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Preface

The working title of this book was “Combinatorics 18.315.” In the private lan-
guage of the Massachusetts Institute of Technology, Course 18 is Mathematics,
and 18.315 is the beginning graduate course in combinatorial theory. From the
1960s to the 1990s, 18.315 was taught primarily by the three permanent fac-
ulty in combinatorics, Gian-Carlo Rota, Daniel Kleitman, and Richard Stanley.
Kleitman is a problem solver, with a prior career as a theoretical physicist. His
way of teaching 18.315 was intuitive and humorous. With Kleitman, mathe-
matics is fun. The experience of a Kleitman lecture can be gleaned from the
transcripts of two talks.! Stanley’s way is the opposite of Kleitman. His lectures
are careful, methodical, and packed with information. He does not waste words.
The experience of a Stanley lecture is captured in the two books Enumerative
Combinatorics I and II, now universally known as ECI and EC2. Stanley’s work
is a major factor in making algebraic combinatorics a respectable flourishing
mainstream area.

It is difficult to convey the experience of a Rota lecture. Rota once said
that the secret to successful teaching is to reveal the material so that at the
end, the idea — and there should be only one per lecture — is obvious, ready
for the audience to “take home.” We must confess that we have failed to pull
this off in this book. The immediacy of a lecture cannot (and should not) be
frozen in the textuality of a book. Instead, we have tried to convey the method
behind Rota’s research. Although he would object to it being stated in such
stark simplistic terms, mathematical research is not about solving problems;
it is about finding the right problems. One way of finding the right prob-
lems is to look for ideas common to subjects, ranging from, say, category
theory to statistics. What is shared may be the implicit algebraic structures
that hide behind the technicalities, in which case finding the structure is part

! Kleitman (1979, 2000).

X
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of “applied universal algebra.” The famous paper Foundations I, which re-
vealed the role of partially ordered sets in combinatorics, is a product of this
point of view. To convey Rota’s thinking, which involves all of mathemat-
ics, one must go against an idée recue of textbook writing: the prerequisites
for this book are, in a sense, all mathematics. However, it is the ideas, not
the technical details, that matter. Thus, in a different sense, there are no pre-
requisites to this book: we intend that a minimum of technical knowledge is
needed to seriously appreciate the text of this book. Those parts where spe-
cial technical knowledge is needed, usually in the exercises, can be skimmed
over.

Rota taught his courses with different topics and for different audiences. The
chapters in this book reflect this. Chapter 1 is about sets, functions, relations,
valuations, and entropy. Chapter 2 is mostly a survey of matching theory. It
provides a case study of Rota’s advice to read on the history of a subject before
tackling its problems. The aim of Chapter 2 is to find what results one should
expect when one extends matching theory to higher dimensions. Possible paths
are suggested in Section 2.8. The third chapter offers a mixture of topics in
partially ordered sets. The first section is about Mobius functions. After the mid-
1960s, Mobius functions were never the focus of a Rota course; his feeling was
that he had made his contribution. However, a book on Rota’s combinatorics
would be incomplete without Mobius functions. Other topics in Chapter 3
are Dilworth’s chain partition theorem; Sperner theory; modular, linear, and
geometric lattices; and valuation rings. Linear lattices, or lattices represented by
commuting equivalence relations, lie at the intersection of geometric invariant
theory and the foundations of probability theory. Chapter 4 is about generating
functions, polynomial sequences of binomial type, and the umbral calculus.
These subjects have been intensively studied and the chapter merely opens the
door to this area. Chapter 5 is about symmetric functions. We define them by
distribution and occupancy and apply them to the study of Baxter algebras.
This chapter ends with a section on symmetric functions over finite fields. The
sixth chapter is on polynomials and their zeros. The topic is motivated, in part,
by unimodality conjectures in combinatorics and was the last topic Rota taught
regularly. Sadly, we did not have the opportunity to discuss this topic in detail
with him.

There is a comprehensive bibliography. Items in the bibliography are refer-
enced in the text by author and year of publication. In a few cases when two
items by the same authors are published in the same year, suffixes a and b
are appended according to the order in which the items are listed. Exceptions
are several papers by Rota and the two volumes of his selected papers; these
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are referenced by short titles. Our convention is explained in the beginning of
the bibliography.

We should now explain the authorship and the title of this book. Gian-Carlo
Rota passed away unexpectedly in 1999, a week before his 67th birthday. This
book was physically written by the two authors signing this preface. We will
refer to the third author simply as Rota. As for the title, we wanted one that
is not boring. The word “way” is not meant to be prescriptive, in the sense
of “my way or the highway.” Rather, it comes from the core of the cultures
of the three authors. The word “way” resonates with the word “cammin” in
the first line of Dante’s Divina commedia, “Nel mezzo del cammin di nostra
vita.” It also resonates as the character “tao” in Chinese. In both senses, the
way has to be struggled for and sought individually. This is best expressed in
Chinese:

Inadequately translated into rectilinear English, this says “a way which can be
wayed (that is, taught or followed) cannot be a way.” Rota’s way is but one
way of doing combinatorics. After “seeing through” Rota’s way, the reader will
seek his or her own way.

It is our duty and pleasure to thank the many friends who have contributed,
knowingly or unknowingly, to the writing of this book. There are several sets
of notes from Rota’s courses. We have specifically made use of our own notes
(1976, 1977, 1994, and 1995), and more crucially, our recollection of many
conversations we had with Rota. Norton Starr provided us with his notes from
1964. These offer a useful pre-foundations perspective. We have also consulted
notes by Miklés Bona, Gabor Hetyei, Richard Ehrenborg, Matteo Mainetti,
Brian Taylor, and Lizhao Zhang from the early 1990s. We have benefited from
discussions with Ottavio D’ Antona, Wendy Chan, and Dan Klain. John Guidi
generously provided us with his verbatim transcript from 1998, the last time
Rota taught 18.315. Section 1.4 is based partly on notes of Kenneth Baclawski,
Sara Billey, Graham Sterling, and Carlo Mereghetti. Section 2.8 originated in
discussions with Jay Sulzberger in the 1970s. Sections 3.4 and 3.5 were much
improved by a discussion with J. B. Nation. William Y. C. Chen and his students
at the Center for Combinatorics at Nankai University (Tianjin, China) — Thomas
Britz, Dimitrije Kostic, Svetlana Poznanovik, and Susan Y. Wu — carefully read
various sections of this book and saved us from innumerable errors. We also
thank Ester Rota Gasperoni, Gian-Carlo’s sister, for her encouragement of this
project.
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Finally, Joseph Kung was supported by a University of North Texas faculty
development leave. Catherine Yan was supported by the National Science
Foundation and a faculty development leave funded by the Association of
Former Students at Texas A&M University.

May 2008 Joseph P. S. Kung
Catherine H. Yan



1

Sets, Functions, and Relations

1.1 Sets, Valuations, and Boolean Algebras

We shall usually work with finite sets. If A is a finite set, let | A| be the number
of elements in A. The function | - | satisfies the functional equation

|AUB|+|ANB| =|A| +|B|.

The function | - | is one of many functions measuring the “size” of a set. Let v
be a function from a collection C of sets to an algebraic structure A (such as
an Abelian group or the nonnegative real numbers) on which a commutative
binary operation analogous to addition is defined. Then v is a valuation if for
sets A and B in C,

V(AU B) 4+ v(AN B) =v(A) + v(B),

whenever the union A U B and the intersection A N B are in C.

Sets can be combined algebraically and sometimes two sets can be compared
with each other. The operations of union U and intersection N are two basic
algebraic binary operations on sets. In addition, if we fix a universal set §
containing all the sets we will consider, then we have the unary operation A¢
of complementation, defined by

A°=S\A={a:aeSanda ¢ A}.

Sets are partially ordered by containment. A collection C of subsets is a ring of
sets if C is closed under unions and intersections. If, in addition, all the sets in
C are subsets of a universal set and C is closed under complementation, then C
is a field of sets. The collection 25 of all subsets of the set S is a field of sets.
Boolean algebras capture the algebraic and order structure of fields of sets.
The axioms of a Boolean algebra abstract the properties of union, intersection,
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and complementation, without any mention of elements or points. As John von
Neumann put it, the theory of Boolean algebras is “pointless” set theory.

A Boolean algebra P is a set with two binary operations, the join Vv and the
meet A; a unary operation, complementation -°; and two nullary operations or
constants, the minimum 0 and the maximum 1. The binary operations V and A
satisfy the lattice axioms:

L1. Idempotency: x Vx =x, XxAX=X.

L2. Commutativity: x Vy=yVx, XAY=yAX.

L3. Associativity: x V(yVz)=x Vy)Vz, xAQIAZ)=EAY)AZ.
L4. Absorption: x A(x Vy)=x, xV(XAYy) =ux.

Joins and meets also satisfy the distributive axioms
XVOAD=@GVIAERVID, xAQVDD=EAY)VEXAZ).
In addition, the five operations satisfy the De Morgan laws
(VY =xAY, Ay =x"VHS,

two pairs of rules concerning complementation

and

It follows from the axioms that complementation is an involution; that is,
(x¢)¢ = x. The smallest Boolean algebra is the algebra 2 with two elements 0
and i, thought of as the truth values “false” and “true.” The axioms are, more
or less, those given by George Boole. Boole, perhaps the greatest simplifier in
history, called these axioms “the laws of thought.”! He may be right, at least
for silicon-based intelligence.

A lattice is a set L with two binary operations V and A satisfying axioms
L1-L4. A partially ordered set or poset is a set P with a relation < (or <p
when we need to be clear which partial order is under discussion) satisfying
three axioms:

PO1. Reflexivity: x < x.
PO2. Transitivity: x <y and y < z imply x < z.
PO3. Antisymmetry: x <y and y < x imply x = y.

I Boole (1854). For careful historical studies, see, for example, Hailperin (1986) and Smith
(1982).
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The order-dual P* is the partial order obtained from P by inverting the order;
that is,

x <piy ifandonlyif y <p x.

Sets are partially ordered by containment. This order relation is not explicit
in a Boolean algebra, but can be defined by using the meet or the join. More
generally, in a lattice L, we can define a partial order <; compatible with the
lattice operations on L by x <; yifandonlyif x A y = x. Using the absorption
axiom L4, it is easy to prove that x A y = x if and only if x vV y = y; thus, the
following three conditions are equivalent:

X=Ly, XAy=x, xVy=y.

The join x V y is the supremum or least upper bound of x and y in the partial
order <;; thatis,x Vy >, x, xVy>; vy, and if z >, x and z >, y, then
z > x Vy. The meet x A y is the infimum or greatest lower bound of x and
y. Supremums and infimums can be defined for arbitrary sets in partial orders,
but they need not exist, even when the partial order is defined from a lattice.
However, supremums and infimums of finite sets always exist in lattices.

By the De Morgan laws, the complementation map x — x° from a Boolean
algebra P to itself exchanges the operations v and A. This gives an (order)
duality: if a statement P about Boolean algebra holds for all Boolean algebras,
then the statement PV, obtained from P by the exchanges x <> x¢, A < V,
< < >, 0 <1, is also valid over all Boolean algebras. A similar duality
principle holds for statements about lattices.

We end this section with representation theorems for Boolean algebras as
fields of subsets. Let P and Q be Boolean algebras. A function¢ : P — Q is
a Boolean homomorphism or morphism if

d(x vV y) =¢(x) Vv o(y)
d(x A y) = ¢d(x) A p(y)
P(x) = (p(x))".

1.1.1. Theorem. A finite Boolean algebra P is isomorphic to the Boolean
algebra 25 of all subsets of a finite set S.

Proof. An atom a in P is an element covering the minimum 0; that is, a > 0
andifa > b > f), then b = a. Atoms correspond to one-element subsets. Let S
be the set of atoms of Band ¢ : P — 25, ¢ : 25 — P be the functions defined
by

v(x)={a:aeS,a<x}, @A) = \/a.

acA
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It is routine to check that both compositions ¢ and ¢ are identity functions
and that ¢ and ¢ are Boolean morphisms. O

The theorem is false if finiteness is not assumed. Two properties implied by
finiteness are needed in the proof. A Boolean algebra P is complete if the
supremum and infimum (with respect to the partial order < defined by the
lattice operations) exist for every subset (of any cardinality) of elements in P.
It is atomic if every element x in P is a supremum of atoms. The proof of
Theorem 1.1.1 yields the following result.

1.1.2. Theorem. A Boolean algebra P is isomorphic to a Boolean algebra 25
of all subsets of a set if and only if P is complete and atomic.

Theorem 1.1.2 says that not all Boolean algebras are of the form 25 for some
set S. For a specific example, let S be an infinite set. A subset in S is cofinite
if its complement is finite. The finite—cofinite Boolean algebra on the set S is
the Boolean algebra formed by the collection of all finite or cofinite subsets
of S. The finite—cofinite algebra on an infinite set is atomic but not complete.
Another example comes from analysis. The algebra of measurable sets of the
real line, modulo the sets of measure zero, is a nonatomic Boolean algebra in
which unions and intersections of countable families of equivalence classes of
sets exist.

One might hope to represent a Boolean algebra as a field of subsets con-
structed from a topological space. The collection of open sets is a natural
choice. However, because complements exist and complements of open sets
are closed, we need to consider clopen sets, that is, sets that are both closed
and open.

1.1.3. Lemma. The collection of clopen sets of a topological space is a field
of subsets (and forms a Boolean algebra).

Since meets and joins are finitary operations, it is natural to require the topo-
logical space to be compact. A space X is totally disconnected if the only
connected subspaces in X are single points. If we assume that X is compact
and Hausdorff, then being totally connected is equivalent to each of the two
conditions: (a) every open set is the union of clopen sets, or (b) if p and g are
two points in X, then there exists a clopen set containing p but not g. A Stone
space is a totally disconnected compact Hausdorff space.

1.1.4. The Stone representation theorem.> Every Boolean algebra can be
represented as the field of clopen sets of a Stone space.

2 Stone (1936).
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There are two ways, topological or algebraic, to prove the Stone representation
theorem. In both, the key step is to construct a Stone space X from a Boolean
algebra P. A 2-morphism of P is a Boolean morphism from P onto the two-
element Boolean algebra 2. Let X be the set of 2-morphisms of P. Regarding
X as a (closed) subset of the space 27 of all functions from P into 2 with
the product topology, we obtain a Stone space. Each element x in P defines
a continuous function X — 2, f > f(x). Using this, we obtain a Boolean
morphism from P into the Boolean algebra of clopen sets of X.

The algebraic approach regards a Boolean algebra P as a commutative
ring, with addition defined by x + y = (x A y°) V (x A y) and multiplication
defined by xy = x A y. (Addition is an abstract version of symmetric difference
of subsets.) Then the set of prime ideals Spec(P) of P is a topological space
under the Zariski topology: the closed sets are the order filters in Spec(P)
under set-containment. The order filters are also open, and hence clopen. Then
the Boolean algebra P is isomorphic to the Boolean algebra of clopen sets of
Spec(P). Note that in a ring constructed from a Boolean algebra, 2x = x + x =
0 for all x. In such a ring, every prime ideal is maximal. Maximal ideals are in
bijection with 2-morphisms and so Spec(P) and X are the same set (and less
obviously, the same topological space).?

The Boolean operations on a field P of subsets of a universal set S can
be modeled by addition and multiplication over a ring A using indicator (or
characteristic) functions. If S is a universal set and A C S, then the indicator
function x4 of A is the function § — A defined by

1 ifaeA,

Xala) = {0 ifadA.

The indicator function satisfies

Xxang(a) = xa(a)xp(a),
Xxaup(@) = xa(a) + xa(a) — xa(a)xp(a).

When A is GF(2), the (algebraic) field of integers modulo 2, then the indicator
function gives an injection from P to the vector space GF(2)S of dimension
|S| with coordinates labeled by S. Since GF(2) is the Boolean algebra 2 as a
ring, indicator functions also give an injection into the Boolean algebra 2!5!.
Indicator functions give another way to prove Theorem 1.1.1.

It will be useful to have the notion of a multiset. Informally, a multiset is a set
in which elements can occur in multiple copies. For example, {a, a, b, a, b, c}

3 See Halmos (1974) for the topological approach. A no-nonsense account of the algebraic
approach is in Atiyah and MacDonald (1969, p. 14). See also Johnstone (1982).
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is a multiset in which the element a occurs with multiplicity 3. One way to
define multisets formally is to generalize indicator functions. If S is a universal
set and A C S, then a multiset M is defined by a multiplicity function y :
S — N (where N is the set of nonnegative integers). The support of M is the
subset {a € S: xyu(a) > 0}. Unions and intersections of multisets are defined
by

xang(@) = min{x4(a), xz(a)},
Xaug(a) = max{xa(a), xz(a)}.

‘We have defined union so that it coincides with set-union when both multisets
are sets. We also have the notion of the sum of two multisets, defined by

xa+(a) = xa(a) + xp(a).

This sum is an analog of disjoint union for sets.

Exercises

1.1.1. Distributive and shearing inequalities.
Let L be a lattice. Prove that for all x, y,z € L,

xAYVEAZD<xA(HVZI
and
XAYYIVEAZD<xAYVXAZ).

1.1.2. Sublattices forbidden by the distributive axioms.*

A sublattice of a lattice L is a subset of elements of L closed under meets
and joins. Show that a lattice L is distributive if and only if L does not contain
the diamond Ms and the pentagon Ns as a sublattice (see Figure 1.1).

1.1.3. More on the distributive axioms.

(a) Assuming the lattice axioms, show that the two identities in the dis-
tributive axioms imply each other. Show that each identity is equivalent to the
self-dual identity

xVIOAOGVIAGEV)=EAYIVIAZV(ZAX).

(b) Show that a lattice L is distributive if and only if for all a,x,y € L,
avx=aVyandaAnx=aAyimply x =y.

4 Birkhoff (1934).



1.1 Sets, Valuations, and Boolean Algebras 7

m m

Figure 1.1 The diamond and the pentagon.

1.1.4. Implication.
Define the binary operation — of implication on a Boolean algebra P by

x—>y=2x°Vy.

Show that the binary operation — and the constant ( generate the operations
V, A, € and the constant 1. Give a set of axioms using — and 0.

1.1.5. Conditional disjunction.
Define the ternary operation [x, y, z] of conditional disjunction by

[x,y,. 2l =(xAY) V(A V(ZAX).

Note that [x, y, z] is invariant under permutations of the variables. Show that
v and A can be defined using conditional disjunction and the constants 1
and 0. Find an elegant set of axioms for Boolean algebras using conditional
disjunction and complementation.

1.1.6. Huntington’s axiom.>

Show that a Boolean algebra P can be defined as a nonempty set with
a binary operation V and a unary operation -¢ satisfying the following three
axioms:

H1. v is associative.
H2. Vv is commutative.
H3. Huntington’s axiom: For all x and y,

XV YN V(v iy =x.

1.1.7. The Sheffer stroke.
Show that a Boolean algebra P can be defined as a set P with at least two
elements with single binary operation | satisfying the axioms:

Shl. (ala)|(ala) = a.

5 Huntington (1933). 6 Sheffer (1913).
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Sh2. a|(b|(b|b)) = ala.
Sh3. (al(b|c)l(al(blc)) = ((bIb)a)|((c|c)|a).

1.1.8. Let S be the countable set {1/n: 1 < n < oo} and consider the topolog-
ical space S U {0} with the topology induced from the real numbers. Show that
the finite—cofinite algebra on § is the collection of open sets of S U {0}.

1.1.9. (a) Let H be the collection of all unions of a finite number of subsets of
rational numbers of the following form:

{rer <b}, {rra<r<b}, orf{ria=<r}

Show that H is a countable Boolean algebra (under set-containment) with no
atoms.

(b) Show that any two countable Boolean algebras with no atoms are iso-
morphic.

1.1.10. Is there a natural description of the Stone space of the Boolean algebra
of measurable sets of real numbers modulo sets of measure zero?

1.1.11. Infinite distributive axioms.
The infinite distributive axioms for the lattice operations say

A V=V Ao V Axi= AV xso
iriel j:jel fifiI—J itiel iciel j:jeJ fifid—J itiel

with f ranging over all functions from 7 to J. To see that this is the correct
infinite extension, interpret A as multiplication and V as addition. Then formally

Gt +x +xi3 4 )2+ X2 + a3+ ) Faz F szt )
= Z X1 F()X2, f@)X3,£3) """ -
fifil—=J
Prove the following theorem of Tarski.” Let P be a Boolean algebra. Then the
following conditions are equivalent:

1. P is complete and satisfies the infinite distributivity axioms.
2. P is complete and atomic.
3. P is the Boolean algebra of all subsets of a set.

1.1.12. Universal valuations for finite sets.
Let S be a finite set, {x,: a € S} be a set of variables, one for each element
of S, xo be another variable, and A[x] be the ring of polynomials in the

7 Tarski (1929).
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set of variables {x,:a € S} U {x¢} with coefficients in a ring A. Show that
v: 25 - A[x] defined by

v(A) = xo + Z Xa
a:acA
is a valuation taking values in A[x] and every valuation taking values in A can
be obtained by assigning a value in A to each variable in {x,: a € S} U {xo}.

1.2 Partially Ordered Sets

Let P be a partially ordered set. An element x covers the element y in the
partially ordered setif x > y and there is no element z in P suchthatx > z > y.
An element m is minimal in the partial order P if there are no elements y in P
such that y < m. A maximal element is a minimal element in the dual P*.

Two elements x and y in P are comparable if x <y or y < x; they are
incomparable if neither x < y nor y < x. A subset C C P is a chain if any
two elements in C are comparable. A subset A C P is an antichain if any two
elements in A are incomparable. If C is a finite chain and |C| = n + 1, then
the elements in C can be linearly ordered, so that

X < X1 < Xp < -+ < Xy.

The length of the chain C is n, 1 less than the number of elements in C. A chain
X0 < X1 < --- < X, inthe partial order P is maximal or saturated if x; 1| covers
x; for 1 <i < n. A function r defined from P to the nonnegative integers is
a rank function if r(x) = 0 for every minimal element and r(y) = r(x) + 1
whenever y covers x. The partial order P is ranked if there exists a rank
function on P. The rank of the entire partially ordered set P is the maximum
max{r(x): x € P}.If x < yin P, the interval [x, y]istheset{z: x <z < y}.

If P is finite, then we draw a picture of P by assigning a vertex or dot to
each element of P and putting a directed edge or arrow from y to x if x covers
v. Thinking of the arrows as flexible, we can draw the picture so that if x > y,
then x is above y. It is not required that the edges do not cross each other.
Helmut Hasse drew such pictures for field extensions. For this reason, pictures
of partial orders are often called Hasse diagrams.

Let P and Q be partially ordered sets. A function f : P — Q is order-
preserving if for elements x and y in P, x <p y implies f(x) <o f(y). A
function f is order-reversing if x <p y implies f(x) >¢ f(¥).

A subset I C P isan (order)ideal of P if itis “down-closed;” thatis, y < x
and x € I imply y € I. Note that we do not require ideals to be closed under
joins if P is a lattice. The union and intersection of an arbitrary collection of
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ideals are ideals. There is a bijection between ideals and antichains: an ideal
I is associated with the antichain A(/) of maximal elements in /. If @ is an
element of P, then the set /(a) defined by

I1(a) ={x:x <a}

is an ideal. An ideal is principal if it has this form or, equivalently, if it has
exactly one maximal element a. The element a generates the principal ideal
I(a).

If A is a set of elements of P, then the ideal 1(A) generated by A is the
ideal defined, in two equivalent ways, by

I(A) = {x: x < a for some a € A}
or

1A = | Ia.
a:acA
Ideals are also in bijection with order-preserving functions from P to the
Boolean algebra 2: the ideal / corresponds to the function f : P — 2 defined
by f(x) =0if x € I and f(x) = 1 otherwise.

Filters are “up-closed;” in other words, filters are ideals in the order-dual
PY. The set complement P\ of an ideal is a filter. Any statement about ideals
inverts to a statement about filters. In particular, the map sending a filter to
the antichain of its minimal elements is a bijection. Hence, there is a bijection
between the ideals and the filters of a partially ordered set. If A is a set of
elements of P, then the filter F(A) generated by A is the filter defined by

F(A) = {x: x > a for some a € A}.

When A is a single-element set {a}, the filter F({a}), written F(a), is the
principal filter generated by a.

Let P be a partial order and Q be a partial order on the same set P. The
partial order Q is an extension of P if x <p y implies x <¢ y or, equivalently,
as a subset of the Cartesian product P x P, the relation <p is contained in
<p.If Qis achain, then it is a linear extension of P.

1.2.1. Lemma.? Let P be a finite partially ordered set. If x is incomparable
with y, then there is a linear extension L of P such that x <, y.

Proof. We can construct a linear extension in the following way: let min(P) be
the set of minimal elements of P. Then choose an element x; from min(P),

8 Dushnik and Miller (1941).
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an element x, from min(P\{x}), an element x3 from min(P\{x;, x»}), and so
on. This gives a linear extension in which x; < x, < x3 < - - -. Intuitively, this
can be done by drawing the Hasse diagram and tilting it “slightly” so that the
partial order is preserved and no two elements lie at the same height. Then we
can read off the linear extension from bottom to top.

Now suppose that x is incomparable with y. Then in the construction, always
choose an element other than x or y. This is possible unless, at some stage,
the set min(P\{x1, x2, ..., x;}) is {x, y}. (The set of minimal elements cannot
be the one-element set {x} or {y}; otherwise x and y would be comparable.)
Choosing x before y, we obtain a linear extension L in which x <, y.

Another proof uses the simple but useful result: if a relation in P x P
contains the diagonal and has no directed cycles of positive length, then its
transitive closure is a partial order. Consider the relation P U {(x, y)}, where
(x,y) € P. This relation has no directed cycle and so its transitive closure P}
is a partial order. A linear extension of P; is a linear extension of P in which
x <rpy. U

Lemma 1.2.1 is the finite case of Szpilrajn’s lemma:® every partially ordered

set has a linear extension. In full generality, Szpilrajn’s lemma is equivalent to
the axiom of choice.

It is routine to show that if P and Q are two partial orders on the same set,
then the intersection of the order relations P and Q, as subsets of the partial
order, is a partial order (on the same set). The order dimension dim(P) of a
partially ordered set P is the minimum number d such that there exist d linear
extensions of P such that

For example, chains have order dimension 1 and antichains have order dimen-
sion 2. By Lemma 1.2.1, P is the intersection of all its linear extensions. Hence,
the order dimension of a finite partially ordered set P is at most the number of
linear extensions of P; in particular, the order dimension exists.

The (Cartesian) product P x Q of two partial orders P and Q is the order
defined by

(x,u) <pxo (y,v) if x <p y and u <p v.

If Ly, L,,..., L, are d linear extensions intersecting at P, then the diago-
nalmap P - Ly X Ly X --- X Ly, a+> (a,a, ..., a), gives an isomorphism

9 Szpilrajn (1930).
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of P onto the image {(a,a,...,a): a € P}. Conversely, given an injective
function a — (fi(a), f2(a), ..., fis(a)) from P to a product K; x Kp X - -+ X
K4 of d chains such that the image is isomorphic to P under the inherited order,
then one can obtain d linear extensions in the following way: for each index i,
choose a “default” linear extension L and define the linear extension L; by

Jitx) < fi(y)
fix)=fi(y) and x < yin L.

Then P = () L;. We conclude that the order dimension is the smallest number
d such that there exists an injective order-preserving function from P into a
product of d chains (of any size). Thinking of a chain as a one-dimensional
line, this gives a geometric interpretation of the order dimension.

x < yif

Exercises

1.2.1. Finite partial orders and topological spaces.

A topological space on a set § may be defined by a collection of open sets
containing S and # are closed under arbitrary unions and finite intersections. A
topology is Ty if for any two elements x and y, there is an open set containing
x but not y or an open set containing y but not x. Show that if P is a finite set,
a Tp-topology defines a partial order and, conversely, a partial order defines a
Ty-topology.

1.2.2. Standard examples for order dimension.'°

(a) Let A; ={i}and B; ={1,2,...,i —1,i+1,...,n}, ordered by set-
containment, so that A; < B; wheneveri # j and A; and B; are incomparable.
The standard example S, is the rank-2 partially ordered set on the 2n sets A;
and B; ordered by set-containment. Show that S, has order dimension 7.

(b) Show that if Q is a suborder of P, then dim(Q) < dim(P).

(c) Show that if P is a collection of subsets of a set S ordered by set-
containment, then dim(P) < |S]. Using (a) and (b), conclude that the Boolean
algebra 2{1:2"} has order dimension 7.

1.2.3. Order dimension of Cartesian products."!
(a) Let P and Q be partially ordered sets, each having a maximum, a
minimum, and size at least 2. Then

dim(P x Q) = dim(P) + dim(Q).

10 Dushnik and Miller (1941).
11" See the exposition and references in Trotter (1992, chapters 1 and 2).
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In particular, if C; are chains of positive length, then
dim(Cy x C, x +-+- x C,) = n.
In general, all that can be proved is the inequality
dim(P x Q) < dim(P) + dim(Q).

This inequality can be strict.
(b) Let S, be the standard example defined in Exercise 1.2.2. Show that

dim(S,, x S,) =2n — 2.

1.2.4. The order polynomial ">

Let P be a finite partially ordered set and (n) be a chain with n elements.
Let Q(P;n) be the number of order-preserving functions P — (n).

(a) Show that

[P

n
QPin) = Za(s),

s=1

where e; is the number of surjective order-preserving functions from P to
the chain (s). In particular, Q(P;n) is a polynomial in n, called the order
polynomial of P.

(b) Let x and y be any two incomparable elements of P. Let P,* be the
partial order obtained by taking the transitive closure of P U {(y, x)} (defined
in the proof of Lemma 1.2.1). Let Py, be the partially ordered set obtained by
identifying x and y. Show that Q2(P; n) satisfies the relation

Q(P;n) = QP n) + QP 5 n) — Q(Pyy;n).

An order-preserving map f : P — Q is strict if x <y implies f(x) <
f(y). Let Q(P;n) be the number of strict order-preserving functions
P — (n).

(c) Show that Q(P;n) = (—1)"Q(P; —n). This is a simple example of a
“combinatorial reciprocity theorem.”

(d) Show that the order polynomial satisfies the convolution identity

QPim+n) =Y QU:m)QP\I:n),
1

where the sum ranges over all order ideals / of P.

12 Johnson (1971) and Stanley (1973, 1974).
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1.2.5. Well-quasi-orders."
Rota observed that

an infinite class of finite sets is no longer a finite set, and infinity has a way of
getting into the most finite of considerations. Nowhere more than in combinatorial
theory do we see the fallacy of Kronecker’s well-known saying that “God created
the integers; everything else is man-made.” A more accurate description might be:
“God created infinity, and man, unable to understand infinity, had to invent finite
sets.”!4

Rotamight have added that many infinite classes of finite objects can be “finitely
generated.” The theory of well-quasi-orders offers a combinatorial foundation
for studying finite generation of infinite classes.

A quasi-order is a set Q with a relation < satisfying the reflexivity and
transitivity axioms (PO1) and (PO2), but not necessarily the antisymmetry
axiom (PO3). Almost all the notions in the theory of partial orders extend to
quasi-orders with minor adjustments.

(a) Show that if Q is finite, a quasi-order defines a topology and, conversely,
a topology defines a quasi-order.

(b) Show that the relation x ~y if x <y and y < x is an equivalence
relation on Q. Define a natural partial order on the equivalence classes
from <.

A quasi-order Q is a well-quasi-order (often abbreviated to wqo) if there are
no infinite antichains or infinite descending chains. The property of being
well-quasi-ordered is equivalent to four properties:

The infinite-nondecreasing-subsequence condition. Every infinite sequence
(xi)1<i<oco Of elements in Q contains an infinite nondecreasing subsequence.

No-bad-sequences condition. If (x;)1<i<c 1S an infinite sequence of elements
in Q, then there exist indices i and j such thati < j and x; < x;.

Finite basis property for order filters. If F is an order filter of Q, then there
exists a finite set B (called a basis for F) such that for each element a € F,
there exists an element b in B such that b < a.

Ascending chain condition for order filters. There is no strictly increasing chain
(under the subset order) of order filters.

13 Dickson (1913), Gordan (1885, 1887), Higman (1952), Kruskal (1960, 1972), and
Nash-Williams (1965, 1967).
14 Rota (1969a, pp. 197-208).
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(c) Show that each of the four properties is equivalent to being a well-quasi-
order.

(d) Let O be a well-quasi-order. Show that if P € Q, then P (with quasi-
order inherited from Q) is a well-quasi-order. Show that if P is a quasi-order
and there exists a quasi-order-preserving map Q — P, then P is a well-quasi-
order.

(e) An induction principle. For an element a in a quasi-order set Q, let
F(a) = {x: x > a}, the principal filter generated by a. Show that if the com-
plements Q\ F(a) are well-quasi-orders for all a € Q, then Q itself is a well-
quasi-order.

(f) Show that if P and Q are well-quasi-orders, then the Cartesian product
P x Q is a well-quasi-order.

The set N of nonnegative integers, ordered sothat 0 < 1 <2 <3 <.+,
is a well-quasi-order. From (f), one derives immediately Gordan’s lemma: the
Cartesian product N x N x --- x N of finitely many copies of N is a well-
quasi-order.

Gordan proved his lemma in the following form:
Let

anXi1+anXs+ -+ amX, =0,

an X1+ apX,+ -+ agm X =0

be a system of linear diophantine equations, where the coefficients a;; are
integers. Let S be the set of solutions (sy, 52, ..., 5,;), Where the coordinates s;
are nonnegative integers. Then there exists a finite set {b,, b,, . .., b,} of vectors
in S such that every solution in S can be written as a linear combination

t
E C,’lli,
i=1

where the coefficients ¢; are nonnegative integers.

Consider the ring F[x;,xs,...,x,] of polynomials in the variables
X1, X2, ..., X, with coefficients in a field IF. An ideal I in F[x;, x2, ..., x,]
is a monomial ideal if it can be generated by monomials. Dickson’s lemma,
that every monomial ideal can be generated by a finite set of monomi-
als, follows immediately from Gordan’s lemma. Hilbert's basis theorem
says that every ideal in F[x, x5, ..., x,] can be generated by finitely many
polynomials.
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(g) Prove Hilbert’s basis theorem from Dickson’s lemma.

In particular, Hilbert’s basis theorem is equivalent to the “trivial combinatorial
fact” given in Gordan’s lemma.

It is obviously false that the Cartesian product of countably infinitely many
copies of N is a well-quasi-order. However, an intermediate result holds. Let
Q be a quasi-ordered set. The quasi-order Seq(Q) is the set of all finite se-

quences of Q, quasi-ordered by (a;, az, ..., a;) < (b1, by, ..., b,) if there is
an increasing injection f : {1,2,...,1} — {1,2,..., m} such that a; < by
forevery i € {1,2,...,1}. A sequence (ay, az, ..., a,) is often regarded as a

word aya, - - - a,, and the sequence order is called the divisibility or subword
order. For example, if x; < x/ in Q, then

! ! ’
X1X2X3X4 = Y1Y2X4X|Y3Y2Y2X)pX3X | YaY5X4X1Y6Y7-

The quasi-order Set(Q) is the set of all finite subsets of Q, quasi-ordered by
A < Bifthere is an injection f : A — B suchthata < f(a)foreverya € A.
(h) Prove Higman’s lemma. If Q is a well-quasi-order, then Seq(Q) and Set(Q)
are well-quasi-orders.

Higman’s lemma gives the most useful cases of a more general theorem,
also due to Higman. One can regard Seq(Q) as a monoid, with concatena-
tion as the binary operation. Instead of just concatenation, we can have a
well-quasi-ordered set €2 of k-ary operations on Q, where 0 < k < ko for
some fixed positive integer ko. Consider the set of all expressions formed
from elements of Q using the k-ary operations, quasi-ordered by a gen-
eralization of the subword order. Intuitively, this means we consider finite
words, with various kinds of brackets added. These more general quasi-
orders constructed from a well-quasi-ordered algebra Q with well-quasi-
ordered operations 2 are well-quasi-ordered (see Higman, 1952, for a formal
statement).

An expression with k-ary operations can be represented as a labeled tree.
Thus, a natural next step is to consider quasi-orders on finite trees. Recall
that a free is a connected graph without cycles. A rooted tree is a tree with a
distinguished vertex x( called the root. There is exactly one path from the root
Xo to any other vertex. If the vertex x lies on the path from xy to y, then y
is above x. If, in addition, {x, y} is an edge, then y is a successor of x. Let
Ty and T; be rooted trees. An admissible map f : Ty — T is a function from
the vertex set V(T7) of T; into the vertex set V(T,) of T, such that for every
vertex v in 77, the images of the successors of u are equal to or above distinct
successors of f(u).
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(i) Prove Kruskal’s theorem. The set T of all finite rooted trees, quasi-ordered
by T} < T, if there is an admissible function f : T} — T3, is a well-quasi-
order.

A graph H is the minor of a graph G if H can be obtained from G by deleting
or contracting edges. (Isolated vertices are ignored.) Kuratowski’s theorem
says that a graph is planar if and only if it does not contain the complete
graph K5 and the complete bipartite graph K33 as minors. Being planar is a
property closed under minors, in the sense that if G is planar, so are all its
minors. Thus, the ultimate conceptual extension of Kuratowski’s theorem is
that if P is a property of graphs closed under minors, then there is a finite
set My, My, ..., M, of graphs such that a graph has property P if and only
if it does not contain any of the graphs My, M>, ..., M, as minors. This very
general theorem is in fact true, and follows from the fact that the set of finite
graphs, ordered by being a minor, is a well-quasi-order.

() The Robertson—Seymour graph minor theorem. Show that the set of all
finite graphs ordered under minors is a well-quasi-order.

(k) The matroid minor project. Show that the set £(g) of all matroids rep-
resentable over the finite field GF(q) of order g, ordered under minors, is a
well-quasi-order.

1.3 Lattices

Ideals give a representation of any lattice as a lattice of sets. This representation
is given in the following folklore lemma.

1.3.1. Lemma. Let L be a lattice, 2% be the Boolean algebra of subsets of all
the lattice elements, and I : L — 2% be the function sending an element a to
the principal ideal /(a) generated by a. Then I preserves arbitrary meets,

1(/\ x): () 1)

X:x€A x:x€A

and is “superadditive” on joins,
16 v y) 2 1) U ().

A function ¢ : L — M between lattices is a (lattice) homomorphism if ¢
preserves both meets and joins. The function / in Lemma 1.3.1 is not a lattice
homomorphism.
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The representation using ideals can be strengthened for distributive lattices.
The classical theorem of this type is the Birkhoff representation theorem for
finite distributive lattices.'3

An element j in a lattice L is a join-irreducible if it is not equal to the min-
imum (if one exists) and j = a Vv b implies that j = a or j = b. Equivalently,
Jj is a join-irreducible if and only if j covers a unique element. Dually, an
element m is a meet-irreducible if it is not equal to the maximum (if one exists)
and m = a A b implies that j = a or j = b, or equivalently, m is covered by a
unique element. An element a is a point or an atom if it covers the minimum 0.
Atoms are join-irreducibles. Copoints or coatoms are elements covered by the
maximum 1. Denote by J(L) the set of join-irreducibles of L and M (L) the
set of meet-irreducibles of L. The sets J(L) and M (L) are partially ordered by
the order of L. If the lattice L is finite (or, more generally, have finite rank),
then every element is a join of join-irreducibles and every element is the meet
of meet-irreducibles. Indeed,

x=\/{j:jeJ)and j <x} (JR)
and
X = /\{m: m e M(L) and m > x}. (MR)

A lattice is atomic if every element is a join of atoms. It is coatomic if every
element is a meet of coatoms.

A lattice is distributive if it satisfies the distributive axioms (see Section 1.1).
Concrete examples of distributive lattices are Boolean algebras, chains, and
product of chains. The set of positive integers, ordered under divisibility, is a
distributive lattice (by the distributive axioms of arithmetic). This lattice is in
fact a product of infinitely many chains.

Distributive lattices satisfy two properties directly analogous to properties
of primes and prime factorizations in arithmetic.

1.3.2. Lemma. Let j be a join-irreducible in a distributive lattice. Then j <
x VvV yimplies j <xorj <y.

Proof. Since j < x Vv y, we have j = j A (x V y). By the distributive axiom,
J=0UAX)V [ AY.

As j is a join-irreducible, j = j Axor j = j A y. |

15 Birkhoff (1933). Harper and Rota commented in Matching theory that this representation
theorem “is far more important than the classical theorem of Boole, popularized in the current
frenzy for the ‘new math’, stating that every finite Boolean algebra is isomorphic to the lattice
of all subsets of a finite set.”



1.3 Lattices 19

1.3.3. Unique factorization lemma. Every element x of a finite distributive
lattice is the join of a unique antichain J(x) of join-irreducibles. The antichain
J(x) is the set of maximal elements in the order ideal {a € J(L): a < x} in the
partially ordered set J(L) of join-irreducibles of L.

Proof. Suppose that
AV V-V ji=x=hVhyV---Vhy,

where n > k and {j;} and {h;} are two antichains of join-irreducibles. By the
distributive axiom,

J=Jjinx=ANh)V i ANh) V-V (i Ahy).

Hence, by Lemma 1.3.2, for each index i, there exists an index m (i) such
that j; = ji A hy(). Reversing the argument, for each i, there exists an index
o (i) such that h; = h; A js;). Combining this, we conclude that from each
index i,

Ji < haty < Joay-

Since {j;} is an antichain, j, () = j; and hence o (77 (i)) = i. This implies that
n = k and 7 is a permutation.

Observing that the nonmaximal elements on the right of Equation (JR) can
be removed, x is the join of the antichain of maximal elements in {a € J(L):
a < x}. The second assertion now follows from uniqueness. ]

Recall that a ring D of sets is a collection of sets closed under unions
and intersections. Under set-containment, D forms a distributive lattice. The
collection D(P) of order ideals of a partially ordered set P is a ring of subsets.
The next theorem says that a finite distributive lattice is representable as a ring
of order ideals of its partially ordered set of join-irreducibles.

1.3.4. The Birkhoff representation theorem. Let L be a finite distributive
lattice. Then L is isomorphic to the lattice D(J(L)) of order ideals of the
partially ordered set J (L) of join-irreducibles.

Proof. If x isin L, let I(x) ={j: j € J(L),j <x}.Let o : L — D(J(L)),
x +— I(x). We will show that ¢ is a lattice homomorphism. Since

pxAy)={j: jeJL), j<xand j <y}
=1x)NI1(y)
= @(x) N e(y),

@ preserves meets.
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Next, observe that if j < x or j <y, then j < x Vv y. Therefore, I(x) U
I(y) € I(x Vv y).Suppose that j € I(x V y); thatis, j € J(L)and j < x V y.
Then

J=iAGVY) =G AX)VGAY).

As j is a join-irreducible, j = jAxand j <x,or j=jAyand j <y We
conclude that j € I(x) U I(y). Hence, I(x Vy) = I(x)U I(y)and p(x V y) =
(X)) U o(y).

By Lemma 1.3.3, the set of maximal elements of /(x) equals J(x) and x
determines J(x) uniquely. Hence, ¢ is injective. To show that ¢ is surjective,
let I be an order ideal in J(L) and x be the join of all the elements in /. Then
I C I(x). Suppose that j € I(x). Then

j=inx=jn \/ y=\ Gary.
y:yel y:yel
Since j is a join-irreducible, j = j A y, and thus, j < y, forsome y € I. Since
I is an order ideal, j € I. We conclude that I = I(x) = ¢(x).
An alternate way to show that ¢ is a lattice homomorphism is to show that
¢ is order-preserving and use Exercise 1.3.3. |

Inverting the order, Birkhoff’s theorem says that a finite distributive lattice
is isomorphic to the lattice of filters of the partially ordered set of meet-
irreducibles.

1.3.5. Corollary. A finite lattice is distributive if and only if it can be repre-
sented as a ring of sets.

Much research has been done on infinite versions of Birkhoff’s theorem.!®

Birkhoff’s theorem delineates the extent to which a finite lattice may be
represented by sets so that meets and joins are intersections and unions. For
lattices which are not distributive, one might ask for representations by subsets
for which meets are intersections and there is a natural way to construct the joins.
Such representations appeared in the paper!” by Richard Dedekind. Dedekind
viewed lattices as lattices of “subalgebras.” Many of these lattices satisfy a
weaker version of the distributive axiom. A lattice is modular if for all elements
X, y, z such that x > z, the distributive axiom holds; that is, if x > z, then

XAV =CANVEAD=CEAY) V2

We shall study modular lattices in greater detail in Sections 3.4 and 3.5.

16 See the survey in Gritzer (2003, appendix B). 7 Dedekind (1900).
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Exercises

1.3.1. The Knaster-Tarski fixed-point theorem.'®

A lattice L is complete if the supremum and infimum exist for any set (of
any cardinality) of elements in L. A partially ordered set P has the fixed-point
property if for every order-preserving function f : P — P, there exists a point
x in P such that f(x) = x.

(a) Show that a lattice L is complete if and only if L has the fixed-point
property.

(b) Show that if a finite partially ordered set has a maximum, then it has the
fixed-point property.

(c) (Research problem posed by Crawley and Dilworth!?) Characterize the
finite partially ordered sets with the fixed-point property.

1.3.2. Let P be a partially ordered set with a maximum 1 such that the infimum
exists for every subset of elements. Then P is a lattice.

1.3.3. Let ¢ : L — M be a bijective function between lattices L and M. Show
that ¢ is a lattice homomorphism if and only if both ¢ and its inverse ¢~ are

order-preserving.

1.3.4. Join- and meet-irreducibles in finite distributive lattices.*

Let L be a finite distributive lattice.

(a) Show that a maximal chain C in L has length |J(L)|, the number of
join-irreducibles in L.

(b) Show that if j is a join-irreducible, then there exists a unique
meet-irreducible m(j) such that j £ m(j). Show that the function J(L) —
M(L), j — m(}j) is an injection.

(c) Conclude from duality and (a) or (b) that |J(L)| = |[M(L)]|.
1.3.5. Show that the group of lattice automorphisms of a finite distributive
lattice is isomorphic to the group of order-preserving automorphisms of its

partially ordered set of join-irreducibles.

18 Davis (1955), Knaster (1928), and Tarski (1955). '° Crawley and Dilworth (1973, p. 17).
20 Part (a) is in Gritzer (2003, p. 44). Part (b) is due to Dilworth (unpublished).
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1.3.6. Let L be a lattice. Show that the following conditions are equivalent:
Modl. L is modular.
Mod2. L satisfies the shearing identity

XAV =xA(yAKXVZIZ)V2).
Mod3. L does not contain a pentagon as a sublattice (see Exercise 1.1.1).

1.3.7. Consistency and the Kurosh-Ore property.!
Let x be an element in a lattice L. A decomposition

X=JV VeV
into join-irreducibles is irredundant if for every i,
XFE NV jpV---Vji_1Vjir1 VeV .
The lattice L satisfies the Kurosh—Ore replacement property it
VRNV - NVja=x=h Vh V- ---Vh

are two irredundant decompositions of an element x into join-irreducibles; then
there exists an index i, 1 <i <[, so that

xX=hVjpVjV--Vj,. (%)

In other words, for any join-irreducible, say ji, in the first decomposition, there
exists a join-irreducible /; which can replace j; to obtain a decomposition
of x.

(a) Show that if x is an element in L satisfying the Kurosh—Ore property,
then every irredundant decomposition of x into join-irreducibles has the same
number of join-irreducibles.

A join-irreducible j in a lattice L is consistent if for every element x in L,
the join x V j either equals x or is a join-irreducible in the lattice {y: y > x}.
A lattice L is consistent if all join-irreducibles in L are consistent.

(b) Show that if j; VvV joV---V j,=x=hyVhyV---Vh are two ir-
redundant decompositions into join-irreducibles for x and j; is a consistent
join-irreducible, then there exists a join-irreducible 4; which can replace j;
so that Equation (x) holds. Conclude that if L is a lattice, then L satisfies
the Kurosh—Ore property if and only if L is consistent. Conclude also that a
modular lattice satisfies the Kurosh—Ore replacement property.

21 The classic references are Kurosch (1935) and Ore (1936). Other references are Gragg and
Kung (1992), Kung (1985), and Reuter (1989).
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(c) (Research problem posed by Crawley and Dilworth??) A lattice L sat-
isfies the numerical Kurosh—Ore property if for every element x in L, every
irredundant decomposition of x into a join of join-irreducibles has the same
number of join-irreducibles. Find a lattice condition equivalent to the numerical
Kurosh—Ore property.

1.3.8. Lattice polynomials, the word problem, varieties, free lattices, and free
distributive lattices.”®

A lattice polynomial is an expression formed by combining variables with
the operations of meet and joins. For example,

x1, (x1 VX))V, ((x1 Vx)Ax3) Axa

are lattice polynomials. Formally, the set of lattice polynomials F(n) on the
variables xi, x», x3, ..., X, is defined recursively as the smallest set satisfying

LP1. xi, x0, x3,...,x, € F(n).
LP2. If B(x1, x2, ..., Xp), Y(x1, X2, ..., X,) € F(n), then

,B(XI,XL -"7-xn)/\y(xlax27 -"7-xn)7
,B(XI,XZ, --~7xn)\/y(xl,x2, --~7xn) E‘F(n)'

Every element in the lattice generated by the elements x;, x5, ..., x, can be
expressed as a lattice polynomial in xq, x7, ..., x,. However, the expression
is not unique; for example, x A x = x and x V y = y V x. Indeed, each lattice
axiom gives a way to obtain different expressions for the same element. The
word problem for lattices is to find an algorithm or deduction system to decide
whether two lattice polynomials are “equal” under the lattice axioms. Whitman
gave such an algorithm to decide whether an inequality among lattice poly-
nomials holds in every lattice. Since « = 8 if and only if « < 8 and @ > 8,
Whitman’s algorithm gives a solution to the word problem for lattices.

Suppose that we wish to decide whether a given inequality holds in all
lattices. Then suppose that the inequality is false and apply the following four
deduction rules:

« From “a v 8 < y” is false, deduce “a < y” is false or “B < y” is false.
« From “a A B < y” is false, deduce “a < y” is false and “B < y” is false.
« From “y < o Vv B”is false, deduce “y < a” is false and “y < B is false.
« From “y < a A B is false, deduce “y < «” is false or “y < B is false.

22 Crawley and Dilworth (1973, p. 56).
23 Birkhoff (1935), Freese et al. (1995), Gritzer (2003, chapter 1), and Whitman (1941, 1942).
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Doing this repeatedly, a lattice inequality is broken up into a conjunction or
disjunction of simple inequalities that are easily checked to be true or false. For
example, to prove the distributive inequality (in Exercise 1.1.1), suppose that

xAYVEAZD<xA(HVZI
is false. Then at least one of the inequalities
XAY<xXAQVZoOrxAZ=xAVZ)
is false; continuing in the same way, at least one of the inequalities
XAYSXOIXAYSYVIOMXAZSXOITXANZ=SYVZ

is false. However, all four inequalities are true by definition of meets and
joins. (If this were not absolutely clear or one is writing a computer program,
then one can reduce the inequalities further.) Hence, the original inequality
cannot be false. If we wish, we can reverse the deduction to obtain a direct
proof. Whitman’s deduction system gives an automatic way to prove such
inequalities.

Two lattice polynomials o and 8 are equal if o« = f can be proved using
Whitman’s algorithm. The set F(n) (under the equivalence relation of equality)
forms a lattice with meets and joins defined “formally”: the meet 8 A y in the
lattice is the lattice polynomial 8 A y, and the join is defined similarly. This
lattice is the free lattice F(n) on n generators.

(a) Show that the free lattice F(n) generated by x1, x», .. ., x, satisfies the
universal property: if L is generated by the elements a, as, .. ., a,, then there
is a unique lattice homomorphism ¢ from F(n) to L such that ¢(x;) = a;.

Note that if a lattice M satisfies the universal property, then it is isomorphic to
F(n). Thus, one may use the universal property to define free lattices.

If L is a lattice and B(xy, x3, ..., Xx,) is a lattice polynomial, then § de-
fines a polynomial function from L x L x --- x L — L, (aj,az,...,a,) —
Bla, az, ..., a,).

(b) Show that a lattice polynomial function f is monotone; thatis, ifa; < by,
ay <by,...,and a, < b,, then B(a;, az,...,a,) < B(by, by, ..., by,).

An identity on lattice polynomials is an expression of the form

a(xy, X2, ..., X,) = B(x1,x2,...,%x,), where o and B are lattice poly-
nomials. A lattice L satisfies the identity o (x1, X2, ..., X,) = B(x1, X2, ..., Xn)
if for every n-tuple (ai, as, ..., a,) of elements of L, a(ay,as,...,a,) =

B(ai, as, ..., a,). The variety or equational class defined by a set {«; = B;}
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of identities is the collection of all lattices satisfying all the identities «; = ;.
Two sets of identities are equivalent if they define the same variety.

(c) Show that any finite set of identities is equivalent to a single identity
(with possibly more variables).

Let C be a class of lattices. The free lattice F(C, n) in C on n generators
X1, X2, ..., Xy is the lattice satisfying the universal property: if L is generated
by the elements ay, ay, . .., a,, then there is a unique lattice homomorphism ¢
from F(n) to L such that ¢(x;) = q;.

G. Birkhoff defined varieties and proved two fundamental theorems:?*

o Let C be a family of lattices closed under taking sublattices and direct
products. If C contains at least two (nonisomorphic) lattices, then for every
cardinal n, V has a free lattice on n generators.

« A collection of lattices is a variety if and only if it is closed under taking
homomorphic images, sublattices, and direct products.

Free lattices in a variety can be obtained as a quotient of a free lattice by the
congruence generated by the identities. In general, this is no explicit description
or construction for the free lattice of a variety and the word problem may not
be decidable. An exception is the variety of distributive lattices.

Let x1, x2, . .., x, be variables. A meet-monomial or conjunction is a poly-
nomial of the form /\i:ieE x;, where E C {1,2,...,n}.

(d) Assuming the distributive axioms, show that every polynomial in the
free distributive lattice can be written uniquely as a join of meet-monomials or
a disjunction of conjunctions

AV

E:EcA Li:ieE

where A is an antichain in the Boolean algebra 2{!:> Conclude from this
that there is a bijection between elements in the free distributive lattice on n

generators and nonempty antichains not equal to {#J} in the Boolean algebra
2{1,2 44444 n}-

1.3.9. Boolean polynomials and disjunctive normal form.

A Boolean function on n variables x1, x,, ..., x, is a function on n vari-
ables from the Cartesian product 2" to 2. If x is a Boolean variable, define
formally x! = x and x° = x¢, the complement of x. A Boolean polynomial
B(x1, x2, ..., x,) is an expression formed from the variables and the Boolean

24 Birkhoff’s theorems are results in universal algebra and apply to general “algebras.” See, for
example, Cohn (1981) and Gritzer (2002, chapter 5).
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operations. For example,
((x1 AX5)V x3) A (X1 AX3)V Xy

is a Boolean polynomial. Usually, the symbol A for meet is suppressed, so that
the polynomial just given is written as (x;x5 V x3)(x1x3 V x4). In addition, v
may be written as +; however, we shall not do this. A Boolean polynomial
defines a Boolean function.

A conjunctive or meet-monomial is a Boolean polynomial of the form

€n

€] €2
xl x2 ...xn’

where €; equals the formal exponents 0 or 1. There are 2" conjunctions.

(a) Show using the distributive axioms and the De Morgan laws that every
Boolean polynomial S(x;, x5, ..., Xx,) can be written as a disjunction or join
of Boolean monomials.

(b) The truth table of a Boolean function B(xy, X2, ..., x,) is the table of
the values of § at the 2" possible inputs (€1, €, ..., €,), where €; equals O or
1. Show that

,B(xl»x2»-~~sxn): \/ xlelx§2~-~xfz”,

(€1): Bei)=1
where the union ranges over all inputs (e€j,€s,...,€,) for which
B(el, €2, ...,€,) = 1. In particular, this shows that every Boolean function
is expressible as a Boolean polynomial.
A Boolean function is monotone if B(ey, €, ...,€,) < B(€1, &, ...,&)

whenever ¢; < g foralli, 1 <i <n.

(c) Show that 8 is monotone if and only if S is a disjunction of monomials
not involving complements.

(d) Using complementation and the De Morgan laws, derive the conjunc-
tive normal-form theorem: every Boolean polynomial can be expressed as a
conjunction of “‘join-monomials.”

(e) Define free Boolean algebras and show that the free Boolean algebra on
n generators is isomorphic to

2(1.2,.0m)

1.3.10. Lattices with unique complements.>
Let x be an element in a lattice L. An element y in L is a complement of x
if xvVy=1andxAy=0.A lattice is complemented if every element in L

25 An excellent exposition is in Salii (1988). For the latest developments, see Gritzer (2007).
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has a complement. A lattice L has unique complements if every element x in
L has exactly one complement.

(a) Show that in a lattice with unique complements, if x < y, x’ is a com-
plement of x, and y’ is a complement of y, then y' < x’.

(b) Let x be an element in a distributive lattice. Show that x has at most one
complement.

It follows from (b) that a Boolean algebra has unique complements. The subject
of lattices with unique complements began with an error of C.S. Pierce.® As
reported by G. Birkhoff in the first edition of Lattice Theory (1940, p. 74), “It
is curious that C.S. Pierce should have thought that every lattice is distributive.
He even said that [the distributive axioms] are ‘easily proved, but the proof is
too tedious to give’! His error was demonstrated by Schroder [and] A. Korselt.
Pierce at first gave way before these authorities, but later boldly defended his
original view.”

Pierce’s property for a lattice is the following condition: if x £ y’ for every
complement y’ of y, then x A y # 0.

(c) Show that a complemented lattice L satisfying Pierce’s property has
unique complements.

(d) Prove Pierce’s theorem. A complemented lattice L satisfying Pierce’s
property is distributive, and hence a Boolean algebra.

Pierce’s theorem led naturally to Huntington’s conjecture: alattice with unique
complements is distributive, and hence a Boolean algebra. There are several
partial results.

(e) Show that a modular lattice L with unique complements is
distributive.?’

(f) Prove the Birkhoff~-Ward theorem. An atomic lattice L with unique com-
plements is a Boolean algebra.?®

However, Huntington’s conjecture is false in the strongest possible sense.
This is a consequence of a famous theorem of Dilworth.

(g) Prove Dilworth’s theorem on lattices with unique complements. Every
lattice is a sublattice of a lattice with unique complements.>

26 For a carefully documented and nuanced account, see Salii (1988, pp. 36-38).

27 This theorem has been attributed to many mathematicians. The published source is Birkhoff
(1948).

28 See Birkhoff and Ward (1939), McLaughlin (1956), and Ogasawara and Sasaki (1949).

2 Dilworth (1945). Dilworth gave an account of how he approached and proved this theorem in
The Dilworth Theorems, Bogart et al. (1990, pp. 39—40).



28 1 Sets, Functions, and Relations

(h) Prove that the free lattice with unique complements generated by two
unordered elements contains a sublattice generated by countable number of
incomparable elements.

1.3.11. Heyting algebras.>®

Let a and b be elements in a lattice. If the set {x : a A x < b} has a maximum,
then the pseudocomplement of a relative to b, denoted [a — b], exists and is
defined to be that maximum.

(a) Show that if [a — b] exists, thena A x < bif and only if x < [a — b].

(b) Show that if L is a Boolean algebra, then [a — b] = a® V b.

Pseudocomplements are generalizations of complements. In a Boolean al-
gebra, (x¢)° = x. This corresponds to the law of excluded middle in classical
logic: for a proposition P, P = not(not P). In many natural situations (such
as intuitionistic logic and the axiomatics of forcing), one has a weaker law: P
implies not (not P). Pseudocomplements capture the weaker law.

A Heyting algebra H is a lattice with a minimum 0 in which [a — b] exists
for every pair a and b. Heyting algebras are to intuitionistic logic what Boolean
algebras are to classical logic.

(c) Show that a Heyting algebra has a maximum and is distributive.

(d) Let X be a topological space with closure operator C > C. Show that
the open sets of X form a Heyting algebra under union and intersection, with
pseudocomplement given by

[A — B] = Int(A° U B), O

where the interior Int(C) of a subset C is defined to be the open set (Co)e.

A closure algebra P is aBoolean algebra with a closure operator (see Section
1.5) satisfying the extra properties: x Vv y = X vy and 0 = 0. An element x in
P is open if its complement x€ is closed; that is, x¢ = x€. The subset of open
elements in P forms a Heyting algebra under the partial ordering inherited
from P with pseudocomplement given by Equation (I).

(e) Prove the McKinsey—Tarski theorem.?! Every Heyting algebra can be
represented as the lattice of open elements of a closure algebra.

1.4 Functions, Partitions, and Entropy

The number of functions from a set S of size n to a set X of size x is x".
Let f:S — X be a function. If A C S, the image f(A) of A is the subset

30" For an excellent exposition, Balbes and Dwinger (1974). 3! McKinsey and Tarski (1944).
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{f(a): a € A} of X. If x € X, the inverse image or fiber f~'(x) is the subset
{a: f(a)=x}of S.If A C X, then f~!(A) is the union szxeA £ (x). The
following relations hold: For images,

J(AUB) = f(A)U f(B)
F(ANB) © f(A)N f(B).

For inverse images,

' AUB) = (AU f1(B)
i ANB) = AN f71(B)
A = (fH)).

In general, f(A°) # f(A)‘, and no containment relation, either way, holds.

Noting that f~'(@) =% and f~'(X) =S, the inverse image f~!, as a
function on subsets, preserves all the Boolean operations. Hence, the function
f : § — X givesaBoolean morphism ¢ : 2*¥ — 25 defined by ¢(Y) = f~1(Y)
for Y e 2%,

1.4.1. Theorem. Let S and X be finite sets. Then there is a bijection between
Boolean morphisms 2% — 25 and functions S — X.

Proof. The set X is the set of atoms or one-element subsets in 2% . Thus, from
a Boolean morphism ¢ : 2% — 25, we can define a function f : S — X by
f(a) = x whenever a € ¢({x}). U

Theorem 1.4.1 says that the category of finite sets and functions is contravariant
to the category of finite Boolean algebras and Boolean morphisms.

A permutation on the set S is a one-to-one function from § onto itself. If
|S| = n, then there are n! permutations on S. If f and g are functions from §
to itself, then f is conjugate to g if there exists a permutation y such that

g=v""fy.

Given a function f : S — §, construct the directed graph Graph(f) on the
vertex set S with directed edges (a, f(a)), a € S. Two functions are conjugate
if and only if their directed graphs are isomorphic. The graph of a permutation
y on § is a disjoint union of directed cycles. Let ¢;(y) be the number of cycles
with i vertices (or equivalently, i edges) in Graph(y). The cycle structure of y
is the n-tuple

(1), c2(¥)s - -, cn(¥)).

This n-tuple may be regarded as an integer partition of n. Two permutations
are conjugate if and only if they have the same cycle structure.
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A partition o of a finite set S is a collection { By, By, ..., B;,} of nonempty
subsets or blocks suchthat B; U B, U --- U B,, = Sand B; N B; = () whenever
i # j. A partition defines an equivalence relation and, conversely, an equiv-
alence relation defines a partition: the blocks of the partition correspond to
the equivalence classes of the relation. The type of the partition is the inte-
ger partition of |S| obtained by writing down the sizes |B;| of the blocks in
nondecreasing order. Two partitions o and t have the same type if and only if
there is a permutation p of S such that B is a block in o implies that p(B) is a
block in 7.

Partitions are partially ordered by reverse refinement: T < o or t is finer
than o if every block of 7 is contained in some block of o, or equivalently,
for each block C of o, there are blocks B;,, Bj,, ..., Bj, of T such that C =
B;, UB;, U---UB;. In particular, T covers o if 7 is obtained from o by
merging two blocks or ¢ is obtained from t by splitting a block into two. If
E(7) is the equivalence relation defined by the partition 7, then 7 < ¢ if and
onlyifforallx and yin S, x ~g() y impliesx ~g() y, thatis,if E(r) € E(o)
(as subsets of § x ).

This partial order of reverse refinement is a lattice. The minimum is the
partition in which every block is a one-element subset. The maximum is the
partition with one single block, the entire set. The meet T A o is the partition
whose blocks are nonempty subsets of the form B N C, where B is a block
of T and C is a block of o. The join t V o is the partition whose blocks are
the equivalence classes of the transitive closure of the union of the equivalence
relations defined by 7 and o.

If f:S5 — X is a function, then the relation s ~ ¢ if f(s) = f(¢) is an
equivalence relation and those inverse images f~'(x) that are nonempty form
a partition 7 (f) of the set S. The partition 7 ( f) is the coimage or kernel of f.
We can also think of a function f : § — X as a random variable on a sample
space (S, Pr) with probability measure Pr, so that the blocks of the coimage
7 (f) are the nonempty events defined by f.

The lattice of partitions plays for information the role that the Boolean
algebra of subsets plays for size or probability. Indeed, the coimage m(f)
contains the “information” provided by f. To see this, consider the Goblin
coin-weighing problem. We are given four labeled coins, some of which may
be counterfeit. The counterfeit coins are lighter. There are 16 possible events,
denoted by

?,1,2,3,4,12,13, 14, 23,24, 34, 123, 124, 134, 234, 1234,

where 13, say, is the event that coins 1 and 3 are genuine. This gives a set S with
16 elements. Now suppose that we are also given a balance that will compare
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two coins and tell us if they have the same weight, the left coin is heavier, or
the right coin is heavier.

Suppose that we compare coins 1 and 2 on the balance. If coins 1 and 2
weigh the same, then either they are both genuine or they are both counterfeit.
In this case, the events (J, 12, 123, 124, 1234, 3, 4, 34 remain possible. If coin
1 weighs more, then 1, 13, 14, 134 remain possible. If coin 2 weighs more,
then 2, 23, 24, 234 remain possible. Thus, a comparison of coins 1 and 2 yields
the following partition o':

(0,12, 123,124, 1234, 3, 4, 34}, {1, 13, 14, 134}, {2, 23, 24, 234}.

The partition o encodes the information given by comparing coins 1 and 2. We
can also think of o as the coimage of a random variable wj, on § taking three
values. Let w;; be the random variable defined by comparing coins i and j on
the balance.

Next, suppose that we compare coins 2 and 3. Then each block in o is fur-
ther partitioned into smaller blocks. The block {#, 12, 123, 124, 1234, 3, 4, 34}
splits into

{3, 34}, {0, 123, 1234, 4}, {12, 124},
the block {1, 13, 14, 134} splits into
{1, 14}, {13, 134},
and the block {2, 23, 24, 234} splits into
{2, 24}, {23,234},

yielding a partition 7 finer than o. The partition t can also be obtained by
taking the meet of the coimages 7 (w;;) and 7 (wy3). Thus, the result of any
sequence of coin weighings is given by taking all possible meets of the coimages
m(w;;), 1 <i, j < 4. The minimum partition obtainable is the partition with
1 two-element block {, 1234} and 14 one-element blocks. This corresponds
to the fact that we cannot distinguish the case where all coins are genuine or
counterfeit with a balance.

The coin-weighing example shows why Kolmogorov, one of the founders
of modern probability theory, suggested calling the partition () of a random
variable f the “experiment” of f. If 7 (g) is finer than 7 (f), then g contains all
the information given by f. In statistical terminology, g is a sufficient statistic
for fif(g) < m(f).Inaddition, the meet w( f) A 7 (g) gives all “correlations”
between f and g.
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The information contained in a partition can be measured by entropy, as
formulated by Claude Shannon.?? The discrete Shannon entropy H is defined
on partitions o of finite sample spaces (S, Pr) by

H(o)= ) —Pr(B)logPr(B).
B:Beo

where log is logarithm to base 2 and 0logO is interpreted as the right-hand
limit lim,_, o+ x log x and is defined to be 0. Since 0 < Pr(B) < 1, the entropy
function is nonnegative. We choose binary logarithms (so that information is
measured in bits). Other bases, such as e, can naturally be chosen. The entropy
functions thus defined differ from each other by a nonzero constant factor. The
entropy function depends only on the multiset {Pr(B): B € o} of nonnegative
real numbers. Thus, we can also think of the entropy function H as the real-
valued function defined on finite multisets {pi, p2, ..., p,} of nonnegative
numbers such that p; + p» + --- + p, = 1 by

n
H(p1.pa.....pn)= Y _ —pilogp;.
i=1
For example, consider tossing a biased coin, with probability p of a head.
Then a toss partitions a sample space into two events By, the event that a head
occurs, and Bj, the event that a tail occurs. Then

H(By, Bi) = —plogp — (1 = p)log(l — p).

If p = 1, then a head always occurs and no information is obtained by tossing
the coin; as expected, H(By, B;) = 0. If p = 0.9, say, then the toss yields
somewhat more information, quantified by H(By, B;) ~ 0.47.If p = 0.5, the
case of a fair coin, then H(By, B;) = 1. That is, one bit of information is
obtained by tossing a fair coin. This is the maximum information obtainable
by a coin toss, since we know which of the two equally likely events actually
happened. The amount of information then decreases as p decreases to 0. In
particular, if one were to obtain information by asking a question with a yes-or-
no answer, then the maximum information is obtained when one asks a question
to which it is equally likely that the answer is yes or no. This is a special case
of the following “equipartition-maximizes-information” lemma.

1.4.2. Lemma. Suppose that the partition 7 has n blocks. Then
H(m) <logn,

with equality if and only if the blocks in 7w have the same probability %

32 Shannon (1948).
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Proof. Changing the base of the logarithm changes H and log by the same
nonzero constant. Hence, we may use natural logarithms to base e. We shall
use an elementary inequality from calculus: if x > 0, logx < x — 1, with
equality if and only if x = 1. (Indeed, the function log x — x + 1 has a unique
maximum at x = 1 on the positive real axis.)

Let By, B, ..., B, be the blocks of 7. Then,

n

H(r) —logn = Z —Pr(B;)[log Pr(B;) + logn]
i=1

n

= Z —Pr(B;)log(Pr(B;)n)

i=1

- 1
- Z Pr(B;)log (Pr(BA)n)

i=1

u 1
< ) Pr(B) (w5 )

= Z % - Z Pr(B;)
i=1

i=1

:O’

where on the third line, we use the inequality log x < x — 1. Equality holds
when for all i, Pr(B;)n = 1; that is, Pr(B;) = % O

The partitions o and t are (stochastically) independent if

Pr(B N C) = Pr(B)Pr(C)
for any two blocks B € o and C € 1. As a typical example, let py, pa, ..., pn
and q1, q2, ..., q, be nonnegative real numbers such that p; + po +--- +
pm=landgqi+q+ - +qg, =1.Let S={1,2,...,m} x{1,2,...,n}be

the sample space in which element (7, j) has probability p;q;. Let o be the
partition into “rows,”

{1, 1),(1,2),...,(1,n)},
{2,1),2,2),...,2,n)},

{(m, 1), (m,2),...,(m,n)},
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and 7 be the partition into “columns,’

{(1,D,2,1),...,(m, 1},
{(1,2),(2,2),...,(m,2)},

{(1,n),2,n),...,(m,n)}.

Then o and 7 are independent. Conversely, given two independent partitions
o and 7, we can display S as a rectangular “chessboard,” with rows the blocks
of o, columns the blocks of 7, and squares the blocks of the meet o A 7.
Put another way, independent partitions arise from the rows and columns of a
Cartesian product.

1.4.3. The chessboard construction. Let pi, ps, ..., p, and g1, 42, ..., G
be nonnegative real numbers such that p; + p» + -+ + p, =1 and q; +
q> + -+ + g, = 1. Then there exists a finite sample space (S, Pr) and par-
titions o and t such that as multisets {Pr(B): B € o} = {p1, p2, .-+, Pm}»
{Pr(C): C e t} =1{q1, 92, --.,qn}, and o and T are independent.

The next result says that the information given by independent partitions is
additive.

1.4.4. Theorem. Let o and t be independent partitions. Then
H(t Ao)= H(t)+ H(o).
Proof. This follows from the following computation:

H(o AT) = — Z Pr(B N C)logPr(B N C)
B,C:Beo,Cet

= _ Z Pr(B)Pr(C)[log Pr(B) + log Pr(C)]

B,C:Beo, Cet

— [ Z Pr(B):| [ Z Pr(C) logPr(C):|

B:Beo C:Cer

— [ > Pr(C)] [ Z Pr(B)logPr(B)]

C:Cet B:Beo
= H(o)+ H(7),

using the fact that ) ., Pr(B) =) ..., Pr(C) = 1. O

A consequence of Theorem 1.4.4 and the chessboard construction is the fol-
lowing proposition.
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1.4.5. Proposition. Let py, ps, ..., py and gy, ¢, ..., g, be nonnegative real
numbers suchthat py + po+---+ p, =landg; +¢q2 + -+ g, = 1. Then

H(pig1, p192, - .., Piqj, - - - Dmdn)
=H(p1,p2, ..., pm) + H(q1,q2, ..., qy).

The notion of conditional entropy allows us to generalize Lemma 1.4.4 to pairs
of partitions that are not independent. If t is finer than o and B is a block
of o, let H(t|B) be the entropy of the partition on the sample space B (with
normalized probability measure Pr(lB)Pr) given by the blocks of t contained in
B. Explicitly,

Z Pr(C) | Pr(C)

H(z|B) = “PuB) EP(B)

C:Cetr,CCB

The conditional entropy H(t|o) of the partition T given the partition o is
defined by

H(z|o) = Z Pr(B)H (z|B).

B: Beo

In other words, H(t|o) is the expected increase of entropy when one refines
o into t. There is a simpler formula for the expected increase in entropy:
H(t) — H(o). These two quantities are equal.

1.4.6. Lemma. If 7 is finer than o,
H(t|lo) = H(t) — H(o).
In particular, entropy increases under refinement.

Proof. The formula follows from a simple calculation. The second assertion
follows from the fact that H(t|o) > 0. U

1.4.7. Corollary. If r and o are partitions, then
H(tAho)=H(t)+ Ht Ao|t)=H(o)+ H(t Aolo).
If t and o are independent, then
H(t ANolo) = H(T).
1.4.8. Theorem. If r and o are partitions,
H(t ANolo) < H(7).

Proof. We shall need Jensen’s inequality: let f(x) be concave on the interval
[a,b], a <x1 <x, <---<Xx, <b, and Ay, A, ..., A, be nonnegative real
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numbers satisfying A; + A, + -+ - + A, = 1. Then

Y onfa) < f (ZM&‘) -
i-1 i=1

We begin by changing the order of summation in the definition of conditional
entropy:

H(t Ao|o) = — Z Pr(B)|:

B:Beo

5 P(BNC)  Pr(BN C):|

A~ TPuB) £ PuB)

_ 3 prpy PN C) log Pr(BNC)
= Pr(B) Pr(B)

B:Beo
Since f(x) = —xlogx is concave when x >0, we can apply Jensen’s
inequality to the inner sums, with Ap = Pr(B), xp = Pr(B N C)/Pr(B),
so that ) p,Agxg =) ,Pr(BNC)=Pr(C). We obtain, for a block C
in o,
B Z Pr(B)Pr(B NnC) log Pr(BNC)
Pr(B) Pr(B)

< —Pr(C) log Pr(C).
B: Beo

From this, we conclude that

H(t Aolo) < — Y Pr(C)logPr(C) = H(x). O
C:Cer

Theorem 1.4.8 and Corollary 1.4.7 imply
H(tAno)< H(o)+ H(7).
Thus, we have the following inequality.

1.4.9. Corollary. If 7|, 15,..., 1, are partitions of a finite sample space,
then

H (/n\‘[i) < iH(‘L’,‘).
i=1 i=1

When A_, 7; is the minimum partition 0 into single-element blocks, then
Corollary 1.4.9 yields the “information-theoretic lower bound.” For example,
if one wishes to locate a point in a finite sample space of size n using a set of
random variables wy, wy, ..., w,, then it is necessary that

H(w(wy)) + Hw(wy)) + - - + H(w(w,)) > HO) = logn.
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In particular, if each random variable w; takes two possible values, then at least
log n random variables are needed.

The entropy function can be characterized by axioms. One set of axioms, in
which conditional entropy plays the starring role, is the following:

Enl. H is continuous and is not identically zero.

En2. H(pi, p2, ..., pn,0) = H(p1, p2, ..., Pu), thatis, H depends only
on the nonzero numbers in the multiset.

En3. H(pi.pa.....pn) SHE, £, ..., 4

n’n’>"" "t

End. H(z|o) = H(z) — H(0o).

1.4.10. Theorem. If H is a function satisfying axioms Enl, En2, En3, and
En4, then there is a positive constant C such that

n
H(p1.pa.....pn)=—C>_ pilogp:.
i=1

The axioms are chosen so that the proof requires a minimum of analysis. We
begin with the following lemma.

1.4.11. Lemma. If n is a positive integer, let f(n) = H(%, % el %). Then
f(n) = —=Clog(1/n),
where C is a positive constant.
Proof. By En4,
H({S}) = H{SI{SH = H{S}H) — H({S}) =0,

and hence, f(1) = H({S}) =0.
By En2 and En3,

11 1 11 1
fm)=H{—,—,...,—)=H{—,—,...,—,0
non n non n

1 1 1
<H , = D).
- (n—l—l n+1 n+1> flat1D

Hence, f(n) is increasing. In particular, since f(1) =0, f(2) > 0.

Next, let o be a partition of a sufficiently large sample space into 72! blocks,
each having the same probability 1/n*~!. Let 7 be the refinement obtained by
partitioning each block of ¢ into n blocks, each with probability 1/n*. If B is
a block of o, H(t|B) = f(n) and hence, H(t|o) = f(n). By En4,

f(n)=H(zlo) = H(r) — H(o) = f(n*) — f(n*7").
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Applying this k times, we obtain the functional equation

f@*) =kfn).

When n =2, we have f(2F) =kf(2). If f(2) =0, then f(2¥) =0 for all
k. Since f is increasing, this would imply that f(n) is identically zero. We

conclude that f(2) > 0.

Fix two positive integers n and k. As the function 2* increases to infinity,

there is an integer b such that 2 < n¥ < 2°*!_ Since f(n) is increasing,

f@) = f@") < f@" .
Applying the functional equation, we obtain
bf(2) < kf(n) < (b+1)f(2).
Dividing by kf(2), this yields

lj<f(n)<bi‘
kK~ fQ) ~ &k

The function log n satisfies a similar inequality. As log is increasing,
log2® < logn* < log2b*!.

Hence,

=

From the two inequalities, bot
that is to say,

a1

|f(n)/f(2) — logn| <
for any positive integer k. By Enl, f is continuous, and hence,

fn) = f(2)log(n) = — f(2)log(1/n),

where, as observed earlier, f(2) > 0.

f(n)/f(2)and log n are in the interval [%

b+l
Tl

O

Consider next a multiset {pj, p2, ..., p,} of positive rational numbers
such that p;y + p» + --- + p, = 1. Let N be the least common multiple
of their denominators and write p; = a; /N, where q; are positive integers and
ay + a; + --- + a, = N. Let o be a partition of a sample space S into n
blocks By, By, ..., B, so that Pr(B;) = p;. Let T be the refinement of o ob-
tained by dividing B; into a; blocks, each with the same probability 1/N. In
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particular, t partitions S into N blocks, each with probability 1/N. Observing
that H(t|B;) = H(1/a;, 1/a;, ..., 1/a;)) = f(a:),

H(tlo)=)_ piH(|B)=)_ pif(a)=—CY_ pilog).

i=1 i=1 i=1
On the other hand,
H(t)— H(o) = f(N)— H(o) = —Clog(N) — H (o).
We conclude, by En4, that

H(c) = —Clog(N)+ C Z pi log(a;)

i=1

=C Z pillog(a;) — log(N)]

i=1

=C ) pilog(ai/N)

i=l1

=C Y pilog(p:).

i=1
Since the rational numbers are dense, the theorem now follows from Enl, that
H is continuous. O

We end with a combinatorial interpretation of the entropy function. This inter-
pretation was the motivation for Boltzmann’s definition of entropy.?

1.4.12. Proposition. Let n, ny, ny, ..., n, be nonnegative integers such that
ny +ny + ---+n, = n. Then if n is sufficiently large,

ny np n, n
nH(—,—,...,— ~ log ,
non n ni,Na, ..., N0,
where

( n ) n!
= 9
ni,Na, ..., N, nilny!---n,!

the number of ways to distribute n distinguished balls into r distinguished
boxes so that the i box has n; balls.

Proof. Use Stirling’s approximation: for large n, logn! ~ nlogn — n. O

3 See Cercignani (1998, p. 121).
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Our brief account of Shannon entropy is intended to illustrate how partitions,
information, and coimages of functions are “dual notions” to subsets, size, and
images of functions. To a very limited extent, Shannon entropy has been ex-
tended to o -subalgebras, the continuous analogs of partitions. There is another
concept of entropy, Boltzmann entropy, which is based on probability densities
(see Exercise 1.4.6 for a glimpse). However, “an abyss of ill-understood ideas
separates Shannon entropy from Boltzmann entropy. No one to this day has
seen through the dilemma of choosing between entropy as a measure of ran-
domness of probability densities of random variables and entropy as a measure
of randomness of o -subalgebras.” There is much rethinking to be done here.?*

Exercises

1.4.1. Functions and finiteness.
Assuming that S is finite, show that a function f : § — § is injective (or
one to one) if and only if it is surjective (or onto).

1.4.2. Show that a function preserving V and -¢ is a Boolean morphism.

1.4.3 Theorems of Whitman and Pudldk-Tiima.>

Whitman showed in 1946 that every lattice is isomorphic to a sublattice of
the lattice of partitions of an infinite set. Jonsson refined this theorem in 1953.

Let L be a lattice. Then an element a in L can be represented as the principal
ideal I(a), where I(a) = {x: x < a}. Thinking of the ideal I (a) as the partition
of the set L into the blocks /(a) and {y}, y £ a, we have a meet-preserving
representation of elements of L as partitions.

It is much harder to construct an injection preserving both meets and joins.
One way to do this is to consider equivalence relations defined by distances. If
A is a set and L is a lattice with a minimum (), then an L-valued distance on A
is a function § : A x A — L satisfying three properties:

Symmetry: 8(x,y) = 8(y, x).

Normalization: 8(x,x) = 0forall x € L.

The triangle inequality: §(x, y) Vv 8(y, z) = §(x, 2).

If § is a distance and a is a fixed element of L, then the relation E(§, a)

x ~y whenever §(x,y) <a

34 See problem 4 in Twelve problems. Among the many books on information theory, we single
out Rényi (1984).

35 J6nsson (1953), Pudlak and Tama (1980), and Whitman (1946). See Griitzer (2002,
pp. 250-257) for an exposition.
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is an equivalence relation. If A =L, then §(x,y)=xVvy if x #y and
8(x, x) = 0 is a distance. In this case, E(8, a) defines the partition with blocks
I(a) and {y}, y £ a, given earlier.

Using cleverer distances, Jonsson constructed a representation of a lattice by
partitions preserving both meets and joins, giving a natural proof of Whitman’s
theorem. (The join in a partition lattice is calculated by taking the transitive
closure of a union of equivalence relations; thus, a countable number of unions
may be necessary to calculate the join and the partition lattice may not be finite
when L is finite.)

Whitman’s theorem. Every lattice is a sublattice of a partition lattice.

Whitman’s theorem also implies that if an identity holds for all partition lattices,
then it holds for all lattices. Thus, one cannot characterize partition lattices by
identities.

Whitman asked whether every finite lattice is a sublattice of a finite partition
lattice. Whitman’s conjecture was proved by Pudldk and Tuma.

