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A key tool that combinatorialists use to study simplicial complexes and polytopes is the
f-vector (or face vector), which records the number of faces of each dimension. In order
to better understand the face numbers, relations involving both equalities and inequalities
on f-vectors have been extensively studied. In this dissertation we discuss the author’s
contributions to these topics.

The classical Dehn—Sommerville relations assert that the h-vector of an Eulerian simpli-
cial complex is symmetric. In Chapter [2] we establish three generalizations of the Dehn—
Sommerville relations: one for the h-vectors of pure simplicial complexes, another one for
the flag h-vectors of balanced simplicial complexes and graded posets, and yet another one
for the toric h-vectors of graded posets with restricted singularities. In all of these cases, we
express any failure of symmetry in terms of “errors coming from the links.” For simplicial

complexes, this further extends Klee’s semi-Eulerian relations.

In Chapters [3]and [ we change our focus from equalities to inequalities on f-vectors. In

1967, Griinbaum conjectured that any d-dimensional polytope with d + s < 2d vertices has

d+1 d d+1—s
Or(d +s,d) = (k+1)+<k+1> _< ka1 )

at least



k-faces. In Chapter [3| we prove this conjecture and also characterize the cases in which
equality holds.

In Chapter [4] several extensions of Griinbaum’s conjecture are established. Specifically,
it is proved that every lattice with diamond property and d + s < 2d atoms has at least
¢r(s) elements of rank k + 1. Furthermore, in the case of lattices that are face lattices of
strongly regular CW complexes representing normal pseudomanifolds with up to 2d vertices,
a characterization of equality cases is given. Finally, sharp lower bounds on the number of
k-faces of strongly regular CW complexes representing normal pseudomanifolds with 2d + 1
vertices are obtained. These bounds are given by the face numbers of certain polytopes with

2d + 1 vertices.
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Chapter 1
INTRODUCTION

A polytope is the convex hull of a finite set of points in a Euclidean space. The foun-
dation of the study of polytopes was laid by the Greeks over 2000 years ago. Yet many
interesting properties of polytopes were only discovered in recent centuries or still remain
unknown. While polytopes have many applications to areas such as statistics, optimization,
and even mineralogy, it also ocupies a central place in combinatorics and discrete geome-
try. At the same time, from the earliest days of topology, simplicial and CW complexes
have been very useful for computing various invariants of spaces, such as homology. Simpli-
cial complexes have been studied by combinatorialists, topologists, and algebraists (through
Stanley—Reisner rings). This resulted in many beautiful theorems, among them the complete
characterization of the face numbers of simplicial polytopes, known as the g-theorem.

A key tool that combinatorialists use to study simplicial complexes and polytopes is the
f-vector (or face vector), which records the number of faces of each dimension. The central
problem in this area can be stated as follows: find necessary and sufficient conditions for
a given integer vector to be the f-vector of some polytope. In order to better understand
the face numbers, relations involving both equalities and inequalities on f-vectors have been

extensively studied. In this dissertation we will describe our contributions to these topics.

Generalized Dehn—Sommerville relations

Among the most fundamental results about linear relations on f-vectors of simplicial com-
plexes are the Dehn-Sommerville relations. These relations take on the most elegant form
when described in terms of the h-vectors.

Throughout this section and Chapter [2] we will use the following notation. Let A be a



(non-empty) (d — 1)-dimensional simplicial complex. The f-vector of A is f(A) = (f-1 =
1, fo, fi,- -, fa—1), where f; denotes the number of i-dimensional faces of A. The h-vector
h(A) = (hg, b, ..., hq) is obtained from the f-vector by the following invertible linear trans-
formation.

d d

> (D) = fia(A) (@ — 1)

i=0 i=0

The reduced Euler characteristic of A is Y(A) = Z?:_il(—l)ifi. In particular, hy(A) =
(—=1)4"1¥(A). For example, if A is the boundary complex of an octahedron, then f(A) =
(1,6,12,8), h(A) = (1,3,3,1).

The link of a face F' is a certain subcomplex of A that encodes the information about the
local structure “near” F. When A is (combinatorially equivalent to) the boundary of a
polytope, then so are all of its links. We say that A is a simplicial sphere if the geometric
realization of A is homeomorphic to a sphere. If A is a triangulation of a (d — 1)-dimensional
sphere, then Y(A) = (—1)¢"L.

In 1964, Klee defined Eulerian and semi-Eulerian simplicial complexes as combinatorial
analogs of spheres and manifolds. He then proved that their h-vectors are (almost) symmet-
ric, see [I7]. More precisely, the h-vector of a (d —1)-dimensional Eulerian simplicial complex
A (for example, a simplicial sphere) satisfies h;(A) = hy_;(A) for all 4, while the h-vector of a
(d—1)-dimensional semi-Eulerian complex I" (such as the boundary of a simplicial manifold)

satisfies hg_;(I') = hy(T) + (=1)1(9) [%(D) — (=1)¢1].

(2



Since then these relations have played a very important role in the f-vector theory, e.g.,
in the proof of the Upper Bound Theorem, see [18], [26], and [20]. Stanley [29] (see also
[31]) extended Klee’s definition of Eulerian and semi-Eulerian complexes to (finite) graded
posets. The flag and toric h-vectors are two generalizations of the usual h-vectors to
arbitrary graded posets. The flag h-vector (up to an invertible linear tranformation) counts
the number of chains of a graded poset according to the ranks of elements in the chain. The
toric h-vector has a recursive definition introduced by Stanley [29]. If a poset P is the poset
of faces of a rational polytope @), then the toric h-vector of P is related to the intersection
cohomology of the toric variety associated to ). In 1985, Bayer and Billera proved a version
of the Dehn—Sommerville relations for flag vectors of Eulerian posets, see [4]. The Bayer—
Billera relations played an instrumental role in Fine’s definition of the cd-index (see [6],
[31]). In 1987, Stanley [29] proved that the toric h-vector of any Eulerian poset is symmetric.
This result was extended in 2009 by Swartz [35] to semi-Eulerian posets.

In Chapter [2f we extend all the above results from Eulerian/semi-Eulerian case to the
case of arbitrary posets/complexes. This is a joint work with Connor Sawaske (see [25]).
We establish three generalizations of the Dehn—Sommerville relations in [25]. Specifically,

we extend:

o Klee’s relations on the h-vectors of Fulerian/semi-FEulerian simplicial complexes to

relations on the h-vectors of all pure simplicial complexes, see Theorem |2.3.1].

e Bayer—Billera’s relations on the flag h-vectors of Fulerian graded posets, and similar
relations on balanced simplicial complexes, to relations on the flag h-vectors of all

graded posets and all balanced simplicial complexes, see Theorem |2.4.1].

e Stanley’s and Swartz’s relations on the toric h-vectors of Fulerian and semi-Eulerian
posets to relations on the toric h-vectors of graded posets with restricted singularities,

see Theorems|2.5.6] and [2.6.14).




In all these cases, we express any failure of symmetry in terms of “errors coming from the

links.”

Griinbaum’s lower bound conjecture on general polytopes

In the last fifty years a lot of effort has gone into trying to answer questions about minimal
face numbers of polytopes. For instance, Barnette (see [3], [1], and [2]) proved the Lower
Bound Theorem for simplicial polytopes; his result provides tight lower bounds on the num-
ber of k-faces a d-dimensional simplicial polytope with n vertices can have. Furthermore, in
1980, Billera and Lee [7] and Stanley [28] completely characterized the face numbers of all
simplicial (and by duality also simple) polytopes. Their result is known as the g-theorem.
Despite these spectacular advances in the study of simplicial polytopes, to date no Lower
Bound Theorem is known for general d-dimensional polytopes with an arbitrary number of
vertices; in fact, there is not even a plausible conjecture. However for general polytopes with

up to 2d vertices, Griinbaum made the following conjecture in [13], p. 184].

Conjecture 1.0.1 (Griitnbaum, 1967). Let P be a d-dimensional polytopes with d+s < 2d

vertices. The number of k-dimensional faces of P is at least

d+1 d d+1—s
Dr(d+s,d) = (k+1)+(k+1) _< k41 )

He proved this conjecture for the cases of s = 2, 3,4. The conjecture remained completely
open for s > 5 until very recently Pineda-Villavicencio, Ugon and Yost [22] proved that this
conjecture holds for the number of edges, i.e., they verified the k = 1 case.

In Chapter [3| we prove this long-standing conjecture in full generality. We also classify

all the cases of equality. Our main results can be summarized as follows.

Theorem [3.3.2 (Former Griinbaum’s Conjecture) Let P be a d-polytope with d + s
vertices where s > 2 and d > s. Then fi(P) > ¢r(d+ s,d) for every k.

Theorem [3.4.3 Let P be a d-polytope with d + s vertices where s > 2 and d > s. If
fu(P) = ¢p(d + s,d) for some 1 < k < d—2, then P is Pyr" (A x A*~1) — the polytope

that is a (d — s)-fold pyramid over a prism over an (s — 1)-simplex.



The main novelty of the approach in Chapter|3|is that instead of focusing on contributions
coming from facets, we look at sets of potentially unrelated vertices and bound the number

of k-faces containing one or more of them.

A Lower Bound Theorem for strongly regular CW spheres with up to 2d + 1
vertices

Now that Griinbaum’s conjecture is proved, two of the most natural new questions are: 1).
Can these results be extended from polytopes to larger classes of objects? 2). What can
we say about d-dimensional polytopes with more than 2d vertices? Chapter {4|is devoted to
answering these questions. Specifically, we extend results from Chapter |3| to the following
much more general classes of posets and complexes.

We begin with some necessary definitions. A regular CW sphere is called strongly
regular (SR for short) if the intersection of any two faces is a face (possibly empty). For
example, the boundary complex of a d-polytope is a strongly regular CW (d—1)-sphere. Also,
any oriented matroid sphere (as defined in [9]) is a strongly regular CW sphere. Finally,
a graded lattice is called a diamond lattice if every interval of rank-2 is diamond-shaped,

i.e., every interval of rank 2 has exactly four elements. We have the following hierarchy.

oriented SR SR normal diamond
{ polytopes } - - C - .
matroids CW spheres pseudomanifolds lattices

The following diagram allows us to visualize these inclusions.

SR
CW spheres

SR normal

oriented diamond

pseudomanifolds lattices

matroids

Our main results are the following.

Theorem m Theorem (Former Grinbaum’s Conjecture) holds in the generality



of all diamond lattices. In other words, for any diamond lattice L of rank d + 1 with

d+ s < 2d atoms, the number of elements of L of rank k + 1 is at least ¢pp(d + s, d).

Theorem m Theorem (The equality cases) holds for all face lattices of strongly
regular (SR) CW complexes representing normal (d — 1)-pseudomanifolds with up
to 2d wvertices.
In particular, we show that any strongly regular normal (d — 1)-pseudomanifold with d + 2
facets and any number of vertices is combinatorially equivalent to the boundary complex of
a d-polytope.

We also generalize the above two results to objects with 2d + 1 vertices:

In the class of SR normal (d — 1)-pseudomanifolds with 2d + 1 vertices, we determined
the minimum value of the number of k-dimensional faces for all 1 < k < d — 1. These
minimum values are achieved by certain polytopes with d + 2 and d + 3 facets (the lower

bound has two parts).

Some of the results just mentioned, but only for the case of polytopes with 2d + 1 vertices,
were also obtained by Pineda-Villavicencio and Yost in [24].
All chapters of this dissertation are based on research papers: each chapter is self-

contained and can be read independently of the others.



Chapter 2

NON-EULERIAN DEHN-SOMMERVILLE RELATIONS
2.1 Introduction

In this paper we generalize Dehn—Sommerville relations in three ways: the first one relates
to the h-vectors of all pure simplicial complexes, the second one deals with the flag h-vectors
of balanced simplicial complexes and graded posets, and the third one concerns the toric
h-vectors.

In 1964, Klee defined Eulerian and Semi-Eulerian simplicial complexes and proved that
their h-vectors are almost symmetric, see [I7]. More precisely, the h-vector of a (d — 1)-
dimensional Eulerian simplicial complex A (for example, a simplicial sphere) satisfies h;(A) =
hq—i(A) for all ¢, while the h-vector of a (d—1)-dimensional semi-Eulerian complex I" (such as
the boundary of a simplicial manifold) satisfies hy_;(I') = hy(T') + (=1)*(%) [¥(T") — (=1)¢71],
where y is the reduced Euler characteristic of I'. Since then these relations have played a very
important role in the f-vector theory, e.g., in the proof of the Upper Bound Theorem, see
[18], [26], and [20]. In 2012, Novik and Swartz derived similar results for psuedo-manifolds
with isolated singularities as defined in [21].

A (d — 1)-dimensional simplicial complex A is balanced if it has a vertex coloring in
d colors such that no two vertices in the same face are colored with the same color. (It
is standard to label the colors by elements of [d].) A refinement of the usual f- and h-
vectors for balanced complexes are called flag f- and flag h-vectors. The flag f-vector
of a (d — 1)-dimensional balanced simplicial complex A, denoted {fs(A)}sclg, counts the
number of faces of A according to the color sets of their vertices. The flag h-vector of
A, denoted {hs(A)}sciq, is the image of the flag f-vector under a certain invertible linear

transformation. Bayer and Billera proved the Dehn—Sommerville relations on flag f-vectors



of Eulerian balanced simplicial complexes, see [5] (also see [33, Thm. 3.16.6] for the proof of
the flag h-vector version). The Bayer—Billera relations played an instrumental role in Fine’s
definition of the cd-index (see [6], [31]).

Stanley [29] (see also [31]) extended Klee’s definition of Eulerian and semi-Eulerian com-
plexes to (finite) graded partially ordered sets (posets for short). He also introduced a notion
of toric h- and g-vectors of posets and proved that the toric h-vector of any Eulerian poset
is symmetric. This result was extended by Swartz [35] to semi-Eulerian posets.

Here we provide generalizations of these three types of Dehn—Sommerville relations. Our

results can be summarized as follows; for all undefined terminology and notations, see Section

e For an arbitrary (d — 1)-dimensional pure simplicial complex A, we express hg_;(A) —
hi(A) in terms of the Euler characteristics of links of faces, see Theorem [2.3.1] The
result is also generalized to simplicial posets, see Corollary [2.3.6]

e For an arbitrary (d — 1)-dimensional balanced simplicial complex A and S C [d], we
express hg(A) — hig—s(A) in terms of the Euler characteristics of links of faces whose

color sets are contained in S, see Theorem [2.4.1]
e For finite posets, we define the notion of j-Singular posets (see Section [2.6]) such that
7 = —1 recovers Eulerian posets;
7 = 0 recovers semi-Eulerian posets;
j = 1 is analogous to complexes with isolated singularities (see the definition in

Section .

e Extending the results of Stanley and Swartz, for a 1-Singular poset P of rank d + 1,
we express h(P,z) — z%h(P, 1) in terms of the Mdbius functions of intervals [s, t] in P

of length greater than or equal to d — 1, see Theorem m Here h denotes the toric

h-polynomial.



e We extend this result further and obtain a similar formula for a j-Singular poset P

with j < | ] (see Thereoms [2.6.9| and [2.6.14)).

The structure of this paper is as follows: Section introduces some basic results and
definitions pertaining to simplicial complexes and posets. Section is devoted to estab-
lishing the generalization of Dehn—Sommerville relations for pure simplicial complexes and
simplicial posets. Section proves the flag Dehn—Sommerville relations for balanced sim-
plicial complexes and graded posets. Sections and establish the toric generalizations
of Dehn—Sommerville formulas. Our proofs build on methods used by Klee, Stanley, and

Swartz.

2.2 Preliminaries

2.2.1 Simplicial complezes

In this section we review some definitions pertaining to simplicial complexes. Let V be a
finite set. A simplicial complex A with vertex set V is a collection of subsets of V' that
is closed under inclusion. We call each element of A a face of A, and each face F' € A
has a dimension defined by dim(F) = |F| — 1. Similarly, the dimension of A is defined
by dim(A) = max{dim F' : F' € A}. If all maximal faces of A (with respect to inclusion)
have the same dimension, then A is called pure. We denote the collection of faces of A of
a specific dimension ¢ by

A, :={F € A:dim(F) = i}.

Lastly, the link of a face F' of A, denoted lka F', is defined by
knF:={GeA:FUG € Aand FNG = (}.

Let A be a simplicial complex of dimension d — 1. The f-vector of A is defined by
F(A) == (f-1(A), fo(A), fi(A),..., fai—1(A)), where f;(A) = |A;|. We further define the h-
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vector of A by h(A) := (ho(A), h1(A), ..., hqe(A)), with entries determined by the equation

> (At = Z fisr(A)(z — 1)

i=0
For the remainder of this section, we will assume that A is a pure simplicial complex of
dimension d — 1.

