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INTRODUCTION

The concept of a Hopf algebra crystallized out of algebraic topology and the study of algebraic groups
in the 1940s and 1950s (see [8] and [33] for its history). Being a fairly elementary algebraic notion itself, it
subsequently found applications in other mathematical disciplines, and is now particularly commonplace in
representation theoryl.

These notes concern themselves (after a brief introduction into the algebraic foundations of Hopf algebra
theory in Chapter 1) with the Hopf algebras that appear in combinatorics. These Hopf algebras tend to have
bases naturally parametrized by combinatorial objects (partitions, compositions, permutations, tableaux,
graphs, trees, posets, polytopes, etc.), and their Hopf-algebraic operations often encode basic operations on
these objects?. Combinatorial results can then be seen as particular cases of general algebraic properties
of Hopf algebras (e.g., the multiplicativity of the Mdbius function can be recovered from the fact that the
antipode of a Hopf algebra is an algebra anti-endomorphism), and many interesting invariants of combina-
torial objects turn out to be evaluations of Hopf morphisms. In some cases (particularly that of symmetric
functions), the rigidity in the structure of a Hopf algebra can lead to enlightening proofs.

One of the most elementary interesting examples of a combinatorial Hopf algebra is that of the symmetric
functions. We will devote all of Chapter 2 to studying it, deviating from the usual treatments (such as in
Stanley [180, Ch. 7], Sagan [163] and Macdonald [124]) by introducing the Hopf-algebraic structure early
on and using it to obtain combinatorial results. Chapter 3 will underpin the importance of this algebra
by proving Zelevinsky’s main theorem of PSH theory, which (roughly) claims that a Hopf algebra over
Z satisfying a certain set of axioms must be a tensor product of copies of the Hopf algebra of symmetric
functions. These axioms are fairly restrictive, so this result is far from curtailing the diversity of combinatorial
Hopf algebras; but they are natural enough that, as we will see in Chapter 4, they are satisfied for a
Hopf algebra of representations of symmetric groups. As a consequence, this Hopf algebra will be revealed
isomorphic to the symmetric functions — this is the famous Frobenius correspondence between symmetric
functions and characters of symmetric groups, usually obtained through other ways ([60, §7.3], [163, §4.7]).
We will further elaborate on the representation theories of wreath products and general linear groups over
finite fields; while Zelevinsky’s PSH theory does not fully explain the latter, it illuminates it significantly.

In the next chapters, we will study further examples of combinatorial Hopf algebras: the quasisymmetric
functions and the noncommutative symmetric functions in Chapter 5, various other algebras (of graphs,
posets, matroids, etc.) in Chapter 7, and the Malvenuto-Reutenauer Hopf algebra of permutations in Chap-
ter 8.

Lyhere it provides explanations for similarities between group representations and Lie algebra representations
25uch as concatenating two compositions, or taking the disjoint union of two graphs — but, more often, operations which
return a multiset of results, such as cutting a composition into two pieces at all possible places, or partitioning a poset into two

subposets in every way that satisfies a certain axiom
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The main prerequisite for reading these notes is a good understanding of graduate algebra®, in partic-
ular multilinear algebra (tensor products, symmetric powers and exterior powers)* and basic categorical
language®. In Chapter 4, familiarity with representation theory of finite groups (over C) is assumed, along
with the theory of finite fields and (at some places) the rational canonical form of a matrix. Ounly basic
knowledge of combinatorics is required (except for a few spots in Chapter 7), and familiarity with geometry
and topology is needed only to understand some tangential remarks. The concepts of Hopf algebras and
coalgebras and the basics of symmetric function theory will be introduced as needed. We will work over a
commutative base ring most of the time, but no commutative algebra (besides, occasionally, properties of
modules over a PID) will be used.

These notes began as an accompanying text for Fall 2012 Math 8680 Topics in Combinatorics, a graduate
class taught by the second author at the University of Minnesota. The first author has since added many
exercises (and solutions®) as well as Chapter 6 on Lyndon words and the polynomiality of QSym. The notes
might still grow, and any comments, corrections and complaints are welcome!

The course was an attempt to focus on examples that we find interesting, but which are hard to find fully
explained currently in books or in one paper. Much of the subject of combinatorial Hopf algebras is fairly
recent (1990s onwards) and still spread over research papers, although sets of lecture notes do exist, such
as Foissy’s [57]. A reference which we discovered late, having a great deal of overlap with these notes is
Hazewinkel, Gubareni, and Kirichenko [78]. References for the purely algebraic theory of Hopf algebras are
much more frequent (see the beginning of Chapter 1 for a list). Another recent text that has a significant
amount of material in common with ours (but focuses on representation theory and probability applications)
is Méliot’s [134].

Be warned that our notes are highly idiosyncratic in choice of topics, and they steal heavily from the
sources in the bibliography.

Warnings: Unless otherwise specified ...

k here usually denotes a commutative ring’.

e all maps between k-modules are k-linear.

e every ring or k-algebra is associative and has a 1, and every ring morphism or k-algebra morphism
preserves the 1’s.

e all k-algebras A have the property that (Ala)a =a(Ala) = Aa for all A € k and a € A.

e all tensor products are over k (unless a subscript specifies a different base ring).

1 will denote the multiplicative identity in some ring like k or in some k-algebra (sometimes also the

identity of a group written multiplicatively).

e for any set S, we denote by idg (or by id) the identity map on S.

e The symbols C (for “subset”) and < (for “subgroup”) don’t imply properness (so Z C Z and Z < Z).

e the n-th symmetric group (i.e., the group of all permutations of {1,2,...,n}) is denoted &,,.

e The product of permutations a € &,, and b € &,, is defined by (ab)(i) = a(b(i)) for all 7.

e Words over (or in) an alphabet I simply mean finite tuples of elements of a set I. It is custom-
ary to write such a word (a1, as,...,ar) as ajas...a, when this is not likely to be confused for
multiplication.

e N:={0,1,2,...}.

e if ¢ and j are any two objects, then d; ; denotes the Kronecker delta of i and j; this is the integer 1
if i = j and 0 otherwise.

e several objects 51, 52,..., s are said to be distinct if every ¢ # j satisfy s; # s;.

o similarly, several sets S1, Sa,...,S; are said to be disjoint if every ¢ # j satisfy S; N .S; = @.

3William Schmitt’s expositions [168] are tailored to a reader interested in combinatorial Hopf algebras; his notes on modules
and algebras cover a significant part of what we need from abstract algebra, whereas those on categories cover all category
theory we will use and much more.

4Keith Conrad’s expository notes [37] are useful, even if not comprehensive, sources for the latter.

5We also will use a few nonstandard notions from linear algebra that are explained in the Appendix (Chapter 11).

6The version of the notes you are reading does not contain said solutions. The version that does can be downloaded from
http://www.cip.ifi.lmu.de/~grinberg/algebra/HopfComb-sols.pdf or compiled from the sourcecode.

"As explained below, “ring” means “associative ring with 1”. The most important cases are when k is a field or when k = Z.


http://www.cip.ifi.lmu.de/~grinberg/algebra/HopfComb-sols.pdf
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e the symbol U (and the corresponding quantifier | |) denotes a disjoint union of sets or posets. For
example, if S1,S5,...,S; are k sets, then [_|f:1 S; is their disjoint union. This disjoint union can
mean either of the following two things:

e It can mean the union Ule S; in the case when the sets S1,S3,..., S, are disjoint. This is
called an “internal disjoint union”, and is simply a way to refer to the union of sets while
simultaneously claiming that these sets are disjoint. Thus, of course, it is only well-defined if
the sets are disjoint.

e It can also mean the union Ule {i} x S;. This is called an “external disjoint union”, and is
well-defined whether or not the sets S1, 5o, ..., Sk are disjoint; it is a way to assemble the sets
S1,S52,...,S into a larger set which contains a copy of each of their elements that “remembers”
which set this element comes from.

The two meanings are different, but in the case when Sy, .5, ..., Sy are disjoint, they are isomorphic.
We hope the reader will not have a hard time telling which of them we are trying to evoke.

Similarly, the notion of a direct sum of k-modules has two meanings (“internal direct sum” and
“external direct sum”).

Hopefully context will resolve some of the ambiguities.

1. WHAT 1S A HOPF ALGEBRA?

The standard references for Hopf algebras are Abe [1] and Sweedler [186], and some other good ones are
[32, 34, 44, 78, 91, 102, 138, 154, 171, 198]. See also Foissy [57] and Manchon [131] for introductions to
Hopf algebras tailored to combinatorial applications. Most texts only study Hopf algebras over fields (with
exceptions such as [34, 32, 198]). We will work over arbitrary commutative rings®, which requires some more
care at certain points (but we will not go deep enough into the algebraic theory to witness the situation over
commutative rings diverge seriously from that over fields).

Let’s build up the definition of Hopf algebra structure bit-by-bit, starting with the more familiar definition
of algebras.

1.1. Algebras. The following definition of k-algebras may look unfamiliar, but it is merely a restatement
of their classical definition using tensors? and k-linear maps:

Definition 1.1.1. An associative k-algebra A is a k-module with a k-linear associative operation A A 55 A,
and a k-linear unit k = A sending 1 in k to the two-sided multiplicative identity element 1 in A. One can
rephrase this by saying that these diagrams commute:

(1.1.1) ARA®A

AR A AR A
(1.1.2) AQk~—A——k® A
id®ui idl lu@id

ARA—"s> A< AR A

where the maps A - A® k and A — k ® A are the isomorphisms sending a — a® 1 and a — 1 ® a.
We abbreviate “associative k-algebra” as “k-algebra” (associativity is assumed unless otherwise specified)
or as “algebra” (when k is clear from the context).

8and we will profit from this generality in Chapters 3 and 4, where we will be applying the theory of Hopf algebras to k = Z
in a way that would not be possible over k = Q
91.0., the multiplication is encoded by a k-linear map A ® A — A instead of a k-bilinear map A x A — A



HOPF ALGEBRAS IN COMBINATORICS 5

Well-known examples of k-algebras are tensor and symmetric algebras, which we can think of as algebras
of words and multisets, respectively.

Example 1.1.2. If V is a k-module and n € N, then the n-fold tensor power V" of V is the k-module
VeV - -®V. (For n =0, this is the k-module k, spanned by the “empty tensor” 1j.)
—_— ——

n times
The tensor algebra T(V) = @,,~o V®" on a k-module V is an associative k-algebra spanned (as k-module)
by decomposable tensors v1vs - - - Vg 1= V1 @V ® - - Qg with k € N and v1,vs,...,v; € V. Its multiplication

is defined k-linearly by
m(vlv2-~-vk ®w1w2---w¢) = V102 ¢ VWL W2 Wy

10 for all k,¢ € N and v1,vs, . .., Uk, w1, Ws, ..., w, in V. The unit map v : k — T (V) sends 1x to the empty
tensor 1p(y) = 1x € k = V®0,

If V is a free k-module, say with k-basis {z;}icr, then T(V) has a k-basis of decomposable tensors
Xy o Ty, = Ty @ - @ @y, indexed by words (iq,...,1i) in the alphabet I, and the multiplication on this
basis is given by concatenation of words:

MLy - Ty @ Ty -+ Tjy) = Ty Ty Ty Ty

Recall that in an algebra A, when one has a two-sided ideal J C A, meaning a k-submodule with m(J ®
A),m(A® J) C J, then one can form a quotient algebra A/J.

Example 1.1.3. The symmetric algebra Sym(V) = €, Sym" (V') is the quotient of T'(V') by the two-
sided ideal generated by all elements xy — yx with z,y in V. When V is a free k-module with basis {z;} el
this symmetric algebra S (V') can be identified with a (commutative) polynomial algebra k[z;];cr, having a
k-basis of (commutative) monomials x;, - - -, as (i1,...,i) runs through all finite multisubsets'! of I, and
with multiplication defined k-linearly via multiset union.

Note that the k-module k itself canonically becomes a k-algebra. Its associative operation m : k®k — k
is the canonical isomorphism k ® k — k, and its unit v : k — k is the identity map.
Topology and group theory give more examples.

Example 1.1.4. The cohomology algebra H*(X;k) = D, H'(X;k) with coefficients in k for a topological

space X has an associative cup product. Tts unit k = H*(pt;k) = H*(X;k) is induced from the unique
(continuous) map X — pt, where pt is a one-point space.

Example 1.1.5. For a group G, the group algebra kG has k-basis {t,}sec and multiplication defined
k-linearly by t4t, = tgn, and unit defined by u(1) = t., where e is the identity element of G.

1.2. Coalgebras. If we are to think of the multiplication A ® A — A in an algebra as putting together two
basis elements of A to get a sum of basis elements of A, then coalgebra structure should be thought of as
taking basis elements apart.

Definition 1.2.1. A co-associative k-coalgebra C' is a k-module C' with a comultiplication, that is, a k-linear

map C A0w® C, and a k-linear counit C -5 k making commutative the diagrams as in (1.1.1), (1.1.2) but
with all arrows reversed:

10Some remarks about our notation (which we are using here and throughout these notes) are in order.

Since we are working with tensor products of k-modules like T (V') — which themselves are made of tensors — here, we must
specify what the ® sign means in expressions like a ® b where a and b are elements of T' (V). Our convention is the following:
When a and b are elements of a tensor algebra T (V'), we always understand a ® b to mean the pure tensor a®b € T (V)T (V)
rather than the product of a and b inside the tensor algebra T (V). The latter product will plainly be written ab.

The operator precedence between ® and multiplication in T' (V') is such that multiplication in 7" (V') binds more tightly than
the ® sign; e.g., the term ab ® c¢d means (ab) ® (ed). The same convention applies to any algebra instead of T (V).

11By a multisubset of a set S, we mean a multiset each of whose elements belongs to S (but can appear arbitrarily often).



6 DARIJ GRINBERG AND VICTOR REINER

(1.2.1) CeCal

\/

(1.2.2) Cok——=C<—koC

id ®5T idT 5®idT

C’®C<TCT>C®C

Here the maps C ® k - C and k ® C' — C are the isomorphisms sending c® 1 — cand 1 ® ¢ — c.

We abbreviate “co-associative k-coalgebra” as “k-coalgebra” (co-associativity, i.e., the commutativity of
the diagram (1.2.1), is assumed unless otherwise specified) or as “coalgebra” (when k is clear from the
context).

Sometimes, the word “coproduct” is used as a synonym for “comultiplication” 2.

One often uses the Sweedler notation

:Zq@cz:ch@cQ
(c)

to abbreviate formulas involving A. For example, commutativity of the left square in (1.2.2) asserts that

2 cele2) = c.
The k-module k itself canonically becomes a k-coalgebra, with its comultiplication A : k — k ® k being
the canonical isomorphism k — k ® k, and its counit € : k — k being the identity map.

Example 1.2.2. Let k be a field. The homology H.(X:k) = @, Hi(X;k) for a topological space X
is naturally a coalgebra: the (continuous) diagonal embedding X — X x X sending x +— (z,x) induces a
coassociative map

H,.(X;k) > H (X x X;k) 2 H,(X;k) @ H(X; k)

in which the last isomorphism comes from the Kiinneth theorem with field coefficients k. As before, the
unique (continuous) map X — pt induces the counit H,(X;k) > H,(pt; k) = k.

Exercise 1.2.3. Given a k-module C' and a k-linear map A : C' — C' ® C. Prove that there exists at most
one k-linear map € : C'— k such that the diagram (1.2.2) commutes.

1.3. Morphisms, tensor products, and bialgebras.

Definition 1.3.1. A morphism of algebras A -5 B makes these diagrams commute:

(1.3.1) A—* B A—*% .B
WT TmB \ /
uA up

A A2 BB k

Here the subscripts on ma, mp,ua,up indicate for which algebra they are part of the structure— we will
occasionally use such conventions from now on.

Similarly a morphism of coalgebras is a k-linear map C' AD making the reverse diagrams commute:

12a1th0ugh the word “coproduct” already has a different meaning in algebra
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(1.3.2) c—* D C d D
= T S N
€C €D

coc2% DD K

Example 1.3.2. Let k be a field. Continuous maps X Ly of topological spaces induce algebra morphisms
H*(Y;k) — H*(X;k), and coalgebra morphisms H.(X;k) — H.(Y; k).

Coalgebra morphisms behave similarly to algebra morphisms in many regards: For example, the inverse
of an invertible coalgebra morphism is again a coalgebra morphism'3. Thus, invertible coalgebra morphisms
are called coalgebra isomorphisms.

Definition 1.3.3. Given two k-algebras A, B, their tensor product A® B also becomes a k-algebra defining
the multiplication bilinearly via

m((a®b) @ (a @) := aa’ @ by
or in other words magp is the composite map

id @T'®id ma®mp

ARB®A®B ARARB®B A®B

where T is the twist map B® A — A® B that sends b® a — a®b. (See Exercise 1.3.4(a) below for a proof
that this k-algebra A ® B is well-defined.)

Here we are omitting the topologist’s sign in the twist map which should be present for graded algebras
and coalgebras that come from cohomology and homology: for homogeneous elements a and b the topologist’s
twist map sends

(1.3.3) b®ar— (—1)des(@dee®)y o p,

This means that, if one is using the topologists’ conventions, most of our examples which we later call graded
should actually be considered to live in only even degrees (which can be achieved, e.g., by artificially doubling
their grading). We will, however, keep to our own definitions (so the twist map sends b ® a — a ® b) unless

otherwise noted.
u
The unit element of A ® B is 14 ® 15, meaning that the unit map k -5~ A ® B is the composite

Kk Kok —4%"8 A9 RB.

Similarly, given two coalgebras C, D, one can make C' ® D a coalgebra in which the comultiplication and
counit maps are the composites of

Ac®Ap id @T®id
_—

C®D C®Ce®DeD CeDC®D

and

CoD—C . kak k.

(See Exercise 1.3.4(b) below for a proof that this k-coalgebra C' ® D is well-defined.)

Exercise 1.3.4. (a) Let A and B be two k-algebras. Show that the k-algebra A ® B introduced in
Definition 1.3.3 is actually well-defined (i.e., its multiplication and unit satisfy the axioms of a
k-algebra).

(b) Let C and D be two k-coalgebras. Show that the k-coalgebra C'® D introduced in Definition 1.3.3
is actually well-defined (i.e., its comultiplication and counit satisfy the axioms of a k-coalgebra).
It is straightforward to show that the concept of tensor products of algebras and of coalgebras satisfy the
properties one would expect:
e For any three k-coalgebras C, D and F, the k-linear map

(C®D)®FE—-C®(D®QFE), (crd)®@e—c®(d®e)

is a coalgebra isomorphism. This allows us to speak of the k-coalgebra C' ® D ® E without worrying
about the parenthesization.

13The easy proof of this fact is left to the reader.
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e For any two k-coalgebras C' and D, the k-linear map
T:C®D—-D®C, cR®d—d®c

is a coalgebra isomorphism.
e For any k-coalgebra C, the k-linear maps

C—->kC, c—1®c and
C - C®Kk, c—He®l

are coalgebra isomorphisms.
e Similar properties hold for algebras instead of coalgebras.

One of the first signs that these definitions interact nicely is the following straightforward proposition.

Proposition 1.3.5. When A is both a k-algebra and a k-coalgebra, the following are equivalent:

e (A,€) are morphisms for the algebra structure (m,u).
e (m,u) are morphisms for the coalgebra structure (A, e).

e These four diagrams commute:
AR A

ARARAR®A m
id T ®id A
ARARARA A
(1.3.4) M
AR A
A9 A2 kok k— " o4
S SIS

k—9 ok
A
Exercise 1.3.6. (a) If A, A’, B and B’ are four k-algebras, and f: A — A" and g : B — B’ are two
k-algebra homomorphisms, then show that f® g: A® B — A’ ® B’ is a k-algebra homomorphism.

(b) If C, C’', D and D’ are four k-coalgebras, and f : C — C’ and g : D — D’ are two k-coalgebra
homomorphisms, then show that f ® g: C ® D — C" ® D’ is a k-coalgebra homomorphism.

Definition 1.3.7. Call the k-module A a k-bialgebra if it is a k-algebra and k-coalgebra satisfying the three
equivalent conditions in Proposition 1.3.5.

Example 1.3.8. For a group G, one can make the group algebra kG a coalgebra with counit kG = k
mapping t, — 1 for all ¢ in G, and with comultiplication kG A kG ® kG given by A(ty) = t; ® t4.
Checking the various diagrams in (1.3.4) commute is easy. For example, one can check the pentagonal
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diagram on each basis element ¢, ® t5:

ty ®tp

A®A
g ®ty &t @1y m
id ®T®id tyn
t, ®t A

g Qth Oty @ty
m@m
tgh ® tgh

Remark 1.3.9. In fact, one can think of adding a bialgebra structure to a k-algebra A as a way of making
A-modules M, N have an A-module structure on their tensor product M ® N: the algebra A ® A already
acts naturally on M ® N, so one can let a in A act via A(a) in A® A. In the theory of group representations
over k, that is, kG-modules M, this is how one defines the diagonal action of G on M ® N, namely t, acts
as ty ® tg.

Definition 1.3.10. An element x in a coalgebra for which A(z) = 2 ® x and e(z) = 1 is called group-like.
An element z in a bialgebra for which A(z) =1 ® 2z + 2 ® 1 is called primitive. We shall also sometimes
abbreviate “primitive element” as “primitive”.

Example 1.3.11. The tensor algebra T(V) = @, -, V®" is a coalgebra, with counit € equal to the identity
on V& =k and the zero map on V®" for n > 0, and with comultiplication defined to make the elements z
in V®! =V all primitive:

Alz):=1®z+z®1 for z € VO
Since the elements of V' generate T'(V') as a k-algebra, and since T'(V)®@T(V) is also an associative k-algebra,

the universal property of T'(V) as the free associative k-algebra on the generators V allows one to define

T(V) 3 T(V)® T(V) arbitrarily on V, and extend it as an algebra morphism.
It may not be obvious that this A is coassociative, but one can note that

(([dRA)oA)(z)=20101+1R201+1®10z=((A®id) o A) (x)

for every x in V. Hence the two maps (id ®A) o A and (A ® id) o A, considered as algebra morphisms
T(V)=>T(V)®T(V)®T(V), must coincide on every element of T'(V) since they coincide on V. We leave
it as an exercise to check the map e defined as above satisfies the counit axioms (1.2.2).

Here is a sample calculation in 7'(V') when V has basis {x,y, z}:

A(ryz) = A(z)A(y)A(2)
=1l®z+2z9)(1y+yel)1ez+2®1)
=1l®zy+zyt+yRkzr+rzyl)(1®z+211)
=1lQzyz+rQ@yz+y@rz+2zQxy

+ryRz4+r2Qy+yzr+aryz® 1.

This illustrates the idea that comultiplication “takes basis elements apart”. Here for any vy, vs,...,v, in V
one has

A(Ulv2"'vn): E /Ujl...vjr®vkl...vkn—r
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where the sum is over ordered pairs (j1,j2, ..., 4r), (k1, k2, ..., kn—r) of complementary subwords of the word
(1,2,...,n). '* Equivalently (and in a more familiar language),

(1.3.5) A (v1vg - vy) = Z Vr @ V{12, .0\
I1c{1,2,...,n}
where vy (for J a subset of {1,2,...,n}) denotes the product of all v; with j € J in the order of increasing
j.
Recall one can quotient a k-algebra A by a two-sided ideal J to obtain a quotient algebra A/.J.

Definition 1.3.12. In a coalgebra C', a two-sided coideal is a k-submodule J C C for which
AJ)ycJeC+C®J
e(J)=0
The quotient k-module C/.J then inherits a coalgebra structure’®. Similarly, in a bialgebra A, a subset
J C A which is both a two-sided ideal and two-sided coideal gives rise to a quotient bialgebra A/J.
Exercise 1.3.13. Let A and C' be two k-coalgebras, and f: A — C a surjective coalgebra homomorphism.
(a) If f is surjective, then show that ker f is a two-sided coideal of A.
(b) If k is a field, then show that ker f is a two-sided coideal of A.

Example 1.3.14. The symmetric algebra Sym(V) was the quotient of T(V) by the two-sided ideal J
generated by all commutators [z,y] = xy — yx for x,y in V. Note that z,y are primitive elements in T'(V),
and the following very reusable calculation shows that the commutator of two primitives is primitive:

Alz,y] = Alzy — yx)
=(ler+2z)(1y+ye]l) - (1y+ye1)(1r+z®1)
=lrzy—1Qyurt+rzy®1l —yr®1
+rR®Yy+yYRkr—zrzR®y—yRx
=1® (zy —ya) + (zy —yz) @1
=1®[z,y]+ [z,y] ® 1.
In particular, the commutators [z, y] have Alz, y] in JRT (V)+T(V)®J. They also satisfy e([x, y]) = 0. Since

they are generators for J as a two-sided ideal, it is not hard to see this implies A(J) C JQT(V)+T(V)® J,
and €(J) = 0. Thus J is also a two-sided coideal, and Sym(V') = T'(V))/J inherits a bialgebra structure.

(1.3.6)

In fact we will see in Section 3.1 that symmetric algebras are the universal example of bialgebras which
are graded, connected, commutative, cocommutative. But first we should define some of these concepts.

Definition 1.3.15. A graded k-module V is one with a k-module direct sum decomposition V- =&p, -, V».
Elements z in V,, are called homogeneous of degree n, or deg(z) = n. -

One endows tensor products V' @ W of graded k-modules V, W with graded module structure in which
(V X W)n = ®i+j:n V;, ® Wj.

A k-linear map V 5% W between two graded k-modules is called graded if ¢(V;,) C W,, for all n. Say that
a k-algebra (coalgebra, bialgebra) is graded if it is a graded k-module and all of the relevant structure maps
(u,e,m, A) are graded.

Say that a graded module V is connected if Vy = k.

Example 1.3.16. Let k be a field. A path-connected space X has its homology and cohomology
H.(X;k) = @ Hi(X; k)
i>0
H*(X;k) = P H'(X;k)
i>0
MM ore formally speaking, the sum is over all permutations (j1,j2,...,Jr, k1,k2,...,kn—r) of (1,2,...,n) satisfying ji1 <

Jo<--<jrand ki <ks <--- <kp_p.
gince J ® C 4+ C ® J is contained in the kernel of the canonical map C ® C — (C/J) ® (C/J)
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carrying the structure of connected graded coalgebras and algebras, respectively. If in addition, X is a
topological group, or even less strongly, a homotopy-associative H-space (e.g. the loop space QY on some
other space Y), the continuous multiplication map X x X — X induces an algebra structure on H,(X;k)
and a coalgebra structure on H*(X;k), so that each become bialgebras in the topologist’s sense (i.e., with
the twist as in (1.3.3)), and these bialgebras are dual to each other in a sense soon to be discussed. This
was Hopf’s motivation: the (co-)homology of a compact Lie group carries bialgebra structure that explains
why it takes a certain form; see Cartier [33, §2].

Example 1.3.17. Tensor algebras T'(V) and symmetric algebras Sym(V') are graded, once one picks a
graded module structure for V; then

deg(wi, -+~ ;) = deg(w;,) + - - - + deg(w;, )
if {mi}iel is a graded basis (and, more generally, v1vs - - vy is homogeneous of degree iy + ig + -+ + i if
each v; is a homogeneous element of V' of degree ;). Assuming that V5 = 0, the graded algebras T'(V) and

Sym(V') are connected. For example, we will often say that all elements of V' are homogeneous of degree 1,
but at other times, it will make sense to have V' live in different (positive) degrees.

Exercise 1.3.18. Let A = @, -, An be a graded k-bialgebra. We denote by p the set of all primitive
elements of A.

(a) Show that p is a graded k-submodule of A (that is, we have p =@, -, (p N 4,)).

(b) Show that p is a two-sided coideal of A. B

Exercise 1.3.19. Let A be a connected graded k-bialgebra. Show that
(a) the k-submodule k =k - 14 of A lies in Ay,

)
(c) we have Ag =k - 14, while

(d) the two-sided ideal ker € is the k-module of positive degree elements I = @, 4 An.
) e restricted to Ag is the inverse isomorphism Ag 5k to u.

) for every x € A, we have

Alx)ez@1+ AR,

(g) every x in I has comultiplication of the form
Alz)=10z4+21+ Ay(x)

where A (z) lies in I ® I.
(h) every n > 0 and every x € A, satisfy A(z) = 1@z + 2 ® 1+ Ay (z), where Ay (x) lies in
P AR ® A
(Use only the gradedness of the unit u and counit € maps, along with commutativity of diagrams (1.2.2),
and (1.3.4) and the connectedness of A.)

The tensor product of two bialgebras is canonically a bialgebra, as the following proposition shows:

Proposition 1.3.20. Let A and B be two k-bialgebras. Then, A® B is both a k-algebra and a k-coalgebra
(by Definition 1.3.3). These two structures, combined, turn A ® B into a k-bialgebra.

Exercise 1.3.21. (a) Prove Proposition 1.3.20.
(b) Let G and H be two groups. Show that the k-bialgebra kG @ kH (defined as in Proposition 1.3.20)
is isomorphic to the k-bialgebra k [G x H]. (The notation k [S] is a synonym for kS.)

1.4. Antipodes and Hopf algebras. There is one more piece of structure needed to make a bialgebra a
Hopf algebra, although it will come for free in the connected graded case.

Definition 1.4.1. For any coalgebra C' and algebra A, one can endow the k-linear maps Hom(C, A) with
an associative algebra structure called the convolution algebra: Define the product f % g of two maps f, g in
Hom(C, A) by (f xg)(c) =>_ f(c1)g(c2), using the Sweedler notation A(c) = > ¢1 ® ca. Equivalently, fxg
is the composite

A cowc—TI% _agaA— ™ 4

C

The associativity of this multiplication * is easy to check (see Exercise 1.4.2 below).
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The map u o € is a two-sided identity element for x, meaning that every f € Hom(C, A) satisfies

D fle)elea) = fle) =D eler) f(ea)

for all ¢ € C. One sees this by adding a top row to (1.2.2):

(1.4.1) AQk——A<~—k® A

f®idT fT id®fT

Ck—C<~—kaC

id ®€T idT e®idT

In particular, when one has a bialgebra A, the convolution product x gives an associative algebra structure
on End(A4) := Hom(4, A).

Exercise 1.4.2. Let C be a k-coalgebra and A be a k-algebra. Show that the binary operation x on
Hom (C, A) is associative.

The following simple (but useful) property of convolution algebras says essentially that the k-algebra
(Hom (C, A) , ) is a covariant functor in A and a contravariant functor in C, acting on morphisms by pre-
and post-composition:

Proposition 1.4.3. Let C' and C’ be two k-coalgebras, and let A and A’ be two k-algebras. Let v : C — C’
be a k-coalgebra morphism. Let o : A — A’ be a k-algebra morphism.
The map

Hom (C’, A) — Hom (C, A"), frraofory

is a k-algebra homomorphism from the convolution algebra (Hom (C’, A),) to the convolution algebra

(Hom (C, A7) , ).

Proof of Proposition 1.4.3. Denote this map by ¢. We must show that ¢ is a k-algebra homomorphism.
Recall that « is an algebra morphism; thus, €« omy = ma o (@ ® ) and coug = ua. Also, v is a
coalgebra morphism; thus, Acr oy = (y®7) o A¢ and ecr 0y = ec.
Now, the definition of ¢ yields p(ug0€c/) = @ oug0€ec 0y = uar o €c; in other words, ¢ sends the unity

=Uys =ec
of the algebra (Hom (C’, A),*) to the unity of the algebra (Hom (C, A’) , x).
Furthermore, every f € Hom (C’, A) and g € Hom (C’, A) satisfy

o(fxg)=ao  (fxg) oy
——
=mao(f®g)oAss
= aomy o(f®g)o Acroy
—— N——

=m s0(a®a) =(y®v)oAc

=(aofoy)®(aogoy)
=maro((@ofoy)®(aogoy))oAc

(1.4.2) = (ao foy)x(aogoy)=p(f)*p(g)
—— Y——
=o(f) =¢(9)

Thus, ¢ is a k-algebra homomorphism (since ¢ is a k-linear map and sends the unity of the algebra
(Hom (C’, A) , %) to the unity of the algebra (Hom (C, A’),x)). O

Exercise 1.4.4. Let C and D be two k-coalgebras, and let A and B be two k-algebras. Prove that:
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() ff:C—A f:C—A g:D— Band g : D— B are four k-linear maps, then
(feg*(f'ed)=(f*felgrg)
in the convolution algebra Hom (C @ D, A ® B).

(b) Let R be the k-linear map (Hom (C, A),*) ® (Hom (D, B),*) — (Hom (C ® D, A® B),*) which
sends every tensor f ® g € (Hom (C, A),x) ® (Hom (D, B),*) to the map f®¢g: C®D — A® B.
(Notice that the tensor f ® g and the map f ® g are different things which happen to be written in
the same way.) Then, R is a k-algebra homomorphism.

Exercise 1.4.5. Let C and D be two k-coalgebras. Let A be a k-algebra. Let ® be the canonical k-
module isomorphism Hom (C ® D, A) — Hom (C,Hom (D, A)) (defined by ((® (f)) (¢)) (d) = f(c® d) for
all f € Hom (C® D, A), c € C and d € D). Prove that ® is a k-algebra isomorphism

(Hom (C ® D, A) ,x) — (Hom (C, (Hom (D, A) , %)) ,*) .

Definition 1.4.6. A bialgebra A is called a Hopf algebra if there is an element S (called an antipode for
A) in End(A) which is a 2-sided inverse under = for the identity map id4. In other words, this diagram
commutes:

S®id Ao

(1.4.3) A® A A® A
/ X
A < k 2 A
X m
AOA—gs 404
Or equivalently, if A(a) = > a1 ® ag, then
(1.4.4) Z S(a1)az = u(e(a)) = ZalS(ag).
(a) (a)

Example 1.4.7. For a group algebra kG, one can define an antipode k-linearly via S(ty) = t,-:. The top
pentagon in the above diagram commutes because

(Sxid)(tg) =m((S®@id)(ty @ ty)) = S(ty)ty = tg-1ty =te = (w0 €)(ty).
Note that when it exists, the antipode S is unique, as with all 2-sided inverses in associative algebras: if
S, S" are both 2-sided -inverses to id4 then
S'=(uoe) xS =(Sxida) xS =S (idaxS") =S x (uoe) =S.
On the other hand, the next property is not quite as obvious, but is useful when one wants to check that

a certain map s the antipode in a particular Hopf algebra, by checking it on an algebra generating set.

Proposition 1.4.8. The antipode S in a Hopf algebra A is an algebra anti-endomorphism: S(1) = 1, and
S(ab) = S(b)S(a) for all a,b in A.

Proof. (see [186, Chap. 4]) Since A is an algebra map, one has A(1) = 1 ® 1, and therefore 1 = ue(l) =
S(1)-1=5(1).

To show S(ab) = S(b)S(a), consider A® A as a coalgebra and A as an algebra. Then Hom(A® A, A) is an
associative algebra with a convolution product ® (to be distinguished from the convolution * on End(A)),
having two-sided identity element useaga. We will show below that these three elements of Hom(A® A, A)

fla®b) =ab
g9(a®b) = 5(b)S(a)
h(a ® b) = S(ab)
have the property that
(1.4.5) h®f =useapa = f®g
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which would then show the desired equality h = g via associativity:

h=h®(useaga) = h®(f@g) = (h®f)®g = (uacaga)®g = g.
So we evaluate the three elements in (1.4.5) on a®b, assuming A(a) = }_,) a1 ®az and A(b) = 3_ ;) b1 @ ba,
and hence A(ab) = Z(a)’(b) a1b; ® asby. One has

(uacaga)(a®@b) =ualea(a)ea(d)) = ualea(abd)).

(h®f)(a®b) = > h(ay @ by)f(az @ b)
(a),(b)
= Z S(albl)agbg
(a),(b)
(S xida)(ab) = ua(ea(abd)).

(feg)la@b) = Y flar @bi)g(az @ by)

(a),(b)
= Z alblS(bg)S(ag)

(a),(b)
= Zal . (ldA *S)(b) . S(ag)

(a)
=ua(ea(d) Y a15(az) = ualea(d))ualea(a)) = ualea(ab)).

(a)
O

Remark 1.4.9. Recall from Remark 1.3.9 that the comultiplication on a bialgebra A allows one to define an
A-module structure on the tensor product M @ N of two A-modules M, N. Similarly, the anti-endomorphism
S in a Hopf algebra allows one to turn left A-modules into right A-modules, or vice-versa.'® E.g., left A-
modules M naturally have a right A-module structure on the dual k-module M* := Hom(M, k), defined
via (fa)(m) := f(am) for f in M* and a in A. The antipode S can be used to turn this back into a left
A-module M*, via (af)(m) = f(S(a)m).

For groups G and left kG-modules (group representations) M, this is how one defines the contragredient
action of G on M*, namely t, acts as (tof)(m) = f(tg-1m).

More generally, if A is a Hopf algebra and M and N are two left A-modules, then Hom (M, N) (the Hom
here means Homy, not Hom 4) canonically becomes a left A-module by setting

(af)(m) = Zalf(S(ag)m) forall a € A, f € Hom (M, N) and m € M.
(a)
17 When A is the group algebra kG of a group G, this leads to
(tgf) (m) =ty f (ty-1m) for all g € G, f € Hom (M,N) and m € M.

16Be warned that these two transformations are not mutually inverse! Turning a left A-module into a right one and then
again into a left one using the antipode might lead to a non-isomorphic A-module, unless the antipode S satisfies S2? = id.
17In more abstract terms, this A-module structure is given by the composition

A ids ®S

A AR A A® A°? ——— End (Hom (M, N)) ,

where the last arrow is the morphism
A® A°°? — End (Hom (M, N)),
a®br— (f— (M — N, m— af (bm))).

Here, A°P denotes the opposite algebra of A, which is the k-algebra differing from A only in the multiplication being twisted
(the product of a and b in A°P is defined to be the product of b and a in A). As k-modules, A°P = A, but we prefer to use A°P
instead of A here to ensure that all morphisms in the above composition are algebra maps.
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This is precisely how one commonly makes Hom (M, N) a representation of G for two representations M
and N.

Along the same lines, whenever A is a k-bialgebra, we are supposed to think of the counit A 5 k as giving
a way to make k into a trivial A-module. This A-module k behaves as one would expect: the canonical
isomorphisms k ® M — M, M ® k — M and (if A is a Hopf algebra) Hom (M, k) — M* are A-module
isomorphisms for any A-module M.

Corollary 1.4.10. Commutativity of A implies the antipode is an involution: S$? = id4.

Proof. One checks that S2 = S o S is a right %-inverse to .9, as follows:

(S*S?)(a) = S(a1)S*(az)
(a)

=S5 Z S(az)ay (by Proposition 1.4.8)
(a)

=S5 Z a1 S(az) (by commutativity of A)
(a)

= 5 (u(e(a)))
= u(e(a)) (since S(1) = 1 by Proposition 1.4.8).

Since S itself is the -inverse to id 4, this shows that S? =id4. O

Remark 1.4.11. We won’t need it, but it is easy to adapt the above proof to show that S? = id4 also holds
for cocommautative Hopf algebras; see [138, Corollary 1.5.12] or [186, Chapter 4]. For a general Hopf algebra
which is not finite-dimensional over a field k, the antipode S may not even have finite order, even in the
connected graded setting. E.g., Aguiar and Sottile [7] show that the Malvenuto-Reutenauer Hopf algebra of
permutations has antipode of infinite order. In general, antipodes need not even be invertible [187].

Proposition 1.4.12. Let A and B be two Hopf algebras. Then, the k-bialgebra A ® B (defined as in
Proposition 1.3.20) is a Hopf algebra. The antipode of this Hopf algebra A ® B is the map S4 ® Sp :
A® B — A® B, where S4 and Sp are the antipodes of the Hopf algebras A and B.

Exercise 1.4.13. Prove Proposition 1.4.12.

In our frequent setting of connected graded bialgebras, antipodes come for free.

Proposition 1.4.14. A connected graded bialgebra A has a unique antipode S, which is a graded map
A2 A, endowing it with a Hopf structure.

Proof. Let us try to define a (k-linear) left x-inverse S to id4 on each homogeneous component A,, via
induction on n.

In the base case n = 0, Proposition 1.4.8 and its proof show that one must define S(1) = 1 so S is the
identity on Ag = k.

In the inductive step, recall from Exercise 1.3.19(h) that a homogeneous element a of degree n > 0 has
Ala) =a®1+ > a1 ® ag, with each deg(a1) < n. Hence in order to have S xidg = we, one must define
S(a) in such a way that S(a) -1+ > S(a1)as = ue(a) = 0 and hence S(a) := — 3 S(a1)az, where S(az)
have already been uniquely defined by induction. This does indeed define such a left x-inverse S to id 4, by
induction. It is also a graded map by induction.

The same argument shows how to define a right x-inverse S’ to id 4. Then S = 5’ is a two-sided *-inverse
to id 4 by the associativity of *. O

Here is another consequence of the fact that S(1) = 1.

Proposition 1.4.15. In bialgebras, primitive elements x have e¢(x) = 0, and in Hopf algebras, they have
S(z) = —=.
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Proof. In a bialgebra, ¢(1) = 1. Hence A(z) = 1® z + = ® 1 implies via (1.2.2) that 1-e(z) 4+ €(1)x = x, so
€(z) = 0. It also implies via (1.4.3) that S(z)1 + S(1)x = ue(x) = u(0) = 0, so S(z) = —=. O

Thus whenever A is a Hopf algebra generated as an algebra by its primitive elements, S is the unique
anti-endomorphism that negates all primitive elements.

Example 1.4.16. The tensor and symmetric algebras T(V') and Sym(V') are each generated by V, which
contains only primitive elements in either case. Hence one has in T'(V') that

(146) S(xhxiz T xlk) = (_xlk) e (_xlé)(_l.il) = (_1)191,“6 C o Lig iy
for each word (i1,...,ix) in the alphabet I if V' is a free k-module with basis {z;}, ;. The same holds in
Sym(V) for each multiset (i1, ...,4), recalling that the monomials are now commutative. In other words,

for a commutative polynomial f(x) in Sym(V'), the antipode S sends f to f(—x), negating all the variables.

The antipode for a connected graded Hopf algebra has an interesting formula due to Takeuchi [187],
reminiscent of P. Hall’s formula for the Mobius function of a poset'®. For the sake of stating this, consider
(for every k € N) the k-fold tensor power A®¥ = A® -+ ® A (defined in Example 1.1.2) and define iterated
multiplication and comultiplication maps

e m=1)

(k—1)
A A%. A®Fk

by induction over k, setting m(—1 = u, ACD = ¢ m® = A® =id,, and
m*)  =mo (idy @m*-1) for every k > 1;
AR = (idyg @AF-D) o A for every k > 1.
Using associativity and coassociativity, one can see that for k£ > 1 these maps also satisfy
m®*  =mo(m*N ®idy) for every k > 1;
AR = (AF=D @idy) 0 A for every k > 1

(so we could just as well have used idq ®m(*~1 instead of m*~Y ® id4 in defining them) and further
symmetry properties (see Exercise 1.4.17 and Exercise 1.4.18). They are how one gives meaning to the right
sides of these equations:

m® @V @ ... @ a1y = g ... g+
AR (b) = Z by ® -+ @ bgy1 in Sweedler notation.

Exercise 1.4.17. Let A be a k-algebra. Let us define, for every k € N, a k-linear map m®) : A®K*+1) 5 4
Namely, we define these maps by induction over k, with the induction base m(® = id,, and with the
induction step m*) = m o (idA ®m(k*1)) for every k > 1. (This generalizes our definition of m(®) for Hopf
algebras A given above, except for m(~1) which we have omitted.)

(a) Show that m* =mo (m(i) ® m(k’lﬂl)) forevery k> 0and 0 <i<k—1.

(b) Show that m®*) = mo (m*~Y @idy) for every k > 1.

(¢) Show that m®) = mE=1 ¢ (idgei ®m ® id yek-1-4 ) for every k >0 and 0 <i < k — 1.

(d) Show that m®* = m*=1 o (id ye0—1) @m) = m*F=D o (m @ id yew-1)) for every k > 1.

Exercise 1.4.18. Let C be a k-coalgebra. Let us define, for every k € N, a k-linear map A¥) : ¢ — ¢®F+1),
Namely, we define these maps by induction over k, with the induction base A(®) = id¢, and with the induction
step AR = (idc ®A(k_1)) o A for every k > 1. (This generalizes our definition of A®*) for Hopf algebras A
given above, except for AGD which we have omitted. )

(a) Show that A = (A @ Ak=1=9) o A for every k > 0and 0 <i <k — 1.

(b) Show that Al ) = (A*"Y ®idc) o A for every k > 1.

(¢) Show that A®) = (idpe: ®A ® idgen—1-9) 0 AF=D for every k >0 and 0 <4 < k — 1.

(d) Show that A®) = (idpew-1 ®A) 0o AP = (A ® idger-1)) o AF™ for every k > 1.

181y fact, for incidence Hopf algebras, Takeuchi’s formula generalizes Hall’s formula— see Corollary 7.2.3.
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Remark 1.4.19. Exercise 1.4.17 holds more generally for nonunital associative algebras A (that is, k-modules
A equipped with a k-linear map m : A® A — A such that the diagram (1.1.1) is commutative, but not
necessarily admitting a unit map w). Similarly, Exercise 1.4.18 holds for non-counital coassociative coalgebras
C. The existence of a unit in A, respectively a counit in C, allows slightly extending these two exercises by
additionally introducing maps m(~" = : k — A and A-Y = ¢ : C — k; however, not much is gained from
this extension.'®

Exercise 1.4.20. For every k € N and every k-bialgebra H, consider the map Agf) . H — HOFHD (this is
the map A®) defined as in Exercise 1.4.18 for C' = H), and the map mg) cHOWHD g (this is the map

m*) defined as in Exercise 1.4.17 for A = H).
Let H be a k-bialgebra. Let k € N. Show that:?°

a) The map m'¥ : HOF+1) 5 [ is a k-coalgebra homomorphism.
H
(b) The map A(If) : H — H®F+1) ig a k-algebra homomorphism.
0 ®@\EEY @
(c) We have m /.41 © (Af A}’ omy for every £ € N.
®(k+1)
(d) We have (m%)) o Agé@“) = A%C) o mg) for every ¢ € N.

The iterated multiplication and comultiplication maps allow explicitly computing the convolution of mul-
tiple maps; the following formula will often be used without explicit mention:

Exercise 1.4.21. Let C be a k-coalgebra, and A be a k-algebra. Let k € N. Let f1, fo,..., fx be k elements
of Hom (C, A). Show that

Jix farxeox fi mefl) o (f1 ®f2®"'®fk)0Ag€71).
We are now ready to state Takeuchi’s formula for the antipode:

Proposition 1.4.22. In a connected graded Hopf algebra A, the antipode has formula
S — Z(_l)km(k—l)ftXJkA(k—l)
(1.4.7) k>0
—ue—f4mofPoA-—m®o o AR 4.
where f :=ids —ue in End(A4).

Proof. We argue as in [187, proof of Lemma 14] or [7, §5]. For any f in End(A) one has this explicit formula
for its k-fold convolution power f** := fx---x f in terms of its tensor powers f®* := f®---® f (according
to Exercise 1.4.21):
f*k _ m(k*l) o f®k o A(k*l)'
Therefore any f annihilating Ay will be locally x-nilpotent on A, meaning that for each n one has that A,
is annihilated by f*™ for every m > n: homogeneity forces that for a in A, every summand of A(™=1 (q)
must contain among its m tensor factors at least one factor lying in Ay, so each summand is annihilated by
fe™, and f*"(a) = 0.
In particular such f have the property that ue + f has as two-sided *-inverse

(ue+ )" =ue—f4 frf—fxfrf+:
_ Z(_l)kf*k _ Z(_l)km(kfl) o f®k ° A(kfl).
k>0 k>0
The proposition follows upon taking f :=id4 —ue, which annihilates Ag. O
Remark 1.4.23. In fact, one can see that Takeuchi’s formula applies more generally to define an antipode

A5 Ain any (not necessarily graded) bialgebra A where the map id 4 —ue is locally *-nilpotent.
It is also worth noting that the proof of Proposition 1.4.22 gives an alternate proof of Proposition 1.4.14.

9The identity m(*) = mo (idA ®m(k_1)) for a k-algebra A still holds when k = 0 if it is interpreted in the right way (viz.,
if A is identified with A ® k using the canonical homomorphism).
20T he following statements are taken from [146]; specifically, part (c) is [146, Lem. 1.8].
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To finish our discussion of antipodes, we mention some properties (taken from [186, Chap. 4]) relat-
ing antipodes to convolutional inverses. It also shows that a bialgebra morphism between Hopf algebras
automatically respects the antipodes.

Proposition 1.4.24. Let H be a Hopf algebra with antipode S.

(a) For any algebra A and algebra morphism H % A, one has a o S = o*~!, the convolutional inverse
to o in Hom(H, A).

(b) For any coalgebra C' and coalgebra morphism C 2 H, one has S o~y = *~!, the convolutional
inverse to v in Hom(C, H).

(¢) If Hy, Hy are Hopf algebras with antipodes Sy, Sa, then any bialgebra morphism H, LA H, is a Hopf

b
morphism, that is, it commutes with the antipodes, since o Sy @ gt © Ss 0 f.

Proof. We prove (a); the proof of (b) is similar, and (c) follows immediately from (a),(b) as indicated in its
statement.

For assertion (a), note that Proposition 1.4.3 (applied to H, H, H, A, idy and « instead of C, C’, A, A’,
~ and «) shows that the map

Hom (H,H) — Hom (H, A), faof

is a k-algebra homomorphism from the convolution algebra (Hom (H, H),*) to the convolution algebra
(Hom (H, A), ). Denoting this homomorphism by ¢, we thus have ¢ ((idg)*~') = (p(idg)) " (since
k-algebra homomorphisms preserve inverses). Now,

aoS =¢(S) = ((idy)") = (p(idp))* " = (aoidg) ™" = a* L.
|

Exercise 1.4.25. Prove that the antipode S of a Hopf algebra A is a coalgebra anti-endomorphism, i.e.,
that it satisfieseo S =cand Ao S=To (S®S)o A, where T: A® A - A® A is the twist map sending
every a @ b to b ® a.

Exercise 1.4.26. If C is a k-coalgebra and if A is a k-algebra, then a k-linear map f : C — A is said to be
*-invertible if it is invertible as an element of the k-algebra (Hom (C, A), ). In this case, the multiplicative
inverse f*(=1 of f in (Hom (C, A),*) is called the x-inverse of f.
For any two k-modules U and V, let Ty y : U®V — V ® U be the twist map (i.e., the k-linear map
UV =V ®U sending every u ® v to v @ u).
(a) If C is a k-bialgebra, if A is a k-algebra, and if r : C' — A is a x-invertible k-algebra homomorphism,
then prove that the x-inverse 7*(=1) of r is a k-algebra anti-homomorphism?".
(b) If C is a k-bialgebra, if A is a k-coalgebra, and if r : A — C' is a x-invertible k-coalgebra homomor-
phism, then prove that the -inverse r*(=1) of r is a k-coalgebra anti-homomorphism?2.
(c) Derive Proposition 1.4.8 from Exercise 1.4.26(a), and derive Exercise 1.4.25 from Exercise 1.4.26(Db).
(d) Prove Corollary 1.4.10 again using Proposition 1.4.24.
(e) Prove that the antipode S of a cocommutative Hopf algebra A satisfies S? = id4. (This was a

statement made in Remark 1.4.11.)

Exercise 1.4.27. (a) Let A be a Hopf algebra. If P : A — A is a k-linear map such that every a € A
satisfies

ZP(ag) ca; = u(e(a)),
(a)
then prove that the antipode S of A is invertible and its inverse is P.

215 k-algebra anti-homomorphism means a k-linear map ¢ : P — @ between two k-algebras P and @ which satisfies
pomp=mgo(pRp)oTpp and poup = uqQ.

227 k-coalgebra anti-homomorphism means a k-linear map ¢ : P — @ between two k-coalgebras P and @ which satisfies
Agop=Togo(p®¢)oAp and egop =e€p.
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(b) Let A be a Hopf algebra. If P: A — A is a k-linear map such that every a € A satisfies

Y az- P(ar) = u(e(a)),
(a)

then prove that the antipode S of A is invertible and its inverse is P.
(¢) Show that the antipode of a connected graded Hopf algebra is invertible.

(Compare this exercise to [138, Lemma 1.5.11].)

Definition 1.4.28. Let C be a k-coalgebra. A subcoalgebra of C' means a k-coalgebra D such that D C C
and such that the canonical inclusion map D — C' is a k-coalgebra homomorphism?®. When k is a field, we
can equivalently define a subcoalgebra of C as a k-submodule D of C such that A¢ (D) is a subset of the
k-submodule D ® D of C ® C; however, this might no longer be equivalent when k is not a field.

Similarly, a subbialgebra of a bialgebra C' is a k-bialgebra D such that D C C and such that the canonical
inclusion map D — C' is a k-bialgebra homomorphism. Also, a Hopf subalgebra of a Hopf algebra C is a
k-Hopf algebra D such that D C C and such that the canonical inclusion map D — C'is a k-Hopf algebra
homomorphism.?®

Exercise 1.4.29. Let C be a k-coalgebra. Let D be a k-submodule of C such that D is a direct summand
of C as a k-module (i.e., there exists a k-submodule E of C such that C = D @ E). (This is automatically
satisfied if k is a field.) Assume that A (D) C C®D and A (D) C D®C. (Here, we are abusing the notation
C ® D to denote the k-submodule of C'® C spanned by tensors of the form ¢ ® d with ¢ € C and d € D;
similarly, D ® C should be understood.) Show that there is a canonically defined k-coalgebra structure on
D which makes D a subcoalgebra of C.

The next exercise is implicit in [4, §5]:

Exercise 1.4.30. Let k be a field. Let C be a k-coalgebra, and let U be any k-module. Let f: C — U be
a k-linear map. Recall the map A : C' — C®3 from Exercise 1.4.18. Let K = ker ((idc ®f®ide) o A(Q)).
(a) Show that K is a k-subcoalgebra of C.
(b) Show that every k-subcoalgebra of C' which is a subset of ker f must be a subset of K.

Exercise 1.4.31. (a) Let C = @p,,~, Cn be a graded k-coalgebra, and A be any k-algebra. Notice that
Cy itself is a k-subcoalgebra of C. Let h : C' — A be a k-linear map such that the restriction h ley
is a *-invertible map in Hom (Cp, A). Prove that h is a *-invertible map in Hom (C, A). (This is a
weaker version of Takeuchi’s [187, Lemma 14].)
(b) Let A =@, An be a graded k-bialgebra. Notice that Ay is a subbialgebra of A. Assume that A,
is a Hopf algebra. Show that A is a Hopf algebra.
(¢) Obtain yet another proof of Proposition 1.4.14.

Exercise 1.4.32. Let A = @, ., A, be a connected graded k-bialgebra. Let p be the k-submodule of A
consisting of the primitive elements of A.

(a) If I is a two-sided coideal of A such that I Np = 0 and such that I = @, (I N A,), then prove
that I = 0. -

(b) Let f: A — C be a graded surjective coalgebra homomorphism from A to a graded k-coalgebra C.
If f |, is injective, then prove that f is injective.

(¢) Assume that k is a field. Show that the claim of Exercise 1.4.32(b) is valid even without requiring
f to be surjective.

Remark 1.4.33. Exercise 1.4.32 (b) and (c) are often used in order to prove that certain coalgebra homo-
morphisms are injective.

The word “bialgebra” can be replaced by “coalgebra” in Exercise 1.4.32, provided that the notion of a
connected graded coalgebra is defined correctly (namely, as a graded coalgebra such that the restriction of

231n this definition, we follow [142, p. 55] and [198, §6.7]; other authors may use other definitions.

24This is because the k-submodule D® D of C ® C is generally not isomorphic to the k-module D ® D. See [142, p. 56] for
specific counterexamples for the non-equivalence of the two notions of a subcoalgebra. Notice that the equivalence is salvaged
if D is a direct summand of C as a k-module (see Exercise 1.4.29 for this).

25By Proposition 1.4.24(c), we can also define it as a subbialgebra of C which happens to be a Hopf algebra.
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€ to the 0-th graded component is an isomorphism), and the notion of the element 1 of a connected graded
coalgebra is defined accordingly (namely, as the preimage of 1 € k under the restriction of € to the 0-th
graded component).

1.5. Commutativity, cocommutativity.

Definition 1.5.1. Say that the k-algebra A is commutative if ab = ba, that is, this diagram commutes:

(1.5.1) A®A A®A
X\ /
A
This, of course, is a mere restatement of the classical definition of a commutative k-algebra using tensors

instead of pairs of elements.
Say that the k-coalgebra C' is cocommutative if this diagram commutes:

(1.5.2) CocC CocC

A

C

Example 1.5.2. Group algebras kG are always cocommutative, but commutative if and only if G is abelian.
Tensor algebras T'(V) are always cocommutative, but not generally commutative®.
Symmetric algebras Sym(V') are always cocommutative and commutative.

Homology and cohomology of H-spaces are always cocommutative and commutative in the topologist’s
sense where one reinterprets that twist map A ® A 5 A® A to have the extra sign as in (1.3.3).

Note how the cocommutative Hopf algebras T'(V'), Sym (V') have much of their structure controlled by their
k-submodules V', which consist of primitive elements only (although, in general, not of all their primitive
elements). This is not far from the truth in general, and closely related to Lie algebras.

Exercise 1.5.3. Recall that a Lie algebra over k is a k-module g with a k-bilinear map [-,-] : g x g = g
that satisfies [z, 2] = 0 for = in g, and the Jacobi identity
[, [y, 2]] = [z, y], 2] + [y, [x, z]], or equivalently
['T7 [ya Z” + [Zv [:my]] + [97 [Z’ x]] =0.
This k-bilinear map [, -] is called the Lie bracket of g.
(a) Check that any associative algebra A gives rise to a Lie algebra by means of the commutator operation
[a,b] := ab — ba.
(b) If A is also a bialgebra, show that the k-submodule of primitive elements p C A is closed under the
Lie bracket, that is, [p,p] C p, and hence forms a Lie subalgebra.

Conversely, given a Lie algebra p, one constructs the universal enveloping algebra U(p) := T(p)/J as the
quotient of the tensor algebra T'(p) by the two-sided ideal J generated by all elements xy — yx — [z, y] for
z,y in p.

(¢) Show that J is also a two-sided coideal in T'(p) for its usual coalgebra structure, and hence the
quotient U(p) inherits the structure of a cocommutative bialgebra.

(d) Show that the antipode S on T'(p) preserves J, meaning that S(J) C J, and hence U(p) inherits the
structure of a (cocommutative) Hopf algebra.

There are theorems, discussed in [33, §3.8], [138, Chap. 5], [51, §3.2] giving various mild hypotheses in
addition to cocommutativity which imply that the inclusion of the k-module p of primitives in a Hopf algebra
A extends to a Hopf isomorphism U(p) = A.

Exercise 1.5.4. Let C' be a cocommutative k-coalgebra. Let A be a commutative k-algebra. Show that
the convolution algebra (Hom (C, A),*) is commutative (i.e., every f,g € Hom (C, A) satisfy f*g=g* f).

261f k is a field, then T(V) is commutative if and only if dimy V' < 1.
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Exercise 1.5.5. (a) Let C be a k-coalgebra. Show that C is cocommutative if and only if its comulti-
plication A¢ : C — C' ® C is a k-coalgebra homomorphism.
(b) Let A be a k-algebra. Show that A is commutative if and only if its multiplication ma : AQ A — A
is a k-algebra homomorphism.

Remark 1.5.6. If C' is a k-coalgebra, then e : C' — k is always a k-coalgebra homomorphism. Similarly,
uyg : k — A is a k-algebra homomorphism whenever A is a k-algebra.

Exercise 1.5.7. Let A be a commutative k-algebra, and let k& € N. The symmetric group & acts on the k-
fold tensor power A®* by permuting the tensor factors: o (v; @ Uy ® - - @ v3,) = Vg=1(1)@Vg—1(2) &+ * V51 ()
for all vy, va,...,v;, € A and 0 € &},. For every m € &y, denote by p(7) the action of 7 on A®* (this is
an endomorphism of A®*). Show that every m € & satisfies m*~1 o (p(n)) = m*F~1. (Recall that
m*F=1 . A®% . A is defined as in Exercise 1.4.17 for k > 1, and by m"Y =u : k — A for k = 0.)

Exercise 1.5.8. State and solve the analogue of Exercise 1.5.7 for cocommutative k-coalgebras.

Exercise 1.5.9. (a) If H is a k-bialgebra and A is a commutative k-algebra, and if f and g are two

k-algebra homomorphisms H — A, then prove that fxg also is a k-algebra homomorphism H — A.

(b) If H is a k-bialgebra and A is a commutative k-algebra, and if f1, fa,..., fi are several k-algebra
homomorphisms H — A, then prove that fix fox---x fi also is a k-algebra homomorphism H — A.

(¢c) If H is a Hopf algebra and A is a commutative k-algebra, and if f : H — A is a k-algebra ho-
momorphism, then prove that f oS : H — A (where S is the antipode of H) is again a k-algebra
homomorphism, and is a x-inverse to f.

(d) If A is a commutative k-algebra, then show that m(*) is a k-algebra homomorphism for every k € N.
(The map m®*) : A®*+1) 5 A is defined as in Exercise 1.4.17.)

(e) If €’ and C are two k-coalgebras, if v : C — C’ is a k-coalgebra homomorphism, if A and A’ are
two k-algebras, if a: A — A’ is a k-algebra homomorphism, and if fi, fa,..., fx are several k-linear
maps C' — A, then prove that

ao(fixfox-xfy)oy=(aofioy)x(aofaoy)x-x(aofromy).
(f) If H is a commutative k-bialgebra, and k and ¢ are two nonnegative integers, then prove that
i oid = idi "0,
(g) If H is a commutative k-Hopf algebra, and k and ¢ are two integers, then prove that id}{k oidtf =
id;}ke). (These powers id}y, id}r and id;}kz) are well-defined since idy is x-invertible.)
(h) State and prove the duals of parts (a)—(g) of this exercise.

Remark 1.5.10. The maps id}f for k € N are known as the Adams operators of the bialgebra H; they are
studied, inter alia, in [5]. Particular cases (and variants) of Exercise 1.5.9(f) appear in [146, Corollaire I1.9]
and [65, Theorem 1]. Exercise 1.5.9(f) and its dual are [117, Prop. 1.6].

Exercise 1.5.11. Let A be a cocommutative graded Hopf algebra with antipode S. Define a k-linear map
E: A— A by having E (a) = (dega) - a for every homogeneous element a of A.

(a) Prove that for every a € A, the elements (S x E) (a) and (E * S) (a) (where x denotes convolution in
Hom (A, A)) are primitive.

(b) Prove that for every primitive p € A, we have (S E) (p) = (E*S) (p) = E (p).

(¢) Prove that for every a € A and every primitive p € A, we have (S * E) (ap) = [(S* E) (a),p] +
€ (a) E (p), where [u, v] denotes the commutator uv — vu of u and v.

(d) If Ais connected and Q is a subring of k, prove that the k-algebra A is generated by the k-submodule
p consisting of the primitive elements of A.

(e) Assume that A is the tensor algebra T (V) of a k-module V, and that the k-submodule V =
Vel of T(V) is the degree-1 homogeneous component of A. Show that (Sx E)(z122...7,) =
[...[[x1,22],23],...,2,] for any n > 1 and any z1,z2,...,2, € V.

Remark 1.5.12. Exercise 1.5.11 gives rise to a certain idempotent map A — A when k is a commutative
Q-algebra and A is a cocommutative connected graded k-Hopf algebra. Namely, the k-linear map A — A

sending every homogeneous a € A to dclga (S*E)(a) (or 0 if dega = 0) is idempotent and is a projection
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on the k-module of primitive elements of A. It is called the Dynkin idempotent; see [147] for more of its
properties.?” Part (c) of the exercise is more or less Baker’s identity.

1.6. Duals. Recall that for k-modules V, taking the dual k-module V* := Hom(V,k) reverses k-linear

*

maps. That is, every k-linear map V 5 W induces an adjoint map W* 25 V* defined uniquely by

(fs () = (¢"(f),v)

in which (f,v) is the bilinear pairing V* x V' — k sending (f,v) — f(v). If V and W are finite free k-
modules®®, more can be said: When ¢ is expressed in terms of a basis {v; };es for V and a basis {w;} ;e for
W by some matrix, the map ¢* is expressed by the transpose matrix in terms of the dual bases of these two

bases?”.

The correspondence ¢ — ¢* between k-linear maps V' A W and k-linear maps W* £y V* is one-to-one
when W is finite free. However, this is not the case in many combinatorial situations (in which W is usually
free but not finite free). Fortunately, many of the good properties of finite free modules carry over to a
certain class of graded modules as long as the dual V* is replaced by a smaller module V° called the graded
dual. Let us first introduce the latter:

When V =@, -V, is a graded k-module, note that the dual V* =[], ,(V,)* can contain functionals
f supported on infinitely many V,,. However, we can consider the k-submodule V° := D,~o(Vi)* C

anO(Vn)* = V*, sometimes called the graded dual’’, consisting of the functions f that vanish on all but
finitely many V,,. Notice that V° is graded, whereas V* (in general) is not. If V AWisa graded k-linear

map, then the adjoint map W* £ V* restricts to a graded k-linear map W° — V°, which we (abusively)
still denote by *.

When the graded k-module V- = @, ., V;, is of finite type, meaning that each V;, is a finite free k-module®!,
the graded k-module V° is again of finite type®? and satisfies (V°)° = V. Many other properties of finite
free modules are salvaged in this situation; most importantly: The correspondence ¢ — ¢* between graded
k-linear maps V — W and graded k-linear maps W° — V° is one-to-one when W is of finite type33.

Reversing the diagrams should then make it clear that, in the finite free or finite-type situation, duals
of algebras are coalgebras, and vice-versa, and duals of bialgebras or Hopf algebras are bialgebras or Hopf
algebras. For example, the product in a Hopf algebra A of finite type uniquely defines the coproduct of A°
via adjointness:

(AAO(f)7a ® b)A@A = (f7 ab)A-

Thus if A has a basis {a;}ier with product structure constants {c}  }, meaning

_ i .
aja = g ;5 ki

iel

then the dual basis {f;}icr has the same {c’ ,} as its coproduct structure constants:

Ago(fi) = Z &1 fi ® fr

(j.k)eIxT

2TWe will see another such idempotent in Exercise 5.3.6.

28A k-module is said to be finite free if it has a finite basis. If k is a field, then a finite free k-module is the same as a
finite-dimensional k-vector space.

291f {v; }ie is a basis of a finite free k-module V, then the dual basis of this basis is defined as the basis {f;}scs of V* that
satisfies (f;,v;) = 0;,; for all ¢ and j. (Recall that d; ; is the Kronecker delta: d;; =1 if i = j and 0 else.)

30Do not mistake this for the coalgebraic restricted dual A° of [186, §6.0].

31This meaning of “finite type” can differ from the standard one.

32More precisely, let V = P,,~( V. be of finite type, and let {v;};; be a graded basis of V, that is, a basis of the k-module
V such that the indexing set I is partitioned into subsets Ig, I1, I2, . .. (which are allowed to be empty) with the property that,
for every n € N, the subfamily {vi}ieln is a basis of the k-module V,,. Then, we can define a family {f;},c; of elements of V°
by setting (fi,v;) = d;4 for all 4,5 € I. This family {f;};c; is a graded basis of the graded k-module V°. (Actually, for every
n € N, the subfamily {f;},c;, is a basis of the k-submodule (V)" of V° — indeed the dual basis to the basis {v;};c; of Vx.)
This basis {f;};c; is said to be the dual basis to the basis {v;};c; of V.

33Only W has to be of finite type here; V' can be any graded k-module.
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The assumption that A be of finite type was indispensable here; in general, the dual of a k-algebra does
not become a k-coalgebra. However, the dual of a k-coalgebra still becomes a k-algebra, as shown in the
following exercise:

Exercise 1.6.1. For any two k-modules U and V, let pyy : U* @ V* — (U® V)" be the k-linear map

which sends every tensor f ® g € U* ® V* to the composition U @ V 199 1 @k 5 k of the map™ f® g
with the canonical isomorphism k ® k 725 k. When k is a field and U is finite-dimensional, this map pu,v is
a k-vector space isomorphism (and usually regarded as the identity); more generally, it is injective whenever
k is a field®>. Also, let s : k — k* be the canonical isomorphism. Prove that:

(a) If C is a k-coalgebra, then C* becomes a k-algebra if we define its associative operation by mea+ =
AL opec: C*®C* — C* and its unit map to be ez os:k — C*. 36

(b) The k-algebra structure defined on C* in part (a) is precisely the one defined on Hom (C, k) = C*
in Definition 1.4.1 applied to A = k.

(¢) If C is a graded k-coalgebra, then C? is a k-subalgebra of the k-algebra C* defined in part (a).

(d) If f: C — D is a homomorphism of k-coalgebras, then f* : D* — C* is a homomorphism of
k-algebras.

(e) Let U be a graded k-module (not necessarily of finite type), and let V be a graded k-module of
finite type. Then, there is a 1-to-1 correspondence between graded k-linear maps U — V and graded
k-linear maps V° — U® given by f +— f*.

(f) Let C be a graded k-coalgebra (not necessarily of finite type), and let D be a graded k-coalgebra
of finite type. Part (e) of this exercise shows that there is a 1-to-1 correspondence between graded
k-linear maps C' — D and graded k-linear maps D° — C° given by f — f*. This correspondence
has the property that a given graded k-linear map f : C' — D is a k-coalgebra map if and only if
f*:D°— C°is a k-algebra map.

Another example of a Hopf algebra is provided by the so-called shuffle algebra. Before we introduce it,
let us define the shuffles of two words:

Definition 1.6.2. Given two words a = (a1, asg,...,a,) and b = (b1, ba, ..., by ), the multiset of shuffles of
a and b is defined as the multiset

{(CwysCw@)s - Cotnim)) + wEShym o

where (c1,¢2,...,Cntm) is the concatenation a - b = (a1, as,...,an,b1,bs,...,by), and where Sh,, ,, is the
37
subset

{fweGnym : w ) <w ' 2) < <w (n); wln+tl)<w i (n+2) < <w (n+m)}

of the symmetric group &,,4.,. Informally speaking, the shuffles of the two words a and b are the words
obtained by overlaying the words a and b, after first moving their letters apart so that no letters get
superimposed when the words are overlayed3®. In particular, any shuffle of @ and b contains ¢ and b as
subsequences. The multiset of shuffles of ¢ and b has (m:") elements (counted with multiplicity) and is
denoted by a L b. For instance, the shuffles of (1,2,1) and (3,2) are

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

34Keep in mind that the tensor f ® g € U* ® V* is not the same as the map U @ V' ﬂg] k®k.
35Q0ver arbitrary rings it does not have to be even that!
361f C is a finite free k-module, then this k-algebra structure is the same as the one defined above by adjointness. But the
advantage of the new definition is that it works even if C is not a finite free k-module.
37Warning: This definition of Shy, ., is highly nonstandard, and many authors define Shy, m to be the set of the inverses
of the permutations belonging to what we call Shy, m.
38For instance, if a = (1,3,2,1) and b = (2,4), then the shuffle (1,2,3,2,4,1) of a and b can be obtained by moving the
letters of a and b apart as follows:
a= 1 3 2 1
b= 2 4
and then overlaying them to obtain 1 2 3 2 4 1 . Other ways of moving letters apart lead to further shuffles (not
always distinct).
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listed here as often as they appear in the multiset (1,2,1) w (3,2). Here we have underlined the letters
taken from a — that is, the letters at positions w1 (1), w=1(2), ..., w=! (n).

Example 1.6.3. When A = T'(V) is the tensor algebra for a finite free k-module V, having k-basis {z; }ier,
its graded dual A° is another Hopf algebra whose basis {y(ihm,iz)} (the dual basis of the basis {z;, - - - ;,} of
A =T(V)) is indexed by words in the alphabet I. This Hopf algebra A° could be called the shuffle algebra
of V*. (To be more precise, it is isomorphic to the shuffle algebra of V* introduced in Proposition 1.6.7
further below; we prefer not to call A° itself the shuffle algebra of V*, since A° has several disadvantages>’.)
Duality shows that the cut coproduct in A is defined by
¢
(1.6.1) AY(iy i) = Zy(ihmij) Q Y(ijr1,irarmie)-
§=0
For example,
Ayabcb = Yo @ Yabeb T Ya Q Yveb + Yab @ Yeb + Yabe @ Yb + Yabeb @ Yoz
Duality also shows that the shuffle product in A° will be given by
(1.6.2) Yin,esie)YG1sensim) = Z Ykr,okerm)
k:(kl,...,kz+m)€i wj
where i W j (as in Definition 1.6.2) denotes the multiset of the (Z‘;m) words obtained as shuffles of the two
words i = (i1,...,4) and j = (j1,...,Jm). For example,
YabYcb = Yabeb T Yacbb + Yeabb + Yeabb T Yacbb + Ycbab

= Yabeb T 2yacbb + 2ycabb + Ycbab
Equivalently, one has
(1'6'3) Y(ivsin,oyie)Y(ior1 iot2seiorm) — Z y(

WES g4

w(l)<---<w(L),
w(l+1)<--<w(l+m)

(1'6'4) = Z y(ia(l)7ia(2)7~"5ia(5+7n))

o€Shy, m

b= 1(1) =121 (ehm))

(using the notations of Definition 1.6.2 again). Lastly, the antipode S of A° is the adjoint of the antipode of
A =T(V) described in (1.4.6):
¢
SY(irizrie) = (1) Ylirosizin)-
Since the coalgebra T' (V') is cocommutative, its graded dual T (V)° is commutative.

