ON MINKOWSKI’'S MONOTONICITY PROBLEM

RAMON VAN HANDEL AND SHOUDA WANG

ABSTRACT. We address an old open question in convex geometry that dates
back to the work of Minkowski: what are the equality cases of the monotonicity
of mixed volumes? The problem is equivalent to that of providing a geometric
characterization of the support of mixed area measures. A conjectural charac-
terization was put forward by Schneider (1985), but has been verified to date
only for special classes of convex bodies. In this paper we resolve one direction
of Schneider’s conjecture for arbitrary convex bodies in R™, and resolve the full
conjecture in R3. Among the implications of these results is a mixed counter-
part of the classical fact, due to Monge, Hartman—Nirenberg, and Pogorelov,
that a surface with vanishing Gaussian curvature is a ruled surface.

1. INTRODUCTION AND MAIN RESULTS

The foundation for the modern theory of convex geometry was laid by Minkowski
in a seminal 1903 paper [11] and in a longer manuscript from around the same time
that was published posthumously [12]. A number of basic questions that were raised
in these works remain open to this day. The aim of the present paper is to signif-
icantly advance what is known about one of these problems: the characterization
of the equality cases of the monotonicity of mixed volumes. We also discuss impli-
cations to the related notion of mixed Hessian measures, and to mixed analogues
of the solution of homogeneous Monge-Ampeére equations.

1.1. Mixed volumes and the monotonicity problem. For any convex bodies
Ki,..., K, in R" and A{,..., A\, > 0, the volume
m
Vol, (M Ky + - + A Kpp) = Z V(Koo Ko YNy - A,
i1eyin=1

is a homogeneous polynomial. Its coefficients V,,(C1, ..., Cy,), called mized volumes,
are important geometric parameters that capture many familiar quantities (volume,
surface area, mean width, projection volumes, ...) as special cases [2, 21].

One of the simplest properties of mixed volumes is their monotonicity: if K C L
and Cq,...,C,_1 are convex bodies in R", then

Vo (K,Cy, ..., Cre1) < Vo (L,Cy,y ..., Chq). (1.1)
This paper is concerned with the following open problem of Minkowski [12, §28].
Problem 1.1. When does equality hold in (1.1)?
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FIGURE 1.1. A cap body of B: i.e., the convex hull of B with a finite or countable
number of points so that the cones emanating from the points are disjoint.

The analogous question for volume is trivial: K C L and Vol(K) = Vol(L) > 0
imply K = L. In contrast, (1.1) has a rich family of equality cases that gives rise
to surprising phenomena. Let us illustrate this with an example in R3. Thoughout
this paper, B always denotes the Euclidean unit ball.

Example 1.2. For any convex body K in R?, the surface area and mean width can
be expressed as Vs3(K, K, B) = S(K) and V3(K, B, B) = 2*W(K), respectively.
Thus (1.1) gives rise to the geometric inequalities

2minr(K) W(K) < S(K) < 2moutr(K) W(K),

where inr(K) and outr(K) denote the inradius and outradius of K. The equality
cases in these inequalities correspond to solutions of variational problems: among
all convex bodies in R with unit outradius (inradius), which maximize (minimize)
the ratio of surface area to mean width? Even though the two inequalities arise in
a completely symmetric manner, their extremals are very different.

e A convex body in R? with unit outradius maximizes the ratio of surface area to
mean width if and only if it is a translate of the Euclidean unit ball B.

e A convex body in R?® with unit inradius minimizes the ratio of surface area to
mean width if and only if it is a translate of a cap body of B (Figure 1.1).

This special case of Problem 1.1 is due to Favard [4], see [21, Theorem 7.6.17].
The following reformulation of Problem 1.1 will be the main focus of this paper.
Recall that the support function hg of a convex body K in R” is defined by

hic(u) = sup (u, z).
zeEK

Geometrically, hx (u) is the (signed) distance to the origin of the supporting hyper-
plane of K with outer normal direction u € S"~!. Mixed volumes can be expressed
in terms of the support function of one of the bodies as

1
Vo(K,Cq,...,Cphoq) = H/hK dSc,,...co_1>

where S¢, ...c,_, is the mized area measure on Sn~1. Now note that if K C L,
then hy — hg > 0 pointwise, and thus the following are equivalent:

a. Equality holds in (1.1).
b. K and L have the same supporting hyperplanes with outer normal direction in

the support of the measure S¢, ... ¢

n—1-°
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‘We can therefore reformulate Problem 1.1 as follows.
Problem 1.3. Provide a geometric characterization of supp Sc,,..c, ;-

Beside its fundamental interest in convex geometry, Problem 1.3 is closely con-
nected with the long-standing problem of providing a complete characterization of
the equality cases of the Alexandrov—Fenchel inequality for general convex bodies
[19, 23], and has further implications that will be discussed in §1.4.

While Problem 1.3 has to date been resolved only for special classes of convex
bodies, a precise conjectural picture that is consistent with all known cases was put
forward by Schneider in 1985 [19]. We presently discuss Schneider’s conjecture and
recall the previously known results in this direction.

1.2. Schneider’s conjecture. To motivate the conjectural picture, it is instruc-
tive to first consider the special case that Cy,...,C,_;1 are all polytopes. In this
setting, the mixed area measure S¢, . ¢, , is atomic with [21, (5.22)]

svn—1

SC1 ..... Cn_1({u}) :anl(F(Clvu)v'"aF(Cnflvu)) (12)

for all u € S"~1, where F(C,u) denotes the exposed face of C' with normal direc-
tion u (see §2.2). Thus to understand the support of the mixed area measure of
polytopes, it suffices to understand when mixed volumes are positive. The latter is
classical and admits an elementary proof, see [21, Theorem 5.1.8].

Fact 1.4. The following are equivalent for convex bodies Cq,...,C, in R™.
a. Vp(Ch,...,Cp) > 0.

b. There exist segments I; C C;, i € [n] with linearly independent directions.
c. dim (Y;c;C;) = |I| for all I C [n].

The above ingredients suffice to provide a satisfactory answer to Problem 1.3 for
polytopes: combining (1.2) and Fact 1.4 yields

Supp Scy,...Ch_1 = {u e 8"t dim (F(C’I,u)) > |I|forall T C[n— 1}}
whenever C1,...,C),_1 are convex polytopes in R, where we define
C[ == Zie] Cl

However, this conclusion fails to extend to general convex bodies: for example, if
Cy,...,Cn_1 are strictly convex, then dim(F(Cr,u)) =0 for all u, I.

It was realized by Schneider [19] that the characterization remains meaningful
for general convex bodies if F'(C,u) is replaced by the “tangent space” T(C,u)*
of C' with normal direction u, where the touching cone T'(C,u) is defined as the
unique face of a normal cone of C so that T'(C, u) contains w in its relative interior.
Equivalent formulations of the following definition are given in §2.4.

Definition 1.5. Let C1, ..., C,_1 be convex bodies in R®. Then u € S™ ! is called
(C1,...,Cho1)-extreme if dim (T(Cy,u)*) > |I| for all I C [n — 1].

Conjecture 1.6 (Schneider). Let C1,...,C,—1 be convex bodies in R™. Then

supp Scy,...c,_, = Ccl {u e S"tiuis (Cy,. .., C’n,l)—emtreme}.
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T(C,u) T(Cu) -

FI1cURE 1.2. Illustration of a normal direction u of a convex body C in R? that is
C-extreme but not C-exposed. In this case, the “tangent space” T(C, )™ is only
tangent to the boundary of C' in one direction.

To date, Conjecture 1.6 has been verified only for special classes of convex bodies.
In particular, the conjecture is known to hold in the following cases:

e (1,...,C,_1 are convex polytopes, as explained above [19];

e Cy=---=Cyand Cgyy,...,Ch_1 are smooth and strictly convex [18, 19];!
e (,...,C,_; are zonoids [20, 23, 8] or “polyoids” [8];

e various combinations of the above cases [23, §].

The proofs of all these results rely crucially on the special structure of the bodies
involved. While all known cases are consistent with Conjecture 1.6, none of the
known results to date sheds any light on its validity for general convex bodies.

1.3. Main results.

1.3.1. Upper bound. Our first main result proves one half of Conjecture 1.6 in
full generality: suppSc,,..c,_, is always included in the closure of the set of
(C1,...,Cph_1)-extreme directions. We will in fact prove a significantly stronger
result of which this is a consequence, as we now explain.

The notion of a “tangent space” of C' with normal direction w is somewhat
ambiguous in cases where u does not lie in the relative interior of a normal cone
of C. This situation is illustrated in Figure 1.2: in this case T(C,u)’ is only
tangent to the body in one direction. This situation can be avoided by replacing
the touching cone T'(C, u) by the normal cone N(C, F(C,u)) of C at F(C,u) (that
is, the smallest normal cone of C' that contains u) in Definition 1.5.

Definition 1.7. Let C4,...,C,_1 be convex bodies in R™. Then v € S™ ! is called
(C1,...,Cn1)-exposed if dim (N(Cr, F(Cr,u))*) > |I| for all I C [n —1].

The following is the first main result of this paper.
Theorem 1.8. For any convex bodies Cy,...,C,_1 in R™, we have
Scy,.Coa ({u € 8" 1w s ot (C4, .. .,C’n,l)-emposed}) =0.
This result immediately implies the following.

IThe strict convexity assumption is not needed and can be removed along the lines of [23, §14].
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Corollary 1.9. For any convex bodies Cy,...,Ch_1 in R™, we have
supp Sc,....c._, C cl {u e Sy is (Ch,.. .,C’n_l)—exposed}
Cecl {u eS8 is (Ch,.. .,Cn,l)—e:ctreme}.

Proof. By the definition of the support of a measure, the first inclusion is equivalent
to the statement that the interior of the set of non-(Ch,...,Cy—_1)-exposed direc-
tions has Sc,,....c,_,-measure zero. This follows trivially from Theorem 1.8. For
the second inclusion, it suffices to note that as T'(C,u) is a subset of N(C, F(C,u)),
any (C1,...,Cph_1)-exposed direction is a fortiori (C1,...,C,_1)-extreme. O

1.3.2. Lower bound. Our second main result fully resolves Conjecture 1.6 in R3.
This will again follow as a consequence of a somewhat more general result.

Theorem 1.10. For any convex bodies K, L in R™, we have
supp Sk,... k. =cl {u e Sy is (K,... K, L)-ewtreme}.
In particular, this fully resolves Conjecture 1.6 in dimension n = 3.

The works of Minkowski [11, 12] were set exclusively in R?, and thus Theorem
1.10 resolves Minkowski’s monotonicity problem in its original setting. The obstacle
to fully resolving Conjecture 1.6 in higher dimensions will be explained in §1.5.

