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The polytope algebra of generalized

permutahedra

Jose Bastidas

ABSTRACT The polytope subalgebra of deformations of a zonotope can be endowed with the
structure of a module over the Tits algebra of the corresponding hyperplane arrangement. We
explore this construction and find relations between statistics on (signed) permutations and
the module structure in the case of (type B) generalized permutahedra. In type B, the module
structure surprisingly reveals that any family of generators (via signed Minkowski sums) for
generalized permutahedra of type B will contain at least 2¢~1 full-dimensional polytopes. We
find a generating family of simplices attaining this minimum. Finally, we prove that the relations
defining the polytope algebra are compatible with the Hopf monoid structure of generalized
permutahedra.

1. INTRODUCTION

Generalized permutahedra serve as a geometric model for many classical (type A)
combinatorial objects and have been extensively studied in recent years. Notably,
Aguiar and Ardila [1] endowed generalized permutahedra with the structure of a
Hopf monoid GP in the category of species and, in so doing, gave a unified framework
to study similar algebraic structures over many different families of combinatorial
objects. At the same time, McMullen’s polytope algebra [21] offers a different algebraic
perspective to study generalized permutahedra.

One of the goals of the present paper is to investigate the compatibility between
both structures. To achieve this goal, we take a more general approach and study
deformations of an arbitrary zonotope. We then specialize our results to deformations
Coxeter permutahedra of type A and type B, revealing remarkable connections with
(type B) Eulerian polynomials and statistics over (signed) permutations. The results
in type B allow us to find a family of generalized permutahedra that generates all
other deformations via signed Minkowski sums, thus solving a question posed by
Ardila, Castillo, Eur, and Postnikov [7].

Let V be a finite-dimensional real vector space. The polytope algebra II(V) is
generated by the classes [p] of polytopes p C V. These classes satisfy the following
valuation and translation invariance relations: [pUq]+[pNq] = [p]+[q] and [p+{t}] =
[p], whenever p U q is a polytope and for every ¢ € V. The product structure of II(V)
is given by the Minkowski sum of polytopes: [p] - [q] = [p + q].

For a fixed polytope p C V, II(p) denotes the subalgebra of II(V) generated by
classes of deformations of p; see [22]. We are particularly interested in the case where
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F1GURE 1. Different expressions for the class of the trapezoid above
in the polytope algebra I1(R?).

p is a zonotope corresponding to a linear hyperplane arrangement A. In this case,
let X[A] denote the Tits algebra of A, see Section 3. It is linearly generated by the
elements Hr as F' runs through the faces of the arrangement. The following is a central
result of this paper.

THEOREM 4.3. Let p and A be as above. The algebra (p) is a right X[A]-module
under the following action:

[a] - Hr =[],
where v € relint(F) and q, denotes the face of q maximal in the direction of v.
Moreover, the action of Hg is an endomorphism of graded algebras.

In the particular case of the permutahedron and the braid arrangement, the com-
patibility between the algebra structure and the action of the Tits algebra is related to
the Hopf monoid structure of Aguiar and Ardila. Similar results for the Hopf monoid
of extended generalized permutahedra were independently obtained by Ardila and
Sanchez in [8].

THEOREM 7.3. The species 11 defined by II[I] = I1(r;), where m; C R is the standard
permutahedron, is a Hopf monoid quotient of GP.

We embark on further understanding the module structure of TI(3) when 3 is
a zonotope corresponding to a hyperplane arrangement A. The decomposition of
II(3) = €D, =.(3) into its graded components will play an essential role here. Mc-
Mullen characterized E,.(3) as the eigenspace of the dilation morphism §y, defined by
dx[p] = [Ap], with eigenvalue A" for any positive A # 1. Theorem 4.3 then implies that
each graded component is a X[ A]-submodule.

The simple modules over Y[A] are one-dimensional and indexed by the flats of the
arrangement [5, Chapter 9]. Given a module M over ¥[A], the number of copies of the
simple module associated with the flat X that appear as a composition factor of M
is nx(M). We propose that studying these algebraic invariants for the modules E,.(3)
yields important geometric and combinatorial information of the deformations of j3.
In Sections 5 and 6, we do this for the algebra of deformations of the permutahedron
and the type B permutahedron, respectively. The main results in these sections relate
the invariants nx with statistics over (signed) permutations:

THEOREM 5.1. For any flat X of the braid arrangement in R and r = 0,1,...,d — 1,
Nx(Ep(7q)) = HO‘ €6, :8(0) =X, exc(o) = r}’
THEOREM 6.1. For any flat X of type B Cozeter arrangement in R andr = 0,1, ... ,d,
nx(ET(ﬂ'(?)) = |{a € B, : s(o) =X, excg(o) = r}’

This surprising relation arises from the remarkable results of McMullen and Brenti
that we explain now. McMullen [22] proved that when p is a simple polytope, just
like the (type B) permutahedron, the dimension of the graded components Z,.(p)
are determined by the h-numbers of p. On the other hand, building on top of work
by Bjorner [10], Brenti proved that the h-polynomial of the Coxeter permutahedron
associated with any Coxeter group is the corresponding Eulerian polynomial [12,
Theorem 2.3].
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The polytope algebra of generalized permutahedra

Work of Postnikov [26], and of Ardila, Benedetti, and Doker [6] show that any
generalized permutahedron in R? can be written as the signed Minkowski sum of
the faces of the standard simplex Ay = Conv{e; : j € [d]}. As a consequence
of Theorem 6.1, we show that any such set of generators for type B generalized
permutahedra contains at least 2¢~1 full dimensional polytopes (see Proposition 6.8).
We manage to obtain a family of generators that attains this minimum.

THEOREM 6.9. Every type B generalized permutahedron in R® can be written uniquely
as a signed Minkowski sum of the simplices Ag and A% for special involution-exclusive
subsets S C [£d].

Unlike the standard simplex and its faces in the type A case, this collection of
generators is not invariant under the action of the corresponding Coxeter group.
However, using the set of generators in the previous theorem, we are able to find a
different collection of generators that is invariant under the action of 8,4, at the cost
of including twice as many full-dimensional polytopes.

THEOREM 6.11. Every type B generalized permutahedron in R can be written uniquely
as a signed Minkowski sum of the simplices A% for involution-exclusive subsets S.

This document is organized as follows. We review McMullen’s construction in Sec-
tion 2. In Section 3, we recall the definition of the Tits algebra of a hyperplane
arrangement and some of its representation-theoretic properties. Characteristic ele-
ments and Eulerian idempotents are also reviewed in this section. In Section 4, we
begin the study of the polytope algebra of deformations of a zonotope as a mod-
ule over the Tits algebra of the corresponding hyperplane arrangement, which is the
central construction of this paper. We study the polytope algebra of generalized per-
mutahedra in Section 5. In particular, we provide a conjectural basis of simultaneous
eigenvectors for the action of the Adams element and positive dilations on the mod-
ule II(my). Section 6 contains the analogous results for type B. We also give explicit
sets of signed Minkowski generators for type B generalized permutahedra; one shows
that the lower bound on the number of full-dimensional polytopes in such a collection
is tight, and the other is invariant under the action of B4. In Section 7 we prove
that the valuation and translation invariance relations are compatible with the Hopf
monoid structure of GP. Section 8 contains some final remarks and questions. We
begin with some preliminaries.

1.1. PRELIMINARIES. Let V be a real vector space of dimension d endowed with an
inner product (-,-), and let 0 € V denote its zero vector. For a polytope p C V and
a vector v € V, let p,, denote the face of p maximized in the direction v. That is,

po:={pep: (p,v) > (q,v) for all ¢ € p}.

The (outer) normal cone of a face f of p is the polyhedral cone

NFp)={veV :i<p}={veV :f=p,},

and the normal fan of p is the collection ¥, = {N(f,p) : f < p} of all normal cones of
faces of p. There is a natural order-reversing correspondence between faces of p and
cones in Xp. For F' € Xy, we let pr < p denote the face whose normal cone is F'. That
is pr = p, for any v in the relative interior of F'.

Recall that a fan ¥ refines X/ if every cone in ¥/ is a union of cones in ¥. We say
that a polytope q is a deformation of p if ¥, refines ¥,. The Minkowski sum of two
polytopes p,q C V is the polytope p+q:={p+4q : p € p, ¢ € q}. We say that a
polytope q is a Minkowski summand of p if p = q+q’ for some polytope q’. The normal
fan of p + q is the common refinement of 3, and X;. Hence, 3, refines the normal
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FIGURE 2. A 2-dimensional polytope p and two of its faces p,, P
maximized in directions v, w, respectively. On the right, the normal
fan ¥, and the normal cones corresponding to the faces p,,, p,, of p.

fan of any of its Minkowski summands, and the Minkowski sum of deformations of p
is again a deformation of p.
The f-polynomial of a d-dimensional polytope p is

d
fp2) = filp)7,
=0

where f;(p) is the number of i-dimensional faces of p. The h-polynomial of p is defined
by

d
=0

The sequences (fo(p), ..., fa(p)) and (ho(p), ..., ha(p)) are the f-vector and h-vector
of p, respectively. These polynomials behave nicely with respect to the Cartesian
product of polytopes:

flpxq,2) = f(p,2)f(q,2)  h(pxq,2) = h(p,2)h(q,2),
where p x q={(p,q) : pEp, ¢ € q}.
2. THE POLYTOPE ALGEBRA

We briefly review the construction of McMullen’s polytope algebra [21] and its main
properties. A hands-on introduction to this topic can be found in the survey [14]. The
subalgebra relative to a fixed polytope [22] is studied at the end of this section.

2.1. DEFINITION AND STRUCTURE THEOREM. As an abelian group, the polytope alge-
bra TI(V') is generated by elements [p], one for each polytope p C V. These generators
satisfy the relations

(1) [P U +[pNa] = [p] + [d],
whenever p, q and p U ¢ are polytopes; and
(2) [ +{t}] = [p],

for any polytope p and translation vector t € V. These relations are referred to
as the wvaluation property and the translation invariance property, respectively. The
group II(V) is endowed with a commutative product defined on generators by means
of the Minkowski sum
[p] - [a] := [p + a].

It readily follows from (2) that the class of a point 1 := [{0}] is the unit of II(V').

For each scalar A € R, the dilation morphism 65 : IL(V) — II(V) is defined on
generators by d)[p] = [Ap]. Recall that for any subset S CV and A € R, AS := {\v :
v € S}. One can easily verify that d) preserves the valuation (1) and translation
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invariance (2) relations, and that it defines a morphism of rings. The main structural
result for the polytope algebra is the following.

THEOREM 2.1 ([21, Theorem 1]). The commutative ring TI(V) is almost a graded R-
algebra, in the following sense:

(i) as an abelian group, II(V') admits a direct sum decomposition
V) =Zo(V) @ Er(V) & -+ & Ea(V);

) under multiplication, =, (V) - E5(V) = E,15(V), with E,.(V) =0 for r > d;
i) ZEo(V)=Z, and forr=1,...,d, E.(V) is a real vector space;
) the product of elements in €D, -, E-(V) is bilinear.

)

the dilations 6y are algebra endomorphisms, and for r = 0,1,...,d, if ¢ €
Z.(V) and A 2 0, then dyz = \"x.

We discuss the definition of the graded components Z,.(V') below. The component
Eo(V) of degree 0 is simply the subring of II(V') generated by 1, and thus Zo(V) &
Z. Let Z; be the subgroup of II(V') generated by all elements of the form [p] — 1.
Observe that dg[p] = 1 for every polytope p, so Z; = ker §; is an ideal. As an abelian
group, II(V') has a direct sum decomposition II(V) = Z¢(V) @ Z;. Moreover, Z; is a
nil ideal, since for any k-dimensional polytope p,

(p]—1)" =0 forr>k.