Exercise 1.6.4. Let V' be a 1-dimensional free k-module with basis element z, so Sym(V) = k], with
k-basis {1 = 2%, 21, 22%,.. .}.
(a) Check that the powers x* satisfy

bt =gt

n . .
A n — X2 J
i+ij=n
S(z™) = (—1)"z"
(b) Check that the dual basis elements {f(©, f1) )} for Sym(V)°, defined by f®(z?) = &, ;,
satisfy
0 16) (’*_J> F+9)

A(f(")) — Z f(i) ®f(j)
i+j=n

S(F) = (=1

?’QSpeciﬁcally, A° has the disadvantages of being defined only when V* is the dual of a finite free k-module V', and depending
on a choice of basis, whereas Proposition 1.6.7 will define shuffle algebras in full generality and canonically.
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(c) Show that if Q is a subring of k, then the k-linear map Sym(V)° — Sym(V) sending (™) % is
a graded Hopf isomorphism.
For this reason, the Hopf structure on Sym(V')° is called a divided power algebra.
(d) Show that when k is a field of characteristic p > 0, one has (f(*))? = 0, and hence why there can be
no Hopf isomorphism Sym(V)° — Sym(V).

Exercise 1.6.5. Let V have k-basis {x1,...,z,}, and let V & V have k-basis {z1,...,Zn,¥1,-.-,Yn}, SO
that one has isomorphisms

Sym(V e V) 2k[x,y] 2 k[x] @ kly] = Sym(V) @ Sym(V).
(a) Show that our usual coproduct on Sym(V') can be re-expressed as follows:

Synﬁ(V) Sym(V) <2|i|> Sym(V')

K K[x, y]
f(xla"'7$n> — f(x1+y177$n+yn)
In other words, it is induced from the diagonal map

V — VoV

(1.6.5) v — Tt

(b) One can similarly define a coproduct on the ezterior algebra AV, which is the quotient T'(V')/J where
J is the two-sided ideal generated by the elements {z?(= z ® x)}.cy in T?(V). This becomes a
graded commutative algebra

AV = é/\dv ( éNﬁ/) ,
d=0 d=0

if one views the elements of V' = A'V as having odd degree, and uses the topologist’s sign conventions
(as in (1.3.3)). One again has A(V @ V) = AV @ AV as graded algebras. Show that one can again
let the diagonal map (1.6.5) induce a map

A(V) — AV & AV
(1.6.6) flar,. o) — F@1 4yt T+ yn)
| |
Eci17~--7id TTyy N ATy Zcil,--ﬂE ' ('r'il + yil) ARRRNA (xid, + yid)

which makes AV into a connected graded Hopf algebra.

(c) Show that in the tensor algebra T'(V), if one views the elements of V' = V®! as having odd degree,
and uses the convention (1.3.3) in the twist map when defining 7(V'), then for any = in V one has
A?) =122+ 22 1.

(d) Use part (c) to show that the two-sided ideal J C T(V) generated by {z?},cy is also a two-sided
coideal, and hence the quotient AV = T(V)/J inherits the structure of a bialgebra. Check that the
coproduct on AV inherited from T'(V') is the same as the one defined in part (b).

[Hint: The ideal J in part (b) is a graded k-submodule of T'(V'), but this is not completely obvious (not
all elements of V' have to be homogeneous!).]

Exercise 1.6.6. Let C be a k-coalgebra. As we know from Exercise 1.6.1(a), this makes C* into a k-algebra.
Let A be a k-algebra which is finite free as k-module. This makes A* into a k-coalgebra.
Let f:C — A and g: C — A be two k-linear maps. Show that f* xg* = (f xg)".

The above arguments might have created the impression that duals of bialgebras have good properties only
under certain restrictive conditions (e.g., the dual of a bialgebra H does not generally become a bialgebra
unless H is of finite type), and so they cannot be used in proofs and constructions unless one is willing to
sacrifice some generality (e.g., we had to require V' to be finite free in Example 1.6.3). While the first part
of this impression is true, the second is not always; often there is a way to gain back the generality lost from
using duals. As an example of this, let us define the shuffle algebra of an arbitrary k-module (not just of a
dual of a finite free k-module as in Example 1.6.3):
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Proposition 1.6.7. Let V be a k-module. Define a k-linear map Ay, : T (V) = T (V)@ T (V) by setting
Ay (g v,) = Z (v1vg -+ V) @ (Vk1Vk42 -+ Un) for allm € N and vy, vs,...,v, € V.
k=0
40 Define a k-bilinear map Wi : T (V) x T (V) — T (V'), which will be written in infix notation (that is, we
will write allb instead of W (a,b)), by setting*!

(’01112"‘W)Q(W+1W+2“'Ue+m): Z Vo (1)Vs(2) " Vo (£+m)
O’GShe7m

for all ¢, m € N and vy,va,...,004m € V.

42 Consider also the comultiplication e of the Hopf algebra T (V).

Then, the k-module T'(V'), endowed with the multiplication W, the unit 1y € Vel c T(V), the
comultiplication A, and the counit ¢, becomes a commutative Hopf algebra. This Hopf algebra is called
the shuffle algebra of V', and denoted by Sh (V). The antipode of the Hopf algebra Sh (V') is precisely the
antipode S of T (V).

Exercise 1.6.8. Prove Proposition 1.6.7.

[Hint: When V is a finite free k-module, Proposition 1.6.7 follows from Example 1.6.3. The trick is to
derive the general case from this specific one. Every k-linear map f : W — V between two k-modules W
and V' induces a map T'(f) : T (W) — T' (V) which preserves Ay, W, 1y, € and S (in the appropriate
meanings — e.g., preserving A, means Ay, oT (f) = (T (f) @ T (f)) o Aw). Show that each of the equalities
that need to be proven in order to verify Proposition 1.6.7 can be “transported” along such a map T (f)
from a T (W) for a suitably chosen finite free k-module W]

It is also possible to prove Proposition 1.6.7 “by foot”, as long as one is ready to make combinatorial
arguments about cutting shuffles.

Remark 1.6.9. (a) Let V be a finite free k-module. The Hopf algebra T (V) (studied in Example 1.6.3) is
naturally isomorphic to the shuffle algebra Sh (V*) (defined as in Proposition 1.6.7 but for V* instead
of V') as Hopf algebras, by the obvious isomorphism (namely, the direct sum of the isomorphisms
(Ve 5 (V9)®" over all n e N). %3

(b) The same statement applies to the case when V is a graded k-module of finite type satisfying Vo =0
rather than a finite free k-module, provided that V* and (V®")" are replaced by V° and (V®")°.

We shall return to shuffle algebras in Section 6.3, where we will show that under certain conditions (Q

being a subring of k, and V being a free k-module) the algebra structure on a shuffle algebra Sh(V) is a
polynomial algebra in an appropriately chosen set of generators**.
1.7. Infinite sums and Leray’s theorem. In this section (which can be skipped, as it will not be used
except in a few exercises), we will see how a Hopf algebra structure on a k-algebra reveals knowledge about the
k-algebra itself. Specifically, we will show that if k is a commutative Q-algebra, and if A is any commutative
connected graded k-Hopf algebra, then A as a k-algebra must be (isomorphic to) a symmetric algebra of a
k-module®®. This is a specimen of a class of facts which are commonly called Leray theorems; for different
specimens, see [137, Theorem 7.5] or [33, p. 17, “Hopf’s theorem”] or [33, §2.5, A, B, C] or [33, Theorem
3.8.3].%° In a sense, these facts foreshadow Zelevinsky’s theory of positive self-dual Hopf algebras, which we
shall encounter in Chapter 3; however, the latter theory works in a much less general setting (and makes
much stronger claims).

40This is well-defined, because the right hand side is n-multilinear in vy, va,...,vn, and because any n-multilinear map
VX" 5 M into a k-module M gives rise to a unique k-linear map V®" — M.

41Many authors use the symbol LU instead of W here, but we prefer to reserve the former notation for the shuffle product of
words.

42Again, this is well-defined by the £ + m-multilinearity of the right hand side.

43This can be verified by comparing (1.6.1) with the definition of Ay, and comparing (1.6.4) with the definition of L.

4Thig says nothing about the coalgebra structure on Sh(V') — which is much more complicated in these generators.

DBIfkisa field, then this simply means that A as a k-algebra must be a polynomial ring over k.

46Notice that many of these sources assume k to be a field; some of their proofs rely on this assumption.
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We shall first explore the possibilities of applying a formal power series v to a linear map f : C — A from a
coalgebra C to an algebra A. We have already seen an example of this in the proof of Proposition 1.4.7 above
(where the power series >, (=1)" T* € X [[T]] was applied to the locally x-nilpotent map id4 —ue4 : A —
A); we shall now take a more systematic approach and establish general criteria for when such applications
are possible. First, we will have to make sense of infinite sums of maps from a coalgebra to an algebra. This
is somewhat technical, but the effort will pay off.

Definition 1.7.1. Let A be an abelian group (written additively).

We say that a family (aq)q co € A® of elements of A is finitely supported if all but finitely many ¢ € Q
satisfy ag = 0. Clearly, if (aq)qu € A% is a finitely supported family, then the sum 3 4eQ Oq 1s well-defined
(since all but finitely many of its addends are 0). Sums like this satisfy the usual rules for sums, even
though their indexing set () may be infinite. (For example, if (aq)qE o and (bq)q c are two finitely supported
families in A9, then the family (a, + bq),cq 18 also finitely supported, and we have 3 o aq + > c0 by =
5 e (@ + b)-)

Definition 1.7.2. Let C' and A be two k-modules.

We say that a family (fq)qu € (Hom (C, A))Q of maps f, € Hom (C, A) is pointwise finitely supported
if for each z € C, the family (f;(2)),co € A®@ of elements of A is finitely supported.*” If (fa)yeq €
(Hom (C, A))Q is a pointwise finitely supported family, then the sum quQ fq is defined to be the map

C — A sending each z € C' to - fq (). 18

Note that the concept of a “pointwise finitely supported” family (fy),c, € (Hom (C, A))? is precisely the
concept of a “summable” family in [51, Definition 1].

Definition 1.7.3. For the rest of Section 1.7, we shall use the following conventions:
e Let C be a k-coalgebra. Let A be a k-algebra.

e We shall avoid our standard practice of denoting the unit map u4 : k — A of a k-algebra A by u;
instead, we will use the letter u (without the subscript A) for other purposes.

Definition 1.7.2 allows us to work with infinite sums in Hom (C, A), provided that we are summing a
pointwise finitely supported family. We shall next state some properties of such sums:*

Proposition 1.7.4. Let (f),cq € (Hom (C, A9 be a pointwise finitely supported family. Then, the map
quQ fq belongs to Hom (C, A).

Proposition 1.7.5. Let (fq),cq and (9q),c be two pointwise finitely supported families in (Hom (C, A))Q,
Then, the family (fq + gq),cq € (Hom (C, A))® is also pointwise finitely supported, and satisfies

qu+zgq:z:(fq+gq)'

9€Q q€Q q€Q

Proposition 1.7.6. Let (f;), ., € (Hom (C, A))Q and (gr),cp € (Hom (C, AN be two pointwise finitely
supported families. Then, the family (f, *gT)(q eQxRr € (Hom (C, A))QXR is pointwise finitely supported,

4THere are some examples of pointwise finitely supported families:
e If Q is a finite set, then any family (fq)qu € (Hom (C, A))Q is pointwise finitely supported.
e More generally, any finitely supported family (fq)qu € (Hom (C, A))? is pointwise finitely supported.

e If C is a graded k-module, and if (fn),cy € (Hom (C, ANN is a family of maps such that f, (Cm) = 0 whenever
n # m, then the family (fn), ¢ is pointwise finitely supported.

e If C is a graded k-coalgebra and A is any k-algebra, and if f € Hom (C, A) satisfies f(Co) = 0, then the family
(f*™)pen € (Hom (C, AN is pointwise finitely supported. (This will be proven in Proposition 1.7.11(h).)

48This definition of quQ fq generalizes the usual definition of quQ fq when Q is a finite set (because if @ is a finite set,
then any family (fq)qu € (Hom (C, A))Q is pointwise finitely supported).
495¢e Exercise 1.7.9 below for the proofs of these properties.



28 DARIJ GRINBERG AND VICTOR REINER

and satisfies

oo ara) =D fa *(Zm).

(¢,1)EQXR €Q reR

Roughly speaking, the above three propositions say that sums of the form 3 o f; (where ( fq)qu is
a pointwise finitely supported family) satisfy the usual rules for finite sums. Furthermore, the following
properties of pointwise finitely supported families hold:

Proposition 1.7.7. Let (fq) o € (Hom (C, A))? be a pointwise finitely supported family. Let (Aa)yeq €

k® be any family of elements of k. Then, the family ()\qfq)qu € (Hom (C, A))Q is pointwise finitely
supported.

Proposition 1.7.8. Let (fq),c € (Hom (C, AN and (94)4eq € (Hom (C, A))® be two families such that

is pointwise finitely supported. Then, the famil * € (Hom(C, A @ s also pointwise
q)qeq 8P y supp Y Jqa*9q)geq p
finitely supported.

Exercise 1.7.9. Prove Propositions 1.7.4, 1.7.5, 1.7.6, 1.7.7 and 1.7.8.

We can now define the notion of a “pointwise x-nilpotent” map. Roughly speaking, these will be the
elements of (Hom (C, A) , %) that can be substituted into any power series because their powers (with respect
to the convolution ) form a pointwise finitely supported family. Here is the definition:

Definition 1.7.10. (a) Amap f € Hom (C, A) is said to be pointwise x-nilpotent if and only if the fam-
ily (f*"),en € (Hom (C, A)Y is pointwise finitely supported. Equivalently, a map f € Hom (C, A)
is pointwise x-nilpotent if and only if for each x € C, the family (f*" (v)),oy of elements of A is
finitely supported.

(b) If f € Hom (C, A) is a pointwise x-nilpotent map, and if (A,),cy € k" is any family of scalars, then
the family (A, f*"),cy € (Hom (C, A))N is pointwise finitely supported®®, and thus the infinite sum
Dm0 A S =2 en Anf*™ is well-defined and belongs to Hom (C, A) (by Proposition 1.7.4).%!

(¢c) We let n(C, A) be the set of all pointwise *-nilpotent maps f € Hom (C, A). Note that this is not
necessarily a k-submodule of Hom (C, A).

(d) Consider the ring k [[T7]] of formal power series in an indeterminate 7" over k. For any power series
u € k[[T]] and any f € n(C,A), we define a map u* (f) € Hom (C, A) by u* (f) = >, >0 unf*",
where u is written in the form u = Y, oo u,T™ with (un),~, € k. (This sum Y o, u,f*" is
well-defined in Hom (C, A), since f is pointwise x-nilpotent.) -

The following proposition gathers some properties of pointwise x-nilpotent maps®2:

Proposition 1.7.11. (a) For any f e n(C,A) and k € N, we have
(1.7.1) (1) () = -,
(b) For any f € n(C,A) and u,v € k[[T]], we have
(1.7.2) (u+0)" (f) = w (f) +v* (f) and
(1.7.3) (wo)* () = w* () =" (f).
Also, for any f € n(C, A) and u € k[[T]] and X € k, we have
(1.7.4) ()" (f) = A* (1)

50This follows easily from Proposition 1.7.7 above. (In fact, the map f is pointwise *-nilpotent, and thus the family
(f*™)pen € (Hom (C, A))N is pointwise finitely supported (by the definition of “pointwise *-nilpotent”). Hence, Proposition 1.7.7
(applied to @ = N and (fg),cq = (f*)nen and (Ag),eq = (An),en) shows that the family (Anf*"), oy € (Hom (C, ANV is
pointwise finitely supported.)

51Notice that the concept of “local x-nilpotence” we used in the proof of Proposition 1.4.22 serves the same function (viz.,
ensuring that the sum 7 An f*" is well-defined). But local x-nilpotence is only defined when a grading is present, whereas
pointwise x-nilpotence is defined in the general case. Also, local *-nilpotence is more restrictive (i.e., a locally *-nilpotent map
is always pointwise *-nilpotent, but the converse does not always hold).

52Gee Exercise 1.7.13 below for the proofs of these properties.
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Also, for any f € n(C, A), we have

(1.7.5) 0*(f)=0 and
(1.7.6) 1* (f) = UA€C.
(c) If f,gen(C,A) satisfy f xg =g« f, then f + g € n(C, A).
(d) For any A € k and f € n(C,A), we have \f € n(C, A).

)

)

) If fen(C,A) and g € Hom (C, A) satisty f xg=gx* f, then f xg € n(C, A).

) If v € k[[T]] is a power series whose constant term is 0, then v* (f) € n(C, A) for each f € n(C, A).
(g) If u,v € k[[T]] are two power series such that the constant term of v is 0, and if f € n(C,A) is
arbitrary, then

(L.7.7) (u[o])" (f) = u* (v* (f))-
Here, u[v] denotes the composition of u with v; this is the power series obtained by substituting v
for T in u. (This power series is well-defined, since v has constant term 0.) Furthermore, notice that
the right hand side of (1.7.7) is well-defined, since Proposition 1.7.11(f) shows that v* (f) € n(C, A).
(h) If C is a graded k-coalgebra, and if f € Hom (C, A) satisfies f (Cy) =0, then f € n(C, A).
(i) If B is any k-algebra, and if s : A — B is any k-algebra homomorphism, then every u € k[[T]] and
fen(C,A) satisty

sofen(C,B) and u* (sof)=so(u(f)).

(j) If C is a connected graded k-bialgebra, and if F' : C — A is a k-algebra homomorphism, then
F —ugec € I‘l(C, A)

Example 1.7.12. Let C be a graded k-coalgebra. Let f € Hom (C, A) be such that f (Cy) = 0. Then, we
claim that the map uaec + f : C — A is x-invertible. (This observation has already been made in the proof
of Proposition 1.4.22; at least in the particular case when C' = A.)

Let us see how this claim follows from Proposition 1.7.11. First, Proposition 1.7.11(h) shows that f €
n(C, A). Now, define a power series v € k[[T]] by uw = 1+ T. Then, the power series u has constant term
1, and thus has a multiplicative inverse v = u~! € k [[T]]. Consider this v. (Explicitly, v =3+, (-1)"T",
but this does not matter for us.) Now, (1.7.3) yields (uv)* (f) = w* (f) % v* (f). Since uv = 1 (because
v=u"1), we have (uv)* (f) = 1* (f) = uaec (by (1.7.6)). Thus, u* (f) xv* (f) = (uwv)* (f) = uaec. Hence,
the map uv* (f) has a right x-inverse.

Also, from u =1+ T, we obtain

u ()= 1+T) () =1 (f)+ T (f) (by (1.7.2))
=uasec — 1

(by (1.7.1),;pplied to k=1)
=uaec + [ =uaec + f.
~—
=f
Thus, the map uaec+ f has a right x-inverse (since the map u* (f) has a right x-inverse). A similar argument
shows that this map usec + f has a left x-inverse. Consequently, the map uaec + f is x-invertible.

Exercise 1.7.13. Prove Proposition 1.7.11.

Definition 1.7.14. (a) For the rest of Section 1.7, we assume that k is a commutative Q-algebra. Thus,
1 —1)"!
the two formal power seriesexp = 3, - —T" € k[[T]]andlog (1+T) =3, -, [
>0 >
are well-defined. o o
(b) Define two power series €xp € k [[T]] and log € k [[T]] by exp = exp —1 and log = log (1 + T).
(c) If w and v are two power series in k [[T']] such that v has constant term 0, then u[v] denotes the
composition of u with v; this is the power series obtained by substituting v for 7" in w.

" € k[[T]]

The following proposition is just a formal analogue of the well-known fact that the exponential function

and the logarithm are mutually inverse (on their domains of definition):>?

533ee Exercise 1.7.20 below for the proof of this proposition, as well as of the lemma and proposition that follow afterwards.
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Proposition 1.7.15. Both power series exp and log have constant term 0 and satisfy exp |[log] = T and
log [exp] =T

For any map f € n(C, A), the power series exp, exp and log give rise to three further maps exp* f, exp* f
and log” f. We can also define a map log* g whenever g is a map in Hom (C, A) satisfying g —uaec € n(C, A)
(but we cannot define log* f for f € n(C, A), since log is not per se a power series); in order to do this, we
need a simple lemma:

Lemma 1.7.16. Let g € Hom (C, A) be such that g — uaec € n(C, A). Then, @* (g —uaec) Is a well-
defined element of n (C, A).

Definition 1.7.17. If ¢ € Hom (C, A) is a map satisfying g — uaec € n(C, A), then we define a map
log“g € n(C, A) by log* g = @* (9 — ua€ec). (This is well-defined, according to Lemma 1.7.16.)

Proposition 1.7.18. (a) Each f € n(C, A) satisfies exp* f —uaec € n(C, A) and
log* (exp” f) = f.
(b) Each g € Hom (C, A) satistying g — uaec € n(C, A) satisfies
exp” (log" g) = g.

(c) If f,gen(C,A) satisfy f xg =g« f, then f + g € n(C, A) and exp* (f + g) = (exp* f) x (exp* g).
(d) The k-linear map 0 : C' — A satisfies 0 € n (C, A) and exp* 0 = uec.
)

)

(e) If f €n(C,A) and n € N, then nf € n(C, A) and exp* (nf) = (exp* f)™".
(f) If f e n(C, A), then
(1)
(1.7.8) log* (f +uacc) = —
n>1

Example 1.7.19. Consider again the Hopf algebra k[z] from Exercise 1.6.4. Let ¢; : k[z] — k be the
k-linear map sending each polynomial p € k [z] to the coefficient of z! in p. (In other words, ¢; sends each
polynomial p € k [z] to its derivative at 0.)

Then, ¢; ((k[z]),) = 0 (as can easily be seen). Hence, Proposition 1.7.11(h) shows that ¢; € n(k[z], k).
Thus, a map exp* (¢1) : k [z] — k is well-defined. It is not hard to see that this map is explicitly given by

(exp* (1)) (p) =p (1) for every p € k[z].
(In fact, this follows easily after showing that each n € N satisfies
(c1)™" (p) = n! - (the coefficient of z™ in p) for every p € k[z],

which in turn is easily seen by induction.)
Note that the equality (exp* (¢1)) (p) = p (1) shows that the map exp* (¢1) is a k-algebra homomorphism.
This is a particular case of a fact that we will soon see (Proposition 1.7.23).

Exercise 1.7.20. Prove Proposition 1.7.15, Lemma 1.7.16 and Proposition 1.7.18.

Next, we state another sequence of facts (some of which have nothing to do with Hopf algebras), beginning
with a fact about convolutions which is similar to Proposition 1.4.3:5*

Proposition 1.7.21. Let C and C’ be two k-coalgebras, and let A and A’ be two k-algebras. Let~y: C — C’
be a k-coalgebra morphism. Let oo : A — A’ be a k-algebra morphism.
(a) If f € Hom (C, A), g € Hom (C, A), f' € Hom (C’, A’) and ¢’ € Hom (C’, A") satisfy f' oy =a«ao f
and g' oy =aog, then (f'xg')oy=ao(fxg).
(b) If f € Hom (C, A) and f’ € Hom (C’, A’) satisfy f' oy = ao f, then each n € N satisfies (f')™ oy =
lae) f*ﬂ'

54Gee Exercise 1.7.28 below for their proofs.
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Proposition 1.7.22. Let C be a k-bialgebra. Let A be a commutative k-algebra. Let f € Hom (C, A) be
such that f ((ker 6)2) =0 and f (1) =0. Then, any x,y € C and n € N satisfy

*N _ = n *1 *(n—1)
=3 (5)r @ ),
Proposition 1.7.23. Let C be a k-bialgebra. Let A be a commutative k-algebra. Let f € n(C, A) be such
that f ((ker e)2> =0 and f (1) =0. Then, exp* f : C — A is a k-algebra homomorphism.

Lemma 1.7.24. Let V be any torsionfree abelian group (written additively). Let N € N. For every
ke {0,1,...,N}, let wy be an element of V. Assume that

N
(1.7.9) Z wpn® =0 for all n € N.
k=0

Then, wy, = 0 for every k € {0,1,...,N}.

Lemma 1.7.25. Let V be a torsionfree abelian group (written additively). Let (wg),cy € VY be a finitely
supported family of elements of V. Assume that

Zwknk =0 for all n € N.
keN
Then, wy = 0 for every k € N.

Proposition 1.7.26. Let C' be a graded k-bialgebra. Let A be a commutative k-algebra. Let f € Hom (C, A)
be such that f (Cy) = 0. Assume that®® exp* f : C — A is a k-algebra homomorphism. Then, f ((ker 6)2) =
0.

Proposition 1.7.27. Let C be a connected graded k-bialgebra. Let A be a commutative k-algebra. Let
f €n(C, A) be such that f ((ker 6)2) =0 and f (1) = 0. Assume further that f (C) generates the k-algebra
A. Then, exp* f : C — A is a surjective k-algebra homomorphism.

Exercise 1.7.28. Prove Lemmas 1.7.24 and 1.7.25 and Propositions 1.7.21, 1.7.22, 1.7.23, 1.7.26 and 1.7.27.
[Hint: For Proposition 1.7.26, show first that exp* (nf) = (exp* f)*" is a k-algebra homomorphism for
each n € N. Turn this into an equality between polynomials in n, and use Lemma 1.7.25.]

With these preparations, we can state our version of Leray’s theorem:

Theorem 1.7.29. Let A be a commutative connected graded k-bialgebra.®®

(a) We have idy —uaea € n(A, A); thus, the map log* (id4) € n (A, A) is well-defined. We denote this
map log”™ (ida) by e.

(b) We have kere =k - 14 + (kere)® and ¢ (A) = (kere) / (kere)® (as k-modules).

(¢) For each k-module V', let vy be the canonical inclusion V' — Sym V. Let q be the map

A5 e (A) 2 Sym (e (A)).
Then, q € n(A,Sym (¢ (A))) °7.

(d) Let i be the canonical inclusion ¢ (A) — A. Recall the universal property of the symmetric algebra:
If V is a k-module, if W is a commutative k-algebra, and if ¢ : V' — W is any k-linear map, then
there exists a unique k-algebra homomorphism ® : Sym'V — W satisfying ¢ = ®ovy. Applying this
toV =¢(A), W = A and ¢ = i, we conclude that there exists a unique k-algebra homomorphism
® : Sym (e(A)) — A satistying i = ® o 1,4). Denote this ® by s. Then, the maps exp*q : A —
Sym (e (A)) and s : Sym (e (A)) — A are mutually inverse k-algebra isomorphisms.

55Notice that exp* f is well-defined, since Proposition 1.7.11(h) yields f € n(C, A).

56Keep in mind that k is assumed to be a commutative Q-algebra.

57"Do not mistake the map q for e. While every a € A satisfies q (a) = ¢ (a), the two maps q and ¢ have different target sets,
and thus we do not have (exp* q) (a) # (exp* ¢) (a) for every a € A.
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(e) We have A = Sym ((ker €) / (ker e)2> as k-algebras.
(f) The mape: A — A is a projection (i.e., it satisfies eo e = ¢).

Remark 1.7.30. (a) The main upshot of Theorem 1.7.29 is that any commutative connected graded
k-bialgebra A (where k is a commutative Q-algebra) is isomorphic as a k-algebra to the sym-
metric algebra Sym W of some k-module W. (Specifically, Theorem 1.7.29(e) claims this for W =
(kere) / (ker €)®, whereas Theorem 1.7.29(d) claims this for W = ¢ (A); these two modules W are
isomorphic by Theorem 1.7.29(b).) This is a useful statement even without any specific knowledge
about W, since symmetric algebras are a far tamer class of algebras than arbitrary commutative
algebras. For example, if k is a field, then symmetric algebras are just polynomial algebras (up
to isomorphism). This can be applied, for example, to the case of the shuffle algebra Sh (V') of a
k-module V. The consequence is that the shuffle algebra Sh (V') of any k-module V' (where k is a
commutative Q-algebra) is isomorphic as a k-algebra to a symmetric algebra Sym W. When V is
a free k-module, one can actually show that Sh (V) is isomorphic as a k-algebra to the symmetric
algebra of a free k-module W (that is, to a polynomial ring over k); however, this W is not easy
to characterize. Such a characterization is given by Radford’s theorem (Theorem 6.3.4 below) using
the concept of Lyndon words. Notice that if V has rank > 2, then W is not finitely generated.

(b) The isomorphism in Theorem 1.7.29(e) is generally not an isomorphism of Hopf algebras. However,
with a little (rather straightforward) work, it reveals to be an isomorphism of graded k-algebras.
Actually, all maps mentioned in Theorem 1.7.29 are graded, provided that we use the appropriate
gradings for ¢ (4) and Sym (e (4)). (To define the appropriate grading for ¢ (4), we must show that e
is a graded map, whence ¢ (A) is a homogeneous submodule of A; this provides ¢ (A) with the grading
we seek. The grading on Sym (e (A)) then follows from the usual definition of the grading on the
symmetric algebra Sym V of a graded k-module V: Namely, if V is a graded k-module, then the n-th
graded component of Sym V' is defined to be the span of all products of the form vyvy -+ - v € SymV,
where vy, vg,...,v; € V are homogeneous elements satisfying deg (v1)+deg (ve)+- - - +deg (vg) = n.)

(¢) The map e¢: A — A from Theorem 1.7.29 is called the Eulerian idempotent of A.

(d) Theorem 1.7.29 is concerned with commutative bialgebras. Most of its claims have a “dual version”,
concerning cocommutative bialgebras. Again, the Eulerian idempotent plays a crucial role; but the
result characterizes not the k-algebra structure on A, but the k-coalgebra structure on A. This leads
to the Cartier-Milnor-Moore theorem; see [33, §3.8] and [51, §3.2]. We shall say a bit about the
Eulerian idempotent for a cocommutative bialgebra in Exercises 5.3.6 and 5.3.8.

Example 1.7.31. Consider the symmetric algebra Sym V' of a k-module V. Then, Sym V' is a commutative
connected graded k-bialgebra, and thus Theorem 1.7.29 can be applied to A = Sym V. What is the projection
¢: A — A obtained in this case?

Theorem 1.7.29(b) shows that its kernel is

(1.7.10) Kere= k-14 + (kere)® = SymOV—l—ZSym"V = ZSym”V.
7?’:/ _ — n>2 n#l
=Sym°® V' _anz Sym"” V/
This does not yet characterize ¢ completely, because we have yet to determine the action of ¢ on Sym® V.
Fortunately, the elements of Sym' V" are all primitive (recall that Agym v (v) = 1®@v+v®1 for each v € V),
and it can easily be shown that the map e fixes any primitive element of A  °8. Therefore, the map e fixes
all elements of Sym' V. Since we also know that ¢ annihilates all elements of > onz1 Sym™ V- (by (1.7.10)),
we thus conclude that e is the canonical projection from the direct sum SymV = @, . Sym™ V' onto its
addend Sym' V.

Example 1.7.32. For this example, let A be the shuffle algebra Sh (V') of a k-module V. (See Proposition
1.6.7 for its definition, and keep in mind that its product is being denoted by LU, whereas the notation uv is
still being used for the product of two elements u and v in the tensor algebra T (V).)

Theorem 1.7.29 can be applied to A = Sh (V). What is the projection ¢ : A — A obtained in this case?

585ee Exercise 5.3.6(f) further below for this proof. (While Exercise 5.3.6 requires A to be cocommutative, this requirement
is not used in the solution to Exercise 5.3.6(f). That said, this requirement is actually satisfied for A = Sym V', so we do not
even need to avoid it here.)
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Let us compute ¢ (v1v2) for two elements vy, vy € V. Indeed, define a map id : A = A by id = id4 —ua€q.

Then, id € n (A, A) and log* | id + uaec | = log* (ida) = ¢. Hence, (1.7.8) (applied to C = A and f = id)
—_———

=ida
shows that
1

(=)™ =
1.7.11 = —id .
(1.7.11) ¢ n§>1 p i

Thus, we need to compute a” (v1v9) for each n > 1.
Notice that the map id annihilates Ag, but fixes any element of Ay for k£ > 0. Thus,

wiws - - - wg, if k> 0;

for any wy,ws,...,wi € V.
0, if k=0 v e b

izi(wlwg«~wk) {

But it is easy to see that the map id™" . A — A annihilates Ay whenever n > k. In particular, for every
~*Nn
n > 2, the map id : A — A annihilates As, and therefore satisfies

(1.7.12) " (v1v2) =0 (since v1vg € A3).

It remains to find id" (v1v9) for n € {1,2}.
We have i?l*l =id and thus

~ %1
id  (vive) = id (v1vg) = vivg
and
~ %2 ~ ~ ~ ~ ~ ~
id  (v1v2) =id (1) wid (v1ve) +id (v1) Wid (vs) + id (v1v2) Wid (1)
e e e Y N
=0 V1V2 =v1 =v2 =v1v2 =0
(since Agp v (v1v2) = 1 ® v1ve + V1 ® Vg + V1V2 @ 1)
= 0W (vive) + vilvg  + (v1vg) WO
~——
=0 =v1v2+v2v;1 =0

= V1V2 + V2V1.

Now, applying both sides of (1.7.11) to v1ve, we find

¢ ('1)11)2)
1t RS N 12t et

= Z Lid*n (1}11}2) = % ld* (”Ulvg) + % ld* (’Ul’l}g) + Z L ld*n (Ul’l)g)

-1 1oz -1 1T (by (1.7.12))

T2
o 1 n—1 1
= V102 + 7 (Ulvg + 1)21}1) + Z %0 = 5 (’U1U2 — 1121)1) .
n>3
=0

This describes the action of ¢ on the graded component As of A = Sh (V).
Similarly, we can describe ¢ acting on any other graded component:

e (1) =0;
e(v1) =u for each v € V;
1
¢ (v1v2) = B (v1v2 — vav7) for any vi,vy € V;

e (v1veu3) = g (201903 — V1V3V2 — UaV1V3 — UaV3V] — U3V1V2 + 2030201 ) for any v1,vs,v3 €V,
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With some more work, one can show the following formula for the action of ¢ on any nontrivial pure tensor:

= (1" fn—1—des(c71)
e (vivg - vy) Z Z % k1 — des (1) Uo(1)Vo(2) " * * Vo (n)

0€G, \k=l4des(oc—1)

B Z (_1)des(a*) " .
_aee des(o0=1) +1\des(c71) +1 Vo (1)Vo(2) " * " Vo(n)

for any n > 1 and vy,v9,...,v, €V,

where we use the notation des7 for the number of descents®® of any permutation 7 € &,,. (A statement
essentially dual to this appears in [166, Theorem 9.5].)

Theorem 1.7.29(b) yields kere = k - 14 + (kere)®. Notice, however, that (kere)® means the square of
the ideal ker e with respect to the shuffle multiplication Wi; thus, (ker 6)2 is the k-linear span of all shuffle
products of the form aLub with a € ker e and b € kere.

Exercise 1.7.33. Prove Theorem 1.7.29. _ _
[Hint: (a) is easy. For (b), define an element id of n(A4,A) by id = ida —uaes. Observe that ¢ =
-1 n—1 —wn _
D ons1 Lid* , and draw the conclusions that e(14) = 0 and that each z € A satisfies id (z) — e (z) €
= n
(ker€)” (because id " (z) € (kere)? for every n > 2). Use this to prove kere C k- 14 + (kere)®. On the other
hand, prove e ((ker 6)2) = 0 by applying Proposition 1.7.26. Combine to obtain kere = k- 14 + (ker 6)2.
Finish (b) by showing that A/ (k~ 14 + (ker 6)2) >~ (kere) / (kere)® as k-modules. Part (c) is easy again.

For (d), first apply Proposition 1.7.11(i) to show that exp* (s o q) = s o (exp*q). In light of s 0 q = ¢ and
exp* e = ida, this becomes id4 = s o (exp*q). To obtain part (d), it remains to show that exp*q is a
surjective k-algebra homomorphism; but this follows from Proposition 1.7.27. For (e), combine (d) and (b).
For (f), use once again the observation that each = € A satisfies id (z) — ¢ () € (kere)?)]

597 descent of a permutation 7 € &, means an i € {1,2,...,n — 1} satisfying 7 (i) > 7 (i + 1).
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2. REVIEW OF SYMMETRIC FUNCTIONS A AS HOPF ALGEBRA

Here we review the ring of symmetric functions, borrowing heavily from standard treatments, such as
Macdonald [124, Chap. I}, Sagan [163, Chap. 4], Stanley [180, Chap. 7|, and Mendes and Remmel [135],
but emphasizing the Hopf structure early on.

2.1. Definition of A. As before, k here is a commutative ring (hence could be a field or the integers Z;

these are the usual choices). leen an infinite variable set x = (21, 22,...), a monomial x* := z{'z§? - -+ is
indexed by an element o = (a1, o, . ..) in N having finite support®; such « are called weak compositions.

The nonzero ones among the integers oy, as, ... are called the parts of the weak composition . We will
consider the ring R(x) of formal power series f(x) = > coX® with ¢, in k of bounded degree, that is, where
there exists some bound d = d(f) for which deg(x*) := >, a; > d implies ¢, = 0. It is easy to see that the
product of two such power series is well-defined, and also has bounded degree.

The symmetric group &,, permuting the first n variables z1, ..., z, acts as a group of automorphisms on
R(x), as does the union &) = |J,,~( Gn of the infinite ascending chain &y C &; C &3 C - - - of symmetric
groups®!. This group S (o) can also be described as the group of all permutations of the set {1,2,3,...}
which leave all but finitely many elements invariant.

Definition 2.1.1. The ring of symmetric functions in x with coefficients in k, denoted A = Ay = A(x) =
Ak (x), is the & )-invariant subalgebra R(x)® ) of R(x):

A= {f = anxa € R(x) : cq = cg if «, § lie in the same G(OO)—orbit} .

We refer to the elements of A as symmetric functions (over k); however, despite this terminology, they
are not functions in the usual sense.%?

Note that A is a graded k-algebra, since A = @,,~, A, where A,, are the symmetric functions f =Y cox®
which are homogeneous of degree n, meaning deg(x®) = n for all ¢, # 0.

Exercise 2.1.2. Let f € R(x). Let A be a commutative k-algebra, and a1, as,...,a; be finitely many
elements of A. Show that substituting ai, as, ..., ar,0,0,0,... for z1,22,x3,...in f yields an infinite sum in
which all but finitely many addends are zero. Hence, this sum has a value in A, which is commonly denoted

by f(a17a27"'uak3)'

Definition 2.1.3. A partition A = (A1, A2,...,X¢,0,0,...) is a weak composition whose entries weakly
decrease: A7 > -+ > Ay > 0. The (uniquely defined) ¢ is said to be the length of the partition A and
denoted by ¢(X). One sometimes omits trailing zeroes from a partition: e.g., one can write the partition
(3,1,0,0,0,...) as (3,1). We will often (but not always) write A; for the i-th entry of the partition A (for
instance, Ao = 3 if A = (5,3,1,1)) and call it the i-th part of \. The sum Ay + Ao+ -+ X =N\ + A2+ -~
(where £ = £(X)) of all parts of A is called the size of A and denoted by |A|; for a given integer n, the
partitions of size n are referred to as the partitions of n. The empty partition () is denoted by &.

Every weak composition « lies in the &-orbit of a unique partition A = (A1, A2,..., A, 0,0,...) with
A1 > -+ > ¢ > 0. For any partition A, define the monomial symmetric function

(2.1.1) mai= X%
QGG(OO))\

Letting A run through the set Par of all partitions, this gives the monomial k-basis {mx} of A. Letting A
run only through the set Par,, of partitions of n gives the monomial k-basis for A,,.

60The support of a sequence a = (a1, a2, a3, ...) € N is defined to be the set of all positive integers 4 for which a; # 0.
61This ascending chain is constructed as follows: For every n € N, there is an injective group homomorphism ¢y, : &5, — Spy1
which sends every permutation o € &, to the permutation ¢, (0) = 7 € &, defined by

. o), ifi<n .
T (i) = - foralli e {1,2,...,n+1}.
@) {i, ifi=n+1 { }
These homomorphisms ¢, for all n form a chain &g Lo, 61 TN Gy 2 ... , which is often regarded as a chain of inclusions.

62Being power series, they can be evaluated at appropriate families of variables. But this does not make them functions (no
more than polynomials are functions). The terminology “symmetric function” is thus not well-chosen; but it is standard.
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Example 2.1.4. For n = 3, one has
3 3 3
mE) =T+ Ty T3t
_ .2 2 2 2
me,1) = £122 + 2123 + T3 + 123 + - -
m1,1,1) = T1T2%3 + T1T2T4 + T1T3T4 + T2T3Ta + T1XT2X5 + - -

Remark 2.1.5. We have defined the symmetric functions as the elements of R (x) invariant under the group
6 (o). However, they also are the elements of R (x) invariant under the group &, of all permutations of
the set {1,2,3,...}. 93

Remark 2.1.6. It is sometimes convenient to work with finite variable sets 1, ..., z,, which one justifies as
follows. Note that the algebra homomorphism

R(x) = R(x1,...,2n) = Kk[z1,...,24]

which sends 41, Zp12,... to 0 restricts to an algebra homomorphism
A (x) = Ay (1, ..., 2p) = K[z, ..., 2,]%".
Furthermore, this last homomorphism is a k-linear isomorphism when restricted to A; for 0 < i < n, since
it sends the monomial basis elements my(x) to the monomial basis elements my(z1,...,2,). Thus when
one proves identities in Ax(x1,...,x,) for all n, they are valid in A, that is, A is the inverse limit of the
A(zy,...,7,) in the category of graded k-algebras.®*
This characterization of A as an inverse limit of the graded k-algebras A(z1,...,x,) can be used as an

alternative definition of A. The definitions used by Macdonald [124] and Wildon [197] are closely related (see
[124, §1.2, p. 19, Remark 1], [75, §A.11] and [197, §1.7] for discussions of this definition). It also suggests
that much of the theory of symmetric functions can be rewritten in terms of the A(xq,...,x,) (at the cost
of extra complexity); and this indeed is possible®.

One can also define a comultiplication on A as follows. Note that when one decomposes the variables into
two sets (x,y) = (x1,22,...,Y1,Y2,...), one has a ring homomorphism

R(x)® R(x) — R(xy)
fx)®g(x) — f(x)g(y)
This restricts to an isomorphism
(21.2) A® A =R(x)® @ R(x)% — R(x,y)Se*S@

where &) X &) denotes permutations of (finite subsets of) the x and separate permutations of (finite
subsets of) the y, because R(x,y)®)*®@) has k-basis {mx(x)m,(y)}xrucpar- AS S() X () Is a
subgroup of the group &(. ) (the group of all permutations of {z1,z2,...,91,%2,...} leaving all but
finitely many variables invariant) acting on all of (x,y), one gets an inclusion of rings

A(x,y) = R(x,y) 9 < R(x,y) )X =A@ A
63 Proof. We need to show that A = R (x)®>. Since
A= {f = anxa € R(x) : ca = cg if a, B lie in the same G(OO)—orbit}
«@

and
R(x)%> = {f = anxa € R (x) : co = cg if a, B lie in the same Gw—orbit} ,
[e3

this will follow immediately if we can show that two weak compositions a and 3 lie in the same & (.)-orbit if and only if they
lie in the same Goo-orbit. But this is straightforward to check (in fact, two weak compositions « and $ lie in the same orbit
under either group if and only if they have the same multiset of nonzero entries).

64 Warning: The word “graded” here is crucial. Indeed, A is not the inverse limit of the A(z1,...,zy) in the category of
k-algebras. In fact, the latter limit is the k-algebra of all symmetric power series f in k [x] with the following property: For
each g € N, there exists a d € N such that every monomial in f that involves exactly g distinct indeterminates has degree at
most d. For example, the power series (1 + 1) (1 +x2) (1 +23)--- and m(y) + mg 2y + m33,3) + -+ satisfy this property,
although they do not lie in A (unless k is a trivial ring).

65See7 for example, [103, Chapter SYM] and [120, Chapters 10-11] for various results of this present chapter rewritten in
terms of symmetric polynomials in finitely many variables.
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where the last isomorphism is the inverse of the one in (2.1.2). This gives a comultiplication
A=Ax) 2 Axy) > AA
f(x) = f(z,22,...) — f(x,y)=flzr, 22, y1,92,...).
Here, f (x1,22,...,Y1,Y2,...) means the result of choosing some bijection
¢ {z1,x2,23,...} = {T1,22,...,Y1,Y2,...} and substituting ¢ (z;) for every x; in f. (The choice of ¢ is
irrelevant since f is symmetric.5%)
Example 2.1.7. One has
Ama 1y = me 1y (T1, T2, Y1, Y2, - - )
:m%xg—i—xlm%—i—---
+atyn +atyr + -
+21Y7 + 715 +
YTy + gy e
= m(2,1)(X) + m) (X)m)(y) + ma)(x)me)(y) + me1)(y)
=M1 ® L+me @ma) +ma) @me) +1@mey).
This example generalizes easily to the following formula

(2.1.3) Amy= Y mu®@m,,

(wsv):
pUy=X\

in which p U v is the partition obtained by taking the multiset union of the parts of p and v, and then
reordering them to make them weakly decreasing.

Checking that A is coassociative amounts to checking that
(A@id)oAf = f(x,y,2) = (id@A) 0 Af

inside A(x,y,z) as a subring of A ® A ® A. The counit A 5 k is defined in the usual fashion for connected
graded coalgebras, namely e annihilates I = @, . An, and € is the identity on Ag = k; alternatively e sends
a symmetric function f(x) to its constant term f(0,0,...).

Note that A is an algebra morphism A — A ® A because it is a composition of maps which are all algebra
morphisms. As the unit and counit axioms are easily checked, A becomes a connected graded k-bialgebra of
finite type, and hence also a Hopf algebra by Proposition 1.4.14. We will identify its antipode more explicitly
in Section 2.4 below.

2.2. Other Bases. We introduce the usual other bases of A, and explain their significance later.

Definition 2.2.1. Define the families of power sum symmetric functions p,, elementary symmetric functions

en, and complete homogeneous symmetric functions h,, forn =1,2,3,... by
(2.2.1) Pn =T + Ty A+ =My
(2.2.2) en = Z Tiy Ty, = M(1n)
1< <ip
(2.2.3) hy = Z Ty e Ty, = Z my
i1 <<y A€Par,

Here, we are using the multiplicative notation for partitions: whenever (mj,mo,mg3,---) is a weak compo-
sition, (1™12™23™s...) denotes the partition A such that for every 4, the multiplicity of the part 7 in A
is m;. The ™ satisfying m; = 0 are often omitted from this notation, and so the (1) in (2.2.2) means

1,1,...,1]. (For another example, (123143) = (12203143506070 o ) means the partition (4,4,4,3,1,1).)
——

n ones

66T5 be more precise, the choice of ¢ is irrelevant because f is Goo-invariant, with the notations of Remark 2.1.5.
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By convention, also define hg = eg = 1, and h,, = e, = 0 if n < 0. Extend these multiplicatively to partitions
A= ()\1,)\2,...,)\@) with Ay > --- > Ay > 0:

PXx = DPxiPxy " P,
E)\ 1= 6N\, €N, "t E)
h>\ = h>\1h)\2 . ‘h)\

7]

Also define the Schur function

(2.2.4) Sy = Z xCont(T)

T

where T runs through all column-strict tableauz of shape A, that is, T is an assignment of entries in {1, 2,3,...}
to the cells of the Ferrers diagram®” for )\, weakly increasing left-to-right in rows, and strictly increasing
top-to-bottom in columns. Here cont(T’) denotes the weak composition (|771(1)[,[T-1(2)],[T~*(3)],...), so

1
that x°°n*(T) = T, xLT @I For example,5®

[ INTSN NCR
~N b~ W
D W =

is a column-strict tableau of shape A = (5,3,3,2) with x°°"*(T) = z3zl22232x02222.

Example 2.2.2. One has

may =pa) =€) = ha) =sq) =r1+ T2+ T34

S(1n) = €n

67The Ferrers diagram of a partition X is defined as the set of all pairs (¢,5) € {1,2,3,.. .}2 satisfying j < A;. This is a
set of cardinality |A|. Usually, one visually represents a Ferrers diagram by drawing its elements (¢, j) as points on the plane,
although (unlike the standard convention for drawing points on the plane) one lets the x-axis go top-to-bottom (i.e., the point
(i+1,7) is one step below the point (¢,7)), and the y-axis go left-to-right (i.e., the point (%,j + 1) is one step to the right of
the point (¢,7)). (This is the so-called English notation, also known as the matriz notation because it is precisely the way one
labels the entries of a matrix. Other notations appear in literature, such as the French notation used, e.g., in Malvenuto’s [127],
and the Russian notation used, e.g., in parts of Kerov’s [92].) These points are drawn either as dots or as square boxes; in the
latter case, the boxes are centered at the points they represent, and they have sidelength 1 so that the boxes centered around
(i,7) and (4,7 + 1) touch each other along a sideline. For example, the Ferrers diagram of the partition (3,2, 2) is represented
as

o [ ] [ ] l
e o (using dots) or as (using boxes).
o [ ]

The Ferrers diagram of a partition A uniquely determines A. One refers to the elements of the Ferrers diagram of A as the
cells (or bozes) of this diagram (which is particularly natural when one represents them by boxes) or, briefly, as the cells of A.
Notation like “west”, “north”, “left”, “right”, “row” and “column” concerning cells of Ferrers diagrams normally refers to their
visual representation.

Ferrers diagrams are also known as Young diagrams.

One can characterize the Ferrers diagrams of partitions as follows: A finite subset S of {1,2,3,.. .}2 is the Ferrers diagram of
some partition if and only if for every (i,7) € S and every (i/, ') € {1,2,3,...}? satisfying ¢/ < i and j/ < j, we have (i/, ') € S.
In other words, a finite subset S of {1,2,3,.. .}2 is the Ferrers diagram of some partition if and only if it is a lower set of the
poset {1,2,3,.. .}2 with respect to the componentwise order.

681, visually represent a column-strict tableau 7' of shape A, we draw the same picture as when representing the Ferrers
diagram of A, but with a little difference: a cell (4, ) is no longer represented by a dot or box, but instead is represented by the
entry of T assigned to this cell. Accordingly, the entry of T" assigned to a given cell ¢ is often referred to as the entry of T in c.
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Example 2.2.3. One has for A = (2, 1) that
Pi,1) =P2p1 = ($%+x§+~-~)(x1+x2+...)

= m(2,1) + M)

€(2,1) = €201 = (x1o + 2123 + -+ ) (01 + 22+ )
= M2,1) +3m(11,1)

h(g’l) = hohy = (.’E%-‘r.’l?%+~'~+$1$2+$1$3+“'>(l‘1 +$2+)
= m) +2m2,1) +3m1,1,1)

and
S(2,1) = I%ig +z%x3 Jraslm% +z1x§ +T1T2x3 +X1T2T3 +T1T2Tg4 + -
11 11 12 13 12 13 12
2 3 2 3 3 2 4

=m(z,1) +2m 1)

In fact, one has these transition matrices for n = 3 expressing elements in terms of the monomial basis m:

Py P Pa,in) €3) €(2,1) €(1,1,1)
m(g) 1 1 1 m(g) 0 0 1
m(g,l) 0 1 3 m(2’1) 0 1 3
m(1}171) 0 0 6 m(l)l’l) 1 3 6

ha hen haay @) S(21)  S1,11)
m(3) 1 1 1 m(s) 1 0 0
m(271) 1 2 3 m(271) 1 1 0
m(17171) 1 3 6 m(Ll’l) 1 2 1

Our next goal is to show that ey, sy, hy (and, under some conditions, the py as well) all give bases for A.
However at the moment it is not yet even clear that sy are symmetric!

Proposition 2.2.4. Schur functions sy are symmetric, that is, they lie in A.

Proof. Tt suffices to show s) is symmetric under swapping the variables x;, z;11, by providing an involution
¢ on the set of all column-strict tableaux T' of shape A which switches the cont(T") for (i,7 + 1) cont(T).
Restrict attention to the entries 4,7 4+ 1 in T', which must look something like this:
i i i i i+1 i+1
i i i 4 4 1+1 i+1 i4+1 i+1 141
t+1 ++1 ¢4+1

One finds several vertically aligned pairs If one were to remove all such pairs, the remaining entries

)
i+ 1
would be a sequence of rows, each looking like this:

(2.2.5) Qi i i+ L+, i1
———

T occurrences § occurrences

An involution due to Bender and Knuth tells us to leave fixed all the vertically aligned pairs but

!
i+ 1
change each sequence as in (2.2.5) to this:

Byiy.d i L+, i1
————
S occurrences T occurrences

For example, the above configuration in 7" would change to
i i i v 1 1+1
i i vt 1 9+1 ¢4+1 ++1 41 2+1 241
i 1+1 i+1
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It is easily checked that this map is an involution, and that it has the effect of swapping (¢,7 + 1) in
cont(T). O

Remark 2.2.5. The symmetry of Schur functions allows one to reformulate them via column-strict tableaux
defined with respect to any total ordering £ on the positive integers, rather than the usual 1 <2 <3 < ---.
For example, one can use the reverse order®® ... < 3 < 2 < 1, or even more exotic orders, such as

1<3<h<7<-<2<4<6<8<---.

Say that an assignment T of entries in {1,2,3,...} to the cells of the Ferrers diagram of X is an L-column-
strict tableau if it is weakly L-increasing left-to-right in rows, and strictly L-increasing top-to-bottom in
columns.

Proposition 2.2.6. For any total order L on the positive integers,

(2.2.6) sy =y xeonD)
T

as T runs through all L-column-strict tableaux of shape .

Proof. Given a weak composition o = (ay,ag,...) with ap41 = apye = -+ = 0, assume that the integers
1,2,...,n are totally ordered by £ as w(l) <z -+ <, w(n) for some w in &,,. Then the coefficient of
x* = z{* - 2% on the right side of (2.2.6) is the same as the coefficient of x* (@ on the right side
of (2.2.4) defining sy, which by symmetry of s, is the same as the coefficient of x* on the right side of
(2.2.4). O

It is now not hard to show that py, ey, s\ give bases by a triangularity argument ™

us introduce a useful partial order on partitions.

. For this purpose, let

Definition 2.2.7. The dominance or majorization order on Par, is the partial order on the set Par,, whose
greater-or-equal relation > is defined as follows: For two partitions A and u of n, we set A> u (and say that
A dominates, or majorizes, ) if and only if

MFX+ -+ > +pus+--+pr fork=12 ... n.

(The definition of dominance would not change if we would replace “for k = 1,2,...,n” by “for every
positive integer k” or by “for every k € N”.)

Definition 2.2.8. For a partition \, its conjugate or transpose partition \! is the one whose Ferrers diagram
is obtained from that of \ by exchanging rows for columns’'. Alternatively, one has this formula for its i*"
part:

(2.2.7) (A = 1{j : \j > i}
Exercise 2.2.9. Let A\, u € Par,,. Show that Ay if and only if p! > AL

Proposition 2.2.10. The sets {ex},{sr} as A runs through all partitions give k-bases for Ay for any
commutative ring k. The same holds for {p\} when Q is a subring of k.

Our proof of this proposition will involve three separate arguments, one for each of the three alleged bases
{sx},{ex} and {pr}; however, all these three arguments fit the same mold: Each one shows that the alleged
basis expands invertibly triangularly”® in the basis {my} (possibly after reindexing), with an appropriately
chosen partial order on the indexing set. We will simplify our life by restricting ourselves to Par,, for a given
n € N, and by stating the common part of the three arguments in a greater generality (so that we won’t
have to repeat it thrice):

69T his reverse order is what one uses when one defines a Schur function as a generating function for reverse semistandard
tableauz or column-strict plane partitions; see Stanley [180, Proposition 7.10.4].

705ee Section 11.1 for some notions and notations that will be used in this argument.

"1n more rigorous terms: The cells of the Ferrers diagram of A! are the pairs (j,4), where (4, j) ranges over all cells of . It
is easy to see that this indeed uniquely determines a partition Af.

721.0., triangularly, with all diagonal coefficients being invertible
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Lemma 2.2.11. Let S be a finite poset. We write < for the smaller-or-equal relation of S.
Let M be a free k-module with a basis (bx),.g. Let (ax)ycg be a further family of elements of M.
For each A\ € S, let (9/\#)“65 be the family of the coeflicients in the expansion of ay € M in the basis

(bu) ye i in other words, let (gau),,cs € k¥ be such that ay = > g b,. Assume that:
nes

o Assumption Al: Any A € S and p € S satisfy g, = 0 unless u < \.
o Assumption A2: For any A € S, the element gy » of k is invertible.

Then, the family (ax),cg is a basis of the k-module M.

Proof of Lemma 2.2.11. Use the notations of Section 11.1. Assumptions Al and A2 yield that the S x S-
matrix (gf\w)(A,M)est € k%5 is invertibly triangular. But the definition of the gy , yields that the family
(ax)yes expands in the family (br),cg through this matrix (g,\7ﬂ)()\7#)€SXS. Since the latter matrix is
invertibly triangular, this shows that the family (a), g expands invertibly triangularly in the family (bx),g-
Therefore, Corollary 11.1.19(e) (applied to (es),cg = (ax)ycg and (fs),cg = (br)ycg) shows that (ax),cg is
a basis of the k-module M (since (bx),.g is a basis of the k-module M). O

Proof of Proposition 2.2.10. We can restrict our attention to each homogeneous component A,, and partitions
A of n. Thus, we have to prove that, for each n € N, the families (ex)ycp,,, and (sx)ycpa,, are bases of the
k-module A,, and that the same holds for (px),cp,,, if Q is a subring of k.
Fix n € N. We already know that (m),cp,, is a basis of the k-module A,,.
1. We shall first show that the family (s)),cp,,, is a basis of the k-module A,,.

For every partition A, we have sy = }_ cp,, K umy, where the coefficient K, is the Kostka
number counting the column-strict tableaux T' of shape A having cont(7") = y; this follows because
both sides are symmetric functions, and K , is the coefficient of x* on both sides™. Thus, for every
A € Par,,, one has

(2.2.8) sx= Y Kaumy
pePar,
(since sy is homogeneous of degree n). 7 But if A and p are partitions satisfying K ap 70,

then there exists a column-strict tableau T' of shape A having cont(T") = p (since K, counts such
tableaux), and therefore we must have Ay + Ag + -+ + A\ > p1 + po + -+ + pg for each positive

integer k (since the entries 1,2,...,k in T must all lie within the first k& rows of A); in other words,
Abp (if Ky, #0) 7. In other words,
(2.2.9) any A € Par,, and u € Par, satisfy K , = 0 unless Ap p.

One can also check that K y =1 for any A € Par,, 6. Hence,
(2.2.10) for any A € Pary, , the element K » of k is invertible.

Now, let us regard the set Par, as a poset, whose greater-or-equal relation is >. Lemma 2.2.11
(applied to S = Par,,, M = A,,, ax = sy, by = my and gy , = K ) shows that the family (s,\)Aeparn
is a basis of the k-module A,, (because the Assumptions Al and A2 of Lemma 2.2.11 are satisfied””).

2. Before we show that (ex)ycp,,, is a basis, we define a few notations regarding integer matrices. A

{0, 1}-matriz means a matrix whose entries belong to the set {0,1}. If A € N**™ is a matrix, then
the row sums of A means the ¢-tuple (rq,r,...,7¢), where each r; is the sum of all entries in the
i-th row of A; similarly, the column sums of A means the m-tuple (c1,cq,...,cn), where each ¢;
is the sum of all entries in the j-th column of A. (For instance, the row sums of the {0, 1}-matrix
<? } é (1) 8) is (2,3), whereas its column sums is (1,2,1,1,0).) We identify any k-tuple of

"SIn general, in order to prove that two symmetric functions f and g are equal, it suffices to show that, for every u € Par,
the coefficients of x* in f and in g are equal. (Indeed, all other coefficients are determined by these coefficients because of the
symmetry.)

T4See Exercise 2.2.13(c) below for a detailed proof of (2.2.8).

75See Exercise 2.2.13(d) below for a detailed proof of this fact.

76See Exercise 2.2.13(e) below for a proof of this.

"TIndeed, they follow from (2.2.9) and (2.2.10), respectively.
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nonnegative integers (ay, as, ..., a) with the weak composition (ay, as,...,ax,0,0,0,...); thus, the
row sums and the column sums of a matrix in N®*™ can be viewed as weak compositions. (For

01 1 0 0Y).
110 1 0> is the 5-tuple (1,2,1,1,0), and can be

viewed as the weak composition (1,2,1,1,0,0,0,...).)
For every A\ € Par,, one has

(2.2.11) e\ = Z (WAL

pnePar,

example, the column sums of the matrix

where ay ,, counts {0,1}-matrices (of size ¢(A) x ¢(u)) having row sums A and column sums pu:
indeed, when one expands ey, €y, - - -, choosing the monomial z;, ...z;, in the ey, factor corresponds
to putting 1’s in the i*" row and columns ji, ..., 7, of the {0, 1}-matrix . Applying (2.2.11) to \*
instead of A, we see that

(2.2.12) ex = > @ my
pePar,

for every A € Par,.
It is not hard to check™ that ax,, vanishes unless A’ >y Applying this to A* instead of X, we
conclude that

(2.2.13) any A € Par, and p € Par, satisfy ay: , = 0 unless A> .
Moreover, one can show that ay: y» =1 for each A € Par, 80 Hence,
(2.2.14) for any A € Pary, , the element ay: » of k is invertible.

Now, let us regard the set Par, as a poset, whose greater-or-equal relation is >. Lemma 2.2.11
(applied to S = Par,, M = A,, ax = ex:, by = my and g, = ay:,) shows that the family
(€xt)xepar, 18 a basis of the k-module A,, (because the Assumptions A1 and A2 of Lemma 2.2.11 are
satisfied®"). Hence, (€x)xepar, 18 @ basis of A,,.

3. Assume now that Q is a subring of k. For every A € Par,,, one has

(2.2.15) =Y baumy,
pePar,
where by, counts the ways to partition the nonzero parts Ay,..., A; into blocks such that the sums
of the blocks give y; more formally, by ,, is the number of maps ¢ : {1,2,...,¢} — {1,2,3,...} having
1 =Dy N for j=1,2,... ®2 Again it is not hard to check that
(2.2.16) any A € Par,, and u € Par,, satisfy by, = 0 unless p> A

83 Furthermore, for any A € Par,,, the element bx, is a positive integer®, and thus invertible in k
(since Q is a subring of k). Thus,

(2.2.17) for any A € Par,, , the element b, » of k is invertible

(although we don’t always have by » = 1 this time).

Now, let us regard the set Par,, as a poset, whose smaller-or-equal relation is >. Lemma 2.2.11
(applied to S = Par,,, M = A, ax = px, by = my and g, = by ,,) shows that the family (pA)/\eParn
is a basis of the k-module A,, (because the Assumptions A1 and A2 of Lemma 2.2.11 are satisfied®®).

78See Exercise 2.2.13(g) below for a detailed proof of (2.2.11).

79See Exercise 2.2.13(h) below for a proof of this. This is the easy implication in the Gale-Ryser Theorem. (The hard
implication is the converse: It says that if A\, u € Par,, satisfy A! > p, then there exists a {0, 1}-matrix having row sums A and
column sums p, so that ay , is a positive integer. This is proven, e.g., in [98], in [43, Theorem 2.4] and in [197, Section 5.2].)

805ee Exercise 2.2.13(i) below for a proof of this.

81Indeed, they follow from (2.2.13) and (2.2.14), respectively.

825ce Exercise 2.2.13(k) below for a detailed proof of (2.2.15) (and see Exercise 2.2.13(j) for a proof that the numbers b,
are well-defined).

835ee Exercise 2.2.13(1) below for a proof of this.

84This is proven in Exercise 2.2.13(m) below.

85Indeed, they follow from (2.2.16) and (2.2.17), respectively.
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]

Remark 2.2.12. When Q is not a subring of k, the family {p,} is not (in general) a basis of Ay; for instance,
ey = % (p(ljl) *[72) € Ag is not in the Z-span of this family. However, if we define by, as in the above
proof, then the Z-linear span of all p) equals the Z-linear span of all by xmy. Indeed, if p = (p1, po, .. ., i)
with k = £(p), then b, , is the size of the subgroup of &, consisting of all permutations ¢ € &;, having each
i satisfy pqy = pi 86 As a consequence, by, divides by, for every partition p of the same size as A
(because this group acts®” freely on the set which is enumerated by bau) 88 Hence, the Par,, x Par,-matrix

by,
shows that it is triangular, but its diagonal entries are clearly 1) and thus invertibly triangular. But (2.2.15)

shows that the family (px),cp,,, expands in the family (bxama),cp,,, through this matrix. Hence, the
family (pa)yepa,, €xpands invertibly triangularly in the family (bA’AmA)AGPM". Thus, Corollary 11.1.19(b)
(applied to Z, A, Pary,, (pa)yepar, and (b,\7,\m,\))\eparn instead of k, M, S, (es),cg and (fs),cq) shows that
the Z-submodule of A,, spanned by (pA))\eparn is the Z-submodule of A,, spanned by (b,\,Am,\))\eParn.

b
( /\’“) has integer entries. Furthermore, this matrix is unitriangular® (indeed, (2.2.16)
(A\,n)€EPar, x Pary,

The purpose of the following exercise is to fill in some details omitted from the proof of Proposition 2.2.10.

Exercise 2.2.13. Let n € N.
(a) Show that every f € A,, satisfies

f= > (%) my

pnePar,

Here, [x*] f denotes the coefficient of the monomial x* in the power series f.

Now, we introduce a notation (which generalizes the notation K , from the proof of Proposition 2.2.10):
For any partition A and any weak composition u, we let K ,, denote the number of all column-strict tableaux
T of shape A having cont (T') = p.

(b) Prove that this number K , is well-defined (i.e., there are only finitely many column-strict tableaux
T of shape A having cont (T') = p).

(c) Show that sy =3 cp,, Kxum, for every A € Par,.

(d) Show that K , = 0 for any partitions A € Par,, and p € Par,, that don’t satisfy A p.

(e) Show that K x =1 for any A € Par,,.

Next, we recall a further notation: For any two partitions A and x, we let ay,, denote the number of all
{0, 1}-matrices of size £ (A) x £ (i) having row sums A and column sums p. (See the proof of Proposition 2.2.10
for the concepts of {0, 1}-matrices and of row sums and column sums.)

(f) Prove that this number ay , is well-defined (i.e., there are only finitely many {0, 1}-matrices of size
£(X) x £ () having row sums A and column sums p).

(g) Show that ex =} cp,,, axumy for every A € Par,.

(h) Show that ay,, = 0 for any partitions A € Par,, and p € Par,, that don’t satisfy ' > p.

(i) Show that ay: ) =1 for any \ € Par,,.

Next, we introduce a further notation (which generalizes the notation by, from the proof of Propo-
sition 2.2.10): For any partition A\ and any weak composition p, we let by, be the number of all maps

v:{1,2,...,¢} = {1,2,3,...} satisfying | p,; = > A for all j > 1|, where £ = £(\).
i€{1,2,....0};
w(B)=3

8650e Exercise 2.2.13(n) below for a proof of this.

87Specifically, an element o of the group takes ¢ : {1,2,...,4} - {1,2,3,...} to g o .

88G0e Exercise 2.2.13(0) below for a detailed proof of this.

89Here, we are using the terminology defined in Section 11.1, and we are regarding Par,, as a poset whose smaller-or-equal
relation is >.
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(j) Prove that this number by , is well-defined (i.e., there are only finitely many maps ¢ : {1,2,...,¢} —

{1,2,3,...} satisfying | p; = > N forallj >11).
i€{1,2,...,0};
w(B)=j

Show that py =Y bx,umy,, for every A € Par,,.

) €Par,,

) Show that by, = Oﬂfor any partitions A € Par,, and p € Par, that don’t satisfy p A.
(m) Show that by » is a positive integer for any A € Par,,.

) Show that for any partition p = (u1, p2, ..., k) € Par, with k& = £(u), the integer b, ,, is the size
of the subgroup of &, consisting of all permutations o € & having each i satisfy p,;) = pi. (In
particular, show that this subgroup is indeed a subgroup.)

(o) Show that b, ,, | by, for every A € Par, and p € Par,.

2.3. Comultiplications. Thinking about comultiplication A 3 A ® A on Schur functions forces us to
immediately confront the following.

Definition 2.3.1. For partitions u, A say that p C X if pu; < A; for i =1,2,.. ., so the Ferrers diagram for p
is a subset of the cells for the Ferrers diagram of A. In this case, define the skew (Ferrers) diagram \/p to
be their set difference.”’

Then define the skew Schur function sy, (x) to be the sum s/, == > p x°"(T) " where the sum ranges
over all column-strict tableaux T of shape A/u, that is, assignments of a value in {1,2,3,...} to each cell of
A/, weakly increasing left-to-right in rows, and strictly increasing top-to-bottom in columns.

Example 2.3.2.

T

(G20 NO RN
=~ =

T2
4
is a column-strict tableau of shape \/u = (5,3,3,2)/(3,1,0,0) and it has x°°™(7) = g223292222.

Remark 2.3.3. If p and X\ are partitions such that u C A, then sy, € A. (This is proven similarly as
Proposition 2.2.4.) Actually, if 4 C A, then sy,, € A5/, where [A\/u| denotes the number of cells of the
skew shape A/p (s0 |A/p] = A — ).

It is customary to define sy,, to be 0 if we don’t have 1 € A. This can also be seen by a literal reading
of the definition sy/, 1= > » x¢m(T) a5 long as we understand that there are no column-strict tableaux of
shape A/p when A/p is not defined.

Clearly, every partition A satisfies sy = sy /g-

Exercise 2.3.4. (a) State and prove an analogue of Proposition 2.2.6 for skew Schur functions.
(b) Let A, u, N and u' be partitions such that g C A and p/ C X. Assume that the skew Ferrers
diagram )/’ can be obtained from the skew Ferrers diagram \/u by a 180° rotation.”! Prove that

5/\/H = SA//H/.

Exercise 2.3.5. Let A and p be two partitions, and let k£ € N be such that?? i > Agt1. Let F be the skew
Ferrers diagram A\/p. Let Fiows<k denote the subset of F' consisting of all (¢,7) € F satisfying i < k. Let
Frows>k denote the subset of F' consisting of all (i,j) € F satisfying ¢ > k. Let o and 8 be two partitions
such that 8 C « and such that the skew Ferrers diagram «/f can be obtained from Fiows<y by parallel

901 other words, the skew Ferrers diagram A\/pu is the set of all (7, ) € {1,2,3,.. .}2 satisfying p; < j < A;.

While the Ferrers diagram for a single partition A uniquely determines A, the skew Ferrers diagram A\/u does not uniquely
determine p and A. (For instance, it is empty whenever A = u.) When one wants to keep p and A in memory, one speaks of the
skew shape \/p; this simply means the pair (u, A). Every notion defined for skew Ferrers diagrams also makes sense for skew
shapes, because to any skew shape A/u we can assign the skew Ferrers diagram A/p (even if not injectively). For instance, the
cells of the skew shape A\/u are the cells of the skew Ferrers diagram \/p.

One can characterize the skew Ferrers diagrams as follows: A finite subset S of {1,2,3,...}? is a skew Ferrers diagram (i.e.,
there exist two partitions A and p such that g C A and such that S is the skew Ferrers diagram A/u) if and only if for every
(i,5) € S, every (¢,5) € {1,2,3,...}2 and every (i, ") € S satisfying ¢/ <4’ <i and j' < j' < j, we have (i/,j') € S.

91For example, this happens when A = (3,2), p = (1), A = (5,4) and p/ = (3, 1).