Remark 1.11. Using the methods of [19, 20, 23, 8], one can readily generalize The-
orem 1.10 by combining it with previously known cases; e.g., one may consider
Sk.r.cy.....Cr_s Where C1,...,Cp_3 are smooth. We do not spell out such varia-
tions on Theorem 1.10 as they do not shed any new light on Conjecture 1.6.

Remark 1.12. While Theorem 1.10 considers a special case of mixed area measures
in R™, we emphasize the result holds for arbitrary convex bodies K, L, in contrast
to previous results that were restricted to special classes of bodies.

On the other hand, Theorem 1.10 is new even in the special case that the sup-
port functions of K, L are smooth. At first sight, this setting would appear to be
far easier than the general case, as the mixed area measure has a simple explicit
formula: if C4,...,C,_1 have smooth support functions, then

dSc,...c,_, = Dn_1(D*he,, ..., D?he, ) dw,

where w denotes the Lebesgue measure on S"~ ! D?hc(u) denotes the restriction
of the Hessian V2he(u) in R™ to ut, and the mixed discriminant D,,(My, ..., M,)
of n-dimensional matrices M; is defined analogously to mixed volumes as

det(M My + -+ AnMp) = > Dp(Miy,o, M) Ay -+ A s

see, e.g., [22, §2]. Thus using the analogue of Fact 1.4 for mixed discriminants due
to Panov [15, Theorem 1] yields the characterization

suppSc,,....c,_, = cl{u € S" " :rank(D?hc, (u)) > |I| for all I C [n — 1]}

for any convex bodies C1, ..., C,_1 in R™ with smooth support functions. However,
this is not a satisfactory characterization since it is analytic rather than geometric
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in nature. The problem of deducing Conjecture 1.6 from this analytic description is
closely related to classical problems on the solution of homogeneous Monge-Ampere
equations, which will be discussed in §1.4.3 below. At present, Theorem 1.10 is the
only general result in this direction even in the case of smooth support functions.

1.4. Implications.

1.4.1. Extreme and exposed directions. An unexpected implication of Theorem 1.8
is that it sheds light on the relation between extreme and exposed directions.

Corollary 1.13. If Conjecture 1.6 holds for given convez bodies C1,...,Cp_1 in
R", then every (C1,...,Cyn_1)-extreme direction u € S"~ is a limit u = limy, uy,
of (Cy,...,Cn_1)-exposed directions uy € S™~ L.

Proof. Theorem 1.8 and Conjecture 1.6 imply that the closures of the sets of
(C1,...,Cph_1)-extreme and (Cy,...,C,_1)-exposed directions coincide. O

Thus, for example, Theorem 1.10 implies that
cl{ue S ! uis (K, L)-extreme} = cl {u € S" ' : u is (K, L)-exposed }

for any convex bodies K, L in R3.

Another special case of Corollary 1.13 gives a new proof of the following result. A
vector u € S"1 is called an r-extreme normal direction of K if dim T'(K,u) < r+1,
and is called an r-exposed normal direction if dim N(K, F(K,u)) < r+1. It is clear
that these definitions are equivalent to u being (K[n — r — 1], B[r|)-extreme and
(K[n —r — 1], B[r])-exposed, respectively, where C[k] denotes that C' is repeated k
times. Since Conjecture 1.6 holds in this setting [18], it follows that any r-extreme
normal direction of a convex body is the limit of r-exposed normal directions. This
fact was previously established by a direct argument in [21, Theorem 2.2.9].

1.4.2. Mized Hessian measures. We now describe an analogue of mixed area mea-
sures for convex functions rather than convex bodies. Such measures are readily
obtained [7] by polarizing the Monge-Ampére measure [5, Chapter 1], and have
been investigated (in a somewhat more general setting) by Trudinger and Wang
[24] as part of their study of nonlinear Dirichlet problems.

In the following, we fix an open convex set 2 C R™, and denote by Conv({2) the
set of all proper convex functions f on R™ with Q C dom f. If f1,..., f,, € Conv(Q)
are smooth, their mized Hessian measure is the measure on ) with density

dHy, .1,
dx

with respect to the Lebesgue measure. The definition of Hy, . s, can be extended
to arbitrary fi,..., fn € Conv(Q2) by continuity [24, Theorem 2.4].

For any f € Conv(Q2) and x € Q, denote by L(f,x) the largest convex subset
of © on which f is affine and that has x in its relative interior. The set L(f,z)
is the analogue for convex functions of the notion of a touching cone for convex
bodies (indeed, the support function h¢ is affine on every normal cone of C; for the
precise relation between mixed Hessian measures and mixed area measures, see [7,
Corollary 4.2]). In the following, we let L(f,z) = span{L(f,z) — z}.

We can now transcribe Conjecture 1.6 to the setting of mixed Hessian measures.

=D,(V2f1,...,V2f,)
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Definition 1.14. Let fi,...,f, € Conv(Q2). Then a point z € Q is called
(f1,..., fn)-extreme if dim (L(fbx)L) > |I] for all T C [n].

Conjecture 1.15. Let f1,..., fn € Conv(Q). Then

suppHy, . s, =cl{z € Q:x is (f1,..., f)-extreme}.

It can be shown using results of Hug-Mussnig—Ulivelli [7] that Conjecture 1.6
and Conjecture 1.15 are in fact equivalent; see §5. By the same technique, we can
readily transcribe the main results of this paper to mixed Hessian measures.

Corollary 1.16. For any f1,..., fn € Conv(Q2), we have
suppHy, . s, Ccl {:r eQ:xzis(fr,..., fn)—e:ctreme}.
Moreover, for any f,g € Conv(Q2), we have
suppHy, s =cl{z € Q:x is (f,..., f,g)-extreme}.

In particular, this fully resolves Conjecture 1.15 in dimension n = 2.

1.4.3. A mized Hartman—Nirenberg—Pogorelov theorem. A classical fact that dates
back to Monge [9, §23.7], and in more precise form to Hartman and Nirenberg [6]
and Pogorelov [16, §IX.4], is that a surface with vanishing Gauss curvature is a
ruled surface: it is foliated by straight lines and planar regions.

More concretely, let f : D — R be a smooth (not necessarily convex) function on
D C R2%. The graph of f defines a surface in R3, whose Gauss curvature vanishes if

det(VZf)=0 on D, (1.3)

that is, if f it a solution of the homogeneous Monge-Ampere equation on D. That
det(V2f(x)) = 0 means that V2f(x) has a nontrivial kernel—that is, the second
derivative of f vanishes in some direction—but this local condition does not in
itself imply that f must be affine in that direction. It is a nontrivial fact that when
det(V?f) vanishes in an open domain D, this local condition can be integrated to
yield the global property that D is foliated by regions on which f is affine. The
following formulation is due to Hartman and Nirenberg [6, §3].

Theorem 1.17 (Hartman-Nirenberg). Let D C R? be an open connected set, let
f:D — R be of class C?, and suppose that (1.3) holds. Let

R={x € D:V?f =0 in a neighborhood of x}.

Then for every x € D\R, there is an affine line v € L C R? so that f is affine on
the connected component I of L N D that contains x, and IN R = &.

It is clear that f is affine on every connected component of the open set R; these
are the planar regions of the surface defined by f. Theorem 1.17 states that the
non-planar part of the surface is foliated by lines that extend to the boundary. Such
a result for non-smooth surfaces is due to Pogorelov [16, §IX.4].

The problems investigated in this paper may be viewed as mixed analogues of
these classical results. More concretely, given two smooth functions f : D — R and
g: D — R on a domain D C R?, we aim to characterize when

D2(V2f,V?g) =0 on D. (1.4)
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FicUre 1.3. Illustration of of Corollary 1.18. Outside the planar regions of f and
g, the domain D is foliated by lines on which f and g are simultaneously affine.

When f = g, this is precisely (1.3). However, the case f # g can be of a very
different nature, as Do(M7, M3) = 0 need not have any implication for the kernels
of My, Ms,: for example, (1.4) holds when f(x) = |/z||> and g is any harmonic
function on D, neither of which define ruled surfaces.

When Mj, Ms are positive semidefinite, however, their kernels do characterize
when Do(Mj, M) = 0: this holds if and only if M; = 0, or My = 0, or ker M; =
ker My with dimker M; = 1 [15]. Therefore, by analogy with the local-to-global
phenomenon captured by Theorem 1.17, it is natural to conjecture that (1.4) has
the following solution for convex f,g: each x € D is either contained in a planar
region of f or of g, or in an affine line on which f and g are simultaneously affine;
see Figure 1.3. That this is the case is a consequence of Theorem 1.10.

Corollary 1.18. Let Q C R2 be an open conver set and D C Q be an open
connected set. Let f,g € Conv(Q) be of class C?, and suppose that (1.4) holds. Let

R={x € D:V?*f =0 in a neighborhood of x} U
{x € D:V?g =0 in a neighborhood of x}.

Then for every x € D\R, there is an affine line x € L C R? so that f and g are
both affine on the connected component I of LN D that contains x, and INR = &.

We have formulated Corollary 1.18 for smooth convex functions to emphasize
the analogy with Theorem 1.17. However, the result is an immediate consequence
of the following result in the nonsmooth case.

Corollary 1.19. Let Q C R2 be an open conver set and D C Q be an open
connected set. Let f,g € Conv(Q) satisfy Hy (D) = 0, and define

R={zxeD:dimL(f,z) =2 or dim L(g,z) = 2}.

Then for every x € D\R, there is an affine line x € L C R? so that f and g are
both affine on the connected component I of LN D that contains x, and INR = &.

1.5. On higher dimensions. The proof of Theorem 1.8 is based on an argument
with a geometric measure theory flavor that will be explained in §3. This argument
works in the same manner in any dimension. In contrast, Theorem 1.10 is restricted
to special mixed area measures that fully capture only the three-dimensional case.
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The reason for this is not merely technical in nature: there is a fundamental obstacle
that arises in higher dimensions, as we presently explain.

The proof of Theorem 1.10 is based on the following simple observation that will
be proved in §2.4 below. Here Pg denotes the orthogonal projection onto E.

Lemma 1.20. Let K,C,,...,Cy_s be convez bodies in R™, and let w € 8" be a
(K,Cy,...,Cn_g)-estreme direction. Then there exists v € T(K,u)* so that u is a
(PyrCy, ..., P i Cph_s)-extreme direction.

Lemma 1.20 states that the property of being an extreme direction is preserved
under projection. Therefore, if it were true that
?
wWESUPPSP , ¢y, P, Cp» = UWESUPPSK.Cy,..,Cr s (1.5)
then the lower bound in Conjecture 1.6 would follow by induction on the dimension
(and thus the full conjecture would follow by Theorem 1.8). Unfortunately, it turns
out that (1.5) does not always hold. In fact, we will provide an essentially complete
understanding of the behavior of the support under projection.

