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AN INTERSECTION PRODUCT FOR THE POLYTOPE ALGEBRA

THOMAS WANNERER

ABSTRACT. We introduce a new multiplication for the polytope algebra, defined via
the intersection of polytopes. After establishing the foundational properties of this
intersection product, we investigate finite-dimensional subalgebras that arise naturally
from this construction. These subalgebras can be regarded as volumetric analogues
of the graded Mobius algebra, which appears in the context of the Dowling-Wilson
conjecture. We conjecture that they also satisfy the injective hard Lefschetz property
and the Hodge—Riemann relations, and we prove these in degree one.

1. INTRODUCTION

The polytope algebra, introduced in the late 1980s by McMullen, is a remarkable object
at the crossroads of convex geometry, combinatorics, and algebraic geometry [14,20,27].
In a landmark paper, McMullen [28] used this framework to show that the number of
faces of simple polytopes is characterized by a short list of properties. The sufficiency of
these properties was already known from an ingenious construction due to Billera and
Lee [11], while their necessity was deduced by Stanley [35] from deep results in algebraic
geometry. The contribution of McMullen was to provide a convex geometric proof. The
proofs of Stanley and McMullen have served as prototypes and sources of inspiration for
recent decisive progress in algebraic combinatorics, see, e.g., [1,13,21,22].

The polytope algebra of an n-dimensional real vector space V

IL(V) = D (V)
k=0

can be defined as the group of polytopal chains, i.e. integer linear combinations
m
Zailpw Ay ey U € 2y
=1

of indicator functions of polytopes in V', modulo translations. In particular, if [P] := [1p]
denotes the class of a polytope, then [x + P] = [P] for all translations z € V. The
multiplication in the polytope algebra is uniquely determined by the equation

(1) [P]+[Q] = [P + Q)

where P + @ is the Minkowski sum.

In convex geometry, intersection is often viewed as an operation dual to Minkowski
addition. At the level of polytopal chains, intersection behaves in a straightforward way:
1png = 1p - 1. However, because intersection depends on the relative position of P
and @, it does not descend to a well-defined operation on the polytope algebra. One

way to address this defect is to average over all relative positions of P and ). Setting
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aside questions about the existence of the following integral, one is led to consider the
definition

2) Pl [Q) = /V PO (z+ Q) d.

The starting point for this work was the realization that this definition does, in fact,
extend to a new multiplicative structure on the polytope algebra—one that captures non-
trivial geometric and combinatorial phenomena, as illustrated by the results discussed
below.

1.1. Main results. One, albeit minor, issue with the preliminary definition (2) is the
absence of a canonical choice of a Lebesgue measure dr on V. To address this, we
denote by Dens(V') the one-dimensional vector space of densities on V', consisting of
all (including negative) translation-invariant Radon measures on V. Moreover, it will
be convenient to introduce the following notation. Throughout this paper, all tensor
products are over Z.

Definition 1.1. We define IT*(V') = II,,_ (V) ® Dens(V) for every integer k € {0,...,n}
and

(V) = énk(m.
k=0

Our first theorem asserts that the integral in (2) is indeed well defined and briefly
summarizes the main properties of the resulting multiplication, which we call the in-
tersection product in the polytope algebra. For more precise statements, the reader is
directed to Theorems 4.4 and 4.9.

Theorem 1.2. There exists a multiplication, uniquely determined by the equation
(3) (Pleop - ([Pleu) = /V[P N(z+ P @y du(z),

that endows II*(V') with the structure of a unital graded commutative algebra satisfying
Poincaré duality.

The intersection product is compatible with an operation
(V) = IIH(w)

that we call the pullback along a linear map f: W — V. If f is injective, then the
pullback of [P] ® u can interpreted as an average of the fibers of P under the canonical
projection V- — V/f(W). An analogous construction—based on a different addition—
leads to the notion of the fiber polytope, introduced by Billera and Sturmfels [12]. We
elaborate on this connection in Remark 5.5 below. It turns out that the pullback can be
defined for all linear maps, not just injective ones, but the definition in the general case
is somewhat less straightforward.

The following theorem summarizes the main properties of the pullback.

Theorem 1.3. The pullback along a linear map f: W — V satisfies the following prop-
erties:

(a) It is is a morphism of algebras when II*(V') and II*(W) are equipped with the inter-
section product.
2



e pullback is compatible with the grading,
(b) The pullback patibl h the grading
FHIE(V)) CH W),
(c) If g: U — W is another linear map, then (f o g)* = g* o f*.

Remark 1.4. For continuous translation-invariant valuations, Alesker introduced in [5] a
notion of pushforward along linear maps that can be regarded as dual to the pullback in
the polytope algebra; see Remarks 5.6 and 7.4 below. There is another notable analogy
with the theory of valuations on convex bodies. Bernig and Faifman [8] show that, in
a precise sense, McMullen’s multiplication (1) is closely related to the convolution of
smooth translation-invariant valuations, introduced by Bernig and Fu [9]. We expect a
similar relationship between intersection and Alesker product.

It seems that the only significant formal difference between these two settings is the
existence of the Fourier transform within Alesker’s theory of smooth translation-invariant
valuations. A key property of this operation is that it intertwines the Alesker product
and the Bernig—Fu convolution. In light of the recent explicit description of the Fourier
transform obtained by Faifman and Wannerer [17], it appears unlikely that this powerful
operation exists also within the context of the polytope algebra.

If we fix a positive density vol on V, as we will do from now on, we abbreviate our
notation to a[P] := [P] ® avol € II*(V) for & € R. Moreover, when our discussion

involves the notion of positivity, such as in (4) below, we will tacitly identify IT"(V) = R
via a[{0}] — «a.

Definition 1.5. For each polytope P C V, we define {p := [P],,_1 € II}(V).

The Euler—Verdier involution o is an algebra automorphism of IT*(V') and compatible
with the pullback. It differs from McMullen’s Euler map by the sign (—1)". For every
polytope P, o({p) = —(_p.

The intersection product in the polytope algebra is capable of expressing deep geo-
metric and combinatorial properties, as the theorems that follow will demonstrate. Our
first result is an Alexandrov—Fenchel-type inequality.

Theorem 1.6. Let Cq,...,Cy_o be centrally symmetric polytopes in V' and define bc =
loy, - le,_,. Then, for every x € IH(V) and every polytope Q C R", the following
nequality holds:

(4) (o(2) - Lo - bc)* = (o(z) -z - Lo) (a(lq) - bq - Lo) -

Notice that inequality (4) can be interpreted as a statement about the symmetric
bilinear form
QC(xay) :O'(CC)-y-fc, x,yGHI(V).
Indeed, since o is an algebra automorphism and the polytopes C; are centrally symmetric,
for all z,y € TIY(V)

o(z)-y-lc=oy) z-Lc.

For every simple polytope with nonempty interior, McMullen [28] defined M, (P) C
IL. (V) as the Z-span of all weak Minkowski summands of P. This subset is, in fact, a
finite-dimensional subalgebra with truly remarkable algebraic properties. These imply
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restrictions for the dimensions of the graded components M (P), which in turn imposes
necessary conditions on the number of faces of P.

Also IT*(V') contains natural subalgebras, and these too are connected to combina-
torics.

Definition 1.7. Let E be a finite set of lines in V* that pass through the origin and are
not contained in a single hyperplane.

(a) We denote by A*(E) = @}_, A*(E) the subalgebra of IT1*(V) generated by ¢p for all
polytopes P such that each facet conormal of P belongs to a line in E.

(b) We denote by A% (E) the subalgebra generated only by those elements /p € A*(E)
such that P is centrally symmetric.

(c) K(E) C AL(E) is the open convex cone of all /p € Al (E) with the property that
each line in F contains a facet conormal of P.

It is not difficult to see that A*(E) and A’ (E) are finite-dimensional algebras for
the intersection product. Moreover, the dimension of Ai(E) admits a straightforward
combinatorial interpretation. Indeed, let .23 (F) denote the set of k-dimensional linear
subspaces that can be obtained as sums L1 + - - - + L of the lines in E. Then,

dim A% (E) = | 4(B)|.
The Dowling—Wilson conjecture [16] asserts that for every nonnegative integer k < n/2
L (B)| < [Zn-r(E)]

After several partial results, starting from the 1940s with papers by de Bruijn—-Erdés
[15] and Motzkin [31], this conjecture was finally resolved in the affirmative by Huh—
Wang [23]. Shortly afterwards, the matroid version of the Dowling—Wilson conjecture
was established in the landmark paper [13]. In both papers, the strategy is to establish
an injective hard Lefschetz theorem for the graded Mobius algebra.

Poincaré duality, the hard Lefschetz theorem, and the Hodge-Riemann relations are
fundamental properties on the cohomology ring of a compact Kéhler manifold. This
algebraic structure—colloquially described as a Kéahler package—has been observed to
arise in different areas of mathematics. In algebraic combinatorics in particular, the
central importance of this concept has recently become apparent, see, e.g., [1,13,21-23].

As we will discuss in detail in Section 10, the graded Mobius algebra of E and A% (E)
are closely related. Based on Theorem 1.6 and analogous results for smooth translation-
invariant valuations on convex bodies [10,25] and the graded Md&bius algebra [13,23], we
propose the following conjecture. If true, it would directly imply the Dowling—Wilson
conjecture.

Conjecture 1.8. Let k be a nonnegative integer satisfying k < n/2. Suppose that
ley, . le,_,, € K(E), and define bc = Lo, -+ Lc,_,,.. Then, the following statements
hold:

(a) Injective hard Lefschetz property. The linear map
AME) — AV2K(E), zw—x-Lc,
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(b) HodgeRiemann relations. If x € A¥(E) satisfies x - £c, - {c = 0, then
(5) o(x) -x-lc>0
Moreover, equality holds if and only if x = 0.
For k£ = 0, the above conjecture reduces to the statement
lc=1Lc, L, >0,

which we will prove in Proposition 9.3. With considerably more effort, based on The-
orem 1.6 and a characterization of the equality case in (5), we are able to show the
following.

Theorem 1.9. Conjecture 1.8 holds for k = 1.

The above theorem directly implies the Dowling—Wilson conjecture for £k = 1. A
notable feature of our proof of Theorem 1.9 is that it uses a lemma by Motzkin on points
in the real projective plane that appears already in his work [31] on a special case of the
Dowling—Wilson conjecture.

