski-inequality (1.2) gives in this setting for any A € [0, 1]
VOlk(K)\) > 1. (3.22)

For t € R denote
H(0,t) = {x € R": (6, x) = t},
H(0,t) ={x e¢R": (0, x) <t}
First suppose that K lies in a hyperplane parallel to 0+ (and therefore K

for A € [0,1]), i.e., K; C H(0,t;) for some t; € R, i € {0,1}. By (3.22) and
Lemma 3.11 we find

/|0:1: dAHE( /|9:c | dHF (x)

K1\
= volg (K)) |(1 — N)to + At1|“ + volg (K1_) | Ao + (1 — N)t1|”
> (1= Nto + Mq|™ + [ Mo + (1 — Nt |*
> 2 = 1" ([to]™ + [ta]")
= |2X — 1]” (volx (Ko) [to]™ + volg (K1) [t1]7)

=22 —1|* /|0:c dHF (x /\ew |* dH*(z)

Thus, in the following we may assume that Ko € v + 6+ for all v € R" and
hence, —hg,(—0) < h,(0) for i = 0,1. For ¢t € R and for i = 0,1 we set

’Ui(t) = VOlkfl(Ki n H(0, t)),

w;(t) = volg(K; N H™ (6, 1)),

so that w;(t) = [*__v;(¢)d¢, i € {0,1}. On (~hg,(—8),hk,(8)) the function v;
is continuous and hence w; is differentiable. For i € {0,1} let z; be the inverse
function of w;. Then z; is differentiable with
1 1
! = =
A= UG w)
for 7 € (0,1). Write 2z,(7) = (1 — v)2o(7) + vz1(7) for v € [0,1]. By Fubini’s
theorem and a change of variables via t = z,(7) we find

(3.23)

/| 0, )| dH"(x) = /|t| voly_1 (K, N H(8,t))dt

. (3.24)

- / 12 (7)]* vol_ (KVQH(Q,Z,,(T)))ZL(T) dr.

0
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Since K, N H(0,z,(7)) 2 (1 —v)(KoNH(O,20(7))) + (K1 N H(O,21(7))) we
may apply the Brunn-Minkowski inequality (1.2) to the latter set and together
with (3.23) we get

voly—1 (KV NH(8, ZV(T)))ZL(T)

> voly_1 ((1 — V) (Ko N H(8, 20())) + v(Ky N H(®, zl(T))))z;(T)

z[u—vwa%w»ﬁl+wﬂmﬁﬁ“ﬁbihi£5»+vmiv»]

> [eo(zo(r) EFoa (s () ™T] [ooleo(r)) (e ()]
L

(3.25)

where for the last inequality we used the weighted arithmetic-geometric mean
inequality. Therefore, (3.24) and (3.25) yield

/|0:1: A" (x /lew dH* ()
> [ a0 + [z-a(7)|* d7
/

= / [(1 = N)zo(7) + Az ()" + [Azo(7) + (1 = N 21 (1) dr.

0

Next in order to estimate the integrand we use Lemma 3.11 and then we sub-
stitute back via (3.23)

/|0w A" (x /|9m dH" ()

]/| ™)+ Az ()] + Azo(r) + (1= M)z (1) dr
0
z!mA—H“(th“HvaﬁdT (3.26)
=22 - 1|* (/IZO(T)O‘ dT+/|21(7')|a dr)
0 0

=DA—H“</VMﬂ“w®Mﬂ%%ﬁﬁh
0

+/ |21(7)|* vi(21(7)) - 21(7) dT)
0
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—A—1 /|t\avolk,1(KomH(e,t))dt

— 00

/|t| volp 1 (K1 N H (6, 1)) dt

=[2A - 1" /|0:r, dH* (z /|9w dH* (z)

Now suppose that equality holds in (3.21) for two k-dimensional convex bodies
Ky, K; of k-dimensional volume 1 with K; Z v + 6% for any v € R", i € {0, 1}.
Without loss of generality we may assume that 0 < A < % Then the equality
in (3.21) implies equality in (3.25) for » = X and thus

volp(Ky) = [ voly_s (KmH(o (T )))ZA( )dr

O\H

=1=Avolg(Kp) + (1 — A) voli (K71).

Hence, by the equality conditions of the Brunn-Minkowski inequality (1.2), Ky
and K7 are homothets and we conclude Ky = v + K; for some v € R™. Thus
for 7 € [0,1] and s = (0, v)

20(T) = 21(7) + (0, v) = z1(7) + s. (3.27)

Since we must also have equality in (3.26) the equality conditions (i) and (ii) of
Lemma 3.11 can be applied to z;(7), ¢ = 0,1. If & > 1, then Lemma 3.11 (i)
implies zo(7) = —z1(7) for 7 € [0,1]. Together with (3.27), however, we get
that zo(7) = 5 is constant with respect to 7. Then 3 + 6~ contains K, which

contradicts the assumption.

Thus we must have ov = 1 and in this case we get from Lemma 3.11 (ii) and
(3.27)

0> 2o(7)21(7) = 20(7)(20(7) — 5), (3.28)
max{|zo(7)[ , |20(7) — s[}

1—X=max{\,1—\} > |20(7)| + [20(T) — 5]

(3.29)

for every 7 € [0, 1] except when z1 (1) = —z¢(7). The above considerations show
that there is at most one element in 7 € [0, 1] satisfying the latter equation.

By interchanging the roles of zo(7) and 21 (), if necessary, we may additionally
assume that s > 0. In particular, by (3.28) and since 2 is continuous and
monotone, it follows that s > zo(7) > 0 for all 7 € (0,1). Then (3.29) becomes

max{zo(7),s — z0(7)}

1-A>
and we obtain

22 (1) = (1 = A)2o(7) + A(20(7) — 8) = 20(7) — As > 0,
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21-2(7) = Azo(7) + (1 = A)(20(7) — 8) = 20(7) = (1 = N)s <0

for all 7 € (0,1). By the continuity of zg we have —hg, (—0) > 0 > hg, _, (0),

i.e., H(0,0) separates K and Ki_j. O
Now we are ready to prove Theorem 3.9.