Theorem 1.21. Let K,C1,...,Cy_2 be convez bodies in R™.

a. If dmT(K,u) =1 or dimT(K,u) = n — 1, the following holds: if there exists
v e T(K,u) so that u € supp SP_, ¢y, P, Cn sy then u € SUPPSk,cy,....Cp 5+

b. If 1 < dimT(K,u) <n —1, it can be the case that u € supp SPUJ_Cly<~~7PUJ_Cn72
for every v € T(K,u)*, but u & supp Sk,cy,..C

yon—2°

Only the case dim T'(K, u) = 1 will be needed for the proof of Theorem 1.10; this
case will be proved in §4. The case dimT(K,u) = n — 1 and part b. are included
to clarify the basic obstruction to extending the lower bound to higher dimensions;
their proofs are postponed until §6.

Theorem 1.21 shows that performing induction on the dimension by projection
must fail in dimensions n > 4. Thus further progress on the lower bound in Con-
jecture 1.6 will likely require a fundamentally new ingredient.

1.6. Organization of this paper. The remainder of this paper is organized as fol-
lows. In §2, we recall some basic notions of convex geometry that appear throughout
the paper, and we establish some elementary facts that will be used in the sequel.
The main results of this paper, Theorems 1.8 and 1.10, are proved in §3 and §4,
respectively. The corresponding results for mixed Hessian measures and the mixed
Hartman-Nirenberg-Pogorelov problem are developed in §5. Finally, the behavior
of the support of mixed area measures in higher dimensions is discussed in §6.

2. PRELIMINARIES

The aim of this section is to recall a number of basic notions of convex geometry
and to establish some elementary facts that will be used throughout this paper.
Our standard reference on convexity is the excellent monograph [21].
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2.1. Basic notions. By a convex body we mean a nonempty compact convex set.
We denote by K™ the set of all convex bodies in R", by K the set of all convex
bodies in R™ with nonempty interior, and IC?O) the set of all convex bodies in R"
that contain the origin in their interior.

For K € K™, we denote by relint K the relative interior and by relbd K the
relative boundary of K, that is, the interior (boundary) of K viewed as a convex
body in the affine hull of K. The polar dual body of K € IC?O) is defined by

K°={ueR": (u,x) <1lforallx € K}.
The polar is an involution K°° = K. Moreover,
hio(z) = ||z||g for all z € R™,

where the Minkowski functional of K is defined by ||z||x = inf{\A > 0: 2z € AK}.
For any © € R™ and t € R, we define

Hf, ={z €eR": (u,z) > t},

H,,={z eR": (u,z) <t},

Hyi={z €eR": (u,x) =t}.
For u € S"! and ¢ > 0, B(u,¢) denotes the open e-ball in S"~! with center u.
2.2. Facial structure.

2.2.1. Faces and exposed faces. A face F of a convex body K € K" is a convex
subset of K such that z,y € K and IT” € F implies z,y € F. For v € S 1,

F(K,u)={r e K: (u,z) = hg(u)} = KN Hyp )

is called the exposed face of K with normal direction u. Exposed faces are additive
under Minkowski addition, that is,

F(K+ L,u) = F(K,u) + F(L,u) (2.1)
for all K,L € K™ and u € S"~!; see [21, Theorem 1.7.5].
2.2.2. Normal cones. For any x € K, the normal cone of K at x is defined by
N(K,z)={ueR": (u,z) = hg(u)}.
This is precisely the dual notion to an exposed face. Dual to (2.1), we have
N(K+ L,z+y)=N(K,z)NN(L,y) (2.2)

forall K,L € K" and « € K, y € L; see [21, Theorem 2.2.1].
The metric projection map px : R" — K sends each x € R™ to the point in K
that is closest to x. The metric projection is closely related to the normal cone:

Px (#) =2+ N(K,2)

for every = € K see [21, p. 81].
Let F be a face of K. Then every point x € relint F' yields the same normal
cone N (K, z), which will also be denoted as N (K, F); see [21, p. 83]. Since relative
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interior distributes over Minkowski addition [17, Corollary 6.6.2], the property (2.2)
extends to N(K + L, F(K + L,u)) = N(K, F(K,u)) "N N(L, F(L,u)).

2.2.3. Touching cones. For any u € S"~1, the touching cone T(K,u) is defined
as the unique face of N(K, F(K,u)) that contains u in its relative interior. The
distinction between touching and normal cones is illustrated in Figure 1.2.

Remark 2.1. Since N (K, F(K,u)) is itself a face of every normal cone N (K, z) that
contains u, the touching cone T'(K, u) can be equivalently defined as the unique face
of any normal cone of K so that T'(K,u) contains u in its relative interior.

Just as normal cones are dual to exposed faces, touching cones are dual to faces.
This duality can be made precise as follows [25, §1.2.3]. For any K € ICELO), the map
F—RyF={\x: >0,z € F} defines a bijection

{faces of K°} - {touching cones of K}.
The restriction of this map to the set of exposed faces of K° defines a bijection
{exposed faces of K°} — {normal cones of K}.
The inverse map is given by 7"+ T'N bd K° for any touching cone T" of K.

2.3. Properties of touching cones. A number of elementary properties of touch-
ing cones will be needed throughout this paper. We record their proofs here. We
begin with the following simple observation.

Lemma 2.2. Let v € T(K,u). Then T(K,v) is the unique face of T(K,u) that
contains v in its relative interior.

Proof. By definition, T(K,u) is a face of N(K,x) for some © € K. Let F be the
unique face of T'(K, u) that contains v in its relative interior. Then F is also a face
of N(K,z) [21, Theorem 2.1.1], and thus F' = T(K,v) by Remark 2.1. O

Our next observation is the analogue of (2.2) for touching cones.
Lemma 2.3. Let K,L € K" and u € S"~'. Then
T(K+ Lyu)=T(K,u)NT(L,u).

Proof. We first note that u is in the relative interior of T'(K,u) N T(L,u), as the
relative interior distributes over finite intersections [17, Theorem 6.5]. On the
other hand, let T'(K,u) be a face of N(K,z), and let T(L,u) be a face of N(L,y).
Then clearly a,b € N(K,z) N N(L,y) with “t* € T(K,u) N T(L,u) implies that
a,b € T(K,u) NT(L,u). Thus we have shown that T(K,u) N T(L,u) is a face of
N(K+L,z+y) = N(K,z)NN(L,y), which concludes the proof by Remark 2.1. O

Next, we clarify the behavior of touching cones under projection.
Lemma 2.4. Let K € K" and u,v € S"! with v € v*. Then
TP, K,u) = T(K,u) Nv,

where we view P,1 K as a convex body in vr.
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Proof. Let T(K,u) be a face of N(K, ), and note that
NP, K, P, x) ={wecv: (wz)=hg(w)}=NK,z)Nv".

It follows by the same argument as in the proof of Lemma 2.3 that w is in the
relative interior of T'(K,u) N vt and that T(K,u) N vt is a face of N(K,x) Novt.
This concludes the proof by Remark 2.1. |

We finally record an implication between normal and touching cone inclusion.

Lemma 2.5. Let K,L € K" and x € bdK, y € bd L with N(K,x) C N(L,y).
Then T(K,u) C T(L,u) for every u € N(K,x).

Proof. Tt follows by the argument in the proof of Lemma 2.3 and by Remark 2.1
that u is in the relative interior of T'(K,u) NT'(L,u), and that T(K,u) N T(L, u) is
a face of N(K,z) N N(L,y) = N(K,z). Thus T(K,u) NT(L,u) = T(K,u). O
2.4. Extreme directions. The notion of a (C1,...,Cyh_1)-extreme direction was

defined in Definition 1.5. This notion has a number of equivalent formulations that
are analogous to the equivalent conditions of Fact 1.4.

Lemma 2.6. Let Cy,...,C,_1 € K" and u € S"~ 1. The following are equivalent:
a. uis (Cq,...,Ch_1)-extreme.
b. dim (Y,c; T(Ci,u)*) = |I| for all I C [n—1].

c. There exist lines L; C T(C;,u)*, i € [n— 1] with linearly independent directions.
Proof. By Lemma 2.3, a. states that
dim (N;¢; T(Cy,w)) = dim (T(Cr,u)) < n— |1
for all I, while b. states that
dim (N;¢; spanT'(Ci, u)) < n — |1

for all I. The equivalence of these two conditions follows from the fact that u is in
the relative interior of each T'(C;, u). The equivalence of b. and c. is a general fact
of linear algebra that is proved, e.g., in [20, Lemma 2.3]. |

We emphasize that the counterpart of Lemma 2.6 for (Cy,...,C,_1)-exposed
directions does not hold: it may happen that the normal cones N(C;, F'(C;,u)) do
not have any common point in their relative interiors, and thus their intersection
may have strictly smaller dimension than the intersection of their linear spans. That
Definition 1.7 provides the natural notion of a (C1, ..., C,_1)-exposed direction will
become evident from the proof of Theorem 1.8.

On the other hand, Lemma 2.6 extends readily to its counterpart for convex
functions that was defined in Definition 1.14.

Lemma 2.7. Let Q C R"™ be an open convex set, and let fi, ..., fn € Conv(Q) and
x € Q. The following are equivalent:

a. x is (f1,..., fn)-extreme.

b. dim (Y ;c; L(fi,2)*) = |I| for all I C [n].

c. There exist lines L; C L(fi,x)*, i € [n] with linearly independent directions.
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Proof. The proof is identical to that of Lemma 2.6 using that
L(ffvx) = niel L(flax)

To verify this is the case, note that as

fl(yT-%Z) _ fz(y);fz(Z) _ Z (fl(y;-Z) _ fi(y);fi(Z))
el

and each term in the sum is nonnegative, f; is affine on a set A if and only if f;
is affine on A for every i € I. The claim therefore follows from the fact that the
relative interior distributes over finite intersections [17, Theorem 6.5]. g

We can now prove Lemma 1.20 in the introduction.

Proof of Lemma 1.20. Let u be (K,C1,...,Cp_2)-extreme. By Lemma 2.6, there
exist lines Ly C T(K,u)* and L; C T(Cs,u)*, i = 1,...,n — 2 with linearly
independent directions. Let Ly = Rv. Then the lines P, Ly,...,P,1 L,_5 have
linearly independent directions. Moreover, since each element of P, L; is a linear
combination of an element of L; and v, we have

P,.L; CT(Cyu)™ +Ro= (T(Ci,u)N UL)l =T(P,.Ciu)*
by Lemma 2.4. Thus u is (P,.C4,...,P,1C,_s)-extreme by Lemma 2.6. |

2.5. Mixed volumes and mixed area measures. The most basic properties
of mixed volumes V,,(Ci,...,C,) and mixed area measures S¢, .. ¢, , are that
they are additive and 1-homogeneous in each argument C;, symmetric in their
arguments C;, and that they are nonnegative and translation invariant. For the
theory of mixed volumes and mixed area measures, we refer to the monograph [21].