Each simplicial complex A admits a geometric realization ||A|| that contains a geometric
i-simplex for each i-face of A. We say that A is a simplicial sphere (manifold, respectively)
if ||Al| is homeomorphic to a sphere (manifold, respectively).

The (reduced) Euler characteristic of A is

d—1

X(A) =) (1) fi(A),

i=—1
and by the Euler-Poincaré formula, Y(A) is a topological invariant of A, or more precisely, of
its geometric realization |A||. For instance, if T is an (i — 1)-dimensional simplicial sphere,
then y(T') = (—1)"%

Given two simplicial complexes A; and A, on disjoint vertex sets, their simplicial join,

Ay *x Ay, is defined as
Al*AQ :{FUG FEAl, GGAQ}.

In particular, A; x Ay is a simplicial complex of dimension dim A; + dim Ay + 1.

Central to many classifications of simplicial complexes is the notion of the link of a face
having the same Euler characteristic as that of a sphere of the appropriate dimension. To
that end, we measure potential failures of this condition by defining an error function e (F)

on faces F' of a pure (d — 1)-dimensional simplicial complex A as
ea(F) = 7 (lka F) — (~1)111F)

(note that dim(lka F) = d — 1 — |F|, so (=1)*'7IFl is the same as the reduced Euler
characteristic of a sphere of dimension dim(lka F')). In addition, we form the set of faces

with non-trivial error as

E(A):={F e A:e(F)#0}.
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We say that A is Eulerian if &(A) = ), and that it is semi-Eulerian if ¢(A) = {0}. In

line with these definitions, we refer to €(A) as the non-Eulerian part of A.

Example 2.2.1. If A is a simplicial sphere, then €(A) = (). More generally, if A is a
simplicial manifold, then &(A) C {0}.

2.2.2  Graded posets

The notions of being Eulerian and semi-Eulerian can also be defined in the graded poset
settings. Throughout this paper, we let every finite graded poset P have unique bottom and
top elements 0 and 1. Let p : P — N be the rank function. The rank of P, p(P), is defined

~

as p(1).

Let up denote the Mébius function of poset P. If for all proper intervals [s,t] C P,
pp(s,t) = (=1)PW=,E) then P is called semi-Eulerian. If in addition, up(0,1) = (=1)7),
then P is Eulerian.

For each poset P, there is a simplicial complex associated with P; it is called the (reduced)
order complex of P and denoted by O(P), see for instance [§]. The complex O(P) has the
set P\ {0,1} as its vertex set, and the (finite) chains in the open interval (0,1) as its faces.
A chain C = {t; <ty < --- <t} in P\ {0,1} of size k corresponds to a face in O(P) of
dimension k£ — 1; this face is sometimes denoted by Fc. In particular, if p(P) = d + 1, then

dimO(P) =d— 1.

Remark 2.2.2 (Relations between p and ). For a poset P and a chain C in it, the following

formulas hold:

X(O(P)) = pp(0,1); (2.2.1)

N(kopy Fo) = (—1)Flup(0, 1) - pp(te, ta) -+ - - pp(trer, ti) p(ty, 1). (2.2.2)

The first formula is well known, see, for instance, [33]. To prove the second equality, note
that
lko(p) F = O(O, tl) * O(tl, tQ) e X O(tk_l, tk) * O(tk, i),
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where O(s, t) is the order complex of the open interval (s,t) = {x : s <z < t}. Using this
and the fact that y(A; *x Ay) = (—=1)x(A1)x(A2), we obtain

X(ko(p) F) = (=1)F1X(0(0,11)) - X(O(tr,t2)) - - - X(O(th—1, 1)) YOt 1))

This together with (2.2.1]) implies (2.2.2).

Since each face F € O(P) corresponds to a chain C' € P\{0,1}, we can define a chain
error in P that corresponds to the face error in O(P): Let C' = {t; < --- < t;} be a chain
in P\{0,1}. Define

~ ~

pup(C) == pp(0, t)pp(te,ta) .. pp(ts 1),
and
ep(C) = (=1)Vup(C) = (-1)"].
We call C' — ep(C) the error function for chains in a poset P. However this is not a

“new” error function: comparing it with eo(p)(—) and using ([2.2.2)), we obtain:

Remark 2.2.3. p(C) = eop) (Fo).

2.2.83 Balanced simplicial complezes and flag vectors

For a specific type of simplicial complexes, called the balanced simplicial complexes, there
exists a certain refinement of f- and h-vectors. A (d—1)-dimensional pure simplicial complex
A is balanced if it is equipped with a vertex coloring k : V' — [d] such that no two vertices
in the same face have the same color. These complexes were introduced by Stanley in [27].

For any subset S C [d], the S-rank selected subcomplex of A is
Ag={FeA: k(F)CS}.

Define fgs(A) as the number of faces in A with x(F') = S. The numbers fs(A) are called
the flag f-numbers of A and the collection (fs(A))sciq is called the flag f-vector of A.
Similarly, the flag A-numbers of A are defined as

he(A) = (=)l fg(A) for T C [d].

SCT



13

Note that the flag f- and h-numbers refine the ordinary f- and h-numbers:
fici D)= > fs(A) and  hi(A)= Y hp(A).
SCld], |S|=i TC[d], |T|=j
One common example of a balanced complex is the order complex of a graded poset: let
P be a graded poset of rank d + 1, then O(P) is balanced w.r.t. the coloring given by the
rank function of P. Moreover, the flag vectors can also be defined in the setting of graded

posets. For S C [d], we define
Ps={x e P:p(x) e SU{0,d+1}}

considered as a subposet of P. The poset Pg is called the S-rank selected subposet
of P and if A = O(P), then Ag = O(Ps). We let ap(S) be the number of maximal
(w.r.t. inclusion) chains in Ps. The function S — ap(S) is the flag f-vector of P. We also

consider the function

S Bp(S),  Be(S) = (=1)Map(T)

TCS

and call it the flag h-vector of P. It is easy to see that

ap(S) = fs(O(P)) and  fp(S) = hs(O(P)). (2.2.3)

2.2.4 The Stanley-Reisner ring

An equivalent way to define the h- and flag h-vectors is through the Stanley-Reisner ring
(for more details see [32, Ch. I1.1]). Let A be a (d — 1)-dimensional simplicial complex with
vertex set V' = [n]. Let k be a field and let R = k[zy,...,x,]. The Stanley-Reisner ring
of A is k[A] = R/Ia, where

IA = <LEZ‘IZL’1'2 e (L’,‘k . {il, C.e ,Zk} ¢ A>
Let k[A]; be the i-th homogeneous component of k[A]. The Hilbert series of k[A] is

F(AN) = dim K[A]; X',
=0
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The h-vector of A can be easily obtained from the Hilbert series of k[A] using the following
relation (see, for example, [32, Ch. I1.2]):
Do ha(A)N

F(AN) = =20 2.2.4

(a3 = =t (224

If A is balanced with vertex coloring x : [n] — [d], then k[A] has a natural Z4-grading

which is induced by this coloring. For i = 1,2,...,d, let e; € {0,1}% be the i-th coordinate

unit vector, and for j € [n], define deg(z;) = e,(;). This gives a Z¢ grading of k[zq, ..., zy,).

Let A = (A1,...,Aq) be a d-tuple of variables. For a € sz we let A% = A{*AS2 ... \%%. The
fine Hilbert series of k[A] with respect to this Z¢ grading is

F(AN) = ) (dimg K[A],) - A"

d
aEZZO

The flag h-vectors can be obtained from this fine Hilbert series (see [27]):

F(A hg\® 2.2.5
(A A) = H“(l Sc%s (2.2.5)

where A% = T[. ¢ A;.

2.2.5 Toric vectors of graded posets

We will encounter toric vectors only in Sections and [2.6] so the reader may skip this
subsection for now and come to it later.

As in Subsection [2.2.2] we let P be a finite graded poset with unique bottom and top
elements 0 and 1. If P has only one element, i.c., when 0 = 1, then we call P the trivial
poset and denote it as P = 1. Let p: P — N be the rank function. Let P = {[0,#] : ¢ € P}
be the poset of lower intervals of P ordered by inclusion. Define two polynomials iL(P, x)

and (P, x) recursively as follows.

A~

o h(l,z)=g(1,z) = 1.
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e If P has rank d + 1, then deg h(P, z) = d. We first write
IA"L(P, x) = hy + hg 17 + hg_ox® + - + hoz".

We then define §(P, x) as

A~

g(P, :E) = ild + (ild,1 — ild)l’ + (iLd,Q — iLd,I)SC2 + -+ (hd—m — }Ald,m+1)l’m,
where m = deg (P, z) = | £].
e Finally, for a poset P of rank d + 1, define

WPz):= Y §(Qa)(x—1)"".
QeP,Q#P
The coefficients of these polynomials, arranged as vectors, are called the toric h-vector and

the toric g-vector, respectively.

Remark 2.2.4. We follow the convention of Swartz [35], and so our h; is hy_; in Stanley’s

paper [29].
2.3 Dehn—Sommerville relations

2.8.1 Pure Simplicial Complezes

The main result of this section is the following generalization of Dehn-Sommerville relations

(see [18]) to all pure simplicial complexes. We will discuss two proofs of this result; the third

one is sketched in Section [2.4] (see Remark [2.4.4]).

Theorem 2.3.1. Let A be a pure (d — 1)-dimensional simplicial complex. Then

d—|F|
J

hacs(B) — hy(8) = (—1) 3 (

)5A(F) for j=0,....d. (2.3.1)
FeA

Proof. Note that (—1)*7 ;1 (A) =Y pea, (1) 7F1 =0, and hence

> ka F) = (=) i (A) + ) [R(ka F) = (=1) ] (2.3.2)

FEAZ‘,1 FEA»L',1
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On the other hand, since each (j — 1)-dimensional face of A contains exactly ( ) faces of

dimension ¢ — 1,
d

3 (ks F) = 31 (*Z) (D). (2.3.3)

FeA;_1 Jj=t
Setting the right-hand sides of (2.3.2) and (2.3.3]) equal to each other and multiplying
throughout by (—1)?17 yields

d .
S0 () 5@ = @)+ ()7 Y e (234

j=i FeA;_1

Now we multiply both sides of (2.3.4]) by (A — 1)~ and sum the result over i:

d [ d d
5 |0 (D) @) 0= D5 =3 a8+ (D S eaB) | - 1
=0 Lj=1 i=0 FeA; 4

(2.3.5)
The left hand-side of equation ([2.3.5)) may be rewritten as

d , . e - d -
Z(—l)d—a(A — 1)d—yfj_1(A) (Z <) (A — 1)J—z) — ij_l(A)(l — /\)d—ma

j=0 im0 \! J=0

d

= hi(A)N.

§=0

The right hand-side of equation (2 can be broken up as

d
ST fa(@) + (1) S ea ()| (A= 1) Zfz (A A= 1)
=0 FeA;_4

d
Y DTS ea®) | (A1)t
=0 FeA;_4

We will analyze each of these terms on the right independently. Firstly,

d

Z fici(A) (A= 1) = Z ha( AN,

1=0
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For the second term,

Sy ea(F) | (A= 1)t

Y eam) (f(—l)d—i—j(d;i)v>

FeA;_4

FeA;_4 7=0

i(—nj—l i(d_,i) > ea(F) | | V.

7=0 1=0 FeA;_1

By equating coefficients in equation (2.3.5)) we obtain
L fd—i
RINERSEIC D ) G I DIENC) B
=0 j FeA;_1

and the summations on the right may be re-written as in the statement of the theorem. [

Since ex(F) = 0 unless F' € €(A), we have the following corollary that phrases the
relationship between h;(A) and hg—;(A) in terms of the non-Eulerian part of A.

Corollary 2.3.2. Let A be a pure (d — 1)-dimensional simplicial complex. Then
: d—|F]|
&) = 1y(@) = (-1 3 (s
Fee(A) J
Example 2.3.3. When A is semi-Eulerian (so that €(A) = {0}),
d—|F| d\ . _
3 ( | )eA(F) _ ( ) [X(A) — (~1)1]
Feeg(A) J J

and
AN _
b ) = @) = (=17 () [308) - (1)),
Thus, in this case Theorem reduces to Klee’s Dehn-Sommerville equations in [I§].
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Example 2.3.4. As for h-vectors of complexes with €(A) containing faces of dimension
larger than —1, consider the case in which ||A| = S' % |[|[M||, where S' denotes the 1-
dimensional sphere and M is some (d — 3)-dimensional simplicial manifold with e (@) =
Y(A) — (=1)?71 #£ 0. Then ¢(A) forms a cycle (in the graph theory sense), say of length n,

and

and so

&) = 1) = (-1 Gon + 09 [( = (73)] ese)

J J—1
for j =0,...,d. In particular, if M is a triangulation of the torus, then d = 5 and x(M) =

. 5 3
(A = hy(A) = (=1)(=2 — .
hs—3(A) = h;(A) = (=1)( )Kj) n(j_l)}
Remark 2.3.5. One consequence of (2.3.6) is that, with (M) known, the exact number of

—1, and so

non-Eulerian edges in any triangulation A of S* x M is determined by just the face numbers

fi(A) up to a dimension about 2.

The following is an alternative proof of Theorem [2.3.1} This proof uses short h-numbers,
and we define them as follows.

For 0 <i < d — 1, the i-th short h-number (defined by Hersh and Novik) is

A = Y hikav).
VeV (A)

These numbers go back to McMullen’s proof of the Upper Bound Theorem (see [19]), but
were formalized by Hersh and Novik in [I5]. The following formula that connects the short
h-numbers to the usual ones was verified by McMullen for simplicial polytopes (see [19,

pg. 183]) and by Swartz for pure simplicial complexes (see [34, Prop. 2.3]):

hi =i+ (d—i+ Dhiy foralll1<i<d. (2.3.7)
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Another Proof of Theorem[2.3.1. We will prove by double induction: first we induct
on the dimension of A, and for each (d — 1)-dimensional simplicial complex we induct on
i > 0 (using the validity of the statement for hy_; 11 — h;_; to derive its validity for hy_; — h;).
If dim(A) = 0, it is easy to check that holds.
If dim(A) = d—1for d > 1 and A is pure, then lka v is a pure (d — 2)-dimensional
simplicial complex (for any vertex v). By the inductive hypothesis,
ha—i-1(kav) = hi(lkav) = (=1)" (d a 1; ’F|>slk(v)(F), (2.3.8)
Felk(v)
and by summing over v € V(A) on both sides, we obtain that
: : —1-|F
i 1(8) = B 1D DD S Gl VRN CEY
vEV (A) FElk(v)
Assume that of Theorem holds for all " < d. The base case of the induction

on ¢ is when ¢ = 0. By the definition of h-vectors and Euler’s formula,
ha(A) — ho(A) = (=1)*1x(A) — 1. (2.3.10)

On the other hand, the expression on the right-hand side of (2.3.1)) can be rewritten as

(_1)0 Z (d — 10_ |F|) [)Z(lkA F) . (_1)d—1—|F|}

FeA
:2;%3 >~<<H<AF>—Z;F§ (~1)*

::0 ]Zi;( 1)3—2—1@) fj_l(A)—g( D i1 (A)
—_ ]z:fj_l(m g(—w—i (‘Z) - g(—wd‘l‘%_l@)
W14 (—1)tt i(—l)"lﬁ—l(ﬁ)
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where the equality (1) follows from the following (well-known) binomial identity.

Zj:(—l)“ <‘Z) _ 1, if j =0,

i=0 0, if57>0.