2. PRELIMINARIES ON CONVEX GEOMETRY

We collect here for later use important definitions and results from convex geometry.
For more information we refer the reader to the monograph by Schneider [32].

2.1. Convex bodies. In this paper, a convex body is a nonempty compact convex
subset of R™. We denote the set all convex bodies in R™ by J#(R™). The Hausdorff
distance §(K, L) turns this set into a locally compact metric spaces. The intersection
of convex bodies is in general not continuous. However, under the assumption that K
and L cannot be separated by a hyperplane, one has the following result. Recall that
two convex bodies can be separated by a hyperplane if there exists a linear functional
f:R"™ — R and a number « such that K C {z: f(z) < a} and L C {z: f(z) > a}.

Lemma 2.1. Let K, L be convex bodies in R™ that cannot be separated by a hyperplane.
If K;, L; (i € N) are convex bodies with K; — K and L; — L fori — oo, then K;NL; # ()
for almost all i and K;NL; — KN L fori— oo.

A convex body K C R" is uniquely determined by its support function hg(z) =
sup{(x,y): y € K}, x € R". Here (z,y) denotes the euclidean inner product.
For any convex body K C R" there exists a convex body PK C R™ such that

hpr(u) = vol(P,L K), we S" L.

u

Here vol denotes the Lebesgue measure in u®, S"~1 C R is the euclidean unit sphere,
and P,. is the orthogonal projection onto u*. PK is called the projection body of K.

The surface area measure Sk of a convex body K C R"” is a finite Borel measure on
the unit sphere such that Sk (w) is for any Borel set w C S™"~! the (n — 1)-dimensional
Hausdorff measure of the set of all boundary points of K at which there exists a normal
vector of K belonging to w. If P is a polytope, then

Sp = vol,_1(F;)dy,
i=1
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where Fi,...,F,, are the facets of P, ui,...,u,, are the corresponding facet normals,
and J,, denotes the Dirac measure.

Necessary and sufficient conditions for a finite Borel measure to be the surface area
measure of a convex body are given by Minkowski’s existence theorem:

Theorem 2.2. A finite Borel measure ji on S™~' is the surface area measure of a convex
body with non-empty interior if and only if

/Sn_l wdp(u) =0

and p is not concentrated on an equator. Moreover, the equation u = Sk determines
convex bodies with nonempty interior uniquely up to translations.

The Blaschke sum of two convex bodies K, L with nonempty interior is defined as the
convex body K# L with centroid at the origin such that S 47 = Sk +Sr. The existence
and uniqueness are a consequence of Theorem 2.2. The Blaschke sum is continuous with
respect to the Hausdorff metric:

Lemma 2.3. Let K,L C R"™ be convex bodies with nonempty interior. If K;, L;, i € N,
are convex bodies such that K; — K and L; — L for i — oo, then K;#L; exists for
almost all i and K;#L; — K#L for i — oo.

The support function of a projection body satisfies

) hewca) =5 [l dSic(w).

One consequence is this formula is that P(K#L) = PK + PL for convex bodies with
nonempty interior.

The mixed volume of n convex bodies K7, ... K, in R™ is denoted by V(K7,..., K,).
The volume of a Minkowski linear combination of m convex bodies is a homogeneous
polynomial of degree n,

n
vol(z1 K1 + - + 2 Kiy) = Z (a)V(Kl [a1], ..., Kploam])x®,
aeN™
ar+-+am=n
where 1, ..., T, are nonnegative numbers, (Z) is the multinomial coefficient,
V(Kl[al], e ,Km[()ém]) = V(Kl, e ,Kl, e ,Km, e ,Km),
«q times am times

Qm,

[0 al---
and z% = z{ xom.

2.2. Polytopes. A polytope in R™ or, more generally, in a finite-dimensional real vector
space V is the convex hull of finitely many points. We denote by Z?(V') the set of all
polytopes in V.

Let P € #(V) be a polytope. A subset F' C P is called a face of the polytope P if
there exists a nonzero linear functional f: V' — R such that

PC{zeV: f(z)<a}land F=Pn{zeV: f(z) = a}.
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If F is a facet, then f is called a facet conormal. Moreover, P itself is considered to be
a (non-proper) face of P. If F is a face, then F' denotes a linear subspace, namely the
direction of the affine hull of F'.

The conormal cone of a polytope P C V' at a nonempty face F is

N(F,P)={£e€V™: ({v) =hp(§) for every v € F}.

Here hp: V* — R denotes the invariant version of the support function of P. The
conormal cone of P at a point x € P is

N(z, P)={§ € V": (&, x) = hp(§)}-
We denote by relint A the relative interior of a convex set A, i.e., the interior of A
relative to affine hull of A.

The following lemma describes the faces and conormal cones of the intersection of two
polytopes.

Lemma 2.4. Let P,P' CV be polytopes and let G be a nonempty face of PN P'. Then
the following properties hold:
(a) If F is a face of P and F' is a face of P', then FNF' is a face of PN P'.

(b) If G is a nonempty face of PN P, then there exist faces F C P and F' C P such
that G =FNF'.

(¢c) Let F be a face of P and F' be a face of P'. If relint F Nrelint F' # (), then conormal
cones satisfy
N(FNF',PAP)=N(F,P)+N(F,P).

We will also need an analogous result for the intersection of a polytope with a linear
subspace.

Lemma 2.5. Let V and W be finite-dimensional vector spaces and let f: W — V be a
linear injection. Let P C'V be a polytope. Then the following properties hold:

(a) If I is a face of P, then f~Y(F) is a face of f~1(P).

(b) If G is a nonempty face of f~1(P), then there exists a face F of P such that G =
fUE).
(c) Let F be a face of P. If f~'(velint F) # (), then the conormal cones satisfy

N(f7UF), f7HP) = [ (N(F, P)).
3. PRELIMINARIES ON THE POLYTOPE ALGEBRA
Throughout this paper V' denotes an n-dimensional real vector space.

3.1. Definitions and basic properties. The polytope algebra IL,(V'), which was intro-
duced by McMullen in [27], is the free abelian group formally generated by the polytopes
in V quotiented by the ideal generated by the relations

(7) PUQ+PNQ—-P—-Q,
whenever P,Q € & (V) are so that P U @ is convex, and
(8) (x+P)—P, zeV.
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The equivalence class of a polytope P in II,(V) denoted by [P]. Moreover, we define
[0] = 0.

The polytope algebra enjoys a universal property: it linearizes valuations. Here a
valuation with values in an abelian group A is by definition a function ¢: (V) — A
such that for all P,Q € 2(V)

P(PUQ) =¢(P)+6(Q) —(PNQ),

provided P U@ is convex. A valuation is called translation-invariant if ¢(x + P) = ¢(P)
holds for all z € V and all polytopes P.

The universal property of the polytope algebra is an immediate consequence of a
classical result of Groemer concerning the extension of valuations to convex chains (see,
e.g., [24, Theorem 2.2.1]).

Proposition 3.1 (Universal property of I1.(V)). Let ¢: Z(V) — A be a translation-
invariant valuation with values in an abelian group A. Then there exists a unique mor-
phism of abelian groups ¢: 1L, (V) — A such that the following diagram commutes:

Minkowski addition endows IL.(V') with the structure of a commutative ring
(9) [P]+[Q] = [P+ QJ.
To distinguish this multiplication from the one we introduce in this paper, we will refer
to (9) as the convolution in the polytope algebra.

Dilation of polytopes by nonzero numbers « € R descends to a ring endomorphism of
I, (V) that is uniquely determined by

A()[P] = [aP).

The polytope algebra admits a natural grading that is compatible with dilations. We
summarize the fundamental properties of polytope algebra in the following theorem.

Theorem 3.2 ([27, Theorem 1]). As an abelian group, the polytope algebra admits a
decomposition

IL(V) = P (V)
k=0

that satisfies the following properties:
(a) The grading is compatible with convolution:

(V) * (V) € Mg (V),
where 11 (V') = {0} for k > n.

(b) Ip(V)) = Z is generated by the points {x}, x € V. For k € {1,...n}, (V) is
naturally a vector space over R.
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(¢c) For every positive real number o and x € I (V)
Ao)z = oFz.
(d) If x,y € Bj_1 HUi(V) and a € R, then (ax) xy =z * (ay) = a(z * y).

Remark 3.3. Given the natural vector space structure on @j_, IIx(V'), one may seek
to characterize its linear functionals. A translation-invariant valuation ¢: 2(V) — R
is called dilation continuous if for any polytope P the function A — ¢(AP), A > 0,
is continuous. Given a translation-invariant valuation ¢, let ¢ denote its extension to
IL.(V). As observed by McMullen in [29, Theorem 6.2], one can show that ¢ is dilation
continuous if and only if the restriction of ¢ to @_, Ix(V) is a linear functional.

3.2. The normal cycle embedding. The polytope algebra can be embedded into a
vector space that seems easier to visualize than IL,(V). This embedding was first dis-
covered by McMullen [27, Theorem 5], and below we give an invariant description of
it. Under this embedding, the image of [P] is essentially the normal cycle of P, a con-
cept from geometric measure theory that plays an important role in Alesker’s theory of
smooth valuations [2-4,6,7]. We therefore propose to call this embedding the normal
cycle embedding.

We call a subset C' C V' a polyhedral cone if it is the intersection of finitely many
halfspaces of the form {v € V: f(v) < 0}, where f: V' — R is linear functional. The
cone group E(V) the free abelian group formally generated by polyhedral cones in V
quotiented by the ideal generated by the relations

cuc'+cncC' -Cc -,
whenever C U C' is convex, and
C, ifdimC <dimV.

The equivalence class of a polyhedral cone C' in 3(V') denoted by [C].

Recall that a left Haar measure on a locally compact group is unique up to normal-
ization. The one-dimensional vector space Dens(V') of densities on V' consists of all
(including negative) Haar measures on V. Alternatively, Dens(V') can be defined as the
vector space of all functions p: A"V — R on the n-th exterior power of V satisfying

ulow) = |afp(w) for all & € R and w € A"V.

A density is called positive if p(w) > 0 for all nonzero w.

Recall that if F' is a nonempty face of a polytope P, then F denotes the direction of
the affine hull of F. We denote by ep the element of Dens(F)* defined by p > u(F).