Let f = hx —hy, be a difference of support functions of convex bodies K, L € K™.
By multilinearity, we can uniquely extend the definitions of mixed volumes and
mixed area measures to such functions by defining [21, §5.2]

Vn(f7 017 sy Cn—l) = Vn(K7 C1, ey Cn—l) - Vn(La Cl, sy Cn—l)y
Sf.CroCros = SK,C1,.\Cnos — SL,Chyee,Cros-

If f1,..., fn are differences of support functions, we can iterate this construction
to define V,,(f1,..., fn) and Sy, 7. ,. Note that these functional extensions of
mixed volumes and mixed area measures are no longer necessarily nonnegative.
Any f € C?(S"71) is a difference of support functions [21, Lemma 1.7.8].

We now recall the behavior of mixed volumes under projection onto a hyperplane
[21, Theorem 5.3.1]: for any v € S™~ !, we have

nVn([O,v], Cl, ey Cnfl) = anl(PulCh ey PULCnfl).
Since hp,c = ho|g, this implies that
nVy([0,0], f1,. -, fam1) = Vi (filors oo fazilor)

for any differences of support functions fi,..., fn_1.
In the opposite direction, we will require the following.
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Lemma 2.8. Let Cq,...,Cr_o € K", and let u,v € 8"~ with u € v-. Then
u € suppSp_, ¢y,..,p, , C,_, implies that uw € Sp.c,,....c,, -
Proof. The projection formula for mixed volumes implies that [23, Remark 8.6]
(TL - 1) S[Oyv]vcla--~7cn—2 = SPUL C1,...,P 1 Cro (23)

if we view the right-hand side as a measure on R” that is supported in v*. The result

follows as supp So,v],c1,....c_o € SUPPSB.Cy,....C_» by [21, Lemma 7.6.15]. O

,,,,,

Finally, for any C' € K", the area measure Sc(,—1) has the representation
SC[n—l] (A) = an—l (ngl(A)), (2.4)
for A C S"~1 [21, §5.1], where H"~! denotes the (n — 1)-Hausdorff measure and

ng'(A) = |J F(C,u) SbdC
u€cA

is the set of points in bd C' that have a normal direction in A.
3. PROOF OF THE UPPER BOUND
The main aim of this section is to prove the following.
Theorem 3.1. For any K, L € K™ and k=0,...,n — 2, we have
Skk+1),pn—k—2)({u € S" " : dim N(K, F(K,u)) > n—k}) = 0.
Let us first explain why this suffices to conclude the proof of Theorem 1.8.
Proof of Theorem 1.8. By definition,

{u € 8" uis not (C,..., C’n_l)—exposed} =
nU2 U {ue 8" ' :dim N(Cr, F(Cr,u)) > n—k}.
k=0 |I|=k+1
Thus it suffices to show that
Scy,cny ({u e S 1 dim N(Cr, F(Cr,u)) >n—k}) =0
for all k and I C [n — 1] with [I| = k+ 1. But as Sc,....c,_, < Scq[1]],Creln—1-|1]]

on—1 —

by the additivity of mixed area measures, this follows from Theorem 3.1. ]

The remainder of this section is devoted to the proof of Theorem 3.1. We begin
by sketching the main idea behind the proof.

3.1. Outline of the proof. We begin with an elementary observation: the con-
clusion of Theorem 3.1 is equivalent to the statement that for all ¢ > k

Sk Lin—e—1y({u € S* !+ dim N(K, F(K,u)) >n—k}) =0,

since the set inside the measure increases if we replace k by ¢ — 1. Thus the
conclusion of Theorem 3.1 is also equivalent to

S(K+tL)[n71] ({u c sn1. dim N(K, F(K,u)) >n— k}) — O<tn—k—1>



ON MINKOWSKI’S MONOTONICITY PROBLEM 15
ast ] 0, since S(xir)m_1] = oo ("7 )" Sk, Lin—s—1]- We aim to establish
such a property by exploiting the representation (2.4) of Sk yir)m—1)(A) as the
area of the set of boundary points of K + tL with a normal direction in A.

The basic intuition behind the proof is that the set of points in bd K that have
a normal direction u with dim N (K, F(K,u)) > n — k is expected to behave as a
k-dimensional set. Thus the corresponding boundary points of K 4+tL are contained
in an L-shaped “tube” with radius ¢ around a k-dimensional subset of bd K, which
therefore has area O(t"~*~1) regardless of the choice of L.

That the set of k-singular boundary points of K—that is, boundary points with
normal cone of dimension at least n—k—has dimension k is made precise by classical
results of Anderson and Klee [1], see also [21, Theorem 2.2.5]: they show that this
set can be covered by countably many compact sets of finite k-Hausdorff measure.
This does not suffice for our purposes, however, since it is unclear whether this
covering of a subset of bd K can be obtained by pulling back a covering of the
corresponding normal directions in S”~!'. To make the argument work, we must
first prove the existence of such a cover that behaves nicely under the Gauss map.
We can subsequently make precise the idea that an L-shaped “tube” around any

element of this cover has area of order O(t"~*~1), concluding the proof.

3.2. A Lipschitz cover of k-singular points. The aim of this section is to prove
the following result, which refines the results of [1] and [21, Theorem 2.2.5].

Proposition 3.2. Fiz K € K" and k € {0,...,n — 1}. Then there exists a
family of Lipschitz maps u,, : [0,1]¥ — bd K such that every face F of K with
dim N(K, F) > n — k is contained in Imu,, for some m € N.

We begin with some basic notations. The affine Grassmannian Graff(n, k) is

defined as the set of all k-dimensional affine subspaces of R". Denote by M,,_j
the set of all (n — k) X n matrices with rank n — k. Then the map

H:M,_inxR" — Graff(n, k)
defined by
HM,y)={zeR": M(z—y)=0}
is surjective. The following trivial fact will be used below.

Fact 3.3. Consider M € M,,_j,, so that M = [ My | My] with M; € R(n—k)x(n—k)
invertible and My € R(n—k)xk, Define g : RF x M, —pn x R" — R * gs

9(z M,y) = My ' (My — Msz).

Then
H(M,y) ={(9(z; M,y),2) : z € Rk}.

In the following, we denote by 0, the vector in R? and by 0,4 the matrix in
RP*? all of whose entries are zero, and by I, the identity matrix in RP*P. We also
recall that px denotes the metric projection map of K, see §2.2.2.

The following is the key step in the proof of Proposition 3.2.

Lemma 3.4. Fizr K € K" and k € {0,...,n — 1}, and let S be a closed ball with

K CintS. For every face F of K with dim N(K, F) =n — k, there is a nonempty
open set O C My,_n X R™ so that F' C px(H(M,y)NS) for all (M,y) € O.
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Proof. Since the statement is invariant under rotation and translation of K, we can
assume without loss of generality that

N(K,F) CR" x {04}, F={0,_} x F' C{0,_} xR

We will first find a single point (M,,y.) that satisfies the desired conclusion, and
then show it is stable under perturbation.

To construct (M,,y.), we choose any y. € relint N(K, F) of sufficiently small
norm so that F' +y, C int S, and let M, = [L,_x |O(n—r)xk ] € Mp_gn. Then

F+y. C HM,,y.) NS,

which implies that F' C pg (H (M., y«) NS) (see §2.2.2).

By construction, 3. = (y.,0x) for some 3. € R""*. Fix an open neighborhood
U’ of y, such that U = U’ x {0y} C N(K,F) and FF'+U C S. In the following, we
adopt the notation defined in Fact 3.3. Note first that

9(z; M, ys) = ol

for all z € R*. By continuity of the map ¢ and as I,,_; is invertible, there is an
open neighborhood O C R* x M,,_j., x R™ of F’ x {M.} x {y.} so that

g(z;M,y) € U’ and M, is invertible for all (z, M,y) € O.

By the generalized tube lemma [14, §26, Ex. 9], there exists an open neighborhood
O CMy_jn xR of (M,,y.) so that F x O C O.
Denote by n(z; M,y) = (9(2'; M,y),0x) for any x = (0,—x,2") € F. The choice

of U’, the construction of O, and Fact 3.3 ensure that
x+n(z; M,y) € HM,y)N S, n(xz; M,y) € N(K, F)
for all (M,y) € O and z € F. Thus F C pg(H(M,y)NS) for all (M,y) € 0. O
We can now complete the proof of Proposition 3.2.

Proof of Proposition 3.2. Fix a closed ball S that contains K in its interior. For
every £ € {0,...,k}, M € M,,_;,, and y € R", the set H(M,y)N S is either empty
or a closed ball of dimension at most k. In the latter case, we can certainly find a
Lipschitz map f : [0,1]* — H(M,y) so that H(M,y)NS C Im f.

Let (fim)men be a family of such maps obtained by applying this construction
toall £ € {0,...,k} and all (M,y) in a countable dense subset of M, _;, x R™.
Lemma 3.4 ensures that every face F' of K with dimN(K,F)=n—{>n—k is
contained in Im u,, for some m, where we define u,, = px © f;n. It remains to note
that w,, is Lipschitz as pk is Lipschitz [21, Theorem 1.2.1]. O

3.3. Proof of Theorem 3.1. Throughout the proof of Theorem 3.1, fix K, L € K™,
ke {0,...,n—2}, and a family (t,,)men of Lipschitz maps u,, : [0,1]¥ — bd K as
in Proposition 3.2. Define the sets A4,, C ™! as

A, = {v e S" 1 F(K,v) C Imum}.
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Then Proposition 3.2 ensures that

{ves" ' dimN(K,F(K,v)) >n—k} C U Am
meN

By the argument in §3.1, it suffices to show that
S(k+tL)n—1)(Am) = O(" ) as t 10

for every m € N.

Proof of Theorem 3.1. The representation (2.4) yields

S(k+tL)n—1)(Am) = Hrt ( U F(K +tL, v)) .

EAm

By the definition of A,, and (2.1), we have

U F(K +tL,v) € (Imuy, +tL) Nbd(K +tL).
vEA,

Let [0, 1]% UN B; be a covering of [0,1]¥ by N; = O(t=F) balls B; of radius t.
Then Im u,, C Uz 1 Um(B;), and we can estimate

Sk +t)m-1)(A <ZH" Y((um(B;) +tL) Nbd(K +tL)).

Note that w,,(B;) + tL is contained in a ball B; of radius (Lip(t,,) + diam(L))t.
As K1 Nbd Ko C bd(K; N K») for any convex bodies K7, Ko, we obtain

H™ ! ((um(Bi) +tL) Nbd(K +tL)) < H" ' (bd (B; N (K +tL))).

Now recall that H"~1(bd C) = nV,,(B,C,...,C) for every C € K" [21, (5.53)], so
H* 1 (bd K1) < H"!(bd K3) for any convex bodies K; C Ko. Thus

H" ! (bd (B; N (K +tL))) < H" ' (bd B;) = ct™ !
with ¢ = (Lip(upm,) + diam(L))"~1H"~1(S"~1). We therefore obtain
S(k+t1)n—1](Am) < ct" LN, = O™+,
concluding the proof. O
4. PROOF OF THE LOWER BOUND

The aim of this section is to prove Theorem 1.10. We again begin by sketching
the main idea behind the proof before proceeding to the details.