92As usual, we write v for the k-th entry of a partition v.
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translation. Let v and § be two partitions such that § C v and such that the skew Ferrers diagram ~/d can
be obtained from F,ows>k by parallel translation.”® Prove that SX\/u = Sa/BSy/s-

Proposition 2.3.6. The comultiplication A AN ® A has the following effect on the symmetric functions
discussed so far’*:

(i) Ap,=1®p, +p, ® 1 for every n > 1, that is, the power sums p,, are primitive.
Ae,, = Ziﬂ.:n e; @ e; for every n € N.
Ah,, = Ziﬂ.:n h; ® h; for every n € N.
Asy = EMQ\ 5u ® sx/, for any partition \.
Asy/y = Y pePar: Su/p @ Sy for any partitions A and v.

vCuCA

Proof. Recall that A sends f(x) — f(x,y), and one can easily check that
(l) pn(X,Y) :sz;a—i_Zzy? :pn(x) ’ 1+1'pn<y)
(i) en(x,y) = EiJrj:n ei(x)e;(y)
(iii) hn(x,y) = Zi+j:n hi(x)h;(y)
For assertion (iv), note that by (2.2.6), one has

(2'3'1) 3/\(X7y) = Z(X,y)cont(T),
T

where the sum is over column-strict tableaux 7" of shape A having entries in the linearly ordered alphabet
(2.3.2) T <Ta < - <Yyr <Ya<---.

95 For example,

ry r1 T1 Y2 Ys

T— T2 Y1 Y1

Y2 Y2 Y4

Y4 Ys
is such a tableau of shape A = (5,3, 3,2). Note that the restriction of T to the alphabet x gives a column-
strict tableau Ty of some shape u C A, and the restriction of T to the alphabet y gives a column-strict
tableau T, of shape A\/u (e.g. for T in the example above, the tableau Ty appeared in Example 2.3.2).
Consequently, one has

Sx (X, y) — Z Xcont(Tx) . ycont(Ty)
T

(233) _ Z (Z Xcont(Tx)> Zycont(Ty) — Z SM(X)SA/;L(Y)
Ty

HCA Tx HCA

Assertion (v) is obvious in the case when we don’t have v C A (in fact, in this case, both s/, and
> uePar: Su/u ® Sx/, are clearly zero). In the remaining case, the proof of assertion (v) is similar to that of
vCpCA

93Here is an example of the situation: A = (6,5,5,2,2), u = (4,4,3,1), k = 3 (satisfying pur = u3 =3 > 2 = Ay = A\gq1),
a=(3,2,2), 8= (1,1),y=(2,2), and § = (1).

94 The abbreviated summation indexing > t;; used here is intended to mean

E ti -
(4,5):
0<i,j<n,
itj=n

i+j=n

9Here, (x,y)°(T) means the monomial [Taex a|T71(a)|, where 2 denotes the totally ordered alphabet 1 < z2 < -+ <
y1 < y2 < ---. In other words, (x, y)CO“t(T) is the product of all entries of the tableau T' (which is a monomial, since the entries
of T" are not numbers but variables).

The following rather formal argument should allay any doubts as to why (2.3.1) holds: Let £ denote the totally ordered
set which is given by the set {1,2,3,...} of positive integers, equipped with the total order 1 <, 3 <, 5 < 7 < - <
2<,4<,6<,8<g---. Then, (2.2.6) yields sy => 1 x°0(T) a5 T runs through all £-column-strict tableaux of shape A.
Substituting the variables z1,y1, z2,y2, 3,3, ... for 1,2, 3,24, x5, T6, ... (that is, substituting x; for z9;_1 and y; for za;)
in this equality, we obtain (2.3.1).
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(iv). (Of course, the tableaux T and Ty now have skew shapes A\/v and u/v, and instead of (2.2.6), we need
to use the answer to Exercise 2.3.4(a).) O

Notice that parts (ii) and (iii) of Proposition 2.3.6 are particular cases of part (iv), since h,, = 5(,) and
€n — S(ln).

Exercise 2.3.7. (a) Show that the Hopf algebra A is cocommutative.
(b) Show that Asy/, = uePar: Sx/u ® 5/, for any partitions A and v.
vCuCA
Exercise 2.3.8. Let n € N. Consider the finite variable set (1,2, ..., 2,) as asubset of x = (21, x9, x3,...).
Recall that f (z1,x2,...,2,) is a well-defined element of k [z1, x2, . .., z,] for every f € R (x) (and therefore

also for every f € A, since A C R (x)), according to Exercise 2.1.2.
(a) Show that any two partitions A and p satisfy
Sa/u (1,02, 2,) = Z xoont(T)

T is a column-strict
tableau of shape A\/u;
all entries of T' belong
to {1,2,...,n}
(b) If X is a partition having more than n parts (where the word “parts” means “nonzero parts”), then
show that sy (z1,z2,...,z,) =0.

Remark 2.3.9. An analogue of Proposition 2.2.10 holds for symmetric polynomials in finitely many variables:
Let N € N. Then, we have

(a) The set {my (z1,22,...,2nN)}, as A runs through all partitions having length < N is a basis of the

k-module A (21, x9,...,2n) = k[z1, 22, ... ,xN]GN.

(b) For any partition A having length > N, we have mj (z1,22,...,2x5) = 0.

(¢) The set {ex (z1,22,...,2n)}, as A runs through all partitions whose parts are all < N, is a basis of
the k-module A (z1,x2,...,ZN).

(d) The set {sx (z1,22,...,2N)}, as A runs through all partitions having length < N, is a basis of the
k-module A (z1,29,...,2N).

(e) If Q is a subring of k, then the set {px (z1,22,...,2n)}, as A runs through all partitions having
length < N is a basis of the k-module A (z1,29,...,2N).
(f) If Q is a subring of k, then the set {py (z1,z2,...,2n)}, as A runs through all partitions whose parts
are all < N, is a basis of the k-module A (z1,22,...,ZN)-
Indeed, the claims (a) and (b) are obvious, while the claims (¢), (d) and (e) are proven similarly to our proof

of Proposition 2.2.10. We leave the proof of (f) to the reader; this proof can also be found in [120, Theorem
10.86)%C.

Claim (c) can be rewritten as follows: The elementary symmetric polynomials e; (x1,x2,...,2y), for
1€ {1,2,...,N}, form an algebraically independent generating set of A (z1,z3,...,2xn). This is precisely
the well-known theorem (due to Gauss)?” that every symmetric polynomial in N variables x1, s, ..., zy can

be written uniquely as a polynomial in the N elementary symmetric polynomials.

2.4. The antipode, the involution w, and algebra generators. Since A is a connected graded k-

bialgebra, it will have an antipode A SA making it a Hopf algebra by Proposition 1.4.14. However, we can
identify S more explicitly now.

Proposition 2.4.1. Each of {e,}n=12,..,{hn}n=12,. are algebraically independent, and generate Ay as a
polynomial algebra for any commutative ring k. The same holds for {py, }n=12,.. when Q is a subring of k.
Furthermore, the antipode S acts as follows:

(l) S(pn) = —DPn
(i) S(en) = (=1)"hn
(i) S(hn) = (=1)"en

96See [120, Remark 10.76] for why [120, Theorem 10.86] is equivalent to our claim (f).
97See, e.g., [37, Symmetric Polynomials, Theorem 5 and Remark 17] or [193, §5.3] or [25, Theorem 1]. In a slightly different
form, it also appears in [103, Theorem (5.10)].
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Proof. The assertions that {e, }, {p,} are algebraically independent and generate A are equivalent to Propo-
sition 2.2.10 asserting {ex}, {pa} give bases for A. The assertion S(p,) = —p,, follows from Proposition 1.4.15
since p,, is primitive by Proposition 2.3.6(i).

For the remaining assertions, start with the easy generating function identities

(2.4.1) H(t) := ﬁ(l —ait) "t =14 hy(x)t + ho(x Z ho (x)t"
i=1 n>0

(2.4.2) E(t) == ﬁu + xit) = 1 + ey (X)t + eg(x => en(x
=1 n>0

which shows that

(2.4.3) 1=E(-tHt) = | Y en)(=t)" | [ D hn(x)t

n>0 n>0
and hence, equating coefficients of powers of ¢, that for n = 0,1,2,... one has
(244) Z (—1)Z€ihj = 6O,n-
i+j=n

This lets one recursively express the e,, in terms of h,, and vice-versa:
ep:=1=: hg
(2.4.5) €n = €n—1h1 — €n—2ha + en_3hz — -
hyp =hn_1e1 —hp_oes + hyp_ses — - -
for n =1,2,... Thus if one uses the algebraic independence of the generators {e, } for A to define an algebra
endomorphism as follows
A S A

(2.4.6) A

then the identical form of the two recursions in (2.4.5) shows that w also sends h,, — e,. Therefore w is an

involutive automorphism of A, and the {h,} are another algebraically independent generating set for A.
For the assertion about the antipode S applied to e,, or h,, note that the coproduct formulas for e,, h,

in Proposition 2.3.6(ii),(iii) show that the defining relations for their antipodes (1.4.4) will in this case be

Z S(ei)ej == 60,71 == Z BiS(Ej)

i+j=n i+j=n
> S(hihj =60n =Y hiS(hy)
i+j=n i+j=n

because ue(e,) = ue(hy) = do,n. Comparing these to (2.4.4), one concludes via induction on n that S(ey,) =
(=1)"h,, and S(hy) = (—1)"e,. O

The k-algebra endomorphism w of A defined in the proof of Proposition 2.4.1 is known as the fundamental
involution on A. We record for future use two results that were shown in the above proof: that w is an
involution, and that it sends e, to h, and vice versa for every positive integer n.

Proposition 2.4.1 shows that the antipode S on A is, up to sign, the same as the fundamental involution
w: one has

(2.4.7) S(f) = (—1)"w(f) for f e A,
since this formula holds for all elements of the generating set {e,, } (or {h,}).

Remark 2.4.2. Up to now we have not yet derived how the involution w and the antipode S act on (skew)
Schur functions, which is quite beautiful: If A and p are partitions satisfying u C A, then
w(s,\/u) = Skt/ﬂt

(2.4.8)
S(sasu) = (=1)Milsye ) e
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where recall that A! is the transpose or conjugate partition to A, and |\/u| is the number of squares in the
skew diagram A\/p, that is, |\/u| = n — k if A\, u lie in Par,,, Pary, respectively.

We will deduce this later in three ways (once as an exercise using the Pieri rules in Exercise 2.7.11, once
again using skewing operators in Exercise 2.8.5, and for the third time from the action of the antipode in
QSym on P-partition enumerators in Corollary 5.2.22). However, one could also deduce it immediately from
our knowledge of the action of w and S on e,, hy,, if we were to prove the following famous Jacobi- Trudi and
dual Jacobi- Trudi formulas®®:

Theorem 2.4.3. Skew Schur functions are the following polynomials in {h,}, {e,}:

(2.4.9) $x/p = det(hn -y —i+j)ig=1.2,...0

(2.4.10) Sxt/ut = det(e)\i_w_,‘+j)i7j=1727__47g

for any two partitions A and p and any ¢ € N satisfying ¢ (A\) < £ and ¢ (u) < .

Since we appear not to need these formulas in the sequel, we will not prove them right away. However, a
proof is sketched in the solution to Exercise 2.7.13, and various proofs are well-explained in [109, (39) and
(41)], [124, §1.5], [161, Thm. 7.1], [163, §4.5], [180, §7.16], [192, Thms. 3.5 and 3.5*]; also, a simultaneous
generalization of both formulas is shown in [70, Theorem 11], and two others in [158, 1.9] and [73, Thm.

3.1]. An elegant treatment of Schur polynomials taking the Jacobi-Trudi formula (2.4.9) as the definition of
s is given by Tamvakis [188].

2.5. Cauchy product, Hall inner product, self-duality. The Schur functions, although a bit unmo-
tivated right now, have special properties with regard to the Hopf structure. One property is intimately
connected with the following Cauchy identity.

Theorem 2.5.1. In the power series ring k [[x,y]] := k[[x1,Z2,...,¥1,Y2, .. .]], one has the following expan-
sion:
(2.5.1) [T =z = D sx®)sa)-

7,j=1 AePar

Remark 2.5.2. The left hand side of (2.5.1) is known as the Cauchy product, or Cauchy kernel.

An equivalent version of the equality (2.5.1) is obtained by replacing each x; by z;t, and writing the
resulting identity in the power series ring R(x,y)[[t]]:

o0
(2.5.2) H (1 —tay;) ' = Z tM sy (x)sa(y).
i,7=1 A€Par

(Recall that |A| = A1 + A2 + - - - + A¢ for any partition A = (A1, Ag,..., Ag).)
Proof of Theorem 2.5.1. We follow the standard combinatorial proof (see [163, §4.8],[180, §7.11,7.12]), which
rewrites the left and right sides of (2.5.2), and then compares them with the Robinson-Schensted-Knuth
(RSK) bijection.” On the left side, expanding out each geometric series

(1 —taiy;) "' =1+ tagy; + (toiy;) + (trgy;) + -
as m occurrences of a biletter'%0 (;), we see that the left hand side can be rewritten

as the sum of t* (x;,y;,) (2i,y;,) - - - (21,y;,) over all multisets {(;1), ce (32)} of biletters. Order the biletters
in such a multiset in the lexicographic order <;.,, which is the total order on the set of all biletters defined
by

m

and thinking of (z;y;)

i i
(,1) <lex (2> <= (we have i1 < g, and if i1 = iy, then j; < ja).
J1 J2

98The second of the following identities is also known as the von Ndgelsbach-Kostka identity.

99The RSK bijection has been introduced by Knuth [95], where what we call “biletters” is referred to as “two-line arrays”.
The most important ingredient of this algorithm — the RS-insertion operation — however goes back to Schensted. The special
case of the RSK algorithm where the biword has to be a permutation (written in two-line notation) and the two tableaux
have to be standard (i.e., each of them has content (1™), where n is the size of their shape) is the famous Robinson-Schensted
correspondence [113]. More about these algorithms can be found in [163, Chapter 3], [135, Chapter 5], [180, §7.11-7.12], [120,
Sections 10.9-10.22], [60, Chapters 1 and A], [27, §3, §6] and various other places.

1007 piletter here simply means a pair of letters, written as a column vector. A letter means a positive integer.
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Defining a biword to be an array (J‘) = (;1;‘;) in which the biletters are ordered (;1) <tex ** Llew (;’;), then
the left side of (2.5.2) is the sum 3 t*x°ont()ycontld) gyer all biwords (J‘), where ¢ stands for the number
of biletters in the biword. On the right side, expanding out the Schur functions as sums of tableaux gives

> (P.0) tixcont(@)yeont(P) in which the sum is over all ordered pairs (P, Q) of column-strict tableaux having
the same shape®!, with £ cells. (We shall refer to such pairs as tableau pairs from now on.)

i

The Robinson-Schensted-Knuth algorithm gives us a bijection between the biwords (J) and the tableau
pairs (P, @), which has the property that

cont(i) = cont(Q),
cont(j) = cont(P)

(and that the length ¢ of the biword (Jl) equals the size |A| of the common shape of P and @; but this follows
automatically from cont(i) = cont(Q)). Clearly, once such a bijection is constructed, the equality (2.5.2)
will follow.

Before we define this algorithm, we introduce a simpler operation known as RS-insertion (short for
Robinson-Schensted insertion). RS-insertion takes as input a column-strict tableau P and a letter j, and
returns a new column-strict tableau P’ along with a corner cell'? ¢ of P’, which is constructed as follows:
Start out by setting P’ = P. The letter j tries to insert itself into the first row of P’ by either bumping out
the leftmost letter in the first row strictly larger than j, or else placing itself at the right end of the row if
no such larger letter exists. If a letter was bumped from the first row, this letter follows the same rules to
insert itself into the second row, and so on'%%. This series of bumps must eventually come to an end'®*. At
the end of the bumping, the tableau P’ created has an extra corner cell not present in P. If we call this
corner cell ¢, then P’ (in its final form) and ¢ are what the RS-insertion operation returns. One says that
P’ is the result of inserting'%® j into the tableau P. It is straightforward to see that this resulting filling P’

is a column-strict tableau'S.

Example 2.5.3. To give an example of this operation, let us insert the letter 7 = 3 into the column-strict

11 3 3 4
2 2 46 . . . y . .
tableau 304 7 (we are showing all intermediate states of P’; the underlined letter is always the one
5
that is going to be bumped out at the next step):
11 3 3 4 113 3 3 113 3 3
2 2 46 meert 3, 2 2 4 6 msert 4; 2 2 4 4
3 4 7 bump out 4 3 4 7 bump out 6 3 4 Z
5 5 5
11 3 3 3 11 3 3 3
insm&, 2 2 4 4 in;e—m>7; 2 2 4 4
bump out 7 3 4 6 done 3 4 6
5 5 7

101And this shape should be the Ferrers diagram of a partition (not just a skew partition).

1027 corner cell of a tableau or a Ferrers diagram is defined to be a cell ¢ which belongs to the tableau (resp. diagram) but
whose immediate neighbors to the east and to the south don’t.

103Here, rows are allowed to be empty — so it is possible that a letter is bumped from the last nonempty row of P’ and
settles in the next, initially empty, row.

1045ince we can only bump out entries from nonempty rows

105 g terminology is reminiscent of insertion into binary search trees, a basic operation in theoretical computer science.
This is more than superficial similarity; there are, in fact, various analogies between Ferrers diagrams (and their fillings) and
unlabelled plane binary trees (resp. their labellings), and one of them is the analogy between RS-insertion and binary search
tree insertion. See [82, §4.1].

106Indeed, the reader can check that P’ remains a column-strict tableau throughout the algorithm that defines RS-insertion.
(The only part of this that isn’t obvious is showing that when a letter ¢ bumped out of some row k is inserted into row k + 1,
the property that the letters increase strictly down columns is preserved. Argue that the bumping-out of ¢ from row k was
caused by the insertion of another letter u < ¢, and that the cell of row k + 1 into which ¢ is then being inserted is in the same
column as this u, or in a column further left than it.)
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The last tableau in this sequence is the column-strict tableau that is returned. The corner cell that is
returned is the second cell of the fourth row (the one containing 7).

RS-insertion will be used as a step in the RSK algorithm; the construction will rely on a simple fact known
as the row bumping lemma. Let us first define the notion of a bumping path (or bumping route): If P is a
column-strict tableau, and j is a letter, then some letters are inserted into some cells when RS-insertion is
applied to P and j. The sequence of these cells (in the order in which they see letters inserted into them) is
called the bumping path for P and j. This bumping path always ends with the corner cell ¢ which is returned
by RS-insertion. As an example, when 7 = 1 is inserted into the tableau P shown below, the result P’ is
shown with all entries on the bumping path underlined:

112 2 3 L1203

2 2 4 4 ; 2.2 2 4
P= ipsext P'=3 4 4

3 4 5 j=1 45 6

4 6 6 6

A first simple observation about bumping paths is that bumping paths trend weakly left — that is, if the
bumping path of P and j is (¢1, ca, ..., ck), then, for each 1 <i < k, the cell ¢;11 lies in the same column as
¢; or in a column further left.!%” A subtler property of bumping paths is the following row bumping lemma
([60, p. 9]):
Row bumping lemma: Let P be a column-strict tableau, and let j and j' be two letters.
Applying RS-insertion to the tableau P and the letter j yields a new column-strict tableau
P’ and a corner cell ¢. Applying RS-insertion to the tableau P’ and the letter ;' yields a
new column-strict tableau P” and a corner cell .
(a) Assume that j < j’. Then, the bumping path for P’ and j’ stays strictly to the right,
within each row, of the bumping path for P and j. The cell ¢ (in which the bumping
path for P’ and j’ ends) is in the same row as the cell ¢ (in which the bumping path
for P and j ends) or in a row further up; it is also in a column further right than c.
(b) Assume instead that j > j’. Then, the bumping path for P’ and j' stays weakly to
the left, within each row, of the bumping path for P and j. The cell ¢’ (in which the
bumping path for P’ and j ends) is in a row further down than the cell ¢ (in which
the bumping path for P and j ends); it is also in the same column as ¢ or in a column
further left.
This lemma can be easily proven by induction over the row.
We can now define the actual RSK algorithm. Let (J‘) be a biword. Starting with the pair (Py, Qo) = (&, &)
and m = 0, the algorithm applies the following steps (see Example 2.5.4 below):

108

e If 4,11 does not exist (that is, m is the length of i), stop.

e Apply RS-insertion to the column-strict tableau P, and the letter j,, .1 (the bottom letter of (;:ﬁ))
Let P,,+1 be the resulting column-strict tableau, and let ¢,,4+1 be the resulting corner cell.

e Create Q,,+1 from @Q,,, by adding the top letter i,,,1 of (i.’"“) to @y, in the cell ¢, 41 (which, as we

Jm+1
recall, is the extra corner cell of P,, 11 not present in P,,).

107This follows easily from the preservation of column-strictness during RS-insertion.

108We leave the details to the reader, only giving the main idea for (a) (the proof of (b) is similar). To prove the first claim
of (a), it is enough to show that for every i, if any letter is inserted into row ¢ during RS-insertion for P’ and j’, then some letter
is also inserted into row i during RS-insertion for P and j, and the former insertion happens in a cell strictly to the right of the
cell where the latter insertion happens. This follows by induction over ¢. In the induction step, we need to show that if, for a
positive integer i, we try to consecutively insert two letters k and k', in this order, into the i-th row of a column-strict tableau,
possibly bumping out existing letters in the process, and if we have k < &/, then the cell into which k is inserted is strictly to
the left of the cell into which k’ is inserted, and the letter bumped out by the insertion of k is < to the letter bumped out by
the insertion of k&’ (or else the insertion of ¥’ bumps out no letter at all — but it cannot happen that ¥’ bumps out a letter but
k does not). This statement is completely straightforward to check (by only studying the i-th row). This way, the first claim
of (a) is proven, and this entails that the cell ¢’ (being the last cell of the bumping path for P’ and j’) is in the same row as
the cell ¢ or in a row further up. It only remains to show that ¢’ is in a column further right than c. This follows by noticing
that, if k is the row in which the cell ¢’ lies, then ¢’ is in a column further right than the entry of the bumping path for P and
j in row k (by the first claim of (a)), and this latter entry is further right than or in the same column as the ultimate entry ¢
of this bumping path (since bumping paths trend weakly left).
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e Set m to m + 1.
After all of the biletters have been thus processed, the result of the RSK algorithm is (P, Q,) =: (P, Q).
Example 2.5.4. The term in the expansion of the left side of (2.5.1) corresponding to

(z1y2) (z1ya) (z21n) (zagn) (zays)* (z5y2) "

is the biword (J’) = (;Eﬁgg), whose RSK algorithm goes as follows:

P = o Q = @
P = 2 Q = 1
P, = 2 4 Q =11

1 4 11
b=, @ =

1 1 1 1
Pro= 9y @ = 5 4

1 1 3 1 1 4
Bso= 9y @ = 5y

1 1 3 3 1 1 4 4
PG - 2 4 Q6 - 2

11 2 3 1 1 4 4

P::P7 = 2 3 Q::Q7 = 2
4 5

The bumping rule obviously maintains the property that P, is a column-strict tableau of some Ferrers
shape throughout. It should be clear that (P, Q,,) have the same shape at each stage. Also, the construction
of @, shows that it is at least weakly increasing in rows and weakly increasing in columns throughout. What
is perhaps least clear is that @Q,, remains strictly increasing down columns. That is, when one has a string of
equal letters on top i, = tm4+1 = -+ = tm+r, 50 that on bottom one bumps in j,, < jmt1 < -+ < Jmgr, ONE
needs to know that the new cells form a horizontal strip, that is, no two of them lie in the same column'%’.
This follows from (the last claim of) part (a) of the row bumping lemma. Hence, the result (P, Q) of the
RSK algorithm is a tableau pair.

To see that the RSK map is a bijection, we show how to recover (J‘) from (P, Q). This is done by reverse

bumping from (P41, Qm+1) to recover both the biletter (;’:LE) and the tableaux (P, @), as follows.
Firstly, 4,41 is the maximum entry of @Q,,+1, and @, is obtained by removing the rightmost occurrence of
this letter 4,,41 from Qp41. '° To produce P, and j,,41, find the position of the rightmost occurrence
of iypt1 In Qpy1, and start reverse bumping in P,,41 from the entry in this same position, where reverse
bumping an entry means inserting it into one row higher by having it bump out the rightmost entry which
is strictly smaller.!!! The entry bumped out of the first row is j,,41, and the resulting tableau is P,,.

109Actually, each of these new cells (except for the first one) is in a column further right than the previous one. We will use
this stronger fact further below.

110g4 necessarily has to be the rightmost occurrence, since (according to the previous footnote) the cell into which i,,41 was
filled at the step from Q, to Qm+1 lies further right than any existing cell of Q,, containing the letter iy,1.

Hlpet us give a few more details on this “reverse bumping” procedure. Reverse bumping (also known as RS-deletion or
reverse RS-insertion) is an operation which takes a column-strict tableau P’ and a corner cell ¢ of P/, and constructs a column-
strict tableau P and a letter j such that RS-insertion for P and j yields P’ and c. It starts by setting P = P’, and removing
the entry in the cell ¢ from P. This removed entry is then denoted by k, and is inserted into the row of P above ¢, bumping
out the rightmost entry which is smaller than k. The letter which is bumped out — say, £ —, in turn, is inserted into the row
above it, bumping out the rightmost entry which is smaller than ¢. This procedure continues in the same way until an entry
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Finally, to see that the RSK map is surjective, one needs to show that the reverse bumping procedure can
be applied to any pair (P, Q) of column-strict tableaux of the same shape, and will result in a (lexicograph-
ically ordered) biword (j) We leave this verification to the reader.!!? ]

This is by far not the only known proof of Theorem 2.5.1. Two further proofs will be sketched in
Exercise 2.7.10 and Exercise 2.7.8.

Before we move on to extracting identities in A from Theorem 2.5.1, let us state (as an exercise) a simple
technical fact that will be useful:

Exercise 2.5.5. Let (qx))cp,, Pe a basis of the k-module A. Assume that for each partition A, the element
gx € A is homogeneous of degree |A|.

(a) If two families (ax)y\cpn, € K72 and (b) \cpn, € K7 satisfy

(2.5.3) Z axgx (x) = Z bagx (x)

AePar A€ePar

in k [[x]], then (ax)\cpar = (OA) xepar: 113

(b) Consider a further infinite family y = (y1,¥2,¥s,...) of indeterminates (disjoint from x). If two

families (a,“,)( , € kP and (buw) . € KPo” satisfy

w,v)EPar

(2'5'4) Z Qpvqp (X) qv (Y) = Z b,u,u‘]u (X) qv (Y)

(w,v)€Par? (p,v)EPar?

(p,v)€Par

in k [[x,y]], then (a“7”)(/t,u)€Par2 = (bmy)(uyy)eparg.
(¢) Consider a further infinite family z = (21, 22, 23, ...) of indeterminates (disjoint from x and y). If

two families (ax ,..) kP2’ and (bxpv) s € kP satisfy

(p,v,\)EPar3 €

(2.5.5) Y et e @@= Y byt ()6 () 6 ()

(p,v,\) EPar? (p,v,\)EPar?

(p,v,\) EPa;

in k [[vavZH’ then (a)‘7/—L7u)('lL,V,>\)EPar3 = (b)‘vl»"»”)(u,u,)\)eparfi'

is bumped out of the first row (which will eventually happen). The reverse bumping operation returns the resulting tableau P
and the entry which is bumped out of the first row.

It is straightforward to check that the reverse bumping operation is well-defined (i.e., P does stay a column-strict tableau
throughout the procedure) and is the inverse of the RS-insertion operation. (In fact, these two operations undo each other step
by step.)

121t 45 easy to see that repeatedly applying reverse bumping to (P, Q) will result in a sequence (;ﬁ), (;i*i), ceey (;i) of

biletters such that applying the RSK algorithm to (;1 ;‘;) gives back (P, Q). The question is why we have (;1) <lex * <Llex (;‘;)
Since the chain of inequalities i; < ig < --- < iy is clear from the choice of entry to reverse-bump, it only remains to show
that for every string im = im+1 = -+ = im+r of equal top letters, the corresponding bottom letters weakly increase (that is,
Jm < Jm+1 < -+ < Jm+r). One way to see this is the following:

Assume the contrary; i.e., assume that the bottom letters corresponding to some string iy, = tm4+1 = -+ = @m+r of equal
top letters do not weakly increase. Thus, jm+p > jm+p+1 for some p € {0,1,...,r — 1}. Consider this p.

Let us consider the cells containing the equal letters iy, = %m4+1 = -+ = @m+r in the tableau Q4. Label these cells as
Cmy Cm+1s - - -, Cm—4r from left to right (noticing that no two of them lie in the same column, since Qy,+r is column-strict). By
the definition of reverse bumping, the first entry to be reverse bumped from Py, 4, is the entry in position ¢pm4, (since this is
the rightmost occurrence of the letter iy 1y in Qm+r); then, the next entry to be reverse bumped is the one in position ¢y 4r—1,
etc., moving further and further left. Thus, for each ¢ € {0,1,...,r}, the tableau Py,44—1 is obtained from Py,44 by reverse
bumping the entry in position c¢m44. Hence, conversely, the tableau Py, 14 is obtained from Pp,44—1 by RS-inserting the entry
Jm+q, Which creates the corner cell ¢y, 4.

But recall that jm4p > jm+p+1. Hence, part (b) of the row bumping lemma (applied to Prtp—1, Jm+ps Jm+p+1, Pmtps
C¢m+p, Pm+p+1 and ¢pmp41 instead of P, j, 5/, P, ¢, P"” and ¢’) shows that the cell ¢pqp1 is in the same column as the cell
Cm4p Or in a column further left. But this contradicts the fact that the cell ¢ynqp41 is in a column further right than the cell
Cm+p (since we have labeled our cells as ¢m, ¢m+1,- - - ; Cm+r from left to right, and no two of them lied in the same column).
This contradiction completes our proof.

113Note that this does not immediately follow from the linear independence of the basis (qA)AEPar' Indeed, linear indepen-
dence would help if the sums in (2.5.3) were finite, but they are not. A subtler argument (involving the homogeneity of the ¢y )
thus has to be used.
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Remark 2.5.6. Clearly, for any n € N, we can state an analogue of Exercise 2.5.5 for n infinite families
x; = (i1, %i2, %3, ..) of indeterminates (with ¢ € {1,2,...,n}). The three parts of Exercise 2.5.5 are the
particular cases of this analogue for n = 1, for n = 2 and for n = 3. We have shied away from stating this
analogue in full generality because these particular cases are the only ones we will need.

Corollary 2.5.7. In the Schur function basis {s)} for A, the structure constants for multiplication and

comultiplication are the same, that is, if one defines scalars cf; s cl); , via the unique expansions
(2.5.6) S8, = Zcﬁws)\
A
(2.5.7) INOVEDIEAR =T
8%
then Cu L= éﬁﬁy.
Proof. Work in the ring k [[x,y, z]], where y = (yl,yg,yg, ...) and z = (21,29, 23,...) are two new sets of
variables. The identity (2.5.1) lets one interpret both ¢, ,, &, , as the coefficient™™ of s, (x)s, (y)sx(2) in the

product

oo o

TLa-az) ™ [T -pe 27 (Zsu >> <Zsu<y>sy<z>>
=D su(su(y) - 5u(2)50(2)

— Z 8,(%)s,(y) (Z C,’\L,VS,\(Z)>
JIR% A

since, regarding 1, 2,...,%1, Y2, ... as lying in a single variable set (x,y), separate from the variables z,
the Cauchy identity (2.5.1) expands the same product as

oo [e )

H (1—aiz)! H (I —wiz;)~ ZSA X,y)sx(2z)
= (Z éﬁ,ysu(X)sy(Y)> sx(2).
A v

O

Definition 2.5.8. The coefficients c;\W = é;\w appearing in the expansions (2.5.6) and (2.5.7) are called
Littlewood- Richardson coefficients.

Remark 2.5.9. We will interpret cﬁw combinatorially in Section 2.6. By now, however, we can already prove
some properties of these coefficients:
We have

(2.5.8) cf;u = ci‘)u for all A\, u, v € Par

(by comparing coefficients in Y, ¢} ,sx = su5, = sy5, = 2., ¢ ,5x). Furthermore, let X and p be two
partitions (not necessarily satisfying p C A). Comparing the expansion

sx(x,y) ZCH vS = Z < Z Cﬁ,ysu()’)> su(x)
pePar \vePar

with

n(6,Y) =D 5,()sa/u(y) = D su()sasuly)

nCA pePar

AL et us explain why speaking of coefficients makes sense here:

We want to use the fact that if a power series f € k[[x,y,2]] is written in the form f =37, | \)epars @x,u,vSu (X) su (¥) sx (2)
for some coefficients ay ;. € k, then these coefficients ay , , are uniquely determined by f. But this fact is precisely the claim
of Exercise 2.5.5(c) above (applied to g\ = sy).
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5 one concludes that

Z (Z Cﬁ,u%(Y)) su(x) = Z su(X)sa/u(y) = Z Sx/u(Y)su(x).

pePar \vePar pePar peEPar
Treating the indeterminates y as constants, and comparing coefficients before s,,(x) on both sides of this
equality''S, we arrive at another standard interpretation for ¢;, ,:

_ A
Sx/u = g ChuSu-
v

In particular, c;},y vanishes unless ;1 C A. Consequently, cf;’y vanishes unless v C A as well (since cf;’u = Ci‘, )
and furthermore vanishes unless the equality [u| 4 [v| = [A] holds"'". Altogether, we conclude that c, ,
vanishes unless p, v C A and |u| + |v] = ||
Exercise 2.5.10. Show that any four partitions k, A, ¢ and ¥ satisfy
_ A P
D daw = D Gaclss
pEPar (e,8,7,8)€Par*
Exercise 2.5.11. (a) For any partition u, prove that
oo
—1
Z $x (%) 8x/u (¥) = sp (%) - H (1 = zy5)
A€Par i,7=1
in the power series ring k [[x,y]] = k[[x1, Z2, 23, ..., Y1, Y2, Y3, - - -]]-
(b) Let « and 8 be two partitions. Show that
o0
~1
Z SX/a (X) S\/B (y) = Z S8/p (X) Sa/p (y) ’ H (1 - xiyj)
A€Par p€EPar i,7=1
in the power series ring k [[x,y]] = k[[x1, z2, 23, ..., Y1, Y2, Y3, - - -]]-
[Hint: For (b), expand the product
oo o0 o0 o0
-1 -1 -1 —1
IT =2y TT Q=2iw)™ J] O —2g)™" [] (0 - ziwy)
ij=1 ij=1 ij=1 ij=1
in the power series ring K [[x1, %2, L3, .., Y1, Y2, Y3, - -, 21, 22, 23, - - . , W1, W2, W3, ...]] in two ways: once by

applying Theorem 2.5.1 to the two variable sets (z,x) and (w,y) and then using (2.3.3); once again by
applying (2.5.1) to the two variable sets z and w and then applying Exercise 2.5.11(a) twice.]

The statement of Exercise 2.5.11(b) is known as the skew Cauchy identity, and appears in Sagan-Stanley
[164, Cor. 6.12], Stanley [180, exercise 7.27(c)] and Macdonald [124, §1.5, example 26]; it seems to be
due to Zelevinsky. It generalizes the statement of Exercise 2.5.11(a), which in turn is a generalization of
Theorem 2.5.1.

Definition 2.5.12. Define the Hall inner product on A to be the k-bilinear form (-,-) which makes {s)} an
orthonormal basis, that is, (sx, sy) = dx .

Exercise 2.5.13. (a) If n and m are two distinct nonnegative integers, and if f € A, and g € A,,,, then
show that (f,g) = 0.
(b) If n € N and f € A,, then prove that (hy,, f) = f (1) (where f (1) is defined as in Exercise 2.1.2).

The Hall inner product induces a k-module homomorphism A — A° (sending every f € A to the k-linear
map A = k, g — (f,g)). This homomorphism is invertible (since the Hall inner product has an orthonormal
basis), so that A° = A as k-modules. But in fact, more can be said:

151 the last equality, we removed the condition g C X on the addends of the sum; this does not change the value of the
sum (because we have sy, = 0 whenever we don’t have p C A).

116“Comparing coefficients” means applying Exercise 2.5.5(a) to gy = s in this case (although the base ring k is now
replaced by k [[y]], and the index p is used instead of A, since A is already taken).

U7y fact, this is clear when we don’t have u C A. When we do have p C A, this follows from observing that s/, € Ajx
has zero coefficient before s, whenever |u| + |v| # |Al.
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Corollary 2.5.14. The isomorphism A° = A induced by the Hall inner product is an isomorphism of Hopf
algebras.

Proof. We have seen that the orthonormal basis {s)} of Schur functions is self-dual, in the sense that its
multiplication and comultiplication structure constants are the same. Thus the isomorphism A° & A induced
by the Hall inner product is an isomorphism of bialgebras''®, and hence also a Hopf algebra isomorphism by
Proposition 1.4.24(c). O

We next identify two other dual pairs of bases, by expanding the Cauchy product in two other ways.

Proposition 2.5.15. One can also expand

(25.11) [T =2y = > mEmaly) = D 2 'pa®)paly)
3,7=1 A€Par A€Par
where zy = mq!- 1™ -mgl - 2™2 ... if A = (1™ 2™2 . ) with multiplicity m; for the part i. (Here, we

assume that Q is a subring of k for the last equality.)

Remark 2.5.16. It is relevant later (and explains the notation) that zy is the size of the &,-centralizer
subgroup for a permutation having cycle type'!® X\ with |A\| = n. This is a classical (and fairly easy) result
(see, e.g., [163, Prop. 1.1.1] or [180, Prop. 7.7.3] for a proof).

118Here are some details on the proof:

Let v : A — A° be the k-module isomorphism A — A° induced by the Hall inner product. We want to show that v is an
isomorphism of bialgebras.

Let {s;‘\} be the basis of A° dual to the basis {s)y} of A. Thus, for any partition X, we have

(2.5.9) 7 (s) = 5}
(since any partition p satisfies (v (sx)) (su) = (Sx,8u) = 6, = 83 (su), and thus the two k-linear maps v (sy) : A — k and
5% : A = k are equal to each other on the basis {s,} of A, which forces them to be identical).

The coproduct structure constants of the basis {s’;\} of A° equal the product structure constants of the basis {s)} of A

(according to our discussion of duals in Section 1.6). Since the latter are the Littlewood-Richardson numbers cf;’u (because of

A
(8%

(2.5.10) Aposy =Y cp s, ®s)
wv

(2.5.6)), we thus conclude that the former are ¢, ,, as well. In other words, every A € Par satisfies

(where the sum is over all pairs (u, ) of partitions). On the other hand, applying the map y ® v : A® A — A° ® A° to the
equality (2.5.7) yields

(Y®7) (A(sx) = (7 ®7) Ghsu®su | =) eh, A0u) ® () =) ey sh®s)
; wv oK Z s I ; w7 p

v —cA v :s; :sl’i
Y by (255.9))  (by (2.5.9))

= Apo X (by (2.5.10))
-

=7(sx)
(by (2.5.9))
= Apo (v(sx))
for each A € Par. In other words, the two k-linear maps (v ® v) o A and Apo o are equal to each other on each sy with

A € Par. Hence, these two maps must be identical (since the sy form a basis of A). Hence, Apo 0y = (y® ) 0 A.
Our next goal is to show that epo 0y = €. Indeed, each A € Par satisfies

(eno ©7) () = env (7(sx)) = (¥ (1)) (1) (by the definition of cpo)

=|snL|= (sx:82) =0x 0 =€(s7) -
=sg
Hence, epo 0y = €. Combined with Ajo oy = (v ® v) 0 A, this shows that « is a k-coalgebra homomorphism. Similar reasoning
can be used to prove that - is a k-algebra homomorphism. Altogether, we thus conclude that « is a bialgebra homomorphism.
Since « is a k-module isomorphism, this yields that « is an isomorphism of bialgebras. Qed.

W95 is a permutation of a finite set X, then the cycle type of o is defined as the list of the lengths of all cycles of o (that
is, of all orbits of o acting on X) written in decreasing order. This is clearly a partition of |X|. (Some other authors write it
in increasing order instead, or treat it as a multiset.)

For instance, the permutation of the set {0,3,6,9,12} which sends 0 to 3, 3 to 9, 6 to 6, 9 to 0, and 12 to 12 is (3,1,1),
since the cycles of this permutation have lengths 3, 1 and 1.
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Proof of Proposition 2.5.15. For the first expansion, note that (2.4.1) shows

H (1—mzy;)~ H Z B (
ij=1 j=1n>0

= Y (R (0w )

weak
compositions

(nl,’ﬂg,“.)

= Z Z (B () Py () -+ ) (g2 )

AePar weak

compositions =h(x) =y(r1.m2,.)
(n1,n2,...) (since (n1,n2,...)ES () A)
satisfying

(nl,ng,...)GG(oo))\

— Z hA(X) Z y(nl,ng,...)

Ae€Par weak
compositions
(n1,na2,...)
satisfying
(nl ,712,...)66(00))\

=mx(y)

= > ax)maly)

AePar

For the second expansion (and for later use in the proof of Theorem 4.9.5) note that

(2.5.12) log H (t) logH (1—zt)~ = i log(1 — z;t) Z Z
i=1 i=1 m—1

so that taking % then shows that

77L

=1
=D —pm(x)t"
m=1

H'(t)
2.5.1 P(t) := ma1t™ = = H' (t)E(-t).
(2.5.13) (t) mz>0p+1 H(D) (t)E(-1)
A similar calculation shows that
=1
(2.5.14) log H —zy;) = Z Epm(x)pm(y)
1,j=1 m=1
and hence
T (1 - i)~ = exp (Z L )pm<y>) — [ e (pm<x>pm<y>>
ij=1 m=1 m=1

i i’i' (;pm@)pm(y))k - Y T (1%' <1pm<x>pm<y>)km>

weak compositions m=1
(k1,k2,ks,...)

(by the product rule)

k’!’L k/yn
_ 3 H Pm ()" 5 ey P )™ Ty (P (¥))
o o lmEm o oo Imk
weak compositions m=1 - weak compositions Hm=1 (kmm )
(k1,k2,ks,...) (kl,kz,kg, 2

B Z p(1k12’€23k3...) (X)p(1k12kz3’€3 Z p)\ p)\

z »
weak compositions (1k1 2k23F3 ... ) A€Par
(k1,k2,k3,...)

It is known that two permutations in &, have the same cycle type if and only if they are conjugate. Thus, for a given

partition A with |A\| = n, any two permutations in &,, having cycle type A are conjugate and therefore their &,,-centralizer
subgroups have the same size.
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due to the fact that every partition can be uniquely written in the form (1’“12’€2 3hks .. ) with (kq, ko, k3, .. .)
a weak composition. O

Corollary 2.5.17. (a) With respect to the Hall inner product on A, one also has dual bases {h)} and
{ma}-
(b) If Q is a subring of k, then {px} and {z; 'p\} are also dual bases with respect to the Hall inner
product on A.

(¢) If R is a subring of k, then {\p}} is an orthonormal basis of A with respect to the Hall inner

Zx
product.

Proof. Since (2.5.1) and (2.5.11) showed

mll(l — ) = AZP sA(x)sxly) = AZP ha()ma(y) = Aezpar“(x)zilp* m-¥ p;(;) p;(g)

it suffices to show that any pair of graded bases'?® {uy}, {v)} having
Z sx(x)sa(y) = Z ux(x)va(y)
A€Par A€Par
will be dual with respect to (-, -). Write transition matrices A = (a, »)

uniquely expressing

(2515) Uy = Z Ay \Sv,

and B = (bu,A)

(v,A\)€Par x Par (v,A\)€Par x Par

(2.5.16) v =Y buas,.

Recall that Par = | |, . Par,. Hence, we can view A as a block matrix, where the blocks are indexed by pairs

121
)

of nonnegative integers, and the (r, s)-th block is (a, ») For reasons of homogeneity ", we

(v,\)EPar,. x Parg "
have a, » = 0 for any (v, \) € Par”® satisfying |v| # |\|. Therefore, the (r,s)-th block of A is zero whenever
r # s. In other words, the block matrix A is block-diagonal. Similarly, B can be viewed as a block-diagonal
matrix. The diagonal blocks of A and B are finite square matrices (since Par, is a finite set for each r € N);
therefore, products such as A*B, B'A and AB! are well-defined (since all sums involved in their definition
have only finitely many nonzero addends) and subject to the law of associativity. Moreover, the matrix A is
invertible (being a transition matrix between two bases), and its inverse is again block-diagonal (because A
is block-diagonal).

The equalities (2.5.15) and (2.5.16) show that (ua,vs) =), av,aby s (by the orthonormality of the sy).
Hence, we want to prove that Y. a, by 3 = da,p. In other words, we want to prove that A'B = I, that is,
B~1 = A*. On the other hand, one has

Z S\ (X)SA (y) = Z U (X)UA (y) = Z Z Ay XSy (X) Z bp)\sp(Y)-
A A A v P

Comparing coefficients'?? of s, (x)s,(y) forces >, ay \bpx = 0y, or in other words, AB' = I. Since A is

invertible, this yields B*A = I, and hence A*B = I, as desired.!?3 O

1207 pasis {wy} of A indexed by the partitions A is said to be graded if every n € N and A\ € Pary, satisfy wy € An.

1210 ore precisely: The power series u) is homogeneous of degree |\|, and the power series s, is homogeneous of degree |v|.

12200mparing coefficients is legitimate because if a power series f € k|[[x,y]] is written in the form f =
2 (v,p)ePar? Gp,vSu (X) Sp (y) for some coefficients ay,, € k, then these coefficients a,,., are uniquely determined by f. This is
just a restatement of Exercise 2.5.5(b).

1231h our argument above, we have obtained the invertibility of A from the fact that A is a transition matrix between two
bases. Here is an alternative way to prove that A is invertible:

Recall that A and B? are block-diagonal matrices. Hence, the equality AB? = I rewrites as A, , (Bt)r’r =1 for all r € N,
where we are using the notation Cp s for the (r, s)-th block of a block matrix C. But this shows that each diagonal block A, ,
of A is right-invertible. Therefore, each diagonal block A, of A is invertible (because Arr is a square matrix of finite size, and
such matrices are always invertible when they are right-invertible). Consequently, the block-diagonal matrix A is invertible,
and its inverse is again a block-diagonal matrix (whose diagonal blocks are the inverses of the A, ).
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Corollary 2.5.17 is a known and fundamental fact'?*. However, our definition of the Hall inner product
is unusual; most authors (e.g., Macdonald in [124, §1.4, (4.5)], Hazewinkel/Gubareni/Kirichenko in [78, Def.
4.1.21], and Stanley in [180, (7.30)]) define the Hall inner product as the bilinear form satisfying (hx,m,) =
O (or, alternatively, (my, k) = 0x,,), and only later prove that the basis {sx} is orthonormal with respect
to this scalar product. (Of course, the fact that this definition is equivalent to our Definition 2.5.12 follows
either from this orthonormality, or from our Corollary 2.5.17(a).)

The tactic applied in the proof of Corollary 2.5.17 can not only be used to show that certain bases of A
are dual, but also, with a little help from linear algebra over rings (Exercise 2.5.18), it can be strengthened
to show that certain families of symmetric functions are bases to begin with, as we will see in Exercise 2.5.19.

Exercise 2.5.18. (a) Prove that if an endomorphism of a finitely generated k-module is surjective, then
this endomorphism is a k-module isomorphism.
(b) Let A be a finite free k-module with finite basis (v;);c;- Let (8;);c; be a family of elements of A
which spans the k-module A. Prove that (3;),.; is a k-basis of A.

Exercise 2.5.19. (a) Assume that for every partition A, two homogeneous elements uy and vy of A,
both having degree |A|, are given. Assume further that

Yosm®@ay)= Y un(x)oa(y)

A€ePar A€ePar

in k[[x,y]] = k[[z1,22,23,...,91,%2,¥3,...]]. Show that (ux),cp,, and (vx),cp,, are k-bases of A,
and actually are dual bases with respect to the Hall inner product on A.
(b) Use this to give a new proof of the fact that (hx),cp,, is a k-basis of A.
. H (1) | | .
Exercise 2.5.20. Prove that 3. o pmi1t™ = ) (This was proven in (2.5.13) in the case when Q is
a subring of k, but here we make no requirements on k.)

2.6. Bialternants, Littlewood-Richardson: Stembridge’s concise proof. There is a more natural
way in which Schur functions arise as a k-basis for A, coming from consideration of polynomials in a finite
variable set, and the relation between those which are symmetric and those which are alternating.

For the remainder of this section, fix a nonnegative integer n, and let x = (z1,...,z,) be a finite variable
set. This means that s/, = sx/.(x) = > ¢ x°"(T) ig a generating function for column-strict tableaux
T as in Definition 2.3.1, but with the extra condition that T have entries in {1,2,...,n}. 125 As a
consequence, s/, is a polynomial in k [z1, 22, ...,2,] (not just a power series), since there are only finitely
many column-strict tableaux T of shape \/u having all their entries in {1,2,...,n}. We will assume without
further mention that all partitions appearing in the section have at most n parts.

Definition 2.6.1. Let k be the ring Z or a field of characteristic not equal to 2. (We require this to avoid
certain annoyances in the discussion of alternating polynomials in characteristic 2.)

Say that a polynomial f(x) = f(z1,...,x,) is alternating if for every permutation w in &,, one has that
(wf)(x) = f(Twy, - Twmn)) = sgn(w) f(x).
Let A%8" C k[zy,...,2,] denote the subset of alternating polynomials2S.

As with A and its monomial basis {m,}, there is an obvious k-basis for A", coming from the fact that a
polynomial f =3 c,x® is alternating if and only if ¢, () = sgn(w)c, for every w in &,, and every a € N™.
This means that every alternating f is a k-linear combination of the following elements.

124For example, Corollary 2.5.17(a) appears in [109, Corollary 3.3] (though the definition of Schur functions in [109] is
different from ours; we will meet this alternative definition later on), and parts (b) and (c) of Corollary 2.5.17 are equivalent to
[124, §1.4, (4.7)] (though Macdonald defines the Hall inner product using Corollary 2.5.17(a)).

25See Exercise 2.3.8(a) for this.

126\When k has characteristic 2 (or, more generally, is an arbitrary commutative ring), it is probably best to define the
alternating polynomials Aign as the k-submodule A%8® ®7 k of Z[z1,...,zn] @z k 2 K[z1,...,Zn].
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Definition 2.6.2. For a = («,...,a,) in N?, define the alternant

aq [67%)
Ty x"
[e 5] [67%)

o Lo Lo

Go 1= E sgn(w)w(x*) =det | | )

weS, :
(&3 Qn

Tt T,

Example 2.6.3. One has
_ 1,50  .5.1.0 1,05 0,51 0,15 5.0.1
a(1,5,0) = T1ToT3 — T1TaT3 — T1TaT3 — T1ToT3 + T Ta¥3 + T1ToT3 = —a(5,1,0)-

Similarly, @) = sgn(w)a, for every w € &,, and every a € N™.

Meanwhile, a5 2,2y = 0 since the transposition ¢ = (133) fixes (5,2,2) and hence

a(5,2,2) = t(a(572,2)) = sgn(t)a(5,272) = —Q(5,2,2)-

127 Alternatively, ags,2,2) = 0 as it is a determinant of a matrix with two equal columns. Similarly, a, = 0
for every n-tuple a € N™ having two equal entries.

This example illustrates that, for a k-basis for A®8" one can restrict attention to alternants a,, in which « is
a strict partition, i.e., in which « satisfies a3 > as > - -+ > ;. One can therefore uniquely express « = A+ p,
where \ is a (weak) partition Ay > -+ > X\, > 0 and where p:= (n—1,n—2,...,2,1,0) is sometimes called
the staircase partitiont®. For example o = (5,1,0) = (3,0,0) + (2,1,0) = XA + p.

Proposition 2.6.4. Let k be the ring Z or a field of characteristic not equal to 2.
The alternants {axy,} as A runs through the partitions with at most n parts form a k-basis for A%".

In addition, the bialternants {ajl:”} as A runs through the same set form a k-basis for A(zy,...,z,) =
je.

klz1,..., 2,

Proof. The first assertion should be clear from our previous discussion: the alternants {ax,} span A" by
definition, and they are k-linearly independent because they are supported on disjoint sets of monomials x“.

The second assertion follows from the first, after proving the following Claim: f(x) lies in A" if and
only if f(x) = a, - g(x) where g(x) lies in k[x]®" and where

ap=det(a! ) jm12.m= [] (@i—2))
1<i<j<n
is the Vandermonde determinant/product. In other words
A%E" = q, - k[x]|®"

G’IL

is a free k[x]®"-module of rank one, with a, as its k[x]®"-basis element.

To see the Claim, first note the inclusion
A" Do, - k[x|®»

since the product of a symmetric polynomial and an alternating polynomial is an alternating polynomial. For
the reverse inclusion, note that since an alternating polynomial f(x) changes sign whenever one exchanges
two distinct variables x;, x;, it must vanish upon setting x; = x;, and therefore be divisible by z; — z;, so
divisible by the entire product [],.;;, (#; — ;) = a,. But then the quotient g(x) = %

it is a quotient of two alternating polynomials. O

is symmetric, as

1270ne subtlety should be addressed: We want to prove that a(5 22y =0 in k [z1,...,2n] for every commutative ring k. It
is clearly enough to prove that a(s 29y = 0 in Z[z1,...,2,]. Since 2 is not a zero-divisor in Z [z1,...,2x], we can achieve this
by showing that a5 2,2) = —a(s,2,2). We would not be able to make this argument directly over an arbitrary commutative ring
k.

128The name is owed to its Ferrers shape. For instance, if n = 5, then the Ferrers diagram of p (represented using dots) has
the form
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Let us now return to the general setting, where k is an arbitrary commutative ring. We are not requiring
that the assumptions of Proposition 2.6.4 be valid; we can still study the a, of Definition 2.6.2, but we
cannot use Proposition 2.6.4 anymore. We will show that the fraction “>*2 is nevertheless a well-defined

ap
polynomial in A (z1,...,2,) whenever X is a partition'?°, and in fact equals the Schur function sy(x). As
a consequence, the mysterious bialternant basis {“**2} of A (x1,...,2,) defined in Proposition 2.6.4 still

a
exists in the general setting, and is plainly the Schur functions {sx(x)}. Stembridge [183] noted that one
could give a remarkably concise proof of an even stronger assertion, which simultaneously gives one of the
standard combinatorial interpretations for the Littlewood-Richardson coefficients cﬁvy. For the purposes of
stating it, we introduce for a tableau T the notation T'|cois>; (resp. Tcols<j) to indicate the subtableau
which is the restriction of T to the union of its columns j,j + 1,7 + 2,... (resp. columns 1,2,...,j).

Theorem 2.6.5. For partitions \, y, v with i C \, one has'3’
AutpS\/p = Z Ay 4cont(T)+p
T
where T runs through all column-strict tableaux with entries in {1,2,...,n} of shape \/u with the property
that for all j = 1,2,... one has v + cont(T'|co1s>;) a partition.
Before proving Theorem 2.6.5, let us see some of its consequences.

Corollary 2.6.6. For any partition A\, we have'3!
ax
sa(x) = =2,
ap
Proof. Take v = p = @ in Theorem 2.6.5. Note that for any A, there is only one column-strict tableau T" of
shape A having each cont(7T'|cos>;) a partition, namely the one having every entry in row i equal to i

111 11
2 2 2
3 3 3
4 4
Furthermore, this T has cont(T") = A, so the theorem says a,sx = ax,. ]

Example 2.6.7. For n = 2, so that p = (1,0), if we take A = (4,2), then one has
Arxtp _ 442)+(1,0) _ 45.2)
ap a(1,0) a(1,0)

5,.2 2,5
L1Ly — T1Lg

Ty — T2

4.2, 33, 924
=TTy + T{TH + 1T,

. (1111) . (1112) . (1122)
con con con
. 2 )4 22 ) 4 22

= 8(4)2) = S)\-

Some authors use the equality in Corollary 2.6.6 to define the Schur polynomial sy (21, x2,...,2,) in n
variables; this definition, however, has the drawback of not generalizing easily to infinitely many variables
or to skew Schur functions!'32.

Next divide through by a, on both sides of Theorem 2.6.5 (and use Corollary 2.6.6) to give the following.

129This can also be deduced by base change from the k = Z case of Proposition 2.6.4.
13OAgain, we can drop the requirement that p C A, provided that we understand that there are no column-strict tableaux
of shape A/p unless p C .
131Notice that division by a, is unambiguous in the ring k[z1,...,xy], since a, is not a zero-divisor (in fact, a, =
[Ti<i<j<n(®i — ;) is the product of the binomials #; — z;, none of which is a zero-divisor).
32With some effort, it is possible to use Corollary 2.6.6 in order to define the Schur function sy in infinitely many variables.

Indeed, one can define this Schur function as the unique element of A whose evaluation at (z1,z2,...,2n) equals “2+p

for every

n € N. If one wants to use such a definition, however, one needs to check that such an element exists. This is the approach to
defining sy taken in [109, Definition 1.4.2] and in [124, §I.3].
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Corollary 2.6.8. For partitions A, u, v having at most n parts, one has

(261) SvSa/p = Z Sv+cont(T)
T

where T runs through the same set as in Theorem 2.6.5. In particular, taking v = &, we obtain
(2.6.2) Sa/p = Z Scont(T)
T

where in the sum T runs through all column-strict tableaux of shape A/ for which each cont(T|co1s>;) is a
partition.

Proof of Theorem 2.6.5. Start by rewriting the left side of the theorem, and using the fact that w(sy/,) =
sx/p for any w in &,

Ui pSa/p = Z sgn(w)xw(”ﬂ’)w(s)\/u)

weS,
_ E Sgn(w)xw(u+p) 2 Xw(cont(T))
wes, column-strict T'

of shape A\/u

Z Z Sgn(w)xw(VJrcont(T)er)

column-strict T weS,,
of shape A\/p

= E au+cont(T)+p~
column-strict T
of shape \/u

We wish to cancel out all the summands indexed by column-strict tableaux 7" which fail any of the conditions
that v+ cont(T|cols>;) be a partition. Given such a T, find the maximal j for which it fails this condition'®?,

and then find the minimal & for which
Vg 4+ conty(T|cols>;) < Vi1 + contpp1 (T |cots>)-

Maximality of j forces
v + conty (T|cots>j+1) = Vi1 + contpy1(T|cols>5+1)-

Since column-strictness implies that column j of 7' can contain at most one occurrence of k or of k+ 1 (or
neither or both), the previous two inequalities imply that column j must contain an occurrence of k+ 1 and
no occurrence of k, so that

Vi + COHtk(T‘Colst) +1= Vit+1 + contk+1(T|C0132j).

This implies that the adjacent transposition ¢y 41 swapping k and k+1 fixes the vector v+ cont(T'|cols>;) + p-

Now create a new tableau T* from T by applying the Bender-Knuth involution (from the proof of Propo-
sition 2.2.4) on letters k,k + 1, but only to columns 1,2,...,j — 1 of T, leaving columns j,j + 1,5 +2,...
unchanged. One should check that 7% is still column-strict, but this holds because column j of T has no
occurrences of letter k. Note that

the k1 cont(T'|eos<j—1) = cont(T™ |cos<j—1)

and hence
ti k1 (v + cont(T) + p) = v+ cont(T*) + p
so that Ay tcont(T)+p = ~Audcont(T*)+p-
Because T, T have exactly the same columns j,j + 1,5 + 2,..., the tableau 7™ is also a violator of at

least one of the conditions that v + cont(T™|co1s>;) be a partition, and has the same choice of maximal j
and minimal k£ as did 7. Hence the map T+ T™ is an involution on the violators that lets one cancel their
summands @, 4cont(T)+p A Gy ycont(T*)+p 1D Pairs. ([l

1335yuch a J exists because v + cont(T|co1s>5) is a partition for all sufficiently high j (in fact, v itself is a partition).
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So far (in this section) we have worked with a finite set of variables 1, o, ..., x, (where n is a fixed nonneg-
ative integer) and with partitions having at most n parts. We now drop these conventions and restrictions;
thus, partitions again mean arbitrary partitions, and x again means the infinite family (z1,z2,z3,...) of
variables. In this setting, we have the following analogue of Corollary 2.6.8:

Corollary 2.6.9. For partitions A, u, v (of any lengths), one has
(263) SvSa/u = Z Sv4-cont(T)
T

where T runs through all column-strict tableaux of shape \/u with the property that for all j = 1,2,... one
has v + cont(T'|co1s>;) a partition. In particular, taking v = @, we obtain

(2.6.4) Sa/p = Z Scont(T)
T

where in the sum T runs through all column-strict tableaux of shape A/ for which each cont(T|co1s>;) is a
partition.

Proof of Corollary 2.6.9. Essentially, Corollary 2.6.9 is obtained from Corollary 2.6.8 by “letting n (that is,
the number of variables) tend to co”. This can be formalized in different ways: One way is to endow the
ring of power series k [[x]] = k [[z1, 2, 23, .. .]] with the coefficientwise topology'34, and to show that the left
hand side of (2.6.1) tends to the left hand side of (2.6.3) when n — oo, and the same holds for the right
hand sides. A different approach proceeds by regarding A as the inverse limit of the A (z1,29,...,2,). O

Comparing coefficients of a given Schur function s, in (2.6.4), we obtain the following version of the
Littlewood-Richardson rule.

Corollary 2.6.10. For partitions A, u, v (of any lengths), the Littlewood-Richardson coefficient c;\w counts
column-strict tableaux T' of shape \/p with cont(T") = v having the property that each cont(T'|cois>;) Is a

partition.

2.7. The Pieri and Assaf-McNamara skew Pieri rule. The classical Pieri rule refers to two special
cases of the Littlewood-Richardson rule. To state them, recall that a skew shape is called a horizontal (resp.
vertical) strip if no two of its cells lie in the same column (resp. row). A horizontal (resp. wvertical) n-strip
(for n € N) shall mean a horizontal (resp. vertical) strip of size n (that is, having exactly n cells).

Theorem 2.7.1. For every partition A and any n € N, we have

(2.7.1) D

Ataat/Nisa
horizontal n-strip

(2.7.2) Sabn = g Sxt
AT:at/Nisa
vertical n-strip

134his topology is defined as follows:

We endow the ring k with the discrete topology. Then, we can regard the k-module k [[x]] as a direct product of infinitely
many copies of k (by identifying every power series in k [[x]] with the family of its coefficients). Hence, the product topology
is a well-defined topology on k [[x]]; this topology is denoted as the coefficientwise topology. Its name is due to the fact that a
sequence (an)neN of power series converges to a power series a with respect to this topology if and only if for every monomial
m, all sufficiently high n € N satisfy

(the coefficient of m in an) = (the coefficient of m in a).
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Example 2.7.2.

s h
0o o O o
O O ¢
O O
S S S
00 o 0o o 0Oo00 m
_ 00 + OO®m+ OO
O O O O O o
E N m m
S S
0Oo00 m OO0 E ®
T oom T oo
O o O o

Proof of Theorem 2.7.1. For the first Pieri formula involving h,,, as h, = s(,,) one has
+
sxhn =YX ot
At

Corollary 2.6.10 says ci‘jr(n) counts column-strict tableaux T' of shape At /A having cont(T) = (n) (ie. all
entries of T are 1’s), with an extra condition. Since its entries are all equal, such a 7" must certainly have
shape being a horizontal strip, and more precisely a horizontal n-strip (since it has n cells). Conversely,
for any horizontal n-strip, there is a unique such filling, and it will trivially satisfy the extra condition that
cont(T|cols>;) is a partition for each j. Hence cijr(n) is 1 if AT /X is a horizontal n-strip, and 0 else.

For the second Pieri formula involving e, using e,, = s(,) one has

At
S\Ep = E C>\7(1n)5)\+.
A+

Corollary 2.6.10 says C’A\jr(ln) counts column-strict tableaux T' of shape A™ /A having cont(T) = (1™), so its
entries are 1,2, ..., n each occurring once, with the extra condition that 1,2,...,n appear from right to left.
Together with the tableau condition, this forces at most one entry in each row, that is AT /) is a vertical
strip, and then there is a unique way to fill it (maintaining column-strictness and the extra condition that
1,2,...,n appear from right to left). Thus cﬁf(l”) is 1if AT /X is a vertical n-strip, and 0 else. ]

Assaf and McNamara [9] recently proved an elegant generalization.

Theorem 2.7.3. For any partitions A and p and any n € N, we have'3®

$x/phn = 2 : (fl)lu/u ISH/V
At
AT /X a horizontal strip
u/p” a vertical strip
INF /Al i/~ =n
Sx/u€n = Z (_1)|M/M lS/\+/u‘
AT,
At/ a vertical strip

n/p~ a horizontal strip
[AF/A+ /1™ |=n

135Note that 1 C X is not required. (The left hand sides are 0 otherwise, but this does not trivialize the equalities.)
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Example 2.7.4.

s h
O O . O O
O
|
s s s
O g O O O O m
= O + o m + O
0o a O a O O
H B [ | [ |
s s
n DDI+ OO m n
O m O
O O o a
5 s s
_ ISD - O O _ OO0 m
00 [ I | B O
- O O O O
s
n OO
B O
O O

Theorem 2.7.3 is proven in the next section, using an important Hopf algebra tool.

Exercise 2.7.5. Let A = (A1, A2, A3, ...) and u = (p1, 42, 43, . . .) be two partitions such that u C A.
(a) Show that A/pu is a horizontal strip if and only if every i € {1,2,3,...} satisfies p; > A\iyq. 136
(b) Show that A/u is a vertical strip if and only if every 7 € {1,2,3,...} satisfies \; < p; + 1.

Exercise 2.7.6. (a) Let A and p be two partitions such that 4 C A. Let n € N. Show that (hn, s)\/u)
equals 1 if A/p is a horizontal n-strip, and equals 0 otherwise.
(b) Use part (a) to give a new proof of (2.7.1).

Exercise 2.7.7. Prove Theorem 2.7.1 again using the ideas of the proof of Theorem 2.5.1.

Exercise 2.7.8. Let A be a commutative ring, and n € N.

(a) Let a1,a2,...,a, be n elements of A. Let by, ba,...,b, be n further elements of A. If a; — b; is an
invertible element of A for every i € {1,2,...,n} and j € {1,2,...,n}, then prove that

( 1 ) H1§j<i§n ((a; — aj) (bj — b))
det = .
a; — bj i,j=1,2,...,n H(i,j)e{1,2,i..,n}2 (ai — bj)

(b) Let a1,a9,...,a, be n elements of A. Let by, bs, ..., b, be n further elements of A. If 1 — a;b; is an
invertible element of A for every i € {1,2,...,n} and j € {1,2,...,n}, then prove that

det (1) _ Thijcicn (@i — a;) (b — b))
L—aibj/;z10..m [ijee,..ny2 (1 —aibj)

1361 other words, A\/p is a horizontal strip if and only if (A2, A3, A4,...) C p. This simple observation has been used by
Pak and Postnikov [144, §10] for a new approach to RSK-type algorithms.
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(c) Use the result of part (b) to give a new proof for Theorem 2.5.1.137

The determinant on the left hand side of Exercise 2.7.8(a) is known as the Cauchy determinant.

Exercise 2.7.9. Prove that s, 1) = hahy — har1he—1 for any two integers a > b > 0 (where we set h_1 =0
as usual).

(Note that this is precisely the Jacobi-Trudi formula (2.4.9) in the case when A = (a,b) is a partition with
at most two entries and p = @.)

Exercise 2.7.10. If X is a partition and u is a weak composition, let K , denote the number of column-strict
tableaux T of shape A having cont (T') = p. (This K, is called the (X, u)-Kostka number.)
(a) Use Theorem 2.7.1 to show that every partition p satisfies h, = >, K ,sx, where the sum ranges
over all partitions .
(b) Use this to give a new proof for Theorem 2.5.
(c) Give a new proof of the fact that (hy),cp,, is a k-basis of A.

1 138

Exercise 2.7.11. (a) Define a k-linear map 3 : A — A by having it send sy to sy: for every partition
A. (This is clearly well-defined, since (sx)ycp,, is @ k-basis of A.) Show that
3(fhn)=3(f) 3 (hn) for every f € A and every n € N.

(b) Show that 3 = w.
(c) Show that ¢}, = ¢ . for any three partitions A, y and v.

ut,
(d) Use this to prove (2.4.8).139
Exercise 2.7.12. (a) Show that
[T Otz =D ss®sa )= Y ex(x)ma(y)
1,7=1 AEPar AEPar
in the power series ring k [[x,y]] = k[[x1, z2, 23, ..., Y1, Y2, Y3, - - -]]-
(b) Assume that Q is a subring of k. Show that
A=t _—
[T Ctam)= " DM (x)pa(v)
i,5=1 AePar
in the power series ring k [[x,y]] = k[[1, %2, 23, ..., Y1, Y2, Y3, - - .|, where z) is defined as in Propo-

sition 2.5.15.

The first equality of Exercise 2.7.12(a) appears in [180, Thm. 7.14.3], [163, Thm. 4.8.6] and several other
references under the name of the dual Cauchy identity, and is commonly proven using a “dual” analogue of
the Robinson-Schensted-Knuth algorithm.

Exercise 2.7.13. Prove Theorem 2.4.3.

[Hint:!'*° Switch x and y in the formula of Exercise 2.5.11(a), and specialize the resulting equality by
replacing y by a finite set of variables (y1,y2,...,y¢); then, set n = ¢ and p = (n—1,n—2,...,0), and
multiply with the alternant a, (y1,y2, ..., ys), using Corollary 2.6.6 to simplify the result; finally, extract the
coefficient of y*7.]

2.8. Skewing and Lam’s proof of the skew Pieri rule. We codify here the operation sf; of skewing by
sy, acting on Schur functions via

St (2) = $a/u
(where, as before, one defines s/, = 0 if u Z ). These operations play a crucial role
e in Lam’s proof of the skew Pieri rule,

137This approach to Theorem 2.5.1 is taken in [41, §4] (except that [41] only works with finitely many variables).

1380f course, this gives a new proof of Theorem 2.5.1 only when coupled with a proof of Theorem 2.7.1 which does not rely
on Theorem 2.5.1. The proof of Theorem 2.7.1 we gave in the text above did not rely on Theorem 2.5.1, whereas the proof of
(2.7.1) given in Exercise 2.7.6(b) did.

139The first author learned this approach to (2.4.8) from Alexander Postnikov.

10T his is the proof given in Stanley [180, §7.16, Second Proof of Thm. 7.16.1] and Macdonald [124, proof of (5.4)].
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e in Lam, Lauve, and Sottile’s proof [104] of a more general skew Littlewood-Richardson rule that had
been conjectured by Assaf and McNamara, and
e in Zelevinsky’s structure theory of PSH’s to be developed in the next chapter.

We are going to define them in the general setting of any graded Hopf algebra.

Definition 2.8.1. Given a graded Hopf algebra A, and its (graded) dual A°, let (-,-) = (,-)a: A°x A =k
be the pairing defined by (f,a) := f(a) for f in A° and a in A. Then define for each f in A° an operator

L
AL A as follows™!: for a in A with Aa) =Y a1 ® ag, let

fHa) =Y (fa1)az.

In other words, f* is the composition

A2 Aeat® ko a—= 4

where the rightmost arrow is the canonical isomorphism k ® A — A.

Now, recall that the Hall inner product induces an isomorphism A° = A (by Corollary 2.5.14). Hence, we
can regard any element f € A as an element of A°; this allows us to define an operator f+ : A — A for
each f € A (by regarding f as an element of A°, and applying Definition 2.8.1 to A = A). Explicitly, this
operator is given by

(2.8.1) f*(a) = Z(f,al)ag whenever Afa) = Zal ® ag,

where the inner product (f,a;) is now understood as a Hall inner product.
Recall that each partition A satisfies

Asy = ZSM®$)\/MZZSD®S)\/V:ZSV®S)\/V

nCA vCA

(since 55/, = 0 unless v C A). Hence, for any two partitions A and p, we have

si‘ (sx) = Z (85 80) Sx/u (by (2.8.1), applied to f = s, and a = s))
——

v s

Hov

(2.8.2) = SuwSr = Sxu-

Thus, skewing acts on the Schur functions exactly as desired.

Proposition 2.8.2. Let A be a graded Hopf algebra. The f* operators A — A have the following properties.
(i) For every f € A°, the map f* is adjoint to left multiplication A° 75 A in the sense that

(9, f*(a)) = (fg,a).

(ii) For every f,g € A°, we have (fg)*(a) = g*(f*(a)), that is, A becomes a right A°-module via the
ft action.'*?

(iii) Assume that A is of finite type (so A° becomes a Hopf algebra, not just an algebra). If an f € A°
satisfies A(f) = > f1 ® fa, then

fHab) = fit(a)f3 (b).
In particular, if f is primitive in A°, so that A(f) = f® 1+ 1® f, then f+ is a derivation:

fHab) = fH(a) - b+a- fH(b).

MIThis f1(a) is called @ — f in Montgomery [138, Example 1.6.5].
12T his makes sense, since A° is a k-algebra (by Exercise 1.6.1(c), applied to C' = A).
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Proof. For (i), note that
(9. f4(@) =Y (f,a1)(g,a2) = (f © g, Aa(a)) = (mae(f @ g),a) = (fg,a).

For (ii), using (i) and considering any h in A° one has that

(h, (f9)*(a)) = (fgh.a) = (gh, f*(a)) = (h, g (f*(a))).