Let us take the opportunity to comment on a canonical isomorphism Dens(V*) —
Dens(V)*. Since V x V* carries a canonical symplectic structure, there is a canonical
density i, on V x V* called the Liouville measure. For any densities g on V and v on V*,
the product measure p X v is proportional to u,. This factor of proportionality defines
a canonical non-degenerate pairing Dens(V') x Dens(V*) — R, which in turn defines the

isomorphism
(10) Dens(V*) — Dens(V)*.
We denote by

Lt={¢cVv*: (&z)=0forallz e L}
9



the annihilator of a linear subspace L C V.

Definition 3.4. We define

(V) = é P Dens(L)" @ S(LH),

k=0 LeGry(V)

where the inner sum extends over all k-dimensional linear subspaces of V. For every
nonempty polytope P, we call

nc(P) = Ze?F ® [N(F, P)] € (V),
F

where the summation extends over all nonempty faces of P, the normal cycle of P.

Unless specified otherwise, all tensor products in this paper are over Z. If A is an
abelian group and U is a real vector space, then U ® A is vector space by declaring
A (v®a) = (M) ®a for A € R. In this paper, A will sometimes happen to be a real
vector space as well, hence one can define A - (v®a) = v ® (Aa). Note that these two—a
priori different—vector space structures coincide.

Remark 3.5. For every polytope, nc(P) can be regarded as a linear functional on translation-
invariant smooth (n — 1)-forms on the sphere bundle of R”. Indeed, assuming V' = R" in
what follows, translation-invariant smooth (n — 1)-forms on R™ x S™~! can be identified
with the elements of

n—1
@Ak(Rn)* ® anlfk:(snfl)’
k=0

where Q*(S"7!) denotes the space of smooth differential forms on the euclidean unit
sphere. For any oriented linear subspace L C R", the elements of Dens(L)* pair with
forms on L and therefore, after restriction to L, also with forms on V. Consequently,
for every face F' of P and every translation-invariant (n — 1)-form w, one obtains a form
(ep,w) € Qni=dimFgn=1) ntegration of these forms defines the linear functional

ne(P)(w) = EF: /N (F’Pmsnd(sﬂw%

. . -1 .
where the sum extends over all proper faces of F' and the orientation of F~ is chosen so

that F @ F~ = R has the standard orientation. It follows that w nc(P)(w) coincides
with the normal cycle of P introduced by Fu [18,19] when the latter is integrated against
translation invariant forms.

Theorem 3.6 ([27, Theorem 5]). The map nc: (V) — (V) extends to an injective
map of abelian groups nc: IL.(V) — X(V). Moreover, for k > 0 the restriction of nc to
I (V) is linear.

As an important corollary we obtain:

Corollary 3.7. IL, (V) is canonically isomorphic to Dens(V')*.
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4. CONSTRUCTION OF THE INTERSECTION PRODUCT

At first glance, the definition of the intersection product via the integral in (3) might
seem problematic, as it appears to require a topology on the infinite-dimensional vector
space IT*(V'). However, since every finite-dimensional real vector space carries a unique
topology that makes it into a topological vector space, we need not concern ourselves
with the topology on IT*(V)—as long as all functions we consider take values in finite-
dimensional subspaces of II*(V).

The first few lemmas of this section take care of these technical issues. Recall that
throughout this paper V denotes an n-dimensional real vector space.

Lemma 4.1. Let P,P" C V be polytopes. There exists an open set U C V whose
complement has measure zero and such that for each x € U and each pair of nonempty
faces F of P and F' of P’ the following property holds: If F N (z+ F') # 0, then

relint F' N (z + relint F') # (),

and

dim F 4 dim F’ > n.
Proof. This follows from a standard reasoning, and we omit the proof for brevity. O
Lemma 4.2. Let E = {&1,...,&n} C V™ be a finite set of nonzero linear functionals.

Let Sgp C II*(V') denote the subspace spanned by all elements [P] ® p with polytopes of
the form

(11) P={zecV:{z)<c fori=1,...,m},

where c1,...,cy are certain real numbers. Then Sg is finite-dimensional.

Proof. If P is of the form (11), then each normal cone N (F, P) is generated by a subset
of E. Consequently, the normal cycle of [P] is contained in a finite-dimensional subspace

of ¥(V). Since nc: II*(V) — (V) ® Dens(V) is injective by Theorem 3.6, the claim
follows. O

Lemma 4.3. Let E = {&1,...,&m} C V* be a finite set of nonzero linear functionals and
let Sg be defined as in Lemma 4.2. For all polytopes P = {x € V: (§,x) < ¢; fori =
1,...om}and P’ ={x € V: (§,x) <, fori=1,...,m} and all densities p € Dens(V),
the following properties hold:

(@) [PN(z+P)|@ueSg forallzeV.

(b) The function V. — Sg, x — [P N (x + P')] ® u, is measurable.

(c) For each p/ € Dens(V), the integral

/V PO (x4 P)| @ pdyl(z) € Sp

is well defined.

Proof. (a) is clear from the definition of Sg.
(b) Let U be as in Lemma 4.1 and let € U. By Lemma 2.4, the faces of PN (x + P’)
can be represented in the form F'N (z 4+ F'), where F is a face of P and F’ is a face of
11



P’. There is an open neighborhood of U’ C U of x such that for all y € U’ and all faces
F and F’ the following property holds:

FNny+F)#0 <« Fn@+F)#£0.

By Lemma 2.4, the conormal cones N(F N (y+ F’), PN (y+ P’)) coincide for all y € U’.
Since by Lemma 2.1 the map y — F N (y+ F’) is continuous in the Hausdorff metric, we
conclude that

U'sy—nc(PN(y+P)) enc(Sg) CX(V)® Dens(V)

is continuous. Consequently, as the complement of U has measure zero, the map V — Sg,
z — nc(P N (z + P')), is measurable. Using that nc: II*(V) — X(V) @ Dens(V) is a
linear injection, this finishes the proof of (b).
(c) is an immediate consequence of (a) and (b).
g

Before stating the main theorem of this section, we first describe the action of GL(V)
on the polytope algebra. This action is the standard one, where the general linear group
acts on polytopes, extended to the polytope algebra. More precisely, by the universal
property of the polytope algebra (Proposition 3.1), there exists for every g € GL(V) a
unique linear transformation L, € GL(IT*(V')) such that

Ly([Pl® p) = [gP] ® gsps

holds for every [P] ® p € II*(V). Here g.p denotes the pushforward of the measure
p under the linear transformation g. For nonzero «, we define dilation on IT*(V') by

A(Oé) = Laid-

Theorem 4.4. There exists a multiplication that endows I1*(V') with the structure of a
commutative algebra, uniquely determined by the equation (3). This operation is called
the intersection product and satisfies the following additional properties:

(a) It is compatible with the grading:

e (v) - IH(v) c I (v).
(b) The canonical element p* @ p € Dens(V)* @ Dens(V) = II°(V), which we denote by
ey, is the identity.

(¢) It is equivariant under the natural action of the general linear group.

Proof. We first establish existence. Fix u/ € Dens(V') and a polytope P’. By Lemma 4.3,
the map Z(V) x Dens(V) — II*(V),

o0 (Pop) = [ [P0+ P o W d(o)
is well defined. Since it is a translation-invariant valuation as a function of P, by
the universal property of the polytope algebra (Proposition 3.1), we obtain a map
¢pr 1L (V) x Dens(V) — II*(V). Consequently, as the latter map is Z-balanced,
there is an extension
¢Pl7“/: H*(V) — H*(V)
12



Let x =) " | [P] ® p; be fixed. One immediately verifies that
m
P (@) =Y bpw (P i)
i=1

is a translation-invariant valuation. Again by the universal properties of the polytope
algebra and the tensor product, we obtain an extension to IT*(V'). We thus have con-
structed a map

(V) @ [T (V) — T*(V)

that extends (3). This finishes the construction of the intersection product. Notice that
equation (3) implies that the intersection product is commutative.
We claim that for any A # 0 and z,y € II*(V)

(12) ANz - ANy = AN)(z - y).

Indeed, it suffices to prove this for generators, where it is straightforward to verify using
(3). Let x € TT*(V) and y € TIY(V) and A > 0. Then A(\)xz = A%z and A(\)y = A7 ly.

In combination with equation (12), we obtain
AN (z-y) =1 (@ y).

Hence z -y € TI*T{(V), as desired. This proves (a).

For (b), observe that [AP] ® u, A > 0, lies in a finite-dimensional subspace of II*(V').
Hence we can obtain [P],, ® u as the limit of A™"[AP] ® u as A — oco. A straightforward
computation using (3) shows that

([Pln @ p) - ([Pl @ p) = u(P) - ([P] ® )

Choosing P and pu so that u(P) =1, we obtain ey - ([P']®@ p') = [P'] @ u'.

Finally, we consider the natural action of GL(V') on IT*(V). It suffices to verify (Lgx)-
(Lgy) = Ly(x - y) on the generators. In this case, the desired equation is an immediate
consequence of (3). O

Definition 4.5. The Euler—Verdier involution on IT*(V') is defined by

U\Hk(V) = (‘UkA(—l)-

Remark 4.6. The Euler—Verdier involution was introduced for smooth valuations by
Alesker [3], and it is closely related to the Verdier duality of constructible functions.
In the context of the polytope algebra, the Euler—Verdier involution coincides with Mc-
Mullen’s Euler map up to the factor (—1)". As a consequence of this modification, the
Euler—Verdier involution commutes with the pullback. Moreover, this choice of sign is
convenient for the formulation of the Hodge-Riemann relations in Conjecture 1.8.

Corollary 4.7. o is an algebra automorphism of II*(V).
Proof. This follows immediately from Theorem 4.4(a) and (c). O

If x and y have complementary degrees, intersection product and McMullen convolu-
tion are closely related.
13



Lemma 4.8. Fiz a euclidean inner product on V to identify V = R™ and Dens(V) &
Dens(V)* = R. Then

(- y)o = (zx A(=1)y)n
holds for all z,y € II*(V).
Proof. Again, it suffices to prove the desired identity on the generators. Let x: IIp(V) —

R denote the Euler characteristic and let vol: IL,(V) — R be the restriction of the
Lebesgue measure to polytopes. With this notation, the lemma follows from

Y(P] - [Q)) = /V (PO (@ +Q))dz = vol(P + (~Q)

= vol([P] x A(=1)[Q]).
]

Theorem 4.9 (Poincaré duality). For every nonzero x € IIF(V) there exists y €
" *(V) such that z -y # 0.