4.1. Outline of the proof. We aim to characterize supp Sk, _g),r, for K, L € "
by induction on the dimension n. The basic principle for doing so was explained
in §1.5, but the procedure cannot be implemented directly as (1.5) does not always
hold. Instead, we will perform the induction in an indirect manner that requires
only the case dim T'(K,u) = 1 of (1.5), which holds by Theorem 1.21.
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Remark 4.1. In the following, we will take for granted that Conjecture 1.6 is known
to hold for the area measure Sg[,_1), that is, that

supp Sg -1 = cl{u € §" ' : dim T(K, u) = 1}.

This is a well known result, see, e.g., [21, Lemma 4.5.2]; we include a short proof
in Corollary 4.5 below that follows trivially from the methods used in the proof of
Theorem 1.21. Note that this implies, in particular, that supp Sg(,_2),z is charac-
terized for n = 2, which serves as the base case of our induction on n.

Let us now sketch the idea behind the induction. By Corollary 1.9 and as the
support of a measure is a closed set, it suffices to show that any (K[n — 2], L)-
extreme direction u € S™~! is contained in supp S K[n—2],- We fix such a direction
u in the following. Let us consider two nearly complementary cases.

1. If dim T'(K,u) = 1, then the approach described in §1.5 can be applied directly:
Lemma 1.20 yields v € u™ so that u is (P, K[n—3], P, L)-extreme, and thus the
induction hypothesis implies that u € supp Spv L K[n—3],P, | L- We now conclude
that u € supp Sk(,—2], by the case dim T'(K,u) = 1 of Theorem 1.21.

2. Now suppose that dim T'(K,u') > 1 for all +’ in a neighborhood of u. Then we
have u & supp Sk,,—1). It therefore suffices to show that

U € supp (SK[n72],L + SK[nq]) = SUPP SK[n—2),K+L-

To this end, note that it is easily checked using Definition 1.5 that the fact that
w is (K[n — 2], L)-extreme implies that it is also (K[n — 2], K 4+ L)-extreme, as
well as that dimT(K + L,u) = 1. We can therefore once again proceed as in
§1.5 to achieve the desired conclusion using Theorem 1.21.

These two cases almost, but not quite, suffice to prove Theorem 1.10: the above
arguments leave the case that dim 7'(K,u) > 1, but u lies on the boundary of the
set of ' with dim T'(K,«’) = 1, unresolved.

To handle this boundary case, we will use to our advantage the fact that the
measure S¢, ..., , does not uniquely determine the convex bodies Cy,...,Cy_1.
We will show in §4.3 how one can modify the body K so that it satisfies the condition
of the second case above, without changing the mixed area measure Sk, _2), - Then
the second case suffices to complete the proof of Theorem 1.10 (and, somewhat
surprisingly, the first case no longer needs to be considered separately).

4.2. The case dimT'(K,u) = 1 of Theorem 1.21. Before we proceed to the proof
of Theorem 1.10, we must prove the case dim T(K,u) = 1 of Theorem 1.21 that is
needed here. The remaining parts of Theorem 1.21 will be proved in §6.

The proof relies on a characterization of directions u with dim7T'(K,u) = 1,
which is dual to the characterization of extreme boundary points of a convex body
in [21, Lemma 1.4.6]. Only the implication a = b will be used in the sequel.

Lemma 4.2. For any K € K" and u € S"~ 1, the following are equivalent.
a. dimT(K,u) =1.

b. For every € > 0, there exists K' € KI' so that K C K', hg:(u) > hg(u), and
hi (v) = hg(v) for all v € S""1\B(u,¢).
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Proof. We first prove a = b. As the statement is invariant under translation, we
assume without loss of generality that relint K contains the origin.

If dim K < n—2, then dim T'(K,u) > 1 for all u and there is nothing to prove. If
dim K = n — 1, then dim T(K,u) = 1 implies that u € K*. Let K’ = conv{K,tu}
with ¢ > 0. Then hg/(u) =t > 0 = hg(u). Moreover, for every ¢ > 0, we can
choose t > 0 so that hy = hy on S"1\B(u,¢), since as t | 0 the normal direction
of each supporting hyperplane of K’ that does not touch K converges to u.

It remains to consider the case that dim K = n, so that K € IC?O). By the duality
explained in §2.2.3, dim T'(K, ) = 1 implies that

U

[l o

T(K,u)Nbd K° = {z} with «=

is a O-dimensional face of K°. By [21, Lemma 1.4.6], there exists for every ¢ > 0 a
choice of v € S~ and t € Ry so that = € int H.\, and

U )

K°NH}, C RyB(u,e).

.t
Now define K" = (K° N H,,)° D K. Then
hie (v) = [0l gonn;, = I0llke = hic(v)
for all v € S"~"\B(u,¢). Moreover, as x ¢ K° N H,,, we have
haco () = [l cora=, > lullce = hac(u),

which concludes the proof of a = b.

To prove the converse implication b = a, suppose that dim T'(K,u) > 1. Since
u € relint T(K,u), we can find distinct vy, ve € T(K,u) so that u = % Now
assume for sake of contradiction that the conclusion of part b holds, and choose
e > 0 sufficiently small that vy, vy & B(u,e). Then

_ hK(’Ul) + hK(UQ) _ hK/(Ul) + hK/(’UQ)

h > hy

K (u) 5 5 > hi(u),

where we used that hg is affine on T'(K,u) in the first equality, and that hg is
convex in the inequality. This entails a contradiction, concluding the proof. [

Recall the following classical result [21, Theorems 7.3.1 and 7.4.2].
Theorem 4.3 (Alexandrov—Fenchel inequality). For any K,L,C1,...,Cp_o € K™
Vo (K,L,Cy,...,Cnh2)> >V, (K, K ,Cy,...,Ch2)Vu(L,L,Cy,...,Cp_2).
If in addition V,,(K,L,C4,...,Cp_2) > 0, then equality holds if and only if

g _ Va(E,K,Ch,....Cu) o
KoCLCn2 TN (KL, C, L Cpg) O

The following is the main observation of this section.

Lemma 4.4. Let K,Cy,...,Cp_2 € K" and u € S" ! with dimT(K,u) = 1. If
u € supp Sk.cy,....C_s, then u € supp Sy o, ,....c,_, for every L € K™.
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Proof. As we assume that v ¢ suppSk.c,...c, ., there exists € > 0 so that
SK.Cr,....Cn_o(B(u,e)) = 0. Let K’ D K be the convex body that is provided
by part b of Lemma 4.2 for this choice of €.

Suppose that V,(K', K,C1,...,Cp_2) = 0. Recall that dim K’ = n by construc-
tion, while dim K > n — 1 as dimT(K,u) = 1. Thus by Fact 1.4, there exists
I C [n—2] so that dim C; < |I]. Then Fact 1.4 readily yields that S ¢, ....c,_, =0
for every L € K", concluding the proof in this case.

We may therefore assume that V,,(K’, K,C1,...,Cp_2) > 0. Note that by con-
struction hx' = hx on S""1\B(u,&) 2 suppSk.c,...c so that

ybn—29

V(K K,Ch,...,Cp_g) = Vo (K, K,C4,...,Cr_s).

n—

Therefore

Vn(KlaKaclv"-,Cn72)2 :Vn(K/aKacla"'7Cn72)vn(K>Kaclv'",Cn72)
S Vn(K/aK/701a"'acn—Q)Vn(K7Kacl7'"7Cn—2)7

where we used that K C K’. Thus Theorem 4.3 yields ShKlfhK.,Cl ,,,,, Cc,_, =0.In
particular, integrating the function h; with respect to this measure yields

1
0= V(L s — b, O, Coz) = /(hK/ _hi)dSpon

for every L € K™. Since the function hg+ —hy is nonnegative on S”~! and is strictly
positive in a neighborhood of u, we conclude that u & supp Sy .c;....c O

ybn—2°

The following follows directly.

Proof of the case dimT(K,u) = 1 of Theorem 1.21. The conclusion is immediate
by choosing L = [0, v] in Lemma 4.4 and applying the projection formula in §2.5. O

As a further simple illustration of the utility of Lemma 4.4, let us give another
proof of the following well known result (see, e.g., [21, §4.5]).

Corollary 4.5. For any K € K™, we have
supp Sgn—1) = cl {u € S"7 ! dim T(K,u) = 1}.

Proof. As the upper bound holds by Corollary 1.9, it suffices to show that every
u € S" ! with dim T'(K, u) = 1 satisfies u € supp SKin—1)- Suppose the latter does
not hold. Then we may repeatedly apply Lemma 4.4 with L = B to conclude that
u & Sp[n—1)- But this entails a contradiction, as Sp[,_1) is the Lebesgue measure
on §"~! by (2.4) and thus supp Sgp,—1) = S" 1. O

4.3. Proof of Theorem 1.10. As was explained in §4.1, the main difficulty in
the proof is to modify K so that it has the desired properties without changing the
mixed area measure. We begin with a useful observation.

Lemma 4.6. Let K € K", EC S" !, and f: E — R such that

K= H-
v, f
vEER

Then every u € S"~1 with diim T'(K,u) = 1 is in the closure of E.

(v)°
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Proof. Let u € S"! with dimT(K,u) = 1, and suppose that u ¢ cl E. Choose
e > 0 so that B(u,e) N E = @, and let K’ D K be the resulting convex body that
is provided by part b of Lemma 4.2. Then hg/(v) = hg(v) for all v € E and thus

/ - _— - - p—
K'C (Y Hypor = () Hopew € () Hogy = K
veEE veE veE
where we used the obvious fact that hy (v) < f(v) for every v € S?~1. This entails
a contradiction, since hg/(u) > hy(u). O

We can now construct the desired modification of K.

Lemma 4.7. Let K,Cy,...,Cp_2 € K", u € S" !, and € > 0 so that B(u,¢) lies
strictly inside a hemisphere. Suppose that Sk c, ... c,_,(B(u,€)) =0. Then

k= [ Hiyw2K
veS"—1\B(u,e)

is a convex body that satisfies the following properties.

@ SR.CyCoz = SKCrni G
b. dimT(K,v) > 1 for every v € B(u,¢).

c. If in addition u € suppSp.c,,....c then T(IA(,u) CT(K,u).

n—27

Proof. We first note that as B(u,€) lies strictly inside a hemisphere, it follows that
K C ﬂvGS“*l\B(u,s) H;IIhK\Iw is compact and thus K e Kn.