Proof of Theorem 3.9. Without loss of generality we assume that volx(Ky) =
vol (K1) = 1. In order to prove the desired inequality (3.16) we first substitute
the integrand via Lemma 3.12 which leads, after an application of Fubini’s
theorem, to the equivalent inequality

/\996 dH" (z /|0m | dH*(z) | do
Sn—l
> m_ 1% x (3.30)

/ /|0a: dH* (x /|0w |* dH* () | de.

By Lemma 3.13 this inequality holds pointwise for every @ € S*~!. Hence we
have shown (3.30) and thus (3.16).

Now suppose that A € (0, 1) and equality holds in (3.16) for two k-dimensional
convex bodies K, Ky of k-dimensional volume 1. Then we also have equal-
ity in (3.30) for any @ € S"~!. In particular, since K, contains at least two
distinct points =,y € Ky, we may choose & = = — vy, so that Ky is not con-
tained in an affine space parallel to 6+. The necessary conditions for equality in
Lemma 3.13 assert that « = 1, Ky and K; are translates, and H(8,0) separates
K and K;_j. On the other hand, if  and y are linearly independent, we find
v € 1\ y! and ¢ € R such that

(@ +w,x) = |z> >0,
(x+w,y) = (z,y) +(v,y) <0,

i.e., K has a non-empty intersection with H(x+wv,0). Setting @ = x + (v then
contradicts Lemma 3.13 as K, and K;_) cannot be separated by H(6,0). Thus
every two points in K| are linearly dependent, which means that K C linu for
some u € S"~!. Following the same line of reasoning for K leads to the same
conclusion and since the affine hulls of Ky and K; are parallel we also have
K; Clinw. In particular, the function (u,-) is not constant on Ky or K; and
by Lemma 3.13 the hyperplane H(u,0) separates K and Kj_.

It remains to show that this separating property also implies equality in (3.16).
If there exists such a u, then with an appropriate choice of coordinates we may
assume that Ko, K1 C R, ie., Koy = [0,& + 1] and Ky = [—(& + 1), =& ] for
some &y, &1 > 0. By symmetry we may assume \ < % The assumption that

Ky =1 =X = A& +1), (L= A)(&+1) = A&]
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and
Kix=[Ao — (1= A)(& +1), M6 +1) A)éi]

—(1-
are separated by the origin, means A(&p+1)—(1—X)& <0 < (1-N)&—A(&1+1)
and so

/|:c|da:+ / |z| dx

Kx K1
(1=X)(o+1)=X& A(€o+1)—(1-X)&1
= / tdt + / —tdt
(1=X)&—A(&1+1) Afo—(1=X1)(&1+1)
1

=5 [((1 — N +1) — /\§1>2 - ((1 — Ao — A& + 1)>2

- (M@ + - 1-26)" + (A& - 1= +1)]]
=@ - (& +6+1)

=@ -1 g [@+1? -+ @ +1)7 -]

Eot+1 &1+1

= (21— 1) /tdt+ / tdt
&o &1

=22 —1) /|:L'|da:+/|a:|da: . O
Ko K,

We remark that the factor [2A — 1|® in the Theorems 3.8 and 3.9 cannot be
replaced by a smaller one. This can be seen from the following example. Let

C € K", u e S" ! and for every r € Ry set Kér) = C+r-uand KY) = —Kér).
Then, for every v € [0, 1] we have K =c - (2v — 1)ru and

/ |z|* dz = r* / [r'e — (2v — 1ul” da.

K c

Moreover, the symmetry of C' gives K fi)y =-K, l(,T). Therefore and since
‘r‘la: - (2v — 1)u’a < (|z| + |(2v — Dul])®

for r > 1, for a given A € [0,1], we conclude by the dominated convergence

theorem
«
fKii)x |.’1)| dx . fKY) \w\a dx B o
im ————— = lim —=——— =2\ - 1|".
00 fKir) |z|* de  roo fKér> |z|* dx

Although (3.15) also holds for a = 0 we point out that an extension of Theo-
rem 3.8 to the intermediate cases « € (0,1), where |-|* is a non-convex function,
is not possible.
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Proposition 3.14 (Henk, P. [42]). Let o € (0,1). There is a closed interval
K CR and X € [0,1] such that for Ky = (1 — A\)K + A(—K) we have

/ |z|* dz < |22 — 1| / |z|* dx.
K\ K

Proof. Let e >0, K = [¢,1+¢] and A = =55z < 5 so that Ky = [0,1]. Then

(1+a)/|x\°‘ dz =1
K
and

I+a)(1 =20 [|z|"dze=(1+a)(1+2¢)"* [ z%dx
/ j

(1 + E)1+a _ 51+a
(14 2¢)e

Let f(t) = (1 + )17 — 17 and g(t) = (1 + 2¢)®. Since

f(0) =1=9(0),
f1(0) = (1+ ) >2a =g'(0),

we have (14 eyi+a _ gi+o
A2 !
for small £ and hence,
/ |z|* dz < (1 —2X\)* / |z|* dx. O
K K

3.4 Subspace concentration in the even dual
Minkowski problem
In this section we will prove bounds on the subspace concentration of dual curva-

ture measures of symmetric convex bodies. In the following lemma we evaluate
an integral that repeatedly appears in the proofs of Theorems 3.2 and 3.5.