This is [21, Lemma 13]. McMullen also shows that Z; has the structure of a vector
space (first over Q and then over R). Therefore, we can define inverse maps

/IOg\
1+ 7 71
r\exp/

by means of their usual power series. In particular, we can define the log-class of a
k-dimensional polytope p by

(3) loglp] := log(1 + ([p] ~ 1)) = 32—

r=1

Using the exponential map, we recover [p] from log[p]:

r!

i
(4) p] =Y — (log[p])".
r=0

The log and exp maps satisfy the standard properties of logarithms and exponentials.
In particular,

() log[p + q] = log([p] - [a]) = log[p] + log[q].

EXAMPLE 2.2. Let vy,...,v; € V be nonzero vectors and let [; denote the line seg-
ment Conv{0,v;}. Then, log[l;] = [;] — 1. We will see that the product Hle log[l;] €
Ek(V) is nonzero if and only if the collection {vy, ..., v} is linearly independent. See
Figure 2.1 for an example with k£ = 3.

Consider the polytope 3 = I; + [; + - -+ + [, a Minkowski sum of segments. Using
the logarithm property (5), we get (log[3])* = (Zle log[l;])k = k!]_[le log[l;]. The
last equality follows since k!]]log|l;] is the only square-free term in the expansion
of (3 log[l;])*, and (log[l])? = ([I]—1)? = 0 for any line segment [. Finally, (log[3])* # 0
if and only if & < dim(3), and 3 being the sum of k line segments has dimension at
most k, with equality precisely when the vectors vy, ..., v are linearly independent.

Algebraic Combinatorics, Vol. 4 #5 (2021) 913
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(L] =1)([] = 1) = -

(L] =D)([l] = D)([ls] = 1) =

FIGURE 3. Vectors vy, v9, v3 lie in the same plane. The vectors vy, vy
are linearly independent and log[l]log[lz] represents the class of a
half-open parallelogram. In contrast, the product log[lh]log|lz] log|ls]
is zero.

For r > 1 let E,(V) be the subgroup (or subspace) of II(V') generated by elements
of the form (log[p])". The following result implies that the sum II(V) = E¢(V) +
E1(V)+---+E4(V) is direct, and characterizes each graded component as the space
of eigenvectors for the positive dilations dy.

LEMMA 2.3 ([21, Lemma 20]). Let x € II(V) and A > 0, with A # 1. Then,
(6) z € Z.(V) if and only if S x = \"x.

It is clear by the definition of the graded components =, (V') that the class of a
half-open parallelogram in Figure 2.1 is in Z3(V'). We can also verify this using (6)
with A = 2:

————————— e
4 / /
- 4 ’ ’ -
7/ // 7/ / 7/
/ /
2
/7 — /7 — — /7
62 ; - / - 7 7 =2 ;
/ / 7/
/ / /7
7/ 7 /

CONVENTION 2.4. As in later work of McMullen [22, 23], we replace E¢(V') = Z with
the tensor product Zo(V)r := R® ZEo(V) = R to get a genuine graded R-algebra
(Vg :=E0(V)r® Z1. To simplify notation, we drop the subscript R and sometimes
write E, and I instead of Z,(V) and II(V)g.

For an arbitrary vector v € V, we can define a maximization operator p — p, on
the space of all polytopes p C V. The next result shows that it induces a well-defined
map on II(V).

THEOREM 2.5 ([21, Theorem 7]). The map p — p,, induces an endomorphism x — x,
on II(V), defined on generators by

[p] — [p]v = [pv]

This endomorphism commutes with nonnegative dilations.

In particular, the morphism x +— x, restricts to each graded component =,..

Algebraic Combinatorics, Vol. 4 #5 (2021) 914
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Lastly, the Euler map x — x* is the linear operator defined on generators by

(7) [ =Y (=)™ @[q].

qsp
The sum runs over all nonempty faces q of p. Up to a sign, the element [p]* corresponds
to the class of the interior of p.

THEOREM 2.6 ([21, Theorem 2]). The Euler map is an involutory automorphism
of II(V'). Moreover, for x € Z.(V) and A <0,

or = N'z*.

2.2. SUBALGEBRA RELATIVE TO A FIXED POLYTOPE. Fix a polytope p C V. The sub-
algebra relative to p, denoted I(p), is the subalgebra of II(V') generated by classes [q]
of deformations q of p. It is worth pointing out that if g, ' are deformations of p such
that qUq’ is a polytope, then both qUq’ and qNq’ are deformations of p. This follows
since, in this case, qUq +qNq’ = q+ q’ and Minkowski summands of a deformation
of p are again deformations of p. Thus, the valuation property (1) is not introducing
classes of new polytopes to II(p).

REMARK 2.7. McMullen [22] originally defined TI(p) as the subalgebra generated by
the classes of Minkowski summands of p. The following result of Shephard [18, Section
15.2.7] implies that both definitions are equivalent: a polytope q is a deformation of
p if and only if for small enough A > 0, Aq is a Minkowski summand of p.

The relations between [q] and log[q] in (3) and (4) show that TI(p) is generated
by homogeneous elements. Thus, the grading of II(V) induces a grading of II(p). We
let E.(p) = I(p) N E.(V) denote the component of II(p) in degree r. Unlike the
full algebra II(V'), the subalgebra II(p) has finite dimension. McMullen described the
dimension of the graded components of II(p) when p is a simple polytope.

THEOREM 2.8 ([22, Theorem 6.1]). Let p be a d-dimensional simple polytope. Then,

dimg (=, (p)) = hq(p)
forr=20,1,...,d.

Let f be a face of p and v € relint (N(ﬁp)). The maximization operator z — z,
defines a morphism of graded algebras

(8) s+ (p) — TI(f)

that only depends on the face § and not on the particular choice of v € relint (N (f,p)).

First observe that this map is well defined; that is, [q,] € TI(f) for every generator [q]
of II(p). Indeed, if q is a summand of p, say p = q+ ¢, then f = p, = q, + q,, 80 Gy
is a Minkowski summand of f. Moreover, since the normal fan of p refines that of g,
then q, = q, for any other w € relint (N (f,p)). Therefore the morphism (8) only
depends on f.

THEOREM 2.9 ([22, Theorem 2.4]). Let p be a simple polytope and f a face of p. Then,
the morphism s is surjective.

3. THE TITS ALGEBRA OF A LINEAR HYPERPLANE ARRANGEMENT

3.1. BAsIC DEFINITIONS. Let A be a linear hyperplane arrangement in V. An arbi-
trary intersection of hyperplanes in A is a flat of the arrangement. The set L[.A] of
flats of A is a lattice with maximum T := V and minimum 1, the intersection of
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all hyperplanes in A. For a flat X € L[A], the arrangement under X is the following
hyperplane arrangement in ambient space X:

AX={HNnX :He A, X Z H}.
The characteristic polynomial of A is

XA = Y p(X, T) im0,
XeL[A]

where p(X, T) denotes the Mdébius function of L[A]. It is a monic polynomial of
degree dim(V).

The hyperplanes in A split V' into a collection X[A] of polyhedral cones called faces
of A. Explicitly, the complement in V' of the union of hyperplanes in A is the disjoint
union of open subsets of V; and X[A] is the collection of the closures of these regions
together with all their faces. 3[A] is a poset under containment, its maximal elements
are called chambers. The central face O is the minimum element of 3[A], it coincides
with the minimal flat L of the arrangement. See Figure 4 for an example.

The support of a face F is the smallest flat s(F') containing it. Equivalently, it is
the linear span of F'. The support map

(9) s: X[A] — L]A]

is surjective and order preserving.

Hl
A
Ho
Hs
LA e ° ° o o __o L[A] T! p(-T)
o>oxo¥o\o\o H, l/HL’>{3 !
\\O// NS

FIGURE 4. A 2-dimensional arrangement A together with its poset
of faces (left) and lattice of flats (right). The Mdobius function of the
lattice of flats is shown in blue. The characteristic polynomial of A
is x(A,t) =t — 3t + 2.

3.2. THE TITS ALGEBRA AND CHARACTERISTIC ELEMENTS. The set X[A] has the
structure of a monoid under the Tits product illustrated in Figure 5. The product of
two faces F' and G, denoted F'G, is the first face you encounter after moving a small
positive distance from an interior point of F' to an interior point of G. The unit of
this product is the central face O € X[ A]. The Tits algebra of A is the monoid algebra
Y[A] := RX[A]. See [5, Chapters 1 and 9] for more details. We let Hp denote the basis
element of Y[A] associated with the face F' of A.

Algebraic Combinatorics, Vol. 4 #5 (2021) 916
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GF

G F FG

FIGURE 5. Product of faces in arrangements in R? (left) and R?
(right). The second arrangement has been intersected with a sphere
around the origin, its central face is not visible.

We view L[A] as a commutative monoid with the join operation V for the product.
This makes the support map (9) a morphism of monoids. We let Hx denote the basis
element of RL[A] associated to the flat X of A, so that Hx - Hy = Hxyvy.

A result of Solomon [28, Theorem 1] shows that the monoid algebra RL[A] is split-
semisimple. This rests on the fact that the unique complete system of orthogonal
idempotents for RL[A] consists of elements Qx uniquely determined by

(10) Hyx = Z Qy or equivalently Qx = Z w(X, Y)Hy.

Y:Y>X Y:Y>X
In particular, RL[A] is the maximal split-semisimple quotient of X[.A] via the support
map and the simple modules of ¥[A] are indexed by flats. The character yx of the
simple module associated with the flat X evaluated on an element

w = ZwFHF
F
of ¥[A] yields
(11) wlw) = 3w

F:s(F)<X
Let t be a fixed scalar. An element w of the Tits algebra is characteristic of pa-
rameter t if for each flat X
xx(w) = t4m0
with xx(w) as in (11). Characteristic elements determine the characteristic poly-
nomial of the arrangement and also determine the characteristic polynomial of the
arrangements under each flat. See [5, Section 12.4] and [2] for more information.

Y

3.3. EULERIAN IDEMPOTENTS AND DIAGONALIZATION. An Fulerian family of A is a
collection of idempotent and mutually orthogonal elements {Ex }xer4) € L[A] of the

form
Ex = Z aFHF,
F:s(F)2X
with af’ # 0 for at least one F with s(F) = X. It follows that {Ex}x is a complete
system of primitive orthogonal idempotents and that s(Ex) = Qx [5, Theorem 11.20].
That is,

Ex ifX=Y,
ExEy = Ex = Ho,
XY {0 otherwise, zx: X

and Ex cannot be written as the sum of two non-trivial idempotents.

Algebraic Combinatorics, Vol. 4 #5 (2021) 917



JOSE BASTIDAS

EXAMPLE 3.1. Let Co be the coordinate arrangement in R?. The following is an Euler-
ian family of Cy. Observe that in this example only faces in the first quadrant have
non-zero coefficients.

N e

A characteristic element w of non-critical™ parameter ¢ uniquely determines an
Eulerian family E = {Ex }x, which satisfies

(12) w=Y timXE
X

This is a consequence of [5, Propositions 11.9, 12.59]. It follows that the action of
such a characteristic element w on any ¥[A]-module M is diagonalizable.

Let M be a (right) X[A]-module, w € X[A] be a characteristic element of non-
critical parameter ¢t and {Ex }x be the corresponding Eulerian family. Then, we have
a decomposition

(13) M =@M - Ex
X

of vector spaces. Expression (12) shows that w acts on M - Ex by multiplication
by t4m(X) We define

nx(M) = dimR(M . Ex).

The kernel of the support map s is precisely the radical of X[A] [5, Proposition 9.22].
Consequently, the character x s : [A] — R of M factors through RL[AJ:

Thus, nx(M) = dimg(M - Ex) = xm(Ex) = X (Qx) is independent of the char-
acteristic element w. Furthermore, using relations (10) and the linearity of x,, we
deduce

(14) nx (M) =X (Qx) = D (X, Y)X s (Hy)
Y>X
= Z /’[/(X7Y)XM(HFY) = Z M(va) dlmR<M . HFY))
Y>X Y>X

where Fy € X[A] is such that s(Fy) = Y. The last equality follows since Hp, is an
idempotent element, and thus xy (Hpy ) = dimg(M - Hp, ).