The Pudlak—Tuma theorem. Every finite lattice is a sublattice of a finite partition
lattice.
1.4.5 Hartmanis n-partitions.>

Let S be a finite set. Partially order the antichains in 25 by A; < A, if
for each subset A; in A, there exists a subset A, in A, such that A; C A,.
Let B be an antichain in 25. An antichain A partitions B if A > B and every
subset B in B is contained in exactly one subset of .4. The subsets {B € :
B C A}, where A ranges over all A € A, are blocks of a partition of 5. Let
I1(B, S) be the set of antichains partitioning 55 partially ordered as earlier.
The partial order IT1(13, S) has minimum B and maximum the one-element
antichain {S}.

(a) Show that the partial order I1(3, S) is a lattice.

An n-partition o of S is an antichain partitioning the collection of all size-n
subsets of S; that is, o is a collection of subsets of S of size at least n such that
every n-subset of S is contained in exactly one subset in o. Let [1(n; S) be the
lattice of all n-partitions of S.

(b) Show that IT(n; S) is isomorphic to a sublattice of I1(n + 1; S U {a}),
where a is a new element not in S.

(c) Show that IT(n; S) is complemented.

36 Crapo (1970) and Hartmanis (1956, 1957).
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Consider a fixed 2-partition on a finite set S. We can think of the elements
of S as points and the blocks of the 2-partition as lines of a line geometry.
The defining property of a 2-partition translates into the axiom: two points
determine a unique line. A subset of points A is line-closed if whenever two
points @ and b of a line ¢ are in A, then the line ¢ is contained in A. The
line-closed sets are closed under intersection and they form a lattice LG(S). (A
rank-3 simple matroid is a line geometry. However, line-closed subsets are not
necessarily closed under the matroid closure.)

Motivated by Whitman’s problem, Hartmanis showed two sublattice-
embedding theorems for lattices of line-closed subsets and 2-partitions.

(d) Show that every finite atomic lattice L is isomorphic to the lattice of
line-closed sets of a finite line geometry.

(e) Show that every lattice of line-closed sets is isomorphic to a sublattice
of I1,(T) for some (larger) set 7. In particular, every finite atomic lattice is
isomorphic to a sublattice of a lattice of 2-partitions of a finite set.

(f) (Research problem) If one can construct a sublattice-embedding of a
lattice of 2-partitions of a finite set into a lattice of partitions of a finite set, then
one has another proof of the Pudldk—Tuma theorem. Find such a construction.

1.4.6. (Research problem) There is no information or entropy interpretation of
the join of two partitions. Find an interesting one.

1.4.7. Let G be a finite group and L(G) the lattice of subgroups of G.

(a) Show that the function defined from L(G) to the lattice of partitions of
the (underlying) set G sending a subgroup H to the partition 7 (H) of G by the
cosets of H is a lattice homomorphism: that is, if H and K are subgroups of
G,thenn(HNK)=n(H)An(K)andn(H VvV K) =n(H) Vv 7 (K).

(b) Let HK = {hk: h € H,k € K}. Show that the partitions 7w (H) and
m(K) are independent if HK = KH and |HK| = |G]|.

1.4.8. Boltzmann entropy.
If X is a continuous random variable with density f, the Boltzmann entropy
H(X) is defined by

H(X) = / —f(x)log f(x)dx,

o0

where log is natural logarithm. Boltzmann entropy has many applications.
We will give only one: the characterization of probability distributions by a
maximum entropy condition.
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(a) Let X : S — [a, b] be a continuous random variable. Then H(X) attains
its maximum value when X has the uniform distribution [a, b]. The maximum
value is log (b — a).

(b) Let X : S — [0, 0o) be a continuous random variable with mean 1/X.
Then H(X) attains its maximum value when X is exponentially distributed.
The maximum value is 1 — log A.

(c)Let X : S — R be a continuous random variable with variance s2. Then
H (X) attains its maximum value when X is normally distributed. The maximum
value is % + log s+/27.

(d) Find a random variable X so that H(X) < 0. To a philosophical mind,
the existence of such random variables causes some uneasiness.

1.4.9. Lattices of Boolean o -subalgebras.

Let S be a finite set. Show that there is a bijection between the Boolean
subalgebras of 25 and partitions of S.

This easy exercise indicates that a continuous analog of the partition lattice
is the lattice X of all o-subalgebras of a given o -algebra IT. The partial order
is given by v < v’ if t D 1’ as families of sets. The join is the set-theoretic
intersection of the two families and the meet is the o-subalgebra generated by
7 and t’. (See Rota’s Twelve problems for research problems about lattices of
o-subalgebras.)

1.4.10. A universal entropy group.

In Twelve problems, Rota constructed a universal entropy group. Using
Proposition 1.4.5, we can define a finite analog of this group. Let F be the free
Abelian group generated by all finite multisets {ry, 2, .. ., r¢} of nonnegative
real numbers such that ri +r, +---+r, =1, and let R be the subgroup
generated by elements of the form

{paq1, ;qas ... Piqjs -+ s PmGn} —{P1> P2y oy P} —{q1, 92, - -, G}

The quotient group F/R satisfies the following universal property: let P be
the collection of pairs (o, (S, Pr)), where o is a partition of a finite probability
space (S, Pr). Let H : P — A be afunction taking values in an additive Abelian
group A satisfying two conditions:

(a) The value H({Bi, By, ..., Bx}) depends only on the multiset
{Pr(B), Pr(By), ..., Pr(By)}.

(b) If o and 7 are independent partitions, then H(o A7) = H(o) + H(T).
Then H factors through F/R, that s, there is an Abelian group homomorphism
h:F/R — Asuchthat H = h o, wheret : P — F/R isthe function sending
(B, By, ..., B}, (S, Pr)) to {Pr(B)), Pr(By), ..., Pr(By)}. Put another way,
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F/R is a “Grothendieck group” containing all possible functions H satisfying
the two conditions. Study the group F/R.

1.4.11. (Research problem) Proposition 1.4.12 suggests several questions: Is
there an entropy interpretation of Sperner’s theorem (or MeSalkin’s extension)?
More generally, is there a role for entropy in extremal set theory? Are there
q-analogs of entropy?

1.5 Relations

A relation R from the set S and X is a subset of the Cartesian product S x X.
As with functions, S is the domain and X the codomain of R. Relations were
defined by Augustus De Morgan.?’

There are many ways to think about relations. One way is as a bipartite
graph. For example, consider the relation

R ={(a, 1), (a, u), (a,v),(b,s),b,t),(c,s),(c,u),(cv)}

on {a, b, c} and {s, t, u, v}. Then R defines a (directed) bipartite graph on the
vertex set {a, b, c} U {s, , u, v} with edge set equal to R. In particular, we will
often refer to an ordered pair in R as an edge of R.

Another way is to picture the Cartesian product S x T as a rectangle and
mark, in some distinctive way, those ordered pairs in the relation R. For exam-
ple, the relation R, has the picture

st u v
a * * %
b x x
¢ * * %

Replacing asterisks by a nonzero number and blank spaces by 0, we obtain a
matrix supported by the relation R.
Let R: S — X bearelation. Ifa € S, let

R(a) = {x: (a, x) € R}.
In analogy, if A C S, then let
R(A) = U R(a) = {x:(a,x) € R for some a € A}.

a:acA

37 De Morgan (1864). It was further developed by C.S. Pierce, E. Schréder, and others. A
succinct history can be found in the book by Maddux (2006).
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The labeled list R(a), a € S, determines the relation R. If we forget the labels,
then R is determined up to a permutation of S. For a similar result, see Lemma
2.5.2. Tworelations R : S — X and Q : T — Y are isomorphic if there exist
bijections 0 : S — T and t : X — Y such that

(a,x) € Rif and only if (o (a), T(x)) € Q.
For subsets A and B of S,

R(AU B) = R(A)U R(B),
R(A N B) C R(A)N R(B).

A function i : P — Q from the Boolean algebra P to the Boolean algebra QO
is a hemimorphism it h(¢) = @ and

h(AU B) = h(A) U h(B).
A relation R defines a hemimorphism /g : 25 — 2% in the following way:
hr(A) = R(A).

1.5.1. Theorem. Let R : S — X be a relation between finite sets S or X. The
construction hg gives a bijection between the set of relations S — X and the
set of hemimorphisms 25 — 2%,

Proof. Let h : 25 — 2% be a given hemimorphism. Define the relation R : § —
X by R(a) = h(a). Then as h is a hemimorphism,

hr(A) = R(A) = | h(a) = h(A)
a:acA

for all A C S; that is, h = hg. Thus, the construction 4 — R is the inverse of
the construction R > hp. U

We shall discuss next Galois connections and closure operators.*® Let P be a
partially ordered set. A function P — P, x +— X is a closure operator if

CL1. x <x.
CL2. x < y impliesx < y.
CL3. X =X.

38 Everett (1944) and Ore (1944).
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A coclosure operator is a closure operator on the order-dual P*. An element x
is closed if x = X. The quotient, denoted P /- or CI(P), is the subset of closed
elements, with the partial order induced from P.

The next result characterizes closure operations in finite lattices.

1.5.2. Proposition. A nonempty subset C in a finite lattice L is the set of
closed elements of a closure operator on L if and only if C is closed under
meets.

Proof. Let x — X be a closure operator on L. Suppose x and y are closed
elements. Sincex Ay <x =x,x Ay <y=y,andx Ay <x Ay, it follows
that x A y = x A y. Thus, the set of closed elements is closed under meets.
Conversely, given a set C closed under meets, define

f:/\{c: ceC, c>a}l
It is routine to show that this defines a closure operator. ]

The set of all closure operators on a partially ordered set P can be partially
ordered in the following way: if x — n(x) and x — v(x) are two closure
operators on P, then n < v if for all x € P, n(x) < v(x). Not much is known
about partial orders of closure operators.

One source of closure operators is Galois connections. Galois connections
were motivated by the Galois correspondence between the partially ordered sets
of normal extensions of a field and their automorphism groups. This correspon-
dence is order-reversing: the larger the extension, the smaller the automorphism
group fixing it.

Let P and Q be partially ordered sets. A Galois connection between P and
Q is a pair of functions ¢ : P — Q and ¢ : O — P satisfying the following
axioms:

GCl1. Both ¢ and ¢ are order-reversing.
GC2. Forx € P, Y (p(x)) > x,and fory € Q, (¥ (y)) > y.

A Galois coconnection between P and Q is a Galois connection between P
and the order-dual Q*. Explicitly, a Galois coconnection between P and Q is a
pair of functions ¢ : P — Q and ¢ : Q — P satisfying the following axioms:

GCC1. Both ¢ and i are order-preserving.
GCC2. Forx € P, ¥(¢(x)) = x,and fory € O, o(¥(y)) < y.

When ¢ and v is a Galois coconnection, the function i is sometimes called
the residual of ¢.
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1.5.3. Proposition. Letg : P — Q and ¢ : Q — P be a Galois connection.
Then

(@) Y@ = ¢ and Yoy = Y.

(b) Yo : P — P is aclosure operator on P and ¢y : Q — Q is a closure
operator on the order dual Q*.

(c) The quotients P /v and Q /¢y of closed elements are anti-isomorphic;
indeed, ¢ and 1, restricted to P/vyr¢ and Q/¢r, are inverses of each other,
and in particular they are order-reversing bijections.

Proof. Let x € P. Then, using GC2, {¥¢(x) > x, and using GC1, ¢y ¢(x) <
@(x). On the other hand, using GC2 applied to ¢(x), p¥e(x) > ¢(x). We
conclude that oy ¢(x) = ¢(x). Next, we show that ¢ is a closure operator
on P. CL1 follows from GC2. Next, if x < y, then ¢(x) > ¢(y) and, in turn,
Yo(x) < Ye(y), Finally, CL3 follows from (a). The other assertions in (a) and
(b) can be proved in the same way.

If x is closed in P, then x = Yr¢(x). Hence, when restricted to the quotients
P/yr¢ and Q/@yr, ¢ and i are inverses of each other. (I

Galois connections may be regarded as abstractions of relations. Let R : § — X
be a relation. If A C S, let

A = ﬂ R(a)={x € T: (a,x) € R for all a in A}.

atacA

IfY C X, the set Y* is defined similarly. The functions
A A*, 25 5 2% and Y V¥, 2X 25

form a Galois connection. The lattice of the relation R is the lattice of closed
sets in 25 defined by the Galois relation. Every finite lattice L is the lattice of
some relation. Just take the relation <: L — L.

Taking the complementary relation, we obtain an orthogonality. If R : § —
X is a relation, let R = (S x X)\ R,

At= () R@), and Y= = (] R (x).
a:acA x:xeY
Then A — A+ and X — X form a Galois connection. Such Galois connec-
tions are called orthogonalities. For example, let U and V be vector spaces (over
the same field) paired by a bilinear form (i, v). Then the functions between 2V
and 2" given by A > Al and Y > Y, where

At ={v: (u,v) =0 forall uin A}, and
Y+ = {u: (u,v)=0 for all v in Y},



48 1 Sets, Functions, and Relations

form a Galois connection. If the bilinear form is nondegenerate, then the lattice
of closed sets in 2V is the lattice of subspaces of U. In a very loose sense, a
bilinear form is a vector space analog of a relation.

We end this section with a brief account of relation algebras. Relations,
rather than functions, are central to logic. For example, a model can be defined
as a set with a collection of relations satisfying certain axioms.

Relations have several natural operations defined on them. Let R : § — X
be a relation. The converse R~ is the relation X — S defined by

(x,a) € R~ if and only if (a, x) € R.
The contrary or complement R is the relation S — X defined by
(a,x) € R if and only if (a, x) & R.

Now let Q : X — Z be a relation. Then the composition Q o R or rela-
tive product R| Q 1is the relation S — Z defined by (a,z) € Q o R if and
only if there exists an element x € X, (a,x) € R and (x,z) € Q. (The
reversal of order is intended in the relative product. Pierce said ‘“rela-
tives” rather than “relations.” Thus, relative product just means products of
relations.)

From these natural operations, one can define a fourth operation. The relative
sum of the relations R : § — X and Q : X — Z is the relation R{Q defined
by

—~

RtQ=R|0.

Besides these four operations, others have been proposed. Indeed, Pierce
studied all 64 binary operations obtainable from converse, complementation,
and composition.

The idea behind a relation algebra is to axiomatize the natural operations
on sets and relations. For sets, it is generally accepted that the Boolean algebra
operations and axioms capture the essence of set operations. For relations, many
operations and axiom systems have been proposed. Thus, there are definitions
rather than a definition of arelation algebra. A popular definition is an equational
definition (with ten axioms) given by Tarski and Givant.** A survey of relation
algebras is given in the 2006 book of Maddux. Whether relation algebras have
any applications in combinatorics is unclear.

39 Tarski and Givant (1987).
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Exercises
1.5.1. Equivalence and difunctional relations.*
A relation R : S — § is an equivalence relation if it is reflexive, that
is, {(a,a): a € S} C R; symmetric, that is, R~! = R; and rransitive, that is,
RoRCR.

(a) Show that an equivalence relation R : § — § defines a partition on S
and, conversely, a partition on S defines an equivalence relation on S.

Two relations R : S — X and Q : X — S are mutually transitive if
RoQoRCR and QoRoQCQ.

The first condition, say, of mutual transitivity can be visualized as a square as
follows: let a, a’, b, and b’ be placed cyclically at the corners of a square. Then
if (a,a’) € R, (b,b') € R, and (d/, D) € S, then (a, D') € R.

(b) Let R and Q be mutually transitive. Show that Ro S and S o R are
transitive. Show that the three pairs Q and R, R~' and 9!, Q! and R~ are
mutually transitive.

A relation R : S — S is self-transitive or difunctional (as opposed to dys-
functional) if R and R~ are mutually transitive.

(c) Prove that a relation is difunctional if one can rearrange S and X so that
the picture of R is a union of squares with disjoint domains and codomains;
that is, there are subsets §' € S and X’ C X and partitions Sy, S», ..., S; of
S\S" and X1, X», ..., X of X\ X’ such that |S;| = |X;| and

RI(Sl XX1)U(S2XXz)U"-U(SkXXk).

1.5.2. Two relations R, Q : S — S commute if Ro Q = Q o R.

(a) Given arelation R, describe all the relations commuting with it.
(b) Study the hexagonal condition

RoQoR=QoRoQ.
The motivation for this exercise is a theorem of B. Jonsson (see Exercise 3.5.10).

1.5.3. Ferrers relations.*' A relation R : S — X is a Ferrers relations if there
exists an ordering s1, 57, . .., s, of S such that R(s;) 2 R(s;+). Informally, the

40" Jacotin-Dubreil (1950), Ore (1962, section 11.4), and Riguet (1950). 41 Riguet (1951).
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picture of a Ferrers relation is the Ferrers diagram of an integer partition. Note
that if any one of the four relations R, R, R™', R~ is Ferrers, then all are
Ferrers.

(a) Show that R is Ferrers if and only if R and the converse of its complement
R ! are mutually transitive.

(b) Show that if R is Ferrers, then R o R~! 0o R is also Ferrers.

(c) Show that R is Ferrers if and only if the lattice of closed sets of the
Galois connection formed from R is a chain.

1.5.4. Counting relations.*?

The total number of binary relations on a set S of size n is 27 A general
problem is to enumerate relations with given properties:

(a) Show that the number of reflexive antisymmetric binary relations on a
set of size n is 3"~ 1/2,

(b) Part (a) gives an upper bound on the number ¢ (n) of partial orders on a
set of size n. Improve the upper bound to

qg(n) < n12" =072,
Show also the lower bound

qg(n) > 2l/2m2,

1.5.5. Completions of partially ordered sets.*?
Let P be a partially ordered set. If A C P, let

A, = ﬂ 1(a)

a:acA

A*= () F@.
a:acA
where I (a) is the principal ideal generated by a and F(a) is the principal filter
generated by a.
(a) Show that A — A, and A > A" form a Galois connection between 27
and 2%, and hence, v : A — (A#)b is a closure operator on 2P,
Note that

v = () 1w,

u: ACI(u)

where the intersection is over all upper bounds u of A, that is, elements u
such that u > a for all @ € A or, equivalently, A C I(u). The v-closed subsets

42 Kleitman and Rothschild (1970, 1975). 43 MacNeille (1937) and Robison and Wolk (1957).
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in 2% are closed under intersections and have a maximum, the set P. Hence
they form a (complete) lattice P. The function v: P — P, a +— v({a}) is an
order-preserving injection and P “extends” P to a complete lattice. The lattice
P is usually called the normal completion of P.

The closure operator v satisfies the additional property:

Em. Forevery elementa € P, v({a}) = I(a).

An embedding operator is a closure operator on 2% satisfying the property
(Em). Embedding operators are partially ordered as a suborder of the partially
order of all closure operators on 2°.

(b) Show that v is the unique maximal element in the set of embedding
operators of P under the partial order restricted from the partial order on all
closure operators. Let

A= J 1.
a:acA
Show that 7 is the unique minimal element in the partial order of embedding
operators.
(c) Show that a finite partially ordered set P and its normal completion have
the same order dimension.

1.5.6. Ideals and varieties.

Let R = F[xy, x2, ..., x,], the ring of polynomials in n variables over the
field F, and A = [F".

(a) Show that the functions

V2R 24

J = {(a1,az,...,ay): pla,as, ...,a,) = Oforall p(xy, x2,...,x,)inJ},
I:24 = 2k

B = {p(x1,x2,...,x,): pla, az,...,a,) = O0forall (a1, az, ...,a,)in B}

form a Galois connection between 2% and 24.

(b) Assuming that IF is algebraically closed, show that I(V (J)) is the radical
ideal generated by J, the ideal of all polynomials p such that for some positive
integer n, p” is in the ideal generated by J. (This is Hilbert’s Nullstellensatz.)

1.5.7. Markowsky’s representation of lattices.**

Let L be a finite lattice, J(L) be the set of join-irreducibles, M (L) be the
set of meet-irreducibles, and U : J(L) — M(L) be the relation j < m. Show
that L is isomorphic to the lattice of the relation U.

44 This is the finite case of a theorem of Markowsky. See Markowsky (1975) and Crapo (1982).
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1.5.8. De Morgan’s rule for changing places.
Let R, S, and T be relations with suitable domains and codomains. Then
the following conditions are equivalent:

(@ R|SCT.
(b) R°'|T < 8.
() T|S'CR.

1.5.9. Relative sums of partial functions.
Show that if R and Q are partial functions with suitable domains and
codomains, then R § Q is a partial function.

1.6 Further Reading

The founding paper in lattice theory is the 1900 paper by Dedekind. Among
other ideas, this paper contains the isomorphism theorems of “modern” algebra,
treated at the right level of generality. Emmy Noether is reported to have said
that “everything is already in Dedekind.” It is historically interesting that in
1942, Dilworth learned lattice theory from Dedekind’s paper. This changed
with the first edition of Lattice Theory by Garrett Birkhoff. The three editions
show how the book and the subject responded to and changed each other. Three
other classics are the books of Balbes and Dwinger, Crawley and Dilworth, and
Gritzer. The third book is comprehensively updated in a new edition in 2003.
The first two books are currently out of print. A short elementary introduction
is the book of Davey and Priestley. An excellent account of partially ordered
sets, with emphasis on the order dimension, can be found in the book of Trotter.

R. Balbes and P. Dwinger, Distributive Lattices, University of Missouri Press, Columbia,
MI, 1974.

G. Birkhoff, Lattice Theory, 1st edition, American Mathematical Society, New York,
1940; 2nd edition, Providence, RI, 1948; 3rd edition, Providence, RI, 1967.

P. Crawley and R.P. Dilworth, Algebraic Theory of Lattices. Prentice-Hall, Englewood
Cliffs, NJ, 1973.

B.A. Davey and H.A. Priestley, Introduction to Lattices and Order, 2nd edition,
Cambridge University Press, New York, 2002.

R. Dedekind, Uber die drei Moduln erzengte Dualgruppe, Math. Ann. 53 (1900) 317
403.

G. Gritzer, General Lattice Theory, 2nd edition, Birkhéuser, Basel, 2003.

W.T. Trotter, Combinatorics and Partially Ordered Sets. Dimension Theory, Johns Hop-
kins University Press, Baltimore, MD, 1992.

45 De Morgan (1864).



2
Matching Theory

2.1 What Is Matching Theory?

An answer to this question can be found in the survey paper Matching theory
of L.H. Harper and G.-C. Rota:

Roughly speaking, matching theory is concerned with the possibility and the
number of ways of covering a large, irregularly shaped combinatorial object with
several replicas of a given small regularly shaped object, subject usually to the
requirement that the small objects shall not overlap and that the small objects be
“lined up” in some sense or other.

An elementary example of matching theory is the following puzzle (pop-
ularized by R. Gomory): given a standard 8 x 8 chessboard, can it always be
covered by dominoes (a piece consisting of two squares) if one arbitrary black
square and one arbitrary white square are deleted? Whether this is a problem
in matching theory depends on one approaches it (see Exercises 2.1.1).

Another puzzle which involves the idea of a matching is the following 1979
Putnam problem:1 letn red pointsry, ry, . .., r, and n blue points by, by, ..., b,
be given in the Euclidean plane. Show that there exists a permutation 7w of
{1,2,...,n}, matching the red points with the blue points, so that no pair of
finite line segments r; by and r; by ;) intersects. Although this puzzle is about
matchings, it is perhaps not matching theory in our sense. The reason — and a
hint for its solution — is that it is really a geometry problem.

Our third example is indisputably a theorem in matching theory.” This
theorem settles the question, often asked when one is first told that left and

! The problem can be found in Winkler (2004).

2 Konig (1916). This theorem was cited by Philip Hall in 1935, as a motivation for the marriage
theorem, in spite of the fact that in this paper, Konig has also proved the “Konig—Egervary
theorem,” a more general theorem than the marriage theorem. Such anomalies occur rather
often in matching theory.

53
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right cosets of a subgroup may not be the same, whether there exists a set of
elements acting simultaneously as left and right coset representatives.

2.1.1. Konig’s theorem. Let S be a set of size mn. Suppose that S is par-

titioned into m subsets, all having size n, in two ways: Ay, Az, ..., A, and

Bi, By, ..., B,,. Then there exist m distinct elements a;, as,...,a, and a

permutation 7 of {1, 2, ..., m} such that for all i, a; € A; N By).
Exercises

2.1.1. (a) The answer to Gomory’s puzzle is “yes.” Find a proof.

(b) Can an 8 x 8 chessboard be covered by dominoes if two arbitrary black
squares and two arbitrary white squares are removed?

(c) Study Gomory'’s puzzle for m x n chessboards.

(d) Develop a theory for domino-coverings of m x n chessboards with some
squares removed.>

2.1.2. Do the Putnam problem.

2.1.3. Give an elementary proof (that is, a proof not using the marriage theorem)
of Konig’s theorem.

2.2 The Marriage Theorem

A subrelation M of arelation R : S — X is a partial matching of R if no two
edges (or ordered pairs) in M have an element in common. A partial matching
M is a matching if [M| = |§|, or equivalently, the subrelation M : § — X is a
one-to-one (but not necessarily onto) function.

Observe that a relation R : § — X is determined, up to a permutation
of §, by the list of subsets R(a), where a ranges over the set S. This gives
another way of looking at matchings. A transversal or system of distinct
representatives of alist X1, X», ..., X, of subsets of a set X is a labeled set of
n (distinct) elements {ay, ay, ..., a,} of X such that for each i, a; € X;. Thus,
transversals are, more or less, ranges of matchings. A transversal exists for the
list X1, X», ..., X, of subsets if and only if the relation R : {1,2,...,n} - X
with R(i) = X; has a matching.

Suppose a matching M existsin R : § — X.If A C S, then M(A) C R(A).
Since M is a one-to-one function, |M(A)| = |A|, and hence, |R(A)| > |A].
Thus, the condition

for all subsets A in S, |R(A)| > |A]

3 Sucha theory is developed in Brualdi (1975).
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is a necessary condition for the existence of a matching. This condition is called
the (Philip) Hall condition. The fundamental result in matching theory is that
the Hall condition is also sufficient.

2.2.1. The marriage theorem. A relation R : § — X has a matching if and
only if for every subset A in S, |R(A)| > |A].

An equivalent way to state the marriage theorem is in terms of transversals of
subsets.

2.2.2. Theorem. Let X, X», ..., X, be alist of subsets of a set X. Then there

exists a transversal if and only if for all subsets A € {1, 2, ..., n},
U x| = 14l
iti€eA

We shall give several proofs, each with a different idea. Since necessity has
already been proved, we need only prove sufficiency.

First proof of the marriage theorem.* This proof is due to Easterfield,
Halmos, and Vaughan. We proceed by induction, observing that the case | S| = 1
obviously holds. We distinguish two cases:

Case 1. For every nonempty subset A strictly contained in S,
|R(A)| > |Al.

Choose any edge (a, x) in the relation R and consider the relation R’ obtained by
restricting R to the sets S\{a} and X\{x}. If A C S\{a}, |R'(A)| equals |R(A)|
or R(A) — 1, depending on whether x is in R(A). Thus, as |R(A)| > |A|, the
smaller relation R’ satisfies the Hall condition and has a matching by induction.
Adding the ordered pair (a, x) to the matching for R’, we obtain a matching
for R.

Case 2. There is a nonempty subset A strictly contained in S such that |R(A)| =
|A|. Then the restriction R|4 : A — R(A) of R to the subsets A and R(A) has
a matching by induction.

Let R” : S\A — X\R(A) be the relation obtained by restricting R to S\ A
and X\ R(A). Consider a subset B in the complement S\ A. Then R(A U B) is
the union of the disjoint sets R(A) and R”(B). Since A and B are disjoint, R

4 Easterfield (1946) and Halmos and Vaughan (1950). The paper of Halmos and Vaughan
popularized the matrimonial interpretation of Theorem 2.2.1.
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satisfies the Hall condition, and |R(A)| = |A],

[R"(B)| = [R(AU B)| — |R(A)|
> |AU B| — |A|
= |B|.

Hence, R” satisfies the Hall condition and has a matching by induction. The
matchings for R|4 and R” are disjoint. Taking their union, we obtain a matching
for R. 0

The argument in the proof of Easterfield, Halmos, and Vaughan can be modified
to prove the following theorem of Marshall Hall.?

2.2.3. Marshall Hall’s theorem. Let R : § — X be a relation satisfying the
Hall condition. Suppose that, in addition, every element in § is related to at
least k elements in X. Then R has at least k! matchings.

Proof. We proceed by induction on S and k, the case |S| = 1 being obvious.
As in the previous proof, we distinguish two cases:

Case 1. For all nonempty proper subsets A in S, |R(A)| > |A|. Choose an
element a in S and let R(a) = {x1, x2, ..., x,,}. Consider the relations R;
obtained by restricting R to S\{a} and X\{x;}. In R;, every element in S\{a}
is related to at least k — 1 elements in X\{x;}. By induction, the relation R;
has at least (k — 1)! matchings. Adding (a, x;) to any matching of R; yields
a matching of R. Doing this for all the relations R;, we obtain m(k — 1)!
matchings. Since m > k, there are at least k(k — 1)! matchings in R.

Case 2. There exists a nonempty proper subset A in S so that |[A| = |R(A)|.
As in the earlier proof, we can break up R into two smaller matchings R|4 and
R”, both satisfying the Hall condition. In the relation R|4 : A — R(A), every
element in A is related to at least k elements in R(A). Hence, by induction,
R| 4 has at least k! matchings. Taking the union of a fixed matching of R” and
a matching in R|4, we obtain at least k! matchings for R. ]

2.24.Corollary. Let R : S — X be arelation and suppose that every element
in S is related to at least k elements in X. Then R has a matching implies that
R has at least k! matchings.

> Hall (1948). Hall’s argument is similar to the one given here. See also Exercise 2.2.3.
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Note that an easy argument shows that the number of matchingsin R : § — X
is bounded above by []/_; |R(i)|, with equality if and only if the sets R(i) are
pairwise disjoint.

Second proof of the marriage theorem.% This proof is based on the following
lemma, which allows edges to be removed while preserving the Hall condition.

2.2.5.Rado’s lemma. Let R : S — X be a relation satisfying the Hall condi-
tion. If (¢, x) and (c, y) are two edges in R, then at least one of the relations
R\{(c, x)} and R\{(c, y)} satisfies the Hall condition.

Proof. Suppose the lemma is false. Let R” = R\{(c, x)} and R” = R\{(c, y)}.
Then we can find subsets A and B in S suchthatc € A, c ¢ B,

|IR'(AU{c]| < |AU{c},
and
IR"(B U {c})| < |BUI{c}|.

Since R'(A) = R(A) and R”(B) = R(B), it follows that R'(¢) € R(A) and
R"(c) € R(B). We conclude that

[R'(AU{chHl = [R(A)| = |A]
and

|R"(B U {ch| = |R(B)| = |B|.
Using these two equalities, we have

|A] +1B| = [R'(AU{chH] + |R"(B U {c})|
= [R'(AU{c)hUR"(BU{cHI+ [R(AU{cHhNR"(BU({c}I
= |R(AU B U {c})| +|R(A) N R(B)|
> [R(AU BU{chl +|R(AN B)]|
>|AUBU/{c}|+|AN B|
>|[AUB|+1+|ANB|
=|Al+ B[+ 1,

a contradiction. O

We can now prove the marriage theorem by removing edges until we reach a
matching.

6 Rado (1967b).
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Third proof of the marriage theorem.” The third proof combines ideas from the
first and second proof. This proof begins with an easy lemma, which we state
without proof.

2.2.6. Lemma. Let R: S — X be a relation satisfying the Hall condition.
Suppose that A and B are subsets of S such that |A| = [R(A)|and |B| = |R(B)|.
Then |[AU B| =|R(AU B)|and |AN B| = |R(A N B)|.

Choose an element a in S. Suppose that for some x in R(a), the relation
R, : S\{a} — X\{x} obtained by restricting R to S\{a} and X\{x} satisfies
the Hall condition. Then by induction, R, has a matching, and adding (a, x) to
that matching, we obtain a matching for R.

Thus, we need only deal with the case («): for all x in R(a), the relation
R, does not satisfy the Hall condition; that is to say, for each x in R(a), there
exists a subset B, of S\{a} such that |B,| > |R,(B,)|. Since R satisfies the
Hall condition, |R(B;)| > |B,|. In addition,

R, (Bx) € R(By) € R:(By) U {x}.

Thus, R(B,) equals R,(B,) U {x}, x isin R(B,), and |R(B,)| = |R.(B,)| + 1.
Since R satisfies the Hall condition, it follows that for all x in R(a),

|R(By)| = [ Byl

Let

B= |J B.
xX:x€R(a)
ByLemma?2.2.6,|B| = |R(B)|. However, R(a) € R(B). Together, this implies
that
|B U {a}| > [R(B)I,

contradicting the assumption that R satisfies the Hall condition. Thus, the case
() is impossible and the proof is complete. (|

Fourth proof of the marriage theorem.® This is Philip Hall’s proof. Let R : § —
X be a relation with at least one matching. Let

H(R) = (1) M(S),
M

7 Everett and Whaples (1949).
8 Hall (1935). Although citing the paper of Hall is obligatory, Hall’s proof seems not to have
appeared in any textbook.
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where the intersection ranges over all matchings M in R; in other words, H (R)
is the subset of elements in X that must occur in the range of any matching of
R. The set H(R) may be empty.

2.2.7. Lemma. Assume that R : § — X has a matching. If A C S and |A| =
|R(A)|, then R(A) C H(R).

Proof. Suppose |A| = |R(A)|. Then for any matching M in R, M(A) = R(A).
Hence, R(A) occurs as a subset in the range of every matching, and assuming
R has a matching, R(A) C H(R). [l

2.2.8. Lemma. Let R have a matching, M be a matching of R, and
I ={a: M(a) € H(R)}.
Then R(I) = H(R). In particular, |H(R)| = |I|.

Proof. We will use an alternating path argument.” An alternating path (relative

to the matching M) is a sequence x, aj, X1, dp, ..., X;—1, dj, X; such that the
edges
(x,ay), (a1, x1), (x1, a2), (a2, x2), . .., (@1, X1—1), (Xi—1, ap), (az, x;)

are all in R, the edges (a;, x;) are in the matching M, and except for the head
x and the tail x;, which may be equal, all the elements in the path are distinct.
If x is not in the range M(S), then it is easy to check that the matching M*
defined by

M*™ = (M\{(a1, x1), (a2, x2), - . ., (a1, x;)})
U{(x, a1), (x1, a2), (x2,a3), ..., (xi—1, @)}

is a matching of R and x; is not in the range M*(S).

Let H'(M) be the subset of elements x in X connected by an alternating
path to an element y in H(R). Then H(R) € H'(M). We shall show that, in
fact,

H(R) = H'(M).

To do this, we first show that H'(M) C M(S). Suppose that x € H'(M) but
x ¢ M(S). Then y is not in the range of the new matching M* defined by the
alternating path from x to y, contradicting the assumption that y € H(R).

Next, let J = {a: M(a) € H'(M)}. If a € J and M(a) = {x}, then there is
an alternating path P starting with an edge (x, b), where b € S and b # a,
and ending at a vertex in H(R). If y € R(a) and y # x, then (y, a) is an edge

9 Alternating paths first appeared in Konig (1916).
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in R, (a,x) is an edge in M, and y, a, P is an alternating path ending at a
vertex in H(R). We conclude that if a € J, then R(a) € H'(M). In particular,
R(J) € H'(M). Thus, we have

M) S R(J) € H'(M) = M().

From this, it follows that |J| = |R(J)|. By Lemma 2.2.7, H'(M) € H(R). We
conclude that H(R) = H'(M). In particular, I = J and H(R) = R(I). O

We now proceed by induction on n. Let R : § — X be a relation satisfying
the Hall condition and let b € S. Since the Hall condition holds for the restric-
tion R|s\py : S\{b} — X, the smaller relation R|s (5 has a matching M by
induction. Let I = {a: M(a) € H(R|s\())}. If R(b) € H(R|s\5}), then

R(I U {b}) = H(R|s\p))

and |[R(1 U {b})| = |I| < |I|+ 1, contradicting the assumption that the Hall
condition holds. Thus it must be the case that R(b) is not contained in
H(R|s\(p))- For any element x in R(b) notin H(R|s\(), the union M U {(b, x)}
is a matching for R. |

We end this section with two easy but useful extensions of the marriage theorem.

2.2.9. Theorem.'” A relation R : S — X has a partial matching of size | S| — d
if and only if R satisfies the Ore condition:

for every subset A in S, |R(A)| > |A]| —d.

Proof. Let D be a set of size d disjoint from X and R": § — X U D be the
relation R U (S x D). Then it is easy to check that the following statements
hold:

« R’ satisfies the Hall condition if and only if R satisfies the Ore condition.
« R’ has a matching if and only if R has a partial matching of size |S| — d.

We can now complete the proof using the marriage theorem. ]
Restating Theorem 2.2.9, we obtain another result of Ore.

2.2.10. Defect form of the marriage theorem. Let R : S — X be a relation
and t be the maximum size of a partial matching in R. Then

T = |S] + min{|R(A)| — |A]: A C S}.

10" Ore (1955); see Exercise 2.4.7 for Ore’s proof.
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Exercises

2.2.1. The Hungarian method."!

Use alternating paths (defined in the fourth proof) to obtain a proof of the
marriage theorem. (This has become the standard proof in introductory books.
Among its many advantages, alternating paths give a polynomial-time algo-
rithm for finding a maximume-size partial matching; see Lovasz and Plummer,
1986.)

2.2.2. Cosets of groups and Konig's theorem.'?

(a) Let H be a subgroup of a group G such that the index |G|/|H| is finite.
Then there are coset representatives that are simultaneously right and left coset
representatives.

(b) Use the method in (a) to prove Konig’s theorem in Section 2.1.

(c) Conclude that if H and K are subgroups with the same finite index, then
there exists one system that is a system of coset representives for both H and
K.

(d) Let Sy, Sz, ..., Spand Ty, T, . . ., T, be two partitions of a set S. Find
nice conditions for the conclusion in Koénig’s theorem to hold.

2.2.3. Regular relations.

Let R : § — X be a relation in which every element a in § is related to
the same number k of elements in X and every element in X is related to the
same number / in S. Show that the Hall condition holds, and hence R contains
a matching.

2.2.4. Extending Latin rectangles."

Let A be an alphabet with n letters. If 1 < r,s <n, an r X s array with
entries from A is a Latin rectangle if each letter occurs at most once in any row
or column. An n x n Latin rectangle is called a Latin square.

(a) Show thatif m < n — 1, every m x n Latin rectangle can be extended to
an (m + 1) x n Latin rectangle. In particular, every m x n Latin rectangle can
be extended to a Latin square.

(b) Use Theorem 2.2.2 to show that there exist at least

nln—D!n—=2)---(n—m+1)!
m x n Latin rectangles.

I Kuhn (1955). The name is chosen in honor of D. Konig. 12 Ore (1958).

13 Hall (1948) and Ryser (1951). The bound given in (b) for the number of m x n Latin
rectangles is far from sharp. For better bounds, see Murty and Liu (2005), and the references
cited in that paper.
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(c)Let 1 <r,s <n.Show that an r x s Latin rectangle L can be extended
to a Latin square if and only if every letter in A occurs at least r + s — n times
inL.

2.2.5. The number of matchings.'*

LetR :{1,2,...,n} — X be arelation such that |R(i)| < |R(j)| whenever
i < j. (This condition can always be achieved by rearranging {1, 2, ..., n}.)
Show that if R has at least one matching, then the number of matchings in R is
at least

nmax(l, |[R()| — i + 1),

i=1
with equality holding if R(i) € R(j) wheneveri < j.

2.2.6. Easterfield’s demobilization problem."

Find all possible ways of obtaining the minimum sum of n entries of a
given n x n matrix of positive integers, with no two entries from the same
row or column. (Comment. Easterfield gives an algorithm for doing this. In the
discussion of this algorithm, he discovered the marriage theorem. There may
be a more efficient algorithm than Easterfield’s.)

2.3 Free and Incidence Matrices

Let R : S — X be arelation. A matrix (c,,) with row set S and column set X is
supported by the relation R if the entry c,, is nonzero if and only if (a, x) € R.

There are several ways to choose the nonzero entries. One way is to create
independent variables (or elements transcendental over some ground field)
X,.x, one for each edge (a, x) in the relation R, and set ¢, = X, . This
choice of nonzero entries gives the free or generic matrix of the relation R. At
the other extreme, one can set ¢, , = 1. This gives the (0, 1)-incidence matrix
of R.

We begin by considering determinants of free matrices.

2.3.1. Lemma. Let R : S — X be a relation with |S| = |X].

(a) If C is a matrix supported by R, then det C # 0 implies that R has a
matching.

(b) If C is the free matrix of R, then the number of matchings in R equals
the number of nonzero monomials in the expansion of the determinant of the
free matrix C of R. In particular, det C # 0 if and only if R has a matching.

14 Ostrand (1970) and Rado (1967a). > Easterfield (1946).
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Proof. Expanding the determinant of C, we have

detC = Z l_[ Ca,o(a)»

o a:aeS

where the sum ranges over all bijections o : § — X. If det C # 0, then there
is a nonzero product in the expansion. The bijection o giving that product
is a matching of R. This proves Part (a). Part (b) follows since independent
variables have no algebraic relations. (]

Since the determinant of a square matrix is nonzero if and only if it has full
rank, we have the following corollary.

2.3.2. Corollary. Let R : S — X be a relation and C be its free matrix. Then
the following are equivalent:

(a) R has a matching of size |S| — d.

(b) The free matrix C has rank |S| — d.

(c) There are subsets S C S and X’ C X, both having size |S| — d, such
that the (|S| — d) x (|S| — d) square submatrix C[S’|X’] formed by restricting
C to the rows in S’ and the columns in X’ has nonzero determinant.

Using Lemma 2.3.1 and its corollary, we can reformulate the marriage theorem
as a result about the rank of free matrices.

2.3.3. Edmonds’ theorem.'® Let m < n and C be a free m x n matrix of a
relation R. Then C has rank strictly less than m if and only if there exists a
set H of h rows such that the submatrix of C consisting of the rows in H has
h — 1 or fewer nonzero columns.

Proof. Suppose that C contains an & x (n — h + 1) submatrix with all entries
zero. Then every square m x m submatrix C’ of C containsanh x (m — h + 1)
zero submatrix. In the expansion of the determinant of C’, every product
1 ¢a.00) has at least one term ¢ ;) in the & x (m — h + 1) zero submatrix.
Thus, the determinant of every square m x m submatrix is zero, and C has rank
strictly less than m.

Now suppose that C has rank strictly less than m. Then its rows are linearly
dependent. Let H be a minimal linearly dependent set of rows. Relabeling,
we may assume that H = {1,2, ..., h}. Let C[H] be the h x n submatrix
consisting of the rows in H. Since H is a minimal linearly dependent set, the
submatrix C[H] has rank & — 1 and there exists a set K of & — 1 columns
such that the & x (h — 1) submatrix C[H|K], obtained by restricting C to the

16 Edmonds (1967).
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rows in H and columns in K, has rank 2 — 1. Relabeling, we may assume that
K={1,2,...,h —1}.

We shall show that if a column in C[H] is not in K, then every entry in
it is zero. Consider the h x h square matrix obtained by adding a column / in
C[H], notin C, to C[H|K]. Since C[H] has rank & — 1, the square matrix is
singular and its determinant equals zero. Taking the Laplace expansion along
the added column, we obtain

h
> (=1) det C[H\{i}| K]y = 0. (Det)
i=1

As H is a minimal linearly dependent set of rows, every subdeterminant in
the left-hand sum in the equation is nonzero. Hence, each subdeterminant
is a nonzero polynomial in the variables X;; with 1 < j<h—-1.1fl>r
and c¢;; is nonzero for some i, then Equation (Det) gives a nontrivial poly-
nomial relation among the variables X;;,1 < j <h —1, and the variables
X1, (i,1) € R, contradicting the declaration that the variables X;; are indepen-
dent. We conclude that every entry in every column in C[H] but not in K is
Zero. 0

Note that by Corollary 2.3.2, Edmonds’ theorem is equivalent to the marriage
theorem.

Let C be a matrix on row set S and column set X. A pair (A, Y), where
A C Sand Y C X, covers C if for every nonzero entry ¢, , in C, a € A or
x eY.

2.3.4. The Konig-Egervary theorem. Let C be a matrix supported by the
relation R and let T be the maximum size of a partial matching in R. Then

 =minf{|A| 4+ |Y]: (A, Y) covers C}.
In particular, if C is the free matrix of R, then
rk(C) = min{|A| + |Y]: (A, Y) covers C}.

Proof. Let (A, Y) be a cover of C. If (a, x) is an edge in a partial matching,
thena € A, x € Y, or both. Hence, |A| + |Y]| > t.

On the other hand, (S\ A, R(A)) is a cover of C. Hence, by the defect form
of the marriage theorem (2.2.10),

v = min{|R(A)| + (|S] — |A]): A < S}.
> min{|A| 4+ |Y|: (A, Y) covers C}. (]
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Other proofs are given in the exercises. The Konig—Egervary theorem says for
a rank-m free matrix C, we can permute the rows and columns so that M has
the following form:

2 92 2 92 7 e 2 ?

9 7 o 2 2

? 7 ¢ 00O 0

72 7 ¢ 70 0

7 e 2 272 0 0

o ? 70 0

? 720 0

2.9 92 2.0 0 0 0
where the entries ¢, 1, ¢u—12, - - -, C1.m in the sub-antidiagonal are nonzero and
there are nonnegative integers a and b, a + b = m, such that all the nonzero
entries in C lie in the union of the two rectangles {1, 2, ...,a} x {1,2,...,n}

and {1,2,...,m} x {1,2,...,b}. In the preceding example, m =6, a = 2,
b =4, a “e” is a nonzero entry (in a maximum-size partial matching), a “?”
is an entry which may be zero or nonzero, and a “0” is, naturally, a zero
entry.

Exercises

2.3.1. Graph-theoretic form of the Konig—Egervary theorem.

Let G be a graph. A partial matching M in G is a subset of edges, with
no two edges in M sharing a vertex. A vertex cover C is a subset of ver-
tices such that every edge is incident on at least one vertex in C. Show that
the Konig—Egervary theorem is equivalent to Kénig’s minimax theorem: in a
bipartite graph G, the maximum size of a partial matching equals the mini-
mum size of a vertex cover. Find graph-theoretic proofs of Kénig’s minimax
theorem.

2.3.2. Bapat's extension of the Konig—Egervdry theorem."!

Let M be a matrix with rows labeled by S and columns labeled by 7. If
A C Sand B C T, then let M[B|A] be the submatrix labeled by rows in A

17 Bapat (1994).
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and columns in A. A submatrix M[B|A] has zero type if for every b € B and
acA,

rank M[B|A] = rank M[B\{b}|A\{a}].

A submatrix with all entries zero has zero type. Another example is a 2 X n
matrix (with n > 1) where the second row is a nonzero multiple of the first.

(a) Show that if rank M[T'|S] < min{|T'|, | S|}, then there exists a submatrix
M|[B|A] of zero type such that

|T| 4+ |S| —rank M[T|S] = |B| + |A| — rank M[B|A].

(b) Show that if M is the free matrix of a relation, then a submatrix N has zero
type if and only if every entry in N is zero. Hence, deduce the Konig—Egervary
theorem from Bapat’s theorem.

2.3.3. Frobenius’ irreducibility theorem.'®

Let M be the n x n square free matrix of the complete relation {1, 2, . .., n}
x{1,2,...,n}. A general matrix function G(X;;) over the field I is a polyno-
mial of the form

Z cx X170 X222 Xnzn)»
T

the sum ranging over all permutations 7 of {1,2,...,n}and ¢, isin F.
(a) Show that a general matrix function factors in the form

G="ro,

where P and Q have positive degrees m and n — m, if and only if there are
square submatrices M, and M, of size m and n — m and P and Q are general
matrix functions of M, and M,.

A matrix M is said to be decomposable or reducible if there exist permuta-
tions of the row and column sets so that

M, U
M= ,
0 M,

where the matrix in the lower left corner is a zero matrix with at least one row
and one column.

(b) Let M be an n x n square free matrix (of an arbitrary relation). Then the
determinant of M factors nontrivially if and only if M is decomposable.

18 Frobenius (1917). Frobenius proved his theorem for determinants. The more general form
stated here is from Brualdi and Ryser (1991, p. 295). A good account of the Frobenius” work
on combinatorial matrix theory can be found in Schneider (1977).
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2.3.4. Converting determinants to permanents."

Let (a;;) be an n x n (0, 1)-matrix such that per(a;;) > 0. If there exists a
matrix (b;;) suchthatb;; = €;;a;;, where €;; equals —1 or 1, and per A = det B,
then (a;;) has at most (n? 4 3n — 2)/2 nonzero entries.

2.3.5. The bipartite graph case of Kasteleyn’s theorem.

If the bipartite graph associated with the relation is planar, then there exists
an assignment of signs to the incidence matrix so that the determinant of the
incidence matrix equals the number of matchings.?

2.4 Submodular Functions and Independent Matchings

Let S be a set and p : 25 — R be a function from the subsets of S to the real
numbers. The function p is submodular if for all subsets A and B of S,

p(A) + p(B) = p(AU B) + p(AN B).

Note thatif A € B or B C A, then the inequality holds trivially as an equality.
The function p is increasing if p(B) < p(A) whenever B C A. Submodular
functions need not be increasing. (There is an example on a set of size 2.)

Submodular functions occur naturally from valuations when the intersection
is smaller than expected. For example, let R : S — X be a relation. Then,

R(ANB) C R(A)N R(B)
and it is possible that strict containment occurs. Thus, the function
p:25—1{0,1,2,...}, A |R(A)|

is not a valuation in general. However, it is a submodular function.

Another example arises from matrices. Let M be a matrix with column set
S. The (column) rank function rk is the function defined on S sending a subset
A in S to the rank of the submatrix of M formed by the columns in A.

2.4.1. Lemma. Let M be a matrix with column set S. Then the column rank
function rk is a submodular function.

Proof. We shall use Grassmann’s identity from linear algebra. If U and V are
subspaces of a vector space, then

dim(U) + dim(V) = dim(U Vv V) + dim(U N'V),

19 Gibson (1971). 20 Kasteleyn (1963).
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where U V V is the subspace spanned by the vectors in the union U U V. Since
rk(A) equals the dimension of the subspace spanned by the column vectors in
A, we have

tk(A) 4 tk(B) = tk(A U B) + dim(A N B),

where A and B are the subspaces spanned by A and B. If a spanning set of
the subspace intersection A N B happens to be in the set intersection A N B,
then

rk(A) + 1k(B) = tk(A U B) + k(A N B).
However, in general, we only have the submodular inequality
tk(A) + rk(B) > k(A U B) + k(A N B). O

A matrix rank function rk satisfies two additional conditions:

Normalization: rk(#) = 0.
Unit increase: For a subset A and an element a in X,
tk(A) < rk(A U {a}) < 1k(A) + 1.

In his 1935 paper “On the abstract properties of linear dependence,”' H.
Whitney defined a (matroid) rank function to be an integer-valued normalized
submodular function satisfying the unit-increase condition. A matroid rank
function defines a matroid on the set X. Whitney’s intuition was that the three
axioms for a matroid rank function capture all the combinatorics or “abstract
properties” of rank functions of matrices. His intuition was confirmed by several
independent rediscoveries of matroid axioms. Many concepts and results in
elementary linear algebra extend to matroids. For example, one can extend the
notion of linear independence by defining a subset [ to be independent (relative
to the rank function rk) if |7| = rk([).

Let R : § — X be arelation, C be its free matrix, and rk be the matrix rank
function on the columns in C. Then by Corollary 2.3.2,if ¥ C X, rk(Y) is the
maximum size of a partial matching in the relation Ry : S — Y obtained by
restricting R to Y, so that Ry(a) = R(a) N Y. Thus, by the defect form of the
marriage theorem (2.2.10),

tk(Y) = |S| + min{|R(A) N Y| — |A|: A C S}. (TM)

21 Whitney (1935). There are many ways to do matroid theory. Three different accounts of
matroids can be found in Crapo and Rota (1970), Kung (1996a), and Oxley (1992). There are
strong connections between matching theory and matroids. See, for example, chapter 12 of
Oxley’s book.
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The matroid defined in this way is the transversal matroid defined by R
on X.

There are two operations on matroids, restriction and contraction. Let
tk : 2¥ — {0, 1,2, ...} be a matroid rank function on X. If ¥ C X, then the
restriction of rk to Y is the restriction tk : 2¥ — {0, 1, 2, ...} of 1k to the sub-
sets in Y. If Z C X, then the rank function rk; obtained by contracting Z is
the function 2X\? — {0, 1, 2, ...} defined as follows: for B € X\Z,

tkz(B) =rk(B U Z) — 1k(Z).

It is routine to show that rk 7 is a matroid rank function.

A partial matching M of R : S — X is independent if its range M(S) is an
independent set. An independent matching is an independent partial matching
of size |S].

2.4.2. The marriage theorem for matroids.”> Let R : S — X be a relation
and X be equipped with a matroid rank function rk. Then R has an independent
matching if and only if R satisfies the Rado—Hall condition:

for all subsets A in S, tk(R(A)) > |A].

Proof. As in the marriage theorem, necessity is clear. To prove sufficiency, we
use a modification of the argument of Easterfield, Halmos, and Vaughan (see
Section 2.2). We proceed by induction, observing that the theorem holds for
S| =1.

Case 1. For every nonempty proper subset A of §,
tk(R(A)) > |A].

Choose an element a in S. Since rk(R(a)) > 1, there exists an element
x in R(a) such that rk({x}) = 1. Consider the relation R’ obtained by re-
stricting R to S\{a} — X\{x} and let X\{x} be equipped with the contrac-
tion rank function rk(,;. By induction, the relation R’ has an independent
matching M’ relative to the contraction rank function rk(,;. Adding the edge
(a,x) to M’ yields a matching M of R. The matching M is independent
because

tk(M(S)) = k(M (S\{a}) U {x})
= 1kyy(M(S\{a})) + 1
— (S| = 1)+ 1.

22 Rado (1942).
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Case 2. There is a proper nonempty subset A such that
tk(R(A)) = |A].

Consider the restriction R|4 : A — R(A) equipped with the restriction of rk to
the subset R(A) of X. This restriction satisfies the Rado—Hall condition and,
by induction, R|4 has an independent matching M|, of size |A|. Its range is
R(A).

Let R” : S\A — X\R(A) be the restriction of R to the sets indicated,
equipped with the contraction rank function rk g4y defined by

tkpa)(Y) = 1k(Y U R(A)) — 1k(R(A)),

when Y is a subset of X\ R(A). Consider a subset B in S\ A. Then, as in the
Easterfield-Halmos—Vaughan proof,

R(AUB) = R"(B)U R(A).
Since R satisfies the Hall-Rado condition and rk(R(A)) = |A|, we have

tkga)(R"(B)) = rk(R"(B) U R(A)) — tk(R(A))
tk(R(A U B)) — tk(R(A))
|[AU B| —|A|

|B|.

v

Hence, R” satisfies the Hall-Rado condition and has a matching M” by induc-
tion. Taking the union of the matchings M|, and M”, we obtain a matching
for R. This is an independent matching because

IS\A| = tkpea)(M"(S\A))
= tk(M"(S\A) U R(A)) — |A],

and hence,
tk(M"(S\A) U M|4(A)) = |S\A| + |A| = |S|. U

2.4.3. Corollary. Let R: S — X be a relation and X be equipped with a
matroid rank function rk. Then R has an independent partial matching of size
|S| — d if and only if for all subsets A in S, tk(R(A)) > |A| — d. In particular,
the maximum size of an independent partial matching equals

|S| + min{rk(R(A)) — |A]: A C S).

Sketch of proof. Apply Theorem 2.4.3 to the relation R’ : S — X U D, where
D is a set of size d disjoint from S, P’ = RU (S x D), and X U D is equipped
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with the rank function: if A € X U D, then
rk(A) =rk(AN X)+ |AN D].

(For matroid theorists, the eclements of D are added as isthmuses or
coloops.) O

Two relations P : S — X and Q : T — X have a common partial transversal
of size t if there is a subset Y of size v in X such that both the relations
P’ :S— Yand Q' : T — Y (obtained by restricting the relations P and Q to
Y) have a partial matching of size 7. If |S| = |T| and P and Q have a common
partial transversal of size |S|, then P and Q have a common transversal.

2.4.4. The Ford-Fulkerson common transversal theorem.”> The relations
P:S— Xand Q: T — X have acommon partial transversal of size 7 if and
only if for all pairs A € Sand B C T,

|P(A)N Q(B)| = |[Al+|Bl+ 7 — S| —IT|.
In particular,
T =S|+ |T| + min{|P(A) N Q(B)| — |A] — |B|}. (FF)

Proof. 1t suffices to prove (FF). Let rk be the rank function of the transversal
matroid on X defined by the relation Q. Then a common partial transversal of
size 7 exists if and only if an independent partial matching of size t exists for
P relative to rk. By Rado’s theorem, this occurs if and only if for all subsets
ACS,

tk(P(A)) = |A] = (IS] — ©).
To obtain Equation (FF), use the fact that, by (TM),

tk(P(A)) = |T| + min{|Q(B) N P(A)| — |B|: B C T}. O

Exercises

2.4.1. Submodular functions and matroids.

Prove the following results:

(a) If p and o are submodular functions and « and B are nonnegative real
numbers, then «p + Bo is a submodular function.

23 Ford and Fulkerson (1958). Ford and Fulkerson give a proof using the maximum-flow
minimum-cut theorem. Our proof is from Mirsky and Perfect (1967).
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(b) Let p : 2X¥ — Z be an integer-valued, increasing, submodular function.
Then the subsets I such that for all nonempty subsets J C I, |J| < p(J) are
the independent sets of a matroid M(p) on X.

(c) If p is assumed to be normalized, that is, p(#f) = 0, then the matroid rank
function rk of M(p) is given by

rk(A) = min{p(B) + |A\B|: B C A}.

(d)Let R : S — X be arelation and p the submodular function on S defined
by A — |R(A)|. Characterize such submodular functions o and the matroids
M (p) constructed from them.

2.4.2. Welsh’s version of the matroid marriage theorem.?*

Adapt Rado’s proof (the second proof given in Section 2.2) of the marriage
theorem to the matroid case. This will prove the following more general form
of the matroid marriage theorem: let R : S — X and let p be a nonnegative,
integer-valued, increasing, submodular function defined on X. Then there exists
a matching M in R with p(M(T)) > |T| for all subsets T in § if and only if
p(R(T)) > |T| for all subsets T in S.

2.4.3. Adapt other proofs of the marriage theorem to the matroid case. Is there
a matroid analog of Theorem 2.2.2?

2.4.4. Contractions and Gaussian elimination.

Suppose that rk is the rank function of a matrix M with column set X and
a a nonzero column of M. Construct the matrix M’ as follows: choose a row
index i such that the ia-entry is nonzero. Subtracting a suitable multiple of row
i from the other rows, reduce the matrix M so that the only nonzero entry in
column a is the ia-entry. Let M’ be the matrix obtained from the reduced matrix
by deleting row i and column a. Show that the rank function rk,, obtained by
contracting {a} is the rank function on the matrix M’.

2.4.5. Prove the matroid marriage theorem with rk a matrix rank function
using the Binet—Cauchy formula for determinants and the idea in Edmonds’
proof.

2.4.6. Common transversals, compositions of relations, and matrix products.

(@) Let P:S— X and Q : T — X be relations. Show that P and Q
have a common partial transversal of size t if and only if the composition
PQ~!': T — S has a partial matching of size 7.

24 Welsh (1971).
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(b) Let C and D be the free matrices of P and Q. Then P and Q have a
common partial transversal of size 7 if and only if the matrix product C DT has
rank .

(c) Find an analog of the Konig—Egervary theorem for the product of two
free matrices.

2.4.7. Ore’s excess function.?

Let R : S — X be arelation. The excess function n is defined by
n(A) = |R(A)| — |A].

(a) Prove that 7 is a submodular function.

(b) Observe that the Hall condition is equivalent to n(A) > 0 for every subset
Ain S.

(c)Letno(R) = min{n(A): A € S}. Note that 9o(R) may be negative. Define
a subset A of S to be critical if n(A) = ny. Show that if A and B are critical,
then AU B and A N B are also critical.

(d) Define the core of the relation R to be the intersection of all the critical
subsets of S or, equivalently, the minimum critical subset. Let C be the core
of R. Show (without the assumption that R satisfies the Hall condition) that
the restriction R : S\C — X of R to the complement of C always satisfies the
Hall condition.

(e) Every element x in R(C) is related to at least two elements of C.

(f) Leta € S and let R’ be the relation obtained from R by removing @ and
all ordered pairs (a, x) in R containing a. Show that

no(R) < no(R") < no(R) + 1.

Indeed, show that if a & C, then no(R’) = no(R) and if a € C, then no(R") =
no(R) + 1.

(g) Show that if no(R) < 0, then there exist —no(R) elements in S such
that if we remove them and all ordered pairs containing them, we obtain a
relation satisfying the Hall condition. Using the marriage theorem, deduce Ore’s
theorem (Theorem 2.2.8): let R : § — X be a relation. Then the maximum
size of a partial matching is |S| + no(R). (Ore gave an independent proof of
the marriage theorem using the excess function 7. However, this proof is quite
similar to the Easterfield—-Halmos—Vaughan proof.)

(h)Let R~! : X — S be the “reverse” relation. Show that

core RN R (core R = ¢.

25 Ore (1955, 1962, chapter 10).
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2.4.8. Rota’s basis conjecture.*

Let By, By, ..., B, be bases of an n-dimensional vector space (or more
generally, a rank-n matroid). Then the n? vectors occurring in the bases can be
arranged in an n x n square so that each row and each column is a basis. Such
a square can be considered a vector-analog of a Latin square.

2.5 Rado’s Theorem on Subrelations

The marriage theorem is about when a relation contains a one-to-one function.
In this form, it seems quite specialized. However, when it is applied to suitably
constructed relations, it generates results that are, or appear to be, more general.

We begin with a simple example due to Halmos and Vaughan.”’ Let R : § —
X bearelationandm : § — {0, 1, 2, ...} be amultiplicity function that assigns
a nonnegative integer to each element of S. A relation H : S — X is an m-
matching of R if H C R, |H(a)| = m(a), and H(a) N H(b) = ¥ whenever
a #b.

2.5.1. Theorem. Let R : S — X be arelationandm : S — {0,1,2,...} bea
multiplicity function. Then there exists an m-matching of R if and only if

for all subsets A in S, |R(A)| > Zm(a). (HV)

acA

Proof. As in the marriage theorem, necessity is clear. To prove sufficiency, let
S* be the set

U{a]7 a27 ) am(a)}

aes

obtained from S by replacing each element a with m(a) copies a;, az, . . ., Gm(a).-
Consider the relation R* : $* — X defined by (a;, x) € R* if and only if
(a, x) € R. Then it is easy to show that

« condition (HV) holds for R if and only if the Hall condition holds for R*,
and
« an m-matching exists in R if and only if a matching exists in R*.

We can now complete the proof using the marriage theorem. ]

Theorem 2.5.1 can be extended to the case when the sets H(a) have specified
overlaps. As usual, we need several definitions. Two relations 7 : S — X and

26 Huang and Rota (1994).
27 Halmos and Vaughan (1950). This theorem is sometimes called the harem theorem. Halmos
and Vaughan cite a “conte drolatique” of Balzac as motivation.
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T' : S — Y are combinatorially equivalent if there exists a bijectiono : X —
Y such that

(a,x) € T if and only if (a,o(x)) € T,

or, equivalently, for all @ in S, T'(a) = o(T(a)). Note that the set S is fixed
in a combinatorial equivalence, and hence an isomorphism of relations is not
necessarily a combinatorial equivalence.

We will modify Theorem 2.5.1 into a criterion for deciding when a relation
R : S — X contains a subrelation equivalent to a given template relation T :
S — Y. To do so, we first construct from 7 a new relation 7°, and from it,
a multiplicity function my. The idea is to partition Y into (disjoint) blocks so
that the sets T(a), a € S, are unions of blocks. Let 7° : 25 — Y be the relation
defined as follows: if A is a subset of S, then

T"(A) = ( N T(a)) Nl () 7@,

a:acA a:agA

where T'(a)° is the complement Y\ T (a), that is, T"(A) is the subset of those
elements in X that are in all of the subsets 7'(a), a € A, and none of the subsets
T(a),a ¢ A. It follows from the definition that 7°(¥) = @, the sets T"(A) are
pairwise disjoint, and their union is the range 7'(S). The multiplicity function
my defined by T is the function 25 {0, 1,2, ...} defined by

mr(A) = |T"(A)].

Note that 7” is an m7-matching.
For example, suppose T : {1, 2,3} — {a, b, c,d, e, f} is the relation de-
fined by

T1)={a,b,c},
TQ2)=1{b,c,d,e},
T3)={c f}.

Then

T°(0) = 9,

T°({1}) = {a}, T"({2}) = {d. e}, T"({3) = { [},
T°({1,2}) = {b}, T°({1,3) = T°({2,3}) = ¥,
T°({1,2,3}) = {c}.

The next lemma gives a connection between multiplicity functions and
combinatorial equivalence. This lemma uses results about Boolean polynomials
presented in Exercise 1.3.7 in Section 1.3.
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2.52.Lemma. Let7 :{1,2,...,n} —> Xand T’ :{1,2,...,n} — Y bere-
lations such that 7({1,2,...,n}) =X and T’({1,2,...,n}) =Y. Then, the
following are equivalent:

(a) The relations T :{1,2,...,n} - X and T’ :{1,2,...,n} - Y are
combinatorially equivalent.

(b) For every monotone Boolean polynomial B(Xi, X»,...,X,) in n
variables,

BT (1), TQ2),...,Tn)| =BT, T'Q2),...,T'(n).
(c) The multiplicity functions m and my are equal.

Proof. Let 0 : X — Y be a bijection giving an equivalence of 7" and T7’. Then
o preserves all the Boolean operations. Hence, for any Boolean polynomial 8,

BT, T'(Q2),....T'(n) = B(o(T(1)),0(T(2)),...,o(T(n))
=o(B(T1),TQ2),...,T(n))).

In particular,

BT, TQ),....,Ta)| =BT (D), T'Q2),....T' ()l

This proves that (a) implies (b).
To show that (b) implies (c), observe that

T°(A) = [ N T(a):|\ U 7@ m(ﬂ T(a)) . (B)

a:acA azagA a:acA

Hence,
mr(A) = |T°(A)] = |BI(T G| — BT (),

where f; and B, are the monotone Boolean polynomials occurring in the left
side of Equation (B). Since (b) holds, we have

IBUT @DI — BT @) = |BI(T' ()] — BT D))

We conclude that forall A C S, mr(A) = mp (A).

Finally, assume that (c) holds. Since the sets T"(A) are pairwise disjoint, we
can build a bijection X — Y by choosing bijections from 7°(A) to (T’)’(A)
for each A C § and putting them together into one bijection. ]

Next, we construct a new relation from R. If R : S — X is a relation, then its
Boolean expansion R* : 25 — X is the relation defined by

R*(A) = ﬂ R(a).

a:acA
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For example, suppose R : {1,2,3} — {a, b, c,d, e, f} is the relation defined
by

R(1) ={a, b, c,d},
R12)=1{b,c,d,e},
R(3) ={a,c, f}.

Then R*(¥) = 0, R*({1}) = R(1), R*({2}) = R(2), R*({3}) = R(3), and

R*({1,2}) = {b, ¢, d}, R*({1,3}) = {a, ¢}, R*({2,3}) = {c},
R*({1,2,3}) = {c}.

2.5.3. Rado’s theorem on subrelations.”® Let 7 :{1,2,...,n} - Y be
a template relation such that T({1,2,...,n}) =Y and mq : 2{L2n
{0, 1, 2, ...} be its multiplicity function. Then the following are equivalent:

(a) The relation R : {1,2,...,n} — X has a subrelation combinatorially
equivalent to 7.

(b) The Boolean expansion R* : 2{1:2+" — X has an m-matching.

(c) For every monotone Boolean polynomial 8(X;, X», ..., X,),

IB(R(1), R(2), ..., R(m)| = [B(T(1), T(2),..., T(n))|.

Proof. To see that (a) implies (b), let T be a subrelation of R combinato-
rially equivalent to 7. Then the Boolean expansion R* contains a subrela-
tion combinatorially equivalent to mp-matching 7°. Conversely, if R* has
an mp-matching H’, then let H : {1,2,...,n} — X be the relation defined
by

H(a) = U H°(A).
AracA
Since the multiplicity function of H equals my, H is combinatorially equivalent
to 7 by Lemma 2.5.2. We conclude that (b) implies (a).
Next, suppose (a) holds. Since T is combinatorially equivalent to a sub-
relation of R, there is an injection ¢ : ¥ — X such that «(7'(i)) € R(i) for
1 <i < n. Hence, for all monotone Boolean polynomials 3,

BWT (1)), (T (2)), ..., T (n))) S B(R(), R(2), ..., R(n)).

The inequalities in (c) follow.
To finish the proof, we show that (c) implies (b). By Theorem 2.5.1, it
suffices to prove that (HV) holds in R¥. Let C be a collection of subsets in

28 Rado (1938). We present Rado’s theorem for finite sets. Our proof is based on the exposition
in chapter 5 of Mirsky (1971b).
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{1,2,...,n}. Then
U ®@
A: AeC

is a monotone Boolean polynomial in R(i). Hence, by (c),

U ral=| U r*w
A:AeC A:AeC
> ).
A:AeC

The last derivation follows from T#(i) 2 T°(i). Since the sets T°(i) are pairwise
disjoint,

U 7@

A: AeC

= Y IT(A)

A: AeC

= Z mr(A).

A:AeC

Hence, condition (HV) holds and by Theorem 2.5.1, R* has an my-matching;
that is, (c) implies (b). O

Exercises

25.1.LetC : {1,2,...,n} = {1,2,...,n} be the “cycle” relation with edges
(i,i)and (i,i+1), i =1,2,...,n, regarded as integers modulo n. Find a
condition for a relation R : {1, 2, ...,n} — X to contain a subrelation combi-
natorially equivalent to C.

2.5.2. (Research problem) Is there a version of Rado’s theorem where combi-
natorial equivalence is replaced by isomorphisms of relations?

2.6 Doubly Stochastic Matrices

A matrix D is doubly stochastic if it has nonnegative real entries and the sum
of all the entries on each row or each column equals 1. In other words, D is
doubly stochastic if eD = e and De’ = e”, where e is the row vector having
all coordinates equal to 1. Since the sum of all the entries in a doubly stochastic
matrix equals both the number of rows and the number of columns, such a
matrix must be a square matrix.
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Doubly stochastic matrices are special cases of transition matrices of Markov
chains. (Transition matrices are only required to have column sums equal to 1.)
Also, it is easy to construct examples. If 7 is a permutation of {1,2,...,n},
then we can associate with it the matrix P, with entries py;; equal to 1 and
all other entries equal to 0. Such matrices, called permutation matrices, are
doubly stochastic. Also, if ¢y, ¢y, ..., ¢, are real numbers in the unit interval
[0,1]and ¢; + ¢ + - -+ + ¢, = 1, then the circulant matrix

C1 ¢ 63 0 Cp Cn

Cn [ I % I Chn—2 Cn—1
Cn—1 Chn Ci1 e Ch-3 Cp-2

(&) 3 C4 - Cn 1

is one possible doubly stochastic matrix one can construct.

Several facts follow easily from the definition. If D and E are doubly
stochastic, then the product DE and the transpose D7 are doubly stochastic.
Since eD = e, 1 is always an eigenvalue of a doubly stochastic matrix. If
A, i € [0, 1],and A + p = 1, then the convex combination A D + p E is doubly
stochastic. The set of n x n matrices with real entries forms a n2-dimensional
real vector space. The set of n x n doubly stochastic matrices is a closed
bounded convex subset of this vector space.

The fundamental theorem in the combinatorics of doubly stochastic matrices
is the following theorem.

2.6.1. Birkhoff’s Theorem.” Every doubly stochastic matrix is a convex
combination of permutation matrices.

We give two proofs in the text and sketch three others as exercises. The first
uses the marriage theorem and is based on Birkhoff’s original proof.

First proof of Birkhoff’s theorem. We proceed by induction on the number of
nonzero entries. If D is an n x n doubly stochastic matrix, then D must have
at least n nonzero entries. If D has exactly n nonzero entries, then D is a
permutation matrix and the theorem holds.

We may now assume that D has more than n nonzero entries. Let (d;;) be
such a matrix. Consider the relation B : {1,2,...,n} — {1,2, ..., n} defined
by (i, j) € B whenever d;; # 0. We will check that the relation B satisfies
the Hall condition. Let H be a subset of rows and consider the submatrix

29 Birkhoff (1946).
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D[H|B(H)] obtained by restricting D to the rows H and columns B(H).
Observe that the sum of all the entries in the submatrix D[H|B(H)] equals
|H|. Since the sum of all the entries in any column in D[H|B(H)] is at most
1, there must be at least |H| columns in that submatrix. We conclude that
|B(H)| > |H].

By the marriage theorem, B has a matching M. Let P be the permutation
matrix with 1s exactly at the entries (i, j), where (i, j) is an edge in the matching
M. Let € be the minimum min{d;;: (i, j) € M}. Then the matrix

1
—I[D —€P]
1—e¢
is a doubly stochastic matrix with at least one fewer nonzero entry. By induction,
it is a convex combination of permutation matrices. We conclude that D itself
is a convex combination of permutation matrices. (|

We remark that the main step in Birkhoff’s proof is to prove that there is at
least one nonzero term in the determinant expansion of a doubly stochastic
matrix (even if the determinant is zero). This was stated by D. Konig in 1916
and he proved it in the following way:*° by the Kénig-Egervary theorem, if all
the terms in the determinant expansion of an n x n doubly stochastic matrix D
are zero, then D contains an & X k zero submatrix, where & + k > n; that is,
there exists a set H of & rows such that the submatrix D[ H] has at most 7 — 1
nonzero columns. As in the first proof of Birkhoff’s theorem, the argument
using the sum of entries now yields a contradiction.

In contrast to Birkhoff’s combinatorial proof, the second proof uses some
convexity theory. A point a in a convex set C is extreme if a cannot be a
proper convex combination of two points in C; thatis,a = Ab + uc, b, ¢ € C,
A+p=1,and A, u € [0, 1] imply that a = b or a = c¢. The Krein—Milman
theorem says that every closed bounded convex subset is the convex closure of
its extreme points.’!

Second proof of Birkhoff’s theorem. As observed earlier, the set of doubly
stochastic matrices is a closed bounded convex set in real n?-dimensional
space. Thus, by the Krein—Milman theorem, it suffices to prove the following
lemma.

2.6.2. Lemma.’?> A doubly stochastic matrix is extreme if and only if it is a
permutation matrix.

30 Konig (1916). 3! See, for example, Webster (1994).
32 7. von Neumann, unpublished; but see Exercise 2.6.7.
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Proof. If a permutation matrix P is a convex combination AA + uB of two
matrices with real nonnegative entries, then the i jth entries of A and B are zero
whenever the ijth entry of P is zero. Since A and B are doubly stochastic, A
and B equal P or the zero matrix. We conclude that P is extreme.

Let E be an extreme doubly stochastic matrix. If every nonzero entry of
E equals 1, then E is a permutation matrix and the theorem holds. Thus, we
may assume that there are nonzero entries in £ which are strictly less than
1. Consider the undirected graph on the vertex set {(i, j): 0 < m;; < 1}, with
adjacencies given by (i, j) is adjacent to (i’, j) whenever i =i’ or j = j'.
In other words, two ordered pairs on the same row or the same column are
adjacent. Since the row and column sums all equal 1, every vertex is adjacent
to at least two other vertices. Hence, this graph contains a cycle.

Starting at any vertex in the cycle, label the vertices in the cycle consecutively
by 1, 2, .... Choose a positive real number € sufficiently small so that when it
is added to or subtracted from an entry occurring in the cycle, the entry remains
in the unit interval [0, 1]. Let E¢ye, be the matrix obtained from E by adding €
to all the even-labeled entries and subtracting € from all the odd-labeled entries
€. The matrix E,qq is constructed similarly, with —e replacing €, so that € is
subtracted from the even vertices and added to the odd vertices. By construction,

Eeven + Eodd

E =
2

We conclude that if E is not a permutation matrix, then E is not an extreme
point. (]
For example, in the matrix

6 0 4

35 2],

d 5 4

(1, 1,2, 1),(2,2),3,2),(3,3),(1,3) is acycle with (1, 1), (2, 2), (3, 3) odd
and (2, 1), (3, 2), (1, 3) even and we have
6 0 4 .6—¢€ 0 A+e€
3 5 2|=5]3+te S5—¢ 2
1 5 4 1 S+e 4—e€
.6+4¢€ 0 4 —€
+5]3—-€¢ S5+c¢€ 2
.1 S—€ 4+4+c¢

We can choose € to be any real number in the interval (0, .3].
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Doubly stochastic matrices play a central role in (discrete) majorization theory.
Let (ry, 72, ..., ry) and (sy, 2, ..., s,) be two row vectors with nonnegative
real coordinates and (r{, 5, ..., 7;) and (s{, 85, . . ., 5,) be the vectors obtained
by rearranging their coordinates in nonincreasing order. The majorization order
< is the quasi-order defined by

(ri,r2, ooy 1) < (81,82, ..., 8,)
whenever
rotrt st =585+ S,
and

7
ry =Sy,

/ ’ ’ !/
rytr, <848,

rtnt At SsiEs s

There are two basic results about the majorization order.

2.6.3. Theorem.”® (ry,ra,...,1r,) < (51,82, ...,s,) ifand only if (r|, ra, .. .,
r,) is a convex combination of the n! vectors

(Sx(1ys Sx@)s - - - » Se(n))

obtained by permuting the coordinates of (s1, 57, ..., $,).

2.6.4. The Hardy-Littlewood-Pé6lya majorization theorem.>* Let r and s
be vectors with nonnegative real coordinates. Then r < s if and only if there
exists a doubly stochastic matrix D such that r = sD.

Theorem 2.6.3 implies Theorem 2.6.4, and assuming Birkhoff’s theorem, The-
orem 2.6.4 implies Theorem 2.6.3. Thus, it suffices to prove Theorem 2.6.4.

We will now sketch a proof of Theorem 2.6.4.% A transfer T is a matrix of
the form

A+ (1-21)0,

33 This seems to be a folklore theorem. An equivalent form (stated for symmetric means)
appeared in Rado (1952).

34 This is Theorem 43 in the famous book by Hardy et al. (1952). We give the usual attribution,
although the theorem has appeared earlier in Muirhead (1901).

35 This proof is based on proofs in Muirhead (1901) and Hardy et al. (1952).
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where A € [0, 1], I is the identity matrix, and Q is a permutation with exactly
two off-diagonal matrices (that is, Q is the matrix of a transposition). If Q is
the matrix of the transposition switching j and k (keeping all the other indices
fixed), then

(51,82, .oy Sjy ooy Sk ooy S + (1= A)0)
= (51,8, .., AS; + (L = A)sp, .., Asp + (1 = D), ..., 8p).

In particular, if 0 < § < s; — s¢, and we choose A to be 1 — §/(s; — s), then
the A1 + (1 — A)Q transforms s to

(51,82, ..., 8 =8, ...,8c+8,...,8).

Since transfers are doubly stochastic, Theorem 2.6.4 follows from the next
lemma.

then there exists a finite sequence 7y, T3, ..., T, of

2.6.5. Lemma. Ifr <
=sT\Ty- - T,.

s,
transfers such thatr = s

Sketch of proof. Assume thatr < s. Let j and k be indices such that j < k,r; <
$j, Tk > Sk, andr; = s; forallindices j < i < k.Letd = min{s; —r;, rx — Sk}.
Then we can subtract § from s; and add it to s; so that the resulting vector
s’ satisfies r < s’ < s and at least one of r; = s; and r, = s;, holds. This
movement of § can be effected by the transfer

( ) ) b)
Ti=(1- I+ o,

§; — Sk S; — Sk

where Q is the matrix of the transposition switching j and k. Since s’ = s Q,
Theorem 2.6.4 implies that s < s. It is less immediate that r < s’, but this can
be checked by an easy argument. Now repeat the argument on s 7} and continue
until r = 5. O

For example, let r = (20, 16, 16, 14,8,3,3,3) and s = (20, 20, 16, 11,9,
3,3,1). Then j =2, k =4, and § = 3. We can subtract 3 from s, and add
it to 54 to obtain

(20,17, 16,14,9,3,3, 1),
a vector between r and s in the majorization order. The new vector can be
obtained from s by the transfer
2 1

I+ -0,
3+3Q

where Q is the matrix of the transposition switching 2 and 4.
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We end this section with Muirhead’s theorem on symmetric means. Let
(ai,ay, ..., a,) be a vector with nonnegative real values. Then its symmetric
mean [ay, az, ..., a,] is the function on the variables x;, x», ..., x,, defined
by the formula

1 a a a,
[als a, ..., an] = ; Z‘xnl(l)‘xﬂz(Z) T xrr(n)’
R 4

where the sum ranges over all permutations of {1, 2, ..., n}. Note that the sum
on the right can be further symmetrized. For example, because

1 a ar as a,
la, @, ... an] = -5 I e R e
B 4
we have
_ l ap ay ap ar as an
lar, @z, ... anl = 55 Y X + XeKma) Xl K-
B 4

Symmetric means include as special cases many of averages and symmetric
functions. For example, [1, 0, 0, ..., 0] is the arithmetic mean

XAxmt

s

n

and [1/n, 1/n, ..., 1/n] is the geometric mean
(e1xg - x) "

Further, if there are m 1s, then

m!(n —m)!
[L1,...,1,0,0,...,0] = ——— > xixjeex
(i, jennnk)
where the sum ranges over all m-element subsets {i, j, ..., k} of {1,2,...,n}.
Thus, [1,1,...,1,0,0,...,0] is a constant multiple of the mth elementary

symmetric function.

2.6.6. Muirhead’s inequality.® Let a and b be two vectors with nonnegative
real coordinates. Then

la] < [b]

for all nonnegative real values xy, x7, ..., x, if and only if a < b.

36 Muirhead (1901).
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Muirhead’s inequality is a generalization of the arithmetic—geometric mean
inequality:
x1+xZ+...+_xn

. .

)1/n

(x1x2 -+

One way to prove this inequality (due to A. Hurwitz) is to write the difference
of the two means as a telescoping sum:

—G+D 1 11
- w,—,...,—,—,o,...,o]).
n n

n
A summand in the right-hand sum can be rewritten as follows:

i | G4 1 11
[” ’,—,...,—,0,0,...,0]—[w,—,...,—,—,o,...,o}
n n n n n

n
(n— l)/n (n i)/n (n—@{+1))/n (n—(i+1))/n
2n' Z( Xr) Xra+2) — X1 Xr(i+2) = Xp(i42) Xx(1))

1/n _1/n 1/n
(7'[(2)x7'[(3) : n(z+1))

(n—(i+1))/n (n i—1)/n 1/n 1/n I/n _1/n 1/n
= om Z( Xz (1) — X4y ) = Xri42) K0 X73) T Xrign))-

Since xfrn(f)i_l)/ " —xfr':l.—i;)l)/ " and ler/('f) —leré? "2 have the same sign, we

conclude that each summand, and hence the sum itself, on the right is
nonnegative.

Hurwitz’s argument can be generalized to a proof of sufficiency in Muir-
head’s theorem. The telescoping sum is replaced by Lemma 2.6.5 and the
nonnegativity of each difference is replaced by the following lemma.