Lemma 3.15. Let g >0, K € K7, Q € S and L be a k-dimensional subspace
of R™, where 1 <k <mn—1. Then for any s <k

Cc

[ |penwr [ poerras |- @a

K|L Kooy w)

where for v € K|L we write K, = KN (v + L) and ¢ = ¢(q,K,Q, L) is a
constant independent of s.
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Proof. Since pg r(y) is homogeneous of degree 0 in y we have pg|.(y) =
Pr|L(y) for every y € K|L, y # 0. Using spherical coordinates in K|L the left
hand side of (3.31) becomes

/ Pr|L(Y)* / po(z)""%dz | dy

KlL KI_DK‘L(U)

PK\L(“)
= pK‘L(ru)Sg(u)rkfldrdu,

Sn=1nL 0

where g(u) = fKﬁmL(u) po(z)"~9dz. Homogeneity of the radial function pg

and integration with respect to r yields

/ priL(Y)® / pQ(z)" 1dz | dy

K‘L K}“)K‘L(y)

PK\L(’U')

= [ pcw@rig) [ e tarda

Sr—1NL 0
prn(w)**

d
k—s “

= [ erntwrsw
Sr—1NL
1 k
—i | e e
Snr—1NL

where we used that the involved integrals are finite since s < k. O

Now we are ready to prove the Theorems 3.2 and 3.5. We use Fubini’s theorem
to decompose the dual curvature measure of K € K7 into integrals over sections
with affine planes orthogonal to the given subspace L. These sections contain
Minkowski combinations of parallel sections which lie in 0K (see Fig. 3.6), and
by applying a Brunn-Minkowski type inequality we may compare these integrals
with the corresponding integrals over sections associated to the dual curvature
measure of the Borel set S"~1 N L. We start with the case ¢ € (0,n) where we
prove a slightly more general statement.

Theorem 3.16 ([14, cf. Rem. 4.1]). Let g € (0,n) and K,Q € K. Then

dim L

po(w)"  Ipk(u)?du < / po(u)"  pg(u)?du  (3.32)
@i (Sn—1nL) g1

for every proper subspace L of R™.

Proof. Let dimL =k € {1,...,n —1}. For y € K|L and u € S" ! N L we
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7

Figure 3.6: Sections of convex bodies contain suitable Minkowski combinations
of parallel sections

denote
Mu = conv {KOa Kf)K|L(U)} '

By (3.5), Lemma 3.6, Fubini’s theorem and the fact that Mz N (y + L) C K,
we may write

o) o (w)? du = [ po(e)" 7 da

§n—1 K
o [ | [roter iz | ay 53
KIL \ Ky

Zq/ / pQ(z)" dz | dy.
KlL \ Myn(y+L4)

In order to estimate the inner integral we fix a y € K|L, y # 0, and for
abbreviation we set 7 = pg| r(y)~! < 1. Then, by the symmetry of K we find

Myn(y+ L) 2 7Kg,y + (1 —7)Ko

1 1
2 TRy + (1= 7) <2KanL(y) + 2(—Kﬁ“<y>)>

1+7 1—71
= 9 Kf’K|L('y)+ 9 (_Kf’K\L(y))'

Hence, Mz N (y + L) contains a convex combination of a set and its reflection
at the origin. Note that the superlevel sets of pg(-)"~9 are dilates of Q). This
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allows us to apply Theorem 3.7 from which we obtain

pole) 1dzz [ pole) s (3.34)

MzN(y+L+) Ko@)

for every y € K|L, y # 0. Together with (3.33) we find

[ retw tpxtwrauza [ | [ palzrrdz | ay.
snt KIL \ Koy )
By using Lemma 3.15 with s = 0 we then obtain the lower bound

[ patwrpicuydu = %, (3.35)
gn—1

where c is a constant independent of s.

In order to evaluate the left hand side of (3.32) we recall that for x € K we
have T € a}(S" ! N L) if and only if the boundary point p(x) has a unit
outer normal in L. Hence,

KN (Rsg-aj(S""'NL))
= U conv({0} U K,)

ved(K|L)
and in view of (3.5), Lemma 3.6 and Fubini’s theorem we obtain

P ()" e () du
ar. (Sh~1inL)

- / po(@)" " da

KN (Rs0-aj (S"1NL))

_y / / po(z)"1dz | dy

KI|L Conv({O}UKf,KlL(y))ﬁ(y+LL)

—y / / po(z)"dz | dy

K|L pK\L(y)ilK}')K‘L(y)

ZQ/PML(y)kw / pq(z)" 1dz | dy.

KIL KfDK‘L(y)

Using Lemma 3.15 again with s = k — ¢ it follows from (3.35) that

_ k e
polw)" Tpx(wdu=c< = [ po(w) o (w)’ du.
ar (Sm—1inL) gn—1
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It remains to show that the inequality is strict. To this end, suppose that we
have equality in (3.32) for a proper subspace L. Then we must have equality
in (3.34) for almost every y in the relative interior of K|L. Hence, since ¢ < n
and in view of the equality condition of Theorem 3.7, the equality in (3.34)
implies that My N (y + L") NrQ and Kp,, (y) N7Q have the same (n — k)-
dimensional volume for almost every r» > 0. Moreover, the equality in (3.33)
shows Ky = Mz N (y + L*) and therefore

VOlnfk(Ky nrQ) = VOln*k(KﬁK\L(y) nrQ)

for almost every r > 0. Let £ be a point maximizing pg over Kp In

KIL(Y):
particular, pz(y) '€ € Ky. Since y is a relative interior point of K|L, we

have pg|r(y) > 1 and we may choose r > 0 such that

pQ(&) <r ™' < priL(W)pe(€) = po (pxL(y)~'E).

Since § maximizes pg on Kp
whereas the latter shows

x1L (@) the former inequality gives Kf,K‘L(y)ﬂTQ =0,

vol,—k(Ky N7rQ) > 0. O

In view of (3.5), Theorem 3.2 is an immediate consequence of Theorem 3.16.
The proof of Theorem 3.5 is carried out analogously where instead of (3.11) we
use (3.15).

Proof of Theorem 3.5. Let dimL = k € {1,...,n — 1}. For y € K|L and
u € S"~1 N L we denote

Ky:Kﬁ(y—"_Ll)?

M,, = conv {KO, KﬁmL(u)} .