Moreover, the number of composition factors M;,1/M; isomorphic to the simple
module indexed by X in a composition series 0 C M; C My C --- C My = M of M
is precisely nx(M). See [5, Section 9.5 and Theorem D.37] for details.

(1t € R is non-critical if it is not a root of x(AX,t) for any flat X € L[A].
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4. THE POLYTOPE ALGEBRA AS A MODULE

Fix a hyperplane arrangement A in V. Take a normal vector vy for each hyperplane
H € A, and consider the zonotope (Minkowski sum of segments):

(15) 3= ZCODV{O,’UH}.

Its normal fan X, coincides with the collection of faces X[A] of the arrangement A.
We say that a polytope q is a generalized zonotope of A it is a deformation of 3.

We now consider the algebra II(3) introduced in Section 2.2. It is generated by the
classes of generalized zonotopes of A. It only depends on the arrangement A and not
on the particular choice of normal vectors vy. We start with a simple yet interesting
result. Recall the morphism 5 : II(3) — II(f) defined for every face § < 3 in (8), it
sends the class [q] of a generalized zonotope of A to [q,] where v € V is any vector
such that § = 3,.

PROPOSITION 4.1. Let 3 be a zonotope, and § a face of 3. Then, the morphism 5 is
surjective.

Proof. Let f be a face of 3, F € X[A] be its normal cone, and X = s(F) be the flat
orthogonal to §. It follows from (15) that f = 3 is a translate of

3X = Z Conv{0, vy }.
H:HDX
In particular, §f is a Minkowski summand of 3. Being a Minkowski summand is a
transitive relation. Hence, any generator [q] of IL(f) is also in II(3). That is, II(f) is a

subalgebra of TI(3). Moreover, if v € relint(F) and q is a Minkowski summand of f,

then g, = q. Therefore, the composition II(f) — TI(3) v, II(f) is the identity map.

Consequently, the morphism 5 is surjective. O

REMARK 4.2. Compare with Theorem 2.9 and note that we do not assume the zono-
tope 3 to be simple. For an arbitrary polytope p and a face § of p, there is no natural
morphism II(f) — II(p), unlike in the previous case. This is a particular property of
zonotopes. Indeed, a polytope p is a zonotope if and only if every face f < p is a
Minkowski summand of p, see [11, Proposition 2.2.14] for a proof.

Let F' be a face of A and f = 3p the corresponding face of 3. We define right
multiplication by the basis element Hrp € ¥[A] on II(3) as the projection 5 : II(3) —
I(f) € 11 (3)-

THEOREM 4.3. The algebra 11(3) is a right X[A]-module under the action above. Ex-
plicitly, for a generator [q] of I1(3) and a basis element Hp of X[A],
[q] - HF := [q0], where v € relint(F).

Moreover, each graded component E,.(3) is a X[A]-submodule and the action of basis
elements {Hp}r on I1(3) is by (graded) algebra endomorphisms.

Proof. The zero vector belongs to the central face O, so the action is clearly unital.
Associativity follows from the following fact about polytopes [18, Section 3.1.5]. If g C
V is a polytope and v,w € V, then (qy)w = qutrw for any small enough A > 0.
Similarly, the definition of the Tits product is such that if v € relint(F) and w €
relint(G), then v + Aw € relint(FG) for any small enough A > 0. Hence,

([a] - Hp) - He = [(dv)w] = [qosarw] = [a] - Hre-
It follows that this product gives II(3) the structure of a right X[A]-module.
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The second statement follows directly from Theorem 2.5 and the characterization
of the graded components =, in (6). Indeed, for any = € =,(3) and A > 0,

(5)\(.13 . HF> = (5)\(.1’) “Hp = X'z -Hp = )\T(a: . HF),
thus z - Hp € 2,.(3). O

4.1. SIMULTANEOUS DIAGONALIZATION. Let A > 0 and let w € ¥[A] be a character-
istic element of non-critical parameter t. We know that the dilation morphism d, and
the action of w are diagonalizable. Moreover, since §, and the action of w commute,
they are simultaneously diagonalizable. A natural question is to determine the eigen-
values of 0, and of the action of w in their simultaneous eigenspaces. We completely
answer this question in the case of the Coxeter arrangements of type A and B in the
next two sections. The following result holds in the general case.

PROPOSITION 4.4. Let x € II(3) be a (nonzero) simultaneous eigenvector for 0y and
w with eigenvalues N and t*, respectively. Then, r + k < d.

Proof. Let {Ex}x be the Eulerian family associated to w. Using the characterization
of the graded components =, as the eigenspaces of ¢y, and the decomposition of
Y [A]-modules in (13), we deduce that the common eigenspace for dy and w with the
given eigenvalues is @y Z,(3) - Ex, where the sum is over all k-dimensional flats of A.
Without loss of generality, we assume that 2 € Z,.(3) - Ex for a single k-dimensional
flat X.

Proposition 4.1 implies that Z,.(3) - Hr = E,(3v), where F' € X[A] is any face of
support Y. Hence, formula (14) yields

(16) 1x(5:()) = ) p(X,Y) dime(E:(3v)).

Y=X
If k> d—r, then dim(3y) = d—dim(Y) < d—Fk < r and dimg(Z,(3v)) =0 for any Y
in the sum. So, in this case, dimgr(E,(3) - Ex) = nx(Z-(3)) = 0. This contradicts that
x € Z2,(3) - Ex is a nonzero element. Therefore, r + &k < d. O

If in addition A is a simplicial arrangement, like in the case of reflection arrange-
ments, then 3 and each of its faces are simple polytopes. In that case, Theorem 2.8
allows us to replace dimg (=, (3v)) by h,(3v) in expression (16). Multiplying by 2" and
taking the sum over all values of r, we obtain

(17) D onx(Er(3)2" = D X, Y)h(y, 2).

Y>X

4.2. FIRST EXAMPLE: THE CUBE AND THE COORDINATE ARRANGEMENT. Let C; be
the coordinate arrangement in R%. It consists of the d coordinate hyperplanes z; = 0
for i = 1,...,d. We identify the lattice of flats L[C4] with the (opposite) boolean
lattice 2[% in the following manner:
SCld+— Xs:= N{zx: 2z, =0}
i€S

Observe that Xg < Xp if and only if T C S, and in this case pg(Xg,Xp) =
pota (T, S) = (=)7L

The d-cube ¢4 = [0,1]% a zonotope of C4. It is the Minkowski sum of the d
line segments [; := Conv{0,e;} for ¢ = 1,...,d. It is a simple polytope with h-
polynomial h(cg, z) = (1 + 2)?. Furthermore, for any S C [d] we have

(ca)xs = D _Li =g,

€S
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Let us consider the right Y[Cq4]-module II(cq). For a flat Xg, formula (17) yields

S s (Enlca)e” = 3 plXs, Xr)h(epr 2) = 30 (~1)ISTI(1 4 2)1T = 5191

TCS TCS

Hence,
1 if|S|=mr,
0 otherwise.

nxs(Er(ca)) = {

In particular, a series decomposition of Z,.(¢g4) contains exactly one copy of the simple
module indexed by Xg for every S € ([f]).
Let us now consider the characteristic element 7, € X[Cy] introduced in [2, Section

5.3] for ¢ # 1. It is defined by

Yy = Z’thHF, where ~f =
F

For each S C [d], let Fg be the intersection of the first orthant with Xg, it is a face
of C4. We have s(Fg) = Xg and T C S if and only if Fs < Fr. A simple computa-
tion shows that the Eulerian family corresponding to the characteristic element ~; is

determined by
Exs = Z(_l)‘S\TlHFT'
TCS

{(t — 1)) if F lies in the first orthant,

0 otherwise.

In dimension 2, this is the Eulerian family in Example 3.1. For each S C [d], define

ys = H log[l;] € TI(cq).
€S
Example 2.2 shows that yg is a nonzero element of II(cy).
We claim that {ys}scq is a basis of simultaneous eigenvectors of II(¢g). Explic-

itly, ys is an eigenvector for the action of 7, of eigenvalue t?~!5!, and for the action
of 0y of eigenvalue AI° (A > 0). The second statement is clear, since log[l;] € Z;(cq).

Moreover, using that log[l;] = [;] — 1, we have
ys = [T =1 =D (=1 Mex, ).
i€s TCS

On the other hand, observe that
lexs] - Exs = Y (=) ex] - Hp, = > (1)1 ex, ] = ys.
TCS TCS
Therefore,
Yys € Er(ca) N (H(ca) - Exg) = Er(ca) - Exs-
The claim follows since dim(Xg) = d — |S5].
4.3. THE ZONOTOPE MODULE OF A PRODUCT OF ARRANGEMENTS. The Cartesian

product of two arrangements A in V and A’ in W is the following collection of
hyperplanes in V & W:

Ax A ={HeoW :He A}U{VaeH: He A'}.

One can easily verify that 3[A x A’'] = X[A] x £[A’] as monoids. Hence, X[A x A'] =
Y[A] ® X[A']. In fact, it is also true that

(3 x ') = T(3) @ 1(3),
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where 3 and 3’ are zonotopes of A and A’, respectively, and therefore 3 x 3’ is a zonotope
of A x A’. Indeed, every generalized zonotope of A x A’ is the Cartesian product of
generalized zonotopes of A and A’. The corresponding isomorphism is induced by

M(;) @ T(3") — (3 x 3')
pl@[a] = [pxq]

The fact that this map is well-defined and a morphism of ¥[4 x A’]-modules follows
from the ideas in Section 7.2.

5. THE MODULE OF GENERALIZED PERMUTAHEDRA

Generalized permutahedra are the deformations of the standard permutahedron 74 C
R?. Edmonds first introduced them under a different name in [15], where he studied
their relation to submodular functions and optimization. For a thorough study of the
combinatorics of these polytopes, see [1, 25, 26].

In this section, we study the algebra II(m;) of generalized permutahedra and its
structure as a module over the Tits algebra of the braid arrangement A4. We begin
with a brief review of the braid arrangement, its relation with the symmetric group,
and some statistics on permutations.

5.1. THE BRAID ARRANGEMENT. The braid arrangement Ay in R¢ consists of the
diagonal hyperplanes x; = x; for 1 <14 < j < d. Its central face is the line perpendic-
ular to the hyperplane x; + - - - + x4 = 0. Intersecting Ay with this hyperplane and a
sphere around the origin we obtain the Coxeter complex of type Aq_1. The pictures
below show the cases d = 3 and 4.

Flats and faces of A, are in one-to-one correspondence with set partitions and set

compositions of [d] := {1,2,...,d}, respectively. We proceed to review this correspon-
dence.
A weak set partition of a finite set I is a collection X = {S7,..., Sk} of pairwise

disjoint subsets S; C I such that I = S; U---U Sg. The subsets S; are the blocks
of X. A set partition is a weak set partition with no empty blocks. We write X F [
to denote that X is a set partition of I. Given a partition X F [d], the corresponding
flat of Ay is the intersection of the hyperplanes x, = x; for all a, b that belong to the
same block of X, as illustrated in the following example for d = 8:

r1 =3, T2 =2T5=2Tg =218 — {13, 2568,4, 7},

where we write 13 to abbreviate the set {1,3}, 2568 to abbreviate the set {2,5,6,8}
and so on. We use X to denote both a flat of Ay and the corresponding set partition
of [d]. Observe that dim(X) is precisely the number of blocks of X as a partition. The
partial order relation of £L[A4] becomes the ordering by refinement of set partitions.
That is, X < Y if the set partition X is refined by Y. Recall that X is refined by
Y if every block of X is the union of some blocks in Y. For instance, {12345678} <
{13,2568,4,7} < {1,28,3,4,56,7}.
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If S C I is a union of blocks of a partition X F I, we let X|s F S denote the
partition of S formed by the blocks of X whose union is S. Let X = {S1,..., S} F [d]
be a partition. Then, the choice of Y > X is equivalent to the choice of partitions
Y|s, F .S; for each block of X. With X and Y as above, the Mobius function of £].A4]
is determined by

(18) w(LX)=(D k-1 and  u(X,Y) = p(L, Y]s,) - p(L,Y]s,),

where in each factor, L denotes the minimum partition of .S;.