This completes the proof of the i = 0 case.
Let ¢ > 0 and assume hg_;1(A) — h;—1(A) satisfies the formula in the statement of the

theorem. Then by (2.3.9) and ({2.3.7)), we have

37

i(hg_; — hy) (=1)(d =i+ 1)[hgit1 — hi—1] + (hy_; — hi_1)

o 3 (s

FeA

CD DY G ENT

FeA

( > > <_1_|F|>Elk<v)(F)>~

veV(A) Felka v

PPy (d i+ 1) + (hg—i = hi_1)

2339)

(-D)(d—i+1)

Therefore

hai(A) = hi(8) = (_1)1-@ > (et

1—1
FeA

( —1- ’F|>slk(v)(F). (2.3.11)

1—1
veV(A) Felkav

To show ([2.3.11]) equals the right-hand side of (2.3.1]), we need to show:

% D (di_f>€A(F) -2 X 1~<d i1_1F>€1k(v)(F) = (d Z.F>€A(F). (2.3.12)

?
FeA veV(A) Felka v FeA

Notice that for each v € V(A) and F' € lka(v), ki) (F) = lka(F Uwv), therefore ey ) F =
ea(F Uw), and so

> 2 (_1_|F|)€lk<v)(F) PR Z<l_|f|> ea(G).

veEV(A) Felkav GeA

Pluging this expression into the left-hand side of (2.3.12]), we obtain that the left-hand side
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of (2.3.12)) can be rewritten as
d—i+1 d—|F| 1/d—|F|
e N A ERG R SIETE G ENCS

FeA FeA
d—i1+1 |F d—|F
S
= 0 1 P —
d—|F
_Z < Z| ’)EA(F>7
FeA
and so (2.3.12)) does hold. This completes the proof of the theorem. n

2.83.2  Simplicial posets

In this subsection we will show that Theorem [2.3.1| can be generalized to simplicial posets
(for more details see [30]). A graded poset P (with the unique bottom and top elements 0 and
1) is simplicial if every proper lower interval [0,¢] is a Boolean lattice. Given a simplicial
complex A, the poset of faces of A ordered by inclusion is a simplicial poset. (It is called the
face lattice of A.) Therefore simplicial posets are generalizations of simplicial complexes.
Many notions and structures on simplicial complexes can be generalized to simplicial posets.
Given a simplicial poset P of rank d + 1, for —1 < i < d — 1, define f; = f;(P) as the
number of elements in P with rank ¢ + 1. The vector f(P) = (f_1, fo, f1,---, fa_1) is called
the f-vector of P. Similar to the definition of h-vectors in Subsection [2.2.1] we can define
ho, hi,..., hq by
d d
> hat = fi(e - 1)
i=0 i=0
The vector h(P) = (ho, h1, ..., hq) is the h-vector of P. When P is the face lattice of a
simplicial complex A, then f(P) = f(A) and h(P) = h(A).
The notion of links can also be generalized from simplicial complexes to simplicial posets.
Let P be a simplicial poset and t € P, the link of ¢ in P is simply the upper interval [t, 1].
It is easy to see that [t, 1] is also a simplicial poset.

With these notions in hand, both proofs of Theorem can be easily adapted to the

more general setting of simplicial posets and result in the following corollary:
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Corollary 2.3.6. Let P be a graded simplicial poset of rank d + 1. Then

has(P) = hy(P) = (1) 3 (d ‘f“)) [upa, D= 00| for =0, d

tepP

2.4 Flag Dehn—Sommerville relations

The goal of this section is to generalize the Bayer—Billera theorem [5] on flag h-vectors of
Eulerian balanced simplicial complexes (see also [33 Cor. 3.16.6] for the poset version). This
result states that if A is an Eulerian balanced simplicial complex of dimension d — 1, then

for all S C [d], hg(A) = hjg—s(A). Recall that the error at face F' € A is defined as
ea(F) = X(Ika F) — (1)1,
The main result of this section is the following. We will provide two proofs.

Theorem 2.4.1. Let A be a (d—1)-dimensional balanced simplicial complex with the coloring
map k: V(A) — [d]. Let S C [d]. Then
hs(A) = hse(A) = (=115 Y~ en(F). (2.4.1)
FeAg

Our first proof will rely on the following proposition.

Proposition 2.4.2. Let A be a (d — 1)-dimensional balanced simplicial complex with the
coloring map k : V(A) — [d]. Let S be a subset of [d] and i ¢ S, then

> hs(ka(v)) = hsugy(A) + hs(A). (2.4.2)
v: k(v)=i

We delay the proof of Proposition [2.4.2] until after the proof of Theorem [2.4.1]

Proof of Theorem[2.4.1]. Similar to the second proof of Theorem [2.3.1] we will verify (2.4.1)
by double induction: first on the dimension of A, and then on the size of S. If dim A = 0,

it is easy to check that (2.4.1]) holds.
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Assume dim A = d — 1 > 0. The base case when S = () follows from Theorem [2.3.1}
ho(A) = hia (B) = ho(A) = ha(&) "= (=1)%e5(0).

For the inductive step, fix j € [d — 1] and assume that for all £ > j and |S| = d — k, the
equality (2.4.1)) holds. Up to reordering of the colors, it suffices to show that

hijra (D) = hy(A) = (=1) Y. eald). (2.4.3)
FeA: k(F)C[j+1,d]
By Proposition [2.4.2]
. [h[a’+17dl—{j+1}(lkA(U)) = hy <1kA(U))]
Kk(v)=7+1

= {hml,d} (A> + hijr,a—{j+1) (A>] - [hmu (A) + hyj) (A)]
= lhml,d} (A) = hyj (A)} + {h[j+1,d]—{j+1} <A) = Ry <A)} (244)

Ind. Hyp. ;
=" {hml,d} (A> — hy (A)] + [(—DJ“ > 5A(F)} :
FeA,
w(F)Clj+1,d]—{j+1}
On the other hand, for each vertex v such that x(v) = j+1, lka(v) is a (d—2)-dimensional
balanced simplicial complex with  : V (lka(v)) — [d] —{j+1}. By the inductive hypothesis
on lka(v), we have

hijr1a—g+13 (1kA(U)) — hyj (lkA(U)) = (=1 > Etkea (v) (F)- (2.4.5)

Felka v,
k(F)C[j+1,d]—{j+1}

Therefore,

245) ;
>, {h[ju,d]—{jﬂ}(lh(v))—hm(lka(v)ﬂ = > (-1 > Eav) (F)
k(v)=j+1 k(v)=j+1 Felka v,

k(F)C[j+1,d]—{j+1}

= (—1) Z ea(F Uw).
Kk(v)=j+1; FElka v;
k(FUv)C[j+1,d]

—~
*
N

(2.4.6)
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where (%) holds since for any v € V(A) and F' € lka(v), ki, (o) (F) = Ika(F Uw).
Comparing (2.4.4)) and ({2.4.6)), we obtain

hijii (A) — hy <A) - (—1)j[ > ealF)+ > ea(FUv)}

FeA, k(v)=7+1; F€lka v;
K(F)C[j+1,d]—{j+1} k(FUv)C[j+1,d]
= <_1)] Z 5A(F)7
FeA,
w(F)C[j+1.d]

Therefore ([2.4.3)) holds. O

Proof of Proposition[2.4.9. Recall that ¢ and S are fixed and that ¢ ¢ S. The proof is
a routine computation that relies on the definition of flag h-numbers in terms of flag f-

numbers:

> hsllkav)= > ) (=1 fp(lkav)

vik(v)=1 vik(v)=i RCS
=D (DY fr(lkaw)
RCS vik(v)=t
— Z(_1)\5U{i}\*IRU{i}|fRU{i}(A)
RCS
= hsug(A) = Y (1) () (2.4.7)
TCS
= hsog(A) + 3 (=) ST (A)
TCS

= hSu{i}(A) + hs(A).
O

Our second proof of Theorem uses the Hilbert series. The idea of this proof is
similar to that of [35, Theorem 3.8], which uses the following theorem by Stanley. Recall
that F(A, )) is the Hilbert series of k[A] (w.r.t. the Z%grading), that for F' € A, x(F) is
the set of colors of vertices of F', and that for any subset S C [d], A* denotes [];.4 A;. The

following theorem is a corollary of [32 II, Thm. 7.1].
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Theorem 2.4.3. Let A be a (d—1)-dimensional balanced simplicial complex and let F(k[A], 1/))

be the Hilbert series. Then

1

(~DF(K[A], 1/2) = (=1)"'R(A) + ) (—1)d"F"1>Z(1kF)-A“(F)-Hl_—

FEA, F0 vEF (o)

We will also use the following relation that follows easily from the definition of the flag

h-numbers; see, the proof of [35] Theorem 3.8]:

[1

i€[d]—k(F)

Z /\/-c(F)

FeA, F#)

Second proof of Theorem )

(—=1)'F(K[A], 1/A)

1= 2= 3 [hs(&) = (-] - 4%
SC[d]

(2.4.8)

Thm. 243 d—1~ d—|F|-1~ K(F) 1
! A —1 Ik F) - ] ——
(D' + > (-1 Xk F) - A Hl_MU)
FeA, F£0) vEF
d
1
= (=¥ y(A : —1)d-IFIt v(k F w(F) 1—
@ (T2 ) X e QUSRI | (S
j=1 FeA, F£) (- 1)d1IF  fen (F) i€[d]—r(F)
d
1
_(_q\d—1g ) K(F) -\
- ot (I ) £ @ I a-a
J=1 FeA, F#) i€ld]—k(F)
d
1 d—|F|-1 w(F)
(k) 5 oo T oo
J=1 FeA, F#£) i€[d]—r(F)
=Y C)tga) + ﬁ ! Y | hs(A) = (=) A (2.4.9)
Llq )
j=1 5C[d)
d
1 d—|F|-1 K(F)
(), 5 oo 1 0o
J=1 FeA, F#) i€ld)—k(F)
On the other hand,
1
_1\d _ [d]-S
(—1)F(k[A], 1/A)_(H1_)\j> D hs(A)A (2.4.10)
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Comparing (2.4.9)) with (2.4.10) and multiplying both sides by H;.lzl(l — \;), we obtain

COA) - T - A+ 3 [hsw - >'S'] zS
Jj=1 SCld]
+ Y (D)EIE e (PN T =) = ) hs(A)AAS,
FeA, F#£0 i€[d]—k(F) Scld]

Therefore

YA JJa =2+ D (=nfFtxs 4 Y (=T (P T (=N

Jj=1 SCld] FeA, F#) i€ld]—k(F)

=y {hS(A)AM—S - hS(A))\S} .
The coefficient of A® on the RHS is hig—s — hs. The coefficient of A% on the LHS is:

(—DEIIHA) + (=) 4 Z JEEIEL e A (F) - (—1)/811F]
FeAg, F£0

=(=1) N en(F).

FeAg

Together we obtain

h[d] S—hg ( )d 1511 Z €A(F).

FeAg

]

Remark 2.4.4. A similar argument, but using the coarse Hilbert series, provides yet another

proof of Theorem [2.3.1

Observe that Theorem refines Theorem summing eq. (2.4.1)) over all subsets
S C [d] of size i, we obtain
) s (4 \Fr)
> s = 3o o) = (-1 1 ("7 Deatr
which is equivalent to eq. .
Recall from Section that for a graded poset P, the complex O(P) is always balanced
w.r.t. the coloring given by the rank function, and that for S C [d], 8p(S) = hs(O(P)).
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Moreover, by Remark the chain error of a poset (¢p(—)) is the same as the link error
of its order complex (eo(p)(—)). The following corollary now follows directly from Theorem

24T

Corollary 2.4.5. Let P be a graded poset with rank d + 1 and let S C [d]. Then
Bp(S) = Bp(S%) = ()" > 1 ep(0).
CeC(Ps)

where Ps is the S-selected subposet of P, and C(Ps) denotes the set of all chains in Ps\{0,1}.

2.5 Posets with isolated singularities

Stanley extended the Dehn-Sommerville relations for Eulerian simplicial complexes to the
generality of toric h-vectors of Eulerian posets. The goal of this and the following sections
is to further generalize these relations to more general posets.

We start by defining the error function for intervals in posets. Let P be a graded

poset of rank (d + 1) and let [s,¢] be an interval in P. The error of [s, ] is defined as
ep([s,t]) == pp(s,t) — (=1)PH=rl),

From now on we will use ep(s,t) as the abbreviation for ep([s, ]) [

Definition 2.5.1. A graded poset P with p(P) = d + 1 has singularities of rank 1 or is
1-Sing if all intervals [s,t] in P of length p(t) — p(s) < d — 1 are Eulerian.

Proposition 2.5.2. A poset P of rank p(P) = d+1 is 1-Sing if and only if its reduced order
complex O(P) satisfies the following condition: for all faces F € O(P) with dim(F) > 1,
X(ko(p) F) = (=1)" 11,

We omit the proof as we will prove a generalization of this result in Proposition [2.6.5

Our work in the rest of this section is motivated by the following theorem of Stanley [29]

and its generalization due to Swartz (see [35, Theorem 3.15]).

'We have already defined the error function for chains p(C), but to study toric h-vectors it is easier to
use interval errors rather than link errors. The connection between the two will be discussed later in the

proof of Corollary [2.6.12
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Theorem 2.5.3 (Stanley). Let P be an Eulerian poset of rank d+1. Then hy(P) = hq_;(P)
for all 0 < i <d.

Theorem 2.5.4 (Swartz). Let P be a semi-Eulerian poset P of rank d+ 1 and let O(P) be

its reduced order complex. Then for all 0 <1 < d,

C?) [R(O(P)) — (—1)1] = (~1)-i+! (d) ep(0,1).

has(P) = ha(P) = (=204

7 1
Remark 2.5.5. The formula given by Swartz in [35, Theorem 3.15] is equivalent to the
statement above. Indeed, when d is even, P is FEulerian, and so the right hand-side is zero.

If d is odd, then d — 7+ 1 and ¢ have the same parity and the formula above agrees with the

one in Swartz’s Theorem 3.15.

Using ideas from Swartz’s and Stanley’s proofs, we establish the following generalization

of Theorems [2.5.3] and [2.5.4] for 1-Sing posets. For the rest of this section, we let y = x — 1.

Theorem 2.5.6. Let P be a graded 1-Sing poset, and let p(P) = d + 1. Then fori > 4],

hai(P) — hi(P) = (—=1)%1 Kf) ep(0,1) + (f) ep(0,1) + (f:ll) > epls, i)}

p(t)=d p(s)=1

Proof. The left hand-side is the coefficient of #' in the polynomial i(P) — - h(P,1/z). We
first prove the following lemma related to this polynomial. From now on we use h(P) to

abbreviate h(P,z) and §(P) to abbreviate §(P,z).

Lemma 2.5.7. Let P be a graded poset with p(P) =d+ 1 and let y =x — 1. Then

W(P) —a® - h(P,1/x) = = [up(0, 1) = (=1)*]y*

w3 (|- (5@ + @) - irla ) - [Cor a0 @] ).

Q=[0,q]eP
1<p(Q)<d

(2.5.1)
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Proof. By definitions, for P # 1,

TP ey = > (=) D9(Q,1/x) - x (25.2)
QEP, Q#P
and equivalently,
MPy= > §Quy" . (2.5.3)
QEP, Q£P

Multiplying equation (2.5.3) by y and adding ¢(P) to both sides, we obtain that for
P#1,

Therefore for P # 1,

QepP
By Mobius inversion,
gPy ) = pp(0, 1)+ Dy (EJ(Q) +y71(62)> - up(g, 1). (2.5.4)
Q=[0,qeP
1<p(q)<d-+1

Multiplying (2.5.4) by y**) and then subtracting §(P) + yh(P) yields

—yh(P) = pp(@ )"+ 3 O (5(Q) + yh(@Q)) - uela ),

Q=l0, q]EP
1<p(q)<d

and so

WPy = —pp@ 1)y = 3 "0 (§(Q) +yh(@)) - (e, 1),

Q=[0,q]eP
1<p(q)<d

This, together with equation (|2 , proves the lemma. O

Next we prove the following lemma, which helps us further simplify equation (2.5.1) for

semi-Eulerian posets.
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Lemma 2.5.8. Let Q be a semi-Eulerian poset with p(Q) = v+ 1, let s = |%]|, and let

y=x—1. Then

r+1
0@+ i@ = @5 1n+ 3 (1" eet@)
k=r—s+1 -

where Z* means that, if r is odd, then there is an extra summand, %fykxk, fork=r—s.

Proof. Recall that h(Q) = h, + hy_12+ - - - + hox". This together with the definition of §(Q)
implies

G3(Q) 4+ yh(Q) = (hy—s — ho—s )T + (hy—so1 — hoeg2) 2" 2+ -+« + (hy — ho)a" + hoz" ™,

while

~ ~ ~

l.p(Q)g(Q’ 1/33') = (;ers_ilrferl)xTiSJrl—i_(}Alrfs+1_hrfs+2)xqqis+2+' : '+(iLT71 _hr)xr—i_hrmrJrl'

By Theorem , if Q is semi-Eulerian, then h,_j, = hy + (—1)7F+1 (7) eq(0,1). Hence for
kE<r,

o - « N r r JUN
hoete = hp—pe1 = (hi = hyegr) + (=1)77FF [(k) " (k + 1)] (0 1),

and since (}) + (kll) = (;ﬁ), we infer that

A N A A _ r4+1 A A
hr—k — hr—k—l = (hk — hk+1) + (—1)T k+1 (k N 1) . GQ(O, 1) .