We now prove part a. Suppose first that dim K = n. Then we can proceed as
in the proof of Lemma 4.4. Indeed, if Vn(f(, K,Cy,...,Cph_2) = 0, then Fact 1.4
yields I C [n —2] with dim Cy < |I|, and thus Sg. o, =Sk.cy,...0, 0 = 0. If
Vo(K,K,C4,...,Ch_s) > 0, then the Alexandrov-Fenchel argument of Lemma 4.4
extends verbatim to the present setting as h g (v) = hx (v) for all v € S" 1\ B(u, €).
This concludes the proof of part a for dim K = n.

If dim K < n, define K, = K + tB, where B = conv{B, su} and s > 1 is chosen
so that N(B, su) = Ry cl B(u,&). Then Sg.c,...c._,(B(u,g)) =0 by Theorem 1.8,
so we can apply part a to K to conclude that Sg, -~

»n—2

= Sk,,C1,...Cn_»- The
conclusion of part a follows by the continuity of mixed area measures [21, p. 281],
as K; - K and K, — K as t | 0 [21, Lemma 7.5.2].

Part b follows directly from the definition of K by Lemma 4.6 and as $™~ '\ B(u, ¢)
is closed (as B(u,¢) is an open ball by definition).

To prove part ¢, note that integrating both sides of part a with respect to hp,
and using that mixed volumes are symmetric in their arguments, yields

/(hf{ — hK) dSB,Cl,...,C,,L,z = /hB dshkfhK,Cl,...,Cn,2 =0.

Since hy — hg > 0 and u € suppSp,c,,....c,,_,, this implies that hy (u) = hi(u).
As K C K, it follows that F(K,u) C F(K,u). Now fix any # € F(K,u). Since
zebdKNbdK and K C K, any supporting hyperplane of K that contains z must
also be a supporting hyperplane of K, so we must have u € N(k,z) C N(K,z).
The conclusion of part ¢ now follows from Lemma 2.5. O
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We can now conclude the proof of Theorem 1.10.

Proof of Theorem 1.10. Let K,L € K™. As the upper bound is provided by Corol-
lary 1.9, it suffices to show that every (K[n — 2], L)-extreme direction u € S~ ! is
contained in supp Sg[,—2),- We will do so by induction on the dimension n. The
base case n = 2 is provided by Corollary 4.5; we assume in the remainder of the
proof that the result has been proved up to dimension n — 1.

Fix a (K[n — 2], L)-extreme direction u € S"~!, and assume for sake of contra-
diction that u & supp Sk [n—2],z- Then there exists ¢ > 0 sufficiently small so that
Skin—2.,L(B(u,€)) = 0. Let K be the modified body of Lemma 4.7. Then applying
part a of Lemma 4.7 repeatedly yields Sf([n—z],L = SK[n—2],- In particular,

u & supp SR[n—Q],L'

We must now establish the following.

A

Claim. The vector u is (K [n — 2], L)-extreme.

Proof. As u is (K[n — 2], L)-extreme, Lemma 1.20 yields v € T(K,u)* so that u
is (P,1 K[n — 3],P,1 L)-extreme. Thus u € supp Sp_, Kn—3),p,, . by the induction
hypothesis, which implies u € supp Sp, k[, —3), by Lemma 2.8. Part ¢ of Lemma 4.7
therefore yields T(IA( ,u) C T(K,u), which readily implies the claim. O

We now proceed as was explained in §4.1. We have

u & supp Sf([n—l]

by Corollary 4.5 and part b of Lemma 4.7. Therefore
u & Supp (Sgp_oy 1 + Skin_1)) = SUPPSg (o krr-

On the other hand, as u is (K[n — 2], L)-extreme, u is also (K[n — 2], K + L)-
extreme and dim T(K + L,u) = 1. By Lemma 1.20, there exists v € u" so that u is
(P,1 K[n — 2])-extreme, and thus u € suppSp | g, _o by Corollary 4.5. The case
dim T(K,u) = 1 of Theorem 1.21 now yields u € supp Sk[n%]’f(j%. This entails a
contradiction, concluding the proof. (Il

5. MIXED HESSIAN MEASURES

The aim of this section is to derive the implications of our main results for mixed
Hessian measures. In particular, we will prove Corollaries 1.16 and 1.19.

It should be emphasized that mixed area and Hessian measures are not really
distinct notions: mixed areas measures of convex bodies in R™ are a special case
of mixed Hessian measures of convex functions on R™ [7, Corollary 4.2], while
mixed Hessian measures of convex functions on R™ are a special case of mixed area
measures of convex bodies in R"*! [7, Corollary 4.9]. Such connections were used
in [3, 7] to translate some previously known special cases of Conjecture 1.6 to the
setting of mixed Hessian measures. Some care is needed, however, in extending
these connections to the general setting considered here.
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5.1. From mixed area to mixed Hessian measures. The aim of this section
is to recall how mixed Hessian measures can be obtained as a special case of mixed
area measures. The construction in this section is taken from [7].

Denote by Conveq(R™) the class of lower-semicontinuous proper convex functions
g : R" — (—00, 0] such that dom g is compact, and let

Conviy(R") = {g" : g € Convea(R™)}.
Here g* denotes the convex conjugate

g"(z) = sup {(z,y) — g(v)}.
yeR”

Let f € Conv.y(R™). Then f* € Conveq(R™), as any lower-semicontinuous convex
function g satisfies ¢** = g [21, Theorem 1.6.13]. As f* is lower-semicontinuous,

epi(f*) = {(z,1) € R™: f*(2) < 1}
is a closed convex set, where we write (z,¢) € R"*! with z € R” and t € R.
Definition 5.1. For every f € Conviy(R"™), define K; € K"T! as
K;=epi(f*)n{(z,t) e R*" ¢t <rs}
where 7y = maxzedom f+ f*(x) < 0.
In the following, we denote by S™ the negative hemisphere in S™:
St ={(y,t) € S" : ¢t <0}
Then the map ¢ : R™ — S™ defined by

x 1
o) = <¢1 TP Vit ||x||2>

is a homeomorphism with inverse ¢! (y,t) = —%. The following result, which is a
restatement of [7, Corollary 4.9], relates the pushforward ¢.Hy, . . of the mixed

Hessian measure to the mixed area measure Sg PR o restricted to S™.

Lemma 5.2. Let f1,...,f, € Conviy(R™). Then the measures ¢ Hy, 7. and
SKflw--van |s» are mutually absolutely continuous with

,,,,, fn 1
— = Ibndn () = ———.
Brcytey, = P

In particular, suppHy, . ;. = (;5_1(5@ N supp SKfl"“’Kfn)'

5.2. Extreme directions and localization. In order to translate our main re-
sults to the setting of mixed Hessian measures, we must clarify the connection
between L(f,z) and T'(Ky,u). We begin with the following simple lemma.

Lemma 5.3. For any f € Conviy(R") and x € R", we have f(x) = hg,(x, —1).

Proof. We readily compute
hic; (, —1) = sup  {{y,z) —t} = Sl;p{<va> - )} = flx)

(y.t):f*(y)<t<ry
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by the definition of K. O
Consequently, we have the following.
Lemma 5.4. For any f € Convgy(R™) and x € R™, we have
L(f.2) = 67 (S V(K o(x).

Proof. Any convex set B C R™ defines a convex cone A = R;¢(B) in R;.S™. We
claim that f is affine on B if and only if hx, is linear on A: indeed,

t+t
hic (tw + 82", —t — 1) = huc, (bw, 1) + hue, (2", =)

t y t v,
—_— —_— = —-——
f<t+t’x+t+t’x> @ @) =

for any x,2’ € B and ¢,t' > 0 by Lemma 5.3.

Now note that for any convex cone A in R;S™, the convex set B C R™ defined
by B = ¢~1(A N S™) satisfies A = R, ¢(B). Thus the relation between A and
B defines a bijection between convex sets in R™ and convex cones in RyS™. The
definition of L(f, z) therefore implies that Ry ¢(L(f,x)) is the largest convex cone
in R, S™ that contains ¢(z) in its relative interior on which hg, is linear, that is,

Ry o(L(f,a)) = T(K;, ¢(x)) N RS,
The conclusion follows by inverting this identity. O

Lemma 5.4 immediately yields the following corollary.

Corollary 5.5. Let f1,..., fn € Conv.y(R"™). Then z € R™ is (f1,..., fn)-extreme
if and only if p(x) € S™ is (Ky,,..., Ky, )-extreme.

We are now nearly ready to prove our main results on mixed Hessian measures.
There is, however, one additional technical point that must be dispensed with first.
The reduction from mixed Hessian measures to mixed area measures requires us to
work with functions in Conv4(R™), while our results are formulated in the more
general setting of functions in Conv(Q)) for some open convex set Q@ C R™. The
following localization lemma reduces the the latter setting to the former one.

Lemma 5.6. Let Q C R™ be an open convex set and ' C € be convex and compact.
Then for any f € Conv(Q), there exists g € Conv.y(R™) so that f =g on Q.

Proof. Recall that the indicator I4 of a convex set A is defined by

0 for x € A,

La(z) =

400 for xz ¢ A.

By [21, Theorem 1.5.3], f is Lipschitz on " with Lipschitz constant £. Define
9=(f+Ia)" +Lp)"
As dom(f +1g/) = Q is compact, (f+ I/ )* is a continuous convex function on R™.
Thus (f + Io/)* + Lig € Conveq(R™) and therefore g € Conviy (R™).
Now note that f + I/ is lower-semicontinuous, and thus

f(z) = sup {(y,z) — (f +1o)*(»)}

yeR™
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for x € . By [17, Theorem 23.5], the supremum is attained by y € 9f(x) C
O(f + Ia/)(x), where Of is the subdifferential. As ||y|| < ¢ by [17, Theorem 24.7],

f@) = sup {{y.z) — (f +1a)"(v) } = g(x)

llyll<e
for every x € ', concluding the proof. O
Fix f1,...,fn € Conv(Q2) and z € §, and let Q' = cl B(x,¢) for some € > 0.
Construct the functions gy, ..., g, € Conv. (R™) as in Lemma 5.6. Then clearly

Hfhm,fn B(z,e) — thm,gn B(z,e)» T(fhx) N B(aj,g) = T(Qzﬂ?) N B(aj,g).

In particular, the properties that u € supp Hy, ., or that wis (f1,..., fn)-extreme
are unchanged if we replace f1,..., fn by g1,...,9n.

Corollary 5.7. Conjecture 1.6 implies Conjecture 1.15.

Proof. Since the statements of both conjectures are local in nature, it suffices by
the remark following Lemma 5.6 to assume that f1,...,f, € Convyy(R™). The
conclusion now follows directly from Lemma 5.2 and Corollary 5.5. ]

Remark 5.8. Conjectures 1.6 and 1.15 are in fact equivalent; the converse implica-
tion to Corollary 5.7 can be readily read off from [7, Corollary 4.2].

The proof of Corollary 1.16 is completely analogous.

Proof of Corollary 1.16. The result follows from Theorems 1.8 and 1.10 by exactly
the same argument as in the proof of Corollary 5.7. (]

We conclude by proving Corollary 1.19. In the proof, we will use without com-
ment that Lemma 2.2 extends directly to the convex function setting.