A set composition of I is an ordered set partition F' = (S1,...,Sk). We write F' E I
to denote that F' is a composition of I, and let s(F') - I be the underlying (unordered)
set partition. Given a set composition F' F [d], the corresponding face of A, is ob-
tained by intersecting the hyperplanes x, = z; whenever a,b are in the same block
of F', and the halfspaces x, > x; whenever the block containing a precedes the block
containing b. For example,

T1 =123 =Ty = Tog=2T5 =1Tg=2Tg = T7 — (13,4,2568,7).

5.2. THE SYMMETRIC GROUP AND THE EULERIAN POLYNOMIAL. The symmetric
group &, is the group of permutations o : [d] — [d] under composition. It is the
Coxeter group corresponding to the braid arrangement. It acts on R? by permuting
coordinates:
O'(l:l,x27 e ,l‘d) = (.130.(1), .1,‘[,(2), v ,$U(d)).

For a permutation o € &4, we let s(0) denote the subspace of points fized by the action
of o; it is a flat of Ay. In view of the identification between flats of A4 and partitions of
[d], s(o) can equivalently be defined as the partition of [d] into the disjoint cycles of o.
For example, if in cycle notation o = (13)(2658)(4)(7), then s(o) = {13,2568,4,7}.

Recall that ¢ € [d — 1] is a descent of 0 € &4 if 0(i) > (i + 1), and ¢ € [d — 1]
is an excedance of 0 € &4 if (i) > i. Let des(o) and exc(o) denote the number
of descents and excedances of o, respectively. In the example above, 1,2,5 (in bold)
are the excedances of o, and we have exc(o) = 3. We can similarly define descents
and excedances for permutations of any set S with a total order <, we denote the
corresponding statistics by dess and exc.

It is a classical result that descents and excedances are equidistributed in &4. That
is,

Agg ={o € 84 : des(o) = k}| = [{o € &4 : exc(o) = k}|,

for all possible values of k. Foata’s fundamental transformation provides a simple
proof of this result. The numbers Ay ) are the classical Eulerian numbers (OEIS:
A008292). The Eulerian polynomial Aq(z) is:

d—1
Aq(z) = ZAd,kzk = Z zexe(o),
k=0 AP
The exponential generating function for these polynomials was originally given by
Euler himself:
x? z—1
(19) Az, z) :1+2Ad(z)a =
d>1
See [16, Section 3] for a derivation of this formula.

Let €(5) the collection of cyclic permutations on a finite set S, and €(d) = €([d]).
Given a permutation o € G4 and a block S € s(o), the restriction o|s of o to S
is a cyclic permutation. For example, with o as before and S = {2,5,6} € s(o0), we
have o|g = (265) € €({2,5,6}). A very simple but important observation is that the
number of excedances of o can be computed by adding up the excedances in each
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cycle in its cycle decomposition. That is, exc(0) = 3 gcy(,) €xc(o|s). The number of
excedances in each cycle o|g is computed with respect to the natural order in S C [d].

5.3. THE MODULE GENERALIZED PERMUTAHEDRA. The permutahedron 7wy C RY is
the convex hull of the &4-orbit the point (1,2,...,d). It is a zonotope of the braid
arrangement 4, and has dimension d — 1. Deformations of 74 are called generalized
permutahedra. We consider the module II(7my) as in Section 4. The main goal of this
section will be to prove the following result.

THEOREM b5.1. For any flat X € L[Ag] and r=0,1,...,d—1,
nx (Er(ma)) = |{a €6, :s(o) =X, exc(o) = r}|

(2,3,1) (1,3,2)

(3.2,1) (1,2,3) 0 ‘

(3,12 (2.1,3) [

FIGURE 6. The permutahedron in R® and R*.

The relation between II(my) and statistics on &4 is via the h-polynomial of
7q. Brenti [12, Theorem 2.3] showed that h(mg,z) = A4(z). Moreover, for a

flat/partition X = {51, ..., Sk} of Aqg, the face (74)x is a translate of g, X - - x 7|5,
a product of lower-dimensional permutahedra. Thus,
(20) h((ma)x; 2) = Ajs, | (2) - - - Ajsy (2)-

Lemma 5.3 below is an essential ingredient in the proof of Theorem 5.1. Its proof
uses the Compositional Formula, for which a type B analog is proved in Proposi-
tion 6.3.

THEOREM 5.2 (The Compositional Formula [29, Theorem 5.1.4]). Let

(Ed xd
g(z) =1+ ngg a(z) =1+ Zada~

d>1 : d>1
If
d
X
ha) =1+ hags  where  ha= Y s as),
d>1 {51,S2,....,Sk }-[d]
then

h(z) = g(a(x)).
LEMMA 5.3. For every d > 1,

(21) Z M(L,X)A‘Sll(z) PN A|Sk|(z) — Z Zexc(a)'

X={S1,...,Sk }[d] cee(d)

Proof. We will show that the exponential generating function of both sides of (21)
are equal to log(A(z,x)), where A(z,x) is the generating function for the Eulerian
polynomials in (19).
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First, recall that if X = {S1,..., Sk}, then pu(L,X) = (=1)*"1(k — 1)!. Thus, a di-
rect application of the Compositlonal Formula shows that the exponential generating
function of the LHS of (21) is the composition of

d ch
Z(—l)d’l(d—l) o =log(1+2)  with ZAd(z)a = A(z,z) — 1,

dz=1 d>1

which is precisely log(A(z, z)).
On the other hand, grouping permutations with the same underlying partition s(o),
we obtain

=t B (B ) B (E (X )G

d>1  oc&, d>1  Xrld]  o€Sy
s(o)=X

Since a permutation o with s(o) = X is the product of cyclic permutations og € €(.5)
for each block S € X, and in this case exc(o) = ) ¢ x exc(os),

(22) Z sexe(o) _ H( Z exc(zm)).

0€Gy SeX ogs€e€(S)
s(o)=X

Thus, the Exponential Formula [29, Corollary 5.1.6] implies that

A(z,:z:)exp(Z( 3 zexdff))g).

dz1 oee(d)
Taking logarithms on both sides yields the result. 0

A small modification in the proof of the previous lemma immediately gives the
following result, which was first discovered by Brenti.

COROLLARY 5.4 ([13, Proposition 7.3]). The following identity holds

1+>° ( 3 sl exele )— = exp(tlog(A(z,x))) = <Z,Z(;(zl1)>t‘

d>1 oe6y
An analogous formula for the type B Coxeter group is described in Proposition 6.7.
We are now ready to prove the main result of this section.

Proof of Theorem 5.1. We will compute the values nx(Z,(7q)) using formula (17),
which in this case reads

donx(E(ma)z" = Y pX Y)h((ra)y,2)-
r Y:Y2>2X
Using (18) and (20), we can rewrite the expression above as
SoxE )T =1 X wL)Am (=) Ay (2).
r SeX Y={T,...,T:}FS
Now, an application of Lemma 5.3 and relation (22) gives

Zﬂx (Er(ma)) H ( Z eXC(rf)) Z Lexc(o)

SeX oee(S) 0€G,y
s(o)=X

Finally, taking the coefficient of z” on both sides of the last equality yields the result.
O

Adding over all flats with the same dimension in Theorem 5.1, we conclude the
following.
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COROLLARY 5.5. Let w € X[Aq] be a characteristic element of non-critical parame-
ter t and A > 0. The dimension of the simultaneous eigenspace for w and &y with
eigenvalues tF and X" is

[{o € &4 : |s(0)| =k, exc(o) =71}

5.4. SIMULTANEOUS-EIGENBASIS FOR THE ADAMS ELEMENT. Perhaps the most nat-
ural characteristic elements for the braid arrangement are the Adams elements, defined

for any parameter t by:
t
= H .
=2 (dim(F)) }

F
It is invariant with respect to the action of &4, and its action on YX[A4]-modules is
closely related with the convolution powers of the identity map of a Hopf monoid,
see [4, Section 14.4]. The corresponding Eulerian idempotents are [5, Theorem 12.75]

dlm(G/F)

Ex = dlm Z Z degG/F “deg(G/F) O

where dim(G/F) = dim(G) — dim(F) and, deg(G/F) = [Tser |Gls|-

o = |3 Y =tE, + t?Ej93 + t*Ej39 + t?Egs 1 + t°ET

o=

2]
—

I
wl
EN

Et= &

N[

(SIS
Wl
N[
IS

FIGURE 7. The Adams element «; and some of the associated Euler-
ian idempotents of the braid arrangement in R3.

Theorem 5.1 suggests the existence of a natural basis for =, (m4) - Ex indexed by
permutations o with r excedances and s(c) = X. In this section we will construct a
candidate basis.

The standard simplex Ajq) € R is the convex hull of the standard basis {e1, ..., eq}
of R4, Similarly, for any nonempty subset S C [d], we let Ag = Conv{e; : i € S}.

THEOREM 5.6 ([6, 26]). Every generalized permutahedron p can be written uniquely as
a signed Minkowski sum of the simplices {Ag : S C [d]}. That is, there is a unique
choice of scalars {ys}scia € R such that

P+ > lyslAs =D ysAs.

ys<0 ys>0
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Up to translation, this is equivalent to the following identity in = (mg):

loglp] = ) yslog[As].
SCid)

Given that log[Ag] = 0 whenever S is a singleton, and that [p] = [q] if and
only if p is a translate of q, we conclude that {log[As] : S C [d], |S| > 2} is
a linear basis for Z;(mg) and therefore generate II(74) as an algebra. This agrees
with dimR(El(ﬂ‘d)) = hl(ﬂ'd) = 2d —d—1.

We will use a bijection between increasing rooted forests on [d] and permutations
in &4. An increasing rooted forest is a disjoint union of planar rooted trees where each
child is larger than its parent and the children are in increasing order from left to right.
Given a rooted forest ¢, the corresponding permutation o(t) is read as follows. Each
connected component of ¢ corresponds to a cycle of o(t). To form a cycle, traverse
the c(or)responding tree counterclockwise and record a node the second time you pass
by it(?).

— (376852941112101)

The inverse can be described inductively by writing each cycle with its minimum
element in the last position, and using right to left minima. We omit the details, but
provide an example o +— t(o) to illustrate the idea.

1 2
1 2 / \ /\

(23) (736951)(41082) —s _ / \ /N s 3 5 4 8
) (695) 4 (108) VRN |

7 6 9 10

This bijection is such that the connected components of the forest ¢(o) are the blocks
of s(0). Moreover, the number of leaves of t(¢) in S € s(0) is exc(o]|s) (a tree consisting
only of its root has zero leaves). Consequently, the total number of leaves of (o)
is exc(o).

Let 0 € &4 be a permutation with r excedances and let X = s(o). For 1 < i <
r, let J; be the elements on the path from the i*" leaf of ¢(o) to the root of the
corresponding tree. Define the element

(24) Ty = (Hlog[AJi]) Ex.
i=1
For instance, if ¢ is the permutation in (23), then

Ty = (log[A{z&l}]log[A{6,571}]log[A{975,1}]log[A{472}]log[A{lm&Q}]) - Ex,
where X = {1,3,5,6,7,9},{2,4,8,10}.
CONJECTURE 5.7. For fized X - [d] and r < d — |X|, the collection
{2, : s(o) =X, exc(o) =7}

is a linear basis of Z,(mq) - Ex.