71@-:;(@)

Comparing the coefficients of 2! in §(Q) +yfz(Q) and 279 §(Q, 1/x), yields the lemma. [

Now we resume the proof of Theorem . For any lower interval Q = [0,¢] in P, if
1 < p(q) < d, then @ is Eulerian. If p(q) = d, then @ is semi-Eulerian. By Swartz’s result

and the lemma above,
2P D5(Q, 1/x) if 1 <p(q) <d

(@) -zt if p(g) =d.
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We can now simplify equation ([2.5.1)):
h(P) —z% - h(P,1/z) = —ep(0, 1)y*

d
- Z y' e up(e,1) - ()7 + N Q) -2, (25.5)

p(Q)=d i=|%|+1

and when d is even, the last summation Z on the right hand-side has an extra summand

7@’ for i = |4]. Comparing like-terms from both sides: for i > |4],

“ - . d . d R
_ d—i+1
ha—i — hi = (—1) Ki)ep(o’ (Z B 1> E ep(q, 1 (Z) > ep(0, Q)} (2.5.6)
plg)=d
as desired. O

The following special case is worth mentioning: if d is even and i = [4] = ¢ = d — 4, the

left-hand side of (2.5.6)) is simply zero, and hence so is the right-hand side. This observation

leads to the following Corollary. We will generalize it later in Corollaries [2.6.11| and [2.6.12]

Corollary 2.5.9. Let P be a 1-Sing poset with odd rank p(P) = d+ 1, and let O(P) be the
reduced order complex of P. Then

2x(0P)+1) = > 1- > F(lkow v)

p(q)=1 ord p(q)=1 ord

where v, is the vertex in O(P) that corresponds to the element q € P.

Proof. 1f d is even, and i = ng, then d — ¢ = i. Equation 1} gives:

0= iLg — iLg = (—1)%"’1 (;l) [MP((A), i) — (—1)]

2

i (d—1 1 d d .
+ ) (=12 (g B 1) [1p(a,1) = 1] + 5 )2 1(4) [1p(0,) —1]. (2.5.7)
p(a)=1 2 p(q):d 2
Since (gj) = %( ) this can be simplified to

plg)=1 p(q)=d
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p(q)=1 p(q)=d
- E e X w0 e = X ae 5 illon )
plg)=1d p(9)=1,d (9)=1,d p(q)=1,d

]

Remark 2.5.10. The above corollary is a generalization of a result from [21] asserting that

for a (d — 1)-dimensional simplicial psuedomanifold A with isolated singularities,

2(V(A) +1) = [V] =) x(kav).

veV

2.6 Posets with singularities of higher degrees

This section generalizes several results from Section [2.5, most notably Theorem [2.5.6]

2.6.1 j-Sing Posets

We start with a definition of posets with singularities of degree at most j. A similar notion

was introduced in [10].

Definition 2.6.1. For a finite graded poset P of rank p(P) = d + 1, we recursively define

the notion of j-Sing;:
P is (—1)-Sing if P is Eulerian.
P is 0-Sing if P is semi-Fulerian.
P is j-Sing if every interval of length < d in P is (j — 1)-Sing.
A few remarks are in order.

Remark 2.6.2. A poset P is j-Sing if and only if for all s < j + 1, every interval of length
<d+1—sin Pis (j — s)-Sing. Also, P is j-Sing if and only if every interval of length

< d — j in P is Eulerian, i.e., every such interval [s, | has ep(s,t) = 0.
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Remark 2.6.3. When j is odd (even, resp.), all j-Sing posets P with even (odd, resp.)
rank are in fact (j — 1)-Sing. This follows from Definition and the fact that every

semi-Eulerian poset of odd rank is actually Eulerian.

Definition 2.6.4. A (d — 1)-dimensional pure simplicial complex A is called a j-singular

complex if ea(F) = 0 for every face F' € A of dim(F) > j, i.e., X(Ika F) = (=1)" 17171,

Proposition 2.6.5. The following are equivalent:

(1).
(2).
(3).

A poset P is j-Sing.
The order complex of P, O(P), is a j-singular complex.

For every chain C = {Ozto <t < <t <tp= i} in P such that i > j + 1, the
(chain) error ep(C) = 0.

Proof. Assume P has rank d + 1, and so dimO(P) = d — 1.

(2)<=3)

(1)=0)

This is clear since by definitions, ep(C) = eo(p)(Fc), and every chain C' in (3) corre-

sponds to a face Fo € O(P) of dimension > j.

P is j-Sing if and only if every interval of length < d — j in P is Eulerian. Therefore,
for any interval [s,t] in P with p(t) — p(s) < d — j, pp(s,t) = (=1)?D=2() For any
chain C' as in (3),

p(ty) — p(tr—1) <d—j forall 1 <k <i,
therefore every interval [t;_q, t;] is Eulerian. This implies pup(C) = (—=1)%*! and so

é?p(C) =0.

Pick any interval [s, t] in P with p(t)—p(s) < d—j. Consider a maximal chain (0 = ¢, <
ty < - <ty =s) in [0, s| and a maximal chain (t = t,g11 < tps)4e <+ <tp = i)

in [t,1], and let C be the union of these two chains:

C=0=tg<ti < - <s<t<.. .t <ty=1).
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In particular, p(t;) — p(t;—1) = 1 unless i = p(s) + 1. Then C has length k& > j, and so
by (3),
pp(0,t)pp(ty, t2) - pp(s,t) . pp(tiog, 1) = (1)

Since intervals of length 1 always have the Mobius value —1, this forces up(s,t) =

(—1)r®=r(s)  All intervals of length < d — j are Eulerian, therefore P is j-Sing.

To make the exposition cleaner, we introduce the following notation:

Definition 2.6.6. For any j-Sing poset P of rank p(P) = d + 1, define

Note that any graded poset of rank d 4+ 1 is automatically (d — 1)-Sing. The following

claim on A[()j )(P) can be shown by an easy induction on j.

Proposition 2.6.7. For any graded poset P of rank d + 1,

AP (P) = (=1)*- ep(0,1).

2.6.2 Dehn—-Sommerville relations

We are now in a position to generalize Theorem [2.5.6, First, by comparing the polynomials
3(Q)+(z—1)h(Q) and 27 @ §(Q, 1) (as in the proof of Lemma |2.5.8)), we obtain the following
extension of Lemma [2.5.8f We omit the proof.

Lemma 2.6.8. Let () be a j-Sing poset with rank r + 1, and let y = x — 1. Then

r+1
9Q) + Q=5 D+ Y [42,@ - AP (@]
k=| =5t |41

where " means that, if v 1s odd, then there is an extra summand, 5 _ —AY T
h hat, if dd, then th d, LAY (Q) — AV (Q))a*

for k = L%J , which equals —A(sziJ (Q) - il
2
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The first main result of this section is the following generalization of Theorem [2.5.6}

Theorem 2.6.9. Let P be a j-Sing poset with rank d + 1, where —1 < j < d. For q € P,
denote by Q the interval [0, q]. Then

. P i L 2 -
h(P)=a'h(P, ) == > §(Q,3) - ep(q, 1) -y 2

p(a)
_ Z Z (AI(CJ‘EP(Q)—d—l) (Q) o A;]'i‘P(Q)—d—l)(Q)) . M(q’ i) i yd—p(q)ajk‘ (261)

Before proving this formula, we first show that for small j’s, equation (2.6.1)) reduces to

previous results.

Example 2.6.10.

1. If Pis (—1)-Sing, then P is Eulerian. Hence by [29], A,g_l)(P) = 0 for every k. This
matches equation ([2.6.1)) as both sums on the right hand-side of (2.6.1]) are empty.

2. If P is 0-Sing, then P is semi-Eulerian, so that all proper intervals Q € P are (—1)-Sing
(i.e., Eulerian). In this case, by [35],

AP(P) = (4 () ent@. ).

This coincides with equation ([2.6.1)) as the summand corresponding to @ of rank 0 is
the only term showing up on the right hand-side of (2.6.1)) for j = 0.

3. If P is 1-Sing, then equation (2.6.1]) implies that

A;”(P>(1>dk+l<z>ep(0,i>+ > (1>““(,‘f_1)ep(q,i>+ > (A;%(Q)A;O)(Q))

p(Q)=1 p(Q)=d
— (—1)d—k+1 d 0.1 _q)d—k+1 d—1 i _1)d—k+1 d 0
= () () ep@ D)+ 30 (U el )+ 3 (1P () er(0,0),
p(g)=1 p(g)=d

where for the last step we used that, if p(¢q) = d, then the interval [0, ¢] is semi-Eulerian.

This agrees with our formula in Theorem [2.5.6|
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Proof of Theorem[2.6.9. By Lemma the following equation holds for an arbitrary
graded poset P of rank d + 1.

From now on we assume P to be j-Sing of rank d 4+ 1. We are interested in A,(f )(P), which
is the coefficient of 2* in h(P,z) — 2%h(P,1). Since P is j-Sing, Remark implies that
each interval Q = [0,¢] € P of rank r + 1 is (j + r — d)-Sing. In particular,

~

plg, 1) = (=)0 for p(q) > j.

Using this observation together with Lemma [2.6.8, we conclude that the following holds
for any interval Q of rank r + 1:

Case 1: j < [4] <d—j.

-3(Q, 3) - er(q, 1)yt r(Qgr(@) for p(Q) < j
c@)=1" for p(Q) € (j,d — j]
7‘+1* . A
> (ASZ””(Q) - Aéﬂ*"‘d)@))m’f =y Q  for p(Q) > d — .
k=41
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Case 2: j > [2].

( A~
_Q(Qa é) : 6P<q7 1) : yd*p(Q)xp(Q)’ for p(Q) < d —]

—3(Q, 1) - ep(q, 1) -y PQr(@

r—+1
cQ) = - > (Aéj_i”)(@A,Ef‘*’“d><@>>.u<q,i>yd—p<@xk, for p(Q) € (d— j.J]
k=541

r—+1
- > (Aéﬂf{‘”(@)—AS*’"‘C”(Q))~ wlg, 1) P @z for p(Q) =5+ 1.
| k=l ey

In both cases, comparing the coefficients on both sides, yields the statement. O

This shows that the difference between hy_j,(P) and hy(P) is a “weighted” sum of the error
functions of the intervals in P. Unfortunately, as j gets larger, the length of our formula
expands very quickly. In the rest of this section, we will simplify this formula for j > % and
k> %, in Theorem . Our main tool is the following result, that might be of interest

on its own.

Corollary 2.6.11. Let P be a j-Sing poset of rank d + 1.

e Ifd is even, then

2ep(0,1) == Y ept, )= DY ep(0,t).
1<p(t)<j d—j+1<p(t)<d

e Ifd is odd, then

Y oept, )= Y ep(0.1).

1<p(t)<j d—j+1<p(t)<d

Proof. We will only treat the case of j > L%J since the case of j < ng is very similar.
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By Theorem [2.6.9]

ho(P) = ha(P)

= Z (_1)p(t)+1 : ;U'(O»t) : eP(t’ 1) + Z (_1)d_p(t) : [iLO([()?tD - hp(t)—l([ovt])]

0<p(t)<j d—j+1<p(t)<d
= Z (_1)p(t)+1 : :u(07t) ’ eP(tv i) + Z (_1)d_p(t) ’ (_l)p(t)+1ep(67t)
0<p(<; d—j+1<p(t)<d (2.6.3)
=— Y et D+ D> (=DM —pt D+ D (=D ep(0,1)
0<p(t)<d—j d—j+1<p(t)<j J+1<p(t)<d
= - Z eP(t7 i) + Z (_1)d+1 : eP(Oat)
0<p(H)<j d—j+1<p(t)<d

where the equality “=” follows from Proposition m However by Proposition m the
left hand-side should also equal (—1)%ep(0,1). Comparing it with the last line of (2.6.3)
yields the result. O]

If j < |d/2], Corollary [2.6.11]is equivalent to the following geometric interpretation that
generalizes Corollary [2.5.9]

Corollary 2.6.12. Let P be a j-Sing poset of rank d + 1 with j < [d/2]|. Let eopy be the
error function associated to O(P).

o [fd is even, then
2e0py) =~ > o (F).

FeO(P),|F|<j
e If d is odd, and for every face F € O(P) we let F'P and Fy, denote the top and the
bottom element of F (viewing F as a chain in P\ {0, 1}), then

Y eomF)= > cop(F).

FeO(P) FeO(P)
p(FtoP)<j p(Fyot)2d—j+1

Proof. First notice that when j < |d/2] < d — j, any face F' with p(F'P) > j or p(Fyy) <
d — j + 1 will have eo(py(F) = 0 since all the intervals defined by this chain are Eulerian.
This means

Y. comF)= Y comF)+ D>, com(F)

FeO(P),|F|<j FeOo(P) Feo(P)
p(FtoP)<j p(Fyot)>d—j+1
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Now it suffices to show the following claim: for ¢, t € P, p(q) < j and p(t) > d —j + 1,

~ ~

> o) (F) =eplq, 1) and > o) (F) = ep(0,1).
FeO(P) FEO(P)
Flov—g Fyor=t
Recall that every face F in O(P) corresponds to a chain in P\ {0, 1}, therefore by abusing
notation, we can write F' = {t; <ty < --- <t = q}. If p(¢) < j, then all intervals [t;, ;1]

are Eulerian, and so

~

X(kopp) F) = (_1)‘F‘ : M(Oa t)u(ti,ta) ... p(g, 1) = (_1)‘F‘+p(q) - (g, i)'

Hence eo(py(F) = (—1)/F1+7@ep(g,1). In particular, if F is a facet in O([0,q]), ie., a
saturated chain in [0, g], then p(q) = |F| and eo(p)(F) = ep(q,1). If F a ridge in O([0, q]),
then eo(py(F) = —ep(g, 1), etc. This, together with the fact that O([0, ]) is Eulerian, implies

~

Z o) (F) = (=1)"? - (0 ([0,q])) - ep(q, 1) = ep(q, 1).

FeO(P)
Ftop:q

A symmetric argument takes care of the other half of the claim. Our statement now follows

from Corollary [2.6.11 O]

Remark 2.6.13. The polynomial in (2.6.1) is a symmetric polynomial with half of its

coefficients negated. In particular, it is the following (here Ay stands for Ax(P)):
Adxd + Adflﬂfdil + -+ AkLUk + = Ak:cd*k — = Ad,1$ — Ad.

Therefore the coefficients of z* and z?* add up to zero for every k # %. The case of k = d
was used to obtain Corollaries [2.6.11] and [2.6.12] A natural open problem is the following:
can we make use of other equalities arising from comparing the coefficients of z* and z?*

for k # d of this polynomial?

The next main theorem in this section will give an explicit formula for A,(Cj )(P). Before
stating the theorem, we first introduce some notation. Given a poset T' = [O, t] and integers

u and v, we define the following function.

C(T, u,v) == (“ - p(“) — dpia(T) (“ - P(t>) et (1)1 m(T) - (u - p(t))

v v—1 v—m
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where m = |(p(t) — 1)/2].

Note that by Pascal’s rule on binomial coefficients, for each u, v, we have
C(T,u,v)+C(T,u,v+1)=C(T,u+1,v+1). (2.6.4)

Theorem 2.6.14. Let P be a j-Sing poset of rank d+1 (with d > 2j), and let k > (d+7)/2.
For each element t € P, let T := [0,], then

ADVP) = (=) S ep(t,1)-C(T,d k) for k> (d+j)/2. (2.6.5)
p(t)<j
Proof. The proof is by induction on j. The base cases of j = —1 and 0 are immediate from

Stanley’s and Swartz’s results, see Theorems [2.5.3 and [2.5.4] The j = 1 case can be easily
checked using (2.6.2) and Corollary [2.6.11} The inductive hypothesis is that for all j" < 7,
all j’-Sing posets @) of rank d’' + 1, and all k£ > %,

AP@Q) = (1" 3 ep(t. 1) (T, d, k). (2.6.6)

p(t)<j’

If P is a j-Sing poset and k > %, then since A,(f )(P) is the coefficient of 2* in Equation

5.
Agcj)(P) — (_1)d—k+1 Z e(t, i) -C(T,d,d—k)
p(t)<j
u d— —1 - o
B p(q)—zd:jH; (_1)k . (k - (cf:(-])l)) ‘ <A((1b )(Q) - At(ﬂll)(Q)) o
0<b<j

k—(d—p(q))—1<a<k-—1

We now check that the inductive hypothesis applies to all of the summands in the second
summation in (2.6.7). For each ¢ with p(¢) =d —j +b, @ = [0,q] is a (b — 1)-Sing poset.
By (2.6.6), for all ¢ > - DCl) — dog gy

APVQ) = (1) Y eqlt,1)-C(T,p(Q) — 1,a). (2.6.8)

p(t)<b—1
In (2.6.7)), the second summation is a sum over ¢ € P such that p(q) = d — j + b and

azk—d+p(q)—1=k—j+b—1>d%—j+b—1:d%+b—1.
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Therefore (2.6.8) holds for all A,(Ib_l)(Q)’s in (2.6.7), and so

AD(p) = (—1)d-k+ Z e(t,1)-C(T,d,d — k)

p(t)=r+1<j
m=|r/2]
AT (S09) X coub]e @ - 1o+ o@p@ - a1
pg)=d—j+b p(t)<b—1

0<b<j
a€lk—(d— p(q)) 1, k—1]

Note that eq(t, 1) = ep(t,q), and by recurence relation (2.6.4)), we obtain:

AD(P) = (—1)F 3" ep(t, 1) C(T,d, d— k)

p(t)=r+1<j
m=|r/2]
d—p(Q
SEDS erltsa) (709 -0 p@.at )
p(qugzj}b p(t)<b—1
<j

h—(d—p(q)—1<a<k—1
Since each C(T, p(Q),a + 1) is an alternating sum of multiples of the binomial coefficients

(p(Q) p(T

(ot 1) ) (for some ¢’s), we can use the Chu-Vandermonde identity to conclude that:

D S G N G B )

This shows that (for k > ),

APD(P) = (1) N ept DO dd— k) — (-1 Y Y e C(T, d, k).
p(t)<j p(q)=d—j+b p(t)<b—1
0<b<y
= (_1)d_k+1 Z eP(t7i) ' C(Ta dad_ k) + (_1)k+1 Z eP(taQ) C(Ta da k)
p(t)<j p(t)€0, p(q)—(d—j+1)]

p(a)€ld—j+1, d]
(2.6.9)
The second equality holds because in the second summation, ep(t,q) = 0 for all intervals
[t,q] of length < d — j.
The next step is to apply Corollary [2.6.11] to all intervals [t, 1] with 0 < p() < j — 1 to
replace the summands in that involve ep(t, ¢) with with sums of multiples of ep(#,1)
where 0 < p(t') < j.
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The cases of even and odd j’s are slightly different because of the two cases in Corollary
2.6.11] Here we assume j is odd (and hence d is assumed to be even, see Remark [2.6.3)). The
proof for the case of even j is similar; we omit it.