For (iii), noting that

A(ab) = ZCH ® az Z by @by | = Z arb; ® asbs,
(b) (a),(b)
one has that
f*(ab) = Z (fia1b1)a azbz = Z (A(f);a1 @ b1)aga azbs
(a),(b) (a),(b)

= Z (flaal)A(anbl)A (l2b2
(£),(a),(b)

= > (fr,a1) a0z | | D (f2,01) b Zf1

(f) \(a) (b)
]

The following interaction between multiplication and h' is the key to deducing the skew Pieri formula from
the usual Pieri formulas.

Lemma 2.8.3. For any f,g in A and any n € N, one has

n

Fohin(9) =Y (=D (e () - 9)-

k=0
Proof. Starting with the right side, first apply Proposition 2.8.2(iii):
Z(_l)k hn k(ek (f)-9)
=32720 hi (e (1)) -hi_y—;(9)
(by Propomtlon 2.8.2(iii), applied
to hp—k, ekJ‘ (f) and g instead of f, a and b)
= Z hl ek P ](9)
:Z Z th‘ en—i—j(f)) -hi(9) (reindexing i :=n—k —j )
i=0 §=0
. 1L
=D (D)"Y (=1 en_i_jh; | (f)-hi(g)  (by Proposition 2.8.2(ii) )
i=0 §=0
=15(f) - hiy(9) = £~ i (9)
where the second-to-last equality used (2.4.4). O

Proof of Theorem 2.7.3. We prove the first skew Pieri rule; the second is analogous, swapping h; < e; and
swapping the words “vertical” < “horizontal”. For any f € A, we have

(537w f) = (sic(s2). 1) (by (2.8.2))

(f, s, (sx ) (by symmetry of (,-)a)
= (suf,5)) (by Proposition 2.8.2(i))
= (

(2.8.3) Sx; Suf) (by symmetry of (-,-)a) -
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Hence for any g in A, one can compute that

Prop. (2.8.3)
Gassgis ) 20 s 1) 2 (5r s iko)
Lemma =
(2.8.4) Y (D a s hg(er (s) - 9)
k=0

Prop. - k i

) 8:2(') (=) (hp—rsx s e} (Su) -9)
8.2(1) ;=7

The first Pieri rule in Theorem 2.7.1 lets one rewrite h,_pSx = >+ Sx+, with the sum running through
AT for which At/ is a horizontal (n — k)-strip. The second Pieri rule in Theorem 2.7.1 lets one rewrite
et s, = ZW s,-, with the sum running through p~ for which p/p™ is a vertical k-strip, since (s,,-, et s,) =
(ers,—,su). Thus the last line of (2.8.4) becomes

n n

S Y, Yose o] BV S0 Y s
At n-

k=0 k=0 (Ao
where the sum is over the pairs (A, u~) for which A™ /X is a horizontal (n — k)-strip and p/p~ is a vertical
k-strip. O
Exercise 2.8.4. Let n € N.

(a) For every k € N, let p(n, k) denote the number of partitions of n of length k. Let ¢ (n) denote the
number of self-conjugate partitions of n (that is, partitions X of n satisfying A’ = X). Show that

(~1)"c(n) =Y (1) p(n.k).

k=0

(This application of Hopf algebras was found by Aguiar and Lauve, [5, §5.1]. See also [180, Chapter
1, Exercise 22(b)] for an elementary proof.)

(b) For every partition A, let C' (X) denote the number of corner cells of the Ferrers diagram of A (these
are the cells of the Ferrers diagram whose neighbors to the east and to the south both lie outside of
the Ferrers diagram). For every partition A, let pq () denote the number of parts of A equal to 1.

Show that
Sooem= Y mo.

A€Par, A€Par,

(This is also due to Stanley.)

Exercise 2.8.5. The goal of this exercise is to prove (2.4.8) using the skewing operators that we have
developed. Recall the involution w: A — A defined in (2.4.6).

(a) Show that w(py) = (—1)"\|_é(’\) py for any A € Par, where £ ()\) denotes the length of the partition
A

Show that w is an isometry.
Show that this same map w : A — A is a Hopf automorphism.

)
(c)
(d) Prove that w (ab) = (w (a))* (w (b)) for every a € A and b € A.
) For any partition A = (A, ..., \s) with length ¢(\) = ¢, prove that

eeLS,\ = SA1—1,22—1,....0,—1)-
(f) For any partition A = (A1, Ae,...), prove that
i
R S = S h5,00,0)-

(g) Prove (2.4.8).
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2.9. Assorted exercises on symmetric functions. Over a hundred exercises on symmetric functions are
collected in Stanley’s [180, chapter 7], and even more (but without any hints or references) on his website!43.
Further sources for results related to symmetric functions are Macdonald’s work, including his monograph
[124] and his expository [125]. In this section, we gather a few exercises that are not too difficult to handle
with the material given above.

Exercise 2.9.1. (a) Let m € Z. Prove that, for every f € A, the infinite sum (—1)i By f is
convergent in the discrete topology (i.e., all but finitely many addends of this sum are zero). Hence,
we can define a map B, : A — A by setting

B, (f) =Y (—1) hmyiei f for all f € A.
i€N
Show that this map B,, is k-linear.
(b) Let A = (A1, A2, As,...) be a partition, and let m € Z be such that m > A;. Show that

D> (1) hmgi€d $x = S(mr A Aann.)-
ieN
(c) Let n € N. For every n-tuple (a1, s,...,a,) € Z", we define an element 54, a,,....a,) € A by

S(ar,az,a,) = det ((h@i—i+j)i,j:1,2,...,n> :

Show that
(291) S :g(/\1,>\27~--,>\n)
for every partition A = (A1, A2, Az, ...) having at most n parts (where “part” means “nonzero part”).
Furthermore, show that for every n-tuple (a1, ag, ..., a,) € Z", the symmetric function 54, a,,....a,)

either is 0 or equals +s, for some partition v having at most n parts.
Finally, show that for any n-tuples (a1, as,...,a,) € Z™ and (81, fa, - .., Bn) € N, we have

_L _
(2.92) S(B1,B2,.,Bn) Sar,az,san) = det ((hai*ﬁj*i+j)i,j:1,2,...,n) :
(d) For every n € N, every m € Z and every n-tuple (aq,aq,...,a,) € Z™, prove that
(293) Z (_1)1 hm-}-ie#g(al,az,.“,an) = g(m,a17a2,<..7an)?
i€N

where we are using the notations of Exercise 2.9.1(c).
(e) For every n € N and every n-tuple (a1, aq,...,a,) € Z", prove that

S(an,a,ean) = (Ba, © By, 000 Ban) (1),

where we are using the notations of Exercise 2.9.1(c) and Exercise 2.9.1(a).

Remark 2.9.2. The map B, defined in Exercise 2.9.1(a) is the so-called m-th Bernstein creation oper-
ator; it appears in Zelevinsky [200, §4.20(a)] and has been introduced by J.N. Bernstein, who found
the result of Exercise 2.9.1(b). It is called a “Schur row adder” in [61]. Exercise 2.9.1(e) appears in
Berg/Bergeron/Saliola/Serrano/Zabrocki [17, Theorem 2.3], where it is used as a prototype for defining
noncommutative analogues of Schur functions, the so-called immaculate functions. The particular case of
Exercise 2.9.1(e) for (o, g, ..., ay) a partition of length n (a restatement of Exercise 2.9.1(b)) is proven in
[124, §1.5, example 29].

Exercise 2.9.3. (a) Prove that there exists a unique family (z,,),, of elements of A such that
Ht)=]] -zt
n=1

Denote this family (z,),,~; by (w),~,. For instance,
W1 = $(1), W2 = —5(1,1), W3 = —35(2,1)»
Wa = 75(1,1,1,1) — 82,11 T 522) T SB.1); Ws = 75(2,1,1,1) 7 5(2,21) T SG,1L,1) T 5B3,2) T 54,1

143 http://math.mit.edu/~rstan/ec/ch7supp.pdf
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(b) Show that w,, is homogeneous of degree n for every positive integer n.

(c) For every partition A, define wy € A by wy = wy,wy, - wy, (where A = (A, A2,...,\¢) with
¢ = £())). Notice that wy is homogeneous of degree [\|. Prove that ), p,. wx = h, for every
ncN.

(d) Show that {wx},cp,, is a k-basis of A. (This basis is called the Witt basis**; it is studied in [75,
§9-§10].14%)

(e) Prove that p, = din dwg/  for every positive integer n. (Here, the summation sign d|n T0eans a
sum over all positive divisors d of n.)

(f) We are going to show that —w,, is a sum of Schur functions (possibly with repetitions, but without
signs!) for every n > 2. (For n = 1, the opposite is true: w; is a single Schur function.) This proof
goes back to Doran [48]'4°.

For any positive integers n and k, define f, x € A by fr.x = D repar,, Wx, where min A denotes
min A\>k
the smallest nonzero part of A\. Show that

k—1
—fnk = Sm-1,1) + Z fiifn—ii for every n > k > 2.
i=2
Conclude that —f,, ;, is a sum of Schur functions for every n € N and k > 2. Conclude that —w, is
a sum of Schur functions for every n > 2.

(g) For every partition A, define ry € A by ry = [[;5 he, (2}, 2b,25%,...), where v; is the number of
occurrences of i in X\. Show that 3, p,, wx (x) 72 (¥) = [17,-, (1 - ziy;)
(h) Show that {rx},cpa, and {wx},cpa, are dual bases of A.

Exercise 2.9.4. For this exercise, set k = Z, and consider A = Az as a subring of Ag. Also, consider A®z A
as a subring of Ag ®g Ag. 147 Recall that the family (pn)n21 generates the Q-algebra Ag, but does not
generate the Z-algebra A.

(a) Define a Q-linear map Z : Ag — Ag by setting
Z (px) = zxpa for every partition A,
where z, is defined as in Proposition 2.5.15.14% Show that Z (A) C A.
(b) Define a Q-algebra homomorphism A, : Ag = Ag ®g Ag by setting
Ay (pn) = pn @ pn for every positive integer n.

149 Show that Ay (A) C A ®z A.
(c) Let r € Z. Define a Q-algebra homomorphism ¢, : Ag — Q by setting

€& (pn) =7 for every positive integer n.

150 Show that €, (A) C Z.
(d) Let r € Z. Define a Q-algebra homomorphism i, : Ag — Ag by setting

i (pn) = rpn for every positive integer n.

144This is due to its relation with Witt vectors in the appropriate sense. Most of the work on this basis has been done by
Reutenauer and Hazewinkel.

14574 also implicitly appears in [12, §5]. Indeed, the gy of [12] are our wy (for k = R).

146566 also Stanley [180, Exercise 7.46].

147Here is how this works: We have Ag =2 Q®z A. But fundamental properties of tensor products yield

(2.9.4) Q®z (A®zA) = (QezA)®g (Q®zA) = Ag ®g Ag
—— —
~Ag =~Ag

as Q-algebras. But A ®z A is a free Z-module (since A is a free Z-module), and so the canonical ring homomorphism A ®z A —
Q®z (A ®z A) sending every u to 1g ®z u is injective. Composing this ring homomorphism with the Q-algebra isomorphism of
(2.9.4) gives an injective ring homomorphism A ®7 A — Ag ®g Ag. We use this latter homomorphism to identify A ®z A with
a subring of Ag ®qg Ag.

148Tis is well-defined, since (px)cpar 18 @ Q-module basis of Ag.

149 his is well-defined, since the family (pn),~, generates the Q-algebra Ag and is algebraically independent.

150This is well-defined, since the family (pn),~, generates the Q-algebra Ag and is algebraically independent.
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151 Show that i, (A) C A.
Define a Q-linear map Sq : Ag — Ag by setting
Sq (pa) = p3 for every partition .

152 Show that Sq (A) C A.
Let r € Z. Define a Q-algebra homomorphism A, : Ag = Ag ®q Ag by setting

—(n o

A, (pn) = Z ( ,)pi QP +TQPn + D QT for every positive integer n.
i

i=1
153 Show that A, (A) C A ®z A.
Consider the map A introduced in Exercise 2.9.4(b) and the map ¢; introduced in Exercise 2.9.4(c).
Show that the QQ-algebra Ag, endowed with the comultiplication Ay and the counit €;, becomes a
cocommutative Q-bialgebra.!%*
Define a Q-bilinear map * : Ag X Ag — Ag, which will be written in infix notation (that is, we will
write a x b instead of * (a,b)), by setting

D * Pu = Ox 22D for any partitions A and p

(where zy is defined as in Proposition 2.5.15). 5° Show that f* g € A for any f € A and g € A.
Show that €, (f) = f (1) for every f € Ag (where we are using the notation e, defined in Exer-
cise 2.9.4(c)).

[Hint:

(2.9.5)

For (b), show that, for every f € Ag, the tensor A, (f) is the preimage of f ((xiyj)(i,j)€{1,2,3,.“}2) =
f(ziy1, T1y2, T1Y3, - - -, T2Y1, T2Y2, T2Y3, - - -, ...) € Q[[x,y]] under the canonical injection Ag ®q
Ag — Q[[x,y]] which maps every f®g to f (x) g (y). (This requires making sure that the evaluation
f (xiyj)(i e(1,2,3,..)2 is well-defined to begin with, i.e., converges as a formal power series.)

For an alternative solution to (b), compute Ay (h,) or Ay (en).
For (c), compute €, (e,,) or €. (hy).
Reduce (d) to (b) and (c) using Exercise 1.3.6.
Reduce (e) to (b).
(f) is the hardest part. It is tempting to try and interpret the definition of A, as a convoluted way of
saying that A, (f) is the preimage of f ((xz + yj)(i,j)e{1,2,3,...}2) under the canonical injection Ag®q
Ag — Q[[x,y]] which maps every f ® g to f(x) g (y). However, this does not make sense since the
evaluation f ((xl + yj)(l. De1,2,3 .“}2) is (in general) not well-defined'®® (and even if it was, it would
fail to explain the r). So we need to get down to finitely many variables. For every N € N, define a
Q-algebra homomorphism Ey : Ag ®g Ag = Q [x1,22,...,ZN,Y1, Y2, .., yn] by sending each f ® g
to f(xlax27 v 7xN)g(y17y27' . 7yN) Show that A]V (A) - gl?/'1 (Z [‘rthv' <IN YL, Y2, - - 7yND
This shows that, at least, the coefficients of A, (f) in front of the my ® m, with ¢(\) < r and
€(p) <7 (in the Q-basis (mx ® my), ,cp,, of Ag ®gAg) are integral for f € A. Of course, we want
all coefficients. Show that A, = Ap % (AAQ o ia_b) in Hom (Ag, Ag ®q Ag) for any integers a and
b. This allows “moving” the r. This approach to (f) was partly suggested to the first author by
Richard Stanley.
For (h), notice that Definition 3.1.1(b) (below) allows us to construct a bilinear form (-,), g 4,

Ag ®0 Ag) X (Ag ®g Ag) — Q from the Hall inner product (-,-) : Ag X Ag — Q. Show that

Q ¥Q 1Q Q ¥Q £1Q Q Q
(axb,c)=(a®b, Ay (c))AQ@)@AQ for all a,b, c € Ag,

and then use (b).

L51This is well-defined, since the family (pn),~, generates the Q-algebra Ag and is algebraically independent.

152This is well-defined, since (PA)rcpar 18 @ Q-module basis of Ag.
153This is well-defined, since the family (pn),~, generates the Q-algebra Ag and is algebraically independent.

154Byt unlike Ag with the usual coalgebra structure, it is neither graded nor a Hopf algebra.
155This is well-defined, since (px)ycpa, 18 @ Q-module basis of Ag.

1

5Ge.g., it involves summing infinitely many x;’s if f = e
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]

Remark 2.9.5. The map Ay defined in Exercise 2.9.4(b) is known as the internal comultiplication (or Kro-
necker comultiplication) on Ag. Unlike the standard comultiplication Ay, it is not a graded map, but rather
sends every homogeneous component (Ag), into (Ag), ® (Ag),,- The bilinear map * from Exercise 2.9.4(h)
is the so-called internal multiplication (or Kronecker multiplication), and is similarly not graded but rather
takes (Ag),, % (Ag),, to (Ag),, if n =m and to 0 otherwise.

The analogy between the two internal structures is not perfect: While we saw in Exercise 2.9.4(g) how
the internal comultiplication yields another bialgebra structure on Ag, it is not true that the internal mul-
tiplication (combined with the usual coalgebra structure of Ag) forms a bialgebra structure as well. What
is missing is a multiplicative unity; if we would take the closure of Ag with respect to the grading, then
1+ hy+hs+ hsg+--- would be such a unity.

The structure constants of the internal comultiplication on the Schur basis (s)) Aepar ar€ equal to the
structure constants of the internal multiplication on the Schur basis!®”, and are commonly referred to as the
Kronecker coefficients. They are known to be nonnegative integers (this follows from Exercise 4.4.7(c)'%®), but
no combinatorial proof is known for their nonnegativity. Combinatorial interpretations for these coefficients
akin to the Littlewood-Richardson rule have been found only in special cases (cf., e.g., [160]).

The map A, of Exercise 2.9.4(f) also has some classical theory behind it, relating to Chern classes of
tensor products ([132], [124, §1.4, example 5]).

Parts (b), (¢), (d), (e) and (f) of Exercise 2.9.4 are instances of a general phenomenon: Many Z-algebra
homomorphisms A — A (with A a commutative ring, usually torsionfree) are easiest to define by first defining
a Q-algebra homomorphism Ag — A®Q and then showing that this homomorphism restricts to a Z-algebra
homomorphism A — A. One might ask for general criteria when this is possible; specifically, for what choices
of (by),s; € Al123} does there exist a Z-algebra homomorphism A — A sending the p, to b, ? Such
choices are called ghost- Witt vectors in Hazewinkel [75], and we can give various equivalent conditions for a
family (b,),,~, to be a ghost-Witt vector:

Exercise 2.9.6. Let A be a commutative ring.
For every n € {1,2,3,...}, let ¢, : A — A be a ring endomorphism of A. Assume that the following
properties hold:
e We have ¢, 0 ¢, = @nm for any two positive integers n and m.
o We have p; =id.
o We have ¢, (a) = a? mod pA for every a € A and every prime number p.

(For example, when A = Z, one can set ¢, = id for all n; this simplifies the exercise somewhat. More
generally, setting ¢,, = id works whenever A is a binomial ring'®®. However, the results of this exercise are at
their most useful when A is a multivariate polynomial ring Z [x1, x2, x3, ...] over Z and the homomorphism
©n, sends every P € A to P (af, 25, 2%,...).)

Let p denote the number-theoretic Mébius function; this is the function {1,2,3,...} — Z defined by

0, if m is not squarefree;

2 (m) = { (71)(numbcr of prime factors of m) for every pOSitiVQ integer m.

, if m is squarefree

Let ¢ denote the Euler totient function; this is the function {1,2,3,...} — N which sends every positive
integer m to the number of elements of {1,2,...,m} coprime to m.

157This can be obtained, e.g., from (2.9.5).
158 Their integrality can also be easily deduced from Exercise 2.9.4(b).
159A pinomial ring is defined to be a torsionfree (as an additive group) commutative ring A which has one of the following
equivalent properties:
e Foreveryn € Nanda € A, we havea(a—1)---(a—n+1) € n!- A. (That is, binomial coefficients (

and n € N are defined in A.)
e We have aP = amod pA for every a € A and every prime number p.

a) with a € A
n

See [199] and the references therein for studies of these rings. It is not hard to check that Z and every localization of Z are
binomial rings, and so is any commutative Q-algebra as well as the ring

{PeQ[X] | P(n)€Zforevery n € Z}
(but not the ring Z [X] itself).
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Let (by),~, € At123-} be a family of elements of A. Prove that the following seven assertions are
equivalent:

e Assertion C: For every positive integer n and every prime factor p of n, we have
©p (bnyp) = by, mod p”r (™ A.

Here, v, (n) denotes the exponent of p in the prime factorization of n.
o Assertion D: There exists a family (a;,),,~; € A28} of elements of A such that every positive

integer n satisfies
b=y dajy/".
d|n
160

o Assertion £: There exists a family (8,),~; € A28} of elements of A such that every positive
integer n satisfies

by, = Zd@n/d (ﬁd) .

dln
e Assertion F: Every positive integer n satisfies

> p(d)pa (bnya) € nA.
d|n

e Assertion G: Every positive integer n satisfies

> ¢ (d)¢a (bnya) € nA.
d|n
o Assertion H: Every positive integer n satisfies

Z Pn/ ged(i,n) (bgcd(im)) € nA.
=1

Assertion J: There exists a ring homomorphism Az — A which, for every positive integer n, sends
Pn tO by,.

[Hint: The following identities hold for every positive integer n:

(2.9.6) > o(d) =n;
d|n
(2.9.7) > u(d) = 6n s

d|n

(2.9.8) dond) s =om);

d|n

(2.9.9) > dud)e(5) =nn).
dn

Furthermore, the following simple lemma is useful: If k is a positive integer, and if p € N, a € A and b € A
are such that ¢ = bmod p* A, then a?’ = b’ mod p*T* A for every £ € N

Remark 2.9.7. Much of Exercise 2.9.6 is folklore, but it is hard to pinpoint concrete appearances in literature.
The equivalence C <= D appears in Hesselholt [80, Lemma 1] and [81, Lemma 1.1] (in slightly greater
generality), where it is referred to as Dwork’s lemma and used in the construction of the Witt vector
functor. This equivalence is also [75, Lemma 9.93]. The equivalence D <= F <= G <= H in the case
A =17 is [49, Corollary on p. 10], where it is put into the context of Burnside rings and necklace counting.
The equivalence C <= F for finite families (bn),,c(1 0,y in liew of (by),,~; is [180, Exercise 5.2 a]. One
of the likely oldest relevant sources is Schur’s [170], which proves the equivalence C <= D <= F for finite
families (bn),c(1,2, my> as well as a “finite version” of C <= J (Schur did not have A, but was working
with actual power sums of roots of polynomials).

160Here and in the following, summations of the form Zd\n range over all positive divisors of n.
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Exercise 2.9.8. Let A denote the ring Z. For every n € {1,2,3,...}, let ¢, denote the identity endomor-
phism id of A. Prove that the seven equivalent assertions C, D, &, F, G, H and J of Exercise 2.9.6 are
satisfied for each of the following families (by,),,, € 741,23, }

the family (b,),,~, = (¢"),,>1, Where ¢ is a given integer.
the family (bn),,~, = (¢),,>1, Where ¢ is a given integer.

the family (b,),,5; = (<32)> , where 7 € Q and ¢ € Z are given. (Here, a binomial coefficient
n>1

Z has to be interpreted as 0 when b ¢ N.)

qgn — 1

the family (b”)n21 = ((rn B 1)) , where r € Z and q € Z are given.
n>1

Exercise 2.9.9. For every n € {1,2,3,...}, define a map f,, : A — A by setting
f, (a) =a(z},25,2%,...) for every a € A.

(So what f,, does to a symmetric function is replacing all variables 1, 22, 3, ... by their n-th powers.)

(a) Show that f, : A — A is a k-algebra homomorphism for every n € {1,2,3,...}.
) Show that £, o f,,, = f,,,, for any two positive integers n and m.
(¢) Show that f; = id.
(d) Prove that f, : A — A is a Hopf algebra homomorphism for every n € {1,2,3,...}.
) Prove that fa (hy,) = 3227 (=1)" hihgm_; for every m € N.
) Assume that k = Z. Prove that f, (a) = a®? mod pA for every a € A and every prime number p.
(g) Use Exercise 2.9.6 to obtain new solutions to parts (b), (c), (d), (e) and (f) of Exercise 2.9.4.

The maps f,, constructed in Exercise 2.9.9 are known as the Frobenius endomorphisms of A. They are a
(deceptively) simple particular case of the notion of plethysm ([180, Chapter 7, Appendix 2]), and are often
used as intermediate steps in computing more complicated plethysms!®!.

Exercise 2.9.10. For every n € {1,2,3,...}, define a k-algebra homomorphism v,, : A — A by

B /ns if n|m;

it ntm for every positive integer m

162

(a) Show that any positive integers n and m satisfy

_ nPmyns if n | m;
vn(pm){ 0, ifntm
(b) Show that any positive integers n and m satisfy
_ (—1)m7m/n N€m /n, if n | m;
vn(em)_{ 0, if ntm

(¢) Prove that v,, o v, = v,,,, for any two positive integers n and m.
(d) Prove that v; = id.
(e) Prove that v, : A — A is a Hopf algebra homomorphism for every n € {1,2,3,...}.
Now, consider also the maps f,, : A — A defined in Exercise 2.9.9. Fix a positive integer n.
(f) Prove that the maps f, : A - A and v,, : A — A are adjoint with respect to the Hall inner product
on A.
(g) Show that v, o f, = id}".
(h) Prove that f, o v,, = v,, o f,, whenever m is a positive integer coprime to n.

Finally, recall the w,, € A defined in Exercise 2.9.3.

1611 the notations of [180, (A2.160)], the value £, (a) for an a € A can be written as a [p,] or (when k = Z) as py, [a].
162Tis is well-defined, since the family (hsm),,~; generates the k-algebra A and is algebraically independent.
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(i) Show that any positive integer m satisfies

_ wem, if n | m;
V"(wm)_{ 0, if ntm

The homomorphisms v,, : A — A defined in Exercise 2.9.10 are called the Verschiebung endomorphisms
of A; this name comes from German, where “Verschiebung” means “shift”. This terminology, as well as
that of Frobenius endomorphisms, originates in the theory of Witt vectors, and the connection between the
Frobenius and Verschiebung endomorphisms of A and the identically named operators on Witt vectors is
elucidated in [75, Chapter 13]'63,

Exercise 2.9.11. Fix n € N. For any n-tuple w = (wy,ws,...,w,) of integers, define the descent set
Des (w) of w to be the set {7 € {1,2,...,n — 1} : w; > wit1}.
(a) We say that an n-tuple (w1, ws,...,w,) is Smirnov if every ¢ € {1,2,...,n — 1} satisfies w; # w;11.

Fix k € N, and let X,, ;, € k[[x]] denote the sum of the monomials &, Ty, - - - T4, Over all Smirnov
n-tuples w = (w1, wa, ..., w,) € {1,2,3,...}" satisfying |Des (w)| = k. Prove that X,, € A.

(b) For any n-tuple w = (wy,wa, ..., w,), define the stagnation set Stag (w) of w to be the set
{ie{l,2,....,n—1}: w; = wiy1}. (Thus, an n-tuple is Smirnov if and only if its stagnation set is
empty.)

For any d € N and s € N, define a power series X,, 45 € k[[x]] as the sum of the monomials
Typy Ty * ** Ty, Over all n-tuples w = (wy,wa, ..., wy,) € {1,2,3,...}" satisfying [Des (w)| = d and
[Stag (w)| = s. Prove that X,, 4, € A for any nonnegative integers d and s.

(c) Assume that n is positive. For any d € N and s € N, define three further power series Uy, 4,5, Vi d.s

and W, 4 s in k [[x]] by the following formulas:

(2.9.10) Un,as = Z Ty Ty " Ty}
w=(w1,Ww2,...,wn)€{1,2,3,...}"";
[Des(w)|=d; [Stag(w)]=s;
(2.9.11) Vids = 3 T Ty - T,

w=(w1,wa,...,wn)€{1,2,3,...}";
[Des(w)|=d;_|Stag(w)|=s;
W1 =Wn

(2.9.12) Wods = > Ty Ty * * Ty, -
w:(wl ;w2;~~7wn)e{172;37~~}n§

[Des(w)|=d;_|Stag(w)|=s;
W1 > W

Prove that these three power series U, 4.5, Vp,4,s and W, 4 s belong to A.

Remark 2.9.12. The function X, in Exercise 2.9.11(a) is a simple example ([174, Example 2.5, Theorem
C.3]) of a chromatic quasisymmetric function that happens to be symmetric. See Shareshian/Wachs [174]
for more general criteria for such functions to be symmetric, as well as deeper results. For example, [174,
Theorem 6.3] gives an expansion for a wide class of chromatic quasisymmetric functions in the Schur basis
of A, which, in particular, shows that our X, j satisfies

Xnk = E Ax kSN,

A€Par,

where ay j is the number of all assignments T' of entries in {1,2,...,n} to the cells of the Ferrers diagram
of X\ such that the following four conditions are satisfied:

e Every element of {1,2,...,n} is used precisely once in the assignment (i.e., we have cont (T') = (1™)).

e Whenever a cell y of the Ferrers diagram lies immediately to the right of a cell z, we have T (y) —
T(z)>2.

e Whenever a cell y of the Ferrers diagram lies immediately below a cell z, we have T' (y) — T (z) > —1.

e There exist precisely k elements i € {1,2,...,n — 1} such that the cell 77! (i) lies in a row below
T-1(i+1).

163which is also where most of the statements of Exercises 2.9.9 and 2.9.10 come from
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Are there any such rules for the X, 4 s of part (b)?
Smirnov n-tuples are more usually called Smirnov words, or (occasionally) Carlitz words.

Exercise 2.9.13. (a) Let n € N. Define a matrix A, = (ai;); j_1 ., € A"*" by
Di—j+1, ifi2>7;
aij =i, ifi=j—1; for all (i,7) € {1,2,...,n}>.
0, ifi<j—1
This matrix A,, looks as follows:
p1 1 0 e 0 0
2 P1 2 0 0
D3 D2 pn - 0 0
Pn—1 Pn-2 Pn-3 - P1 N — 1
Pn Pn-1 Pn-2 -°° P2 P
Show that det (Ay) = nley,.
(b) Let n be a positive integer. Define a matrix By, = (bij); j_y 5, € A"*" by
7:67;, lfj = 1, Lo 2
b = for all (i,5) € {1,2,...,n}".
1] {ei—j+1a i >1 (i,5) €{ }
The matrix B,, looks as follows:
€1 €o €1 = €_ny3 €_ny2
2eq el €y vt €_py4 €_py3
3e3 €2 €1t € py5 €_pi4
B, =
(n=1)en-1 €n—2 e€n-3 - e €0
Neén €n—1 €En—2 " €2 €1
e1 1 o -+ 0 O
262 €1 1 e 0 0
363 €9 €1 R 0 0
(n—1)ep—1 ep—2 ep—3 -+ e 1
Neén €n—1 €n—2 - €2 €]

Show that det (B,) = pp.

The formulas of Exercise 2.9.13, for finitely many variables, appear in Prasolov’s [150, §4.1]*¢4. In [150,
§4.2], Prasolov gives four more formulas, which express e,, as a polynomial in the hq, ha, hs, ..., or h, as a
polynomial in the ey, e, es,..., or p, as a polynomial in the hy, ho, hs, ..., or nlh, as a polynomial in the
P1,P2,P3,--.. These are not novel for us, since the first two of them are particular cases of Theorem 2.4.3,
whereas the latter two can be derived from Exercise 2.9.13 by applying w. (Note that w is only well-defined
on symmetric functions in infinitely many indeterminates, so we need to apply w before evaluating at finitely
many indeterminates; this explains why Prasolov has to prove the latter two identities separately.)

Exercise 2.9.14. In the following, if £ € N, we shall use the notation 1% for 1,1,...,1 (in contexts such as

k times

(n,1™)). So, for example, (3,1%) is the partition (3,1,1,1,1).

(a) Show that e,hy, = S(m41,1m-1) + S(m,1n) for any two positive integers n and m.

164w here our symmetric functions eg, hi, pi, evaluated in finitely many indeterminates, are denoted oy, pk, Sk, respectively
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(b) Show that
b

Z (—1)" hasivi€s-i = S(as110)
1=0

for any a € N and b € N.
(¢) Show that
b

Z (=1) hayivrens = (—1)° datb,—1

i=0
for any negative integer a and every b € N. (As usual, we set h; = 0 for j < 0 here.)
(d) Show that

AS(ay1,10) = 1@ S(ar1,10) + S(at1,10) ® 1
+ Z S(ct1,14) @ S(eq1,14) T Z S(ct1,14) @ S(eq1,14)

(e dse, f)EN?; (c.dse, f)EN?;
ct+e=a—1; ct+e=a;
d+f=b d+f=b—1

for any a € N and b € N.
Our next few exercises survey some results on Littlewood-Richardson coefficients.

Exercise 2.9.15. Let m € N and k& € N. Let A and p be two partitions such that £(\) < k and ¢ (u) < k.
Assume that all parts of A and all parts of p are < m (that is, A\; < m and p; < m for every positive integer )
165 Let A and " denote the k-tuples (m — A\g,m — Ag_1,...,m — A1) and (m — fg, M — fig—1, ..., M — 1),
respectively.

(a) Show that \¥ and p" are partitions, and that s/, = s,v/xv.

(b) Show that ¢, = cf\‘z ,, for any partition v.

(c) Let v be a partition such that £(v) < k, and such that all parts of v are < m. Let vV denote the

k-tuple (m — vg,m — vg_1,...,m — v1). Show that vV is a partition, and satisfies

A A Y

Vv A\ \
— — — M v v
C;L,l/ = Cl/,,u. = C)\V,l/ = Cu,)\v = Cp‘_’)\\/ = C)\\/,p‘.

(d) Show that

sav (w1, @2, ... k) = (x129 - )"+ 80 (xl_l,acgl,...,:vgl)

in the Laurent polynomial ring k [xl, Ty ...y Tk, xl_l, ac2_1, e ,.T];l}.

(e) Let r be a nonnegative integer. Show that (r + X1, 7 + Ag,...,7 4+ Ag) is a partition and satisfies
T
S(r4Ar,r4Agse i Ag) (L1, 2, .o Tx) = (122 - k)" - 8x (21, T2, .., 2p)
in the polynomial ring k [z1, z2, ..., zk].

Exercise 2.9.16. Let m € N, n € N and k¥ € N. Let g and v be two partitions such that ¢ (u) < k and
¢(v) < k. Assume that all parts of u are < m (that is, y; < m for every positive integer i) %6 and
that all parts of v are < n (that is, v; < n for every positive integer 7). Let uYim} denote the k-tuple
(m — pg,m — pig—1,...,m — p1), and let ¥{"} denote the k-tuple (n — vg,n — Vg_1,...,n — 11).
(a) Show that pVi™} and vVin} are partitions.
Now, let A be a further partition such that £ () < k.

(b) If not all parts of A are < m + n, then show that ¢}, , = 0.
¢ all parts of A are < m-+n, then show that ¢, , = ¢ z 7:: nv .1, Where mTns denotes the k-tuple
If all f X are < hen show that ¢}, = cX\ () "\ .y, where AY{m 47} g he k-tupl

(m+n—Ag,m+n—Ag_1,...,m+n—XA).

165 usual, we are denoting by v; the i-th part of a partition v here.
166 o5 usual, we are denoting by v; the i-th part of a partition v here.
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The results of Exercise 2.7.11(c) and Exercise 2.9.15(c) are two symmetries of Littlewood-Richardson
coefficients'%”; combining them yields further such symmetries. While these symmetries were relatively
easy consequences of our algebraic definition of the Littlewood-Richardson coefficients, it is a much more
challenging task to derive them bijectively from a combinatorial definition of these coefficients (such as the one
given in Corollary 2.6.10). Some such derivations appear in [191], in [11], in [16, Example 3.6, Proposition 5.11
and references therein|, [60, §5.1, §A.1, §A.4] and [93, (2.12)] (though a different combinatorial interpretation

of c;\w, is used in the latter three).

Exercise 2.9.17. Recall our usual notations: For every partition A and every positive integer ¢, the i-th
entry of ) is denoted by \;. The sign > stands for dominance order. We let A\ denote the conjugate partition
of a partition A.

For any two partitions p and v, we define two new partitions p + v and p U v of |u| + |v| as follows:

e The partition p + v is defined as (1 + v1, 2 + va, us + vs,. . .).
e The partition p U v is defined as the result of sorting the list (ul,,ug, s () V1, V2 Vg(l,)) in
decreasing order.

(a) Show that any two partitions y and v satisfy (u +v)" = ! Uvt and (uUv)" = pt + o1

(b) Show that any two partitions y and v satisfy cit? =1 and i = 1.

(¢) If k € Nand n € N satisfy k < n, and if u € Parg, v € Par,,_; and A € Par,, are such that Cﬁ,u #0,
then prove that p+v A>puUv.

(d) If n € Nand m € N and «, § € Par,, and 7,0 € Par,, are such that o> and > 4, then show that
a+y>f+dand alUy>pUJI.

(e) Let m € N and k € N, and let A be the partition (mk) = [ m,m,...,m |. Show that any two
k times
partitions p and v satisfy ¢} , € {0,1}.
(f) Let a € N and b € N, and let A be the partition (a+ 1,1°) (using the notation of Exercise 2.9.14).
Show that any two partitions p and v satisfy c,’)jy € {0,1}.
(g) If X is any partition, and if 4 and v are two rectangular partitions'®®, then show that Cﬁ,u € {0,1}.

Exercise 2.9.17(g) is part of Stembridge’s [184, Thm. 2.1]; we refer to that article for further results of its
kind.

The Littlewood-Richardson rule comes in many different forms, whose equivalence is not always immediate.
Our version (Corollary 2.6.10) has the advantage of being the simplest to prove and one of the simplest to
state. Other versions can be found in [180, appendix 1 to Ch. 7], Fulton’s [60, Ch. 5] and van Leeuwen’s [112].
We restrict ourselves to proving some very basic equivalences that allow us to restate parts of Corollary 2.6.10:

Exercise 2.9.18. We shall use the following notations:

o If T' is a column-strict tableau and j is a positive integer, then we use the notation T'|¢e1s>; for the
restriction of T to the union of its columns 7,7 + 1,5 + 2,.... (This notation has already been used
in Section 2.6.)

e If T is a column-strict tableau and S is a set of cells of T', then we write T'|g for the restriction of T
to the set S of cells.1%?

e If T is a column-strict tableau, then an NE-set of T means a set .S of cells of T" such that whenever
s € 8, every cell of T which lies northeast'” of s must also belong to S.

167The result of Exercise 2.9.16(c) can also be regarded as a symmetry of Littlewood-Richardson coefficients; see [10, §3.3].

168 o partition is called rectangular if it has the form (mk) = |m,m,...,m | for some m € Nand k € N.
N———

k times
169This restriction T|s is not necessarily a tableau of skew shape; it is just a map from S to {1,2,3,...}. The content
cont (T|g) is nevertheless well-defined (in the usual way: (cont (T'|g)), = )(T\S)_l (z)‘)

L70A cell (r,c) is said to lie northeast of a cell (r/,c’) if and only if we have r < r/ and ¢ > ¢'.



HOPF ALGEBRAS IN COMBINATORICS 79

e The Semitic reading word'™ of a column-strict tableau T is the concatenation'”® rirqrs - - -, where
r; is the word obtained by reading the i-th row of T from right to left.!”

o If w = (wy,ws,...,wy,) is a word, then a prefix of w means a word of the form (wq,ws,...,w;) for
some i € {0,1,...,n}. (In particular, both w and the empty word are prefixes of w.)

A word w over the set of positive integers is said to be Yamanouchi if for any prefix v of w and
any positive integer i, there are at least as many ¢’s among the letters of v as there are (i + 1)’s
among them.!™

Prove the following two statements:
(a) Let p be a partition. Let b; ; be a nonnegative integer for every two positive integers ¢ and j. Assume
that b; ; = 0 for all but finitely many pairs (4, j).
The following two assertions are equivalent:
— Assertion A: There exist a partition A and a column-strict tableau T of shape A/u such that
all (i, ) € {1,2,3,...}% satisfy

(2.9.13) b; ; = (the number of all entries ¢ in the j-th row of T').
— Assertion B: The inequality

(2.9.14) pi1 + (brjan + b2 + o+ bivr ) < py A+ (bry 4 bayy + - 4 biy)

holds for all (i,5) € N x {1,2,3,...}.
(b) Let A and u be two partitions, and let T be a column-strict tableau of shape A/u. Then, the following
five assertions are equivalent:
— Assertion C: For every positive integer j, the weak composition cont (T'|cois>;) is a partition.
— Assertion D: For every positive integers j and 4, the number of entries i+ 1 in the first j rows'™
of T is < to the number of entries ¢ in the first j — 1 rows of T.
Assertion E: For every NE-set S of T, the weak composition cont (T|g) is a partition.
— Assertion F: The Semitic reading word of 7' is Yamanouchi.
— Assertion G: There exists a column-strict tableau S whose shape is a partition and which
satisfies the following property: For any positive integers i and j, the number of entries ¢ in the
j-th row of T equals the number of entries j in the i-th row of S.

Remark 2.9.19. The equivalence of Assertions C and F in Exercise 2.9.18(b) is the “not-too-difficult exer-
cise” mentioned in [183]. It yields the equivalence between our version of the Littlewood-Richardson rule
(Corollary 2.6.10) and that in [180, A1.3.3].

In the next exercises, we shall restate Corollary 2.6.9 in a different form. While Corollary 2.6.9 provided a
decomposition of the product of a skew Schur function with a Schur function into a sum of Schur functions,
the different form that we will encounter in Exercise 2.9.21(b) will give a combinatorial interpretation for
the Hall inner product between two skew Schur functions. Let us first generalize Exercise 2.9.18(b):

Exercise 2.9.20. Let us use the notations of Exercise 2.9.18. Let &, A and p be three partitions, and let T’
be a column-strict tableau of shape A/pu.

(a) Prove that the following five assertions are equivalent:

171The notation comes from [112] and is a reference to the Arabic and Hebrew way of writing.

1721¢ $1, 82,83, ... are several words (finitely or infinitely many), then the concatenation sisass--- is defined as the word
which is obtained by starting with the empty word, then appending s; to its end, then appending s2 to the end of the result,
then appending s3 to the end of the result, etc.

L73For example, the Semitic reading word of the tableau

w =
[SAREENV)

is 544364153.

The Semitic reading word of a tableau T is what is called the reverse reading word of T in [180, §A.1.3].

LT4poy instance, the words 11213223132 and 1213 are Yamanouchi, while the words 132, 21 and 1121322332111 are not. The
Dyck words (written using 1’s and 2’s) are precisely the Yamanouchi words whose letters are 1’s and 2’s.

Yamanouchi words are often called lattice permutations.

175The “first j rows” mean the 1-st row, the 2-nd row, etc., the j-th row (even if some of these rows are empty).
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Assertion C®): For every positive integer j, the weak composition x 4 cont (T)cols>;) is a
partition.
— Assertion D) : For every positive integers j and i, we have

Ki+1 + (the number of entries ¢ 4+ 1 in the first j rows of T')

< k; + (the number of entries ¢ in the first j — 1 rows of T').

Assertion £ : For every NE-set S of T, the weak composition & + cont (T|s) is a partition.
Assertion F*): For every prefix v of the Semitic reading word of T, and for every positive
integer ¢, we have

k; + (the number of i’s among the letters of v)

> Ki+1 + (the number of (i + 1)’s among the letters of v) .

Assertion G(): There exist a partition ¢ and a column-strict tableau S of shape (/s which
satisfies the following property: For any positive integers ¢ and j, the number of entries 4 in the
j-th row of T equals the number of entries j in the i-th row of S.
(b) Let 7 be a partition such that 7 = x4 cont T'. Consider the five assertions C(*), D) £(®) " F(5) and
G¥) introduced in Exercise 2.9.20(a). Let us also consider the following assertion:
— Assertion H*®) : There exists a column-strict tableau S of shape 7/x which satisfies the following
property: For any positive integers i and j, the number of entries 4 in the j-th row of T equals
the number of entries j in the i-th row of S.
Prove that the six assertions (%), D) £(%)  F(x)  G() and H (%) are equivalent.

Clearly, Exercise 2.9.18(b) is the particular case of Exercise 2.9.20 when xk = &.
Using Exercise 2.9.20, we can restate Corollary 2.6.9 in several ways:

Exercise 2.9.21. Let A\, 4 and x be three partitions.
(a) Show that

SHS)\/;L = § Sk+cont T
T

where the sum ranges over all column-strict tableaux T of shape \/u satisfying the five equivalent
assertions C%), D) () F(¥) and G(*) introduced in Exercise 2.9.20(a).

(b) Let 7 be a partition. Show that (s)\/w ST/K)A is the number of all column-strict tableaux T' of shape
M satisfying 7 = & + cont T and also satisfying the six equivalent assertions C(*), D(%) g(r)  F(r)
G and H(® introduced in Exercise 2.9.20.

Exercise 2.9.21(a) is merely Corollary 2.6.9, rewritten in light of Exercise 2.9.20. Various parts of it
appear in the literature. For instance, [109, (53)] easily reveals to be a restatement of the fact that s,sy,, =
> 1 Sutcont T, Where the sum ranges over all column-strict tableaux T of shape A/ satisfying Assertion D),

Exercise 2.9.21(b) is one version of a “skew Littlewood-Richardson rule” that goes back to Zelevinsky [201]
(although Zelevinsky’s version uses both a different language and a combinatorial interpretation which is not
obviously equivalent to ours). It appears in various sources; for instance, [109, Theorem 5.2, second formula]
says that (s)\/#, ST/K)A is the number of all column-strict tableaux T' of shape A\/u satisfying 7 = x + cont T
and the assertion H (%), whereas [62, Theorem 1.2] says that (SA/H, sT/H)A is the number of all all column-
strict tableaux T' of shape A/u satisfying 7 = k 4 cont T and the assertion F (%), (Notice that Gasharov’s
proof of [62, Theorem 1.2] uses the same involutions as Stembridge’s proof of Theorem 2.6.5; it can thus
be regarded as a close precursor to Stembridge’s proof. However, it uses the Jacobi-Trudi identities, while
Stembridge’s does not.)

Exercise 2.9.22. Let K be a field.!™® If N € K**" is a nilpotent matrix, then the Jordan type of N is
defined to be the list of the sizes of the Jordan blocks in the Jordan normal form of NV, sorted in decreasing
order'™. This Jordan type is a partition of n, and uniquely determines N up to similarity (i.e., two nilpotent

L76This field has no relation to the ring k, over which our symmetric functions are defined.
77The Jordan normal form of N is well-defined even if K is not algebraically closed, because N is nilpotent (so the
characteristic polynomial of N is X™).
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n x n-matrices N and N’ are similar if and only if the Jordan types of N and N’ are equal). If f is a nilpotent
endomorphism of a finite-dimensional K-vector space V', then we define the Jordan type of f as the Jordan
type of any matrix representing f (the choice of the matrix does not matter, since the Jordan type of a
matrix remains unchanged under conjugation).

(a) Let n € N. Let N € K™*" be a nilpotent matrix. Let A\ € Par,,. Show that the matrix N has Jordan
type A if and only if every k € N satisfies

dim (ker (N*)) = (A"), + (A"), + ... + (),

(Here, we are using the notation \* for the transpose of a partition A, and the notation v; for the
i-th entry of a partition v.)

(b) Let f be a nilpotent endomorphism of a finite-dimensional K-vector space V. Let U be an f-stable
K-vector subspace of V' (that is, a K-vector subspace of V satisfying f (U) C U). Then, restricting f
to U gives a nilpotent endomorphism f | U of U, and the endomorphism f also induces a nilpotent
endomorphism f of the quotient space V/U. Let A, u and v be the Jordan types of f, f | U and f,
respectively. Show that cf;’,j # 0 (if Z is a subring of k).

[Hint: For (b), Exercise 2.7.11(c) shows that it is enough to prove that cﬁi L« # 0. Due to Corol-
lary 2.6.10, this only requires constructing a column-strict tableau T of shape A'/u! with contT = v?

which has the property that each cont (T'|cos>;) is a partition. Construct this tableau by defining a; ; =
dim ((fi)_l (U) Nker (fj)) for all (i,j) € N2, and requiring that the number of entries i in the j-th row

of T'be a;j —a;j_1 — a1 +ai_1;1 for all (i,7) € {1,2,3,...}>. Use Exercise 2.9.18(a) to prove that
this indeed defines a column-strict tableau, and Exercise 2.9.18(b) to verify that it satisfies the condition on
cont (T'|cots>5)-]

Remark 2.9.23. Exercise 2.9.22 is a taste of the connections between the combinatorics of partitions and the
Jordan normal form. Much more can, and has, been said. Marc van Leeuwen’s [110] is dedicated to some of
these connections; in particular, our Exercise 2.9.22(a) is [110, Proposition 1.1], and a far stronger version of
Exercise 2.9.22(b) appears in [110, Theorem 4.3 (2)], albeit only for the case of an infinite K. One can prove
a converse to Exercise 2.9.22(b) as well: If cf‘“, # 0, then there exist V, f and U satisfying the premises of
Exercise 2.9.22(b). When K is a finite field, we can ask enumerative questions, such as how many U’s are
there for given V| f, A\, u and v; we will see a few answers in Section 4.9 (specifically, Proposition 4.9.4),
and a more detailed treatment is given in [124, Ch. 2].

The relationship between partitions and Jordan normal forms can be exploited to provide linear-algebraic
proofs of purely combinatorial facts. See [27, Sections 6 and 9] for some examples. Note that [27, Lemma
9.10] is the statement that, under the conditions of Exercise 2.9.22(b), we have v C A. This is a direct
consequence of Exercise 2.9.22(b) (since ¢} , # 0 can happen only if v C \).

v
Exercise 2.9.24. Let a € A. Prove the following;:

(a) The set {g e | gta=(w(g)" a} is a k-subalgebra of A.

(b) Assume that e{-a = hj-a for each positive integer k. Then, gta = (w (9))" a for each g € A.

Exercise 2.9.25. Let n € N. Let p be the partition (n —1,n —2,...,1). Prove that s,/, = 5,/ for every
€ Par.

Remark 2.9.26. Exercise 2.9.25 appears in [157, Corollary 7.32], and is due to John Stembridge. Using
Remark 2.5.9, we can rewrite it as yet another equality between Littlewood-Richardson coefficients: Namely,

= czt’u for any u € Par and v € Par.
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3. ZELEVINSKY’S STRUCTURE THEORY OF POSITIVE SELF-DUAL HOPF ALGEBRAS

Chapter 2 showed that, as a Z-basis for the Hopf algebra A = Az, the Schur functions {sy } have two special
properties: they have the same structure constants ci‘W for their multiplication as for their comultiplication
(Corollary 2.5.7), and these structure constants are all nonnegative integers (Corollary 2.6.10). Zelevinsky
[200, §2,3] isolated these two properties as crucial.

Definition 3.0.1. Say that a connected graded Hopf algebra A over k = Z with a distinguished Z-basis
{02} consisting of homogeneous elements'™ is a positive self-dual Hopf algebra (or PSH) if it satisfies the
two further axioms

e (self-duality) The same structure constants a, ,

the coproduct Aoy =3, , ap 0, @0y
e (positivity) The ai‘w are all nonnegative (integers).

Call {0} the PSH-basis of A.

appear for the product 0,0, = >, af‘WJA and

He then developed a beautiful structure theory for PSH’s, explaining how they can be uniquely expressed
as tensor products of copies of PSH’s each isomorphic to A after rescaling their grading. The next few
sections explain this, following his exposition closely.

3.1. Self-duality implies polynomiality. We begin with a property that forces a Hopf algebra to have
algebra structure which is a polynomial algebra, specifically the symmetric algebra Sym(p), where p is the
k-submodule of primitive elements.

Recall from Exercise 1.3.19(g) that for a connected graded Hopf algebra A = @, , An, every z in the
two-sided ideal I :=kere = @, , A, has the property that its comultiplication takes the form

Alz)=10zx+z21+A(x)

where Ay (x) lies in I ® I. Recall also that the elements = for which Ay (x) = 0 are called the primitives.
Denote by p the k-submodule of primitive elements inside A.

Given a PSH A (over k = Z) with a PSH-basis {0}, we consider the bilinear form (-,- )4 : Ax A — Z
on A that makes this basis orthonormal. Similarly, the elements {0\ ® 0,,} give an orthonormal basis for a
form (-, -)aga on A® A. The bilinear form (-,-) 4 on the PSH A gives rise to a Z-linear map A — A°, which
is easily seen to be injective and a Z-algebra homomorphism. We thus identify A with a subalgebra of A°.
When A is of finite type, this map is a Hopf algebra isomorphism, thus allowing us to identify A with A°.
This is an instance of the following notion of self-duality.

Definition 3.1.1. (a) If (-,-) : V. x W — k is a bilinear form on the product V' x W of two graded
k-modules V = @, ~( Vi and W = @, Wy, then we say that this form (-,-) is graded if every
two distinct nonnegative integers n and m satisfy (Vi, W) = 0 (that is, if every two homogeneous
elements v € V and w € W having distinct degrees satisfy (v, w) = 0).

(b) If (-,-)y : VxV = kand () : Wx W — k are two symmetric bilinear forms on some k-modules
V and W, then we can canonically define a symmetric bilinear form (-,-); o, on the k-module
V @ W by letting

(vR@w, v @W)ygy = (v,0)y (w,w)y, for all v,0" € V and w,w’ € W.

This new bilinear form is graded if the original two forms (-,-),, and (-, )y, were graded (presuming
that V and W are graded).

(¢) Say that a bialgebra A is self-dual with respect to a given symmetric bilinear form (-,-) : Ax A — k
if one has (a,m(b®c))a = (A(a),b®c)aga and (14,a) = €(a) for a,b,c in A. If A is a graded Hopf
algebra of finite type, and this form (-,-) is graded, then this is equivalent to the k-module map
A — A° induced by (+,-)4 giving a Hopf algebra homomorphism.

Thus, any PSH A is self-dual with respect to the bilinear form (-, -) , that makes its PSH-basis orthonormal.

Notice also that the injective Z-algebra homomorphism A — A° obtained from the bilinear form (-,-) 4
on a PSH A allows us to regard each f € A as an element of A°. Thus, for any PSH A and any f € A, an
operator f+: A — A is well-defined (indeed, regard f as an element of A°, and apply Definition 2.8.1).

1780t necessarily indexed by partitions
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Proposition 3.1.2. Let A be a Hopf algebra over k = Z or k = Q which is graded, connected, and self-dual
with respect to a positive definite graded'™ bilinear form. Then:

(a) Within the ideal I, the k-submodule of primitives p is the orthogonal complement to the k-submodule
1%

(b) In particular, p N I? = 0.

(c) When k = Q, one has I = p @ I2.

Proof. (a) Note that I? = m(I ® I). Hence an element x in I lies in the perpendicular space to I? if and
only if one has for all y in I ® I that

0=(z,m(y))a = (Az),y)a9a = (A4 (2),y) a0
where the second equality uses self-duality, while the third equality uses the fact that y lies in I ® I and the
form (-,-)aga makes distinct homogeneous components orthogonal. Since y was arbitrary, this means x is
perpendicular to I? if and only if A, (x) = 0, that is, z lies in p.
(b) This follows from (a), since the form (-,-) , is positive definite.
(c) This follows from (a) using some basic linear algebra'® when A is of finite type (which is the only
case we will ever encounter in practice). See Exercise 3.1.6 for the general proof. |

Remark 3.1.3. One might wonder why we didn’t just say I = p® I? even when k = Z in Proposition 3.1.2(c).
However, this is false even for A = Az: the second homogeneous component (p@®1?)s is the index 2 sublattice
of Ay which is Z-spanned by {pa, €3}, containing 2es, but not containing e, itself.

Already the fact that p N I? = 0 has a strong implication.

Lemma 3.1.4. A connected graded Hopf algebra A over any ring k having p N I? = 0 must necessarily be
commutative (as an algebra).

Proof. The component Ay = k commutes with all of A. This forms the base case for an induction on i + j
in which one shows that any elements = in A; and y in A; with 4, j > 0 will have [z, y] := 2y —yx = 0. Since
[z, y] lies in I, it suffices to show that [z, ] also lies in p:

Alz,y] = [A(x), A(y)]
—[l@r+201+A:(2),10y+y®1+ AL (y)]
=lez+2,10y+y®1]
tl®z+20 L AL (Y)]+[A(x), 1@y +y® 1]+ [A+(2), Ar(y)]

=ler+zrz,10y+ya1]

=1@[z,y] +[z,y @1
showing that [z,y] lies in p. Here the second-to-last equality used the inductive hypotheses: homogeneity
implies that A (z) is a sum of homogeneous tensors of the form z; ® zo satisfying deg(z1),deg(z2) < 4,
so that by induction they will commute with 1 ® y,y ® 1, thus proving that [A(z),1®y+y® 1] =0; a

symmetric argument shows [1 ® x + ¢ ® 1, A4 (y)] = 0, and, a similar argument shows [A 4 (x), A4 (y)] = 0.
The last equality is an easy calculation, and was done already in (1.3.6). O

Remark 3.1.5. Zelevinsky actually shows [200, Proof of A.1.3, p. 150] that the assumption of p N 1% = 0
(along with hypotheses of unit, counit, graded, connected, and A being a morphism for multiplication)
already implies the associativity of the multiplication in A ! One shows by induction on i + j + k that
any x,y,z in A;, A;, Ay with 4,7,k > 0 have vanishing associator assoc(x,y, z) := z(yz) — (zy)z. In the
inductive step, one first notes that assoc(z,y, z) lies in 12, and then checks that assoc(z,y, z) also lies in p,
by a calculation very similar to the one above, repeatedly using the fact that assoc(z,y, z) is multilinear in
its three arguments.

Exercise 3.1.6. Prove Proposition 3.1.2(c) in the general case.

179 That is, (A4, Aj) =0 for i # j.

18OSpeciﬁcally7 either the existence of an orthogonal projection on a subspace of a finite-dimensional inner-product space
over @, or the fact that dim (WL) = dimV — dim W for a subspace W of a finite-dimensional inner-product space V over Q
can be used.
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This leads to a general structure theorem.

Theorem 3.1.7. If a connected graded Hopf algebra A over a field k of characteristic zero has I = p @ I?,
then the inclusion p — A extends to a Hopf algebra isomorphism from the symmetric algebra Sym, (p) — A.
In particular, A is both commutative and cocommutative.

Note that the hypotheses of Theorem 3.1.7 are valid, using Proposition 3.1.2(c), whenever A is obtained
from a PSH (over Z) by tensoring with Q.

Proof of Theorem 3.1.7. Since Lemma 3.1.4 implies that A is commutative, the universal property of Sym, (p)
as a free commutative algebra on generators p shows that the inclusion p — A at least extends to an algebra
morphism Sym, (p) - A. Since the Hopf structure on Sym, (p) makes the elements of p primitive (see
Example 1.3.14), this ¢ is actually a coalgebra morphism (since Ao ¢ = (¢ ® ¢) o A and € o ¢ = € need
only to be checked on algebra generators), hence a bialgebra morphism, hence a Hopf algebra morphism (by
Proposition 1.4.24(c)). It remains to show that ¢ is surjective, and injective.

For the surjectivity of ¢, note that the hypothesis I = p @ I? implies that the composite p < I — I/I?
gives a k-vector space isomorphism. What follows is a standard argument to deduce that p generates A as
a commutative graded k-algebra. One shows by induction on n that any homogeneous element a in A,, lies
in the k-subalgebra generated by p. The base case n = 0 is trivial as a lies in Ag = k- 14. In the inductive
step where a lies in I, write a = p mod I? for some p in p. Thus a = p+ >, bici, where b;, ¢; lie in I but have
strictly smaller degree, so that by induction they lie in the subalgebra generated by p, and hence so does a.

Note that the surjectivity argument did not use the assumption that k has characteristic zero, but we will
now use it in the injectivity argument for ¢, to establish the following

(3.1.1) Claim: Every primitive element of Sym(p) lies in p = Sym*(p).

Note that this claim fails in positive characteristic, e.g. if k has characteristic 2 then 22 lies in Sym? (p),
however

Alr?)=1@2°+ 2 r+’®l=102°+ 2 ® 1.
To see the claim, assume not, so that by gradedness, there must exist some primitive element y # 0 lying in

some Sym"(p) with n > 2. This would mean that the composite map f that follows the coproduct with a
component projection

Sym” (p) = P Sym'(p) ® Sym’ (p) — Sym' (p) © Sym"~ (p)

it+j=n

has f(y) = 0. However, one can check on a basis that the multiplication backward Sym'(p) ® Sym"™*(p) 23
Sym™(p) has the property that m o f =n - idgymn (p):

n
(mo f)(wy ) =m ij®$1"'l/‘\j"'l'n =N-T1 T
Jj=1

for z1,...,2, in p. Then n-y = m(f(y)) = m(0) = 0 leads to the contradiction that y = 0, since k has
characteristic zero.

Now one can argue the injectivity of the (graded) map'®! ¢ by assuming that one has a nonzero homoge-
neous element v in ker(yp) of minimum degree. In particular, deg(u) > 1. Also since p < A, one has that u
is not in Sym®(p) = p, and hence u is not primitive by the previous Claim. Consequently A, (u) # 0, and
one can find a nonzero component u(»7) of A (u) lying in Sym(p); ® Sym(p); for some 4,5 > 0. Since this
forces ¢,j < deg(u), one has that ¢ maps both Sym(p);, Sym(p); injectively into A;, A;. Hence the tensor
product map

Sym(p); ® Sym(p); £25 A; @ A;

181The grading on Sym(p) is induced from the grading on p, a homogeneous subspace of I C A as it is the kernel of the
A
graded map I —H AR A.
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is also injective'®2. This implies (¢ ® w)(u(i’j)) # 0, giving the contradiction that
Sym
0=A%(0) = Al (p(u) = (p @ ) (AT (u))

contains the nonzero 4; ® A;-component (¢ ®@ ) (ul®9)).

(An alternative proof of the injectivity of ¢ proceeds as follows: By (3.1.1), the subspace of primitive
elements of Sym(p) is p, and clearly ¢ |, is injective. Hence, Exercise 1.4.32(b) (applied to the homomorphism
) shows that ¢ is injective.) O

Before closing this section, we mention one nonobvious corollary of the Claim (3.1.1), when applied to the
ring of symmetric functions Ag with Q-coefficients, since Proposition 2.4.1 says that Ag = Q[p1,p2,...] =
Sym(V) where V = Q{p1,po, ...}

Corollary 3.1.8. The subspace p of primitives in Ag is one-dimensional in each degree n = 1,2,..., and
spanned by {pi1,p2,...}.

We note in passing that this corollary can also be obtained in a simpler fashion and a greater generality:

Exercise 3.1.9. Let k be any commutative ring. Show that the primitive elements of A are precisely the
elements of the k-linear span of p1,p2, ps3, - . ..

3.2. The decomposition theorem. Our goal here is Zelevinsky’s theorem [200, Theorem 2.2] giving a
canonical decomposition of any PSH as a tensor product into PSH’s that each have only one primitive
element in their PSH-basis. For the sake of stating it, we introduce some notation.

Definition 3.2.1. Given a PSH A with PSH-basis X, let C := X Np be the primitive elements in X. For
each p in C, let A(p) C A be the Z-span of

Y(p) :={o € ¥ : there exists n > 0 with (o, p") # 0}.

Definition 3.2.2. The tensor product of two PSHs A; and Ay with PSH-bases Y1 and Y5 is defined as the
graded Hopf algebra A; @ Ay with PSH-basis {01 ® 02}, ,.)ex, x5, It is easy to see that this is again a

PSH. The tensor product of any finite family of PSHs is defined similarly'®3.

Theorem 3.2.3. Any PSH A has a canonical tensor product decomposition

A=) Alp)

peC

with A(p) a PSH, and p the only primitive element in its PSH-basis ¥(p).

Although in all the applications, C will be finite, when C is infinite one should interpret the tensor product
in the theorem as the inductive limit of tensor products over finite subsets of C, that is, linear combinations
of basic tensors ) , @p in which there are only finitely many factors a, # 1.

The first step toward the theorem uses a certain unique factorization property.

Lemma 3.2.4. Let P be a set of pairwise orthogonal primitives in a PSH A. Then,

(pl...pr’ﬂ—l...ﬂ-s):()

for p;,m; in P unless r = s and one can reindex so that p; = ;.

1820ne needs to know that for two injective maps V; S W; of k-vector spaces V;, W; with ¢ = 1,2, the tensor product

»1 ® p2 is also injective. Factoring it as ¢1 ® 2 = (Id ®¢p2) o (p1 ®id), one sees that it suffices to show that for an injective
id . o . .
map V' E W of free k-modules, and any free k-module U, the map V @ U £ ® U is also injective. Since tensor products
commute with direct sums, and U is (isomorphic to) a direct sum of copies of k, this reduces to the easy-to-check case where
U =k.
—(-x2

Note that some kind of freeness or flatness hypothesis on U is needed here since, e.g. the injective Z-module maps Z #1 —(>>< ) Z
and 7,/2Z “25° 7,/2Z have @1 ® 2 = 0 on Z @ Z/27 = 7/2Z # 0.

183For the empty family, it is the connected graded Hopf algebra Z with PSH-basis {1}.
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Proof. Induct on r. For > 0, one has

(Pl"‘PrﬂTl"'Ws) = (PZ"'PmP%(Wl"'Ws))

S

= (p2-+pry » (w1 mj_y - pi(m)) g - )
j=1

from Proposition 2.8.2(iii) because p; is primitive'®*. On the other hand, since each m; is primitive, one has
pi(m;) = (p1,1) - 7 + (p1,m;) - 1 = (p1,7;) which vanishes unless p; = 7;. Hence (p1---py,m -+ 75) = 0
unless p; € {m1,..., s}, in which case after reindexing so that m = p1, it equals

n-(p1,p1) - (P2 prym2 )
if there are exactly n occurrences of p; among 71, ...,7s. Now apply induction. (|

So far the positivity hypothesis for a PSH has played little role. Now we use it to introduce a certain
partial order on the PSH A, and then a semigroup grading.

Definition 3.2.5. For a subset S of an abelian group, let ZS (resp. NS) denote the subgroup of Z-linear
combinations (resp. submonoid of N-linear combinations'®®) of the elements of S.

In a PSH A with PSH-basis X, the subset NY forms a submonoid, and lets one define a partial order on
Aviaa <bif b— a lies in NX.

We note a few trivial properties of this partial order:

e The positivity hypothesis implies that NX - NX C NX.
e Hence multiplication by an element ¢ > 0 (meaning c lies in NX) preserves the order: a < b implies
ac < be since (b — a)c lies in NX.
e Thus 0 < ¢ <dand 0 < a <bimplies ac < be < bd.
This allows one to introduce a semigroup grading on A.

Definition 3.2.6. Let NS denote the additive submonoid of N¢ consisting of those & = () ,ec With finite
support.
Note that for any « in N§ , one has that the product Hpec p%» > 0. Define

Y(a):={ceX:0< Hp%},
peC

that is, the subset of ¥ on which Hpec pr has support. Also define
A(a) = ZZ(Q) C A.

Proposition 3.2.7. The PSH A has an Ngn—semigroup—grading: one has an orthogonal direct sum decom-

position
A= P Aw
aeNfCin
for which
(3.2.1) A Ap) C Awrp)
(3.2.2) Ay C P Ap @Aw).
a=pf+~y

Proof. We will make free use of the fact that a PSH A is commutative, since it embeds in A ®z Q, which is
commutative by Theorem 3.1.7.
Note that the orthogonality (A(,l)7 A(B)) =0 for a # S is equivalent to the assertion that

Lo 117 | =0,

peC peC

1848trictly speaking, this argument needs further justification since A might not be of finite type (and if it is not, Proposi-
tion 2.8.2(iii) cannot be applied). It is more adequate to refer to the proof of Proposition 2.8.2(iii), which indeed goes through
with p; taking the role of f.

185Recall that N := {0,1,2,...}.



HOPF ALGEBRAS IN COMBINATORICS 87

which follows from Lemma 3.2.4.
Next let us deal with the assertion (3.2.1). It suffices to check that when 7,w in ¥ lie in A, A¢g),
respectively, then 7w lies in A(,45). But note that any o in ¥ having o < 7w will then have

USTwSHp%-Hpﬁf’:Hp%Jrﬂp
peC peC peC

so that o lies in A(,4y. This means that 7w lies in A(q4g)-
This lets us check that EBaeNg A(q) exhaust A. It suffices to check that any o in ¥ lies in some A(,).

Proceed by induction on deg(c), with the case o = 1 being trivial; the element 1 always lies in ¥, and hence
lies in Ay for @ = 0. For o lying in I, one either has (o, a) # 0 for some a in I?, or else o lies in (I%)*+ =p
(by Proposition 3.1.2(a)), so that o is in C and we are done. If (0,a) # 0 with a in I?, then o appears in
the support of some Z-linear combination of elements 7w where 7, w lie in ¥ and have strictly smaller degree
than o has. There exists at least one such pair 7,w for which (o, 7w) # 0, and therefore ¢ < Tw. Then by
induction 7,w lie in some A(,), A(g), respectively, so 7w lies in A4, and hence o lies in A, also.
Self-duality shows that (3.2.1) implies (3.2.2): if a,b,c lie in A(,), A(g), A(y), respectively, then (Aa,b ®
¢)agpa = (a,bc) 4 =0 unless a« = 5+ 7. O

Proposition 3.2.8. For «, in Ngn with disjoint support, one has a bijection

Y(a)xX(B) — XS(a+p8)
(o,7) — oT.

Thus, the multiplication map A, ® A(g) — A(a+p) is an isomorphism.
Proof. We first check that for 01,02 in ¥(a) and 7,7 in ¥(8), one has

(3.2.3) (0171,0272) = 004 m1),(02,72)-
Note that this is equivalent to showing both

e that o7 lie in ¥(a + ) so that the map is well-defined, since it shows (o7,07) = 1, and
e that the map is injective.

One calculates
(0171,02T2) 4 = (0171, M(02 ® T2)) 4

= (A(0171), 02 ® T2) A
= (A(01)A(71),02 ® T2) aga
Note that due to (3.2.2), A(o1)A(r1) lies in Y Aqr45) ® Aarrypry where
o +d =«
5+ 5" = 5.
Since 0p ® 72 lies in A(,) ® A(g), the only nonvanishing terms in the inner product come from those with
d+8 =a
o +p" = 8.
As a, 8 have disjoint support, this can only happen if
o =a, " =0, 8 =0, 8"=5,
that is, the only nonvanishing term comes from (o7 ® 1)(1® 71) = 01 ® 71. Hence
(0171, 0272) 4 = (01 @ T1,02 @ T2) A9 A = O(0y m1),(02.7m2)-

To see that the map is surjective, express

Hpa" :ZUi

peC i

[1e7 =227
J

peC
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with o; € ¥(a) and 7; in X(5). Then each product o;7; is in (o + 3) by (3.2.3), and

H pap-‘rﬂp — ZaiTj
,J

peC

shows that {o;7;} exhausts X(a + /). This gives surjectivity. O

Proof of Theorem 3.2.3. Recall from Definition 3.2.1 that for each p in C, one defines A(p) C A to be the
Z-span of

Y(p) :={o € ¥ : there exists n > 0 with (o, p") # 0}.
In other words, A(p) :=D,,~, A(n.c,) Where e, in Ngn is the standard basis element indexed by p. Proposi-
tion 3.2.7 then shows that A(p) is a Hopf subalgebra of A. Since every a in N& can be expressed as the (fi-
nite) sum  ape,, and the e, have disjoint support, iterating Proposition 3.2.8 shows that A = &) .. A(p).
Lastly, X(p) is clearly a PSH-basis for A(p), and if ¢ is any primitive element in ¥(p) then (o, p™) # 0 lets
one conclude via Lemma 3.2.4 that o = p (and n = 1). d

3.3. A is the unique indecomposable PSH. The goal here is to prove the rest of Zelevinsky’s structure
theory for PSH’s. Namely, if A has only one primitive element p in its PSH-basis 3, then A must be
isomorphic as a PSH to the ring of symmetric functions A, after one rescales the grading of A. Note that
every ¢ in X has o < p" for some n, and hence has degree divisible by the degree of p. Thus one can divide
all degrees by that of p and assume p has degree 1.

The idea is to find within A and ¥ a set of elements that play the role of

{hn = 5(m)tn=0,1,2,.... {€n = 5(17) }n=0,12,...

within A = A and its PSH-basis of Schur functions ¥ = {s)}. Zelevinsky’s argument does this by isolating
some properties that turn out to characterize these elements:

(a) ho =ep =1, and h; = e; =: p has p? a sum of two elements of ¥, namely
p2 = hy + e3.
(b) For all n =0,1,2,..., there exist unique elements h,, e, in A, N'Y that satisfy
hye, =0,
eyhy =0
with hg, es being the two elements of ¥ introduced in (a).
(¢) For k=0,1,2,...,n one has

hithy = hy_ and o h, =0 for 0 € £\ {ho, h1,...,hn}

eten = ey and oe, =0 for 0 € ¥\ {eg, e1,...,en}.

In particular, eﬁhn =0= hﬁen for k > 2.
(d) Their coproducts are

Ahy) = Y hi@hj,
it+j=n

Ale,) = Z e @ ej.
it+j=n

We will prove Zelevinsky’s result [200, Theorem 3.1] as a combination of the following two theorems.

Theorem 3.3.1. Let A be a PSH with PSH-basis Y. containing only one primitive p, and assume that the
grading has been rescaled so that p has degree 1. Then, after renaming p = e; = hy, one can find unique
sequences {hn }n=01,2,...,{€n}n=01,2,. of elements of ¥ having properties (a),(b),(c),(d) listed above.