Proof of Corollary 1.19. As Hy 4(D) = 0, Corollary 1.19 shows that none of the
points in D are (f, g)-extreme. Thus for any x € D\R, it must be the case that
L(f,z) and L(g,x) are both one-dimensional with the same direction.

Let L be the affine line in R? that contains both L(f,z) and L(g,z), and let I
be the connected component of L N D that contains . We claim that I must be
contained in both L(f,z) and L(g,x). Indeed, suppose this is not the case. Then
there must exist y € I Nrelbd(L(f,x) N L(g,x)). Therefore {y} is a face of either
L(f,z) or L(g,x). By Lemma 2.2, this implies that

min{dim L(f,y),dim L(g,y)} = 0, max{dim L(f,y),dim L(g,y)} < 1.

But then y is (f, g)-extreme, which entails a contradiction.
As I is contained in both L(f,z) and L(g,z), it follows from Lemma 2.2 that
L(f,y) = L(f,z) and L(g,y) = L(g,x) forally € I. Thus IN R = @. O

Note that Corollary 1.18 is merely a specialization of Corollary 1.19 to the case
that f, g are smooth, and therefore does not require a separate proof.
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6. SUPPORT AND PROJECTION

The main aim of this final part of the paper is to clarify the behavior of the
supports of mixed area measures under projection. As was explained in §1.5, this
presents a basic obstacle to extending the proof of Theorem 1.10 to more general
situations. In the first two sections, we will prove the remaining cases of Theo-
rem 1.21. In the last section, we present a simple example further illuminates some
aspects of the structure of (Cy,...,C,_1)-extreme directions.

6.1. The case dimT'(K,u) = n—1 of Theorem 1.21. Let K € K", u € S ! with
dim T(K,u) = n — 1. What is special about this situation is that, for sufficiently
small € > 0, the touching cone T'(K,u) bisects B(u,e). Thus for all v € B(u,¢), it
must be the case that T'(K,v) N B(u,¢) lies entirely on one side of the hyperplane
that contains T (K, u). This property makes it possible to flexibly deform K in the
direction T'(K,u)*, as we will presently explain.

Recall that the Minkowski difference of K, L € K™ is defined as

K+L={zeR":2+LCK}.
The proof will be based on the following result of Schneider.
Lemma 6.1. Let K € K and L € K", and define
Kt{K+tL fort >0,
K= (—t)L fort <O.
Suppose that for every x € bd K, there is y € bd L with N(K,xz) C N(L,y). Then

d
%th (u)

t=0

for every u € S"~1. Moreover, there exists § > 0 so that
Ihk, = hilloo < 0lt]
for all sufficiently small |t|.

Proof. The first statement is given in [21, Lemma 7.5.4] for K, L € K; however,

its proof only uses that K € K and extends verbatim to any L € K™. The second
statement is trivial for ¢ > 0, and is proved in [21, p. 425] for t < 0. O

The assumption of Lemma 6.1, which is formulated in terms of normal cones, is
automatically implied by the corresponding property of touching cones.

Lemma 6.2. Let K, L € K", and suppose that T(K,v) C T(L,v) for allv € S"71.
Then for every x € bd K, there is y € bd L with N(K,z) C N(L,y).

Proof. Given any x € bd K, we can choose v € relint N (K, z) and y € relint F(L, v).
Then N(K,z) =T(K,v) CT(L,v) C N(L,y). O

Now let K € K", u € S ! with dimT(K,u) =n—1, and w € T(K,u)*NS"~1.
Choose ¢ > 0 sufficiently small that T(K,u) bisects B(u,e). Then for every v €
B(u, ), we have that T(K,v) N B(u,¢) is contained either in H o, Hyo, or Hy .
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The latter sets are precisely the touching cones of the interval [0, w]. This suggests
that we aim to apply Lemma 6.1 with L = [0, w].

There are two problems with this idea. First, only the intersection of the touching
cones of K with B(u,¢), rather than the touching cones themselves, are guaranteed
to be contained in a touching cone of [0,w]. Second, Lemma 6.1 requires that K
has nonempty interior, which we have not assumed. The following lemma shows
that we can modify K in such a way that the conditions of Lemma 6.1 are satisfied,
without changing the part of its boundary with normal directions in B(u, ).

Lemma 6.3. Fizr K € K" and u € S"! with dimT(K,u) = n — 1, and let
w € T(K,u)t NS"1. Choose ¢ > 0 sufficiently small that T(K,u) bisects B(u,¢).
Then there exists K € KJ! with the following properties.

a. F(K,v) = F(K,v) for all v € B(u,¢).

b. T(K,v) C T([0,w],v) for all v € S™1.

Proof. Let B = conv{B, su}, where s > 1 is chosen so that N'(B, su) = Ry cl B(u,¢).
We define K = K 4+ B — su. Then clearly

A

F(K,v) = F(K,v) + F(B,v) — su = F(K,v)
for all v € B(u,¢), which verifies part a. Now note that
T(K,v) =T(K,v)NT(B,v)
B {T(K, v) Ry cl B(u,e) for v € B(u,e),
Ryv for v € S"N\B(u,¢).

As T(K,u) N Ry cl B(u,e) = wt N Ry clB(u,e) bisects B(u,e) and as any two
touching cones of K are either equal or disjoint, part b follows readily. ([l

We finally recall the following well known fact, see, e.g., [8, Lemma 2.12].

Lemma 6.4. Let K,L,Cy,...,C,,_5 € K" and A C S"!. If F(K,v) = F(L,v)
for allv e A, then Sk,c,....C_sla =SL.Cy.,....Ch_s]A-

We can now conclude the proof.

Proof of the case dimT(K,u) =n — 1 of Theorem 1.21. Fix K,C1,...,Cph_o € K"
and u € S"~! so that dim T'(K,u) =n — 1, and let w € T(K,u)* N S"~1. Suppose
_____ ¢, _»- Then there exists ¢ > 0 so that T'(K, ) bisects B(u, €)
and Sk c,....c._,(B(u,e)) = 0. Construct K as in Lemma 6.3.

By Lemma 6.4 and part a of Lemma 6.3, we have Sg o o (B(u,e)) = 0.
In particular, if f € C?(S™71) is chosen such that f(v) > 0 for v € B(u,¢) and
f(v) =0 for v € S" 1\ B(u,¢), then we can write

/hf{ dSt.cy,...Chs = /deKCh...,Cnfz =0.

Now define K; as in Lemma 6.1 with K + K and L < [0,w]. Then

/hz‘q dSt.cy,.Cpn = /fdsk,,,cl,...,c,,_Q >0
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for all ¢ sufficiently small. In particular, this integral is minimized at ¢t = 0. By
Lemma 6.2 and part b of Lemma 6.3, the assumption of Lemma 6.1 is satisfied.
Thus a routine application of dominated convergence yields

d
/h[o,w] dSf.cy,Cry = a/hfq dSfcy,...cn 5|  =0.
t=0

The projection formula (see §2.5) now yields

/dePchly~<-7prCn—2 =0,

so that u & supp Spw LCi,...P. | Cp_,- We have therefore proved the contrapositive

w

of the desired statement, concluding the proof. O

6.2. The case 1 < dimT(K,u) < n — 1. We first prove part b of Theorem 1.21 in
the special case that dim T'(K,u) = 2. The construction is then readily adapted to
any 1 < dimT(K,u) <n — 1 at the end of the proof.

The idea of the proof is to construct K € K™ with the following properties:

a. dimT(K,u") = 2 for all 4’ in a neighborhood of w.

b. For every v € T(K,u)*, the union of the touching cones T(K,u’) that are
contained in v+ has Hausdorff dimension at most n—2. Thus dim 7'(P,. K,u') =
dim(T(K,v') Nvt) =1 on a dense set of v’ in a neighborhood of .

Therefore, by Corollary 4.5, u € supp SPULK[n,Q] for all v € T(K,u)* but u ¢
Supp S [n—1], Which proves part b of Theorem 1.21 when dim T'(K,u) = 2.

It is somewhat more convenient to construct the polar body L = K°. The main
part of the argument is contained in the following lemma. Throughout this section,
we denote by eq,...,e, the coordinate basis of R".

Lemma 6.5. For every n > 4, there exists L € ICE’O) with the following properties.
a. le1 —en,e1 +ey,] is a 1-face of L.
b. There is a neighborhood O C bd L of e1 so that every y € O lies in the relative

interior of a 1-face Fyy of L.

c. For every (n — 1)-dimensional subspace E of R™ that contains [e1 — en, €1 + €4,

the union of all the faces F;, C E has Hausdorff dimension at most n — 3.

Proof. Let U be the Euclidean unit ball in R"~! and define
M={zeR" " o+ +al o+ @1 —tf(z1,...,20-2))° <1},

where f is a smooth function to be chosen below such that f(1,0,...,0) = 0. We
choose t > 0 sufficiently small so that M is strictly convex.

In the following, we will identify U and M with their natural embedding into
e;- € R™. We now define the convex body L € K as

L= conV(M —en, U+ en).

We must check that this body satisfies all the desired properties.

Part a. 1t is readily seen that F(U,e;) = F(M,e1) = {e1}. Therefore H, 1 is a
supporting hyperplane of L and F(L,e;) = LN He, 1 = [e1 — ep, €1 + €4)].
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Part b. Choose O = B(ej,e) Nbd L with ¢ < 1. By construction, every extreme
point of L is contained either in bd M — e, or bdU + e,. Thus every y € O is a
non-extreme boundary point of L, and is therefore in the relative interior of a face
F, of L with dimF,, > 1. But F, N (bdU + e,) and F, N (bd M — e,) must be
singletons, as U and M are strictly convex. Thus dim Fy, =1 for all y € O.

Partc. Let y € O and w € N(L,y)NS™ . By part b, the exist points a € bd M
and b € bd U so that F, = [a — e, b+ ¢,] C F(L,w). Therefore

Pe#w

F(M,u) ={a} and F(U,u)=4{b} with vw=—=>—,
(M u) = {a) (U,w) = {b) e

where we used that U and M are strictly convex. By the definition of M, that u is
a normal vector to M at the boundary point a implies that

ar — (an—1 —tf(a))to1f(a)

with T'(a) = :
ap—2 — (an_1 —tf(a)) tOph—_2f(a)
an—1 —tf(a)
On the other hand, clearly b = .
Let E be an (n — 1)-dimensional subspace of R™ that contains [e1 — ey, e1 + €,,].
Then there exists a vector (ve,...,v,-1) # 0 so that

E={xcR" vz + - +vy_12,_1 = 0}.