Proof. Theorem 11 of [27] asserts that for every z € IIx(V) with & € {0,...,n — 1},
there exists y; € II3(V) such that x * y; # 0. Applying this result repeatedly shows the
existence of an element y € II, (V) such that = x y # 0. From Lemma 4.8 we deduce

that (x ®@ p) - A(—1)(y ® p) # 0 for any p # 0.
U

5. CONSTRUCTION OF THE PULLBACK ALONG LINEAR INJECTIONS

We construct the pullback along a linear map f: W — V in two stages. In this section,
we consider the special case where f is a linear injection. We address the general case in
Section 7, once we have established the fundamental properties of the exterior product.
Throughout this section, W denotes a finite-dimensional real vector space.

Lemma 5.1. Let f: W — V be a linear injection and let P C V' be a polytope. There
exists an open set U C V/f(W) whose complement has measure zero such that for each

face of F of P and each [x] € U the following properties hold: If f~'(x + F) # 0, then

f (x + relint F) # 0
and

dim F > dimV — dim W.

Proof. As was the case for Lemma 4.1, the proof is straightforward and is therefore
omitted. O

Lemma 5.2. Let E = {&1,...,&n} C V™ be a finite set of nonzero linear functionals
and let Sy« be defined as in Lemma 4.2 with

fFE={f¢i=1,...,m}\{0}.
For all polytopes of the form P = {x € V: (§,x) < ¢ fori = 1,...,m} and every
puw € Dens(W) the following properties hold:
(a) [f Yo+ P)| @ uw € Sp+p for allz € V.

(b) The function V/f(W) = Sy, [z] = [f 1 (z + P)] ® pw, is measurable.
14



(c) For each density py, sy € Dens(V/f(W)), the integral

[ 57w+ P aw diygny (o) € S5
V/fW)

s well-defined.

Proof. We omit the proof, because it is parallel to the proof of Lemma 4.3.
O

Before we state the main result of this section, we remind the reader of a useful
isomorphism for densities.

Lemma 5.3. Let 0 = X 5 Y 5 Z — 0 be an exact sequence of finite-dimensional real
vector spaces. There exists a canonical isomorphism

Dens(Y) — Dens(X) ® Dens(Z)
so that p is mapped to an element px ® pyz satisfying

(13) [ rau= [ [ ni@) + dnx@dnz) v enio

for compactly supported continuous functions h: Y — R.

Proof. To see the existence of an isomorphism with the desired properties just note that

/ / x) +y)do(z)dr(z), yer (2),
defines for all densities o € Dens(X) and 7 € Dens(Z) a density on Dens(Y'). O

The following result collects the fundamental properties of the pullback along a linear
injection.

Theorem 5.4. Let f: W — V be a linear injection. There exists a linear map f*: II*(V) —
IT*(W), called the pullback along f, that is uniquely determined by the equation

(14) f*([P]®M)=/V/f( )[f*1(56+P)]®deMV/f(W)([~’U]),

where p = pw & pyypw) under the canonical isomorphism of Lemma 5.3. The pullback
satisfies the following additional properties:

(a) f* is a morphism of algebras when II*(V') and II*(W) are equipped with the intersec-
tion product.

(b) f*(I*(V)) € I*(W).
(c) If g: U — W is another linear injection, then (f o g)* = g* o f*.
(d) f* commutes with the Euler—Verdier involution.

Proof of Theorem 5.4. Since uniqueness is clear, it suffices to prove existence. For any
p=pw @ pyy gy € Dens(V) and any polytope P C V' define

S(P, ) = /V a7 P o ()

15



Lemma 5.2 guarantees that this is well defined. Observe that the map (V) — II*(W),
P — ¢(P, ) is a valuation. By the universal property of polytope algebra, there exists
a unique extension IL.(V) — II*(W). Since (x,pu) — ¢(x,u) is Z-balanced, we have
constructed a group homomorphism f*: IT*(V) — II*(W) with the desired property
(14). Moreover, it is clear that f* depends linearly on the density u.

To prove (a) we verify f*(z-y) = f*z - f*y for generators and then show that the
identity is mapped to the the idenity. Using Lemma 5.3 applied to p/ and 0 — W —
V — V/W — 0 in the fourth equality, we compute

PPl o w - (Plew))
_p ( [IPaasPle du’<w>>

= /V fA (PN (z+ P @ p)du (x)

= / (/ M y+P)nfH z+y+ P @pw duv/f(w)([y])> dyl ()
v \Jv/rw)

:/ / (/ [f_l(y—i-P)ﬂf_l(f(w)—i—y’—i—P')]®,uwd,uv/f(w)([y])>
W JV/ (W) \JV/f(W)
dpty oy ([ ) dpy (w)

_ ~1 w10y , o
_/V/f(W) /V/f(W) </w[f (y+P)N(w+ [y + P @ pw dpyy( )>
dpyy sowy (WD Aty sy (W)

- / / I+ P @ pw) - (F 0 + P © piy)
V/fW) JV/f(W)
dpeyy oy (WD Ay pany (W)

= f ([Pl p) - f([Peu).

Let us write n = dimV and m = dim W. Recall that the identity element may be
expressed as ey = [P, ® p with u(P) = 1. Also recall that [P], = limy_00 A7"[AP].
Using this, we obtain

A—00

f*(ev) = lim A" /V o AP © i ()

A—00

= lim A™™ -1
= lim \ /V/f(w) ATz + P)] @ pw dpyypowy ([2])
:/ 71 (= + P)lm @ pw dpvyy ponry ([2])-
V/ (W)
Observe that
/ pw (F (2 + P))dpyy ony ([2]) = p(P) = 1
V/f(W)

by (13). Hence f*(ey) = ey is the identity in IT*(W).
16



To prove (b), observe that for any A > 0 and any = € II*(V)
F(ANz) = AN [ (2)-
Indeed, this identity is obvious in the case of generators z = [P] ® p. If z € TI*(V), it

follows that A(N)f*(z) = A% f*(2). Thus f*(z) € IT*(W), as required.
To prove (c) observe that by the definition of the pullback

g (f*([Plon)) =
/V/W) /W/Q(U) g7 (NP @+ F@)] @ pu dpyw gy (W) iy sow) ().

Let h: V — R be a compactly supported continuous function, and define

ho ([e]) = /U W(F(9(w)) + v)duo(w),  [o] € V/(F(g(D)).

On the one hand, applying Lemma 5.3 to 0 — W/g(U) — V/f(9(U)) = V/f(W) = 0
yields a density fiy¢g(u)) such that

/V/f(W) / W/g(U)hU([f () + @) dpw gy (W) duy sy ([2])

_ /V ooy D g ()

On the other hand, applying Lemma 5.3 to 0 - U — V — V/f(g(U)) — 0 yields

/V/f(W) /W/g(U)hU([f(y) + @])dpwy o) (WD dpyy powy ([2])

:/hd,u
\%4

- /V - hu (WD divy pgn) ([v])-

Hence fiy)¢g)) = v, f(g)) and we conclude that

G (F (P @ ) = /V o /U ((F 0.9)" (P + )] @ uy dpay gy ([2])

= (feg) ([Pl ® p).
This finishes the proof of (c).

Finally, that the pullback commutes with the Euler—Verdier involution is an immediate
consequence of (b) and (c). O

Remark 5.5. There is a similarly looking, but essentially different construction known as
the fiber polytope. For comparison, let W be a linear subspace of V. Let f: W — V
denote the inclusion and let 7: V' — V/W denote the canonical projection. Let P be
a polytope in V' and put @ = 7(P). In this situation, the fiber polytope of 7: P — @
introduced in [12] is the polytope in V' defined by

S.(P,Q) = /Q Pra(y) dy,
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where dy is some positive density on V/W. This integral can be interpreted as the
Minkowski sum of the fibers P N7~ !(y), see [12, Proposition 1.2]. For every continuous
choice x € 771(y), the integral

/ [+ P)dy,
Q

is a translate of ¥, (P, Q). While this integral may resemble (14), the two are fundamen-
tally different: the latter represents an average of the classes [f~!(x + P)] taken with
respect to the addition in the polytope algebra.

Remark 5.6. In the paper [5], Alesker introduced a pushforward of continuous translation-
invariant valuations along linear injections. More precisely, if Val(V') denotes the Banach
space of translation-invariant continuous valuations on convex bodies in V, then the
pushforward along a linear injection f: W — V is the continuous linear map

f«: Val(W) @ Dens(W)* — Val(V') ® Dens(V)*
defined by
FlomE) = [ o7 K)) @ ey dvygan (@),
V/FW)

where K C V is a convex body and ¢ € Dens(W)*, ey € Dens(V)*, and vy pm €
Dens(V/f(W)) are related via canonical isomorphism of Lemma 5.3. If P is a polytope
in V, then

(f@p@e), [Plop) = (p@e, [ ([P©p).

In this sense, the pushforward f, of translation-invariant continuous valuations can be
regarded as dual to the pullback f* in the polytope algebra.

6. EXTERIOR PRODUCT

The exterior product, which we introduce in this section, will play an important role
in the construction of the pullback along general linear maps. Moreover, it will facilitate
the evaluation of the intersection product in certain special situations, see Theorem 8.2
and Proposition 9.3 below.

Theorem 6.1. There exists a bilinear map

X: II*(V) x IT"(W) — II"(V x W),
called the exterior product, that is uniquely determined by

(IP) & w) B ([Q) & v) = [P x Q) & (ux ).

Moreover, it has the following additional properties:
(a) It is compatible with the grading:

e (V) I (W) € IV x W),
(b) If U is another vector space and z € II*(U), then

(zXRy)Kz=2X(yX z).

() If f: Uy xUs =V xW, f= f1 X fa, is a linear injection, then

[aNy) = flz™® fyy
18



(d) The identity elements for the intersection product satisfy ey M ew = ey xw .
(e) Let diag: V' — V x V denote the diagonal embedding. For all x,y € II*(V)
x -y = diag*(z K y).
(f) For all xz,y € ITI*(V) and 2/, y" € II*(W),
(z-y)R@ y)=(aR) (yRY).