The second theorem uses the following notion.
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Definition 3.3.2. A PSH-morphism A % A’ between two PSH’s A, A’ having PSH-bases %, Y/ is a graded
Hopf algebra morphism for which (NX) € NX'. If A = A’ and ¥ = ¥’ it will be called a PSH-endomorphism.
If  is an isomorphism and restricts to a bijection ¥ — ¥, it will be called a PSH-isomorphism,; if it is both
a PSH-isomorphism and an endomorphism, it is a PSH-automorphism. 8

sLadyen

Theorem 3.3.3. The elements {hy }n=0.12,..,{€n}tn=01,2,. in Theorem 3.3.1 also satisty the following.
(e) The elements h,,, e, in A satisfy the same relation (2.4.4)

Z (—1)i6ihj = (50’71

i+j=n
as their counterparts in A, along with the property that
A= Z[hl, hg, .. ] = Z[el, €2, .. ]

(f) There is exactly one nontrivial automorphism A %% A as a PSH, swapping hy, < e,.
(g) There are exactly two PSH-isomorphisms A — A,
e one sending h,, to the complete homogeneous symmetric functions h,(x), while sending e,, to
the elementary symmetric functions e, (x),
e the second one (obtained by composing the first with w) sending h,, — e, (x) and e, — h,(x).

Before embarking on the proof, we mention one more bit of convenient terminology: say that an element
o in X is a constituent of a in NYX when o < a, that is, o appears with nonzero coefficient ¢, in the unique
expansion a = ) s ¢ T.

Proof of Theorem 3.3.1. One fact that occurs frequently is this:
(3.3.1) Every o in ¥ N A,, is a constituent of p".

This follows from Theorem 3.2.3, since p is the only primitive element of ¥: one has A = A(p) and ¥ = X(p),
so that o is a constituent of some p™, and homogeneity considerations force m = n.
Notice that A is of finite type (due to (3.3.1)). Thus, A° is a graded Hopf algebra isomorphic to A.

Assertion (a). Note that
(0%,0%) = (0" (p*): ) = (2p,p) =2

using the fact that p* is a derivation since p is primitive (Proposition 2.8.2(iii)). On the other hand,
expressing p? = Y wes Co0 With ¢, in N, one has (p?, p?) = Y, c%. Hence exactly two of the ¢, = 1, so p?
has exactly two distinct constituents. Denote them by hs and e;. One concludes that ¥ N Ay = {hg, €2}
from (3.3.1).

Note also that the same argument shows XN A; = {p}, so that A; = Zp. Since p*hs lies in A; = Zp and

(p*ha, p) = (ha, p?) = 1, we have pthy = p. Similarly ptes = p.
Assertion (b). We will show via induction on n the following three assertions for n > 1:
e There exists an element h,, in ¥ N A,, with eihn =0.

(3.3.2) ¢ This element h,, is unique.

e Furthermore plhn =hp_1.

In the base cases n = 1,2, it is not hard to check that our previously labelled elements, hi,hs (namely
hi := p, and hg as named in part (a)) really are the unique elements satisfying these hypotheses.

186The reader should be warned that not every invertible PSH-endomorphism is necessarily a PSH-automorphism. For
instance, it is an easy exercise to check that A@ A — AR A, fRg — Z<f) f1 ® fag is a well-defined invertible PSH-

endomorphism of the PSH A ® A with PSH-basis (s) ® Su)(,\,u)epar « Pars Put not a PSH-automorphism.



90 DARIJ GRINBERG AND VICTOR REINER

In the inductive step, it turns out that we will find h,, as a constituent of ph,,_1. Thus we again use the
derivation property of pL to compute that ph,,_1 has exactly two constituents:

(pPhn—1,phn-1) = (P (phn—1), bn—1)
= (hn—14p p hp-1,hn_1)
= (hp-1+ php—2,hn_1)
=1+ (hn_g,pJ‘hn_l)
=14 (hp-2,hp2)=141=2

where the inductive hypothesis pJ-hn,l = h,_o was used twice. We next show that exactly one of the two

constituents of ph,,_; is annihilated by eé-. Note that since ey lies in Ag, and A; has Z-basis element p,

there is a constant c¢ in Z such that
(3.3.3) Aleg) =ea®14+cp@p+1Qes.

On the other hand, (a) showed

1= (e2,p*)a = (Ale2), p® p)aga
(i

so one must have ¢ = 1. Therefore by Proposition 2.8.2(iii) again,
ez (phn-1) = ex(P)hn-r + p ()" (hn-1) + pey(hn-1)
(3.34) = 0 + P2 + 0
= hn—? )

where the first term vanished due to degree considerations and the last term vanished by the inductive
hypothesis. Bearing in mind that ph,_; lies in NX, and in a PSH with PSH-basis 3, any skewing operator
ot for o in ¥ will preserve NX, one concludes from (3.3.4) that

e one of the two distinct constituents of the element ph,,_; must be sent by es to h,_o, and
e the other constituent of ph,_; must be annihilated by eé‘; call this second constituent h,,.

Lastly, to see that this h,, is unique, it suffices to show that any element o of ¥ N A,, which is killed by
e5 must be a constituent of ph,_;. This holds for the following reason. We know o < p" by (3.3.1), and
hence 0 # (p",0) = (p" 1, pto), implying that pto # 0. On the other hand, since 0 = pteyo = e3 pto,
one has that po is annihilated by es, and hence p~o must be a (positive) multiple of h,,_; by part of our
inductive hypothesis. Therefore (o, ph,,_1) = (p 0, h,,_1) is positive, that is, o is a constituent of ph,, _.

The preceding argument, applied to o = h,,, shows that pth, = ch,_; for some c in {1,2,...}. Since
(0 Ry hn—1) = (R, php—1) = 1, this ¢ must be 1, so that ph, = h,_;. This completes the induction step
in the proof of (3.3.2).

One can then argue, swapping the roles of e,, h,, in the above argument, the existence and uniqueness of
a sequence {e,}22, in ¥ satisfying the properties analogous to (3.3.2), with ey :=1,e1 := p.

Assertion (c). Iterating the property from (b) that ph, = h,_; shows that (p*)*h, = h,_, for 0 < k < n.
However one also has an expansion

p”C =chy + Z CoO
CEXNAL:
o#hy

for some integers c, ¢, > 0, since every o in ¥ N Ay, is a constituent of p*. Hence
1= (ot h—i) = ((0°) s (0%) Pn) = (B, B hin)
using Proposition 2.8.2(ii). Hence if we knew that h;-h,, # 0 this would force
hithy = (0) by = B,
as well as oth, =0 for all o & {hg, h1,...,h,}. But
(P8 o = b (") o = b =1 £0

80 hi-h,, # 0, as desired. The argument for e;e,, = e, is symmetric.
The last assertion in (c) follows if one checks that e,, # h,, for each n > 2, but this holds since ez (h,,) = 0
but ez (e,) = €n_s.
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Assertion (d). Part (c¢) implies that
(Ahp, 0 @ T)aga = (hn,oT)a = (0 Ry, T)a =0

unless 0 = hy, for some kK =0,1,2,...,n and 7 = h,_j. Also one can compute

(A hie ® b)) = (s hich i) = (B ) (e i) = 1.
This is equivalent to the assertion for Ah,, in (d). The argument for Ae,, is symmetric. |

Before proving Theorem 3.3.3, we note some consequences of Theorem 3.3.1. Define for each partition
A= (A1 > Xy >+ > )y) the elements of A
hy = h>\1h)\2 cee
EXN = EX\€ENy " .

Also, define the lezicographic order on Par,, by saying A <jex g if A # p and the smallest index ¢ for which
Xi # p; has Ay < ;. Recall also that A\! denotes the conjugate or transpose partition to A, obtained by
swapping rows and columns in the Ferrers diagram.

The following unitriangularity lemma will play a role in the proof of Theorem 3.3.3(e).

Lemma 3.3.4. Under the hypotheses of Theorem 3.3.1, for A, pu in Par,,, one has
1 ifu=X
(3.3.5) ephy = o
" 0 if pt >1ex AL
Consequently
(3.3.6) det [(ept, hy)] =1

A, u€Par,

Proof. Notice that A is of finite type (as shown in the proof of Theorem 3.3.1). Thus, A° is a graded Hopf
algebra isomorphic to A.

Also, notice that any m € N and any aq,as,...,a; € A satisfy
(3.3.7) et (arag---ag) = Z ei (ar)- - ej; (ap) .
i1+ Fig=m

Indeed, this follows by induction over ¢ using Proposition 2.8.2(iii) (and the coproduct formula for A(e,,) in
Theorem 3.3.1(d)).
In order to prove (3.3.5), induct on the length of . If A has length £, so that \{ = ¢, then

elih/\ = e(Lﬂz,sz‘) (e/t (h>‘1 o hA‘))

= e(izmw) Z eill(h,\l)-~-eile(h>\z) (by (3.3.7))

i1+t ip=p1
= e(iz,ww_) Z eiLl (hay) -+ ei(hh) (since eithy, =0 for k> 2)
G+t tie=p1;
each of iq1,...,ip is <1
mpis, VM1, n—1y I = 0=

where the last equality used

he o ifk=1
1 hn _ n—1 )
e (hn) =4 i k> 2.

Now apply the induction hypothesis, since (A1 — 1,..., ¢ — 1) = (A5, NS, .. 0).
To prove (3.3.6), note that any A, in Par, satisfy (e,:,hy) = (ett(hx),l) = ett(h,\) (since degree
considerations enforce ey (hy) € Ag =k - 1), and thus

1 if pt =\
0 if ,ut >lex A

(eut,h)\) = ett(h)\) = {
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(by (3.3.5)). This means that the matrix [(e,:, hy)], jicPar, 1S unitriangular with respect to some total order
on Par,, (namely, the lexicographic order on the conjugate partitions), and hence has determinant 1. O

The following proposition will be the crux of the proof of Theorem 3.3.3(f) and (g), and turns out to be
closely related to Kerov’s asymptotic theory of characters of the symmetric groups [92].

Proposition 3.3.5. Given a PSH A with PSH-basis 3. containing only one primitive p, the two maps A — Z
defined on A = @, -, An via

e :@ei

are characterized as the only two Z-linear maps A 2 7, with the three properties of being
e positive: §(NX) C N,
e multiplicative: §(ajaz) = §(a1)d(az), and
e normalized: §(p) = 1.

Proof. Notice that A is of finite type (as shown in the proof of Theorem 3.3.1). Thus, A° is a graded Hopf
algebra isomorphic to A.

It should be clear from their definitions that dy, d. are Z-linear, positive and normalized. To see that ¢,
is multiplicative, by Z—linearity, it suffices to check that for a;i,as in A,,,, A,,, with nq 4+ ng = n, one has

5h(a1a2) a1a2 Z hJ' a1 hJ' GQ) hi‘l (al)hTJL‘2(a2) = 5h(a1)5h(a2)
i1+io=n
in which the second equality used Proposition 2.8.2(iii) and Theorem 3.3.1(d). The argument for J. is
symmetric.

Conversely, given A 2, 7 which is Z-linear, positive, multiplicative, and normalized, note that
8(ha) + 8(ea) = d(ha + e2) = 8(p*) = 8(p)* =1 =1
and hence positivity implies that either §(hs) = 0 or d(ez) = 0. Assume the latter holds, and we will show
that § = 5h-
Given any o in ¥ N A, \ {h,}, note that e3 0 # 0 by Theorem 3.3.1(b), and hence 0 # (e3a, p"~2) =
(0,e20""2). Thus o is a constituent of exp™ 2, so positivity implies

0 < 8(0) < 8(e2p"~?) = (e2)d(p"~*) = 0.

Thus §(c) = 0 for o in ¥ N A, \ {hn}. Since 6(p™) = d(p)™ = 1™ = 1, this forces 6(h,,) = 1, for each n > 0
(including n =0, as 1 = §(p) = 6(p-1) = d(p)d(1) = 1-6(1) = 6(1)). Thus § = 6. The argument when
d(hs) = 0 showing 6 = ¢, is symmetric. O

Proof of Theorem 3.3.3. Many of the assertions of parts (e) and (f) will come from constructing the unique
nontrivial PSH-automorphism w of A from the antipode S: for homogeneous a in A, define w(a) =
(=1)"S(a). We now study some of the properties of S and w.

Notice that A is of finite type (as shown in the proof of Theorem 3.3.1). Thus, A° is a graded Hopf algebra
isomorphic to A.

Since A is a PSH, it is commutative by Theorem 3.1.7 (applied to A ®7 Q). This implies both that S, w
are actually algebra endomorphisms by Proposition 1.4.8, and that S? = id4 = w? by Corollary 1.4.10.

Since A is self-dual and the defining diagram (1.4.3) satisfied by the antipode S is sent to itself when
one replaces A by A° and all maps by their adjoints, one concludes that S = S* (where S* means the
restricted adjoint S* : A° — A°), i.e., S is self-adjoint. Since S is an algebra endomorphism, and S = S*,
in fact S is also a coalgebra endomorphism, a bialgebra endomorphism, and a Hopf endomorphism (by
Proposition 1.4.24(c)). The same properties are shared by w.

Since id4 = S? = SS*, one concludes that S is an isometry, and hence so is w.

Since p is primitive, one has S(p) = —p and w(p) = p. Therefore w(p™) = p™ for n = 1,2,.... Use this as
follows to check that w is a PSH-automorphism, which amounts to checking that every o in E has w(o) in

DN
(w(o),w(0)) = (0,0) =1
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so that +w(o) lies in 3, but also if o lies in A,,, then

(w(9),p") = (o,w(p")) = (0, p") > 0.
In summary, w is a PSH-automorphism of A, an isometry, and an involution.
Let us try to determine the action of w on the {h,}. By similar reasoning as in (3.3.3), one has

Ahg) =hy @1+ p@p+1® hy.

Thus 0 = S(he) + S(p)p + h2, and combining this with S(p) = —p, one has S(h2) = e3. Thus also
w(hg) = (—1)25(}12) = €9.

We claim that this forces w(h,,) = ey, because hyw(h,) = 0 via the following calculation: for any a in A
one has

(w(hy), hea)

(hn, w(haa))
= (hn, eaw(a)

(e3hy,w(a)) = (0,w(a)) = 0.

Consequently the involution w swaps h,, and e,,, while the antipode S has S(h,,) = (—1)"e,, and S(e,,) =
(=1)"h,,. Thus the coproduct formulas in (d) and definition of the antipode S imply the relation (2.4.4)
between {h,} and {e,}.

This relation (2.4.4) also lets one recursively express the h,, as polynomials with integer coefficients in the
{en}, and vice-versa, so that {h,} and {e,} each generate the same Z-subalgebra A’ of A. We wish to show
that A" exhausts A.

We argue that Lemma 3.3.4 implies the Gram matriz [(hu, hx)], ycp,,, has determinant +1 as follows.
Since {h,} and {e,} both generate A’, there exists a Z-matrix (a,,x) expressing e, =), ay rhy, and one
has

ey )] = [a] - [y, )],
Taking determinants of these three Z-matrices, and using the fact that the determinant on the left is 1 (by
(3.3.6)), both determinants on the right must also be +1.

Now we will show that every o € ¥ N A, lies in A/,. Uniquely express ¢ = ¢’ + ¢” in which ¢’ lies in
the R-span RA/, and ¢” lies in the real perpendicular space (RA/)~* inside R ®z A,. One can compute
R-coefficients (c,)ucpar, that express o’ = Zu cuhy by solving the system

(Z cuhu,hA> = (o, hy) for A € Par,, .
“w

This linear system is governed by the Gram matrix [(h,,h A)]M AcpPar, With determinant +1, and its right
side has Z-entries since o, hy lie in A. Hence the solution (c,),cpar, Will have Z-entries, so o’ lies in A’.
Furthermore, 0’/ = 0 — ¢’ will lie in A, and hence by the orthogonality of o', c”,

1=(o,0)=(c',0")+ (",0").

One concludes that either ¢” = 0, or ¢/ = 0. The latter cannot occur since it would mean that o = o is

perpendicular to all of A’. But p” = A} lies in A’, and (o, p™) # 0. Thus ¢/ = 0, meaning 0 = ¢’ lies in A’.
This completes the proof of assertion (e). Note that in the process, having shown det(hy, ha)a pepar, = £1,
one also knows that {h}repar, are Z-linearly independent, so that {hy, ha, ...} are algebraically independent,
and A = Z[h, ha, .. .] is the polynomial algebra generated by {h1, ho,...}.

For assertion (f), we have seen that w gives such a PSH-automorphism A — A, swapping h, < ep,.
Conversely, given a PSH-automorphism A % A, consider the positive, multiplicative, normalized Z-linear
map § := 0, 0 p : A — Z. Proposition 3.3.5 shows that either

e 0 = 0, which then forces ¢(h,) = h, for all n, so ¢ =ida, or
e 0 = J., which then forces ¢(e,) = h, for all n, so p = w.

For assertion (g), given a PSH A with PSH-basis ¥ having exactly one primitive p, since we have seen
A =Z[hi, ha,...], where h,, in A is as defined in Theorem 3.3.1, one can uniquely define an algebra morphism
A % A that sends the element h,, to the complete homogeneous symmetric function hy,(x). Assertions (d)
and (e) show that ¢ is a bialgebra isomorphism, and hence it is a Hopf isomorphism. To show that it is a
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PSH-isomorphism, we first note that it is an isometry because one can iterate Proposition 2.8.2(iii) together
with assertions (c) and (d) to compute all inner products

(s ha)a = (L hyrha)a = (1 B oy, -+ (B hag <)) a

w1 "
for u, A in Par,. Hence
(hyus ha)a = (hu(x), ha(x))a = (0 (hu), p(ha))a
Once one knows ¢ is an isometry, then elements w in ¥ N A,, are characterized in terms of the form (-, -) by
(w,w) =1 and (w, p™) > 0. Hence ¢ sends each ¢ in ¥ to a Schur function sy, and is a PSH-isomorphism. [
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4. COMPLEX REPRESENTATIONS FOR &,,, WREATH PRODUCTS, GL,(F,)

After reviewing the basics that we will need from representation and character theory of finite groups,
we give Zelevinsky’s three main examples of PSH’s arising as spaces of virtual characters for three towers of
finite groups:

e symmetric groups,
e their wreath products with any finite group, and
e the finite general linear groups.

Much in this chapter traces its roots to Zelevinsky’s book [200]. The results concerning the symmetric
groups, however, are significantly older and spread across the literature: see, e.g., [180, §7.18], [60, §7.3],
[124, §1.7], [163, §4.7], [97], for proofs using different tools.

4.1. Review of complex character theory. We shall now briefly discuss some basics of representation
(and character) theory that will be used below. A good source for this material, including the crucial Mackey
formula, is Serre [172, Chaps. 1-7].1%7

4.1.1. Basic definitions, Maschke, Schur. For a group G, a representation is a homomorphism G - GL(V)
for some vector space V over a field. We will take the field to be C from now on, and we will also assume
that V is finite-dimensional over C. Thus a representation of G is the same as a finite-dimensional (left-
)JCG-module V. (We use the notations CG and C [G] synonymously for the group algebra of G over C. More
generally, if S is a set, then CS = C[S] denotes the free C-module with basis S.)

We also assume that G is finite, so that Maschke’s Theorem!®® says that CG is semisimple, meaning that
every CG-module U C V has a CG-module complement U’ with V = U & U’. Equivalently, indecomposable
CG-modules are the same thing as simple (=irreducible) CG-modules.

Schur’s Lemma implies that for two simple CG-modules Vi, V5, one has

C V=V,

Homeg (V1, Va) =2 {0 iV, 2V,

4.1.2. Characters and Hom spaces. A CG-module V' is completely determined up to isomorphism by its
character

G X% C

g +— xv(g):=trace(g: V = V).
This character yy is a class function, meaning it is constant on G-conjugacy classes. The space R¢(G) of
class functions G — C has a Hermitian, positive deﬁnite form

(f1, fo)e |G| > fil9) f2(9)
geG
For any two CG-modules V1, Vb,
(4.1.1) (xvi> xw,)e = dimc Homee (Vi V2).
The set of all irreducible characters
Irr(G) = {xv : V is a simple CG-module}
forms an orthonormal basis of R¢(G) with respect to this form, and spans a Z-sublattice
R(G) :=7ZTIrr(G) C Re(G)
sometimes called the virtual characters of G. For every CG-module V, the character yy belongs to R(G).

Instead of working with the Hermitian form (-,-), on G, we could also (and some authors do) define a
C-bilinear form (-, ), on Rc(G) by

(f1, fo)g

geG

187\ ore advanced treatments of representation theory can be found in [195] and [56].

188 which has a beautiful generalization to finite-dimensional Hopf algebras due to Larson and Sweedler; see Montgomery
[138, §2.2].
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This form is not identical with (-,-) (indeed, (-, ) is bilinear while (-, -) is Hermitian), but it still satisfies
(4.1.1), and thus is identical with (-,-), on R(G) x R(G). Hence, for all we are going to do until Section 4.9,
we could just as well use the form (-,-) instead of (-, ).

4.1.3. Tensor products. Given two groups G1,G2 and CG;-modules V; for ¢ = 1,2, their tensor product
V1 ®c Va becomes a C[G1 x Gg]-module via (g1, ¢2)(v1 ® v2) = ¢1(v1) @ ga(v2). This module is called the
(outer) tensor product of Vi and V. When V;,V, are both simple, then so is V3 ® Va, and every simple
C[G1 x Ga)-module arises this way (with V; and V5 determined uniquely up to isomorphism).'® Thus one
has identifications and isomorphisms

Irr(Gy x G2) = Irr(Gh) x Irr(Ga),
R(Gl X GQ) = R(Gl) X7z R(GQ),

here, xv, ® xv, € R(G1)®z R(G2) is being identified with xv,gv, € R(G1 X G2) for all CG1-modules V; and
all CGo-modules V,. The latter isomorphism is actually a restriction of the isomorphism R¢(Gp x Gg) =
Rc(G1) ®c Re(G2) under which every pure tensor ¢1 @ ¢2 € Re(G1) ®c Re(G2) corresponds to the class
function G; X Go — C, (g1,92) — é1 (q1) ® ¢2 (g2).

Given two CG1-modules V; and W5 and two CGa-modules V5 and Wy, we have
(412) (XV1®V25XW1®W2)G1 xGa — (XV1 3 XW1)G1 (XVzaXWz)Gz .

4.1.4. Induction and restriction. Given a subgroup H < G and CH-module U, one can use the fact that CG
is a (CG, CH)-bimodule to form the induced CG-module

md% U := CG @cy U.

The fact that CG is free as a (right-) CH-module'” on basis elements {t4},ec/n makes this tensor product
easy to analyze. For example one can compute its character

1 _
(4.1.3) Xmag v(9) = 77 > xulkgk™).
| | keG:
kgk~'eH

191 One can also recognize when a CG-module V is isomorphic to Indg U for some CH-module U: this
happens if and only if there is an H-stable subspace U C V having the property that V = ®gHEG/H gU.

The above construction of a CG-module Indg U corresponding to any CH-module U is part of a functor
Indg from the category of CH-modules to the category of CG-modules'??; this functor is called induction.
Besides induction on CH-modules, one can define induction on class functions of H:

Exercise 4.1.1. Let G be a finite group, and H a subgroup of G. Let f € R¢ (H) be a class function. We
define the induction Indg f of f to be the function G — C given by

1
(4.1.4) (Indg f) =17 Y fl(kek™)  forallge .
kgzggciH

(a) Prove that this induction Ind$, f is a class function on @, hence belongs to R (G).
(b) Let J be a system of right coset representatives for H\G, so that G = | |;.; Hj. Prove that

(Indg f) (9) = Z f (jgj_l) for all g € G.

jeJ:
jgi~'eH

189This is proven in [172, §3.2, Thm. 10]. The fact that C is algebraically closed is essential for this!

190 . which also has a beautiful generalization to finite-dimensional Hopf algebras due to Nichols and Zoeller; see [138, §3.1].

191gee [172, §7.2, Prop. 20(ii)] for the proof of this equality. (Another proof is given in [56, Remark 5.9.2 (the Remark after
Theorem 4.32 in the arXiv version)], but [56] uses a different definition of Indg U; see Remark 4.1.5 for why it is equivalent to
ours. Yet another proof of (4.1.3) is given in Exercise 4.1.14(k).)

1920y morphisms, it sends any f : U — U’ to idcg ®@cuf : CG ®cy U — CG ®@cy U'.
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The induction Ind% defined in Exercise 4.1.1 is a C-linear map R (H) — Rc (G). Since every CH-module
U satisfies

(4.1.5) Xmag v = Indf (xv)

193 this C-linear map Ind$ restricts to a Z-linear map R (H) — R (G) (also denoted Ind%) which sends the
character ¢y of any CH-module U to the character X1nd§ U of the induced CG-module Indg U.

Exercise 4.1.2. Let G, H and I be three finite groups such that I < H < G. Let U be a CI-module. Prove
that Ind§ Ind¥ U = Ind¥ U. (This fact is often referred to as the transitivity of induction.)

Exercise 4.1.3. Let G5 and G5 be two groups. Let H; < G; and Hs < G2 be two subgroups. Let U; be a
CH-module, and Us be a CHy-module. Show that

(4.1.6) md X% (U1 @ Uz) = (Ind§: 01) @ (nd$f2 U3
as C[G1 X Go]-modules.

The restriction operation V Resg V restricts a CG-module V to a CH-module. Frobenius reciprocity
asserts the adjointness between Ind% and Res$

(4.1.7) Homeg (Ind$, U, V) = Homey (U, Res$ V),
as a special case (S = A=CG,R=CH,B=U,C =V) of the general adjoint associativity
(4.1.8) Homg(A ®p B,C) = Homp(B,Homg(A, C))

for S, R two rings, A an (5, R)-bimodule, B a left R-module, C' a left S-module.

We can define not just the restriction of a CG-module, but also the restriction of a class function f €
Rc(G). When H is a subgroup of G, the restriction Res$ f of an f € Re(G) is defined as the result of
restricting the map f : G — C to H. This Resgf is easily seen to belong to Rc(H), and so Resg is
a C-linear map Rc(G) — Rc(H). This map restricts to a Z-linear map R(G) — R(H), since we have
Res$ xv = XRes¢ v for any CG-module V. Taking characters in (4.1.7) (and recalling Res$ xv = XResG V
and (4.1.5)), we obtain

(4.1.9) (Indf; xv, xv)a = (xv, Res§ xv) ar-
By bilinearity, this yields the equality

(Indg a, B)G = (a, Resg ﬁ)H
for any class functions o € Re(H) and S € Re(G) (since R(G) spans Re(G) as a C-vector space).

Exercise 4.1.4. Let G be a finite group, and let H < G. Let U be a CH-module. If A and B are two
algebras, P is a (B, A)-bimodule and @ is a left B-module, then Homp (P, Q) is a left A-module (since CG
is a (CH,CG)-bimodule). As a consequence, Homcy (CG,U) is a CG-module. Prove that this CG-module

is isomorphic to Indg U.

Remark 4.1.5. Some texts define the induction Ind$ U of a CH-module U to be Homey (CG,U) (rather
than to be CG ®cpy U, as we did).’* As Exercise 4.1.4 shows, this definition is equivalent to ours as long as
G is finite (but not otherwise).

Exercise 4.1.4 yields the following “wrong-way” version of Frobenius reciprocity:

Exercise 4.1.6. Let G be a finite group; let H < G. Let U be a CG-module, and let V' be a CH-module.
Prove that Homeg (U, Ind§; V) & Homey (Resf; U, V).

193This follows by comparing the value of XndG v (g9) obtained from (4.1.3) with the value of (Indg (XU)) (g9) found using

(4.1.4).
1940y they define it as a set of morphisms of H-sets from G to U (this is how [56, Def. 5.8.1 (Def. 4.28 in the arXiv version)]
defines it); this is easily seen to be equivalent to Homcy (CG, U).
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4.1.5. Mackey’s formula. Mackey gave an alternate description of a module which has been induced and
then restricted. To state it, for a subgroup H < G and ¢ in G, let HI := g~'Hg and 9H := gHg~'. Given
a CH-module U, say defined by a homomorphism H % GL(U), let U9 denote the C[gH g~ ']-module on the
same C-vector space U defined by the composite homomorphism
9H — H 2 GLU).
h = g thg

Theorem 4.1.7. (Mackey’s formula) Consider subgroups H, K < G, and any CH-module U. If {g1, ..., g:}
are double coset representatives for K\G/H, then

t
Resf{ Indg U g @ IndeﬂK ((ResgﬂK-‘ii U) gi)

=1

Proof. In this proof, all tensor product symbols ® should be interpreted as ®cp. Recall CG has C-basis
{tg}gec. For subsets S C G, let C[S] denote the C-span of {t,}4cs in CG.

Note that each double coset KgH gives rise to a sub-(K, H)-bimodule C[KgH| within CG, and one has
a CK-module direct sum decomposition

t
Indf U =CGaU =@HC[KgH| @ U.
=1

Hence it suffices to check for any element g in G that
C[KgH]® U 2= Ind, ( (Resk o U)g) .

Note that H N K is the subgroup of K consisting of the elements k in K for which kgH = gH. Hence by
picking {k1,...,ks} to be coset representatives for K/(9H N K), one disjointly decomposes the double coset

KgH = | | k;(*H N K)gH,
j=1

giving a C-vector space direct sum decomposition

ClKgH) @ U = é«:[kj (HNK)gH| @ U

j=1
>~ Ind%;nx (C[CHNK)gH| @ U) .

So it remains to check that one has a C[9H N K]-module isomorphism

Cl*HNK)gH]® U = (Rest xo U)’.

Bearing in mind that, for each k in 9H N K and h in H, one has g~ 'kg in H and hence
thgh QU =1y tg-1pgp QU=14® g Ykgh - u
one sees that this isomorphism can be defined by mapping
thgh @ U —> g Ykgh - u.
O
4.1.6. Inflation and fized points. There are two (adjoint) constructions on representations that apply when

one has a normal subgroup K < G. Given a C[G/K]-module U, say defined by the homomorphism G/K %
GL(U), the inflation of U to a CG-module Inﬂg/K U has the same underlying space U, and is defined by
the composite homomorphism G' — G/K % GL(U). We will later use the easily-checked fact that when
H < G is any other subgroup, one has

(4.1.10) Res$ Inﬂg/K U= Inﬂg/HﬂK ReS%f{mK .

(We regard H/H N K as a subgroup of G/K, since the canonical homomorphism H/H N K — G/K is
injective.)
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Inflation turns out to be adjoint to the K -fized space construction sending a CG-module V to the C[G/K]-
module

E={veV:ik@w)=vforke K}

Note that V¥ is indeed a G-stable subspace: for any v in VX and g in G, one has that g(v) lies in VX since
an element k in K satisfies kg(v) = g - g~ 'kg(v) = g(v) as g~ 'kg lies in K. One has this adjointness

(4.1.11) Homeg (Infig x U, V) = Homg(g 1 (U, V)

because any CG-module homomorphism ¢ on the left must have the property that kp(u) = @(k(u)) = p(u)
for all k¥ in K, so that ¢ actually lies on the right.
We will also need the following formula for the character xy x in terms of the character xy:

(4.1.12) xvk (gK) = | Z xv (gk).
keK

To see this, note that when one has a C-linear endomorphism ¢ on a space V' that preserves some C-subspace

W cV,if V5 W is any idempotent projection onto W, then the trace of the restriction ©|lw equals the

trace of p o on V. Applying this to W = VE and ¢ = ¢, with 7 = ﬁ > rer ki, gives (4.1.12).19°
Another way to restate (4.1.12) is:

(4.1.13) xvr(gK) = K Z xv(h
hegK

Inflation and K-fixed space construction can also be defined on class functions. For inflation, this is par-
ticularly easy: Inflation Infl /i fofan f € Re(G/K) is defined as the composition G G/K  .c.

This is a class function of G and thus lies in R¢(G). Thus, inflation Inﬂg/K is a C-linear map Rc(G/K) —
Rc(G). Tt restricts to a Z-linear map R(G/K) — R(G), since it is clear that every C(G/K)-module U
satisfies Inﬂg/K XU = Xnfg , U-

We can also use (4.1.12) (or (4.1.13)) as inspiration for defining a “K-fixed space construction” on class
functions. Explicitly, for every class function f € Rc(G), we define a class function f¥ € Rc(G/K) by

P00 = g 3 Sk = g 3 10

keK hegK

The map (-)* : Re(G) = Re(G/K), f— fK is C-linear, and restricts to a Z-linear map R(G) — R(G/K).
Again, we have a compatibility with the K-fixed point construction on modules: We have xyx = (XV)K for
every CG-module V.

Taking characters in (4.1.11), we obtain

(4.1.14) (g, xv, xv)e = (xvs X¥ ek

for any C[G/K]-module U and any CG-module V (since Xinflg,, U = Inﬂg/K xv and xyx = (xv)™). By
Z-linearity, this implies that

(Inﬁg/K a,B)G = (a’ﬁK)G/K

for any class functions @ € R¢ (G/K) and 8 € Rc (G).
There is also an analogue of (4.1.6):

Lemma 4.1.8. Let Gy and G2 be two groups, and K1 < G; and Ky < G2 be two respective subgroups.
Let U; be a CG;-module for each i € {1,2}. Then,

(4.1.15) (U1 @ Up)" "2 = U @ US>
(as subspaces of U; ® Us).

195For another proof of (4.1.12), see Exercise 4.1.14(1).
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Proof. The subgroup K71 = Kj x1 of G1 XxG2 acts on U; ®Us, and its fixed points are (U; ® UQ)K1 = UlK1 @Us
(because for a CK;-module, tensoring with Uy is the same as taking a direct power, which clearly commutes
with taking fixed points). Similarly, (U; ® U)™* = Uy ® U2, Now,

(U1 @ Up) 2 = (U1 @ Un)™' 0 (U1 @ Un) ™2 = (UlKl ®U2) n (Ul ®U2Kz> =U"®U;*

according to the known linear-algebraic fact stating that if P and @ are subspaces of two vector spaces U
and V, respectively, then (P V)N (U ®Q) =P Q. O

Exercise 4.1.9. (a) Let G; and G4 be two groups. Let V; and W; be finite-dimensional CG;-modules
for every i € {1,2}. Prove that the C-linear map

Homcg, (Vi, W1) ® Homeg, (Va, Wa) — Homeyg, xa,) (Vi @ Vo, W1 @ Wa)

sending each tensor f®g to the tensor product f®g of homomorphisms is a vector space isomorphism.
(b) Use part (a) to give a new proof of (4.1.2).

As an aside, (4.1.10) has a “dual” analogue:
Exercise 4.1.10. Let G be a finite group, and let K<G and H < G. Let U be a CH-module. As usual, regard

K
H/(H N K) as a subgroup of G/K. Show that (Indg U) = Indgﬁ(}mm (UHNEK) as C[G/K]-modules.

Inflation also “commutes” with induction:

Exercise 4.1.11. Let G be a finite group, and let K < H < G be such that K <G. Thus, automatically,
K < H, and we regard the quotient H/K as a subgroup of G/K. Let V be a C[H/K]-module. Show that

Inﬂg/K Indgﬁi V= Indfl Inﬂg/K V as CG-modules.

Exercise 4.1.12. Let G be a finite group, and let K <G. Let V be a CG-module. Let Iy x denote the
C-vector subspace of V' spanned by all elements of the form v — kv for k € K and v € V.

(a) Show that Iy k is a CG-submodule of V.

(b) Let Vi denote the quotient CG-module V/Iy, k. (This module is occasionally called the K -coinvariant
module of V', a name it sadly shares with at least two other non-equivalent constructions in algebra.)
Show that Vi = Inﬂg/K (V) as CG-modules. (Use char C = 0.)

In the remainder of this subsection, we shall briefly survey generalized notions of induction and restriction,
defined in terms of a group homomorphism p rather than in terms of a group G and a subgroup H. These
generalized notions (defined by van Leeuwen in [111, §2.2]) will not be used in the rest of these notes, but
they shed some new light on the facts about induction, restriction, inflation and fixed point construction
discussed above. (In particular, they reveal that some of said facts have common generalizations.)

The reader might have noticed that the definitions of inflation and of restriction (both for characters and
for modules) are similar. In fact, they both are particular cases of the following construction:

Remark 4.1.13. Let G and H be two finite groups, and let p : H — G be a group homomorphism.
o If f € Rc(G), then the p-restriction Res, f of f is defined as the map fop: H — C. This map is
easily seen to belong to Rc (H).
o If V is a CG-module, then the p-restriction Res, V' of V is the CH-module with ground space V'
and action given by

h-v=p(h)-v for every h € H and v € V.

This construction generalizes both inflation and restriction: If H is a subgroup of G, and if p: H — G is
the inclusion map, then Res, f = Res% f (for any f € Rc (G)) and Res, V = Res% V (for any CG-module
V). If, instead, we have G = H/K for a normal subgroup K of H, and if p : H — G is the projection map,
then Res, f = Infl] 5 f (for any f € Re (H/K)) and Res, V = Inflj] , V (for any C [H/K]-module V).

A subtler observation is that induction and fixed point construction can be generalized by a common
notion. This is the subject of Exercise 4.1.14 below.

Exercise 4.1.14. Let G and H be two finite groups, and let p : H — G be a group homomorphism. We
introduce the following notations:
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o If f € Rc (H), then the p-induction Ind, f of f is a map G — C which is defined as follows:

(Ind, f) (9) = ﬁ Z f(h) for every g € G.
(h,k)EH XG;
kp(h)k~'=g
o If U is a CH-module, then the p-induction Ind, U of U is defined as the CG-module CG ®cqg U,
where CG is regarded as a (CG, CH)-bimodule according to the following rule: The left CG-module
structure on CG is plain multiplication inside CG; the right CH-module structure on CG is induced
by the C-algebra homomorphism C [p] : CH — CG (thus, it is explicitly given by vn =~ - (Cp])n
for all v € CG and n € CH).
Prove the following properties of this construction:
(a) For every f € Rc (H), we have Ind, f € Rc (G).
(b) For any finite-dimensional CH-module U, we have Xind, v = Ind, xv-
(c) If H is a subgroup of G, and if p : H — G is the inclusion map, then Ind, f = Indg f for every
f € Rc (H)
(d) If H is a subgroup of G, and if p : H — G is the inclusion map, then Ind, U = Indg U for every
CH-module U.
(e) It G = H/K for some normal subgroup K of H, and if p : H — G is the projection map, then
Ind, f = f¥ for every f € Rc (H).
(f) If G = H/K for some normal subgroup K of H, and if p : H — G is the projection map, then
Ind, U = UX for every CH-module U.
(g) Any class functions a € Re (H) and 5 € Re (G) satisty

(4.1.16) (Indp Oz,,B)G = (a,Resp /B)H
and

(4.1.17) (Ind, a, B) ; = (v, Res, B) ;-

(See Remark 4.1.13 for the definition of Res, /3.)

(h) We have Homcg (Ind, U, V) = Homcy (U, Res, V) for every CH-module U and every CG-module
V. (See Remark 4.1.13 for the definition of Res, V)

(i) Similarly to how we made CG into a (CG, CH )-bimodule, let us make CG into a (CH, CG)-bimodule
(so the right CG-module structure is plain multiplication inside CG, whereas the left CH-module
structure is induced by the C-algebra homomorphism C [p] : CH — CG). If U is any CH-module,
then the CG-module Homcy (CG,U) (defined as in Exercise 4.1.4 using the (CH,CG)-bimodule
structure on CG) is isomorphic to Ind, U.

(j) We have Homeg (U,Ind, V') =2 Homcpg (Res, U, V) for every CG-module U and every CH-module
V. (See Remark 4.1.13 for the definition of Res, V.)

Furthermore:

(k) Use the above to prove the formula (4.1.3).
(1) Use the above to prove the formula (4.1.12).

[Hint: Part (b) of this exercise is hard. To solve it, it is useful to have a way of computing the trace of a
linear operator without knowing a basis of the vector space it is acting on. There is a way to do this using
a “finite dual generating system”, which is a somewhat less restricted notion than that of a basis'?®. Try to
create a finite dual generating system for Ind, U from one for U (and from the group G), and then use it to
compute Xind, U-

196\ ore precisely: Let K be a field, and V be a K-vector space. A finite dual generating system for V means a triple
(17 (@i)ser s (fi)z‘el)v where
e [ is a finite set;
o (ai);c; is a family of elements of V;
o (fi);er is a family of elements of V* (where V* means Homg (V,K))

such that every v € V satisfies v = >, fi (v) a;. For example, if (e;) ., is a finite basis of the vector space V, and if

JE
" . . " . . ) ) " . . . .
(ej>j€J is the basis of V* dual to this basis (e; )jeﬁ then ( J, (ej)jej, (ej)jei) is a finite dual generating system for V;
however, most finite dual generating systems are not obtained this way.
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The solution of part (i) is a modification of the solution of Exercise 4.1.4, but complicated by the fact
that H is no longer (necessarily) a subgroup of G. Part (f) can be solved by similar arguments, or using
part (i), or using Exercise 4.1.12(b).]

The result of Exercise 4.1.14(h) generalizes (4.1.7) (because of Exercise 4.1.14(d)), but also generalizes
(4.1.11) (due to Exercise 4.1.14(f)). Similarly, Exercise 4.1.14(g) generalizes both (4.1.9) and (4.1.14). Sim-
ilarly, Exercise 4.1.14(i) generalizes Exercise 4.1.4, and Exercise 4.1.14(j) generalizes Exercise 4.1.6.

Similarly, Exercise 4.1.3 is generalized by the following exercise:

Exercise 4.1.15. Let G1, G2, H; and Hy be four finite groups. Let p; : H — G1 and py : Hy — Go
be two group homomorphisms. These two homomorphisms clearly induce a group homomorphism p; X po :
H{ x Hy — G1 X Go. Let Uy be a CHi-module, and Us be a CHs-module. Show that

Ind,, xp, (U1 ® Us) = (Ind,, U1) ® (Ind,, Us)
as C[G1 x GzJ-modules.
The Ind, and Res, operators behave “functorially” with respect to composition. Here is what this means:
Exercise 4.1.16. Let G, H and I be three finite groups. Let p: H — G and 7 : I — H be two group

homomorphisms.

(a) We have Ind, Ind, U = Ind,o, U for every CI-module U.
(b) We have Ind, Ind, f = Ind,o, f for every f € Rc (I).

(c) We have Res; Res, V' = Res,o. V for every CG-module V.
(d) We have Res; Res, f = Res,or f for every f € Rc (G).

Exercise 4.1.16(a), of course, generalizes Exercise 4.1.2.

4.1.7. Semidirect products. Recall that a semidirect product is a group G x K having two subgroups G, K
with

e K < (G x K) is a normal subgroup,
e Gx K=GK = KG, and
e GNK = {e}.

In this setting one has two interesting adjoint constructions, applied in Section 4.5.

Proposition 4.1.17. Fix a C[G x K]-module V.
(i) For any CG-module U, one has C[G x K|]-module structure
OU):=U®YV,
determined via
kE(u®v) =u® k(v),
9(u@v) = g(u) ® g(v).
(ii) For any C[G x K]-module W, one has CG-module structure

(W) := Homgg (Res& K V, ResG* 5 W),
determined via g(¢) = gopog™t.
(iii) The maps

CG — mods % C[G x K] — mods

The crucial observation is now that if (1, (a:);c;, (fi);c;) is a finite dual generating system for a vector space V, and if T
is an endomorphism of V, then

trace T = Z fi (Ta;).

iel

Prove this!
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are adjoint in the sense that one has an isomorphism

Homcg(U, ‘I’(W)) — HomC[GxK] ((D(U), W)
| |
HOIH(C(;(U, HOH](CK (RGSIG(KK V, RGSIG(KK W)) HOmc[GxK] (U X V, W)
@ — P(u®v) = p(u)(v)

(iv) One has a CG-module isomorphism
(U o ®)(U) =2 U @ Endcg (Res$* K V).
In particular, if Res?(“( V is a simple CK-module, then (Vo ®)(U) 2 U.

Proof. These are mostly straightforward exercises in the definitions. To check assertion (iv), for example,
note that K acts only in the right tensor factor in Resf{xK (U ® V), and hence as CG-modules one has

(¥ 0 ®)(U) = Homeg (ResS* KV, ResG* K (U @ V)
= Homeg (Res$ XV, U @ Res§ K V)
=U® Hom@K(ReS?{'XK V, Resg"(K V)
= U ® Endcg (Res$ 5 V)

4.2. Three towers of groups. Here we consider three towers of groups
G*:(G0<G1<G2<G3<"')

where either

o G, = 6, the symmetric group'®”, or
o G, = 6,[I', the wreath product of the symmetric group with some arbitrary finite group I, or

e G, = GL,(F,), the finite general linear group'®®.

Here the wreath product &,,[I'] can be thought of informally as the group of monomial n x n matrices whose
nonzero entries lie in I', that is, n x n matrices having exactly one nonzero entry in each row and column,
and that entry is an element of I'. E.g.

0 g2 O 0 0 g6 0 9295 O
g1 0 0 0 g5 0|=1]0 0 9196
0 0 g3 94 O O gsgs O 0

More formally, &,[T'] is the semidirect product &, x I'" in which &, acts on I'™ via o(y1,...,7) =
(70*1(1)’ s ﬂ’YU*l(n))'

For each of the three towers G., there are embeddings G; x G; — G4, and we introduce maps ind;';j
taking C[G; x G;]-modules to CG; ;-modules, as well as maps res::;j
which are adjoint:

carrying modules in the reverse direction

(4.2.1) Homeg,,, (ind; 7 U, V) = Home(g, g, (U, res, 7 V).

i+i

Definition 4.2.1. For G,, = &,,, one embeds &; x &; into &;;; as the permutations that permute
{1,2,...,i} and {i+1,i+2,...,i+ j} separately. Here one defines

i Siy;
1ndﬁj = Ind 2"’

S; ><6j )
i+j Siyj
res; ;1= RGSGixej

197 The symmetric group S is the group of all permutations of the empty set {1,2,...,0} = @. It is a trivial group. (Note
that &1 is also a trivial group.)
198The group GLy(Fy) is a trivial group, consisting of the empty 0 X 0 matrix.
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For G,, = 6,,[I'], similarly embed &;[I'] x &;[I'] into &;4;[I'] as block monomial matrices whose two diagonal
blocks have sizes i, j respectively, and define

T R Sy [T

1nd;’j3 = Indeif}]x@j[r],
itj . _ Siy;[T]
iy = Rese e, r
For G,, = GL,(F,;), which we will denote just GL,, similarly embed GL; x GL; into GL;;; as block
diagonal matrices whose two diagonal blocks have sizes i, j respectively. However, one also introduces as an
intermediate the parabolic subgroup P; ; consisting of the block upper-triangular matrices of the form

res

P
10 gj
where g;, g; lie in GL;, GLj, respectively, and £ in F*J is arbitrary. One has a quotient map P; ; — GL; xGL;
whose kernel Kj; ; is the set of matrices of the form

I, ¢
0 I

1

<

with ¢ again arbitrary. Here one defines

o it GLiy; P;j
ind; " = Inde_ IlrlﬂGLMGLj7

In the case G,, = GL,,, the operation indjjj is sometimes called parabolic induction or Harish-Chandra
o

i ve

writing it as the above two-step composite makes it more obvious, (via (4.1.7) and (4.1.11)) that resZ;J is

induction. The operation res;” is essentially just the Kj; j-fixed point construction V' — Vi, However

again adjoint to indzj;j .
Definition 4.2.2. For each of the three towers G, define a graded Z-module
A= A(G.) = P R(Gn)
n>0
with a bilinear form (-,-)4 whose restriction to A, := R(G,) is the usual form (:,-)g,, and such that

Y =[], Irr(G,) gives an orthonormal Z-basis. Notice that Ay = Z has its basis element 1 equal to the
unique irreducible character of the trivial group Gy.

Bearing in mind that 4,, = R(G,,) and
one then has candidates for product and coproduct defined by

m = mdzij : Az ® Aj — AiJrj
A= @iﬂ,:n res;)jﬂ : A, — @Hj:n A; ® Aj.

The coassociativity of A is an easy consequence of transitivity of the constructions of restriction and fixed
points'??. We could derive the associativity of m from the transitivity of induction and inflation, but this
would be more complicated??; we will instead prove it differently.

We first show that the maps m and A are adjoint with respect to the forms (-,-) , and (-, ) 4o 4- In fact,
it U, V, W are modules over CG;, CG;, CG,4;, respectively, then we can write the C[G; x G;]-module
res;';] W as a direct sum @, Xi ® Y, with X}, being CG;-modules and Y}, being CGj-modules; we then have

(4.2.2) restt xw =Y xx, @ X,
k

199\ ore precisely, using this transitivity, it is easily reduced to proving that K4 ;- (K;; X {Ix}) = K; jtk - ({[z} X Kj,k)
an equali etween subgroups o idtitk)- is equality can be proven realizing that both of its sides equal the set o
lity b bg f GLiqj1 Thi lity b by lizing that both of i id 1 th f

I, ¢ m
all block matrices of the form ( 0 I, n > with ¢, m and n being matrices of sizes i X j, ¢ X k and j X k, respectively.
0 0 I

2008¢e Exercise 4.3.11(c) for such a derivation.
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and

(m(xv ®@xv), ( T (xvev) XW)A = (indﬁj (xvev) 7XW)

i+3j

(XU@VJGSU XW) = <XU®V» E XXp ®XYk>
GiXGj
k GiXG]‘

= Z (XU@V’ XXk®Yk)Gi><G]~ = Z (XUa XXk)Gi (XVa XYk)G]
k k
(the third equality sign follows by taking dimensions in (4.2.1) and recalling (4.1.1); the fourth equality sign
follows from (4.2.2); the sixth one follows from (4.1.2)) and

(Xu @xv, A(Xw)) aga = (XU ®XV,TGS;J§] XW)A®A = (XU ® XV»ZXXk ® ka>
k A®A

= wsxx)a (v xwida = O (xws xxi)a, (Xvs xwg,
k k
(the first equality sign follows by removing all terms in A (xw ) whose scalar product with xy ® xy van-
ishes for reasons of gradedness; the second equality sign follows from (4.2.2)), which in comparison yield
(m(xv®xv),xw)s = (xu @ Xxv,A(Xw)) gqa, thus showing that m and A are adjoint maps. Therefore,
m is associative (since A is coassociative).

Endowing A = ,,~, R(G,,) with the obvious unit and counit maps, it thus becomes a graded, finite-type
Z-algebra and Z-coalgebra.

The next section addresses the issue of why they form a bialgebra. However, assuming this for the mo-
ment, it should be clear that each of these algebras A is a PSH having ¥ = | |, ., Irr(G,,) as its PSH-basis. ¥
is self-dual because m, A are defined by adjoint maps, and it is positive because m, A take irreducible repre-
sentations to genuine representations not just virtual ones, and hence have characters which are nonnegative
sums of irreducible characters.

Exercise 4.2.3. Let ¢, j and k be three nonnegative integers. Let U be a C&;-module, let V' be a C&;-
module, and let W be a C&y-module. Show that there are canonical C [&; x &; x Sy]-module isomorphisms

Indg; Vs, (S, (U@ V)@ W) 2 g o, (U VO W)

S; it+j XSk
= Indg ", (Ve mddls, (vew)).

(Similar statements hold for the other two towers of groups and their respective ind functors, although
the one for the GL, tower is harder to prove. See Exercise 4.3.11(a) for a more general result.)

4.3. Bialgebra and double cosets. To show that the algebra and coalgebras A = A(G.) are bialgebras,
the central issue is checking the pentagonal diagram in (1.3.4), that is, as maps A® A — A® A, one has

(4.3.1) Aom=(m®@m)o (id®T ®id) o (A ® A).

In checking this, it is convenient to have a lighter notation for various subgroups of the groups G,
corresponding to compositions .

Definition 4.3.1. (a) An almost-composition is a (finite) tuple o = (a1,aq,...,ap) of nonnegative
integers. Its length is defined to be £ and denoted by £(«); its size is defined to be oy +ag + -+ ay
and denoted by |af; its parts are its entries aj,as,...,a,. The almost-compositions of size n are
called the almost-compositions of n.

(b) A composition is a finite tuple of positive integers. Of course, any composition is an almost-
composition, and so all notions defined for almost-compositions (like size and length) make sense for
compositions.

Note that any partition of n (written without trailing zeroes) is a composition of n. We write &
(and sometimes, sloppily, (0), when there is no danger of mistaking it for the almost-composition
(0)) for the empty composition ().
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Definition 4.3.2. Given an almost-composition o = (a, ..., ay) of n, define a subgroup
Ga 2 Gy, XX Gy, <Gy

via the block-diagonal embedding with diagonal blocks of sizes (a1,...,ay). This G, is called a Young
subgroup &, when G,, = &,,, and a Levi subgroup when G,, = GL,. In the case when G,, = &,[I'], we also
denote G, by G,[I']. In the case where G,, = GL,, also define the parabolic subgroup P, to be the subgroup
of G,, consisting of block-upper triangular matrices whose diagonal blocks have sizes (a1, ..., ay), and let K,
be the kernel of the obvious surjection P, — G, which sends a block upper-triangular matrix to the tuple
of its diagonal blocks whose sizes are a1, az, ..., ap. Notice that P; j;y = P; ; for any ¢ and j with i + j = n;
similarly, K; ;) = K; ; for any i and j with i + j = n. We will also abbreviate G(; ;) = Gi X G; by G, ;.

When (a1, az, ..., q) is an almost-composition, we abbreviate G q, as.....as) PY Gay,as,...,a, (and similarly
for the P’s).

Definition 4.3.3. Let K and H be two groups, 7 : K — H a group homomorphism, and U a CH-module.
Then, U7 is defined as the CK-module with ground space U and action given by k-u = 7(k)-u for all k € K
and u € U.  2%! This very simple construction generalizes the definition of U9 for an element g € G, where
G is a group containing H as a subgroup; in fact, in this situation we have U9 = U", where K = 9H and
7: K — H is the map k — g~ 'kg.

Using homogeneity, checking the bialgebra condition (4.3.1) in the homogeneous component (4 ® A),
amounts to the following: for each pair of representations Ui, Us of G, , G, with r| 4+ ry = n, and for each
(c1,¢2) with ¢1 + ¢ = n, one must verify that

res; ., (indfhr2 (U ® Uz))
4.3.2 . e . § -1
( ) = @ (lndaluﬂzl ® lndaiz,azz) ((rcsalu,au Ul ® rosa2217a22 Uz) . )
A

a1l 612
a1 a22
(c1,¢2), and where 74 is the obvious isomorphism between the subgroups

Ga117a123a21)a22 (< GTI)T2)

Ga117a217a12,a22 (< Gclch)

(we are using the inverse T;l of this isomorphism 74 to identify modules for the first subgroup with modules
for the second subgroup, according to Definition 4.3.3).

As one might guess, (4.3.2) comes from the Mackey formula (Theorem 4.1.7), once one identifies the
appropriate double coset representatives. This is just as easy to do in a slightly more general setting.

where the direct sum is over all matrices A = { ] in N2%2 with row sums (71, 72) and column sums

(4.3.3)

Definition 4.3.4. Given almost-compositions a, 3 of n having lengths ¢, m and a matrix A in N°*™ with
row sums « and column sums §, define a permutation wy in &, as follows. Disjointly decompose [n] =
{1,2,...,n} into consecutive intervals of numbers

[n] =L u---ul

[n)=Ji U Udpy
such that |I;| = «,|J;| = B;. For every j € [m], disjointly decompose J; into consecutive intervals of
numbers J; = J; 1 U Jjo U---UJ;, such that every ¢ € [(] satisfies |J; ;| = a;;. For every ¢ € [¢], disjointly
decompose I; into consecutive intervals of numbers I; = I; 1 UL o U+ - - UL, such that every j € [m] satisfies
|I; ;| = a;j. Now, for every i € [{] and j € [m], let m; ; be the increasing bijection from J;; to I; ; (this is
well-defined since these two sets both have cardinality a;;). The disjoint union of these bijections m; ; over
all 4 and j is a bijection [n] — [n] (since the disjoint union of the sets J;; over all ¢ and j is [n], and so is
the disjoint union of the sets I; ;), that is, a permutation of [n]; this permutation is what we call w4.

Example 4.3.5. Taking n =9 and o = (4,5), 5 = (3,4,2), one has
I :{1a2a374}7 I, = {536777879}
Ji=1{1,2,3}, Jo=1{4,56,7}, Jy=1{8,0}.

201WWe have already met this CK-module U” in Remark 4.1.13, where it was called Res, U.



HOPF ALGEBRAS IN COMBINATORICS 107

2 20

1 9 2} , and its associated permu-

Then one possible matrix A having row and column sums «, 8 is A = [

tation w4 written in two-line notation is
123 1] 456 7|89
1253467189

with vertical lines dividing the sets J; on top, and with elements of I; underlined ¢ times on the bottom.

Remark 4.3.6. Given almost-compositions « and § of n having lengths ¢ and m, and a permutation w € &,,.
It is easy to see that there exists a matrix A € N*X™ satisfying ws = w if and only if the restriction of w
to each .J; and the restriction of w™! to each I; are increasing. In this case, the matrix A4 is determined by
aij = |’LU(JJ) n Il|

Among our three towers G, of groups, the symmetric group tower (G, = &,,) is the simplest one. We
will now see that it also embeds into the two others, in the sense that &,, embeds into &,[I'] for every T
and into GL, (F,) for every g.

First, for every n € N and any group I', we embed the group &,, into &,[I'] by means of the canonical
embedding 6,, - &, x I'" = G,[[']. If we regard elements of &,[I'] as n x n monomial matrices with
nonzero entries in T', then this boils down to identifying every m € &,, with the permutation matrix of 7 (in
which the 1’s are read as the neutral element of T'). If « is an almost-composition of n, then this embedding
&, — 6, [I'] makes the subgroup &, of &,, become a subgroup of &, [['], more precisely a subgroup of
G, I <6, ][I

For every n € N and every ¢, we embed the group &,, into GL,, (F,) by identifying every permutation
7 € 6,, with its permutation matrix in GL,, (F,). If a is an almost-composition of n, then this embedding
makes the subgroup &, of &,, become a subgroup of GL,, (F,). If we let G,, = GL,, (F,), then &, < G, <
P,.
The embeddings we have just defined commute with the group embeddings G,, < G,,11 on both sides.

Proposition 4.3.7. The permutations {wa} as A runs over all matrices in N°*™ having row, column sums
«, B give a system of double coset representatives for

S \G,/ S5

CAINNCRINECEIY

P,\GL,/Ps
Proof. First note that double coset representatives for 6,\&,,/S3 should also provide double coset repre-
sentatives for 6,[I']\&,[I']/&3[I, since

Go[l] =6, I" =T"6,.

We give an algorithm to show that every double coset G,w& s contains some w,. Start by altering w within
its coset wSg, that is, by permuting the positions within each set J;, to obtain a representative w’ for wSg
in which each set w'(J;) appears in increasing order in the second line of the two-line notation for w’. Then
alter w’ within its coset S,w’, that is, by permuting the values within each set I;, to obtain a representative
w4 having the elements of each set I; appearing in increasing order in the second line; because the values

within each set I; are consecutive, this alteration will not ruin the property that one had each set w’(J;)
appearing in increasing order. For example, one might have

1
wA<1

Next note that S,wa65 = G,wpSg implies A =
a; j(w) := [w(J;) N L]

are easily seen to be constant on double cosets G, wSg.

9> € G, C G 'G5 =6,wSp

(1 23| 4567|809
YT“es 25391716
(1234567 [ 89 o
“Tl2 a8 13596 1)
2 3] 456 7] 89
2 5] 3 467 8
S B

, since the quantities
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A similar argument shows that PywaPs = PywpPs implies A = B: for g in GL,,, the rank 7;;(g) of the
matrix obtained by restricting g to rows I; U I;4; U--- U I, and columns J; U Jy U --- U J; is constant on
double cosets P,gPg, and for a permutation matrix w one can recover a; ;(w) from the formula

a;,j(w) = rij(w) = rij-1(w) = riy1;(w) 4+ rigyj-1(w).

Thus it only remains to show that every double coset P,gPg contains some wy4. Since &, < F,, and we
have seen already that every double coset &, w&Sg contains some wy, it suffices to show that every double
coset P,gPs contains some permutation w. However, we claim that this is already true for the smaller
double cosets BgB where B = Pjn is the Borel subgroup of upper triangular invertible matrices, that is, one
has the usual Bruhat decomposition

GL,= | | BwB.
weS,

To prove this decomposition, we show how to find a permutation w in each double coset BgB. The freedom
to alter g within its coset gB allows one to scale columns and add scalar multiples of earlier columns to later
columns. We claim that using such column operations, one can always find a representative g’ for coset gB
in which

e the bottommost nonzero entry of each column is 1 (call this entry a pivot),

e the entries to right of each pivot within its row are all 0, and

e there is one pivot in each row and each column, so that their positions are the positions of the 1’s

in some permutation matrix w.

In fact, we will see below that BgB = BwB in this case. The algorithm which produces ¢’ from g is simple:
starting with the leftmost column, find its bottommost nonzero entry, and scale the column to make this
entry a 1, creating the pivot in this column. Now use this pivot to clear out all entries in its row to its right,
using column operations that subtract multiples of this column from later columns. Having done this, move
on to the next column to the right, and repeat, scaling to create a pivot, and using it to eliminate entries to
its right.?"2

For example, the typical matrix g lying in the double coset BwB where

(123|456 7] 89
4821|5391 716
t

from before is one that can be altered within its coset gB to look like this:
[+ % % % % % 1 0 0]
* x 1 0 0 0 0 0 O
* x 0 x 1 0 0 0 O
10 00 00 O0O0O
g=10 = 01 0 0 0 0 0| cgB.
0 000 % 0 * 1
0« 000 = 010
01000 0O0O0O
00000 1000

Having found this ¢’ in ¢gB, a similar algorithm using left multiplication by B shows that w lies in By’ C
Bg'B = BgB. This time no scalings are required to create the pivot entries: starting with the bottom row,
one uses its pivot to eliminate all the entries above it in the same column (shown by stars * above) by adding

20274 gee that this works, we need to check three facts:

(a) We will find a nonzero entry in every column during our algorithm.
(b) Our column operations preserve the zeroes lying to the right of already existing pivots.
(c) Every row contains exactly one pivot at the end of the algorithm.

But fact (a) simply says that our matrix can never have an all-zero column during the algorithm; this is clear (since the rank of
the matrix remains constant during the algorithm and was n at its beginning). Fact (b) holds because all our operations either
scale columns (which clearly preserves zero entries) or subtract a multiple of the column ¢ containing the current pivot from a
later column d (which will preserve every zero lying to the right of an already existing pivot, because any already existing pivot
must lie in a column b < ¢ and therefore both columns ¢ and d have zeroes in its row). Fact (c) follows from noticing that
there are n pivots altogether at the end of the algorithm, but no row can contain two of them (since the entries to the right of
a pivot in its row are 0).



HOPF ALGEBRAS IN COMBINATORICS 109

multiples of the bottom row to higher rows. Then do the same using the pivot in the next-to-bottom row,
etc. The result is the permutation matrix for w. O

Remark 4.3.8. The Bruhat decomposition GL,, = | ], s BwB is related to the so-called LPU factorization
— one of a myriad of matrix factorizations appearing in linear algebra.?’® It is actually a fairly general
phenomenon, and requires neither the finiteness of F, nor the invertibility, nor even the squareness of the
matrices (see Exercise 4.3.9(b) for an analogue holding in a more general setup).

Exercise 4.3.9. Let F be any field.

(a) For any n € N and any A € GL,(F), prove that there exist a lower-triangular matrix L € GL, (F),
an upper-triangular matrix U € GL,(F) and a permutation matrix P € &,, C GL,(F) (here, we
identify permutations with the corresponding permutation matrices) such that A = LPU.

(b) Let n € N and m € N. Let F,, ,, denote the set of all n x m-matrices B € {0,1}"*"™ such that each
row of B contains at most one 1 and each column of B contains at most one 1. We regard F}, ,,, as
a subset of F**™ by means of regarding {0, 1} as a subset of F.

For every k € N, we let By denote the subgroup of GLy(F) consisting of all upper-triangular
matrices.
Prove that
FrXm — |_| ByfBm.
f€Fnm

Corollary 4.3.10. For each of the three towers of groups G, the product and coproduct structures on
A = A(G,) endow it with a bialgebra structure, and hence they form PSH’s.

Proof. The first two towers G, = &, and G,, = &,[I'] have product, coproduct defined by induction,
restriction along embeddings G; x G; < Git;. Hence the desired bialgebra equality (4.3.2) follows from

Mackey’s Theorem 4.1.7, taking G = G,,H = Gy, v, K = G, c,),U = Up ® Us with double coset

representatives?®4

{91,....9:} = {war + A€ N2 A has row sums (r1,72) and column sums (c;,cs)}
and checking for a given double coset
KgH = (Gcl,cz)wAt (GrlaTZ)

indexed by a matrix A in N?*2 with row sums (r1,72) and column sums (¢, cg), that the two subgroups
appearing on the left in (4.3.3) are exactly

HNK"" =G, N (G01,02)wAta

YAtHN K = "4 (Grlﬂ”z) N G017C2’
respectively. One should also apply (4.1.6) and check that the isomorphism 74 between the two subgroups
in (4.3.3) is the conjugation isomorphism by w4: (that is, 74(g) = ’lUAtg’lUZtl for every g € H N K%at). We
leave all of these bookkeeping details to the reader to check. 20°

203gpecifically, an LPU factorization of a matrix A € GLy(F) (for an arbitrary field F) means a way to write A as a product
A = LPU with L € GLy,(F) being lower-triangular, U € GL,(F) being upper-triangular, and P € &, C GLy(F) being a
permutation matrix. Such a factorization always exists (although it is generally not unique). This can be derived from the
Bruhat decomposition (see Exercise 4.3.9(a) for a proof). See also [185] for related discussion.

204Proposition 4.3.7 gives as a system of double coset representatives for G (¢, c,)\Gn/G(r, rp) the elements

{wA .= N2X2, A has row sums (c1, c2) and column sums (r1,r2)}
={wy : A€ N2%2 A has row sums (r1,72) and column sums (c1,c2)}

where A? denotes the transpose matrix of A.
20514 helps to recognize w4+ as the permutation written in two-line notation as

1 2 ... a1 | a1+l ann4+2 ... rm | r4+1 ri4+2 ... abhy | aby+1l abrh+2 ... n
1 2 ... a1 | a4+l caa+2 ... ahy | a4+l ann+2 ... ca | ayy+1 ayy+2 ... n)’
Iy O 0 0

where a’22 =71+ a1 =c1 + a2 =n — azz. In matrix form, w4+ is the block matrix
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For the tower with G,, = GL,,, there is slightly more work to be done to check the equality (4.3.2). Via
Mackey’s Theorem 4.1.7 and Proposition 4.3.7, the left side is
res; ., (indfm2 U1 ® Uz))
Kcl,cz

— (Resy , mafy WA (U@ U))

2

4.3.4 =P | mdu7e Res "2 Infl;* " (U @ UL B
( - ) _@ " wAtPn,rszchz ebP ﬂPu’At I Grlv““z( 19 2)

71,72 €1.¢2

Kcl,cg

where A runs over the usual 2 x 2 matrices. The right side is a direct sum over this same set of matrices A:

-1
s1c1 s 1Ca 1 T TA
@ (1nd¢l11’a21 ® lndam,an) <(resa11,al2 Ur® T€S451,a00 UQ) )

a11,421 12,222

K. K Ta
G, a11,a12 G, a21,a22
Res,™ U) (Res 2 U)
((( Payy.a1s 1 ® Payy,azg 2

Get e
= D S
@ Payy,az1 X Payg,ag0

—1
K x K Ta
P, x P, Gy r 11,9212 21,222
4.3.5 Inf] j2r-02 7 f120022 (Res LT U, ®U )
( ) Gallva2lv”'l2v"'22 P“'ll*"’12><P"'21v“'22( 1® 2)

(by (4.1.6), (4.1.15) and their obvious analogues for restriction and inflation). Thus it suffices to check for
each 2 x 2 matrix A that any CGe, ¢,-module of the form V; ® V2 has the same inner product with the
A-summands of (4.3.4) and (4.3.5). Abbreviate w := w4: and 7 := 7, .

Notice that “ P, ., is the group of all matrices having the block form

A
— Gcl GC? P“'ll »a21 Palz,a22
_ @ (i @iz Yo (Al @)

giu h i

0 g21 0 k

(4.3.6) PR
0 f 0 g

in which the diagonal blocks g;; for 7, j = 1,2 are invertible of size a;; X a;;, while the blocks h, 1, j, k,¢,d, e, f
are all arbitrary matrices?°® of the appropriate (rectangular) block sizes. Hence, Y Ppy ry NPy ¢, is the group
of all matrices having the block form

=

4.3.7
( ) g12

0 g2

OOOS

in which the diagonal blocks g;; for i, = 1,2 are invertible of size a;; x a;;, while the blocks h,1,j, k, ¢
are all arbitrary matrices of the appropriate (rectangular) block sizes; then ¥ Py, ,, N G, ¢, is the subgroup
where the blocks 4, j, k all vanish. The canonical projection “ Py, ., N P, ¢y = “Pr, 1+, N Ge, ¢, (0btained by
restricting the projection P, ., — Ge, ¢,) has kernel Y P, ., N P, ¢, N K¢, ¢, Consequently,

(438) (w‘P’f‘l”"Q m PCI,CZ) / (wP”‘l,T2 m PCLCQ m KCI’CQ) = wPTl,""Z m GCI’C2’
Similarly,
(4.3.9) (Pra NPY ) (Priy NPY o N Ky ) =Gy, NPY .

206The blocks i and J have nothing to do with the indices 4, j in g;;.
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Computing first the inner product of V3 ® Vo with the A-summand of (4.3.4), and using adjointness
properties, one gets

((Res L AP Inﬂg”'f2 (U1 ® Ug))T,

€1,¢2

Pcl c2
Re mIDCI c2

PC ,C
WG (o),

ri,rel ey e
(4.1.10) Pry NP2 . T
L Infl;* " ﬂPiQReSGIZPw (U eUs))
c1,c9 T1s c1,co
“P, NP,
Infl, m rszq °2 Res C1 e NG (Vl ® VQ))
PryrgNGey ey Pry, c1,e2 wp AP,
r1,ra! Wey,eg

(by (4.3.9) and (4.3.8)). One can compute this inner product by first recalling that “ P, ., N P, ¢, is the
group of matrices having the block form (4.3.7) in which the diagonal blocks g;; for ¢,j = 1,2 are invertible
of size a;; x a;j, while the blocks h, 1, j, k, ¢ are all arbitrary matrices of the appropriate (rectangular) block
sizes; then “ P, ., NG, ¢, is the subgroup where the blocks 4, j, k all vanish. The inner product above then

becomes
1 gin 1@ go1  k
[“Pry vy 0 Pey e, Z Xt ( 0 gi2) X2\ 0 ga

(gij)
— g h\_ gi12 14
e < 0 921> Xve < 0 922) '

(4.3.10) (hyi,j,k,0)
If one instead computes the inner product of Vi ® V5 with the A-summand of (4.3.5), using adjointness
properties and (4.1.13) one gets

K x K, o
a11,a12 a21,a22
ResCr1m2 U U)
<(( Pau a12><Pa217a22( 1® 2) ’

K X K,
Gey e ail,azl a12,a22
c1,c0
(Resp X Pay ans e Vz)) )
a11,a21,212,222

1 1 (911 { ) (921 k >
= XU XU
|Ga11,a21,a12,a22‘ (QXU:) ‘Kau’am X Kam,azz‘ (zzk) ' 912 =210 922

1 g h\_ g2/
| K x K, Z Xvy < 21) Xva ( 0 g22/)°

a11,a21 127‘122| (h e)

G

But this right hand side can be seen to equal (4.3.10), after one notes that
|wPT17T2 n P01702| = |Ga11,a21,a127a22| : |KU«1171112 X Kazl,a22| ’ |Ka117a21 X Kll127<122| : #{] € anxam}

and that the summands in (4.3.10) are independent of the matrix j in the summation. ]

We can also define a C-vector space Ac as the direct sum €, ., Rc(G,). In the same way as we have
made A = ,,., R(Gy,) into a Z-bialgebra, we can turn Ac = @;>0 Rec(G,) into a C-bialgebra?”. There
is a C-bilinear form (-, -) A on Ac which can be defined either as the C-bilinear extension of the Z-bilinear
form (-,-) 4 : Ax A — Z to Ac, or (equivalently) as the C-bilinear form on Ac¢ which restricts to (-,)g on

every homogeneous component R¢(G),) and makes different homogeneous components mutually orthogonal.
The obvious embedding of A into the C-bialgebra Ac (obtained from the embeddings R(G,) — Rc(G,,) for

207The definitions of m and A for this C- bialgebra look the same as for A: For instance, m is still defined to be indi+j

on (Ac); ® (Ac);, where 1nd”;7 is defined by the same formulas as in Definition 4.2.1. However, the operators of 1nduct10n
restriction, inflation and K-fixed space construction appearing in these formulas now act on class functions as opposed to
modules.