As j is odd and d is even, Corollary 2.6.11] implies that

(=D > ep(u.q)C(U,d. k)

p(u)=i
d—j+1<p(g)<d

(
(=1)% 3 2ep(t,1)-C(T,d, k) +(=1)* S ep(t,1)-C(U,d,k) ifiis even
o 1w
— u<t
(=)t S ep(t,1)-C(U,d, k) if 7 is odd.
z‘+fgp)(j)2§j
\ u<t

After these substitutions, all of the summands in equation (2.6.9)) that involve ep(u, q)
with ¢ # 1 are replaced with sums of multiples of ep(t, 1) for some ¢ > u. Now we have:
(_1)k+1 Z e(taQ)C(Ta d7k)

0<p(t)<j—1
d—j+1<p(q)<d

=P > 1Y 2ept, DO, d k) + D ep(tb,D)CW.dR) |+ (—DF DT YT ep(t,1)C(Ud, k)

i even | p(t)=i p(u)=1i iodd  p(u)=i

i+1<p(t)<j i+1<p(t)<j
u<t u<t
=(=1F > ep(t,1) | D CW.d, k) - (1) | +(=1)F DY ep(t,1)2C(T,d, k).
p(t)<j u<t p(t) is even

Together with (2.6.9)) and the assumption that d is even, this shows

APP) = 3 (~Drep(t, 1)

p(t)<j

—C(Td,d— k) + > (-1)P™MCU,d.k) | +(-1)% Y ep(t,1)2C(T.d, k).
u<t p(t)<j
p(t) even

Comparing this with (2.6.5)), it suffices to show that for each t € P with p(t) < j and
T = (0,1,

(~)FC(T dod — k) + (—1)F S (~1)/WC(U, d. k) = (=D*C(T,d, k) if p(t) is odd,

u<t (=1)*IC(T,d, k) if p(t) is even.

(2.6.10)
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Observe that since d is even,
o (—1)*C(T,d,d — k) = the coefficient of ¥ in — (z — 1)4=®) . 2r®) . §(T, %),

o (—1)F>S(=1)Y™(C(U,d, k) = the coefficient of ¥ in 3 (x — 1)¥°W . (U, z),

u<t u<t

e (—1)*C(T,d, k) = the coefficient of 2% in (—1)*®)(x — 1)4=,®) . §(T, z).

Therefore, (2.6.10|) is equivalent to:

1
_<I - 1)d—p(t) ' xp(t) : Q<T? E) + Z(SL’ - 1)d—p(u) : g<U7 ‘T) - —(.T - 1)d—p(t) ' Q(T, I)

u<t

(2.6.11)

This equality holds since by the definition of A(T, z), the left hand-side is

1 .
)+ (z — 1)POF L B(T, 2)

— (z — 1)d—p(t) . P - (T, -

1 A
= (‘T - 1)d—p(t) _J;p(t) ’ Q(T7 E) + (JI - ]') ’ h(T7 ZE)

= —(z = 1)V (T, ).

where the last equality holds since T is Eulerian.
This completes the proof that A7 = (—1)¥ > e(t,1)C(t) when j is odd. When j is

0<p(t)<j
even, the proof is very similar; we omit it. O

2.6.3 The lower Eulerian case

In this subsection we assume that P is lower Eulerian, i.e., all intervals [0, t] are Eulerian
for t # 1. This is an important subclass of graded posets. For instance, the face posets of
all regular CW complexes are lower Eulerian. If P is j-Sing and lower Eulerian, the formula

of Theorem takes on the following simpler form:

lr/2]
A](CJ)(P) — Z Z (—1)d—k—l+1 ( d— p(Q) ) . €P<Q7 i) ’ gr—l(m? q])

0<p(q)=r+1<j 1=0 k—plq) —1
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Example 2.6.15. Let P be a j-Sing poset of rank d 4+ 1, where 7 < 2. If P is also lower

Eulerian, then

7 7 _ (_1\d—k+1 d— p(q) e 2
hanlP) =P = D4 S ({20 et 1.

Remark 2.6.16. Unfortunately for larger j the situation becomes more complicated. For

instance if j = 3, then using the fact (easy to check) that

9(Q) = —p(Q) + [A(Q) + (@) = 2]z for any poset @ with p(Q) =3

and the assumption that the poset P is lower Eulerian, one can show that

Agj’)(P) _ (_1)d—k+1 Z (d - P(Q))e(q’ 1)

pires Nk = p(a)
+ (o1t ;[(Z:i) - (Z:iz (#0000 -3)] erta
Q

Observe that “Q” equals (Z:g) if and only if f1(Q) = 3, which is the case when @ is the face

poset of a simplex.

Definition 2.6.17. A pure graded poset P is k-lower simplicial if for all ¢ € P with
p(t) <k, the interval [0,¢] is a Boolean lattice.

Corollary 2.6.18. Let P be a j-Sing lower Eulerian poset P of rank d + 1. If P is also
j-lower simplicial, then for k > LgJ,

ha s(P) = hi(P) = (~1)"F+1 37 (d 0

k= p(q)

p(a)<j

)fﬂ%n

Remark 2.6.19. In the case that P is the face poset of a simplicial complex A and P is
j-Sing, Corollary [2.6.18| agrees with the formula in Theorem

2.6.4 Open problems

The most natural open problem is to find a “nice” formula for A,(Cj )(P) when 5 > g. Here

p(P)=d+1and ¢ <k <l
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To state the next problem, let P be a j-Sing poset, and let P* be the dual poset of P.
By definition, P* is also a j-Sing poset. Recall that

e When j = —1, AUY(P) = AUV (P = 0.

e When j =0,

When d is odd and k = |£], this means
ngJ(P) = gth(P*»

e When j =1 (and assuming d is even), after cancellations, we obtain

APP) - AP = o ()] el - Y et

p(q)=1 p(Q)=d
This leads to the following question:

Question 2.6.20. How do the numbers A,(gj)(P) compare with A,(Cj)(P*)?
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Chapter 3

A PROOF OF GRUNBAUM’S LOWER BOUND
CONJECTURE FOR GENERAL POLYTOPES

3.1 Introduction

The paper is devoted to the proof of Griinbaum’s general lower bound conjecture for poly-
topes with few vertices.

In the last fifty years a lot of effort has gone into trying to understand face numbers
of polytopes. For instance, McMullen [19] established the Upper Bound Theorem in 1970,
which provides tight upper bounds on the number of k-faces a d-dimensional polytope with
n vertices can have. A couple of years later, Barnette (see [3], [I], and [2]) proved the
Lower Bound Theorem for simplicial polytopes; his result provides tight lower bounds on the
number of k-faces a d-dimensional simplicial polytope with n vertices can have. Furthermore,
in 1980, Billera and Lee [7] and Stanley [28] completely characterized the face numbers of all
simplicial (and by duality also simple) polytopes. Their result is known as the g-theorem.
Billera and Lee [7] established sufficiency of the conditions while Stanley [28] proved their
necessity.

Despite these spectacular advances, to date no Lower Bound Theorem is known for general
d-dimensional polytopes with an arbitrary number of vertices; in fact, there is not even a
plausible conjecture. However for general d-dimensional polytopes with d + s < 2d vertices,

Griinbaum conjectured in [I3], p. 184] (see also [14, p. 265]) that the number of k-faces is at

d+1 d d+1-—s
Ou(d +s,d) = (k+1)+(k+1) _< k1 )

He proved this conjecture for the cases of s = 2, 3, and 4. The conjecture remained com-

least

pletely open for s > 5 until very recently Pineda-Villavicencio, Ugon and Yost [22] proved



47

this conjecture for the number of edges, i.e., they verified the £ = 1 case.
In this paper we prove the conjecture in full generality. Our results can be summarized

as follows;

Theorem Let P be a d-polytope with d + s vertices where s > 2 and d > s. Then
fu(P) > ¢r(d+ s,d) for every k.

Theorem Let P be a d-polytope with d + s wvertices where s > 2 and d > s. If
fe(P) = ¢p(d + s,d) for some 1 < k < d—2, then P is Pyr® (A x As~') — the polytope

that is a (d — s)-fold pyramid over a prism over an (s — 1)-simplex.

The main novelty of our approach is that instead of focusing on contributions coming
from facets, we look at sets of potentially unrelated vertices and bound the number of k-faces

containing one or more of them.

3.2 Background and Preliminaries

Before starting the proof we recall some definitions and introduce some notation. We refer
the reader to books by Griinbaum [I3] and Ziegler [39] for all undefined notions. By a
polytope we mean the convex hull of finitely many points in R?. A d-simplex, denoted as
A? is the convex hull of d + 1 affinely independent points. A face of a polytope P is the
intersection of P with a supporting hyperplane. It is known that a face of a polytope is a
polytope. The dimension of a polytope is the dimension of its affine span. For brevity, we
refer to a k-dimensional face as a k-face and to a d-dimensional polytope as a d-polytope.
The 0-faces are called vertices. The (d— 1)-faces of a d-polytope are called facets. We denote
by fx(P) the number of k-faces of a polytope P.

Let P C R? be a d-polytope and v a vertex of P. The vertex figure of P at v, P/v, is
obtained by intersecting P with a hyperplane H that separates v from the rest of the vertices
of P. One property of vertex figures that will be very useful for us is that (k — 1)-faces of
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P/v are in bijection with k-faces of P that contain v.
3.3 The proof of the inequality

We start with the following formulas, most of which are straightforward consequences of

Pascal’s relation: (:1) = ("71) + (";nl) For all integers k, d, and a > b,

m—1
d+1-b d+1-— S fd+1—b—i
¢k(d+a,d)—¢k(d+b,d):< e )—( Hl“):;( . Z); (3.3.1)
d+1
dp(d+1,d) = (k+ 1); (3.3.2)
du(d+s,d— 1)+ dp_r(d —1,d — 2) + d_1(d,d — 1) (3.3.3)
_¢k(d+s,d—1)+(d;1)+(z>—¢k(d+s+2,d).

Let Z(d + s,d) be the set of all d-polytopes with d + s vertices. The main ingredient of

the proof is the following.

Proposition 3.3.1. Let P be a d-polytope and let {vy,vs,..., v} be a subset of vertices of
P, where m < d. Then the number of k-faces of P that contain at least one of the v;’s is

bounded from below by > ", (d—;+1)'

Proof. We induct on m to show that there exists a sequence of faces, {Fy, ..., F,,}, such

that
(1). each F; has dimension d —i + 1,
(2). F; contains v; but does not contain any v; with j < 1.

The base case is m = 1, and we simply pick F; = P. Inductively we assume that for
every p < m—1 and any p-set of vertices {vy, ..., v,}, there exists a sequence {Fy, ..., F,}

such that for 1 <14 < p, conditions (1) and (2) are satisfied.
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Let m > 1 and let vy, ..., v, be m given vertices of P. By the inductive hypothesis, for
{v1, ..., vy_1} there exist faces Fy, ..., F,,_; satisfying conditions (1) and (2). Similarly,
by considering {vi, ..., Un_2,vn,}, there also exists a (d — m + 2)-face F' that contains v,
but not vy, ..., v,_2. Regardless of whether v,, 1 is in F' or not, there must exist a facet
of F, call it F,,, that contains v,, but not v,,_1. Then v; € F,, if and only if i = m, and
Fy, ..., F,_1, F, is a desired sequence.

For each i, the k-faces of F; that contain v; correspond to the (k — 1)-faces of the vertex

figure F;/v;. Since dim(F;/v;) = dim(F;) — 1 = d — i, we obtain that

3

# k-faces of P that contain some v; (1 <7 < m) > # |- |{k-faces of F; containing v;}
1

3l

Vv

vV
i *

H(k —1)-faces of F;/v;}

i)

The result follows. 0

Il
i

We are now ready to prove our first main result.

Theorem 3.3.2. Let s > 3 and d > s. Then for all d-polytopes P with d + s vertices and
forall1 <k <d—1, fr(P) > ¢p(d+ s,d).

The statement clearly holds for s = 1, and the cases of s = 2, 3, 4 were proved by

Griinbaum (see [13], 10.2.2]),

Proof. The proof is by induction on s. We fix s > 2. The following argument will show that
if the statement holds for all pairs (s, d') such that s’ < s and d’ > ¢, then for all d > s, it
also holds for the pair (s, d). Thus, consider d > s, and let P € Z(d + s,d).

If there exists a facet @ of P with d < fy(Q) < d + s — 2, or equivalently if @ €
P(d+ s —m,d—1) where 2 < m < s, then there are m vertices of P outside of Q.

We denote them by {wvi,vs,...,v,}. The k-faces of P fall into two disjoint categories:



20

the k-faces of ) and the k-faces of P that contain some v;. By the inductive hypothesis,
(@) > ¢p(d+ s —m,d —1). Therefore by Proposition [3.3.1]

©)

fe(P) > ¢k(d+$—mad_1)+2(d_2+1)
=1

v E53) dp(d+s—m+2,d)+ (d ;+ )

1=

m—2

w(d+s,d) — g(d_erm_l_j) +§:( _Hl) (3.3.4)

i z{ (Y ()]

NV
>0 (since s>m)

(by EET))

(00)
> ¢r(d+s,d).
This completes the proof of this case. The inequalities (¢) and (¢0) will be discussed later
in the proof of Theorem |3.4.3]
Otherwise, all facets in P have d+s—1 vertices. But this implies that each vertex of P is
not in the affine span of the rest, hence the vertex set of P is affinely independent, and so P

can only be a simplex, contradicting our assumption that P has d+ s vertices and s > 2. []
3.4 Treatment of equality

In this section we discuss the cases of equality in the Lower Bound Theorem. We first review
some definitions relevant to the proof below. For more details, see for example [39, Chapter
1]. Let P C R¥*! be a d-polytope, and let x € R?*! be a point that does not lie in the affine
hull of P. The pyramid over P with apex z is the convex hull of P U {z}. A pyramid
over a d-polytope P is a (d 4+ 1)-polytope, denoted as Pyr(P). An s-fold pyramid over P
is a pyramid over an (s — 1)-fold pyramid over P, denoted as Pyr®(P).

For every d-polytope P, there exists a polytope of the same dimension, denoted by P*,
whose face lattice is the opposite of the face lattice of P. In particular, vertices of P*

correspond to facets of P. The polytope P* (or more precisely, its combinatorial type) is
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called the dual polytope of P.

Let P C R? be a d-polytope with n vertices and P’ C R? be a d-polytope with n’
vertices. Then the product P x P’ is a (d + d')-polytope with n - n’ vertices, defined as
P x P = {(v,u) € R*¥|y € Pju € P'}. Assume that both P and P’ have the origin in
their interiors, then the direct sum P @ P’ is the following (d + d')-polytope with n + n’

vertices.
PoP = COHV({(U,O) e R™* |y e P} U {(O,U) e RH |y e P'}).

When both P and P’ have the origin in their interiors, the product and the direct sum are
“dual constructions”. In particular, (P @& P')* = P* x P™.

A vertex of a d-polytope is simple if it is contained in exactly d facets (equivalently, if
it is adjacent to exactly d vertices). A polytope P is simple if all vertices of P are simple.
The dual polytope of a simple polytope is a simplicial polytope, and vice versa.