Proof. The existence part follows immediately from the universal property of the poly-
tope algebra. Item (a) follows from A(N)(z K y) = ANz K A(N)y, A > 0, which is
straightforward to verify for generators. Likewise, (b) is satisfied for generators and
hence true in general. By the same token, (c) follows from

FHw,w) +Px Q)= fi' v+ P)x fy ' (w+Q).
Property (d) concerning the identity elements is also straightforward.
To prove (e) note that

dig(Plom@(Plop) = [ P0G e+ P o mdinvs g ()

= /V[P N (y+ P @ py d(gstiv2) diag(v)) (¥)

where pux p1' = py @piy2 ) giag(vy under the isomorphism of Lemma 5.3 and g: V?/diag(V) —
V denotes the isomorphism g([(z,2')]) = 2’ — .
Put T: V? — V2 T(x,y) = (x,y — ). On the one hand, since detT = 1,

L], o iagu) + (o Ny ()i agy (2]
VvV JV2/diag(V)

= / h(u,v)d(p x p')(u,v).
VxV
On the other hand,

[ omying(e) + a0y (2:2)
V JV?2/diag(V)

— / B, 0)d(y X gty ding(v)) (1 0).
VxV

We conclude that pu x g = py X gspiy2 /diag(v)- This shows that (e) holds for generators,
which suffices to finish the proof.

Finally, item (f) is a formal consequence of (c) and (e). Indeed, if diagy,, diagy,, and
diagy, ..y denote the diagonal embeddings and p: (VxW)?% — VExW?2, p(vy, wy,v9,ws) =
(v1,v2, w1, ws), then using p o diagy .y = diagy X diagy,, we obtain

(z-y) W (2’ y') = diagy (z My) X diagjy (2 K y/)
= (diagy x diagy, )" (r Ky Xz’ Ky')
= (diagy )" p"(z KMy K2’ Ky)
= (zX2) - (yXKy)
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Corollary 6.2. Let m > 2 be an integer, let x1,. ..,z € II*(V), and let diag,,,: V —
V™ denote the diagonal embedding. Then

x1 - Ty = (diag,,) (x1 X - K a,).

Proof. For m = 2, the statement follows directly from Theorem 6.1(e). The case m > 2
follows by induction, using (diag,,,_; x idy) o diag, = diag,,,. O

7. CONSTRUCTION OF THE PULLBACK IN THE GENERAL CASE

Equipped with the properties of the exterior product, we are now ready to complete
the construction of the pullback.

Definition 7.1. Let f: V — W be a linear map. Let X be a complement of ker f in V.
Let eyer f denote the identity element in II*(ker f). The pullback along f is defined by
(@) = exer y ¥ (flx)"x, z€Il*(W).

Theorem 7.2. Let f: V — W be a linear map. The definition of the pull-back f*
does not depend on the choice of complement to ker f. Moreover, the pullback has the
following additional properties:

(a) It is a morphism of algebras when IT*(V') and II* (W) are equipped with the intersec-
tion product.

(b) It is compatible with the grading, f*(IIF(W)) C IT¥(V).
(¢c) If g: U — V is another linear map, then (f o g)* = g* o f*.
(d) The pullback commutes with the Euler—Verdier involution.

For the proof, we will use the following lemma.

Lemma 7.3. Let f: V — W be a linear surjection, and let X be a complement to ker f.
For all densities p € Dens(ker f) and v € Dens(W),

p=px (flx)s'v € Dens(V)

is independent of the choice of complement X .

Proof. Let X' be another complement to ker f, and define p/ = u x (f|x/);'v. Let
g1: X — ker f and go: X — X' be the linear maps, uniquely determined by v + z =
v+ g1(z) + go(z) for all v € ker f and z € X. For all bounded Borel sets A C ker f and
B C X, one has

J(4x B) /X | /kerf (v — 9195 (@) 1595 (o)) dvda’

(A)v((flxr o g2(B))

( w((f1x(B))
= p(A x B).

This implies p = p/, as claimed. O
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Proof. To see that the definition of the pullback is independent of the choice of com-
plement, define m = dimker f and choose a polytope @@ C ker f and a density u €
Dens(ker f) such that eyer f = [@lm ® p. Since f: V' — W can be factored as V —
im(f) < W, we may assume in what follows that f is surjective. Choose a complement

X of ker f in V. For z = [P]® v € IT*(W), one has
ne(exer f X (f]x)"x) Z€Q+(f|x) 1p @ (pry)*(fIx)"N(F, P) @ (u x (flx):'v),

where the sum extends over all faces of P and pry: V — X denotes the projection onto
X. Let X’ be another complement to ker f, and let pry,: V — X’ denote the projection
onto X’. We claim that each factor in

£Q+(f1x)-1F ® (Prx)* (fIx)*N(F, P) ® (ux (flx)s'v)

is independent of the choice of complement X to ker f. Indeed, for the second factor this
is a consequence of fopry = fopry, and for the third one this follows from Lemma 7.3.
For each face F', we will show that eg (s )-1F and EQ+(flx1)-LF define the same dual

density on f~1(F). Consider the linear subspaces L = (f|x) 'F and L' = (f|x/)"'F
and the density p on ker f + L = f~1(F) = ker f + L' defined by

// h(v, x)dvdz,
ker f

for some positive densities dv and dx. Let g1: L — ker f and go: L — L’ be the linear
maps uniquely determined by v +x = v + ¢1(z) + g2(z) for all v € ker f and = € L.
Then, since f|x = f|x © g2,

W@+ (flx)"'F) = / /k 100 +01 ()L p(02() o
= Q@+ (flx)'F)

and, in tUrn, € (fx)-1F = €Q+(fl /)1 F-
We conclude that

nc(ekerf X (f‘X)*x) = nc(ekerf X (f‘X/)*x)
Since nc is injective, this shows that the pullback does not depend on the choice of

complement.
To prove (a), observe that

[ (@ y) = exer p W((f]x)"2 - (f1x)"Y) = (€xer s - €xer ) W ((flx)72 - (f[x)"y)
and use Theorem 6.1(f). The equation f*(ey ) = ey follows immediately from (f|x)* ey =
ex and ey f M ex = ey, see Theorem 6.1(d).

(b) is a straightforward consequence of Theorem 6.1(a) and the corresponding property
of the pullback along linear injections.

For the proof of (c¢) choose a complement ker g & X = U. Put X; = ker(f o g|x) and
choose complements X; @& Xo = X and ker f @Y =V with ¥ D ¢g(X32). Since g(X;) C
ker f and g(X2) C Y by construction, we may write g|x = g1 X g2: X1 X Xo — ker f x Y.
Using the properties of the pullback along linear injections and Theorem 6.1, we compute

g*(f*(ﬁﬂ)) = Ckerg X (g|X)*(ekerf X (f|Y)*x)
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= exerg X (91 (exer ) W g3 (fy)*2)
= rerg M (ex, B (f 0 g2)"2)
= (exerg Mex, )X (foge)x
= Cker(fog) X (f 0 glx,)"
= (fog) .
Finally, (d) follows immediately from (b) and (c).
U

Remark 7.4. Alesker introduced in [5] the pushforward of continuous translation-invariant
valuations along general linear maps. If f: W — V is a linear surjection, then this op-
eration can be described as follows. We keep the notation of Remark 5.6. Choose
a complement ker f & X = W to the kernel of f. Under the canonical isomorphism
Dens(W)* = Dens(ker f)* @ Dens(X)*, any dual density € € Dens(W)* is represented as
Eker f ® €x. Choose a convex body E C ker f so that eyer r(1t) = p(E) for all densities

w € Dens(ker f). The pushforward
fx: Val(W) ® Dens(W)* — Val(V) ® Dens(V)*
is defined by
1 dam
* K)=— ——
Foe) = o

S(LE x (flx) M (K)) ® (flx)ex,

where m = dim X and K is a convex body in V. If P is a polytope in V', then one readily
verifies the identity

(fl@p@e), [Plop) = (p@e, [ ([P©p).

Hence also in the case of linear surjections, the pushforward of continuous translation-
invariant valuations can be regarded as dual to the pullback in the polytope algebra.
Since every linear map f can be expressed as f = j o p, where j is injective and p is
surjective, this relationship extends to all linear maps.

8. IDENTITIES FOR SPECIAL ELEMENTS OF THE POLYTOPE ALGEBRA

In this section, we are concerned with special elements of IT*(V'), namely those pro-
portional to [P],_r ® p for (n — k)-dimensional polytopes P. Viewed appropriately,
the operations of intersection product, pullback, and exterior product of these elements
translate into linear algebraic operations on linear subspaces.

Let L C V* be a linear subspace. Inclusion and restriction yield an exact sequence
0 — Lt =V — L* — 0. Hence, given elements of Dens(V') and Dens(L+)*, Lemma 5.3
yields a density on L*. Combined with (10), this construction describes an isomorphism

(15) Dens(L*)* ® Dens(V) 2 Dens(L)*
that we will frequently use in the following.

Definition 8.1. Let L C V* be a k-dimensional linear subspace and let ¢ € Dens(L)*
be a dual density. We denote by x1, . the unique element in 1% (V) such that

nc(zr ) =e® [L] € 3(V) ® Dens(V)
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under the isomorphism (15).
Theorem 8.2. Let L C V* and L' C V'™ be linear subspaces and let € € Dens(L)* and
e’ € Dens(L')* be dual densities. The following statements hold:

(a) The exterior product satisfies

TLe X Tr'e = TLxL e®e -

(b) For any linear map f: W — V,
f*-%'L N {Cﬂf*L,(f*)*E Z'ff(W)—FLi —vV
€ T

0 otherwise.
In the first case, f*L ={f*¢: € € L} and f*: L — f*L is an isomorphism.
(c) If V.=V, then

Tl e Tl e = LL+L ax(e®e’) if LNL = {0}7
: - 0 otherwise,

where a: V* x V* — V* denotes the vector space addition.

For the proof of the theorem, the following description of the isomorphism (15) will be
helpful. Recall that p, denotes the Liouville measure on V x V*. If K C V is a convex
body containing the origin in its interior, then K° C V* denotes the polar body of K.

Lemma 8.3. Let L C V* be a linear subspace and let X C V be a complement to L*.
Suppose the following:
e v € Dens(V) and € € Dens(L)*;
e P C L' is a convex body with nonempty interior and ep € Dens(L*)* denotes
the corresponding dual density;
e Q C X is a convex body containing the origin in its interior such that ¢ =
mgﬂ@)o, where w: V — L* is the canonical map.
In this situation,
ep Qv e under the isomorphism (15)
if and only if
v(P+Q)=1.