By (3.5), Lemma 3.6, Fubini’s theorem and the fact that Mgz N (y + L*) C K,
we may write (cf. (3.33))

~ 1
Cy.8" ) =+ [ pxlwdu
Snfl
> 1 / / 129" dz | dy. (3.36)

K|L MzN(y+L+)

In order to estimate the inner integral we fix a y € K|L, y # 0, and for
abbreviation we set 7 = pg(y) ™' < 1. Then, by the symmetry of K we find

Mg (y +LT) 2 7(Kp g ) + (1= 7)(Ko)

1 1
2 T(Kf)K\L(y)) +(1-7) <2Kf)KL(y) + 2(KI3KL(y))>

147 1—7
= 2 Kf)K\L(y)+ 2 (_KﬁK\L(y))'
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Hence, Mz N (y + L) contains a convex combination of a set and its reflection
at the origin. This allows us to apply Theorem 3.8 from which we obtain

|z|T7" dz > 197" / |z|77" dz
MzN(y+L+) Kppr

for every y € K|L, y # 0. By the equality characterization of Theorem 3.8 the
last inequality is strict whenever 7 < 1, i.e., y belongs to the relative interior of
K|L. Together with (3.36) we find

Cuk.s > [ pnrr| [z | 4

K‘L Kf)K‘L(y)

By using Lemma 3.15 with @ = B, and s = n — ¢ we then obtain the lower

bound

Gk, s >4 ¢
(1( ) )>nk+q—n’

where c¢ is a constant independent of s.
On the other hand, in the same manner as in the proof of Theorem 3.16 we
find

Co(K,S"'nL)= pr(u)! du

1
n
at (St —1nL)

q - “n
:E/PK|L(y)k ! / |z|"7" dz | dy.

K‘L KI"?K‘L(U)
Inequality (3.35) and Lemma 3.15, again, with Q = B,, and s = k — ¢ yield

~ k —n~
C (K5 Ny =9 < ETITNE (g, 0
nq q
Next we show that the bounds given in Theorem 3.5 are tight for every choice
of g>n+1.

Proposition 3.17 (Henk, P. [42]). Let ¢ > n and k € {1,...,n — 1}. There
exists a sequence of convex bodies K; € K7, 1 € N, and a k-dimensional subspace
L CR"™ such that

Cy(Ki,S" 'NL) q-n+k

lim
l=oo Cy (K, Sn1) q

Proof. Let k € {1,...,n — 1} and for [ € N, let K; be the cylinder given as the
cartesian product of two lower-dimensional balls

Kl = (lBk) X Bn,k.



3.4 Subspace concentration in the even dual Minkowski problem 71

Let L = lin{ey,...,ex} be the k-dimensional subspace generated by the first
k canonical unit vectors e;. For @ € R™ write * = (x1,x2), where x; € RF
and xo € R" . The supporting hyperplane of K; with respect to a unit vector
v = (v1,v2) € S 1N L is given by

Hg,(v) ={xz e R": (vy,x1) = 1}.

Hence the part of the boundary of K; covered by all these supporting hyper-
planes is given by IS¥~! x B,_j. In view of Lemma 3.6 and Fubini’s theorem
we conclude

éq(Kl,snflmL):%/ / (21? + [22]?) = daa | dzr.  (3.37)
Be \ =g,

Denote the volume of B,, by w,. Recall that the surface area of B,, is given by
nw, and for abbreviation we set

c=c(q,k,n) = %kwk(n — k)wn—k-
Switching to the cylindrical coordinates
x1 =su, s>0,ueS1 xo=tv, t>0veS"F 1
transforms the right hand side of (3.37) to

l

Cy(K,S" 'nL)=c sPolgn k=162 44237 di ds

sIm1kmngn=kh=1g L =22)5" g ds

Il
o

O O%—_ _
O\»—‘ O\{

1 1
:clq_”+k//sq_1tn_k_1( +17%%)"5" dtds.
0 0

Analogously we obtain

éq(KhSn_l) - % / / (|w1|2 + \m2|2)% dzy | dx;

1
/Sk*lt”*k*l(le2 +12)=" dtds
0

Il
&
=
o\H

11
:clq*’”rk//slC Ln=k=1(s2 4|~ 2t2) = dt ds.
00
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The monotone convergence theorem gives

lim (cl9~"*)"1C, (K, S" ' N L)

l—o0

1 1
= lim //sq—lt"—’“—l(ljul—?t?)% dtds
0 0

=00
1 1
1
= /sq_lds~/tn_k_1 dt = ——
q(n —k)
0 0

and

lim (17" 7)) ~1C, (K;, S" 1)

l—o0
11
= lim //sk_lt”_k_1(82 + 1725 dtds
— 00
00
1 1
1
= [ s47nthTlgs. /tn_k_1 dt = .
/ (q—n+k)(n—k)
0 0
Hence,

o n—1 _
o CalEKL8"INL) _q-ntk -
I=oo  Cy(Ky,Sm1) q

The optimality of (3.7) can be established with a similar example where
K; = By x (IB,,—x) as it was done in [14] (see also [82]). Obviously this is
also a consequence of Theorem 3.3.

3.5 Further results

The Proposition 3.17 above particularly shows that the upper bound ¢=ttdimL

would be also optimal in the range ¢ € (n,n + 1). Unfortunately, our approach
to prove Theorem 3.5 can not cover this missing range. One reason is that the
Brunn-Minkowski-type inequality (3.15) does not extend to a € (0,1) as shown
in Proposition 3.14. In the proof of Theorem 3.5 we applied (3.15) pointwise
onto the inner integral on the right hand side of (3.36). This brings up the
question, whether (3.15) is correct on a certain average, i.e., when both sides are
integrated with respect to A € [0, 1]. Note that in order to extend Theorem 3.5
to @ € (0,1) we would need to prove

1
/m -1t / || dH" (x) dX
0 (1-N)EK+X(-K)

>
m+ «

/|a:|‘* dH*(x), (3.38)

K
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for m € N, K € K" with dim(K) = k > 1 and « € (0,1). But this is also
false for some examples like m =2, o = % and K = [1,5]. In this case one can
compute

1

/|2>\71| / Viz] dxd)\—%<—19+32\@+275\/5)

0 (1I-NK+A(—K)
~2.713...

and

1 4
_ d :7(5 5—1)%2.714...
rig [ Vil = (55

K

In the particular case when m = 1 we will prove (3.38). To this end, we start
with an integral version of (3.18) for o € (0,1).