The fact that these maps m and A satisfy the axioms of a C-bialgebra is easy to check: they are merely the C-linear
extensions of the maps m and A of the Z-bialgebra A (this is because, for instance, induction of class functions and induction
of modules are related by the identity (4.1.5)), and thus satisfy the same axioms as the latter.
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all n) respects the bialgebra operations®°®, and the C-bialgebra Ac can be identified with A ®z C (the result
of extending scalars to C in A), because every finite group G satisfies Re(G) & R(G) ®z C. The embedding
of A into Ac also respects the bilinear forms.

Exercise 4.3.11. Let G, be one of the three towers.
For every almost-composition o = (a1, ag, ..., ap) of n € N, let us define a map ind}, which takes CG-
modules to CGp,-modules as follows: If G, = &, or G, = &, [['], we set

ind}} := Indg" .
If G, = GL,, then we set
ind), := Indg: Inﬂg"0 .
(Note that indj, = ind;’; if o has the form (i, j).)

Similarly, for every almost-composition a@ = (a1, @a,...,ap) of n € N, let us define a map res? which
takes CG,-modules to CG,-modules as follows: If G, = &, or G, = &, [I], we set

resy = Resgz .
If G, = GL,, then we set
G Ko
resyy = (ResP: (—)) .
(Note that resy, = res?; if  has the form (3, j).)

(a) If a = (a1, @9, ...,ap) is an almost-composition of an integer n € N satisfying £ > 1, and if V; is a
CGq,-module for every i € {1,2,..., ¢}, then show that

(1,02, 1)

~ind” (Vi@ Va® - ® V)

in21+a2+...+a271,a[ (inda1+a2+...+az71 (Vl QVa® - ® ‘/Z—l) ® ‘/Z)

= indZ1,a2+a3+~"+az (Vi ® inda2+a3+~~~+a5 (Vi QVs®--® w)) .

(a2,03,...,000)

(b) Solve Exercise 4.2.3 again using Exercise 4.3.11(a).

(¢c) We proved above that the map m : A® A — A (where A = A(G.)) is associative, by using the
adjointness of m and A. Give a new proof of this fact, which makes no use of A.

(d) If @« = (a1,0a2,...,a¢) is an almost-composition of an n € N, and if x; € R(G,,) for every i €
{1,2,...,¢}, then show that

Xixz - xe = indg (X1 @ x2 @ -+ @ xr)
in A=A(G,).
() fneN, e Nand x € R(G,), then show that

ANy = Z resh x

in A®¢, where A = A(G.,). Here, the sum on the right hand side runs over all almost-compositions
« of n having length 2.

4.4. Symmetric groups. Finally, some payoff. Consider the tower of symmetric groups G, = &,, and
A = A(G,) =: A(6). Denote by 1g ,sgng the trivial and sign characters on &,. For a partition A of n,
denote by 1, ,sgng, the trivial and sign characters restricted to the Young subgroup &\ = &, x G, X+,
and denote by 1, the class function which is the characteristic function for the &,,-conjugacy class of
permutations of cycle type .

Theorem 4.4.1. (a) Irreducible complex characters {x*} of &,, are indexed by partitions \ in Par,,,

and one has a PSH-isomorphism, the Frobenius characteristic map?"?,

A=AG) -2 A

208This is because, for example, induction of class functions harmonizes with induction of modules (i.e., the equality (4.1.5)
holds).
2091¢ i unrelated to the Frobenius endomorphisms from Exercise 2.9.9.
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that for n > 0 and \ € Par,, sends

lg, +— hn

sgng, +— en

Xt s

Indgr ls, > ha
Indg;‘ sghg, +—— e
1, — Iz%

(where ch is extended to a C-linear map Ac — Ac) and for n > 1 sends

Loy — &

n

Here, z) is defined as in Proposition 2.5.15.
(b) For each n > 0, the involution on class functions f : &,, — C sending f +— sgng,  *f where

(seng, *f)(g) = sgn(g)f(g)

preserves the Z-sublattice R(S,,) of genuine characters. The direct sum of these involutions induces
an involution on A = A(8) = ,,~, R(6,,) that corresponds under ch to the involution w on A.

Proof. (a) Corollary 4.3.10 implies that the set ¥ = | | ., Irr(&,,) gives a PSH-basis for A. Since a character
x of &,, has B

(4.4.1) Ax) = P Resgl e, X

i+j=n
such an element y € ¥ N A, is never primitive for n > 2. Hence the unique irreducible character p = 1, of
G, is the only element of C = X Np.

Thus Theorem 3.3.3(g) tells us that there are two PSH-isomorphisms A — A, each of which sends ¥ to the
PSH-basis of Schur functions {sy} for A. It also tells us that we can pin down one of the two isomorphisms
to call ch, by insisting that it map the two characters 1g,,sgng, in Irr(S2) to ha,es (and not ey, hs).

Bearing in mind the coproduct formula (4.4.1), and the fact that lg, ,seng, Testrict, respectively, to
trivial and sign characters of &; x &; for i + j = n, one finds that for n > 2 one has sgné2 annihilating 1g ,
and léz annihilating sgng . Therefore Theorem 3.3.1(b) (applied to A) implies 1g ,sgng, are sent under
ch to h,,e,. Then the fact that Indg’; lgx,lndg: sgng, are sent to hy,ey follows via induction products.

Recall that the C-vector space Ac = @,,~, Rc(6,) is a C-bialgebra, and can be identified with A ®z C.
The multiplication and the comultiplicationfof Agc are C-linear extensions of those of A, and are still given
by the same formulas m = ind;"’ and A = @, j=n res; -7 as those of A (but now, induction and restriction
are defined for class functions, not just for representations). The C-bilinear form (-, -) A On Ac extends both
the Z-bilinear form (-,-), on A and the C-bilinear forms (-, ) on all Rc(&y).

For the assertion about 1,, note that it is primitive in Ac for n > 1, because as a class function, the
indicator function of n-cycles vanishes upon restriction to &; x &; for i + j = n if both ¢,j > 1; these
subgroups contain no n-cycles. Hence Corollary 3.1.8 implies that ch(l(n)) is a scalar multiple of p,,. To pin

down the scalar, note p, = m ) 50 (hn,Pn)a = (hn, my)a = 1, while chfl(hn) =1lg, has

1

1
(lGn?l(n)) = o (n—1!= n

210 Thus ch(l,)) = £=. The fact that ch(1,) = £* then follows via induction product calculations?!!. Part
(b) follows from Exercise 4.4.4 below. O

210The first equality sign in this computation uses the fact that the number of all n-cycles in &, is (n — 1)!. This is because
any n-cycle in &, can be uniquely written in the form (i1,42,...,in—1,n) (in cycle notation) with (i1,42,...,in—1) being a
permutation in &, _1 (written in one-line notation).

211xo; instance, one can use (4.1.3) to show that zy1, = A1A2--- )\ZQ(/\l)l()Q) Ly if A= (A1, A2,...,A¢) with £ = £ (N).
See Exercise 4.4.3(d) for the details.
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Remark 4.4.2. The paper of Liulevicius [115] gives a very elegant alternate approach to the Frobenius map

as a Hopf isomorphism A(&) BN A, inspired by equivariant K-theory and vector bundles over spaces which
are finite sets of points!

Exercise 4.4.3. If P is a subset of a group G, we denote by 1p the map G — C which sends every element
of P to 1 and all remaining elements of G to 0. 212 For any finite group G and any h € G, we introduce
the following notations:

e Let Zg (h) denote the centralizer of h in G.

e Let Conj (h) denote the conjugacy class of h in G.

o Define a map ag,n : G — C by agn = |Z¢ (h)|lconjc(h)- This map agj, is a class function?'?.
(a) Prove that ag,; (9) = Y ,cq [Fhk™" = g| for every finite group G and any h € G and g € G. Here,
we are using the Iverson bracket notation (that is, for any statement A, we define [A] to be the
integer 1 if A is true, and 0 otherwise).
Prove that if H is a subgroup of a finite group G, and if h € H, then Indg OH.p = QG,h-
Prove that if G; and G5 are finite groups, and if hy € G and hy € G2, then the canonical isomorphism
Rc (G1) ® Re (G2) = Re (G1 x Ga) sends ag, hy ® QGy hy 10 QG x Gy, (he ho)-
Fill in the details of the proof of ch(1,) = £* in the proof of Theorem 4.4.1.
) Obtain an alternative proof of Remark 2.5.16.
If G and H are two finite groups, and if p : H — G is a group homomorphism, then prove that
Ind, ap n = ag ) for every h € H, where Ind, ap,p, is defined as in Exercise 4.1.14.

—_
o o
~ =

—~
- 0 &
— Naw2

Exercise 4.4.4. If G is a group and U; and Us are two CG-modules, then the tensor product U; ® Us is
a C[G x G]-module, which can be made into a CG-module by letting g € G act as (g,9) € G x G. This
CG-module U; ® U, is called the inner tensor product*** of Uy and Us, and is a restriction of the outer tensor
product U; ® Us using the inclusion map G — G x G, g — (g, 9).

Let n > 0, and let sgng be the 1-dimensional C&,-module C on which every g € &,, acts as multi-
plication by sgn(g). If V is a C&,-module, show that the involution on A(&) = ,,~, R(S,) defined in
Theorem 4.4.1(b) sends xy — Xsgne, @V where sgng ®V is the inner tensor product of sgng, and V. Use
this to show that this involution is a nontrivial PSH-automorphism of A(&), and deduce Theorem 4.4.1(b).

Exercise 4.4.5. (a) Show that for every n > 0, every g € &,, and every finite-dimensional C&,,-module
V', we have xv (g9) € Z.
(b) Show that for every n > 0 and every finite-dimensional C&,,-module V', there exists a Q&,,-module
W such that V = C®gW. (In the representation theorists’ parlance, this says that all representations
of &,, are defined over Q. This part of the exercise requires some familiarity with representation
theory.)

Remark 4.4.6. Parts (a) and (b) of Exercise 4.4.5 both follow from an even stronger result: For every n > 0
and every finite-dimensional C&,,-module V', there exists a Z&,,-module W which is finitely generated and
free as a Z-module and satisfies V = C®z W as CS,,-modules. This follows from the combinatorial approach
to the representation theory of &,,, in which the irreducible representations of C&,, (the Specht modules) are
constructed using Young tableaux and tabloids. See the literature on the symmetric group, e.g., [163], [60,
§7], [196] or [99, Section 2.2] for this approach.

The connection between A and A (&) as established in Theorem 4.4.1 benefits both the study of A and
that of A (&). The following two exercises show some applications to A:

Exercise 4.4.7. If G is a group and U; and Us are two CG-modules, then let U; X Us denote the inner
tensor product of U; and Us (as defined in Exercise 4.4.4). Consider also the binary operation % on Ag
defined in Exercise 2.9.4(h).

(a) Show that ch (xu,®u,) = ch (xv,) * ch (xu,) for any n € N and any two C&,,-modules U; and Us.

212This is not in conflict with the notation 14 for the trivial character of G, since 1 = 14 for P = G. Note that 1p is a
class function when P is a union of conjugacy classes of G.

2131y fact, lconjc(h) is a class function (since Conjg (h) is a conjugacy class), and so ag,, (being the scalar multiple
| Za (h)|lCoan(h) of lCoan(h)) must also be a class function.

214D not confuse this with the inner product of characters.
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(b) Use this to obtain a new solution for Exercise 2.9.4(h).
(c) Show that s, * s, € Y cp,, Nsx for any two partitions p and v.

[Hint: For any group G, introduce a binary operation * on Rc (G) which satisfies xu,mu, = Xvy * XU,
for any two CG-modules U; and Us.]

Exercise 4.4.8. Define a Q-bilinear map [ : Ag X Ag — Ag, which will be written in infix notation (that
is, we will write a [J b instead of [J(a, b)), by setting

L) 6(p) O
pap, = H pi‘in()\;:’;;) for any partitions A and p.
i=1 j=1

215

(a) Show that Ag, equipped with the binary operation [, becomes a commutative Q-algebra with unity
p1-

(b) For every r € Z, define the Q-algebra homomorphism ¢, : Ag — Q as in Exercise 2.9.4(c). Show
that 10 f =€ (f) 1 for every f € Ag (where 1 denotes the unity of A).

(c) Show that s, [1s, € )y cpa, Nsa for any two partitions p and v.

(d) Show that f[g € A for any f € A and g € A.

[Hint: For every set X, let &x denote the group of all permutations of X. For two sets X and
Y, there is a canonical group homomorphism Gx x &y — Gxxy, which is injective if X and Y are
nonempty. For positive integers n and m, this yields an embedding &, x &, — G(12,.. n}x{1,2,....m}s
which, once &1 2, nyx{12,...,m} is identified with &,,,, (using an arbitrary but fixed bijection {1,2,...,n} x
{1,2,...,m} = {1,2,...,mm}), can be regarded as an embedding &,, x &,,, = &,,,,, and thus allows defining
a CS,,,,-module Indg:’;&n (U®YV) for any CS,-module U and any CS,,-module V. This gives a binary

operation on A (&). Show that this operation corresponds to [J under the PSH-isomorphism ch : A (&) — A.]

Remark 4.4.9. The statements (and the idea of the solution) of Exercise 4.4.8 are due to Manuel Maia and
Miguel Méndez (see [126] and, more explicitly, [136]), who call the operation [J the arithmetic product. Li
[114, Thm. 3.5] denotes it by X and relates it to the enumeration of unlabelled graphs.

4.5. Wreath products. Next consider the tower of groups G,, = &,[I'] for a finite group I', and the Hopf
algebra A = A(G.) =: A(6[']). Recall (from Theorem 4.4.1) that irreducible complex representations
x» of &, are indexed by partitions A in Par,. Index the irreducible complex representations of I' as

Irr(T) = {p1,---,pd}

Definition 4.5.1. Define for a partition ) in Par, and p in Irr(I') a representation x** of &,[I'] in which
oin &, and v = (71,...,7,) in I'™ act on the space x* ® (p®") as follows

cu® (V1 @ ®vy)) =0(w) @ (Vg-1(1) @ @ Vs-1(n))

4.5.1
( ) YU (V1 ® - Qvy)) =u® (NMv1 @+ @ YnUn)

Theorem 4.5.2. The irreducible C&,[I']-modules are the induced characters

Ao 7o qSall] AD oy AW,
= Indg (A @ @M
as A runs through all functions
Irr(T) 2, Par
pi — A®
with the property that Z?:l IN@| = n. Here, degs()\) denotes the d-tuple (’)\(1)| , ‘)\(2)| e |)\(d)‘) € N9,

and Ggegs(n) is defined as the subgroup 6|>\<1)| X (‘5|A(2)‘ X oee X G‘A(d)l of &,.
Furthermore, one has a PSH-isomorphism
AB[I]) — A®d

XA > S\ Q- @ Sy -

215This is well-defined, since (PA)rcpar 18 @ Q-module basis of Ag.
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Proof. We know from Corollary 4.3.10 that A(S[I']) is a PSH, with PSH-basis ¥ given by the union of all
irreducible characters of all groups &,[I']. Therefore Theorem 3.2.3 tells us that A(S[I']) = @ .. A(S[])(p)
where C is the set of irreducible characters which are also primitive. Just as in the case of &, it is clear
from the definition of the coproduct that an irreducible character p of &,,[I'] is primitive if and only if n = 1,
that in this case &,[I'] =T, and p lies in Irr(T") = {p1,...,pa}-

The remaining assertions of the theorem will then follow from the definition of the induction product
algebra structure on A(S[I']), once we have shown that, for every p € Irr(T"), there is a PSH-isomorphism
sending

(4.5.2) A(? - ;?A(S[F})(p)

Such an isomorphism comes from applying Proposition 4.1.17 to the semidirect product &,[I'] = &,, x I'",
so that K =I'",G = G,,, and fixing V = p®" as CS,[[']-module with structure as defined in (4.5.1) (but
with X set to (n), so that x* is the trivial 1-dimensional C&,,-module). One obtains for each n, maps

where
¢ n
X — x® (")
a Homcra (p®™, ).

Taking the direct sum of these maps for all n gives maps A(S) % A(SIT]).

These maps are coalgebra morphisms because of their interaction with restriction to &; x &;. Since
Proposition 4.1.17(iii) gives the adjointness property that

(06 ¥ (@) a) = (2(X); @) acs[ry)s

one concludes from the self-duality of A(S), A(G[I']) that ®, U are also algebra morphisms. Since they
take genuine characters to genuine characters, they are PSH-morphisms. Since p being a simple CI'-module
implies that V' = p®" is a simple CI"™-module, Proposition 4.1.17(iv) shows that

(4.5.3) (Tod)(x) =x

for all &,,-characters x. Hence ® is an injective PSH-morphism. Using adjointness, (4.5.3) also shows that
® sends C&,,-simples x to C[&,,[I']]-simples ®(x):

(@(x), (X)) aee(r) = (T o @)(X), X)as) = (X X)acs) = 1.

Since ®(x) = x ® (p®") has V = p®" as a constituent upon restriction to I'*, Frobenius Reciprocity shows

that the irreducible character ®(x) is a constituent of Ind?ﬁ [r] p®" = p". Hence the entire image of ® lies

in A(GI'))(p) (due to how we defined A(p) in the proof of Theorem 3.2.3), and so ® must restrict to an
isomorphism as desired in (4.5.2). O

One of Zelevinsky’s sample applications of the theorem is this branching rule.
Corollary 4.5.3. Given A = (A\(V ... \4) with Z'Z:l IAN®D| = n, one has

d
&, [I] A AD L AD A@
Rese" e () =D D> X' ) @ p;.
=1\ a0,

O /AO =1
(We are identifying functions A : Irr(T') — Par with the corresponding d-tuples ()\(1), A2 )\(d)) here.)
Example 4.5.4. For I' a two-element group, so Irr(I") = {p1, p2} and d = 2, then

Res@lH) o (X«&l),(l,l))) — (D) g 5 (@DAD) g 5 (GDW) g p)
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Proof of Corollary 4.5.3. By Theorem 4.5.2, this is equivalent to computing in the Hopf algebra A := A®?
the component of the coproduct of sy1) ® --- ® sy that lies in 4,1 ® A;. Working within each tensor
factor A, the Pieri formula implies that the Ajyj_; ® Aj-component of A(sy) is

Z Sx_ ® p.

A_CA:
IA/A_|=1

One must apply this in each of the d tensor factors of A = A®?, then sum on i. O

4.6. General linear groups. We now consider the tower of finite general linear groups G,, = GL, =
GL,(F,) and A = A(G+) =: A(GL). Corollary 4.3.10 tells us that A(GL) is a PSH, with PSH-basis ¥ given
by the union of all irreducible characters of all groups GL,,. Therefore Theorem 3.2.3 tells us that

(4.6.1) A(GL) = R) A(GL)(p)

peC
where C = X N p is the set of primitive irreducible characters.

Definition 4.6.1. Call an irreducible representation p of GL,, cuspidal for n > 1 if it lies in C, that is, its
restriction to proper parabolic subgroups F; ; with i+j = n and 4, j > 0 contain no nonzero vectors which are
K, j-invariant. Given an irreducible character o of GL,, say that d(c) = n, and let C,, := {p € C : d(p) = n}
for n > 1 denote the subset of cuspidal characters of GL,,.

Just as was the case for &; and &,[['] = I, every irreducible character p of GL,(F,;) = F is cuspidal.
However, this does not exhaust the cuspidal characters. In fact, one can predict the number of cuspidal
characters in C,, using knowledge of the number of conjugacy classes in GL,,. Let F denote the set of all
nonconstant monic irreducible polynomials f(z) # = in Fy[z]. Let F,, := {f € F : deg(f) =n} for n > 1.

Proposition 4.6.2. The number |C,,| of cuspidal characters of GL,(F,) is the number of |F,,| of irreducible
monic degree n polynomials f(x) # x in F,[x] with nonzero constant term.

Proof. We show |C,,| = |F,| for n > 1 by strong induction on n. For the base case?!® n = 1, just as with
the families G,, = &,, and G,, = &,,[I'], when n = 1 any irreducible character x of G1 = GL:(F,) gives a
primitive element of A = A(GL), and hence is cuspidal. Since GL;(F,) = F; is abelian, there are [Fy| = ¢g—1
such cuspidal characters in C;, which agrees with the fact that there are ¢ — 1 monic (irreducible) linear
polynomials f(x) # x in Fy[z], namely F; := {f(z) =2 —c:ceFS}.

In the inductive step, use the fact that the number |X,| of irreducible complex characters x of GL,,(F,)
equals its number of conjugacy classes. These conjugacy classes are uniquely represented by rational canonical
forms, which are parametrized by functions A : F — Par with the property that 3 . » deg(f)|A(f)] = n.
On the other hand, (4.6.1) tells us that |%,,| is similarly parametrized by the functions A : C — Par having
the property that > . d(p)|A(p)| = n. Thus we have parallel disjoint decompositions

C =U,>1Cn whereC, ={p€C:d(p) =n}
F = |—|n21 Fn  where F,, = {f cF: deg(f) = n}

and hence an equality for all n > 1

C->Par: > dp)Ap) =np| =[S =|{ F 2 Par: > deg(f)IAf) =n
peC feF

Since there is only one partition A having |[A| = 1 (namely, A = (1)), this leads to parallel recursions

n—1
A
Cal = [Zn] = |3 || € = Par: Y d(p)|A(p)| = n
i=1 peC
n—1 A
\Ful =10l = |4 || o = Par: > deg(f)A(f) =n
i=1 feFr

216Actuaully7 we don’t need any base case for our strong induction. We nevertheless handle the case n = 1 as a warmup.
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and induction implies that |C,| = |F,|. O

We shall use the notation 1; for the trivial character of a group H whenever H is a finite group. This
generalizes the notations 1g and lg, introduced above.

Example 4.6.3. Taking g = 2, let us list the sets F;, of monic irreducible polynomials f(z) # 2 in Falz] of
degree n for n < 3, so that we know how many cuspidal characters of GL,,(F,) in C,, to expect:
Fi={z+1}
Fo={a?+z+1}
Fs={*+z+1,2° +2* +1}
Thus we expect

e one cuspidal character of GL1(F2), namely p1(= lgp, (r,))s
e one cuspidal character py of GLy(F3), and
e two cuspidal characters ps, p§ of GL3(FFs).

We will say more about ps, p3, p5 in the next section.

Exercise 4.6.4. (a) Show that for n > 2,

(162) Cal= 17 =+ S (5)
d|n

where p1(m) is the number-theoretic Mébius function of m, that is u(m) = (=1)¢ if m = p; - - - pg for
d distinct primes, and p(m) = 0 if m is not squarefree. (Here, the summation sign }_;, means a
sum over all positive divisors d of n.)

(b) Show that (4.6.2) also counts the necklaces with n beads of ¢ colors (=equivalence classes under the
Z/nZ-action of cyclic rotation on sequences (ay, . ..,an) in Fy) which are primitive in the sense that
no nontrivial rotation fixes any of the sequences within the equivalence class. For example, when
q = 2, here are representatives of these primitive necklaces for n = 2,3, 4:

n=2:{(0,1)}
n=3:{(0,0,1),(0,1,1)}
n=4 :{(03 0,0, 1)7 (Oa 0,1, 1)7 (Oa 1,1, 1)}

4.7. Steinberg’s unipotent characters. Not surprisingly, the (cuspidal) character ¢ := 15, of GL(F,)
plays a distinguished role. The parabolic subgroup P(ny of GL,(F;) is the Borel subgroup B of upper

triangular matrices, and we have (" = Ind§*" 1, = C[GL,/B] (identifying representations with their
characters as usual)?!”. The subalgebra A(GL)(:) of A(GL) is the Z-span of the irreducible characters o
that appear as constituents of t* = Ind3*" 1, = C[GL,,/B] for some n.

Definition 4.7.1. An irreducible character o of GL,, appearing as a constituent of IndgL" 1p = C[GL,/B]
is called a unipotent character. Equivalently, by Frobenius reciprocity, ¢ is unipotent if it contains a nonzero
B-invariant vector.

In particular, 15, ~is a unipotent character of GL,, for each n.

Proposition 4.7.2. One can choose A = A(GL)(¢) in Theorem 3.3.3(g) so that h, — 157, .

217 Proof. Exercise 4.3.11(d) (applied to Gy = GLx, L=n, a = (1") = | 1,1,...,1 | and x; = 1) gives
——
n times
. Gn Pan — TndCLn 1. —
" = indfn) B = IndP(ln) InﬂG((lln)) O™ =Ind"" 15 = C[GLn /B,

:IndgL" :lP(ln) =lpg

where the last equality follows from the general fact that if G is a finite group and H is a subgroup of G, then Indg 1, = C[G/H]
as CG-modules.
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Proof. Theorem 3.3.1(a) tells us (? = IndgL2 15 must have exactly two irreducible constituents, one of which
is 15,; call the other one Sta. Choose the isomorphism so as to send hg — 15;,. Then hy, — 15, follows

from the claim that Stj(lGL”) =0 for n > 2: one has

K..
Gn 2,7
Alar) = > (Resfir lor,) "= 3 low @1y,
i+j=n i+j=n

SO that Sté_(lGLn) = (St27lGL2)lGLn_2 = 0 Since StQ # lGLQ‘
O

This subalgebra A(GL)(¢), and the unipotent characters X; corresponding under this isomorphism to the
Schur functions sy, were introduced by Steinberg [182]. He wrote down X[I\ as a virtual sum of induced
characters Indgf” 1p (= 1q,, ~~~lGa[), modelled on the Jacobi-Trudi determinantal expression for sy =

det(hx,—i+j). Note that Indgf” 1p is the transitive permutation representation C[G/P,] for GL,, permuting
the finite partial flag variety G/P,, that is, the set of a-flags of subspaces

{O} - VOél - Val+042 c--C Va1+a2+---+ag,1 c FZ

where dimp, Vy = d in each case. This character has dimension equal to |G/P,|, with formula given by the
g-multinomial coefficient (see e.g. Stanley [180, §1.7]):

o] = En

where [n]!, :=[n]yn — 1], [2]4[1]; and [n]y =1+ q+ - +¢" ' = L=
Our terminology Sty is motivated by the n = 2 special case of the Steinberg character St,,, which is the
unipotent character corresponding under the isomorphism in Proposition 4.7.2 to e, = s(n). It can be

defined by the virtual sum
St 1= X1 = 3 1)) mdGEn 1,

«@
in which the sum runs through all compositions « of n. This turns out to be the genuine character for
GL,(F,) acting on the top homology group of its Tits building: the simplicial complex whose vertices are
nonzero proper subspaces V' of Iy, and whose simplices correspond to flags of nested subspaces. One needs
to know that this Tits building has only top homology, so that one can deduce the above character formula
from the Hopf trace formula; see Bjorner [22].

4.8. Examples: GLy(F2) and GL3(F3). Let’s get our hands dirty.
Example 4.8.1. For n = 2, there are two unipotent characters, XéQ) =1gy, and
(4.8.1) Stz == x{"V = 181, — ez, = Ind3™ 15 — 1g,

hi  he

since the Jacobi-Trudi formula (2.4.9) gives s(; 1) = det [ 1 h
1

} = h? — hy. The description (4.8.1) for this

Steinberg character Ste shows that it has dimension
|GLy/B|—1=(q+1)—1=¢q

and that one can think of it as follows: consider the permutation action of GL3 on the g+1 lines {£g, ¢1, ..., 44}
in the projective space ]P’%q = GLy(F,)/B, and take the invariant subspace perpendicular to the sum of basis
elements eg, + -+ + eq, .

Example 4.8.2. Continuing the previous example, but taking ¢ = 2, we find that we have constructed two
unipotent characters: 15, = Xt(f:)z of dimension 1, and Sty = XL(;:’? of dimension ¢ = 2. This lets us identify

the unique cuspidal character py of GLo(IF3), using knowledge of the character table of GLy(Fs) & S3:
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o b B

()

lgr, = Xg=2 || unipotent 1 1 1
Sto = xélz’é) unipotent 2 0 -1
02 cuspidal 1 -1 1

In other words, the cuspidal character py of GLo(F3) corresponds under the isomorphism G Lo (F3) & &3 to
the sign character sgng, .

Example 4.8.3. Continuing the previous example to ¢ = 2 and n = 3 lets us analyze the irreducible
characters of GL3(F2). Recalling our labelling p1, pa, p3, p4 from Example 4.6.3 of the cuspidal characters of
GL, (Fsy) for n = 1,2, 3, Zelevinsky’s Theorem 3.2.3 tells us that the GL3(IF3)-irreducible characters should

be labelled by functions {p1, p2, ps, P4} 2, Par for which
L-[A(p1)] + 2 |A(p2)] + 3+ [A(p3)| + 3 - |A(p5)| = 3

We will label such an irreducible character y2 = X@(pl)’A(pZ)’A(m)’A(pé)).
Three of these irreducibles will be the unipotent characters, mapping under the isomorphism from Propo-
sition 4.7.2 as follows:

® 53 = hz — x((3),2.2,9) — 1g;, of dimension 1.
[ )

ha h .
s = det [ 12 hj = hohy — hy —s x(21):2.2.2) Indgjf 1p,, —lop,,

of dimension [231 — B} =B, -1=¢+¢q =26
’ g q
e Lastly,
[h1 he g
8(17171) = det 1 hl hg = h? — thl — hlhg —+ h3
10 1 M

> Sty = x((WHD 2D = IndGhe 1, IndICizL,f 1p,, — Indgfj 1p , +1ap,

I ST e

=Bl - Bl —Bly+1=¢%S8

of dimension

There should also be one non-unipotent, non-cuspidal character, namely
G Py,
X((l)7(1),fa,z) = pips = Indpfj InﬂcleleLg (lGLl ® pg)

having dimension [132} -1-1=13], =2 7.
7Tlq

Finally, we expect cuspidal characters pg = x(22(1:2) pt = (2:2.2.(1)) " whose dimensions ds, dj can be
deduced from the equation

12+ 6" 4+ 8 4+ 7% +d3 + (d3)* = |GL3(F2)| = [(¢* — ") (¢® — ¢")(¢* — ¢*)],_, = 168.

q=
This forces d + (d})? = 18, whose only solution in positive integers is d3 = dj = 3.

We can check our predictions of the dimensions for the various GLs(Fz)-irreducible characters since
GL3(F5) is the finite simple group of order 168 (also isomorphic to PSLy(F7)), with known character table
(see James and Liebeck [89, p. 318]):
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centralizer order 168 | 8 4 3 7 7

unipotent?/cuspidal?
1o, = X(©®22.2) unipotent 1 (11 ]1]1]1
x(@1),2,2,9) unipotent 6 0 0 |—-1]-1
Sty = x((L.1.1).2.9.9) unipotent 8|00 |—-1|1]1
((1):(1),2.9) 7 =1 =1 1 0 0
p3 = x(@2.(1),9) cuspidal 3 | -1 0| o | @
phy = x(22:2:(1) cuspidal 3 |-1] 1|0 |a]|a«a

Here a := —1/2 +i/7/2.

Remark 4.8.4. Tt is known (see e.g. Bump [29, Cor. 7.4]) that, for n > 2, the dimension of any cuspidal
irreducible character p of GL,(F,) is

(@' =12 =1 (=g - D).
Note that when q = 2,
e for n = 2 this gives 2! — 1 = 1 for the dimension of p,, and
e for n =3 it gives (22 — 1)(2 — 1) = 3 for the dimensions of ps, p,
agreeing with our calculations above. Much more is known about the character table of GL,(F,); see
Remark 4.9.14 below, Zelevinsky [200, Chap. 11], and Macdonald [124, Chap. IV].

4.9. The Hall algebra. There is another interesting Hopf subalgebra (and quotient Hopf algebra) of A(GL),
related to unipotent conjugacy classes in GL,,(F,).

Definition 4.9.1. Say that an element g in GL,(F,) is unipotent if its eigenvalues are all equal to 1.
Equivalently, g € GL,,(F,) is unipotent if and only if g — idgy is nilpotent. A conjugacy class in GLj, (Fy) is
unipotent if its elements are unipotent.

Denote by H,, the C-subspace of Rc(GL,,) consisting of those class functions which are supported only
on unipotent conjugacy classes, and let H = @, -, Hn as a C-subspace of Ac(GL) = &P,,~, Rc(GLy).

Proposition 4.9.2. The subspace H is a Hopf subalgebra of Ac(GL), which is graded, connected, and of
finite type, and self-dual with respect to the inner product on class functions inherited from Ac(GL). It is
also a quotient Hopf algebra of Ac(GL), as the C-linear surjection Ac(GL) — H restricting class functions
to unipotent classes is a Hopf algebra homomorphism. This surjection has kernel H*, which is both an ideal
and a two-sided coideal.

Proof. Tt is immediately clear that H* is a graded C-vector subspace of Ac (GL), whose n-th homogeneous
component consists of those class functions on GL,, whose values on all unipotent classes are 0. (This holds
no matter whether the perpendicular space is taken with respect to the Hermitian form (-, ), or with respect
to the bilinear form (-, -).) In other words, H* is the kernel of the surjection Ac(GL) — H defined in the
proposition.

Given two class functions x;, x; on GL;,GL; and g in GL;4;, one has

(19,1 @ =p X ulel)

hEGLi+j:
; *

h~lgh= gi epr;;
9j

Since g is unipotent if and only if h~'gh is unipotent if and only if both g;,g; are unipotent, the formula
(4.9.1) shows both that H is a subalgebra?'® and that H' is a two-sided ideal?'®. It also shows that the
surjection Ac(GL) — H restricting every class function to unipotent classes is an algebra homomorphism?2°.

2181ndeed, if x; and x; are both supported only on unipotent classes, then the same holds for x; - x;.

2191, fact, if one of x; and x; annihilates all unipotent classes, then so does x; - X;.

220pecause if g is unipotent, then the only values of x; and x; appearing on the right hand side of (4.9.1) are those on
unipotent elements
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Similarly, for class functions x on GL,, and (g;,g;) in GL; ; = GL; x GLj, one has

1 gi k
a0 =57 3 x[§ ]
keFy™’
using (4.1.13). This shows both that H is a sub-coalgebra of A = Ac(GL) (that is, it satisfies AH C HQH)
and that H* is a two-sided coideal (that is, we have A(H') C H+ @ A+ A®H?1), since it shows that if y is
supported only on unipotent classes, then A(x) vanishes on (g1, ¢2) that have either g; or g non-unipotent.
It also shows that the surjection Ac(GL) — H restricting every class function to unipotent classes is a
coalgebra homomorphism. The rest follows. O

The subspace H is called the Hall algebra. It has an obvious orthogonal C-basis, with interesting structure
constants.

Definition 4.9.3. Given a partition A of n, let Jy denote the GL,-conjugacy class of unipotent matrices
whose Jordan type (that is, the list of the sizes of the Jordan blocks, in decreasing order) is given by A.
Furthermore, let z)(¢q) denote the size of the centralizer of any element of this conjugacy class Jj.

The indicator class functions**' {1; }xepar form a C-basis for H whose multiplicative structure constants
are called the Hall coefficients g,’),y(q):

l‘]ulJu = Zgl);vl’(q) lJ)\'
A

Because the dual basis to {1;, } is {zx(q)1;, }, self-duality of H shows that the Hall coefficients are (essen-
tially) also structure constants for the comultiplication:

_ x oy 2n(@)z(9)
Al = ;%,V(Q)W 1, @1,

The Hall coefficient gﬁ’y(q) has the following interpretation.

Proposition 4.9.4. Fix any g in GL,(F,) acting unipotently on Fy with Jordan type \. Then gfw(q)
counts the g-stable Fy-subspaces V' C Fy for which the restriction g|V acts with Jordan type y, and the
induced map g on the quotient space IFZ;/V has Jordan type v.

Proof. Given i, v partitions of 4, j with i + j = n, taking x;, x; equal to 1; ,1; in (4.9.1) shows that for
any g in GL,, the value of (lju ~lJV) (9) is given by

(4.9.2)

1 cp=1.3 _ |9 % :
7, {he GL, :h™"gh= [O 9 with g; € J,u, 95 € Ju p| -
Let S denote the set appearing in (4.9.2), and let Ffl denote the i-dimensional subspace of Fy spanned by
the first 4 standard basis vectors. Note that the condition on an element h in S saying that h~lgh is in

block upper-triangular form can be re-expressed by saying that the subspace V := h(Fé) is g-stable. One

then sees that the map h s Vo= h(IF;) surjects S onto the set of i-dimensional g-stable subspaces V' of
[y, for which gV and g are unipotent of types u, v, respectively. Furthermore, for any particular such V|
its fiber (V) in S is a coset of the stabilizer within GL,, of V, which is conjugate to P; ;, and hence has
cardinality |1 (V)| = |P; j|. This proves the assertion of the proposition. O

The Hall algebra H will turn out to be isomorphic to the ring A¢ of symmetric functions with C coefficients,
via a composite ¢ of three maps

in which the first map is the isomorphism from Proposition 4.7.2, the second is inclusion, and the third is
the quotient map from Proposition 4.9.2.

221Here we use the following notation: Whenever P is a subset of a group G, we denote by 1, the map G — C which
sends every element of P to 1 and all remaining elements of G to 0. This is not in conflict with the notation 1 for the trivial
character of G, since 1p = 1, for P = G. Note that 1, is a class function when P is a union of conjugacy classes of G.
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Theorem 4.9.5. The above composite o is a Hopf algebra isomorphism, sending

hn — Z)\GParn lJ)J
en q(g)lJ(ln),
Pn Z)\Eparn (q; q)e(,\)qlJA (for n > 0),
where
(@;Q)m = (1 —2)(1 —gx)(1 — q2x) c(1— qm—lx) for all m € N.

Proof. That ¢ is a graded Hopf morphism follows because it is a composite of three such morphisms. We
claim that once one shows the formula for the (nonzero) image ¢(p,) given above is correct, then this
will already show ¢ is an isomorphism, by the following argument. Note first that A¢ and H both have
dimension | Par,, | for their n!” homogeneous components, so it suffices to show that the graded map ¢ is
injective. On the other hand, both A¢ and H are (graded, connected, finite type) self-dual Hopf algebras
(although with respect to a sesquilinear form), so Theorem 3.1.7 says that each is the symmetric algebra on
its space of primitive elements. Thus it suffices to check that ¢ is injective when restricted to their subspaces
of primitives.??? For Ac, by Corollary 3.1.8 the primitives are spanned by {p;,pa, ...}, with only one basis
element in each degree n > 1. Hence ¢ is injective on the subspace of primitives if and only if it does not
annihilate any p,.

Thus it only remains to show the above formulas for the images of h,,, e,,p, under ¢. This is clear for
hn, since Proposition 4.7.2 shows that it maps under the first two composites to the indicator function 15,
which then restricts to the sum of indicators > AePar, Ly, In H. For e,, p,, we resort to generating functions.

Let h,,, €n, Prn. denote the three putative images in H of h,,, e,,, p,,, appearing on the right side in the theorem,
and define generating functions

H(t) =Y hat", E(t):=Y éut", P(t):=Y ppst" in H][[1]].
n>0 n>0 n>0

We wish to show that the map ¢[[t]] : Ac[[t]] = H[[t]] (induced by ¢) maps H(t), E(t), P(t) in A[[t]] to these
three generating functions??®. Since we have already shown this is correct for H(t), by (2.4.3), (2.5.13), it
suffices to check that in H[[t]] one has
H(t)E(—t) =1, or equivalently, S0 (=D *erhn g = So.n;
H'(t)E(—t) = P(t), or equivalently, Y ;_(=1)*(n —k)érhn_ = Pn.
Thus it would be helpful to evaluate the class function ékﬁn_k. Note that a unipotent g in GL,, having /¢

Jordan blocks has an /-dimensional 1-eigenspace, so that the number of k-dimensional g-stable F,-subspaces
of Fy on which g has Jordan type (1k) (that is, on which g acts as the identity) is the g-binomial coefficient

H _ (@)

kl, (@69)s(¢ e

counting k-dimensional F,-subspaces V of an ¢-dimensional F,-vector space; see, e.g., [180, §1.7]. Hence, for
a unipotent g in GL,, having ¢ Jordan blocks, we have

(Enhn_1)(g) = q(’é) ) (lJ(lk) }}nik) (9) = q(’;) . Z (lj(lk) ~ljy) (9) = q(g) [ﬂ
vePar, 1

(by Proposition 4.9.4). Thus one needs for £ > 1 that

£
(4.9.3) (-1 m =0,
£
(4.9.4) D (=) (n—- k)q(2) m = (691

2227 alternative way to see that it suffices to check this is by recalling Exercise 1.4.32(c).
223G¢e (2.4.1), (2.4.2), (2.5.13) for the definitions of H(t), E(t), P(t).
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Identity (4.9.3) comes from setting @ = 1 in the g-binomial theorem [180, Exer. 3.119]:

¢ o Ty
S0t [f] o= @),

k=0

Identity (4.9.4) comes from taking % in the g-binomial theorem, then setting x = 1, and finally adding
(n — ¢) times (4.9.3). O

Exercise 4.9.6. Fix a prime power ¢. For any k € N, and any k partitions A(D, X2 . A*) we define a

family (gi‘(l) A@ AR (q)) of elements of C by the equation
A® L r

AEPa

Lyolsn g = Z Gam @ ..am (@) 1y,
A€Par
in H. This notation generalizes the notation gi"y (¢) we introduced in Definition 4.9.3. Note that gf; (@) =dxu
for any two partitions A and p, and that ¢g* (¢) = 6 & for any partition A (where g* (¢) is to be understood
as 9§<1>,)\<2>,‘..,/\<k> (q) for k =0).

(a) Let A € Par, and let n = |\|. Let V be an n-dimensional F,-vector space, and let g be a unipotent
endomorphism of V having Jordan type \. Let k£ € N, and let A\, X2 .. \(*) be k partitions. A
(/\(1),/\(2)7 .. .,/\(k))-compatible g-flag will mean a sequence 0 = Vo C Vi C Vo C --- C Vp =V of
g-invariant F,-vector subspaces V; of V' such that for every ¢ € {1,2,...,k}, the endomorphism of
V;/Vi_i induced by ¢ 224 has Jordan type A\(9).

Show that g/)\\“),A@),...,A(’” (q) is the number of ()\(1), A )\(’“))—compatible g-flags.??°

(b) Let A € Par. Let k € N, and let XV, X2 A(*) be k partitions. Show that 9:\\<1>,>\<2>,.._,)\<k> (q)=0
unless |)\(1)’ + ’/\(2)| +-+ ‘)\(k)| = |\ and A +A®) ... £ AF) X (Here and in the following,
we are using the notations of Exercise 2.9.17).

(c) Let A € Par, and let us write the transpose partition A\ as A\* = ((A*);, (A"),,...,(A"),). Show that

92\1(,\@1)’(1(At)2)w'7(1(ﬂ)2> (q) £ 0.
(d) Let n € N and X € Par,,. Show that

¢ (ex) = Z axuly,
pnEPar,; Atop
for some coefficients ay , € C satisfying ay ¢ # 0.
(e) Give another proof of the fact that the map ¢ is injective.
[Hint: For (b), use Exercise 2.9.22(b).]

We next indicate, without proof, how H relates to the classical Hall algebra.

Definition 4.9.7. Let p be a prime. The usual Hall algebra, or what Schiffmann [165, §2.3] calls Steinitz’s
classical Hall algebra (see also Macdonald [124, Chap. II]), has Z-basis elements {uy} xepar, with the multi-
plicative structure constants g, ,(p) in

UpUy = Zg;);,u(p) Ux
A

defined as follows: fix a finite abelian p-group L of type A, meaning that
)

L=Pz/phz,
=1

224This is well-defined. In fact, both V; and V;_; are g-invariant, so that g restricts to an endomorphism of V;, which further
restricts to an endomorphism of V;_1, and thus gives rise to an endomorphism of V;/V;_1.

225This can be seen as a generalization of Proposition 4.9.4. In fact, if 4 and v are two partitions, then a (u, v)-compatible
g-flag is a sequence 0 = Vo C Vi C Vo = V of g-invariant Fy-vector subspaces V; of V such that the endomorphism of V1 /Vp =V
induced by g has Jordan type u, and the endomorphism of V2/Vi = V/V; induced by g has Jordan type v. Choosing such
a sequence amounts to choosing Vi (since there is only one choice for each of Vp and V2), and the conditions on this V7 are
precisely the conditions on V' in Proposition 4.9.4.
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and let gﬁﬁy(p) be the number of subgroups M of L of type p, for which the quotient N := L/M is of type v.
In other words, gi"y(p) counts, for a fixed abelian p-group L of type A, the number of short exact sequences
0> M — L — N — 0in which M, N have types p,v, respectively (modulo isomorphism of short exact
sequences restricting to the identity on L).

We claim that when one takes the finite field I, of order ¢ = p a prime, the Z-linear map
(4.9.5) uy — 1y,

gives an isomorphism from this classical Hall algebra to the Z-algebra Hz; C H. The key point is Hall’s
Theorem, a non-obvious statement for which Macdonald includes two proofs in [124, Chap. II], one of them
due to Zelevinsky??S. To state it, we first recall some notions about discrete valuation rings.

Definition 4.9.8. A discrete valuation ring (DVR) o is a principal ideal domain having only one maximal
ideal m # 0, with quotient k = o/m called its residue field.

The structure theorem for finitely generated modules over a PID implies that an o-module L with finite
composition series of composition length n must have L = @f(:’\l) o/m i for some partition A of n; say L has
type A in this situation.

Here are the two crucial examples for us.

Example 4.9.9. For any field F, the power series ring o = F[[¢]] is a DVR with maximal ideal m = ()
and residue field & = o/m = F[[¢t]]/(¢t) 2 F. An o-module L of type A is an F-vector space together with an
F-linear transformation T' € End L that acts on L nilpotently (so that g := T + 1 acts unipotently, where
1 = idy) with Jordan blocks of sizes given by A: each summand o/m*i = F[[t]]/(#**) of L has an F-basis
{1,t,¢2,... t*~'} on which the map T that multiplies by ¢ acts as a nilpotent Jordan block of size \;. Note
also that, in this setting, o-submodules are the same as T-stable (or g-stable) F-subspaces.

Example 4.9.10. The ring of p-adic integers 0 = Z,, is a DVR with maximal ideal m = (p) and residue field
k=o/m=27Z,/pZ, = Z/pZ. An o-module L of type A is an abelian p-group of type A: for each summand,
o/m =7, /pNZ, = 7/pMZ. Note also that, in this setting, o-submodules are the same as subgroups.

One last notation: n(A) := 3,5, (i — 1)A;, for A in Par. Hall’s Theorem is as follows.

Theorem 4.9.11. Assume o is a DVR with maximal ideal m, and that its residue field k = o/m is finite of
cardinality q. Fix an o-module L of type \. Then the number of o-submodules M of type u for which the
quotient N = L/M is of type v can be written as the specialization

(93 (8)]e=g

of a polynomial g;}yu(t) in Z[t], called the Hall polynomial.
Furthermore, the Hall polynomial gﬁ‘,,j(t) has degree at most n(\) — (n(u) +n(v)), and its coefficient of
PN =) +n() js the Littlewood-Richardson coefficient cliu.

Comparing what Hall’s Theorem says in Examples 4.9.9 and 4.9.10, shows that the map (4.9.5) gives the
desired isomorphism from the classical Hall algebra to Hy.

We close this section with some remarks on the vast literature on Hall algebras that we will not discuss
here.

Remark 4.9.12. Macdonald’s version of Hall’s Theorem [124, (4.3)] is stronger than Theorem 4.9.11, and use-
ful for certain applications: he shows that gﬁ}y(t) is the zero polynomial whenever the Littlewood-Richardson

coefficient 0271, is zero.
Remark 4.9.13. In general, not all coefficients of the Hall polynomials gﬁ’u(t) are nonnegative (see But-

ler/Hales [31] for a study of when they are); it often happens that g, ,(1) = 0 despite g, () not being the

2263ee also [165, Thm. 2.6, Prop. 2.7] for quick proofs of part of it, similar to Zelevinsky’s. Another proof, based on a
recent category-theoretical paradigm, can be found in [52, Theorem 3.53].
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zero polynomial®?”. However, in [94, Thm. 4.2], Klein showed that the polynomial values gl’)l, (p) for p prime
are always positive when Cf\w # 0. (This easily yields the same result for p a prime power.)

Remark 4.9.14. Zelevinsky in [200, Chaps 10, 11] uses the isomorphism A¢ — H to derive J. Green’s formula
for the value of any irreducible character x of GL, on any unipotent class Jy. The answer involves values
of irreducible characters of G,, along with Green’s polynomials Q;} (q) (see Macdonald [124, §II1.7]; they are
denoted Q(A, 1) by Zelevinsky), which express the images under the isomorphism of Theorem 4.9.5 of the
symmetric function basis {p,} in terms of the basis {1;, }.

Remark 4.9.15. The Hall polynomials gl’)’u(t) also essentially give the multiplicative structure constants for
A(x)[t] with respect to its basis of Hall-Littlewood symmetric functions Py = Py(x;t):

PP, = ZtTL(A)—("(lt)-"-n(l/))g//)’u(t—l)P)\_
b
See Macdonald [124, §II1.3].

Remark 4.9.16. Schiffmann [165] discusses self-dual Hopf algebras which vastly generalize the classical Hall
algebra called Ringel-Hall algebras, associated to abelian categories which are hereditary. Examples come
from categories of nilpotent representations of quivers; the quiver having exactly one node and one arc
recovers the classical Hall algebra Hy discussed above.

Remark 4.9.17. The general linear groups GL, (F,) are one of four families of so-called classical groups.
Progress has been made on extending Zelevinsky’s PSH theory to the other families:

(a) Work of Thiem and Vinroot [190] shows that the tower {G.} of finite unitary groups U, (Fg2) give
rise to another positive self-dual Hopf algebra A = @, -, R(U,(F42)), in which the role of Harish-Chandra
induction is played by Deligne-Lusztig induction. In this theory, character and degree formulas for Un(Fg2)
are related to those of GL,,(F,) by substituting ¢ — —g¢, along with appropriate scalings by 1, a phenomenon
sometimes called Ennola duality. See also [181, §4].

(b) van Leeuwen [111] has studied €0,,~o R (Sp2n (Fq)), @,,50 R (02, (Fy)) and @, R (U (Fy2)) not
as Hopf algebras, but rather as so-called twisted PSH-modules over the PSH A(GL) (a “deformed” version of
the older notion of Hopf modules). He classified these PSH-modules axiomatically similarly to Zelevinsky’s
above classification of PSH’s.

(¢) In a recent honors thesis [175], Shelley-Abrahamson defined yet another variation of the concept of Hopf
modules, named 2-compatible Hopf modules, and identified @, -, R (Span (Fy)) and @,,~o R (O2n+1 (Fy)) as
such modules over A(GL). - -

227 Actually, Butler/Hales show in [31, proof of Prop. 2.4] that the values i (1) are the structure constants of the ring A
with respect to its basis (mx)ycpa,: We have
mumy = Y gp, (m
AE€Par

for all partitions p and v.
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5. QUASISYMMETRIC FUNCTIONS AND P-PARTITIONS

We discuss here our next important example of a Hopf algebra arising in combinatorics: the quasisym-
metric functions of Gessel [66], with roots in work of Stanley [177] on P-partitions.

5.1. Definitions, and Hopf structure. The definitions of quasisymmetric functions require a totally
ordered variable set. Usually we will use a variable set denoted x = (x1,z3,...) with the usual ordering
1 < T2 < .... However, it is good to have some flexibility in changing the ordering, which is why we make
the following definition.

Definition 5.1.1. Given any totally ordered set I, create a totally ordered variable set {z;};cr, and then
let R({x;}:cr) denote the power series of bounded degree in {z;};c; having coefficients in k.

The quasisymmetric functions QSym({z; }icr) over the alphabet ({x;};cr) will be the k-submodule con-
sisting of the elements f in R({z;}ics) that have the same coefficient on the monomials zi'' --- 27 and
T3t x?f whenever both i; < --- < iy and j; < --- < jy in the total order on I. We write QSym, ({x;}icr)
instead of QSym({z;}icr) to stress the choice of base ring k.

It immediately follows from this definition that QSym({x;}:cr) is a free k-submodule of R({x;};cr), having
as k-basis elements the monomial quasisymmetric functions

Mo({zitier) == Y aft---af

i1 < <dp in I

for all compositions « satisfying ¢(«) < |I|. When I is infinite, this means that the M, for all compositions
a form a basis of QSym({z;}icr).
Note that QSym({z;}icr) = @,,5 QSym,, ({z; }icr) is a graded k-module of finite type, where QSym,, ({z; }icr)
is the k-submodule of quasisymmetric functions which are homogeneous of degree n. Letting Comp denote
the set of all compositions «, and Comp,, the compositions « of n (that is, compositions whose parts sum
to n), the subset {Ma}acComp, ; ¢(a)<|1| gives a k-basis for QSym,, ({;}ier).

Example 5.1.2. Taking the variable set x = (z1 < 23 < ---) to define QSym(x), for n = 0,1,2,3, one has
these basis elements in QSym,, (x):

My=My =1

My =z +zetas+--- =m@y=sq =e1=h1=p
M2 :x%—&—x%—i—x%—i—-n =ma) = P2
My =zi2e + 2123 + 273 + -+ =m(,1) = €2
Mg =a}+ai+a3+-- =m) = Ps3
Moy = 2239 + 2223 + 2303 + - - -
M) =x@3 +x123 + Tox3 + - -
Mau11) = 21@ews + 21220y + 12324+ =M1 11) = €3

It is not obvious that QSym(x) is a subalgebra of R(x), but we will show this momentarily. For example,
My Mip.o) = (@] + 25 + 2§ + ) (21w + 2ha§ +aBa§ + )
:xfrbxg+...+xl{$g+c+...+x%gx§+...+xl{x3x§+...+xl{x§x§+...
= Ma+b,c) + Mp,ate) + Miap,e) + Mp,a,c) + Mp,c,a)
Proposition 5.1.3. For any infinite totally ordered set I, one has that QSym({x;};cr) is a k-subalgebra of
R({x;}ier), with multiplication in the {M, }-basis as follows: Fix three disjoint chain posets (i < --- < iz),

(J1 < -+ < Jm) and (k1 < k2 < ---). Now, if @ = (a1,...,a¢) and 8 = (B1,-..,Bm) are two compositions,
then

(5.1.1) MoMs =" My
7



128 DARIJ GRINBERG AND VICTOR REINER

in which the sum is over all p € N and all maps f from the disjoint union of two chains to a chain

(5.1.2) (1< <i) U1 < <jm) > (k1 < < k)

which are both surjective and strictly order-preserving (x < y implies f(x) < f(y)), and where the compo-
sition wt(f) := (wt1(f), ..., wtp(f)) is defined by wts(f) == 32, cr1(0) @ + 2j, e p—1(k) Bo-

Example 5.1.4. For this example, set o = (2,1) and § = (3,4,2). Let us compute M, Mz using (5.1.1).
Indeed, the length of « is £ = 2, and the length of 8 is m = 3, so the sum on the right hand side of
(5.1.1) is a sum over all p € N and all surjective strictly order-preserving maps f from the disjoint union
(11 < i2) U (j1 < j2 < jz) of two chains to the chain (k1 < k2 < --- < kp). Such maps can exist only when
p < 5 (due to having to be surjective) and only for p > 3 (since, being strictly order-preserving, they have
to be injective when restricted to (j1 < j2 < j3)). Hence, enumerating them is a finite problem. The reader
can check that the value obtained fo M,Mj is

M2,1,342) + Mea 142 + Me3zan + Mozazn + Moz

T M@2a12) +Maoazn) +Maagi0) +Mzazen +Maaze

T Mgz +Maosso + Moaaz + Ma2az) + Maaso) + Maaos

+ M3a4,1) + M3ei2) + Maze21)+ Mo + Msai2) + Msasz

T Msa.3) + M52 + M-
Here, we have listed the addends corresponding to p = 5 on the first two rows, the addends corresponding
to p = 4 on the next two rows, and those corresponding to p = 3 on the third row. The reader might notice
that the first two rows (i.e., the addends with p = 5) are basically a list of shuffles of o and 3: In general,

the maps (5.1.2) for p = £ 4+ m are in bijection with the elements of Shy ,, 228 "and the corresponding
compositions wt f are the shuffles of o and 3. Therefore the name “overlapping shuffle product”.

Proof of Proposition 5.1.3. It clearly suffices to prove the formula (5.1.1). Let a = (aq,...,a¢) and =

(B1y...,Bm) be two compositions. Fix three disjoint chain posets (i3 < -+ < i), (j1 < - < Jjm) and
(]{51 < ko < )
Thus, multiplying Mo =3, ., 2ot -agf with Mg =53 _ _ - zfr .- x| we obtain

MoMg= > Y (afr-ale) (@ ---alm)

U <o <up V1< <Um

(5.1.3) = > > N Tl
Y=(V1,---yYp)EComp w1 <+ <wy, in [

where Ng ., is the number of all pairs

(5.1.4) (ug < -~ <), (vy < <wpy)) €I xI™

of two strictly increasing tuples satisfying

(5.1.5) (zgtalt) (xgll :Efm) =y .
229 Thus, we need to show that NJ,,.ow, (foragiveny = (y1,...,7) € Comp and a given (w1 < -+ <wp) €

I?) is also the number of all surjective strictly order-preserving maps

(5.1.6) (1 < -+~ <ig)U (1 <+ < Jm) N (k1 < -+ < kp) satistying wt(f) =~

(because then, (5.1.3) will simplify to (5.1.1)).
In order to show this, it suffices to construct a bijection from the set of all pairs (5.1.4) satisfying (5.1.5)
to the set of all surjective strictly order-preserving maps (5.1.6). This bijection is easy to construct: Given

228The bijection takes a map f to the inverse of the permutation o € &, which sends every = € {1,2,...,¢} to the index y
satisfying f (iz) = ky, and sends every @ € {£+ 1,£+2,...,£+ m} to the index y satisfying f (jo—¢) = ky.

22911 the second equality in (5.1.3), we have used the fact that each monomial can be uniquely written in the form Tk :vl’;
for some composition v = (7y1,...,7p) € Comp and some strictly increasing tuple (w1 < -+ < wp) € IP.
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a pair (5.1.4) satisfying (5.1.5), the bijection sends it to the map (5.1.6) determined by:

ig i) kn, where h is chosen such that ug = wp;

Jg s kn, where h is chosen such that vy = wy,.

Proving that this bijection is well-defined and bijective is straightforward?3°. O

The multiplication rule (5.1.1) shows that the k-algebra QSym({x;};cr) does not depend much on I, as
long as I is infinite. More precisely, all such k-algebras are mutually isomorphic. We can use this to define
a k-algebra of quasisymmetric functions without any reference to I:

Definition 5.1.5. Let QSym be the k-algebra defined as having k-basis { My }aeccomp and with multiplica-
tion defined k-linearly by (5.1.1). This is called the k-algebra of quasisymmetric functions. We write QSym,
instead of QSym to stress the choice of base ring k.

The k-algebra QSym is graded, and its n-th graded component QSym,, has k-basis { My }aeccomp, -

For every infinite totally ordered set I, the k-algebra QSym is isomorphic to the k-algebra QSym({z; }cr)-
The isomorphism sends M, — My ({2; }ier)-

In particular, we obtain the isomorphism QSym 2 QSym (x) for x being the infinite chain (1 < 22 < 23 < ---

We will identify QSym with QSym (x) along this isomorphism. This allows us to regard quasisymmetric
functions either as power series in a specific set of variables (“alphabet”), or as formal linear combinations
of M,’s, whatever is more convenient.

For any infinite alphabet {z;},.; and any f € QSym, we denote by f ({z;},.;) the image of f under the
algebra isomorphism QSym — QSym ({x;},.;) defined in Definition 5.1.5.

The comultiplication of QSym will extend the one that we defined for A, but we need to take care about
the order of the variables this time. We consider the linear order from (2.3.2) on two sets of variables
(x,y) = (1 <2 < ... <y1 < y2 < ...), and we embed the k-algebra QSym(x) ® QSym(y) into the
k-algebra R(x,y) by identifying every f ® g € QSym(x) ® QSym(y) with fg € R(x,y) (this embedding is
indeed injective?3!). It can then be seen that

QSym(x,y) C QSym(x) ® QSym(y)

)232

(where the right hand side is viewed as k-subalgebra of R(x,y) via said embedding)“’?, so that one can

define QSym 2, QSym ® QSym as the composite of the maps in the bottom row here:

R(x,y) = R(x,y)
(5.1.7) - e
QSym = QSym(x,y) —  QSym(x) ® QSym(y) = QSym® QSym

f — f(XaY):f(x1a$2a~~~7y11y27~~)

(Recall that f(x,y) is formally defined as the image of f under the algebra isomorphism QSym — QSym(x,y)
defined in Definition 5.1.5.)

230 The inverse of this bijection sends each map (5.1.6) to the pair (5.1.4) determined by

ug = wy, where h is chosen such that f (ig) = kp;

vg = wp,, where h is chosen such that f (jg) = ky,.

231This is because it sends the basis elements Mg(x) ® My(y) of the former k-algebra to the linearly independent power
series Mg (x) M~ (y).
232This is not completely obvious, but can be easily checked by verifying that Ma(x,y) = >_ (8,4): Mp(x) ® My(y) for
By=a
every composition a (see the proof of Proposition 5.1.7 for why this holds).
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Example 5.1.6. For example,
AM(CL,ZLC) = M(a,b,c)(zla L2y Y1,Y2;5 - - )

= xfabal + afalal + - -
+afay i +afal oyl 4o
+afyrys Fatyiys
+ytysys + yiysys + -
= Ma,b,e)(X) + Ma,p)(X) M) (¥) + M(a)(X) M(p,0)(¥) + M(a,p,e)(¥)
= M(a,b,c) ®1+ M(a,b) ® M(C) + M(a) ® M(b,c) +1® M(a,b,c)
Defining the concatenation 8-~ of two compositions 8 = (61,...,58:),7 = (71,-..,7s) to be the composition
(B1y---y Bryv1,---57s), one has the following description of the coproduct in the {M,} basis.

Proposition 5.1.7. For a composition a = (a, ..., qy), one has

4
AMo = Miay,.o) ® Mooy = D, Mp® M,

k=0 (B,7):

By=a
Proof. This comes from expressing a monomial in AM, = M,(x,y) uniquely in the form z3’ xf;’c .
y?l"'“ yjo‘e‘:k for some k € {0,1,...,n} and some subscripts i1 < -+ < i} and j1 < -+ < Jo—. O

Proposition 5.1.8. The quasisymmetric functions QSym form a connected graded Hopf algebra of finite
type, which is commutative, and contains the symmetric functions A as a Hopf subalgebra.

Proof. To prove coassociativity of A, we need to be slightly careful. It seems reasonable to argue by
(A®id)oAf = f(x,y,z) = (Id®A)oAf as in the case of A, but this would now require further justification,
as terms like f(x,y) and f(x,y,z) are no longer directly defined as evaluations of f on some sequences (but
rather are defined as images of f under certain homomorphisms). However, it is very easy to see that A is
coassociative by checking (A ®id) o A = (id ®A) o A on the {M,} basis: Proposition 5.1.7 yields

4
((A®id) oA) M, = ZA(M(Oq ----- ak))®M(ak+1 ----- ay)
k=0
4 k
= (Z M(alv'wai) ® M(“Hhmﬂk)) ® M(Otk+1’~~,0¢14)
k=0 \i=0

|
KMW

M(a1y~-~7ai) ® M(Oti+1’~~,04k) ® M(ak+17-~~:al)

>
Il
o
-
Il
=]

and the same expression for ((id ®A) o A) M,,.

The coproduct A of QSym is an algebra morphism because it is defined as a composite of algebra mor-
phisms in the bottom row of (5.1.7). To prove that the restriction of A to the subring A of QSym is the
comultiplication of A, it thus is enough to check that it sends the elementary symmetric function e, to
Sor o€ @ en; for every n € N. This again follows from Proposition 5.1.7, since e,, = Mg 1, 1) (with n
times 1).

The counit is as usual for a connected graded coalgebra, and just as in the case of A, sends a quasisymmetric
function f(x) to its constant term f(0,0,...). This is an evaluation, and hence an algebra map. Hence QSym
forms a bialgebra, and as it is graded and connected, also a Hopf algebra by Proposition 1.4.14. It is clearly
of finite type and contains A as a Hopf subalgebra. O

We will identify the antipode in QSym shortly, but we first deal with another slightly subtle issue. In
addition to the counit evaluation e(f) = £(0,0,...), starting in Section 7.1, we will want to specialize elements
in QSym(x) by making other variable substitutions, in which all but a finite list of variables are set to zero.
We justify this here.
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Proposition 5.1.9. Fix a totally ordered set I, a commutative k-algebra A, a finite list of variables
XiyyeoyXi, , SAY With iq < ... <, in I, and an ordered list of elements (a1, ...,am,) € A™.
Then there is a well-defined evaluation homomorphism

QSym({z;}ier) — A
f — [f] zilzal,....,;ﬂ:im:a_m .
;=0 for j&{i1,....im }

Furthermore, this homomorphism depends only upon the list (a1, ..., ay,), as it coincides with the following:

QSym({zi}icr) = QSym(zy,z2,...) — A
flay,xa,...) —  f(a1,...,amm,0,0...).

»
?

(This latter statement is stated for the case when I is infinite; otherwise, read “vy, 2, ..., x|7” for “r1, 2o, ..
and interpret (ay,...,am,0,0...) as an |I|-tuple.)

Proof. One already can make sense of evaluating z;, = a1,...,2;, = an and x; = 0 for j & {i1,...,im}
in the ambient ring R({z;}icr) containing QSym({x;};cr), since a power series f of bounded degree will
have finitely many monomials that only involve the variables z;,,...,2;, . The last assertion follows from
quasisymmetry of f, and is perhaps checked most easily when f = M, ({z;}icr) for some . a

The antipode in QSym has a reasonably simple expression in the {M,,} basis, but requiring a definition.

Definition 5.1.10. For «a, 8 in Comp,,, say that « refines 8 or 8 coarsens « if, informally, one can obtain
B from « by combining some of its adjacent parts. Alternatively, one has a bijection Comp,, — 2[7=1 where
[n—1]:={1,2,...,n — 1} which sends o = (o, ..., ay) having length ¢(a) = £ to its subset of partial sums

D(a) :={a1,a1 +ag,...,a1 + -+ ay_1},

and this sends the refinement ordering to the inclusion ordering on the Boolean algebra 2"~ (to be more
precise: a composition « refines a composition 8 if and only if D(a) D D(8)). There is also a bijection
sending « to its ribbon diagram: the skew diagram A/u having rows of sizes (aq, ..., ay) read from bottom to
top with exactly one column of overlap between adjacent rows. These bijections and the refinement partial
order are illustrated here for n = 4:

O
O
{1,2,3} (1,1,1,1) 0
/ \ / \ 0
{1,2} {1,3} {2,3} (1,1,2) (1,2,1) (2,1,1)
0 00 0
O o oo
& 2) (3) (1.3) (2,2) 3,1) >< ><
\\\\\\\\ //////// \\\\\\\\ //////// oo oo O
0 oo oo0
2] (4) \ /
0000
Given a = (o, ..., o), its reverse composition is rev(a) = (o, ay—1,...,a2,a1). Note that o — rev(a) is

a poset automorphism for the refinement ordering.

Theorem 5.1.11. For any composition o in Comp,

S(Ma) = (=1 >, M,

~y€Comp:
v coarsens rev(a)

For example,
S(M(a,b,c)) = - (M(c,b,a) + M(b+c,a) + M(c7a+b) + M(a+b+c))
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Proof. We give Ehrenborg’s proof?*3 [54, Prop. 3.4] via induction on ¢ = £(a). One has easy base cases
when ((«) = 0, where S(Mg) = S(1) = 1 = (—1)°M,ey (1), and when ¢(«) = 1, where M, is primitive by
Proposition 5.1.7, so Proposition 1.4.15 shows S(M,)) = =M,y = (=1) Myev((n))-

For the inductive step, apply the inductive definition of S from the proof of Proposition 1.4.14:

S(Ma,,....a0)) = = ) S(May,....a0)) M

Oéi+1;~~704£)

= Z Z (_1)i+1MﬁM(0ti+17m,az)

i=0 [ coarsening
(v, ai—1,..5000)
The idea will be to cancel terms of opposite sign that appear in the expansions of the products MgMq, ., ,....a,)-
Note that each composition 8 appearing above has first part 5 of the form a; + a;—1 + - - - + ay, for some
h < (unless 8 = @), and hence each term M, in the expansion of the product MM, ....a,) has v (that
is, the first entry of 4) a sum that can take one of these three forms:

o ot 1+ g,

o a1+ (a; + i1+ -+ an),

® (jy7.
Say that the type of « is 7 in the first case, and i + 1 in the second two cases?**; in other words, the type is
the largest subscript k on a part oy which was combined in the sum ~;. It is not hard to see that a given
~ for which the type k is strictly smaller than ¢ arises from exactly two pairs (3,7), (8’,7), having opposite
signs (—1)* and (—1)**! in the above sum?*®. For example, if @ = (a1, ...,ag), then the composition
v = (ap + a5 + aq, a3, a7, ag + az + 1) of type 6 can arise from either of

B = (ag + as + oy, a3, as + a1) with i = 6 and sign (—1)7
B = (a5 + a4, a3, a0 + 1) with i = 5 and sign (—1)°.
Similarly, v = (ag, a5 + a4, a3, ay, ag + as + 1) can arise from either of

B = (ag, as + au, a3, a0 4+ o) with i = 6 and sign (—1)7
B = (a5 + au, a3, ap + a1) with i = 5 and sign (—1)°.
Thus one can cancel almost all the terms, excepting those with « of type ¢ among the terms M, in the
expansion of the last (i = £ — 1) summand MgM(,,). A bit of thought shows that these are the v coarsening
rev(a), and all have sign (—1)*. O

5.2. The fundamental basis and P-partitions. There is a second important basis for QSym which arose
originally in Stanley’s P-partition theory [177].236

Definition 5.2.1. A labelled poset will here mean a partially ordered set P whose underlying set is some
finite subset of the integers. A P-partition is a function P EN {1,2,...} with the property that

e i <pjandi<yjimplies f(i) < f(j), and
e i <p jandi>yzjimplies f(i) < f(j)-

Denote by A(P) the set of all P-partitions f, and let Fp(x) := >_ ;¢ 4(p) Xy Where Xy := [[;cp (). This
Fp(x) is an element of k [[x]] := k [[x1, z2, .. ]].

233 A different proof was given by Malvenuto and Reutenauer [128, Cor. 2.3], and is sketched in Remark 5.3.4 below.

234we imagine that we label the terms obtained by expanding MBM(QHM_‘,W) by distinct labels, so that each term knows
how exactly it was created (i.e., which ¢, which 8 and which map f as in (5.1.2) gave rise to it). Strictly speaking, it is these
triples (¢, 8, f) that we should be assigning types to, not terms.

235Strictly speaking, this means that we have an involution on the set of our (¢, 8, f) triples having type smaller than ¢, and
this involution switches the sign of (—1)" My .

2363ce [67] for a history of P-partitions; our notations, however, strongly differ from those in [67].
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Example 5.2.2. Depicted is a labelled poset P, along with the relations among the four values f =
(f(1), £(2), f(3), f(4)) that define its P-partitions f:

2 f2)

:

4 LI (€Y
\ ’ / Xf@)/

Remark 5.2.3. Stanley’s treatment of P-partitions in [180, §3.15 and §7.19] uses a language different from
ours. First, Stanley works not with labelled posets P, but with pairs (P,w) of a poset P and a bijective
labelling w : P — [n]. Thus, the relation <z is not given on P a priori, but has to be pulled back from
[n] using w (and it depends on w, whence Stanley speaks of “(P,w)-partitions”). Furthermore, Stanley uses
the notations Fp and Fp,, for something different from what we denote by Fp, whereas what we call Fp is
dubbed Kp,, in [180, §7.19].

The so-called fundamental quasisymmetric functions are an important special case of the Fp(x). We shall
first define them directly and then see how they are obtained as P-partition enumerators Fp(x) for some
special labelled posets P.

Definition 5.2.4. Let n € N and o € Comp,,. We define the fundamental quasisymmetric function L, =
La(x) € QSym by

(5.2.1) Lo:= Y M;

BeComp,,:
3 refines «

Example 5.2.5. The extreme cases for o in Comp,, give quasisymmetric functions L, which are symmetric:
L(ln) = M(ln) = €n,
L= Y  My=h,

a€Comp,,

Before studying the L, in earnest, we recall a basic fact about finite sets, which is sometimes known as
the “principle of inclusion and exclusion” (although it is more general than the formula for the size of a
union of sets that commonly goes by this name):

Lemma 5.2.6. Let G be a finite set. Let V' be a k-module. For each subset A of G, we let fa and g4 be
two elements of V.