(2)A similar bijection is described by Peter Luschny in this OEIS entry.
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It follows from the definition (24) that z, € E,(m4) - Ex. The content of the con-
jecture is that these elements are linearly independent. Explicit computations show
that this is the case for d = 2, 3, 4. Propositions 5.8 and 5.9 below prove the extremal
cases r = 1 and r = d — |X] of this conjecture, respectively.

PROPOSITION 5.8. For a subset J C [d] of cardinality at least 2, let X; & [d] be the
partition whose only non-singleton block is J. Then,

log[A ;] - Ex,

is a nonzero element. Furthermore, {log[A;]-Ex, : J C [d], |J| = 2} is a basis of
simultaneous eigenvectors for Zq(mgq).

Proof. First, observe that any cyclic permutation on a set with more than one element
has at least one excedance, and only one cyclic permutation attains this minimum.
Namely, the only cyclic permutation in &, having one excedance is (dd —1 ... 21).
Hence, a permutation 0 € G, has at least as many excedances as non-singleton blocks
in s(o). It then follows from Theorem 5.1 that

o 1 if X I [d] has exactly one non-singleton block,
dlmR(\:l(ﬂ'd) . Ex) = |
0 otherwise.
Thus, the second statement follows from the first.

Since {log[A,] : J C [d], |J]| > 2} is a linear basis for Z1(mg), it is enough to
write log[A ] -Ex, as a non-trivial linear combination of these basis elements. Observe
that if ' = (S1,952,...,5k), then [Ay] - Hp = [Ajns;] where ¢ is the first index for
which the intersection J N .S; is nonempty. Thus,

()] Hp = [AJ] if s(F) <Xy,
[a proper face of A;] otherwise.

Using that the action of Hp is an algebra morphism, we have log[A ;] -Hp = log([Ay] -
Hr). Hence, the coefficient of log[A ;] in log[A ] - Ex, is

1
—_— 1=1.

S(F):XJ

The equality follows since for any flat X of the braid arrangement, AX has dim(X)!
chambers. O

Note that the element log[A ;] - Ex, in the proposition is precisely the element z,
for the unique permutation o with s(o) = X; and exc(o) = 1. Indeed, (o) consists
of an increasing path whose nodes are the elements in J and isolated roots indexed
by the elements in [d] \ J.

PROPOSITION 5.9. For any X = {S1,...,Sk} b [d], the space Zq_k(mq) - Ex is 1-
dimensional. Moreover,

k
(25) ex =] ( 11 1Og[A{min(Si),j}])

=1 j7#min(S;)
is a nonzero element in Zg_k(mq) - Ex.

Proof. Observe that any cyclic permutation on a set with s elements has at most s —1
excedances, and only one cyclic permutation attains this maximum. Namely, the only
cyclic permutation in &, having d — 1 excedances is (12 ... d — 1d). Hence, for
any X = {S51,...,Sk} F [d] there is exactly one permutation with s(o) =X and d — %
excedances. Theorem 5.1 then implies that dimg(Z4-%(74) - Ex) = 1.
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It follows from Example 2.2 that the element zx is nonzero, and counting the
number of factors in (25) shows that xx € E4_(mq). Thus, we are only left to prove
that zx € E4_k(7q) - Ex. That is, that zx - Ex = zx

Let G € X[ A4] with s(G) > X. Then, for some block S; € X and some a € S;, a
and min(S;) are not in the same block of s(G). Hence [Anin(s,),a}] - Ho is the class of
a point, and 10g[A fmin(s,),a}] - He = log[{0}] = 0. Since the action of Hg is an algebra
morphism, we get that xx - Hz = 0. Therefore,

1 1
IXEX =X (dim(X)! 2 F) dim(X)! . wx-Hp=wx,
s(F)=X s(F)=X

as we wanted to show. O

The element xx in the previous result is x, for the only permutation o with
s(o) = X and exc(c) = d — |X|. In this case, the forest t(o) consists of a k trees with
node sets Sy, ..., Sk, respectively. Each tree has min(S;) as a root and every other
element in S; as a child of the root.

6. THE MODULE OF TYPE B GENERALIZED PERMUTAHEDRA

In this section, we study the algebra II(72) of type B generalized permutahedra and
its structure as a module over the Tits algebra of the Coxeter arrangement of type B.

6.1. THE TYPE B COXETER ARRANGEMENT. The type B Coxeter arrangement Aj
in R? consists of the hyperplanes x; = zj, 2 =—xjfor 1 <i<j<dandax, =0
for 1 < k < d. Its central face is the trivial cone {0}. The Cozeter complex of type By,
obtained by intersecting the arrangement with a sphere around the origin in R?, is
shown below for d = 2 and 3.

Flats and faces of Adi are in correspondence with signed set partitions and signed set
compositions of [+d] := {-d,—d+1,...,—1,1,...,d —1,d}, as originally introduced
by Reiner [27].

Let I be a finite set with a fixed point free involution = — Z. For instance, [+d]
with involution Z = —xz. A subset S C I is said to be involution-ezclusive if SNS = @,
where S = {Z : z € S}. In contrast, S C I is said to be involution-inclusive if S = S.
Given an arbitrary subset S C I, we let £S5 be the involution-inclusive set S U S.

A signed set partition of I is a weak set partition of the form X =
{So, 51,51, ..,k Sk}, where Sy is involution-inclusive and allowed to be empty,
and each S; for ¢ # 0 is nonempty and involution-exclusive. We call Sy the zero block
of X. We write X FB I to denote that X is a signed partition of I. Given a signed
partition X 2 [£d], the corresponding flat of Af is the intersection of the hyper-
planes x; = x; for each 4, j in the same block of X, where for k € [d], we let x7- denote
—x. In particular, if & € [d] is in the zero block of X, the corresponding flat lies in
the hyperplane x;, = 0. For instance, consider the following two examples for d = 7:

r1 = x3, Tg = —Ty4 =25, Tg =27 — {@, 13, Tg, 2215, §45, 67, 6’?},
21 =23=0, To=—T4=1T5, Tg=T7 — {1133, 245, 245,67,67}.
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The zero block in the first partition is empty since the corresponding flat is not
contained in any coordinate hyperplane. We use X to denote both a flat of .Ajlt and
the corresponding signed partition of [£d]. Observe that the number of nonzero
blocks of X is 2dim(X). The partial order relation of L£[AL] becomes the or-
dering by refinement of signed partitions. For instance, {1133,245,245,67,67} <
(2,13, 13,245,245, 67,67} < {2, 13, 13,25, 35, 4, 4, 67,67},

If S is an involution-inclusive union of blocks of X F2 I, we let X|s 2 S denote
the corresponding signed partition. If, on the other hand, S is an involution-exclusive
union of blocks of X 2 I, we let X|s - S denote the corresponding (type A) partition.

Let X = {So,51,51,.--,Sk,Sk}. A choice of Y > X is equivalent to the choice of
a signed partition Y|g, FZ Sy of the zero block and of (type A) partitions Y|g, F S;
for : = 1,...,k. Note that in this case, Y|§- is automatically determined by Y]|g,.

With X and Y as above, the Mobius function of C[,Af] is determined by

(26) p(L,X)=(-1)"2k-D and u(X,Y)=p(L, Y]s,)u(L, Y]s,) - p(L, Yls,),

where (2k — 1)!! is the double factorial (2k — 1)!! = (2k —1)(2k — 3) --- 1, and in each
factor L denotes the minimum (signed) partition of (Sy) S;.

A signed composition is an ordered signed set partition with the property that
S; precedes S if and only if ST precedes S;. The following examples illustrate the
identification between signed compositions of +[d] and faces of .A(f:

T =1Ly > —Tog =0Ty =—T5 >T; =23 >0 — (67,245,13,9,13,245,67)
Te=T7 > —To=x4=—a5>x1 =2a3=0 — (67, 245, 1133, 2215,6?)

Note that we can alternatively describe the first face with the inequalities 0 > —x; =
—X3 > T = —Ty =Ty > —Tg = —T7.

6.2. THE HYPEROCTAHEDRAL GROUP AND THE TYPE B EULERIAN POLYNOMIAL.
The hyperoctahedral group B, is the group of bijections o : [£d] — [£d] satisfy-
ing o(i) = o(i) for all i € [+d] under composition. Elements in B4 are called signed
permutations. The group B4 acts on R? by permutation and sign changes of coordi-

nates:
0'(.131,.132, PN ,Z‘d) = (.730.(1), a:[,(g), SN ,xo.(d)).

Recall that, for instance, 3 = —x;. For a signed permutation o € B4, we let s(o)
denote the subspace of points fixed by the action of o; it is a flat of Adi. Under the
identification above, s(o) is the signed partition of [+d] obtained from the underlying
the cycle decomposition of ¢ by merging all the blocks that contain an element ¢ and
its negative i. For example, if in cycle notation o = (1)(1)(22)(3434)(56)(56), then
s(o) = {223344,1,1,56,56}.

Let o € B,,. The restriction o|g, to the zero block Sy € s(o) is a signed permutation
of Sp. Its action on R!®0I/2 does not fix any nonzero vector, so s(ols,) =L. For a
nonzero block S € s(0), o|s € €(S) is a cyclic permutation of the elements in S. The
restriction o|1g is again a signed permutation, and it is completely determined by
either o|s or olg.

We present some statistics on signed permutations. For o € B, let

Des(o) ={i € [d—1]U{0} : 0(i) > o(i+1)}  des(c) = | Des(o)|

Exc(o)={ie[d—1] : o(i) > i} exc(o) = | Bxc(o
Neg(o) ={i € [d] : o(i) <0} neg(c) = | Neg(o)|
fexc(o) = 2exc(o) + neg(o),
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where we set ¢(0) = 0. Elements in the sets above are descents, excedances and
negations of o, respectively. The last statistic is called the flag-excedance of a signed
permutation. We define one last statistic, the B-excedance of o:

(27) excp (o) = fexc“;)“J — exc(0) + reg(sz .

Foata and Han [17, Section 9] show that descents and B-excedances are equidis-
tributed. That is,

By = |{oc € By : des(o) = k}| = |{o € Ba : excp(o) =k},

for all possible values of k. The numbers By, are the Eulerian numbers of type B
(OEIS: A060187). The type B Eulerian polynomial Bgy(z) is:

d
By(z) = ZBd,kzk = Z zxeB(9),
k=0

cEBy

The exponential generating function of these polynomials is due to Brenti [12, Theo-
rem 3.4]. We will be interested in the type B exponential generating function of these
polynomials:
(1 _ Z)ew(l—z)/2

1 — zex(l=2) 7’

xd
(28) B(z,z) =1+ Y Ba(2) 2T =
d>1 a

where (2d)!! is the double factorial (2d)!! = (2d)(2d — 2) - - -2 = 24d!. Substituting =

by 2x one recovers Brenti’s original formula.

6.3. THE MODULE OF TYPE B GENERALIZED PERMUTAHEDRA. The type B permu-
tahedron 7% C R? is the convex hull of the % 4-orbit of the point (1,2,...,d). It
is full-dimensional and a zonotope of Af. We now consider the module II(7%). The
main result of this section is the following.

THEOREM 6.1. For any flat X € E[A;lt] andr=0,1,...,d,

nx (B (xF)) = |{U € By : s(o) =X, excp(o) = T}’

(-1,2) (1,2)
(—=2,1) (2,1)
(-2,-1) (2,—1)
(-1,-2) 1,-2)

FIGURE 8. Type B permutahedron in R? and R3.