Lemma 3.18. Let a € (0,1) and zy, 21 € R. Then

1
|20]® + |21]"
)zo + Az1|" AN > —————
/ @ 0 Fdrz 2(1 + )
0
with equality if and only if z1 = —zp.
Proof. Without loss of generality we may assume that |z9| > |z1| and, since

the inequality holds for zp = z; = 0, also zg # 0. Then the reverse triangle
inequality yields

1
/| Zo+)\21‘
0

1
> [0zl = Azt ]” A
0
lz0l
lzgl+1211
[ Gl = 2ol + 1)
0

1
/ Allzo] + [z11) — 0] ) d

[z0
lzol+1z1]

Izl
= —(1+ @)™ (Jzol + 1) 7 | 20l = Allzol + [=a])) ] T

(o) (ol + o) [AlGzol + 21 — ) ]

Tzol+121T
:(1+a)71(|20|+‘21 )71(|Zo|l+a+|zl|1+a)
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and equality holds in the first inequality if and only if z52z; < 0. It remains to

1+«
show that ‘Zo‘lz J}Z} > [zl +|z1| . Indeed, since

0 < (2ol Iz D) (20l =111 ) = (120l 121+ ) = (2ol |21 +1za] |20]" )
we find

1+« |1+Oz

(|ZO|Q+|21|Q)(|ZO\+|21|):|ZO| + |21 + |20l |21]™ + |21] | 20|

< 2((Jzol ™+ + Jaa ')

with equality if and only if |z9| = |21]. O

Proposition 3.19. Let a € (0,1) and K € K™ with dim K =k > 1. Then

1

/ | M () dA > 1—&—% / | dH* (). (3.39)
K

0 (1-N)K+\—K)

Proof. Without loss of generality we assume that voly(K) = 1. Denote Ky =
(I = N)K + A(—K). As in the proof of Theorem 3.8 the inequality (3.39) is
equivalent to

//1/'<9"”’“'>a @ ez [ [1e.a) i)

sn-1 0 Ky sn—1 K

by Lemma 3.12. In full analogy to the proof of Theorem 3.9 and using the same
notation zg, z; where Kg = K and K; = —K we find

1
/| (8, x)|* dH"(x 2/| )+ Az1(7)|” dr.
0

Now Lemma 3.18 and backsubstituting yield

//|0m | dH* (x) d)\>7/|6:n | dH* (),

0 K

where the inequality is strict since both zg and z; are strictly increasing functions
whenever hg (6) # hi(—6) and therefore zo(7) = —21(7) cannot hold for every
€ (0,1). This proves (3.39). O

As a consequence we establish (3.8) when ¢ € (n,n 4+ 1) and L is a one-
dimensional subspace.

Theorem 3.20. Let ¢ € (n,n+ 1), K € K and L be a one-dimensional
subspace of R™. Then

- _ 1~
C (K, S"1NL) < %cq(f{, s,
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Proof. Following the lines of the proof of Theorem 3.5 and using the same
notation we find

Cy(K,s" ) > 4 / / 297" dz | dy

n

K|L \ 47k TK

1
2 Prir(¥)™ "2 Pr|L (W)

and
Cy(K, " 'nL)= 4 / ri-k / |z|77" dz | dy,
n
KlL KI"?K‘L(GI)

where 7 = pK|L(y)_1. Using spherical coordinates in K|L, i.e., y =7-u, r > 0,
w € S"7 !, and thereafter r = (1 — 2)\)pg |z (u) the upper inequality becomes

O n—1
Cy(K,S" )
px|L(w)
q _ _
> = 12|97 dz | r* L drdu
n
—1 1+ 1—
sr=inL 0 T Ko~ T Ko ()
1
2
q _
== |z|77" dz
n
Sm=1nL 0 (1_>\)KﬁK\L("’)_AKf’K\L(u)

x ((1— QA)PK\L(U))]CA@PML(U)) dA du
= % / pK|L(u)k

Sn—lﬂL

1
x/\Q)\—l\k_l / |z|77" dz | dAdu.
0

(=N Ep e () =2 p e 1 ()

Since k = 1 we apply Proposition 3.19 to get

C, (K, S 1)
q k q—n
> — u z dzdu
eyl PN
Sn-1nL Kp e )
) pr|L(w)
_ 4q k—q / q—1 / q-n
= u r z dzdrdu
el B 2]
S»—1nL 0 Ko e (w)
PK\L(U-)

2
= —n D —qn .y / / pre (ru)f ot / 2|7 dzdrdu

s»=inL 0 Ko g1 (w)
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2

_ q k—q q—n
= g —n+1) /PK\L(y) / || dzdy

K|L Ko ()
q ~ -1
= ——C,(K,S"""NnL). O
qg—n+1 al )

This settles the extension of Theorem 3.5 to o € (0,1) when n = 2.
Corollary 3.21 (Henk, P. [42]). Let ¢ > 2 and K € K2. Then
~ —1~
C,(K,S'NL) < chq(K, st (3.40)

for every one-dimensional subspace L of R2.

The proof of Corollary 3.21 given in [42] is different and might be of some
interest on its own. It is based on sharp subspace concentration inequalities for
dual curvature measures of parallelepipeds. To this end, we need a variant of
Theorem 3.7 for quasiconvex functions.

Lemma 3.22 (Henk, P. [42]). Let f: R™ — R>( be an even quasiconvex func-
tion. Let K C R™ be a compact, convex set with dim K = k. Let A € [0,1] and
v € R". Then

| f@at@s [ e ate.
K+\v K+v
If the sublevel sets {f < c} are closed for every ¢ > 0, then equality holds if and

only if
(K+v)Nn{f<ct=(EKn{f<c})+w.

for every ¢ > 0.

Proof. Apply Theorem 3.7 to the quasiconcave function f(x) = max(S—f(x),0)
where S = sup{f(z + v) : £ € K} and the convex body M = K + v with
p= 152 so0 that (1 — p)M + p(—M) = K + Av. O

Based on Lemma 3.22 we can easily get a lower bound on the subspace con-
centration of prisms.