(a) If
every A C G satisfies g4 = Z 5,
BCA
then
every A C G satisfies fa = » (—1)AVBl g,
BCA
(b) If
every A C G satisfies g4 = Z fz,
BCG; BDA
then
every A C G satisfies fy = Z (1) B\l g
BCG; BDA

Proof. This can be proven by elementary arguments (easy exercise). Alternatively, Lemma 5.2.6 can be
viewed as a particular case of the Mobius inversion principle (see, e.g., [180, Propositions 3.7.1 and 3.7.2])
applied to the Boolean lattice 2¢ (whose Mobius function is very simple: see [180, Example 3.8.3]). (This is
spelled out in [120, Example 4.52], for example.) |
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Lemma 5.2.6 can be translated into the language of compositions:

Lemma 5.2.7. Let n € N. Let V' be a k-module. For each oo € Comp,,, we let f, and g, be two elements
of V.

(a) If
every o € Comp,, satisfies g, = Z s,
B coarsens a
then
every o € Comp,, satisfies f, = Z (_1)5(0)%(@ gs.
B coarsens a
(b) If
every o € Comp,, satisfies g, = Z fs,
B refines
then

every a € Comp,, satisfies fo, = Z (—1) @@ g

[ refines «

Proof of Lemma 5.2.7. Set [n — 1] = {1,2,...,n — 1}. Recall (from Definition 5.1.10) that there is a bijection
D : Comp, — 2"~ that sends each a € Comp,, to D («) C [n — 1]. This bijection D has the properties
that:

a composition g refines a composition « if and only if D (8) D D («);

a composition 8 coarsens a composition « if and only if D (8) C D («);

any composition o € Comp,, satisfies |D («)| = £ («) — 1 (unless n = 0), and thus
any compositions o and 5 in Comp,, satisfy |D («)| — |D (8)| = £ (a) — £(B).

This creates a dictionary between compositions in Comp,, and subsets of [n — 1]. Now, apply Lemma 5.2.6
to G =[n—1], fa= fp-1(a) and ga = gp-1(4), and translate using the dictionary. O

Now, we can see the following about the fundamental quasisymmetric functions:
Proposition 5.2.8. The family {L, }accomp is a k-basis for QSym, and each n € N and o € Comp,, satisfy

(5.2.2) Mo= S (~1)fP-t@p,

BeComp,,:
B refines o

Proof of Proposition 5.2.8. Fix n € N. Recall the equality (5.2.1). Thus, Lemma 5.2.7(b) (applied to
V = QSym, f, = M, and g, = L) yields (5.2.2).

Recall that the family (M,) is a basis of the k-module QSym,,. The equality (5.2.1) shows that
the family (L) 7
Comp,, is equipped with the refinement order).?*® Thus, Corollary 11.1.19(e) (applied to QSym,,, Comp,,,
(Ma) qecomp, ad (La)yecomp, instead of M, S, (€s) cq and (fs),eg) shows that the family (La),ecomp, i
a basis of the k-module QSym,,. Combining this fact for all n € N, we conclude that the family (La)aecomp
is a basis of the k-module QSym. This completes the proof of Proposition 5.2.8. |

aeComp,,

expands invertibly triangularly“>* with respect to the family (M) where

a€Comp,, acComp,, (

Proposition 5.2.9. Let n € N. Let a be a composition of n. Let I be an infinite totally ordered set. Then,

La ({xi}iel) = Z xi1xi2 e xina

11 <ip<--<ip in I;

i;<tj1 if jeD ()
where L,, ({xi}iej) is defined as the image of L, under the isomorphism QSym — QSym ({zz}zel) obtained
in Definition 5.1.5. In particular, for the standard (totally ordered) variable set x = (x1 < z2 < ...), we
obtain

(523) La = L(x (X) = Z xilxig e xin-
(1<)i1<ia <+ <
ij<ij1 if j€D(a)

2373ee Section 11.1 for a definition of this concept.
2381y fact, it expands unitriangularly with respect to the latter family.



HOPF ALGEBRAS IN COMBINATORICS 135

Proof. Every composition 8 = (31,..., ) of n satisfies

) — B Be _ . )
(5.2.4) Mg ({zi}ier) = E Ty Ty, = E Tiy Tiy* " T, -
ki1<--<kgin I 11 <ip <. <ip in I;
1;<ij+1 if and only if j€D(B)

Applying the ring homomorphism QSym — QSym ({z;},c;) to (5.2.1), we obtain

i€l
(5.2.4)
Lo ({zi}ier) = ). Mp({widie) = > > Tiy Tiy *** Ti,,
BeComp,,: peComp,,: 11<i2<---<ip, in I;
B refines « B refines i;<tj41 if and only if jeD(B)
BeComp,,: i1<ia<---<ipn in I;

D(a)CD(B) ij<ij41 if and only if j€D(B)

§ E LiyLig * " Liy, = E LiyLig * " Ly, -

ZC[n—1]: 11 <1< <dp, in I 11 <i2<-+-<ip in [}
D(OZ)CZ ’ij<ij+1 if and only if j€Z ij <7;]'+1 1fj€D(a)

Proposition 5.2.10. When the labelled poset P is a total or linear order w = (w1 < ... < wy,), the
generating function F,,(x) depends only upon the descent set

Des(w) := {i: w; >z wiy1} C {1,2,...,n—1}

and its associated composition « in Comp,, having partial sums D(«) = Des(w): one has that F,,(x) equals
the fundamental quasisymmetric function L,,.

E.g., total order w = 35142 has Des(w) = {2,4} and composition o = (2,2, 1), so

Fi5142(x) = Z Tr@)Tf(B)L (1)L f(4)Tf(2)
FRISFB)<FMSFH<F(2)

= E Liy LipLigLiyLig
i1 <ip<iz<ig<is

=Lea21) = Mpe21) + Mz, + Maazn + Maii-

Proof of Proposition 5.2.10. Write F,,(x) as a sum of monomials f(,,) - Zf(w,) over all P-partitions f.
These P-partitions are exactly the sequences f(wq) < --- < f(wy,) having strict inequalities f(w;) < f(w;t+1)
whenever i is in Des(w). Hence, comparison with (5.2.3) reveals that this sum equals L. (]

The next proposition ([180, Cor. 7.19.5], [122, Cor. 3.3.24]) is an algebraic shadow of Stanley’s main
lemma [180, Thm. 7.19.4] in P-partition theory. It expands any Fp(x) in the {L,} basis, as a sum over
the set £(P) of all linear extensions w of P 2. E.g., the poset P from Example 5.2.2 has L(P) =
(3124, 3142, 3412},

Theorem 5.2.11. For any labelled poset P,

Fp(x)= Y Fu(x).

weL(P)

239 et us explain what we mean by linear extensions and how we represent them.

If P is a finite poset, then a linear extension of P denotes a total order w on the set P having the property that ¢ <p j
(for two elements ¢ and j of P) implies ¢ <, j. (In other words, it is a linear order on the ground set P which extends P as
a poset; therefore the name.) We identify such a total order w with the list (p1,p2,...,Pn) containing all elements of P in
w-increasing order (that is, p1 <w P2 <w *** <w Pn)-

(Stanley, in [180, §3.5], defines linear extensions in a slightly different way: For him, a linear extension of a finite poset P
is an order-preserving bijection from P to the subposet {1,2,...,|P|} of Z. But this is equivalent to our definition, since a
bijection like this can be used to transport the order relation of {1,2,...,|P|} back to P, thus resulting in a total order on P
which is a linear extension of P in our sense.)
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Proof. We give Gessel’s proof [66, Thm. 1], via induction on the number of pairs ¢, j which are incomparable
in P. When this quantity is 0, then P is itself a linear order w, so that £(P) = {w} and there is nothing to
prove.

In the inductive step, let 4, j be incomparable elements. Consider the two posets P;; and Pj.; which are
obtained from P by adding in an order relation between ¢ and j, and then taking the transitive closure; it is
not hard to see that these transitive closures cannot contain a cycle, so that these really do define two posets.
The result then follows by induction applied to P;<;, Pj<;, once one notices that £L(P) = L(P;«;) U L(Pj<;)
since every linear extension w of P either has i before j or vice-versa, and A(P) = A(P;<;) U A(Pj<;) since,
assuming that ¢ <z j without loss of generality, every f in A(P) either satisfies f(i) < f(j) or f(i) > f(45). O

Example 5.2.12. To illustrate the induction in the above proof, consider the poset P from Example 5.2.2,
having £(P) = {3124, 3142,3412}. Then choosing as incomparable pair (i,5) = (1,4), one has

4 2 F(4) f(2)
NN~
f()

L(P,;) = {3124,3142}

3 £(3)
2 £2)
Pjci= 1 F(1) L(Pj<;) = {3412}
4 £(4)
’ £(3)

Exercise 5.2.13. Give an alternative proof for Theorem 5.2.11.
[Hint: For every f: P — {1,2,3,...}, we can define a binary relation <; on the set P by letting i < j
hold if and only if

(f (@) < f(G) or (f(i) =f(j) and i <z j)).

Show that this binary relation <y is (the smaller relation of) a total order. When f is a P-partition, then
endowing the set P with this total order yields a linear extension of P. Use this to show that the set A (P)
is the union of its disjoint subsets A (w) with w € L (P).]

Various other properties of the quasisymmetric functions Fp (x) are studied, e.g., in [133].
We next wish to describe the structure maps for the Hopf algebra QSym in the basis {L,} of fundamental
quasisymmetric functions. For this purpose, two more definitions are useful.

Definition 5.2.14. Given two nonempty compositions a = («a1,...,a4),8 = (B1,...,0m), their near-
concatenation is

QGB: (a17"'7a€—17a5+/817ﬂ2a"'7ﬂm)
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For example, the figure below depicts for a = (1,3,3) (black squares) and S = (4,2) (white squares) the
concatenation and near-concatenation as ribbons:

0 O
0000
o B= E NN
]

o O
a®f= HEEER OO0 O0O0O
H BB
]

Lastly, given « in Comp,,, let w(a) be the unique composition in Comp,, whose partial sums D(w(a))
form the complementary set within [n — 1] to the partial sums D(rev(«)); alternatively, one can check this
means that the ribbon for w(«) is obtained from that of « by conjugation or transposing, that is, if « = A/
then w(a) = A\t/ut. E.g. if a = (4,2,2) so that n = 8, then rev(a) = (2,2,4) has D(rev(a)) = {2,4} C [7],
complementary to the set {1,3,5,6, 7} which are the partial sums for w(a) = (1,2,2,1,1, 1), and the ribbon
diagrams of o, w(a) are

oooo

]
]

Proposition 5.2.15. The structure maps for the Hopf algebra QSym in the basis {L,} of fundamental
quasisymmetric functions are as follows:

(5.2.5) AL, = > Ly® L,
(B,7):
By=a or BOy=a
(5.2.6) LaLg= Y Lyw
WEWq W wg
(5.2.7) S(La) = (=11 Ly(a-

Here we are making use of the following notations in (5.2.6) (recall also Definition 1.6.2):

o A labelled linear order will mean a labelled poset P whose order <p is a total order. We will identify
any labelled linear order P with the word (over the alphabet Z) obtained by writing down the
elements of P in increasing order (with respect to the total order <p). This way, every word (over
the alphabet Z) which has no two equal letters becomes identified with a labelled linear order.

e w, is any labelled linear order with underlying set {1,2,...,|a|} such that Des (ws) = D ().

e wg is any labelled linear order with underlying set {|a| + 1, |a| + 2, ..., |a| + | 3|} such that Des (wg) =
D(3).

e ~(w) is the unique composition of |a| + |8| with D(y(w)) = Des(w).

(The right hand side of (5.2.6) is to be read as a sum over all w, for a fixed choice of w, and wg.)

At first glance the formula (5.2.5) for AL, might seem more complicated than the formula of Proposition 5.1.7
for AM,,. However, it is equally simple when viewed in terms of ribbon diagrams: it cuts the ribbon diagram
a into two smaller ribbons 3 and ~, in all |a| + 1 possible ways, via horizontal cuts (8 -y = «) or vertical
cuts (8 ®~v = a). For example,

AL 2
=1®Lie  +Lay®@Lez  +Ley®@Lag  +Ley®Leg  +Ley®@La +Legy©1
O O O O O O O O O |0 O O

0O 0o O oo OO o O oo O o o0 O oo
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Example 5.2.16. To multiply L 1)L(2), one could pick w, = 21 and wg = 34, and then

LanLe) = Xeenwsa Lyw) = Lyeissy +Lyesiey +Lye2ia +Lyesa)  +Ly@a)  +Loysa
= L3 +L2,2) +L(1,1,2) +L31 +La21y  +Lei-

Before we prove Proposition 5.2.15, we state a simple lemma:

Lemma 5.2.17. Let @ and R be two labelled posets whose underlying sets are disjoint. Let () LI R be the
disjoint union of these posets @@ and R; this is again a labelled poset. Then,

Fq (x) Fr(x) = Four (%) .

Proof of Lemma 5.2.17. We identify the underlying set of Q L R with @ U R (since the sets @) and R are
already disjoint). If f: Q UR — {1,2,3,...} is a Q U R-partition, then its restrictions f |g and f |g are a
Q-partition and an R-partition, respectively. Conversely, any pair of a @)-partition and an R-partition can
be combined to form a @ LI R-partition. Thus, there is a bijective correspondence between the addends in
the expanded sum Fy (x) Fr (x) and the addends in Fg,r (x). O

Proof of Proposition 5.2.15. To prove formula (5.2.5) for « in Comp,,, note that
(528) AL& = La(xv y) = Z Z Lijy =Ty, - yik+1 Y,
k=0 1<y <<,
1<ipp1 <+ <iip:
ir<irq1 for reD(a)\{k}

by Proposition 5.2.9 (where we identify QSym ® QSym with a k-subalgebra of R (x,y) by means of the
embedding QSym ® QSym 5 QSym (x) ® QSym (y) < R(x,y) as in the definition of the comultiplication
on QSym). One then realizes that the inner sums corresponding to values of k that lie (resp. do not lie) in
D(a) U{0,n} correspond to the terms Lg(x)L-(y) for pairs (3,v) in which 8- v =« (resp. FO v = «).

For formula (5.2.6), let P be the labelled poset which is the disjoint union of linear orders w,wg. Then

LoLg=Fu,(X)Fu,(x) =Fp(x) = Y Fu,(x)= > Ly
weL(P) WEWq W wp
where the first equality used Proposition 5.2.10, the second equality comes from Lemma 5.2.17, the third
equality from Theorem 5.2.11, and the fourth from the equality £(P) = w, LI wg.
To prove formula (5.2.7), compute using Theorem 5.1.11 that

S(La)= > SWMe)= > (D)OM =3 MY (-1

B refining o (Byy): il B
B refines a,
~ coarsens rev(f)

in which the last inner sum is over 8 for which
D(B) > D(a) U D(rev(y)).

The alternating signs make such inner sums vanish unless they have only the single term where D(8) = [n—1]
(that is, 5 = (1™)). This happens exactly when D(rev(y)) U D(a) = [n — 1] or equivalently, when D(rev(y))
contains the complement of D(«), that is, when D(7) contains the complement of D(rev(«)), that is, when
~v refines w(a). Thus

S(La) = Z M’Y : (_1)n = (_1)‘a|Lw((x)~

v€Comp,,:
~ refines w(a)

]

The antipode formula (5.2.7) for L, leads to a general interpretation for the antipode of QSym acting on
P-partition enumerators Fp(x).

Definition 5.2.18. Given a labelled poset P on {1,2,...,n}, let the opposite or dual labelled poset P°PP
have @ <popp j if and only if j <p i.



HOPF ALGEBRAS IN COMBINATORICS 139

For example,

P= 2 PePP = 3

The following observation is straightforward.

Proposition 5.2.19. When P is a linear order corresponding to some permutation w = (w1, ..., w,) in &,
then w°PP = wwy where wy € &,, is the permutation that swaps i <> n+ 1 — i (this is the so-called longest
permutation, thus named due to it having the highest “Coxeter length” among all permutations in &,,).
Furthermore, in this situation one has F,,(x) = Lg, that is, Des(w) = D(«) if and only if Des(w°PP) =
D(w(c)), that is Fyoer(X) = Lyy(q). Thus,

S(F(x)) = (—1)" Fyporn (x).

For example, given the compositions considered earlier

Ood
ogooo

a=(4,22)= wla) =(1,2,2,1,1,1) =

U
O O
O
if one picks w = 1235 -47 - 68 (with descent positions marked by dots) having Des(w) = {4,6} = D(«a), then
wPP = wwy = 8- 67-45-3-2-1 has Des(wPP) = {1, 3,5,6,7} = D(w(«)).
Corollary 5.2.20. For any labelled poset P on {1,2,...,n}, one has
S (FP(X)) = (—1)"Fpopp(X).

Proof. Since S is linear, one can apply Theorem 5.2.11 and Proposition 5.2.19

S(Fp(x)= Y S(Fu(x)= > (=1)"Fuore(x) = (—=1)"Fpors (x).

weL(P) weL(P)

as L(P°PP) = {w°PP : w € L(P)}. O

Remark 5.2.21. Malvenuto and Reutenauer, in [129, Theorem 3.1], prove an even more general antipode
formula, which encompasses our Corollary 5.2.20, Proposition 5.2.19, Theorem 5.1.11 and (5.2.7). See [71,
Theorem 4.2] for a restatement and a self-contained proof of this theorem (and [71, Theorem 4.7] for an even
further generalization).

We remark on a special case of Corollary 5.2.20 to which we alluded earlier, related to skew Schur functions.

Corollary 5.2.22. In A, the action of w and the antipode S on skew Schur functions sy, are as follows:

(529) w(S)\/#) = SAt/ut
(5.2.10) S(sa/u) = (—1)Milsyi ).

Proof. Given a skew shape A/u, one can always create a labelled poset P which is its skew Ferrers poset,
together with one of many column-strict labellings, in such a way that Fp(x) = s5/,(x). An example is
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shown here for A\/p = (4,4,2)/(1,1,0):

(I
Mp= 0O 0O O P= 5 £(5)
0o N, PPN
f(8) PRACY f2)
\ / \ / \ NN N
NGV (G (C N (¢
6 BN bV
- f(6)
The general definition is as follows: Let P be the set of all boxes of the skew diagram A\/u. Label these
boxes by the numbers 1,2,...,n (where n = |A/u|) row by row from bottom to top (reading every row from

left to right), and then define an order relation <p on P by requiring that every box be smaller (in P) than
its right neighbor and smaller (in P) than its lower neighbor. It is not hard to see that in this situation,

Fpovs (x) = > 7 x24T as T' ranges over all reverse semistandard tableauz or column-strict plane partitions
of X'/ut:

O
x/wzg g - PovP = / \ </f(6>\
O O <
f(7) _fB) f)
/ \ / \ / DA N 2 N %
\ / f(8) PG )
5 N
AG)

But this means that Fpors (X) = syt /,¢(x), since the fact that skew Schur functions lie in A implies that they
can be defined either as generating functions for column-strict tableaux or reverse semistandard tableaux;
see Remark 2.2.5 above, or [180, Prop. 7.10.4].

Thus we have
Fp(x) = s)/,(x)

FPopp (X) = S)\t/#t (X)
Proposition 1.4.24(c) tell us that the antipode for QSym must specialize to the antipode for A (see also
Remark 5.3.11 below), so (5.2.10) is a special case of Corollary 5.2.20. Then (5.2.9) follows from the relation
(2.4.7) that S(f) = (—=1)"w(f) for f in A,. O

Remark 5.2.23. Before leaving P-partitions temporarily, we mention two open questions about them.
The first is a conjecture of Stanley from his thesis [177]. As mentioned in the proof of Corollary 5.2.22,
each skew Schur function s, /,(x) is a special instance of P-partition enumerator Fp(x).

Conjecture 5.2.24. A labelled poset P has Fp(x) symmetric, and not just quasisymmetric, if and only if
P is a column-strict labelling of some skew Ferrers poset \/p.

A somewhat weaker result in this direction was proven by Malvenuto in her thesis [127, Thm. 6.4], showing
that if a labelled poset P has the stronger property that its set of linear extensions £(P) is a union of plactic
or Knuth equivalence classes, then P must be a column-strict labelling of a skew Ferrers poset.

The next question is due to P. McNamara, and is suggested by the obvious factorizations of P-partition
enumerators Fp, . p,(x) = Fp, (x)Fp,(x) (Lemma 5.2.17).

Question 5.2.25. If k is a field, does a connected labelled poset P always have Fp(x) irreducible within the
ring QSym?

The phrasing of this question requires further comment. It is assumed here that x = (21, 22, ...) is infinite;
for example when P is a 2-element chain labelled “against the grain” (i.e., the bigger element of the chain
has the smaller label), then Fp(x) = e3(x) is irreducible, but its specialization to two variables x = (21, x2)
is ea(x1,x2) = 12, which is reducible. If one wishes to work in finitely many variables x = (z1,...,Zm)
one can perhaps assume that m is at least |P| 4 1.
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When working in QSym = QSym(x) in infinitely many variables, it is perhaps not so clear where fac-
torizations occur. For example, if f lies in QSym and factors f = g - h with g, h in R(x), does this imply
that g, h also lie in QSym? The answer is “Yes” (for k = Z), but this is not obvious, and was proven by P.
Pylyavskyy in [153, Chap. 11].

One also might wonder whether QSym;, is a unique factorization domain, but this follows from the result
of M. Hazewinkel ([74] and [78, Thm. 6.7.5], and Theorem 6.4.3 further below) who proved a conjecture of
Ditters that QSymy is a polynomial algebra; earlier Malvenuto and Reutenauer [128, Cor. 2.2] had shown
that QSymg is a polynomial algebra. In fact, one can find polynomial generators { P, } for QSymg as a subset
of the dual basis to the Q-basis {{,} for NSymg which comes from taking products &, := £q, -+ &a, of the
elements {£,} defined in Remark 5.3.4 below. Specifically, one takes those P, for which the composition «
is a Lyndon composition; see the First proof of Proposition 6.4.4 for a mild variation on this construction.

Hazewinkel’s proof [78, Thm. 6.7.5] of the polynomiality of QSym,, also shows that QSym is a polynomial
ring over A (see Corollary 6.5.33); in particular, this yields that QSym is a free A-module.?%°

An affirmative answer to Question 5.2.25 is known at least in the special case where P is a connected
column-strict labelling of a skew Ferrers diagram, that is, when Fp(x) = s /,(x) for some connected skew
diagram A/p; see [13].

5.3. The Hopf algebra NSym dual to QSym. We introduce here the (graded) dual Hopf algebra to QSym.
This is well-defined, as QSym is connected graded of finite type.

Definition 5.3.1. Let NSym := QSym?, with dual pairing NSym ® QSym O et {H,} be the k-basis
of NSym dual to the k-basis {M,} of QSym, so that
(Hoy Mg) = 64 p-

When the base ring k is not clear from the context, we write NSym, in lieu of NSym.
The Hopf algebra NSym is known as the Hopf algebra of noncommutative symmetric functions. Its study
goes back to [64].

Theorem 5.3.2. Letting H,, := H(,) forn=0,1,2,..., with Hy = 1, one has that
(531) NSym% k<H1,H27>7
the free associative (but not commutative) algebra on generators {H;, Hy, ...} with coproduct determined
hy?41
(5.3.2) AH, = Y H;®H,.
i+j=n
Proof. Since Proposition 5.1.7 asserts that AMs =35 ) 5.,—o Ma®M,, and since {H, } are dual to {Ms},
one concludes that for any compositions 3, , one has
HpHy = Hp.

Tterating this gives
(5.3.3) Hoy =Hq,, . an=Ha - Ha,.
Since the H, are a k-basis for NSym, this shows NSym = k(H;, Hs, .. .).

Note that H,, = H(,) is dual to My, so to understand AH,,, one should understand how M, can appear
as a term in the product M,Mgz. By (5.1.1) this occurs only if o = (7), 8 = (j) where i + j = n, where

My Mgy = Mvj) + M j) + Mo

240 e Jatter statement has an analogue in finitely many indeterminates, proven by Lauve and Mason in [108, Corollary
13]: The quasisymmetric functions QSym ({ml}zel) are free as a A ({zi}iel)—module for any totally ordered set I, infinite or
not. In the case of finite I, this cannot be derived by Hazewinkel’s arguments, as the ring QSym ({mz}lel) is not in general a
polynomial ring (e.g., when k = Q and I = {1, 2}, this ring is not even a UFD, as witnessed by (z%xz) . (xlxg) = (:c1:c2)3).

241The abbreviated summation indexing 3 t;,; used here is intended to mean

E ti,j-
(4,):
0<i,j<n,
Hi=n

i+j=n
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(where the M; ;) and M(; ;) addends have to be disregarded if one of i and j is 0). By duality, this implies
the formula (5.3.2). O

Corollary 5.3.3. The algebra homomorphism defined by

NSym — A
H, — h,

is a Hopf algebra surjection, and adjoint to the inclusion A ci) QSym (with respect to the dual pairing
NSym @ QSym S\ k).
Proof. As an algebra map m may be identified with the surjection T'(V) — Sym(V') from the tensor algebra
on a graded free k-module V with basis {Hy, Ha, ...} to the symmetric algebra on V, since
NSym = k<H1, HQ, .. >
A 2 Kk[hy, he,.. ]
As (5.3.2) and Proposition 2.3.6(iii) assert that
AH, = > H;®H,
i+j=n
Ahp= > hi@h;
i+j=n

this map 7 is also a bialgebra morphism, and hence a Hopf morphism by Proposition 1.4.24(c).
To check 7 is adjoint to ¢, let A(«) denote the partition which is the weakly decreasing rearrangement of
the composition «, and note that the bases {H,} of NSym and {m} of A satisfy

1 if Ma) = A

(r(tta)os) = (iscermn) = A= (e 3 M | = (i)

B:A(B)=A
]

Remark 5.3.4. For those who prefer generating functions to sign-reversing involutions, we sketch here Mal-
venuto and Reutenauer’s elegant proof [128, Cor. 2.3] of the antipode formula (Theorem 5.1.11). One needs
to know that when Q is a subring of k, and A is a k-algebra (possibly noncommutative), in the ring of power
series A[[t]] where ¢ commutes with all of A, one still has familiar facts, such as

a(t) =logb(t) if and only if  b(t) = expa(t)
and whenever a(t), b(t) commute in A[[t]], one has
(5.3.4) exp (a(t) + b(t)) = expa(t) exp b(t)
(5.3.5) log (a(t)b(t)) = log a(t) + log b(t)

Start by assuming WLOG that k = Z (as NSym, = NSymj, ®zk in the general case). Now, define in
NSymg = NSym ®7Q the elements {£1,&2, ...} via generating functions in NSymg|[t]]:

H(t):=)  Hpt",
n>0

E(t) =Y &ut" =log H(t)

n>1

(5.3.6)

One first checks that this makes each &, primitive, via a computation in the ring (NSymg @ NSymg)[[t]] (into
which we “embed” the ring (NSymg|[[t]]) ®qr) (NSymg|[[t]) via the canonical ring homomorphism from the
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latter into the former 242)

AE(t) = A [log d Hut" | =log» A(H,)t" =log» | > Hi®H;|t"

n>0 n>0 n>0 \i+j=n
=log [ | > Hit' | @Y Hit' | | =log [ (D Hit'®1| |10 H;jt!
i>0 >0 i>0 >0

G390 10e H) @1+ 10 log H(t) = £(t) @1+ 1@ £(F).

Comparing coefficients in this equality yields A(&,) = &, ® 1 +1® &,. Thus S(&,) = —&,, by Proposi-
tion 1.4.15. This allows one to determine S(H,) and S(H,), after one first inverts the relation (5.3.6) to get
that H(t) = exp&(t), and hence
~ (5.3.4) _
S(H(t)) = S(exp&(t)) = exp S(E(1)) = exp (=€(1)) "= (exp&(t)) ™
—H(t) = (1 4+ Hyt+ Hot> +---) "
Upon expanding the right side, and comparing coefficients of ¢", this gives
S(H,) = Z (_1)5([3)1{5
BeComp,,
and hence
S(Ha) = S(Ha,) -+ S(Ha,)S(Ha,) = Z (_1)2(7)H’y-
o4 refines rev(a)

As Snsym, Sqsym are adjoint, and {H,}, {M,} are dual bases, this is equivalent to Theorem 5.1.11:
SMa) = (=)™ > M,

7 coarsens rev(o)

(because if 4 and v are two compositions, then p coarsens v if and only if rev(u) coarsens rev(v)). Thus,
Theorem 5.1.11 is proven once again.

Let us say a bit more about the elements &, defined in (5.3.6) above. The elements n&,, are noncommu-
tative analogues of the power sum symmetric functions p, (and, indeed, are lifts of the latter to NSym, as
Exercise 5.3.5 below shows). They are called the noncommutative power sums of the second kind in [64]*43,
and their products form a basis of NSym. They are furthermore useful in studying the so-called Fulerian

idempotent of a cocommutative Hopf algebra, as shown in Exercise 5.3.6 below.

Exercise 5.3.5. Assume that Q is a subring of k. Define a sequence of elements &;1,&5,£3,... of NSym =
NSymy, by (5.3.6).
(a) For every n > 1, show that &, is a primitive homogeneous element of NSym of degree n.

(b) For every n > 1, show that 7 (n&,) is the n-th power sum symmetric function p,, € A.
(¢) For every n > 1, show that
1
5.3.7 = et~ g
(537 = X 7 s
aeComp,,

(d) For every composition «, define an element &, of NSym by &, = 4,80 - - ay, Where a is written
in the form o = (aq, a2, ..., ar) with £ = £ (). Show that

(5.3.8) H, = Z Lga

|
a€Comp,, ¢ (a)

242hig ring homomorphism might fail to be injective, whence the “embed” stands in quotation marks. This does not need
to worry us, since we will not draw any conclusions in (NSymg|[[t]]) ®qpg; (NSymg[[t]]) from our computation.

We are also somewhat cavalier with the notation A: we use it both for the comultiplication A : NSymg — NSymg ® NSymg
of the Hopf algebra NSymg and for the continuous k-algebra homomorphism NSymg [[t]] = (NSymg ® NSymg) [[t]] it induces.

2433ee Exercise 5.3.12 for the ones of the first kind.
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for every n € N.

Use this to prove that (&) is a k-basis of NSym,, for every n € N.

aeComp,,

Exercise 5.3.6. Assume that Q is a subring of k. Let A be a cocommutative connected graded k-bialgebra.
Let A= @p,,~, An be the decomposition of A into homogeneous components. If f is any k-linear map A — A
annihilating Ao, then f is locally -nilpotent®**, and so the sum log* (f + ue) == 3 -, (—1)”71 %f*n is a
well-defined endomorphism of A 245, Let ¢ denote the endomorphism log* (id4) of A (obtained by setting
f=1ida —ue: A — A). Show that ¢ is a projection from A to the k-submodule p of all primitive elements
of A (and thus, in particular, is idempotent).

Hint: For every n > 0, let 7, : A — A be the projection onto the n-th homogeneous component A,,.
Since NSym is the free k-algebra with generators Hi, Ho, Hs, . .., we can define a k-algebra homomorphism
20 : NSym — (End A, x) by sending H,, to m,. Show that:

(a) The map ¢: A — A is graded. For every n > 0, we will denote the map 7, oe =¢om, : A — A by
Cn-

(b) We have 20 (&,,) = e, for all n > 1, where &, is defined as in Exercise 5.3.5.

(c) If wis an element of NSym, and if we write A (w) = 3_,) w1 ® ws using Sweedler’s notation, then

Ao (W (w)) = (Z(w)ﬂﬂ(wl) @Qn(m)) o A.

(d) We have e, (A) C p for every n > 0.

(e) We have ¢ (A) C p.

(f) The map e fixes any element of p.
Remark 5.3.7. The endomorphism e of Exercise 5.3.6 is known as the Eulerian idempotent of A, and can be
contrasted with the Dynkin idempotent of Remark 1.5.12. It has been studied in [145], [148], [30] and [51],
and relates to the Hochschild cohomology of commutative algebras [116, §4.5.2].
Exercise 5.3.8. Assume that Q is a subring of k. Let A, A,, and ¢ be as in Exercise 5.3.6.

(a) Show that e*™ o ¢*™ = nld,, ,,e*" for all n € N and m € N.

(b) Show that e*™ oidy" = id}{" oe*™ = m™e*™ for all n € N and m € N.

We next explore the basis for NSym dual to the {L,} in QSym.

Definition 5.3.9. Define the noncommutative ribbon functions { Ry} to be the k-basis of NSym dual to the
fundamental basis {Lq} of QSym, so that (R, Lg) = 0q,3-

Theorem 5.3.10. (a) One has that
(5.3.9) Ho= > Rg

B coarsens «
(5.3.10) Ry= Y (-1~ my

B coarsens «

(b) The surjection NSym —— A sends R, — S, the skew Schur function associated to the ribbon a.
(¢) Furthermore,

(5.3.11) R.Rg = Ruo.g + Raop if a and B are nonempty
(5.3.12) S(Ra) = (_1)‘Q|Rw(a)
Finally, Ry is the multiplicative identity of NSym.

2443ee the proof of Proposition 1.4.22 for what this means.

245This definition of log* (f + we) is actually a particular case of Definition 1.7.17. This can be seen as follows:

We have f(Ag) = 0. Thus, Proposition 1.7.11(h) (applied to C = A) yields f € n(A, A) (where n(A, A) is defined as in
Section 1.7), so that (f + ue) —ue = f € n(A, A). Therefore, Definition 1.7.17 defines a map log* (f + ue) € n(A, A). This
map is identical to the map log* (f 4+ ue) := 3", <4 (—1)"71 %f*” we have just defined, because Proposition 1.7.18(f) (applied
to C' = A) shows that the map log* (f + ue) defined using Definition 1.7.17 satisfies

tog? (/ +ug) = 30 D pen S et Lpen,
n n

n>1 n>1
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Proof. (a) For the first assertion, note that

Ho =) (HoLg)Rs =Y | Hay >, My,|Rs= >  Rg

- :
P ? 7y refines 3 B coalfsens [eY
The second assertion follows from the first by Lemma 5.2.7(a).
(b) Write « as (a1, ..., ap). To show that 7(R,) = s4, we instead examine 7(H,):

W(Ha) = 7T(Iq'lll e Hae) = hOél e hOée = S(ay) " S(ar) T S(a1)® ()

where (a1) @ - @ (o) is some skew shape which is a horizontal strip having rows of lengths s, ...,y from
bottom to top. We claim
Sen)e-sa) = Y 58
B.

B coaréens e

because column-strict tableaux T of shape (a1) ® -+ @ () biject to column-strict tableaux 7" of some
ribbon B coarsening «, as follows: let a;,b; denote the leftmost, rightmost entries of the i*" row from the
bottom in T, of length «;, and

o if b; < a;.1, merge parts a;, ;11 in 8, and concatenate the rows of length «y;, a1 in T”, or

e if b; > a;11, do not merge parts oy, @;11 in 8, and let these two rows overlap in one column in 7”.
E.g., if « = (3,3,2,3,2), this T of shape (a1) @ --- ® (a¢) maps to this 77 of shape 8 = (3,8, 2):

3 4
4 4 5 3 4
T= 4 4 — 2 2 3 4 4 4 4 5
2 2 3 1 1 3
11 3

The reverse bijection breaks the rows of T into the rows of T of lengths dictated by the parts of «. Having
shown m(Ha) = 3 5.5 conrsens o 58 We can now apply Lemma 5.2.7(a) to obtain

sa= > (DO r(Hy) =7 (R (by (5:3.10));
B:B coarsens «
thus, m(Ry) = Sq is proven.
(¢) Finally, (5.3.11) and (5.3.12) follow from (5.2.5) and (5.2.7) by duality. O

Remark 5.3.11. Since the maps
NSym QSym

N

are Hopf morphisms, they must respect the antipodes Sa, Sqsym, Snsym, but it is interesting to compare
them explicitly using the fundamental basis for QSym and the ribbon basis for NSym.

On one hand (5.2.7) shows that Sqsym(La) = (—1)'“‘Lw(a) extends the map Sy since L(in) = e, and
L(,) = hn, as observed in Example 5.2.5, and w((n)) = (1").

On the other hand, (5.3.12) shows that Sngym(Ra) = (—1)|Q‘Rw(a) lifts the map Sp to Sngym: The-
orem 5.3.10(b) showed that R, lifts the skew Schur function s,, while (2.4.8) asserted that S(sx/,) =
(=1)M#lsye /e, and a ribbon o = A/ has w(a) = A/pt.

Exercise 5.3.12. (a) Show that any integers n and ¢ with 0 < ¢ < n satisfy
i

R(li,n—i) = Z (—1)1_] R(lj)Hn_j.
j=0

(Here, as usual, 1° stands for the number 1 repeated i times.)
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(b) Show that any integers n and i with 0 < i < n satisfy

( R(l’n %) ZS

(¢) For every positive integer n, define an element ¥,, of NSym by
U, =Y (—1)' Ruin i
Show that ¥, = (S« E) (H,,), where the map E : NSym — NSym is defined as in Exercise 1.5.11

(for A = NSym). Conclude that ¥,, is primitive.
(d) Prove that

n—1
> HpW,_p =nH,
k=0
for every n € N.
(e) Define two power series ¢ (t) an (t) in NSym [[t]] by
,¢J Z v, 1 1
n>1
t) = Z H,t".
n>0

d ~ ~
Show that?46 £H (t) = H (t) - (t).
(The functions ¥, are called noncommutative power sums of the first kind; they are studied in
[64]. The power sums of the second kind are the n¢, in Remark 5.3.4.)
(f) Show that m (¥,,) equals the power sum symmetric function p,, for every positive integer n.
(g) Show that every positive integer n satisfies

n—1

Pn = Z (—].)Z S(n—i,li) in A.
i=0
(h) For every nonempty composition «, define a positive integer Ip («) by Ip (&) = g, where « is written
in the form a = (a1, aa,...,ap) with £ = ¢ («). (Thus, Ip («) is the last part of «.) Show that every
positive integer n satisfies

(5.3.13) U, = > (-1 p(a) Ha.
aeComp,,

(i) Assume that Q is a subring of k. For every composition «, define an element ¥, of NSym by

U, =9,9,, - ¥,,, where a is written in the form o = (a1, g, ..., ay) with £ = ¢ («). For every
composition «, define 7, () to be the positive integer oy (o + @) -+ (a1 + @s + -+ - + ), where
o is written in the form a = (a1, ag, ..., ar) with £ = £(a). Show that
1
5.3.14 o = v
( ) n Z T (Oé) o
acComp,,

for every n € N.
Use this to prove that (Wa),ecomp, is @ k-basis of NSym,, for every n € N.
(j) Assume that Q is a subring of k. Let V' be the free k-module with basis (bs),,c(1 25, 1- Define a k-
module homomorphism f : V' — NSym by requiring that f (b,) = ¥,, for every n € {1,2,3,...}. Let
F be the k-algebra homomorphism 7" (V') — NSym induced by this f (using the universal property
of the tensor algebra T (V)). Show that F' is a Hopf algebra isomorphism (where the Hopf algebra
structure on T (V) is as in Example 1.4.16).

246The derivative EQ (t) of a power series Q (t) € R|[t]] over a noncommutative ring R is defined just as in the case of R

commutative: by setting th (t) =Y ;51 iqit* =1, where Q () is written in the form Q (¢) = 3,5 it’.
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(k) Assume that Q is a subring of k. Let V be as in Exercise 5.3.12(j). Show that QSym is isomorphic
to the shuffle algebra Sh (V') (defined as in Proposition 1.6.7) as Hopf algebras.
(1) Solve parts (a) and (b) of Exercise 2.9.14 again using the ribbon basis functions R,,.

One might wonder whether the Frobenius endomorphisms of A (defined in Exercise 2.9.9) and the Ver-
schiebung endomorphisms of A (defined in Exercise 2.9.10) generalize to analogous operators on either
QSym or NSym. The next two exercises (whose claims mostly come from [75, §13]) answer this question:
The Frobenius endomorphisms extend to QSym, and the Verschiebung ones lift to NSym.

Exercise 5.3.13. For every n € {1,2,3,...}, define a map F,, : QSym — QSym by setting
F,(a) =a(z}, 25, 2%,...) for every a € QSym.
(So what F,, does to a quasi-symmetric function is replacing all variables 1, z2, 3, . . . by their n-th powers.)
(a) Show that F,, : QSym — QSym is a k-algebra homomorphism for every n € {1,2,3,...}.
) Show that F,, o F,, = F,,,, for any two positive integers n and m.
(¢) Show that F; = id.
) Prove that F, (M(ﬁl,ﬁz ,,,,, [35)) = Mg, nps,...ns,) for every n € {1,2,3,...} and (B1,f2,...,8s) €
Comp.
(e) Prove that F,, : QSym — QSym is a Hopf algebra homomorphism for every n € {1,2,3,...}.
(f) Consider the maps f, : A — A defined in Exercise 2.9.9. Show that F,, [p= f, for every n €
{1,2,3,...}.
(g) Assume that k = Z. Prove that £, (¢) = a? modp QSym for every a € QSym and every prime
number p.
(h) Give a new solution to Exercise 2.9.9(d).

Exercise 5.3.14. For every n € {1,2,3,...}, define a k-algebra homomorphism V,, : NSym — NSym by

V., (H,) = { H"(L)/ n i 115 ?Jnm’ for every positive integer m

247

(a) Show that any positive integers n and m satisfy

_f n¥m, if n | m;
Vn(\I/m)—{ 0, ifntm ’
where the elements ¥,,, and V¥,,, , of NSym are as defined in Exercise 5.3.12(c).
(b) Show that if Q is a subring of k, then any positive integers n and m satisfy

_ Em/ns if n | ms;
V"(ém){ ({, ifntm
where the elements &, and ,,/, of NSym are as defined in Exercise 5.3.5.
(¢) Prove that V,, oV, =V, for any two positive integers n and m.
(d) Prove that V; =id.
(e) Prove that V,, : NSym — NSym is a Hopf algebra homomorphism for every n € {1,2,3,...}.
Now, consider also the maps F,, : QSym — QSym defined in Exercise 2.9.9. Fix a positive integer n.

(f) Prove that the maps F,, : QSym — QSym and V,, : NSym — NSym are adjoint with respect to the

dual pairing NSym ® QSym Q> k.

(g) Consider the maps v,, : A — A defined in Exercise 2.9.10. Show that the surjection 7 : NSym — A
satisfies v,, om =m0 V,, for every n € {1,2,3,...}.
(h) Give a new solution to Exercise 2.9.10(f).

247This is well-defined, since NSym is (isomorphic to) the free associative algebra with generators H1, Ha, Hs, ... (according
to (5.3.1)).
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6. POLYNOMIAL GENERATORS FOR QSym AND LYNDON WORDS

In this chapter, we shall construct an algebraically independent generating set for QSym as a k-algebra,
thus showing that QSym is a polynomial ring over k. This has been done by Malvenuto [127, Cor. 4.19] when
k is a field of characteristic 0, and by Hazewinkel [74] in the general case. We will begin by introducing the
notion of Lyndon words (Section 6.1), on which both of these constructions rely; we will then (Section 6.2)
elucidate the connection of Lyndon words with shuffles, and afterwards (Section 6.3) apply it to prove
Radford’s theorem stating that the shuffle algebra of a free k-module over a commutative Q-algebra is a
polynomial algebra (Theorem 6.3.4). The shuffle algebra is not yet QSym, but Radford’s theorem on the
shuffle algebra serves as a natural stepping stone for the study of the more complicated algebra QSym. We
will prove — in two ways — that QSym is a polynomial algebra when Q is a subring of k in Section 6.4, and
then we will finally prove the general case in Section 6.5.

Strictly speaking, this whole Chapter 6 is a digression, as it involves almost no coalgebraic or Hopf-
algebraic structures, and its results will not be used in further chapters (which means it can be skipped if so
desired). However, it sheds additional light on QSym and serves as an excuse to study Lyndon words, which
are a combinatorial object of independent interest (and are involved in the study of free algebras and Hopf
algebras, apart from QSym — see [155] and [159]%%).

We will take a scenic route to the proof of Hazewinkel’s theorem. A reader only interested in the proof
proper can restrict themselves to reading only the following:

e from Section 6.1, everything up to Corollary 6.1.6, then from Definition 6.1.13 up to Proposi-
tion 6.1.18, then from Definition 6.1.25 up to Lemma 6.1.28, and finally Theorem 6.1.30. (Proposi-
tion 6.1.19 and Theorem 6.1.20 are also relevant if one wants to use a different definition of Lyndon
words, as they prove the equivalence of most such definitions.)

e from Section 6.2, everything except for Exercise 6.2.25.

e from Section 6.3, Definition 6.3.1, Lemma 6.3.7, and Lemma 6.3.10.

e from Section 6.4, Definition 6.4.1, Theorem 6.4.3, then from Proposition 6.4.5 up to Definition 6.4.9,
and Lemma 6.4.11.

e all of Section 6.5.

6.1. Lyndon words. Lyndon words have been independently defined by Shirshov [176], Lyndon [123],
Radford [155, §2] and de Bruijn/Klarner [28] (though using different and sometimes incompatible notations).
They have since been surfacing in various places in noncommutative algebra (particularly the study of free
Lie algebras); expositions of their theory can be found in [121, §5], [159, §5.1] and [107, §1] (in German).
We will follow our own approach to the properties of Lyndon words that we need.

Definition 6.1.1. We fix a totally ordered set 2, which we call the alphabet. Throughout Section 6.1 and
Section 6.2, we will understand “word” to mean a word over 2.

We recall that a word is just a (finite) tuple of elements of 2. In other words, a word is an element of the
set | ],,~o2A™. We denote this set by 2*.

The empty word is the unique tuple with 0 elements. It is denoted by @. If w € A" is a word and
i € {1,2,...,n}, then the i-th letter of w means the i-th entry of the n-tuple w. This i-th letter will be
denoted by w;.

The length £(w) of a word w € |],5, A" is defined to be the n € N satisfying w € A". Thus, w =
(wl, Wa, . .. ,wg(w)) for every word w.

Given two words u and v, we say that u is longer than v (or, equivalently, v is shorter than ) if and only
if £(u) > € (v).

The concatenation of two words u and v is defined to be the word (ul, U2,y Ug(y), V1, V2, - - - ,W(U)). This
concatenation is denoted by uv or u - v. The set 2* of all words is a monoid with respect to concatenation,
with neutral element @. It is precisely the free monoid on generators 2. If u is a word and i € N, we will
understand u’ to mean the i-th power of w in this monoid (that is, the word wu - - - u).

i times

The elements of 2 are called letters, and will be identified with elements of A' C [ ., A" = 2A*.

This identification equates every letter u € A with the one-letter word (u) € A'. Thus, every word

248They also are involved in indexing basis elements of combinatorial Hopf algebras other than QSym. See Bergeron/Zabrocki
[18].
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(u1,us,...,u,) € A* equals the concatenation ujus ---u, of letters, hence allowing us to use ujus---uy,
as a brief notation for the word (uy,usg,...,uy,).
If w is a word, then:
e a prefix of w means a word of the form (wy,ws, ..., w;) for some i € {0,1,...,¢(w)};
e a suffix of w means a word of the form (wi_H, Wity - - ,’U}[(w)) for some ¢ € {0,1,...,¢(w)};
e a proper suffir of w means a word of the form (wi+1,wi+2, ey wg(w)) for some i € {1,2,...,¢(w)}.

In other words,
e a prefir of w € A* is a word u € A* such that there exists a v € A* satisfying w = uv;
e a suffiz of w € A* is a word v € A* such that there exists a u € A* satisfying w = uv;
e a proper suffix of w € A* is a word v € A* such that there exists a nonempty u € 2A* satisfying
w = uv.
Clearly, any proper suffix of w € * is a suffix of w. Moreover, if w € * is any word, then a proper suffix
of w is the same thing as a suffix of w distinct from w.
We define a relation < on the set 2A* as follows: For two words u € * and v € A*, we set u < v to hold
if and only if

either there exists an ¢ € {1,2,...,min {¢(u), ¢ (v)}}
such that (u; < v;, and every j € {1,2,...,i — 1} satisfies u; = v;),
or the word u is a prefix of v.

This order relation (taken as the smaller-or-equal relation) makes 2* into a poset (by Proposition 6.1.2(a)
below), and we will always be regarding 20* as endowed with this poset structure (thus, notations such as <,
<, > and > will be referring to this poset structure). This poset is actually totally ordered (see Proposition
6.1.2(a)).

Here are some examples of words compared by the relation <:

113 < 114, 113 < 132, 19 < 195, 41 < 412,
41 < 421, 539 < 54, o <21, <o

(where 2 is the alphabet {1 <2 <3 <---}).

Notice that if v and v are two words of the same length (i.e., we have u,v € 2™ for one and the same
n), then u < v holds if and only if w is lexicographically smaller-or-equal to v. In other words, the relation
< is an extension of the lexicographic order on every A" to 2A*. This is the reason why this relation <
is usually called the lezicographic order on 2*. In particular, we will be using this name.?*® However,
unlike the lexicographic order on ™, it does not always respect concatenation from the right: It can happen
that u,v,w € A* satisfy v < v but not uw < vw. (For example, u = 1, v = 13 and w = 4, again with
A={1<2<3<---}.) We will see in Proposition 6.1.2 that this is rather an exception than the rule and
the relation < still behaves mostly predictably with respect to concatenation.

Some basic properties of the order relation < just defined are collected in the following proposition:

Proposition 6.1.2. (a) The order relation < is (the smaller-or-equal relation of) a total order on the
set 2A*.

b) If a,c,d € A* satisty ¢ < d, then ac < ad.

¢) Ifa,c,d € A* satisty ac < ad, then ¢ < d.

d) Ifa,b,c,d € A* satisfy a < ¢, then either we have ab < cd or the word a is a prefix of c.
) Ifa,b,c,d € A* satisty ab < cd, then either we have a < ¢ or the word c is a prefix of a.
) If a,b,c,d € A* satisty ab < cd and £ (a) < £(c), then a < c.
) If a,b,c € A* satisfy a < b < ac, then a is a prefix of b.
)
)
)
)

N N e~ o~
=3 RG]

If a € A* is a prefix of b € A*, then a < b.
i) If a and b are two prefixes of ¢ € A*, then either a is a prefix of b, or b is a prefix of a.
(j) Ifa,b,c € A* are such that a < b and £ (a) > £(b), then ac < be.
(k

—~

If a € A* and b € A* are such that b is nonempty, then a < ab.

249The relation < is also known as the dictionary order, due to the fact that it is the order in which words appear in a
dictionary.
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Exercise 6.1.3. Prove Proposition 6.1.2.

[Hint: No part of Proposition 6.1.2 requires more than straightforward case analysis. However, the proof
of (a) can be simplified by identifying the order relation < on 2* as a restriction of the lexicographic order
on the set B°°, where ‘B is a suitable extension of the alphabet 2. What is this extension, and how to embed
20* into B> 7]

Proposition 6.1.2 provides a set of tools for working with the lexicographic order without having to refer
to its definition; we shall use it extensively. Proposition 6.1.2(h) (and its equivalent form stating that a < ac
for every a € 2A* and ¢ € 2*) and Proposition 6.1.2(k) will often be used without explicit mention.

Before we define Lyndon words, let us show two more facts about words which will be used later. First,
when do words commute?

Proposition 6.1.4. Let u,v € 2A* satisfy uv = vu. Then, there exist a t € A* and two nonnegative integers
n and m such that u = t" and v = t™.

Proof. We prove this by strong induction on £ (u) + ¢ (v). We assume WLOG that £ (u) and ¢ (v) are positive
(because otherwise, one of u and v is the empty word, and everything is trivial). It is easy to see that either
u is a prefix of v, or v is a prefix of u 20, We assume WLOG that u is a prefix of v (since our situation
is symmetric). Thus, we can write v in the form v = ww for some w € A*. Consider this w. Clearly,

Cu)+L(w) =L uw | =L(v) <L€(u)+£(v) (since £ (v) is positive). Since v = uw, the equality uv = vu
=v

becomes uuw = wwu. Cancelling u from this equality, we obtain uw = wu. Now, we can apply Proposition

6.1.4 to w instead of v (by the induction assumption, since ¢ (u) + £ (w) < £(u) + £ (v)), and obtain that

there exist a t € A* and two nonnegative integers n and m such that u = ¢" and w = ™. Consider this ¢

and these n and m. Of course, u =t" and v =_u _w = t"t™ =t"*™. So the induction step is complete,

—tn —tm

and Proposition 6.1.4 is proven. a

Proposition 6.1.5. Let u,v,w € A* be nonempty words satisfying uv > vu, vw > wv and wu > uw. Then,
there exist a t € A* and three nonnegative integers n, m and p such that u =t", v =t™ and w = t.

Proof. We prove this by strong induction on ¢ (u) + £ (v) + £ (w). Clearly, ¢ (u), £ (v) and ¢ (w) are positive
(since u, v and w are nonempty). We assume WLOG that £ (u) = min {¢ (u), £ (v),¢(w)} (because there is
a cyclic symmetry in our situation). Thus, £ (u) < £ (v) and £ (u) < £ (w). But vu < uv. Hence, Proposition
6.1.2(e) (applied to a = v, b = u, ¢ = u and d = v) yields that either we have v < w or the word w is a prefix
of v. But Proposition 6.1.2(f) (applied to a = u, b = w, ¢ = w and d = ) yields v < w (since vw < wu
and ¢ (u) < ¢(w)). Furthermore, wv < vw. Hence, Proposition 6.1.2(e) (applied to a = w, b = v, ¢ = v and
d = w) yields that either we have w < v or the word v is a prefix of w.

From what we have found so far, it is easy to see that u is a prefix of v 2%, In other words, there exists
a v’ € A* such that v = uv’. Consider this v'.

If the word v’ is empty, then the statement of Proposition 6.1.5 can be easily deduced from Proposition
6.1.4252. Thus, we assume WLOG that this is not the case. Hence, v’ is nonempty.

Using v = wv’, we can rewrite uv > vu as uuv’ > wv'u. That is, uv'uv < wuv’, so that v'u < wv’ (by
Proposition 6.1.2(c), applied to a = u, ¢ = v'u and d = wv’). That is, wv’ > v'u. But £ (vw) = £ (u) +4{ (w) =
¢ (w) + 4 (u) = £(wu) > £(wu). Hence, Proposition 6.1.2(i) (applied to a = uw, b = wu and ¢ = v') yields

250P7~oof. The word u is a prefix of uv. But the word v is also a prefix of uv (since uv = vu). Hence, Proposition 6.1.2(i)
(applied to a = u, b = v and ¢ = uv) yields that either w is a prefix of v, or v is a prefix of u, qed.

251P7"oof. Assume the contrary. Then, u is not a prefix of v. Hence, we must have v < u (since either we have v < u or the
word u is a prefix of v), and in fact v < u (because v = u would contradict to w not being a prefix of v). Thus, v < u < w. But
recall that either we have w < v or the word v is a prefix of w. Thus, v must be a prefix of w (because v < w rules out w < v).
In other words, there exists a ¢ € 2A* such that w = vq. Consider this g. We have v < u < w = vq. Thus, Proposition 6.1.2(g)
(applied to a = v, b =u and ¢ = q) yields that v is a prefix of u. In light of £ (u) < £ (v), this is only possible if v = u, but this
contradicts v < u. This contradiction completes this proof.

252Proof. Assume that the word v’ is empty. Then, v = uv’ becomes v = u. Therefore, vw > wv becomes uw > wu.
Combined with wu > uw, this yields uw = wu. Hence, Proposition 6.1.4 (applied to w instead of v) yields that there exist a
t € A* and two nonnegative integers n and m such that u =t and w = t™. Clearly, v = u = t™ as well, and so the statement
of Proposition 6.1.5 is true.
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uwv' < wun' (since vw < wu). Now, uv’ w=vw > w_v = wuv’ > uwv' (since uwv’ < wuv'), so that
~~ ~—
=0 =uv’
wwv” < uv'w. Hence, wv' < v'w (by Proposition 6.1.2(c), applied to a = u, ¢ = wv' and d = v'w), so that
v'w > wv’. Now, we can apply Proposition 6.1.5 to v’ instead of v (by the induction hypothesis, because
O(u) + L)+l (w) =L (v) + £ (w) < €(u) +£(v) +£(w)). As a result, we see that there exist a ¢t € 2A* and
—_————

:l(uv’):@(v)
(since uv'=v)
three nonnegative integers n, m and p such that v = t", v = t"™ and w = t?. Clearly, this t and these n,m,p
satisfy v = _u v = t"t™ = t"t™ and so the statement of Proposition 6.1.5 is satisfied. The induction

step is thus complete. O

Corollary 6.1.6. Let u,v,w € UA* be words satisfying uv > vu and vw > wv. Assume that v is nonempty.
Then, uvw > wu.

Proof. Assume the contrary. Thus, uw < wu, so that wu > uw.

If w or w is empty, then everything is obvious. We thus WLOG assume that u and w are nonempty.
Thus, Proposition 6.1.5 shows that there exist a t € A* and three nonnegative integers n, m and p such
that u = t", v = t™ and w = tP. But this yields wu = tPt" = tPFn = n+P = \t’;\t”’/ = ww, contradicting

=u =w

uw < wu. This contradiction finishes the proof. O

Exercise 6.1.7. Find an alternative proof of Corollary 6.1.6 which does not use Proposition 6.1.5.

The above results have a curious consequence, which we are not going to use:

Corollary 6.1.8. We can define a preorder on the set A*\{@} of all nonempty words by defining a nonempty
word u to be greater-or-equal to a nonempty word v (with respect to this preorder) if and only if uv > vu.
Two nonempty words u, v are equivalent with respect to the equivalence relation induced by this preorder if
and only if there exist a t € A* and two nonnegative integers n and m such that v = t"™ and v = t™.

Proof. The alleged preorder is transitive (by Corollary 6.1.6) and reflexive (obviously), and hence is really a
preorder. The claim in the second sentence follows from Proposition 6.1.4. ]

As another consequence of Proposition 6.1.5, we obtain a classical property of words [121, Proposition
1.3.1]:

Exercise 6.1.9. Let v and v be words and n and m be positive integers such that u™ = v™. Prove that
there exists a word ¢ and positive integers ¢ and j such that u = ¢ and v = /.

Here is another application of Corollary 6.1.6:

Exercise 6.1.10. Let n and m be positive integers. Let u € A* and v € A* be two words. Prove that
uv > vu holds if and only if u™v™ > v™u™ holds.

Exercise 6.1.11. Let n and m be positive integers. Let u € 2A* and v € 2A* be two words satisfying
nf (u) = mf (v). Prove that uwv > vu holds if and only if 4™ > v™ holds.

We can also generalize Propositions 6.1.4 and 6.1.5:

Exercise 6.1.12. Let uy, us, ..., u; be nonempty words such that every i € {1,2,...,k} satisfies u;u; 41 >
Ujt+1U;, Where ug1 means u;. Show that there exist a word ¢ and nonnegative integers nq,na,...,n; such
that u; =™, ug =72, ..., up = t"k.

Now, we define the notion of a Lyndon word. There are several definitions in literature, some of which
will be proven equivalent in Theorem 6.1.20.

Definition 6.1.13. A word w € 2A* is said to be Lyndon if it is nonempty and satisfies the following
property: Every nonempty proper suffix v of w satisfies v > w.



152 DARIJ GRINBERG AND VICTOR REINER

For example, the word 113 is Lyndon (because its nonempty proper suffixes are 13 and 3, and these are
both > 113), and the word 242427 is Lyndon (its nonempty proper suffixes are 42427, 2427, 427, 27 and
7, and again these are each > 242427). The words 2424 and 35346 are not Lyndon (the word 2424 has a
nonempty proper suffix 24 < 2424, and the word 35346 has a nonempty proper suffix 346 < 35346). Every
word of length 1 is Lyndon (since it has no nonempty proper suffixes). A word w = (wq, ws) with two letters
is Lyndon if and only if wy < we. A word w = (w1, we, ws) of length 3 is Lyndon if and only if wy < ws and
wy < we. A four-letter word w = (wq, we, w3, wy) is Lyndon if and only if wy < wy, w1 < w3, wy < wy and
(if w; = w3 then wy < wy). (These rules only get more complicated as the words grow longer.)

We will show several properties of Lyndon words now. We begin with trivialities which will make some
arguments a bit shorter:

Proposition 6.1.14. Let w be a Lyndon word. Let u and v be words such that w = uv.

(a) If v is nonempty, then v > w.

(b) If v is nonempty, then v > u.

(¢) If u and v are nonempty, then vu > uv.
(d) We have vu > uv.

Proof. (a) Assume that v is nonempty. Clearly, v is a suffix of w (since w = wv). If v is a proper suffix of w,
then the definition of a Lyndon word yields that v > w (since w is a Lyndon word); otherwise, v must be w
itself. In either case, we have v > w. Hence, Proposition 6.1.14(a) is proven.

(b) Assume that v is nonempty. From Proposition 6.1.14(a), we obtain v > w = wv > u (since v is
nonempty). This proves Proposition 6.1.14(b).

(c) Assume that v and v are nonempty. Since u is nonempty, we have vu > v > w (by Proposition
6.1.14(a)). Since w = uw, this becomes vu > wv. This proves Proposition 6.1.14(c).

(d) We need to prove that vu > wwv. If either u or v is empty, vu and wv are obviously equal, and thus
vu > wv is true in this case. Hence, we can WLOG assume that u and v are nonempty. Assume this. Then,
vu > uv follows from Proposition 6.1.14(c). This proves Proposition 6.1.14(d). O

Corollary 6.1.15. Let w be a Lyndon word. Let v be a nonempty suffix of w. Then, v > w.

Proof. Since v is a nonempty suffix of w, there exists u € 2* such that w = wv. Thus, v > w follows from
Proposition 6.1.14(a). O

Our next proposition is [78, Lemma 6.5.4]; its part (a) is also [159, (5.1.2)]:

Proposition 6.1.16. Let u and v be two Lyndon words such that v < v. Then:

(a) The word uv is Lyndon.
(b) We have uv < v.

Proof. (b) The word u is Lyndon and thus nonempty. Hence, uv # v %3, If uv < v@, then Proposition
6.1.16(b) easily follows?>*. Hence, for the rest of this proof, we can WLOG assume that we don’t have
wv < vg. Assume this.

We have u < v. Hence, Proposition 6.1.2(d) (applied to a = u, b = v, ¢ = v and d = &) yields that either
we have uv < v@ or the word u is a prefix of v. Since we don’t have uv < v@, we thus see that the word u
is a prefix of v. In other words, there exists a t € A* satisfying v = ut. Consider this ¢. Then, ¢ is nonempty
(else we would have v = ut_=u in contradiction to u < v).

=2

Now, v = ut. Hence, t is a proper suffix of v (proper because u is nonempty). Thus, ¢ is a nonempty
proper suffix of v. Since every nonempty proper suffix of v is > v (because v is Lyndon), this shows that
t > v. Hence, v < t. Thus, Proposition 6.1.2(b) (applied to a = u, ¢ = v and d = t) yields uwv < ut = v.
Combined with uv # v, this yields uv < v. Hence, Proposition 6.1.16(b) is proven.

(a) The word v is nonempty (since it is Lyndon). Hence, uv is nonempty. It thus remains to check that
every nonempty proper suffix p of uv satisfies p > uv.

25?’Pmof‘ Assume the contrary. Then, uv = v. Thus, uv = v = @v. Cancelling v from this equation, we obtain ©v = @. That
is, u is empty. This contradicts the fact that w is nonempty. This contradiction proves that our assumption was wrong, qged.

254Proof. Assume that uv < v@. Thus, uv < v& = v. Since uv # v, this becomes uv < v, so that Proposition 6.1.16(b) is
proven.
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So let p be a nonempty proper suffix of uv. We must show that p > uv. Since p is a nonempty proper
suffix of uv, we must be in one of the following two cases (depending on whether this suffix begins before
the suffix v of uv begins or afterwards):

Case 1: The word p is a nonempty suffix of v. (Note that p = v is allowed.)

Case 2: The word p has the form gqv where ¢ is a nonempty proper suffix of u.

Let us first handle Case 1. In this case, p is a nonempty suffix of v. Since v is Lyndon, this yields that
p > v (by Corollary 6.1.15, applied to v and p instead of w and v). But Proposition 6.1.16(b) yields uv < v,
thus v > wv. Hence, p > v > uv. We thus have proven p > uv in Case 1.

Let us now consider Case 2. In this case, p has the form gv where ¢ is a nonempty proper suffix of u.
Consider this ¢q. Clearly, ¢ > wu (since u is Lyndon and since ¢ is a nonempty proper suffix of u), so that
u < ¢. Thus, Proposition 6.1.2(d) (applied to @ = u, b = v, ¢ = ¢ and d = v) yields that either we have
uv < qu or the word w is a prefix of ¢g. Since u being a prefix of ¢ is impossible (in fact, ¢ is a proper suffix
of u, thus shorter than u), we thus must have uv < guv. Since uv # qv (because otherwise we would have
uv = qu, thus u = ¢ (because we can cancel v from the equality uv = quv), contradicting ¢ > u), this can be
strengthened to uv < qv = p. Thus, p > uv is proven in Case 2 as well.

Now that p > uv is shown to hold in both cases, we conclude that p > uv always holds.

Now, let us forget that we fixed p. We have thus shown that every nonempty proper suffix p of uv satisfies
p > uv. Since uwv is nonempty, this yields that uv is Lyndon (by the definition of a Lyndon word). Thus,
the proof of Proposition 6.1.16(a) is complete. |

Proposition 6.1.16(b), combined with Corollary 6.1.6, leads to a technical result which we will find good
use for later:

Corollary 6.1.17. Let u and v be two Lyndon words such that u < v. Let z be a word such that zv > vz
and uz > zu. Then, z is the empty word.

Proof. Assume the contrary. Then, z is nonempty. Thus, Corollary 6.1.6 (applied to z and v instead of v and
w) yields uwv > vu. But Proposition 6.1.16(b) yields uv < v < vu, contradicting uv > vu. This contradiction
completes our proof. O

We notice that the preorder of Corollary 6.1.8 becomes particularly simple on Lyndon words:
Proposition 6.1.18. Let u and v be two Lyndon words. Then, u > v if and only if uv > vu.

Proof. We distinguish between three cases:
Case 1: We have u < v.
Case 2: We have u = v.
Case 3: We have u > v.
Let us consider Case 1. In this case, we have u < v. Thus,

uv < v (by Proposition 6.1.16(b))
< vu.

Hence, we have neither u > v nor wv > vu (because we have u < v and wv < vu). Thus, Proposition 6.1.18
is proven in Case 1.

In Case 2, we have u = v. Therefore, in Case 2, both inequalities u > v and uv > vu hold (and actually
are equalities). Thus, Proposition 6.1.18 is proven in Case 2 as well.

Let us finally consider Case 3. In this case, we have u > v. In other words, v < u. Thus,

vu < u (by Proposition 6.1.16(b), applied to v and u instead of u and v)
< uv.

Hence, we have both « > v and uv > vu (because we have v < u and vu < uwv). Thus, Proposition 6.1.18 is

proven in Case 3.
Proposition 6.1.18 is now proven in all three possible cases. O

Proposition 6.1.19. Let w be a nonempty word. Let v be the (lexicographically) smallest nonempty suffix
of w. Then:

(a) The word v is a Lyndon word.
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(b) Assume that w is not a Lyndon word. Then there exists a nonempty u € 2A* such that w = uwv,
u > v and uwv > vu.

Proof. (a) Every nonempty proper suffix of v is > v (since every nonempty proper suffix of v is a nonempty
suffix of w, but v is the smallest such suffix) and therefore > v (since a proper suffix of v cannot be = v).
Combined with the fact that v is nonempty, this yields that v is Lyndon. Proposition 6.1.19(a) is proven.

(b) Assume that w is not a Lyndon word. Then, w # v (since v is Lyndon (by Proposition 6.1.19(a))
while w is not). Now, v is a suffix of w. Thus, there exists an v € A* such that w = uv. Consider this .
Clearly, u is nonempty (since uv = w # v). Assume (for the sake of contradiction) that u < v. Let v' be
the (lexicographically) smallest nonempty suffix of u. Then, v’ is a Lyndon word (by Proposition 6.1.19(a),
applied to u and v’ instead of w and v) and satisfies v/ < u (since w is a nonempty suffix of u, whereas v’
is the smallest such suffix). Thus, v' and v are Lyndon words such that v < u < v. Proposition 6.1.16(a)
(applied to v’ instead of u) now yields that the word v’v is Lyndon. Hence, every nonempty proper suffix of
v'v is > v'v. Since v is a nonempty proper suffix of v'v, this yields that v > v'v.

But v’ is a nonempty suffix of u, so that v'v is a nonempty suffix of uv = w. Since v is the smallest such
suffix, this yields that v'v > v. This contradicts v > v’v. Our assumption (that u < v) therefore falls. We
conclude that uv > v.

It remains to prove that uv > vu. Assume the contrary. Then, uv < vu. Thus, there exists at least one
suffix t of w such that tv < vt (namely, ¢t = u). Let p be the minimum-length such suffix. Then, pv < vp.
Thus, p is nonempty.

Since p is a suffix of w, it is clear that pv is a suffix of uv = w. So we know that pv is a nonempty suffix
of w. Since v is the smallest such suffix, this yields that v < pv < vp. Thus, Proposition 6.1.2(g) (applied
to a = v, b = pv and ¢ = p) yields that v is a prefix of pv. In other words, there exists a ¢ € 2A* such
that pv = vg. Consider this q. This ¢ is nonempty (because otherwise we would have pv = v \q,/ =,

=2
contradicting the fact that p is nonempty). From vg = pv < vp, we obtain g < p (by Proposition 6.1.2(c),
applied to a = v, ¢ = ¢ and d = p).

We know that ¢ is a suffix of pv (since vqg = pv), whereas pv is a suffix of w. Thus, ¢ is a suffix of w.
So ¢ is a nonempty suffix of w. Since v is the smallest such suffix, this yields that v < gq. We now have
v <q<p<pv<wvp Hence, v is a prefix of p (by Proposition 6.1.2(g), applied to a = v, b = p and ¢ = p).
In other words, there exists an r € 2* such that p = vr. Consider this r. Clearly, r is a suffix of p, while
p is a suffix of u; therefore, r is a suffix of u. Also, pv < vp rewrites as vrv < vur (because p = vr). Thus,
Proposition 6.1.2(c) (applied to a = v, ¢ = rv and d = vr) yields rv < vr. Since rv # vr (because otherwise,
we would have rv = vr, thus v Iv, = o, contradicting vrv < vor), this becomes rv < vr.

Now, r is a suffix of u such that 7v < vr. Since p is the minimum-length such suffix, this yields ¢ (r) > £ (p).

But this contradicts the fact that £ | p | = £(vr) = £(v)+£(r) > £(r). This contradiction proves our
=vr >0
assumption wrong; thus, we have shown that uv > vu. Proposition 6.1.19(b) is proven. O

Theorem 6.1.20. Let w be a nonempty word. The following four assertions are equivalent:

o Assertion A: The word w is Lyndon.

e Assertion B: Any nonempty words u and v satisfying w = uv satisfy v > w.

e Assertion C: Any nonempty words u and v satisfying w = uv satisfy v > u.

e Assertion D: Any nonempty words u and v satisfying w = uv satisfy vu > uv.

Proof. Proof of the implication A = B: If Assertion A holds, then Assertion B clearly holds (in fact,
whenever u and v are nonempty words satisfying w = wwv, then v is a nonempty proper suffix of w, and
therefore > w by the definition of a Lyndon word).

Proof of the implication A = C: This implication follows from Proposition 6.1.14(b).

Proof of the implication A = D: This implication follows from Proposition 6.1.14(c).

Proof of the implication B — A: Assume that Assertion B holds. If v is a nonempty proper suffix of w,
then there exists an u € A* satisfying w = uwv. This u is nonempty because v is a proper suffix, and thus
Assertion B yields v > w. Hence, every nonempty proper suffix v of w satisfies v > w. By the definition of
a Lyndon word, this yields that w is Lyndon, so that Assertion A holds.
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Proof of the implication C = A: Assume that Assertion C holds. If w was not Lyndon, then Proposition
6.1.19(b) would yield nonempty words u and v such that w = uv and u > v; this would contradict Assertion
C. Thus, w is Lyndon, and Assertion A holds.

Proof of the implication D = A: Assume that Assertion D holds. If w was not Lyndon, then Proposition
6.1.19(b) would yield nonempty words v and v such that w = uv and wv > vu; this would contradict Assertion
D. Thus, w is Lyndon, and Assertion A holds.