2.6.7. Lemma. For any transfer 7',
la] = [aT] =0
for all nonnegative real values x1, x5, ..., X,.
Proof. We may assume that g is in nonincreasing order. Suppose that the transfer

T sends (ai,...,a;,..., 05, ...,a,)t0(a,...,a; —8,...,ar+94,...,ay,),

37 Hurwitz (1891).
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where § < a; — a;. Then

la] - [aT]
a;—8 ap+s -6 ak+6
2n'jzzcﬁunxnw>*‘xnwﬂ&u> 0 K~ Yew w1 %
iti#£ji#k
_ a  a aj—ar—8 = =8y, 8 B a;
= ot me)xn(k)(xn(j) Yo g —xw) [ 27
i irigt)j ik
. i—a—8 i~ —8 .
Since x; ;""" — x;0" " and x2 ;) —x ) have the same sign and x, x5,
., X, are nonnegative, the difference [a] — [aT] is nonnegative. U
We can also prove sufficiency using elementary analysis. Suppose a < b. Then

by the Theorems 2.6.1 and 2.6.4,

a=Y hgbQ,

where ) 7o Q is a convex combination of permutation matrices.
By continuity, it suffices to prove that [a] < [b] for positive real values
X1, X2, ..., X,. Let y; = logux;. If ¢ is the vector (¢, ¢z, . .., cp), let

cly) =ciyir+cayr+ -+ cuyn.
If P is the matrix of the permutation 7' of {1,2,...,n}, then
(€Ply) = c1yz) + C2Yz@) + +++ + CnYrw)-
Then
nllal = ) exp((@Ply))
P
=Y exp((Q_hobQPly)
-
<) hoexp((bQPly)
P
=Y ho ) exp(@QPly)
-
=Y ho Y exp(bPly)
-

=Y _exp((bPy))
= nl[b]
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The inequality in this derivation follows the theorem from calculus that the
exponential function is convex; that is,

exp(Ay + uz) < Aexp(y) + uexp(z),

where y and z are real numbers, A, u € [0, 1], and A 4+ p = 1. This completes
the analysis-based proof of sufficiency.

Surprisingly, it is not hard to prove necessity. Since symmetric means are
invariant under permutation of variables, we may assume that ¢ and b are in
nondecreasing order. We may also assume the hypothesis that [a] < [] for all
nonnegative real values x;.

Setting all the variables x; equal to x and using the hypothesis, we conclude
that

x4 +ay_1++ay, < xb” +by_1+-+by,

for all nonnegative real numbers x. This can happen for both large and small
values of x only when

a, +ay—1+---+ay Ibn +bn_1+~-~—|—b1_

Next,let ]l <k <n—1.Ifwesetx, =x,_1=---=x;, =x and x;,_| =
Xr—p = --+ = x1 = 1, then the highest power of x occurring in [a] has exponent
a, + a,—1 + - - - + a; and the highest power of x in [b] has exponent b, +
b,_1 + - - - + by. By the hypothesis, [a] < [b] for all sufficiently large x, when
the highest power of x dominates. Hence, we conclude that

an+an—1+"'+ak§bn+bn—l+"'+bk~

All together, we have proved that a < b.
This completes the proof of Muirhead’s inequality.

2.6.8. Corollary. Let (aj, ay, ..., a,) be a vector with nonnegative real coor-
dinates such that a; +a; + --- + a, = 1. Then

X +Xp+ -+ Xy

(x1x2---x)" < lar, aa, ..., a,) < -
for all nonnegative real values x1, x3, ..., X,.
Exercises

2.6.1. Find ways of obtaining doubly stochastic matrices from Latin squares.
2.6.2. Show that a matrix D is doubly stochastic if and only if for every row
vector  with nonnegative real coordinates, rD < r.
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2.6.3. (a) Show that x < x P < x for all vectors x if and only if P is a permu-
tation matrix.

(b) Suppose that P is a nonsingular doubly stochastic matrix. Show that
the inverse matrix P~! is doubly stochastic if and only if P is a permutation
matrix.

2.6.4. The assignment polytope or the polytope of doubly stochastic matrices.
1. The linear inequalities.
Show that the convex set of doubly stochastic matrices (d;;) in the vector
space of real n x n matrices is the convex polyhedron defined by n? + 4n — 2
linear inequalities: the nonnegativity constraints

dij >0, 1=<i,j<n

and the row and column sum constraints
n
i=1
n
> d;j
Jj=1

Note that the two constraints Y ., d;, < 1and Y;_, d;, > 1 are implied by
the others, so that we can reduce the number of constraints to 4n — 2.

II. Another proof of Birkhoff's theorem.’®

(a) Let E be an extreme point of the polyhedron of doubly stochastic matri-
ces. Then at least (n — 1)? entries of E are 0.

(b) Conclude from (a) that one row of E, say, row i, must have n — 1 zero
entries, and hence the remaining entry, say, the ij-entry, equals 1, and this is
the only nonzero entry in row i and the column j of E.

(c) Show that the matrix E’ obtained from E by deleting row i and column
Jj is extreme in the convex polyhedron of (n — 1) x (n — 1) doubly stochastic
matrices.

(d) Conclude by induction that E is a permutation matrix. This gives a

geometric proof of Lemma 2.6.2, and hence Birkhoff’s theorem.
39

IA

L Yldj=1, 1<j=<n
i=1
1, Zdijzl, l<i<n-—1.

j=1

IA

1. Eigenvalues of normal matrices.
Recall that a matrix U (with entries over the complex numbers) is unitary
if UUT = I; a matrix A is normal if there exists a unitary matrix U such
that UAUT is a diagonal matrix. Let (a; ;) and (b;;) be normal n x n matrices,
oy, a, ..., oy, be the eigenvalues of A, and B, s, ..., B, be the eigenvalues

3 Hoffman and Wielandt (1953). 3° Hoffman and Wielandt (1953).
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of B. Show that there exists a permutation 7 of {1, 2, ..., n} such that

n

> e = Briyl < 1A = B,

i=1

where the matrix norm ||C|| is defined by

n
> el

i,j=0

ICIl =

In other words, for a pair of normal matrices, the “minimum” ¢;-distance
between their eigenvalues is at most the ¢,-distance between the matrices
themselves.

IV. An assignment problem.*°

Let (c;;) be a matrix with nonnegative entries. Show that the linear program

n
minimize E CijXij
i,j=0

subject to

n n
Xij = 0, inj =1, inj =1
i=0 j=0
has an integer solution.
V. Quantifying Birkhoff's theorem.*!
Show that every doubly stochastic matrix is the convex combination of
n% — 2n + 2 or fewer permutation matrices and that this bound is sharp.

2.6.5. (a) Show that there is a 3 x 3 doubly stochastic matrix which is not the
product of transfers.*?

(b) (Research problem) Study the set of doubly stochastic matrices which
are products of transfers.

2.6.6. Let J be the n x n matrix with all entries equal to 1. Show that %J is
an idempotent doubly stochastic matrix. (A matrix J is idempotent if J> = J.)
Describe all idempotent doubly stochastic matrices.

2.6.7. Doubly substochastic matrices**: A square matrix is doubly substochastic
if it has nonnegative real entries and all its row and column sums are less than
or equal to 1.

40 Dantzig (1963, section 15-1). *! Farahat and Mirsky (1960).
42 Marshall and Olkins (1979, p. 40). 3 Mirsky (1959) and von Neumann (1953).
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(a) Using the argument in Lemma 2.6.2, show that if (¢;;) is doubly sub-
stochastic, then there exists a doubly stochastic matrix (d;;) such that ¢;; < d;;
for all i, j.

(b) Show that every n x n doubly substochastic matrix is a convex combi-
nation of n x n matrices that have at most one 1 in each row and each column
and all other entries equal to 0.

2.6.8. A doubly stochastic matrix is even if it is a convex combination of
matrices of even permutations. Show that d,, d, . . ., d, are the diagonal entries
of an n x n even doubly stochastic matrix if and only if**

Zd,- <n—3+43min{d), ds, ..., d,).
i=1
2.6.9. (a) Let r < 5. Show that the set of doubly stochastic matrices D such
that r = s D is convex.
(b) (Research problem) For a given pair of vectors r, s, study the convex set
of doubly stochastic matrices D such that r = s D.

2.6.10. (a) Prove the following result®: let D be the n x n doubly stochastic
matrix (d;;). Then either D is the identity matrix or D satisfies the condition
(*) there exists a permutation 7, not equal to the identity, such that all the
off-diagonal entries, d; »(;), I 7 7 (i), are positive.

(b) Show that for any matrix (a;;),

n n
sup Z a;jd;j = max Zai,n(i)v
G- S
where the supremum is taken over all n x n doubly stochastic matrices (d;;)
and the maximum is taken over all permutations of {1, 2, ..., n}.

2.6.11. Symmetric doubly stochastic matrices.*®

(a) Determine the extreme points of the convex set S, of doubly stochastic
symmetric n X n matrices.

(b) Determine the extreme points of the convex set of doubly substochastic
symmetric n X n matrices.

(c) Using the exponential formula (see Section 4.1), find exponential gener-
ating functions for the number of extreme points of S,,.

2.6.12. Show that equality occurs in Muirhead’s inequality if and only if x; =

Xp=---=Xx,0ra=>b.

4 Mirsky (1961). 5 Mirsky (1958).
46 Converse and Katz (1975), Katz (1970, 1972), and Stanley (1999, exercise 5.24, p. 122).
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2.6.13. A function f :[0,00) — [0,00) is completely monotonic if
(—1)" f™(x) > 0forall x in [0, 00).*’ Prove the following theorem: let m < n,
O0<pi<pr<---<py,and0 < z; <z <--- < z,.Then the rational func-
tion

[Je+ z,-)/ [+ p0)

i=1 i=1
is completely monotonic if for 1 < k < m,

k k
PICEDIE
i=1 i=1

2.6.14. Inequalities among symmetric functions.®

Muirhead’s inequality is about evaluating symmetric functions at nonneg-
ative real numbers. We may also ask for inequalities that hold for all real
numbers. Since some fractional powers are not defined over all real numbers,
this question is usually restricted to symmetric polynomials. A polynomial
p(x1, x2, ..., x,) is symmetric if for every permutation 7 of {1, 2, ..., n},

P(X1, X2, ooy Xp) = P(Xn(1)s Xn(2)s - - - » X (n))-

(a) Newton’s inequalities: Let

kl(n —k)!
{i,j,..s1}

where the sum ranges over all k-element subsets of {1, 2, ..., n}. Show that
for all real numbers,

Ag—10k+1 = a;%-
(b) MacLaurin’s inequality: Show that for all positive real numbers
X],XQ,...,X,“
1/2 1/3

ar > a,” > a, zo~2a,11/".

A polynomial is positive if it can be written as a sum of squares of rational
functions. The context is Hilbert’s seventeenth problem. If a polynomial is a
sum of squares, then it is nonnegative when evaluated at any n-tuple of real
numbers.

47 Ball (1994). “*8 Procesi (1978).
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(c) Procesi’s theorem: Let
n
ho(x1, Xo, ... x) = xi.
i=1

The polynomials hs(x;, x2, ..., x,) are the power-sum symmetric functions.
Let A,, be the determinant of the submatrix formed by the first m rows and
columns of the matrix

he  hy  hay ... h
hy  hy hs ... hy
hn—l hn hn+] e h2n—l

Then a symmetric polynomial is positive if and only if it is a sum of the
form

where the indices i, j, ..., [ need not be distinct and the coefficient o), of the
monomial A;A;---A; is a linear combination with positive coefficients of
squares of symmetric polynomials.

2.6.15. Give a proof of Konig’s theorem (2.1.1) by considering the m x m
matrix with i j-entry equal to |A; N B;|.%

2.6.16. Permanents of doubly stochastic matrices.”

Recall that the permanent per (a;;) of an n x n matrix (a;;) is defined by
per (a;j) = Zal,n(l)a2,n(2) “ ln ()
T

(a) Suppose that P(X;;) is a general matrix function (see Exercies 2.3.3).
Show that P(X;;) is the permanent if and only if P(X;;) is invariant under
permutations of rows or columns and P(8;;), P evaluated at the identity matrix,
equals 1.

(b) Show that if (g;;) is an n x n matrix with nonnegative real entries,

per (a;;) < H(ail +app+ -+ ai);

i=1

49 van der Waerden (1927). This is another rediscovery of methods in Konig’s 1916 paper.
50 Marcus and Newman (1959).
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that is, the permanent is at most the product of the row sums. Similarly, the
permanent is at most the product of the column sums.
(c) Show that if A and B are matrices with nonnegative entries, then

per (A + B) > per (A) + per (B).
Using this, prove that for any n x n doubly stochastic matrix D,
per (D) > (n> —2n +2)~"=D,

2.6.17. Van der Waerden’s permanent conjecture. Show that if (d;;)isann x n
doubly stochastic matrix, then

|
per(d;;) < -
nn

Equality holds if and only if (d;;) is the matrix with all entries equal to
1/n.

2.6.18. Infinite-dimensional doubly stochastic matrices.”!

Consider the vector space of real matrices (g;;)1<;, j<co With countably many
rows and columns with the norm || - || defined by

o0 o0
I€ai)|| = max { SUp Y laial, sup y |aa.i|}'
Loa=1 a=1

J

A matrix (a;;) is boundedly line-summable if its norm ||(a;;)|| is finite. Bounded
line-summable matrices form a real Banach space B under the aforementioned
norm. A matrix in B with nonnegative entries is doubly stochastic if for all i
and j, > o2 ajo =1land ) oo aq = 1.

(a) Let H be the closure (in the || - ||-topology) of all finite convex combina-
tions of permutation matrices in B. Show that this is the set of doubly stochastic
matrices satisfying the additional condition: for every positive €, there exists a
positive integer N (depending only on €) such that in each row or column, the
sum of the N largest entries is at least 1 — €.

(b) Lett;; : B — R, A — a;;, and 7 be the weakest topology under which
all the linear functionals 7;;, Y oo tig, 2 aeglejs 1 < i, j < 00, are continu-
ous. Show that the 7 -closure of all finite convex combinations of permutation
matrices is the set of all doubly stochastic matrices.

31 Isbell (1955) and Kendall (1960).
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(c) Birkhoff’s Problem 111. Find infinite or continuous versions of
Theorem 2.6.1. See Matching theory for some attempts.

2.7 The Gale-Ryser Theorem

When does there exist a relation with given marginals? That is, given two
sequences r and s, where r = (ry,rp, ..., 7y,) and s = (sy, 2, . . ., Sy), of non-
negative integers, does there exist an m X n matrix (a;;) with entries equal to 0
or 1 satisfying the row sum conditions, for a given row index i,

n
E aij =7Ti,
j=1

and the column sum conditions, for a given column index j,
m
E aj; = Sj?
i=1

Suppose there is such a matrix. Then
n+rnt+--+rp=s51+s+---+s,.

Permuting the columns if necessary, we may assume that s; > s, > --- > &,,.
The number s; of 1s in the first column is at most the number of rows that are
nonzero; that is,

st < |{ivr > 1},
the number of nonzero coordinates r; in r. In general, we must have
stFSteds S Hinz B+ i 2 2 4o+ i = k).

These necessary conditions can be stated in terms of conjugates and majoriza-
tions.

Let ¢ be a nonincreasing sequence (cy, ¢z, ..., ¢y). Then for [ > c;, the
length-1 conjugate of c, denoted by c* regardless of the length, is the sequence
defined by

ci =iz i = k).

Then a necessary condition for a (0-1)-matrix to exist with row sums r and
column sums s is

|
IA
I~
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where < is the majorization order defined in the previous section and r*
is chosen to have the same length as s. This necessary condition is also
sufficient.

2.7.1. The Gale-Ryser theorem. Let (1,73, ...,7,) and (sq, $2, ..., S,) be
two sequences of nonnegative integers. Then an m x n (0-1)-matrix exists with
row sums 7 and column sums s if and only if s < r*.

As with the marriage theorem, there are several proofs of the sufficiency
portion of this theorem. We present in detail a proof based on a matching
theorem.

Let R: S — X be a relation, m a positive integer, and (dy, d>, ..., d,) a
sequence of nonnegative integers. A Higgins matching with defects (d,, d»,
...,dy) is a sequence of partial matchings M, M, ..., M,, in R such
that

[M; ()| = |S| —d;
and
M;(S) N M;(S) =¥ whenever i # j.
We use the following notation: if x is a real number, then x™ = max(x, 0).
2.7.2. Higgins’ theorem on disjoint partial matchings.’”> Let R : § — X be

arelation. Then R has a Higgins matching with defects (d;, da, . . ., d,,) if and
only if the Higgins—Hall condition,

forall AC S, [R(A) = ) (1Al —d)*,
i=l1

holds.
Proof. We construct a new relation from R. Let X* be the union
XUDyUDyU---UD,,

where D; are new sets (mutually disjoint and disjoint from X) such that | D;| =
di.Let R : S x {1,2,...,m} — X* be the relation defined as follows: if a €

52 Higgins (1959). However, instead of Higgins’ proof, we will use the proof given by Mirsky
(1971, chapter 5).
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S,ief{l,2,...,m},and x € X,
((a,i),x) e R if (a,x) € R,

andifae S,i €{l,2,...,m},and y € D;,
((a,i),y) e R foralla € S,

and none of the edges ((a, i), y) isin R' if y € D; and i # j. It is readily
verified that R has a Higgins matching with defects (d;, d5, . . ., d,,) if and only
if R’ has a matching.

We prove next that if R contains a Higgins matching with defects
(dy, ds, ...,dn), then the Higgins—Hall condition holds. Let My, M>, ..., My,
be partial matchings forming the Higgins matching and let S; be the subsets of
those elements in S matched by the partial matching M; (so that the restriction
M; : S; — M;(S) is a bijection). Then, the ranges M;(S) are pairwise disjoint
and |S\S;| < d;. Thus, for A C §,

IR(A)| = Y IM;(A)

i=1

i=1
m
i=1

=) 1A= 1ANS\S)]

> Y (Al —dp*.

i=1

We shall finish the proof using the marriage theorem. To do this, we need to
show that the Higgins—Hall condition for R implies the Hall condition for R’.
Let B be a subset of S x {1,2,...,m}. Let A be the projection of B onto S;
that is to say, A is the subset of elements in S occurring as a first coordinate of
some element in B. Let / be the projection of B onto {1, 2,...,m} and J be
the complement {1, 2, ..., m}\I. Then

|B| < |I]|A]
and

R'(B)=R(A) U | JD.
iel

Using the Higgins—Hall condition and the fact that
(a - d)+ + d = a,
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we have
IR'(B)] = [R(A)| + Y _di
iel
>y (Al=d)" +) d;
i=1 il
= > (1Al —d)t +d] + Y (1Al —d))*
iel jeJ
> > A
iel
= [T]|A]
> |B|.
This completes the proof of Theorem 2.7.2. (]

To arrive at the special case of Higgins’ theorem that yields the Gale—
Ryser theorem, we need an easy technical lemma. Rearrange the sequence

(dy,ds, ...,dy,) so that it is nondecreasing. Let n > d,,, and
ri=n —-dp
Then (7, 2, ..., ) is nonincreasing. Let (v, r5, . . .) be the length-r; conju-

gate sequence.

2.7.3. Lemma. Suppose 1 <a < n. Then

I

Yla—dyt= Y
i=1

j=n—a+1

Proof. Consider the m x n array in which the ith row consists of 7; 1s followed
by d; 0s. For example, if n = 9 and r = (6, 4, 3, 1, 0), then we have the 5 x 9
matrix

d=3,rn==6 11111100 O
=5 rn=4 1 1110000 O
d3=6,r3=3 1 1100 0O0O0 O
dy=8rs=1 1 000 0O0O0O0O O
ds=9,r;=0 000 O0O0OO0OO0OGO0O O

Then both sides of the equation in the lemma equal the number of 1s in columns
n—a+1,n+a+2,...,ninthe array. O

2.7.4. Corollary. Let X, X»,..., X, be mutually disjoint sets such that
| X;|=s;and G : {1,2,...,n} - X{ UX,U---U X, be the relation defined
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by G(i) = X;. Then G has a Higgins matching with defects (d;, dy, . .., dy) if
r*, wherer = (n —dy,n —dy,...,n —dy).

|2

Proof. Observe first that since

n r

*
Si = E }’j,

i=1 j=1

~

s < r* implies that forall k, 1 <k <mn,

I

n

!’ *
E S, = E Tis
i=k

—k

~

where (s1, 83, . .., ;) is arearrangement of (s, 52, . . ., §,) into a nonincreasing
sequence. Using this observation, we will check that the Higgins—Hall condition
holds for the relation G. Let A C {1, 2, ..., n}. Then

1G] = ) sq

v
N
Rl

i=n—|Al+1
r

*
er

Jj=n—|Al|+1

=Y (Al —d)*.
i=1

v

Hence, a Higgins matching with defects (d;, dy, . .., d;,) exists in G. OJ

Finally, we construct an m x n matrix (a;;) from a Higgins matching
M, M,, ..., M, with defects (d,, ds, ..., d,) by the rule

I if M;({1,2,...,n)NX; #9

aij = .
0 otherwise.
The matrix (a;;) has row sums (7;) and column sums (s;). This completes the
first proof of the Gale—Ryser theorem.

Ryser’s proof is sketched in Exercise 2.7.3. Gale derives the theorem from a
network flow theorem. He also proves the following more general form of the
Gale—Ryser theorem.
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2.7.6. Gale’stheorem.” Let(ry, 1, ..., ry)and (s, sa, . . ., s,) be two vectors
with nonnegative integer entries. Then there exists an m x n (0, 1)-matrix (a;;)
satisfying the row sum condition

n
E ajj < ri,
j=1

and the column sum condition,

m
Z aij = Sj,
i=1
if and only if the rearrangements (r{, r5, ..., r, ) and (s{, s, ..., s,,) into non-
increasing vectors satisfy the following inequality: for all positive integers k,

k k
dosio< Do (G)

i=1 i=l

where (rf, 5, ..., 7)) is a conjugate of (r, 75, ..., 7).

>'m

Sketch of proof. Show by induction that the following algorithm produces a
matrix (a;;) with the required properties: let (r/) and (s;.) be nondecreasing
rearrangements of (r;) and (s;). Let 7 be a permutation such that rq) = 7/.
Construct the first column of the matrix by setting ayj; equal to 1 if i = (1),
i =m(2),...,ori =m(s;), and 0 otherwise. Now construct the second column
with the updated vector (r; — ayy, 2 — @12, - - s 'y — A1m)- O

Gale gives the following concrete illustration of his algorithm: suppose n
families are going on a picnic in m buses, where the jth family has s; members
and the ith bus has r; seats. Provided the condition (G) is satisfied, then it is
possible to seat all passengers so that no two members of the same family are
in the same bus. Just use the simple rule: at each stage, distribute the largest
unseated family among those buses having the greatest number of vacant seats.

Exercises

2.7.1. It follows from the Gale—Ryser theorem that » < s* if and only if s < r*;
that is, conjugation is an order-reversing involution of the majorization order.
Give an independent proof.

2.7.2. Prove the following weaker version of the Gale—Ryser theorem: given
nonnegative integers ry, 12, ..., ', and sg, s2, ..., S,, there exists an m x n

53 Gale (1957).
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matrix with nonnegative integer entries satisfying the row and column sum
conditions if and only if

rn+rn+-F+rp=8s1+8+--+58.

2.7.3. Ryser’s proof>*

Let m and n be given positive integers, (r1, 12, ..., I',) be a given row sum
vector, r* be a length-n conjugate of r, and (a;;) be the m x n Ferrers matrix
defined by

it j<n,
aij = .
0 otherwise.
Show that if (s1, 52, ..., s,) = r*, then one can rearrange the 1s in (g;;) into a

matrix with row sums r and column sums s by interchanges of the form

1 ... 0 0 ... 1

0 ... 1 1 ... 0

Show the more general result: let A and B be two (0-1)-matrices with row sums
r and column sums s. Then A can be transformed into B by interchanges.

2.7.4. A submodular function proof.
Define the excess function n(A) by the formula

k
n(A) = [R(A)| — [Z(IAI _di)+:| .

i=1

(a) Show that 7 is submodular.
(b) Prove Higgins’ theorem by induction, using the proof of the matroid
marriage theorem as a guide.

2.7.5. (Research problem) Find an analog of the Gale—Ryser theorem for sym-
metric (0-1)-matrices.

2.7.6. (Research problem) An extension of Birkhoff’s theorem.

Let (r1, 72, ..., 1) and (sy, 52, . . ., $,) be vectors with nonnegative integer
entries. The set Matrix(r, s) of all m x n matrices with real nonnegative entries
with row sums r and column sums s is convex. Determine the extreme points
of Matrix(r, s).

4 Ryser (1957).
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2.8 Matching Theory in Higher Dimensions

“The possibility of extending the marriage theorem to several dimensions does
not seem to have been explored. Thinking rather crudely, one might replace a
matrix by a tensor.” In this section, we explain this remark, made by Harper
and Rota in Matching theory (p. 211).

We begin with some informal tensor algebra. Let Vi, V,, ..., Vi be vector
spaces of dimension dy, d3, .. ., d; over a field F. A decomposable k-tensor in
the tensor product Vi @ Vo ® - - - ® V. is a formal product v ® v, ® - - - ® vy,
where the ith vector v; is in V;. A k-tensor is a linear combination of
decomposable k-tensors. Tensors are multilinear; that is, they satisfy the

property

Vi ® - @ (AU + utti) ® -+ ® Uy
:)\(v1®...®vi®...®vm)
+M(v1®®ul®®vm)

and all relations implied by this property.

A covector or dual vector of V is alinear functional or a linear transformation
V — F. The covectors form the vector space V* dualto V. Let ey, ez, ..., e4
be a chosen basis for V. Then e}, €3, .. ., e} is the basis for the dual V;* defined
by ef(e;) =0ifi # j and 1ifi = j; in other words, e} (e;) = §;;.

Consider the tensor product F* @ (F")*. The tensor ¢; ® e}f defines a linear
transformation " — ™ by u e;f(u)ei. The matrix of this linear transfor-
mation has i j-entry equal to 1 and all other entries equal to 0. Hence, the matrix
(a;j) can be regarded as the tensor

nm
E
E E a,-je,-®ej.

i=1 j=1

Generalizing this, and choosing bases for V;, we can think of a k-tensor as a
k-dimensional array of numbers from F.

2.8.1. Lemma. The rank of a matrix A equals

min {s: A= Zvi ®u}k},
i=1

the minimum number of decomposable 2-tensors in an expression of A as a
sum of decomposable 2-tensors.
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Proof. Suppose Y :_; v; ® u;. Then the image of A is spanned by the vectors
v, V2, ..., Us. Hence, the rank of A, which equals the dimension of the image
of A, is at most s.

Let A be an m x n matrix of rank p. Let ry, rp, ..., 7, be p linearly inde-
pendent rows in A, and

P
Ti =Zbijrj, forp+1<i<m.
j=1

Then A can be written as a sum

(81 + Z bhleh) ®rf + (62 + Z bh2€h> r;

h=p+1 h=p+1
m
ot (ep+ > bhleh) ®r!
h=p+1
of s decomposable tensors. Hence, p > s. O

An example might make the second part of the proof clearer. Consider the
matrix

AN DO
~N W =
—_ =N
O W W

Then

ri s (x1, x2, X3, X4) > X2 +2x3 +3x4  and
ry o (X1, X2, X3, X4) > 2x1 + 3% 4+ x3 + 5x4,

and the matrix can be written as the sum of two decomposable tensors by the
following computation:

eQ@rf+er®@ry +e3®(—2r +3r)) =(e1 —2e3) @ rf + (e2 +3e3) ®r3.

Motivated by Lemma 2.8.1, we define the rank of a tensor as the minimum
number of decomposable tensors in an expression of A as a sum of decompos-
able tensors.> In the case of matrices, the rank can be calculated (efficiently)
by triangulation or Gaussian elimination. There is no known analogous algo-
rithm for tensors. For matrices, there is also the determinant, which determines
whether a square matrix has full rank. There is no invariant for tensors which
is as explicit or useful as the determinant for matrices. To oversimplify, one

35 This is the commonly accepted definition of the rank of a tensor for algebraists.
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of primary aims of “classical invariant theory” is to find concepts analogous
to triangulations and determinants for general tensors.>® The research problem
here is to develop an elegant (and hence useful) theory. Whatever this theory
is, it should contain a higher-dimensional matching theory as a special case.

Let AC{1,2,...,di} x{1,2,...,da} x---x{1,2,...,dx}. The free
tensor supported by A is the k-tensor

E Xitia,....iy€i; D€, @ - Qe

{i1,i2,.., ik }CSA

inF" ® F% @ ... ® F%, where F is a sufficiently large field so that the nonzero
entries x;, ;,.; are algebraically independent over some given subfield of
F. The problem of higher-dimensional matching theory is to define, for a
given free tensor, a combinatorial object whose “size” equals its rank. Such
a definition should indicate the right explicit definition for the determinant
of a tensor. Optimistically, one would also hope for an analog of the Konig—
Egervary theorem, where the rank equals the minimum over some “cover” of
A.

Related to this problem is the question of higher-dimensional submodular
inequalities (see Section 2.4). We will need to assume knowledge of matroid
theory. A main axiom of matroid theory is the submodular inequality for the
rank function rk:

tk(A) + rk(B) > tk(A U B) + 1k(A N B).

This inequality is satisfied by the rank function of vectors, that is, 1-tensors.
With an easy argument (see Exercise 2.8.1), this inequality can be adapted to
matrices or 2-tensors. If M[T|S] is a matrix, let M[B|A] be the submatrix
obtained by restricting M to the rows B and columns A and rank(B, A) be the
rank of the submatrix M[B|A]. Then

rank(B, A) + rank(D, C) > rank(B U D, AN C) +rank(B N D, AU C).

This inequality is the bimatroid submodular inequality’ It compares ranks
of rectangular sets of the form B x A. There is no known analog of the
submodular inequality for higher-dimensional tensors. Indeed, no “new’ rank
inequality for higher tensors is known. This would be a step toward a higher-
dimensional matroid theory.

56 See Grosshans (2003) and Rota (2002); for a mainstream account, see Gelfand et al. (1994).
5 Kung (1978) and Schrijver (1979).
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Exercises

2.8.1. (a) Prove the bimatroid submodular inequality.

(b) (Research problem) The bimatroid inequality involves “rectangular” sets
of the form B x A. Are there rank inequalities involving arbitrary subsets of
T x § for free matrices?

2.8.2. Rank inequalities for vectors.>®

(a) Prove that the rank function rk of vectors satisfies Ingleton’s inequality:
for four subsets X, X, X3, and X4 of vectors,

I'k(Xl) + I'k(Xz) + I'k(Xl UX,U X3) + I'k(X] UX,U X4) + I'k(X3 U X4)
< 1k(X| U X5) 4+ k(X U X3) + rk(X; U X3) + rk(X, U X3)
+l"k(X2 U X4).

Show that this inequality does not follow from the submodular inequality.

(b) (Research problem posed by A. W. Ingleton) Find other inequalities for
rank functions of vectors.

(c) (Research problem) “Describe” all the inequalities satisfied by rank
functions of vectors. (It is known that the set of forbidden minors for repre-
sentability over the real or complex numbers is infinite. However, this does not
preclude a reasonable description of all rank inequalities. For example, are all
rank equalities for vectors consequences of Grassmann’s equality?)

2.8.3. Rank inequality for matrices.
There are many matrix rank inequalities involving products of matrices. The
simplest is
rank(A B) < min{rank(A), rank(B)}.
Another is the Frobenius rank inequality

rank(A B) + rank(BC) < rank(B) + rank(ABC).

Develop a theory of matrix rank inequalities. For example, are they all conse-
quences of a finite set of inequalities?
2.8.4. Higher-dimensional permanents.>

..... i
Then a reasonable definition of the permanent per A is

np

per A = Z 1_[ai,cn(i),az(i),...,o[,(i)s
i=1

58 Ingleton (1971). 59 Dow and Gibson (1987) and Muir and Metzler (1933, chapter 1).
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where the sum ranges over all d-tuples (o, 02, ..., 04) of one-to-one func-
tions o; : {1,2,...,n1} — {1,2,...,n;}. Extend as many of the properties
of two-dimensional permanents as possible. In particular, prove an analog of
Exercise 2.6.16(a).

2.9 Further Reading

There are probably as many approaches to matching theory as there are ar-
eas of mathematics. The survey paper Matching theory shows some of these
connections. Approaches we have completely ignored are those of graph the-
ory, combinatorial optimization, polyhedral combinatorics, probabilistic and
asymptotic combinatorics, and analysis of algorithms. For further reading, we
recommend the following books or survey papers:

R. Brualdi and H.J. Ryser, Combinatorial Matrix Theory, Cambridge University Press,
Cambridge, 1991.

R. Brualdi and B.L. Shader, Matrices of Sign-Solvable Linear Systems, Cambridge
University Press, Cambridge, 1995.

G.H. Hardy, J.E. Littlewood, and G. Pélya, Inequalities, 2nd edition, Cambridge Uni-
versity Press, Cambridge, 1952.

L. Lovész and M.D. Plummer, Matching Theory, North-Holland, Amsterdam and New
York, 1986.

A.W. Marshall and 1. Olkins, Inequalities: Theory of Majorization and Its Applications,
Academic Press, New York and London, 1979.

H. Minc, Permanents, Addison-Wesley, Reading, MA, 1978.

H. Minc, Nonnegative Matrices, Wiley, New York, 1988.

L. Mirsky, Results and problems in the theory of doubly-stochastic matrices,
Z. Wahrscheinlichkeittheor. Verwandte Geb. 1 (1962-1963) 319-334.

L. Mirsky, Transversal Theory, Academic Press, New York, 1971.



3
Partially Ordered Sets and Lattices

3.1 Mobius Functions
Rota wrote, in the introduction to Foundations I,

It often happens that a set of objects to be counted possesses a natural ordering, in
general only a partial order. It may be unnatural to fit the enumeration of such a set
into a linear order such as the integers: instead, it turns out in a great many cases
that a more effective technique is to work with the natural order of the set. One is
led in this way to set up a “difference calculus” relative to an arbitrary partially
ordered set.

From this tentative beginning grew the research program of Mdbius functions
on partially ordered set. There are many expositions of this program.! We give
a selective account of this theory.

A partially ordered set P is locally finite if every interval in P is finite. Let
P be a locally finite partially ordered set and A be a commutative ring with
identity. Consider the collection of functions P x P — A such that

J,y)=0if x £y. ()
This collection forms an A-module and it is made into an A-algebra, the
incidence algebra Z(P) of the partially ordered set P, by convolution
(frx, =Y fx 228Gy
2ix<z=<y

If P is finite, then we can choose a linear extension of P (see Section 1.2) and
represent a function f in Z(P) by the | P| x | P| matrix with rows and columns
indexed by P and xy-entry f(x, y). By (), such matrices are upper-triangular,
and taking into account entries that must be zero, convolution corresponds to

I'See, for example, Aigner (1979) and Stanley (1986).

106
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matrix multiplication. In particular, incidence algebras are algebras of upper-
triangular matrices.
The identity of Z(P) is the delta function

8(x,y)=11if x =y and O otherwise.
The zeta function is the function
C(x,y)=1if x <y and 0 otherwise.

The Mobius function p is the convolutional inverse of ¢; that is,

kp=p*=34.
Explicitly,
D uEn= Y a2 =8, ).
ZIX=Z=y ZIX=Z=y

The explicit definition shows that p exists and gives two recursions with initial
conditions: for all x in P, u(x,x)= 1. If x < y, the bottom-up recursion
is

wix,y) = — Z u(x, z)

2. x=<z<y

and the top-down recursion is

uix,yy=— Y ).

71x<z<y

From either recursion, it is immediate that if y covers x, then u(x, y) = —1.
Further, if C is the chain xg < x; < --- < x,,, then

welxo, x0) = 1, pelxo, x1) = —1, and uc(xo, x) = 0 if x # xo, x;.

Finally, we define the elementary matrix functions. If u < v, let ¢, be the
function defined by €,,(x, y) = 1 if u = x and v = y, and 0 otherwise. As a
matrix, the function ¢,, has all entries equal to zero, except for the uv-entry,
which equals 1. If f is a function in Z(P), then

€ux ¥ f * €yy = S, y)ew
and, in particular,
€xx ¥ [ ey, = f(X, V)€

When u and v range over all pairs such that ¥ < v, the functions ¢,, form a
basis for Z(P) as an A-module.
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An easy computation (using the recursions) yields the Mobius function of
a Cartesian product of partial orders in terms of the Mobius functions of its
components.

3.1.1. The product formula. Let P and Q be partially ordered sets. Then

mpxo((x,u), (y,v)) = up(x, y)ug(u, v).

Finite Boolean algebras are products of chains of length 1. Thus, for subsets A
and B of S such that A C B,

WA, B) = (=174

in the Boolean algebra of all subsets of S. If n is a positive integer having
prime factorization n = p{' p5* - -- p{*, then its lattice of divisors under the
divisibility order is isomorphic to a product of k chains, the first having length
aj, the second having length a;, and so on. Further, if m divides n, then
the interval [m, n] is isomorphic to the lattice of divisors of n/m. Hence,
w(m,n) = u(l,n/m) = u(n/m), where p(k) is the single-variable number-
theoretic Mobius function defined by w(k) = (—1)" if k is the product of r
distinct primes and 0 otherwise.

There are two classic inversion formulas. One is the principle of inclusion

and exclusion:

f(A)y= Y gB)forall ACS <
B:BCA

gA)= Y (—DAFIF(B) forall A CS.
B:BCA

The other is the number-theoretic Mobius inversion formula:

f)y= Y g foralln & gn)y= Y f(dun/d) for all n.

d:d|n d:d|n
These formulas generalize immediately to locally finite partially ordered sets.

3.1.2. The Mobius inversion formula. Let P be a locally finite partially
ordered set. Let f and g be functions from P to A. Then

fx)= Z gy)forallx e P & g(x) = Z fO)u(y, x) for all x € P.

yiy=x yiy=x
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Dually,

fe)= )" gy forallx € P & gx)= > u(x,y)f(y) forall x € P.

yiyzx yiyzx

There are many easy proofs. One way is to think of f and g as column or row
vectors, and ¢ and p as matrices. Then the theorem just says f = g * ¢ if and
only if f % u = g, or in the dual version, f = ¢ x gifand only if u x f = g.

To use the Mobius inversion formula, one needs to calculate Mobius func-
tions. There are several theorems about the values of Mobius functions. They
can be grouped into four kinds: product theorems, closure or Galois connection
theorems, chain-counting theorems, and complementation theorems.

The basic product theorem is Formula 3.1.1. Let Interval(P) be the set of
intervals (including the empty interval) in a partially ordered set P. This set
may be ordered by set-containment; that is, [u, v] < [x, y] if [u, v] C [x, y].
When [u, v] and [x, y] are nonempty, then [u, v] < [x, y] if and only if u > x
andv < y.

3.1.3. Theorem.” Let x be the Mobius function of Interval(P). If [x, y] is
nonempty, then

nw@, [x,y]) = —pp(x, y),

and if both [u, v] and [x, y] are nonempty, then

w(lu, v, [x, yD = upx, wpup(v, y).

Proof. When [u, v] is nonempty, the interval [[u, v], [x, y]] is isomorphic to
[x, u] x [v, y]. Hence, if [u, v] is nonempty, the theorem follows from the
product theorem. Further, by the top-down recursion and the earlier case where
[u, v] is nonempty,

p@ e, yh=— > pu vl [x, y)

[u,v]: O<[u,v]<[x,y]
= - Z mpx, wWup(v,y)
U, v: x<u<v<y
= —[p & xpl(x, y) = —plx, y). O
Next, we discuss theorems relating the Mobius function of a partially ordered

set with the Mobius function of a smaller “quotient.” The most useful theorem
is the following closure theorem.?

2 Crapo (1968a). 3 This theorem is distilled from Foundations I.
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3.1.4. The closure theorem. Let x > X be a closure operator on a finite
partially ordered set P and CI(P) the partially ordered set of closed elements.
If x is an element of P and y is a closed element, then

Z (x ) - ,uCl(p)(x, y) if x is C]OSCd,
L P = 0 otherwise.
7=y

An incidence algebra proof. One way to prove this is by a formal manipulation:

Y ue(x2)

Z wp(x, 2)8cipy (@, y)

7:z€P, 7=y z:zeP
= Z wp(x, 2)¢cip) @, Hicir)(E, y)
z,t:z€P, teCI(P), x<z<t<y
= Z wp(x, 2)¢p (@, Hicip)(t, y)

z,t:z€ P, teCl(P), x<z<t<y
= Z wp(x, 2)¢p(z, Hicip)(t, y)

zeP,teCl(P): x<z<t<y

= Z Sp(x, Hucypy(t, y),

teCl(P):x<t<y

where, in the fourth line, we made use of the fact that for a closure operator,
z < tif and only if z < ¢. The final manifestation of the sum equals zero if x is
not closed and pcypy(x, y) if x is closed. O

A more intuitive proof uses a partition—recursion argument. This method
was used by Philip Hall and Louis Weisner,* two pioneers in the study of
Mobius functions. Observe that the interval [x, y] in P is partitioned into
the subsets {z: 7 = u}, where u ranges over all closed elements in [x, y].
Hence,

0= > wp(x.2)

ziz€[x,ylin P

= [Zup(x,z)].

u:uelx,y]linCl(P) LzeP:zZ=u

There are two cases of the theorem. Consider first the case when x is closed.
We induct on the length of the longest chain from x to y in C1(P). If the length is
zero,thenx =y, z = x ifand only if z = x, and ey py(x, x) = 1 = pp(x, 2).
By induction, we may assume that the theorem holds for all elements u in

4Hall (1936) and Weisner (1935).
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CI(P) such that x < u < y; that is, for all such elements u,

Z mp(x,z) = ucypy(x, u).

z:z€[x,y]in P, z=u
Thus,
0= Z mp(x,z) + Z meipy(x, u).
2:z€P, 7=y u:ueCl(P), x<u<y
Hence, the sum
Z /’LP(-x 5 Z)
z:izeP,z=y

satisfies the bottom-up recursion for pcipy(x, y) and the two quantities are
equal.

A similar argument works when x < x. In this case, since every element z
in [x, x] has closure X, the base case is

Z up(x,z)= Z uwp(x,z)=0.

z€P:x<z=<X zeP:z€e[x,x]

Induction now yields ZZ epiz=y HP(X,2) = 0. This completes the second proof
of Theorem 3.1.4.

If a is a fixed element in a lattice L, then x — x V a is a closure operator
on L. Thus, we obtain the following very useful special case.’

3.1.5. Weisner’s theorem. Let L be a finite lattice and a be a fixed element
in L. Then

pO.H =~ 3 uoOx.
x:XVa:i,x;ﬁi
Dually,
pO.H=~ > po ).
x:an:G,x;éO

Another special case of Theorem 3.1.4 is the case of a closure operator on a
set.

3.1.6. The set-closure theorem. Let A — A be a closure operator on the
finite set S such that the empty set is closed and L be the lattice of closed sets.

5Weisner (1935).
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If U is a closed set, then

@ U= 3 (D"
A:A=U

The next theorem was first proved by Philip Hall.® This theorem is essentially
the second part of the closure theorem.

3.1.7. Theorem. Iqet L be a finite lattice. Then “(Q’ i) = 0 unless the meet of
all the coatoms is 0 and the join of all the atoms is 1.
Proof. If L is a lattice, then
X /\{c: c is a coatom and ¢ > x}
is a coclosure operator and the dual
X \/{a: a is an atom and x > a}

is a closure operator. g

3.1.8. The Galois coconnection theorem. lLetgp: P — Qandy: Q — P
be a Galois coconnection, x +— X the closure operators induced on P and Q,
and C(¢, ¥) the partially ordered set of closed elements. Letx € P andy € Q.
If both x and y are closed, then

Y @ x) = peep, X = Y oy, s).
a:g(a)=y st (s)=x
If at least one of x and y is not closed, then
Do our@x)=0= 3" uo(y.s).
a:pla)=y s:P(s)=x

Let L be alattice. A subset A C L is a lower crosscut satisfying two conditions:

LcCl. 0 ¢ A.
LCC2. If x € L and x # 0, then there exists an element a in A such that
X > a.

An upper crosscut is a lower crosscut in the dual order.

5Hall (1936).
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For a nonempty subset A in a finite lattice L, define the functions

9:L—>2% x> {aeAa<x)
y:2 > L Ew \/E,

where \/ E is defined to be the join of all the elements in E and, for use later
on, /\ E is the meet of all the elements in E. The pair ¢, ¢ of functions defines
a Galois coconnection between L and the Boolean algebra 2# of all subsets
of A. Since A is a lower crosscut, ¢(x) = ¢ if and only if x = 0. 1In addition,
W(w(())) =y = 0, and so 0 is closed. Applying Theorem 3.1.4 to this Galois
coconnection with y = @, x = i, we obtain the following result.

3.1.9. A crosscut theorem. Let A be a lower crosscut in a finite lattice L.
Then

p®©.H= > (=D*,

E:ECA,\ E=1

where the sum ranges over all subsets £ C A such that \/ A = 1. Dually, if B
is an upper crosscut, then

nO0.H= > D*.

E:ECB, \ E=0

In a lattice L, the set of all atoms (that is, elements covering 6) is a lower
crosscut. Thus, the formula for (0, 1) given in Theorem 3.1.9 depends only
on the joins of atoms. Explicitly, (0, 1) = 0 if 1 is not a join of atoms. If 1 is
a join of atoms, then ;/.(O, i) = Up~ (0, i), where L* is the join-sublattice of L
consisting of all joins of atoms. Joins in L* agree with joins in L. The meet in

L* is given by
anb= \/ c.

ceL*:c<a and c<b

For a distributive lattice L, the join-sublattice generated by the atoms is a
Boolean algebra. Hence, if 1 is not a join of atoms, [,L((), i) =0, and if fisa
join of atoms, then M((), i) = (—1)", where m is the number of atoms in L.

A set C is a crosscut if it satisfies the following three conditions:

CCl. 0¢gCandi¢gC.

CC2. C is an antichain.

CC3. Every maximal chain from 0 to 1 intersects C at (exactly) one
element.

Note that a crosscut need not be an upper or lower crosscut.
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If C is a nonempty subset, then the pair

¢ : Interval(L) — 2, [x, y] — [x, y] N C,
[NE.VE| if E#Y

:2C—>Interva1L, E —
v (&) { ] if E=0

of functions defines a Galois coconnection between the Boolean algebra 2€
and the lattice of intervals of L. If A is a crosscut, then ¥ (¢(?)) = ¥ (¥) = @,
and hence the empty interval is closed.

3.1.10. Another crosscut theorem. Let C be a crosscut in the finite lattice L.
Then

n0.1) = > (=DFL
E:ECA,\/ E=1, N E=0

Proof. We apply Theorem 3.1.8 to the Galois coconnection ¢, ¥ : Interval
(L) <> 2€ with y = ¢ and x = [0, 1], obtaining

D e 10,1 = > (=DEL (CO)

I: (D=9 E:y(E)=[0,1]

The left-hand sum can be simplified using Theorem 3.1.3. There are two cases.
When [ is the empty interval, we use

,ulnterval(L)(Qa [0, i]) = _ML(()a i),

when [ equals the nonempty interval [u, v], we use

intervarcy ([, v], [0, 11) = w0, wypr (v, 1).

Substituting this into the left-hand sum, we obtain
—w 0, D+ Y O W, 1.
u,v:u<v,[u,v]NC=P
This can be rewritten as
—u O, D+ >0 O e, v, D).
u,v: [u,v]NC=y

When [u, v] N C = @, theneitheru < v < C (thatis,u <v < aforalla € C)
orC <u <wv(thatis,a < u < vforalla € C). Hence, the sum can be broken
up into two nonempty sums: one containing the interval [0, 0] and the other
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containing [1, 1]. Each sum can be can be simplified as follows:

Do w0, Wi, vp e, = Y (Z w0, u);m,v)) e, 1)

u,v:u<v<C viv<C \u:u=<v
= Y 8.0, vu, )
viv<C
= I’LL(Ov i)
and dually,
D w0, W, vp, ) = @, 1).
u,v:C<u<v
Hence, the left-hand sum in Equation (CC) equals /LL(C), D). [l

3.1.11. Philip Hall’s theorem on chains.” Let x < y in a partially ordered set
P. Then

wx, ) =—ci+c—c3tep—---,

where ¢; is the number of length-i chains x <x; <x, <--- <x;_1 <Yy
stretched from x to y.

Proof. We give two proofs; the first is a simple formal manipulation. Let
n =2¢ — 6. Then

p=E+mn"
=d—n+nkn—nxnkn+t---.

Since x < y, Hall’s formula follows.
Hall’s original proof uses a partition—recursion argument. It begins by ob-
serving that

Z(_ 1)length(C) — 0’
C

where C ranges over all chains stretched from x to an element z in the interval
[x, y]. This follows since we can pair the chain x < x| < --- < x,_; < y with
the chain x < x| < - -+ < x,_;. To finish the proof, we use induction, starting
from the fact that u(x, x) equals 1, the number of length-0 chains starting
from x. (I

THall (1936).
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Expressions of Mobius functions as alternating sums of the number of chains
suggest there is a homological interpretation. The chain complex Chain(P) of
the partially ordered set P is the simplicial complex with the chains of P as
simplices. Then Theorem 3.1.11 says that the Euler characteristic x (Chain(P))
equals 1 p+(0, 1) + 1, where P+ is obtained from P by adding a new minimum
0 and a new maximum 1. There is also a homological interpretation of crosscuts
and Theorem 3.1.10.3

The introduction of methods from algebraic topology into the theory of
Mobius functions and, more generally, into the theory of partially ordered sets
is an important legacy of Foundations I. We refer the reader to the survey
Bjorner (1995).

The next result is a variation on the closure theorem. It also leads to the
complementation theorem. Let f : P — O be an order-preserving function.
Let [a, b] be an interval in P such that f(a) < f(b). Define [a, b]s to be the
partially ordered set obtained by identifying all the elements z in the interval
[a, b] in P such that f(z) = f(b); that s, [a, D] is the set

{x €la,bl: f(x) < f(B)} U {b}
in P, with the order induced from [a, b].
3.1.12. Theorem.” Let a < b, f(a) < f(b), and wr(a, b) be the value of

Mobius function from a to b in [a, b];. Then the following three equations,
equivalent to each other, hold:

1pa, b) = > 1p(a, ez, b), (Mf1)
z:z€la.bl. f(2)=£ ()

prlaby= Y uplab), (Mf2)
yiysz, fM)=r@

wr(a,b) = > (@, )Ep(y. Dip(z. b). (Mf3)

y,z:y,2€la,b], f(y)=f(2)=f(D)

Proof. We begin by showing that Equations (Mf1) and (Mf2) are equivalent.
To do this, regard s(a, y) and pp(a, y) as functions of y defined on P and
use the Mobius inversion formula 3.1.2,

Next, we prove (Mf1) using a chain-counting argument. If R is a partially
ordered set with a minimum 0 and amaximum 1, we define the chain polynomial
C(R; A) (in the variable )) by

C(R; M) =) ci(R,

i:i>0

8 Folkman (1966). ° Crapo (1966).
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where ¢;(R) is the number of chains of length i stretched from 0 to 1 in R. By
Theorem 3.1.11, C(R; —1) = ug(0, 1).
Consider an interval [a, b] in P such that f(a) < f(b). Each chain stretched
from a to b in [a, b] can be divided into two nonempty segments, a < z; <
c<zi-t <ziand z; < zip <o < b, where f(z;—1) # f(b) and f(z;) =
f@iy1) = -+ = f(b). Thus,

C(la,bl; 1) = Z C(la, z]5; MC([z, b]; A).
z:z€la,b], f(2)=f(b)

Setting . = —1, we obtain Equation (Mf1) and also (Mf2). Equation (Mf2)
can also be proved directly using a partition—recursion argument similar to that
in the proof of Theorem 3.1.4.

To finish the proof, we use (Mf2), with b = z, to substitute u s(a, z) into
(Mf1), obtaining

ppa,by= Y Yo we@y) | meb).

z:z€la,bl, f(2)=f(b) \y:y=z, f())=f(2)

Thus, (Mf3) is equivalent to (Mf1) and (Mf2), and it holds as well. U

Recall that in a lattice, ¢ is a complement of a if c A a = Oandcva=1.

3.1.13. Crapo’s complementation theorem. Let L be a finite lattice, a be
any element in L, and a be the set of complements of @ in L. Then

p@O.H= > w08 dud, b,

c,d:c,deat

where the sum is over all ordered pairs (c, d) in a* x at (so that ¢ =d is
allowed). Put another way,

w®, 1) = > 1@, o, 1),

c.d:c,deat and c<d

Proof. The theorem holds trivially if & = 0. Thus we can assume thata > 0. We
apply Theorem 3.1.12 to the order-preserving function f : L — [a, 1], x >
X V a, obtaining

p®. D= 3 pup® due . (M)

z:z\/u:T
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To finish the proof, we will show that u f((), z)=O0unless z Aa = 0. Sup-
pose a V z = 1. The infimum of two elements in the partial order [0, z] 7 is the
same as their infimum in the lattice [O, z]. Thus, [O, z]r is a lattice. Let m be a
coatom in [(), z]y. Then,asm #z, mVa < i. Further,

[mv(zAa)]va=mv[(zAa)va]=mva<i.

Hence, m Vv (z A a) is in [f), z] s and does not equal z. Since m is a coatom, it
follows that m V (z A a) = m; thatisto say,m > z A a. We conclude that z A a
is a lower bound for all coatoms in [0, z]s. By Theorem 3.1.7, Mf(f), z2)=0
unless the meet of all the coatoms is 0, or zAa=0. We can now restrict
the sum in Equation (M) to those z such that z Aa = 0 (as well as zVa
=1). O

Another argument showing that p f(O, z) = Ounless z A a = 0 can be found in
the solution to Exercise 3.1.13.

3.1.14. Corollary. Let L be a finite lattice. Suppose there exists an element a
in L which does not have a complement. Then u L((), T) =0.

Exercises

Incidence algebras as algebras.

Much work has been done on the algebraic aspects of incidence algebras.
A comprehensive account can be found in Spiegel and O’Donnell (1997). We
give six examples of such results. To avoid technicalities, we consider incidence
algebras over a field A.

3.1.1. The functor T.°

A function o : P — Q between partially ordered sets P and Q is proper if

PM1. o isinjective.

PM2. o(x1) < o(xp) implies that x; < x5.

PM3. If y; < y; in Q and both y; and y, are in the image of o, then every
element y in the interval [y, y,] is also in image of f.

10 Foundations VI, pp. 267-318.
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If o : P — Q is proper, we define a function from Z(Q) — Z(P) as follows:
if g is a function in Z(Q), then

Z(o)(g)(x1, x2) = g0 (x1), 0(x2)). ©)

Show that Z(o) is an A-algebra homomorphism if and only if o is a proper map.
(We assume that A-algebra homomorphisms preserve identities.) Conclude that
the construction Z is a contravariant functor from the category of partially
ordered sets and proper maps to the category of A-algebras and A-algebra
homomorphisms.

3.1.2. Ideals in incidence algebras.
(a) If J is a (two-sided) ideal in Z(P), let

support(J) = {eyy: €y € J}.

Show that J consists of all functions f in Z(P) such that f(x, y) = 0 whenever
€y & support(J).

(b) Let zero(J) be the set of intervals [x, y] such that f(x,y) =0 for
all functions f in J. Show that if [x, y] € zero(J) and [u, v] < [x, y], then
[u, v] € zero(J).

(c) Show that there is an order-reversing bijection between the lattice of
ideals in Z(P) and the lattice of (order) ideals in Interval(P). Conclude that the
lattice of ideals in Z(J) is distributive. In addition, conclude that the maximal
ideals in Z(P) are ideals of the form

{f: fla,a)=0},

where a is a fixed element of P.

3.1.3. Characterization of incidence algebras."!

(a) Let A be afield and Z be a subalgebra of the algebra of n x n matrices over
A. Then there is a partially ordered set P such that 7 is A-algebra isomorphic
to the incidence algebra Z(P) if and only if the following two conditions
hold:

IA1. Z contains n pairwise orthogonal idempotents.

IA2. The quotient algebra Z/J(Z) is commutative, where J(Z) is the Jacob-
son radical of 7.

(b) Let A be a field and P and Q be partially ordered sets. Then Z(P) and
Z(Q) are isomorphic A-algebras if and only if P and Q are isomorphic partial
orders.

' Stanley (1970) and Feinberg (1977).
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3.1.4. The Amitsur—Levitski theorem for incidence algebras.'?
The standard identity I in the N variables xi, x5, ..., Xy iS

Z sign(o)xq(1)Xe @)« * Xov) = 0,
o

where the sum ranges over all permutations o of {1,2,..., N} and sign(o)
is the parity of o. For example, the standard identity I, is xjx; — xpx; = 0.
The Amitsur—Levitski theorem says that the algebra of n x n matrices over a
commutative ring satisfies the standard identity I, in 2n variables and does
not satisfy the standard identity I; in any smaller number k of variables.'?

Let P be alocally finite partially ordered set. Show that if P contains a chain
of length n — 1, then the incidence algebra Z(P) does not satisfy the standard
identity 1,,. Show that if m is the maximum length of a chain in P, then Z(P)
satisfies Ip;,42-

3.1.5. Cartesian and tensor products.

Show that Z(P x Q) = I(P) ® Z(Q). In particular, the matrix of {p. ¢ is
the tensor or Kronecker product of the matrices ¢p and ¢p. Using this, give
another proof of Theorem 3.1.2.

3.1.6. The standard topology.

The standard topology on an incidence algebra of a locally finite partially
ordered set is the topology defined by a sequence fi, f2, f3, ... converges to
a function f if for every ordered pair (x, y), x <y in P, there is an index
N (which may depend on (x, y)) such that f,(x,y) = f(x,y) foralln > N.
Extend the results in Exercises 3.1.1-3.1.3 to locally finite partially ordered
sets.

3.1.7. The interval semigroup of a partially ordered set.'*

Define a binary operation on the set Interval(P) of intervals of a partially
ordered set P by

[a,d] if b=c,
0 otherwise.

la, b]lc,d] = {

This binary operation makes Interval( P) into a semigroup. Show that the semi-
group algebra (over a commutative ring A) is isomorphic to the incidence
algebra Z(P) over A.

12 Feinberg (1976).
13See Rowen (1980); a graph-theoretic proof can be found in Swan (1963, 1969).
14 Ward (1939).
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3.1.8. Zeta polynomials'

Let P be a finite partially ordered set. A multichain is a multiset
{x1, x2, ..., x,} of elements in P that can be arranged so that x; < x, <-.- <
Xn. The zeta polynomial Z(P;n) is the number of multichains of size n in P.

(a) Show that

- n—2
Z(Pin) = Z”f(,- _ 2), 2)
i=2

where b; is the number of multichains of length i — 2 in P and d is the length
of the longest chain in P. Using this result, we can think of Z as a polynomial
in the variable n.

(b) Show that if P has a minimum 0 and a maximum 1, then

Z(P;n) = ¢"(0, 1),

where ¢" is the n-fold convolution of the zeta function in the incidence algebra.
If n is negative and n = —m, then ¢” is interpreted to be u™.

(c) Show that the order polynomial (discussed in Exercise 1.2.4) Q(P, n)
equals the zeta polynomial ¢ (/(P), n) of the lattice of order ideals of P.

(d) Show that Z(Interval(P); n) = Z(P;2n — 1).

(e)Letgp: P — Qand ¢ : Q — P be a Galois coconnection and suppose
that Q has a minimum. Let y be an element in P. Then

> 230, p@kn+ Dupla,y)= Y Z(0,x];n).

a:a<y x: P (x)=y

In particular, set » = —1 to obtain the Galois coconnection theorem (3.1.8).

Let E be a subset of a partially ordered set P. An element x in P is ordered
relative to E if x > s for all s € E or x < s for all s € E; the element x is
strictly ordered relative to E if x is ordered relative to E but not ordered relative
to any larger set D containing E. Let Pg be the subset of elements in P ordered
relative to E, with the partial order induced by P. If both the infimum A E
and the supremum \/ E of E exist, then P is the union of the principal filter
F(\/ E) and the principal ideal I(/ E).

(f) A subset A of a partially ordered set P is a cutset if it intersects every
maximal chain in P. Show that if A is a cutset of P, then

Z(Pimy=~ ) (=DFZ(Pin).

E:ECA, E4f)

15Edelman (1980) and Stanley (1986, p. 129).
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(g) From (f), derive the following crosscut theorem: let L be a finite lattice
and A be a cutset such that A # {0} and A #+ {1}. Then

pe0.1) = > (—DsI.

s:5cA,\/ s=1, \ s=0

3.1.9. A formula for permanents.'®
(a) Prove Ryser’s formula: Let X = [x;;]1<i j<n- Then

per X = Z ( '~ ‘Ell_[ Z Xij.

E:EC{l1,2,...n i=1 j:jeE
For example, when n = 2, Ryser’s formula is
X11X22 + X12x21 = (x11 + x12)(X21 + X22) — X11X21 — X12X22.

(b) Use Ryser’s formula to give a reasonable way to calculate the permanent.
(c) Let X = [xijli<i<m,1<j<n, Where n > m. Extend the definition of the

Siz=m,l=j=

permanent by
perX = Z per [x;jli<i<m, jeA-
A:AC{1,2,....m},|A|=n
Show that
1
- m—|E| n—m
prX=c—o ) ( "I E| H > .

T E:EC{1.2,..m i=1 j:jeE

(d) (Research problem) Find analogs of Ryser’s formula for higher-
dimensional permanents, as defined in Exercise 2.8.5.

3.1.10. The Eulerian function of a closure operator."’

Let A — A be a closure operator on a finite set S. A subset A of S spans if
A=S;an s-tuple (ay, az, ..., ay) of elements a; in S spans if the underlying
set{a;, aa, ..., as} spans S. The Eulerian function ¢(S; s) of the closure is the
Dirichlet polynomial defined by

¢(S;9) = Y uX,SIXF,
X:XeL
where L is the lattice of closed subsets of S.
(a) Show that when s is a nonnegative integer, ¢(S; s) equals the number of
spanning s-tuples.
Eulerian functions were first studied by P. Hall in his 1936 paper. Let G be
a group. The function sending a subset A C G to the subgroup generated by

16 Crapo (1968b) and Ryser (1963).
17 Gaschiitz (1959), Hall (1936), and Kung (1996b, Sections 3.2 and 3.3).
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A is a closure operator on G. The lattice of closed sets is L(G), the lattice of
subgroups of G.

(b) An automorphism of the closure operator A — A on S is a permutation o
on S such thatforall A C S, a(Z) = m. Show that if A is the automorphism
group of the closure operator, then the order |A| divides ¢(G;n) for every
nonnegative integer n. In particular, if G is a group with automorphism group
Aut(G), then |Aut(G)| divides ¢(G; n).

(c) The Frattini subgroup ®(G) of the group G is the intersection of all the
maximal subgroups of G. Show that

¢(Gis)= Y wH GIH
H: ®(G)<H<G
= |P(G)'P(G/P(G); 9).

(d) Show that if |H| and |K| are relatively prime and H x K is the direct
product, then
#(H x K;5) = p(H;5)p(K3 ).

(e) Prove Gaschiitz’s factorization theorem. If N is a normal subgroup of
G, then

¢(G;5) = ¢(G/N;$)¢(G | N;s),

where

$GINis)= Y WHGINNHF.
H:H<G and NH=G
(f) Let p be a prime. A finite group G is a p-group if |G| = p™ for some
nonnegative integer m. Show that

r—1
¢(Gss)=p" " [’ = PP
i =0

for some positive integer r, r < m.
(g) Show that if Z, is the cyclic group of order n, then

¢(Znis) =Y un/i,
isi|n
where u is the number-theoretic Mobius function.
(h) Calculate the Eulerian functions of dihedral groups.
(i) Calculate the Eulerian function of the projective special linear groups
PSL(2, p) when p is a prime.
(j) Prove that if G is a finite simple group, then ¢(G;2) # 0.
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3.1.11. The Lindstrém-Wilf determinantal formula.'®

A meet-semilattice is a partially ordered set in which the infimum x A y
of any two elements exists. (The existence of a maximum is not assumed.)
Let P be a finite meet-semilattice, A be a commutative ring with identity,
and F : P x P — A be a function, not necessarily in the incidence algebra
Z(P).

(a) Show that

det[F(x Ay, Dleyer = [ ] (Z F(z,x)mz,x)).

x:xeP \z:z=x

We note the dual form. Let P be a join-semilattice, that is, a finite partially
ordered set in which the supremum x V y of any two elements exists. Then

detlF(y, x V )leyer = [] (Z uix, 2)F (x, z)>.

x:xeP \z:z=x
(b) Show that
detfsign (x A y, Mlryer = | | < pRmes y)I) :
y:yeP \x:xeP

(c) Show that

n
det[ged(i, j)i<ij=n = | [ 60
i=l
where ¢ is the Euler totient function.

(d) Let P be a finite meet-semilattice such that w(0, x) # 0 for all x in P.
Show that there exists a permutation ¢ : P — P such thatx A ¢(x) = 0 for all
x € P.

(e) Let b be a positive integer greater than 1. If i is a nonnegative integer, let
eo(i) + e1 ()b + ex(i)b* + - - - be the b-ary expansion of i, a(i) = Zm>0 e(1),
and 7n(i) be the number of b-ary digits e,(i) that are nonzero. If i and j are
positive integers, define i A j to be the (nonnegative) integer

minfeo(i), eo(j)} + minfe; (i), e1(j)}b + minfes (i), e2(j)}b> + - - -

Note that when b = 2, min{e;(i), e;(j)} = es(i)es(j). Show that

det[(—l)“(mh]oq j<n = 2N O)+n(D)+-+n(n)

18 Lindstrom (1969) and Wilf (1968).
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3.1.12. The Redheffer matrix."

Let P be a finite partially ordered set with a minimum 0. The (generalized)
Redheffer matrix R(P)the matrix with rows and columns indexed by P (linearly
ordered by a chosen linear extension) with R(P) the matrix obtained from the
(upper-triangular) matrix of the zeta function by replacing the first column
(labeled by 0) by a column with all entries equal to 1. Show that the permanent
of R(P) equals the number of chains in P (of any length) with bottom 0 and
the determinant of R(P) equals the sum

> u@.x).

x:xeP

In particular, R(P) is singular if P has a maximum. A special case is the
number-theoretic Redheffer matrix R,,, the matrix with rows and columns
indexed by {1, 2, ..., n} with ij-entry equal to 1 if j = 1 or i divides j, and O
otherwise. Then

detR, = iu(k),

k=1
where w is the number-theoretic Mobius function.

3.1.13. A useful inversion formula.*
Prove the following inversion formula: let L be a lattice in which u(x, i) #0
forall x € L. Let f and g be functions from L to a ring A. Then

glx) = Z f(y) for all x <=

yiyva=1l

fx) = Z Z % g(y) for all x.

yiyel \z:0<z=<xAy

For future reference, we record the dual version. Let L be a lattice in which
(@, x) £ 0forall x € Land f, g : L — A be functions. Then

glx) = Z f(y) for all x <=

y:yAx=0

f&x) = Z Z % g(y) for all x.

y:y€eL z:x\/ygzgi

19 Redheffer (1977) and Wilf (2004—2005). Other results about the Redheffer’s matrix, including
its relation to the Riemann hypothesis, can be found in papers cited in Wilf’s paper.
20 Doubilet, Foundations VII and Dowling and Wilson (1975).
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3.1.14. A complementing permutation.?!

Let L be a finite lattice in which 12(0, x) # 0 and ju(x, 1) # O forall x € L.

(a) Show that there exists a bijection ¢ : L — L such that for all
xeL, px)Ax = 0 and ¢x)Vx = 1; that is, ¢(x) is a complement
of x.

(b) (Research problem) Suppose /,L(O, x) # 0and u(x, i) # Oforallx € L.
Is the matrix [8(0, x A y)8(1, x V )11 yer (with xy-entry equal to 1 if x and y
are complements and O otherwise) nonsingular?

(c) (Research problem) Find natural explicit complementing permutations
for special lattices or classes of lattices?

3.1.15. Lattices of intervals.?
The set L(C) of unions of subsets from a finite collection C of subsets forms
a lattice with join equal to union and meet defined by

AAB= U C.

C:CCA and CCB

An (integer) interval is a subset of integers of the form {a,a+ 1,a +
2,...,b—1,b}, where a > 1. An interval lattice is a lattice of the form L(C),
where C is a collection of intervals.

(a) Show that an interval in an interval lattice is an interval lattice.

(b) Show that if L is an interval lattice, then (A, B) = —1, 0, or 1.

3.2 Chains and Antichains

Let P be a partially ordered set. A subset A in P is an antichain if no two
elements in it are comparable, or equivalently, |A N C| < 1 for any chain C
in P. The width w(P) of a partially ordered set P is the maximum size of an
antichain in P. If P is partitioned into m chains, then m > w(P). Dilworth’s
chain decomposition theorem says that equality can be achieved.

3.2.1. Dilworth’s chain decomposition theorem.>>A finite partially ordered
set of width k can be partitioned into k chains.

As well as a fundamental theorem in the theory of partially ordered sets,
Dilworth’s theorem is “perhaps the most elegant matching theorem” (Matching
theory). It also implies the following Ramsey-theoretic result.

21 Dowling (1977). 22 Greene (1988). 23 Dilworth (1950).
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3.2.2. Corollary. A finite partially ordered set of size at least mn + 1 contains
a chain of length m + 1 or an antichain of size n + 1.

Another interpretation, using perfect graphs, is given in Exercise 3.2.3.

We will give several proofs, beginning with Dilworth’s proof in his 1950
paper. In Dilworth’s own words,?* the idea of the proof is that “if ... a portion
of the ordered set was split into n chains and x was an element not in any of
the n chains, then it should be possible to include x and reorganize the chains
so that the enlarged set was again a set join of n chains.”

Dilworth’s proof. Let P be a partially ordered set of width k, Cy, C», ..., Cy
be k disjoint chains in P, and C = C; U C, U --- U Cy. Suppose there is an
element a in P, not in C. For each chain C;, let

U ={xeCix>al,
N; = {x € C;: x is incomparable with a},
L; ={x € Ci: x < a},

U=U1UU2U"~UUk,N=N1UN2U~-~UNk,andL=L1UL2U~-~U
L. Then, there exists an index m such that (U\U,,) U N has width strictly less
than k. To prove this, suppose the contrary; that is, for each index m, there is
an antichain A,, of size k in (U\U,,) UN.Let A = AU A, U---U Aj and s;
the minimum element in A N C;. Then

(a) {s1, 82, ..., S} is an antichain, and
(b) {si,s2,....5 S N.

To prove (a), suppose that s; > s;. Let s; € A, and let #; be the element
in A, N C;. Then t; > 5; > s;. In addition, #; # s; since ; and s; are in two
different chains, contradicting the assumption that A, is an antichain. To prove
(b), observe that A; N U; = ) by construction, and hence there is at least one
element of A in N;.

It follows from (a) and (b) that {a, s1, 52, . .., St} is an antichain in P of size
k + 1, a contradiction. Using the same argument in the order-dual, we can also
prove that there exists an index / such that (L\L;) U N has width strictly less
than k.

To finish the proof, observe that if s € U; and t € L;, then s > a > t.
Hence, an antichain A in C\(U,, U L;) is contained in either (U\U,,) U N or
(U\L;) U N.Itfollows that C\(U,, U L;) has widthatmostk — 1. By induction,

24Background to chapter 1, in Dilworth (1990).
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it can be partitioned into k — 1 chains. These chains, together with the chain
L; U{a}U U,, give a partition of C U {a} into k chains. O

The first proof of a fundamental theorem is often not efficient, because,
in part, the discoverer has to conjecture the theorem and decide whether the
conjecture is true. In addition, the conjecture comes from some concrete situ-
ation and the essence has to be extracted. Dilworth’s proof is a good example
of this phenomenon. There are many simpler (inductive) proofs of Dilworth’s
theorem. We shall give four of them.

Perles’ proof.®> Suppose that there exists a maximum-size antichain A not equal
to the set of maximal elements or the set of minimal elements. Consider the
ideal 1(A) and filter F(A) generated by A, defined by

I1(A) = {x: x < a for some a in A},
F(A) = {x: x > a for some a in A}.

Then by our assumption, |/(A)| < |P]| and | F(A)| < |P]|. As A has maximum
size, I(A)U F(A)= P, I(A)N F(A) = A, and both I(A) and F(A) have
width w(P). By induction, there exist chain partitions with w(P) chains for
I(A) and F(A). Each chain in the partition for /(P) ends at an element a in A
and each chain in the partition for F'(A) starts at an element a in A. Hence, the
chains in the two partitions can be spliced together to obtain a partition for P
with w(P) chains.

It remains to consider the case when A equals the set of maximal elements
or the set of minimal elements. Let a be a maximal element and b a minimal
element such that a > b. (It may happen that a = b.) Then P\{a, b} has width
w(P) — 1. By induction, P\{a, b} has a chain partition with w(P) — 1 chains.
Adding the chain {a, b} to it, we obtain a chain partition for P with w(P)
chains. 0

Tverberg’s proof.*® Let C be a maximal chain in P. If P\C has width w(P) —
1, then C added to a partition of P\C into w(P) — 1 chains yields a chain parti-
tion of P into w(P) chains. We can now suppose that P\ C has width w(P). Let
A be an antichain of size w(P) in P disjoint from C. The maximum element in C
isnotin /(A),and hence, |I(A)| < | P|. Dually, the minimum element in C is not
in F(A)and |F(A)| < | P|. By induction, there are chain partitions in /(A) and
F(A) of size w(P). We can now apply the splicing argument in Perles’ proof. []

Galvin’s proof?’ Let a be a maximal element of P and suppose that P\{a}
has width k, so that P has width k£ or k + 1. By induction, P\{a} has a

25 Perles (1963). 20 Tverberg (1967). 27 Galvin (1994).
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partition into k chains Cy, C», ..., Ci. If A is an antichain with k elements, then
|A N C;| = 1. Let a; be the maximum element in the chain C; that is in some
size-k antichain. Then {a,, ay, ..., a;} is an antichain. (To see this, suppose
that a; > ay, say. Let {b, as, b3, ..., by} be a size-k antichain containing a,
so that by € Cy; then a, > a; > by, a contradiction.)

If {a,ay,a,,...,a;} is an antichain, then P has width k+ 1 and
{a}, C1, Cy, ..., Cy is a partition into k + 1 chains. If not, a > a; for some
i. Then {y:y € C;, y < a;} U {a} is a chain K. Since every size-k antichain in
P\{a} contains one of the elements in {y:y € C;, y < a;}, P\K does not con-

tain any size-k antichain. By induction, there is a partition Dy, D;, ..., Di_;
of P\K into k — 1 antichains. Adding K to this partition, we obtain a partition
of P into k chains. O

Dilworth’s motivation?® for studying chain partitions is to determine the
order dimension of a (finite) distributive lattice. Recall from Section 1.2 that
the order dimension dim(P) of a partially ordered set P is the minimum number
d such that there exists an order-preserving function from P into a Cartesian
product of d chains. In a product of d chains, an element covers at most d
elements: hence, dim(P) is at least the maximum number of elements covered
by an element in P.

3.2.3. Lemma. An element x in a finite distributive lattice L covers exactly k
elements if and only if x is the join of an antichain of k join-irreducibles.

Proof.Let j; Vv jo V --- V ji be the unique decomposition of x into an antichain
of join-irreducibles. By Birkhoff’s representation theorem (1.3.3), we may think
of x as the ideal I, in the partially ordered set J(L) with maximal elements
Jis J2s oo Jko

Observe that if j is a maximal element in an ideal 7, then I\{j} is
an ideal and I covers I\{j}. Conversely, if I covers J, then there exists
at least one maximal element % in 7, not in J, J C I\{h}, and hence,
J = I\{h}. Hence, the ideal I, covers exactly k ideals, I, \{ji}, L:\{j2}, - - ., I«
\ Uk} U

By the lemma, we conclude that dim(L) > w(J(L)). In fact, equality holds.

3.2.4. Dilworth’s dimension theorem. The order dimension of a finite
distributive lattice L equals the width of its partially ordered set J(L) of
join-irreducibles.

28 This is recounted in the background to chapter 1 of Bogart et al. (1991).
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Proof. We only need to prove that the width w of J(L) is an upper bound for

dim(L). By the chain partition theorem, there exists a partition Cy, Cs, ..., Cy,
of J(L) into w (pairwise disjoint) chains. Think of a chain not as a totally
ordered set x| < x, < --- < X, but as a chain of subsets

B C{xi} Cl{xi,x) C--- C{xy, x2,..., x5},

and let C; be the chain of subsets corresponding to C;. In addition, think of
an element x in L as an ideal in J(L), so that the intersection x N C; is a sub-
set occurring in C;. Consider the function L — C; x Cy x - -+ x C,, defined
by

x> (xNCLxNCa ..., xNCy).

If x € x/, then x N C; € x’ N C;. In addition,
x = U(x NGC;).
i=1

Hence, this function is an injective order-preserving function. We conclude that
w(J(L)) > dim(L). a

The idea of using a maximum-size antichain formed from minimal or maxi-
mal elements of subsets of the partially ordered set occurs in Dilworth’s proof.
This idea led to a structural result about maximum-size antichains. Recall from
Section 1.2 that the antichains in a partially ordered set P form a distributive
lattice D(P) under the order A < B if for all elements b in B, there exists
an element a in A such that a < b, or, equivalently, 1(A) C I(B). In terms of
ideals, meets and joins are set intersection and unions. In terms of the antichains
themselves, the join is the set max A U B, the subset of maximal elements in
the set A U B. The meet A A B is somewhat more complicated. The obvious
description, from the definition of meet in D(P), is

A A B =max I(A)N I(B).
There are two other plausible candidates. Let
AAB=((AUB)\(max AUB))U(ANB)
and
AV B =minAU B,

where min A U B is the set of minimal elements in A U B. All three sets
are antichains. It is possible that they are all different. For example, take
A = {a} and B = {b} in the partially ordered set {a, b, c}, with ¢ < a and
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¢ < b. However, it is immediate from the definitions that AA B € A A B,
AAB CAVB,and

|A| 4+ |B]|=]AV B|+|AAB|.
From these, we conclude that

|Al +|B| < |[AV B[+ |A A B,
|A|+|B| <|AV B|+|AV B|.

In particular, if A and B are maximum-size antichains, then A v B and A A
B are also maximum-size antichains. This proves the following theorem of
Dilworth.?

3.2.5. Theorem. The maximum-size antichains form a sublattice S(P) of the
lattice D(P) of all antichains (or ideals).

Since D(P) is distributive, S(P) is distributive. Note that when A and B are
maximum-size antichains, A A B = min A U B.
Theorem 3.2.5 yields yet another proof of the decomposition theorem.

Pretzel’s proof** A chain C is saturated in the partially ordered set P

if it has nonempty intersection with every maximum-size antichain in P.
We can use Theorem 3.2.4 to construct a saturated chain inductively. Let
a; be an element in the meet A; of all the maximum-size antichains in
the sublattice S(P). Consider the meet A, of all the maximum-size an-
tichains not containing a;. Since A; < Aj,, the antichain A, contains an el-
ement a, such that a; > a;. Choose a; to obtain the length-2 chain {a;, a,}.
Continue.

If C is a saturated chain, then w(P\C) = w(P) — 1. We can now prove
Dilworth’s theorem by induction. (I

Theorem 3.2.5 has an important corollary.>! An order automorphism of P is
an order-preserving bijection P — P.

3.2.6. Corollary. Let P be a finite partially ordered set. There exists a
maximum-size antichain in P invariant under all order automorphisms of
P.

Proof. An order automorphism of P induces an order automorphism of the
lattice S(P). Hence, the maximum antichain in S(P) is invariant under all
order automorphisms. The minimum antichain is also invariant. O

29 Dilworth (1960) and Freese (1974).  39Pretzel (1979).
31Freese (1974) and Kleitman et al. (1971).
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Dilworth’s theorem has been extended to unions of antichains by Greene
and Kleitman.*> A subset A in a partially ordered set P is a k-family if for
every chain C in P, |A N C| < k, or equivalently, A is a union of k (or fewer)
antichains. Let di (P) be the maximum size of a k-family in P.If Cy, C,, ..., C,
is a partition of P into e chains, let

E(C),Cs,...,Co) = ) minfk,|Cil}.
i=1
Each chain C; intersects a k-family at most min{k, |C;|} times. Hence,
E(Cy, Cy, ..., Co) = di(P).

Equality can always be achieved.

3.2.7. Theorem (Greene and Kleitman). Let P be a finite partially ordered
set. Then

di(P) =min{E(Cy, Ca, ..., Co)},
the minimum being taken over all partitions Cy, C», ..., C, of P into chains.

A proof will be sketched in Exercise 3.2.6.

Exercises

3.2.1. The Erdbs—Szekeres theorem.?

(a) A monotone sequence is a sequence that is nondecreasing or nonincreas-
ing. Using Corollary 3.2.2., show that any finite integer sequence of length
n” 4 1 contains a monotone subsequence of length at least n + 1.

(b) Give an independent proof of Corollary 3.2.2 using the pigeon-hole
principle.

3.2.2. A dual of Dilworth’s theorem.>*

Let P be a partially ordered set. Then the maximum length of a chain
in P equals the minimum number of antichains in a partition of P into
antichains.

3.2.3. Chain decompositions and matchings.>

A relation R : § — T can be made into a rank-2 partially ordered set by
putting S “below” T, so thata < b if (a, b) € R.

(a) Apply Dilworth’s theorem to obtain the Konig—Egervary theorem (in
Section 2.3).

32 Greene and Kleitman (1976).  33Erdds and Szekeres (1935).
34This is an easy result. See Matching theory (p. 212) and Mirsky (1971a) and elsewhere.
35 Fulkerson (1956).
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If P is a partially ordered set, let R : P; — P, be the relation on two copies of
P defined by (a,b) € Rifa < b.

(b) Show that partial matching M of R gives a chain partition of P into ¢
chains, where ¢ + |M| = | P]|.

(c) Show that if U; U U,, where Uy C P; and U, C P», is a vertex cover of
R, then ignoring which copy an element is from, P\(U; U U,) is an antichain,
and hence the maximum size of an antichain equals |P| — d, where d is the
minimum size of a vertex cover of R.

(d) Deduce Dilworth’s theorem from the Konig—Egervary theorem.

3.2.4. Incomparability graphs of partially ordered sets.

Let G be a graph on the vertex set V. A proper coloring with ¢ colors of G
is a function f : V — {1, 2,..., c} with the following property: f(a) # f(b)
if {a, b} is an edge in G. The chromatic number x(G) of G is the minimum
nonnegative integer ¢ such that there is a proper coloring of G with ¢ colors.
A clique of G is a subset A C V such that every pair {a, b} witha,b € A is
an edge; that is, a clique is an induced complete subgraph. The clique number
w(G) is the maximum size of a clique in G. It is immediate that x (G) > w(G).
An independent or stable set is the opposite of a clique: it is a vertex subset C
such that no pair {a, b} witha, b € C is an edge. A graph G is perfect if for all
induced subgraphs of G (including G itself), the chromatic number equals the
clique number.

The comparability graph of P is the graph on the vertex set P with {a, b}
an edge whenever a and b are comparable; that is,a < b or a > b. The incom-
parability graph is the complement of the comparability graph; that is, {a, b}
is an edge in the incomparability graph if and only if {a, b} is not an edge in
the comparability graph. Observe that a chain is a clique and an antichain is
an independent set in the comparability graph and the roles are switched in the
incomparability graph.

(a) Show that Dilworth’s theorem is equivalent to the statement that the
incomparability graph is perfect.

(b) Using Exercise 3.2.2, show that the comparability graph of a partially
ordered set is perfect. Together with Lovasz’s theorem that the complement
of a perfect graph is perfect;3® this yields an indirect proof of Dilworth’s
theorem.

36 ovasz (1983).
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3.2.5. Width and order dimension.>’
(a) Prove Dilworth’s lemma. Let P be a partially ordered set. Then

w(P) > dim(P).
Dilworth observed this result without proof in a footnote in his 1950 paper.