Proposition 3.23. Letq > n and K € K7 be a prism, i.c., there is a uw € S*™1,
and Q C ut with Q = —Q and dim Q = n — 1, such that

K = conv ((Q — v) U(Q +v))

for some v € R* \ ut. Then

Cy(K, {£u}) > ééq(m s, (3.41)

Proof. Let L = lin{u}. Since the dual curvature measure is homogeneous, we
may assume that |(u,v)| = 1. There exists an invertible matrix A € R™*" with
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Av =u and Aw = w for all w € ut, and our assumption yields |det(A)| = 1.
By Lemma 3.6 we may write

Cy(.5" =2 [lal™" da
K

- % / ’A‘lmf*n de.
AK

Clearly AK = conv ((Q — u) U (Q + u)) and Fubini’s theorem gives

1
Gq(K,S’H):%/ / |A7 2" dzdr

-1 Q+7u

1
2 _
—q/ / |z|77" dz drT.
n

0 Q+71v

Applying Lemma 3.22 to the inner integral gives

1
- 2 .
Cy (K, 8" < Wq/ / 2|7 dzdr
0 Q+v
2 _
= / |z|77" dz.
n
Q+v
On the other hand,
) 1
Co(K, {u}) = 2 / 129" dzdr
0 7(Q+w)
) 1
= —q/ / T 2|7 dzdr
n
0 Q+v
) 1
_ / |z|T" dz/Tq_ldT
n
Q+v 0
2 _
== / |z]77" dz.
n
Q+v

This gives (3.41) without strict inequality. Suppose we have equality. Then the
equality characterization of Lemma 3.22 implies

(Q+v)NrB,=(QNrB,)+v

for almost all » > 0. But for small r the left hand side is empty and hence
equality in (3.41) cannot be attained. O
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As a consequence we deduce an upper bound on the subspace concentration
of dual curvature measures of parallelepipeds.

Corollary 3.24. Let ¢ > n and P € P} be a parallelepiped. Then

qg—n+dimL ~

Cy (P,S"'NL) < C (P, s 1)
q

for every proper subspace L of R™.
Proof. Let +u1,...,+u, € S ! be the outer normal vectors of P. In particu-
lar, uq,...,u, are linearly independent. For a given k-dimensional subspace L
of R™ we may assume that 4gi1,...,u, ¢ L. By Proposition 3.23

~ k) ~

Co(P,S"'NL) =" Cy(P, {ui, —u,})

i=1
= C,(P,S" 1) Z (P, {ui, —u;})

i= k+1
- L
— G, (psmty — P AmEGE p gnety
:qinerlmL(]q(P,S”*l). O
q

In particular this gives yet another proof of Corollary 3.21 as it can be reduced
to proving a subspace bound for parallelograms as follows. Let K € K2 and
L be a one-dimensional subspace of R? spanned by w € St. If F = Hg(u)
is a singleton, inequality (3.40) trivially holds. If dim F' = 1, by an inclusion
argument it suffices to prove (3.40) for P = conv(F U (—F)). Since F' is a line
segment, P is a parallelogram and Corollary 3.24 gives (3.40) for P.

3.6 L, dual curvature measures

In their recent paper Lutwak, Yang and Zhang [64] unified some notions of L,
Brunn-Minkowski theory and dual Brunn-Minkowski theory. Their framework
is build upon the ith generalized dual curvature measure of K relative
to Q, ie, for K € K and Q € S» and ¢ € {0,...,n} it is a Borel measure on
SP—1 x S*~1 given by

A = 1 i n—i
6:K.Q.2) = [ pulu)'po(w " du
Y (E)

for every Borel set Z C S*~! x S*~ !, where

Vi (ZE) = {ueS" " :pg(u) € Hi(v) for some v € S" " and (u,v) € E}.
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The ith dual area measure and the ith dual curvature measure of a convex body
K arise as marginal measures from 0; via

SQ(K’W) = Gi(K7 Bnaw X Sn71)7
GQ(Ka 77) = él(K? BnaSn_l X 77)7
where K € K%, i € {0,...,n} and w,n C S*~! are Borel sets. Moreover, for

each p,qg € R and ) € S they define the L, dual curvature measure or,
more precisely, the (p, ¢)th dual curvature measure of a convex body K € K7
relative to @ by

CoalKe Q) =+ [ hulacw) Ppicluypo() Tdu (342)

aj(m)
for Borel sets n C S"~1, where auie(u) = {v € S""! 1 uw € Hg(v)} for u € S*71.

The L, dual curvature measures include the L, surface area measures and the
dual curvature measures as special cases since

Clhq(Kv K, ) = CpJL(Ka By, )

L)
nSK’
CO,q(KaBn7') :Cq(K7')7

for p,g € R and K € K? (see [64, Prop. 5.4]). Given p,q € R and Q € S7,
the task of characterizing L, dual curvature measures of convex bodies among
Borel measures on the sphere is called L, dual Minkowski problem. It was
first posed in [64] where for p < ¢ uniqueness of L, dual curvature measures of
polytopes was studied. Given a Borel measure p € S*~!, Huang and Zhao [47]
related existence of solutions of épyq (K,Q,-) = p when Q = B,, to an optimiza-
tion problem which led to a characterization of L, dual curvature measures in
the particular cases when p > 0 and ¢ < 0, and when p,q > 0, p # ¢q and p
is even. In case p,q < 0, p # ¢ and p is even, they also proved a sufficient
condition. Bordczky and Fodor [20] established for arbitrary @ € S a sufficent
condition when p > 1, ¢ > 0, p # ¢ and p is discrete. In addition, regularity of
the involved convex bodies is discussed. The main focus in this section is on the
case p = 0, i.e., for fixed @ € S} we consider the (0, ¢)th dual curvature mea-
sures éo,q(K, Q,-) for K € K7. Here we discuss how the subspace concentration
inequalities presented in Section 3.4 may be generalized to L, dual curvature
measures. For ¢ € (0,n) and Q € K we already proved a straightforward
generalization of Theorem 3.2.