Proof. Lemma 5.3 applied to 0 — L+ — V — L* — 0 yields v = v; . ® vz« and

v(P+Q) = vp1 (P)rr-(m(Q)).
Consequently, v(P+@Q) = 1 if and only if vz« (7(Q)) = 1. By the definition of the isomor-
phism (10), the latter is equivalent to the statement that the dual density corresponding
. 1
to vpx 18 m&W(Q)O. ]

Proof of Theorem 8.2. Choose polytopes P C L+, P' C (L')* of dimensions n — k and
n — k', containing the origin in their relative interior, together with suitable densities
v € Dens(V), v/ € Dens(V’) such that ep®@v = ¢ and e pr @1’ = £’ under the isomorphism
(15). Using that A\=("=®[AP] — [P],_1 as A — oo, we obtain

lim lim A~RN=OE) ho(AP x NP @ v x V)

ne(zr . Xz ) =
’ ’ A—»00 A =00
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=epyp @UuXxV Q[L x L
=e®e @[Lx L]

This proves (a).

To show (b), let as before P C L+ be an (n—k)-dimensional polytope and v € Dens(V)
a density.

We first consider the case where f is a linear injection. It follows from the definition of
the pullback that f*zr . =0, if f(W)+ L+ # V. We therefore assume from now on that
f(W) 4 L+ = V. Under this assumption, f*: L — f*L is clearly injective. Unraveling
the definitions and using Lemma 2.5, we obtain

nc(f*zrr ) m A\~ (k) /V/f(W) nc([ffl(x + AP)]) @ v duv/f(W)([x])

=1
A—00

= lim A~ (mF) /V o ne((AfH(y + P))) @ viv dvyy pany ()

A—00

= / r-1(y+P) vy o)yl @ vw @ [fL]
V/ W)
=& @uy ® [f*L].

Choose a complement L+ @ X = V such that X C f(W). This is possible since f(W) -+
L+ = V by assumption. Choose a convex body @ C X containing the origin in its
interior such that v(P + @) = 1. Note that by Lemma 8.3,

1
1o (m(Q)° X m(Q)) @
As (FL)Y @ fY(X) =W and fHy+ P)+ f4Q) = f Ly + P+Q) for y € L, we

have

(16) €=

(' @ ep—1(g)vw) = /V/f(W) v (f "y + P) + F7HQ))dvy, oy ([y])

=v(P+Q) =1
Consequently, Lemma 8.3 implies that ¢’ ® vy is mapped to
1
8 * T o

na(m(Q)° x m(@))) M
under the isomorphism (15). Comparing this expression with (16), shows that (17) equals
(f*)«€, as claimed.

Assume next that f: W — V is a linear surjection. Choose a complement X C W

to the kernel of f and put m = dimker f. Put P’ = (f|x)~'(P) and v/ = ((f|x) " 1)sv.
Represent eyer f as [R], ® p. One has

ne(f*x) = ne(([Rlm © p) W (f|x)"([Pln—k @ v))
=nc([R X Plypin_t®@px1)

= ERxp' @ p X Ve [f*L]
24
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Choose a complement L+ @Y =V and a convex body Q C Y containing the origin in
its interior such that v(P + Q) = 1. Put Q' = (f|x)'Q and Y’ = (f|x)~*(Y). Notice
that (f*L)* @Y’ = W and

pxV(Rx P +Q)=1.
If myy: W — (f*L)* denotes the canonical map, then Lemma 8.3 implies that gy pr ®
p X V' is mapped to
1 *
halrw (@) < m (@) @ = e
under the isomorphism (15). This finishes the proof of (b), since every linear map f can
be expressed as the composition of a surjection and an injection.

Finally, we prove (c). We will apply the description of the pullback to the diagonal
embedding diag: V — V x V. Note that (L x L')* = L+ x L't and that diag(V) +
L+ x I'* =V x V is equivalent to the statement that the image of L+ x L' under the
canonical projection 7: V x V — V x V/diag(V) equals V x V/diag(V'). Observe that
VxV =V, (z,y) = x—y, descends to an isomorphism 7': V x V/diag(V') — V. Since
T(n(L*+ x I'Y)) = L+ + L%, we conclude that diag(V)+ L+ x L't = V x V is equivalent
toV =LY+ L't =(LnL)*

Let a: V* x V* — V* denote the vector space addition, a(&,n) = & +n. It is
straightforward to check that a = diag*. We conclude that diag*(L x L') = L + L’
and (diag"). = a.. O

If V = R"™, then the above expression for the product can be made even more explicit.
Since there is a canonical positive density on R™ and all of its subspaces, namely the
Lebesgue measure vol, we introduce the following notation.

Definition 8.4. If V' = R", then we define 1, := x, yo € II*(R") for each linear subspace
L CR™ = (R™)*. Moreover, we abbreviate our notation to a[P] := [P] ® avol € IT*(R")
for polytopes P and real numbers a.

If L, L' CR™ are such that L N L' = {0}, define
vol(B + B’)
vol(B) vol(B’)’
where B, B’ are the euclidean unit balls in L and L’. In terms of the principal angles
0<6,<--- <0, <7/2, m = min(dim L, dim L’), between L and L', one has
sin(L, L") = sinfy - - - sin O,,,
see, e.g., [30]. We call sin(L,L’) the sine of the principal angles between L and L'.
Sometimes this quantity is also called the subspace determinant of L and L' see [33,
Section 14.1].

With the above definitions, the description of the product immediately translates into
the following

(18) sin(L, L) =

Corollary 8.5. Let L, L' be linear subspaces in R™. Then

sin(L, LI) Tr+L' ’Lf LNL = {O},
X[ -xrypr =
Lol 0 otherwise.
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There is a particularly simple description of the elements x, in terms of the pullback
along orthogonal projections.

Corollary 8.6. Let L C R" be a linear subspace. Let p: R™ — L denote the orthogonal
projection. Then xr, = p*[{0}].

We return now to the general case of an n-dimensional real vector space. The following
proposition shows that multiplication by the element x . is essentially the same as the
pullback to along the inclusion L+ — V. This fact will be important for us as it allows
us prove to certain statements by induction on the dimension of V.

Proposition 8.7. Let L C V* be a line through the origin. Denote H = L and write
i: H — 'V for the inclusion. Choose a complement X to the hyperplane H C 'V and let
px € Dens(X) correspond to e under the isomorphism X — L*. For every y € II*(V)

zrey = ({0} ® pux) Ki'y.

Proof. Let us write z1,. = [P],—1 ® v for a suitable (n — 1)-dimensional polytope P
and a density v € Dens(V'). It suffices to prove the statement for elements of the form
y = [Q] ® p. In this case, we find

rre-y = lim ACTU(AP @ v) - (Q1 @ p)

A—00

= lim A~V /V AP N (z+ Q)] @ vdp(x)

A—00

= Jim [ (30 [l ean) 0@ @l vam ) doya(i)

After replacing integration over H by integration over (—AP) + (¢t + @) and the change
of variables A™'2 = 2, we find that the inner integral satisfies

A1) /H (2 + AP) O (¢ + Q)] ® v dpy ()

_ () / (2 + AP) N (¢ + Q)] ® v dpy ()
(=AP)+(t4+Q)

/ MG+ P) N (t+ Q) @ vdpn(2)
(=P)+2A"1(t4+Q)

For this last integral, it is clear that one can interchange limit and integral and so

lim A~("—) /H (24 AP) O (t 4+ Q)] @ vdpu(x) = [H N (t+ Q)] @ pu(P)w.

A—00

We conclude that
.y = /V 0@+ @ pr(Pdpya(1)

This last expression resembles the definition of the pullback. The difference is that here
the bracket [H N (t + Q)] is understood inside II(V') and not inside II(H). Denoting the
latter bracket by [H N (t + Q)]ri(s), we have

({0} ® px) R ([H N (t + Q)lrmy @ pr) = [H N (t + Q)] ® (ux X pr)-
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Thus

({0} ® px) Wity = /V/H[H N+ Q) ® (ux x pu) dpy/u([t])-

Since pux X pg = pp(P)v, this finishes the proof of the proposition. O

9. AN ALEXANDROV-FENCHEL INEQUALITY

The main goal of this section is to prove Theorem 1.6. In fact, we will establish
a version of (4) for general convex bodies. The following quantities are a particular
instance of a larger family of higher-rank mixed volumes, introduced in [25].

Definition 9.1. Let Ki,..., K, be convex bodies in R". Let ¢; denote the inclusion
of R” into (R®)” = R" @ --- @ R™ as the i-th summand and let 7: (R")* — AL de-
note the orthogonal projection onto the orthogonal complement of the diagonal A =
{(z,...,z): € R"} in (R™)". We define
~ — )
(19) V(Ky,...,K,) = MV(W ouKin—1],...,mo 1, Ky[n—1])
(n—1)n

where the mixed volume on the right-hand side is to be understood inside A~

Note that the normalization in (19) is different from [25], but more convenient for the
purposes of the present paper.

We will deduce Theorem 1.6 from the following Alexandrov—Fenchel-type inequality
for the higher-rank mixed volume.

Theorem 9.2. Let C = (C4,...Cy_2) be a tuple of centrally symmetric convex bodies
i R™. For any convex bodies K and L

V(K,—L,C)*> > V(K,—K,C)V(L,—L,C).

With the added assumption of central symmetry of L, Theorem 9.2 was proved in
[25, Theorem 1.4]. The main idea in that paper was to apply the Fourier transform of
smooth translation-invariant valuations (see [5,17]) to deduce the desired inequality from
the classical Alexandrov—Fenchel inequality. This approach required the bodies to have
a C'°°-smooth and strictly positively curved boundary and L to be centrally symmetric.
It remains to show that the assumption of centrally symmetry of L can be omitted.

Recall from Section 2.1 that we denote by K#L the Blaschke sum of convex bodies
in R™ with nonempty interior and by PK the projection body of K.

Proposition 9.3. Let C4,...,C, be convex bodies in R™. The following properties hold:
(a) If the bodies C4,...,C, are polytopes, then

oy - Lo, =V(C,...,Ch).
(b) V is a continuous function on H™ x - X K™

(¢c) For all convex bodies K, L C R™ with nonempty interior,
V(K#L,Cy,...,Cph_1) =V(K,C4,...,Co1) +V(L,Ch,...,Cpnq).
(d) If the bodies Cy,...,Cp_1 are centrally symmetric, then

2 (CY,...,Cp) =V(PCy,...,PCy).
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With a different proof, item (d) has appeared in already in [25, Proposition 5.6]. For
the proof of Proposition 9.3, we need the following simple lemma.