(b) Let A be the antichain of maximal elements in a partially ordered set P.
Show that if A # P, then

dim(P) < w(P\A) + 1.

(c) Let A be an antichain in P such that A # P. Then
dim(P) < 2w(P\A) + 1.

(d) All three inequalities are tight. Find examples of partially ordered sets
for which equality holds.

3.2.6. Lattices of k-families and k-saturated partitions.>

Let A, (P) be the collection of k-families of P. In particular, A;(P) is A(P),
the collection of antichains of P. The collection A(P) forms a distributive lattice
isomorphic to the lattice of order ideals of P.

The depth & 4(a) of an element a in a k-family A is the length of the longest
chain in A with bottom a. Let

A; ={a:a € A and 64(a) = i}.

The subsets A; are antichains. The k-tuple [A;, As, ..., Ax] is the canonical
partition of the k-family A (even though some of the sets may be empty).

(a) Show that the canonical partition of a k-family A is the unique k-tuple
such that

o A; are antichains,
. A,~ﬂA_,~=@,ifi;éj,and
oAk<Ak_]<'~'<A1il’l.A(P).

If A and B are k-families, define
k
AvB=|]JAivB.

i=l1

where A; V B; is the join in A(P).

3 Dilworth (1960) and Trotter (1975).
38 Brank (1980), Greene and Kleitman (1976), Hoffman and Schwartz (1977), and Saks (1979).
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(b) Show that [A| Vv By, A, V By, ..., Ay V By]is the canonical partition of
A Vv B andthat A Vv B is indeed the least upper bound of A and B. In particular,
the canonical partition gives an injection y from A (P) to A(P)¥, the Cartesian
product of k copies of the antichain lattice A(P) such that y(A V B) = y(A) v

y(B)

If S C P, let S* be the set of maximal elements of the set {a: a < s for
some s € S}. Note that the inequality in the condition is strict. If [A{, Ay, ...,

Ar] is a k-tuple of antichains, define [A], As, ..., ALl inductively
by
A=A A=A AAD, .
A=A ANALDY, o A= A A (A
(c) Show that [A_l, A, .., A_k] is the canonical partition of a k-family.

Define x
AAB= U A; A B
i=1

(d) Show that A A B is the greatest lower bound of A and B in A;(P).

Parts (b) and (d) show that A;(P) is a lattice. A lattice L is locally distributive
if for every element x € L, the interval [x, x*], where x* is the join of all the
elements covering x, is a Boolean algebra.

(e) Show that A,(P) is locally distributive. However, A;(P) need not be
distributive or modular.

(f) (Research problem) Is every finite locally distributive lattice isomorphic
to Ai(P) for some partial order P and some integer k? This will extend
Birkhoff’s representation theorem.

(g) LetI(P) be the length of the longest chain in P. Show that an /( P)-family
A is a join-irreducible in A;py(P) if and only if A is a chain xy, x5, ..., X4,
where for 1 <i <k — 1, x;4 covers x;. (The description of meet-irreducibles
is more complicated; see the paper of Greene and Kleitman.)

Let diy(P) be the maximum size of a k-family in P. A Sperner k-family is
a k-family having the maximum size dx(P). Let S;(P) be the collection of
Sperner k-families in P.

(h) Show that S;(P) is a sublattice of A;(P). Using this, show that there
exists a maximume-size k-family in P invariant under all order automorphisms
of P.



136 3 Partially Ordered Sets and Lattices
A chain partition Cy, C, ..., C, of P is k-saturated it
e
E(C.Cy.....Co) = Y min{k, |Ci|} = di(P).

i=l1

(i) Show that for a given k, there exists a chain partition that is
simultaneously k-saturated and (k + 1)-saturated. This gives a proof of
Theorem 3.2.6.

(j) Show that S;(P) is a distributive lattice.

(k) (Research problem posed by Greene and Kleitman) Describe the join-
and meet-irreducibles in the lattice Si(P).

3.2.7. Greene's extension of Dilworth’s theorem.®

Let d(P) be the size of the largest subset of P obtained by taking the union
of k chains. There exists an integer partition A = A; + A, +--- + A; of | P
such that

dy(P)= A1+ A+ 4 A
and
d(P) = AT+ A3+ -+ A},

where A* is the partition conjugate to A.

3.3 Sperner Theory

Sperner theory is about maximum-size antichains in partially ordered sets. In
this section, we discuss Sperner theory in Boolean algebras of subsets of a finite
set. Sperner theory was founded by the following result.*’

3.3.1. Sperner’s theorem. Let .4 be an antichain in the Boolean algebra

2{1,2 AAAAA "}.Then
n
Al < .
A (Ln/2J>

39Fomin (1978) and Greene (1974, 1976).
40Sperner (1928). There are two Sperner theorems: the other is about triangulations.
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Equality occurs only if all the subsets in .A have the same size, |n/2] or

[n/2].

Note that by Stirling’s approximation for n!,

n 2}1
<Ln/2J) T V2
We will give several proofs of Sperner’s theorem.

Sperner’s proof. Let A be a maximum-size antichain of subsets in 2{1:2+},
Let m and M be the minimum and maximum size of a subset in A, A,, be the
subfamily of all subsets in .A of size m, and C be the family of subsets A such
that |A| = m + 1 and A contains a subset in A,,. Observe that C N A = @ and
(A\A,,) UC is an antichain.

It follows from counting incidences that

[Anlln —m| < |Cllm + 1]. (NM)
n—1
Ifm < o
C n—m
> > 1,
A, " m+1~

with equality at the second inequality if and only if m = % Hence, if m <
%, then (A\A,,) U C is an antichain of larger size. We conclude that if A is
a maximum-size antichain, then m > % Arguing in the order-dual, we can
also conclude that M < %

If n is even, then m = M and the theorem follows. If »n is odd, then m +
1 = M. It may happen m < M and one needs to rule out the possibility of
constructing a larger antichain taking a mixture of subsets of size L%J and

f%}. This can be done easily using (NM). (I

The idea of counting incidences in two different ways is used more efficiently
in the next proof, due independently to Yamamoto, MeSalkin, and Lubell (in
chronological order of publication).*!

Proof using the LYM inequality. A chain in 212" is maximal if it has
length n or equivalently, it is constructed by starting with the empty set and
adding elements, one at a time. There are n! maximal chains. Given a subset
A C{l1,2,...,n}of size k, a maximal chain containing A can be constructed

41 Lubell (1966), Mesalkin (1963), and Yamamoto (1954).
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by starting at the empty set, adding elements from A one at a time until one
obtains A, and then adding elements in the complement of A one at a time.
Thus, there are k!(n — k)! maximal chains containing A.

Let A be an antichain, 4, be the subfamily of subsets in A of size k, and
ar = | Ag|. Since an antichain and a chain can have at most one subset in
common, we obtain the LYM inequality:

Zakk!(n —k)! <n!.

=0
Using the fact that max{(}): 0 < k < n} = (Ln’}ZJ), we have
Z%O (475 < . Tk <1
(|_n/2 j) = ()

This proves the inequality in Sperner’s theorem. If equality occurs, then oy = 0
for all k such that (Z) < (Ln72J)' In other words, o = 0 unless k = [n/2] or
[n/2]. If n is even, this implies that .4 is the antichain of all elements of size
[n/2]. If n is odd, then it could happen that A consists of a mixture of subsets
of size |n/2] or [n/2]. This possibility also occurs in Sperner’s proof and can

be excluded by the same easy argument. g

Third proof. The third proof uses Corollary 3.2.6. This result says that there
exists a maximum-size antichain invariant under all order automorphisms of
P. Put another way, there is a maximum-size antichain that is a union of or-
bits of the automorphism group of P. An order automorphism of 212}
restricts to a permutation of the one-element subsets, and hence the automor-

phism group of 2{1:2+" is the symmetric group on {1, 2, ..., n}. Hence, the
orbits are {A: |A| = k}. It follows that {A:|A| = [n/2]} is a maximum-size
antichain. |

Corollary 3.2.6 extends easily to k-families (see Exercise 3.2.7(h)).
Thus, the third proof yields the following extension first observed by
Erdos.

3.3.2. An extension of Sperner’s theorem. Let.4 be a k-family in the Boolean
algebra 2{1:2"! Then

Lk/2] n
A= 2 (an +j)‘

j=—1k/2]
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Equality occurs if and only if A is the collection of all the subsets in A of size
ln/2] + j, where —|k/2] < j < |k/2]ifniseven,and —|k/2| < j < |k/2]
or —|k/2]+1<j < |k/2] 4+ 1ifnisodd.

A symmetric chain in the Boolean algebra 2%+ is a chain
Ev, Eyy1, ..., Ey—y such that |E;| =i (and, of course, E; C E;;1). Symmet-
ric chains are centered at a set of size n/2 if n is even and two sets of equal
size [n/2] and [n/2] if n is odd. A symmetric chain partition is a partition
of 211.2.n} jnto symmetric chains. Thus, if # is even, there are (n'/'z) — (n /; +1)
chains of length 1, (n /g +]) — (n /; +2) chains of length 3, and so on. Similarly,
if n is odd, there are ([n?ﬂ) — (fn/ng) chains of length 2, (rn/;Hl) — (fn/;HZ)
chains of length 4, and so on. This can be compactly stated as follows: there
are

()~ 1)
[+ 8/21)  \[n 4k +1)/2]

chains of length k. For example, when n = 4, a symmetric chain decomposition
has 1 chain of length 4, 3 chains of length 2, and 2 chains of length 0.

3.3.3. Lemma.** The Boolean algebra 2{1:>" has a symmetric chain parti-
tion.

Proof. We proceed by induction. When n = 1, 2! can be partitioned into
one chain of size 2 and the lemma holds. Suppose that 2!12+"=1} has been
partitioned into symmetric chains. Let

Ev, Exqy1, ..., Eni

be alength-/ symmetric chain in this partition, where/ = n — 2k + 1. We define
two new chains. The first is constructed by removing E(,—1)—x and adding the
element 7 to each of the remaining sets, giving the length-(/ — 1) symmetric
chain

EyU{n}), Exp Ufn), ..., Epig U {n}

in 2{1:2+ The new chain is empty when the original chain has length 0, that
is, when n is even and k = n /2. The second chain is constructed by putting the
subset E,_; U {n} on the top of the chain, giving the length-(/ + 1) symmetric
chain

Ev,Eviry .. Enop, Eng U {n}.

42 de Bruijn et al.(1949).
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The new chains that are nonempty yield a symmetric chain decomposition of
o{1.2,00m} O

The chain partition constructed inductively in Lemma 3.3.3 can be described
explicitly by a bracket notation. Represent the subsets in {1,2,...,n} by a
length-n sequence of Os and 1s and replace each 1 by “(” and each 0 by
“)”. For example, for the subset {1,3,4,6,7,8,9}in {1,2,...,10, 11}, we
have

—_
o
—_
—_
o
—_
—_
—_
—_

0 0

Close brackets where possible, so that for our example, we obtain

0 COCCO-

The subsets with the same closed brackets (at the same coordinates) form a
chain. For our example, there are four such subsets:

O o W 10110111100
O ) 0 ) 1 0010111100
0O 0)H) W 1 00100T1TT1T1O00
0O 0)H))H) W 10010007110 0.

These subsets form the chain
{1,4,8,9} C{1,4,7,8,9} C{1,4,6,7,8,9} C {1,3,4,6,7,8,9}.

We end this section with a discussion of the following problem, posed by
Littlewood and Offord: Let ay, oy, ..., a, be complex numbers of absolute
value strictly greater than 1. How many among the sums Y :_, €;a;, where
(€1, €2, ..., €,) are the 2" vectors, with €; equal to —1 or +1, have absolute
value less than or equal to 1?7 Although there is an application to zeros of
random polynomials, the problem is appealing on its own.*?

The answer is in the following theorem, proved independently by Katona
and Kleitman.*

43 Littlewood and Offord showed that if oo, A1, ..., «, are complex numbers, then “most” of the
polynomials
a0+ €101z + €2007% + -+ + €40 2"

have “few” real zeros. Further applications can be found in Tao and Vu (2006).
44Katona (1966) and Kleitman (1965, 1970).
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3.3.4. Theorem. Let ay,ay,...,®, be complex numbers of absolute value
greater than 1 and U be a region in the complex plane satisfying the fol-
lowing property: if x, y € U, then |x — y| <2. Then at most (Ln’/IZJ) of the
sums

ZE,’O{,', €; ::l:],

n

can lie in U. In particular, at most (Ln )

radius 1 in the complex plane.

) of the sums lie inside any circle of

The ingenious idea is to turn the analytic data into combinatorial data. This
is best understood by looking at the one-dimensional or real case, proved by
Erd6s in 19454

3.3.5. Theorem. Leto, an, ..., o, be real numbers of absolute value at least
1 and I be an half-open interval of length 2. Then at most (Ln?Z J) of the sums
Y €, e =+l arein I.

Proof. Since the multiset of sums Y _ €;¢; is unaffected if we substitute —c; for

o;, we may assume thato; > 0. If A € {1,2,...,n}, let
S(A) = Z @ — Z aj. &)
jijeA jijgA

This associates each sum Y _ €;o; with a subset A in {1,2,...,n}. If A C B,
then |[S(B) — S(A)| > 2, and hence the two sums S(A) and S(B) cannot both
be in a half-open length-2 interval. Hence if the sums S(A) lie in a half-open
length-2 interval, the sets A form an antichain. We can now apply Sperner’s
theorem. (I

Just as in the real case, we may replace «; by —o; in the complex case.
Thus, we can assume that all the complex numbers «; lie in the upper half-
plane.

Given a region U satisfying the property in Kleitman’s theorem, let F be
the family of subsets A such that the sum S(A) is in U, and T be the subset
of indices j such that «; lies in the first quadrant; that is, both the real and
imaginary parts of o; are nonnegative. Let A and B be subsets in F such that
B C A, S(A) =) ¢€a;, and S(B) = )_ &«;) be the vectors determined by A

45 Erdés (1945).
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and B. Then,
Gi—€i=2 if ZGA\B,
Gi—giZO if ieAﬂB,
€ —&=0if i e{l,2,...,n}\A.
Thus,

S(A) = S(B) = (e — &)

i=1
=2 Z ;.

iricA\B

If, in addition, A\ B C T, then the last sum ranges over complex numbers of
absolute value greater than 1 in the first quadrant, and hence the sum also has
absolute value greater than 1 (and is in the first quadrant). Hence, |S(A) —
S(B)| = 2, and in particular, S(A) and S(B) cannot both lie in the region U.
We conclude that the family F satisfies the property:

(Ky) If A and B are subsets in F, A C B, and the difference set B\ A is
contained in 7', then A = B.

We can repeat the argument on the second quadrant to conclude that F also
satisfies the property:

(Ky) If A and B are subsets in 7, A € B, and B\A is contained in the
complement {1, 2, ...,n}\T, then A = B.

We can now finish the proof of Theorem 3.3.4 with the following “two-part
Sperner theorem.”

Theorem 3.3.6. Let T C {1,2,...,n} and F be a family of subsets of
{1,2,...,n)} satisfying properties (K;) and (K»). Then F has at most (Ln72 )
subsets.

Proof. Let t = |T|. We shall consider the case when both n and ¢ are even. The
other three cases are almost the same. Once this case is understood, a single
unified proof for all four cases can easily be written using floor and ceiling
functions.

Fix a symmetric chain partition of the Boolean algebra 27 of subsets of T.
Consider a chain C of odd length 2k + 1 consisting of the subsets

Dijp—ks Dijp—ks1s -+ Dijay ooy Dijoyie
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For an index j, t/2 —k < j <t/2 + k, let F;(C) be the family of subsets E
such that E is contained in the complement {1,2,...,n}\T and EU D; is
in the family F. By (Kj), the families F;(C) are antichains, and hence the
union E/Q,k(C) U E/Q,kJr](C) U.---u f}/2+k(6) is a k-famlly in 2{1'2""’"}\7-.
By Theorem 3.3.2,

k k n—t
U 7mo© S,zzk<<n—t>/2+j)'

==

By (Ky), the sets F;(C), where C ranges over all symmetric chains in
the chosen partition and j ranges over an appropriate integer interval, are
pairwise disjoint. In particular, the unions [ J i F ;(C) are pairwise disjoint.
Hence,

FEDY

Using the fact that in a symmetric chain partition of 27, there are

t t
(t/2+k> B <1/2+k+ 1)

chains of (odd) length 2k + 1 (and no chains of even length), we obtain

/2 ; t k n—t
71 = ; [(r/2+k) - <z/2+k+ lﬂj;k <<n - f)/2+i)'

To simplify this inequality, we change the order of summation, obtaining

: n—t / /

2

2 n—t d t
- ; ((n - t)/2+j) i (t/2+k) (t/2+k+ 1)]
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The inner sums (over k) are telescoping. Thus,

N (A I ol (A B RN |

o\ =072+ ) = \/2+k t/2+k—1
0 n—t t

=2 ((n—r>/2+j><r/2+ j>

j=—t/2

0 n—t t

- ,._;2 ((n —0/2+ ,-) <r —(t/2+ j))
0 n—t t

- ‘,‘;,/2 (n/z —(t/2~ j)) <r/2 - j)

- ;:2 (n’;z__t i) (j)

where, in the last step, we change the index of summation from jtoi =¢/2 — j.
Similarly, the second sum simplifies to

lgl (ni;z__t i) C)

To finish the proof, we use the van der Monde—Chu identity

(nl;z) N ; (ni;z_—t i) C)

to conclude that | F| < (n’}z). a

The proof we have given is Kleitman’s 1965 proof. There are other ways to
prove Theorem 3.3.4. In particular, it turns out that the separate steps to convert
analysis to combinatorics and then to use the existence of a symmetric chain
decomposition are unnecessary. One can construct an analog of a symmetric
chain decomposition on the sums directly, yielding a general d-dimensional
analog (see Exercise 3.3.5).

Exercises

3.3.1. Let C be a collection of subsets of {1, 2, ..., n} such that for every pair
A and B of subsets inC, AN B # (.

(a) Show that |C| < 2" L.

(b) Describe those collection C such that |C| = 2"~ 1.
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3.3.2. Mesalkin’s extension of Sperner’s theorem.*®
Two partitions {A1, Ay, ..., Ay}and {By, B, ..., B} with the same number
s ofblocksof {1, 2, ..., n}are comparable if for some indices i and j, A; C B;

or A; 2 B;. Show that the maximum size of a family of incomparable partitions
equals the following maximum of multinomial coefficients:

n
max{( >:n1+n2+--~+nszn}.
n17n27"'1n5

3.3.3. The probability that one set contains another.*’

Put a probability measure on 2{1:2"} Show that if two subsets A and B are
chosen independently, then the probability that A € B is at least 1/m, where
m is the middle binomial coefficient. (This lower bound is independent of the
probability measure.)

3.3.4. Prove analogs of Theorems 3.3.1 and 3.3.3 for the lattice of divisors of
a number (or a finite product of chains).

3.3.5. The d-dimensional Littlewood—Offord problem *®

Letay, o, ..., a, be vectors in R?, with ||o;|| > 1 (where || x| is the length
of the vector x). Show that at most (Ln72 J) sums Y €;, € = %1 lie in a unit
ball.

Sperner theory for partially ordered sets.

In the 1960s, Rota suggested studying extensions, or, more accurately, nonex-
tensions, of Sperner’s theorem to arbitrary partially ordered sets. This has
become an intensive area of research. We present a selection of concepts and
results in general Sperner theory.

In the next two exercises, let P be a finite ranked partially ordered set
having rank N, W;(P) (or W;) be the set of elements in P of rank 7, and
W;:(P) = W; = |[W;|. The numbers W; are the Whitney numbers of the second
kind of P.

3.3.6. The normalized matching property and the LYM inequality.*
The partially ordered set P satisfies the normalized matchin. property if for
every rank i and every subset 5 C W,

1B _ 1B

Wie = W

9

where

I(B)={b: b € W;_; and b < a for some a in B}.

46 Mesalkin (1963). 47 Baumert et al. (1980). 48 Kleitman (1976). “*°Kleitman (1974).
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The partially ordered set P satisfies the LYM inequality if for every antichain
Ain P,

1
Wrank(a)

A

a:acA

or, equivalently,

N
[ANW,]|
L

The third property is explicitly combinatorial: P has a regular chain cover,
that is, a nonempty collection of chains C of P such that for each nonnegative
integer 7, every rank-i element occurs in the same number (depending on i) of
chains in C.

(a) Show that the three properties are equivalent.

The partially ordered set P is Sperner if the maximum size of an antichain
in P equals max{W;(P): 0 <i < n}.

(b) Show that if P satisfies the LYM inequality, then P is Sperner.

3.3.7. Unimodality, matchings, and the Sperner property.>

The partially ordered set P is Sperner if the maximum size of an antichain in
P equals max{W;: 0 < i < n}. We can define symmetric chains and symmetric
chain partitions for ranked partially ordered set exactly as for Boolean algebras.

(a) Prove the following observation of Harper and Rota. Let P be a ranked
partial order satisfying the following two properties:

HR1. Unimodality of the Whitney numbers: There is an index m such that
Wo< Wi =W <--- < W,
and
Wm = Werl = = anl = Wn-
HR2. The matching condition: For 0 <i <n — 1, the relation W;(P) —

W;+1(P) obtained by restricting the partial order has a partial matching of
maximum size max{W;, W;;}.

Then P is Sperner.

0 Matching theory (p. 213) and Griggs (1977).
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(b) Prove Griggs’ theorem. A ranked partially ordered set P of rank n
has a symmetric chain partition if it satisfies the following three properties:
unimodality of Whitney numbers, the LYM inequality, and symmetry: For
0<i=<|[n/2], Wi =W,

3.3.8. Dedekind’s problem on free distributive lattices.”!

The free distributive lattice on n generators is the “largest” distributive
lattice generated by n generators, in the sense that any other distributive lattice
generated by n generators is an image under a lattice homomorphism. By
Exercise 1.3.7, the elements of the free distributive lattice on n generators
are in bijection with monotone, that is, surjective order-preserving functions
f 222 5 {0, 1}. Monotone functions are in bijection with antichains not
equal to {#} or {{1,2, ..., n}}in 2{L2n},

Dedekind posed the problem of finding v(n), the number of elements in
the free distributive lattice on n generators. By Exercise 1.3.8(d), the number
¥ (n) + 2 equals the number of antichains in the Boolean algebra 2{1:2}

(a) Show that

2(177'/221) < w(n) < 3(@721)_
(b) Show that

2(1+an)(w’/22j) < .(l/(n) < 2(1+ﬁ;x)(Lnl;2J)’

where a, = ce™"/*, B, = ¢’(logn)//n, and c, ¢’ are constants.

3.4 Modular and Linear Lattices

Although the lattice axioms are abstracted from properties of set-unions
and -intersections, lattice theory is not usually regarded as a generalization of
the theory of Boolean algebras. Most lattice theorists regard Richard Dedekind
as the founder of the subject. In his two papers,’? Dedekind established lattice
theory as the order-theoretic foundation of algebra.

For Dedekind, elements of lattices are subalgebras, ordered by set-
containment. For algebras with an Abelian group operation, such lattices satisfy
a modular law. The modular law can be stated as an identity: for all elements
x, y,and z,

XAQVEAD)=EAY)V(XAZ). M1)

51 Hansel (1966), Kahn (2002), Kleitman (1969), and Kleitman and Markowsky (1974).
32 Dedekind (1897, 1900).



148 3 Partially Ordered Sets and Lattices

It can also be stated as a weaker form of one of the distributive axioms: for
elements x, y, and z such that x > z,

XAQPVD=CANVEAD=CEAY) V2 M2)

Since x > z if and only if x A z = z, it is easy to see that the two formulations
of the modular law are equivalent. The inequality

XA(QYVEAZD))=>EXAY)V(XAZ) (M3)

holds in any lattice, as both x and y Vv (x A z) are greater than or equal to x A y
and x A z. Hence, the modular law is equivalent to the inequality

XAQYVEAZD)) <XAYVXA?2). M4)

In a similar way, the modular law is also equivalent to the apparently weaker
statement: for elements x, y, and z such that x > z,

xXA(YVZY<KEAYVZ

A lattice is modular if it satisfies the modular law. Examples of modular
lattices include lattices of normal subgroups of a group, lattices of subspaces
of a vector space or projective space, lattices of ideals of a ring, and lat-
tices of submodules of a module. The partial order in all these lattices is
set-containment. The meet is set-intersection, and hence meets of arbitrar-
ily many elements exist. The join of any subset X of elements is defined
by

\/ xzﬂ{y:ygxforallxinX}.

x:xeX

In algebra terminology, the join is the subgroup, subspace, ideal, or submodule
generated by all the elements in the union J,. ..y x.

An easy argument shows that the modular law holds in these lattices. For
example, let L(V) be the lattice of subspaces of a vector space V. Then x A
y=xNy and x V y is the subspace spanned by the vectors in the union
of x and y. Let x, y, and z be three subspaces and v be a vector in the
subspace x A (y V (x Az)). Then ¥ € x, v =u + w, where i € y and W €
x A z. The last condition implies that w € x, which, together with i = v — W,
implies that # € x, and hence, i € x A y. Since ¥ = i + w, we conclude that
V€ (x Ay)V (x Az). This proves inequality (M4), and hence the modular
law.>?

33 Kronecker called subgroups of Abelian groups “modules.” This was the origin of the name
“modular law.”
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3.4.1. Dedekind’s transposition principle. If x and y are elements in a modular
lattice L, the intervals [x, x V y] and [x A y, y] are lattice-isomorphic under
the functions

oy, xVvyl=>[xAy,y]l, u>uny,
Ye:[x Ay, y] = [x,xVyl, vi> x V.

Proof. We first show that the composition v, ¢, is the identity on the interval
[x,x VvV y].Letu € [x, x V y]. Then x < u and by the modular law,

Vo) =AY VX =uA(yVx)=u.

By the same argument, dualized, ¢, is the identity on [x A y, y]. Hence, ¥,
and ¢, are bijections. As both functions are order-preserving, the two intervals
are isomorphic as partial orders and, hence, as lattices. O

Dedekind’s transposition principle implies the “third” isomorphism theorem
for modules and as a special case, Abelian groups.

Let C be aclass of lattices. A lattice F is afree lattice on aset X of generators
for the class C if F is in C and F satisfies the universal property: if L is a
lattice in C and ¢ : X — L is a function, then there exists a unique lattice
homomorphism @ : FF — L extending ¢. The universal property implies that
if X and Y have the same cardinality, then the free lattices on X and Y in C are
isomorphic. Up to isomorphism, we denote by F¢(R) the free lattice on a set
of generators of cardinality X, if such a lattice exists.

Let M be the class of modular lattices. In his 1900 paper, Dedekind con-
structed implicitly the free modular lattice Fy(3) on three generators as a
sublattice of the lattice L(H) of subspaces of an eight-dimensional vector
space H. Let {e;: 1 <i < 8} be a basis of H. If X is a set of vectors, let (X) be
the subspace spanned by X. Let x = (e, e, €5, €3), ¥ = (€2, €3, €6, €7), and
7z = (ey, e4, €g, €7 + eg). Then with patience and elementary linear algebra, we
find that there are 28 different subspaces formed by taking meets and joins of
X, y,and z.

Dedekind’s argument can be made abstractly. Let x, y, and z be three
generators. In the free modular lattice they generate, the maximum 1 is x v
y V z and the minimum 0 is x A y A z. Let

u=xAy)Vy Az VI(EAx),
V=@ VY)AQGVIIAEVX),
xi=@AvV)Vu=(xVu Av,
=Q@Av)Vu=(yVu) A,
zZ1=@@Av)Vu=@EVu)Av,
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Figure 3.1 Free modular lattice on three generators x, y, and z.

as shown in Figure 3.1. These five elements are distinct. The elements x A
v,y Az,andz A x generate a Boolean algebra with eight elements, giving
the interval [0, u]. Dually, x vV y,y V z,and z V x generate an eight-element
Boolean algebra as well, giving the interval [v, 1]. There are six additional
elements, x A x;, Yy Ay, ZAZ1, X VX1, ¥V y1, and z V z1, obtainable from
the lattice operations. For more details, see the solution to Exercise 3.4.3.

3.4.2. Proposition. The free modular lattice Fy1(3) has 28 elements.

The free modular lattice on four generators is infinite. To show this, we
exhibit an infinite number of elements in a modular lattice generated by four
elements. Let PG(2, R) be the real projective plane. We use the field of real
numbers so that we can draw pictures; any infinite field will work. If @ and b are
points, let a, b be the line defined by a and b, and £ the line at infinity. Let a,
b, ¢, and d be four points in PG(2, R) such that the lines a, b and c, d intersect
at a point v; on the line £, at infinity and a, ¢ N b,d=v, and vy € £oy. In
particular, the two pairs a,b, c,d and @, ¢, b, d of lines are parallel in the
affine subplane.

In addition, let v=a,dNb,c, u=7v,0;1Nb,d,  =7v,v;Na,b, s =
founc,d, and vs =a,d N1, s. Fori =1,2,3,..., define the points re-
cursively by

tiy1 =38, 02Na,b and s;41 =11, v3Nc,d.

The points s; and ¢; are distinct, as shown in Figure 3.2.
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Figure 3.2 The free modular lattice on four generators is infinite.

The infinite set of points {s;,#;: 1 <1, j < oo} are lattice polynomials
in a, b, ¢, and d in the lattice of subspaces of PG(2, R). Hence, a, b, c,
and d generate an infinite sublattice of the (modular) lattice of subspaces of
PG(2, R).

The argument just presented shows the importance of geometric ideas in
studying modular lattices. The lattice operations of joins and meets of sub-
spaces are analogs of the geometric constructions of projections and sections
in synthetic projective geometry. With its focus on incidence relations and its
refusal of coordinates, synthetic projective geometry can best be understood
using the language of modular lattices. In particular, modular lattices offer a
way to work with joins and meets of arbitrary subspaces without referring to
the underlying points. We explain this point of view by studying Desargues’
theorem.>* (Desargues’ theorem is a theorem for projective spaces of dimen-
sion three or higher. There are projective planes in which Desargues’ theorem
fails.)

3.4.3. Desargues’ theorem. Leta, b, c,d’, b’, and ¢’ be six points in a projec-
tive space, no three on a line, such that the lines a, a’, b, b’, and c, ¢’ meet at a
common point p (see Figure 3.3). Let

d=a,bnrna,b, e=b,cnb,c, and f=a,crna,c.

Then the three points d, e, and f are on the same line.

Schiitzenberger®> observed that Desargues’ theorem is a special case of the
following lattice-theoretic condition, called the Arguesian law: for any elements
x,vy,z,x’,y,and 7" in L such that

VYA VY)=QGVI)IA@V)=@Vv)AxVvy),

54 For Desargues’ work, see Field and Gray (1987). 55 Schiitzenberger (1945).
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Figure 3.3 Desargues’ theorem.

the following equations hold:

[(x VA VIVIEVZAE V)]
=[GVIAQY VOIVIE VY AE VY]
=[x VI)AXVDHIVIGVIAQG VI

Since Schiitzenberger’s paper, several equivalent versions of the Arguesian
law have been found. An example is the following compact variation (CA):

if>6
xvxh)A(yvy)<zvZ,
then
CVIAX VYIS VIAX VIV VDIAQY VL

Both versions of the Arguesian law so far are implications. Jénsson®’ has given
a version which is an inequality. Let

u=x VA VIALEVIAE VYV VDAY VI
Then the Arguesian law can be stated as
VIIAQVIIAGV) @A@Y YY)V AWUVY).

Another version is a self-dual inequality due to Day and Pickering and

Haiman:>®

AL VXY Ay VY Vz]
SxV[I[EVIAE VIIVIOVIAQ VIO AE VI

The Arguesian law implies the modular law in the following way: if X > Y, then
Jonsson’s inequality with x = y' = Z, y =z = x’ = Y, and 7/ = X becomes
XAXYVZLD<YVXAZ).

36 Day (1983). 37 Jénsson (1953). 38 Day and Pickering (1983) and Haiman (1985b).
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A lattice L is Arguesian if it satisfies the Arguesian law. The most natural
examples of Arguesian lattices are lattices of commuting equivalence relations
in combinatorics and lattices of normal subgroups in algebra. Recall from
Section 1.5 that a (binary) relation R on S is a subset of the Cartesian product
S x S. If a and b are elements of S, we write a R b instead of (a, b) € R. If
R and T are relations on S, then the composition R o T is the relation on S
defined by a@ R o T b if there exists an element c in S such thata Rcand ¢ T b.
Relational composition has been studied extensively (see Section 1.5), but the
general theory had no impact on combinatorics so far. However, a special case
of relational composition has an elegant algebraic theory. This is the case of
commuting equivalence relations.

A relation R on S is an equivalence relation if it is reflexive, symmetric,
and transitive: in terms of relational composition, R is an equivalence relation
if ] C R, R”™" =R, and Ro R C R, where I is the identity or equality rela-
tion {(a¢, a): a € S} and R™! is the inverse relation {(b, a): (a, b) € R}. Given
an equivalence relation R, the equivalence classes of R form a partition of
S; conversely, any partition of S determines an equivalence relation whose
equivalence classes are the blocks of the partition. The notions of equivalence
relations and partitions are mathematically equivalent or “cryptomorphic,” but
different psychologically. Let R, be the equivalence relation associated with
the partition 7.

The set T1(S) of partitions of a set S forms a lattice under the partial order
of reverse refinement: m < o when every block of 7 is contained in a block of
o. Under this partial order, I1(S) is a lattice. The meet & A ¢ in I1(S) is the
partition whose blocks are B N C, where B is a block in 7 and C is a block in
o. In terms of their equivalence relations,

Rirne =R NR,.

The join 7 V o is the least partition coarser than both 7 and o. It does not
have a simple description in terms of blocks. In terms of relations, R, is the
least equivalence relation containing R, U R, . Since any equivalence relation
containing R, U R, contains R, o R, by transitivity, both R, and R, are
contained in R; o R, and the transitive closure of R; U R, is an equivalence
relation, we conclude that

(o]
Reve=|JRroRs0Rr0R; 0 0R;0R,.

m=1

m times

Two relations R and T commute if RoT =T o R.

3.4.4.Lemma. R;,, = R; o R, if and only if R, and R, commute.
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Proof. If R and T are commuting equivalence relations, then
RoToRoT=RoRoToT =RoT.

Hence, if R, and R, commute, then R;,, = R; o R,.
Conversely, suppose that R\, = R; o R,. Then R, o R, 2 R, o R . Tak-
ing inverses, we obtain (R; o R,)™! 2 (R, o R;)~!. But

(ReoR,)'"=R'oR'=R, 0R,.

Hence, R, o R, 2 R, o R,. We conclude that R; o R, = R, o R. O

Since R, is the smallest equivalence relation containing R, o R,, we
have also proved the following result.

3.4.5. Lemma. Let R and T be equivalence relations on the set S. Then R and
T commute if and only if R o T is an equivalence relation.

We next characterize commuting equivalence relations. To do this, we use
a weakening of the notion of stochastic independence of partitions from in-
formation theory (see Section 1.4). Two equivalence relations R, and R, are
algebraically independent if for any block A in 7 and any block B in o,
ANB #P. If R, and R, are independent, then for any two elements a and
bin S, aR,b, aR,b, or there exists a point ¢ such that aR,c and cR,b.
Hence,

R”ORT, =R{S} =RﬂORJ,

where {S} is the maximum partition consisting of one block S. In particular,
R, and R, commute.

Let E C S. If R is a relation on S, then the restriction R|g is the relation
RN E x E. If R is an equivalence relation, then R|g is also an equivalence
relation. If 7 is partition on S, then the restriction m|g is the partition on
E whose blocks are the nonempty subset of the form B N E, where B is
a block of 7. Note that the partition associated with R, |g is the restriction
T | E-

Let S; be a family of disjoint subsets with a partition 7; on each subset S;.
The disjoint union U;m; is the partition on the union Ui S; consisting of all
the blocks in the partitions ;. Suppose that for each i, o; is a partition of S;
such that 7; and o; are independent. Then Lj;7; o U;0; and U;0; o U;m; both
equal L;{S;}. Hence, L;7; and L;0; commute, but they are not independent.
This shows one direction of the following characterization.
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3.4.6. The Dubreil-Jacotin theorem.’® The equivalence relations R, and R,
commute if and only if for every block C of the partition  V o, the restrictions
7 |c and o |¢ are algebraically independent.

Proof. We first show a special case. If the equivalence relations R, and R,
on S commute and 7w V o = {§}, then R, o R, = R(s}, and hence for any
two elements a and b in S, there exists an element ¢ such that aR,c and
cRyb. The element c is in the intersection of the block containing a in &
and the block containing b in 0. We conclude that = and o are algebraically
independent.

To prove the general case, let C be a block of 7 v 0. Then R;|c o Ry|c =
R(cy, and hence, R;|c and R,|c commute as equivalence relations on C.
The special case holds and we conclude that |¢c and o|¢ are algebraically
independent. (]

A lattice L is linear if there exists a bijective lattice homomorphism
R : L — TI(S) such that for all elements x and y in L, their images
R(x) and R(y), thought of as equivalence relations on §, commute, so
that

R(x vV y) = R(x) V R(y) = R(x) o R(y).
3.4.7. Theorem. A linear lattice L is Arguesian.

Proof. We prove the implication (CA). Let R : L — TI(S) be a bijective
homomorphism into a sublattice of commuting equivalence relations and
x,y,2,x',y,7 be elements in L such that

RxVvx)NR(yVY)C R(zV7Z). (H)

Suppose a, b € S and a R((x V y) A (x" v ¥')) b. Then there exist ¢ and d such
that

aR(x)c, cR(y)b, aR(x)d, dR(y")b.
From this, we deduce that
cR(x Vv x)d, cR(yvy)d
and

cR((xVvx)YAQVY)d.

59 Dubreil and Dubreil-Jacotin (1939).
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By inequality (H), ¢ R(z V z’) d. Thus, there exists e € S such that cR(z)e and
eR(Z)d.
So far, we have the following relationships involving a and e :

aR(x)c, cR(z)e, aR(x)d, dR()e.

Hence,

aR(x VAKX Ve
Similarly,

eR(YVING VIND.
Combining these two relations, we obtain

aR([(x VA VIV VAQG VDD,
and thus,
R((xVvAEVYNCSRIGVIAE VIVIGVDAQG V.
O

We end with a discussion of free linear lattices.

3.4.8. Theorem. Free linear lattices exist.

The only known proof is indirect and uses a theorem of Birkhoff%* that free
lattices exist in a class C of lattices if and only if C is closed under forming
direct products and taking sublattices.

We first observe that a sublattice of a lattice of commuting equivalence
relations is also a lattice of commuting linear relation. Next, we show that a
direct product of linear lattices is linear. Let / be an index set and for each
i €1, let L; be a lattice represented by commuting equivalence relations on
the base set S;. Associate with each element (x;);c; in the Cartesian product
]_[i:l.€ ; L; the equivalence relation R((x;)) on the base set [ S; defined
by

itiel

(ai) R((x;)) (b;) if a;R(x;)b; foralli € I.

Put another way, the equivalence classes of R((x;)) are all Cartesian products
]_[i:l. <; Bi, where B; is an equivalence class in R(x;). It is routine to check
that R : [[,.;c; Li = [1;.;c; Si is a representation by commuting equivalence
relations.

itiel

0 Birkhoff (1967, p. 167).
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At this stage, we can finish the proof by quoting Birkhoff’s theorem. It
takes only a little longer to explicitly show Birkhoff’s construction for linear
lattices. Let X be a given set of generators. If | X| is infinite, let £ be the set
of isomorphism classes of linear lattices such that |L| < |X|; if |X] is finite,
let £ be the set of all isomorphism classes of finite or countable linear lattices.
Let H be the set of all pairs (¢, L), where L € L and ¢ : X — L is a function
(defined up to an isomorphism of L). Let

L= J] L.

(p.L): (¢, L)eH
Then L is linear, because it is a product of linear lattices. For each generator x in
X, let X be the element in L with (¢, L)-component equal to ¢(x;). Let Fr(X)
be the sublattice of L generated by the set {#: x € X}. This s a linear lattice and
we claim that it is free. To see this, let ¥ : X — M be a function from X to a
linear lattice M. Then (y, M) € H.Let P : L — M be the projection sending
an element of L to its (y, M)-component. This is a lattice homomorphism
extending . We conclude that L satisfies the universal property defining a free
linear lattice.

Other than existence, little is known about the structure of free linear lat-
tices. The only case known is that Fy,(3) is isomorphic to the free modular
lattice Fym(3). The free modular or linear lattice on n generators contains
(as a homomorphic image) the lattice generated by n subspaces in projective
space. When n = 3, the lattice generated by n subspaces in general position
equals F1,(3). Whether this equality holds for n > 4 is unknown. An explicit
construction for free modular or linear lattices would yield insights into the
geometric problem of finding invariants and classifying configurations of sub-
spaces. The case of four subspaces was studied intensively by Gelfand and
Ponomarev.°!

A major research problem is whether linear lattices can be characterized
by identities. By a theorem of Birkhoff (see Exercise 1.3.8), an equivalent
problem is whether the class of linear lattices is closed under homomorphic
images. Haiman® proved that linear lattices satisfy a sequence of increasingly
stronger identities based on Desargues’ theorem. However, he also showed that
these analogs are not sufficient to characterize linearity. Haiman also developed
a proof theory for universal Horn sentences (that is, sentences of the form
/\i[P,- < Q;]=1[P < Q], where P;, Q;, P, Q are lattice polynomials, “A”
is logical conjunction or “and”, and “=>"" is implication) about linear lattices.
His algorithm represents a given Horn sentence as a series-parallel graph and

61 Gelfand and Ponomarev (1972, 1974).  %2Haiman (1991).
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then applies simple graph constructions that would yield either a proof or a
counterexample.%

Exercises

3.4.1. Show that in a modular lattice, the two conditions that (I) x and y are
comparable and that (I) for some elementax Va =y Vaandx Aa =y Aa,
imply that x = y.

3.4.2. McLaughlin’s theorem.%

Recall from Exercise 1.3.6 that a lattice L is modular if and only if L
does not contain the pentagon Ns as a sublattice. Prove McLaughlin’s the-
orem: let L be a complemented lattice with minimum 0 and maximum 1.
Suppose that L does not contain a pentagon with m = 0 and M = 1. Then L is
modular.

3.4.3. (a) Construct the free distributive lattice Fp(3) on three generators.

(b) Do the calculations in the construction of Fy;(3).

(c) Prove von Neumann’s observation:®> The sublattice generated by three
elements x, y, and z in a modular lattice is distributive if and only if x A (y Vv
D=xAY)VxA2Z).

3.4.4. The free modular lattice generated by two chains.®®

In this problem, we need the notion of a free modular lattice generated by
a given partially ordered set P. Informally, this is the largest modular lattice
Fym(P) containing P, with meets and joins in Fy( P) agreeing with any existing
infimums and supremums in P.

(a) Define Fy(P) formally by a universal property.

Let P(m, n) be the partially ordered set consisting of two disjoint chains

X]<Xp<-:-<Xy, and yy<yy<--- <Yy,

the first having length m — 1 and the second having length n — 1. Let Y (m, n)
be the (distributive) lattice of order ideals of the Cartesian product of the two
chains {0, 1,2,...,m} and {0, 1, 2, ..., n}, in their natural order.

(b) Show that |Y (m, n)| = ("™).

(c) Prove the Birkhoff-Schreier—Zassenhaus theorem. The free modular lat-
tice Fpm(P(m, n)) generated by the partial order P(m, n) is isomorphic to a
sublattice of Y (m, n). In particular, it is distributive.

63 Haiman (1985a). % McLaughlin (1956). % von Neumann (1936).
66 Birkhoff (1967, p. 65), Schreier (1928), and Zassenhaus (1934).
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3.4.5. Modular lattices and exterior algebras.%

(Research problem) Exterior algebras provide a calculus for meets and joins
of subspaces. Thus, meets and joins in exterior algebras may be considered
as coordinatized versions of meets and joins in modular or linear lattices. The
double algebra due to Rota and his coworkers gives a workable notation for
working with exterior-algebra meets and joins. Study this connection.

3.4.6. Prove that the four versions of the Arguesian law given in the text are
equivalent.

3.4.7. Three types of representations of lattices by equivalence relations.’®

A representation (by equivalence relations) of a lattice L is a bijective
lattice homomorphism R : L — TI(S), where I1(S) is the lattice of parti-
tions on a set S. Partitions are thought of as equivalence relations on S.
In his important 1953 paper, Jonsson defined three types of representations.
A representation is type-1 if R(x V y) = R(x) o R(y) for all x,y € L. Lat-
tices with a type-1 representation are exactly the linear lattices. A representa-
tion is type-2 if R(x V y) = R(x) o R(y) o R(x) for all x, y € L and type-3 if
R(xVy)=R(x)oR(y)oR(x)o R(y)forallx,y € L.

(a) Show that a lattice L has a type-2 representation if and only if L is
modular.

(b) Show that every lattice has a type-3 representation.

3.4.8. Subgroups and equivalence relations.

If H is a subgroup of a group G (written multiplicatively), let Ry be the
equivalence relation giving the partition of G into right cosets of H. Let H and
K be subgroups and HK = {hk: h € H,k € K}.

(a) Show that the equivalence relations Ry and Rx commute if and only if
HK = KH.

(b) Show that the following lattices are linear: the lattice of normal subgroups
of a group, the lattice of subgroups of an Abelian group, the lattice of subspaces
of a vector space, and the lattice of submodules of a module.

3.4.9. Generalized Arguesian Identities.%°
The following is Desargues’ theorem in three-dimensional projective space.
Leta,d’, b, b, c, ¢, d, d be points. If the four lines a, a’, b, b’, ¢, ¢/, and d, d’
meet at one common point, then four points
a,bnrna,b, bcAb,c, c,dAnc',d, and d,a nd, a’

lie on a plane.

67 Barnabei et al. (1985), Grassmann (1862), Hawrylycz (1994), and Mainetti and Yan (2000).
%8 Jonsson (1953).  ® Haiman (1991).
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The corresponding generalized Arguesian identity is

dAdy AdY) VAI(ch AV (ea AeD] A LB, ABY YV (b2 Aby)]
Al(ay A ay) v (a2 Aa)l})

<ay Vv ((a; vV dy) Ay Vay) Abr vV a)l Ve, Vby) Aler Vb))l
VId] v y) Ad VY e)l)).

Prove that this identity holds in all linear lattices.
(b) (Research problem) Find lattice versions of higher-dimensional theorems
in projective geometry.

3.4.10. Information theory and commuting equivalence relations.

(a) (Research problem) Stochastic independence for partitions or equiva-
lence relations is a key notion in information theory (see Section 1.4). Find an
interesting information-theoretic interpretation of two commuting equivalence
relations.

(b) (Research problem) Another problem is to generalize the notion of
commuting equivalence relations to more than two relations. Motivated by
probability theory, define three partitions 7, o, and 7 on the same set to be
algebraically 3-independent when for any three blocks A € m#, B € o, and
Cet, ANBNC # @ and 3-commuting when they are disjoint unions of
algebraically 3-independent partitions. Is there a lattice-theoretic interpretation
of 3-commuting equivalence relations?

3.4.11. Stochastic independence and commutativity.”

Stochastic independence is a strengthening of algebraic independence. Let
(2, F, Pr) be a probability space, where F is a o-algebra on © and Pr is
the probability measure. Two o-subalgebras BB and C of F are stochastically
independent if for subsets B € B and C € C, Pr(B N C) = Pr(B)Pr(C). A o-
subalgebra is strictly separable if it can be generated by a countable collection
of subsets. If A is a o-subalgebra of F, let M4 be the probability space
(2, A, Pr).

Two theorems due to Rohlin characterize the structure of pairs of stochasti-
cally independent o -subalgebras.

(a) Show Rohlin’s first theorem. Let (2, F, Pr) be a probability space, B
and C be two strictly separable o -subalgebras of F and A be the o -subalgebra
generated by B and C. Then up to a set of measure zero, the space M 4 equals
the direct product Mg ® M.

T0Rohlin (1949) and Yan (1999).
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(b) Show Rohlin’s second theorem. Let A be a strictly separable o-
subalgebra of F. If A is atomless, then A has a stochastically independent
complement 53 and, up to a set of measure zero, the space (€2, F, Pr) equals the
direct product M 4 ® Mp.

The concept of commuting equivalence relations has a stochastic analog.
The o-subalgebras B and C commute stochastically if for subsets B € I3 and
CelC,

Prp(B)Prp(C) = Prp(B N C),

where D = BN C and Prp is the conditional probability with respect to D.

(c) Prove that the following statements are equivalent:
SC1. The o-subalgebras 3 and C are stochastically commuting.

SC2. For all pairs of random variables X and Y measurable with respect to the
o -subalgebras B and C,

EX|BNC)E(Y|BNC)=EXY|BNC),

where E(-|B N C) is the conditional expectation operator with respectto 5N C.

SC3. The conditional expectation operators E(:|B) and E(-|C) commute; that
is, for any random variable X,

E(E(X|B)|C) = E(E(X|C)|B) = E(X |BNC).

(d) Use Rohlin’s theorems to prove the probabilistic analog of Theorem
3.4.8 for commuting equivalence relations: let B, C be a pair of strictly sep-
arable o-subalgebras which are stochastically commuting. Let D = BNC
and A be the o-subalgebra generated by BB and C. If D is atomless, then
there exist strictly separable stochastically independent o -subalgebras S and
7T such that the following decompositions hold, modulo sets of measure
Zero:

Mp=MpQ® Mg, Mec = Mp @ My, and Mgy = Mp @ Ms ® M.

3.5 Finite Modular and Geometric Lattices

In this section, we discuss the combinatorics of finite modular, semimodu-
lar, and geometric lattices. Our discussion is selective and will center on the
following result.
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3.5.1. Dilworth’s covering theorem. Let L be a finite modular lattice. Then
the number of elements covering exactly k elements equals the number of
elements covered by exactly k elements.

Finite atomic modular lattices are the key to proving Dilworth’s theorem. It
is slightly more difficult to study finite atomic semimodular lattices and we
will take this option. A lattice L is semimodular if for any two elements x and
y, x covers x A y implies that x v y covers y. By Dedekind’s transposition
principle (3.4.1), a modular lattice is ssmimodular.

A finite lattice satisfies the Jordan—Dedekind chain condition if for every
pair x and y of elements such that x < y, every maximal chain from x to y has
the same length.

3.5.2. Lemma. A finite semimodular lattice satisfies the Jordan—Dedekind
chain condition.

Proof. We will prove the following assertion: if one maximal chain from x to y
has length n, then every maximal chain from x to y has length n. We proceed by
induction on n. The assertion holds if y covers x, that is, when n = 1. Suppose
that there is a maximal chain

X=X <X <X < <Xy <Xp=1Y
of length n from x to y. Let
X=Yo <Y1 <y2<-<Ynu-1<DYm=Y
be another maximal chain from x to y. Finally, let
XIVYI=20<21 <+ <Zk—1 <Zk =Y

be a maximal chain from x; V y; to y. By semimodularity, x; V y; covers x;
and hence x| < z9 < z; < --- <y is a maximal chain from x; to y. Since
X] < xp < --- <Yy is a maximal chain from x; to y having length n — 1, we
conclude, by induction, that k = n — 2. On the other hand, y; < z9 < 71 <
-+ < Zg—1 = Zx = y 1s a maximal chain from y; to y. Hence, by induction,
k + 1 =m — 1. All together, we conclude that m = n. |

If x is an element in a finite semimodular lattice L, let the rank function
rk(x) be the length of a maximal chain from the minimum O to x. Thinking of
rank as dimension, Lemma 3.5.2 asserts “invariance of dimension.”
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3.5.3. Lemma. The rank function of a finite semimodular lattice satisfies the
submodular inequality

rk(x) + rk(y) > rk(x Vv y) + rk(x A y).

Proof. To see this, observe that rk(x) — rk(x A y) is the length of a maximal
chain from x A y to x. Let

XAY=X0<X] <X <+ <Xpe] <Xjp =X

be such a maximal chain, where m = rk(x) — rk(x A y). Take the join of each
element in the chain with y to obtain

Y=XIVYy=xnVy=-=Xp_1VYy=xVy.

Since x;11 V y covers or equals x; V y, the length of a maximal chain from y
to x V y is at most m. Hence, tk(x Vv y) — rk(y) < m. [l

A lattice is geometric if it is atomic and semimodular. A matroid M on the
finite set S is defined by a closure operator A — A on the Boolean algebra 2%
of subsets of S satisfying the (Mac Lane—Steinitz) exchange condition:

If a,b ¢ A, then a € AU (b} implies b € A U {a].

A matroid is simple if the empty set and all one-element subsets are closed. The
closed sets of a matroid are called flats. The flats form a lattice L(M) under
set-containment, with meet and join given by

AAB=ANB and AV B=AUB.

3.5.4. Birkhoff’s theorem. The lattice L(M) of flats of a finite matroid is
geometric. Conversely, given a geometric lattice L, there exists a unique simple
matroid M such that L(M) is isomorphic to L.

Proof. Let M be a matroid on the finite set S. Then it is easy to check that the
flat Y covers the flat X if and only if there exists @ € S such that X v {a} = Y.
Thus,

X covers X A Y
& X =(XAY)V{a) for somea €S

S XVvY=XAY)vialvY =Y Vv{a}
= X VY covers Y.

We conclude that L(M) is semimodular. In particular, the closure of a one-
element set {a} either is the minimum flat & or covers . Let X be a flat and let
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ai, as, ..., a, be all the elements in X not in @. Then
X ={a}Via} V- -V {an}.

We conclude that L(M) is atomic.
Now let L be a geometric lattice and S be the set of atoms of L. It is routine
that the function A — A on subsets of S by

is a closure operator and the lattice of closed sets of A — A is isomorphic
to L. To finish, we need to prove the exchange condition. Let a, b ¢ A and
acAU{b}. Let X =\/, . e. Then a £ X but a < X v b. Since b £ X,
b A X =0, and hence, b covers b A X. By semimodularity, X Vv b covers X.
As X < XVa<XvVvb, we conclude that X Va = X V b; in other words,
b e AU{a}. O

We note that the rank function in the lattice L(M) of flats of a matroid
M on a set S induces a rank function on subsets A of S by rk(A) = rk(A).
By Lemma 3.5.3, this rank function satisfies the submodular inequality: for
A, B C S, 1k(A) +1k(B) > rk(A U B) 4+ rk(A N B). Thus, the lattice-induced
rank function is a matroid rank function, as defined in Section 2.4.

3.5.5. Rota’s positivity theorem.”! Let L be a finite geometric lattice, x and y
be elements such that x < y, and u be the Mobius function of L. Then u(x, y)
is nonzero and has sign (— 1)) —rkx)

Proof. We proceed by induction on rk(y) — rk(x). To begin, observe that

u(x,x)=1and u(x,y) = —1 if y covers x. For the induction step, we use
Weisner’s theorem (3.1.5). Choose an element a covering x. Then
ulx,y) = — Z wix, 2).

ziz€[x,y], zvVa=y, z#y

By the submodular inequality,
tk(z) + rk(a) = rk(y) + rk(x),
and hence,

rk(z) — rk(x) > rk(y) — rk(a) = [rk(y) — rk(x)] — 1.

"1 Foundations I, p. 357.
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Since z <y, we have rk(z) — rk(x) = [tk(y) — rk(x)] — 1. By induction,
w(x, z) is nonzero and has sign (—1)*=%©~-1 We conclude that u(x, y)
is nonzero and has sign (—1)*0) k() 0

An easy way to prove Dilworth’s covering theorem is to prove a more general
result.”” Let J and M be subsets of a finite lattice L. The subset J is concordant
with the subset M if for every element x in L, either x is in M or there exists
an element x' such that

CS1. u(x,xh #£0.
CS2. For every element jin J, x vV j # x'.

If H and K are subsets of a partially ordered set, the incidence matrix Z(H|K)
is the matrix with rows indexed by H and columns indexed by K with the
hk-entry equal to 1 if 4 < k and O otherwise.

3.5.6. Theorem. Let J be concordant with M in a finite lattice L. Then the
incidence matrix Z(M|J) has rank |J|. In particular, |J| < |M]|.

Proof. Let QQ be field of rational numbers, Fun(L, Q) be the vector space of
functions defined from the set L to Q, and Fun(J, Q) be the subspace of
functions supported on J, that is, functions such that f(x) = 0 unless x € J.
If a € L, the delta function §, : L — Q is the function defined by §,(x) = 1
if x = a and 0 otherwise. The set {§,: a € L} is a basis for Fun(L, Q) and the
subset {§,: a € J} is a basis for Fun(J, Q).

Let T: Fun(J, Q) — Fun(L, Q) be the linear transformation defined by

Tfx) =Y f(@.

Relative to the bases of delta functions, the matrix of 7 is the incidence matrix
Z(L|J). The incidence matrix Z(M|J) is a submatrix of Z(L|J). We will
show that Z(M|J) has rank |J| by showing that the linear transformation
Ty : Fun(J, Q) — Fun(M, Q) obtained by restricting 7'f to the elements in
M is injective. This will be done by showing that one can reconstruct a function
f in Fun(J, Q) from the restriction 7 f |y, of Tf to M. We need the following
lemma.

3.5.7. Lemma.

Yo ue. T = D f@).

yix<y<xf zizvx=x'

72Kung (1987).
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Proof. Let f, : [x, x']1 — Q be the function defined by

L= Y f@.

z:zVx=y

Observe first that the elements in L are partitioned into equivalence classes by
the relation a ~ b if and only if a V x = b Vv x, and second that z < y for an
element y in [x, xT] if and only if z V x < y. Hence,

T =Y f@= Y f).

Z:Z=y ZiX<z=<y
Applying Mébius inversion to f, on the interval [x, x'], we obtain

Do ouahTf = fch= Y f@). O

yix<y<xf zizvx=xt

To reconstruct a function f :J — Q, we first reconstruct the (unre-
stricted) function Tf : L — Q using as input the restriction 7f : M — Q.
Once we have done this, f can be reconstructed using Mobius inversion over
L.

To start the reconstruction of 7 f, we note that if J is concordant with M,
the maximum 1 must be in M. Hence, T f (1) can be read off directly from
the input. We now go down the lattice inductively. If x € M, then T f(x) is
read off directly from the input. If x ¢ M, then by CS2, for all j € J, x Vv
j # x'. Hence, fi(x") = 0 and rearranging the equation in Lemma 3.5.7, we
have

pee, DTy == Y w, xHTF).

yix<y<xf

By induction, since y > x, all the values T f(y) have already been recon-
structed. Hence, as wu(x, xh # 0, the equation yields the value of 7 f(x). This
completes the proof of Theorem 3.5.6. U

There are many examples of concordant sets.

3.5.8. The Dowling-Wilson inequalities.”> Let L be a rank-n geometric
lattice, and

By = {x: x € L and rk(x) < k},
TF = {x: x € L and n — rk(x) < k}.

3 Dowling and Wilson (1975).
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Then By is concordant with 7%, In particular, if W, is the number of rank-r
elements in L and k < n/2, then

Wo+Wi+Wo+- -+ W s Wy + Wippr + -+ Wy + Wi
Equality holds if and only if L is modular.

Proof. For all elements x in L, let x! = 1. Then if rk(j) < k and x ¢ T* (that
is, rk(x) < n — k), then the submodular inequality implies that rk(x Vv j) < n.
Thus, CS2 holds. CS1 holds by Rota’s positivity theorem.

We shall not need the characterization of those geometric lattices in which
equality holds and refer the reader to the paper of Dowling and Wilson. ]

Dilworth’s covering theorem (3.5.1) is another consequence of Theorem 3.5.6.
If x is an element in a finite lattice L, let x* be the join of all the elements
covering x. If L is semimodular, then the interval [x, x*] is a geometric lattice.
Dually, let x, be the meet of all the elements covered by x.

3.5.9. Theorem. Let k be a positive integer and L be a finite modular lattice.
(a) Let J; be the set of elements in L covered by k or fewer elements and My
be the set of elements in L covering k or fewer elements. Then J; is concordant
with My, with xt = x*.
(b) Let Dy be the set of elements x in L such that rk(x) — rk(x,) < k and
U, be the set of elements x in L such that rk(x*) — rk(x) < k. Then Dy is
concordant with Uy, with xT = x*.

Proof. If x ¢ M, then the interval [x, x*] has at least k + 1 atoms and contains
the atomic geometric lattice L* generated by the atoms in [x, x*]. The lattice
L* has maximum x*, and by the Dowling—Wilson inequalities, x* covers at
least k + 1 elements.

Suppose that j € Jyand x € L. If x v j = x*, then by Dedekind’s transpo-
sition principle, the intervals [x A j, j] and [x, x*] are isomorphic. However,
since x* covers at least k 4 1 elements, the isomorphism implies that j covers
at least k + 1 elements, contradicting the assumption that j € J;. We conclude
that for all j € Ji, x* # x v j. This verifies CS2. CS1 follows from Rota’s
positivity theorem.

We note that there are other, perhaps shorter, arguments to prove part (a).
One could use the fact that [x, x*] is a finite atomic modular lattice, and in such
lattices, the number of atoms equals the number of coatoms.

To prove part (b), we use a similar argument, using the fact that if [x A j, j]
and [x, x*] are isomorphic, then j, < x A j. O
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We end this section by remarking that a modular lattice is consistent in the
sense given in Exercise 1.3.6. Hence, a discussion of the Kurosh—Ore theorem
for decompositions of elements into join-irreducibles in modular lattices can
be found there.

Exercises

3.5.1. A lattice-theoretic version of the fundamental theorem of geometry.

A lattice L is reducible if L is isomorphic to the Cartesian product L; x L,
where both factors L and L, have at least two elements. A lattice is irreducible
if it is not reducible. Show that if n > 4, then an irreducible finite rank-n atomic
modular lattice is isomorphic to the lattice of subspace of a dimension-n vector
space over a finite field, and if n = 3, such a lattice is the lattice of subspaces
of a projective plane.

3.5.2. The cycle matroid of a graph.
Let I' be a graph with vertex set V and edge set E. For a subset T C E, let
T be the subset

T U {e: for some subset D € T, D U {e} isacycle in I'}.

(a) Show that each closed set X of edges determines a partition of the vertex
set. A block of this partition consists of the vertices in a connected component
of the edge subgraph I'|x on V with edge set X.

(b) Show that T + T is a closure operator on E satisfying the exchange
condition.

The closure operator T — T defines the cycle matroid of the graph T'. Let
L(T") be the lattice of flats and rk its rank function.

(c) Show that rk(X) = | V| — ¢(X), where c(X) is the number of connected
components in I'|x.

If A is a positive integer, a (proper) A-coloring of I' is a function b : V —
{1,2,..., A} such that h(u) # h(v) whenever {u, v} is an edge of I'.

(d) Show that the number of proper A-colorings of I" equals a polynomial
P(T"; 1) of degree |V|. In fact,

P(T;)) = Z w(@, X)AX.
X:XeL()

The polynomial P(I"; A) is the chromatic polynomial of T.
(e) Show that the lattice of flats of the cycle matroid of the complete graph
K, on the vertex set {1, 2, ..., n} is isomorphic to the lattice of partitions on
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{1,2,...,n}. Show that
P(K ;M) =2A—1DA=2)---(A—n+1).

Hence, conclude that if u is the M6bius function of the lattice T1({1, 2, ..., n})
of partitions, then

n@O, 1) = (=1)"'(n — 1)
(f) Using Exercise 3.1.11, show that

detA* Ny yay = [] PG/X;0),
X:XeL(G)

where G/ X is the graph G with the edges in X contracted. Extend this theorem
to matroids and their characteristic polynomials.

3.5.3. Sperner theory.’*

(a) Show that the lattice L(V) of subspaces of a finite vector space V is
Sperner.

(b) Find an explicit symmetric chain decomposition of L(V).

(c) Show that for sufficiently large n, the lattice of partitions of
{1,2,...,n}is not Sperner.

(d) Find other examples of geometric lattices which are not Sperner.

(e) Find continuous analogs of Sperner’s theorem for lattices of subspaces
over the reals.

3.5.4. Dilworth-Hall gluing.”

Let L be a lattice with maximum u and L, be a lattice with a minimum
z. Suppose that there exist elements a; € L, and a, € L, such that the upper
interval [a;, u] in L; is isomorphic to the lower interval [z, a;] in L,. The
Dilworth—-Hall union L, U L, (over the intervals [ay,u] and [z, ay]) is the
lattice obtained by taking the union of L; and L, and identifying isomorphic
elements in [a;, u] and [z, a,], with join defined by x V y equals x V y in L;
if bothx and yarein L; andx Vy=(xVa;)Vyifx € L;yand y € L,. The
meet is defined dually.

(a) Show that L LI L, is indeed a lattice.

(b) Show that L U L; is modular if and only if L; and L, are modular.

74 Canfield (1978), Dilworth and Greene (1971), Kahn (1980), Klain and Rota (1997), and Vogt
and Voigt (1997).

75 Hall and Dilworth (1944). This paper started the area of gluing constructions for modular
lattices and was a motivation for studying the Arguesian law. See the survey paper Day and
Freese (1990).
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(c) Using this construction, show that there exists a finite modular lattice
which is not a sublattice of any complemented modular lattice.

3.5.5. Show that the following are equivalent for a finite lattice L:

(a) L is semimodular.

(b) x and y cover x A y implies x V y covers x and y.

(c) x covers y implies that x Vv z covers or equals y V z for every element z
inL.

(d) Let rk(x) be the minimum length of a maximal chain from 0 to x. Then

rk(x) +1k(y) > rk(x v y) + tk(x A y).

3.5.6. A finite lattice is coatomic if every element is a meet of coatoms (that is,
elements covered by the maximum 1).

(a) Show that a finite geometric lattice is coatomic.

(b) Is it true that if a finite semimodular lattice is coatomic, then it is atomic?

3.5.7. An element x in a semimodular lattice L is modular if for all elements y
inL,

rk(x) 4+ 1k(y) = tk(x Vv y) +1k(x A y).

Let L be a finite geometric lattice and M} be the number of rank-k modular
elements in L.
(a) Show that

Wot+ Wi+ Wodt -+ Wi 2 My + My—g1 + -+ Myy + M,

(b) (Research problem) Prove the unimodality conjecture. There exists an
index m such that

WOSWI §W2§§‘/Vm and Wm+l Zmn+22"'ZW1—l EWn

This conjecture was made by Rota in 1970, but almost no progress has been
made since then. A more tractable conjecture is W, < W, < --- < Wy, where
k=53]

(c) (Research problem) Show that if k < n/2, then Wy < W,_;. This “top-
heaviness” conjecture was made by Dowling and Wilson. It has proved to be
just as intractable as the unimodality conjecture.

3.5.8. Consistent lattices.

Let L be a finite lattice. Recall from Exercise 1.3.4 that a join-irreducible j
in a finite lattice L is consistent if for all elements x in L, x VvV j equals x or
is a join-irreducible in the upper interval [x, 1]. Let C be the set of consistent
join-ireducibles and M the set of meet-irreducibles.
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(a) Show that C U {0} is concordant with M U {i}.

A lattice is consistent if every join-irreducible is consistent. Part (a) implies
that in a finite consistent lattice, the number of join-irreducibles is at most the
number of meet-irreducibles.

Let G be a finite group. A subgroup H of G is subnormal if there ex-
istsachainG = Ny D Ny DN, D---DN,_1 DN, =H suchthat N;;;isa
normal subgroup in the subgroup N;.

(b) Show that the subnormal subgroups form a sublattice of the lattice of
subgroups of a finite group G.”°

(c) Let W(G) be the lattice of subnormal subgroups of G. Show that W(G)
is consistent and dually semimodular.

3.6 Valuation Rings and Mobius Algebras

The basic construction in this section is the A-semigroup algebra of a lattice
L. Let L be a lattice, A be a commutative ring, and M(L, A) be the A-
algebra consisting of (formal) linear combinations of the form )_ a,x, where
ay, € A and x € L, with all but finitely many coefficients a, equal to zero.
Multiplication in M (L, A) is defined by xy = x Ay if x and y are in L and
extended by linearity and distributivity. Explicitly,

|:Zaxx:| dbyl=>] ( > axby)z.

x:xeL y:yeL z:zelL X,V XAY=Z

If L has a maximum i, then M (L, A) has an identity and it equals 1.
An A-valuation v on the lattice L is a function L — A satisfying

v(x Vy)+ux Ay) =v(x)+u(y)

for all elements x and y in L. Constant functions are valuations. However,
unless a lattice is distributive, it does not have many valuations.

Valuations have been largely studied on Boolean algebras, where they are
called measures. Although measures and valuations are defined by the same
equation, the theory of valuations is richer and ranges wider. As is done in
functional analysis, the study of measures can be reduced to the study of linear
functionals or abstract integrals on function spaces. In analogy, we reduce the

76 Wielandt (1939).
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study of valuations on a distributive lattice to the study of linear functionals on
a ring constructed from the lattice.”’

Let S be the submodule in M (L, A) of linear combinations of elements of
the form

XVYy+xXAYy—Xx—Yy.
Then S is an ideal of M(L, A). To prove this, consider the expression
IANXVYFXAY —Xx—Y), (E)
which equals
IANXVY)FZIAXAY)—ZAX—ZAY.

Using the distributive axioms, idempotency and commutativity, we can rewrite
the first two terms to obtain

GEAXIVEAY+FEAX)IAGZAY)—ZAX—ZAY.

Thus, the expression (E) is in S. Since we include all linear combinations in
the construction, we conclude that S is an ideal. The valuation ring Val(L, A)
of the distributive lattice L over the ring A is the quotient ring M(L, A)/S.

3.6.1. Lemma. Let L be a distributive lattice and A a commutative ring. Then
there is a natural bijection between valuations L — A and A-linear functionals
Val(L, A) — A.

Proof If v : L — A is a valuation, we can extend v to a A-linear functional on
M(L, A) by linearity; that is,

v Z ax | = Z a,v(x).

x:xelL x:xelL

As a linear functional, v(e) = 0 for every element e in the ideal S. Hence, v is
defined as a linear functional on Val(L, A).

Conversely, let u : Val(L, A) — A be a linear functional. Then define a
valuation i on L by setting #i(x) = u(x), where x on the right side is the linear

7T The basic theory of valuation rings can be found in Rota (1971). Rota intended the theory to be
applied to logic and probability in a unified way. This program is sketched in Twelve problems.
There is much to be done and clarified. The papers Rota (1973) and Ellerman and Rota (1978)
give an indication of what might be done. We should say that many of proofs in Rota (1973)
remain sketches. See also Geissinger (1973).
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combination with one term x itself. Since u is zero for any element in the ideal
S, @ is a valuation on L.
The two constructions are inverses, and hence they are both bijections. [

Let ST be the ideal generated by S and 0 and Valo(L, A) = M(L, A)/S*. An
analog of Lemma 3.6.1, in which a valuation v is required to satisfy v(@) =0,
holds for Valy(L, A).

We will identify an element x € L with the linear combination x in
Val(L, A). We will also assume that L has a maximum 1. Since any finite
calculation in the valuation ring involves a finite number of elements in a
distributive lattice, we can work in the (finite) sublattice generated by the el-
ements occurring in the calculation. This sublattice always has a (relative)
maximum.

In Val(L, A), we have the identity

XVy:x+y—xy:i—(i—x)(i—y).
Iterating this, we have
xiVoVe - Vap=1—0=-x)d=x2)-- (1 = xp).

k—1
D D g,

502,00k

the sum ranging over all nonempty subsets {i, io, ..., i} of {1,2,...,m}.
This is an algebraic version of the principle of inclusion—exclusion.

We return to the study of the A-semigroup algebra M(L, A), where L is
a finite lattice. Wedderburn’s theory of algebras suggests that one looks for
idempotents. An element ¢ in an algebra M is idempotent if t> =1t. A set
{t1,t2, ..., t,,} is a set of orthogonal idempotents if

’52 =t; and f;¢; = 0 whenever i # j.

A set of orthogonal idempotents cannot satisfy any nontrivial linear relation.
The set {t;} is complete if it spans M.
If x € L, let e, be the linear combination in M (L, A) defined by

e = Z u(a, x)a. (ID)

a:a<x

3.5.6. Solomon’s theorem.”® The sums e,, x € L, form a complete set of
orthogonal idempotents for the A-semigroup algebra M (L, A).

78 Solomon (1967).
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Proof. Let &, be basis elements, one for each element x in L. Let M (L, A) be the
A-algebra of all formal linear combinations ) ae,, with multiplication
defined by

x:xeL

e?=¢ and &, =0if x #y (M)

and extended by linearity. Let ¢ : M(L, A) — M(L, A) be the A-linear map
defined by

g =) e

a.a<x

Then since

PP(y) = (Z éa) > &

a:a<x b:b<y

= > e = ey,

a:a<xanda<y

¢ is an A-algebra homomorphism. By Mobius inversion, ¢ has an inverse,
defined by

¢ @)=Y ula xa.
We conclude that M(L, A) and M(L, A) are isomorphic. In particular, the

elements e, in M(L, A) satisfy the same multiplication rule as their images é,
in M(L, A). O

It may seem strange to introduce a new algebra M (L, A) in the proof of
Solomon’s theorem. The orthogonality relation e, e, = 0 can also be proved by
induction.

Many Mobius function identities follow from expanding expressions in the
basis {x} in the basis {e,}. We give an example.

Suppose a < 1. Then

aei=<z ex>ei=0

x:x<a

because x <a < i, and hence, e,e; = 0. On the other hand,

ae; = a Z uix, i)x = Z u(x, i)(x/\a).

xix<i x:xeL
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Equating coefficients of 0 (which equals eg), we obtain

Z uix, i) =0.
X: x/\a:()
This gives another proof of Weisner’s theorem (3.1.5).

Using Solomon’s theorem, we can define the Mobius algebra for any finite
partially ordered set P over a commutative ring A with identity.” The Mdbius
algebra M(P, A) over the ring A is the dimension-| P| A-algebra with basis
X, x € P, with multiplication

Xy = Z Z u(u, v) | u.

u:ueP | viv<xandv<y

With this multiplication, it is easy to check that the elements e,, defined by
€x =D y.u<y M(u, X)u, form a complete set of orthogonal idempotents.

3.5.4. Theorem.®’ Let L be a finite distributive lattice and J the partially
ordered set of join-irreducibles of L. Then the valuation ring Valg(L, A) is
isomorphic to the Mobius algebra M (J, A).

Proof. By Birkhoff’s theorem (1.3.3), L is isomorphic to the lattice D(J) of
order ideals of P. Let w : L — M(J, A) be the function

wx) = Z e;,
jijed, j<x
the sum ranging over all join-irreducibles j in the order ideal in J associated
with x. Then w is a valuation with w(0) = 0. By Lemma 3.5.1, w extends
to a A-algebra homomorphism w : Valyp(L, A) — M(J, A). Further, @ is sur-
jective and both Valy(L, A) and M(J, A) have dimension |J|. Hence, W is an
isomorphism. (]

Exercises

3.6.1. Show that if ay, ay, . . ., a, are real numbers, then

max{a, as, ..., a,}

=Y ai— ) min{a;,a;} + Y min{ai, aj, @} — -
i {i.j} (i, ).k}
+ min{ay, as, ..., a,}.

7 Greene (1973).  80Davies (1970).
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3.6.2. Let L be an indecomposable finite-rank modular lattice. Show that if
v: L — Z satisfies v(x) + v(y) = v(x Vy)+v(x Ay) forall x and y in L,
then

v(x) = a + brk(x),

where rk is the rank function of L and a, b are integers.
3.6.3. Prove Theorem 3.1.7 using Mobius algebras.

3.6.4. Residuated maps and homomorphisms of Mobius algebras.®!

Let P and Q be partially ordered sets. A function ¢ : P — Q is (upper)
residuated if the inverse image of a principal filter is a (nonempty) principal
filter.

(a) Show that ¢ is order-preserving.

The adjoint ¢® : Q — P is the function defined by the following: if y € Q,
then ¢2(y) is the generator of the principal filter ¢ ~'(F(y)), where F(y) =
{z2z€ 0, 2>y}

(b) Show that ¢* is order-preserving.

(c) Show that ¢ : P — Q and ¢ : Q — P form a Galois coconnection.

(d) Prove Greene’s theorem. Let ¢ : P — Q be a function between fi-
nite partially ordered sets. Then ¢ extends to an A-algebra homomorphism
M(P,A) - M(Q, A) if and only if the inverse image of a principal filter in Q
is a principal filter or empty.

3.7 Further Reading

The following is a selection of books or surveys on Dilworth’s chain partition
theorem, Sperner theory, and extremal set theory.

I. Anderson, Combinatorics of Finite Sets, Clarendon Press, Oxford, 1987.

K.P. Bogart, C. Greene, and J.P.S. Kung, The impact of the chain decompo-
sition theorem on classical combinatorics, in K.P. Bogart, R. Freese, and
J.PS. Kung, eds., The Dilworth Theorems, Birkhiuser, Boston, 1990, pp. 19—
29.

C. Greene and D.J. Kleitman, Proof techniques in the theory of finite sets, in G.-C. Rota,
ed., Topics in Combinatorics, Mathematical Association of America, Washington,
DC, 1978, pp. 22-79.

K. Engel, Sperner Theory, Cambridge University Press, Cambridge, 1997.

81 Everett (1944).
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There seems to be no book devoted to algebraic aspects of modular lattices.

The book by von Neumann is a classic and full of ideas. Stern’s book is a

comprehensive survey of (nonatomic) semimodular lattices.

J. von Neumann, Continuous Geometry, Princeton University Press, Princeton,
NJ, 1960.

M. Stern, Semimodular Lattices. Theory and Applications, Cambridge Univer-
sity Press, Cambridge, 1999.
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Generating Functions and the Umbral Calculus

4.1 Generating Functions

There are many theories of generating functions, among them that proposed
in Foundations VI. Many of these theories have received excellent expositions
elsewhere. We will give an informal minimalist exposition.'
The idea of ordinary generating functions is due to Laplace. For example,
Laplace used the following argument:?
On forming the product of the binomials (1 4+ a), (1 +b), ..., (1 + n), we obtain,
on subtracting 1 from the expansion of this product, the sum of the combinations
of all these letters taken one at a time, two at a time, three at a time, &c., each
combination having 1 as coefficient. To get the number of combinations of these n
letters taken s at a time, notice that if one supposes that all these letters are the
same, the preceding product becomes (1 + a)", and so the number of combinations
of n letters taken s at a time will be the coefficient of a* in the expansion of the
binomial. This number is then given by the well-known binomial formula.
In modern terms, we think of each element of a set A as a variable and define
the ordinary generating function gf(A) of the set A to be the sum

E a.
a:acA

Then, the product formula
gf(A x B) = gf(A)gf(B),

where A x B is the Cartesian product of A and B, is certainly true, especially
if we regard it as a definition of multiplication. Note that it is not necessary to
assume that this multiplication is commutative.

I Comprehensive accounts may be found in Graham et al. (1988), Petkoviek et al. (1996),
Stanley (1986), and Wilf (2006). A short insightful introduction is Pélya (1969).
2 Laplace (1995, p. 14).

178
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In the spirit of Laplace, we use the product formula to derive the binomial
distribution. If a coin is tossed, then there are two outcomes, head H and tail
T, giving the generating function H + T. Hence, if a coin is tossed n times,
the generating function is (H + 7)". For example,

(H +T) = HHH + HHT + HTH + HTT + THH + THT
+ TTH + TTT.

Thus, the generating function “generates” all possible outcomes. Setting H =
pt and T = g, where ¢ is a variable, p the probability of a head, and g the
probability of a tail, then we obtain the generating function for the probability
distribution of the number X of heads:

Y PX =kt =(pr+qf =) (Z)qu”"‘r".

k=0 k=0

The random variable X is the sum X; + X, + --- + X,,, where X; is the ran-
dom variable that equals 1 if the ith toss is a head and O otherwise. Since the
distribution of the sum of two random variables is the convolution of their
distribution, taking the generating function converts convolution to multiplica-
tion. For continuous random variables, this conversion is done by Laplace or
Fourier transforms. In this sense, (ordinary) generating functions are Laplace
transforms in disguise.

The best way to introduce exponential generating functions is to discuss the
exponential formula.®> Let C, be a finite set of “irreducible” labeled struc-
tures or atoms which can be put on a nonempty finite set of size n. Let
C= U:ozl C,. Using atoms, we can assemble a molecule on a finite set S
as follows: choose a partition of S and on each block B, put an atom from
C,|. Formally, we define a molecule with c components on the set S to be a set
{(B1, a1), (B2, a2), . .., (B, a.)} of ¢ pairs, where By, By, ..., B, is a partition
of S and «; is an atom on B;.

The exponential generating function f(C;t) of the set C of atoms is defined
by

S n
FCn=3 Gl

n=1

3 There have been many attempts to formalize or axiomatize the combinatorics underlying the
exponential formula. See, for example, Foata and Schiitzenberger (1970), Henle (1975), and
Stanley (1978).
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4.1.1. Theorem
(a) Another product formula: The coefficient of " /n! in the power series

1 .
AN
c!

is the number of molecules on a set of size n with ¢ components.

(b) The exponential formula: Let a,. be the number of molecules with
¢ components on a set of size n and a,(x) be the polynomials defined by
ap(x) =1, andif n > 1,

n
a,(x) = Z ApexC.
c=1

Then

oo ["

Y anx)— = exp(xf(C; ).

s n!
Proof.Letny, nay, ..., n. be positive integers such thatn; +n, + --- + n, = n.
The number of ways to choose an ordered partition Bj, B, ..., B, of

{1,2,...,n} such that |B;| = n; is n!/ny!ny!---n.!. On the block B;, there
are |C,,| ways of putting an atom. Hence, the total number of ordered c-tuples
((B1, 1), (B2, @2), ..., (Be, &) 1s

n!

> G llCu |-+ 1, |.
PR nip.ny: Ne.

Dividing by ¢!, we obtain the number of molecules with ¢ components. The

product formula now follows from the multinomial formula. The exponential

formula also follows formally from

o]

exp(xf(C;t) =Y

c=0

00 n "
= Z (Z ancxc> _' U
n=0 \c=I n:

xCf(C;0)°
c!

The simplest case of the exponential formula is when there is exactly one atom
for each finite set. Then a molecule is a partition and we have the generating



4.1 Generating Functions 181

functions

Zs(n )_n — u’

where S(n, c), a Stirling number of the second kind, is the number of partitions
of a set of size n with ¢ blocks and B,,, a Bell number, is the number of (all)
partitions of a set of size n.*

Another classical application is in graphical enumeration.’ Let C, be the

set of connected graphs on a vertex set of size n. Then a molecule is a graph

on a finite vertex set. Graphs on the vertex set {1,2,...,n} are in bijection
with subsets of the set of 2-subsets of {1, 2, ..., n}. Hence, by the exponential
formula,

2 " = 1
22(2)5 = exp (; C"H) ,

n=0

where ¢, is the number of connected graphs on the vertex set {1, 2, ..., n}.
The last application is also classical. Let C, be the set of cyclic permutations
on a set of size n. Then |C,| = (n — 1)! and

fCt)y= Zt”/n = —log(l —1).

n=0

The exponential formula yields

1+ Z <Z( l)ks(n k)x > — =exp(—xlog(l—¢t) =1 —1)"",

where s(n, k) is the number of permutations on {1,2,...,n} with exactly
k cycles in its cycle decomposition. The numbers s(n, k) are the (unsigned)
Stirling numbers of the first kind. Since

-~ = Z( 1>"< )t —me)

4 Bell (1934a,b). > See Harary and Palmer (1973).
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where x(,) is the falling factorial x(x — 1)(x — 2)---(x —n + 1), we have

xx—=Dx=2)---(x—n+1)=xu= Z(—l)ks(n, k)x*.
k=1

Exercises

4.1.1. Let S be a finite set and x, be a set of variables, one for each element a
of A. Show that

[[x=> [J[]@-0D.
a:aes B:BCS b:beB

For example, if S = {a, b},
XaXp = (Xg — Dxp — D+ (xg = D)+ (xp — D)+ 1.