Griinbaum [I3] Section 6.1] proved the following results, which will be used in the proof

of the main result of this section. Recall that A9 is a d-simplex.

Lemma 3.4.1. If P is a simplicial d-polytope with d + 2 vertices, then P ~ A™ @ A" for
Somelgmgd—lﬂ

Lemma 3.4.2. For all0 <k <d-—1,
d+2 d—a+m+1 d—m+1 d—a+1
P d—a A" @A) — - - 12
Je(PyrTH AT S ATT)) (d—k+1> ( d—k+1 ) <d—k+1>+(d—k+1)
In particular, fq_1(A™ @ AT™) =d+ 1+ m(d—m).
Now we are ready to state the main result of this section.

Theorem 3.4.3. Let P € Z(d+ s,d) where s > 2 and d > s. If fr(P) = ¢r(d + s,d) for
some k with 1 <k < d—2, then P ~ Pyr™*(A' x As1).

!The polytope A™ & A?~™ is denoted by T in [13] Section 6.1].
2The polytope Pyr?=*(A™ @ A%™) is denoted by 744~ in [I3] Section 6.1].

m
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First it is easy to verify that
fe Py (A x A1) = gp(d+5,d) foralld>s, 1<k <d—1f]

Assuming fi(P) = ¢r(d+ s, d) for some k with 1 < k < d— 2, we will prove this theorem

using the following corollary of Theorem [3.3.2

Corollary 3.4.4 (Corollary of Theorem [3.3.2)). If fix(P) = ¢x(d + s,d) for some k with
1 <k <d—2, then each facet of P has d, d+ s —2, or d+ s — 1 vertices, and P has d + 2

facets.

Proof. Notice that holds independently of the choice of a facet (with at most d+ s —2
vertices) in P or the ordering of the vertices that lie outside of this facet. Thus for fi(P) =
¢r(d+ s,d) to hold, both inequalities in must be satisfied as equalities for any chosen
facet with at most d+ s — 2 vertices. The inequality (¢o) of holds as equality for some
k < d—1if and only if m = 2 or s. This implies that for the equality to hold, each facet of
P can only have d, d + s — 2, or d + s — 1 vertices. The first inequality (¢) in holds
as equality only if, for every facet in P that has at most d + s — 2 vertices and for each of

the remaining vertices vy, vg, ...,

#{k-faces containing v; but not any v, for j <iin P} = (d _;+ 1). (3.4.1)
Particularly, the number of k-faces containing v is (Z), hence the number of edges containing
vy is (‘11) = d, so vy is simple. Since v; is arbitrary, this means that all of the vertices that
are not in the chosen facet are simple. For each vertex v of P that is not an apex, there is
a facet (of size < d + s — 2) that does not contain v, so we conclude that every non-apex
vertex of P is simple.

We saw in the proof of Theorem that it is impossible for all facets of P to contain
d+ s — 1 vertices. This means that there must exist some facet with d 4+ s — p vertices where

2 < p < s. Pick such a facet F', and label the vertices outside of F' as v, v, ..., v,. We
will show that fy_1(P) = d + 2. The facets of P fall into the following disjoint categories:

3Notice that Pyr?™®(A™ @ A7) ~ (Pyr?=%(A™ x A%=™))*,
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(0). F;
(1). facets containing vy;
(2). facets containing vy, but not vy;

(3). facets containing vs, but not vy, vs;

(p). facets containing v,, but not vy, ..., v,_1.

Since v is simple, it is contained in d facets. These facets together with F' account for
d + 1 facets of P. Next we show that there is a unique facet in category (2), i.e., a unique
facet that contains v, but not v;. Suppose not, and let F, and F be two distinct facets that
contain vy but not v;. Then there must be a k-face of F} that contains vy and is not a face

of F,. Therefore

#{k-faces containing v, but not v; in P} >  #{k-faces containing vy but not v; in Fy}

> (d;),

We have shown that the number of facets of P in categories (0), (1), and (2)is 1+d+1 =

which contradicts our assumption in (3.4.1)).

d+ 2. If F has d+ s — 2 vertices (and so p = 2), we are done. In the case that p > 2, it
suffices to show that for all v; with ¢ > 3, there exist no facets that contain v; but not v; and

vo. Moreover, by reordering the vertices, it suffices to prove this statement for vs.
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Suppose there exists a facet G that contains vs, but not vy, vo. Then

#{k-faces containing v3 but not vy, ve in P} >  #{k-faces containing v3 in G}

= #{(k — 1)-faces of G/v3}

d—1
> .
d—2
( i ) (since 1 <k <d-2).

This again contradicts our assumption in (3.4.1)). [
Now we are ready to prove Theorem |3.4.3|

Proof of Theorem[3.4.3 Suppose that P has d — a facets that have d + s — 1 vertices. By
Corollary , P has d + 2 facets. Then P is a (d — a)-fold pyramid over an a-polytope @
with a + s vertices and a + 2 facets. Since the vertex set of () consists of non-apex vertices
of P, by the argument above, @) is a simple polytope that is not a simplex. According to
Lemma [3.4.1, Q ~ A™ x A*™™ for some 1 < m < a — 1. We will show that Q ~ Al x As~%,

Since each facet of P has d+s—1, d+ s — 2, or d vertices, and since () is not a pyramid,
each facet of @) has either a + s — 2 or a vertices. Since ) ~ A™ x A*"™ there are only
two possible types of facets of Q: A™ ™! x A*™ and A™ x A* ™! Let F be a facet of
@ with a + s — 2 vertices (such a facet must exist as ) is not simplicial). As for any two
polytopes Pi, P, fo(P x Py) = fo(Py) - fo(P2), it follows that fo(Q) = (m+1)(a —m +1)
and fo(F) = (m+ 1)(a —m) or m(a —m + 1). But we also know that fy(Q)) = a + s and
fo(F) = a+ s — 2. Comparing the equalities, we conclude that m =1 or a — 1 and a = s,

so Q ~ A! x A*~'. Therefore P ~ Pyr**(A! x A*™1) as desided. O

Remark 3.4.5. Our proof shows that for d+2 < s < dand 1 < k < d—2, Pyr ¥ (Al x A*~1)
is the unique polytope in & (d+s, d) that has ¢ (d+s,d) many k-faces. This is in general not
true in the case of k = d — 1 (where ¢4_1(d+ s,d) = d+2), i.e., there might exist more than
one polytope Pyr™*(A™ x A*™) € P(d + s,d) with d + 2 facets. Among those polytopes,
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by the theorem above, Pyr (A x A*~!) has the componentwise minimal f-vector. This

result was also proved in |22, Theorem 24].
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Chapter 4

A LOWER BOUND THEOREM FOR STRONGLY REGULAR
CW SPHERES WITH UP TO 2D +1 VERTICES

4.1 Introduction

This paper is devoted to the study of the minimal face numbers of strongly regular CW
complexes representing normal pseudomanifolds. A great deal of research has been done on
the face numbers of polytopes in the past fifty years. In 1970, McMullen [19] established
the Upper Bound Theorem, providing tight upper bounds on the number of k-faces a d-
dimensional polytope with n vertices can have. Later, Barnette (see [3], [1], and [2]) proved
the Lower Bound Theorem for simplicial polytopes; his result provides tight lower bounds on
the number of k-faces a d-dimensional simplicial polytope with n vertices can have. Moreover,
the lower bound theorem was proved to even hold in the generality of simplicial complexes
that are normal pseudomanifolds (see [16], [36], and [12]). In 1980, Billera and Lee [7] and
Stanley [28] completely characterized the face numbers of all simplicial (and by duality also
simple) polytopes. Their result is known as the g-theorem. Billera and Lee [7] established
sufficiency of the conditions while Stanley [28] proved their necessity.

Despite many advances on face numbers of simplicial polytopes, much less is known about
the face numbers of general polytopes. In fact, the only plausible conjecture providing the
lower bounds on face numbers was made by Griinbaum in [I3], p. 184] (see also [14], p. 265]).
He conjectured that for general d-dimensional polytopes with d+s < 2d vertices, the number

of k-faces is at least

d+1 d d+1—s
Peld+s,d) = (k+1)+(k+1) _< k+1 )

He proved this conjecture for the cases of s = 2, 3, and 4. The conjecture remained com-

pletely open for s > 5 until Pineda-Villavicencio, Ugon and Yost [22] proved this conjecture
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for the number of edges, i.e., they verified the k = 1 case. In 2020, we proved (see [37]) the
conjecture in full generality and characterized equality cases.
In this paper we extend our results to the following much more general classes of posets

and complexes. For all undefined terminology and notation, see Section 2.

e We prove that Griinbaum’s conjecture holds in the generality of lattices with the dia-
mond property. In other words, for any diamond lattice L of rank d+1 with d+s < 2d
atoms, the number of elements of L of rank k + 1 is at least ¢x(d + s, d), see Theorem

4.5.0l

e For the case of face lattices of strongly regular CW complexes representing normal
(d — 1)-pseudomanifolds with up to 2d vertices, we characterize the equality cases,
see Theorem Along the way, we show that any strongly regular normal (d — 1)-

pseudomanifold with d+2 facets is combinatorially equivalent to the boundary complex

of a d-polytope, see Theorem [4.3.10]

e Finally, in the class of strongly regular normal (d — 1)-pseudomanifolds with 2d + 1
vertices, we determine the minimum value of the number of k-dimensional faces for all
1 <k <d-—1. These minimum values are achieved by certain polytopes with d + 2
and d + 3 facets. See Section [4.5. The lower bound for these pseudomanifolds has two

parts. Specifically, let P be such a pseudomanifold. Then the following holds.

If P has d+2 facets, then P is combinatorially equivalent to the boundary complex
of a d-polytope (see Theorem |4.3.10)), and for 1 < k < d — 2,

s () (1) () (1) - (1) ez

(4.1.1)

If P has at least d + 3 facets, then for 1 < k < d — 2,

fu(P) > (Zi 1) + <k i 1> + (d; 1), see Theorem [.5.1] (4.1.2)
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Some of these results but only for the case of polytopes with 2d+1 vertices were obtained
by Pineda-Villavicencio and Yost in [24]. At the end of [24] they conjectured (based
on computational data up to d = 100) that for any d-polytope with 2d 4 1 vertices,
the lower bound for the numbers of m-dimensional faces has two parts. The bound is
(4.1.2) when 1 <m < [d/2] — 1. And when m is larger, the lower bound comes from

another polytope with d + 2 facets. The first part of their conjecture could be easily

confirmed by comparing the two formulas (4.1.1)) and (4.1.2) (see Appendix).

4.2 Basics on polytopes and strongly regular CW complexes

We will first recall some definitions and introduce some notation. We refer the reader to
Giinbaum’s and Ziegler’s books (see [13] and [39]) for all undefined notions related to poly-
topes, and to Bjorner’s survey paper [§] for notions related to CW complexes. By a polytope
we mean the convex hull of finitely many points in R%. A d-simplex, denoted as A?, is the
convex hull of d + 1 affinely independent points. A face of a polytope P is the intersection
of P with a supporting hyperplane. It is known that a face of a polytope is a polytope.
The dimension of a polytope is the dimension of its affine span. For brevity, we refer to a
k-dimensional face as a k-face and to a d-dimensional polytope as a d-polytope. The O-faces
are called vertices. The 1-faces are called edges. The (d — 1)-faces of a d-polytope are called
facets. We denote by fi(P) the number of k-faces of a polytope P.

Let P C R? be a d-polytope and v a vertex of P. The vertex figure of P at v, P/v, is
obtained by intersecting P with a hyperplane H that separates v from the rest of the vertices
of P. One property of vertex figures that will be very useful for us is that (k — 1)-faces of
P/v are in bijection with k-faces of P that contain v. If a vertex v € P is contained in
exactly d edges, then v is a simple vertex, otherwise v is in more than d edges and it is
called nonsimple.

A CW complex is any space X which can be built in the following “hierarchical” way:
start with a (finite) collection of isolated points called X, then attach one-dimensional disks

D! to XY along the boundaries S°, denote this object by X!, then attach two-dimensional
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disks D? to X! along their boundaries S*, writing X? for the new space, and so on, giving
spaces X* for every k. A CW complex is any space that has this sort of decomposition into
subspaces X* (the X*s must exhaust all of X). The (closed) k-disks used to build X are
called the k-dimensional facesﬂ or (k-faces). A CW complex X is pure if all of it facets
have the same dimension.

A CW complex X is a CW sphere if it is homeomorphic to a sphere. And it is regular
if every attaching map is a homeomorphism. Moreover, we call a CW sphere strongly
regular if, in addition, the intersection of any two faces is a face (possibly empty). For
example, the boundary complex of a d-polytope is a strongly regular CW (d — 1)-sphere.
Also, any oriented matroid sphere (as defined in [9]) is a strongly regular CW sphere.

Let L = (L, <) be a poset (partially ordered set). Any (totally) ordered subset ty < t; <
-+ < t; is a chain in L of length i. A finite poset is graded if all the maximal chains have
the same length. Throughout this paper, every poset we discuss will be finite and graded.
Every poset will also be bounded, i.e., have unique bottom and top elements 0 and 1. Let
p: L — N be the rank function. For the bottom element, the rank is p(0) = 0. The rank of
L, p(L), is defined as p(1). Let x,y be two elements of L where < y, the interval [z, ] is
the sub-poset of L that contains all elements z € L such that z < z < y (in particular, we
can write L itself as the interval [0,1]). The pair {z,y} is in above/under relation if 2 < y.
If in addition there exists no z € L such that x < z < y, then it is also a covering relation
(y covers x). A poset is a lattice if for every pair of elements, both the least upper bound
and the greatest lower bound exist.

If a graded lattice L = [0, 1] satisfies the condition that all rank-2 intervals are of the
diamond shape (i.e., have four elements), then we call L a diamond lattice or ¢-lattice.
In a lattice of rank d, the rank-1 elements are called the atoms, while the rank-(d — 1)
elements are called the coatoms. A lattice L is called coatom-distinguishable if given

any two elements t,s € L\{0,1} of the same rank, there exists a coatom F € L such that

!The disks here are usually called (closed) cells in the literature. We call them faces in this paper to be
consistent with the notion of faces of polytopes.
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t < F while s £ F. We will show that O-lattices are coatom-distinguishable (see Proposition
4.3.1)).

The open face poset L°(X) of a CW complex X is the collection of its proper faces
ordered by inclusion, together with the unique bottom element 0. The face poset L(X) is
L°(X) to which the unique top element 1 was added. If X is a regular CW complex, then
(1) the face poset L(X) is graded, and (2) for every = € X, the interval [0, 2] is the face
poset of a CW sphere. If; in addition, X is strongly regular (in other words, X satisfies the
intersection property), then L(X) is a lattice. The face lattice of a d-simplex is called the
Boolean lattice of rank d, denoted by B¢. Every interval of a Boolean lattice is a Boolean
lattice.

We have the following hierarchy relating face lattices of polytopes, strongly regular (SR)
CW spheres/pseudomanifolds, and diamond lattices.

{polytopes} C {SR CW spheres} C {SR normal pseudomanifolds} C {diamond lattices}.

Let X be a strongly regular CW complex and let L = L(X) be its face lattice. For any
k-face F' € X, the rank of F'in L is p(F') = k+ 1. We denote by fi(X) or fx(L) the number
of k-faces of X. In this paper, we will use the f-number notation for all graded lattices, not
just those that are face lattices. (Note that fy(L) = Wii1(L) where W, is the k-th Whitney
number of the second type.) The pyramid operation on a finite bounded poset L (as defined
in [I1]) is the Cartesian product with the Boolean lattice B' = {0,1}. That is, for a poset
L =1[0,1] we let Pyr(L) := L x B' (with the componentwise partial order).

Let X be a regular CW complex and L = L(X) be its face poset. The order complex
O(X) (or O(L)) of X is the following simplicial complex. The vertices of O(X) are the
nonempty proper faces of X, and the faces of O(X) are the chains of nonempty proper
faces of X. One advantage of working with a regular CW complex X is that (the geometric
realization of) the order complex O(X) is homeomorphic to X (see [8]).

A pseudomanifold is a pure regular CW complex of dimension d — 1 such that every

(d — 2)-face is contained in exactly two (d — 1)-faces. It is easy to check that this property is
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preserved under taking barycentric subdivisions. A (d — 1)-dimensional pseudomanifold X
is called normal if X is connected and Hy_1(X) and Hy—1(X, X — x) are 1-dimensional for
all z € X. Here H;(X) and H;(X, X — z) are singular and relative homologies, respectively,
computed with coefficients in in Z/2Z. For any simplicial complex A and a face 7 € A, the

link of 7 in A, denoted by lka 7 is a subcomplex of A defined as follow.
Ikat={o|onrt=0, cUr € A}

If X is a normal pseudomanifold and 7' is a triangulation of X, then lk,(7) is a normal

pseudomanifold for each simplex 7 € T'.
4.3 From polytopes to lattices

Theorem 3.2 of [37] established Griinbaum’s conjecture for all polytopes. The goal of this
section is to extend this result to a much larger class of objects, namely, to all diamond
lattices.