As in type A, the relation between II(%) and statistics on B, is due to Brenti’s
result showing that h(m%,2) = By(z). For a flat X = {So, S1, 51, ..., Sk, Sk} of .Adi,
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the face (7F)x is a translate of Wf%l/z X gy X -+ X Tg,|, & product of lower-

dimensional permutahedra of type A and B, where exactly one factor is of type B.
Thus,

(29) h(md)x:2) = Bysyls2(2) - Ajsy (2) -+ - Ay (2)-
The following result is the analogue in type B of Lemma 5.3.

LEMMA 6.2. For every d > 1,

(30) Z M(J‘7X)B|So\/2(z)'A|S1\(Z) ..... A\Skl(z) — Z Lexep(o)
X={So,...,Sk,Sk }-B[£d] ;(,6)9,31

In the same spirit as the proof of Lemma 5.3, we will establish (30) by comparing
the type B exponential generating function of both sides of the equality. An important
tool in this proof is the following analog of the Compositional Formula (Theorem 5.2)
for type B generating functions.

PRroPOSITION 6.3 (Type B Compositional Formula). Let

e 21 20
f(x):l—&—Zde 9(37):14'2%@ a(x)ZZadE.
d>1 d>1 d>1
If
24
h(x):1+2hdw where hgq = Z fISo\/ngalsl\"'a\Skh
d>1 h {S0,81,51,.-,Sk,Sr B [d)]

then

Proof. Using the usual Compositional Formula, the coefficient of (;Td)” in f(z)g(a(z)) is

d
1
d fT gi
P Frmr BN DI SR

{Ki,...,Kp}F[d—r)

4 /d
=2 <r) Y. 2 fegeang) -
r=0

{K1,oo K Y[d—1]

= E f1S01/2 9k Q|5, ] - - - Q)5 |s
{50,51,51,.-,5k,Sk - B[£d]

this is precisely the coefficient of (;Td)” in h(z). To verify the last equality, note
that choosing a type B partition {Sg,S1,51, ..., Sk Sk} FZ [£d] with |Sy| = 2r is
equivalent to:
(1) choosing a subset Ky € ([f]) and setting Sy = £ K,
(2) choosing a partition {K7, ..., K} of [d] \ Ko, and
(3) constructing blocks {S;, S;} from K; as follows: for each j € K; \ {max K},
choose whether j and max K; will be in the same or in opposite blocks.

There are precisely 2¢~"~* possible choices in the last step. O

Taking g4 = 1 in the Type B Compositional Formula we deduce the following.
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COROLLARY 6.4 (Type B Exponential Formula). Let f(x) and a(z) be as before. If

d
x
hz) =1+ E hdm where hg = E f|50‘/2a|51|...a‘5k|,
d>1 XFB[£d]

then
h(z) = f(z) exp(a(z)/2).

In the proof of Theorem 5.1, we used that for (type A) permutations o € &4, exc(o)
equals the sum of exc(o|g) as S runs through the blocks of s(o). For signed permuta-
tions, one easily checks this also holds for the statistics exc and neg. However, it is not
obvious at all that the same is true for excp, since its definition uses the floor function.

Consider the order < of the elements of any involution-exclusive subset S C [£d]
defined by:

0<i<y, or
(31) 1<j4<=qi<0<j, or
7 <t<0.
PROPOSITION 6.5. Let o € B4 and (o) = {So, S1, 51, -+, Sk, Sk }. Then,

excp(0) = excp(als,) + exc<(ols,) + -+ - + exe<(a]s, ),

where exc<(ols,) is the number of usual (type A) excedances of o
the order <.

s, with respect to

Proof. Fori > 1, write o[s, = (jij2. .. j¢) in cycle notation. Since olg- = (j1Jj2 - - je),
negations of o|yg, are in correspondence with changes of sign in the sequence
J1r Jo e o g
It follows that
neg(oles,) =2 [{j €8 : j <0< a(j)}]
is an even number.

Observe that according to the three cases of definition (31), a <-excedance of o
corresponds to either

Si

an excedance of o|1g, occurring in S;, or
a negation of o|1g, occurring in S;, or

an excedance of o|1g, occurring in S;,

respectively. Since exactly half of the negations of o|1+g, occur in S;, we deduce that

neg(o|+s,
exc<(o]s,) = exc(al+s,) + %
Thus, in view of (27) and using that w is always an integer,
1
excp(o) = exc(o) + {neg(az)—l—J

=exc(ols,) + ZGXC(UHSJ + L

K2

= exc(o|s,) + ZeXC(U|iSi) + Lneg(aIQSO)HJ n Z %

neg(ols,) + > _; neg(o|Ls,) + 1J
9

7 7
= excp(ols,) +exc<(ols,) + -+ +exc<(o]s,),

as we wanted to show. O
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Proof of Lemma 6.2. Recall that u(1,X) = (—1)*(2k — 1)!!, where |X| = 2k + 1.
Observe that
d

1+ 3" (~1)%(2d ~ 1)!!(23;)” =9 (_2/2>xd —(14a2) 12
d>0

d>1

Using the Type B Compositional formula, we conclude that the type B exponential
generating function of the LHS of (30) is
B
B(z,z)(1+ (A(z,2) —1))"/2 -1 = Bl 1,
A(z,x)

where A(z,z) and B(z,z) are the generating functions in (19) and (28), respec-
tively. On the other hand, Proposition 6.5 shows that for each partition X =
{S()a S17 Slv ey Sk7 Sk} l_B [:l:d]7

(32) Z Zech(a):< Z Zech(ao))H( Z Zexc(o’)).

o€By g0 €EB(So) =1 oe€(]S;|)
s(o)=X s(og)=L

In the proof of Lemma 5.3, we showed that the (usual) exponential generating function
of the terms in the product is log(A(z, z)). An application of the type B Exponential
Formula and (32) yields

B(z,x) = (1 s ( 3 Zech(U)) (2"12;!) exp (W)

d>1 cEBy

s(o)=1
Dividing both sides by exp (M) = /A(z,z) and subtracting 1 yields the
result. O

We are now ready to complete the proof of the main theorem in this section. The
steps of the proof mirror those of the type A result.

Proof of Theorem 6.1. We will use formula (17) to compute the values nx(Z,.(7})).
Recall that the formula reads

Y onxEr@d)2" Y wX YR((rF)y, 2).

Y>X

Using formulas (26) and (29), we see that for a flat X = {So, ..., Sk, Sk} this expres-
sion equals the following product

( > 1L, Y) By 2 Ay - - AIDI)

YHBS,
Y={To,....,T¢,T¢}

k
: H ( > (L YD) Ay (2) - 'AT;(Z))

YiFS:
Y ={T} ..., T}

Using Lemmas 5.3 and 6.2 in each factor, we deduce

an(Er(wf))zE( > Zechw))ﬁ( 3 Zexc(o)): § esenlo),

06%(80) i=1 O'EC(‘S,,D gEBy
S(o)=1 S(o)=X

where the last equality is (32). Finally, taking the coefficient of 2" on both sides yields
the result. O
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Adding over all flats with the same dimension in Theorem 6.1, we conclude the
following.

COROLLARY 6.6. Let w € ):[Ailt] be a characteristic element of non-critical parame-
ter t and A > 0. The dimension of the simultaneous eigenspace for w and &y with
eigenvalues t* and X" is

[{o € By : dim(s(0)) =k, excp(o) =r}|.

As in the type A case, we can modify the proof of the previous lemma to obtain
the generating function for the bivariate polynomials Zoe%d tdim(s(e)) zexen (@) Tg the
best of our knowledge, this is a new result.

PROPOSITION 6.7. The following identity holds

t—1

. n _ z(1—2)/2 -1 3
dim(s(o)) yexcp (o) € _ (1 Z)e <
L+ Z ( Z t N ) (2n)!! 1 — zex(1-2) z —ev(z—1) '

d>21 o€By

Proof. We can slightly modify (32) to obtain

k
dim(X) _excp(o) — xcp(00) xc(o) )
N I o) | (D)

o€EBq oc€B(So) = oee(|Si])
s(o)=X s(o)=1

Using the (type B) generating functions of the factors deduced in the proofs of Lem-
mas 5.3 and 6.2, and the type B compositional formula, we deduce

dim(s(o)) jexcp (o) z" — B(Z,.’L') thg(A(Z,.’I}))
NP =) G Ao P 2 ’

d>1 oc€eBy

which equals B(z,z)A(z,x) “T". Substituting the expressions for A(z,z) and B(z,x)
in (19) and (28) yields the result. O

Specializing ¢ := 0 and z := 2x gives an alternative expression for the exponential
generating function of the OEIS sequence A156919. In our context, these coefficients
count the number of signed permutations whose action on R¢ has no nonzero fixed
point weighted by the statistic excp.

6.4. TWO BASES FOR TYPE B GENERALIZED PERMUTAHEDRA. Faces of the stan-
dard simplex Ajg correspond to linearly independent rays of the cone of gener-
alized permutahedra in R%. In the language of the present work, this means that
{log[Ag] : S C [d], |S| = 2} forms a linear basis of Z1(mq) and that log[Ag] is not the
sum of the log-classes of other generalized permutahedra (other than trivial dilations
of itself). The goal of this section is to establish an analogous result for the type B
case.

The standard simplex coincides with the weight polytope Ps,(A1) in the sense
of Ardila, Castillo, Eur, and Postnikov [7], where A; is the fundamental weight
(1,0,...,0) of &4. In this manner, the cross-polytope Py, (A1) = Conv{te; : i € [d]}
is the type B analog of the standard simplex. However, in the same paper the authors
point out that the faces of the cross-polytope span a space of roughly half the de-
sired dimension. This is intuitively clear once we notice that the collection of faces of
Py, (A1) entirely contained in one orthant span the same space in Z; (%) as the faces
contained in the opposite orthant. The following result shows that it is not possible
to find a single type B generalized permutahedron whose faces generate =1 (77).
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PROPOSITION 6.8. Let P = {pa}a be a collection of type B generalized permutahedra
such that {logpa]}a spans Z1(7P). Then, P contains at least 29~ full dimensional
polytopes.

Proof. Let {Ex}x C X[AF] be an Eulerian family of AZ. The result follows from the
following two facts, which we justify below.

(1) The projection of log[p] to the subspace Z1(7F) - E| is zero unless p is full-

dimensional.

(2) dimg(Z1(7F)-E;) =2¢"1
(1). Let p be a type B generalized permutahedron that is not full-dimensional. Then
we can choose a face F' # O of Af such that pp = p, for instance any maximal face
in N(p,p). It follows from [1, Lemma 11.12] that Hr - E; = 0. Therefore,

log[p] - E, =log([p] -Hp)-Er = log[p] - (Hp -EL) = 0.

(2). Recall that by definition, dimg(Z;(7F) -E1) = 1. (21(7F)). Using Theorem 6.1,
this is the number of signed permutations ¢ € B, with s(c) =L and excp(o) = 1.
A signed permutation o € B4 with s(o) =L is the product of cycles on involution-
inclusive subsets S C [£d]. Moreover, each such cycle adds at least 1 to the number
of negations of o. Thus, a signed permutation with s(o) =1 and excg(c) = 1 must be
the product of either 1 or 2 cycles and have no excedances. Such cycles are necessarily
of the form (dd—1...1dd —1...1). Thus, the permutations counted by 1, (Z;(7%))
are in correspondence with unordered pairs {5, [£d]~\.S} of involution-inclusive subsets
of [£d], and there are precisely 2¢~! many of them.

Alternatively, one can manipulate the generating function in Proposition 6.7

(% . .—o) to deduce that the coefficient of 021z is 2471, O

In [24], Padrol, Pilaud, and Ritter construct a family of type B generalized permu-
tahedra called shard polytopes. They show that any type B generalized permutahedron
can be written uniquely as a signed Minkowski sum of these polytopes (up to trans-
lation). Already in R3, there are 14 full-dimensional shard polytopes. We proceed to
construct a family of generators that achieves the minimum imposed by the previous
proposition.