Theorem 3.25 (Bordczky, Henk, P. [14]). Let g € (0,n) and K,Q € K?. Then
~ dim L ~
Co.q(K,Q,S" N L) < min {”;1 1} Co.q(K,Q,5" 1) (3.43)

for every proper subspace L of R™.

Proof. If dim L > g, there is nothing to show. If dimL < ¢, by (3.42) and
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Theorem 3.16

(Njo,q(K,Q,S”_l NL)= % / pr(w)ipg(u)"~1du
oz (n)
dim L

qn

[ prtwtpgtu -t du
gn—1

dim L ~
= Coq(K,Q,S™1). O

This bound is also optimal as the next example shows.

Proposition 3.26. Let ¢ € (0,n) and k € {1,...,n — 1}. There exists a
sequence of convex bodies K; € K, I € N, and a k-dimensional subspace L C R"
such that

lim

Coo(K1,Q. 8" NL) [k ifk<q
l=o0 CO7q(Kl7Q7Sn_1)

1, ifk>q.

The proof will be omitted since it repeats the arguments of the proof of
Proposition 3.17 with K; = By, x (IB,_) and pg_q instead of |-|?7".

The point about (3.43), which deserves particular attention, is that the given
bound is independent of the body @ € K?. In fact, one cannot prove a @
independent subspace concentration bound if either symmetry or convexity in
this assumption is dropped. We will prove this in the following two propositions
and begin with the case, when @) is not necessarily convex, but a star body.

Proposition 3.27. Let ¢ € (0,n). There is no non-trivial subspace concen-
tration bound on the (0,q)th dual curvature measures of symmetric convez bod-
ies that is uniform with respect to origin-symmetric star bodies, i.e., for every
ke{l,...,n—1} and € > 0 there exist K € K7, an origin-symmetric Q € S
and a k-dimensional subspace L of R™ such that

Coqo(K,Q,S" ' NL) > (1—¢e)Co(K,Q,S"1).

Proof. Let K = By x B,_ and L = lin{ey,...,ex} be the k-dimensional
subspace generated by the first k canonical unit vectors e;. For © € R™ write
x = (x1,x3), where ; € R* and x, € R"~*. The supporting hyperplane of K
with respect to a unit vector v € S*~1 N L is given by

HK(’U) = {$ ceR™: <’Ul,$1> = 1}

Hence the part of the boundary of K covered by all these supporting hyperplanes
is given by S*~! x B, _j. Let

Q= {(z1,x2) € R" : |x1| < 1, [22] < |21}
Thus @ is star-shaped and for (x1,22) € R™ with &1 # 0

0, if |xo| > |21],
lz1|™",  otherwise.

pQ($17w2):: {
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T2

Ty

Figure 3.7: The star body @Q); in the proof of Prop. 3.27

For each [ € N we define a star body Q; = Q + %Bn (see Fig. 3.7). Then pq,
converges pointwise to pg. By (3.42), Lemma 3.6, Fubini’s theorem and the
monotone convergence theorem we conclude

lim Coo(K,Q;,S" ' NL)
l— o0

lim g / pq, (1, x2)" 1dxs | day

l—oo N
By, |21 |Bpn—k

:%/ / po(x1,x2)" " Idxs | day

By |w1‘ank'

:%/ /pQ(ml,wQ)”*qd:cg dx,

By Bn—k
— lim ¢ "4z, | d
= lm = pQ,(T1,x2) T2 T
l—ocomn
By Bp_k

= lim Co4(K,Q;,S" 1),
l—o00
where we used, that pg(x1,-) is zero on By—i \ (|Z1| Br—k)- O

We use a similar construction when we consider @) € 7.

Proposition 3.28. Let ¢ € (0,n). There is no non-trivial subspace concen-
tration bound on the (0,q)th dual curvature measures of symmetric convex bod-
ies that is uniform with respect to convex bodies in K, i.e., for every k €
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{1,...,n—1} and € > 0 there exist K € K7, an Q € K and a k-dimensional
subspace L of R™ such that

Coq(K, Q8" N L) > (1-£)Coy(K,Q.8").
Proof. Let P =[—1,1]" and L =lin{ey, ..., e;} as above and define
Q = conv({0} U F(P,e1)).

Thus @ is a convex body and for each | € N we define Q; = Q + %Bn e K.
In particular, pg, converges pointwise to pg. By (3.42), Lemma 3.6, Fubini’s
theorem and the monotone convergence theorem we conclude

lim Co4(P,Q;,S" ' N L)
=00

k
. q ne n—
= Jim 137 [ ra@ e pa(er e

=1 conv({0}UF(P,e;))

_q "0y po(—a)t1d
n > / P ()" + po(—a)" 1 dz
conv({0}UF(P,e;))

_ay "1 po(—a)"1d
nz / pe(x)" ™ + po(—z)" 7 dx
conv({0}UF(P,e;))

. q n— n—
— Jim & / pau ()" + po, (—z)" 4 dx
i=1 conv({0}UF(P,e;))
= lim Co (K, Q;,8"™). -
=00

The foregoing propositions suggest that if, for fixed ¢ € R and Q € S, there
are any non-trivial subspace concentration bounds on Cy 4(K, Q, -), they depend

on Q.

As a final remark we want to discuss if and how Theorem 3.5 may be extended
to the (0, q)th dual curvature measure with respect to @ € K?. The main
ingredient in our proof was Theorem 3.8. In this setting we would need to
prove (3.15) with

Illg = re()™

in place of |-|“. Note that for symmetric star bodies @ the function

pQ(w)_la if x #07
el = oo
0, if x =0,

defines a quasinorm on R"™, which is a norm if and only if @ is convex. In view
of Karamata’s inequality, which implies the 0-dimensional version of (3.15), one
could even consider ¢(||-[|o) for a convex non-decreasing function ¢: R>o — Rxo
instead of |-|*. The major obstruction for generalizing our method is a missing
variant of Lemma 3.12 for arbitrary norms. Unfortunately, this is only possible
in some cases.