First we point that the key ingredient of the proofs in [37] relied on following property
of polytopes: if P is a polytope and w,v are two arbitrary distinct vertices of P, then there
always exists a facet F such that v € F, but u ¢ F. The notion of coatom-distinguishability
introduced in Section 2 was motivated by this property of polytopes.

The following few propositions hold for all ¢-lattices. All of them can be easily proved
by induction on rank. We include the proofs here for the sake of completeness but with fewer

and fewer details as these proofs are very similar to each other.
Proposition 4.3.1. Every <-lattice is coatom-distinguishable.

Proof. Let L = [0,1] be a O-lattice of rank d 4 1. We will prove the statement by induction
on d. When d = 1, L is a diamond, and diamonds are coatom-distinguishable. Assume
d > 2, and let t, s € L be elements of the same rank. If s and ¢ are coatoms or if s V¢ = 1,
there is nothing to prove. Otherwise, let F' be a coatom that is above sV . Since the interval

[0, F] is a O-lattice of rank d, there must be a rank-(d — 1) element G' < F such that t < G
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while s £ G. Since the interval [G, i] has rank 2, by the diamond property there exists
another coatom F’ of L such that G = F' A F’. This implies that ¢t < F’ and s £ F". O

Proposition 4.3.2. Let L = [0, 1] be a O-lattice of rank d+ 1. For every element t € L, the
interval [t,1] has at least the same number of elements in each rank as the Boolean lattice

BI1=r®) (where p(t) is the rank of t).

Proof. The proof is again by induction on d and p(t). When d = 1,2, the statement is clear.
Let d > 3. If p(t) = d+ 1 then t = 1 and so [t,1] = B°. If p(t) = k < d, there must
exist (at least) two elements sy, s, that cover ¢ in [t,1]. Since P is coatom-distinguishable
by the previous proposition, there is a coatom F' such that s; < F and sy £ F. By the
inductive hypothesis, the two intervals [t, F] and [s,, 1] both have at least the same number
of elements in each rank as the Boolean lattice B4 and they are disjoint from each other.
Since fi([t,1]) > fu([t, F]) + fe—1([s2,1]) for k > 1, the result follows by the Pascal triangle

recursion. O

Proposition 4.3.3. Let L = [0, i] be a <-lattice of rank d+ 1. Consider any lower or upper
rank-k interval in L. If this interval has exactly k atoms or exactly k coatoms, then it is the

Boolean lattice B*.

Proof. We will, once again, induct on the rank of L. The base case is clear. Now let
p(L) = d+1 > 2. Notice that if any proper lower or upper interval of L satisfies the condition
in the statement, then this interval is a Boolean lattice by the inductive hypothesis. Now
suppose L has d + 1 atoms. Then each atom is below at most d rank-2 elements, and hence,
by Proposition [4.3.2] it is below exactly d such elements. By the inductive hypothesis, each
proper upper interval of L is a Boolean lattice. Now since L has d+1 atoms, it is the Boolean
lattice B4+!.

The argument for the case when L has d+ 1 coatoms is very similar, hence we omit it. [J

Proposition 4.3.4. Let L = [0, 1] be a <-lattice of rank d+ 1. Consider any lower or upper
interval [x,y] in L. If every coatom of this interval contains all the atoms of L but one, then

[z, y] is a Boolean lattice.
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Proof. The proof is, again, by induction on the rank of the interval. The base case is trivial.
Suppose the statement is true for all intervals of rank at most £ —1 and let [z, y] be a rank-k
interval satisfying the conditions in the statement above. Then for any coatom z of [z, y], the
interval [z, 2] also satisfies conditions of the statement, and hence by the inductive hypothesis
[z, 2] = B¥1. Since there is only one atom of [z,y] that is not below z, this forces [z, 3] to

have exactly k atoms. By the previous proposition, [z,y] = B*. O

Now we are ready to obtain the key ingredient of the proof of Griinbaum’s Conjecture,
this time, for <-lattices. The following proofs are adaptations of the original proofs from
[37] to the generality of diamond lattices. We will only be using part (i) of Proposition
in this section. Parts (ii) and (iii) will become useful later in Section [4.5]

Proposition 4.3.5. Let L = [0, 1] be a O-lattice of rank d+ 1, and let S = {vy,va, ..., 0}
be a subset of atoms of L. Let |Lg,,| denote the number of rank-(k + 1) elements of L that

are above at least one of the v;’s in S. Then,
. d—i
(i) 1LEal = 38 (5.

(ii). If one of the atoms in S is covered by more than d elements of rank 2, then |L ;| >

(Zm o) + ().

(111). If there exists a coatom F € L such that F is above at least one and not more than

S| — 2 elements of S, then |Lg, | > (Z) + (d;l) Ly (d;i)‘

Proof. We will only prove part (i) since the proofs of (ii) and (iii) are essentially the same.
We induct on m to show that there exists a sequence of elements, {Fy, ..., F,,}, such

that

(1). each F; has rank d —i + 2,

(2). v; < F;, but v; £ F; for any j < i.
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The base case is m = 1, and we simply pick F; = 1. Inductively we assume that for
every p < m — 1 and any p-element set of vertices {vy, ..., vp}, there exists a sequence
{F1, ..., F,} such that for 1 <1 < p, conditions (1) and (2) are satisfied.

Let m > 1 and let vy, ..., v, be m given atoms of L. By the inductive hypothesis,
for {v1, ..., vym_1} there exist elements Fy, ..., F,,_; satisfying conditions (1) and (2).
Similarly, by considering {vq, ..., Upn_2,Un}, there also exists a rank-(d — m + 3) element
F such that v,, < F but vy, ..., v,,_o £ F. Regardless of whether v,,_; is under F' or not,
by the coatom-distinguishability of L, there must exist a coatom of [6, F], call it F,,, that
satisfies v,,, < F,,, but v,,_1 £ F,,. Then v; € F,,, if and only if « = m, and Fy, ..., F,_1, F,
is a desired sequence.

For each i, the rank-(k+1) elements in F; that are above v; correspond to rank-k elements

in the interval [v;, F;]. From this we obtain that
# rank-(k + 1) elements of L that contain some v; (1 <i < m)

> # U{rank—(k + 1) elements of F; containing v;}
i=1

> # U{rank—k: elements in the lattice [v;, Fj]}

i=1
 (d—i+1
>
(7))
where the last inequality follows from Proposition [£.3.2] The result follows. O

With Proposition 4.3.5| at our disposal, we are now ready to prove the first main theorem

of this section. Recall that

d+1 d d+1-—s
eld +s,d) = (k+1)+(k+1) _( k+1 )

Theorem 4.3.6. Let L be a rank-(d + 1) <-lattice that has d + s atoms where d > s > 1.
Then fr(L) > ¢r(d + s,d) for every k.

Proof. The statement holds for s = 1 by Proposition [4.3.2l The proof is by induction on

s. We fix s > 2. The following argument will show that if the statement holds for all pairs
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(s',d") such that s’ < s and d’ > &, then it also holds for the pair (s,d) for all d > s. Now
consider d > s, and let L = [0, 1] be a rank-(d + 1) O-lattice with d 4 s atoms. If there exists
a coatom z of L such that d < fo([0,2]) < d+ s — 2, or equivalently if [0, 2] is a O-lattice
with (d + s — m) atoms such that 2 < m < s, then there are m atoms of L that are not
under the element z. We denote m of them by {vy,vs,...,v,}. The rank-k elements of L
fall into two disjoint categories: those that are under z and those that are above some v;. By

the inductive hypothesis on [0, z], f.([0,2]) > éx(d+s—m,d —1). Therefore by Proposition

[.3.5

fe(P) (; ¢k(d+5—mad—1)+2(d_2+l)

— ¢k(d~|—s—m+2,d)+2(d_;+1)

_ ¢k(d+s’d)_’§<d11+:@1]) +§;(d—;+1) (43.1)
S > G i )

>0 (since s>m)

This completes the proof of this case.
Otherwise, all coatoms in P contain all but one atom. By Proposition the interval

[z, y] is the Boolean lattice. O

Using the inequalities (x) and (*) in the proof above, we can obtain the following corol-

lary. The proof is the same as in [37] hence we omit it.

Corollary 4.3.7. If fi.(L) = ¢r(d + s,d) for some k with 1 < k < d — 2, then each coatom
of L lies above d, d+ s —2, ord+ s — 1 atoms, and L has d + 2 coatoms.

Our next goal is to extend the treatment of equality cases from the class of polytopes to

the class of strongly regular normal pseudomanifolds. The next main theorem in this section
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is the following. We denote by Pyr®=*(A® x A*~1) the polytope that is a (d — s)-fold pyramid

over a prism over an (s — 1)-simplex.

Theorem 4.3.8. Let L be the face lattice of a strongly reqular normal (d—1)-pseudomanifold
S with d+ s vertices where s > 2 and d > s. If fx(L) = ¢r(d+ s,d) for some 1 < k < d—2,
then S is the boundary of Pyr®*(A! x As~1).

By [37, Thm. 4.3], the statement holds when S is (the boundary of) a polytope. By
Corollary S has d + 2 facets. Therefore it suffices to show that all strongly regular
normal (d — 1)-pseudomanifolds with d + 2 facets are boundary complexes of polytopes.

Before proving this, we will prove the following useful proposition.

Proposition 4.3.9. Let L = L(P) be the face lattice of a reqular CW complex P. If all
proper upper intervals of L are Boolean lattices, then its dual lattice L* is the face lattice of

a simplicial complex that is homeomorphic to P .

Proof. Since all proper upper intervals of L are Boolean lattices, so are all proper lower
intervals of L*. Therefore L* is the face lattice of a pure, connected simplicial complex A.
Now the two order complexes O(L) and O(L*) are homeomorphic to P and A respectively.
Since O(L) = O(L*), it follows that P and A are homeomorphic. O

We can now prove the following theorem, which is the last piece in the proof of Theorem

4.3.8

Theorem 4.3.10. Every strongly reqular (d — 1)-dimensional normal pseudomanifold that

has d + 2 facets is combinatorially equivalent to the boundary complex of a d-polytope.

Proof. Let P be a strongly regular (d — 1)-dimensional normal pseudomanifold that has d+ 2
facets. This implies that every k-face of P has at most k + 2 facets. We will, one more time,
induct on d. The base cases (d < 2) are trivial. Now for d > 2, we first consider the case
when L(P) is a pyramid over L(F') for some facet I’ of P. By the inductive hypothesis F' is

combinatorially equivalent to a polytope, hence so is P.



67

Next we assume that P is not a pyramid, which implies that, for any vertex v there exist
at least two facets that do not contain v. Let L be the face lattice of P. We now look at
its dual lattice, L*, which has d + 2 atoms. Since P is not a pyramid, for every coatom
v € L*, the lower interval [0*,v] has rank d and at most d atoms. This forces [0*,v] to be
the Boolean lattice, and by Proposition [4.3.9] L* is the face lattice of a simplicial normal
(d—1)-pseudomanifold with d+2 vertices, which must be the join of the boundary complexes
of two simplices whose dimensions add up to d (see, for example, [38, Lemma 4.1]). Thus L*

is the face lattice of a polytope, and hence so is L.

4.4 Polytopes with d + 2 facets

In the previous section, we extended all the results from [37] about polytopes with up to 2d
vertices to the generality of diamond lattices and strongly regular normal pseudomanifolds.
Our goal in the rest of the paper is to provide another generalization: this time to strongly
regular normal pseudomanifolds with 2d 4+ 1 vertices. To do so, in this section we will
temporarily go back to the world of polytopes. We start by using the face numbers to define
a certain partial order on the d-polytopes.

Given two d-polytopes P and @, we write P < Q if f;(P) < f;(Q) for all 0 < i < d —1;
if, in addition, f(P) # f(Q), then we write P < Q. If S is a set of d-polytopes, and there
exists a polytope P € S such that for all other polytopes () € S, P < ), then P is called
componentwise minimal in § and f(P) is called the componentwise minimal f-vector
in S. If moreover we are able to order all polytopes in S so that S ={P; < P, < Py < ...},
then § is completely ordered by f-vectors. Notice that this is a very strong condition,
and it implies that any nonempty subset of S contains a polytope that is componentwise
minimal.

Let Z(d + s,d,d + 2) be the set of all d-polytopes that have d + s vertices and d + 2

facets. The main result in this section is the following.
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Theorem 4.4.1. Polytopes in P (d+ s,d,d + 2) are completely ordered by f-vectors.

The set Z(d + s,d,d + 2) consists of polytopes dual to those with d + 2 vertices and
d + s facets. The set of all d-polytopes with d + 2 vertices, denoted P (d + 2,d), was fully
characterized in [13, 6.1]. In particular, every simplicial polytope in this class is obtained
from some (d — m)-simplex by adding one additional vertex and placing it beyond exactly
m of its facets for some 1 < m < |2]. Griinbaum denoted such a simplicial polytope as T7%.
Moreover, every P € 2(d + 2,d) is a (d — i)-fold pyramid over T}, for some 2 < i < d and
1 <m < [£]. Such a polytope is denoted as 744~ Griinbaum showed in [13, 6.1.4] that,

: d+2 d—1+m+1 d—m+1 d—1+1
Tdd=t) = — — 4.4.1
Je(Tw™) (d—k+1) ( d—k+1 ) (d—k+1)+(d—k+1) (44.1)
for all 0 < k < d— 1. In particular,
far(TED =d 4+ 1+ m(i —m). (4.4.2)

Equation (4.4.1) implies the following inequalities on the face numbers of polytopes in
P(d+2,d) (also see [13], 6.1]):

(i) For ¢ and m as above,
FlTR) < fl(Toihh), (4.4.3)

with strict inequality if and only if m < k + 1.

(ii) For ¢ and m as above,
J(T=) < f (Tt (4.4.4)
with strict inequality if and only if d < d — i+ k + m.

We are now ready to prove Theorem [4.4.1]
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Proof of Theorem [4.4.1] Let < be the partial order on polytopes defined at the start of this
section. Note that if two polytopes P and @ satisfy P < @), then so do their duals, that
is, P* < @Q*. Thus to prove the statement, it suffices to show that &(d + 2,d,d + s) is
completely ordered by f-vectors. By , for any i # i', T%%* and T¢*" have different
numbers of facets. Therefore two (distinct) polytopes P = T%4~" and P’ = Ti’,d = are both
in Z(d+2,d,d+ s) only if m # m/ (similarly, if m = m/, then i = ¢’ for polytopes in this
set). This implies that each polytope P in & (d + 2,d,d + s) is of the form T%%~¢ where all
m (and all i) are distinct (that is, the functions P — m and P — i are one-to-one). Hence,
in order to prove the statement, it suffices to show that if &(d + 2,d,d + s) contains both

T4 and T4 with m < m/, then

fr(TEA=1) < fk(TT‘i’fi_i/) forany 1 <k <d-—2.

Since T4%~* and Ti’,d ~ have the same number of facets, and the inequalities in 1}
and (4.4.4)) are both strict when k = d — 1, the fact that m < m’ implies i > '.

For any 1 < k < d— 2, by (4.4.1),
FoTo™") = (T2

B _d—f+m%4 N d—i+m+1 +__d—w+1_+d—m+1
N d—Fk+1 d—Fk+1 d—Fk+1 d—Fk+1

/

(=4) (=B)

N d—i +1 (d—i+1
d—k+1 d—k+1)|°

N

By repeatedly applying the Pascal identity, we obtain the following (known) formula.