Lemma 9.4. Let P, P’ CR" be polytopes with nonempty interior. Then
bp+Lp = Lpyp

Proof. On the one hand, the area measure of a polytope is the discrete measure
m
Sp =) _volu_1(F})d,,
i=1

where Fy,..., F,, are the facets of P with facet normals uq,...u;. On the other hand,
applying the normal cycle embedding yields

ne(lp) = vol, 1 (Fy)[N(F;, P)].
=1

Since by definition Spypr = Sp 4 Sp/, the claim follows from the injectivity of nc.  [J

Proof of Proposition 9.3. To prove (a) let x: II"(R™) — R denote the Euler characteris-
tic, diag,,: R™ — (R™)™ the diagonal embedding, and ¢; the inclusion of R™ into (R™)".
Let A = diag,, (R™) denote the diagonal. By Corollary 6.2, for any positive numbers
Al, ..+, Ay We have

X(MP - [ P]) = x(diagy ((Aa P+ 4 Apen Pa))
= /Al X([(A1e1 P+ -+ At P) N (x4 A)])dz

=vol(Mmou P+ -+ A\ymo, Pp)

Expanding both the first and the last expression into a polynomial in the \; and com-
paring the coefficients of the monomial )\?71 - An=1 the claim follows.

(b) is an immediate consequence of the definition of V and the continuity of the mixed
volume. _

Since V and, by Lemma 2.3, Blaschke addition are continuous in the Hausdorff metric,
(c) follows via approximation by polytopes from (a) and Lemma 9.4.

To prove (d) assume first that the bodies C1, . .., C, are centrally symmetric polytopes.
If C is a centrally symmetric polytope, then

m
lo = ZVOlnfl(E)xRui-
i=1
Therefore, using Corollary 8.5 we obtain

mi Mn
loy -+ Lo, = Z - Z | det(wiy, ... ui, )| voly—1(F;, ) -+ - voly,—1(F5,)

i1=1 in=1

For centrally symmetric bodies C, equation (6) implies

PC = Z voly,—1(F5)[—ui, ugl,
i=1
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and hence V(PCY,...,PC,) equals

mi Mn
S > V([ iy, - (i, — s, ]) Vol 1 (F, ) -+ ol (F,)
i1=1  ip=1
Since V([us,, —u4, ], -, [wi,, —u;,]) = 2" det(ui,, ..., u;, )|, this proves (d) for centrally
symmetric polytopes and by approximation for all centrally symmetric convex bodies. It
suffices to prove the general case for convex bodies with nonempty interior. If all bodies
except perhaps the last one are centrally symmetric, then

2V(Cy,...,Cn) = V(C1,...,Cn1, Co#t(—Cr))
=2""V(PCy,...,PCy_1,P(CL#(-Cy))).
Since P(K#L) = PK + PL, the claim follows. O

Lemma 9.5. For every finite signed Borel measure u on S™~! with centroid at the origin,
there exist convex bodies K and L such that

n = S K — S L-
Moreover, if u is discrete, then there exist polytopes K and L with this property.

Proof. There exist nonnegative finite Borel measures such that y = puy — p— and both
measures have their centroids at the origin. Adding a measure to both if necessary, we
can assume that py and p_ are not concentrated on an equator. Thus p4 and p— satisfy
the hypothesis of Minkowski’s existence theorem and hence there exist convex bodies
K, L as claimed. O

Definition 9.6. Let C,...,C,_1 be convex bodies in R” and let x4 and v be finite signed
Borel measures on the unit sphere with centroid at the origin. We define

\7(,&, Cl, e ,Cnfl) == \7(K, Cl, ceey Cnfl) - \7(L, Cl, e ,Cnfl),
where K, L any convex bodies satisfying p = Sk —Sr. The expression \N/(,u, v,Cp,...,Ch_9)
is defined analogously.

Lemma 9.7. The definition of \~/(,u, Cy,...,Ch_1) is independent of the choice of de-
composition p = Sk — Sr. An analogous statement holds for V(u,v,Cq,...,Cp_2).

Proof. We present a short proof based on McMullen’s characterization [26] of (n — 1)-
homogeneous continuous translation-invariant valuations on convex bodies in R™. Since
the function ¢(K) = V(K,C1,...,C,_1) is such a valuation, there exists by McMullen’s
theorem a continuous function f: S”~! — R on the unit sphere such that for every

convex body K

(20) o) = [ JdSi(u).
Suppose that y = S — S1, = S — Sp/. To prove the lemma, it suffices to show that

$(K) — ¢(L) = ¢(K') — ¢(L')

This follows immediately from (20). O
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The classical Alexandrov—Fenchel inequality has three equivalent formulations, see
[34, Lemma 3.11]. Analogous equivalent formulations exist in the context of Theorem 9.2.
Let a(u) = —u, u € S"!, denote the antipodal map.

Lemma 9.8. Let C = (C4,...Cy_2) be a tuple of centrally symmetric convex bodies in
R™. Then the following are equivalent:

(a) For all convex bodies K and L
V(K,—L,C)> > V(K,—K,C)V(L,—L,C).

(b) For all finite signed Borel measures p with centroid at the origin and all convex bodies
L
V(u, —L,C)? > V(u, awpu, C)V(L, —L, C).

(¢c) For all finite signed Borel measures p with centroid at the origin and all convex bodies

L with V(L,—L,C) > 0,
V(u, —L,C) = 0 implies V(p, asp, C) < 0.

Moreover, if L is throughout assumed to be centrally symmetric, then these statements
are also equivalent.

Proof. The implications (b)=-(c) and (b)=-(a) are trivial. Assume that (a) holds. Sup-
pose i = Sgr — S, Since V is continuous by Proposition 9.3, approximating K’, K",
and L by convex bodies with smooth and strictly positively curved boundary, we may
assume that p and Sp have continuous densities with respect to the spherical Lebesgue
measure, dy = f(u)du and dSy, = fr(u)du, and that fr, is strictly positive. Hence there
exists a number a > 0 such that (f +afr) — afr is a decomposition into strictly positive
functions. Since

/ u(f + afp)(u)du =0,
Sn—l

the hypothesis of Minkowski’s existence theorem is satisfied and, consequently, there
exists a convex body K such that y = Skg — aSr. Plugging this decomposition into
(b) and expanding both sides, we see that the terms containing a cancel. This shows
(a)=(b). ~
Suppose that (c) holds. To show (b) we may assume by approximation that V(L, —L, C) >
0. Since N
V(,u — aSL, —L, C) =0
for a = V(p, —L, C)/V(L,—L,C), (c) yields
\/ \/ \7(/1'7 _L7 C)2
0>V(u—aSp,a.(p—aSt),C) =V(u,aep,C) — =————.
( (1 =5, 0) = Vi oo ©) = G
This finishes the proof of (¢)=-(b).
Finally, the above proof works without change if one assumes that L is centrally
symmetric. O

Proof of Theorem 9.2. For centrally symmetric convex bodies L, the statement was proved
in [25, Theorem 1.4]. Therefore, all the statements of Lemma 9.8 hold for centrally sym-

metric convex bodies L.
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Let L be a convex body with nonempty interior, possibly not centrally symmetric, and
suppose V(L,—L,C) > 0. Put L' := L#(—L). Then L' is centrally symmetric and

V(L,L',C) =V(L,L,C) + V(L,—L,C) > 0.
Suppose V(u, —L, C) = 0. Since V(u — aSy, L', C) = 0 for
o=V L', C)/V(L,L',C)
and since L’ is centrally symmetric,
0> V(u— aSg,a.(p — aSt), C) = V(u, awu, C) + o?V(L, — L, C).

We conclude that 0 > V(s a,p, C). Thus we proved that Lemma 9.8(c) holds for convex
bodies L with nonempty interior. The proof of (c)=-(b) applies without change and
shows that Lemma 9.8(b) holds for convex bodies L with non-empty interior. A standard
approximation argument now concludes the proof. O

Proof of Theorem 1.6. Choose a euclidean inner product to identify V' with R™ such that
vol is the Lebesgue measure. Let x € II'(R") be given. By Lemma 9.5, we may write
x = {p — {p: for certain polytopes P and P’. Hence

_0-(3;) . EQ . EC = (EP — Elp) . fo . EC = \7(//ﬂ _Qa C)

with p = Sp — Spr. The assertion follows now from immediately from Theorem 9.2 in
the formulation of Lemma 9.8(b). O

10. FINITE-DIMENSIONAL SUBALGEBRAS

In this section, we take a closer look at the subalgebras A*(E) and A% (E), defined in
the introduction, and their connection with algebraic combinatorics. Throughout this
section, we work with a fixed positive density vol on V. Let E be a finite set of lines in
V* that pass through the origin and are not contained in a single hyperplane.

First of all, observe that

nc(AY(E)) Cspan{[L"],[L7]: L € E},

where LT and L~ denote the two half lines corresponding to L. Hence Al(E) and,
consequently, A*(FE) are indeed finite-dimensional.
Recall that sin(L, L") denotes the sine of the principal angles between L and L'.

Proposition 10.1. Let E be a finite set of lines in R™ that pass through the origin and

are not contained in a single hyperplane. As a vector space, A% (E) is spanned by the

linearly independent elements {xr: L € £, (E)}. The algebra structure is determined by
{sin(L, LNz, ifLOL ={0},

XL -xyr =

(21) .
0 otherwise.

Moreover,

K(E) = {ZCLJUL: cr, > 0 for allLeE}.

LeFE
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Proof. 1f {p belongs to AL (E), then £p = Y, _p cpxr,, where ¢y, is the (n—1)-dimensional
volume of the facet of P perpendicular to L. Applying Corollary 8.5, one obtains

Alj_(E) = span{z: L € Z(E)}

and the description of the algebra structure. By the injectivity of the normal cycle
embedding, the elements =y, L € % (E), are linearly independent.

The description of K(E) is an immediate consequence of Minkowski’s existence theo-
rem. U

Note that the proposition implies
dimAi(E) = | % (E)].

Consequently, the injective hard Lefschetz property of Conjecture 1.8 directly implies
Dowling—Wilson conjecture.
In general, one expects for k < n/2

dim A*(E) < dim A" *(E).

It follows that Poincaré duality, while valid in IT*(V'), will not hold in this setting. The
Mobius algebra, which appears in the context of the Dowling—Wilson conjecture and
which we will define next, displays an analogous lack of Poincaré duality.