For a nonempty involution-exclusive subset S C [+d], define the simplices

Ag = Conv{e; | i € S} A% = Conv({0} U {e; : i€ S}),

where for i € [d], e; = —e;. Observe that the only full-dimensional simplices in this
collection are A% with |S| = d. We say that an involution-exclusive subset S C [+d]
is special if in addition min{|i| : ¢ € S} € S. From now on, we will only consider
simplices Ag and A for special sets S.

THEOREM 6.9. Every type B generalized permutahedron can be written uniquely as a
signed Minkowski sum of the simplices Ag and AY with S as above.

Proof. Observe that there are exactly d zero-dimensional polytopes in this collection:
Ag with |S| = 1. Since they minimally generate all translations in R? and h(7%) =
3% — d — 1, the statement is equivalent to showing that the collection

(33) {log[As] : S special, |S| > 2} U {log[A2] : S special}

is linearly independent in El(de). To prove this, we will use the following linear map,
whose existence is guaranteed by [21, Theorem 5]:

Uy By (rf) — REHAT)
log[p] — Y _ voli(pr)He.
F
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FIGURE 9. The type B generalized permutahedra that are signed
Minkowski generators in R?. In R3, we only show the 4 = 23~ full-
dimensional generators.

Here, X%~![AF] denotes the collection of (d — 1)-dimensional faces of A3 and voly
denotes the 1-dimensional normalized volume. See Section 8 for more details.

The edges (1-dimensional faces) of Ag are of the form A,y 1= Agqpy for distinet
a,b € S. On the other hand, the edges of AY are of the form Ay, for distinct a,b € S
or of the form AY := A({’a} for a € S. The normalized volume of all such edges is 1.
Thus, log[Ag] (resp. log[A2]) is mapped to the sum of Hp as F ranges over the faces
of A3 that are maximal inside the normal cone of each edge of Ag (resp. AY).

The following is an explicit description of the normal cones for the edges of Ag
and AY. Recall that if j € [d], then x5 denotes —;.

N(Agp,Ag) ={z €R? : 2, =z, >z, for all s € S~ {a,b}}
(34) N(AabaAg') :{ﬂUGRd fxg=xp >0, x5 =xp > s for all s € S\ {a,b}}
N(AS,A%):{xGRd cxq =0>xs forall s € S\ {a}}.

Suppose
p= Z aglog[Ag] + Zﬁg log[A2] = 0.

By studying the coefficient of different faces of .A;F in ¥y(p), we will conclude that
all the coefficients avg and B¢ are necessarily 0, and therefore the collection (33) is
linearly independent.

We will start with the coefficients ag. Fix k € [d — 1], we prove by induction on
|S] that ag = 0 for all S such that £ = min{|i| : i € S}. The base case is |S| = 2.
Let S = {k,j} with j € £[k + 1,d] and consider the following face of Af

xl>x2>~-~>xk,1>xE:x;.>:ck+1>~->f‘7|>--->xd>0,
or equivalently,

0> 5> >a5 >
The hat over | denotes that the corresponding inequality is missing (since we already
imposed x|;| = ). By the description of the normal cones in (34), we observe that
this face only appears in a normal cone of either:

o Ag or AY, with k,j € S" and S' \ {k,j} C £[k+ 1,d]U [k — 1], or

o Ag with k,j € 8" and "~ {k,j} C [k —1].
Since we are only considering special sets S” (that is, such that min{|i| : i € S’} € §7)
and k > 0, the only possibility is S" = {k,j} = S. Thus, the coefficient of this face in
\I’l(go) is a{k,j} =0.

Now suppose S = {k, j1,...,7-} with j1,...,j. € £[k + 1,d]. If we proceed with

the previous analysis for the face

~>$m>xk:x]~>xﬁ>-~->x?

0>.’EE> -S> T >"'>1’m>$k:£ﬂjl>£L’j2>"'>1’jr>"Eﬁ>"'>.’£T7

7l
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we conclude that it appears in a normal cone of Ag/ if and only if {k,j;} C S’ C S.
Thus, the coefficient of this face in W1(p) is 3 ¢ ; ycscs@s = 0. By induction we
have agr = 0 for all {k,j1} € 5" C S, and so we conclude ag = 0.

We proceed now with the coefficients Sg. Fix k € [d—1] and j € £[k+1,d], and let
S = S(k, j) be the collection of special subsets S such that k, j € S and k = min{]¢| :
i € S}. We first prove that g = 0 for any S € S. Let S = {k, j, s1,...,8,} € S and let
{t1, ..., tr} = [k+1,d]~{|jl,]s1]; - - -, |sr|}. Consider the following (d—1)-dimensional
face of .Adi:

Ty > > T > Ty > > W5 > T =T > Ty > >ap, >0,

Tts coefficient in Wq(yp) is

Yys = Z Bsr = 0.
S'€8,8'NS=2
We claim that these relations, one for each S € S, imply that g = 0 for all § € S.
This follows since for any S € S,

DI DI SN SN ey

TeS, TNS=o TeS, TNS=g S'€S,5'NT=g

-S> (T o) =
S'e€S Tes, TNS=2
NS =@

The last equality follows from the following observations:

o If 8" =S = {k,j,81,...,5-}, then the sum is over all T € S such that
{k,j} €T C{k,j}U([k+1,d] ~{j,51,...,5:}). Then, this sum is of the

form
> -

ve{—1,0,1}¢
where £ =d —k —r —1 > 0 and |v| is the number of nonzero entries of v.
This sum is (=141 — 1) = (=1)%.
o If S’ # S and there is an element ¢ € S5, then the subsets in the sum come
in pairs T,T" where i € T and T’ = T ~ {i}. Since (—=1)I71 + (=1)IT"l = 0,
this shows that the whole sum is 0 in this case.
e If S # S and S C ', we can chose i € S’ S and repeat the previous
argument with pairs T, 7" where i € T and T" = T ~ {i}.
Since each special subset S with |S| > 2is in S(k, j) for some k, j, we are only left to
prove that 5, = 0 for all & € [d]. For fixed k € [d], consider the following face of A

T =0>24>Tg_1> - >Tp > > T1.

The coefficient of this face in Wi () is 3y c5c(q Bs = 0. Since we have shown that
Bs = 0 for any S with |S| > 2, we conclude that B¢, = 0. O

REMARK 6.10. Observe that the generating collection {Ag : S C [d]} for generalized
permutahedra is invariant under the action of &4. In contrast, the collection of gen-
erators for type B generalized permutahedra presented in the previous theorem fails
to be invariant under the action of B,4. This is not by accident. Already in R?, we see
that any collection of type B generalized permutahedra that contains a triangle p (full-
dimensional simplex) and that is invariant under the action of B4, will contain the
rotations of p by 90°, 180°, and 270°, all of which are necessarily different. Thus, such a
collection will not attain the minimum number of full-dimensional polytopes required
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by Proposition 6.8. In the following theorem, we present a different collection of gen-
erators for type B generalized permutahedra that is invariant under the action of 98,.

THEOREM 6.11. Fvery type B generalized permutahedron can be written uniquely as a
signed Minkowski sum of the simplices {A% : S C [+d] involution-exclusive}.

Proof. First observe that for every i € [d], A? is a translation of A; explicitly A? +

A; = AY. Then, we could replace the pair AQ,A%) in the statement with the pair

K2
AV A;. Since {A; : i € [d]} minimally generates the translations in R¢, the statement
is equivalent to showing that the collection

(35) {log[AZ] « [S] > 2} U {log[AY] : i € [d]}

is a basis of El(ﬂf ). By comparing the number of elements, we see that it is enough
to write the elements in the basis (33) as a linear combination of the elements in the
proposed basis above. Since the proposed basis already contains all the elements of
the form log[A%], we are only left to write log[Ag] for |S| > 2 as a linear combination
of the proposed basis. We do this by induction on |S|.

We use A = —1 and 7 = 1 in Theorem 2.6 to conclude that for any polytope p:

log[—p] = = > (1)@ log[q].

qsp

Applying this identity to p = A% = —A% yields

(36) log[As] = (—=1)!*1log[A%] + > (=1)1F>Tog[AT] = > (=1)15 T log[A7].
TCS TCS

It S = {i,j}, this is
log[As] = log[AZ] + log[AY] — log[Af] — log[A]].

Observe that all of the terms in the right are in the proposed basis, so we have
completed the base case of the induction. If |S| > 2, we use (36) and observe that,
by the induction hypothesis, all the terms in the right can be written as a linear
combination of the proposed basis. O

7. HOPF MONOID STRUCTURE

Combinatorial species were originally introduced by Joyal [20] as a tool for studying
generating power series from a combinatorial perspective. A comprehensive introduc-
tion to the theory of species can be found in the work by Bergeron, Labelle, and
Leroux [9]. The category of species possesses more than one monoidal structure. Of
central interest for the present work are the Cauchy and Hadamard product. Aguiar
and Mahajan [3, 4] have explored these structures extensively, and have exploited this
rich algebraic structure to obtain outstanding combinatorial results. The first of these
structures leads to the definition of Hopf monoids in species, a very active topic of
research in recent years.

Aguiar and Ardila introduced the Hopf monoid of generalized permutahedra GP
in [1]. It contains many other interesting combinatorial Hopf monoids as submonoids.
In this section we show that the valuation (1) and translation invariance (2) properties
define a Hopf monoid quotient of GP.
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7.1. HOPF MONOIDS IN A NUTSHELL. Let set* denote the category of finite sets with
bijections as morphisms, and Vec the category of vector spaces and linear maps. The
category of species Sp is the functor category [set*, Vec]. It is a symmetric monoidal
category under the Cauchy product. The Cauchy product of two species p and q is
(p-a)lll= @ plSl®q[T]
I1=5uT
We say a species h is a Hopf monoid if it is a bimonoid with an antipode in this
monoidal category.
Let us make these definitions explicit. A species p consists of the following data:
(i) For each finite set I, a vector space p[I].
(ii) For each bijection o : I — J, a linear isomorphism plo] : p[I] — p[J]. These
linear maps satisfy

plo o 7] = plo] o p[7] and p[Id] =1d.
A morphism of species f : p — q is a collection of linear maps
fr:plI] = qll],

one for each finite set I, that commute with bijections. That is, f; o p[o] = q[o] o f1
for any bijection o : I — J.

A Hopf monoid is a species h together a collection of product, coproduct and
antipode maps

ps,r 2 h[S] @ h[T] — h[I] Agr :h[I] = h[S]®h[T] sy h[I] = h[I]
TQRQY Ty z =Y. zls®z/s z +—sp(z)
for all finite sets I and decompositions I = S LI T. This morphisms satisfy certain
naturality, (co)unitality, (co)associativity and compatibility axioms. See [4, Section 2]
and [1] for more details.
A Hopf monoid h is commutative if x -y = y - 2 for all decompositions I = ST
and structures x € h[S], y € h[T]. If h is a commutative Hopf monoid, then each space
h[d] has the structure of a right ¥[A4]-module, as follows. Let F' € X[A4] be the face

associated to a composition (S1,...,Sy) of [d]. The associativity and coassociativity
axioms imply that there are well defined maps

pr:h[S1]®---®@h[Sk] = h[d] and Apg:h[d] — h[S1]® - ® h[Sk],

obtained by iterating the product and coproduct maps in any meaningful way. Then,
h[d] is a right ¥[Ag]-module with the following structure:

xX - HF = U © AF(IL‘)

We will see that the module structure on generalized permutahedra in Section 5 arises
in this manner.