4.1.2. H. Potter’s q-binomial theorem.®

Let x and y be variables and ¢ a parameter or “quantum” satisfying the
commutation relations yx = gxy, gx = xq, and gy = yq. Then

n n -
x+' =) <k> Y,
q

k=0

where

<n> _ nly
k), klgmn—=FKly

nly=0+@U+q+¢> --(I+qg+qg*+-+¢"".

and

4.1.3. Formal power series and A-matrices.

Let IF be a field, FF[[#]] be the algebra of (formal) power series in the variable
t with coefficients in ¢ (under multiplication of power series), and T (IF) be the
algebra of countably infinite square upper triangular matrices with entries in
the field IF. A matrix (a;;)o<;i, j<co 1S @ A-matrix if row k is obtained by shifting
row 0 to the right by & entries and filling out the first k entries by zeros; that is,

6 Potter (1950) and Schiitzenberger (1953).
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(ai;) has the form

ap ap az as
0 a a a
0 0 ap a

Ifap, ai, az, ... is asequence, let A(ay, ai, az, . ..) be the A-matrix with zeroth
row equal to ag, a;, az, . . ..

(a) Show that the function A : F[[7]] > To(F) sending > o, a;t’ to
Alag, ay, az, .. .) is an injective F-algebra homomorphism with image equal to
the set To% (F) of A-matrices. In particular, TO% (IF) is a subalgebra and F[[¢]] is
isomorphic to T2 (F).

(b) Show that if f(¢) has an multiplicative inverse, then A(f(t)™") =
A(f(t))"'. Hence, Y 2 a;t" has a multiplicative inverse if and only if ag # 0.
Show that if Y o b;t' is the inverse of Y ;- a;t', then

a, d az ... dy—1 a,
a ay dy ... d4p—2 dp—|
(_1);1 0 ap ay ... dp_3 a4y,
b, = det .
n ag-H 0 0 ay ... a4 au_3
0 0 0 N ap a)

(The determinant on the right is an n x n determinant.)
(o) If f(r) and g(¢) are power series and f(t) = Z;’;O a,t", the composition
f(g(?)) is the power series defined by

F®) =) ag)".

n=0

Show that f(7) has a compositional inverse A(t); that is, there exists a power
series h(t) such that f(h(z)) = ¢, if and only if the constant term f(0) is zero
and the coefficient f'(0) of ¢ is nonzero.
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4.1.4. Lambert series.”

Letf(z) = ano:l I;7'. A generalized Lambert series based on £(z) is a power
series of the form

[e.¢]

> ant.

n=1

When £(z) = z/(1 — z), we retrieve the classical Lambert series:

00
P
Za” 1 _Zn'

n=1

Show that

(o] (o)
D ant@) =Y b
n=1 s=1

if and only if for all s, by = Zn:”‘s anls/n- Thus, for classical Lambert series,
the three conditions are equivalent:

00 o 0
2oy = b

n=1 s=1

b, = Z a, foralls,

n:nls

a, = Z " (%) b, foralln.

s:s|n

In particular,

R n
Z
z= E u(n)l_zn.
n=1

4.1.5. Cyclotomic products.®
A cyclotomic product is a formal product of the form

c@=[Ja-zy"
n=1
(a) Show that

C(z) = exp (Z bxzs>,

s=1

7 Hardy and Wright (1960). 8 Metropolis and Rota (1983).
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where

b, = % Z na, and a, = % Z " (%) sby.

n:n|s s:s|n

In particular, show that
oo
exp(z) = [ [ =z
n=1

and

1 = 1 n
_ 1_ n 7M(C(;Il)’ h M , — _ (_) d.
| |( z") where M (o;n) - E m 7 o

l—az
< n=1 d:d|n

(b) Develop a combinatorial theory of cyclotomic products.

4.2 Elementary Umbral Calculus

The umbral or symbolic method began as a heuristic device for deriving for-
mulas or identities. A typical example is the following inverse relation.

4.2.1. Proposition. Let (a,)0<n<co and (b,)o<n<co be sequences. Then

by=) C)ai foralln < a, =Y (—1)"" (rl.l)bi for all n.

i=0 i=0
The inverse relation is motivated and, if one is optimistic, is proved by the
following argument. Raising subscripts, we obtain, for all n,

=Y <’Z>a =(a+1Y.

i=0

Hence, for all n,

n
.(n .
at=0b-1)"= -1 b'.
b-1 Z( .
i=0
Lowering exponents, we obtain the inverse relation.
Using linear functionals on polynomial algebras, we will put such calcu-
lations on a rigorous basis.” For our example, we work over the ring F[a] of

° The framework proposed here is due to Rota. Rota published many papers on the subject. The
first is Rota (1964) and the last Rota and Shen (2000). An earlier attempt to make the umbral
method rigorous, by a set of axioms, can be found in Bell (1940).
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polynomials over a field F in the variable o. The variable « is thought of as
a “shadow variable” or umbra. We consider F[«] as a vector space and define
the linear functional U : Fla] — F by

U(@") = ay,
and extended to all of F[«] by linearity. Then

by, = Z (’:) U

i=0

—U (Z(; <’:>a> — U(a + 1)),

ap=U@")=U(a+1)—1"

- n—i (1 i
=U(§(—l) <i>(a+1)>
=Y 1y (?)U((a + ) =Y 1y (’Z)b,-.
i=0 i=0

This gives a rigorous proof of Proposition 4.1.1.
A somewhat deeper application of the umbral calculus is a rederivation of
the exponential generating function for the Bell numbers B,,.

On the other hand,

4.2.2. Theorem. Let ¢ be another variable. Then

[e¢]

Z Bul? _ el
n!

n=0

Proof. We begin with a combinatorial observation. Let X be a finite set of size x.
If £ : S — X isafunction, then those inverse images f~!(x) that are nonempty
give a partition of S. This partition is the coimage of f defined in Section 1.4.
If 7 is a partition of § into c(;r) blocks, then the number of functions with
coimage equal to 7 equals x((r)), where x, is a falling factorial. Since the
total number of functions § — X is x”, we have the combinatorial version of
Stirling’s identity

> Xy = X"
T

the sum ranging over all the partitions 7 of S.
Let Q[B] be the ring of polynomials with rational coefficients. Then as
the set {Bu): 0 < k < oo} is a basis for Q[B], there is a linear functional
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L : Q[B] — Q such that
L) =1, L(Bg)=1fori=>1.
By Stirling’s identity,

By =Y 1= LBew) = LB").

4.2.3. Lemma.

n

n
Bn+l = Z (l.>Bn—ia

i=0
or L(B™") = L((B + 1))

Proof. We have, for every nonnegative integer k, S(8 — 1)) = Bw) and
L(B(B — ) = L(Bw)). Since {Bx): 0 < k < oo} is a basis, we also have,
by linearity,

L(Bp(B — 1)) = L(p(B))

for every polynomial p(8). In particular,
L(BB") = L(B") = L((B + 1))
This is the required formula in umbral form. (]

Next, write

o n
&nt [
2 ' — ee 1
n!

n=0

andlet M : Q[B] — Q be the linear functional defined by M (8") = g,,. We will
show that the linear functionals L and M are identical. We begin by observing
that

ol M
e I—HX:(;T—M(eﬁ)

Differentiating formally relative to #, we obtain
e’ = M(Be');
that is,

e M(ePy = M@EPV = M(BeP).
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Expanding as Taylor series,

o M((B+ D" o M(B "
S T = N

n! n!
n=0 n=0
We conclude that M((8 + 1)") = M(B"*") and by linearity, M(p(8 + 1)) =
M(Bp(B)). Hence, M = L and g, = B,. O

4.2.4. Dobinski’s formula.

12"" G+
Bn+1:_ Iy
e “ J!
j=0
1 anr2"+3"+4"+
e 21 3 ’

Proof. If n and k are nonnegative integers, then k) = 0if k < n and k(,)/ k! =
1/(k — n)!. Thus,

1 = ki
L) =1=-3 =%

k=0

and hence, since {f,)} is a basis,

—_—

Loy =3 2
k=0

Q

Dobinski’s formula now follows by putting p(8) = p"*+!. O

Exercises
4.2.1. Give a combinatorial proof of Lemma 4.2.3.
4.2.2. Find an umbral calculus proof of the exponential formula.

4.2.3. (Research problem) A random variable X defines a sequence E(X"), its
sequence of moments, while an umbra « represents a sequence U («”). Explain
or develop this analogy.

4.3 Polynomial Sequences of Binomial Type

In the next three sections, we give a short introduction to polynomial se-
quences of binomial type. We will use the finite operator calculus developed in
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Foundations III and VIII. Let IF be a field of characteristic zero and IF[x] be the
F-algebra of polynomials with coefficients in F in the variable x.

A polynomial sequence (p,(x))52, in F[x] is a sequence of polynomials
such that p,(x) has degree (exactly) n. A polynomial sequence (p,(x)) has

binomial type if it satisfies the (generalized) binomial identities: for all n,

Pn(x +y) = Z <n>pk(x)pn_k(y).

k=0 k

The binomial identities are assumed to hold as polynomial identities in the
variables x and y.

An operator on polynomials is a linear transformation defined from F[x] to
F[x]. Since a polynomial sequence (p,(x)) gives a basis of F[x], an operator
Q is determined by the (labeled) values Qp, (x). The identity operator I sends
every polynomial to itself and if T is an operator, T° = I by convention. If a
is an element in F, then E“ is the shift operator sending a polynomial p(x)
to p(x + a). We write E! simply as E. We will also use the linear functional
e(a) : Fx] = F, p(x) — p(a)that evaluates p(x) ata, as well as the notation
[p(x)]xza = P(a)

4.3.1. Boole’s formula.'?

Proof. Since x" is a basis for F[x], Boole’s formula is a consequence of the
equations: for all nonnegative integers n,

n k
a
E‘x"=(x+a)" = E Fn(k)x’“k =Py, O
k=0 "’

The proof of Boole’s formula used the following fact: if (a, )2, is a sequence
of elements in IF and 7 is any operator such that for all polynomials p(x), T p(x)
has degree strictly less than the degree of p(x), then the formal sum

o
ZanT"

n=0

is a well-defined operator. The reason is that when the infinite sum is applied
to a given polynomial, only a finite number of terms are nonzero.

10 Boole (1872, p. 18). Boole’s formula was known much earlier.
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An operator Q is shift-invariant if Q E? = E°Q for any element a in F. The
most familiar shift-invariant operator is the differentiation operator D, defined
by Dx" = nx"~!. Operators of the form Y a, D" are also shift-invariant.

An operator Q : F[x] — F[x] is a delta operator if Q is shift-invariant and
Ox = ¢, where c is a nonzero constant.

4.3.2. Lemma. Let Q be a delta operator and p(x) a polynomial of degree n.
Then Qp(x) is a polynomial of degree (exactly) n — 1.

Proof. Since {x": 0 <n < oo} is a basis for F[x], it suffices to prove the
lemma for x". We begin with the constant polynomial 1. By linearity, Q Ex =
O(x+1)= Qx+ Q1 =c+ Q1.Byshift-invariance, QEx = EQx = Ec =
c.Hence,c+ Ql =cor Q1 =0.

Next suppose that n > 1. Let r(x) = Qx". By the binomial theorem and
shift-invariance,

Z (Z)ak 0x" " = Q(x +a)
k=0
— QEaxﬂ
= E‘Qx" =r(x +a).

Setting x = 0, we have

n

ra)=>_ <Z>ak[QX"_k]x=o-

k=0

The coefficient of a” is [on]x:(). Since x° = 1, the coefficient of a” is zero
by the first part. Further, the coefficient of a™ ' is n[Qx],—o. This equals nc
and is nonzero. Hence, r(a) is a polynomial in a of degree exactlyn — 1. [

A polynomial sequence (p,(x)) is a basic sequence for the delta operator Q if
po(x) =1, p,(0) = 0 whenever n > 1, and Qp,(x) = pp—1(x).

Polynomial sequences of binomial type can be described in many different
equivalent ways.

4.3.3. Theorem. Let (p,(x))be a polynomial sequence and Q : F[x] — F[x]
be the operator defined by QOp,(x) = np,_i1(x). Then the following are
equivalent:

BTI1. The sequence (p,(x)) is of binomial type.
BT2. The operator Q is a delta operator.
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BT3. The operator Q has a formal expansion:

q(D) = Zan 5

where D is differentiation and ¢(¢) is a power series with zero constant term
and a; # 0.

BT4. The following two equivalent formal power series relations hold:

e =m0l Y ot explar o,

n=0 n=0

where f(¢) and ¢g(¢) are power series with zero constant term that are compo-
sitional inverses of each other in the sense that f(g(t)) = q(f(t)) = t.

The power series f(¢) is the indicator of the polynomial sequence (p,(x)).

We begin the proof of Theorem 4.3.3 by showing that BT1 is equivalent to
BT?2. Suppose that (p,(x)) is the basic sequence for the delta operator Q. Then

0" pu(x) = gy pa—i(x),

where ngy =n(m —1)---(n —k + 1). Hence, €(0)Q"p,(x) =n! and €(0)
Q*p,(x) = 0if k < n. Thus,

pa(x) = Z ) (0 0% pa).
Since {p,(x)} is a basis of F[x] and €(0)Q* is a linear functional,
plx) = Z P4 0y 0% pix)
for every polynomial p(x). In particular, if p(x) = p,(x + y), then
Pax +y) = Z PO (0) 0% pi).

Since

€(0)Q"E? p(x)
€(0E? 0" p(x)
= e(Y)n ) Pn—i(x)
= ng Pn-k(y),

€(0)0" p(x + )
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we conclude that

n

Pulx +3) = Y " pe)poi(y).
k=0

Now suppose that the polynomial sequence (p, (x)) has binomial type. Set-
ting y = 0 in the generalized binomial identities, we obtain

DPn(x) = pp(x)po(0) + np,—1(x)p1(0) + (Z)Pn—z(x)l?z(o) +---

Since we are hypothesizing that p;(x) has degree exactly k, it follows that
Po(x) = po(0) = 1 and p(0) = 0if k > 1.
There is only one choice for the delta operator: Q must send po(x) to 0 and

pn(x) to np,_1(x) if n > 1. Since pi(x) = x, Qx = Op1(x) = po(x) =1, it
remains to show that Q is shift-invariant. To do this, write the binomial identity
in the form

palx +y) = Z pk(x) 0" pu(y).

Since {p,(x)} is a basis, we obtain, by linearity,

plty) = Zp"( L0 p(y).

Replacing p by Op and exchanging x and y, we have

(0p)(x +y) = Z Pe) =0 p().

Further,

E"Qp(x) = (Qp)(x +y)

_ Q[Z 2O gt )}
= Qp(x +y) = QE" p(x).

We conclude that EYQ = QE?Y; that is, Q is shift-invariant. We have now
proved that BT1 and BT2 are equivalent.
To prove BT2 implies BT3, we need the following result.
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4.3.4. The first expansion theorem. Let T be a shift-invariant operator and
Q be a delta operator with basic sequence (p,(x)). Then

T — Z [Tpk(X)]x =

Proof. Since the sequence (p,(x)) has binomial type,

Pk(y)

Pa(x +y) = Z 0" pa().

Regard both sides as polynomials in y and apply 7 to obtain

n T
Tpuc ) = 3 22D ot 4,

!
= k!

Since {p,(x)} is a basis, we have, by linearity,

Tp(x +y) = Z p"(”Qk ).
Setting y = 0, we conclude that
n T .
Tpry = 3 LPOL=0 e . 0

P k!

Now assume BT2. Then since Q is shift-invariant, we can expand Q in
terms of the differentiation operator D with basic sequence x". We conclude
that Q = q(D), where

o0 n
a0 = Y 105" Lo .
n=0
Since Q1 =0 and Qx = ¢, where c is a nonzero constant, g(¢) is the form
described in BT3.

To prove BT3 implies BT4, we need an isomorphism theorem. The operators
on the polynomial algebra F[x ] form an F-algebra under composition. The shift-
invariant operators form a commutative subalgebra S of this algebra. This is
easy to prove formally from the definition and also follows from the next result.
Let F[[#]] be the F-algebra of formal power series with coefficients in [F in the
variable 7.
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4.3.5. The isomorphism theorem. Let Q be a delta operator with basic

sequence (g, (x)). Then the function S — F[[¢]] given by
T Y ITq0)h=0s;

k=0

is an [F-algebra isomorphism from S onto F[[#]].

Proof. The function is F-linear because (T + S)qi(x) = Tqr(x) 4+ Sqr(x) by
definition. It is injective by the first expansion theorem and surjective because
operators of the form Y - a, Q" are shift-invariant.

It remains to check that it sends composition to multiplication. Let S and T
be shift-invariant operators and

k

= t > t"
F@O = ISa =0 80 =Y ITqu(0]e=0—
k=0 n=0
We will show that
00 k
FOR0) =Y ITSq(0]e=0
k=0
by looking at the coefficients. Specifically, we use the fact that
[o.¢]
[qu(x)]x:O[Sqn(x)]x:O k+n
[7Sg,(x)] =0 = LZ o 0" g.(x)
m=1 x=0

Since ¢,(0) =0 if n > 0 and ¢y(0) = 1, a summand is nonzero only if n =
r — k. Further, if r = k + n, then Q" ¢, (x) = r! = [Q**" ¢,(x)]y=0. Hence,

[qu(x)]x:O[Sqrfk(-x)]x:O !
kl(r — k)! '

o0

[7Sq, (im0 = )

k=1

= (,Z)[qu(xnxo[Sqr_k(x)]xo. 0
k=1

4.3.6. Corollary. A shift-invariant operator 7 has a compositional inverse if
and only if 71 # 0.

4.3.7. Proposition. Let Q be a delta operator with basic sequence (g, (x)). If
0 = q(D), then

3 (0 = exp(ef ().
n.

n=0

where f(¢) is the compositional inverse of g(z).
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Proof. Expand the shift operator E¢ in terms of Q, obtaining

Z[qn(x +a)],= 0— = an<a)—.

By the isomorphism theorem and Boole’s formula (4.3.1) that E¢ = ¢*P, we

have the power series identity

]

et = Z n( ) (U)n

n=0

Making the changes of variables a = x, t = g(u), and u = ¢~ '(t) = f(t), we
obtain the required formula. (I

Finally, we show that BT4 implies BT1. This follows from the formal power
series calculation

a1 = expl(x + 00
n=0 :
= eXp(xf (1)) exp(yf (1))

= Z (Z( )pk(x)pn k<x)> i.

k=0

This completes the proof of Theorem 4.3.2.

We conclude the theoretical part of this section with a discussion of closed
forms. A “closed form” is a formula that appears to be simple (and may in fact
be simple). To obtain closed forms, we need a lemma, a definition, and then
another lemma.

4.3.8. Lemma. An operator Q is a delta operator if and only if Q = DP,
where P is an invertible shift-invariant operator.

Proof. By BT3, Q = ¢q(D). Writing ¢q(¢t) = tf(¢) and setting P = f(D), we
obtain Q = DP, where P, being a power series in D with nonzero constant
term, is shift-invariant and invertible. Conversely, if O = D P, then Q is adelta
operator by BT3. O
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If T : F[x] — F[x] is an operator, then its Pincherle derivative’' T' is the
operator

Tx —xT,

where x is the multiplication-by-x operator p(x) +— xp(x). The Pincherle
derivative is a derivation; that is, (TS) =T'S + TS’

4.3.9. Lemma. If Q is a delta operator with basic sequence (p,(x)), Q =
q(D), and Q' is the Pincherle derivative of Q, then Q' = ¢'(D), where ¢'(¢) is
the derivative of the formal power series g (¢). In particular, Q' is an invertible
shift-invariant operator.

Proof. Use the fact that
[(0x — XQ)x"]i—p = [Qx"T! — xOx" =0 = [Qx" ] i0. O

4.3.10. Proposition. Let Q be a delta operator, Q = D P, (p,(x)) be the basic
sequence of Q, and n > 1. Then,

@) pa(x) = Q'PHxn,

(b) palx) = P7x" — (P7Yx",
© palx) = x P72,

(@ pax) = X(Q) ' pai(x).

Proof. We begin by showing that the right sides of the first three formulas are
equal. We begin with

Q/P—(n-H) — (DP)/P—(n-H) — (D/P + DP/)P—(n-H)
1
— P—Vl + P/P—(n+])D — P—n _ _([)—H)/D7
n

where we have used D’ = I and the chain rule for derivations. Applied to x",
we obtain

Q/P—(n+1)xn — P—n n__ (P—n) Dx n __ P—n n (P—n)/ n— l
We also have
P—n n (P n) Dxn l_P—l’l l’l_(P X_XP n)xn 1 _xP—il n— 1

This shows that the first three formulas are equivalent.

T Pincherle (1901, 1933). The work of Pincherle was ahead of its time. However, as Rota put it
in Foundations VIII, “although Pincherle was fully aware of the abstract possibilities of the
concept of operator, he was ignorant of the nitty-gritty of numerical analysis, where he would
have found fertile ground for his ideas.”
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Next, let j,(x) = Q' P~"*+Dx" First,as Q = D P and shift-invariant oper-
ators commute,

O0pu(x)=DPQ' P " Vx" = Q'P7"Dx" = n(Q'P™")x"~" = np,_1(x).

Second, by the third formula, j,(x) = x P "x"~!, and hence if n > 1, j,(0) =
0. Thus, p,(x) is the basic sequence for Q, and hence p,(x) = p,(x). We have
now proved the first three formulas.

To prove the fourth formula, we invert the first formula, obtaining

X" = (0 P py().
Substituting this into the third formula, we obtain

Pn(x) = x P (Q) ' P " ppi(x) = x(Q) ' puei (x).

This proves the fourth formula. (]

We will show how the theory developed so far works with two classical polyno-
mial sequences. We begin with the delta operator E“D. By Lemma 4.3.10(c),
the degree-n polynomial A, (x; a) can be calculated as follows:

An(x;a) = xE—nﬂle—l — x(x _ na)n—]‘

The polynomials A, (x; a) are the Abel polynomials. The generalized binomial
identity yields Abel’s binomial identity:

n

x4+ +y—nay”" = Z(

k=0

n

k)x(x —kaY'y(y — (n — K)ay" "

BT4 yields another identity of Abel:

o0 k—1
x(x —ka
ext § ( 0 ) tkekut'
k=0 :

Next, we consider the Laguerre operator L : F[x] — F[x] defined by

Lp(x) = —/ e " p'(x +u)du.
0

The Laguerre operator seems to be analytic, but it can be rewritten algebraically
using integration by parts. To see this, note that

oo

/ e f(x +uydu =[e ™" f(x +w)]'=P +/ e " f'(x +u)du.
0 0
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Hence, if f is a polynomial, we can iterate the integration-by-parts formula to
obtain

—/ e f(x +u)du = —[f(x)+ Df(x)+ D> f(x)+---].
0

Thus,

D
L=——.
D—-1
Hence, by Proposition 4.3.10(c), the degree-n polynomial L,(x) in the basic
sequence of L can be calculated as follows:

Ly(x) = x(D = I)'x""" = Z( ' k( )(n =D =2)- (= k",

k=1

- n!(n—l) X
= - (—=x)",

;k! k—1

where, in the last step, we change the index of summation from k to n — k.
It is easy to check formally that e* De™ = D — I; thus, we have Rodrigues’
formula,12

L,(x) =xe*D"e " x" !

By BT4 and the fact that g(t) = ¢ /(¢ — 1) is its own compositional inverse, we
have the following identities:

Vl

xt > "
exp(xt) = 2 L,(x)— a1 exp (t—_1> = ;Ln(x)z.

The Abel and Laguerre polynomials have similar combinatorial interpreta-
tions. Let § and X be disjoint finite sets, with |S| = n and | X| = x. A reluctant
function f : S = X from S to X is a function f : § — S U X satisfying the
following property: for each a in §, there is a positive integer k (depending on
a) such that the image f*(a), when f is applied k times, is in X. Intuitively,
a reluctant function drags every element a in S to X. The graph of a reluc-
tant function f : § = X is the directed graph on the vertex set S U X with a
directed edge (a, b) if f(a) = b. The condition on reluctant functions implies
that the graph of a reluctant function is a disjoint union or forest of x directed
trees, with all edges in each tree directed to the unique vertex, the root, in X.
Conversely, a forest of rooted trees, with a total of | S| nonroot vertices labeled
by S and roots labeled by a subset of X, determines a reluctant function.

12 Rodrigues derived the analogous formula for Legendre polynomials in his 1816 thesis. See
Altmann and Ortiz (2005).



4.3 Polynomial Sequences of Binomial Type 199

4.3.11. Theorem. Let ¢, be the number of forests of rooted labeled trees with
n vertices and k connected components. Then

n
Ztnkxk =x(x +n)" L.

k=1

In particular, the number #,; of rooted labeled trees on n vertices is n"~!.

To prove this, we use the following lemma.

4.3.12. Lemma. Let P be an invertible shift-invariant operator and (p,(x)) a
basic sequence satisfying
(™! pa()]izo = 1P~ pue1(0)]i=o

for n > 1. Then (p,(x)) is the basic sequence for the delta operator D P.

Proof. Let Q be the delta operator for (p,(x)). If p(0) =0, [x~! p(x)];=0 =
[Dp(x)]x=0, and hence,

[Dp(x)]i=0 = [P~ Qp(x)]s=o- )

In addition, when p(x) is a constant, both sides of (Z) equal zero. Hence, by
linearity, (Z) holds for all polynomials p(x). Setting p(x) = g(x 4 a) and using
shift-invariance, we have

Dg(a) = [PT'QE“q(x)]i=0 = [E* P~ Qq(x)]s=0 = P Qq(a).

This relation holds for all polynomials ¢(x) and all constants a. We conclude
that D = P~'Q. O

Returning to the proof of Theorem 4.3.11, let A(x) = 22:1 tx*. Then,

n
ihi=n Ztn—l,k = nAil—l(l)'
k=1
To see this, observe that we can construct a rooted tree on the vertex set
{1,2, ..., n}bytaking a forest of rooted trees on the vertex set {1, 2, ..., n — 1}
and joining all the roots to a new root by edges. The new root can be labeled in
n ways by the new label n or by transferring one of the n — 1 old labels from
an old vertex to the new root and relabeling that old vertex by the new label n.
This construction is reversible. Hence,

[x_lAn(x)]x:O =1l = nAn—l(l) = n[EAn—l(x)]x:O-
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By Lemma 4.3.12, we conclude that A,n(x) is the Abel polynomial A, (x; —1).
This completes the proof of Theorem 4.3.11.

Reluctant functions also offer a counting interpretation for Laguerre poly-
nomials. If f : § = X is a reluctant function, let the (rooted) forest of f be
the rooted forest obtained when the vertices in X (and edges incident on them)
are deleted from the graph of f. Let £(S, X) be the set of reluctant functions
f S = X such that the forest of f is a disjoint union of directed paths. If
|S| = n and | X| = x, then

I£(S, X)| = Ln(—x), LG)

where L, (x) is a Laguerre polynomial. For a proof, see Exercise 4.3.4. We end

with the remark that reluctant functions were the motivation for species.'?

Exercises

4.3.1. Show that if p(x) is a polynomial with nonzero constant term and g(x)
is any polynomial, then there exists a unique polynomial y(x) such that

p(D)y = g(x).

4.3.2. Find an explicit formula for the coefficients a, in the power series
relation'*

. al‘l n
sinxt = ;‘ prGUEDIE
4.3.3. Rising and falling factorials.

(a) Show that the degree-n term in the basic sequence of the forward
difference operator A, defined equivalently by A= FE —1 or A: p(x) —
p(x +1) — p(x), is the falling factorial x,, where x() =x(x —1)
(x —2)---(x —n +1). Hence, deduce

"\ (n
X+ Y = Z <k>x(k)Y(nk>~
k=0

(b) Show that the degree-n term in the basic sequence of the backward
difference operator V, defined equivalently by V=1I1—E~! or V:
p(x) = p(x) — p(x — 1), is the rising factorial x™ where x™ = x(x + 1)
x+2)---(x+n-—1).

13 For species, see Bergeron et al. (1998).
14 This exercise is attributed to 1. Schur in Carlitz (1966).
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4.3.4. Let (p,(x)) be a sequence of binomial type and when n > 1, let

n

o) =D cuxt.

k=1
(a) Show that

] m 00
an(x)a =exp|x chltj/j!
n=0 j=1

In particular, the sequence (p,(x)) is determined by the sequence (c,;), where
cn1 = pp(0).

(b) Prove Equation (LG).

(c) (Research problem) Study polynomial sequences enumerating other
kinds of reluctant functions, for example, the reluctant functions whose rooted
forests are binary trees or plane binary trees.

4.3.5. Euler’s summation of alternating series.
Prove the formal identity:

0
=0

o _1 n
YDt =) (2n+)1 [A" ()] =0-
n=0 n

4.3.6. Abstract Poisson processes."”

Let X be a field of subsets on the set S. A subset R of S is rare if the
intersection R N A is finite for every subset A in X. Let R be a collection of
rare subsets of R. If A € ¥ and k is a nonnegative integer, let

[Alk]={R: Re R, |RNA| = k).

The Poisson algebra P of the probability space S is the field of subsets con-
sisting of finite unions and intersections of all subsets in 2R of the form [A|k]
or [Alk]¢, where A € ¥ and 0 < k < oo.

(a) Show that if A and B are disjoint subsets in X,

[AUB|n] = U[A|k] N [B|n — k.
k=0

A Poisson valuation 7 on the Poisson algebra is a valuation P — R that is
normalized, 7 ([#|0]) = 1, and satisfies the independence property

m([Alk] N [BIl]) = w([AlkDm([BII])

for disjoint subsets A and B in X.

15 Kung (1981) and G.-C. Rota (Twelve problems).
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(b) Let v : ¥ — R be a real valuation on ¥ and let / be the image {r: r =
v(A) for some A € ¥}. Suppose that the image / of v is infinite. A Poisson
valuation is homogeneous (relative to v) if w([A|n]) depends only on n and
v(A). From a homogeneous Poisson valuation, we obtain a sequence ,, : [ —
R of functions defined by 7, (x) = m([A|n]), where A is a subset in X such
that x = v(A). The homogeneous Poisson measure 7 is equicontinuous if for
all xg in I and € > 0, there exists a positive real number § such that for all n,

|x —xol <6 and x € I imply |m,(x) — m,(x0)| < €.
Show that if 7 is an equicontinuous homogeneous Poisson measure, then

e MW p,(Av(A)

7 ([Aln]) = - :

where A is a real number and (p,(x)) is a sequence of polynomials of binomial

type.
(c) If 7 is a Poisson valuation, let

v(A) =Y w([AlkD*.
k=0

Show that 7 is a Poisson valuation if and only if it is consistent, that is, v(A) is
a polynomial of degree at most |A| when A is finite, and multiplicative, that is,
for subsets A and B in X,

v(A)v(B) = v(AU B)u(AN B).
This result gives a pointless description of inhomogeneous Poisson processes.

4.3.7. Coalgebras.'®

We give an informal introduction to coalgebras in enumerative combina-
torics. Much of algebra is about multiplications on a set A, that is, binary
operations A x A — A that give rules for combining two elements. The op-
posite of multiplication is comultiplication, which gives a rule for breaking up
an element. Comultiplication is by nature many valued; one way to express
this is by formal sums in tensor products. We will illustrate this with three
examples. Some familiarity with tensor products is required for this exercise
(see Section 2.8 for an introduction to tensor algebra).

The first example is the polynomial coalgebra. Let F[x] be the algebra of
polynomials over a field F in the variable x. Then [F[x] is a coalgebra by the

16 Barnabei et al. (1980), Joni and Rota (1979), and Rota (1978). For more work on coalgebras,
see, for example, Haiman and Schmitt (1989) and Schmitt (1995).



4.3 Polynomial Sequences of Binomial Type 203

comultiplication A : F[x] — F[x] ® F[x] defined by

Ax" = in ®xn7i
i =0

and extended by linearity. Intuitively, Ax" is the formal sum over all possible
ways of breaking up a sequence of n x’s into two segments: the initial segment
with k x’s and the final segment with n — k x’s.

Another example is the Boolean coalgebra. Let S be a finite set, A be a
set of symbols, one for each subset A of S, and F(S) be the vector space of
formal F-linear combinations ZA:Aes caA. The comultiplication A : F(S) —
F(S) ® F(S) is defined by

AA = Z B ® (A\B)
B:BCA
and extended by linearity. Intuitively, AA is the formal sum of all possible
ways of breaking up A into an ordered pair of subsets.

Many combinatorial identities say that a counting process “commutes” with
comultiplication. The classic example is an identity of Tutte.!” Let P(T"; x) be
the chromatic polynomial of the graph I' (see Exercise 3.5.2). If A is a subset
of the vertex set V(I') of I, then I'| A is the graph on the vertex set A with all
the edges of I with both endpoints in A. Then

P(Mix+y)= Y PTIA;x)PTI(V\A);Y).
ArACV(D)
If we replace a subset A by x4l in the Boolean coalgebra, we obtain the
binomial coalgebra with comultiplication
Ax" = 2": <n)xk ® x" 7k,
o \K

The relation of this comultiplication with binomial identities is clear. An al-
ternate theory of polynomial sequences of binomial type can be constructed
starting with a bilinear pairing between the algebra of formal power series and
the binomial coalgebra.'®

With the examples in mind, we can now define a combinatorial coalgebra.
A system of section coefficients on a set P of pieces is a system of numbers

a
9
ap,ay, ...,y

where a, ay, ay, . . ., a,, are pieces satisfying the following axioms:

17 Tutte (1967). '8 Roman and Rota (1978).
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Consistency: Fora, a; € P,

a 1 ifa=a

a |0 otherwise.
Finiteness: For each piece a,

a
alaa25"'7am

for only finitely many sequences a, a, .. . , Gy,.

Coassociativity: For positive integer m and k such that k < m,

’ > ’ "
ap, az, ...,dy p: peP ay, az, ..., A, P || k41, Qk425 -+ -, Am

2 ’ ’
p: peP ap, az, ..., g D, Qk+1, Q42,5 - - -, Ay

Section coefficients define a coalgebra on the vector space C of (finite) formal
linear combinations of pieces by the comultiplication A : C — C ® C given by

a
Aa=Y" [ :|a1®az-
ag, az
(ar,a)

When A is iterated, we need to choose one component of the tensor product to
apply A. Specifically, we can do it in the two possible ways:

c2cec® Cceo)ec ad ¢S cecBcocCce0).

Coassociativity says that the two ways yield the same answer. In general,
coassociativity says that

a

A" g = [
(a1,a2,...,am) a,az,...,ay

j|al®02®"’®am’

an expression independent of the choices made when iterating A.
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4.4 Sheffer Sequences

A polynomial sequence (s, (x)) is a Sheffer sequence'® for the delta operator Q
if so(x) = ¢, where c is a nonzero constant, and forn > 1, Os,(x) = ns,_1(x).
Like sequences of binomial type, Sheffer sequences can be described in several
equivalent ways.

4.4.1. Theorem. Let Q be a delta operator with basic sequence (p,(x)) and in-
dicator function g(¢) (so that Q = g(D)). Let (s, (x)) be a polynomial sequence.
Then the following statements are equivalent:

SS1. The sequence (s, (x)) is a Sheffer sequence for Q.

SS2. There exists a (unique) invertible shift-invariant operator S such that

Pa(X) = Ss,(x) or s,(x) = S pu(x).

SS3. The following two equivalent power series relations hold:

t o0

_ q()" = " exp(xf(1))
)—gsm)T and ;S"(x)a ==

ex
s(t

where f(¢) and g(t) are power series with zero constant term that are compo-
sitional inverses of each other.
SS4. The binomial identities hold: for all nonnegative integers n,

n

EESEDY <’;)sk(x)pnk(y)

k=0

as a polynomial identity in the variables x and y.

We first prove that SS2 implies SS1. Suppose that s, (x) = S~! p,(x). Then
by Corollary 4.3.6,so(x) = S~'1 # 0.Ifn > 1, then as shift-invariant operators
commute,

05, (x) = QS pa(x) = ST Qpu(x) = S npu_i(x) = ns,_ 1 (x).

This verifies SS1.

Next, we prove that SS1 implies SS2. Suppose (s,,(x)) is a Sheffer sequence
for the delta operator Q. Define the operator S by s, (x) — p,(x) and extending
S by linearity. Since the polynomials s,(x) and p,(x) have the same degree n
and so(x) # 0 and po(x) = 1, the operator § is invertible. It remains to show
that § is shift-invariant. Note first that S commutes with Q. Indeed,

SQOs,(x) =nSs,_1(x) = np,—1(x) = Opu(x) = OSs,(x).

19 Sheffer (1939).
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Since {s,(x)} is a basis, SQ = QS, whence SQ" = Q"S. Now by the first
expansion theorem (4.3.3), we can write E¢ as a power series in Q. From this,
we conclude that O commutes with E¢.

We have now proved that SS1 and SS2 are equivalent. We say that a poly-
nomial sequence (s,(x)) is (Q, S)-Sheffer if the sequence (s,(x)), the delta
operator Q, and the invertible shift-invariant operator S are related as de-
scribed in SS1 and SS2. Next, we prove that SS2 implies SS3. By the first
expansion theorem (4.3.4),

o]

v O )
E _Z—n! Q".
n=0
Hence,
— S~ pax) o S (X)
—1 px n n __ n n
N
n=| n=

By Boole’s formula, E* = exp(x D). Hence, by the isomorphism theorem
(4.3.5),

e

s(t)

n

Sﬂ

(f)q(t)".

xt o
n
=0

To prove SS3 implies SS4, we can use the generating function argument
used to prove that BT4 implies BT1. Alternatively, we can use the following
argument: since p,(x) is of binomial type, we have

n

pax 0= <Z>pk(x>pn_k(y>.

k=0

Let S be the operator defined by S(s,(x)) = p,(x). Applying S~!, with x as
the variable, we obtain

n

S pu(x +y) = kg(; (Z)Sk(X)pn_k(y)-

Since
ST pa(x +y) = STIEX(x) = EVS 7 pu(x) = EVs,(x) = su(x + y),

the binomial identity follows.
Setting x = 0 in SS4, we obtain

n

=Y (’;)sk(om_k(y).

k=0
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Thus, a Sheffer sequence (s,(x)) is determined by the sequence of constant
terms (s,,(0)) and the basic sequence (p,(x)).

We will now close the circle of implication in the proof of Theorem 4.4.1 by
showing that SS4 implies SS1. Exchanging the variables x and y and setting
y = 0 in the binomial identity, we obtain

50 = Y ()5 Opeo)
n = k k Pn—k .
k=0
Then

05, ()= (Z)skm)Qpn_k(x)

k=0
=n ; <7’l ; 1>Sk(O)P(n1)k(X) = nsy_1(x).

Thus, SS1 holds and the proof of Theorem 4.4.1 is complete.
We end with the Sheffer sequence analog of the first expansion theorem
(4.3.4).

4.4.2. Second expansion theorem. Let Q be a delta operator with basic
sequence (p,(x)), S be an invertible shift-invariant operator, and (s,(x)) be a
(Q, T)-Shefter. If T is any shift-invariant operator and p(x) is any polynomial,
the following identity holds, as a polynomial identity in the variables x and y:

oo

Tp(x+y)=)_

n=0

sn(y)

o Q"STp(x).

In particular,

o0
52(0)
sTh=%) 220
; n! Q
Conversely, let S be an invertible shift-invariant operator, Q a delta operator,
and (s,(x)) a polynomial sequence. If

o0

£ =Y Do ©

n=0

for all polynomials f(x) and constants a, then (s,(x)) is (Q, S)-Sheffer.

Proof. By Theorem 4.3.4,

£ — Pn(a) 0"

n!
n=0
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Applied to the polynomial p(y), we obtain
. — Pa(x)
pOr+y) = E'py) =) === 0"p(y).
n=0

Next, we apply S~ as an operator on polynomials in the variable x and obtain

] s-1 ’ 00 .
S+ =Y %(’” Q" p(n=3" n(f) 0" p(y).
n=0 . n=0 :

This identity holds as a polynomial in the variable y. Hence, we may interchange
x and y to get

o0

CaCENEDS

n=0

sn(y)
n!

Q" p(x).

To finish, regard x as the variable and apply 7S and use the fact that shift-
invariant operators commute to conclude that

Tpx+y) =) %Q"STP()C).

n=0
The special case now follows by setting 7 = S~ and y = 0.
To prove the converse, regard x as the variable and a as a parameter in
Equation (C) and apply S~' to both sides. Then

o0
1 ra sa(@) _,
STEf() =) 0" ()
= n!
for all constants a. Since S~! is shift-invariant,
STE f(x)=S""f(x +a) = E'S7' f(x).

Hence, we can exchange the variables x and a to obtain

STEf) =) %Q”f(a).

n=0

We next apply S on both sides and exchange x and a again, obtaining

(Ssn)(a)
n!

oo

fa+a)=Efx)=)

n=0

Q" f(x).
Setting f(x) = p,u(x), this equation becomes

P+ a)y =" (Z)(Ss»(a)pm_n(x).
n=0
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Finally, set x = 0 and observe that p,,_,(0) = 0 except when m = n. Hence,
Pm(a) = (Ssp)(a) for all constants a, and hence, p,(x) = Ss,,(x). By SS2,
(s,(x)) is (Q, S)-Sheffer. [l

The simplest Sheffer sequences (s, (x)) are those with delta operator D. These
have generating function e*' /s(r). Hence, if

then

n n k
sa(x) = i )X
k=0

Such Sheffer sequences were studied by Appell.?® Two natural examples,
Hermite and Bernoulli polynomials, are discussed in the exercises.

Exercises

4.4.1. Recurrences.

Let (s,,(x)) be a polynomial sequence with so(x) = 1. If (s,(x)) is a Sheffer
sequence, then for every delta operator A, there exists a sequence of constants
a, such that for all nonnegative integers n,

n

Asy(x) = Z (Z)aksn_k(x)-

k=0

Conversely, if the recurrence holds for some delta operator A and sequence
(an), then (s,(x)) is a Sheffer sequence for a delta operator Q (where Q may
be different from A).

4.4.2. Hermite polynomials of variance v.
Let W, be the Weierstrass operator defined by
1
V2mv

Define the Hermite polynomials H\")(x) of variance v by

o0
W, p(x) = f e/ p(x + u)du.

HY (x) = W, 'x".

20° Appell (1880).
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The Hermite polynomials of variance v are (D, W,)-Sheffer. We write H,(x) =
HV(x).
(a) Show that

" 2m — D!
Wu Z 2m)! D

S P
2"m!
m=0

= e;p(sz /2),

where 2m — D!I! =C2m — 1)2m —3)---5-3-1if m > 1, and O!! = 1.
(b) Derive formulas for Hermite polynomials from the theory of Sheffer
sequences. In particular, derive

ln/2]
HY(0) =) (2k)< v 2k — DItx"

k 0
—v12/2 Xt __ ZH(U)(-X)
HY(x) = v"/an(x /ﬁ).

(c) Prove identities for Hermite polynomials from the literature. For example,
show that for k > j,

jlk!

H (o) Hi(x) = Z (n+j—k)! <n+§—j)! (k+£ )

H,(x),

2

where the sum ranges over integers n such that k — j <n <k+ j and n =
k + jmod?2.

(d) (Research problem) Using the theory of Sheffer sequences, prove
Mehler’s formula:*!

oo
t" 1 4dxyt — 4(x? + y?)r?
1+y° Hy (), (y)— = = eXP( . a2 . :

n=1
Are there similar formulas for other Sheffer sequences?

21 For a combinatorial proof, see Foata (1978).
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4.4.3. Bernoulli polynomials.
Let J” be the operator defined by

X+r
J'p(x) = / p(u)du
and J = J'. Then DJ = A and
, A\ (P =1
J'=—=) = .
D D
The Bernoulli polynomials B,(,’)(x) are defined by B,(,’)(x) =J "x".Forr =1,
we have the generating function

nd B " ted
> W)=
n=0

The Bernoulli number B, is the constant term B, (0).
Show the formal Euler—MacLaurin summation formula. If f(x) is a poly-
nomial, then

Xb:f(j)z / ’ Fx)dx + >\ B([ D! f(b) — D! f(a)]
k! :
Jj=a a k=1

4.5 Umbral Composition and Connection Matrices

An operator U : F[x] — F[x] is an umbral operator if there are two basic
sequences (p,(x)) and (g,(x)) such that for all n, Up,(x) = ¢,(x). An umbral
operator is invertible, but it is usually not shift-invariant. If (a,(x)) and (b, (x))
are polynomial sequences with

n
k
an(x) =) apxt,
k=0

then the umbral composition is the sequence (c,(x)) defined by

en(x) =Y ancbi(x).
k=0
Put another way, c,(x) = Ua,(x), where U is the umbral operator defined
by U : x" — b,(x). We will use the following notation: ¢,(x) = a,(b(x)) if
cn(x) = Uay(x). Inparticular, b,(x) = b(x)". In this notation, the two binomial
identities can be written

pix+ )" =[px)+pMI" and s(x+y)" = [s(x) + p(W]".
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4.5.1. The automorphism theorem. Let U be an umbral operator.

(a) The function § + USU™! is an automorphism of the algebra S of
shift-invariant operators. If Q is a delta operator, then UQU ™! is a delta
operator. If S = s(Q), where s(¢) is a formal power series, then USU ™! =
s(UQU™Y.

(b) If (r,(x)) is a basic sequence, then (Ur,(x)) is a basic sequence.

(c) If (s, (x)) is a Sheffer sequence, then (Us,(x)) is a Sheffer sequence.

Proof. Let (p,(x)) and (g,(x)) be basic sequences for the delta operators P
and Q and U be the umbral operator defined by Up, (x) = ¢, (x). To prove (a),
observe that

UPp,(x) = Unpp_1(x) = nUp,_1(x) = ngu—1(x) = Qgu(x) = QUp,(x).

As {p,(x)} is a basis, UPp(x) = QUp(x) for all polynomials, and hence,
UP = QU as operators on F[x]. In particular, UPU ™! = Qand UP"U ! =
Q". Let S be a shift-invariant operator. Expand S as a power series in P,
obtaining

218

S = i a'P”.
n=0

Then

oo oo

usu~' =Y Zypryt =3 2o,

e n! e n!
As Q is shift-invariant, U SU ~! is shift-invariant. By the first expansion theorem
(4.3.4), every shift-invariant operator can be expanded as a power series in
Q. Hence, S+ USU™! is surjective. Since S +> U~'SU is the inverse of
S + USU™!, the function is an automorphism of the algebra S.

Since S is a delta operator if and only if g = O and a; # 0, TST ! is adelta
operator if and only if S is a delta operator. The final assertion in (a) follows
from the isomorphism theorem (4.3.5).

To prove (b), let (r,(x)) be the basic sequence for the delta operator R. Then
TRT! is a delta operator and it is routine to show that (T'r,(x)) is its basic
sequence. The proof of (¢) is similar. O

Parts (b) and (c) say that the umbral composition of two basic sequences is
basic, and the umbral composition of two Sheffer sequences is Sheffer. The
next result shows how this happens when the delta and shift-invariant operators
are expressed as power series in D.
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4.5.2. The umbral composition lemma. Let (p,(x)) and (g,(x)) be basic
sequences with delta operators p(D) and g(D). Let (s,(x)) be (g(D), s(D))-
Sheffer and (z,,(x)) be (p(D), t(D))-Sheffer.
(a) The umbral composition (g,(p(x)) is basic with delta operator g(p(D)).
(b) The umbral composition (s, (L_(x))) is (g(p(D)), t(D)s(p(D))-Sheffer.

Proof. Let U be the umbral operator defined by Ux" = p,(x). If ¢g,(x) =
> i_; buxx*, then

Ugn(x) =Y _ buUx* = bupu(x) = ga(p(x)).
k=1 k=1
By Theorem 4.5.1, qn(g(x)) is basic with delta operator Tq(D)T~'. By the
automorphism theorem (4.5.1), Tq(D)T ' = q(p(D)). This proves (a). The
proof of (b) is similar. O

Let (p,(x)) and (g, (x)) be two polynomial sequences. The sequence (g,,(x))
is inverse to the polynomial sequence (p,(x)) if the umbral composition
(pn(g(x))isthe sequence x". Suppose that po(x) = ¢, where ¢ is anonzero con-
stantj so that (p,(x)) gives a basis for F[x]. The connection matrix (c;x)o<n k<oco
connecting (p,(x)) to (q,(x)) is the matrix whose entries are defined by

Gn(x) =Y e pr(x).
k=0

Lemma 4.5.2 gives recipes for calculating inverse sequences and connection
matrices.

4.5.3. Corollary. Let (p,(x)) and (g, (x)) be basic with delta operators p(D)
and g(D).

(a) The sequence (g, (x)) is inverse to (p,(x)) if and only if p(g(¢)) = ¢; that
is, the power series g(t) is the compositional inverse of p(t).

(b) Let (c,x) be the matrix connecting (p,(x)) and (g,(x)), and (r,,(x)) be
the polynomial sequence defined by

rn(-x) = Z anxk~
k=0
Then (r,,(x)) is a basic sequence with delta operator g(p~'(D)).

Proof. Part (a) is immediate from Lemma 4.5.2 (a). To prove (b), consider the
umbral operator U defined by Ux" = p,(x). Theng,(x) = Ur,(x) =r, (E(x)).
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By Theorem 4.5.1, (r,(x)) is basic, and if (D) is the delta operator of (r,(x)),
then g (1) = r(p(1)) or r(t) = q(p~' (). U

We end this section with some examples. Since the power series ¢ /(1 — 1)
is its own compositional inverse, the Laguerre polynomials are self-inverse.
Explicitly,

kn n—1 n
Z( D ( 1)Lk(x)zx.

The sequence (¢, (x)) of exponential polynomials®* is the basic sequence for
the delta operator log(/ + D). Since exp(#) — 1 is the compositional inverse
of log(1 + 1) and A = e” — I, the exponential polynomials are inverse to the
falling factorials; that is, in umbral notation,

ple—D@—2)- (¢ —n+1)=x"

and, explicitly,

D (=D s, Kgrlx) = ",

k=1

where s(n, k) are (unsigned) Stirling numbers of the first kind. By BT4, we
have

> (p,,(x)t—‘ = exp(x(e’ — 1)).
n=0 n:

Thus, by the exponential formula (4.1.1),

on(x) = S(n. k)x*,

k=1

where S(n, k) is a Stirling number of the second kind. The inverse relation
implies the matrix relation

Y (=Drsn, Sk, m) = Sy,

k=1

where 8, =0ifm #nand 1 if m = n.

22 Touchard (1956).
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Consider now the basic sequence (¢, (—x)). This has delta operator log(/ —
D). Let f(t) =1 — e ". Then
fllog(l =y =1- —— =
ogl—t)=1-—=—.
& 1—t 11—t

Since the rising factorials x(x 4+ 1)(x +2)---(x +n — 1) form the basic se-
quence for the backward difference operator I — E~', we have the following
expansions for the Laguerre polynomials:

n

Lax) =@+ D(@+2) - (g+n—1)= > st px).
k=1

Exercises

4.5.1. The Gould or difference-Abel polynomials.*
Consider the delta operator E~”A and let (G, (x; b)) be its basic sequence.
Show that

G,(x;b)y=x(x+bn—1Dx+bn—-2)---(x+bn—n+1)
X x + bn
=x(x +bn — 1)—1) = n! .

X+ bn n

The polynomials G,(x;b) are the Gould polynomials. Hence, derive the
convolution

x+y x+y+bn
x+y+bn n

_Xn: X <x+bk> y <y+b(n—k)>
_k:Ox—i—bk k )y+bn—k) n—k '

4.5.2. A polynomial sequence (p,(x)) is permutable if for all nonnegative
integers k and n,%*

pu(k) = pi(n).

(a) Show that (p,(x)) is permutable if and only if there is a sequence (A ;)
of nonzero constants such that

n

pu =3 (! )

Jj=0

2 Gould (1961). 2* Foundations VIII, p. 746.
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(b) Show that a polynomial sequence (s,(x)) is permutable and Sheffer if
and only if itis (A, (I — aA)~")-Sheffer; that is,

n n

n n—1
+ n_1 a X(1)+1.

4.5.3. Prove the following duplication formula for Laguerre polynomials:

" nl/n—1
L,(ax) = —< )(1 —a)" "Ly (x).
; k' \k—1

4.5.4. Sequences of higher type.?>
A sequence (h,(x)) of polynomials has Sheffer type k if

= " 2 K+l
D )= = 2O eXpEAW) + 22 fo0) + -+ 2 i (1)),
n=0 .

where g(t) is a power series with g(0) # 0 and f;(¢) is a power series such
that the coefficients of 1, x, x2, ..., x/~! are zero and the coefficient of x/ is
nonzero.

(Research problem) Study sequences of polynomials of higher type.

4.5.5. (Research problem posed by Sheffer) Characterize the Sheffer sequences
that are sequences of orthogonal polynomials.

4.5.6. Sequences of biorthogonal polynomials.*®
Let ¢(D),s =0, 1,2, ..., be asequence of linear operators on F[x] of the
form

oo
¢s(D) = D' by, D',
r=0

where the coefficients by o are assumed to be nonzero.
(a) Prove that there exists a unique polynomial sequence (p, (x)) such that

€(0)p;(D)gn(x) = n'd,,

25 Sheffer (1939). Our definition is not exactly the same as Sheffer’s.
26 Boas and Buck (1964) and Kung and Yan (2003).
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where §, equals 1 if s = n and 0 if s # n. In particular, g, (x) has the following
explicit determinant formula:

bo bot by ... bo,n-1 bo,n
0 b b ... b2 b1t
n! 0 0 by .. brn-3 by
P = b b |11 : ol
0 0 0 ... biro  ber
1 x  xZ20 ... X" Ym -1 x"/n!

The polynomial sequence (p, (x)) is said to be biorthogonal to the sequence
¢s(D) of operators or the sequence €(0)¢,(D) of linear functionals.
(b) Prove the following formulas:

The expansion formula. Let p(x) be a degree-n polynomial. Then

n

0)pr (D
P =3 €(0)u( )p(X)pk(x).

= k!

The interpolation formula. Given a sequence dy, di, . .., d, of numbers, then
px) =>4 dipr(x) / k! is the unique degree-n polynomial satisfying

€O)pu(D)p(x) =dy, 0=k =n.

The Appell relation.

e = Z —p"(xz;ﬁ"(t), where ¢, (1) =1° st,t’.

n=0 r=0

(c) Show that a polynomial sequence (p,(x)) has binomial type if and only
if it is biorthogonal to an operator sequence of the form

¢s(D) = (D)),

where f(¢) is a formal power series with f(0) = 0 and f’(0) # 0.
(d) (Research problem) Let V be the backward difference operator. Develop
a theory of biorthogonality with operators that are power series in V.

4.5.7. Goncarov polynomials.

Let (ap, ai, az, . ..), be a sequence of numbers. The sequence of Goncarov
polynomials (g,(x;ag, ai, ..., a,—1))s, is the sequence of polynomials
biorthogonal to the operators

X rpyr
"D
$(D)= E“D' =Dy %

r!
r=0
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When all the terms a; are equal to a number a, then g,(x;a,a, ..., a) is the
Abel polynomial x(x — na)"~'.

(a) Prove that the GonCarov polynomials are determined by the differential
relations

Dg,(x;a0,ay, ...,a,-1) = ngun_1(x;ay,az, ..., ad,—1)

and the initial conditions
gnlapsao, ai, ..., a,—1) = 8o,n-

(b) Show that
" (n
gn(x +yia0,ar, ... @)=y (k)gnk(y;ak, iyt - apo)x.
k=0

(c) If x is the finite length-n sequence x1, X7, .. ., X,, the sequence of order
statistics is the sequence x(1), X2), . - . , X(n) obtained from x by rearranging it
in nondecreasing order. Let u be a given infinite sequence uy, u,, us, ... of
nondecreasing positive integers. A length-n u-parking function is a sequence
X1, X2, ..., X, such that its order statistics satisfy xi) <u;, 1 <i <n. Let
P,(uy, us, ..., u,) be the number of length-n u-parking functions. Show that

Py(ui,us, .o up) = (=18, (0su1, ua, ..., uy).
In particular, show that

P.a,a+b,a+2b,...,a+ (n—1)b)=ala+nb)" .

(d) Show that P,(uy, us, ..., u,) = n!detD, where D is the matrix with
ij-entry equal to
u{—iﬂ
(G—i+ 1!

ifj—i4+1>0and0 otherwise.?’

4.6 The Riemann Zeta Function

The Riemann zeta function is the Dirichlet series Y .- n~°. It is the obscure
object of desire in analytic number theory. In this section, we sketch a combi-

natorial interpretation of the zeta function.?®

27 This is the discrete analog of a formula in Steck (1969). 28 Rota (2003).
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Let Cy be the cyclic group of order N. A character x of Cy is a ho-
momorphism from Cy to the complex numbers C. The kernel ker x of a
character y is a subgroup of Cy. If (x1, x2, ..., Xs) is an s-tuple of characters,
then we define their joint kernel to be the intersection ker x; Nker xo N ---N
ker ;.

4.6.1. Lemma. Let n divides N, C, be the subgroup of order n in Cy, and
Pr,(C,) be the probability that the joint kernel of an s-tuple xi, x2, ..., xs of
characters, chosen independently and at random, equals C,,. Then

Pr(C)= Y  wd/nd™,

d:n|d and d|N

where w is the number-theoretic Mobius function.

Proof. The probability that the kernel of a random character x contains the
subgroup C, equals 1/n, because there are N characters of the group Cy and
N /n, such characters will vanish on C,. Therefore, the probability that the
joint kernel of a randomly and independently chosen s-tuple (x1, X2, ..., Xs)
contains the subgroup C,, equals (1/n)*. Let Pry(C,) be the probability that the
joint kernel a randomly and independently chosen s-tuple of characters equals
the subgroup C,. Then using the fact that the lattice of subgroups of the cyclic
group Cy is isomorphic to the partially ordered set of divisors of the integer
N, ordered by divisibility, we have

nt= > Pr(Ca).
d:n|d and d|N

The lemma now follow by Mobius inversion. O

Using the change of variable d = nj, we obtain

Pro(Co) =n"" Y u(j)j™,
J
where the variable j on the right ranges over some subset of divisors of the
integer N, about which we will be deliberately vague. By the M&bius inversion
formula,

o0
(o) [ Y ouii~™ | =1
j=1
If we could change our combinatorial problem to get an unrestricted sum
on the right-hand side, then we would have a probabilistic interpretation of
1/¢(s). We propose doing this by replacing the finite cyclic group C, by a
profinite cyclic group. The group C., of rational numbers modulo 1 is such
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a profinite group. Every finitely generated subgroup of C is a finite cyclic
group C,. The character group C%, of Cu, is a compact group. It has a Haar
measure which can be normalized to be a probability measure Pr. The set
of all characters of the group C., that vanish on a subgroup C, has Haar
measure equal to 1/n. Thus, if we choose a sequence of s characters of Cy
independently and at random, the probability that their joint kernel contains the
group C,, equals (1/n)*. Denoting again by Pr,(C,) the probability that the joint
kernel of an s-tuple of characters equals the subgroup C,, then we have the
identity

! Pr,(C
E = Z rs( d ),

d:nld

where the sum on the right is now infinite. By Mobius inversion, we obtain

1 1 &

d:n|d d=

This yields a probabilistic interpretation of the reciprocal of the Riemann zeta
function for positive integers s.

Exercises

4.6.1. The zeta function as a probability distribution.
Let s be a real number exceeding 1. Define a probability Pr; on the set
{1, 2, 3,...} of positive integers as follows: if A C {1, 2, 3, ...}, then

1 —s
PI'S(A) = % n .

n:neA
(a) Show that if A, = {mr: 1 <m < oo}, and p and ¢ are distinct primes,
then

1
Pry(A, N A,) = Pry(A,)Pr,(4,) = —;
Pq

that is, the events that a random integer 7 is divisible by either of two primes p
and ¢ are independent relative to the probability Pr;.
Subject to technical assumptions on the set A,

. . JAN{L2, ... 1}
hn} Pry(A) = lim .
§—> —

00 t
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The quantity on the right is the arithmetic density of A. This shows that although
arithmetic density is not a probability, it is, when restricted to suitable sets, the
limit of probabilities.

(b) (Research problem) Find the technical assumptions.

4.6.2. (Research problem) Do the second half of this section rigorously. Find
combinatorial interpretations of other results, for example, the functional equa-
tion, about the Riemann zeta function.
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Symmetric Functions and Baxter Algebras

5.1 Symmetric Functions

The theory of symmetric functions is both a classical area of algebra and an
active area of current research.! We will not follow well-trodden paths. Rather,
we will focus on three topics: the interpretation of symmetric functions as
generating functions of classes of functions, the theory of Baxter algebras, and
the study of symmetric polynomials as polynomial functions over finite fields.
Thus, our point of view is decidedly eccentric, at least at present. We remark
that there are many conflicting notations for families of symmetric functions.
We have chosen a notation that is closest to the earlier papers in the area.

Let I be a field and xy, x2, ..., x, be a set of n variables. A polynomial
f in the variables xi, x, ..., X, is a symmetric polynomial if it is an abso-
lute invariant of the symmetric group &,; that is, for all permutations y of
{1,2,...,n},

Sy, Xp@)s oo s Xypm) = FX1, X2, 0, Xn).

To avoid iterated subscripts or superscripts, we use letter-place notation: x;"

is written (i|1), so that
. . . A A As
(1A )E2]A2) - - - (s]Ay) = xillxizz X

where A1, A2, ..., A is a sequence of nonnegative integers and iy, iy, . . ., iy are
integersin {1, 2, ..., n}.

Let A be the sequence Aj, Ay, ..., Ay With positive integer terms. Then A is

a partition of the positive integer n into s parts, briefly A - n, if A} > X, >
-+ > Ay > 0and A; + Ay + - - - + Ay = n. Let a; be the number of parts equal

! See Rota (1998a). Note that this paper is the transcript of an informal speech.

222



5.1 Symmetric Functions 223

toi in A, sothata;l + a,2 + - - - = n. We define |A| by
Al =ailay! - -a,!.

Let A - mand A = Ay, Ay, ..., As. The monomial symmetric polynomial k;,
indexed by A is defined by

k=) (1 1A)G212) - - (s |As),

where the sum ranges over all distinct monomials of the form
(112D (2lA2) - - - (ig|Ay). For example, (1{3)(2[1)(3[1) and (1[3)(3[1)(2[1) de-
fine the same monomial and k3 1 1(x1.x2, X3) = xfxzxg + xgx1x3 + xgxlxz.

5.1.1. Lemma. The monomial symmetric polynomials k; , where A F n, form
a basis for all homogeneous symmetric polynomials of total degree n.

Proof. We use a Grobner basis argument. Let f be a homogeneous symmetric
polynomial of total degree n. Order the partitions of n lexicographically and
let 1 be the leading partition, that is, the maximum partition A F n so that a
monomial of the form (i{|A{)(i2]|A2) - - - (i5|As) occurs with nonzero coefficient
C in f. Since f is symmetric, the monomial (y (i1)|A1)(y (i2)|X2) - - - (Y (is)|As)
occurs with the same coefficient C for any permutation y in &,. Hence, the
leading partition of the difference f — Ck;, is lexicographically smaller than
A. Repeating the process on f — Ck;, we can write f as a linear combination
of monomial symmetric functions k., where t is a partition of n. (]

If we have a fixed finite number x;, x,, ..., x, of variables, then k; would
depend on the number n of variables. This can be avoided by taking an infinite
set of variables and extending the definition of symmetric polynomials to
symmetric formal power series. A symmetric function is a formal power series
in countably many variables xi, x;, ..., which is an absolute invariant of the
“small” infinite symmetric group G of all permutations on {1, 2, ...} that
fix all but finitely many elements. The algebra of symmetric functions A over
a field F is the subalgebra of the algebra F[[xi, x2, ...]] of formal power
series consisting of symmetric functions. If we set x; = 0 for all i > n, then
a symmetric function specializes to a symmetric polynomial in xy, X2, ..., X,.
The algebra A is graded by total degree, so that

A=A A D - DA D,

where A, is the vector space of homogeneous symmetric functions of total
degree d.

The monomial symmetric function k; is defined as before, except that the
sequences iy, i3, ..., Is in the monomials in the sum have terms in the set
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{1,2,3,...}. The argument in the proof of Lemma 5.1.1 extends and the set
{ky: L d} is a basis for Ay. In particular, the subspace .4, has dimension
p(d), the number of partitions of d.

There are several families of symmetric functions. Many of them can be
defined using monomial symmetric functions. We begin with the elementary
symmetric functions. If m is a nonnegative integer and 11 ... 1 is the partition
of m into m parts (all equal to 1), then a,, = k;;._ or, equivalently,

an =Y _ (D1 - il D),

the sum ranging over all subsets {iy, i, ..., iy} of size m of {1, 2, 3, ...}. Note
that ag is the sum of one monomial, the empty product, and so agp = 1. The ele-
mentary symmetric functions are extended to partition indices multiplicatively:
if A + n, then

a, = ay ay, - -ay,.

s

Two other families are defined in a similar way. First, we define the complete
homogeneous symmetric functions h;_. If m is a nonnegative integer, then

hw = Z k.,

AiAkm

and if A is a partition,
hy = hyhy, -+ hy,.

Next, we define the power-sum symmetric functions s, . If m is a nonnegative
integer, then

[e.¢]
s =k =Y _(ilm),
i=1

and if X is a partition, then
Sy = SxSay S

Perhaps the most important family of symmetric functions are the Schur
functions. We will discuss them peripherally as quotients of alternants in the
exercises. This is not to ignore them. Although much has been done, we do
not truly understand their combinatorics. In particular, why they are generating
functions of character values of irreducible representations of the symmetric
group remains as mysterious as ever.
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Exercises
5.1.1. Euler’s partition formula.
Show that
oo 1 o0
_ d
[i= = 2 rax
i=1 d=0

Euler’s formula gives a product formula for the Hilbert function Y., dim(A,)
q? of the algebra of symmetric functions.

5.2 Distribution, Occupancy, and the Partition Lattice

Partitions of integers occur in most definitions of symmetric functions. As
integer partitions arise from set partitions, the partition lattice plays an important
role in the theory of symmetric functions.

Let IT, be the lattice of all partitions of the set {1,2,...,n} ordered
by reverse refinement. Let mw be a partition of {1,2,...,n} with blocks
By, By, ..., B, listed so that the sizes |B;| are nonincreasing. The type A(r)
of 7 is the integer partition | B1|, | B,|, ..., | B.| of n. If A is the integer partition
with parts Ay, A, ..., A, then the number of set partitions of {1,2,...,n}
having type A equals

n!

)»1!)»2!“-)»6!611!612! -~-a,,!’

where g; is the number of parts equal to i in A; that is,

1 /n
1Al (x) )

where (i) is a multinomial coefficient and |A| = a;!ay! - - - a,!.

The lattice I1, is a geometric lattice of rank n — 1. The minimum O is the
partition {{1}, {2}, ..., {n}} into n blocks (all having size 1). The maximum 1is
the partition {{1, 2, ..., n}} into one block. The points or atoms are partitions
into n — 1 blocks, with one block of size 2 and n — 2 blocks of size 1. In
particular, there are (g) atoms. The copoints are partitions into two blocks.
There are 2"~! — 1 copoints. The rank function is given by rank(c’) = n — c(0),
where c(o) is the number of blocks in o. An upper interval [o, 1] in I, is
isomorphic to IT,_.). To see this, think of each block B; in o as a single
element. If o = {By, B», ..., B.}, then the lower interval [O, o] is isomorphic



226 5 Symmetric Functions and Baxter Algebras

to the Cartesian product
g, x Mgy x oo x M.

In particular, the Mobius function in IT,, can be computed if one knows w(, 1)
in I, for all n.

5.2.1. Theorem.” In the partition lattice IT,,,
u(©, 1) = (="' — 1.

Proof. We induct on n. The assertion is true for IT;, the lattice with one
element {{1}}, and II,, the lattice with two elements {{1}, {2}} and {{1, 2}}.
For the induction step, we use Weisner’s theorem (3.1.6), choosing « to be the
rank-(n — 2) partition consisting of the two blocks {1, 2,...,n — 1} and {n}.
Then

pO.H=~ > .

7w Aa=0, 7 £0

Next, observe that 7 A @ = 0 and v 0 if and only if 7 is a rank-1 partition of
the form with a two-element block {j, n} and n — 2 one-element blocks, there
are n — 1 such partitions and the upper interval [, 1] is isomorphic to IT,_;.
Hence, by induction,

n@O, )= -0 - DI=D)"n -2 =(=D)""'(n -1 O

Another proof can be found in Exercise 3.5.2.

Most of the classical symmetric functions have interpretations as generating
functions of classes of functions. Many of these classes are defined by condi-
tions on their coimages.

Let D be a finite set and X = {x{, x2, x3, ...} be a countable set indexed by
the positive integers, thought of as both a set of elements and a set of independent
variables. Recall that the coimage of a function f : D — X is the partition of D
whose blocks are those inverse images f ~'(x;) that are nonempty. For example,
iftD={1,2,3,4,5,6}and f(1) = f(3) = f(4) = x2, f(5) = f(6) = x3,and
f(2) = xg, then coimage(f) = {{1, 3, 4}, {2}, {5, 6}}. The image monomial
Gen( f) of a function f: D — X is defined by

Gen(f) = [] £

iieD

2Frucht and Rota (1963) and Rota, Foundations I.



5.2 Distribution, Occupancy, and the Partition Lattice 227

For our example, Gen(f) = x§x§x8. If F is a family of functions, then its
generating function Gen(F) is defined by

Gen(F)= Y _ Gen(f).

fifeF
5.2.2. Theorem. Let 7 be a partition of D having type A = A{!Ap!--- | A.l,
and
kr = Gen{f: coimage(f) = 7},
s, = Gen{f: coimage(f) > m},
a, = Gen{f: coimage(f) Amw = 0.
Then

kﬂ = |)"|k)u Sqg = S8), Ay = )‘*1’)"2' "')\zc!ak.

Proof. Let By, B,, ..., B. be the blocks of 7. Then coimage(f) = 7 if and
only if the restriction of f to B; is constant and f(x) # f(y) if x and y are in
different blocks. Thus, coimage(f) = = if and only if

Gen(f) = (i11A1)(i2]A2) - - - (ic| o), M)

where iy, i2, .. ., i, are distinct indices. There are || distinct functions satisfy-
ing (M). Hence, k,; = |A|k;..
Next, observe that coimage( f) > 7 if and only if

Gen(f) = (i11A1)(i2]A2) - - - (ic| o),

where the indices iy, i, ..., i, are not necessarily distinct. Hence,
Gen{f: coimage(f) > 7} = n[(llki) +QCA) +GlA) + -1 = s

i=1

Finally, observe that coimage(f) A w = 0 if and only if the intersection of
a block in coimage(f) and a block in 7 has size 0 or 1; that is to say, the
restriction f|B to a block B in 7 is injective (or one to one). Hence,

Gen { f: coimage(f) A = 0} = HGen{f :B; — X, f is injective}.
i=1

A function f:B — X is injective if and only if Gen(f) = (i;|1)
(i2]1) - - - (i;p11), where the indices iy, i, ..., I|p are distinct. Hence,

Gen{f:B; — X, f is injective} = |B|lap

and the last equation follows by multiplicativity. (I
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From Theorem 5.2.2, it follows immediately that

Sg = Z ks,

o.0>T

a; = Z k.

o G'/\T[:O
By Theorem 5.2.1 and the inversion formulas in Theorem 3.1.2 and Exercises

3.1.13, we obtain explicit formulas for k, as linear combinations of s, and a,.

5.2.3. Theorem.
k= Y T, 050,

. e, (o, 7)
kn B ; (r:ern:VJ I’L(O’ ‘E) ) ‘

The next theorem gives the relationship between elementary and power-sum
symmetric functions.

5.2.4. Theorem.

ar= ) p0.0)e. sz > o, 1.

o:0=<m M(O’ﬂ) o:0=m

Proof. The second formula is a Mobius inversion of the first. The first formula
is proved by the following calculation:

a; = Z ko

0’20’/\7[:6
=Z< > M(O,r))kg
o T:T<OAT
= > u, r)(Z k(,> =Y u@® 0. O

5.2.5. Waring’s formula.

m=0 k=1
Proof. By Theorems 5.2.1 and 5.2.4,
nla, => " [ (~D"7'UB| = Dls.
o B:Beo

the sum ranging over all partitions o of {1,2,...,n}. Waring’s formula now
follows from the exponential formula (Theorem 4.1.1). O
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Next, we discuss the two “fundamental” theorems of symmetric polyno-
mials.

5.2.6. First fundamental theorem. Every symmetric polynomial can be writ-
ten as a polynomial in the elementary symmetric polynomials.

First proof. By Lemma 5.1.1, it suffices to show that the monomial symmetric
polynomials can be expressed as polynomials in the elementary symmetric
functions. This is done explicitly in Theorem 5.2.3. O

Second proof. Apply the Grobner basis argument directly to the elementary
symmetric polynomials. Let Ay, A,, ..., A, be the leading partition of a sym-
metric polynomial f and C be the coefficient of a monomial with that partition.

Then
A=Ay A—A3 As—1—As Ay
f=Cay' Pay 7 ay agy

has smaller leading partition. Iterating this, we construct an expression of f as
a polynomial in the elementary symmetric polynomials. t

5.2.7. Second fundamental theorem. There is no nonzero polynomial

P(Xy, X5, ..., X,) in the elementary symmetric polynomials such that the
polynomial

Plai(xy, x2, ..o, Xp), @2(X1, X2, ooy Xp)y ooy An(X1, X2, s X)) (D)
is identically zero as a polynomial in the variables x1, x5, ..., X,.

We will give three proofs:

First proof. The theorem is equivalent to the statement that the set of partition-
indexed elementary symmetric functions a, is a basis. Thus, it follows from
Lemma 5.1.1 and Theorem 5.2.3.

Second proof. Suppose such a polynomial exists. Let N be the largest index
so that Xy occurs in P and d be the highest exponent of X . Expand P as a
polynomial

Pi(X1, Xay oo, X DX 4 Pai(X1, Xoy oo, X DX + -
+ Po(X1, X2, ..., XN—1)

in Xy. Dividing by a power of Xy if necessary, we may assume that
Py(X1, X5, ..., Xy—1) is not identically zero.
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Substitute in ay = x1x; - - - xy and set xy = 0. This gives a relation

Py(ar,az,...,an—1) =0

among the smaller set {a;, ay, ..., ay—1}. Since the single symmetric function
a; in one variable equals x; and satisfies no nontrivial relations, the theorem
follows by induction. O

Third proof. The last proof formalizes a philosophical argument and is valid
only over an infinite field IF. There cannot be any nontrivial identities among
the elementary symmetric polynomials; otherwise, only those polynomials with
coefficients satisfying those identities can have zeros.

Suppose, for contradiction, that P(Xy, X», ..., X,) is a nonzero polynomial
such that Equation (I) holds. Let Ay, A», ..., A, be elements in the infinite field
I such that P(Ay, Ay, ..., A,) # 0. In the algebraic closure of IF, the polyno-
mial x" — A;x"~' + A,x"2 — ...+ A, has n zeros zi, 22, . .., 2,. Then, as
Equation (I) holds,

P(A1, Ay, ..., Ay)

= P(a1(21, 22, - -+, 2n), G221, 22+ +» Zn)s -+ o> An(21, 225 0+, Z0)) = 0
a contradiction. O

We end this section with one of the earliest theorems in the theory of
symmetric polynomials.

5.2.8. Newton’s identities. Letm > 1. Then
Sm— @S-t + a28ma — -+ (=" ay 151 = (=1)"ma,,
where a,, equals 0 if the index m is greater than the number n of variables.

Proof. Let t be another variable. Then

n

Zl_x _Z z+1+x12+1 . z+l]t _Zsl-Ht
J

j=1 i=

and

fO=[]0-xn=> (=Dat'
k=1 i=0

We multiply these equations. On the left side,

- x-S
f(’);l_sz = ;"fl_sz = —f'o),
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where f'(t) is the derivative of f(t). Multiplying the power series and the
polynomial on the right side and equating coefficients of powers of 7, we
obtain

ay =51, —2ay =8y —asy, 3a3 =s3 —aisy + axsy,
and so on. O

Newton’s identities give an explicit algorithm for writing the power-sum sym-
metric polynomial s; as a polynomial with integer coefficients in the elementary
symmetric polynomial ay, as, ..., a;. For example, s; = ay, 52 = al2 —2a,,
and

§3 = al(af —2ay) — aray + 3az = af — 3asa, + 3as.

Exercises

5.2.1. Complete homogeneous symmetric functions.

In this problem, we need the notion of a reluctant function (introduced in
Section 4.3). A reluctant function f:D = X is a placing if the connected
component rooted at x; of the graph of f is a union P,; U P, U---U P, ; of
paths, such that each path has the root x; at an endpoint and two paths have no
vertices in common except for the root x;. For example, if D = {1, 2, 3, 4, 5, 6},
then the functions f, g : D — D U X defined by

fB) =4, fA=x, f(D)=x2, fE) =6, f(6) =x3, f(2)=xe,
g(1) =4, g(4) =3, g(3) = x2, g(5) = x3, g(6) = x3, g(2) = X6

give placings. Both placings have coimage {{1, 3, 4}, {5, 6}, {2}}.

Let = be a partition of a subset D’ of D. Then H, is the set of plac-
ings f: D’ = X such that for each block B of = and each nonempty in-
verse image f~!(x;), either BN f~'(x;) =¥ or BN f~'(x;) equals the set
of nonroot vertices in one of the paths P;; in graph(f). For example, if
7 = {{2, 3,4}, {1,5, 6}}, then the first placing f is in H, but the second
placing g is not.

(a) Show that A(7)! /) = Gen (Hy).

(b) Show that h, = >__A(o Am)lks.

(c) Show that

o [o.¢] Stn
1+Zhnt”=exp<z "n )

n=1 n=1



232 5 Symmetric Functions and Baxter Algebras

5.2.2. Alternating functions and alternants.
A polynomial f(xi, x2, ..., x,) is an alternating function if for all permu-
tations o € G,,,

FXo(1ys X6@)s - - - s Xo@m)) = sigN(0) f (X1, X2, . .., Xy).
The van der Monde determinant V, defined by
V= V(g xo, ... x) = detGd i< e,

is an alternating function. The alternant (x1, x2, ..., x,|aq, o2, ..., @) is de-
fined by

o
(XI» X2y evny xn|0[l» (0% PR Oln) = det(xi I)lgi,jfna

where o, ay, . .., &, is a sequence of nonnegative integers.

(a) Show that an alternating polynomial f has the van der Monde determi-
nant as a factor. Hence, f is alternating if and only if it equals Vg, where g is
a symmetric polynomial.

(b) Show that every alternating polynomial is a linear combination of alter-
nants.

(c) Let A be the n x n matrix whose ith row is

2 n-2
I x xi .. x X1, X2, ooy Xio1, Xig 1y - - - Xp),

where ¢(x1, X2, ..., Xi—1, Xi+1, - - - X,) 1S a function in n — 1 variables, with x;
omitted. Show that

detA =cV(xy,x2,...,X,)

if and only if ¢ is a symmetric function in n — 1 variables having total degree
n—1.

(d) Let A = (A1, A2, ..., Ay), Where A; is a sequence of nondecreasing non-
negative integers. The Schur function S;, is defined to be the following quotient
of alternants:

(x17x25"'7xn|)“1+n_1’)“2+n_2""7)"n71+17)"}1)
V(-x17-x27'-'a-xn) ’

Show that S, equals the sum of monomials, one for each way of filling in the
Young diagram of (A1, Az, ..., A,) so that rows are nondecreasing and columns
are strictly increasing.

3 Muir and Metzler (1933, chapter 11).
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5.2.3. Define the discriminant D(xy, x2, . . ., X,) by
D(x11x21"'7-xn): 1_[ (xi_'xj)z‘

itl<i<j<n

Express D as a polynomial in the elementary symmetric function.

5.2.4. Crapo’s formula for the permanent.
This is a continuation of Exercise 3.1.9. Let (x;;) 1<, j<, be an n x n matrix.

If R C{1,2,...,n}is asubset of row indices, let
R =2 | [T
j=1 LizieRr

If o is a partition of {1, 2, ..., n} with blocks By, By, ..., B., then

Do) = HdD(Bi).
i=1

For example, if n = 3, then ®({1, 2}, {3}) equals
(x11x21 + X12X22 + X13%23)(X31 + X32 + X33).

Show that

perA = Z ,u(@,a)@(o).

o:0€ll,

5.2.5. Laws of symmetry.*

(a) Leta, = » s Cysks, where y and the indices § of summation are integer
partitions. Show that ¢,s = cs,,.

(b) Let h, = ) ;d,sks, where y and the indices § of summation are integer
partitions. Show that d,, s = ds, .

5.2.6. A theorem of Laguerre.”

Show that the elementary symmetric polynomials ay, as,...,a, can be
expressed as rational functions in the power-sum symmetric polynomials
S1, 83, 85, . . ., S2,—1 having odd degree.

5.2.7. The co-invariant algebra.®
Let I be an infinite field of characteristic 0 or positive characteristic
greater than n and [ be the ideal generated by the nonconstant elementary

4MacMahon (1887). The formulation given here follows P. Doubilet, Foundations VII.

SPélya (1952).

6Chevalley (1955). In this elegant paper, Chevalley extends the fundamental theorems 5.2.6 and
5.2.7 (as well as the theorem in the exercise) to finite reflection groups.
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symmetric polynomials a;(xy, X2, ..., X,), 1 <i < n, in the polynomial ring
F[x1, x2, . .., x,]. The co-invariant algebra is the quotient F[xy, x,, ..., x,]/1.

Show Chevalley’s theorem for the symmetric group. The co-invariant algebra
C is a finite-dimensional algebra of dimension n!. In greater detail, the action
of the symmetric group on C is isomorphic to the regular representation; C is
graded by total degree (modulo /) and can be decomposed into B, C;, where
Cy is the subspace of homogeneous polynomials of total degree d; its Hilbert
function is given by the equation

n(n—1)/2
Y dimCg! =0+ )0 +q+g) - +qg+q>+--+q"").
d=0
5.2.8. Modularly complemented geometric lattices.”

A geometric lattice L is modularly complemented if for every point p in
L, there exists a modular copoint ¢ such that p £ c¢. A geometric lattice L
splits if there are proper flats X and Y such that for every point p, p < X or
p=<Y

(a) Show that a partition o is modular in IT, if and only if o has at most one
block of size greater than 1; thatis, 0 = {S} U {{a}: a & S}. Conclude that IT,,
is modularly complemented.

(b) Show that if a rank-n geometric lattice L is modularly complemented
and does not split, then there exists a subset of atoms such that the Vv-sublattice
generated by the subset is isomorphic to the partition lattice I1,;. In this
sense, the rank-n partition lattice is the minimal rank-n nonsplitting modularly
complemented geometric lattice.

5.2.9. Arrangements of hyperplanes.®

Let A be a set of hyperplanes (that is, subspaces of dimension n — 1) in the
vector space [F", where [ is a field. The lattice L(A) of intersections consists
of all subspaces in " formed by taking intersections of all subsets of A,
ordered by reverse set-containment. Denote by [a1x; + axx> + - - - + a,x,] the
hyperplane

{1, X2, ..., X)) a1xy +apxs + - - + ax, =0}
(a) Show that L(A) is a geometric lattice.
(b) Let A,_; be the set of hyperplanes {[x; — x;]: 1 <i < j <n}. Show

that L(A,_;) is isomorphic to IT,,.