That F,, C E requires that a,b € E, which yields the system of equations

a4t ad o+ (anoy —tf(a)? =1, (6.1)
Voo + ¢+ Vp—1Qp—1 = 0, (62)
(V202 f(a) + -4+ vp—20nh_af(a))(an—1 —tf(a)) + vn_1f(a) = 0. (6.3)

It is natural to expect that the set S of solutions a € R"~! of this system of 3
equations has Hausdorff dimension at most n — 4. We choose the function f in
the definition of L so that this is indeed the case for every choice of the vector v.
An explicit construction of such a function may be found in Appendix A, but its
precise form is irrelevant for what follows.

To complete the proof, note that we have shown that every F, has the form

[a — €en, % + en] for a € S. As the map a — % is locally Lipschitz,

yLGJOFy - {)\(a—en) +(1 —A)(HEEZ;” +en> La€S, Ne [0,1]}

is the image by a locally Lipschitz function of a set S x [0, 1] of Hausdorff dimension
at most n— 3, and thus has dimension at most n — 3 itself by [10, Theorem 7.5]. O

We can now prove part b of Theorem 1.21 in the case dim T (K, u) = 2.

Corollary 6.6. There exists K € K{\,) and u € S™=1 with dim T'(K, u) = 2 so that
u € supp SpULK[n,Q] for every v € T(K,u)*, but u & supp SKn-1]-
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Proof. Let K = L°, where L is the convex body provided by Lemma 6.5 and let
u = e1. Then part a of Lemma 6.5 and the duality between faces and touching
cones (see §2.2.3) yields T'(K,u) = Ry[e1 — en, €1 + ey], and thus dim T (K, u) = 2.
Moreover, by the same argument, part b of Lemma 6.5 shows that there exists
e > 0 sufficiently small so that dimT(K,u') = 2 for all v’ € B(u,e). Therefore,
u & supp S|, —1) follows directly from Corollary 4.5.

Finally, by the same duality argument, part ¢ of Lemma 6.5 shows that for every
v € T(K,u)", the union of all the touching cones T'(K,u') C v+ with v/ € B(u,¢)
has Hausdorff dimension at most n — 2. Therefore,

dimT(P,. K,u') = dim(T(K,v') nvt) =1
for a dense subset of u’ € B(u,e) Nvt, where we used Lemma 2.4. In particular,
uec{u eSS nvt:dimT(P,. K,u') =1},
and thus u € supp SvaK[n_Q] by Corollary 4.5. O
We now finally extend the argument to the general case.

Proof of part b of Theorem 1.21. Let N > 4and 1 < k < N —1. We aim to con-
struct bodies K,C4,...,Cn_2 € KN and v € SV~ with dim T(K,u) = k so that
u € supp SpULclw’pchNf2 for every v € T(K,u)*, but u ¢ supp SK.C1r.Cn -
To this end, let n = N — k + 2, and construct K € K" and u € S* ! as in
Corollary 6.6. Let K, u be their natural embedding in span{ey,...,e,} C RY and

01:"'2 n_QZK, Oi:[o,€i+2] for i:n—l,...,N—Q.
Note that, by construction,
T(K,u) =T(K,u) x RVN™™,

Thus dimT(K,u) = k. On the other hand, by the projection formula (2.3),
the mixed area measures Sk ,c,,.. cy_, and Svac1 ,,,,, P, Cn_s reduce to the n-
dimensional case in Corollary 6.6, concluding the proof. O

Remark 6.7. The bodies K,C4,...,Cnx_o € K¥ in the above proof have empty
interior. However, the construction can be modified as in the proof of Lemma 6.3
to obtain K, C1,...,Cn_2 € KN that yield the same conclusion.

6.3. On the continuity of extreme directions. The construction of the pre-
vious section illustrates that the support of mixed area measures can be poorly
behaved under projection. One is therefore led to seek other approaches to Conjec-
ture 1.6 that are based on a direct analysis of convex bodies in R™. The aim of this
section is to record an elementary example that illustrates a basic challenge that
arises even in the most well-behaved situations.

A tantalizing setting for understanding Conjecture 1.6 is the special case that
hey, ..., he,_, are smooth, since in this case there is an analytic description of the
support that was explained in Remark 1.12. The problem remains open even in this
setting. This is particularly surprising since the methods of Hartman and Nirenberg
[6] provide powerful information. In particular, [6, §3, Lemma 2] implies that for
every convex body K with hx € C?(S™~1), there is a dense open set of u € S™~!
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f

dim L(f,z)=2 dim L(f,z)=0
dim L(g,z)=0 dim L(g,x)=2

dim L(f,z)=dim L(g,z)=1

FIGURE 6.1. Illustration of Example 6.8.

for which rank(D?h (u)) = dim(7 (K, u)*). Thus the analytic characterization of
Remark 1.12 agrees with Conjecture 1.6 at almost all points.

In the setting of Hartman and Nirenberg (e.g., for the proof of Theorem 1.17), the
above property suffices to obtain the desired conclusion by a continuity argument.
A basic problem in the mixed setting, however, is that even when all v € B(u,¢)
are not (C1,...,Cp_1)-extreme, the set I that witnesses the failure of extremality
(cf. Definition 1.5) can vary with v in a discontinuous fashion.

Example 6.8. Since it leads to simpler expressions, we formulate the example in
terms of mixed Hessian measures; the example can be translated to an analogous
example of mixed area measures using the correspondence in §5.

Let @ =R x (—1,1) C R% The function h € Conv(f2) defined by

2

X
h(.’I}]_,ZL'Q) = 1 71:1:2
2

is strictly convex whenever z7 # 0. We can now define f,g € Conv(2) by setting
flx1,22) = h(x1,22)14,50 and g(z1,22) = h(x1,22)1:,<0. The structure of the
sets L(f,x) and L(g, z) in different regions of Q is illustrated in Figure 6.1.

We readily see that every « € Q is not (f,g)-extreme, and thus Hy, = 0 by
Corollary 1.16. However, the regions {; < 0}, {#; = 0}, and {z; > 0} all require
a different set I to witness non-extremality (i.e., so that dim(L(fr,z)*) < |I]).

The discontinuous behavior that is illustrated by this example provides a basic
obstacle to various approaches for the analysis of mixed area measures.
APPENDIX A. AN EXPLICIT CONSTRUCTION FOR LEMMA 6.5

The aim of this appendix is to construct a function f with the properties required
in the proof of Lemma 6.5. Any sufficiently generic choice of f is expected to achieve
the same conclusion; we exhibit one explicit example for concreteness.

Lemma A.1. Define the function

f(xlw"axn—Q) - (1’1 - 1)exp <Z(x? +]‘TJ)>

Jj=2

Then for any (ve,...,vn_1) # 0 and t > 0, the solution set S of the system of
equations (6.1)—(6.3) has Hausdorff dimension at most n — 4.
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Proof. Tt is clear that the only solution of (6.1) with a; =1 is a = e;. We therefore
consider in the sequel only solutions with a; # 1. Then (6.3) can be simplified to

(i (302 +j>) (a1 = £f(@)) = a1 (A1)

=2
‘We must now consider two distinct cases.

Case 1. If v,_1 # 0, then (6.2) yields

n—2

via;
— E 779
An—-1 = — .

=2 Un—1

Moreover, as v,—1 # 0, both factors on the left-hand side of (A.1) are nonzero.
Substituting the definition of f and the previous equation in (A.1), we obtain

1 [ —
al:g(a2?"'7a”—2):1+t<zn—2 — —Z . ’)exp( Zaﬂaj )
Jj=2

j=2 i (3aj +J) = Una

Finally, combining (6.1), (A.1), and the previous equation yields

h(a'27~-~7an—2):l_g(ag,...,an_z)Q—ag_..._ani2_ n—1 0.

(02 0;(3a2 + )

Thus we have shown that

n—2

S\{el}QS:{aeRn_lzz (3a +4) #0, h(az,...,an—2) =0,

Jj=2
n—2 via
_ _ 2 : 7%

ay _g(a27"'7an—2)a Ap—1 = — .
=2

Now note that h is a function of n — 3 variables that is real analytic on dom h =
{(az, ... an—2) : 3752 221)J (3aZ +j) # 0}, and thus the subset of dom A on which
h vanishes has Hausdorfl dimension at most n — 4 [13]. Since ay and a,—; are
functions of ag, . .., a,_o that are locally Lipschitz on dom h, it follows that the set
S and thus also S has Hausdorff dimension at most n — 4 [10, Theorem 7.5].

Case 2. Now suppose that v,—1 = 0. Then (A.1) yields S\{e1} = S1 U S, with
= {a e S\{e1}:an_1 = tf(al,...,an_g)},
n—2
SQ = {a S S\{el} : Z’Uj(?)a? +]) = 0}
=2

We consider S; and S2\S; separately.
To control S1, note that (6.1) and (6.2) imply that

n—2 n—2
S1 C {a eR" L. Za? =1, Zvjaj =0, ap_1 = tf(al,...,an_g)}.

J=1 Jj=2
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In other words, (a1, ..., a,—2) lie in the intersection of a sphere with a hyperplane,
which has dimension n—4. As a,_1 is a locally Lipschitz function of (ay,...,an—2),
also S7 has Hausdorff dimension at most n — 4 [10, Theorem 7.5].

To control So, let 2 < £ < mn — 2 so that vy # 0. As Z;:QQ vj(3a? +j) =0 by the

definition of Sy and as 27;22 vja; = 0 by (6.2), we obtain

q(ag, ..., Qp—1,a041,--.,an_2) =
-1 n—2 =1 n—2  \2 n-2
SZvja?—H’) Z vja§+3vg<z%+ Z UJaJ) +Zjvj=0.
i=2 j=t+1 PR eSS i=2

Note that ¢ is a quadratic function of n — 4 variables. Thus its zero set can have
Hausdorff dimension n — 4 only if ¢ vanishes identically. In that case we must have
n—2 . .
Zj:2 jv; =0 and either vo =+ =vp_1 =vp41 =+ =v,-2 =0, or v, = —v, for
some2<r<n—-2,r#fandv; =0for2<j<n-2,j#{r. Clearly nosuch v
exists, so the zero set of ¢ has Hausdorff dimension at most n — 5.
Now note that by (6.2), we can write

glva nQUa

745 Z )

a=- R oy
=2 t j=0+1 ¢

while (6.1) implies that

Ap—1 = tf(al, ey an_g) +

Note in particular that the latter equation implies that E;:f a? < 1 on the com-
plement of S;. Thus S5\S; € S US_ with

n—2
Sy = {a eR" L Za? <1, qlag,...,a0-1,0041,...,0n—2) =0,
i=1

-1 n—2

VA, v;ia;
a[:—zjij_ Z ;7/7 anflztf(alv"waan):t

v
E s

n—2
1- Z a?}.
j=1

Since the zero set of ¢ has Hausdorff dimension at most n—>5 and as a, and a,,_1 are
functions of ay,...,a¢_1,a41,-..,a,_o that are locally Lipschitz for Z?:_lz a? <1,
the sets Si have Hausdorff dimension at most n — 4 [10, Theorem 7.5]. 0

Jj=2
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