7.2. GENERALIZED PERMUTAHEDRA AND THE MCMULLEN (CO)IDEAL. As a species,
GP[I] is the vector space with basis

GP[I] = {p CR! : p is a generalized permutahedron}.
The product pg,r is defined by

psr(p®q)=p xq,

for all permutahedra p € GP[S] and q € GP[T]. In particular, GP is a commutative
monoid. Let F' be the face of the braid arrangement in R! corresponding to the
composition (S,7T), and let v € relint(F). Then, for any p € GP[I], the face p,
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decomposes as a product of generalized permutahedra p|s x p/g, with p|s € GP[S]
and p/s € GP[TY, see [1, Proposition 5.2]. The coproduct is defined by

Asr(p) =pls®p/s-

Aguiar and Ardila also give the following grouping-free and cancellation-free formula
for its antipode. For a generalized permutahedron p € GP[I],

si(p) = (=DM (~1)tm@g,
qsp

We now introduce the subspecies Mc of GP. The space Mc[I] C GP[I] is the sub-
space spanned by elements

(37) pUg+pNg—p—gq for p,q € GP[I] such that p U q is convex,
and
(38) Pt — P for pe GP[I] and t € R,

where py; denotes the Minkowski sum p + {¢}. The sums and differences in (37)
and (38) correspond to the vector space structure of GP[I], not to Minkowski sum or
difference.

REMARK 7.1. Recall from Section 2.2 that if pUq is a polytope, then pUq and pNq are
necessarily generalized permutahedra. Thus, the elements (37) are indeed in GP[I].

The following result shows that Mc defines relations compatible with the Hopf
monoid structure of GP. Ardila and Sanchez [8] prove a similar result for extended
generalized permutahedra by realizing Mc as the kernel of a Hopf monoid morphism.

THEOREM 7.2. The subspecies Mc is an ideal and a coideal of GP. That is,
ps,r (Mc[S]®GP[T]) € Mc[I] and Agr(Mc[I]) € Mc[S]® GP[T]+ GP[S] @ Mc[T7,
for any I = SUT. Therefore, the quotient species I defined by
II[1] = GP[I]/Mc[]]
inherits the Hopf monoid structure of GP.

Proof. For generators of Mc of the form (38), the result follows from the following
two observations. If p € GP[S], t € GP[T] and ¢ € R®, then

P X T =(p X t)1t,0)-

If p € GP[I] and t € RT, then
Ast(prt) = (Pls)+ts @ (Pls)+ers

where tg and tr denote the projections of ¢t to RS and R”, respectively.

We will now focus on generators of Mc of the form (37). Fix an arbitrary finite
set I and a nontrivial decomposition I = S LU T. Let v € R’ be any vector in the
interior of the corresponding face of the braid arrangement.

Suppose p,q,p Uq € GP[S] and v € GP[T]. Then,

(pUg) xt=(pxt)U(qxr), (p M) xe=(pxt)N(qxr),
and (pUq) xt=(p xt)U(gqxrt)is a polytope if and only if p U q is. It follows that
psr((pUa+pNa—p—q)@r) = (pxt)U(gx1)+(pxt)N(gxT) —pxt—gxT € Mc[I].

Since GP is commutative, this proves that Mc is an ideal.
Now, let p,q,p Uq € GP[I]. There are two possibilities:
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(i) The face (pUq), of pUq is completely contained in p or in q. Without loss of
generality, suppose the former. Then (pUq), = p, and, necessarily, (pNq), =
q,- Hence,

Asr(pUq+png—p—a) =Asr(p) +Asr(q) — Asr(p) — Asr(q) =0
(ii) The face (p U q), is not contained in p nor in q. Hence, (p U q), = pp U gy
and (p N q)y = Py N gy Expanding the first equality we have
(pUa)ls x (pUa)/s = (pls x p/s) U (als x a/s).

The union of two Cartesian products A x B and C x D is again a Cartesian
product if and only if one contains the other or either A = C or B = D.
By assumption, there is no containment between p,, and q,. We can therefore
assume without loss of generality that

(39) pls = qls-
Projecting to RS and R, we further see that
(40) (pUg)ls =plsUals=pls and  (pUag)/s=p/sUaq/s.

In particular, p/s U q/g is a generalized permutahedron. On the other hand,
expanding (p N q), = P, N ¢, we have
(pNa)s x (pNa)/s = (pls xp/s) N (pls x a/s) = pls x (p/sNa/s).

Comparing factors, we deduce

(41) (PNg)ls=pls and  (pNa)/s =p/sNq/s.
Putting together (39), (40) and (41), we conclude

Asr(pUg+png—p—q)
=Asr(pUaq)+Asr(@ang) — Asr(p) — Asr(q)
=pls®(p/sUa/s) +pls®@(p/sNa/s) —pls®p/s —pls®q/s
=pls® (p/sUa/s+p/sNa/s—p/s —a/s) € GP[S] ® Mc[T].
Thus, in either case we get Ag r(pUg+pNg—p—q) € Mc[S]® GP[T]+ GP[S] @ Mc[T].
That is, Mc is a coideal of GP. O

Comparing the generators of the (co)ideal Mc with the relations defining Mc-
Mullen’s polytope algebra, it is natural to ask if ﬁ[[] agrees with I1(77), where 7; C Rf
is the standard permutahedron. The answer is no. For instance, in the polytope alge-
bra, the structure of R-vector space is defined so that

o[ ] -1)=[—=]-1,
where the numbers over the segments denote their length. However, if a is an irrational
number, then

(ot —ae)— (2 _—e)¢&Mc[].
Nevertheless, the proof of the previous theorem works verbatim to show that the Hopf
monoid operations are well-defined in II(7y).

THEOREM 7.3. The species 11 defined by II[I] = I(nr) is a Hopf monoid, with product
and coproduct defined for any decomposition I = SUT by

psr(lm] @las)) = o xq2]  and  Asr([p]) = [pls] @ [p/s]

for all classes of generalized permutahedra [q:] € II[S], [q2] € II[T], and [p] € II[1].
Moreover, II is a Hopf monoid quotient of GP via the morphism p — [p].
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It immediately follows from the definitions above that, if F' € 3[A4,] is the face
corresponding to a composition (S,T") of [d], then

[p] - Hp = ps,r o As,r([p])

for all generalized permutahedra p C R?. Thus, in the case of generalized permuta-
hedra, the module structure of Section 5 is precisely the one induced from the Hopf
monoid structure above.

The antipode formula of GP descends to the quotient II, but it is no longer grouping-
free in general. The Euler map (7) allows us to write the antipode formula of II in a
very compact form:

st([p]) = (=1)"1[p]".

7.3. HIGHER MONOIDAL STRUCTURES. We have just proved that II is a Hopf monoid
in the symmetric monoidal category (Sp, -). The algebra structure of each space II[I]
defined by McMullen can also be defined for GP. In both cases, this endows the
species with the structure of a monoid in the symmetric monoidal category (Sp, x)
of species with the Hadamard product. The Hadamard product of two species p and q
is defined by

(px q)[I] = p[I] @ q[{].

Hence, a monoid in (Sp, x) consists of a species p with an algebra structure on each
space p[I]. For generalized permutahedra, these structures are compatible in a very
special way.

THEOREM 7.4. The species of generalized permutahedra GP and its quotient 11
are (2,1)-monoids in the 3-monoidal category (Sp, -, X,+).

See [3, Chapter 7] for the definition of higher monoidal categories and of monoids in
such categories. The notation (2, 1) indicates that GP is a monoid with respect to the
first two monoidal structures (Cartesian product and Minkowski sum, respectively)
and a comonoid with respect to the last (coproduct maps Ag r).

Proof. We only discuss the remaining compatibility axioms: the compatibility between
Cartesian product and Minkowski sum, and the compatibility between Minkowski sum
and the coproduct.

The compatibility between Cartesian product and Minkowski sum boils down to
the identity

(p1+p2) x (91 +a2) = (p1 X q1) + (P2 X q2)

for p1,p2 € GP[S] and q1,q2 € GP[T], which one easily verifies for arbitrary sets
p1,p2 € RY and q1,q2 C RT.

On the other hand, the compatibility between Minkowski sum and the coproduct
is equivalent to the following identity for generalized permutahedra p,q € GP[]:

(b +a)ls®(p+a)/s = (pls +als) © (p/s +a/s)-

This follows by projecting the identity (p +q), = po + g, to R® and RT| respectively,
where v is any vector in the interior of the face of the braid arrangement corresponding
to the composition (S, T). O

The compatibility between Minkowski sum and the Hopf monoid operations refines

the last statement in Theorem 4.3; which, in the language of this section, states that
the maps pgr o Agr are compatible with the Minkowski sum operation.
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8. FINAL REMARKS AND QUESTIONS

1. Eulerian numbers are defined for any Coxeter group W in terms of W-descents.
For the Coxeter groups of type A and B, descents and (B-)excedances are equally
distributed, so we can interpret the W-Eulerian polynomials as the generating
functions for (B-)excedances. However, the joint distributions of (|s(-)|,des(-))
and (|s(-)],exc(-)) do not agree. Therefore, Theorems 5.1 and 6.1 cannot immediately
be expressed in terms of descents.

Extending the results of this section to other Coxeter groups W requires to find
the correct notion of W-excedance for other types. Is there a nice analog of the result
of Ardila, Benedetti, and Doker, and of Theorem 6.9 in type D?

2. McMullen [21] also studied valuation relations for the collection of polyhedral cones
in V. The full cone group of V is generated by the classes [C], one for each polyhedral
cone C' C V. They satisfy the following relation:

(42) [C1 UGyl = [C4] + [Cq)

whenever C7 U Cs is a cone and Cy N Cs is a proper face of C; and of C5. Note that
this is not to say that the class [C] N Cs] is zero.

A cone of an arrangement A is any convex cone obtained as the union of faces
of A. The space of formal linear combinations of cones 2[A] is a right X[.4] module
under the following operation. If C' is a cone of A and F' € X[A], then

~ 3 C
C.HF_{TFC if Fcc,

0 otherwise,

where F < C' is the minimum face of C' containing F' and T#C denotes the tangent
cone of C' at F. The relation (42) is compatible with this action, and defines a quotient
module Q[A].

Restricting to the case of all the braid arrangements, () defines a Hopf monoid in
species. The product is defined by means of the Cartesian product. Let C' be a cone of
the braid arrangement in R’ and F the face corresponding to the composition (S, T) F
I.If F C C, the tangent cone T C decomposes as a product C|g x C'/g of cones in RS
and R”. The coproduct of € is defined as follows:

Cls®C/s ifFCC
0 otherwise.

Agr(C) = {

With these operations, €2 is isomorphic to the Hopf monoid of preposets Q considered
in [1]. Relation (42) defines a Hopf monoid quotient (2. Under a suitable change of
basis, {2 is isomorphic to the dual Hopf monoid of faces ¥* defined in [3, Chapter 12].

3. There is a Hopf monoid morphism GP — Q, whose components GP[I] — Q[I] are
defined as follows:

(43) p—> N(@p=> C

qsp Cex,

Moreover, this is a morphism of (2, 1)-monoids in the 3-monoidal category (Sp, -, X, -),
where the monoidal structure of {2 under the Hadamard product is given by

0 otherwise.

Ci1NCy if relint(Cy) Nrelint(Cy) # 2,
Ci-Cy =
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That this map defines a morphism of monoids under the Hadamard product is equiv-
alent to the following fact: the normal fan of p + q is the common refinement of ¥,
and 3.

The map (43) does not induce a well defined morphism IT — Q. In [21, Theorem 5],
McMullen shows that

p— > vol(@)N(q,p)

qa<p

induces an injective map II[1] — Q[I], where vol(q) is the normalized volume of q in the
affine space spanned by p. Moreover, one can verify that the induced morphism II — Q
is a morphism of Hopf monoids. Is it possible to endow Q with the structure of a (2,1)-
monoid so that the morphism above is a morphism of (2, 1)-monoids?

Such a structure on Q[I] would contain a subalgebra isomorphic to the M&bius
algebra B*(M) introduced by Huh and Wang in [19, Definition 5], where M is the
matroid associated with the braid arrangement A; in RY.
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