7 Kahn and Kung (1986). 8Dowling (1973) and Orlik and Terao (1992).
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(c) Let H,(q) be the set of hyperplanes
{[xi]:1 <i <n}U{[xi —ax;]:1 <i < j <n, a € GF(g)\{0}}

in GF(g)" and the Dowling lattice Q,(q) be the lattice of intersections of H,,(g).
Show that Q,(g) is modularly complemented. If p is the Mobius function of
0.(q), show that

n—1

n®, =1 TJwg - vi+n.

i=0
5.3 Enumeration Under a Group Action

Let G be a group of permutations acting on a set S. Then G acts on the set
Fun(S, X) of functions from S to another set X by the action: if y: S — S
is a permutation in G and f:S — X is a function, then y sends f to the
function fy. The objective of Pélya enumeration theory, in its abstract form,
is to derive information about the G-action on the function space Fun(S, X)
from information about the G-action on the domain S.

We begin this section by setting up a framework for studying the combina-
torics of group actions using concepts and results about Galois connections and
incidence algebras from Sections 1.5 and 3.1. Using this framework, we de-
velop an abstract P6lya enumeration theory from which classical Pélya theory
is derived as a special case.”

We begin by defining a Galois coconnection (orb, per) between L(G), the
lattice of subgroups of a group G acting on a set S, and T1(S), the lattice of
partitions of S, under reverse refinement. If H is a subgroup of G, let orb(H)
be the partition of S whose blocks are the orbits of H. More permutations make
bigger orbits. Hence, orb: L(G) — TII(S) is an order-preserving function. If
7 is a partition of S, let per(s) be the subgroup of (all) permutations in G
leaving the blocks of m invariant. A coarser partition has bigger blocks and
is left invariant by more permutations. Hence, per: I[1(S) — L(G) is order-
preserving. Moreover, it is easy to check that

H C per(orb(H)) and 7 > orb(per(m)).

The functions (orb, per) form a Galois coconnection between L(G) and T1(S),
and the composition orb o per is a coclosure operator 7 — ccl(ar) on I1(S). A
partition 7 is closed precisely when 7 equals orb(H) for some subgroup H of
G. The closed partitions are called periods. Under the partial order of reverse
refinement, the periods form a lattice P(G, §), the lattice of periods of G on S.

9Rota (1969b, pp. 330-334) and Rota and Smith (1977).
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For example, let G be the symmetric group G(S) of all permutations on
the set S. If m is the partition {By, B,, ..., B.} of S, then the Young subgroup
G(r) is the direct product defined by

G(r) = 6(B)) x G(By) x -+ x &(B,).

By construction, S(rr) is the biggest subgroup H of &(S) such that orb(H) = 7.
In particular, orb(&(r)) = 7, every partition 7 is a period, and the lattice of
periods of &(S) is T1(S).

Functions define partitions of S.If f : S — X is a function, then coimage( f)
is the partition whose blocks are the nonempty sets among the inverse images
f~'x), x € X. If y is a permutation, then cycle(y) is the partition whose
blocks are the orbits of ¥ on S. A permutation y fixes f if f = fy or,
equivalently, cycle(y) < coimage( f). The stabilizer stab( f) is the subgroup of
permutations in G fixing f. The period per(f) of a function f is the partition
orb(stab( 1)), the partition whose blocks are the orbits of stab(f); in other
words, per(f) is the coclosure of coimage( f).

Let x;; be a set of variables, where i ranges over S and j ranges over X. The
coding monomial Mon (f) is defined by

Mon (f) = l_[ xi,f(i).

itieS

The coding monomial retains all the information about the function f. If F €
Fun(S, X), then

Mon (F) = Y Mon(f).

fifeF

A subset F of Fun(S, X) is G-closed if f € F and y € G imply that fy isin
F.

Let F be a G-closed subset of functions in Fun(S, X). If r is a partition of
S, let

A(F,m)=Mon{f: f € F, coimage(f) = m},
A(G, F,mr) =Mon{f: f eF, per(f) = =},

B(F,m)=Mon{f: f € F, coimage(f) > m}.
B(G,F,n) =Mon{f: f e F, per(f) > m}.

In general, these generating functions are formal power series in the variables
x;j. If X is finite, then they are polynomials.
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5.3.1. Lemma. Let F be a G-closed class of functions and 7 be a period in
I1(S). Then

AG, Fom)= Y. wpes@@o)B(F,.0)= Y  AF).
o:o0>m in P(GS) T:ccl(r)=n in TI(S)
Proof. In the lattice P(G, S) of periods,
B(G,F.m)= Y A(G.F,0)
o.0>1
By Mobius inversion,
AG,F.m)= ) up@c.s( 0)BG, F,o0).

Now note that if o is a period, then coimage( f) > o implies that per(f) > o.
Hence, for periods o, B(G, F, o) = B(F, o). The first part of the equation
now follows.

Since per( f) is the coclosure of coimage( f),

AG,F.m)y= Y Mon(f)
fiper(f)=n

> Y. Mon()

t:ccl(t)=m \ f:coimage(f)=t1

Z A(F, 7).

T:ccl(n)=m

This proves the second part. ]

Next, we derive Pélya’s enumeration theorem. 107 et x ; be new variables, one for
each element j in X and A(G, F, ) be the formal power series obtained from
A(G, F, ) by the substitutions x;; = x;. Under these substitutions, Mon( f)
becomes Gen(f), where Gen(f) = [],.;,.5 Xs(), the image monomial defined
in Section 5.2. In particular,

AG, F,n) = > Gen( f).
fifeF, per(f)=n
The formal power series A(F, ), B(F, 7), and B(G, F, m) are defined anal-
ogously.
The G-action on a G-closed subset F of functions partitions F into orbits.
If two functions f; and f, are in the same orbit, then Gen( f;) = Gen( f>). If

10For the standard treatment of Pélya enumeration theory, see, for example, Berge (1971, chapter
5), Harary and Palmer (1973), and Pélya and Read (1987).
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O is an orbit, we define Gen(O) to equal Gen(f), where f is any function in
O. The inventory Inv(G, F) of the G-action on F is the generating function
defined by

Inv(G, F) = Z Gen(0),
O

where the sum ranges over all orbits in F.

The inventory of F can be expressed as a linear combination in A(G, 7).
To do this, we need the orbit-stabilizer lemma'! from elementary group theory:
if f is a function in the orbit O, then |O| = |G|/|stab(f)|. In particular, if
7 = per(f), then per(sr) = stab(f). Hence, if O is the orbit containing f, then

10| = 1G1/|per(z)|

and the size of the orbit of f depends only on the partition per( f). Hence,

Gen(O) = (9 Z Gen( f)
| | f:feO

> Istab(f)|Gen(f).

IGI Fireo

From this, we conclude that

G H =3\ 15 G| Y Istab(f)Gen(f)

(’) f:feO
|G| > Istab(f)|Gen(f)
fifer
1
=G > dperml | > Gen(f)
n:weP(G,S) fper(f)=m
1 ~
=G > Iper(m)|A(G. F. ).
t:teP(G,S)

To state the next theorem, we need one more definition. If ¢ is a partition,
let

¢(0) = {y: v € G, cycle(y) = o}|.
Recalling that per(c) = {y: y € G, cycle(y) < o}, we have
lper(o)| = Y ¢(m).

T.n<0

"'This lemma is proved by a bijection between elements of the orbit and cosets of the stabilizer.
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By Mobius inversion, if o € P(G, S), then
¢(0) = Y Iper(D)|up(.5 (T, o).

5.3.2. Theorem.
Y permIAG. Fomy= Y Ip@)|B(F. o).
n:weP(G,S) 0:0€P(G,S)
Proof.
Yo IpermIAG, Fomy= Y Y Iper(m)lup.5 (T, 0)B(F, o)
n:7eP(G,S) n:neP(G,S) o:o=m

oY Iper(m)lp.s (. 0)B(F. o)

o:0€P(G,S) m:w=<o

> ¢©@)B(F, o). O

o:0€P(G,S)

The right side of the equation in Theorem 5.3.2 is relatively easy to calculate
from the group G. In particular, since ¢(0) = 0 unless o equals cycle(y) for
a permutation y in G, it is not necessary to know what other partitions are
periods. Also, although the proof involves a Mobius inversion, the Mdbius
function involved is transferred from one function to another and does not
appear in the final result. Thus, the chore of calculating a Mobius function
explicitly is avoided.

5.3.3. Corollary. Let F be a G-closed subset of functions. Then

Inv(G, F) = é Z B(F, cycle(y)).

y:yeG

Proof. As observed earlier, ¢(o) = 0 unless there is a permutation y in G such
that cycle(y) = o. Hence,

Y I$@)IB(F, cycle(y) = Y B(F,cycle(y)). O
0:0€P(G,S) y:yeG
It X=1{1,2,...,m}, F =Fun(S, X), and ag;(y) is the number of cycles of
length i in the cycle decomposition of y, then
E(f, cycle(y)) = H[xi + xé 4+ x’l'n]a,’(y)‘
i=1

Hence, we obtain Pélya’s enumeration theorem as a consequence of Corol-
lary 5.3.3.
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5.3.4. Polya’s enumeration theorem.

1 LI . )
Inv(G, Fun(S, X)) = = S T+ + -+ 21400,
y:yeG i=l1

Pélya’s theorem is usually stated in terms of cycle indices. If G is a permu-
tation group acting on a finite set S of size n, then its cycle index P(G;uy, uz,

..., Uy)is the polynomial, in yet another set of variables uy, us, . .., u,, defined
by
1 n
. _ ai(y)
P(G7ulvu27""ul‘l)—|G| Z Hui .
y:yeG i=l1

In this notation,

Inv(G, Fun(S, X)) = P (G; ixi, ix?, ix?, e ix{’) .
i=1 =1 i=1 i=1

Exercises

5.3.1. Describe the lattice of periods of the alternating group 2(S) of even
permutations on a set S.

5.32.Let S ={1,2,...,n} and C, be the group generated by the cyclic per-
mutationl — 2,2+ 3,...,.n—1—>n,n— 1.
(a) Show that for each divisor d of n, the partition with n/d blocks

{i,i+n/d,i+2n/d,....i+(d—1)n/d)

is a period and every period is of this form. Conclude that the lattice of periods
is isomorphic to the lattice of divisors of n (ordered by divisibility). Note that
the lattice of subgroups of C, is also isomorphic to the lattice of divisors of 7.

Since lattices of divisors are Cartesian product of chains, chains and product
of chains are lattices of periods.

(b) Show that the Cartesian product of two lattices of periods is a lattice of
periods.

(c) (Research problem) Is every finite lattice isomorphic to a lattice of
periods?

5.3.3. (Research problem) Let GF(g) be a finite field. Consider the general
linear group GL(n, ¢) as a permutation group on the vector space GF(g)". Is
there a good description of the lattice of periods?

5.3.4. (Research problem) Are the Dowling lattices in Exercise 5.2.9 “naturally”
lattices of periods of a permutation group? Construct the lattice of periods of a
wreath product of a permutation groups with another group.
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5.3.5. The cycle index of the symmetric group.
Show that

S > xit*
ZP(Gn;xl,XQ,...,xn)tn =exp (Z kT) .

n=0 k=1

5.3.6. Congruences from group actions."?

Let S and X be finite sets and G be a permutation group acting on S.

(a) A function f: S — X is aperiodic if per(f) is the minimum partition 0.
Show that the number of aperiodic functions is divisible by the order |G| of the
group G.

(b) Let F be a G-closed subset in Fun(S, X). Show that A(G, F,0) =
0 mod |G|, and hence, by Theorem 5.3.1,

Y. HrGs(mo)B(F.0)=0 mod [G].
o:0>m in P(G,S)

(c) Consider the case when G is the cyclic group C,, and X = {1,2, ..., m}.
Using Exercise 5.3.2 and (b), show that

Z ,u(d)(xfl + xg 4+ 4 xi)"/d =0 modn.
d:dln

Conclude that for any m-tuple of nonnegative integers iy, i, ..., i,, such that
ii+ir+-+inp=n,

n/d B
d; Md)(il/d, id, ..., im/d) =0 modn,

where a multinomial coefficient is defined to be zero if any of its parameters is
not an integer. In particular, conclude that

r r—1
R A P
1,00, ..., 0n i1/p,i2/p,...,im/P

if p divides each of the indices iy, i, ..., i, and
r
(. .p ‘)EOmodp’,
1,02, ..c5lm

5.3.7. (Research problem) Find a vector space analog of abstract Pdlya enu-
meration theory.

otherwise.

12Rota and Sagan (1980). For further work, see Deutsch and Sagan (2006), Postnikov and Sagan
(2007), and the references in these papers.
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5.4 Baxter Operators

In the next three sections, we shall give a selective account of the theory of
Baxter algebras.'? The relevance of Baxter algebras to symmetric functions
will become clear at the end of this section.

Let B be an algebra'* over a field IF and ¢ be an element in F. An F-linear
operator P : B — B is a Baxter operator (with parameter ¥) if it satisfies the
Baxter identity: for all x and y in B,

(Px)(Py) + v P(xy) = P(x(Py)) + P((Px)y).

A Baxter algebra (B, P) is a pair, where B is an F-algebra and P is a Baxter
operator on B. Note that if P is a Baxter operator with nonzero parameter ¥,
then —9 ! P is a Baxter operator with parameter —1. Thus, if ¢ # 0, we may
choose the parameter ¢ to be —1 (and indeed, any convenient nonzero value).
The theory when ¢ = 0 is slightly different.

A subset D of a Baxter algebra (BB, P) is a Baxter subalgebra if D is an
F-subalgebra closed under P. (That is, if x € D, then Px € D.) A function f
from a Baxter algebra (A, Q) to a Baxter algebra (B, P) is a Baxter algebra
homomorphism if f is an algebra homomorphism and f commutes with the
Baxter operators; thatis, fQ = Pf.

54.1. Lemma. Let E: A — A be an endomorphism so that the endomor-
phism I — E has an inverse and

P=El-E)".
Then P is a Baxter operator with parameter —1.
Proof. Write (I — E)~! as the infinite sum I+ E+E?+ ..., sothat
P=>E.
i=1

Then

P(x(Py)) = P (ZxE"(y))
i=1
=Y Elx) (Z Ef'*f(y))
j=1 i=1

= > EWEY).

i,jij<i

B3Rota (1969b) and Rota and Smith (1972). For a survey, see Rota (1995).
4We do not assume that 53 has an multiplicative identity 1. Most concrete examples coming
from probability theory or functional analysis do not have identities.
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Similarly,
oo
(Px)(Py) =Y E'x)E!(y),
ij=1
o
P(xy) = Y E'(0)E(y),
i=1
P((Px)y)= Y E/X)Ey),
i,jrj>i
and Baxter’s identity follows. ]

A particularly important example of a Baxter algebra is the standard algebra.
Let F be a field, A an F-algebra, and A, the F-algebra of all sequences
(ai)1<i<co With terms a; in A, under termwise addition, multiplication, and
scalar multiplication. Then the operator

P:(ai,az,a3,...)~ (0,ai,a1 +az, a1 +ax +as,...)

is a Baxter operator with parameter — 1. This follows from Lemma 5.4.1, taking
E to be the shift

(Cl], a, as, ) = (Oa a, ap, as, )

Let x;;, 1 <i <n,1 < j <00, be infinitely many indeterminates and
F(x;;) be the field of rational functions in the indeterminates x;;. Let x; be
the sequence (x;1, X;2, X;3, . . .). The standard Baxter algebra (S,, P) on n gen-
erators is the intersection of all Baxter subalgebras in F(x;;)o containing the
Sequences X, Xy, ..., X,.

To see the connection with symmetric functions, do the following compu-
tation: let » = 1 and x be the sequence (x1, x, x3, .. .). Then

Px = (0,x1, x1 +x2,x1 +x2 + X3, X1 + X2 + X3+ X4, ...),
x(Px) = (0, x1x2, X1X3 + X2X3, X1X4 + X2X4 + X3X4,
X1X5 + XoX5 + X3X5 + X4X5, ...),
P(xP(x)) = (0,0, x1x2, x1x2 + X1X3 + x2X3,
X1X2 + X1X3 + X2X3 + X1X4 + X2X4 + X3X4, ...),
xP(xP(x)) = (0,0, x1x2x3, X1X2X4 + X1X3X4 + X2X3X4,
X1X2X5 4+ X1X3X5 + X2X3X5 + X1 X4X5 + XoX4X5 + X3X4X5, .. .),
P(xP(xP(x)) = (0,0,0, x1x3x3, X1 X2X3 + X1 X2X4 + X1X3X4 + X2X3X4, .. .),

and so on. Thus, the (j + 1)st term in

P(xP(x--- P(xP(x))))

m times

is the elementary symmetric polynomial a,,(x1, X2, . .., X;).
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Similar computations show that if y, are monomialsinx, x,, ..., x,, then
in the sequence

P(y,(P(y, - P(y

-m

PG,

the first m terms are zero, the (;n + 1)st term is a nonzero polynomial in the
indeterminates x;;, 1 <i <n,1 < j <m+1, and in general, if [ > m + 1,
the /th term is a nonzero polynomial inx;;, 1 <i <n, 1 < j <.

Exercises

5.4.1. Give a proof of Lemma 5.4.1 not using an infinite expansion.

5.4.2. Integration by parts."”
Let C(0, 00) be the algebra of all real-valued continuous functions on the
real half-line [0, co) and let

PF(x) = fo FE)E.

Then the integration-by-parts formula

/udv:uv—/vdu,

appliedtou = Pf and v = Pg, implies that P satisfies the Baxter identity

(Pf)(Pg)= P((Pf)g)+ P(f(Pg))

with parameter 0.
Consider the initial value problem

dy
T rp(x)y,  y(0)=1,
X

where ¢(x) is a continuous function. Then by a simple integration, the solution
is given by

1 1
¥ =exp(P(@) = 1 +AP(9) + 502 P9)’ + 20 P) + -+

Another way to obtain a solution is to integrate both sides of the differential
equation, obtaining the operator equation

y=1 +/\/O p&)y(E)dE =1+ AP(py).

15 Baxter (1960).
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This equation can be iterated, obtaining

1+ AP(@[1 + AP(py)]
1+ AP(p) + 12 P(pP(p[1 + AP(py)])
14+ AP@) + A2 P(pP(®) + A P(p(P(p[1 + AP (py)])

y

=1+ AP(p) + A2 P(@P@) + A P(p(P(pP(p)) + -+ .

Since the initial value problem has a unique solution, the two solutions are
equal. Equating coefficients of powers of A, we obtain a sequence of identities:

P(p)' =n!P(@P(@P(---9P(9)). (B)

The case n = 2 is

2P(pP(p) = P(p)?,

the special case of the Baxter identity with 4 = 0and x =y = ¢.
Show that all the identities (B) are implied by special case n = 2.

5.4.3. Shuffle identities and convolutional algebras.
Let (A, P) be a Baxter algebra with parameter 0.
(a) Show that P satisfies the shuffle identities: for elements fi, fa, ...,

Sns 815820 ooy 8w IN A,

P(fi(P(faP(f5(P(--- D) P(&1(P(g2P(g3(P(--- Pgn))))
=Y PU(P(haP(h3(P(- - Phyym)))),

where the sum ranges over all shuffles, that is, a sequence h; of length m + n
so that each f; and g; occurs exactly once and the subsequence formed by
restricting & to the terms f; (respectively, g;) is the sequence fi, fa, ..., f,
(respectively, g1, g2, .. ., &n) in the original order.

The shuffle identity is satisfied by the integral operator P defined in Exercise
5.4.2. Although the study of derivations, that is, differential algebra, has been
much studied, the countertheory, integration algebra or the theory of indefinite
integration, has been neglected, except by pioneers like K.-T. Chen.!®

(b) (Research problem) Find an elementary proof of the Titchmarsh con-
volution theorem: let f(x) and k(x) be real-valued integrable functions on the
interval (0, y) and

Y
fo FOWG — y)dy =0

16See Chen (2001).
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for almost all x in (0, y). Then there exist @ and g such that f(x) =0 for
almost all x in (0, @) and k(x) = O for almost all x in (0, 8), where o« + 8 = y.

Titchmarsh’s theorem implies that the ring of continuous real-valued func-
tion on (0, 00) is an integral domain. An elementary proof would be a good test
case for the theory of indefinite integration.!’

5.5 Free Baxter Algebras

The main result in this section is a description of free Baxter algebras. We
begin with an informal discussion of free algebras. If I is a field, then the free
(commutative) [F-algebra on n generators is the polynomial algebra
F[x1, x2, . .., x,]. The polynomial algebra is free in two senses. It is the algebra
of all possible expressions constructed from the generators x; using the three al-
gebra operations: addition, multiplication, and scalar multiplication. The poly-
nomial algebra also satisfies a universal property: if R is an F-algebra which
can be generated by n generators ay, a,, ..., a,, then the function x; — a;
extends to an F-algebra homomorphism F[x1, x5, ..., x,] — R. The universal
property is easily shown in this case. The homomorphism property forces us to
send a polynomial f(xy,xs,...,x,) to f(a,as,...,a,). Since polynomials
satisfy no relations (other than those implied by the F-algebra axioms), this
extension is a well-defined homomorphism.

From this example, we see that there are two ways to explicitly describe
free algebras: by construction, that is, finding a way to write down “all pos-
sible elements,” or by showing that a specific concretely defined algebra sat-
isfies the universal property. Roughly speaking, the first approach focuses on
the syntax and the second focuses on a particular semantics or a specific
model.

The construction of the free Baxter algebra over a field F begins with the
construction of the free algebra F,, with a linear operator 7' (not satisfying

any identity) on n generators &1, &, ..., &,. The elements in F,, can be defined
recursively by
(1) The elements in F and the generators &, &, ..., &, are in F,,.

(2) If u and v are in F,,, then u + v, uv, and Tu are in F,,.
The recursive definition certainly produces all possible expressions, but
an element is always produced several times. For example, the element
T((T&)& + T(5184)T (€1)&5) s produced. Since T is linear, this element equals
T((T&)&) + T(T(£164)T (§1)&s). The same “crisis” occurs for polynomials
and is resolved by a tacit agreement as to when two expressions specify the

17See problem 3 in Rota (1998b). Titchmarsh’s theorem can be found in Titchmarsh (1986).
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same polynomial (see Exercise 1.3.8 for a formal treatment of “equality” in the
case of lattice polynomials).

A monomial in F, is an expression obtained using only multiplication and
the operator 7. The occurrence occ(m) of the monomial m is the number
of times T occurs in it. For example, occ(T (62T (£185& T (53€2)))) = 3. If
t € F,, thent can be written (irredundantly) as a linear combination ) A;a; of
monomials a; with coefficients X; in F. We define occ(?) to be the maximum
of the occurrences occ(a;).

A subset I in F, is a T-ideal if it is an ideal and closed under the operator
T. (That is, if u € I, then Tu € 1.) The free Baxter algebra (B,,T) on n
generators with parameter ¥ can be defined as the quotient of F, by the
T-ideal H generated by all elements of the form

(Tx)(Ty)+ 9T (xy) = T(x(Ty)) — T(Tx)y),

where x,y € F,. By slightly more general versions of the homomorphism
theorems for F-algebras, (B,, T') satisfies the universal property. Hence, it is
indeed free.

Having defined the free Baxter algebra, we will provide two descriptions.
We begin with a concrete description due to Rota.

5.5.1. Theorem. The standard Baxter algebra (S,,, P) is isomorphic to the free
Baxter algebra (B, T') with parameter —1.

Proof. The assignment &; — x; extends to a homomorphism ¢ from the free
algebra F, with operator T onto the standard algebra (S,,, P) satisfying 9T =
Pg. Since (S,, P) is a Baxter algebra, the kernel of ¢ contains the T-ideal H
(with & = —1). We will prove the theorem by showing that the kernel of ¢
equals H.

5.5.2. Proposition. For all ¢ in F,,, ¢(¢) = 0 implies that r € H.

To do this, we proceed by induction on occ(t). We begin with a lemma.

5.5.3. Lemma. Every element ¢ of F, can be written as a sum r + s, where r
is in the T-ideal H and s is a linear combination of monomials of the form

aTbhb, a, Th,
with a and b monomials, occ(a) = 0, and occ(b) < occ(?).

Proof. It suffices to prove the lemma for a monomial 7. We argue by induction.
The lemma holds trivially if occ(¢) = 0. If ¢ has two factors of the form T ¢
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and T'd, then, choosing ¢ and d suitably, we can write t = e(Tc)(Td). Then
t =r + s, where

r=e[(Tce)Td)—T(cd) — T(c(Td)) — T({(Tc)d)]
is in the T'-ideal H and
s =eT(cd)+ ec(Td)+ ed(Tc).

In addition, occ(e), occ(cd), occ(ec), occ(d) occ(ed), and occ(c) are all strictly
smaller than occ(¢) — 1. The lemma now follows by induction. O

By the lemma, each element ¢ of F,, can be written as a sum r + s, withr € H
and

s:Zoz,-a,-Tbi+Z,3chj+Zykdk=u+v+w, (S)
i J k

where u, v, and w denote the three linear combinations, and a; and d are
monomials in &, &, ..., &, formed using only multiplication. To show that
ker ¢ = H, itsuffices to show that whenever s has the special form (S), ¢(s) = 0
implies that s € H.

Since ¢ T = P¢, we have

o(s) =Y aipla)Pobi) + Y BiPe(c)) + Y vio(di) = p(u) + ¢(v)
i j k
+ p(w).

We will now show that ¢(s) = 0 implies that w = 0. To do this, we need two
observations: First, each monomial d;, in w is formed using only multiplication.
Thus, the jth term in ¢(w) equals p(xyj, x2j, ..., X,;) for some polynomial
p (not depending on j). Second, the image of P is contained in the set of
sequences with first term equal to 0. Since the monomials in both # and v use
P at least once and ¢(s) = 0, the first term of the sequence ¢(w) is 0. These
two observations imply that p(x;;, x21, ..., x,1) = 0, where x;y, X2, ..., X1
are indeterminates; that is, p is the zero polynomial. We conclude that w = 0.

We note that if occ(t) = 0, then u = v = 0. Thus, we have also established
the case occ(¢) = 0 of Proposition 5.5.2.

We can now write t = r + 5, where s = + v. We can also assume, by
induction, that if occ(t’) < occ(z), then ¢(¢") = 0 implies that ¢’ € H.

Let term,,(y) be the mth term in a sequence y in (S,, P). Observe that if
term,, (y) is the first nonzero term in v, then the (m_—i— l)stterm in Py equals y,,
and is nonzero. Hence, in S,, Py =0 implies that y = 0. In partigular, since
@(Tb) = P(pb), ¢(Th) = 0 implies that p(b) = 0.
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We apply this argument to a monomial c¢; in v. If ¢(Tc;) =0, then
@(c;) = 0. Since occ(c;j) < occ(t), this implies that ¢; € H. Similarly, con-
sider a monomial a;Th; in u. Since occ(a;) =0, a; is a nonzero ordinary
monomial in &; and the jth term in ¢(a;) is the same nonzero monomial, with
x;j substituted for &;. As ¢ is ahomomorphism, ¢(a; T'b;) = ¢(a;) Po(b;). Sup-
pose that ¢(a; Th;) = 0. Then since ¢(a;) has no nonzero terms, Po(b;) = 0,
and we can conclude, as earlier, that b; € H.

The preceding argument allows us to tidy up and assume that

s = Z(X,‘Cl,’Tb,’ +Z,BjTCj =u-+tv,
i J

where the monomials ¢; are nonconstant, the terms a; T'h; and T c; are distinct,
and none of the terms is in the 7-ideal H.

The next step is to show that ¢(s) = 0 implies that p(u) = 0 and ¢(v) =0
separately, or, put another way, there is no cancellation of terms in ¢(u) and
o(v).

We first show that ¢(u#) cannot be nonzero. Suppose the contrary, that

> ip(a)Po(b;) # 0.

Let m be the index of the first nonzero term in the sequence ¢(u) and
term,, (¢(a;) Po(b;)) be a summand from the linear combination contributing
nontrivially to term,,(¢(u)). Since a; is a nonconstant monomial, term,, (¢(a;))
uses at least one of the indeterminates x;,,. Hence, term,,(¢(u)) is a nonzero
polynomial using at least one of the indeterminate x;,,. As ¢(s) is assumed
to be zero, term,,(¢p(v)) = —term,,(¢(u)). However, because P is applied to
all the terms in ¢(v), term,,(¢(v)) is a polynomial using only the indetermi-
nates x;;, j < m — 1, a contradiction. We conclude that ¢(u) = 0, and hence,
@(v) = 0 as well.
Next, we show that ¢(v) = 0 implies v € H. But since

p) =Y BiPp(c) =Py | Bjc; | =0,
j j

(0(Zj Bjcj) =0. As occ(cj) < occ(t), we conclude, by induction, that
Zj Bjcj € H,and hence, v € H.

The final task is to show that ¢ (1) = 0 implies u € H. To do this, we regroup
the linear combination u according to the monomials a; and redefine a; and b;

so that
u = Za,‘Tb,‘,
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where the monomials a; are distinct (and nonconstant) and b; are linear com-
binations of a monomials. For each index m, term,,(¢(a;)) is a monomial in
Xim, whereas term,,(P¢(b;)) is polynomial in x;;, j < m. Since the monomials
term,, (¢(a;)) are distinct, this implies that term,, (P¢(b;)) = 0; otherwise, we
have a nontrivial algebraic relation among the indeterminates x;;. Thus, Po(b;)
is the zero sequence. As in the earlier cases, this implies that each b; is in H,
and hence, u € H.

We can now conclude that s and, thus, ¢ are in H. O

We remark that we have restricted our discussion to standard algebras
(S, P) with a finite number of generators. This was done to keep the notation
simple. Standard algebras can be defined verbatim for any set of generators.
Theorem 5.5.1 and its proof are valid with minor changes.

The second description of the free Baxter algebra is due to Cartier.'® Cartier
introduced a square bracket notation for calculations in Baxter algebras. Let
(B, P) be a Baxter algebra. Recursively, we define [a] = P(a), and ifn > 2,

lai, az, a3, ..., ay] = Plailaz, as, ..., ay)),
where a and a,, are elements in B and ay, a,, ..., a,—; may be an element in
B or the empty element |. The empty element acts like an identity, but is not
allowed at the extreme right of a bracket. The recursive definition specifies that
for every square bracket, an application of P is made. For example,

[a1, a2, a3] = P(ailaz, a3]) = P(a1 P(az[as3]) = P(a; P(ax P(a3)),

lay, |, a3] = P(a, P%(a3)), and [l,1],al = P3(a). In this notation, the Baxter
identity becomes

[allb] = =P [ab] + [a, b] + [b, a].

The next lemma allows us to express a product of brackets as a linear combi-
nation of brackets.

5.5.4. Cartier’s identity.

m
[Tlaj.ap...apd=" > (=) ey o, e,
j=1

Vl,I],Iz,...,Im

18 Cartier (1972).
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where the sum ranges over all n, I}, I, ..., I,,, where n is an integer such that
Il<n<r+nrn+--+r,llj=r;, LULU---UI, ={1,2,...,n},and
Ck = 1_[ Al »
l:kel;
where the product is taken over all / such that k € I; and k is the o;th number

in /; when I; is put in increasing order.

The following example, involving the triple product [a;, as, as, as4][b1, by,
bs][c1, c2], where we write, say, b3 instead of a,3, shows how a term in the sum
on the right is formed. In this case, m = 3, ry = 4, r, = 3, and r3 = 2. Taking
n=6,1=1{1,3,4,5}, , ={2,4,6}, and I3 = {4, 6}, we obtain the term

(=9)’[ay, by, az, asbacy, as, byca)

on the right-hand side.
We sketch the proof of Cartier’s identity. By induction on number of brackets,
it suffices to prove the lemma for two brackets. Let

Y =la,a,...,a1[b1,ba, ..., bl

be a product of two brackets. We induct on the combined length r + s of the
two brackets. Write the product Y as

P(ailaz, a3, ...,a.)P(bi[bs, b3, ..., b]).
By Baxter’s identity,

Y = _ﬁP(albl[aZa asz, ..., ar][b2’ b3’ D) bs])
+ P(ailaz, a3, ..., a/1[by, b2, b3, ..., bs])
+ P(bilay, a2, a3, ..., a.1[bs, b3, ..., b]).

The three products of two brackets on the right side all have combined length
less than r + s. Hence by induction, they are linear combinations of brackets.
Thus,

P(a\b\[az, a3, ..., a-1[bs, b3, ..., by])=P (Z(—ﬂ)jalbl[cil, Cidyovns Cir,-])
= Z(—ﬁ)j[albl, Ci1, Ci2s + -+ » Ciry],

where the exponent j in the coefficient (—#)/ depends on the summand. Similar
calculations show that the other two terms are linear combinations of brackets.
Cartier’s identity follows by induction and careful bookkeeping.

Cartier’s identity says that in any Baxter algebra, the set of elements of the
form

aolar, az, ..., ay]
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spans. This fact underlies Cartier’s construction of free Baxter algebras. The free
Banxter algebra (C(X), P) over the field F on the set X of generators is defined
in the following way: consider all expressions of the form aglay, az, . .., a,],
where ag, ay, ..., a,-; are monomials (of positive degree) in the generators
or the empty element, and a,, is a positive-degree monomial. Form the vector
space C(X) of all formal linear combinations of these expressions. Define a
multiplication by

ao[ala a25 Tt ar]b()[bl, b27 M) bS‘]
(=) g bo[ey, e, -l

n,[],lz,...,lm

where the sum on the left is the same as in Cartier’s identity. The Baxter operator
P on C(X) is defined by

P(aglai, as, ..., a.]) = lag, a1, ay, ..., a]

on square brackets and extended by linearity. It is complicated but straightfor-
ward to show that (C(X), P) is free.

Exercises

5.5.1. Show that

[allby. by, ....b, ) == ®by.....bi_1,ab; by ....b,]
i=1

+la,bi, by, ..., b1+ Y [br,.... by a.bi, ..., b
i=2

+1[b1, b2, ..., b, al.

5.5.2. Do the bookkeeping required to prove the exact form of Cartier’s identity.

5.5.3. Free noncommutative Baxter algebras."®
Find explicit descriptions of free noncommutative Baxter algebras.

5.5.4. (Research problem) Are there simple Baxter algebra expressions, perhaps
in terms of Cartier brackets, for other classical symmetric functions?

19Aguiar and Moreira (2006) and Ebrahimi-Fard and Guo (2008).
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5.6 Identities in Baxter Algebras

Since every Baxter algebra generated by n elements is a homomorphic image
of the standard algebra (S,,, P), Theorem 5.5.1 and the universal property for
free algebras imply that if an identity holds in (S,, P), then it holds (after
renormalizing the parameter) in a Baxter algebra with nonzero parameter.

5.6.1. Theorem. Let P be a Baxter operator with nonzero parameter ©. Then

B 00 k1 kygk
mg(:) P(xP(x--- P(xP(x))))t" = exp (; w)

m times

as a formal power series identity in the variable 7.

Proof. We begin by proving this identity in the standard algebra (Si, P).
As observed at the end of Section 5.4, the (j + 1)st term in the sequence
P(x--- P(xP(x))), with m occurrences of P, is the elementary symmetric
polynomial a,,(x{, x2, . .., x;). Next, observe that

Py = (0, x5, x4 xb b b k)

that is, the (j + 1)st term in P(gk) is the power-sum symmetric polynomial
Sk(xl, X2y evny Xj).
By Waring’s identity (5.2.5),

00 X 1\k—1 . kyyrk
Zterij(P({' PP = exp (Z (-1 term]é+l(P(£ Nt ) .
k=1

m=0

Thus, as a formal power series with coefficients which are sequences of poly-
nomials,

C X 1)k K.k
> Pl PeP@))N" = exp (Z M) .
m=0

k=0 k

The theorem when the parameter is — 1 now follows from the universal property.
To obtain the general case, replace P by —9~! P and t by —vt. O

Two concrete instances of Theorem 5.6.1 are given in Exercises 5.6.1 and 5.6.2.

‘We turn now to identities obtained using the theory of group action developed
inSection5.3.Let S = {1, 2, ..., n}, G be apermutation group acting on S, and
X =1{1,2,3,...}. Consider the generating functions A(F, w), A(G, F, w),
B(F, ), and B(G, F, 7). As X is infinite, they are formal power series. Define
A(G, F, ) to be the sequence whose jth term is the polynomial A ;(G, F, 7)
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obtained from A(G, F, ) by setting x;; = 0, k > j. The sequences A(F, ),
B(F, ), and B(G, F, m) are defined analogously.

5.6.2. Lemma. If the partition 7w is a period, then the sequences
A(Fun(S, X), ), A(G,Fun(S, X), ), B(Fun(S, X),7), and B(G,Fun
(S, X), ) are in the standard Baxter algebra (S, P).

Proof. If D C S, let

D)= [T 2,
d:deD
If 7 is the partition {Dy, D, ..., D.}, then a straightforward calculation (sim-

ilar to that at the end of Section 5.4) yields

AFun(S, X), )

= Y P@E(Dya)Px(Dye) - Px(Dyic—1) P(x(Dy))).
7:v€G,

the sum ranging over all permutations y of {1, 2, ..., c}. Another calculation
yields

B(Fun(S, X), m) = P(x(D))P(x(D2)) - - - P(x(D.)).

We conclude that A(Fun(S, X), 7), B(Fun(S, X), ), and hence, as 7 is a
period, A(G, Fun(S, X), ) and B(G, Fun(S, X), =) are in (S,, P). O

If  is the partition {Dy, D», ..., D.} of {1,2,...,n} and x{, x5, ..., X, are
elements in a Baxter algebra (13, P) with nonzero parameter ¥, let

A(m, Pyxi,x2, ..., Xy)

= Z (=)' Px(Dy1)) P(x(Dy)) - - - P(x(Dy()))))
y:veS,

and
B(m, P;x1, X2, ..., %,) = (=0)""“P(x(D1))P(x(D2))) - - - P(x(Dv)),
where xp = [ 1. jep Xa-

5.6.3. Theorem. Let G be a permutation group acting on a finite set S and 7
be a partition in the lattice P(G, S) of periods. Then in a Baxter algebra with
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nonzero parameter o,

> A(T, Pix1, X2, 0y Xn)
t:ccl(t)=m in T1(S)
= Z wp@G.s) (T, o)B(, Pyx1, X2, ..., Xa).

cio>T

Proof. By Lemma 5.3.1, the identity holds in the standard algebra. By
the universal property, these identities hold in all Baxter algebras with pa-
rameter —1 and after renormalization, in all Baxter algebras with nonzero
parameter. (I

We note the following special case when G is the symmetric group &, acting
on{l,2,...,n}and 7 is the minimum partition 0.

5.6.4. Corollary. In a Baxter algebra with nonzero parameter ¥,

Z POoyay(Pxy@) -+ P(xXym))
y:ve6,

= > o [JuDi = DIP@(D),

{D1,Ds,...,D.} Jj=1

= > »* J] P&y,

v:vES, D: Decycle(y)
where the second sum ranges over all partitions {D;, D,,..., D.} of

{1,2,...,n} and for a permutation y, cycle(y) is the partition given by the
cycle decomposition of y.

Proof. The lattice of periods of G, acting on {1,2,...,n} is the lattice of
partitions IT,. By Theorem 5.2.1,

u(©,{Dy, Dy..... D) = (=1 [J(Di| = DL.

i=1

This proves the first equality. The second equality follows by observing that
the number of permutations y such that cycle(y) = {Dy, D>, ..., D.} equals

[T=.(Dil = D O

Theorem 5.6.3 was motivated by an identity of Spitzer and Bohnenblust.?’
To describe this identity, we need another Baxter algebra. Let M be the R-
algebra of functions f:R — R with finite support (that is, f(x) = 0 except

20 Spitzer (1956).
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for a finite set of real numbers), with convolution

fe) =) fOMex—y= > [f(ek)

y:yeR V.2 y+z=x
as the product. If x is a real number, let

x|+ x
+ _
)

Let P : M — M be the linear operator

Pfx)= Y fO.

yiyt=x

Put another way, Pf(x) = f(x) if x is positive and P f(0) = Zy:yfo fO).

= max{0, x}.

5.6.5. Lemma. The operator P : M — M is a Baxter operator with parameter
1.

Proof. Observe that

P(fPg+gPf)x) = > (e
y.z: (yt+z)t=x or (y+zH)F=x
(P(f8) + (P)PI)(x) = > (e,

v,z: (y+z)t=x or yt+zt=x

Thus, Baxter’s identity follows if for every pair y, z of real numbers, the two
multisets

G+, ¢ +z2D)7}

and
{0+ vy +27)
are equal. This can be easily seen by considering the possible cases. (|
Let x be the sequence x1, x», ..., x, of real numbers. Let S(x) and T (x) be

the multisets defined by
Sx) = {((((X;r(,l) +xpm-) "+ )T x0T a0ty € 6,
+
T(x) = Z (Zx,-) 1y €6,
D: Decycle(y) \i:ieD

Leth; : R — R be the functions defined by 4;(y) = 1if y = x; and O otherwise.
Then the value of the function

> Ply(Phy@) -+ Plhyu-1yP(hym))
y:v€S,
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at the real number x is the multiplicity of x in the multiset S(x). Similarly, the

value of
o I prwwy

y:y€eS, D:Decycle(y)

at x is the multiplicity of x in T'(x). Theorem 5.6.6 implies the following result.

5.6.7. The Bohnenblust-Spitzer identity. If x is a length-n sequence of real
numbers, then the two multisets S(x) and 7 (x) are equal.

Exercises

5.6.1. g-Integration.
Let g be another parameter, A be an algebra of functions in the variable x,
and E : A — A be the endomorphism defined by

Ef(x) = f(gx).

Then the operator P = Y .2, E', acting on functions by

(PF)(x) = f(gx)+ f(g*x)+ f(g*x)+ -,

is a Baxter operator with parameter —1 called the g-integral.

(a) Use Theorem 5.6.1 to obtain a proof of Euler’s identity
oo oo
—1) " n(n+1)/2
' = T]a +4*.
k=1

Z(1—61)(1—612)~-~(1—¢1")

n=1

(b) (Research problem) Is there a unified theory of hypergeometric and
q-hypergeometric functions based on Baxter operators?

5.6.2. Spitzer’s formula®'
Let A be the Banach algebra of functions ¢(z) of the form

o0 .
@(r) = / e dF(x),
—o0
where F is a function of bounded variation such that lim,_, o, F(x) exists. Let
oo
Po(t) = / e"dF(x) 4+ F(0)— lim F(x).
0 X—> 00

(a) Show that P is a Baxter operator with parameter 1.

21 Spitzer (1956).
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Note that if X is a random variable and ¢(¢) the characteristic function of
X, then Pg(t) is the characteristic function of max{0, X}. Let X, X5, X3, ...
be a sequence of independent identically distributed random variables, S, =
X1+ X+ + Xy,

M, = max{0, S;, S», ..., S.},

F,(x) is the probability distribution function Pr(M, < x), and Hi(x) is
Pr(max(0, S))
(b) Prove Spitzer’s formula:

oo

00 00 S )\.k
Z (/ e”xdF,,(x)) M= exp (Z (Hk(()) +/ e”dek(x)) 7) )
0 0

n=0 k=1

5.6.3. Prove the combinatorial version of Spitzer’s identity in Exercise 5.6.2:
the multisets 7' (x) and

k +
max X (i 1y el
k: 1<k=<n (Z; ym) Y "

i=
are equal.

5.6.4. If x is the sequence x1, X2, ..., x, of real numbers or points in R”, let
so(x) =0and s (x) = x1 +x2 + - - - + x. If y € G,,, then y(x) is the sequence

2
Xy(1), Xy @)y - -+ Xy(n)-
(a) Prove Kac’s identity:

Z k:%ﬁ’én{sk(y(ﬁ))}: Z XymyN(y (X)),

y:7€6, y:7€6,

where N(y(x)) is the number of positive terms in the sequence s;(y(x)),

(Y (X)), -, S (Y (X)),

(b) Prove that
i _ sy @)
2 (J&i’in{w ()} = min n{sk(y@)}) =y Yyl
v y:ve6, k=1
(c) Let u be the sequence uy, us, ..., u, of points in R? and L(o(u)) be

the length of the (piecewise linear) boundary of the convex hull of the points

22 Barndorff-Nielsen and Baxter (1963), Kac (1954), and Spitzer and Widom (1961).
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0, s1(c(w)), s2(o(w)), ..., s,(o(u)). Show that

Y Lew)=2 ) <Z%||sk<o>||>.

o:0€B, 0:0€6, \k=1

(If u is the vector (x, y), then |lu| = /x2 + y2.)

5.7 Symmetric Functions Over Finite Fields

In this section, we find the algebraic dependencies among elementary symmet-
ric polynomials, regarded as functions over a finite field of prime order.??

A polynomial f(xy, x,, ..., x,) with coefficients in a field IF defines a func-
tion from F” to F by evaluating a point (by, by, ..., b,) in " to obtain the
function value f(by, by, ..., b,). If the field F is infinite (of any character-

istic), then distinct polynomials define distinct functions. This is not hard to
show from first principles. It also follows from the fact that the set of zeros of
a nonzero polynomial has dimension strictly smaller than n. Hermann Weyl
named this fact “the principle of the irrelevance of algebraic dependencies.” In
particular, in many cases, one may ignore polynomial conditions when giving
a proof. However, when the field is finite, two distinct polynomials may define
the same function.

Let GF(g) be the finite field of order g, where g is a power of a prime p.
We first show that all functions are polynomial functions.

5.7.1. Lemma. Let f:GF(g)" — GF(q) be a function. Then there exists a
polynomial f (x1, x2, ..., x,) with coefficients in GF(g) so that f equals the
function defined by evaluating the polynomial f.

There are many ways to prove Lemma 5.7.1. Since the domain GF(g)" is finite,
one way is to use the standard proof of the Lagrange interpolation formula. If
b is the n-tuple (b1, by, ..., b,) in GF(q)", let

X1 —a X2 —dp
Lyp(x1, X2, ..., X)) = H H
by —a;

by —a
ap: al#b] ap: az#bz 2 2

D
bn_an

an: anF#by,

23This section is an exposition of Aberth (1964), which followed up work done in Fine (1950).
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Then ¢, behaves as a “delta” function: it equals 0 if (xi,x2,...,x,) #
(b1, by, ..., by) and 1 otherwise. In particular, for a function f :GF(q)" —
GF(q),

fOnxa, . ox) = Y fOx, X, X).

b:beGF(q)"

Another polynomial expression for the function £, can be obtained using
Fermat’s little theorem: that x?~1 = 1 if and only if x # 0. Thus,

n

(1, X2, ) = [ [ = G = BT,

i=1

The two polynomial expressions for £, look quite different. The next lemma
shows that they can be transformed into one another by algebraic relations
implied by xlf] = x;. Let F be the set of functions GF(g)" — GF(g). This
forms a GF(q)-algebra with multiplication given by f - g(x) = f(x)g(x).

5.7.2. Lemma. The algebra F is isomorphic to the quotient

GF(q)[x1, X2, .. .o x0)/(x] —x1, x5 —xp, ..., x0 — xp).

Proof. By Lemma 5.7.1, the evaluation € defines a surjective GF(g)-algebra
homomorphism from GF(g)[x, x2, ..., x,] to F. By Fermat’s little theorem,
b = b for every element b in GF(q). Thus, the polynomials x; — x; define the
zero function and are in the kernel of €. Hence, € defines a surjective homo-
morphism from the quotient GF(g)[x1, x3, ..., x,]/I to F, where I is the ideal

generated by x| — xy, xI — x5, ..., xi — x,. Therelations x{ = x; allow us to

reduce any monomial modulo / to a monomial of the form x{"x5* - - - x%, where
0 < a; < g — 1. In particular, these monomials span GF(q)[x;, x2, ..., x,]/1,
implying that the quotient is finite and has size at most ¢‘¢"). On the other
hand, |F| = ¢'9"). Since € is a surjective GF(q)-algebra homomorphism, we

conclude that GF(q)[x1, x3, . .., x,]/I and F are isomorphic. O

In the remainder of this section, we work over the finite field GF(p) of integers
modulo a prime p. Let e be an element in the field GF(p) and «, : GF(p)" —
{0, 1, 2, ...} be the function defined by

ae(bls sz ...,b,,) = |{.] bj = €}|;

that is, «;(b) is the number of occurrences of e in the n-tuple b. Note that
ag(b) +a1(b) + - - +ap_1(b) = n, and so ag(b) is deducible from the other
values o, (D).
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The functions ¢, are integer-valued symmetric functions. If f : GF(p)" —
GF(p) is a symmetric function, then the value of f on an n-tuple b depends
only on the (p — 1)-tuple (a1(b), az(b), ..., a,_1(b)) of nonnegative integers.
For example,

wb)= Y ("‘f—”)& Y w®ebe,

e:ecGF(p)* d,e:d+#e,d,ecGF(p)*

where GF(p)* = GF(p)\{0}.

5.7.3. Lemma. There is a bijection between the set of (p — 1)-tuples
(a1, @2, ..., a,_1)of integers satisfying 0 < o, < p — 1 and the setof (p — 1)-
tuples (cy, ¢2, . .., ¢p—1) of integers modulo p so that

p—1
[[a+ex) =1+aX+eaX>+ -+ X7 + ¢, X0 4
e=1

+C(p_1)2X(p71>2 (P)

as a polynomial in the indeterminate X over GF(p). If «, is regarded as
an integer modulo p, then this bijection expresses o, as a polynomial in
c1,¢2,...,Cp—1. In addition, if p <m < (p — 1)2, then the coefficient ¢,, in
Equation (P) is determined by the n-tuple (ci, ¢3, . . ., ¢,—1). Specifically, there
is a polynomial R,, such that

Cm = Rm(cla €2y Cp—l)~ (R)

Proof. Expanding the product on the left, all the coefficients c,, (and hence
the first p — 1 of them) are determined by (o, 0n,...,0,-1). We will
think of the coefficients as functions ¢, (o1, @2, ..., a,—1). The functions
¢, are elementary symmetric functions, but with a different (and restricted)
domain.

Next we will show that (cy, ¢z, . .., ¢,—1) determines (a1, a2, ..., o,—1). We
use Newton’s identities (5.2.8). When 1 < m < p — 1, these identities express
the power-sum symmetric functions s,, as polynomials with integer coefficients
in the elementary symmetric functions. These expressions remain valid when
reduced modulo p and applied to s,, and the coefficients ¢, (a1, az, ..., op_1).
Since

p—1
Sp = E a.e’,
e=1
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we have
p—1
5] = E a.e = Q1(c),
e=1
p—1
m
Sm = E ace” = Qplcr,cr, ..., Cp),
e=1
o
Sp_1 = E ace? ™ = Qpi(cr, can sy Cpot),
e=1
where Q,,(c1, ¢2, ..., ) 1S a polynomial in ¢y, ¢z, ..., ¢,. These equations

form a system of p — 1 linear equations in the “unknowns” «, over the field
GF(p). The determinant of the coefficients on the left side is a van der Monde
determinant. Hence, we can solve the system to obtain the integers o, modulo
p as polynomials in the coefficients ¢y, ¢z, ..., ¢p,—;. Since we are assuming
that 0 < o, < p — 1, the value of o, modulo p determines . as an integer. As
we observed at the beginning, (o, a2, . . ., ap_1) determines all the coefficients
¢ on the right. Hence, since (cy, ¢, .. ., ¢p—1) determines (o, o2, ..., 0p_1),
the coefficient ¢, is a function of (ci, ¢z, ..., cp—1). By Lemma 5.7.1, there is
a polynomial R,, such that Equation (R) holds. ]

Let L, be the set of positive integers of the form ¢p®, where s and ¢ are integers
such that s > Oand 1 <t < p — 1; explicitly,

L,={L2,....,p—L1Lp2p,....(p—Dp, p>.2p*, ....(p — Dp*, .. }.

5.7.4. Theorem. Every symmetric function f(x, x», ..., x,) over GF(p) can
be expressed as a polynomial in the elementary symmetric functions a,,, where
me€ L,.

Proof. By the first fundamental theorem (5.2.6), it suffices to show that ev-
ery elementary symmetric function a,,(x;, x3, ..., X,) can be expressed as a
polynomial in a;(x1, X2, ..., X,), j € L.

Let b € GF(p)". Expand each function «,(b) in base p and let «, 1 (b) be the
kth p-ary digit, so that

ae(lz) = O[e,()(lZ) + ae,l(é)p + ae,Z(é)pz +--,
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with 0 < &, x(b) < p — 1. Then for all b € GF(p),

1+aiDX +a®)X* + -+ and)X" +
p—1

=[]a +ex)®

e=1
p—1

— l_[(l + ex)oten(b) l_[(l + ex)aelL)P l_[(l + ex)%zL)P e

e=1 e=1 e=1

where a,, are elementary symmetric functions. By the binomial theorem modulo
p and Fermat’s little theorem,

p—1 p—1
l_[(l + ex)utg.i@)Pl f— 1_[(1 + eXP’)Otej@.

e=1 e=1

The product on the right has the form given in Equation (P) in Lemma 5.7.2,
with Y = X”'. Hence, we have

p—1
[ +ex?y® =14 PX7 + X7 4 4 &8 x0-Dr
e=1

@) : (i) y(p+Dp (z) (p—1)?
+Clj XPP +Cp+1Xp P + -+ 4¢ XP P
If we define cg )(Q) to be the constant function 1, then

an®) = Y ) @eo®)cy (@1 ) c§ (e (b)), ©)

(d.,dy,....d,)

the sum ranging over all sequences (dy, da, . .., d,) suchthatd, # 0,0 < d; <
(p —1)?, and

do+dip+dop*+ - +dp =m.
If p <m < (p —1)?, then by Lemma 5.7.3,
¢ =Ru(c" ), 5. (1)

Further when m =tp®, 1 <t < p — 1, then one of the summands in Equation
©)is c ). Thus, we can rewrite Equation (C) in the form

' 0) (1
C;;) =y — EJU)CSJI) . ((;)7 )
the sum now ranging over all sequences (d;, da, . . ., d,) satisfying the three

earlier conditions and the new condition, either r < s, orifr = s, d, < t.
We can now apply Equations (1) and (2) repeatedly to write any elementary
symmetric function ay, as a polynomial in a;,:, tpieL e O
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The next theorem is the analog of the second fundamental theorem.

5.7.5. Theorem. Let k be a positive integer and X be a set of variables indexed
by integers s in L, N {1,2, ..., k}. Suppose the number n of variables is at
least p*. Then there is no polynomial P(X,) which is not the zero function in
the variables X such that the polynomial P(a,(x;, X2, ..., X,)) in the variables
X1, X2, ..., X, is the zero function.

Proof. 1t suffices to show that when n > pk, the set {(as(Q))Selel,zw,,n]: be
GF(p)"} is the set of all vectors of dimension |L, N {1, 2,...,n}|. As in the
proof of Theorem 5.7.3, we have

l+aX+aX+ - +aX +---

_ Oyr o Dy2p O y=Dp' | D) ypp
=[Ja+c’X7 + X7 o 5L x PO D
i=0
(® (p—1)?*p'
+c(p71)2X ).

On equating coefficients, a; = c(1 ), a = cgo), e, Apoy = cfil,

(0)

1 0 D, .0
a,=c ()—l—c(), azp—c( +c§))c§,)+c2p,

1 1 0 (1 0
azp =c¢ ()—}—c(o) ()—{—c;)c(l)—i—cgp),

In general,

Qi = 4 C51)1C(1 Dy 4 c(ll)cg 1yp T other terms,
where the other terms involve c,((j ), where j < i.
Now suppose that a specific vector (Ay)se L,0{1.2....n) is given. Then, we can
use Lemma 5.7.3 to find nonnegative integers (¢, o) so that

(0) (0)
a) = ¢y =A1, ay —C2 Az, ceey Qpi =Cp71 =Ap_1.

Next, we substitute cj-o) = A; and a;, = A, into the equations for a,, a;,,

, d(p—1yp, Obtaining p — 1 equations of the form

1 .
M=c;. j=p.2p.....(p—Dp.

Using Lemma 5.7.1, we can determine nonnegative integers o, so that
El) C;, and hence, a; = A; for j=p,2p,...,(p— 1)p. Continuing,
we obtain nonnegative integers oo, & 1, - .., 0em—1, SO that a; = A, s €
L,N{1,2,...,m}. The specified vector (A,) can now be obtained as the vec-
tor (a,(b)), where bis a vector GF(p)" satisfying o, (b) = ®p.0 + &1 p + e 2 p?

R O
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The simplest case of the theory discussed in this section is when p = 2. In this
case, there is only one nonzero element 1 and we write «; instead of «; ;(b).
Since (1 + X)*% = 1 + «o; X, we have

[e¢] . oo ) [e9]
[Ta+x5 =0 +aXx®) =) oo, o, X",
i=1 m=0

i=1

where m = 2k 4 2% ... 4 2% is the base-2 expansion of m. In this case,
the elementary symmetric functions a; are directly related to the functions «;,
and we do not need to go through the functions c¢;. Hence, we conclude that
L, = {2j :0 < j < oo} and ay, = ay,ay, -+ - ag, -

»

Exercises

5.7.1. (a) Prove Lucas’ theorem:

()= (o)) )+ moa

wheren =ng+nip+nyp>+--- andm = mg +m, p + myp> + - - - are the
base- p expansions of n and m.
(b) Prove the case p = 2 of Theorem 5.7.4 using Lucas’s theorem.

5.7.2. Work out explicitly the case p = 3 of Theorem 5.7.3.

5.7.3. Asymptotic distributions of elementary symmetric functions mod p.**
Let P,(m, e) be the number of n-tuples b in GF(p)" such that a,,(b) = e.
(a) Show that lim ,,_, o, P,(m, e) exists for all m and e.
Let P(m, e) =lim,_, o P,(m, e).
(b) Show that

1 h 1 [(h+1)/2]
(S

where & is the number of nonzero digits in the base-p expansion of m. Using
this, show that limsup,,_, ., P(m, 0) = 1.

5.7.4. (Research problem) Extend Theorems 5.7.4 and 5.7.5 to arbitrary finite
fields.

24 Aberth (1964) and Fine (1950).
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5.7.5. Let GF(g) be a finite field of order ¢ and m be a positive integer. Then

T e {0 if1<m<q—1,
e =
1

e: ecGE(q) ifm=gq—1

5.7.6. Permutation polynomials. >

Let GF(g) be a finite field of order ¢, where ¢ = p“. By Lemmas 5.7.1 and
5.7.2, a function GF(q) — GF(g), X — f(X) can be written as a polynomial
f(X) of degree at most ¢ — 1. A permutation polynomial is a polynomial of
degree at most ¢ — 1 representing a permutation on GF(g).

(a) Show that X" is a permutation polynomial if and only if m and g — 1
are relatively prime.

(b) Prove Hermite’s theorem. A polynomial f(X) in GF(g)[X] of degree
at most ¢ — 1 is a permutation polynomial if and only if the following two
conditions hold:

H1. The polynomial f(X) has exactly one zero in GF(g).
H2.If t < g — 2 and p do not divide z, then the tth power [ f(X)]” is
equivalent to a polynomial of degree at most ¢ — 2 modulo X9 — X.

(c) Let f(X) be a polynomial of degree strictly less than m in GF(p*™)[X]
and

F(X) = f(X7).

Show that the polynomial f(X) is a permutation polynomial if and only if O is
the only zero of f(X) in GF(p®™).

(d) The polynomial

m—1
fX) =) AuiX™
=0

is a permutation polynomial in GF(p“™) if and only if the determinant

Al AZ B Amfl Am
ptl I)H pa pﬂ
A AY AL Al
pen=1 pan=1 pem=1 paen=D
A" Al m—2 m—1

s nonzero.

23 Dickson (1901, chapter 5) and Netto (1892). This exercise gives a glimpse of this area. The
deeper theory of permutation polynomials was developed by L. Carlitz and his school.
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5.7.7. The Dickson invariants.?®

Let GL(n, p) be the general linear group of n x n nonsingular matrices
with entries in GF(p). A polynomial f in GF(p)[xi, x2, ..., x,] is a relative
invariant of weight s if for all matrices (a;;) in GL(n, p),

n n n
fx1, x2, .0, x,) = (det(a))’ f Zal_,-xj, ZQijjv e Zanjxj
j=1

j=1 j=1

A Dickson invariant is a relative invariant of weight 0, that is, an absolute
invariant. For an n-tuple (¢, ay, . . . , ;) of nonnegative integers, let

o)
[ar, 0, ..., 0] = det(x” i< j<n.

Such determinants are called p-alternants. For example,

»
X X prp+l1

-1 -1 24 2+ p+1
= x0T —xd 7 )(xd +xl P xd T,

[3,0] =

3
p
Xy X2

Let (a;;) be a matrix in GL(n, p). By the binomial theorem modulo p and
Fermat’s little theorem,

=
=

Thus,

n P J
det <Z a,-kxk> = det(a;j)[ar, az, ..., o).
k=1

In other words, a p-alternant is a weight-1 relative invariant of GL(n, p).
(a) Let £(xy, x2, ..., x,) be a nonzero linear form and (o, as, ..., a,) be
an n-tuple of nonnegative integers. Then £ divides [«, a2, . .., o]

Two linear forms a;x; + axxy + - - - + a,x, and b1 x| + byxy + - - - + b, x,, are
projectively equivalent if there is a non-zero element ¢ in GF(p) such that
a; = cb; for all i. There are p — 1 linear forms in each equivalence class and
p" ' 4+ p" 2 4+ ... + p + 1 equivalence classes.

(b) Show that

[n—l,n—2,...,2,1,0]=C1_[Z(x1,x2,...,x,,),

26 Dickson (1911) and Ore (1933). For modern renditions, see Steinberg (1987).
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where the product ranges over linear forms, one from each equivalence class,
and C is a nonzero constant.
For example, over GF(2),

[2,1,0] = x1 (o1 + x2)(x1 + x2 4+ x3)(x1 + Xx3)x2(x2 + X3)X3.

The p-alternant [n — 1,n — 2, ..., 2, 1, 0] is the nonzero p-alternant of mini-
mum degree. It is an analog of the van der Monde determinant. From (a) and (b),
it followsthat[n — 1,n — 2, ..., 2, 1, 0] divides the alternant [«;, >, ..., o, ].

Forasequence A1, Ay, ..., A, of integers suchthatA; > Ay > --- > X, > 0,
let

M+n—1,2+n—2,..., k1 + 1, 1,]
[n—1,n—2,...,2,1,0]

Dy, (X1, X2, o0 X)) =

The polynomial D, ,. .., is a Dickson invariant of degree

,,,,

PPN = DA PP = D p(pM = D+ (7 = D),

Let a,,, (x1, X2, . .., x,,) be defined by

X X1 X2 ... X
DG P 74
xv xf’z xfz Xl
x7" x{’n xfn .. x,l,’”
=10,1,2,....n = 1J(X"" —a; X" + @ X" — .- £a,X),

or equivalently,

[n —m)
[n—1,n—2,...,1,0]

am = D11,..1,00,...0 = ,
where 11 — m is the length-n sequence obtained from 0, 1, 2, . .., n by omitting
n—m.

(c) Show the following analogs of the first fundamental theorem: every
relative invariant is a polynomialin[n — 1,n —2,...,2,1,0],a;,az, ..., a,.
Every Dickson invariant is a polynomial in ay, ay, . . ., a,.

(d) Show that the polynomials D;,, ;, ..., form a basis for the vector space
of Dickson invariants on n variables.

(e) Prove an analog of Chevalley’s theorem (see Exercise 5.2.7) for Dickson
invariants.
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5.7.8. The ring of Ore polynomials.*’ Let F be a field of positive characteristic
p with prime field H (which is a finite field of order p). An Ore polynomial
over [F is a polynomial of the form
aox? +ax? " £ a1 xP +a,x.

(a) Show that a polynomial in F[x] is an Ore polynomial if and only if its
zeros form a vector subspace over the prime field H.

(b) Let f(x) and g(x) be Ore polynomials. Show that the composition
f(g(x)) is an Ore polynomial. Show that the Ore polynomials form a (noncom-
mutative) ring under addition and composition.

5.7.9. Wronskians.?®

Let X be the set {Dkxj: 1 < j <n,0 <k < oo} of indeterminates. For ex-
ample, x,, D3x3, D'y arein X if n > 7. A differential polynomial over an
infinite field IF is a polynomial with variables in X. Differential polynomials

form an F-algebra Fp[xy, x2, ..., x,]. The field of differential rational func-
tions is the field of fractions of Fp[xy, X3, ..., x,]. The differential operator D
is the linear operator on Fp[xy, x2, ..., x,] defined on the variables in X’ by
specifying

D(D*x;) = D*"'x;
for variables and extended to polynomials and rational functions by linearity,
the product rule, and quotient rule,

_ (Df)g — f(Dg)

2

D(fg) = f(Dg)+(Df)g, D <§>

8
The (generalized) Wronskians Wo, oy, ..., «,] are the differential poly-
nomials defined by
D*%x; D%x, ... D%%x,
D%x; D*x, e D%x,
Wlay, @, ..., a,] = det[D* x;]1< j<n =
D%x; D%x, ... D%x,

The Wronskian (as Wronski defined it) is W[n — 1,n —2,...,2,1,0]. We
will denote this particular Wronskian by W.

To define differential symmetric functions, we need to divide by W. An easy
way is to take the subalgebra S, in the field of differential rational functions

270re (1933).
28Kung (2000) and Kung and Rota (1984a).
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consisting of differential rational functions of the form f/ WX, where f is a dif-
ferential polynomial. We can now define differential Schur functions S, »,....,
and differential elementary symmetric functions a,, as in Exercise 5.7.8. Ex-
plicitly,

N W[)\l+l’l—1,)\2—’-1’1—2,...,)\%,1-{-1,)\,”]

Shidarihy = W ,

W —m]
- —.

am = 81,1,..,1,0,0,...,0

The general linear group GL(n, F) acts on S, in the following way: if
A = (a;;)is amatrix in GL(n, F), then A acts on S, as follows: for0 < k < oo,

n
k § : k
AD Xi = aijD Xi,
j=1

on the variables, AW~!' = (det A)"!W~!, and the action of A is extended to
S, by requiring that A acts as an F-algebra homomorphism. A polynomial f
in S, is a relative invariant (of weight s) if for any matrix A in GL(n, IF),

A(f/WH) = (det A (f/ W5).

(a) Prove Appell’s theorem. The ring of absolute invariants (that is, invariants
of weight 0) is differentially generated by the differential elementary symmetric
functions; explicitly, every absolute differential invariant can be written as
flay,as, ...,a,), where f(xy, xs,...,x,) is a differential polynomial (and
one makes the substitution D/x; < D/a;).

It follows from Appell’s theorem that a relative invariant of weight s can be
expressed as W* f(ay, as, ..., a,), where f is a differential polynomial.

(b) Show the following analog of the second fundamental theorem. Any rela-
tion among W, ay, ay, . . ., a, can be deduced (algebraically and differentially)
from Abel’s identity: DW = —a1W.

(c) Develop a comprehensive theory of differential symmetric functions.

(d) Find analogs of Chevalley’s theorem (Exercise 5.2.7) for differential
symmetric functions.

5.8 Historical Remarks and Further Reading

It is arguable that the theory of symmetric functions began with the quadratic
formula. Let x; and x; be the two zeros of a quadratic polynomial. Then x| + x;
and (x; — x,)? are the two simplest symmetric polynomials of the zeros and
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we have
_ 2 2 4
X1 +x2=ai, (x1 —x2)” =aj —4a.

From this, the quadratic formula follows: one might try the same strategy
for higher-degree polynomials. For example, for a cubic polynomial, one
might try to find three independent algebraic expressions in x; + xp + x3,
X1 4+ wxs + wx3, and x; + w’x, + wx3 (where w is a cube root of unity),
which are symmetric in x;, x;, and x3. This turns out to be reasonably easy
to do for cubics, harder for quartics, and impossible for quintics. After Abel
and Galois, symmetric functions played a supporting but indispensable role in
the “theory of equations” until the emergence of representation theory. In the
twentieth century, the theory of symmetric functions is regarded as part of the
constructive theory of representations of the symmetric group.

For different views of the theory of symmetric functions, we recommend
the following books and survey papers:

P. Hall, The algebra of partitions, in Proceedings of the 4th Canadian Mathematical
Congress, Banff, pp. 147-59, reprinted in The Collected Works of Philip Hall,
Oxford University Press, Oxford, 1988.

W. Ledermann, Introduction to Group Characters, 2nd edition, Cambridge University
Press, Cambridge, 1987.

I.G. MacDonald, Symmetric Functions and Hall Polynomials, 2nd edition, Oxford
University Press, New York, 1995.

P.A. MacMahon, Collected Papers, Vol. I, Combinatorics, Vol. 2, Number Theory,
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6

Determinants, Matrices, and Polynomials

6.1 Polynomials

Polynomials occur in all of combinatorics (and indeed, in all of mathematics).
For example, the following theorem of Isaac Newton underlies many conjec-
tures and theorems in combinatorics.

6.1.1. Newton’s inequalities. Let
p(X) — xn + Clxn—l + szn_z 4+t Cnilxn—l +Cn7
where the coefficients ¢; are real numbers. If all the zeros of p(x) are real
numbers, then the coefficients c; satisfy the inequalities:
- iln—1) 2
T+ Dm—-i+1)"
One way to prove Newton’s inequalities uses binary forms. A binary form of

degree n (or an n-form) f(xo, x1) on the variables x, and x; is a homogeneous
polynomial of degree n in x¢ and x;; that is,

Ci—1Ci+1

n

JEREEDS (Z.’)aixéx?"

i=0

= apx] + " apxox™ ' 4+ " azxgx”‘z R n ay_1xx
1 ! 2 ! n—1 0

n
+a,xg.

The numbers a; are the normalized coefficients of the form. Over the real or
complex numbers (or any field of characteristic zero), one can simply divide
by a binomial coefficient. However, this is a problem over fields of positive
characteristic. From an n-form f(x¢, x1), one obtains polynomials f(1, x) and
f(x, 1) of degree at most n. Conversely, if p(x) has degree at most n, then
xg p(x1/x0) and x{ p(xo/x,) are n-forms. Like polynomials, an n-form can be

272
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factored into # linear or 1-forms over an algebraically closed field. Two nonzero
linear forms a;xg + apx; and bixg + box, are (projectively) distinct if one is
not a constant multiple of the other, or equivalently, the 2 x 2 determinant
a1by — apb; is not zero.

Binary forms allow more possibilities for transformations than polynomials.
The next lemma is a good example of this.

6.1.2. Lemma. Let f(x(, x;) be an n-form, j and k be nonnegative integers
such that j + k < n, and

J+k

Sf(xo, x1).

Six(xo, x1) = —
’ X dxy
Suppose that all the zeros of the polynomial f(1, x) are real. Then all the zeros

of fj«(1,x)and f;(x, 1) are real.

Proof. If A is anonzero zero of f(1, x), then 1/X is azero of f(x, 1). If 0 occurs
as a zero with multiplicity m in f(1, x), then f(x, 1) has degree n — m, and
conversely, it follows that all the zeros of f(1, x) are real if and only if all the
zeros of f(x, 1) are also real.

The lemma now follows from Rolle’s theorem: that if a degree-n polynomial
p(x) has n real zeros, then its derivative p’(x) has n — 1 real zeros. (I

To prove Newton’s inequalities, write the polynomial p(x) as the binary
form

n

Sf(xo, x1) = Z (?)aix(i)xfi,

i=0

n
G =\ . )a.
1

2 2
=a;1x; + 2a;xpx1 + ai11Xg-

where

Then
2 an—Z
N ai—la n—i—1
nlox, 0x)
By the lemma, the quadratic a;_; + 2a;x + a,~+1x2 has two real zeros. We con-
clude that its discriminant is nonnegative; that is, aiz —a;_1a;4+1 > 0. Newton’s
inequalities now follow easily.

It is not hard to show that if a sequence ay, ai, as, - - - , a, of real numbers
is logarithmically concave, that is,

2
ai—1diy1 = 4;,
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then it is unimodal, that is, there exists an index m such that
ao S ap S ap f et f am and am Z Am+1 Z Tt Z an—1 Z a.

Not all polynomials of interest in combinatorics have all zeros real, but many
have been conjectured to have unimodal sequences of coefficients. Often, such
conjectures seem to be made based on calculations of small cases.

The relation between reality of zeros and unimodality of the coefficient
sequence suggests that theorems about location of zeros of polynomials in
the complex plane might have combinatorial applications. In the first half of
this chapter, we give a very selective exposition of this area. In addition to
making the area better known, we hope that combinatorics, in particular, the
umbral calculus, might be used in this area. We have deliberately avoided using
complex analysis. Thus, our choice of topics is idiosyncratic.!

We end this section with a quick introduction to umbral notation for poly-
nomials. As described in Section 4.2, the idea is to represent a sequence
ap, ai, as, . .., where ay = 1, by the sequence % ol o2, ..., or the umbra
a. If p(x) is the degree-n polynomial

n n n—1 n n—2 n
apx” + a)x + arx + -+ ay,—1x + a,,
1 2 n—1

(with a¢ # 0), then we can represent p(x) umbrally by
ao(x + )",
where the umbra o represents the sequence
1,ai/ag, az/ay, ..., a,/a0,0,0,....

This works if we can specify the degree a priori. If we cannot, or do not wish
to, then it is more convenient to use binary forms. We will represent the n-form
f(x0, x1) by the nth power

(a1x0 + opx1)".

To formalize these ideas, let A be a sufficiently large alphabet. Some of the
letters in A will represent sequences and others will represent coefficients of
forms. If a letter T represents a sequence, then it is associated with one variable
7. If a letter o represents the coefficients of an n-form, then it is associated with
two variables o and «;. Let F[A, xq, x;] be the algebra of polynomials over
the field IF with variables 1, «g, o, x¢, x1, where T and « are letters in A. We

! For the analytic theory, see the classic treatment in part 5 of Pélya and Szego (1976). See also
Marden (1949). We also omit any discussion of Sturm theory, which can be found in many
algebra texts. See, for example, Jacobson (1985).
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define the (umbral) evaluation operator eval : F[A, xg, x;] — F[xg, x1] by the
following rules:

(1) If T represents the sequence (t;), then eval(t’) = ¢;.
(2) If o represents (the normalized coefficients of) the n-form f(xg, x;) =

Yo (Daixixy™", then

P a ifj=n—i
eval(eg, o) = 0 otherwise

~ i ko k ko gkt . .

@ Ifo'---tlay'ay' -+ B,°B;" is a monomial, where o, ..., T are distinct

letters representing sequences and «, . . ., B are distinct letters representing
forms, then

eval(o’ - - - r‘iag"alfl e é“ i‘) = eval(o’) - -eval(r-i)eval(agoalf')

- eval(B2 Bl

and extended to all of F[ A, xg, x1] by F[xo, x;]-linearity. In terms of the umbral
evaluation operator,

f(xo, x1) = eval((@1xo + ctgx1)").
Similarly, any polynomial in normalized coefficients of forms can be umbrally
represented. For example, if g(xo, x1) = aox3 + 2a;xox; + a>x} and y and §
are two umbras representing g, then the discriminant of g can be represented
using

a12 — apay = eval(ypy18061 — V02512)

or
2 1 2
ap — aoay = seval((yodr — ¥160)°).
Many of the theorems in this chapter can be stated neatly using umbral
notation, suggesting that combinatorial methods might be used. However,
this remains a suggestion at present. The umbral notation is heavily used in

nineteenth-century invariant theory.?

2 Fora postmodern account, see Kung and Rota (1984b).
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Exercises

6.1.1. Quermassintegrals of convex sets.

Let A and B be subsets in R” and « be a real number. The Minkowski sum
A+ Bistheset{a +b:ae€ A, b e B}and aB is the set {ab: b € B}.If C is
a compact convex set in R”, let Vol(C) be the volume of C. Let B, be the unit
ball

{1, X2y ooy X)) yJxF x5 4o +x2 < 1}

(a) If A and B are compact convex sets, show that A + B is compact and
convex.
(b) Let A be a compact convex set in R”. Show that Vol(A 4+ xB,,) is a
polynomial of degree n in x.
Write
n
Vol(A +xB,) =Y (") Wi(A)x'.
im0 \}
Then the normalized coefficients W;(A) are the quermassintegrals of A.
(c) Show that if A is a rectangular two-dimensional rectangle in R? with
sides a and b, then

Vol(A + xB,) = ab + 2(a + b)x + wx>.

Extend this result to all dimensions.

(d) Show that the quermassintegrals of a convex set A are logarithmically
concave; that is, W;_1(A)W;11(A) < Wiz(A), I1<i<n-1.

We remark that the quermassintegrals are valuations on the ring of subsets
generated by the compact convex sets in R”.

6.1.2. (Research problem) Prove or find counterexamples to the following
famous conjectures:

(a) The coefficients of chromatic polynomials of graphs are unimodal.

(b) The Whitney numbers of the second kind of geometric lattices are
logarithmically concave.

The second conjecture, made implicitly by Rota in Matching theory, was
motivated by logarithmic concavity of the quermassintegrals. Most naturally
occurring probability distributions are logarithmically concave or unimodal.
Are there ways to prove logarithmic concavity or unimodality of sequences in
combinatorics from this perspective? For example, if one can generate flats of

3 The material is part of the theory of Minkowski mixed volumes. See McMullen (1993,
pp. 933-988) and Sangwire-Yager (1993, pp. 43-71).
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matroids in a randomly additive way, then one might obtain insight into the
second conjecture.

6.1.3. The golden ratio and zeros of chromatic polynomials.*
Let T" be a triangulation of the 2-sphere with v vertices and P(I"; x) its
chromatic polynomial. Show that

PO, 1+0) <27,

where t is the golden ratio %(1 + +/5). Thus, the chromatic polynomial of a
triangulation “tends to” have a zero near 7.

6.1.4. Three-term recurrences and interlacing of zeros.

Let (p,(x));2, be a sequence of polynomials with real coefficients such that
pn(x) has degree n and forn > 1,

Prut1(x) = (Apx + By)pp(x) — Cypp—1(x),

where A, and C,, are positive real numbers and B, is a real number. Show that
pn(x) has n distinct real zeros.

6.1.5. (Research problem) To use umbral notation for polynomials or forms,
as defined in this section, one needs to assume that binomial coefficients are
nonzero. Find a characteristic-free umbral notation, that is, a (useful) umbral
notation valid over an infinite field of any characteristic. Alternately, find umbral
notations valid over a field with a given positive characteristic.

6.1.6. An umbral notation for matrices.®

A rank-1 7 x n matrix can be represented as the product of ann x 1 column
(ay,00,...,0,)  and a 1 x n row (ay, az, ..., a,). The ij-entry is a;a;. As
in the umbral notation for forms, we can umbrally represent the entries of a
general n X n matrix (a;;) by entries in a rank-1 matrix with Greco-Roman
umbra (a, a), using the basic rule

eval(aiaj) = ajj.
(Research problem) Give umbral proofs of theorems in matrix theory.

4 Tutte (1970).

3 This is a theorem in the theory of orthogonal polynomials. See Andrews et al. (1999) and Szego
(1975).

6 Turnbull (1930).
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6.2 Apolarity

The set of binary forms of degree n with complex coefficients forms a vector
space C,[xg, x1] over the complex numbers C of dimension n + 1. We define
the polar bilinear form {-, -} : C,[x¢, x1] x C,[x0, x;] = C by

n n
{fs g} = aObn - <1)albn—1 + (z)aan—Z — (_l)nanb()
n
=31y (’7)a,-bn,-,
i=0 !

where f(xo, x1) =Y ;o ('i')aixéx;‘_’ and g(xg, x1) =Y i ¢ ('i')bixéxf_’. Al-
ternately, if o is an umbra representing f and § is an umbra representing g,
then

{f. g} = (@oB1 — Boar)".

Two forms f and g are apolar if { f, g} = 0. We extend the notion of apolarity
to forms of degree less than n in the following way: if m < n, f is an n-
form, and g is an m-form, then g is apolar to f if for all (n — m)-forms h,
{f, gh} = 0. Since the polar form is bilinear, g is apolar to f if and only if for
0<i<n-—m,

{f (x0, x1), g(x0, x1)x{x ™"} = 0.

Let T be the invertible 2 x 2 matrix

foo  fot
to ti)
Then T defines the linear change of variables

Xo = tooXo + for1X1, X1 = fioXo + t11%X7.

If f is the n-form )1 (1)a;xjx} ", then T defines the form f(%o, %) by

_ n . i
f&o ¥ =) <l.)ai(loofo + to1X1)' (f10X0 + t11%1)" "

i=0
Expanding and regrouping terms and writing

n

fo.m =Y (?)c‘zix(‘;x;"",

i=0

we can express the coefficients &@; of f as polynomials in the coefficients a; of f
and the entries #;; of the matrix T'. Let I(f1, f2, ..., fs, X0, x1) be a polynomial



6.2 Apolarity 279

in the normalized coefficients a;; of f; and the variables xo, x;. Then T acts
on [ by

TI(fl,fz, ...,fy,Xo,Xl) = I(f_‘],f_‘z,..., ﬁ,fo,fl).

The next lemma says that the polar bilinear form is a “relative invariant”
under linear changes of variables.

6.2.1. Lemma. If 7 is an invertible 2 x 2 matrix and, f and g are n-forms,
then

detT)'{f. g} ={f. &}

The proof of Lemma 6.2.1 depends on a more general fact: that the action
of a matrix 7 almost commutes with umbral evaluation. Let o be an umbra
representing f. Then

f = eval(a(tooXo + to1X1) + ao(tioXo + t11%1))"
= eval((fooa; + t100t0)X0 + (fora1 + t1100)X1))".

Thus, f is represented umbrally by & and &, where

ap =t +to1er and @ = typorg + foo1,

)\ [t for) (@
) o foo) \o1

Returning to the polar bilinear form and the proof of Lemma 6.2.1, let «
and 8 be umbras representing f and g. Since «pf; — Poc; is a determinant and
hence,

or in matrix notation,

@oP1 — Poar = (det T)(aof1 — Por),
we conclude that
{f, &) = eval((@pB: — od1)")
= eval([(det T) (a0 f1 — Boar)]") = (det T)"{ [, g}.
This completes the proof of Lemma 6.2.1.

6.2.2. Lemma. If (uxo— vx;)" is a factor of the n-form f(xo, x;), then
f(x0, x1) is apolar to (uxy — le)n—m+1.

Proof. By Lemma 6.2.1, it suffices to prove the lemma for the form x;’. By
hypothesis, f(xo, x1) = x;'g(xo, x1), where g is an (n — m)-form. Thus, if f
has normalized coefficients a;, then a; = 0 for 0 <i < m — 1. On the other
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n—i i

hand, all except one of the normalized coefficients of x; xll are zero. Thus, if
0<i<m-—1{f(xox1), x; " 'xi} =0. 0

Let f be an n-form. Since the polar form is bilinear, the set f* of all m-forms
apolar to f is a subspace in C,,[x¢, x;]. Our next task is to describe such
subspaces. There are two cases, depending on whether n > m or m < n.

Before stating the theorems, it will be useful to write out explicitly the con-
ditions for two forms to be apolar. Let m < n, f(xo,x1) = Y _o (1aixix} ™",
and g(xo, x1) = Y 1ty (¥)bix{x("~". Then f is apolar to g if and only if

{f (x0, x1), g(x0, x1)x0 "} = 0, {f(x0, x1), gx0, x)x§ "%} =0, ...,

{f (x0, x1), g(x0, x)x0x} "'} = 0, {f (x0, x1), g(x0, x)x] "} = 0.

Explicitly, g is apolar to f if and only if the following system () of n — m + 1
linear equations holds:

m m

bOan - (1)blan—l + <2>b2an—2 — et (_l)mbman—m = 07
m

b()an—l - ( 1>blan_2 +---+ (_l)mbman—m—l = 07

bOam - <r;l>b1aMI +---+ (_l)mbmao =0.