Definition 10.2. Let F be a finite set of lines in R™ that pass through the origin and are
not contained in a single hyperplane. The graded Mobius algebra is the free real vector
space B*(E) spanned by the elements yr, L € [Ji_,; -Z(F) together with the product
defined by

» ifLNL ={0 ,
(22) vy = { LR =10
0 otherwise.

The grading compatible with the product is defined by B*(E) = span{y;, € Z.(E)}.

The comparison of (22) with (21) suggests that A% (E) should be regarded as a vol-
umetric version of the graded Mobius algebra. The injective hard Lefschetz property
and the Hodge—Riemann relations within the context of the graded Mobius algebra were
recently established in the [13,23].

We close this section with a description of A*(E) in the simplest case.

Example 10.3. If £ C V* is as in Definition 1.7, then F consists of at least n lines.
Suppose that |E| = n. Choose a euclidean inner product to identify V' = R™ so that E
consists of the coordinate axes and vol is the Lebesgue measure. Then, % (FE) is the
set of all k-dimensional coordinate subspaces of R™. If £p € AY(E), then P must be a
box P = [a1,b1] X -+ X [an, by] € R™ and therefore centrally symmetric. It follows that
A*(E) = A (E) = B*(E). Consequently, Conjecture 1.8 follows from the corresponding
statement for the graded Mobius algebra.
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11. THE DEGREE ONE CASE

Since the injective hard Lefschetz property is an immediate consequence of the Hodge—-
Riemann relations and since inequality (5) for & = 1 is a special case of Theorem 1.6, the
only remaining task is to characterize when equality occurs in (5). Our methods allow
us to prove the following slightly more general statement.

Theorem 11.1. Let ¢y, ..., 0o, , € K(E) and define bc = Ley -+ Lo, _,. Let Q be a
polytope in V satisfying o(g) - Lo - Lc > 0. Then, for all x € AL(E),
(23) o(x) Lg-lc=0 and o(x) -z -lc=0
implies x = 0.

We will give a direct proof of Theorem 11.1 for n = 2 and we will treat the case n > 2
by induction.
11.1. The 2-dimensional case. It is a classical fact, that if L is a convex body in the
plane with V(L, L) > 0, then for any difference of support functions f, the equations

V(f.L)=0 and V(f,f)=0

imply that f is a linear functional. See [34, Lemma 3.12] for a simple and direct proof.
Using this fact, we readily verify Theorem 11.1 in dimension two. Lemma 11.7 below
provides another proof.

Lemma 11.2. Theorem 11.1 holds for n = 2.

Proof. We know from Lemma 4.8 that
U(£P1) : €P2 = _V(P17 PQ)

for all polytopes P, and P5. Suppose that = £p — £p/ for certain polytopes P and P,
and define f = hp — hp/. Assume that

0=o(x) lg=-V(f,Q) and 0=o(x) z=-V(f, f).
Since V(—Q,Q) = {g - lg > 0 is equivalent to V(Q,Q) > 0, these equalities, as just
mentioned, imply that f is a linear functional. We conclude that = = 0. O

11.2. Restrictions. The goal of this section is to prove that every z € Al(E) is deter-
mined by its restrictions to hyperplanes perpendicular to the lines in F. This property
will be a key ingredient of our inductive setup to characterize when equality occurs in
the Hodge-Riemann relations.

Lemma 11.3. Let H C V be a linear hyperplane and let j: H — V denote the inclusion.
The following statements hold for all x € AY(E):

(a) j*x € AY(j*E), where j*E = {j*L: L € E} \ {0}.
(b) More precisely, if nc(x) = > " o;[N;] with nonzero coefficients o, then
ne(je) = Y olli N
i: j*N;#{0}
with nonzero coefficients o

(c) If x € K(E), then j*x € K(j*E).
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Proof. 1t suffices to prove (a) and (b) for x = £p. Choose a euclidean inner product to
identify V with R"™ such that vol is the Lebesgue measure. Let Fi,..., Fp, and vy, ..., vy,
denote the facets and the corresponding facet normals of P.

Let m: R™ — H denote the orthogonal projection and let Ry = {a € R: a > 0}. Let
u be a unit normal vector to H. One has

ne(j*z) = /R ne([P N (H + tu)]u_s)dt

-y /R voln_o(Fy 0 (H + tu))dt [Rym(v7)]
i=1

= |m(vi)| voly_1 (Fy) Ry (vy)].
i=1

This proves (b). The discrete measure on S™~2

p=> 1w voln—1(Fi)dr(u,)/im(on)
i: w(v;)#0

has centroid at the origin and is not concentrated on an equator. Consequently, by
Minkowski’s existence theorem, there exists a polytope P’ C H such that yu = Spr. We
conclude that j*x = fpr € A(j*E). This finishes the proof of (a). If P is centrally
symmetric, then so is P’ and (b) follows. O

To prove the next proposition, we need the following lemma due to Motzkin [31].

Lemma 11.4. Given m non-collinear points in the real projective plane, there exists a
line that contains exactly two of the points.

Proposition 11.5. Let v € AY(E). Suppose that jix =0 for all L € E, where j,: L+ —
V' denotes the inclusion. If n > 3, then x = 0.

Remark 11.6. (a) The analogous statement for n = 2 is wrong. Indeed, since L is one-
dimensional for n = 2, it follows that o(jix) = —jix for all z € II*(V). Therefore, any
z € AL(E) with o(z) = x satisfies jjz = 0.

(b) For general x € IT'(V), the condition jiz = 0 for all L € E does not imply = = 0.

Proof of Proposition 11.5. We will prove the claim be induction on n. First, suppose
n =3 and V = R3. We argue by induction on |E| > 3. By Lemma 11.4 there exists a
linear hyperplane H C R? that contains exactly two lines from FE, say L and L’. Consider
the orthogonal projection 7,: R3 — L+. Since H contains exactly two lines from F, if
L" € Eis aline # L, L', then m, L’ # w L". Hence, if nc(z) = 3, /cp anr+ [MT], then
by Lemma 11.3 the condition jjx = 0 implies af, = 0. If |E| > 3, then we conclude that
x € AL(E\ {L'}) and apply the inductive hypothesis. If |E| = 3, then the claim is easily
seen to be true. This finishes the proof in dimension three.

Now, assume n > 3 and that the proposition holds in dimension n — 1. Let H C V
be a linear hyperplane and let i : H — V denote the inclusion. Suppose that H+ ¢ E.
Then H N L+ has dimension n — 2 for every L € E. Define E/ = i, E and 2’ = i}z
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Then E' is a set of lines in H* and 2’ € AY(E'). For L' = i%,L € F' let ky,: HNL+ — L+

and jr/: H N (L) — H denote the inclusion. Then iz o jr» = 51, o kz, and thus
(Jr)"a" = ki (jzz) =0

for any L' € E’. By the inductive assumption 2’ = 0. Thus we conclude that jj;z = 0

for all linear hyperplanes in V.

Let H be a hyperplane in V and let L, L' be two distinct lines in V*. Observe that if
it L = 5L then HL C L+ I'. Hence if H chosen so that H+ is not contained in the
finitely many planes L + L’ for distinct L, L' € E, then ij;L # ij;L" whenever L # L’.
With the help of Lemma 11.3, we can now deduce z = 0 from jjz = 0. O

11.3. Characterization of the equality case in higher dimensions. The positive
definiteness of the Hodge-Riemann form immediately implies the injective hard Lefschetz
property. Exploiting the fact that dimII"(V) = 1 and that Poincaré duality holds in
IT*(V'), we prove the reverse implication for k = 1

Lemma 11.7. Let Cy,...,C,_o be centrally symmetric polytopes in V, and let Q be a
polytope in V satisfying o(Lqg)-Lg-Lc > 0. Then, for every x € IIY(V), the following are
equivalent:

(a) o(x) - lg - Lc =0 and o(z) -2 - c = 0.

(b) - fc =0.

Proof. The implication (b)= (a) is trivial.

Since dimII"(V') = 1 and since o({q) - £g - {c > 0 by hypothesis, it follows that the
condition o(z) - € - bo, -+ - L, , = 0 defines a hyperplane H in IT' (V) and that one has
the decomposition

(24) (V) =Rég @ H.
The symmetric bilinear form
Q(x,y) :U(:U)'y'g(}a xEHl(V),

is by Theorem 9.2 positive semi-definite on H. Note that € H if and only if ¢(z, £g) = 0.

Suppose that z € IT' (V) satisfies (a). In other words, z € H and q(x,z) = 0. Then,
the Cauchy-Schwarz inequality implies g(x,y) = 0 for every y € H. Hence, for any
number « and y € H, the equality ¢(z,alg +y) = 0 holds. In light of the decomposition
(24), the latter is equivalent to

(25) 0=q(z,2) =0(x-Lc) -z forall zeII'(V).
It follows from Poincaré duality (Theorem 4.9) that x - {c = 0. O
We are now ready to prove the main result of this section.

Proof of Theorem 11.1. We prove the theorem by induction on n. The base case n = 2
was established in Lemma 11.2. Now, assume n > 2 and that the theorem holds in
dimension n — 1. Choose a euclidean inner product to identify V' with R™ such that vol
is the Lebesgue measure. Suppose that z € Al(E) satisfies (23). Since o(£g) £ {c > 0,
Lemma 11.7 yields « - £c = 0.
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For L € E, let j;: Lt — R” denote the inclusion and 7 = Jji: R — Lt the
orthogonal projection. By Lemma 11.3, there exist centrally symmetric polytopes C’Z-L C

Lt such that
jZfCi = ECZL S K(]ZE)
Moreover, Lemma 11.3 implies jiz € Al(ji E).

Since
(26) 0= jie-lo) = (Gia) - len - ler .
Theorem 9.2 applied inside L', yields the inequality
(27) o) - (i) - bep - bon > 0.

Expanding lc,_, = Y ;cparrr, using Proposition 8.7 and the fact that the Euler—
Verdier involution commutes with pullback, one obtains

0=0(x) - z-lo= 3 ar (o(i2) (Gie) lep - Ler )
LeE
Since ay, > 0, it follows that equality holds in (27) for each L € E. Since

fop o, ter , >0

we can apply the inductive hypothesis to obtain j7x = 0 for all L € E. Using Proposi-
tion 11.5, we conclude that x = 0. O

Remark 11.8. The full strength of Lemma 11.7, which is a consequence of Poincaré
duality, is not needed for the proof of Theorem 11.1. While Lemma 11.7 is used to
obtain (26), the same conclusion can also be reached by choosing z = zz, in (25) and
applying Proposition 8.7.
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