3.6 L, dual curvature measures 83

Lemma 3.29 ([53, Lem. 6.4]). Let Q € S be an origin-symmetric star body
and o > 0. There exists a finite Borel measure p on S~ with

2l = [ l6.2)" duce)
S§n—1
for all x € R", if and only if (R",[|-[|o) can be isometrically embedded into the

space of functions whose ath power of the absolute value is Lebesgue integrable
over R™.
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Conclusion

The present dissertation addressed Minkowski problems in Brunn-Minkowski,
L,-Brunn-Minkowski and dual Brunn-Minkowski theory and related topics.

In Chapter 2 we investigated the cone-volume measure, that takes on a sig-
nificant role in the study of the logarithmic Brunn-Minkowski inequality (2.4)
and the logarithmic Minkowski inequality (2.7), which are conjectured to hold
for pairs of symmetric convex bodies. Known examples violating (2.7) typically
involve a convex body with boundary points close to the origin. We established
(2.7) in the context of centered convex bodies when one of the convex bodies is
a simplex, or a parallelepiped in dimensions up to four. It was pointed out that
the logarithmic Minkowski inequality (2.7) is connected to the problem of deter-
mining uniqueness of cone-volume measures. In Section 2.4 we fully character-
ized cone-volume measures of trapezoids alongside with necessary and sufficient
conditions for their uniqueness. On this basis, we constructed vertex-minimal
polygons with non-unique cone-volume measure in Section 2.5 and presented a
fivegon found by Malikiosis confirming that the strict subspace concentration
inequality (2.34) is not sufficent for uniqueness. From the characterization of
cone-volume measures of trapezoids (Theorem 2.14) we deduced necessary and
sufficient conditions in the logarithmic Minkowski problem for centered trape-
zoids. We are the first to state sufficient conditions for cone-volume measures
of centered bodies that are neither symmetric nor simplices. It remains an open
problem if in any dimension the cone-volume measures of centered convex bodies
are unique and if the logarithmic Minkowski inequality holds for pairs of cen-
tered convex bodies. Future studies could also target the logarithmic problem
for polygons with five or more vertices.

Chapter 3 addressed subspace concentration of dual curvature measures of
symmetric convex bodies, which are geometric measures recently introduced by
Huang, Lutwak, Yang and Zhang. They fill a blank spot in the dual Brunn-
Minkowski theory and consequently have been studied thoroughly since their
discovery. In addition, they deserve attention since the family of dual curvature
measures include cone-volume measures of convex bodies. While most published
works on the dual Minkowski problem aim for establishing sufficient conditions,
we stated and proved — in the symmetric setting — the only known non-trivial
necessary conditions. The given proofs are based on sharp estimates of inte-
grals of quasiconcave and convex density functions over certain regions within
a convex body. To this end, we established new Brunn-Minkowski type in-
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equalites for the measures defined by these density functions in the Sections 3.2
and 3.3 leading to subspace concentration bounds on the gth dual curvature
measure of an n-dimensional symmetric convex body in the parameter ranges
0 < g<nandq>n+1. The remaining range n < ¢ < n+ 1 cannot be cov-
ered by our approach as was pointed out in Section 3.5. A detailed analysis
of the occurring obstructions enabled us to extend the subspace concentration
bounds to (n,n + 1) for one-dimensional subspaces or when the convex body
is a parallelepiped. From each of these results we deduced a tight subspace
concentration inequality for gth dual curvature measures of symmetric convex
bodies in the plane when g > 2. In Section 3.6 we applied our methods to the
more general theory of L, dual curvature measures to prove another subspace
concentration inequality in this setting at least for 0 < ¢ < n. Future studies
could aim for an extension of Theorem 3.8 to arbitrary norms which seems to
require a different approach than the Kneser-Siiss proof of Theorem 3.9. Other
noteworthy research directions include establishing sufficient conditions in the
dual Minkowski problem for ¢ > n or considering, e.g., centered convex bod-
ies to investigate if known results for the cone-volume measure have natural
generalizations.
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[, y] convex hull/segment between x and y
#X number of elements of a finite set X
‘| L orthogonal projection onto L

B (Euclidean) norm

x normalization ;—‘

(-, standard inner product

(I-NK+, \M p-combination of the convex bodies K and M w.r.t. A
(for p = 0 called log-combination)

(1—-NK+AM radial combination of the star bodies K and M w.r.t. A

aff affine hull

o reverse radial Gauss image of a convex body K

B, Euclidean unit ball

c centroid

Ci(K,) 1th curvature measure of the convex body K

éq(K ,) gth dual curvature measure of the convex body K

ap,q(K, ) (p, q)th dual curvature measure of the convex body K

conv convex hull

0X boundary of the set X

K boundary points of convex body K with unique outer
normal vector

dim dimension

e; ith standard basis vector of R"

G(i,n) Grassmannian of i-dimensional subspaces of R"

H(a,q) hyperplane defined by (a,z) = «

95



96 List of Symbols
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H (a,«q) halfspace defined by (a,x) < «

HF normalized k-dimensional Hausdorff measure
hx support function of convex body K

int X interior points of the set X

K set of convex bodies in R"

Ky set of centered convex bodies in R™

Ky set of convex bodies in R"™ containing 0 in the interior
Ky set of symmetric convex bodies in R™

lin linear hull

Lt orthogonal complement of the subspace L
My(-, -, \) p-mean with weighting parameter A

N natural numbers 1,2,...

Vi Gauss map of K

Px metric projection map onto a convex body K
Px radial projection map onto a convex body K
P set of n-polytopes in R"

P set of centered polytopes in R"

P set of polytopes in R™ containing 0 in the interior
P set of symmetric n-polytopes in R"”

pos positive hull

PK radial function of convex body K

R real numbers

R>o (R>0) positive (nonnegative) real numbers

R"™ Euclidean n-space

Rmxn real n-by-n matrices

Sn—1 (n — 1)-dimensional sphere in Euclidean n-space
Si(K,-) ith area measure of the convex body K

gq(K ,) gth dual area measure of the convex body K
Sk surface area measure of the convex body K
Sg) L, surface area measure of the convex body K
Sl set of star bodies in R"

supp support
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