6.2.3. Theorem. Let n > m and g be a nonzero m-form. Then the subspace g+
in C,[xo, x1] has dimension (exactly) m. If

my my

g(xo, x1) = a(uixo — vix)™ (uaxo — v2x1)™ - - - (hsXo — VsX1)

is a factorization of g(xo, x1) into distinct linear forms, then the forms
(ixo — vix))" I 0 < j<my — 1,
as i ranges from 1 to s, form a basis for the subspace g=. In particular, if g can
be factored into n distinct factors, then g+ is the subspace of all forms
c1(uixg — vixy)" + co(paxo — vax1)" + -+ + Cu(mXo — viux1)",

where ¢; are constants.

Proof. We can find all n-forms f apolar to the given form g by regarding f as
an “unknown” form and solving for the unknowns a; in (). The system (x) is
a triangular system of n — m + 1 linear equations in n + 1 unknowns. Hence,
the subspace g+ has dimension exactly m.



6.2 Apolarity 281

By Lemma 6.2.2, the m; forms (j;xo — vixl)”""f“x({x']”"_j_l, where 0 <
j <m; —1,arein gt. It is elementary to show they are linearly independent.

Hence, the set of all such forms is a basis for g=. (I

6.2.4. Theorem. Let n > m and f be a nonzero n-form. Then the subspace f+
in C,,[xo, x1] has dimension at least 2m — n.

Proof. We can find all m-forms apolar to f by solving the system (x) with
n —m + 1 linear equations for the unknowns b;. These equations need not
be linearly independent. Hence the dimension of the solution space is at least
m+1)—(mn—m+1). [l

We shall now discuss the special case of a cubic form. Let
f(xo, x1) = a())cl3 + 3a1x0x12 + 3a2x§x1 + a3x8.

The subspace f L in C,[xo, x1] has dimension at least 1. Let g(xo, x;) = boxf +
2bixpx; + bzxg. Then g is apolar to f if and only if

aoby + 3a1by + 3a,bp =0
3a1by + 3axby + azbg = 0.

Almost all the time, or “generically,”7 the 2-form g(xo, x1) is the product of
two distinct linear forms w1x9 — vix; and poxg — voxy. In this case,

f(xo, x1) = c1(p1x0 — vi1x1)° + ea(iaxg — vaxi)’.

In the case the linear forms in the factorization of g are not distinct,
f(xo0, x1) = a(uxo — vx)*(yxo — 8x).

This gives an algorithm for solving the cubic polynomial by taking square
roots and cube roots. Given a cubic polynomial p(x), rewrite it as the 3-form
x3 p(x1/x0). Then, generically,

p(x) = c(x — & +d(x — ),

where ¢ and d are nonzero. The numbers £ and 5 can be found by solving
the quadratic polynomial g(1, x), where g is a form apolar to xS p(x1/x0). The

7 The coefficients of the quadratic g are polynomials in ag, a1, a2, and a3 and the property of
having a double zero is equivalent to the discriminant of g being zero. Regarding a 3-form as a
4-tuple in C*, the set of 3-forms such that a 2-form apolar to it has a double zero is a union of
varieties or zero-sets of polynomials. Thus, g is the product of two distinct linear forms except
on a “lower-dimensional set.”
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zeros p(x) can be found by solving the equation
c(x =8 = —d(x —n)’
or, equivalently,
x —&=—oc/d) (x —n),

where w is a cube root of unity. The nongeneric cases have multiple zeros and
can be solved by taking square or cube roots.
We end this section with a famous theorem of Sylvester.®

6.2.5. Sylvester’s theorem. Almost all forms f of odd degree 2j + 1
can be written as a sum of j+ 1 or fewer (2j + 1)th powers of linear
forms.

Proof. Let n =2j+1 and m = j + 1. Since 2m — n is positive, there ex-
ists an m-form g apolar to f. For almost all forms f, g has a factor-
ization into j + 1 distinct linear forms. The theorem now follows from
Theorem 6.2.4. O

Exercises

6.2.1. The polar covariant.
Let n > m. The polar covariant is the bilinear function {-, -} : C,[xg, x1] X
Cpulxo, x1] = C,_u[x0, x1] defined by

{f (x0, x1), g(x0, x1)} = eval((@oBr — o1 o)™ (et1x0 + ctpx1)" ™),

where f is an n-form represented by the umbra « and g is an m-form represented
by 8.

(a) Show that f is apolar to g (as defined in the text) if and only if the polar
covariant { f, g} is identically zero.

(b) Show that if f is an n-form, g is an m;-form, & is an m,-form, and
n > m; + ma, then

{f. ghy ={lf g}, h}.

6.2.2. Show that up to a constant factor, the polar bilinear form is the only
bilinear form B( f, g) on C,[x¢, x1] such that for every invertible 2 x 2 matrix
T’

B(f.8) = (detT)'B(Tf,Tg).

8 Sylvester (1851a, b; 1904-1912).
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6.2.3. The Gundelfinger invariants.’
Let f(xo, x1) be an n-form and let G;(f) be the form defined by

1

32k
Gi(f) = det | ————7f(x0, x1) .
axg " axl 0ci it

(a) Let s be the minimum positive integer s such that there exists an s-form
apolarto f. Let s’ be the minimum positive integer such that G,(f) is identically
zero. Show that s = s’.

(b) Let s be as defined in part (a). Show that f L in C,[xo, x;] is a one-
dimensional subspace spanned by

ap ag ap - a;
aj a as e Ag+1
det : . . : i
as—2 as—1 as .. ays—2
As— 14+ s+t Ast1+1 cee A25—1+1
xg o o—xy T xR L (=1

where 7 is the minimum exponent such that the coefficient of xfx}" > 27 i

G,_1(f) is nonzero.
(c) Show that f(xo, x1) equals an nth power if and only if its Hessian

92 f 02 f ( 9 f )2

8_x§8_x12 B 8x08x1

n

is zero.

6.3 Grace’s Theorem

In this section, we consider polynomials in the complex variable z. Let p(z)
and g(z) be polynomials of degree (exactly) n. We extend the polar bilinear
form to such pairs of polynomials by

{p(2), q(2)} = {xg p(x1/%0), X5 q(x1/X0)}.

In addition, we say that p(z) and g(z) are apolar if {p(z), q(z)} = 0. In this
section, we give two proofs of Grace’s theorem relating the zeros of two
polynomials apolar to each other. For the first proof, we begin with two lemmas:
one analytic and the other algebraic.

9 Gundelfinger (1886) and Kung (1986).
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6.3.1. Lucas’ lemma.' Let p(z) be anonconstant polynomial over the complex
field. Then every zero of the derivative p’(z) lies inside the convex hull C of
the zeros of p(z).

Proof. If m > 1 and £ is a zero of multiplicity m of p(z), then & is a zero
of multiplicity m — 1 of p’(z). Such a zero & of p’(z) lies in the convex hull
C. Thus, we may assume that all the zeros of p(z) have multiplicity 1. Let
&1,&, ..., &, be the zeros of p(z) and let w be a zero of p/(z). Then for all i,
w # &;. By logarithmic differentiation,

O
i=1Z_€:i.

p(2)

Setting z = w and taking the complex conjugate, we obtain

n

0= Z—w—a Z‘|w 5|2

i=1

Thus,

n
w = Z Aii,
i=1

where

1 - 1
A= .
|W—§i|2/§|W—§i|2

Since A; > 0and ) ;_, A; = 1, we conclude that w is in the convex hull of the
zeros &1, &, ..., &,. O

A linear fractional transformation £ from the extended complex plane C U
{o0} toitself is a function of the form

az+b
cz+d’

where ad — bc # 0. We shall use the following properties of linear fractional

£(z) =

transformations, familiar from a first course in complex analysis.!! First, lin-
ear fractional transformations send circles to circles, where straight lines are
regarded as circles of infinite radius. Second, given any two triples zi, z2, 23

10 1 ucas (1879). Lucas used a fact from mechanics due to Gauss. For this reason, this lemma is
sometimes attributed to Gauss and Lucas.
11" See, for example, Alhfors (1966, p. 76).
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and z|, 75, Z5 of complex numbers, there exists a (unique) linear fractional
transformation £ such that £(z;) = 2/, £(z2) = 25, and £(z3) = 25.

6.3.2. Lemma. The polar bilinear form for two degree-n polynomials is a
relative invariant under linear fractional transformations; that is, if

az+b az+b
D = dn —_— d q = dn ————
p(z) = (cz+d) p<cz+d> and G(z) = (cz+ )q(cz+d),

then
{P(2), 4(2)} = (ad — be)*{p(2), q(2)}.
Proof. Let f(xq, x1) = x{ p(x1/x0). Then

az+b
cz+d

ﬁ(z)=(cz~|—d)”p< > = f(cz+d,az + D).
Thus, p(z) = f(1, z), where f(xq, x1) = f(Xo, X) under the linear change of
variables

X0 =dxo+cx; and X| = bxg+ ax;.

A similar relation holds between ¢(z) and the form g(xo, x;) defined by
g(x0, x1) = x;q(x(/x0). By Lemma 6.2.1,

{P.q) =(f. 8 = (ad — bo)"{f. 8} = (ad — bc)"{p, q}. O

6.3.3. Grace’s theorem.'” Let p(z) and ¢(z) be two degree-n polynomials
apolar to each other. If the zeros of p(z) are all contained in a disk D, then at
least one zero of ¢(z) is also in D.

Proof. We proceed by induction on the degree n. It is easy to check that ag + a;z
and by + bz are apolar if and only if for some nonzero constant ¢, ay + a1z =
c(bg + b1z). Hence, Grace’s theorem holds when the degree equals 1.

Now suppose that Grace’s theorem holds when p(z) and g(z) have degree
less than n. Let p(z) and ¢(z) be degree-n polynomials, which we may
assume to be monic, apolar to each other, z1, 22, ..., 2, be the zeros of p(z),
and wy, wy, ..., w, be the zeros of ¢(z). We may suppose that all the zeros
21, 22, - - - » Zn Of p(z) are inside D and one of the zeros, w,, say, is outside D.

Let

ei(t) =ei(ti, o, ... 1) = Z ialjp ==+ Ljis

(i J2senndi}

12 Grace (1902).
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where the sum ranges over all i-subsets of {1, 2, ..., n}. The function e; is the
ith elementary symmetric function in the variables ¢, ,, . . ., #,. (The notation
is different from the notation in Chapter 5.)

If pz2) =21 (Daiz" " and q(z) = Y (7)biz" ", withag = 1 and by =
1, then

. n . n
(—D'ei(x) = (l.>ai, (—D'ei(w) = <i>bi-

en—1(wei(z) | en—a(w)ex(z)
(1) ()
We consider first the generic case, when the zero w,, of ¢(z) has multiplicity
1. In that case,

Hence,

(=D"{p., q} = eaw) — =+ (D).

en(w17 w25 MR ] wl‘l) = wnen—l(wla w2, MR wn—l)7
ej(wy, wa, ..., wy) = wpe;_1 (Wi, W2, ..., Wy_1) +€;(Wr, Wa, ..., Wy_1)
and
0=D"p,q}
= wnX(wla W2y vooy Wy—15,315325 ++ Zn)
+Y(w1, W2y vooy Wy—15,315,325 ++ Zil)a
where
Xy, ..., Wpo1, 20, -+, 2n)
ena(Wwi, ..., wy_1)er(z)
=e_1(Wi, ..., Wy—1) — -
en3(Wi, ..., wp1)eaz) - (_l)n_len-1(§)

() ()

and

ep_1(wi, ..., wy_1)e1(z)
n

Y(wy, ..., Wy—1, 2050+, 20) = —
1
ep—2(Wi, ..., Wy—1)e2(z)
n
()

-+ (—1)"6;1(5)-

Thus, we can rewrite the equation {p, g} = 0 as

X(Wi, ooy Wye1, 205 -2 Zn) = ——Y (W1, oo, Wy, 205 - - 45 Zn)-
n
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‘We will now use the fact that there exists a linear fractional transformation £
such that £(D) is the unit disk and £(w, ) equals oo; that is to say, 1/£(w,) = 0.
Applying £, we obtain

X((wy), ..., L(wy—1), €(z1), ..., (zn)) = 0.

The expression X is in fact an evaluation of the polar bilinear form. To see this,
consider the derivative p’(z). Then

n—1

P@=ny. (" R 1>aiz"lf.

i=0

If uy, uy, ..., u,_ are the zeros of p’(z), then, for0 <i <n —1,

n—1
ei(ulau25"'7un—1)=(_1) i ai.

It follows that

(21,225 4,2 cei(uy, U, .oy Up_y

(_1)1 1 ’ ;l ’ }1) — ai — (—l)l l( ’ r:_] s Y'n ).
(7) (")
Therefore,
X(wi, wa, ..o, Woo1, 21,225 -+ -5 Zn)
en—a2(Wi, ..., Wo—p)er(Uy, ..., Up_1)
:enfl(wlv"'swnfl)_ n—1
(")
en3(Wi, ..., wp)er(uy, ..., Up—1)

("2)

+ (=D euiur, .o Up1)
n—1
= {p/(z), [Je- wi)}.
i=1

Since X(l(wy), ..., L(wy—1), £(21), ..., €(z,)) =0 and the polar bilinear
form is relatively invariant under linear fractional transformations, this implies
that the derivative p’(z) is apolar to the polynomial ]—[?;11 (z — w;). In addition,
under ¢, the zeros of p(z) are inside the unit disk. By Lucas’ lemma, all the
transformed zeros of p’(z) are inside the unit disk, and hence, by the inductive
hypothesis, at least one of the transformed zeros £(w), £(wy), ..., £(w,—1)
lies inside the unit disk. Reversing the transformation ¢, we conclude that at
least one of the zeros wy, wo, ..., w,—_; lies inside the disk D. This verifies the

induction step.
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The nongeneric case is similar. When w,, is a zero of multiplicity v and
Wp—ytl = Wp_yq2 = -+ = Wy, We have

ej(wi, ..., w,) =w,ej_y(Wi, ..., Wy—p) + terms with lower powers of w,.

With these equations, we can proceed in a similar way to prove the induction
step. O

6.3.4. Corollary. Letn > m, p(z) be a degree-n polynomial, and g(z) be a
degree-m polynomial. Suppose that the forms x{ p(x1/x0) and xg'q(x1/xo) are
apolar to each other. Then a disk containing all the zeros of p(z) contains at
least one zero of g(z).

Proof. Choose complex numbers &, .. ., §,_ outside the disk. Since the asso-
ciated forms are apolar,

n—k

@, 9@ [Jc-&n=0.

i=1
We can now apply Grace’s theorem to finish the proof. ]

We note, for use in the next section, the following variation on Grace’s theorem.

6.3.5. Proposition. Let p(z) and ¢(z) be two degree-n polynomials apolar to
each other. If the zeros of p(z) are all contained in a half-plane H, then at least
one zero of g(z) is also in H.

This can be proved by imitating the proof of Theorem 6.3.3 or using the fact that
one can transform a half-plane into a disk by a linear fractional transformation.

Our next topic is the polar derivative. Let y be the point (yo, y;) in C2. Then
Dy, : Cy[x0, x1] = C,_1[x0, x1] is the operator defined by

P
yx = Y0 8)60 Y1 ax1 .

The operator Dy, is a derivation; that is, D, is linear, D, (1) = 0, and
Dyx(fg) = Dyx(f)g + nyx(g)-

The (n — 1)-form D,, f(xo, x1) is the polar derivative of f(x¢, x1) at the point
y. Explicitly,

n—1
n—1\ ; i
Dy, f(x0,x1) =n Z( . )x(’)x? " oait1 + yai).

i=0
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The operator D,, is independent of the choice of coordinates. As in Section
6.2, let T be the linear change of variables

Xo = fooXo + fo1X1, X1 = fioXo + 11X,

defined by the 2 x 2 matrix (#;;)o<;, j<1. By the chain rule,
a/0xg _ (;00 tlo> a/9xg
d/0x1 ton ti) \9/ox, )

D o D (M7
T T PYPTs

~1
. 31) foo to\ [to to a/9xo

= (yo. M1
for ti) \to1 ti 0/0x1

d/9xo 9 3
= (0, y1) —yo8 +yi—.

Hence,

0/0x1 dx1

6.3.6. Lemma. Let f(x(, x;) be an n-form, g(xo, x;) be an (n — 1)-form, and
y = (Yo, y1)- Then

{g(x0, x1), Dy f(x0, x1)} = n{(y1x0 — yox1)g(xo, x1), f(x0, X1)}.

Proof. The proof is a routine formal calculation, going through the formula

n—1

)xf(xval)_nZ< . )xZ)XI‘l ‘(Yoai+1 + yia:). O

If (cxp + dx;) is a linear factor of the form f(xg, x;), then we say that (—d, c)
is a homogeneous zero of f(xg, x1). If d # 0, then (—d, ¢) is a homogeneous
zero of the form f if and only if —c/d is a zero of the polynomial f(1, z). Two
homogeneous zeros (—d, ¢) and (—d’, ¢’) are equivalent if d¢’ = cd'. Let K
be a subset of the extended complex plane C U {oo}. The homogeneous zero
(—d, c) is inside K if the zero —c/d € K and outside K if —c/d ¢ K.

6.3.7. Laguerre’s theorem. Let f(xo, x;) be an n-form and D be a disk in
the complex plane. If all the homogeneous zeros of f(xg, x;) are inside D and
(y0» ¥1) is a point in C? such that y;/y, & D, then all the homogeneous zeros
of the polar derivative D, f(xo, x1) are also inside D.

Proof. Since the operator D,, is independent of the choice of coordinates,
we can make a linear change of variables and assume that y = (0, 1) and
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Dy, = 9/9x;. In particular, the polynomial D, f(1, z) is the derivative p'(z).
Since D is convex and all the zeros of p(z) are inside D, we can apply Lucas’
lemma to conclude that all the zeros of p’(z), and hence, all the homogeneous
zeros of Dy, f(xo, x1), lie inside D. O

We will prove Grace’s theorem in the following equivalent version.

6.3.8. Grace’s theorem for forms. Let f(xg, x;) and g(xo, x1) be two n-forms,
apolar to each other. Suppose that all the homogeneous zeros of f are in a disk
D. Then at least one homogeneous zero of g is in D.

The proof uses polar derivatives and is similar in spirit to the first
proof. Let

n
g(xo, x1) = H(C;XO +d;x1)
i=1
and y; = (—d;, ¢;). If the homogeneous zero (—di, c;) is outside D, then
Laguerre’s theorem implies that all the homogeneous zeros of the polar deriva-
tive Dy, . f(xo, x1) are inside D. By Lemma 6.2.6,

n
{ ]_[(cixO +dix1), Dy, f(xo0, xl)} = —n{g(xo, x1), f(x0, x1)} =0,
i=2

and hence, the (n — 1)-forms ]_[;’zz(cixo +dix;) and D, f(xo, x1) are
apolar.

If (—d,, ;) is outside D, then we repeat the argument. Continuing in this
way, either we have, for some i < n, (—d;, ¢;) € D (and the theorem is proved)
or the argument is repeated n — 1 times. In the latter case, the homogeneous
zero of the 1-form Dy, --- D, Dy . f(xo, x1) lies inside D and the 1-forms
cpxo +dyxy and Dy --- Dy, Dy f(xo, x1) are apolar. Recalling that two
1-forms are apolar if and only if one is a constant multiple of the other, we
conclude that the homogeneous zero (—d,, ¢,;) is in D. O

Exercises

6.3.1. Let p(z) and ¢(z) be degree-n polynomials apolar to each other, C| be a
convex set containing all the zeros of p(z), and C, be a convex set containing
all the zeros of ¢(z). Show that C; N C;, # (.

6.3.2. Let y = (y9, y1). Show that

Dy, f(x0, x1) = neval((ay yo + oy )1 x0 + aox))" ™).
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6.3.3. Let & and &, be two distinct zeros of the polynomial p(z). Show that
{P'(2), (z — &))" — (z — &)"} = 0. Generalize this result.

6.3.4. The Lee-Yang circle theorem.
Letx;;, 1 <1, j < n, bereal numbers such that |x;;| < 1 and x;; = x;;. Let

p(2) = Z il l_[ Xij.
§:8C{1,2,...,n} irieS,j¢S

Then all the zeros of p(z) lie on the unit circle.
6.3.5. Szegd’s determinant theorem.

Let D be a disk in the complex plane, zi, 22, ..., 2, be n distinct points
inside D, and wy, wy, ..., w, be n distinct points outside D. Then

det((z; — w;)")i<i,j<n # 0.

6.4 Multiplier Sequences

A sequence of real numbers (g, W1, Lo, - .. 1S a multiplier sequence of the first
kind if ;o = 1 and whenever all the zeros of the polynomial

n n n—1 n
apx” + a)x + -4 an—1X + ay,
1 n—1

are real, then all the zeros of
n n n—1 n
aolnx” + (1>alun—1x +---+ (I’l— 1>an—1/1'1x+anl"v0

are real. If we represent the sequence (i;);2, umbrally as (w )72y, then the
main condition can be restated: whenever all the zeros of eval(ay(x + «)") are
real, then all the zeros of eval(ag(ux + a)") are real. A sequence (u;)i2, is
a multiplier sequence of the second kind if whenever all the zeros of ao(x +
a)" are real and positive, then all the zeros of ag(ux + «)" are real (but not
necessarily positive).

For example, if v is a nonzero real number, then 1, v, v3v3, s obviously
a multiplier sequence of the first kind. Less obviously, if w is a positive real
number and w is the rising factorial w(w + 1)(w +2) - - - (w +n — 1), then

1 1w?, 1/w?, 1w, ...

is a multiplier sequence of the first kind. Finally, if n is a (fixed) positive integer
and x,) is the falling factorial x(x — 1)(x —2)---(x —n + 1), then

Owys Lanys 2000 3y - -
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is a multiplier sequence of the first kind. An example of a multiplier sequence
of the second kind is

cos(A), cos(A + 6), cos(A + 26), cos(A + 30), ....

The theory of multiplier sequences is a part of complex analysis, particularly
the theory of Laguerre—Pdlya classes. Our aim in this section is to present
elementary characterizations of multiplier sequences.

Let p(x) = Y1 (})aix"" and q(x) = Y1 (7)bix"~". The Szegd compo-
sition p x g(x) of p(x) and g(x) is the polynomial

n n )

Z ( .)aibix"’ .

im0 \!

Umbrally, the Szeg6 composition of eval(ap(x + «)") and eval(bo(x + B)") is
the polynomial eval(apbo(x + of)").

6.4.1. Szego’s theorem.'? Suppose that all the zeros of p(x) are real and all the
zeros of g(x) are real and those that are nonzero have the same sign. Then all
the zeros of the Szegd composition p * g(x) are real.

The proof is in three steps.

6.4.2. Lemma. Suppose that i(x) = p * ¢(x) and all the zeros of p(x) lie in a
disk D or a half-plane H. Then for every zero & of h(x), there exists a complex
number « in D and a zero 8 of g(x) such that £ = —fB«.

Proof. Since £ is a zero of h(x), we have

Z (r.l)aibi‘i:n_i =0.
iz N
Let
n n —
Gx) = x"q(=£/x) = Z(—l)(.)bié’x" :
i=0 !
Then p(x) and g(x) are apolar. Let D be a disk containing all the zeros of p(x).
By Grace’s theorem (6.3.3), there is a zero x of g(x) in D. However, —£ /k isa
zero of g(x). We conclude that £ = — Bk, where  is a zero of g(x). The proof

for a half-plane H is similar. O

13 Szegs (1922).
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In the proof of the next lemma, we need a simple fact: if C is a convex set
in R” containing the origin and 7 be a real number in the interval [—1, 0], then
for every x € C, the point —nx is also in C. To see this, observe that since
C is convex and contains the origin and the point x, then it contains the line
segment joining the origin and x. The point —nx lies on this line segment and
hence is in C.

6.4.3. Schur’s lemma.'* Let C be a convex set containing the origin in the
complex plane. If all the zeros of p(x) are in C and all the zeros of g(x) are
real numbers in [—1, 0], then all the zeros of p * g(x) are in C.

Proof. We will use the following fact: let C be a compact convex set with a
finite number of extreme points. Then C is an intersection of a finite number
of half-planes.

Let C be the convex closure of the zeros of p(x) and the origin, C =
ﬂ:zl H;, where H; are suitable half-planes. Each half-plane H; occurring in
the intersection contains the origin and all the zeros of p(x) = 0. Let & be an
arbitrary zero of h(x) = p * q(x). Then by Szeg6’s theorem, £ can be written
as —nh for some h € H; and 7 is a zero of g(x) in (—1, 0). By the half-plane
version of Grace theorem (6.3.5), £ € H;. Thus, & lies in all the half-planes H;
and hence lies in their intersection C. (]

Applying Schur’s lemma to the real line in the complex plane, we conclude
that if p(x) has all real zeros and g(x) has all zeros in [—1, 0], then p * g(x)
has all real zeros.

To finish the proof of Theorem 6.4.1, suppose that all the zeros of g(x) are,
say, nonnegative. Let M be the maximum zero and §(x) = g(—xM). Then all
the zeros of §(x) are in [—1, 0]. Thus, all the zeros of p x §(x), and hence,
p *xq(—x/M), are real. Since p x §(—x/M) = p x g(x), this completes the
proof of Theorem 6.4.1.

We now use Theorem 6.4.1 to characterize multiplier sequences. The nth
Appell polynomial g,(i; x) of the sequence (i;);, is the polynomial defined
by

n n 2 n n—1 n
8n(; x) = o + | nix + 5 12X +--+ P L + tnx”.

6.4.4. Theorem. A sequence (u;)72, is a multiplier sequence of the second

kind if and only if 19 = 1 and foralln, 1 < n < oo, all the zeros of the Appell
polynomial g, (u; x) are real.

14 Schur (1914).
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Proof. Apply the multiplier sequence 1, i1, (2, . .. to the polynomial (1 — x)".
Then the polynomial

n n 2 n—1 n n—1 n n
Mo — Hix + Max” — -+ (=1) Hp—1X" 7 4+ (=1 ppx
1 2 n—1

has all real zeros. Changing variables from x to —x, we conclude that all the
zeros of g,(u; x) are real.

ConverseTy, suppose that all the zeros of g,(u;x) are real. If p(x) =
Yo (7)aix""" and all the zeros of p(x) are positive, then, by Theorem 6.4.1,
all the zeros of the polynomial

- n
E (l.)aiu«nixn_l
i=0

(obtained by taking the Szegd composition of p(x) and g,(u;x)) are real.
Hence, ()2, is a multiplier sequence of the second kind. g

Characterizing multiplier sequences of the first kind is more complicated
and requires two preliminary results.

6.4.5. Lemma. A multiplier sequence (i;) of the first kind does not have a

subsequence of the form a, 0,0, ..., 0, b, wherea, b # O0andm > 1.
—_———
m
Proof. Suppose that for some index j, uj =a, jy1 = tjqo =+ = [hjpm =

0, and uy = b. Let

() = xI (1 + x)k7 if a and b have the same sign,
= x/(1 + x)*=/=1(1 — x) if a and b have opposite signs.

In both cases, all the zeros of g(x) are real. If we apply the sequence (1;) as
multipliers to g(x), we obtain the polynomial

x/(a + b'x*),

where b’ = +b, with the sign chosen so that b’ has the same sign as a. However,
since k — j > 1, the polynomial @ + b'x*~/ has complex (nonreal) zeros. We
conclude that (u;) is not a multiplier sequence of the first kind. O

Lemma 6.4.5 implies that none of the terms in a multiplier sequence of the first
kind equals zero.

6.4.6. Lemma. Let (u;) be a multiplier sequence of the first kind. Then either
all the terms w; have the same sign or the signs are alternating.
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Proof. 1t suffices to show that for i > 0, u; and p;, have the same sign. To do
this, apply the multipliers (1;) to x'*? — x’. Then all the zeros of x’(u; {2x> —

wu;) = 0 are real and hence w;/iti2 > 0. [l

6.4.7. Theorem. A sequence 1, jt1, Uo, ... is amultiplier sequence of the first
kind if and only if all the zeros of the Appell polynomials g, (u; x) are real and
have the same sign.

Proof. A multiplier sequence of the first kind is also one of the second kind.
Hence, by Theorem 6.4.4, all the zeros of the Appell polynomials g, (u; x) are
real. B

By Lemma 6.4.6, the signs of the coefficients of polynomial g,(u; x) are
either the same or alternating. If i;’s have the same sign, then g, (u; x) cannot
have a positive zero. If 1;’s have alternating signs, then g, (u; x) cannot have a
negative zero. B

The converse of the theorem follows from Szeg6’s theorem (6.4.1). O

Exercises

6.4.1. If the zeros of p(x) lie in the interval (—a, a) and the zeros of ¢(x) lie in
the interval (—b, 0), where a, b > 0, then the zeros of p x g(x) lie in (—ab, ab).
6.4.2. If the polynomial >;_, axz"* has all its zeros in unit disk, then so does
2"’: a ank
= @

In particular, all the zeros of the polynomial

n n—k

2

lie inside the unit disk.
6.4.3.If 2j + 1 is an odd positive integer, let
Qj+DN=2j+D2j-D2j—-3)---5-3-1.
Show that
1,0,-1!,0,3!,0,=5!0,7!,0, =91,0,...

is a multiplier sequence of the second kind.
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6.4.4. If all the zeros of p(x) = Z)i:o agx* are real and all the zeros of q(x) =
> i_o bix* have the same sign, and m = min{s, ¢}, then all the zeros of the
polynomials

m

m
E akbkxk and E k!akbkxk
k=0 k=0

are real.

6.5 Totally Positive Matrices

The second half of Chapter 6 is about totally positive matrices. We give two
families of examples and prove the Perron—Frobenius theorem in this section.
In the next section, we introduce compound matrices and prove several deter-
minantal formulas. Using compound matrices, we study three more advanced
topics in Sections 6.7-6.9.1

We use the following notation and conventions: we usually work over the
real field, with occasional excursions into the complex field. In particular, all
matrices are assumed to have real entries unless specifically stated otherwise.
We use the following notation: X is the column vector with coordinates x;.
Thus, if X is an n-dimensional vector, then ¥ = (x;, X2, ..., x,)! and ||X| =
\/xl2+x§+-~-+x,%.

A matrix is positive if every entry of A is positive. It is nonnegative if every
entry is nonnegative. Let A be a matrix with rows labeled by the set R and
columns labeled by the set C, with a fixed linear order on the sets R and S. If
I € Rand J C S, the submatrix A[I|J] is the matrix obtained by restricting
A to the rows I and columns J, keeping the same order. When |/| = |J|, then
minor (supported by rows I and columns J) is the determinant det A[/|J]. For
example,if R =S ={0,1,2,...}and I = {1,6,9}and J = {2, 6, 7}, then the
minor supported by these sequences is

ap die ar
det | as2 ass ae7

dgy  doe  d97

A matrix is totally positive if every minor is positive. It is fotally nonnegative
if every minor is nonnegative. A line in a matrix is a row or a column.

15 The area of total positivity of matrices and operators is a venerable area in probability and
functional analysis. An excellent reference is Karlin (1968).
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6.5.1. Lemma. The set of totally positive (respectively, totally nonnegative)
matrices is closed under the following operations:

(1) Deleting a line.
(2) Multiplying a line by a positive (respectively, nonnegative) constant.
(3) Adding a line to an adjacent line, where a line is a row or a column.

Proof. Closure under the first two operations is obvious. When a line is added
to an adjacent line, a minor in the new matrix is either unchanged or the sum
of two minors in the original matrix. Closure under the third operation follows
from this. ]

Next we give two examples of totally positive matrices. The first is due to G.
Pélya.'6

6.5.2. Theorem. Let oy, o0y, ..., o, and By, B2, ..., B, be two strictly increas-
ing sequences of real numbers and M be the matrix

(€“Piy1<i j<n-

Then M is totally positive.

The proof is in four steps. We begin by observing that a submatrix of M has
the same form. Thus, to prove the theorem, it suffices to show that det M > 0.

Next, we recall the explicit formula for the van der Monde determinant.
Let x1, x2, ..., x, be numbers and V,,(x1, x2, .. ., x,,) be the matrix whose i jth
entry is x’~'. Then

1 1 1
'xl _X'2 .« .. xn
det(V,) =det | ‘ = I G-
: : . : i,j:l<i<j<n
n—1 n—1 n—1
‘xl xz ... xn
(To see this, regard xi, x>, ..., x, as variables. Observe that the determi-
nant is zero if x; is set equal to x;. Hence for any pair i and j, the dif-
ference x; — x; divides V,(xi, x2,...,x,). We conclude that the product
[ j:1<izjen(xj — xi) divides V,,(x1, x2, . . ., x,). Comparing degrees and lead-

ing coefficients, we obtain the formula.) In particular, if x| < x, < --- < x,,
then det V,,(x1, x2, ..., x,) > 0.
In the third step, we prove a result of Sylvester.

16 See Pélya and Szegd (1976, problem v. 76, p. 46).
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6.5.3. Sylvester’s lemma. Let oy, oy, --- , o, be a sequence of distinct real
numbers and cy, ¢3, ..., ¢, be a sequence of real numbers, not all zero. Then
the function

1 x¥ 4 x® 4 - 4 px ™
(defined on the positive real axis) has at most n — 1 distinct positive real zeros.

Proof. We induct on n, the length of the sequence. If n = 1, the lemma holds.
We show the induction step by contradiction. Modify the indexing so that
o] <oy < --- < . Suppose that

X% 4 x4 - ey x
has n distinct positive real zero. Then the function f(x), defined by
f(x) =c; + szotzfal + ...+ Cnxa,ﬁle ,

also has n distinct positive roots. By Rolle’s theorem in calculus, between any
two real zeros of f(x) lies at least one real zero of the derivative f’(x). Hence,
f'(x) has at least n — 1 distinct positive roots; that is,

caan — o)X ey(os — a)x®@ 2T 4 ey — o )x® !
has at least n — 1 distinct positive roots. This contradicts the inductive hypoth-
esis. 0

We are now ready to prove Theorem 6.5.2. Let x; = efi. Then 0 < x; <
Xp<---<x,and M = (x?‘). Consider the system of linear equations in the
unknowns ¢y, 3. ..., Cy:

xtoxr o ¢l
: =0.
XZI x;’llz . xgn fo
If det(x;’-”') = 0, then there exist real numbers ¢y, ¢3, ..., ¢,, not all zero, such
that
clx;” + czx;?(2 4+ cnx;[” =0
for distinct positive real numbers xi, xo, ..., X, contradicting Lemma 6.5.3.
We have now proved that the determinant is nonzero for a given increasing
sequence xi, Xz, ..., X, of positive real numbers. It remains to determine the
sign. Consider det(xj-"') as a function on n-tuples (o, oy, . . ., ®;) of real num-

bers. Then det(x?") is nonzero unless for two distinct indices i and j, o; = ;.
Let A be the union of the hyperplanes {(o1, @2, . . ., @,): @ = o}, where i and
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J ranges over all pairs of distinct indices. In the complement R"\ A4, any n-tuple
(a1, 02, ..., ay)suchthata; < ap < - -+ < @, lies in the same connected com-
ponent as (0, 1,2, ...,n — 1). Since the van der Monde determinant det(xjfl)
is positive, we conclude that the sign of det(x_‘;"') is also positive. (]

If xi, x2,...,x, and yq, y2, ..., ¥, are sequences of numbers such that x; +
v; # 0 for every pair of indices i, j, let N be the matrix (1/(x; + y;)i<i, j<n-

6.5.4. Theorem. If x; and y; are real numbers such that x; < x; < --- < x,
and y; < y» < --+ < Yy, then the matrix N is totally positive.

Since the minors of N have the same form, it suffices to show that det N > 0.
This follows from a formula of Cauchy.

6.5.5. Cauchy’s formula.
[T j<icjenCxj — X0 — 1)
ni,j: 1<i<jeni +¥j)

Proof. We induct on n. The formula holds trivially when n = 1. To prove the
induction step, we perform column and row operations on N. First, subtract

det N =

column n from columns 1 to n — 1 in N, obtaining a new matrix N;. Noting
that
1 _ 1 - Yn —Yj
xi+y, Xty iyt y)
every entry in row i of N; has the factor 1/(x; + y,) and when j < n, every
entry in column j has the factor y, — y;. Taking out common factors, we obtain

n—1
det N = det N, = izt On =90 4o
H,‘=1(xi + )
where
1 1
X1+ ’ X1+Yn—1 1
1 . 1 1
X2y X2+ Yn-1
N, =
.. 1L
Xn+Yy1 Xn+Yn—1

Now subtract row n from rows 1 to n — 1 in N,. Then column n becomes
0,0,...,0, )7, and if i # n and j # n, the i j-entry can be simplified by the
identity
1 1 _ Xy — Xi
xi+y, xt+y, Gy +y)
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In particular, if i # n, every entry in row i has the factor x,, — x;, and if j # n,
every entry in column j has the factor 1/(x,, + y;). Taking out common factors
and expanding the matrix along the last column, we obtain

1 1 1

X1+ X1+y2 X1+Yn-1
n—1 1 1 s 1
det N = 1_[1-:1 (x, — x;) X2+y1 X2+y2 X2+Yn-1
- n
l_[jzl(xn + y])
Xn—1+)1 Xp—1+y2 Xn—1+Yn—1

By induction, Cauchy’s formula holds for the smaller (n — 1) x (rn — 1) matrix,
completing the proof. g

We end this section with the Perron—-Frobenius theorem on matrices with pos-
itive entries. We shall use the Brouwer fixed-point theorem in the proof.

6.5.6. The Perron-Frobenius theorem. Let A be an n x n matrix with pos-
itive real entries a;;. Then A has at least one positive real eigenvalue. If the
maximum positive eigenvalue is r and X is another (real or complex) eigenvalue
A, then |A| < r. The eigenvalue r has multiplicity 1 and there is an associated
eigenvector # in which all entries are positive.

Proof. We show first that A has a positive eigenvalue. Let
S={¥:XxeR", |X|| =1, and x; > O for all i}.

Consider the map ¢ : S — S defined by

L AR

d(x) = m
The set S is homeomorphic to the closed unit ball B,_; of dimension n — 1.
The Brouwer fixed-point theorem asserts that every continuous function from
a closed unit ball to itself has a fixed point. Let i be a fixed point of ¢. Then

@) = u or
Al = || Aii|lii.

We conclude that i is an eigenvector of A with positive eigenvalue || Ai||. Since
i isin S, all the coordinates u; of i are nonnegative. Since

n
1
u, = — a;iu;
r 2 : J7T
j=l1

where u; are not all zero and a;; are positive, we conclude that each u; is
positive.
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Let r = || Au||. We will show that (I) r is an eigenvalue of multiplicity 1,
and (II) for every other eigenvalue A of A, |A| < 7.

To show (I), we need to show that every vector ¥ satisfying AvV = rv is a
multiple of . We argue by contradiction. Suppose that v is a vector, not a
multiple of i, such that AV = rv. Let w = i + €0, with € chosen so that every
entry of W is nonnegative and at least one entry of w, w;, say, is zero. However,
Aw = rw, and hence

n
E ajjw; = 0.
j=1

Since the left side is positive, this is a contradiction.

To show (II), note that an eigenvalue of A is also an eigenvalue of the
transpose A7 with the same multiplicity. Hence, r is a eigenvalue of AT of
multiplicity 1. Let #’ be an eigenvector of AT with eigenvalue r. Let A be
another eigenvalue (not equal to 7) of A. Then A is also an eigenvalue of AT . Let
v be an eigenvector of A” with eigenvalue A. Suppose that v = (vy, ..., v,)".
Then since AT = Av, we have, for 1 <i <n,

Av;:Zaj[vj. (V)
j=1

By the triangle inequality,
Mlvil < " lajillvjl =Y ajilv;l. (T)
j=1 j=1

On the other hand, for the positive eigenvalue r and its eigenvector u, we have

n
ru; = E ajjuj, i=1,2,...,n.
=1

Multiplying the ith equation by |v;| and summing over i, we obtain

n n

n
VZMi|vi| = Zzaijuﬂvil

i=1 i=1 j=I1

n n
= u (Z“w"vi')
j=1 i=1

n
> > ujlallj|
j=1
n
= x> ujlv;l.
j=1

It follows that [A]| < r.
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It remains to prove that |A| = r implies A = r. Suppose that |A| = r. Then
n n n
> u; (Zai,j|v,-|) = ujlall;l.
j=1 i=1 j=1
Since u; > 0, inequality (T) implies that

n
> aijlvil = rlvjl.
i=1

Switching the roles of i and j in Equation (V) and taking absolute values, we
obtain

=I"|Uj|.

n
E a,-jv,-
i=1

Thus,

n n
Zaijvi = Zaij|vi|~
o1 i—1

Using the fact that for complex numbers b and c, |b + ¢| = |b| + |c| if and only
if b and ¢ have the same angle as a vector in the complex plane, we conclude
that v; = |v;|w, where w is a root of unity and (reversing the roles of i and

)

n
rv; = E ajiVj.
j=1

Thus, ¥ is an eigenvector of A7 with eigenvalue r. Since r is an eigenvalue of
AT of multiplicity 1, ¥ is a constant multiple of an eigenvector of A7 with
eigenvalue r. We conclude that A = r. ]

Exercises

6.5.1. Let x1, x2, ..., x, and yy, y, .. ., ¥, be sequences of real numbers such
that for all pairs of indices i and j, x;y; # 1. Let P be the matrix (1 / 1 -

XiyiDi<i,j<n-
(a) Show that
Hi,j;1§i<j5n(xj —x)(y; — i)

det P =
Hi,j: l§i<j§n(1 —Xiyj)
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(b) Suppose that x;, y; are real numbers such that x; < x; < -+ < X,
Vi <Yy2 <---<yp and 0 < x;y; < 1 for all pairs of indices i and j. Show
that the matrix P is totally positive.

6.5.2. Let A be a nonnegative matrix such that 1 is the maximum absolute value
of the eigenvalues of A. Show that if A is an eigenvalue of A with absolute
value 1, then A2 is also an eigenvalue of A.

6.6 Exterior Algebras and Compound Matrices

In this section, we examine the relation between totally positive matrices and
positive matrices using compound matrices. The best way to introduce com-
pound matrices is by exterior algebra. We begin with a brief introduction to
exterior algebra.

Let V be an n-dimensional vector space over a field F of characteristic not
equal to 2. The kth exterior power /\k(V) is the vector space constructed in
the following way: if uy, us, ..., u; are k vectors in V, their exterior product
is the formal expression

Uip ANuy N -+ N\ Ug.

An exterior product is also called a decomposable skew-symmetric tensor. The
exterior power /\k(V) is the vector space of all linear combinations of exterior
product, modulo the following relations:

up A A+ Aau; +bui) A Aug
=aup AU A AU AN AN Fbuy Aug A AU A g

and
UL A AUGA - ANUGA - ANl = —UL A ANUGA - AU A A U

The first relation says that the exterior product A is multilinear. The second
says that it is skew-symmetric or alternating. Skew-symmetry implies that if an
exterior product has a repeated term, then it is zero. To see this, observe that if
u; =uj =u, then

ULAN - AUN - AUN- AU, =—UI N AUN---ANUN---A\Up,

and hence, as FF is assumed to have characteristic not equal to 2, the exterior
product is zero.

Exterior products look complicated. However, if one chooses a standard
ordered basis ey, e3, .. ., e, for V, then the relations imply that the (Z) exterior
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products
ei, Nejy \---Nej,

where i; < iy < -+ < ig, form a basis for /\k(V). We call this basis for /\k(V)
the standard basis. In particular, /\k(V) is the (Z) -dimensional vector space of
all linear combinations

Z Qiiy...iy €iy N €iy N+ N €.
01,02,00ny ix
The zeroth exterior product has dimension 1 and is spanned by the empty
product 1. In addition, if k > n, any exterior product in the basis vectors e;
contains a repeated term and is hence zero. We will use the following compact
notation: if 7 is a k-subset of {1, 2, ..., n}, then

ey =ej, Nejp, N Nej,

where iy, is, ..., i are the elements of /, arranged in increasing order.

It is useful to put all the exterior powers into one structure. The exterior alge-
bra /\(V) is the F-algebra on the direct sum 5;_, /\k(V) with multiplication
A defined formally on exterior products by

Wy ANug A==~ Auj) AU Avp A A )
=UITANUIAN - ANUFAVLAVA - A Vg

and extended by linearity. The multiplication A is (by definition) associative.
The exterior algebra is graded by its summands: if an element is in /\k(V), then
it has step or grade k. The exterior algebra has dimension 2”. Philosophically,
the exterior algebra is a “linearization” of the Boolean algebra of all subsets of
{1,2,...,n}.

The motivation for exterior powers is the following formula: if

u; =apey +apey+ -+ ape,, 1<i<n,
then
Uy AUpy A+ ANu, =(detA)e; Aey A--- A ey,
where A is the matrix (a;;)i<;, j<n. This formula is purely formal. For example,

(aner + apner)(azier + aner)
=apay el Ney+apnaxne Ney+apaxy ey Ne+apape e
= (a1axn — anaz)e; A es.

The case n = 2 is typical and generalizes to all n. The next result extends this
formula.
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Recall from Section 6.5 that if I and J are k-subsets of {1, 2, ..., n}, then
A[I|J] and det A[I|J] are the submatrix and minor supported by / and J.

6.6.1. Lemma. Let k <n, u; = a;1e1 +ajrer + -+ +ajpe,, 1 <i <k, and

I B

UL AU A Al = > det A[{1,2,...,k}|J] ey.
J:|J|=k, JS(1,2,....,n}

Proof. By multilinearity,

UL ANUY N - NUp = Z ajey,
J:lJ =k, JC{1,2,....,n)
where
aj = ZSigﬂ(U)al,o(l)az.a(Z) e ko),
o
where o ranges over all bijections o from {1, 2, ..., k}to J, andif ji, j2, ..., jk

are the indices in J listed in increasing order, sign(o’) is the sign of the permu-
tation j; — o (i). Thus,

iy @ ot Ay
aj = det
Akjy  Qkj -0 Gk
=detA[{l,2,...,k}|J]]. O
6.6.2. Corollary. The vectors uy, us, ..., u; are linearly independent if and
onlyifuy Aup A--- Aug # 0.
Proof. Use the fact thatif u; = a;1e1 + ajpper + - - - + ajne,, thenuy, . .., uy are
linearly independent if and only if at least one k x k minor of the rectangular
matrix (a;j)1<i<t, 1<j<n 1S NONZETO. ([l

There is also an exterior product construction for linear transformations. Let
A:V — V be alinear transformation. Then A “lifts” to a linear transformation
AA: Nf(V) = AK(V) defined by

(A*AY g Aug Ao Aug) = Auy A Aug A -+ A Aug

and extended by linearity.

Let A be the matrix (a;;)i<jk<n. The kth compound matrix of A is the
(;) x () matrix indexed by k-subsets of {1,2,...,n} (in some order) with
I J-entry equal to det A[I|J].
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6.6.3. Theorem. Let (a;;) be the matrix of the linear transformation A: V —
V relative to the basis ey, e, . . ., e,. Then the kth compound matrix A® is the
matrix of AFA: /\k(V) — /\k(V) relative to the standard basis e¢; of /\k(V).

Proof. Since Ae; = a;i1e; + apper + - - - + ajne,, the argument in the proof of
Lemma 6.6.1 gives

(/\kA)(e,-l Nejp N- A eik) = Aeil A Ae,-z VANRIEEIVAN Aeik
= Z det A[{iy, ia, ..., ix}|J] €.

J: U=k, JC{1,2,....n}

O

The exterior product for linear transformations is ‘functorial’; that is, it
commutes with composition. Explicitly, if A and B are linear transformations
from V to V, then

A(AB) = (AFAYAFB).

This follows immediately from the construction. Putting this in terms of com-
pound matrices, we obtain the following lemma.

6.6.4. Lemma.
(AB)(k) — A pB®

From this lemma, we derive a formula for the determinant of the product of
two matrices.

6.6.5. The Binet—Cauchy formula. Let k < n, F be a k x n matrix, and G be
an n x k matrix. Then

det FG = > det F[{1,2,...,k}|K]det GIK|{1,2, ... k}].
K:|K|=k, K<{1,2,....n}

Proof. Extend F to an n X n matrix A so that F is the first k rows and G to an
n X n matrix B so that G is the first n columns. Let I = {1,2, ..., k}. Then
det F'G equals the minor of A B supported by / and /. By Lemma 6.6.4, det F G
is the 1 J-entry in the product A®' B®_ Explicitly,

det FG = > det A[I|K] det B[K|I]. O

K:|K|=k,K<{1,2,....n}

For the remainder of this section, we shall use the following notation: if / C
{1,2,...,n}, then I is the complement {1,2,...,n}\I. We will use also a
simple fact about permutations. Let iy, i, ..., i; be the elements of a k-subset



6.6 Exterior Algebras and Compound Matrices 307

I, listed in increasing order. Define sum(/) and sign(/) by

sum(1)=i1+i2k+t..'+ i, k
sign(l) = (=1)Xi= =) = (_1)(2)+sum(1)‘

Let o be the permutation of {1, 2, ..., n} obtained by putting the elements of
I before those of I’, keeping the same order internally in / and /’. Then

sign(o;) = sign(]).

To see this, note that we can rearrange i, is, ..., ix, i{,i5...,1,_, into 1,2,
..., n by moving i;, which is in the jth position, to the i; position. This takes
i; — j adjacent transpositions.

6.6.6. The multiple Laplace expansion. Let A be an n x n matrix, [ be a
k-subset of {1,2, ..., n}, and I’ be its complement. Then

det A = Z sign(l)sign(J)det A[I|J]det A[I'|J'].
Ti\J\=k, J&{1,2,...n}

Proof. Let iy, i, ...,0x and ij41, ig42, ..., 10, be the elements of I and its
complement I, listed in increasing order. Let A = (g;;) and U = Z?zl ajje;.
Using Lemma 6.6.1, we calculate det A in two different ways:

(detA)ey Aex A--- Ney,
=UIAUIA - AUy
=sign(D)ui, Ay A Au) AN Wi AN, Necs Adg,)

=sign(l) [ ) detA[I|/]e, > detA[l'|K]ex
J:|J|=k K:|K|=n—k

=sign(l) | Y sign(J)det A[I|J]det A[I'|J'] | ey Aex A+ Aey.
J:\J|=k

The last step is obtained by multiplying out the product and using the fact that by
skew-symmetry, e; A ex = 0if J N K # @, and hence, because |J| + |K| =
n, e; A e if and only if K equals the complement J'. (]

6.6.7. Jacobi’s formula for compound matrices. Let k <n, Abeann xn
matrix, A® = (b;)1.1.\11=171=k» and C be the (Z) X (Z) matrix indexed by
k-subsets of {1, 2, ..., n} with I J-entry c;; given by

cry = (_l)sum(1)+sum(J) detA[J’|I’].
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Then
BC = det(A)l,
where I is the (}) x (}) identity matrix.

Proof. We calculate the entries of the product BC. Let I be a k-subset of
{1,2, ..., n}. Then, the diagonal I I-entry of BC equals

> bucsr.

J:|J 1=k
By the Laplace expansion,

D buey =) det A[I|T) (=1 DD det AL’ ]
J:|J|=k J: | |=k
= Z sign(1)sign(J)det A[I|J]det A[1'|J’]
J: |J|=k

= det(A).
Next, let 7 and J be two distinct k-subsets of {1, 2, ..., n}. Then

> bixexs = Y sign(Isign(J)det A[I|K]det ALJ'|K].
K:|K|=k K:|K|=k

By the Laplace expansion, the last sum equals det D, where D is the matrix
obtained by putting the rows in I on top of the rows in J’', keeping the same
orderin I and J'. Since I # J, I N J' # {4, and hence, D has two equal rows.
We conclude that det D = 0 and all the off-diagonal entries of the product BC
are zero. ]

We shall now apply our results to positive and totally positive matrices. We
need one last definition. If A is the matrix (a;;), let A be the matrix (&, i), where
aij = (=" a;;.

6.6.8. Theorem.

(a) An n x n matrix A is totally positive if and only if for all k, 0 < k < n,
the kth compound matrix A% is positive.

(b) If A and B are totally positive, then A B is totally positive.

(c) If A is totally positive, then A~! is totally positive.

The analog for Theorem 6.6.8 holds for total nonnegative matrices.

Proof. Part (a) is immediate from the definition of a compound matrix. Part (b)
follows from the fact that products of positive matrices are positive.
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To show part (c), let B be the kth compound matrix A% of A and C be the
(;) by (;) matrix indexed by k-subsets of {1, 2, ..., n} with I J-entry

(_1)sum(1)+sum(1) det A~[J/|I/]
Then by Jacobi’s formula, BC = det(A)I. Since djj = (—1)"+ja,-,j,

det A[1|J] = det((— 1) a;j)icr, jes
— (_l)sum(1)+sum(J) detA[]|J]

Noting that sum(/) + sum(I’) = (}), we have

¢y = (_1)sum(l)+sum(./) detA~(]/|I/)
— (_1)sum(I)+sum(J)+sum(l’)+sum(]’) detA(J/|I/)

= det A(J'|T").

Since A is totally positive, we conclude that C is positive. Further, C =
(det A)B~! and det(A) > 0. Hence, B~ is positive and by Lemma 6.6.4,

B—l — (A~(k))—1 — (A~_1)(k).

We conclude that all the compound matrices of A~! are positive and, by part
(a), A~ is totally positive. O

We end this section with a description of the eigenvalues of compound matrices.
We will assume that we are working over an algebraically closed field F of
characteristic not equal to 2.

6.6.9. Lemma. Let A be a diagonalizable n x n matrix and A, Ay, ..., A, be
the eigenvalues of A with corresponding eigenvectors iy, i, . .., i,. If I is a
k-subset of {1, 2, ..., n} with elements i, i», ..., i; listed in increasing order,

let A, = )"il)"iz .- ')"ik and
IZ[ Zﬁil /\L_l)i2 /\"'/\L_iik.

Then for all k-subsets [ of {1, 2, ..., n}, A; is an eigenvalue with corresponding
eigenvector #; of the kth compound matrix A% and such eigenvalues are all
the eigenvalues of A%,

Proof. Observe that
(A A = (A A, ANl A AT,
= Al}il A Aljt}i2 VANRIRRIVAN Aﬁik
= Aighiy s Ay Ny N N
= Ajilg.
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Since the exterior products ii; are (Z) linearly independent vectors, the lemma
follows. ]

The preceding statement about eigenvalues of A% holds even when A is not
diagonalizable. In such cases, one uses the Jordan canonical form. We shall not
need the more general case and can omit the details with good conscience.

Exercises
6.6.1. From Lemma 6.6.9, it follows that if A is diagonalizable,
det AP = (det A)GD.
Find a direct proof, not using the assumption that A is diagonalizable.

6.6.2. The Orlik-Solomon algebra of a geometric lattice."”

Let L be a geometric lattice and M be the matroid on the set S of the atoms
of L. A subset C of S is a circuit if k(C) = |C| — 1 and tk(C’) = |C’| for every
proper subset C’ of C. Choose a linear order on S. Let V be the vector space of
all formal linear combinations ). ._¢ a,x and /\(V) the exterior algebra of V.
If C is a circuit with elements x{, x,, ..., X, arranged in increasing order, let

9C = Z(—l)m’lxl AXy Ao AXi] AXig1 Ao+ A Xy
i=1
Let I be the ideal in /\(V) generated by the elements dC, where C ranges over

all circuits of M. The Orlik-Solomon algebra is the quotient A(V)/I. Show
that O(L) is graded by step and the subspace of step k has dimension equal to

ol > w0,

Y:YeL.tk(Y)=k
where u is the Mobius function of the lattice L.

6.6.3. Let U, Uy, U,, ..., Uy be independent identically distributed random
variables and fi, f>, ..., fk, &1, &2, - - - » & be functions.
(a) Show that

1
EE[det(fi(Uj)) det(g;(U;)] = det(E[f;(U)g;(U)]),

where E is expectation.
(b) Use part (a) to give another proof of the Binet—Cauchy formula (6.6.5).

17" Orlik and Solomon (1980).
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6.7 Eigenvalues of Totally Positive Matrices

In this section, we discuss two theorems of Gantmacher and Krein'® about the
eigenvalues of a totally positive matrix.

6.7.1. Theorem. The eigenvalues of a totally positive matrix are distinct posi-
tive real numbers.

Proof. Let A be a totally positive n x n matrix. Then for 1 < k < n, the kth
compound matrix A® is positive. By the Perron—Frobenius theorem, the matrix
A has a unique positive eigenvalue of largest absolute value. Let A1, Ao, ..., A,
be the eigenvalues of A, labeled so that A, is the maximum positive eigenvalue
and

AL > Aol = > AL

Consider the second compound matrix A®. The eigenvalue of A® with the
largest absolute value is A;A,. By the Perron—Frobenius theorem, A;A; is real
and positive. Hence, A, is a positive real number. Repeating this argument,
using induction and the fact that the eigenvalue having maximum absolute
value of A® is AjA; - Ax, we conclude that A; is real and positive for all
k,1<k<n. 0

The next lemma is an easy consequence of Lemma 6.6.9 and the Perron—
Frobenius theorem.

6.7.2. Lemma. Let A be a totally positive n x n matrix with eigenvalues
M, A2, ..., Ay, listed in decreasing order, with corresponding eigenvectors
Uy, Uy, ..., U, Then foreach k-subset I of {1,2, ..., n}, A is an eigenvalue of

In the remainder of this section, we shall always work with real vectors. Let
u=uy,uy,...,u,). A sign change in u is a pair of indices i and j such that
i < j<n, u =0 for all indices k such that i < k < j and u;u; < 0. The
weak variation Var~ (i) is the number of sign changes in u. For example,

Var~(-2,2,0,0,1,-2,0,-3,0,—1,0) = 2.
The strong variation Var® (i) is defined by

Var™ (1) = max Var™ (0),
w

18 Gantmacher and Krein (1937).
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where W ranges over all vectors obtained from # by replacing some zero
coordinate by a real (nonzero) coordinate. For example,
Vart(-2,2,0,0,1,-2,0,-3,0,1,0) =8,
partly because, for example,
Var™(-2,2,-1,0,1,-2,1,-3,0,1,—1) = 8.

From the definitions, Var~ (&) < Var'(u).
Let # ¥ be the vector (uy, —ua, ..., (=1 tuy, ..., (=1 u,).

6.7.3. Lemma.
Var~(it) + Vart @) = n — 1.

The proof consists of an induction with a number of easy cases. It is left to the
reader.

6.7.4. Theorem. Let A be a totally positive matrix with eigenvalues A, A, ...,
An, listed in decreasing order, and #; be an eigenvector associated with the
eigenvalue A;. If 1 < p < g < n, let i be a nonzero real linear combination

Cplip + Cprilipr1 + - -+ Cqilg
of the eigenvectors iy, U pi1, ..., Uy. Then,
p—1<Var (i) < Var* (i) < q — 1.
In particular,
Var (u4;) = Vart ;) =i — 1.

Proof. Note first that the eigenvalue A; is real and of multiplicity 1, and the eigen-
vector i; is real and determined up to a constant. Let i#; = (u;y, Uiz, . . ., Uin)-

We prove first that Vart (i) < g — 1. This is immediate for g = n and so we
may assume that ¢ < n. We proceed by contradiction. Suppose that there are

coefficients ¢, ¢p41, - . ., ¢4, such that Vart (i) > g. Let i = (uy, ua, ..., uy).
Then, changing all the signs of the coefficients c¢; if necessary, we can find a
subsequence u;,, u;,, ..., u;,,, suchthatforall j, 1 < j < g+ 1,(=1)/"'u;, >

0. Let U be the (g + 1) x (g + 1) matrix

Ui Uz i, e Ug.i; uj,

Ltl,,'q+l M2Jq+l Mq,iq+| M,‘(HI
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Since the last column is a linear combination of columns p to ¢, detU = 0.
Expanding det U along the last column, we obtain

q+1
D=1y detUN(1L2, ... j— L j+ 1. g+ 1}I{1.2,....q})] =0.
j=1

(D)
The minor detU[{1,2,...,j—1,j+1,...,q+ 1}|{1,2,...,q}] is the co-
efficient of e;, where J = {i1,i2,...,ij—1,ij41,...,iq+1} when we expand

Uy Al A+ Aliy as a linear combination of the standard basis vectors
er in /\q(V). By Lemma 6.7.2, all the minors are positive. Hence, since
(—l)j’lu;/. > 0, Equation (D) holds only if uj, =0 forall j, 1 <j<g+1.
In particular, the first ¢ columns of the matrix U are linearly dependent.

Finally, construct another (¢ 4+ 1) x (g + 1) matrix V by taking the first g
columns of U and adding, as the last column, the column vector

T
(Mq+1.il, Ugtl,ips -+ uq+1,iq+1)

formed by restricting ﬁq+1 to the coordinates iy, iz, ..., ig41. Thendet V = 0.
However, det V is the coefficient of ey;, ,....;,.,} in the expansion of Ui A A
iiy A iy in the standard basis of A?"'(V). By Lemma 6.7.2, this coefficient
is positive and we have reached a contradiction. We have thus proved the upper
bound Vart(u) < g — 1.

Next, we show the lower bound p — 1 < Var™ (i) by modifying the matrices
and vectors so that we can apply the upper bound. Let A = (a;;)1<;, j<x- Recall
that A = (—1)"/a; j)1<i j<n. Then A = SAS where S is the n x n diagonal
matrix, with diagonal equal to (1, —1, 1, ., (=1)™). In addition, % =
Sii. Finally, note that §> = 1.

By Theorem 6.6.8, A~! is totally positive. Since

AuM = SAS(Su;) = SAu; = pu ™,

the eigenvalues of A are the positive real numbers, Ay, Ao, ..., A,
listed, as usual, in decreasing order. Hence the eigenvalues of A~' are

1 1 1 1 —alt = alt = alt
Ag s Ay pseeenhy AL , with corresponding elgenvectorsu sUpy sy Uy,

ah Applying the upper bound to the matrix A~!' and the vector ua“ we

conclude that
Vart (@™ < n — p.
To finish, observe that by Lemma 6.6.3,

Vart (@™ + Var— (i) = n — 1.
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Hence,
Var (i) =n—1— Vart @™ > p — 1.

This completes the proof of Theorem 6.7.4. ]

6.8 Variation-Decreasing Matrices

An n x m matrix A with real entries is variation-decreasing if for all nonzero
vectors X in R™,

Var~ (AX) < Var~ (X).

The main objective of this section is to prove a result of Motzkin' that a totally
nonnegative matrix is variation-decreasing.

6.8.1. Theorem. Let A be an n x m totally nonnegative matrix. Then for every
vector ¥ in R™,

Var™(AX) < rank(A) — 1.

Proof. If y € R", then Var (y) < n — 1. Hence, if rank(A) = n, then the in-
equality holds trivially. Thus, we may assume that rank(A) < n.

Let r = rank(A). We will prove the theorem by induction on r. If r = 1,
then every row of A is a nonnegative multiple of a fixed row vector 5 with
nonnegative coordinates. Let ¢;5 be the ith row of A. If X € R™, then AX =
(c1d, cad, . .., c,d)T, where d equals the dot product 5 - X. The coordinates
of AX are all nonnegative or nonpositive, depending on the sign of d. Thus,
Var~ (AX) = 0 and the theorem holds.

We shall prove the induction step by contradiction. Let A be a totally nonneg-
ative matrix of rank . Suppose there exists a vector X such that Var (AX) = r.

If AX = (y1, y2, .. ., y,l)T, then there exist increasing indices iy, iy, . . . , i, such
that the coordinates y;,, yi,, ..., y;, are all nonzero and alternate in sign. Let
Y = Yig» Viys - > ¥i,)" and A" = A[{ig, i1, ..., i }|{1,2,...,m}]. Since A’ is

a submatrix of A, rank(A’) < r. In fact, rank(A’) = r. Otherwise, by induction,
r=Var (y) = Var (A’X) <rank(A)—1<r —1,

a contradiction. Choose r linearly independent column vectors, iy, is, . . . , i,
from A’ and put them side by side to form the (r 4+ 1) x r matrix M. The
vectors #; form a basis of the column space of A’. Since y lies in the column

19 Motzkin (n.d.).
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space, the (r + 1) x (r + 1) matrix formed by adding ¥ as the last column to
M has zero determinant. Expanding this determinant along the last column y,
we obtain

Z(—l)"ﬂ' det M;y;, =0, (E)
j=0

where M; is the submatrix of the matrix formed by deleting row j from
M. Since det M; is a minor of A, detM; > 0. Also, Yi; alternate in sign.
Thus, (—1)+/ yi; are nonzero real numbers, all having the same sign and
Equation (E) can hold only if det M; = 0 for all j, contradicting our earlier
choice that the columns #; are linearly independent. This verifies the inductive
step. (I

6.8.3. Motzkin’s theorem. A totally nonnegative matrix is variation-
decreasing.

Proof. Let A be an n x m matrix with columns indexed by {1,2...,m}. We
need to prove that for any nonzero vector X in R™,

Var~ (AX) < Var (X).

If any coordinate of X is zero, then we may remove that coordinate and the
corresponding column of A without changing the weak variation. Thus, we
may assume that none of the coordinates of X is zero. Let g = Var™ (¥). We can
replace X by —x without changing the weak variation. Thus, we can partition

the index set {1, 2, ..., m} into g + 1 into intervals

{152’--~ai0}7 {lO+ 1’i0+2a"'7il}a ) {iq—l + 17iq—l +27~-~am}
such that x;, xo, ..., x;, have positive sign, x; 41, Xiy+2, - . . , X;, have negative
sign, and so on. We also seti_; = 0 and i, = m.

Next, we construct an n x (¢ + 1) matrix C from A by first multiplying
column i by the positive number |x;| and then adding up all the columns

Ly

cij = Z aii|xi|.

k=i; 1+1

By Lemma 6.5.1, C is totally nonnegative.



316 6 Determinants, Matrices, and Polynomials

Lets = (1,—1,1,—1,...,(=1)"). Then,

Z( 1)/ c,,—Z Z agelxel(—1)/

Jj=0 k=i; 1+1

m
= E Ak Xk .
k=1

From this, we conclude that
Cs = AX.

But C, being an n x (¢ + 1) matrix, has rank at most ¢ + 1. Hence, by
Theorem 6.8.1,

Var~ (AX) = Var (C5) < rank(C) — 1 < g = Var~ (¥). O

Theorem 6.8.2 is not the strongest possible. Motzkin has characterized
variation-decreasing matrices.

6.8.3. Theorem. A matrix A is variation-decreasing if and only if the following
two conditions are satisfied:

(a) If k < rank(A), then all k£ x k minors have the same sign.

(b) If k = rank(A) and Iy is a given set of rows of size k, then the minors
det A[lp|J], where J is a k-subset of columns, have the same sign.

Exercises

6.8.1. Prove Theorem 6.8.3.

6.8.2. Let A be a totally nonnegative n x n matrix with rows and columns
indexed by {1,2,...,n}, I € {1,2,...,n}, and I° = {1,2,...,n}\I. Show
that

det(A) < det A[I|I]det A[I°|I¢].

6.8.3. Let A be atotally nonnegative n x n matrix. Then A” is totally positive for
some positive integer p if and only if det(A) > O and foralli, 1 <i <n — 1,
aii+1 > 0 and aj+1,i > 0.
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6.9 Polya Frequency Sequences

Let a be an infinite sequence ay, a;, az, . . . of real numbers. The A-matrix A(a)
of the sequence ¢ is the infinite matrix

dp ap dz as

0 ap dai an

()

Oa0a1
0 0 0 a

Alx) =

The sequence a is a Polya frequency sequence or totally positive sequence if
the first term ag is nonzero and A(a) is totally nonnegative.?”

Pélya frequency sequences can be characterized by their generating func-
tions. The (ordinary) generating function of the sequence a is the formal power
series f(a; z) defined by

o0
fla;2) =ay+aiz+az*+-- = Zamz’”.
m=0

Conversely, the sequence of the formal power series f(z) = Y oo bwz

by, b1, by, . . ..

m is

6.9.1. Edrei’s theorem.?! A sequence a is a Pélya frequency sequence if and

only if there exist a nonnegative real number y and two sequences o, o, o3, . . .

and B, B2, Bs, . . . of nonnegative real numbers such that the sums Y | &; and
o0 .

> io, Bi converge to finite real numbers and

[12, (0 + eiz)
Hiozl(] - ,BjZ)'
We will prove the easy half of Edrei’s theorem: that if f(a; z) is of the form

given, then a is a Pdlya frequency sequence. The converse is much more diffi-
cult. We begin with methods for constructing new Pdlya frequency sequences

fla;z) =e’*

20 Much work has been done on Pélya frequency sequences. See Brenti (1989) for a
combinatorial perspective.

21 Edrei (1952). In the paper Aissen et al. (1952), the authors proved Theorem 6.9.1, with the
weaker condition that

h(z) H,’Oil(l +a;z)
152, - 82

where ¢"9) is an entire function and the generating function of a Pélya frequency sequence.
Edrei showed, using Nevanlinna theory, that we can take h(z) = yz.

flaz)=e¢
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from existing Pélya frequency sequences. The first result gives algebraic con-
structions.

6.9.2. Lemma. Let f(a;z)and f(b; z) be the generating functions of Pdlya fre-
quency sequences ¢ and b. Then the power series f(a; z) f(b; z) and 1/f(a; —z)
are generating functions of Pélya frequency sequences.

Proof. The fact underlying this lemma is the isomorphism between the algebra
of formal power series and the algebra of A-matrices (See Exercise 4.1.3).
Let ¢ be the sequence of the product f(a;z)f(b;z). Then by an easy formal
calculation,

Ac) = A(@)A(b).

Since A(a) and A(b) are totally nonnegative, A(a)A(b) is totally nonnegative
by Theorem 6.6.8. Hence c is a Pdlya frequency sequence.

Since ap # 0, the matrix A(a) is invertible and its inverse is also a A-
matrix. By Theorem 6.6.9, A~1, where A is the A-matrix for the sequence
ap, —ai, az, —as, . .., is totally non-negative. But

flap, —ai,az,...;2) = ap— arz + axz® — -~ = fa;—2).

Hence, 1/f(a; —z) is the generating function for the Pélya frequency sequence
whose A-matrix is A~ O

The next result gives an analytic construction.

6.9.3. Lemma. Suppose that for 0 < j < oo, the sequences ay;, a1, azj, - . .
are Polya frequency sequences, and for each i, 0 <i < oo, the limits
lim;_, o a;; exist. Let

a; = lim aij.
j—o00

Then the sequence ay, a;, az, . . . is a Pélya frequency sequence.

Proof. To prove the first part, observe that the determinant of a given finite
submatrix is continuous in the entries. Thus, a sequence of nonnegative minors
converges to a nonnegative minor. |

The next proposition shows how to construct all Pélya frequency sequences
starting with the simplest ones.

6.9.4. Proposition.
(a) If @ > 0, then the sequence 1, «, 0, 0, . . . is a Pélya frequency sequence.
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(b) If o; > 0, then the product
(I +a12)(1 4+ ozz) - (1 + a,z)

is the generating function of a Pdlya frequency sequence.
(¢) In particular, if 1, oy, a2, 3, ... is an infinite sequence of nonnegative
real numbers such that the sum ) :° «; converges, then

[o¢]
[Ja+wo,
i=1

is the generating function of a Pélya frequency sequence.

(d) Let y be a positive real number. Then e’ is the generating function of a
Pélya frequency sequence.

(e) Let B be a positive real number. Then

1
1 -8z
is the generating function of a Pdlya frequency sequence.
(®) If 1, By, B2, B3, - .. is an infinite sequence of nonnegative real numbers

such that the sum Z?io Bi converges, then

= 1
Hl—ﬁiz

i=1

is the generating function of a Pdlya frequency sequence.

Proof. The A-matrix A of 1, «, 0, 0, O is the matrix having diagonal entries 1,
superdiagonal entries «, and all other entries zero. Using this, the proof of (a)
is an easy induction.

By (a), 1 4+ «z is the generating function of a Pédlya frequency sequence.
Part (b) follows from Lemma 6.9.2.

From calculus, if the infinite sum Zfi(, «; converges, then the infinite prod-
uct [, ,(1 + @;z) converges to a power series f(z) and the coefficients of the
finite p;rtial products

[0 + a2
i=1

converge to the coefficients of f(z). Since the coefficients of each partial prod-
uct form a Pdlya frequency sequence, Lemma 6.9.3 implies that the coefficients
of f(z) form a Pdlya frequency sequence.
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To prove (d), note that for every positive integer j, (1+ yz/j)/ is the
generating function of a Pélya frequency sequence. Hence, as

J
lim (1 + E) =e’%,
J—>o0 J

e”* is the generating function of a Pélya frequency sequence.

Finally, let A = A(1, B, 8%, B3, ...). Let I and J be subsets of {0, 1,2, ...}
and let iy, ip, ..., i and ji, ja, ..., jix be their elements in increasing order.
Since the i j-entry in A equals 8/~ if j > i and 0 otherwise,

det A[1|J] = pXi=1Uc=) det B[I|J],

where B is the matrix with all entries equal to 1 on or above the diagonal and 0

below the diagonal. It is easy to check that det B[/|J] = 1 ifand onlyif I = J.
We conclude that A(1, B, B2, B3, ...) is totally nonnegative.

Part (f) can be proved by the same continuity argument used to prove (d).

O

Proposition 6.9.4 completes the proof of the easy half of Edrei’s theorem. Edrei
theorem has the following corollary, which unites the two themes, roots of
polynomials and positivity of matrices, of this chapter.

6.9.5. Corollary. All the zeros of the polynomial 1 + a;z + axz? + - - - + @, 2"
are real negative numbers if and only if the sequence 1, a1, a», ..., a,, 0,0, ...
is a Pélya frequency sequence.

One implication of the corollary is a special case of a theorem of Schoenberg.

Let k be a positive integer. A sequence a is k-positive if all the minors of
size k or less in the matrix A(a) are nonnegative. For example, a sequence a is
1-positive if and only if all its terms are nonnegative. A sequence ag, ay, . . . , dy
is 2-positive if and only if if @; > 0 on an finite or infinite interval {i:s < i < t}
of integers (so that s may be —oo and  may be co) and zero elsewhere, and the
subsequence of positive terms is logarithmically concave; that is, a;1a;—1 < a?
for s < i < t. A characterization of k-positivity is not known. The best result
is the following necessary condition. We shall be working with complex zeros

andi = 4/—1.

6.9.7. Schoenberg’s theorem.”? Let 1,qay,...,qa,,0,0,... be a k-positive
sequence and

f@Q=14+az+a*+--+a"

22 Schoenberg (1952).
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Then f(z) has no zeros z in the sector
{z: largz| < km/(n + k — 1)}.
To prove Schoenberg’s theorem, we need the following lemma.

6.9.8. Lemma. Let A be an m x n matrix and B be a p x ¢ matrix. If A and
B are totally nonnegative, then the (m + p) x (n + ¢ — 1) matrix

ag o+ Aip—1 ar, 0 --- 0
am 1 Am n—1 Am n O O
AQB=
0 0 b1 bip bi g4
0 0 bp 1 bp,2 bpq

is totally nonnegative.

Proof. If A and B are totally nonnegative, then so is the matrix
A 0
0 B)’

The matrix A @ B can be obtained by adding column »n + 1 to column n and
then deleting column n 4+ 1. By Lemma 6.5.1, A @ B is totally nonnegative.

O
Let A be the k x (n + k) matrix defined by
a a a ... a, 0 0
0 a a a ... a O
A=
0O ... 0 a a a ... a,
The assumption that the sequence ay, a1, as, ..., a, is k-positive implies that

the matrix A is totally nonnegative.

Let z be a zero of the polynomial f(z). If z is real and negative, then the
theorem holds. Since a; > 0 for all i, z is not a nonnegative real number. Hence,
we may assume that

z=re’, r>0and 0< |0 <.

We need to show that |0| > kr/(n + k — 1).
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For any positive integer N, let My be the matrix
AQAQ---QA.
—_—
N copies

In particular, My has size s x t, where s = Nk and t = N(m + k) — N + 1.
By Lemma 6.9.8, My is totally nonnegative, and by Motzkin’s theorem (6.8.3),
it is variation-decreasing. In addition, since its rows are independent, My has
rank Nk.

Let X be the vector whose jth coordinate x; is the imaginary part of z/; that
is,

Xj = Im(z’) = r/ sin j6.

The number v of sign changes in the sequence xg, X1, X3, ..., X, can be easily
determined. Indeed, the arguments of xq, x1, x5, . .. increase stepwise by 6 and
v equals the number of times the sequence xg, X1, X2, ... crosses the real axis
from the upper to the lower half-plane or the other way around. Hence,

Var™ ((xg, X1, ..., X)) < n0/m].

This may be an inequality because n0 may be a multiple of 7.

On the other hand, f(z) =0 implies that z’ 4+ a7/ "' + az’ > + - +
a,z'™" = 0 for all nonnegative integers i. Taking the imaginary part, we deduce
that for all positive integers N greater than n,

T
My (xg, x1, ..., x-1) =0.

Since the rows of M are linearly independent, we can perturb the coordinates
x; by small values to new values x/ in such a way that My (x, x}, ..., x,_)T
is a vector whose coordinates are all nonzero and alternate in sign. Thus,

Var™ (My(xg, X{, ..., x,_;)) = Nk — 1.
On the other hand, provided that the differences |x; — x;| are sufficiently small,
Var™ (x4, X5« -+, X,_1)) < Var (¥) + 1.
As My is variation-decreasing,
Nk — 1 = Var (My(x(, X1, ..., x,_;)) < Var~ ((x(, X{, ..., X,_)).
Combining all the inequalities, we have

_ N4k —1)8
Nk—lsVar‘(x)+1§{M+—)J+l

T
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and, in particular,

Nn+k—1)0
No+k=10

Nk—1< 1.

This inequality holds for all integers N greater than n. Dividing by N and
letting N go to infinity, we finally obtain
k< n+k—1)0 ’
- b4

an inequality equivalent to the inequality asserted. (I

Exercises

6.9.1. Define the central Gaussian coefficients [n, v; 0] by [n, 0; 0] = 1 and for
v>1,

sinnf sin(n — 1)0 --- sin(n — v + 1)0

[n,v;0] = : i :
sinv@ sin(v — 1) --- sin®
Let
Pu(2) = Z [n, v;0]z".
v=0
(a) Show that P,(z) = [['Zj(z + €'~ 1=2%),
(b) Show that

det([n. m + 5 — 1:0])gs 1] = [n,m;0][n+1,m;0][n+v—1,m;0] .
- [m, m;0][m + 1, m;0][m +v — 1, m;0]

(c) Show that the sequence [n, 0;0], [n, 1;0], [n,2;0],...,[n,n;6],0,0,
...18 k-positive if 0 < 8 < /(m + k — 1).

(d) Show that if 6 = /(n + k — 1), then P,(z) has a zero on the half-line
{z: argz = w/(n + k — 1)} and another zero on {z: argz = —xw/(n + k — 1)}.

(e) Using (a) and (d), show that the upper bound of 7 /(n — k + 1) in Schoen-
berg’s theorem is sharp.

6.9.2. (Research problem) Find an algebraic proof, perhaps using Witt vec-
tors, of Edrei’s theorem.




Selected Solutions

Chapter 1

1.1.1. Both inequalities can be proved given a little patience. One can also use
Whitman’s algorithm, described in Exercise 1.3.8.

1.1.2. In the diamond M5,
xANyvyd=xA"M=x, (xAY)VEXAZ=m.
In the pentagon Ns,
YAXV=yAM=y, (YAX)V(AZD)=xAZz=m.

Hence, the two sublattices give counterexamples to the distributive axioms.
To prove the converse, suppose that there are elements x, y, z in L such that
XA VDEEAYVEXAZandx >z.Thenm =xAy,M =yVz,a=
xAY)VZ, b=xA(yVz),and c =y form a sublattice isomorphic to the
pentagon. To prove closure under meets and joins, use Exercise 1.1.1.

We may now assume that () for all x, y, z suchthatx >z, x A(y V2) =
(xAY)V((xAz). Let x,y,z satisfy x A(y VZ) # (x Ay)V (x Az). From
X,y,z, define

m=xAY)VYADV(EZAX),
a=xAy)VI[xVy Az,
b=y A VIyVIAx]
c=0@Ax)VIzVx)Ayl
M=xVYANOIPVIAEZVX).

By (), we can assume x # z to show that these five elements are distinct and
closed under meets and joins.

1.1.3. This is easy if one is prepared to use Exercise 1.1.2.

324
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1.1.5. Observe that [x, 6, z] =x Az and [x, i, z] = x Vv z. A study of n-ary
operations on Boolean algebras can be found in Post (1921), reprinted in Davis
(1994).

1.1.7. Use the interpretation a|b = a“ A b€, so that, for example, ala = a“ and
Axiom Shl says that (a“)° = a. There is a complementary version, the “double
stroke,” defined by a||b = a® Vv b°. It might be amusing to write down a set of
axioms for Boolean algebras using ||.

1.2.1. For each element x, let I (x) be the intersection of all open sets containing
x. Thus, /(x) is the minimum open set containing x. Then x < y if and only
if y € I(x) defines a partial order. Conversely, the collection of unions and
intersections of the principal ideals 1(x), x € P, is a Ty-topology.

1.2.2. (a) Let L; be the linear extension
Ay, As, oo AL A, o A B A By, By, L, B, Bigy, L, By

Then S,, = (1) L;, and hence the order dimension of S, is at most 7.

Now suppose that S, = L; N L, N---N L. Since A; and B; are incompara-
ble, there is at least one index j, 1 < j < s, such that B; < A; in L. For each
index i, 1 <i <n, let H(i) be the (nonempty) set {j: B; < A; in L;}. The
sets H(i) are pairwise disjoint. To prove this, suppose that t € H(i) N H(j),
where i # j. Then

Bi <L, Ai <s, B] <L, AJ <L, Biv
a contradiction. It follows that s > n.

1.2.3.(a)Let Ly, Lo, ..., L, belinear extensions of P x Q intersectingto P x
Q. Then those extensions L; such that (0p, iQ) < (p, OQ), suitably restricted,
give a set of extensions of P intersecting to P.

(b) This requires an intricate argument. An exposition is in Trotter (1992,

p-40).

1.2.4. (b) Observe that if f : P — (n) is an order-preserving map, then f(x) <
F), f(y) = fx),or f(x) = f(y).

1.2.5. (e) We will show that Q satisfies the finite basis property. Let F be a
filter and let a be an element in F. Then F\ F(a) is a filter in Q\ F(a), and by
hypothesis, there is a finite basis B for F\ F(a) in Q\F(a). The set B U {a} is
a finite basis for F in Q.

(f) We will show that the infinite-nondecreasing-subsequence condition
holds in P x Q. Let ((pi, gi))1<i<co be an infinite sequence in P x Q. Then
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there exists an infinite nondecreasing subsequence (p;);es in (Pi)1<i<oco and an
infinite nondecreasing subsequence (g;);c; in the infinite sequence (g;)ic;-
The subsequence ((p;, gi))ics 1s an infinite nondecreasing subsequence of
((Pis giD1<i<co-

(g) We use a Grobner basis argument. (An excellent introduction to Grobner
bases can be found in Cox et al., 1992, chapter 2.)

The lexicographic order Lex is the following linear extension of the n-fold
product N x N x --- x N: (a1, ap, ...,a,) <rex (b1, b2, ..., b,) if for some
indexi,a; = by, a, = by, ...,a;—1 = b;_1, and a; < b;. Order the monomials
in Flxq, x2, ..., x,] by

ap, a a, by by b,
X)X, Spex X)Xy +c - x," Whenever
(a1, az, ..., ay) <vex (b1, b2, ..., by).