()= Gon - ()

Therefore
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By shifting the summation index of A and then cancelling with the overlapping terms in C,

we obtain
0 i
B d—i+1-p d—i7+1—-p
A+C__Z( d—k )+ 2 ( d—k )
p=1-m/ p=(i—3")—m+1
B " d—i +p " (d—i+p
== d—k)+z(d—k)
p=1 p=1
B mem d—1+p+m L [/d—i +p d—i+p
- ( d—k )‘ZK d—k )\ a—yp )] Vhile
p=1 p=1
_m/_m_d—mjtl—p d—i7+p+m 2 [/d—i+p d—i+p
B+A+C_Z( d—k )_< d—k 2 |0 ) U
p=1 = p=1
:m’z—:m _il+1§_2m(d—m+1—p—q)] _zm:[i—i’ (d—z”+p—q)]
=\ = d—Fk—1 il d—Fk—1
(4.4.5)
(o) [ d—m+1—(1)— (' —1-2m)
> 1-2p—2
z [;(Z—F D m)]( d—Fk—1
oo fd=1+m—-1
- (" )
/ v ! d—1i+m+1 oo fd=7+m—-1
=(m —m)@i'—m m)( d k1 ) (m)(i z)( d k1 )
By ([A47),

d+s=d+1+m@Gi—m)=d+1+m'(@ —m),
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which implies that m(i —m) = m/(¢ —m’), and so

m —m)i —m' —m)=(m)i —1). 4.4.6
(
Therefore
. i Y 1 a5 _ 1
JolT=) — Ty = B+ A+ C > (myi— o) (TR (oA
m —— d—k—1 d—k—1
>0 >
(4.4.7)
>0

The result follows. O]

Recall that the simplicial polytope 75 is a bipymamid over an (s — 1)-simplex, and Tld 48
is a (d — s)-fold pyramid over this bipyramid. When s < d, the d-polytope Tld 475 oxists
and is contained in the set Z(d + 2,d,d + s). By Theorem , it has the componentwise
minimal f-vector in the completely ordered set &(d + 2,d,d + s). Moreover, the inequality
(<) in is equality only if & < m — 2. Therefore when m = 1, the inequality is
strict. This means that any other polytope P € Z(d + 2,d,d + s) has strictly more k-
faces than Tld 47 for any 1 < k < d — 2. The dual statement, together with the fact that
fr ((Tld’d_s)*> = ¢r(d + s, d), implies the following corollary.

Corollary 4.4.2. For any P € Z(d+ s,d,d+2),2<s<d, and1 <k <d-2,
Je(P) > ¢p(d+ s, d).
Moreover, equality holds for some k if and only if P = (Tld’d_s)*,

When s > d, the polytope Tld 475 does not exist. By Theorem m the “next-best”
polytopes would be T4 (for some i) when they exist. If d is even and s = d + 1, then the
polytope Tj’gf2 has the componentwise minimal f-vector in P(d + 2,d,2d + 1). However,
when d is odd, %l is not an integer. Yet in the proof above, the inequality continues
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to hold even though the equality in (4.4.6) becomes “>”. Hence we only need to slightly
d_
adjust the f-vector formula of Tzd 272 by using the floor or ceiling function as needed to keep

the inequalities in the proof valid, so the proof above still works, and the face numbers of

d_
hypothetical T2d 2 (obtained from (4.4.1) and shown below) form the lower bounds.

Lemma 4.4.3. Let P be a d-polytope with fo(P) > 2d+ 1 and f4—1(P) = d+ 2. Then for

s (4 () () - () - (5) s

When fo(P) = 2d + 1 and d is even, this lower bound is sharp, and it is attained for every

d,d-2,,
m > 1 when P = (T, 7)*.

m>1,

4.5 Pseudomanifolds with at least d + 3 facets

In this section, we will find the lower bounds on the f-numbers of polytopes and strongly
regular normal pseudomanifolds with at least 2d + 1 vertices and d + 3 facets. In particular,
we will show that in this case, there is a polytope V (constructed below) that has the
componentwise minimal f-vector.

Let P be a polytope that has a facet F' that is a simplex. The operation that builds a
shallow pyramid over F' while maintaining the convexity is called stacking on P over F'. Let
Tld 2 he the polytope with d + 2 vertices as defined in Section . Stack over one arbitray
facet of 779" that is a simplex (note that T* % is a (d — 2)-fold pyramid over a square),
then take the dual of this polytope. We will obtain the polytope V := (Stack(Tld’dd))*,
which has d + 3 facets. It is also easy to check that fo(V)=2d + 1 and

d+1 d d—1
= fi <d-1. 4.5.1
fm (V) <m+1)+(m+1>+<m> or 0 <m < (4.5.1)
The main theorem of this section is the following.

Theorem 4.5.1. Let P be a (d — 1)-dimensional strongly regular normal pseudomanifold

with fo(P) >2d+ 1 and fq—1(P) > d+3. Then P > V.



73

The proof of this theorem consists of several cases. We first use the Lower Bound Theorem

to take care of the case when P is simple, i.e., every vertex is in d edges.

Theorem 4.5.2. Let P be a pseudomanifold as above. If, in addition, P is simple, then
P>V.

Proof. Let L = L(P) be the face lattice of P. Since every vertex of P is in exactly d edges,
the dual lattice L* is the face lattice of a pure simplicial complex. Since L is the face lattice
of a normal pseudomanifold, by Proposition [.3.9] L* is the face lattice of a simplicial normal
pseudomanifold, call it P*. Since fo(P*) > d + 3, by the Lower Bound Theorem (see [12],
[16], and [36]), the f-vector of P* is componentwise bounded by the f-vector of the stacked
polytope with d + 3 vertices, denoted by Stack(d + 3,d). For each m > 1,

fm(P) > fa_i—m(Stack(d + 3,d))
() - (1) o

(:1111) * (mil) N Kmi 1> (d+2) - (Ziﬁ) '(d_m)}
() ) 4s

-+ (3 51)

> (V).

The result follows. O

Proof of Theorem[{.5.1] Let P be a (d—1)-dimensional strongly regular normal pseudoman-
ifold with fo(P) = 2d+ k (k > 1) and fy_1(P) > d + 3. By Theorem we now only
need to consider the case where there is a vertex v € P that is nonsimple, i.e., v is in at
least d + 1 edges. In the rest of the proof v always denotes a non-simple vertex of P. The
proof that Theorem holds in this case is by induction on d.

The statement clearly holds for d = 2. For the inductive step, we treat the following four

cases.
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Case 1: P is the pyramid with apex v, that is, there exists a facet F} of P such that P = F} xv.
In this case, the face lattice of F} is the face lattice of a strongly regular CW (d — 2)-
sphere with at least d+2 facets and 2d+k—1(> 2(d—1)+1) vertices. By the inductive

hypothesis, for m > 2, we have
fm(P) - fm(Fl) ‘I'fm—l(Fl)
o)+ )= () 1)+ )+ 6]
> + + + + +
m+1 m+1 m m m m—1
d+1 d d—1
B (m+1)+(m+1>+( m >=fm(V).
And for m =1,

[i(P) = fi(F1) + fo(F1)
> {(g) + (d;1> + (df)} +2d+k—1
()

>0

> f1(V).

Case 2: There exists a facet F; of P that does not contain v and such that 2d — 1 < fo(Fy) <
fo(P) —2 and fy o(Fy) > (d — 1) + 3. Then F} satisfies the inductive hypothesis.
Furthermore, there are at least two vertices of P outside of F} including a non-simple

vertex v. By Proposition [£.3.5(ii) we have that for all m > 1,

fn(P) 2 [(F) + (i) " (d;ll) i (i‘_i)
() )+ (L) () + (6 73) s

[

-~

(*)

Case 3: There exists a facet F} of P that does not contain v and such that 2d — 1 < fo(Fy) <
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fo(P) —2 and fqo((F1) = (d — 1) + 2. In this case, by Theorem [4.3.10, F} is combi-
natorially equivalent to (the boundary of) a polytope. By Lemma {4.4.3| for m > 1,

= (1) () (50 (1) - (51, e

Recall that as in the previous case, there are two vertices outside of F; and one of
them is nonsimple. Thus, using , when 1 < m < [4] — 1 it suffices to show that
fm(F1) > (m‘il) + (ijrll) + (d;f). Recall that any polytope with n vertices and d + 2
facets is of the form (T)%4%)* for some 2 <i <d, m < ||, and n = d+1+m(i —m).
It is easy to see that there does not exist a 5-dimensional polytope with 11 vertices
and 7 facets. Therefore when d = 6, the facet [} has at least 12 vertices. According to
the ordering of all 5-polytopes with 7 facets as in Theorem [4.4.1] the minimizer should
be (T5°)*, hence fo,(F1) > fm((T5°)*). In this case if m < 2] —1=2, then m = 1.

The result then follows since

() * () # (107) =20 <m0 = niayy < oy

When d > 7 and m < [%1 — 1, the lower bound in 1} is greater than (m‘il) +

(d_l) + (d_Q) in . The computations to verify this are purely combinatorial,

m+1 m

hence included in Appendix.

Now it suffices to focus on the cases when m > [4<L] — 1. If fy(Fy) < fo(P) — 3, then

there exist at least three vertices outside F. By Proposition [£.3.5
e () () ()2
[ (D5 ()
(D) (D ()

v~

>0 since m>]’d 111

> fum(V).
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Assume now that fo(F1) = fo(P) — 2, and let v and w be the only two vertices of P
outside of Fy. If v has at least d + 2 neighbors, then the vertex figure P/v has at least
d + 2 vertices. Then we use similar arguments and computations in Proposition [4.3.5]

to obtain:

#{m-faces of P containing v} > (d) + (d - 1) B (d — 3)‘
m

e+ () ()= ()
() (o) G- ()] ()
) R O R G R (o R S N S|
)+ () (00 [G) - ()

d+1
m+1 +
>0 since n;,_[@]—l

> fu(V).

Therefore

fm(P) =

1
1

Otherwise, v and w each have at most d + 1 neighbors. We will now show that this is
impossible. First notice that {v, w} must be an edge. Since fo(F}) = fo(P)—2 > 2d—1,
there exist at least 2d — 1 edges connecting vertices of F} to v and w. If at least d + 1
of these edges go to either v or w, then since {v,w} is also an edge, one of v, w has at
least d + 2 neighbors. This takes us back to the previous case. Therefore there has to
be at most 2d edges going out of F; (hence fo(F}) = 2d — 1 or 2d). Since v has degree
d+ 1, d of the vertices of F; will have edges connecting to v, and the other vertices
of F' must be connected to w. Therefore there exists at most one vertex of F; that
is connected to both v and w. On the other hand, since every other facet of P must
intersect with Fi, but f; o(F) = d+ 1 while f;_1(P) > d+ 3, there has to be at least
one facet Fy that does not intersect with F; at a ridge. The only possibility is that

FoNFy =G is a (d—3)-dimensional, and F, = G v *w. This means that every vertex



Case 4:

Case 5:

7

of G has an edge to both v and w. By our assumptions it must be fo(G) = 1, and so
d =3, fo(P) =7 and F} is a pentagon. Recall that f(V) = (7,11,6) when d = 3. Any
3-polytope with 7 vertices that has a pentagon (F7) and a triangle () that intersect

at a vertex will need at least 12 edges and seven 2-faces. Therefore P > V.

We are now done with Case 3. From now on we can assume that for each nonsimple

vertex v € P, each facet that does not contain v has size at most 2d — 2.

There is a facet Fy such that v ¢ F} and d+ 1 < fo(Fy) = (d—1) +s < 2d — 2, i.e.,

2 < s < d-—1. First label the vertices of P that are not in F} as v = x1, 29, ..., T4 s12-
By Proposition

fm(P) = fu(F) + #{m-faces of P that contain some x;}

) () - ()]

i [d§2 (d +n1”4_i) * (i__i)} (by [37, Thm. 3.2].)

=1

S 65 R P R v K ol (o B Gty

7

@S ()5

1=4 =m
d—3 i d—s—1 i
@+ ()3 () (45.5)
i=s—1 i=m
(d—3)—(s—2)

Every facet that does not contain a nonsimple vertex has d vertices.
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Let Fy be a facet that does not contain a nonsimple vertex v, and let §; = {zy =
v, T1,T9,...} be the set of vertices outside of Fy. By our assumption, |S;| > d + 1. If
there exists some other facet [ such that 0 < |Fo N S| < |Si| — 2 (in other words, F;
contains some z;’s but also excludes at least two vertices from &;.) Then once again

by Proposition [4.3.5(iii) we obtain f,,(P) > f(V).

Assuming such a facet F5 does not exist, the following must be true:

(1), 18] = d+1;
(2). fo(P)=2d+1;

(3). there is a unique facet F; that contains some x; but not v and Fy = {z1,...,z4}.

Let Sy be the set of vertices not in Fy (notice that S, = V/(Fy)Uv and so |Sy| = d+1).
Besides F and F3, every other facet of P must contain the vertex v, and so every other
facet contains some vertices from S; and S;. Let F3 be one of them. Then F3 needs
to contains at least d vertices (hence exactly d vertices) from each of S; and Ss, so
|F5| = 2d — 1 and there are exactly two vertices of P outside of F3. This subcase is

checked previously in Case 3.

This completes the proof. O

In summary, we now have the full picture of the lower bounds on face numbers of normal
CW (d — 1)-pseudomanifolds with at least 2d + 1 vertices. The picture is split into two parts

by restrictions on the number of facets:

(i). If the number of facets is d 4+ 2, by Lemma [1.4.3] the face vector of the polytope,
(Tzd ’%_2)*, is componentwise minimal (when it exists). We know this by completely
understanding all possible polytopes (hence all pseudomanifolds by Theorem
with d + 2 facets and the fact that all polytopes in this set are completely ordered by

f-numbers (by Theorem [4.4.1]).
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(ii). If the number of facets is greater than d + 2, then by Theorem [4.5.1} the face vector of

a polytope with d 4+ 3 facets, V = (Stack(Tld ’d_Q))*, is componentwise minimal.

While the results (i) and (ii) are stated and proved for normal pseudomanifolds with at
least 2d 4 1 vertices, they are sharp only for normal pseudomanifolds with exactly 2d + 1
vertices. The reason we need the “at least” 2d + 1 part in the statements is to enable us
to apply induction. The problem of obtaining sharp lower bounds on the face vectors of d-
polytopes with 2d + 2 or more vertices is wide open at present: there is not even a plausible
conjecture. For polytopes with exactly 2d + 2 vertices, the only result known is the minimal

number of edges proved by Pineda-Villavicencio, Ugon, and Yost in 2020 (see [23]).
4.6 Concluding remarks

The most natural open problem is to find the lower bounds for the face numbers of polytopes,
strongly regular CW spheres, or even strongly regular normal pseudomanifolds with 2d + 2
and more vertices. In view of our results for 2d + 1 vertices, one can conjecture that the
bounds in the case of 2d 4 2 vertices are also given by the face numbers of certain polytopes.
An approach that is similar to the proof of Theorem might be feasible but would
probably be lengthy and contain quite a few cases.

Another question is the following. By proving Griinbaum’s conjecture in [37] we showed
the existence of the componentwise minimal f-fectors of d-polytopes with at most 2d vertices.
We now know that such f-vector does not exist (in general) when there are 2d + 1 vertices
since the lower bound has two parts. Notice that if in addition we also restrict the number
of facets, then the componentwise minimal f-fectors still exist. Whether restrictions on the
number of facets helps reducing the “complexity” of the lower bounds for f-vectors would
be an interesting problem. This might be more plausible when the number of vertices is

relatively small (up to 3d — 2).
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Appendix A

In this section we will show that the following purely combinatorial inequality (see Propo-
sition [A.0.1)) holds. Let d > 3 and 1 < m < [£]-2, define the following two functions A(m, d)
and B(m,d).

A(m,d) = (g:rll) + (m‘i 1) + (51111) - (m@ 1) - (%tll), as in Lemma 23]
(A0.1)
B(m, d) = @111) + (m‘i 1) 4 <d;L 1>, as in Theorem 5] (A.0.2)

We will show that B(m,d) is smaller than A(m, d) roughly for the first half of values of

Proposition A.0.1. When1 < m <[] —1 and d > 6, B(m,d) < A(m,d).

Proof. We will prove the statement by induction on d. First let

d—1 d—1 [4] [4] -1
= A - B = — — 2 — |2 . (A0
o=t~ () (51) - (1) - (1) aas
When d =6 and m =1, 6(m,d) =1 > 0.
Now let d > 7, and asume that §(m,d—1) > 0 for allm < [%2]—1. Consider m < [4]—1.
By Pascal’s identity, d(m,d) = §(m,d — 1) + 6(m — 1,d — 1). If both m — 1,m < [41] — 1,
then by the inductive hypothesis §(m,d) > 0. The only case that is not covered in the

inductive hypothesis is the following.

[%1 l=m< [gq ~1 (A.0.4)
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It occurs ony when d is odd (write it as d = 2a + 1) and m = [%2¢] — 1 = a — 1. Note that

a > 4 since d > 7. In this case,

fla—1,20+1) = (Qaa> ) (az_a1> ) (azl) . @

+ 1 20 +1
= — 2
2a+1< a > (a+2)
2a)(2a —1)...
RIS TEATEEN A
al
where (x) is by the binomial identity (}) — (,.",) = %("Zl)
Since a > 4,
(2a)(2a—1)...(a+3) 2a 2a-—1 a+3 1
al a a-1 3 2
2a—-1 a+3
a—1""" 3

> 1 since every term is at least 1.

(A.0.5)

(A.0.6)
(A.0.7)

(A.0.8)

Plugging this into (A.0.5]), we obtain that 6(a—1,2a+1) > 0, which completes the proof.

[]
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