(Other orderings of monomials will also work.) The leading monomial LM( f)
of a polynomial f(xi, x2, ..., x,) is the maximum monomial occurring in f
with a nonzero coefficient. If 7 is an ideal, let LM([) be the monomial ideal gen-
erated by all the monomials LM( f), where f is a polynomial in /. By Dickson’s
lemma, there exist finitely many monomials LM(g;), LM(g>), ..., LM(g;)
generating LM(/). The last step is to show that I is generated by
81,82, ..., 8. Suppose that f € I. Then there are polynomials a; such
that

LM(f) = Y a;LM(g)).
i=1

Then
t
LM (f - Za,»gl) <Lex LM(f).
i=1
Repeating this, we obtain polynomials b; such that
t
LM (f - Z bié’i) <Lex LM(g:)
i=1

for every g;. Since the “remainder” f — Zi:] b; g; is in the ideal /, this implies
that it is equal to zero and f = Y ;_, b; g;.
(h) The function

Seq(Q) — Set(Q), (ai,an,...,an) > {ay,az, ..., an}

is an order-preserving map. Thus, by (d), it suffices to show that Seq(Q) is a
well-quasi-order.
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The following proof is similar to the proof in Haines (1968). We will write
a finite sequence in Q as a word xx; - - - x;,,, where x; € Q.

‘We shall do a double induction: an outer induction on Q and an inner induc-
tion on Seq(Q). The inner induction requires yet another induction argument.
By the ascending chain condition for filters, we may do (finite) induction on
filters for the outer induction. The theorem holds if Q is a one-element (well)-
quasi-order and the induction can start. For the induction step, suppose that Q
is a well-quasi-order such that Seq(Q\ F(a)) is well-quasi-ordered for every
element a in Q.

For the inner induction, we use the induction principle in (e). It
suffices to show that for every sequence xix;---x, in Seq(Q), the
complement Seq(Q)\F(xix,---x,) satisfies the infinite-non-decreasing-
subsequence condition. Let (w;);<;<cc be an infinite sequence of words in
Seq(Q)\F(x1x; - - - x,,). We argue by induction on the length m. If m =1,
then x; € Q and (w;)<i<x 1S a sequence in Seq(Q\F(x)). Hence, by the
outer induction, (w;);<;<c has an infinite nondecreasing subsequence.

Returning to the inner induction, consider an infinite sequence (w;);<i<co
of words in Seq(Q)\F(x1x;---x,). We may assume that for 1 <i <m,
Seq(Q)\F(x;) are well-quasi-orders. Further, we may assume that every
word w; in the sequence is contained in Seq(Q)\F(x1x> - - - x,,), but not in
Seq(O)\F(x1x2---xp—1). (To see why we may assume this, suppose there
are an infinite number of words w;, i € J, such that x;x; - - - x,,,_; £ w;. Then
(w;)ies 1s an infinite sequence in Seq(Q)\ F(x1x; - - - x,,—1). By the inner in-
duction, (w;);c; has an infinite nondecreasing subsequence and we are done.
Hence, there are only a finite number of words w; in Seq(Q)\ F(x1x3 . . . X;u—1)-
These words can be deleted from (w;)1<j<co-)

Thus, for every index i, xyx; - - - x;,—1 < w;; that is,

Wi = Wi1Xj1Wi2Xi2 * * * Wi m—1Xi,m—1Wim,

where for 1 < j <m —1, x; <x;;, and w;; is a subword of w; such that
Xj f Wij.

To finish the proof, we construct an infinite nondecreasing subsequence
in (W;)i1<i<co- TO start, the sequence (w;1)i<i<oo 1S an infinite sequence in
Seq(Q\ F(x1)) and hence contains an infinite subsequence (w;1);e,- Next, con-
sider the infinite subsequence (x;1);cj,, Which is an infinite sequence in Q. Thus,
it has an infinite nondecreasing subsequence (x;1);cs,, Where J; C Jy. Continu-
ing, we obtain an infinite nondecreasing subsequence (w;2);es,, Wwhere J, C Ji,
and then an infinite nondecreasing subsequence (x;2);e,, Where J3 C J,. Con-
tinuing this, we obtain an infinite nondecreasing subsequence (W )ic ., » Where
Jo2J1 2 Jy D+ D Joy,. The last index set gives an infinite nondecreasing
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subsequence (W;)ic,, 1N (W;)1<i<co- This completes the induction and the the-
orem follows.

This proof generalizes to the more general theorem of Higman alluded to in
the text. A different proof can be found in the paper of Higman.

(i) We use an ingenious argument of Nash-Williams. Suppose that there is a
bad sequence in T, that is, an infinite sequence (7;) of trees such that for any
two indices i and j withi < j, T; £ T;. Choose a tree T} such that 7} is the
first term of a bad sequence and |V (T7)|, the number of vertices in 77, is as
small as possible. Next choose T, such that 77, and T, are the first two terms
of a bad sequence and |V (73)| is as small as possible. Continue this to obtain
an infinite bad sequence (7;)<j<co-

When the root is removed from a rooted tree 7', one obtains a set of disjoint
subtrees. These subtrees can be rooted at the successor to the original root. The
rooted subtrees obtained in this way are the principal branches of T. Let B; be
the set of principal branches of 7; and let B = |72, B;.

We will show that B is well-quasi-ordered. Suppose (R;)i<j<co IS an
infinite sequence in B. Let k be the minimum integer such that one of
the terms, Rp, say, is in By. Then, for all i, |V(R;)| < |V(T)|, and for
1<j<k-—1and all i, T; £ R;. By the choice of (7;), the sequence
T\, T, ..., Tr—1, Ry, Rpy1, Ryqa, ... is not a bad sequence. Since T; £ T
(obviously) and 7; £ R; (otherwise, R; < T;, where T; is a tree in which R; oc-
curs as a principal branch, and hence, 7; < T;), we have, for somei and j,i < j
and R; < R je

By Higman’s lemma, Set(B) is a well-quasi-order. Thus, looking at the
infinite sequence (B;)|<;<00, We conclude that there exist i and j, i < j and
B; < B;. It follows that 7; < T;, a contradiction. We conclude that 7 is a
well-quasi-order.

(j;k) The proof is based on a difficult graph-theoretic result: if a graph
does not contain a complete graph K,, as a minor, then it admits a treelike
decomposition into small pieces. This is proved in a series of papers, the
crowning paper being Robertson and Seymour (2004). The matroid minor
project is an ongoing project (in 2008) to extend the graph minor theorem to
matroid minors. See, for example, Geelen et al. (2006).

1.3.1. If L is complete, let
a= \/{b: belL and b < f(b)).

Then f(a) = a.
To prove the converse, suppose L is not complete. Then using Zorn’s lemma,
one can construct a descending chain C with no infimum in which every
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ascending chain has a supremum. Let C, = {y: y < x for all x in C}. Using
Zorn’s lemma again, there exists an ascending chain D in which every descend-
ing chain has an infimum. The sets C, and D may be empty. By construction,
there is no element x in L such that ¢ > x > d for all pairsc € C and d € D.
IfxelL,let

Cx)={c:ceC,x £c} and D(x)={d:d € D,x # d}.

At least one of the sets C(x) or D(x) is nonempty . Define a function f : L — L
by setting f(x) to be the supremum of C(x) if C(x) # @ and the infimum of
D(x) if C(x) = @. For each x, either x £ f(x) or x # f(x). Thus, f has no
fixed point. A case analysis shows that f is order-preserving.

1.3.2. The supremum of a subset A equals
inf{x: x > a for all a in A}.
The set of upper bounds of A is nonempty since it contains 1.

1.34. (a) If j € J(L), let m(j) =min{x: x € C,x > j}. Then m : J(L) —
C\{0} is a bijection. To show injectivity, suppose m(h) = m(j) for two join-
irreducibles. Let y be the element in C covered by m(h). Thenh vV y = m(h) =
m(j) = j Vv yand,bydistributivity, h = h A (j vV y) = A j)V (h Ay). This
implies that h < h A j or h < h A y. If the latter occurs, then 7 < y, contra-
dicting m(h) > y. Hence, h < j. Reversing the roles of & and j, we also have
J < h, allowing us to conclude that 1 = j and m is injective.

(b) Let j be a join-irreducible, j, be the unique element covered by j, M be
the set of meet-irreducibles containing j, and M, be the set of meet-irreducibles
containing j,. Then M,\M contains a single element m(j).

1.3.7. (b) Let x' = jo V jzV---V j,. Then x = x’ v j;. By irredundancy,
x > x'; hence, x is a join-irreducible in {y: y > x'}. Let x, be the element
covered by x in {y: y > x'}. Suppose for all i, 1 <i <!, x' v h; # x. Then
x'Vh; <x, < x.Itfollowsthath; Vv hy VvV ---V h; < x, < x, acontradiction.
We conclude that x” vV h; = x for some i, as required.

1.3.8. (a) Define ¢(x;) = a; and extend ¢ so that ¢ is a lattice homomorphism.

(c) Let ay(x1, X2, ..., Xm) = P1(x1, X2, ..., Xp) and ap(xy, X2, ..., Xy) =
Ba(x1, x2, ..., x,) be two identities. Then, it is not hard to show that
(X1, X2, « -5 X)) A (Xt 15 Xnt2s -+ - > Xtn)
= :Bl(xlv X2y eeny -xm) A /32(-xm+lv X425« o+ s -mern)

holds in a lattice L if and only if «; = 8; and o, = 8, both hold in L.
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1.3.10. (c) If y; and y, are complements of y, then y, A y = 0, and hence, by
Pierce’s property, y, < y;. Similarly, y; < y,. Altogether, y; = y».

(d) By (c), L has unique complements. For an element z in L, let z¢ be
the unique complement of z. Taking complements is order-reversing. (To see
this, suppose that x < y but y° £ x¢ and then by Pierce’s property, y° Ay >
VEAX F# 0, a contradiction.) It follows that (x°)¢ = x.

Next, we show that L satisfies De Morgan’s law; that is, (x V y)¢ = x¢ A y©.
Since x V y > x and complementation reverses order, (x V y)° < x“. Hence,
(x V)X <x° Ay°. In addition, x° A y© < x¢ and (x¢ A y°)° > x. Hence,
(x¢ A Y9)° = x V y and, taking complements, x¢ A y© < (x V y)°.

Finally, we show that L is distributive. By Exercise 1.1.1, it suffices to prove

xxAYYVEAZD=XxAQ V).

We argue by contradiction. Let u = (x Ay)V(x Az) and v =x A (Y V 2).
Suppose u < v. Then by Pierce’s property applied to u¢, u¢ Av # 0. Let
t = u A v. By the lattice axioms, t Ay =0 and ¢ A z = 0. Using Pierce’s
property twice,r < y“and¢ < z¢, and hence,t < y° A z°. By De Morgan’s law,
proved earlier, t < (y Vv z)°. However, t <v=x A(y Vz) <yVz Hence,
1 <(yV2)° A(yVz) =0, acontradiction.

(e) If L is modular and has unique complements, then it is easy to prove that
xAy=0 implies x < y¢ and x < y implies x V (x° A y) = y. By Exercise
1.1.2, if L is not distributive, it has a sublattice isomorphic to the diamond, and
using the two preliminary results, we can obtain a contradiction.

(f) This exercise follows easily from McLaughlin’s theorem (see Exercise
3.4.2).

(h) We sketch Dilworth’s proof. (Shorter proofs have been found.) Begin
with any lattice L. Construct a free lattice L with a unary operator with L as
sublattice. If the unary operator -* is complementation, then it is reflexive; that
is, a™* = a. Selecting a suitable sublattice L, of L, obtain a free lattice with
a reflexive unary operator containing L as a sublattice. Take a homomorphic
image L3 of L, so that the reflexive unary operator becomes complementation.
This will produce a unique complement for each element.

1.3.11. (¢) The maximum is [6 — 0]. To show one of the distributive axioms,
suppose thata A (b vV ¢) < x.Thenbd Vv ¢ < [a — x]; thatis,b < [a — x]and
¢ < [a — x]. These inequalities imply that a A b < x and a A ¢ < x, which
in turn, imply, that (a A b) V (a A c) < x.

1.4.1. This is a philosophical problem. R. Dedekind used this property as the
definition of finiteness.
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1.4.5. (a) Since I1(B, S) has a maximum, it suffices to show that meets exist.
Let A; and A; be antichains partitioning B and .A; A A, be the collection of
maximal subsets in the order-ideal I(A;) N I(A,). The antichain A; A A, is
the meet of A, and A, in the partial order of all antichains in 25.

We will show that A; A A, partitions 3. Let B € B and A; be the unique
subset in .4; containing B. Suppose that B € C and C € I(A;) N I(A;). Since
C € I(A)), there exists C; € A; such that C C C;. Since B C C C Cy, this
implies C; = A;. Similarly, C C A,. Hence, C C A; N A,. However, A N
Ay e I(A)NI(A)and B € A; N A;. Hence, A} N Aj is the unique maximal
subset in 1(A;) N I(A;) containing B.

(c) Let o be an n-partition not equal to the minimum, the n-partition of
all n-element subsets of S, and o’ be the subcollection of subsets in o with
at least n 4+ 1 elements. Let M be a maximal subset such that |M| > n and
IMNT| <nforevery T € o and T be the n-partition consisting of the set M
and all n-element subsets in the complement S\ M. Then it is not hard to show
that 7 is a complement of o.

(d) Let S be a sufficiently large set of points. Represent each point p;
of L by a line ¢; with a sufficiently large number of points in S, so that
tiNt; =0 if p; # p;j. We can now add points and 3-point lines so that
line-closure simulates joins in L. For example, suppose ps < p1 V p2 V p3 V
psand ps £ p; vV p; Vv pi, i, j, k € {1,2,3,4}. We add the new points y{* and
put them on the following 3-point lines, where the upper index « always ranges
from 1 to 4:

{x7, x5, ¥5}, where x{ € £, x € £,

{y3, x5, y3}, where x5 € €3

{y3, x4, yq'}, where x§ € {4,

{yi, ¥i, xi2}, {3, ¥4, x3a}, where x12, x34 € £s.

These 3-point lines would put £5 is the line-closure of £, 5, €3, £4 but would
not introduce any other closure relations.

(d) This requires a complicated bookkeeping argument (see Hartmanis,
1956).

1.4.7. Recall from group theory that |HK | = |H||K|/|H N K|.
1.5.1 (c) Observe that R o R~! and R~! o R are symmetric and transitive.

1.5.4. Let P be a partial order on {1, 2, ..., n}. Let i be the minimal element
in P with the smallest label, F; = {x: x > i}, and P\{i} the partial order
on{l,2,...,i—1,i+1,...,n}. Then P — (i, P\i, F;) is an injection. We
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conclude that
g(n) <n2"'q(n —1).

The upper bound now follows by induction. To prove the lower bound, observe
that a relation R : § — X gives a partial order (usually of rank 2). Just put S
“below” X.

Chapter 2

2.1.1. (a) There are many elementary proofs. One way is to find a “rook tour”
of the chessboard where one steps from one square to an adjacent square, going
through every square exactly once and ending at the starting square.

(b) The answer is “almost always” and the exceptions can be described
precisely.

2.1.2. If & is a permutation of {1, 2, ..., n}, let
A() =) d(a;, bx),
i=1

where d(a, b) is the distance between the points a and b. Consider a permutation
1o at which A(7p) is minimum.

2.2.2. Let Ry, Ry, ..., R; be the right cosets and L;, L,, ..., L; be the left
cosets of H in G. Define the relation / : {R{, Ry, ..., R;} = {Ly, Lo, ..., L;}
by the following condition:

(Rj, L) € I whenever R; N L # 0.

Using the fact that the collections {R;} and {L;} of cosets partition G, show
that 7 satisfies the Hall condition.

2.3.1. One way is to show that a bipartite graph minimal under edge-deletion
with respect to having a partial matching of size 7 is a graph consisting of t
disjoint edges and isolated vertices. This proof appeared in Lovasz (1975).

2.3.2. Use induction and the matrix submodular inequality in Section 2.8.

2.3.3. It is easier to prove a more general result first. Let p(Xy, X, ..., X,)
be a multilinear polynomial; that is, each variable X; occurs at most once in
each monomial in p(X,, X5, ..., X;,). Then p = p; p; if and only if there is a
partition of {1, 2, ..., n} into two subsets A and B such that p; is a multilinear
polynomial in the variables X;, i € A, and p; is a multilinear polynomial in
the variables X;, i € B.
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2.4.1. Parts (b) and (c) are difficult theorems due to J. Edmonds and G.-C.
Rota. Their proofs require some matroid theory. An account can be found
in the books by Crapo and Rota (1970), and Oxley (1992). The theory of
submodular functions and their polyhedra can be viewed as a generalization of
matching theory. A key paper is Edmonds (1970).

2.4.6. Use the Binet—Cauchy theorem.

2.6.4. 1. (a) An extreme point in a convex polyhedron in real n>-dimensional
space is determined by n? linearly independent equations derived from the
constraints. There are at most 2n — 1 linearly independent equations derived
from the row and column sum constraints. Thus, at least (n — 1)? equations of
the form d;; = 0, derived from the nonnegativity constraints, are necessary.

2.6.4. 111 Since ||C|| = |[UCUT| for any unitary matrix U,
A = Bll = | Adg — UBU™|I,

where A is the diagonal matrix diag(c;, oz, . . ., &), By is the diagonal matrix
diag(Bi, B2, - .., Bn), and U is an appropriate unitary matrix.

2.6.4. IV. Use the fact that a linear function attains its minimum on a closed
bounded convex set at an extreme point. The linear program can be interpreted
as an assignment problem. Suppose that there are n contractors and n projects
and the ith contractor quotes the (nonnegative) amount c;; for doing the jth
project. Since an integer solution exists, the minimum cost can be attained by
giving one project to one contractor, even if it is allowable to divide one project
between more than one contractor.

2.6.4. V. It is easy to show an upper bound of n? — n + 1 from the first proof of
Birkhoff’s theorem. The stated bound can be proved by first showing that the
dimension of the convex set of doubly stochastic matrices is exactly (n — 1)?
and then applying Carathéodory’s theorem: if C is a convex subset of R, then
every point in C is a convex combination of at most d + 1 extreme points. No
constructive proof is known.

2.6.5. Show that a 3 x 3 product of transfers cannot have 2 or 3 zero entries
and construct a 3 x 3 doubly stochastic matrix with 2 zero entries.

2.6.7. Observe that if C is doubly substochastic, then the augmented matrix

C I—H,
1 —H, cT ’



334 Selected Solutions

where H, is the diagonal matrix with diagonal entries equal to the row sums
of C and H, is the diagonal matrix with diagonal entries equal to the column
sums of C, is doubly stochastic.

2.6.10. (a) The result follows from, say, the first proof of Theorem 2.6.1.
However, the following argument is interesting. Suppose that D has a positive
off-diagonal entry but (x) fails. Consider the matrix D, defined by

D +tl
D, = + .
1+t
When ¢ is a nonnegative real number, D; is a nonidentity doubly stochastic
matrix. Since D fails to satisfy (x), D, also fails to satisfy («). It follows that

det D; = (1 + 1) "(di1 +t)(da + 1) - - (dpn + 1)
and
det(D +t1) = (di1 +t)(dop + 1) - - (dypn + 1).

Since 1 is always an eigenvalue of a doubly stochastic matrix, we conclude
that one of the diagonal entries of D equals 1. Remove the row and column
containing the diagonal entry 1 to obtain a smaller matrix. By induction, the
smaller matrix is the identity matrix and we obtain a contradiction.

(b) There are two ways to prove this result. The easier way is to use
Theorem 2.6.1. The harder way is to prove it independently using part (a)
and then use it to obtain another proof of Theorem 2.6.1.

2.6.11. A reasonable starting conjecture is that the extreme points of S, are the
symmetrized permutation matrices, that is, matrices %(P + P"), where P is a
permutation matrix. Using the marriage theorem, it is not hard to show that S,
is the convex closure of the set of symmetrized permutation matrices. However,
not all symmetrized permutation matrices are extreme points. This is due to
the following lemma: if P is the permutation matrix associated with the even
cycle (ai, az, ..., ayn—1, azy) of length 2m, where m > 1, then %(P + P")is
the convex combination

al3(Q1 + 0D+ (1 — a)[5(02 + 0],

where Q) (respectively, 0») is the matrix associated with the product of m
transpositions (aj, ax)(as, aq) - - - (am—1, azy) (respectively, (azn,,ai)(az, as)
(ag, as) - - - (aym—2, azm—1)). In particular, the symmetrized permutation ma-
trix of a permutation whose cycle decomposition contains an even cycle of
length greater than 2 is not an extreme point. It is not hard to prove that the
other symmetrized permutation matrices are extreme points. Thus, the extreme
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points of S, are the matrices %(P + P"), where P is a matrix associated with

a permutation whose cycle decomposition has no even cycle of size greater
than 2.

2.6.12. This requires a complicated argument (see Hardy et al., 1952, p. 47).

2.6.13. Use the theorem from the theory of Laplace transforms that f(x) is
completely monotonic if and only if

f(x):/O e du(t),

where p is a (nonnegative) measure. First, reduce to the case m = n. Since
n
log f(x) =Y [log(x + z;) — log(x + p;)]

i=1
0o N
:/ Z efxt[efp;t _e*Zil]ﬁ’
0 =1 !

it suffices to show that for all t > 0,

n
Z [e™P" — e "] > 0.
i—1

This can be done using the analysis argument in the sufficiency proof of
Muirhead’s inequality.

2.6.14. (a) See Section 6.1.

(b) By (a), (apa2)(@1a3)*(a2a4)* - - - (ax—1ax4+1)* < alazal - - - a*.

(c) This is a difficult theorem and requires some knowledge of Sturm and
Artin-Schreier theory.

2.6.16. (b) Expand the right side formally and observe that every monomial in
the permanent expansion occurs in the expansion.

2.6.16. (c) To prove the inequality, observe that every term in
n n
2 1aixe and 3 [bixe
7 oi=l1 T oi=1
also occurs in

> T @iry + bixiy).

T =1
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By Exercise 2.6.4V, an n x n doubly stochastic matrix D is a convex combi-
nation of n2 — n + 1 permutation matrices. Hence,

k k
per(D) > Y “per(AP) =Y A},
i=1

i=1

where Zf;l X =1, 0<x; <1, and k <n?> —n + 1. By elementary argu-
ments, the minimum of Y"f_, A7 is attained when the numbers are all equal.
Hence,

k
per(D) > Z(l/k)” =k D > 2 —pn 1)y~ "D,

i=1

2.6.17. This was proved by D.I. Falikman and G.P. Egorychev (see, for example,
the survey paper, Egorychev 1996).

2.7.2. There is an elementary induction argument (see Brualdi and Ryser, 1991,
p. 172).

2.7.4. Prove the more general fact that if v be a valuation on S taking real
values, then v™, defined by

vt (A) = (w(A)T,
is a supermodular function; that is,
v )+ vT(B)) < v (AU B)+ v (AN B).

Hence, —vt is a submodular function.

2.7.6. Related work can be found in Converse and Katz (1975).

2.8.1. From the matrix M[T|S], construct the representation matrix [ 1| M 1],
where [ is the identity matrix with rows and columns indexed by 7. Then

rank(B, A) = rk(A U (T\B)),

where the rank on the right is the rank of the column vectors in A U (T'\ B).
The bimatroid inequality now follows easily from the matroid submodular
inequality.
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2.8.2. Let A,B,C,D be subspaces. Then by Grassmann’s equality
(Section 2.4),

dim(ANBNC)
= dim(A N B) + dim(C) — dim((A N B) v C)
> dim(A N B) + dim(C) — dim((A v C) N (B V C))
— dim(A N B) + dim(C) — dim(A v C) — dim(B Vv C) + dim(A v B v C)

and

dim(A N BN C N D)
— dim(AN BN C)+dim(AN BN D)—dim(ANBNC)V (AN BN D))
> dim(A N B N C) +dim(A N B N D) — dim(A N B).

Combining two instances of the first inequality (for A, B, C and A, B, D) and
the second inequality,

dim(ANBNCND)
> [dim(C) — dim(A v C) —dim(B v C) +dim(A v B v C)]
+ [dim(D) — dim(A v D) — dim(B Vv D) + dim(A Vv B v D)]
+ dim(A N B).
We shall use Grassmann’s equality to eliminate the two terms in this inequality
involving meets in the following way:

dim(A N B) = dim(A) 4 dim(B) — dim(A Vv B)
and
dim(C) 4 dim(D) — dim(C Vv D) = dim(C N D) > dim(AN BN C N D).
Hence,

dim(C) + dim(D) — dim(C v D)
> [dim(C) — dim(A v C) — dim(B v C) + dim(A v B v )]
+ [dim(D) — dim(A v D) — dim(B v D) + dim(A v B v D)]
+ dim(A) + dim(B) — dim(A V B).

This is a dimension inequality among subspaces involving only V. It can be
converted into a rank inequality on subsets involving U using the observation
that in a vector space,

k(X UY) =dim(X V),

where Z is the subspace spanned by Z. Thus, if we take A = X, B = X,
C = X3, D = X, and group terms with the same sign, we obtain Ingleton’s
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inequality. For independence from the submodular inequality, use the nonrep-
resentable Vamos matroid on p. 511 of Oxley (1992).

Chapter 3

3.1.1 Suppose o is proper. Then PM3 implies that Z(o ) maps any function f in
Z(Q) to Z(P). By PM1, 7 maps the identity § of Z(Q) to the identity of Z(P).
Finally, observe that assuming PM1, condition PM3 is equivalent to PM3': if
o(x1) < o(xy) and y is in the interval [0 (x1), o (x2)], then there is a unique x
such that x € [x, x;] and o(x) = y. Hence,

To)f*x,x) = Y flo@), yelr, o)

yiy€lo(x1),0(x2)]

Y flex), o(x)ge(x), o(x2)

X:x€[xy,x2]

[Z(o)(f) * Z(o)(&)](x1, X2).

Thus, Z (o) is an A-algebra homomorphism.
Conversely, let o : P — Q be a function such that Z(c) : Z(Q) — Z(P),
defined by Equation (C), is an A-algebra homomorphism. Since

3(o(x1), 0(x2)) = Z(0)(8)(x1, x2) = 8(x1, x2),

o is injective. Similarly, applying Equation (C) to the zeta function, o satisfies
PM2. Finally, suppose y; = o(x1), y» = o(x2), and y; < y,. Let y be a fixed
element in [y;, y»]. Then

D> 6O o (@)ey (@ (x), y2)

xX:x€lxy,x2]

= ) Z0)(€y )x1 0IO)(€yy,)(X, X2)

X:x€lxy,xa]
= [I(G)(E)'l,}‘) * I(U)(Gy,yz)](xh X2)
= Z(U)(eyl,y * Gy,yz)(xl ) x2)
= [€y,,y * €y,y,1(¥1, y2)
=1,

and hence PM3 holds.

3.1.2. (a) Since ideals are closed under taking linear combinations, the functions
described are in J. Conversely, suppose f € J and f(x, y) # 0. Then it follows
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from

€xx * f ey, = f(x,y)exy

that €, € J.
(b) Since

€cu ¥ fx €Evy = fu, U)Exys

forall f e J, f(u,v)=0forall f e Jife,, &J.
(c) Part (b) gives an order-reversing function J +—> zero(J) from ideals to
order-ideals. If Z is an order-ideal, then define

ideal(Z) = {f: f(x,y) = 0 whenever [x, y] € Z}.

It is routine to check (by writing out the convolution) that J is a (two-
sided) ideal. The proof can be completed by observing that the map Z
ideal(Z) is an order-reversing function and J + ideal(zero(J)) is the identity
function.

3.1.3 (a) Consider the elementary matrix functions €, in Z(P). Then
€ % € = € and €54 * €, = 0 if 5 £ t. When ¢ ranges over all the elements
of P, the functions ¢,, are n pairwise orthogonal idempotents in Z(P). Hence,
IA1 is a necessary condition.

Next, recall that a function f is in the Jacobson radical if and only if
8 — f * gisinvertible for every g. Since an upper-triangular matrix is invertible
if and only if all diagonal entries are nonzero, f is in the Jacobson radical if
and only if all the diagonal entries in f are zero. Hence the quotient algebra
Z(P)/J(Z(P))isisomorphic to the (commutative) algebra of diagonal matrices.
This shows that A2 is necessary.

To prove the converse, let ey, ez, ..., e, be n pairwise orthogonal idem-
potents in Z. Then, by definition, ei2 =¢; and ¢;e; = e;je; = 0. In particular,
the idempotents e; are commuting matrices and we may use the linear algebra
theorem that commuting matrices are simultaneously diagonalizable. Change
basis so that ¢; is the diagonal matrix with all entries zero except for the ii-entry,
which equals 1. Relative to this basis, let ¢;; be the matrix with all entries zero
except for the i j-entry, which equals 1.

Define a partial order on the set {1,2,...,n} by specifying that i < j
if e;; € Z. Since e; = ¢;;, the relation is reflexive. Transitivity follows from
ejjejr = ej; and the fact that 7 is closed under matrix multiplication. To show
antisymmetry, suppose that both e;; and e;; are in Z. Since Z/J(Z) is com-
mutative, the commutator e¢;;e;; — ej;¢;; is in J(Z), but the commutator equals
e; —e;.Hence,§ — (e; — ¢;)isinvertible and diagonal,e; —e; = 0, andi = j.
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To finish, check that the function f Z?JZI fa, peij, Z(P) — Zis an
A-algebra isomorphism.
(b) This follows easily from (a).

3.1.7. Use the elementary matrix functions.

3.1.8. (a) Observe that from a chain C of length i — 2, we can construct exactly
(*~2) multichains whose underlying set is C.

(e) Since Z([c, d];n) = ¢"(c, d), we have

D ZA0, xmgoe, e = Y 0" (0, )Zo(x, 9(y)

x:0=x<0(y) x:0=x<0(y)
= ¢0""(0, ()
= Z([0, ()]s n + 1).

Since ¢, ¢ form a Galois coconnection, x < ¥ (y) if and only if p(x) < y.
Hence,

Dol DD zad xkny | = Z(0, p();n + 1.

aa<y | x:(x)=a

The theorem now follows from Mdobius inversion.

(f) Observe that Z(Pg; n) is the number of multichains of P for which every
element is ordered relative to E or, equivalently, strictly ordered relative to
some subset D containing E. Hence, by inclusion—exclusion, the number of
multichains for which every element is strictly ordered relative to ¥ is

> DEIZ(Pesn).

E:ECA

Next, consider a multichain with underlying chain C. Extend C to a maximal
chain C*. Since A is a cutset, AN C™ # ¢ and each element in the original
multichain is ordered relative to the nonempty subset A N C* of A. Thus, no
multichain is strictly ordered relative to ¢ and the alternating sum is zero. We
can now finish the proof by observing that Z(Py; n) = Z(P;n).

(g) From (f), we obtain

pe@0, = Y (=D e O, D).
E:EcA, EZ)

Since Pg is the union of a principal filter and a principal ideal, Theorem 3.1.7
implies that  p, (0, 1) equals 0 if Pz # {0, 1} and equals —1 if Pz = {0, 1}.
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3.1.9. (a) Regard the entries x;; as indeterminates. If f:{1,2,...,n} —
{1,2,...,n}, let

Mon(f) = x1, ry¥2, £2) =+ * Xn, fon)-

Then

per X = Y (Mon(f): f({1.2.....n})={1.2.....n}}

and

[T D xii=) _Mon(s): f({1.2,....n)) C E}.

i=1 j:jeE

Ryser’s formula now follows from inclusion—exclusion.

(b) By means of a Gray code or Hamiltonian cycle on the cube, the terms
in the sum can be calculated one after another, so that we have an algorithm to
compute the permanent using (2" — 1)(n — 1) multiplications, (2" — 2)(n + 1)
additions, and n + 1 space (see Knuth, 1969, pp. 467, 640).

(c) Apply Ryser’s formula to the n x n matrix with the top m rows equal to
the m x n matrix X and the bottom n — m rows all 1s.

3.1.10 (b) Observe that if an automorphism « fixes a spanning s-tuple
(componentwise), then it is the identity. Hence, every s-tuple is in an orbit of
size |Aut(G)].

(c) This was the motivating application of Theorem 3.1.7. Alternatively, use
the fact that ®(G) is the set of “nongenerators” of G.

(d) Use the theorem that if |H| and | K| are relatively prime, then L(H x
K) = L(H) x L(K), where the right-hand product is Cartesian product of
lattices.

(¢) An s-tuple (gi,82,...,8s) spanning G gives an s-tuple
(Ng1,Ngs, ..., Ngy)spanning G/N. Thus, it suffices to show that the number
of s-tuples (x1, X2, ..., xy) spanning G such that x; € Ng; equals (G | N;s).

This follows from the following lemma: let (Ngy, Ng2, ..., Ngs) be an s-
tuple of cosets and H a subgroup of G. Let C(H; s) be the number of s-tuples

(X1, X2, ..., X5) such that x; € Ng; and (x1, X2, ..., X;) spans a subgroup of
H.Then
C(H.s) = { [H AN if for all i, HNNgi # 0,
0 otherwise.
To prove the lemma, observe that an s-tuple (x1, x2, ..., xy) such that x; €

Ng; spans a subgroup contained in H if and only if for every i, x; € H N Ng;.
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Therefore,
C(H;s)=|HNNg||HNNg|---|HNNg.

It is easy to show that |H N Ng| = |H N N|. The lemma now follows.
To finish, we apply Mdbius inversion to conclude that the number of s-tuples
(x1, X2, ..., x;) such that x; € Ng; and (x1, x2, ..., xy) spans G equals

Y. u(H.G)C(H:s). (%)
H:HeL(G)
The final step is to use the fact that C(H;s) = O unless foralli, Ng; N H # .
Since (Ngi, Nga, ..., Ngs) spans G/N, this condition implies that H/N =
G/N;thatis, NH = G. Thus, the sum (x) can be restricted to those subgroups
such that NH = G. Hence, by the lemma,

C(H;s) = Z WH, GINNH|" =¢(G | H;s).
H:HeL(G) and NH=G

(f) If G is a finite p-group G, then the quotient G/P(G) is an elementary
Abelian group, that is, a direct sum of cyclic groups of order p. Thus, it suffices
to consider a direct sum D, Z,, of r copies of the cyclic group of order p. Let N
be the subgroup {0} @ {0} --- ® {0} ® Z,,. Then P, Z,/N =P,_, Z,, and
thinking of @, Z, as a vector space over the finite field GF(p), a subgroup (or
subspace) H satisfies HN = @, Z, if either H =P, Z, (and HN N = N)
or H is one of p’~! subspaces intersecting N at {0}. Hence, by Gaschiitz’s
theorem,

¢ (@ Z,,;s) =0 (EB Z,,;s) ' =p.
r r—1

Since ¢(Z,;s) = p* — 1, we obtain, by induction,

r—1
¢ (@ ZI;;S) =[] - r).
r i=0
Finally, if |G| = p™ and ®(G) = p™~", then

r—1
¢(G;S) — pm—r H(pv _ pr—l).
i=0

(h) Let Dy, be the dihedral group of order 2n. We shall think of D,, as
the group of symmetries of the regular n-gon, so that D,, is generated by
the rotation p by 2w /n and a reflection. Observe first that if » has prime

factorization p{' p3* - - - p%, then the Frattini subgroup is the group of rotations
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generated by the rotation p?'7>"Pr and G/®(G) is isomorphic to Dy, p,...p, -
Thus,

s
n
¢(D2n;s)=( a1 a1 a,—l) ¢ (D2p, pyep, s 5)-
p 2 .

1 ) .. -

It suffices to consider the case when n is square-free.

To calculate D5, p,...,,, We construct the subgroup lattice: the subgroups of
D», are either dihedral groups or cyclic groups and it is not difficult to deduce
the lattice structure. The final answer is

O (Dapypop) = Y (=1 M pac@pa)y = Y (=1 pacpa)
A A

=@ =D D) Mpacpy
A

=@ -] ]w - ro
i=1
where the sums are over all subsets A in {1,2,...,r}, A°={1,2,...,r}\A,
Pa = [lijea Pis and pac = [];,;44 pi- This exercise can also be done using
Gaschiitz’s theorem.

(1) One needs to determine the subgroup lattice. This is not too hard and
was done in Hall’s 1936 paper. A related problem is to compute (0, 1) for
subgroup lattices of celebrity groups. See, for example, Downs (1991) and
Shareshian (1997).

(j) Use the classification theorem for finite simple groups.

3.1.11. (a) Define f(x, y) by one of two equivalent conditions:
FO,y)= Y fy) or fx,y)= Y F(z yu,y).
2:Z=x 7:2x

Let Z be the matrix of the zeta function of P and H be the upper-triangular
matrix with x, y-entry f(x, y)¢(x, y). Since determinants are multiplicative,
we have

det(Z" H) = (det Z)(det H) = [] f(x.x).
x:xeP
On the other hand, the xy-entry in the matrix product Z7 H equals

PBRLCRIVIERIIERY Yo f@y

z:zeP z:z<xandz<y

Y. f@w

Z:ZSXAY

F(x Ay, y).
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We conclude that

det[F(x Ay, y)] = 1_[ flx,x)= 1_[ (Z F(Z,X)M(Z,x)) .

x:xeP x:xeP \z:iz=<x

The essential idea in this proof was given in Pélya and Szeg6 (1976, pp. 117,
309).

(c) Apply the Lindstrom—Wilf formula to the set {1, 2, ..., n} ordered by
divisibility (so that the meet is the greatest common divisor) with F(i, j) =i
and note that ¢(i) = > ;. ; u(i/kk.

(d) Let F(x, y) = 8(0, x). Then

det[8(0, x A p)lryer = [ w@.2) #0.

x:xeP

The matrix [8(0, X A Yy, yep is a (0-1)-matrix with xy-entry equal to 1 if and
only if x A y = 0. Since its determinant is nonzero, there is at least one nonzero
term in the determinantal expansion. The permutation of that term yields the
permutation required.

(e) Apply the Lindstrom—Wilf formula to a direct product of chains with b
elements.

3.1.12. There are n! terms in the permanent, each corresponding to a permu-
tation of {1, 2, ..., n}. Observe that a permutation gives a nonzero term if and
only if it is the identity or its cycle decomposition consists of fixed points and
one cycle of length greater than 1, and that cycle has the form (6, X2, X3, ..., X]),
where 0 < X < x3 < .-+ < x;. The permanent formula follows immediately.
The determinant formula follows from Philip Hall’s theorem (3.1.11).

3.1.13. The proof is a variation on the proof in Exercise 3.1.11. Let Z be the
matrix of its zeta function of L and D be the diagonal matrix with xx-entry
w(0, x). Then Z' DZ = C, where

C =180, x A V)]s yer,

the (0-1)-matrix with entry 1 if x A y = 0 and 0 otherwise. If 1(0, x) 0 for
every x € L, then C is invertible with inverse C~! equal to MD~' M7, where
M = Z~'. Explicitly, the xy-entry of C~!is

S D)
2:2Z2xVy /J/(G, x)

and the inversion formula follows.
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3.1.14. Consider the following matrices with rows and columns indexed
by L: Z=[¢(x,y)], Dy the diagonal matrix with xx-entry w(0, x), and
D, the diagonal matrix with xx-entry u(x, 1). Then, as in the solution to
Exercise 3.1.11(a),

Z"DoZ = [8(0, x A Y],
zDZT =81, x v y)l.

Consider the product ZD ZT DyZ. Then writing the productas (ZD; ZT)DyZ,
the xy-entry is

Y w29, ). (D)

zxvz=1

Since x V z < x Vv yif z < y, the sum is empty, and hence the xy-entry equals
0, unless x Vy = i. Similarly, writing the product as (ZD\Z")DyZ, the xy-
entry is O unless y A x = 0. Hence, the xy-entry ZD,Z” DyZ is zero unless
x and y are complements. To finish the proof, since the determinant is multi-
plicative, det ZD; Z" DyZ # 0. Any permutation yielding a nonzero term in the
expansion of the determinant yields a complementing permutation. This proof
is due to R.M. Wilson (unpublished), recounted in Stanley (1997, p. 185).

Dowling’s proof begins with the matrix whose xy-entry is the sum (D).
Using the methods in Theorem 3.1.12, he proves that the xy-entry is 0 unless x
and y are complements. He also inverts the matrix explicitly, thus proving that
it is nonsingular. Disregarding technicalities, Dowling’s proof is the same as
Wilson’s. Finally, note that the sum (D) equals f(ﬁ, y), where f(u) =u Vv x
in the proof of Theorem 3.1.13. Thus, Wilson’s argument offers an alternate
way to finish the proof of that theorem.

3.1.15. The interval [A, B] in L(C) is isomorphic to L(C’), where
C={IN\UNA):I¢€C,ICB).

Thus, it suffices to prove part (b) for w(0, X). Further, by Theorem 3.1.9, if X
is not a join of atoms, then ,u(@, X) = 0. Thus, we may assume that X is a join
of atoms. In turn, this allows us to assume that C is an antichain. Removing
points in gaps, we can also assume that [, U L, U ---U I, ={1,2,..., M} for
some integer M. Let C = {1y, I», ..., I,}, where the intervals are indexed so
that the right (and hence left) endpoint is increasing.

Let Xo =0 and X;, = UL U---U I;. By the indexing, X;_; € X} and
the sets X grow to the right. By Weisner’s theorem (3.1.5) applied to the fixed
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element 7,

p@,X)=— > u@X).
X:XUL=X;, X£X,
Now observe that X U [; = X if and only if X = X;, j <k, and I; touches
I; that is, I; U I is an interval. Hence,

n@, Xi) = —[u@, Xi—1) + @, Xy—2) + - - - + @, Ximw)),

where m (k) is the minimum index j such that /; touches I;. Since u(9, X;) =
—1, it follows by induction that u(4, X;) = —1, 0, or 1.
For related results and generalizations, see, for example, Kahn (1987).

3.2.1. (a) Represent the term q; as the element (a;, i) in the Cartesian product
of two chains.

(b) The depth of an element a in P is the maximum length of a chain with
bottom a (so that, for example, a maximal element has depth zero). The subsets
P; of elements in P of depth i are pairwise disjoint and their union is P. If P
has no chain of length m + 1, then P; is empty if i > m + 1. Since

|Pol + |Pi|+---+|Pn] = |P| = mn+1,
there is a subset P}, say, such that | P;| > m + 1 (by the pigeon-hole principle).
Since the subsets P; are all antichains, we have found an antichain of size
m+ 1.

3.2.5. (a) Let C be a chain in P, y an element in P, and C || y the set of
elements in C incomparable with y. The relation P U {(x, y): x € C || y} has
no directed cycles, and hence its transitive closure is a partial order. Taking a
linear extension of the new partial order, we obtain a linear extension L(C) of
P in which (%) x < y for every pair x and y, such that x € C || y. Now let
Ci, Cy, ..., Cypy be a chain partition of P, and for each chain C;, let L(C;)
be a linear extension satisfying (). If x and y are incomparable in P and x
is in the chain C;, then x < y in L(C;); on the other hand, y < x in L(C}),
where C; is the chain containing y. Hence, x and y are incomparable in the
intersection () L(C;). Since (] L(C;) is an extension of P, we conclude that
P = () L(C;) and P has order dimension at most its width w(P).

(b) Choose a chain partition Cy, C, ..., Cyp\a) of P\A and let L(C;) be
the linear extensions in the hint to (a). Add to this a linear extension that puts
all the elements in P\ A below all the elements of A. These w + 1 extensions
intersect to P.

(c) If A is contained in a larger antichain A’, then w(P\A’) < w(P\A). Thus,
we need to prove the inequality only for a maximal antichain A’. If P = A’, then
dim(P) = 2. Since A C P, the inequality holds. Otherwise, let Cy, C», ..., Cy,
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be a chain partition of P\A’. We construct two linear extensions from each
chain C; in the partition: one is the extension L(C;) defined earlier, and the
other is its contrary, an extension in which x > y for every pair x and y such
that x € C || y. We can also construct an extension such that every element in
the ideal I(A’) not in A’ is less than every element in A’, and in turn, every
element in the filter F(A’) notin A’ is above every element in A’. These 2w + 1
extensions intersect to P.

(d) Dilworth’s inequality is tight for an antichain. Examples for the inequal-
ities in (b) and (c) require more work (see Trotter, 1975 or 1992, p. 27).

3.2.6. (e) By part (b), the canonical partition gives a join-preserving injection y
of A (P) into A(P)*. Hence, the interval [x, x*] in A;(P) is a join-sublattice
of [y(x), y(x™)] and y(x*) is the join of the elements covering y (x). It follows
that [x, x*] and [y (x), y(x*)] are isomorphic. To finish, observe that A(P) is
a distributive lattice, and hence the interval [y (x), y(x*)], being atomic, is a
Boolean algebra.

Let O be the partially ordered set on {aj, as, a3, as} with a; < a,, and
az < ay, az < ay. Then A,(Q) is not distributive. A nonmodular example is
harder (see Example 2.25 in Greene and Kleitman, 1976).

(h) The argument for the case k = 1 given in Corollary 3.2.6 generalizes
with a little work.

(1) There are several proofs of this. The proof of Greene and Kleitman
is somewhat complicated. Hoffman and Schwartz gave a proof using linear
programming. Frank’s proof uses network flows. Saks’ proof starts from the
observation that an antichain in the Cartesian product P x (k), where (k) is a
chain with k elements, gives a k-family in P of the same size.

3.3.1. The collection C cannot contain both a subset and its complement.

3.3.5. Use the idea in the construction given in Theorem 3.3.4. Just for this
solution, define a chain to be a subset C of sums )_ €;¢;, such that sy, s, € C
implies ||s; — 52| > 2.

We partition the sums into chains inductively. We shall use the following
notation: C +y = {x + y: x € C}. If n = 1, then we put the two sums +«;
and —o into the same chain C. Suppose a chain partition has been constructed
for a1, ..., a,—1. If C is a chain in the existing chain partition, then C + «,
and C — «,, are chains.

Next, let 8 be the vector in C — ¢, such that the dot product (8, —c;,)
is maximum. Then it is easily checked that |8 — y| > 2 for every y €
C + «a,. Put the chains (C + «,,) U {8} and (C — «,)\{B} into the new chain
partition.
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In this way, we partition the sums into (Ln'/'zj) chains. Since a unit ball

intersects a chain at most one vector, the required result follows.
3.3.6. Suppose P satisfies the LYM inequality. Let B € W,. Then BU
(W;_1\I(B)) is an antichain. Applying the LYM inequality, we obtain

I1B| + Wi_1 — [1(B)] -
Wi Wit -

1.

This simplifies to the normalized matching property.

Next, we use the normalized matching property to construct a regular chain
cover. To do this, we construct a ranked partially order set P*™* such that
IW;(PT)| = W, where W = Wo(P)W(P)--- Wxy(P), the product of all the
Whitney numbers of P. This is done by taking ] ji j=i Wi copies of VW, and
a copy of the element x is less than a copy of y if x < y. Using normalized
matching property and the marriage theorem, there is a matching between
W;_1(P*T) and W;(P*1). Splicing these matchings together, we obtain a
chain partition of P+ and, on identifying copies, a regular chain cover of P.

Finally, suppose P has a regular chain cover C. Then a rank-i element occurs
in exactly |C|/W; chains. If A4 is an antichain, then its rank-i elements occur
in |A N W;||C|/W; chains. Since A is an antichain, a chain cannot contain two
distinct elements. Hence,

N
ANW;
Z%m < [C].

i=0
Dividing by |C|, we obtain the LYM inequality.

3.3.7. (a) Let m be an index such that W,, = max{W;: 1 <i < n}. A chain
decomposition of P of size W,, can be obtained by splicing together the edges
of the partial matching between the adjacent levels. By Dilworth’s theorem, an
antichain has size at most W,, and hence WV,, is a maximum-size antichain in
P.

(b) Start at the middle level and proceed upward and downward in a consis-
tent way. This can be done using the common transversal theorem (2.4.4) and
checking that the normalized matching property implies that Ford—Fulkerson
condition is satisfied.

3.3.8. Since every family of subsets all having size |n/2] is an antichain
and defines a monotone function, the lower bound is clear. To show the upper
bound, we will construct all monotone functions f on 212 We will use the
symmetric chain decomposition defined by brackets to construct f inductively.
Order the chains so that |C;| < |C;|. Since the smallest chain is of size 1 or 2,
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there are at most three ways to define f on the smallest chain. Suppose that f
has been defined on all chains before the ith chain and let Ey, Eyi1, ..., E,_
be the subsets in C;. If E; D D, D occurs in an earlier chain, and if f(D) =1,
then f(E;) must equal 1. Dually, if E; C D, D occurs in an earlier chain,
and if f(D) =0, then f(E;) must equal 0. In both cases, we say that f(E;)
is determined. Observe that if r < s < ¢, and E, is determined, then at least
one of the sets E, or E, is determined. Thus, the undetermined subsets form a
consecutive segment E,, E,q, ..., E; of C;.

We show next that there can be at most two subsets in the segment of
undetermined subsets. Suppose E,, E,1, E,15 is a length-3 segment. In the
bracket representations of E,, E, 1, E,1», we have, at two coordinates a, b,
the brackets

.G ((C

Consider the subset D represented by the same brackets as E,;;, with the
exception that at coordinates a, b, the brackets are (). Then D has a larger set
of closed brackets and occurs in a chain of smaller length. Thus, f(D) has
already been chosen and at least one of E, or E, is determined.

‘We have shown that at most two subsets in C; can be undetermined. Thus,
there are at most three ways to define a monotone functions on C; consistent
with the earlier choices. The upper bound now follows.

(b) The idea is that for “most” chains C;, only one subset is undetermined.
Implementing this idea requires a complicated argument (see Kleitman’s pa-
per). Further improvements have been made by Kleitman and Markowsky, and
others. An approach using entropy can be found in Kahn’s paper.

3.4.3. (a) By Exercise 1.3.8, elements in Fp(3) are in bijection with nonempty
antichains not equal to {J} in the Boolean algebra 2{:>3}. Thus, Fp(3) has 18
elements. Let x, y, and z be three generators for Fp(3). Then x A y A z is the
minimum 6, and the eight elements

XAYAZLXAY,YVAZXAZ,
XAV AD, XAYIVEAZD KXAZDV(YAZ,
ANV EAZDV (AL

form a lower interval [0, u], where u = (x A VIV (X AZ)V (Y AZ). This in-
terval is a Boolean algebra. Looking upside-down, x V y V z is the maximum
1, and the order-dual of the eight elements forms an upper interval. By dis-
tributivity (see Exercise 1.3.3),

EXANVEAIVOAD=u=xVY)AEVIAQV2I.
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Thus the upper interval is [1, 1] and u is in both intervals. Finally, the generator
x fits in between (x A ¥) V (x A z) and (x V y) A (x V z); analogously,

@AV AZD<y<EVYIAQVI,
xA)ViyAD) <z<@VAQV2).

(b) Having practiced, we are ready to do the calculations for Fy;(3). We use
the same notation as in the text. As for Fp(3), we obtain the lower interval
[O, u] and the upper interval [v, i]. Since we are not assuming distributivity,
u < v.Indeed,x < x; <y, x <y <y,andx < z; < y.Inaddition, we have

xAYVEAD<xAV<x<xVUu<@EVY AKXV,

and two analogous inequalities for y and z. Thus, we get 28 elements. The
question now is whether there are more. This requires checking that the set of
28 elements is closed under meets and joins. Most of these cases are easy. The
most complicated case, to decide whether x; A y; equals one of the elements
already constructed, is settled by the following calculation: using modularity
twice, we have

XAy =((x Av)Vu) Ay Av)Vu)
=[x AVA(YAV)IVU)]VuU
=[xAVAQGVUAVIVU=[xAV)AYVU)]Vu.

Now
XAV=XAXVIAGVIOAQVZD=xAQVID=QVIAX.
Similarly, y Vu = y V (x A z). Thus, using modularity twice,

[xAVAGVWIVu=[yVOAXAYVEXAZ))]VuU
= VIA(AYVXAZ)D]I VU
=((yVVuAu = u.

To finish, we check that these 28 elements are distinct. This is done
by showing that the abstract elements can be represented as subspaces us-
ing Dedekind’s representation. This will also verify that Fy(3) is modular.
Briefly, if x, y, and z are the three subspaces of Dedekind, then x A y = (e;),
x Az = (es), and y A z = (eg). These subspaces generate the lower inter-
val [0, u], where O is the zero subspace and u = (e, e4, €g). Let é} be the
set {e1, e, e3, e4, 5, €6, €7, eg}\{e;}. Then, x vV y = (e7), x V z = (e3), and
y V z = (€5), and these subspaces generate the upper interval [v, H], where
v = (ey, €4, €6, €7, eg). The subspaces v and u differ in dimension by 2, and
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between them are three subspaces of dimension 4, x;, y;, and z;, given by

X1 =& AV)Vu=/ e,ey, e e3),y1 = (€2, €4, €, €7), and
Z1 = (e, e4, eg, €7 + e3).

It should now be clear how to do the rest of the calculation.

3.4.4. (c) We construct the free lattice using lattice polynomials (see Exercise
1.3.8). Using the modular law and the fact that the variables x; are comparable
and the variables y; are comparable, any lattice polynomial in x; and y; can be
put into the form A(x; V y;) or \/(x; A y;).

Let u(i, j) = x; Ay; and v(i, j) = x; Vv y;. From the observation that i; >
ir and ji > jp imply u(iy, j1) > u(iz, j2) and u(iy, j1) V u(iz, j2) = u(iy, j1),
any join of the elements u(i, j) can be written irredundantly in the form

u(lla.]l)vu(lzvj2)v e Vu(ir’jr)a

where iy > iy >--->i,and j; < jh < -+ < J,.
Next, we show the following rewriting lemma: if x; > x, > --- > x, and
y1 < yp <--- <y, in amodular lattice, then

X AYDV X2 AY) V- V(X AYy)
=x1AIVIXD)OAD2V X)) A Aot VX)) A Yy
@ VYDAG VYY) A AV YY)
=x 1V AV AX)V eV (Yot AXp) V Yy

The two identities are dual to each other. We will prove both identities together
by induction on r. The case r = 1 holds obviously. By the modular law, applied
at the two ends,

X AYDV 2 AY)V -V (ot AYe—) V (X5 A YY)
=xiAYIVEAY)IV - V(X t AYr—) VXA Yy

Using the induction hypothesis, the term in the middle equals

(1 VxX)A2VX)A Ao V)]

We conclude that the first equality holds. The second equality is the dual of the
first and is proved similarly.

From the rewriting lemma, we conclude that the set of joins of elements
u(i, j)isclosed under meets and joins. Hence, every element of Fy(P(m, n))is
expressible as a join of elements u(i, j). It remains to show that the irredundant
joins are distinct. We shall do this by representing joins, written irredundantly,
as a sublattice of Y (m, n): to the irredundant join \/Ir:1 u(i;, j;), associate the
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order-ideal with minimal elements (i1, ji), (i2, j2), ..., (i;, jr)- It is easy to
show that meets and joins are preserved by this representation.

3.4.7. These are difficult theorems of Jénsson (see Crawley and Dilworth, 1973,
chapter 12, for a lucid exposition). We give a proof that a lattice with a type-2
representation is modular. Let R : L — TI(S) be a type-2 representation of a
lattice L and x, y, and z be elements in L such that x > z. Suppose that a and b
are elements in S such thata R(x A (y Vv z))b. Then,a R(x)banda R(y vV z) b
and, since R is type-2, there exist ¢ and d in S such that

aRZ)c, cR(y)d, dR()b.
Since z < x, R(z) € R(x). Thus, we have
aR(x)b, aR(x)c, dR(x)b,

and by transitivity, ¢ R(x)d. Since ¢ R(y)d, we have cR(x A y)d. Together
with a R(z) ¢, d R(z) b, we obtain aR((x A y) V z)b. Thus,

RxA(VZ)SR(xAY) V2.

3.5.1. Let P be the matroid defined on the set S of atoms of L and £ be the
collection of subsets defined by rank-2 elements. Then every pair of elements
in S determines a unique rank-2 element, and by modularity, every two rank-2
elements intersect at an atom. Hence, the set S is the set of points and the set £ is
the set of lines of a projective space. We can now apply the fundamental theorem
of projective geometry. It is surprisingly hard to find an appropriate reference
for this theorem. We suggest Crawley and Dilworth (1973, chapter 13).

3.5.2. (a) Observe that V is isomorphic to the vector space GF(g)" for some g
and n. The number of elements of rank k in the lattice L(V') of subspaces is the
g-binomial coefficient, defined by

<n> _ @ =D =D @ D
k/, @ =D@"'=D-(g-1
The g-binomial coefficients behave in a similar way to the binomial coefficients.

In particular, they are symmetric and unimodal. Hence, L(V) satisfies an analog
of the LYM equality and is Sperner (see Exercise 3.3.7).

3.5.4. One way is to choose L and L, to be the lattice of flats of two non-
Desarguesian projective planes and glue them along a rank-1 interval. Another
way is to choose L; and L, to be lattices of subspaces of vector spaces over
two fields of different characteristics, again along a rank-1 interval. More
complicated gluings exist (see Freese and Day, 1990).
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3.5.7. (a) The main question is how to define xt. If x is not a meet-irreducible,
then the interval [x, x*] has two or more atoms. If wu(x, xx) # 0, then let
xt = x*. Otherwise,

0=pn@xxH=— D ulxy),
yix<y<x*
and there exists an element y, not an atom of [x, xx], such that u(x, y) #
0. Let x" =y. Since u(x,y)#0, y is not a join-irreducible (by, say,
Theorem 3.1.7) and CS2 is satisfied.

3.6.3. We will prove the upper-crosscut version. Observe that

i—x:Zea— Zea = Zea.

aa<i aa<x a:afx

Thus,

Mi-o=1](Te

x:xeC xxeC \a:agx

This product on the right equals e, because unless an idempotent e, occurs in
all the factors in the product, its contribution is zero by orthogonality. Since C
is an upper crosscut, ej is the only idempotent occurring in all the factors. We
conclude that Hx:xEC(i — x) = e;. Equating the coefficients of 0, we have

3.6.4. (a) Suppose a < b in P. Then the inverse image ¢~ ' (F(¢(a)) of the
principal filter generated by ¢(a) is a principal filter F(c) for some ¢ in
P. Since a € F(c), b € F(c) and hence; ¢(b) € ¢(F(c)) = F(p(a)); that is,
@(b) = p(a).

(b) a<b in Q = F@2FOb) = ¢ '(F@)2¢ (Fb) =
F(p®(a)) 2 F(p(b)) = ¢™(a) < ¢*(b).

(c) We need to check Axiom GC2 in Section 1.5. Let x € P. Since a > x
implies ¢(a) > ¢(x), ¢(F(x)) € F(¢(x)) in Q. Pulling this back to P, we
obtain

F(x) € ¢~ (F(p(x)) S Flp*(@(x));

that is, *(¢(x))) >, x in the order-dual P*.
Next, let y € Q and x = ¢(y). Since ¢~ (F(y)) = F(x), ¢(x) € F(y),
and ¢(x) > y, we conclude that p(¢2(y)) > y.
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(d) Let Q' ={q: g € Q,q < ¢(p) for some p in P}. Then Q' is in the
image of Q, ¢ is defined as a function from P to Q’, and ¢ : P — Q' is
a residuated map. Let x — X be the closure operator defined by the Galois
coconnection ¢ and ¢?.

Define M(p) : M(P, A) - M(Q’, A) by

M@)e) = Y e
q:9=¢(p)
if p is closed M(¢)(e,) = 0 if p is not closed, and linearity.

Note that Q' is partitioned into (disjoint) subsets {g: ¢ = z}, where z ranges
over all closed subsets of Q’. Thus, if r # s, M(¢)(e,) and M(@)(e,) are sums
over disjoint sets of orthogonal idempotents. This implies that M(¢) is an
A-algebra homomorphism. Since g < g,

M@)(x) = Y M(pe,

yiy=x

= Z Z@z

y:yisclosed, y<x \z:z=¢(y)
= ) e = o)
2:250(x)
that is, M (¢) extends ¢.

Now suppose that a function ¢ : P — Q extends to a homomorphism
M(P,A) - M(Q, A).Since x < yin P ifand only if xy = x in M(P, A), ¢
is order-preserving. To show that ¢ is residuated, we use the equation

dople) =)= > e 0
ara<x b: b<p(x)
Letg € Q such that ¢ ~'(F(g)) is nonempty. Then there exists p € P such that
¢(p) € F(g). In Equation (I) with x = p, e, occurs on the right side. Thus, e,
is a summand in ¢(e, ) for some element € P. It is not hard to check that r is
unique, 7 is minimum in ¢~ '(F(g)), and g < ¢(r). Together, this proves that
¢~ (F(q)) = F(r).

Chapter 4

4.1.2. An inversion in a permutation y of {1, 2, ..., n} is a pair (i, j) such that
i < jbuty(@) > y(j). Let Inv(y) be the number of inversions of y. Then it is
straightforward to prove by induction that

Yo" =0+ +g+g) - (U+qg+qg + 44",
y:v€6,
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the sum ranging over all permutations y of {1, 2, ..., n}. Potter’s formula can
be proved in the same way.

4.1.4. Formally,
oo oo oo
n=1 m=1 s=1
Grouping terms, we have by =) . aply,.
4.1.5. Take the logarithm formally. Then

o0

Z byz* = log C(z)

s=1
=Y alog(l =2 =) a, (Z —Z"'"/’") '
n=1 n=1

m=1

Hence,

4.2.2. We use the same notation as in Theorem 4.1.2. Let @ be an umbra with
L(a") = a, and y be an umbra with L(y*) = |Ci|. Then it is easy to show
combinatorially that

L@ = Liy(@+y)").
Once this is done, we can imitate the proof in the text.

4.3.2. We use the delta operator D(I — D), where [ is the identity operator.
The basic sequence (p,(x)) is given by

pa(x) = x(I — D)Y"x"7 1,

By the binomial theorem,

I Y e A PR R 8 A
(I — D) _kzzo( 1)<k>D _E ( r )D.
Hence,

n—1 k—1
pn(x) = <n - >(n — D" .
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Hence, by BT3 and sinxt = ( Xt _ o=ix1y where i = +/—1,

o0

=y~

n=0

[T —)]".

and sinxt =

Z Pn(X) Pa(ix)
n

4.3.4. (a) Use Lemma 4.3.12. Another way is to differentiate both sides of

L+ Z (Z Cak X ) — = exp(f (1)
n=1

with respect to x, obtaining

Z (Z Cuhex* 1) == fexp(ef ).

n=1

Setting x = 0, we obtain the required formula.

(b) Let S be an n-set and /,; be the number of k-tuples (L, Lo, ..., L),
where L; are subsets of S forming a partition of S and each subset L; is linearly
ordered. Given such a k-tuple and a function p : {1,2,...,k} — X, we can
build a reluctant function in £(S, X) by sending the minimum element in L;
to p(i). All reluctant functions in £(S, X) can be uniquely constructed in this
way. Thus, if | S| > 1,

LS, )1 =D Lux".

k=1

Since there is a natural bijection from £(S, X U Y) to
L(A, X) x L(S\A,Y),

when X and Y are disjoint, the polynomials ) ;_, Lxx* form a sequence of
binomial type. By part (a), this sequence is determined by /,,;. Since [,;; = n!
and L/ (0) = —n!, we conclude that >_}_, Lxx* = L,(—x).

4.3.5. Formally,

o0

1 1 1
Y (—E"= —— = =1 :
prt I+E 2[+A [N

4.4.1. Let (s,(x)) be Sheffer with delta operator Q. Then by the isomorphism
theorem (4.3.5), there exists an invertible shift-invariant operator R such that
O = AR. Then, we can start with the binomial identity and show that a recur-
rence holds with the sequence (a,,), where agp = O and a,, = n[R ™! p,_; (]y=o-
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For the converse, suppose the recurrence holds. Let Q be the operator
defined by QOs,(x) = ns,—1(x),if n > 1, and Qso(x) = 0. Then applying Q to
the recurrence, we have

n

QAs(1) =Y <Z>ak<n — )11 () = nAS,_1(x) = AQs, (x).

k=0
Thus, AQ = QAand AQ" = Q" A. As A is adelta operator, the first expansion
theorem implies that Q is shift-invariant, and hence Q is a delta operator.

4.4.3. By Boole’s formula, A = e? — I. Then formally,

1 1 D By =B .,
A-l=—=—. —= — Dk,

DI D eP—1_

4.5.3. The sequence (L, (ax)) is basic for the delta operator
a”'D
a'D -1’
Let

t
f@) = m-

The basic sequence (p,(x)) for f(D) is easily calculated:

n—1

pa(¥) =x((1 —a)D +ay'x"' =) (Z)(l —afa"*(n = Dexr" .

k=0
Changing the index of summation from k ton — k and rearrranging the binomial
coefficients and falling factorials, we have

" nl(n—1
Pn(x) = Z %(Z B 1)(1 —a)"Kakxk.

k=1

a” 't t
a't —1 _f<t—1)’

the duplication formula follows from umbral composition.

Since

Chapter 5

5.2.1. (a) Consider the partition consisting of a single block B. Then a placing in
'H gy can be obtained by choosing an ordinary function f : B — X and linearly
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ordering each nonempty inverse image f~'(x;). We can obtain a placing f by

choosing an integer partition 11, 72, ..., T, of |B|, a sequence x;,, Xi,, ..., X,
of distinct elements in X, and a permutation dy, da, ..., d|p of B, and then
defining

fd)=do, f(d) =ds, ..., f(dy) = xi, f(dr+1) = dij 12,
f(dr1+2) = dT1+37 e f(dT1+T2) = Xi,,

and so on. All placings in Hp; can be obtained in this way We conclude that
Gen(Hs) = |B|! Y ke =hyp.
T:tH|B|

Placings can be defined independently on each block of a partition. Hence if
7w ={By, By, ..., B}, Gen(H,) = Gen (Hp,;)Gen (H;z,)) - - - Gen (H(3,}).

5.2.3. There seems to be no simple formula. The standard way is to derive a
formula for the resultant of two polynomials and then specialize to the case of
a polynomial and its derivative.

5.2.4. Observe that
Qo) = Z l_[xi,f(i)-
ficoimage(f)>o i=1

Since a function is injective if and only if its coimage is the minimum partition
0, Crapo’s formula follows by Mébius inversion.

5.2.5. Let  be a set partition having type A. By Theorem 5.2.2,
a; = Z ky.
o:oAr=0

Sum over all such partitions, convert to integer partition indices using
Theorem 5.2.3, and use Equation (N) in Section 5.2 to conclude that

1 (n
7,0:mAc=0

Hence,

18]
Cys = = Dy, ),
n.

where D(y, §) is the number of pairs of set partitions 77, ¢ such that 7 has type
y, o hastype 8, and 7 Ao = 0.
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There are many other proofs (see, for example, Stanley 1999, p. 290). In
particular, it can be shown that the coefficients c, 5 are integers. The solution to
part (b) is similar.

5.2.6. This is one of two proofs given by Pélya. As is not uncommon,

it is easier to prove a theorem with more variables. Let z, x, X2, ..., X,
Y1, ¥2, - . ., ¥, be variables, and
f@Q=@GC—x)z—x)(Z—x)=2"—a1?" ' +a"? — - La,
gD =GC—y)e—y) @y =2"—bi 2"+ by" = £ by,
sk =X} x5+ +xk, =y +ys+-+

Uy = S — I,
n

R=[]w@—-yp.

ij=1

Then

Ray, Ras, ..., Ra,, Rby, Rb,, ..., Rb,
are polynomials in wuy,us,...,up,—1,uy, and R is a polynomial in
Ui, Uz, oo, Uzp—1.

To prove the more general theorem, observe that

2@« N o
logm_lgl:log(z yi) — log(z — x;)

n 2 2 3 3
_ i — Vi N TV X Ty
= ;[ ot oa taa ]
Ui uj us
=—+—=+=-—=+---.
z 22 372
Let U(z) be the finite sum
Wi w2 U3, M
z 2Z2 3Z2 an2n

and O(z™™) represents a series

Cm Cm+1 Cm+42

Z_m Zm+l Zm-‘,—2 LEREE
In this notation,
log 8@ _ Uz) + O+,
f (@)

Exponentiating and rearranging terms,

f(2)e"® =g(z) + Oz "), (P)
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Next, expand ¢V@ in powers of z~! to obtain

V1 %) U3
eU(Z)=1+—+—2+—3+ )
z b4
where v; is a polynomial in u1, us, ..., u;. For example,

1 1
v = Uy, Vp = E(l/l% +uy), vz = g(u? + 3ujuy + 2u3).
On the right side of Equation (P), the coefficients of 7=V 7272, ..., z " are zero.
Hence, we obtain the equations

via, + V2ap-1 + V3ap—2 + ... + Vpd; = —Vpqg
V2dp + V3ap—1 + VaGp—2 + ... + Upy101 = —Upy2
UnQp + Unt1Gn—1 + Upg2an—2 + ... + V2p—141 = —V2p.

It is not hard to show that
det[vitj—1l1<i jen = (= 1" V2R,

and hence, as a polynomial in uy, u,, ..., us,—1, the determinant is nonzero.
Solving the equation using Cramer’s rule, we obtain a; as a quotient of two
determinants with entries which are polynomials in uy, us, ..., uz,.

Finally, we can obtain Laguerre’s theorem by setting y; = —x;. When this
isdone, usr;_1 = 2s2;_1and uy; =0forl <i <n.

5.2.9. Use the isomorphism sending ker(x; — x;) to the partition in which {i, j}
is a two-element block and all other blocks are one-element subsets.

5.3.1. The partitions that are not periods of subgroups of the alternating group
are the rank-1 partitions (with one block of size 2 and all other blocks of size

1).
5.3.2. A related paper is Fendel (1967).
5.3.6. (a) If f is aperiodic, then for all permutations y € G, f # fy. Hence,
the orbits of aperiodic functions all have size |G|.
(b) Since F is assumed to be G-closed, if a function f contributes to a

coefficient of a monomial in A(G, O), then so does any function in its orbit.
Hence, each coefficient in A(G, 0) is divisible by |G].

5.4.1. By algebraic manipulations (assuming commutativity in .A),

E(((1 = E)b)(Ea)) + E((1 — E)a)(ED))
= (I — E)E(ab) — E((I — E)a(I — E)b).
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Operating on both sides by (I — E)~', we obtain
P(((1 — E)y)(Ex))+ P((1 — E)a)(Eb)) = E(ab) — P((I — E)a(I — E)b).

Now leta = (I — E)"'x and (I — E)~'y = b to obtain Baxter’s identity.

5.4.3. Use induction. The shuffle identities are special cases of Cartier’s identity
(5.5.4).

5.6.1. Let f(x) = x. Then

Pf=qx+q2x+q3X+~~-=( 1 )x,
P(fPf)=<1L) P(?)
—q

= (1%,) (@) + (@) + (@) + )

() (%)

142+4-+n
q n

X
(1= =g (1—gq")

and in general,

P(fP(f---P(fP())) =

n times

On the other side,

and

OOP(fk) Lk k
> = (7 )

l—gq

A+q"+¢* +¢*+--)

i
£

- Zlog(l +xq).

Jj=0
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5.6.4. (a) Let H be the step function, defined on the real numbers by H(x) = 0
if x <0and 1 if x > 0. Observe that

max {s;(y (@)} — max {s;(y ()} = Hsi(y )lxya)
+ max{0, x,@), Xy@) + Xy @) - Xy @) T Xy3) 0+ Xy}

- Ofr?ggi_l{si(y(i))}]-

Partition G,, into (Z) disjoint subsets: for a k-element subset T of {1, 2, ..., n},
let G(T) ={y: y({1, 2, ...,k}) = T}. Summing over G(T), we obtain

Y maxis(@)) = max (s(@h= Y xoHE@).

0<i
y:y€G(T) y:y€G(T)

The two other sums one would expect on the right side cancel each other. To see
this, regard a permutation y as a rearrangement iy, ip, ..., ig, ig+1s - - - In (SO
that y(j) = i;). Pair y in G(T) with y" in G(T'), where ' is the rearrangement
iz, i3, ey ik, il, ik+1, PN i,l. Then

max{0, x, ), Xy2) + Xy3), - - -, Xy F X3+ + Xyw)
= max {s;(y'(x))},
0<i<k—1

and hence, when one sums over G(T), the sum vanishes. Summing over all
k-element subsets 7', we obtain

Do max(s@) - max (sl = Y rnHorw).

y: €S, y:vES,

To finish the proof, sum over k and note that the left side is a telescoping sum
to obtain

D max{sl= ) %o (ZH(sk(y@»).
yireS, y:v€B, k=1

(c) We need a theorem of Cauchy in integral geometry. Let A be a compact
convex set in the plane. Then the perimeter L of A equals

/ ! D(6)do,
0

where D(60) is the length of the projection of A onto the line through the origin
at an angle of 6 to the x-axis. Observe that

D) = I(nal))((x cosf + ysinf) — {nir}(x cosf + ysinf),
X,y X,y

where the maximum and minimum are taken over all points (x, y) in A.
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5.7.2. When p = 3,

A4+ X)"1 =X =14+ X' + e X? 4 creae — e)X?
+ c1e(c; — D(ea — DXA.

Unlike the case p = 2, there seems to be no nice formulas for a,, whenm ¢ L.
The first two cases are

as = azd) — a%a% - agal — azaf, and as = dzdy — a%a% + ara;.

5.7.5. By Fermat’s little theorem, the elements of GF(g) are the roots of the
polynomial X¢ — X. Apply Newton’s identities (5.2.8), witha; = 0,if 1 <i <
q — 2, a;—1 = —1. Is there a purely field-theoretic proof?

5.7.6. (b) Condition H1 is clearly necessary. Let
q—1
F(X) = Zb,,,-Xi, mod x? — x.
i=0

Then, by Exercise 5.7.5,

Y fe

e:ecGF(q)

= qb 0+ b1 Z el +---+b g Z el™?
e:e€GF(q) e:e€GF(q)

+bi g1 Z e = —big-1.
e:eeGF(q)
Further, if f(X) is a permutation polynomial, then f(e) ranges over GF(g) as e
ranges over GF(q). Hence, ifr < g — 2, Exercise 5.7.2 impliesthat ), f(e)' =
0 and b; ;1 = 0. We conclude that Condition H2 is necessary.
To show sufficiency, we show that

l‘[ (Y= fe)=YI—Y = l_[ (Y —e).
e:eeGF(q) e:eeGF(q)

This will show that the image {f(e): e € GF(q)} equals GF(g); that is, f is
surjective and hence a permutation.
Let

g—1
[ @-rfEy=> avi',
i=0

e:ecGF(q)
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where a; are elementary symmetric functions in the roots f(e). Condition H1
implies that a, = 0. Condition H2 allows us to calculate easily some of power
sums in the roots. Indeed, as in the proof of necessity,

= Z f(e)t = _bt,q—l~

e:ecGF(q)

By Condition H2, s, = 0 whenever 1 <t <¢g —2 and ¢ % 0 mod p. Since
x97!'=1if x #0, we have s,y = ¢ — 1 = —1. Using Newton’s identities
(5.2.8), we conclude that

an=0if 1 <m <g—2and m # 0 mod p. (A)
Knowing (A), we can also conclude from Newton’s identities that
s; =0if t =kp, 1 <k < p*\. (B)

It remains to determine the value of a,, azp, asp, .. .. To do so, we apply
Newton’s identities form > g. Since we know (A) and a, = 0 by H1, Newton’s
identity for m can be written

Sm + (—l)pa‘,,sm,[, + arpSm—2p + -+ + (_1)q7paq7psm7q+p
+ (_l)qilaqflsquﬂ =0.

Since e? = e for all e € GF(q), $,4+4—1 = s,. Applying this to the case m =
g + p — 1 and using (B), almost all the terms in Newton’s identity vanish,

giving the identity a,s,_; = 0. We conclude that a, = 0. We can now finish
by lettingm =g +Ip —landl =2,3, ..., p°~' — 1, obtaining, one by one,
ayp = 0, aszp = 0, ey ap(pa—l_l) =0.

(c) By the binomial theorem modulo p,
fx) = fx) = flxr —x).

Hence, if X = 01is the only root of f(X), f(x;) = f(x,)if and only if x; = x,.

(d) The function f(x) is a permutation if and only if the equation e = f(x)
can be solved for every element e in GF(g). This equation is equivalent to the
system of m linear equations

epai _ f(x)pm

in the unknowns x, x?", x?*, ..., x?"""
5.7.8. (a) Let £(xy, x2, ..., X;) = a1x; + axxy + - - - + a,x, and (a;;) be a ma-
trix in GL(n, p) with first row equal to (ai,as, ..., a,). The linear form
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xy divides [or, 00, ...,a,]. Applying (a;;j), we conclude that £ divides
lag, a2, ..., o).

(b) This seems to be somewhat difficult (see Dickson, 1911, and Ore,
1933).

5.7.9. (a) By the characteristic- p binomial theorem and Fermat’s little theorem,
ifa, B € H,

(axy + ,sz)”i = otxl"l + ﬂxé’l.

In other words, the map y y"[ is H-linear. Hence, if f(x) is an Ore
polynomial,

flaxy + Bx2) = af(x1) + Bf (x2).
(b) Use the characteristic- p binomial theorem.

5.7.10. (a) This seems to be a difficult problem, requiring the machinery of
straightening algorithms over letter-place algebras.

(b) Modify the second proof of Theorem 5.2.7.

(c) Differential analogs of the Jacobi—Trudi and Nagelsbach identities for
Schur functions have been obtained (see Kung, 2000, and Kung and Rota,
1984a).

Chapter 6

6.1.4. Proceed by induction on n. Then we may assume that p,_;(x) hasn — 1
distinct real zeros, A1, Az, ..., A,—1 (Written in increasing order). Then by the
recurrence and the intermediate value theorem in calculus, it is easy to show
that the zeros v; of p,(x) are real and interlace the zeros \;:

V<AL <V <Ay < <V <Apy <V

6.2.2. Let w;j = B(xjx!™", x{x!~/). Then the bilinear form B is determined by
the (n + 1) x (n + 1) matrix (w;;)o<;, j<n- Consider the action of the following

matrices on B(f, g):
c 0 11
0 1)’ 0 1/)°

Applying the left matrix, we have c"B(xf)x{‘_i, x({xf_j) = B((cxo)ix{‘_i,
(cx0) x| ™7); thatis, c"w;; = ¢/ w;;. Since ¢ can be arbitrary chosen, w;; = 0
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ifi 4 j # n. Next, apply the right matrix to B(x)x!™", xo~* x*~1). This yields
the recursion

m+i+ Dw;yi +iwi—g p—iy1 = Wip—it1 =0.

The recursion has the unique solution

Wini = (=1 won/ (’l’)

This implies that B(f, g) = wo.{f, g}
6.3.3. Use the fact that if p(z) has degree n,

&
/ P'(dz = p(&) — p).

1

6.4.3. Recall from Exercise 4.4.2 that the double factorials (2j 4+ 1)!! occur
as normalized coefficients of Hermite polynomials. The Appell polynomials
gn(x) of the sequence are related by simple transformations to Hermite poly-
nomials. Using this and the fact that Hermite polynomials, being orthogonal
polynomials, have only real zeros, we conclude that g, (x) has only real zeros.
Now apply Theorem 6.4.4.

6.4.4. This problem requires two esoteric facts. To show that Y ;- axbxx* has
only real zeros, we need to know that all the zeros of the polynomials Q, (x),
defined by

I’l2 n22 n 2n—l n
0,(x)=1+ x + x4+ x4 X",
1 2 n—1

are real and negative. To see this, use the identity

1
Qn(x)=(1—x>"Pn(1+x),

— X

where P,(x) is the degree-n Legendre polynomial, and the fact that all the zeros
of P,(x) lie in the interval [—1, 1].
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For the second polynomial, we need to know that all the zeros of the

p()l yn()mlal
Z ( ) J'
j j'

j=0

are real. This can be done by looking at generalized Laguerre polynomials.

6.6.3. Since the random variables U; are independent and identically distributed
and expectation is linear,

1
7 Eldet(fi(U)) det(gi(U;)]

1 k
= FE |:Z Z sign(rr)sign(o) l—[ fn(i)(Ui)ga(i)(Ui)]

i=1

1 k
el Y2 sign(msign(@) [ | E [friy@)gon (V)]

i=1
k
= Z sign(t) 1_[ E[fi(U)go(U)]
T i=1
= det(E[ f;(U)g;(U)).

In the second last step, we use the fact that for a given permutation
 of {1,2,...,k}, the product []'_, @i equals []i_, dx()o@) whenever
T =on~!, and hence, I—[f:, a; ¢y occurs exactly k! times in the multiset

{l—[f:] ax ()0} as  and o range over all possible permutations.

Let U, Uy, Uy, ..., Uy be independent uniformly distributed random vari-
ableson {1, 2, ..., k}. Using the same notation in Formula 6.6.5, let f;(s) = fis,
where (fi1, fi2, ..., fin) is the ith row in the matrix F and g;(s) = g,;, where

(81, 82j+ - &) is the jth column of G. Then

B U U] = 1 Y det(fila) det(gia)),
(ay,az,...,ax)
where the sum ranges over all k-tuples (a;, az, ..., ay) witha; € {1,2,...,n}.
If two coordinates a; and a; are the same, then the determinant is zero. There-
fore, we can assume that the coordinates ¢; are distinct. If we exchange two
coordinates, then the two determinants change sign simultaneously, and hence
their product remains the same. Hence, we can rearrange each k-tuple in in-
creasing order, with each k-tuple (a;, a;, ..., ar) suchthata; <ay < --- < ai
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occurring k! times. When this is done, we have
1
FE[det(fi(Uj)) det(g;(U;))]

1
= x Z det(f;(a;)) det(g;(a;))

(ar,az,...,ax)

1
- n_k Z det(fiqaf) det(gaj,i)

(ar,az,...,ax)

1
=—= E det F[{1,2,...,k}|K]detG[K|{1,2,...,k}].
n

K:K={ay,a,...,ax}

On the right side, we have

1 n
det(E[ f:(U)g;(U)]) = det (; ; ﬁ(a)&(a))

1 - 1
= det (Z fiagai> = — et FG.
a=1
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Abel, 270
Baxter, 242, 360
binomial, Abel, 197
binomial, generalized, 189
Bohnenblust-Spitzer, 257
Cartier, 250, 361
convolution, 13
Euler, 257
Grassmann, 67, 337
Kac, 258
Newton, 230, 261, 363, 364
g-binomial, 182
shearing, 22
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by parts, 244 of subspaces, 169, 352
interchange, 100 type-1, -2, -3, 159
interior, 28 with unique complements, 26, 330
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Boolean o -subalgebras, 43 proper, 118, 338
coatomic, 18, 170 strict, 13
complemented, 26 order-reversing, 9
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Vamos, 338
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meet-semilattice, 124 symmetric, 139, 142, 169, 348
method, Hungarian, 61 Hartmanis, 41
minor, 296 ordered, 180
moment, 188 path, alternating, 59
monomial pentagon, 7, 324
coding, 236, 341 period, 235
image, 226 permanent, 67, 92, 104, 233
leading, 326 permutation, 29, 181, 332
meet, 25 complementing, 126, 345
multichain, 340 conjugate, 29
multilinearity, 303, 332 cycle decomposition, 29, 236, 255, 256
multiset, 6, 256 picnic, 99
placing, 231, 357
normal form, disjunctive, 25 plane, projective, 150, 352
notation polynomial
bracket, 140 Abel, 197
square, 250 Appell, 209, 295, 366
letter-place, 222 Bernoulli, 211
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number Boolean, 25
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chromatic, 133 chain, 116
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Stirling, 181, 214 chromatic, 168, 203, 276, 277
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Ore, 269
permutation, 266, 363
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binomial type, 188
Sheffer, 205
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problem
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Dedekind, 147
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Goblin coin-weighing, 30
Littlewood—Offord, 140, 145
Putnam, 53
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cyclomatic, 184
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matrix, 72
relative, 48
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Sperner, 146
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Procesi, 92 common, 71
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