Now we have proven enough implications to conclude the equivalence of all four assertions. ([l

Theorem 6.1.20 connects our definition of Lyndon words with some of the definitions appearing in litera-
ture. For example, Lothaire [121, §5.1], Shirshov [176] and de Bruijn/Klarner [28, §4] define Lyndon words
using Assertion D (note, however, that Shirshov takes < instead of > and calls Lyndon words “regular words”;
also, de Bruijn/Klarner call Lyndon words “normal words”). Chen-Fox-Lyndon [35, §1], Reutenauer [159]
and Radford [155] use our definition (but Chen-Fox-Lyndon call the Lyndon words “standard sequences”,
and Radford calls them “primes” and uses < instead of >).

Theorem 6.1.20 appears (with different notations) in Zhou-Lu [202, Proposition 1.4]. The equivalence
D <= A of our Theorem 6.1.20 is equivalent to [121, Proposition 5.12] and to [35, 2" = 2""].

The following exercise provides a different (laborious) approach to Theorem 6.1.20:

Exercise 6.1.21. (a) Prove that if u € A* and v € A* are two words satisfying uv < vu, then there
exists a nonempty suffix s of u satisfying sv < v.
(b) Give a new proof of Theorem 6.1.20 (avoiding the use of Proposition 6.1.19).
[Hint: For (a), perform strong induction on ¢ (u) + £ (v), assume the contrary, and distinguish between
the case when u < v and the case when v is a prefix of u. For (b), use part (a) in proving the implication
D = B, and factor v as v = «™v" with m maximal in the proof of the implication C = B.]

The following two exercises are taken from [76]2%°.

Exercise 6.1.22. Let w be a nonempty word. Prove that w is Lyndon if and only if every nonempty word
t and every positive integer n satisfy (if w <", then w < t).

Exercise 6.1.23. Let wi, ws, ..., w, be n Lyndon words, where n is a positive integer. Assume that
w; <wy < -+ < w,y and wy < wy,. Show that wyws - - - w, is a Lyndon word.

The following exercise is a generalization (albeit not in an obvious way) of Exercise 6.1.23:

Exercise 6.1.24. Let wi, ws, ..., w, be n Lyndon words, where n is a positive integer. Assume that
WiWi41 * + Wy, > Wiwse - - - wy, for every i € {1,2,...,n}. Show that wyws - - w, is a Lyndon word.

We are now ready to meet the one of the most important features of Lyndon words: a bijection between all
words and multisets of Lyndon words?®%; it is clear that such a bijection is vital for constructing polynomial
generating sets of commutative algebras with bases indexed by words, such as QSym or shuffle algebras.
This is given by the Chen-Fox-Lyndon factorization:

Definition 6.1.25. Let w be a word. A Chen-Foz-Lyndon factorization (in short, CFL factorization) of w
means a tuple (a1, as,...,ax) of Lyndon words satisfying w = ajas ---ax and a3 > as > -+ > ag.

Example 6.1.26. The tuple (23,2,14,13323,13,12,12, 1) is a CFL factorization of the word 23214133231312121
over the alphabet {1,2,3,...} (ordered by 1 < 2 < 3 < ---), since 23, 2, 14, 13323, 13, 12, 12 and 1 are
Lyndon words satisfying 23214133231312121 =23 -2-14-13323-13-12-12-1 and 23 > 2 > 14 > 13323 >
13>12>12>1.

The bijection is given by the following Chen-Foxz-Lyndon theorem ([78, Theorem 6.5.5], [121, Thm. 5.1.5],
[155, part of Thm. 2.1.4]):

Theorem 6.1.27. Let w be a word. Then, there exists a unique CFL factorization of w.

Before we prove this, we need to state a lemma (which is [121, Proposition 5.1.6]):

255Exercise 6.1.22 is more or less [76, Lemma 4.3] with a converse added; Exercise 6.1.23 is [76, Lemma 4.2].
256 And it is not even the only one: see [69, §3] for another.
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Lemma 6.1.28. Let (a1,aq,...,ax) be a CFL factorization of a nonempty word w. Let p be a nonempty
suffix of w. Then, p > a.

Proof of Lemma 6.1.28. We will prove Lemma 6.1.28 by induction over the (obviously) positive integer k.
Induction base: Assume that k = 1. Thus, (a1,as2,...,ar) = (a1) is a tuple of Lyndon words satisfying
w = ajas---a. We have w = ajas---ar = a; (since k = 1), so that w is a Lyndon word (since a; is a
Lyndon word). Thus, Corollary 6.1.15 (applied to v = p) yields p > w = a1 = ax (since 1 = k). Thus,
Lemma 6.1.28 is proven in the case £ = 1. The induction base is complete.
Induction step: Let K be a positive integer. Assume (as the induction hypothesis) that Lemma 6.1.28 is
proven for k = K. We now need to show that Lemma 6.1.28 holds for k = K + 1.

So let (a1, as,...,ax+1) be a CFL factorization of a nonempty word w. Let p be a nonempty suffix of w.
We need to prove that p > ax 1.
By the definition of a CFL factorization, (a1, as,...,ax+1) is a tuple of Lyndon words satisfying w =

a1ag - A +1 and ap Z as Z s Z AK+1- Let w’ = a20a3 - AK+1; then, w=aaz- - -aKg4+1 = a1 (a2a3 LR aK+1) =
[ ——
=w’
a1w’. Hence, every nonempty suffix of w is either a nonempty suffix of w’, or has the form qu’ for a nonempty
suffix ¢ of a;. Since p is a nonempty suffix of w, we thus must be in one of the following two cases:

Case 1: The word p is a nonempty suffix of w’.

Case 2: The word p has the form qw’ for a nonempty suffix ¢ of a;.

Let us first consider Case 1. In this case, p is a nonempty suffix of w’. The K-tuple (as,as,...,ax4+1) of
Lyndon words satisfies w’ = agas---ax41 and ag > az > -+ > ax41; therefore, (az,as,...,ax4+1) is a CFL
factorization of w’. We can thus apply Lemma 6.1.28 to K, w’ and (as,as,...,ax+1) instead of k, w and
(a1,as,...,a) (because we assumed that Lemma 6.1.28 is proven for k = K). As a result, we obtain that
p > ag+1. Thus, p > agyq is proven in Case 1.

Let us now consider Case 2. In this case, p has the form qw’ for a nonempty suffix q of a;. Consider this
g. Since a; is a Lyndon word, we have ¢ > a7 (by Corollary 6.1.15, applied to a1 and ¢ instead of w and v).
Thus, ¢ > ay; > as > -+ > a1, s0 that p=quw’ > ¢ > axy1. Thus, p > axy1 is proven in Case 2.

We have now proven p > ax 41 in all cases. This proves that Lemma 6.1.28 holds for k = K 4+ 1. The
induction step is thus finished, and with it the proof of Lemma 6.1.28. |

Proof of Theorem 6.1.27. Let us first prove that there exists a CFL factorization of w.

Indeed, there clearly exists a tuple (a1, aq,...,ax) of Lyndon words satisfying w = ajas - - ag 257 Fix
such a tuple with minimum k. We claim that a1 > as > --- > ay.

Indeed, if some 7 € {1,2,...,k — 1} would satisfy a; < a;41, then the word a;a;+1 would be Lyndon (by
Proposition 6.1.16(a), applied to u = a; and v = a;41), whence (a1,as2,...,a0;—1,0;04;+1, Git2,Ait3, ..., Q%)
would also be a tuple of Lyndon words satisfying w = ajas - - - a;—1 (@;0i+1) @j+2a,43 - - - a, but having length
k—1 < k, contradicting the fact that k is the minimum length of such a tuple. Hence, noi € {1,2,...,k — 1}
can satisfy a; < a;4+1. In other words, every i € {1,2,...,k — 1} satisfies a; > a;41. In other words,
ay > as > -+ > ag. Thus, (a1,as,...,ax) is a CFL factorization of w, so we have shown that such a CFL
factorization exists.

It remains to show that there exists at most one CFL factorization of w. We shall prove this by induction
over ¢ (w). Thus, we fix a word w and assume that

(6.1.1) for every word v with £ (v) < £ (w), there exists at most one CFL factorization of v.

We now have to prove that there exists at most one CFL factorization of w.
Indeed, let (aj,as,...,ar) and (by,bs,...,b,) be two CFL factorizations of w. We need to prove that

(a1,a9,...,a;) = (b1,ba,...,by). If wis empty, then this is obvious, so we WLOG assume that it is not;
thus, £ > 0 and m > 0.

Since (by,ba,...,by) is a CFL factorization of w, we have w = byby - - by, and thus b, is a nonempty
suffix of w. Thus, Lemma 6.1.28 (applied to p = b,,) yields b, > ai. The same argument (but with the
roles of (ay,as,...,ar) and (by,be,...,by) switched) shows that ax > b,,. Combined with b,, > ag, this
yields ay = b,,. Now let v = ajas---ax—1. Then, (a1,as9,...,ax—1) is a CFL factorization of v (since

a; >az > -+ > ag_1).

25TFor instance, the tuple (wl, W, ..., wé(w)) of one-letter words is a valid example (recall that one-letter words are always
Lyndon).
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Since (a1, as,...,a) is a CFL factorization of w, we have w = ajas---ap = a1as---ag—1 a = Vb, SO
~—
=v =bm
that

me =w = b1b2 tee bm = b1b2 tee bm_lbm.
Cancelling b,,, yields v = byby -+ - by—1. Thus, (b1,bs,...,by—1) is a CFL factorization of v (since by > by >
o > by—1). Since £(v) < £(w) (because v = ajag - - - ak—1 is shorter than w = ajas - - - ax), we can apply
(6.1.1) to obtain that there exists at most one CFL factorization of v. But we already know two such CFL
factorizations: (a1,as,...,ar—1) and (by,ba,...,bym—1). Thus, (a1, as,...,ax—1) = (b1,ba,...,bm—_1), which,
combined with ay = by, leads to (a1, a9, ...,ar) = (b1, be,...,by). This is exactly what we needed to prove.
So we have shown (by induction) that there exists at most one CFL factorization of w. This completes the
proof of Theorem 6.1.27. ]

The CFL factorization allows us to count all Lyndon words of a given length if 2( is finite:

Exercise 6.1.29. Assume that the alphabet 2 is finite. Let ¢ = |2(|. Show that the number of Lyndon words

1
of length n equals — 3" p(d) ¢"/¢ for every positive integer n (where “3.” means a sum over all positive
n d|n d|n

divisors of n, and where p is the number-theoretic Mébius function).?58

Exercise 6.1.29 is a well-known result and appears, e.g., in [35, Theorem 1.5].

We will now study another kind of factorization: not of an arbitrary word into Lyndon words, but of a
Lyndon word into two smaller Lyndon words. This factorization is called standard factorization ([121, §5.1])
or canonical factorization ([78, Lemma 6.5.33]); we only introduce it from the viewpoint we are interested
in, namely its providing a way to do induction over Lyndon words?*®. Here is what we need to know:

Theorem 6.1.30. Let w be a Lyndon word of length > 1. Let v be the (lexicographically) smallest
nonempty proper suffix of w. Since v is a proper suffix of w, there exists a nonempty u € A* such that
w = wv. Consider this u. Then:

(a) The words u and v are Lyndon.
(b) We have u < w < v.

Proof. Every nonempty proper suffix of v is > v (since every nonempty proper suffix of v is a nonempty
proper suffix of w, but v is the smallest such suffix) and therefore > v (since a proper suffix of v cannot be
= v). Combined with the fact that v is nonempty, this yields that v is Lyndon.

Since w is Lyndon, we know that every nonempty proper suffix of w is > w. Applied to the nonempty
proper suffix v of w, this yields that v > w. Hence, w < v. Since v is nonempty, we have u < uwv = w < v.
This proves Theorem 6.1.30(b).

Let p be a nonempty proper suffix of u. Then, pv is a nonempty proper suffix of uv = w. Thus, pv > w
(since every nonempty proper suffix of w is > w). Thus, pv > w = uv, so that uv < pv. Thus, Proposition
6.1.2(e) (applied to a = u, b = v, ¢ = p and d = v) yields that either we have u < p or the word p is a prefix
of u.

Let us assume (for the sake of contradiction) that p < u. Then, p < u (because p is a proper suffix of u,
and therefore p # ). Hence, we cannot have u < p. Thus, the word p is a prefix of u (since either we have
u < p or the word p is a prefix of u). In other words, there exists a ¢ € 2* such that u = pg. Consider this
qg. We have w = LU =pqu=p (qv), and thus qv is a proper suffix of w (proper because p is nonempty).

=pq
Moreover, qu is nonempty (since v is nonempty). Hence, qv is a nonempty proper suffix of w. Since v is
the smallest such suffix, this entails that v < qu. Proposition 6.1.2(b) (applied to a = p, ¢ = v and d = qv)
thus yields pv < pqu. Hence, pv < pgv = w, which contradicts pv > w. This contradiction shows that our
assumption (that p < u) was false. We thus have p > w.

We now have shown that p > u whenever p is a nonempty proper suffix of u. Combined with the fact that
u is nonempty, this shows that « is a Lyndon word. This completes the proof of Theorem 6.1.30(a). |

1
2581 particular, — 3 u(d) ¢"/% is an integer.
T d|n
259%.g., allowing to solve Exercise 6.1.24 in a simpler way
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Another approach to the standard factorization is given in the following exercise:

Exercise 6.1.31. Let w be a Lyndon word of length > 1. Let v be the longest proper suffix of w such that
v is Lyndon?%°. Since v is a proper suffix of w, there exists a nonempty v € 2A* such that w = uv. Consider
this u. Prove that:

(a) The words u and v are Lyndon.
(b) We have u < w < v.
(¢) The words u and v are precisely the words « and v constructed in Theorem 6.1.30.

Notice that a well-known recursive characterization of Lyndon words [35, 2" = 2] can be easily derived
from Theorem 6.1.30 and Proposition 6.1.16(a). We will not dwell on it.

The following exercise surveys some variations on the characterizations of Lyndon words?%!:

Exercise 6.1.32. Let w be a nonempty word. Consider the following nine assertions:

e Assertion A': The word w is a power of a Lyndon word.

e Assertion B': If u and v are nonempty words satisfying w = uv, then either we have v > w or the
word v is a prefix of w.

e Assertion C': If w and v are nonempty words satisfying w = wwv, then either we have v > w or the
word v is a prefix of u.

e Assertion D': If u and v are nonempty words satisfying w = uv, then we have vu > wv.

e Assertion £': If u and v are nonempty words satisfying w = uwv, then either we have v > u or the
word v is a prefix of w.

e Assertion F': The word w is a prefix of a Lyndon word in 2(*.

o Assertion F": Let m be an object not in the alphabet 2. Let us equip the set 2U {m} with a total
order which extends the total order on the alphabet 2 and which satisfies (a < m for every a € ).
Then, the word wm € (AU {m})" (the concatenation of the word w with the one-letter word m) is
a Lyndon word.

e Assertion G': There exists a Lyndon word ¢ € 2*, a positive integer ¢ and a prefix p of ¢ (possibly
empty) such that w = t‘p.

o Assertion H': There exists a Lyndon word ¢ € 2*, a nonnegative integer ¢ and a prefix p of ¢
(possibly empty) such that w = t‘p.

(a) Prove the equivalence A’ <= D’.

(b) Prove the equivalence B <= (' «—= &' «—= F' —= G — H'.

¢) Prove the implication 7' = B'.

d) Prove the implication D' = B’. (The implication B’ = D’ is false, as witnessed by the word

11211.)

(e) Prove that if there exists a letter ;1 € 2 such that (u > a for every letter a of w), then the equivalence

F' < F” holds.
(f) Prove that if there exists a letter p € 2 such that (1 > a for some letter a of w), then the equivalence
F' <= F" holds.

The next exercise (based on work of Hazewinkel [77]) extends some of the above properties of Lyndon
words (and words in general) to a more general setting, in which the alphabet 2( is no longer required to be
totally ordered, but only needs to be a poset:

Exercise 6.1.33. In this exercise, we shall loosen the requirement that the alphabet 2 be a totally ordered
set: Instead, we will only require 2 to be a poset. The resulting more general setting will be called the
partial-order setting, to distinguish it from the total-order setting in which 2 is required to be a totally
ordered set. All results in Chapter 6 so far address the total-order setting. In this exercise, we will generalize
some of them to the partial-order setting.

All notions that we have defined in the total-order setting (the notion of a word, the relation <, the notion
of a Lyndon word, etc.) are defined in precisely the same way in the partial-order setting. However, the
poset 2A* is no longer totally ordered in the partial-order setting.

260This is well-defined, because there exists at least one proper suffix v of w such that v is Lyndon. (Indeed, the last letter
of w forms such a suffix, because it is a proper suffix of w (since w has length > 1) and is Lyndon (since it is a one-letter word,
and since every one-letter word is Lyndon).)

261Compare this with (96, §7.2.11, Theorem Q).
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(a) Prove that Proposition 6.1.2 holds in the partial-order setting, as long as one replaces “a total order”
by “a partial order” in part (a) of this Proposition.

(b) Prove (in the partial-order setting) that if a,b,c,d € A* are four words such that the words ab and
cd are comparable (with respect to the partial order <), then the words a and ¢ are comparable.

(c) Prove that Proposition 6.1.4, Proposition 6.1.5, Corollary 6.1.6, Corollary 6.1.8, Exercise 6.1.9,
Exercise 6.1.10, Exercise 6.1.11, Exercise 6.1.12, Proposition 6.1.14, Corollary 6.1.15, Proposition
6.1.16, Corollary 6.1.17, Proposition 6.1.18, Theorem 6.1.20, Exercise 6.1.21(a), Exercise 6.1.23,
Exercise 6.1.24, Exercise 6.1.31(a) and Exercise 6.1.31(b) still hold in the partial-order setting.

(d) Find a counterexample to Exercise 6.1.22 in the partial-order setting.

(e) Salvage Exercise 6.1.22 in the partial-order setting (i.e., find a statement which is easily equivalent
to this exercise in the total-order setting, yet true in the partial-order setting).

(f) Inthe partial-order setting, a Hazewinkel-CFL factorization of a word w will mean a tuple (a1, as, ..., aj)
of Lyndon words such that w = ajas - - - aj and such that no i € {1,2,..., k — 1} satisfies a; < a;41.
Prove that every word w has a unique Hazewinkel-CFL factorization (in the partial-order setting).?%

(g) Prove that Exercise 6.1.32 still holds in the partial-order setting.

The reader is invited to try extending other results to the partial-order setting (it seems that no research
has been done on this except for Hazewinkel’s [77]). We shall now, however, return to the total-order setting
(which has the most known applications).

Lyndon words are related to various other objects in mathematics, such as free Lie algebras (Subsection
6.1.1 below), shuffles and shuffle algebras (Sections 6.2 and 6.3 below), QSym (Sections 6.4 and 6.5), Markov
chains on combinatorial Hopf algebras ([47]), de Bruijn sequences ([59], [139], [140], [96, §7.2.11, Algorithm
F]), symmetric functions (specifically, the transition matrices between the bases (hx)ycpa (€A)xcpar a0d
(MA) yepar; See [101] for this), and the Burrows-Wheeler algorithm for data compression ([42], [68], [100]).
They are also connected to necklaces (in the combinatorial sense) — a combinatorial object that also happens
to be related to a lot of algebra ([162, Chapter 5], [45]). Let us survey the basics of this latter classical
connection in an exercise:

Exercise 6.1.34. Let 2l be any set (not necessarily totally ordered). Let C' denote the infinite cyclic group,
written multiplicatively. Fix a generator ¢ of C. 263 Fix a positive integer n. The group C acts on A"
from the left according to the rule

c-(a1,as,...,a,) = (az,as,...,a,,a1) for all (ai,as,...,a,) € A".

264 The orbits of this C-action will be called n-necklaces®%®; they form a set partition of the set A™.
The n-necklace containing a given n-tuple w € A™ will be denoted by [w].

(a) Prove that every n-necklace NN is a finite nonempty set and satisfies |N| | n. (Recall that N is an
orbit, thus a set; as usual, |N| denotes the cardinality of this set.)
The period of an n-necklace N is defined as the positive integer |N|. (This |N| is indeed a positive integer,
since N is a finite nonempty set.)
An n-necklace is said to be aperiodic if its period is n.
(b) Given any n-tuple w = (wy, wa, ..., w,) € A", prove that the n-necklace [w] is aperiodic if and only
if every k € {1,2,...,n — 1} satisfies (wg41, Wkt2,- .., Wy, W1, Wa, ..., W) £ W.
From now on, we assume that the set 2l is totally ordered. We use 2l as our alphabet to define the notions
of words, the lexicographic order, and Lyndon words. All notations that we introduced for words will thus
be used for elements of A™.

(c) Prove that every aperiodic n-necklace contains exactly one Lyndon word.

262This result, as well as the validity of Proposition 6.1.16 in the partial-order setting, are due to Hazewinkel [77].

26336 C is a group isomorphic to (Z,+), and the isomorphism (Z,+) — C sends every n € Z to c". (Recall that we write
the binary operation of C' as - instead of +.)

2641y other words, ¢ rotates any n-tuple of elements of 2 cyclically to the left. Thus, ¢ € C acts trivially on 2", and so
this action of C on 2™ factors through C/ (¢™) (a cyclic group of order n).

265(assically, one visualizes them as necklaces of n beads of |2(| colors. (The colors are the elements of 2(.) The intuition
behind this is that a necklace is an object that doesn’t really change when we rotate it in its plane. However, to make this
intuition match the definition, we need to think of a necklace as being stuck in its (fixed) plane, so that we cannot lift it up
and turn it around, dropping it back to its plane in a reflected state.
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(d) If N is an n-necklace which is not aperiodic, then prove that N contains no Lyndon word.
(e) Show that the aperiodic n-necklaces are in bijection with Lyndon words of length n.
From now on, we assume that the set 2 is finite. Define the number-theoretic Mébius function p and the
Euler totient function ¢ as in Exercise 2.9.6.

(f) Prove that the number of all aperiodic n-necklaces is
1 n/d
LSty .
d|n
(g) Prove that the number of all n-necklaces is

1 n/d
PMIULTES

(h) Solve Exercise 6.1.29 again.
(i) Forget that we fixed 2. Show that every g € Z satisfies n | 3, 11 (d) q"/* and n | 2 @ (d) g4

[Hint: For (c), use Theorem 6.1.20. For (i), either use parts (f) and (g) and a trick to extend to ¢
negative; or recall Exercise 2.9.8.]

6.1.1. Free Lie algebras. In this brief subsection, we shall review the connection between Lyndon words and
free Lie algebras (following [107, Kap. 4], but avoiding the generality of Hall sets in favor of just using
Lyndon words). None of this material shall be used in the rest of these notes. We will only prove some basic
results; for more thorough and comprehensive treatments of free Lie algebras, see [159], [26, Chapter 2] and
[107, Kap. 4].

We begin with some properties of Lyndon words.

Exercise 6.1.35. Let w € 2* be a nonempty word. Let v be the longest Lyndon suffix of w 256, Let ¢ be
a Lyndon word. Then, ¢ is the longest Lyndon suffix of wt if and only if we do not have v < ¢.

(We have written “we do not have v < ¢” instead of “v > ¢” in Exercise 6.1.35 for reasons of generalizability:
This way, Exercise 6.1.35 generalizes to the partial-order setting introduced in Exercise 6.1.33, whereas the
version with “v > ¢” does not.)

Exercise 6.1.36. Let w € A" be a word of length > 1. Let v be the longest Lyndon proper suffix of w
267 Let t be a Lyndon word. Then, ¢ is the longest Lyndon proper suffix of wt if and only if we do not have
v <t.

(Exercise 6.1.36, while being a trivial consequence of Exercise 6.1.35, is rather useful in the study of free
Lie algebras. It generalizes both [35, Lemma (1.6)] (which is obtained by taking w = ¢, v = b and t = d)
and [121, Proposition 5.1.4] (which is obtained by taking v = m and t = n).)

Definition 6.1.37. For the rest of Subsection 6.1.1, we let £ be the set of all Lyndon words (over the
alphabet 21).

Definition 6.1.38. Let w be a Lyndon word of length > 1. Let v be the longest proper suffix of w such
that v is Lyndon. (This is well-defined, as we know from Exercise 6.1.31.) Since v is a proper suffix of w,
there exists a nonempty u € 2A* such that w = uv. Consider this u. (Clearly, this w is unique.) Theorem
6.1.30(a) shows that the words v and v are Lyndon. In other words, u € £ and v € £. Hence, (u,v) € £x £.
The pair (u,v) € £ x £ is called the standard factorization of w, and is denoted by stf w.

For the sake of easier reference, we gather a few basic properties of the standard factorization:

Exercise 6.1.39. Let w be a Lyndon word of length > 1. Let (g, h) = stf w. Prove the following:
(a) The word h is the longest Lyndon proper suffix of w.
(b) We have w = gh.
(¢) We have g < gh < h.

(d) The word g is Lyndon.

2660¢ course, a Lyndon suffix of w just means a suffix p of w such that p is Lyndon.
2670¢ course, a Lyndon proper suffix of w just means a proper suffix p of w such that p is Lyndon.
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() Wehave ge £, he £, £(g) < {(w) and £(h) < £(w).
(f) Let t be a Lyndon word. Then, ¢ is the longest Lyndon proper suffix of wt if and only if we do not
have h < t.

Exercise 6.1.40. Let g be a Lie algebra. For every Lyndon word w, let b,, be an element of g. Assume
that for every Lyndon word w of length > 1, we have
(6.1.2) by = [bu, byl where (u,v) = stf w.

Let B be the k-submodule of g spanned by the family (b,,)

(a) Prove that B is a Lie subalgebra of g.
(b) Let b be a k-Lie algebra. Let f: B — h be a k-module homomorphism. Assume that whenever w
is a Lyndon word of length > 1, we have

(6.1.3) f ([busby]) = [f (bu), f (by)] s where (u,v) = stf w.

Prove that f is a Lie algebra homomorphism.

weL”

[Hint: Given two words w and w’, write w ~ w’ if and only if w’ is a permutation of w. Part (a) follows
from the fact that for any (p,q) € £ x £ satisfying p < ¢, we have [b,,by] € Bpg 4, where By, o denotes the
k-linear span of {b,, | w € £, w~ h and w < s} for any two words h and s. Prove this fact by a double
induction, first inducting over £ (pq), and then (for fixed ¢ (pq)) inducting over the rank of ¢ in lexicographic
order (i.e., assume that the fact is already proven for every ¢’ < ¢ instead of ¢). In the induction step, assume
that (p,q) # stf (pq) (since otherwise the claim is rather obvious) and conclude that p has length > 1; thus,

set (u,v) = stf p, so that by bg| = [[busbv],bg] = [[busbg] ; by] — [[bw, by , bu], and use Exercise 6.1.36 to
—~
=[bu,b]
obtain v < gq.

The proof of (b) proceeds by a similar induction, piggybacking on the [b,,bq] € Bpg,q claim.]

Exercise 6.1.41. Let V' be the free k-module with basis (z4),cq. For every word w € 2%, let x,, be the
teNSor Ty, @ Ty, ® -+ + @ Tuy,,y - As we know from Example 1.1.2, the tensor algebra 7' (V') is a free k-module
with basis (2.),,cq-- We regard V as a k-submodule of T'(V').
The tensor algebra T (V') becomes a Lie algebra via the commutator (i.e., its Lie bracket is defined by
[, fl=af — paforall a € T (V) and g € T (V)).
We define a sequence (g1, g2, 93, - - -) of k-submodules of T' (V') as follows: Recursively, we set g; = V, and
for every i € {2,3,4,...}, we set g; = [V, gi—1]. Let g be the k-submodule g1 + g2 + g3+ --- of T (V).
Prove the following:
(a) The k-submodule g is a Lie subalgebra of T' (V).
(b) If ¢ is any Lie subalgebra of T (V') satisfying V' C ¢, then g C ¢.

Now, for every w € £, we define an element b,, of T (V) as follows: We define b,, by recursion on the
length of w. If the length of wis 1 2%%) then we have w = (a) for some letter a € A, and we set b, = 4
for this letter a. If the length of w is > 1, then we set by, = [by, b,], where (u,v) =stfw 259,

Prove the following:

(¢) For every w € £, we have

bw € Ty + Z kx,.
veAt (W),
v>w
(d) The family (by),,c is a basis of the k-module g.
(e) Let b be any k-Lie algebra. Let £ : 2 — b be any map. Then, there exists a unique Lie algebra
homomorphism = : g — b such that every a € 2 satisfies = (z,) = & (a).

268The length of any w € £ must be at least 1. (Indeed, if w € £, then the word w is Lyndon and thus nonempty, and hence
its length must be at least 1.)

269This is well-defined, because by, and b, have already been defined. [Proof. Let (u,v) = stf w. Then, Exercise 6.1.39(e)
(applied to (g, h) = (u,v)) shows that u € £, v € £, £(u) < £(w) and £ (v) < £(w). Recall that we are defining b,, by recursion
on the length of w. Hence, by, is already defined for every p € £ satisfying ¢ (p) < ¢ (w). Applying this to p = u, we see that b,
is already defined (since u € £ and £ (u) < £ (w)). The same argument (but applied to v instead of u) shows that b, is already
defined. Hence, by, and b, have already been defined. Thus, by, is well-defined by by = [bu, bo], qed.]
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Remark 6.1.42. Let V and g be as in Exercise 6.1.41. In the language of universal algebra, the statement
of Exercise 6.1.41(e) says that g (or, to be more precise, the pair (g, f), where f : 2 — g is the map sending
each a € 2 to x, € g) satisfies the universal property of the free Lie algebra on the set 2. Thus, this exercise
allows us to call g the free Lie algebra on 2. Most authors define the free Lie algebra differently, but all
reasonable definitions of a free Lie algebra®’® lead to isomorphic Lie algebras (because the universal property
determines the free Lie algebra uniquely up to canonical isomorphism).

Notice that the Lie algebra g does not depend on the total order on the alphabet 2, but the basis (b,,)
constructed in Exercise 6.1.41(d) does. There is no known basis of g defined without ordering 2.

It is worth noticing that our construction of g proves not only that the free Lie algebra on 2l exists, but also
that this free Lie algebra can be realized as a Lie subalgebra of the (associative) algebra T (V'). Therefore, if
we want to prove that a certain identity holds in every Lie algebra, we only need to check that this identity
holds in every associative algebra (if all Lie brackets are replaced by commutators); the universal property
of the free Lie algebra (i.e., Exercise 6.1.41(e)) will then ensure that this identity also holds in every Lie
algebra b.

There is much more to say about free Lie algebras than what we have said here; in particular, there are
connections to symmetric functions, necklaces, representations of symmetric groups and NSym. See [121,
§5.3], [159], [26, Chapter 2], [107, §4] and [23] for further developments?™!.

wel

6.2. Shuffles and Lyndon words. We will now connect the theory of Lyndon words with the notion of
shuffle products. We have already introduced the latter notion in Definition 1.6.2, but we will now study it
more closely and introduce some more convenient notations (e.g., we will need a notation for single shuffles,
not just the whole multiset).>"

Definition 6.2.1. (a) Let n € N and m € N. Then, Sh,, ,, denotes the subset
{o0€Guim : 07" () <o ' @) << (n); o' (n+1) <o '(n+2)<--- <o ' (n+m)}

of the symmetric group S, 4,.

et u = (up,ug,...,uy) and v = (v1,vs2,...,0,) be two words. o € Shy, p, then, u W v wi

b) Let d be t ds. If Shy, m, th ill
g

denote the word (w0(1)7 We(2)5 - - - 71110(n_,_m))7 where (w1, wa, ..., Wn1m) is the concatenation u - v =

(u1,ua,...,Up,V1,V2,...,Uy). We notice that the multiset of all letters of u L v is the disjoint

(e
union of the multiset of all letters of w with the multiset of all letters of v. As a consequence,

€(uL(JT_Iv> =Ll (u)+ £ (v).

(¢) Let u= (ug,ua,...,uy) and v = (v1,va,...,0n) be two words. The multiset of shuffles of u and v is
defined as the multiset {(wg(l), We(2)s - - - ,wa(,H_m)) o€ Shmm}multiset, where (w1, wa, ..., Wpim)
is the concatenation u-v = (uy, Uz, ..., Upn,V1,V2,...,Vy). In other words, the multiset of shuffles of

u and v is the multiset

g

{uLLIv o€ Shmm}

multiset

It is denoted by u LW v.

The next fact provides the main connection between Lyndon words and shuffles:

Theorem 6.2.2. Let u and v be two words.
Let (a1,a2,...,ap) be the CFL factorization of u. Let (b1,ba,...,by) be the CFL factorization of v.

(a) Let (c1,c¢2,...,cprq) be the result of sorting the list (a1, as,...,ap,b1,b2,...,by) in decreasing or-
der®™.  Then, the lexicographically highest element of the multiset u Ll v is cica - -+ Cpyq (and
(c1,¢2,...,Cprq) is the CFL factorization of this element).

270Here7 we call a definition “reasonable” if the “free Lie algebra” it defines satisfies the universal property.

271The claim made in [23, page 2] that “{x1,...,Zn} generates freely a Lie subalgebra of Ar” is essentially our Exer-
cise 6.1.41(e).

272Parts (a) and (c) of the below Definition 6.2.1 define notions which have already been introduced in Definition 1.6.2. Of
course, the definitions of these notions are equivalent; however, the variables are differently labelled in the two definitions (for
example, the variables u, v, w and o of Definition 6.2.1(c) correspond to the variables a, b, ¢ and w of Definition 1.6.2). The
labels in Definition 6.2.1 have been chosen to match with the rest of Section 6.2.

273 with respect to the total order on A* whose greater-or-equal relation is >
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(b) Let £ denote the set of all Lyndon words. If w is a Lyndon word and z is any word, let mult,, z
denote the number of terms in the CFL factorization of z which are equal to w. The multiplicity
with which the lexicographically highest element of the multiset u U v appears in the multiset u LU v

ST mult,, v + mult,, v
is
weL mult,, u

(c) Ifa; > b for every i € {1,2,...,p} and j € {1,2,...,q}, then the lexicographically highest element
of the multiset u L v is uv.

(d) Ifa; > b; for every i € {1,2,...,p} and j € {1,2,...,q}, then the multiplicity with which the word
uv appears in the multiset v LW v is 1.

(e) Assume that u is a Lyndon word. Also, assume that v > b; for every j € {1,2,...,q}. Then, the
lexicographically highest element of the multiset w W v is uv, and the multiplicity with which this
word uv appears in the multiset v LW v is mult, v + 1.

) . (This product is well-defined because almost all of its factors are 1.)

Example 6.2.3. For this example, let u and v be the words u = 23232 and v = 323221 over the alpha-
bet 2 = {1,2,3,...} with total order given by 1 < 2 < 3 < ---. The CFL factorizations of v and v
are (23,23,2) and (3,23,2,2,1), respectively. Thus, using the notations of Theorem 6.2.2, we have p = 3,
(a1,a2,...,ap) = (23,23,2), ¢ =5 and (b1, bo,...,by) = (3,23,2,2,1). Thus, Theorem 6.2.2(a) predicts that
the lexicographically highest element of the multiset u L v is ¢icocscqcscgercs, where cq, co, c3, ¢4, Cs5, Cg, C7, Cs
are the words 23,23,2,3,23,2,2,1 listed in decreasing order (in other words, (c1, ca,cs, ¢4, cs5,Co, C7,C8) =
(3,23,23,23,2,2,2,1)). In other words, Theorem 6.2.2(a) predicts that the lexicographically highest element
of the multiset w LW v is 32323232221. We could verify this by brute force, but this would be laborious
since the multiset u L v has (5 —g ) _ 462 elements (with multiplicities). Theorem 6.2.2(b) predicts that

this lexicographically highest element 32323232221 appears in the multiset w LU v with a multiplicity of

mult,, v + mult,, v . mult,, v + mult,, v
[Toce ( mult, ) This product ], e ( mult, u

of its factors are 1 and therefore can be omitted; the only factors which are not 1 are those corresponding to
Lyndon words w which appear both in the CFL factorization of u and in the CFL factorization of v (since for
any other factor, at least one of the numbers mult,, v or mult,, v equals 0, and therefore the binomial coeffi-
. mult,, v + mult,, v mult,, v + mult,, v

clent

( mult,, u multy, u > ’
we only need to multiply these factors. In our example, these are the factors for w = 23 and for w = 2
(these are the only Lyndon words which appear both in the CFL factorization (23,23,2) of w and in the
CFL factorization (3,23,2,2,1) of v). So we have

H mult,, v + mult, v\  (multos u + multesg v multy v + multav) 3.3-9
mult,, u a multas v multy v N e

ICORNNRGE

The word 32323232221 must thus appear in the multiset u LW v with a multiplicity of 9. This, too, could be
checked by brute force.

) is infinite, but all but finitely many

) equals 1). Thus, in order to compute the product ], e <

weL

Theorem 6.2.2 (and Theorem 6.2.22 further below, which describes more precisely how the lexicographi-
cally highest element of u L v emerges by shuffling u and v) is fairly close to [155, Theorem 2.2.2] (and will
be used for the same purposes), the main difference being that we are talking about the shuffle product of
two (not necessarily Lyndon) words, while Radford (and most other authors) study the shuffle product of
many Lyndon words.

In order to prove Theorem 6.2.2, we will need to make some stronger statements, for which we first have
to introduce some more notation:

Definition 6.2.4. (a) If p and ¢ are two integers, then [p : q]Jr denotes the interval {p+ 1,p+2,...,¢}
of Z. Note that '[p : q]+‘ =q—pifqg>np.
(b) If T and J are two nonempty intervals of Z, then we say that I < J if and only if every ¢ € I and

j € J satisfy ¢ < j. This defines a partial order on the set of nonempty intervals of Z. (Roughly
speaking, I < J if the interval I ends before J begins.)
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(c) If w is a word with n letters (for some n € N), and I is an interval of Z such that I C [0:n]",
+
]+

then w [I] will denote the word (wpt1,Wpt2,...,w,), where I is written in the form I = [p: ¢
with ¢ > p. Obviously, £ (w [I]) = |I| = ¢ — p. A word of the form w [I] for an interval I C [0 : n]
(equivalently, a word which is a prefix of a suffix of w) is called a factor of w.

(d) Let a be a composition. Then, we define a tuple intsys « of intervals of Z as follows: Write « in the
form (a1, aa,...,a¢) (so that £ = £(a)). Then, set intsysa = (I1, Ia, ..., I;), where

i—1 i +
[i:[Zak:Zakl for every i € {1,2,...,¢}.
k=1

k=1

This /-tuple intsys « is a tuple of nonempty intervals of Z. This tuple intsys « is called the interval
system corresponding to «. (This is precisely the ¢-tuple (Iy, Is,...,I;) constructed in Definition
4.3.4.) The length of the tuple intsys « is £ ().

Example 6.2.5. (a) We have [2:4]" = {3,4} and [3: 3]" = @.
(b) We have [2:4]7 < [4:5]7 < [6: 8], but we have neither [2: 4]" < [3:5] nor [3:5]" < [2:4]T.
(¢) If w is the word 915352, then w [[O : 3]+} = (w1, wq,ws) = 915 and w [[2 : 4]+} = (w3, wy) = 53.

(d) If v is the composition (4, 1,4,2,3), then the interval system corresponding to « is
intsys a = ([0 A48 590 11] Y 1L 14]*)
= ({1,2,3,4},{5}.{6,7,8,9},{10,11},{12,13,14}).
The following properties of the notions introduced in the preceding definition are easy to check:

Remark 6.2.6. (a) If I and J are two nonempty intervals of Z satisfying I < J, then I and J are disjoint.

(b) If I and J are two disjoint nonempty intervals of Z, then either I < J or J < I.

(¢) Let a be a composition. Write « in the form (aq, as,. .., ay) (so that £ = £ («)). The interval system
intsys @ can be described as the unique ¢-tuple (I3, I, ..., I;) of nonempty intervals of Z satisfying
the following three properties:

— The intervals Iy, Io, ..., I, form a set partition of the set [0 : n]+, where n = |a.
— Wehave I < Iy < --- < Iy.
— We have |I;| = «; for every ¢ € {1,2,...,/¢}.

Exercise 6.2.7. Prove Remark 6.2.6.

The following two lemmas are collections of more or less trivial consequences of what it means to be an
element of Sh,, ,, and what it means to be a shuffle:

Lemma 6.2.8. Let n € N and m € N. Let o € Shy, ,,.

(a) If I is an interval of Z such that I C [0:n+m]", then o (I)N[0:n]" and o (I) N [n:n+m]" are
intervals.

(b) Let K and L be nonempty intervals of Z such that K < [0 :n]" and L ¢ [0 : n]t and K < L and such
that K U L is an interval. Assume that o~ (K) and o~! (L) are intervals, but o= (K)U o' (L)
is not an interval. Then, there exists a nonempty interval P C [n:n+m|" such that o= (P),
o YN (K)Uo~t(P) and 0= (P)Uo~ ! (L) are intervals and such that o= (K) < 071 (P) <o~ (L).

(c) Lemma 6.2.8(b) remains valid if “K C [0:n]" and L C [0:n]"” and “P C [n:n+m]"” are
replaced by “K C [n:n+m]" and L C [n:n+m]t” and “P C [0 : n]"”, respectively.

Exercise 6.2.9. Prove Lemma 6.2.8.

Lemma 6.2.10. Let w and v be two words. Let n = { (u) and m = ¢ (v). Let o € Shy, p,.

(a) If I is an interval of Z satisfying either I C [0 :n]" or I C [n: n+m]", and if 0= (I) is an interval,
then

(6.2.1) (u W v) [0~ (D)] = (wv) [I].

g
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b) Assume that ullv is the lexicographically highest element of the multiset ulUv. Let I C [0 :n]" and
(b) graphically hig

J C [n:n+m]" be two nonempty intervals. Assume that o= (I) and o~ (J) are also intervals,
that o= 1 (I) < 0= (J), and that o~* (I) U o=t (J) is an interval as well. Then, (uv)[I] - (uv)[J] >
(uv) [J] - (wv) [1].

(c) Lemma 6.2.10(b) remains valid if “I [0 : n]" and J C [n : n+m]"” isreplaced by “I C [n: n+m]"
and J C [0:n]"”.

Exercise 6.2.11. Prove Lemma 6.2.10.
[Hint: For (b), show that there exists a 7 € Shy, ,, such that v w v differs from v LW v only in the order

of the subwords (uv) [I] and (uv) [J].] ' ’

We are still a few steps away from stating our results in a way that allows comfortably proving Theorem
6.2.2. For the latter aim, we introduce the notion of a-clumping permutations, and characterize them in two
ways:

Definition 6.2.12. Let n € N. Let a be a composition of n. Let £ = ¢ («).

(a) For every set S of positive integers, let S denote the list of all elements of S in increasing order
(with each element appearing exactly once). Notice that this list ? is a word over the set of positive
integers.

(b) For every T € &y, we define a permutation iper (o, 7) € &,, as follows:

The interval system corresponding to « is an ¢-tuple of intervals (since ¢ () = £); denote this
C-tuple by (I1,1s,...,I;). Now, define iper (o, 7) to be the permutation in &, which (in one-line
notation) is the word I,(1)I(2) - - - I;(s) (a concatenation of £ words). This is well-defined®™; hence,
iper (o, 7) € G,, is defined.

(c) The interval system corresponding to « is an ¢-tuple of intervals (since £ () = £); denote this ¢-tuple
by (11,127 ce ,Ig).

A permutation o € &, is said to be a-clumping if every i € {1,2,...,¢} has the two properties
that:

— the set o1 (I;) is an interval;

— the restriction of the map o~ ! to the interval I; is increasing.

Example 6.2.13. For this example, let n =7 and o = (2,1,3,1). Then, { ={ () =4 andgll, IQ,I%LL) =
(4{)1, 2},{3}, {g5,6} ,{7}) (where we are using the notations of Definition 6.2.12). Hence, I; = 12, I = 3,
I3 = 456 and I, = 7.

(a) If 7 € &y = &4 is the permutation (2,3,1,4), then iper (o, 7) is the permutation in &7 which (in

one-line notation) is the word I.(1) I (2)Ir3)174) = T2 1311 Iy = 3456127.
If 7 € 64 = &, is the permutation (3, 1,4, 2), then iper (o, 7) is the permutation in &7 which (in
one-line notation) is the word 1.1y (2)I-3) 1) = I311 1412 = 4561273.
(b) The permutation o = (3,7,4,5,6,1,2) € &7 (given here in one-line notation) is a-clumping, because:
—every i € {1,2,...,0} = {1,2,3,4} has the property that ¢! (I;) is an interval (namely,
ot () = o7 ({1,2}) = {6,7}, 07! (I) = o7t ({3}) = {1}, o7 (I5) = 07" ({4,5,6}) =
{3,4,5} and 07! (I4) = o= ({7}) = {2}), and
— the restrictions of the map o~! to the intervals I; are increasing (this means that o=! (1) <
o71(2) and 071 (4) < 071 (5) < 071 (6), since the one-element intervals Iy and I, do not
contribute anything to this condition).

Here is a more or less trivial observation:

Proposition 6.2.14. Let n € N. Let o be a composition of n. Let { = {(«). Write o in the form
(a1, g, ...,ap). The interval system corresponding to « is an {-tuple of intervals (since ¢ () = £); denote
this ¢-tuple by (I, Ia,...,Iy). Let T € &4. Set o = iper (a, 7).

2741y fact, from the properties of interval systems, we know that the intervals Iy, Is, ..., Iy form a set partition of the
Yy

set [0:n]T. Hence, the intervals Iy, Ir2), -+ Irey form a set partition of the set [0 : n]T. As a consequence, the word

I (1)Ir(2) -+ Ir(¢) is a permutation of the word 12...n, and so there exists a permutation in &, which (in one-line notation)

is this word, ged.
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4 , +

(a) We have o~ (L)) = [ch;ll Qr(k) * 2ohen aT(k)} for every j € {1,2,...,(}.

(b) For every j € {1,2,...,{}, the restriction of the map o~ to the interval I, ;) is increasing.

(¢) The permutation iper («, ) is a-clumping.

(d) Letie {1,2,...,£—1}. Then, the sets o1 (IT(i)), o1 (Ir(i+1)) and o1 (IT(i)) Uogt (I‘r(i+1)) are
nonempty intervals. Also, o~ ! (L—(i)) <ot (Lr(i+1))-

Exercise 6.2.15. Prove Proposition 6.2.14.

Proposition 6.2.16. Let n € N. Let a be a composition of n. Let £ = £ (a).
(a) Define a map
iper, : 6, — {w € 6,, | w is a-clumping} ,
T — iper (o, T)
275 This map iper,, is bijective.
(b) Let 0 € &,, be an a-clumping permutation. Then, there exists a unique 7 € &, satisfying o =
iper (o, 7).
Exercise 6.2.17. Prove Proposition 6.2.16.

Next, we recall that the concatenation « - 8 of two compositions a and 8 is defined in the same way as
the concatenation of two words; if we regard compositions as words over the alphabet {1,2,3,...}, then the
concatenation « - 8 of two compositions a and ( is the concatenation af of the words o and 3. Thus, we
are going to write af for the concatenation « - 5 of two compositions o and g from now on.

Proposition 6.2.18. Let n € N and m € N. Let a be a composition of n, and 3 be a composition of m.
Let p =4 (c) and g = £ (B). Let T € &,14. Notice that iper (a5, T) € Spim (since af is a composition of
n + m having length ¢ (af) = £ (o) + £(8) = p+q). Then, T € Shy, 4 if and only if iper (af, 7) € Shy, .

Exercise 6.2.19. Prove Proposition 6.2.18.

Here is one more simple fact:

Lemma 6.2.20. Let u and v be two words. Let n = ¢ (u) and m = £ (v). Let a be a composition of n, and
let B be a composition of m. Let p = ¢ («) and ¢ = £ (). The concatenation af is a composition of n +m
having length ¢ (a8) = £ (a)+ £ (8) = p+q. Thus, the interval system corresponding to a3 is a (p + q)-tuple
of intervals which covers [0 : n + m]+. Denote this (p + q)-tuple by (I1,12, ..., Iy1q)-

Let 7 € Shy, ;. Set o = iper (o3, 7). Then,

uw v = (w) [Ly)] - (o) L] - (@) L]
Exercise 6.2.21. Prove Lemma 6.2.20.

Having these notations and trivialities in place, we can say a bit more about the lexicographically highest
element of a shuffle product than what was said in Theorem 6.2.2:

Theorem 6.2.22. Let v and v be two words. Let n = ¢ (u) and m = £ (v).
Let (a1,a2,...,ap) be the CFL factorization of w. Let (b1,ba,...,by) be the CFL factorization of v.
Let a be the p-tuple (¢ (a1) , £ (a2) , ..., € (ap)). Then, a is a composition®"® of length p and size Y h_, ¢ (ay,) =

¢l araz---ap | =£4(u) =n.
-
Let 3 be the g-tuple (¢ (b1), ¢ (b2),...,¢(by)). Then, B is a composition of length q and size Y | _, £ (by) =
m. 277

275This map is well-defined because for every 7 € &, the permutation iper (e, 7) is a-clumping (according to Proposition

6.2.14(c)).

276since Lyndon words are nonempty, and thus ¢ (a;) > 0 for every @

277 The proof of this is the same as the proof of the fact that « is a composition of length p and size Zzzl L(ag) =n.
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Now, « is a composition of length p and size n, and 3 is a composition of length q and size m. Thus, the
concatenation a8 of these two tuples is a composition of length p + q and size n + m. The interval system
corresponding to this composition af is a (p + q)-tuple (since said composition has length p 4+ q); denote
this (p + q)-tuple by (I1,1Is,. .., Ip+q).

(a) If 7 € Shy, g satisfies (wv) [I;(1)] = (w) [Ir2)] = -+ = (w) [I;(p1q)], and if we set o = iper (a3,7),
then o € Shy, ,,, and the word u W is the lexicographically highest element of the multiset u LU v.

(b) Leto € Shy, ., be a permutation such that ulllv is the lexicographically highest element of the multiset
w W v. Then, there exists a unique permutation 7 € Shy, , satisfying (uv) [Ir(l)] > (uv) [17(2)] >
oo > (w) [L(pyq)] and o = iper (af, 7).

Proof. Before we step to the actual proof, we need to make some preparation. First of all, (I1, I, ..., Iptq)
is the interval system corresponding to the composition a8. In other words,

(6.2.2) (I, Is,...,I,14) = intsys (af3) .
But since o = (€ (a1),£(az),...,£(ap)) and S = (£(b1),£(b2),...,L(by)), we have
af = (L(ar),l(az),...,0(ap),L(b1),£(b2),...,0(by)).
Thus, (6.2.2) rewrites as
(I, Is, ..., Iy1q) = intsys (£ (a1) , € (az) , ..., C(ap), € (b1),€(b2),...,L(by)).
By the definition of intsys (¢ (a1), £ (az),...,€(ap), £ (b1),£(b2), ..., £ (b)), we thus have

i—1 i +
I, = lZé(ak):ZE(ak)] for every i € {1,2,...,p},
k=1 k=1
and besides
Ip+j =

j—1 j +
n—l—Zﬂ(bk):n—&—Zé(bk)] for every j € {1,2,...,q}
k=1 k=1

(since Y 7_, ¢(ax) = n). Moreover, Remark 6.2.6(c) shows that (I1,I,...,I,1,) is a (p+ ¢)-tuple of
nonempty intervals of Z and satisfies the following three properties:

o The intervals Iy, Io, ..., I,14 form a set partition of the set [0: n + m]+.
e Wehave I} < Iy < -+ < Ipiq.
e We have |I;| = ¢ (a;) for every i € {1,2,...,p} and |I,4;| = £(b;) for every j € {1,2,...,q}.

Of course, every i € {1,2,...,p} satisfies

(6.2.3) Lco:n)" and (wo) [I] = w[Li] = a;.
Meanwhile, every i € {p+ 1,p+2,...,p + ¢} satisfies

(6.2.4) LiCn:n4+m" and (w) L) =v[l; —=n] =b;—p
(where I; — n denotes the interval {k —n | k € I;}). We thus see that

(6.2.5) (uv) [I;] is a Lyndon word for every i € {1,2,...,p+q}
278

By the definition of a CFL factorization, we have a; > as > --- > a, and by > by > - -+ > b,.

We have o € Shy, 1, so that 071 (1) < o' (2) < <o '(n)and o' (n+1) <o '(n+2) < <
o~ (n+m). In other words, the restriction of the map o~! to the interval [0 : n] is strictly increasing,
and so is the restriction of the map o~ to the interval [n : n+m]".
(b) We will first show that

(6.2.6) if J C [0:n]" is an interval such that the word (uv)[J] is Lyndon, then ¢! (J) is an interval.
Proof of (6.2.6): We will prove (6.2.6) by strong induction over |J|.

2781ndeed, when ¢ < p, this follows from (6.2.3) and the fact that a; is Lyndon; whereas in the other case, this follows from
(6.2.4) and the fact that b;_, is Lyndon.
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So, fix some N € N. Assume (as the induction hypothesis) that (6.2.6) has been proven whenever |J| < N.
We now need to prove (6.2.6) when |J| = N.

Let J C [0:n]" be an interval such that the word (uv) [J] is Lyndon and such that |.J| = N. We have to
prove that o1 (J) is an interval. This is obvious if |J| = 1 (because in this case, =1 (J) is a one-element
set, thus trivially an interval). Hence, we WLOG assume that we don’t have |J| = 1. We also don’t have
|J| = 0, because (uv)[J] has to be Lyndon (and the empty word is not). So we have |J| > 1. Now,
¢((uv) [J]) = |J| > 1, and thus (uwv) [J] is a Lyndon word of length > 1. Let v’ be the (lexicographically)
smallest nonempty proper suffix of (uv) [J]. Since v’ is a proper suffix of w, there exists a nonempty v’ € 2A*
such that (uv) [J] = w'v'. Consider this '

Now, Theorem 6.1.30(a) (applied to (uv) [J], v’ and v’ instead of w, u and v) yields that the words u’
and v are Lyndon. Also, Theorem 6.1.30(b) (applied to (uv) [J], v’ and v’ instead of w, u and v) yields that
u < (ww) [J] <.

But from the fact that (uv) [J] = v/v" with «" and v’ both being nonempty, it becomes immediately clear
that we can write J as a union of two disjoint nonempty intervals K and L such that K < L, v’ = (uv) [K]
and v’ = (uw) [L]. Consider these K and L. The intervals K and L are nonempty and have their sizes add up
to |J| (since they are disjoint and their union is J), and hence both must have size smaller than |J| = N. So
K C[0:n]" is an interval of size |K| < N having the property that (uv) [K] is Lyndon (since (uv) [K] = u’
is Lyndon). Thus, we can apply (6.2.6) to K instead of J (because of the induction hypothesis). As a
result, we conclude that o~! (K) is an interval. Similarly, we can apply (6.2.6) to L instead of J (we know
that (uv)[L] is Lyndon since (uv)[L] = v’), and learn that o~! (L) is an interval. The intervals o= (K)
and o~! (L) are both nonempty (since K and L are nonempty), and their union is 0= (J) (because the
union of K and L is .J). The nonempty intervals K and L both are subsets of [0: n]" (since their union is
J C [0:n]"), and their union K U L is an interval (since their union K U L is .J, and we know that .J is an
interval).

Now, assume (for the sake of contradiction) that =1 (J) is not an interval. Since J is the union of K
and L, we have J = K UL and thus 07! (J) = 0"} (KUL) = 07! (K)Uo ' (L) (since o is a bijection).
Therefore, o~ (K) U o ™! (L) is not an interval (since o' (.J) is not an interval). Thus, Lemma 6.2.8(b)
yields that there exists a nonempty interval P C [n:n +m]" such that o= (P), 0~ (K) U o~ ! (P) and
o Y (P)Uo~!(L) are intervals and such that c=! (K) < 0= ! (P) < 07! (L). Consider this P. Since P is
nonempty, we have |P| # 0.

Lemma 6.2.10(b) (applied to K and P instead of I and J) yields

(6.2 (u0) [K] - (w0) [P) 2 (o) [P) - (uv) [K].
Since (uv) [K] =/, this rewrites as
(6.2.8) u' - (uwv) [P] > (uwv) [P] - u'.

But Lemma 6.2.10(c) (applied to P and L instead of I and .J) yields
(6.2.9) (uv) [P - (uo) [£] > (u) [Z] - (uv) [P].
Since (uv) [L] = o', this rewrites as
(6.2.10) (wo) [P]-v" > (uwv) [P].

Recall also that v’ < v/, and that both words « and v are Lyndon. Now, Corollary 6.1.17 (applied to
u', v" and (uv) [P] instead of u, v and z) yields that (uv)[P] is the empty word (because of (6.2.8) and
(6.2.10)), so that £ ((uv) [P]) = 0. This contradicts £ ((uv) [P]) = |P| # 0. This contradiction shows that our
assumption (that o~! (.J) is not an interval) was wrong. Hence, 0=1 (J) is an interval. This completes the
induction step, and thus (6.2.6) is proven.

Similarly to (6.2.6), we can show that
(6.2.11)

if JC[n:n+m]" is an interval such that the word (uv)[J] is Lyndon, then ¢! (.J) is an interval.
Now, let i € {1,2,...,p+ ¢} be arbitrary. We are going to prove that
(6.2.12) o~ (I;) is an interval.

Proof of (6.2.12): We must be in one of the following two cases:
Case 1: We have 1 € {1,2,...,p}.
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Case 2: We havei € {p+1,p+2,...,p+q}.

Let us first consider Case 1. In this case, we have i € {1,2,...,p}. Thus, I; € [0: n]" (by (6.2.3)). Also,
(6.2.3) yields that (uv) [I;] = a; is a Lyndon word. Hence, (6.2.6) (applied to J = I,) yields that o=! (I;) is
an interval. Thus, (6.2.12) is proven in Case 1.

Similarly, we can prove (6.2.12) in Case 2, using (6.2.4) and (6.2.11) instead of (6.2.3) and (6.2.6), respec-
tively. Hence, (6.2.12) is proven.

So we know that ¢! (I;) is an interval. But we also know that either I; C [0:n]" or I; C [n:n+m
(depending on whether i < p or i > p). As a consequence, the restriction of the map o~! to the interval I;

]+

is increasing (because the restriction of the map o~ to the interval [0 : n]+ is strictly increasing, and so is
the restriction of the map o~ to the interval [n : n +m]™).

Now, let us forget that we fixed i. We thus have shown that every i € {1,2,...,p+ ¢} has the two
properties that:

e the set 0~ ! (I;) is an interval;
e the restriction of the map o~! to the interval I; is increasing.

In other words, the permutation o is (af)-clumping (since (I1, Is, ..., Ip+4) is the interval system corre-
sponding to the composition o). Hence, Proposition 6.2.16(b) (applied to n + m, a8 and p + ¢ instead of
n, a and £) shows that there exists a unique 7 € &4 satisfying o = iper (a8, 7). Thus, the uniqueness part
of Theorem 6.2.22(b) (i.e., the claim that the 7 in Theorem 6.2.22(b) is unique if it exists) is proven.

It now remains to prove the existence part of Theorem 6.2.22(b), i.e., to prove that there exists at least one
permutation 7 € Sh,, , satisfying (uv) [17(1)] > (uv) [IT(Q):I > > (uw) [Ir(pﬂ)] and o = iper (a8, 7). We
already know that there exists a unique 7 € &4, satisfying o = iper (a3, 7). Consider this 7. We will now
prove that (wv) [I;1)] > (wv) [Ir2)] = -+ > (uwv) [I(p4+¢)] and T € Shy, 4. Once this is done, the existence
part of Theorem 6.2.22(b) will be proven, and thus the proof of Theorem 6.2.22(b) will be complete.

Proposition 6.2.18 yields that 7 € Sh,, if and only if iper (a8,7) € Shy, . Since we know that
iper (aB,7) = o € Shy, ,n, we thus conclude that 7 € Sh,,. The only thing that remains to be proven
now is that

(6213) (uv) [I‘r(l)] > (uv) [I'r(?)] > 2> (uv) [IT(])-"-q):I .

Proof of (6.2.13): We have 7 € Sh,, ;. In other words, 771 (1) < 771 (2) <--- <77 ! (p)and 71 (p+1) <
7 p+2) < -~ <7 (p+¢q). In other words, the restriction of the map 7~! to the interval [0: p]" is

strictly increasing, and so is the restriction of the map 7! to the interval [p: p + q}+.
Let i € {1,2,...,p+q— 1}. We will show that

(6214) (U’U) [L—(z)] > (uv) [I'r(i+1)} .

Clearly, both 7 () and 7 (¢ + 1) belong to {1,2,...,p+q} ={1,2,...,p}U{p+ 1,p+2,...,p+ q}. Thus,
we must be in one of the following four cases:

Case 1: We have 7 (i) € {1,2,...,p}and 7 (i + 1) € {1,2,...,p}.

Case 2: We have 7 (i) € {1,2,...,ptand 7 (i + 1) € {p+ 1L,p+2,...,p+q}.

Case 3: We have 7 (i) € {p+1,p+2,...,p+q}and 7 (i +1) € {1,2,...,p}.

Case 4: Wehave 7 (i) e {p+ 1L,p+2,....p+qtand 7(i+ 1) e {p+1,p+2,....,p+q}.

Let us consider Case 1 first. In this case, we have 7 (i) € {1,2,...,p} and 7 (i + 1) € {1,2,...,p}. From
the fact that the restriction of the map 7! to the interval [0 : p]Jr is strictly increasing, we can easily deduce
7(i) <7(i+1) 2. Therefore, a,(;) > a (1) (since a1 > as > -+ > ap).

But (uv) [I-;)] = ar¢) (by (6.2.3), applied to 7 (i) instead of i) and (uv) [I;(;+1)] = ar(i+1) (similarly). In
view of these equalities, the inequality a,(;) > ar(;+1) rewrites as (uv) [IT(Z»)] > (uv) [IT(i+1)]' Thus, (6.2.14)
is proven in Case 1.

Similarly, we can show (6.2.14) in Case 4 (observing that (uv) [IT(i)} = br(i)—p and (uv) [Ir(i+1)] =
br(i4+1)—p in this case).

279 Proof. Assume the contrary. Then, 7 (i) > 7 (i 4+ 1). Since both 7 (i) and 7 (i + 1) belong to {1,2,...,p} = [0 : p|T, this
yields 771 (7 (1)) > 771 (1 (i + 1)) (since the restriction of the map 7~ to the interval [0 : p]T is strictly increasing), which
contradicts 771 (7 (i) =i <i+1=7"1(7(i+ 1)). This contradiction proves the assumption wrong, qed.
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Let us now consider Case 2. In this case, we have 7 (i) € {1,2,...,ptand7 (i +1) € {p+1,p+2,...,p+ ¢}
From 7 (i) € {1,2,...,p}, we conclude that I, C [0: n]+. From 7 (i4+1) € {p+1,p+2,...,p+q}, we
conclude that ;1) C [n:n+ m]+. The intervals I(;y and I (;41) are clearly nonempty.

Proposition 6.2.14(d) (applied to n+m, o8, p+qand (1, I, ..., Ip+4) instead of n, o, L and (11, I2, . .., Ip))
yields that the sets 0= (I,;)), 0 (Ir(i+1)) and o=t (Ir(;y) Uo ™! (I+(;4+1)) are nonempty intervals, and that
we have o1 (IT(Z»)) <ot (IT(,»H)). Hence, Lemma 6.2.10(b) (applied to I = Iy and J = I;(;41)) yields

() [y ] - (wo) [Lrign)] 2 () [Lrggn] - (wo) [Tr)] -

But ( [ ()] and ( [ T(z+1)] are Lyndon words (as a consequence of (6.2.5)). Thus, Proposition 6.1.18
(apphed to (uv) [Lr ] and wv) [I-(;4+1)] instead of u and v) shows that (wv) [I(;)] > (uv) [L;(+1)] if and
only if (uv) [IT(l } [ T(’L+1):| (uv) [IT(i+1)] (uw) [IT(Z-)]. Since we know that (uv) [IT(i)] -(uv) [IT(i+1)] >

(wv) [Lr(i41)] - (u v) [ ()] holds, we thus conclude that (uv) [I-;] > (uv) [I+(;51)]. Thus, (6.2.14) is proven
in Case 2.

The proof of (6.2.14) in Case 3 is analogous to that in Case 2 (the main difference being that Lemma
6.2.10(c) is used in lieu of Lemma 6.2.10(b)).

Thus, (6.2.14) is proven in all possible cases. So we always have (6.2.14). In other words, (uv) [I,¢;)] >
(wv) [T ]-

Now, forget that we fixed i. We hence have shown that (uv) [IT(Z-)] > (uv) [If(i+1)] foralli € {1,2,...,p+q¢—1}.
This proves (6.2.13), and thus completes our proof of Theorem 6.2.22(b).

(a) Let 7 € Sh, , be such that

(6.2.15) (uv) [I.,-(l)] > (uv) [I.,-(g)] > > (uv) [IT(p_,_q)] .

Set o = iper (a3, 7). Then, Proposition 6.2.18 yields that 7 € Sh,, , if and only if iper (a8, 7) € Shy, ;. Since
we know that 7 € Shy, ;, we can deduce from this that iper (a3, 7) € Shy, 1, so that o = iper (a3, 7) € Shy, .
It remains to prove that the word w L v is the lexicographically highest element of the multiset w LU v.

[od

It is clear that the multiset u LU v has some lexicographically highest element. This element has the form
ull v for some ¢ € Shy, ,, (because any element of this multiset has such a form). Consider this . Theorem

6.2.22(b) (applied to & instead of o) yields that there exists a unique permutation 7 € Sh, , satisfying
(w) [Iz(y] = (w) [Iz2)] = -+ > (uv) [Iz(p1+q)] and & = iper (a8, 7). (What we call 7 here is what has been
called 7 in Theorem 6.2.22(b).)

Now, the chain of inequalities (uv) [Iz1)] > (wv) [Iz2)] = -+ > (w) [Iz(p1q)| shows that the list
(w) [Iry] (o) [Iz2)] - - - (w0) [Iz(p1q)] ) is the result of sorting the list ((uv) [I1], (uwv) [I2] , ..., (uv) [Ip1q])
in decreasing order. But the chain of inequalities (6.2.15) shows that the list
((w) [Iry]  (wv) [Ir2)] 5 - (w0) [Ir(ptq)] ) is the result of sorting the same list ((uv) [I1], (wv) [I2], . . ., (uv) [Ip44))
in decreasing order. So each of the two lists ((wv) [Iz1)] , (wv) [Ir2)] ..., (w) [Irpiq]) and
((uv) [IT(l)} , (uv) [IT(Q)} yeooy (uv) [IT(p+q)}) is the result of sorting one and the same list
((wv) [Ih], (wv) [I2], ..., (wv) Ip44]) in decreasing order. Since the result of sorting a given list in decreasing
order is unique, this yields

(o) [Ty ] s (wo) [r] s (o) [Trprg)]) = ((w0) [Ly] (o) [L) ] s (w0) [Lrpag)]) -

Hence,
(62.16)  (wo) [Izw)] - (wv) [Tr)] - (w0) [Trprg] = (o) [Ly] - (o) [Lr)] - (wv) [Ty -
But Lemma 6.2.20 yields
(6.2.17) ulv = (w) [Ir1)] - (wo) [Ty -+ - (w) [Ir(ptq)] -
Meanwhile, Lemma 6.2.20 (applied to 7 and ¢ instead of 7 and o) yields
uwo = (w) [lr)] - (w) [re)] - - (00) [Fpi)]
= (w) [L] - (wo) L)) - (w0) [Lrpyg)] (by (6.2.16))
=ullv (by (6.2.17)).
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Thus, v W v is the lexicographically highest element of the multiset u L v (since we know that u W v is the
g ag

lexicographically highest element of the multiset u L v). This proves Theorem 6.2.22(a). |

Now, in order to prove Theorem 6.2.2, we record a very simple fact about counting shuffles:

Proposition 6.2.23. Let p € N and g € N. Let 20 be a totally ordered set, and let h : {1,2,... . p+q} =200
be a map. Assume that h(1) > h(2)>--->h(p)andh(p+1)>h(p+2)>--->h(p+q).

For every w € 90, let a (w) denote the number of all i € {1,2,...,p} satisfying h (i) = w, and let b (w)
denote the number of alli € {p+ 1,p+2,...,p + q} satisfying h (i) = w.

Then, the number of T € Shy, , satisfying h (7 (1)) > h(7(2)) > --- > h(7(p+q)) is ][, con (
(Of course, all but finitely many factors of this product are 1.)

Exercise 6.2.24. Prove Proposition 6.2.23.

Proof of Theorem 6.2.2. Let n = ¢ (u) and m = £(v). Define o, 8 and (I1,Is,...,Ip+4) as in Theorem
6.2.22.

Since (a1,as,...,ap) is the CFL factorization of u, we have a; > as > -+ > a, and a1a2---ap = wu.
Similarly, by > by > -+ > b, and biby - - - by = v.

From (6.2.3), we see that (uwv) [I;] = a; for every i € {1,2,...,p}. From (6.2.4), we see that (uv) [[;] = b;—p
for everyi € {p+1,p+2,...,p+ ¢q}. Combining these two equalities, we obtain
(6.2.18) (uv) [I;] = i ifisp for every i € {1,2,....p+q}.

y biry, ifi>p I

In other words,
(6.2.19) ((wv) [IL], (wv) [I2], - . ., (wv) [Tptq]) = (a1, a2, ..., ap,b1,b2,...,by).

(a) Let z be the lexicographically highest element of the multiset v L0 v. We must prove that z =

C1C2*** Cpiq-
Since z € u W v, we can write z in the form w W v for some o € Shy, ,,, (since we can write any element
o

of u W v in this form). Consider this o. Then, u W v = z is the lexicographically highest element of the
o

multiset « LW v. Hence, Theorem 6.2.22(b) yields that there exists a unique permutation 7 € Sh,, , satisfying
(w) [Ir(y] = (w) [Ir2)] = -+ > (uwv) [I;(p+q)] and o = iper (B, 7). Consider this 7.

Now, 7 € Shy, 4 C &p44 is a permutation, and thus the list ((uv) [17(1)] , (uv) [IT(Q)] ye ooy () [I’r(p+q)]) is
a rearrangement of the list ((uv) [I1], (uv) [I2], ..., (uwv) [Ip44]). Due to (6.2.19), this rewrites as follows: The
list ((uv) [17(1)} , (wv) [17(2)} yeees () [IT(p_,_q)D is a rearrangement of the list (a1, a9, ..., ap,b1,b2,...,by).
Hence, ((wv) [I;1)] , (uwv) [ 7(2)] .. (uv) [ T(pﬂ)]) is the result of sorting the list (a1, az, ..., ap, b1,b2, ..., by)
in decreasing order (since (uv [ ( ] > [I (2)] > > (u) [IT(pﬂ)]). But since the result of sorting
the list (a1,a2,...,ap,b1,b2,..., bq) in decreasmg order is (c1,¢2,. .., Cprq), this becomes

(('I.L’U) I:IT(l)} ) ('LL’U) [IT(Q)] FRR] (’LLU) [I'r(p-‘rq)]) = (Cl» C2, -y Cp+q) .

Hence,
(wo) [Lr] - (o) [Lr)] - - (o) [Trpyg)] = e1-ea - epig
But Lemma 6.2.20 yields
uwv = (w) [ - (o) [Lr] - (w0) [Trprg)] -
Altogether, we have
z=utv=(w) L] (w) [Le] - (o) ] =12 eprg = crea g

o

This proves Theorem 6.2.2(a).



172 DARIJ GRINBERG AND VICTOR REINER

(b) Recall that w Wwv = {u Wv : o€ Shn,m} . Hence,

o multiset
(the multiplicity with which the lexicographically highest element of the multiset

w LU v appears in the multiset u LW v)

= (the number of all o € Sh,, ,,, such that v LW v is the

g
lexicographically highest element of the multiset u LU v).
But for a given o € Sh,, ,,, we know that u L v is the lexicographically highest element of the multiset

uWw if and only if o can be written in the form o = iper (a3, 7) for some 7 € Shy, , satisfying (uv) [I;(1)] >

(w) [Ir2)] = -+ > (wo) [Lrprg]-  ?*° Hence,
(the number of all o € Sh,, ,,, such that u W v is the

lexicographically highest element of the multiset u L v)
af,T)

[IT(p+q)])
= (the number of all 7 € Sh,, ; satisfying (uv) [I.(1)] > (wv) [I(9)] =+ > (w) [Lrpiq)])

= (the number of all o € Sh,, ,, which can be written in the form o = iper

~—

for some 7 € Shy, , satisfying (uv) [17(1)] > (uv) [IT(Q)] > > (ww

(because if a o € Sh,, ,, can be written in the form o = iper (a3, 7) for some 7 € Sh,, 4 satisfying (wv) [I1)] >
(w) [Ir2)] = -+ > (wv) [I(p+q)], then o can be written uniquely in this form?®'). Thus,

(the multiplicity with which the lexicographically highest element of the multiset

w LW v appears in the multiset u W v)
= (the number of all o € Sh,, ,,, such that v LU v is the
[od

lexicographically highest element of the multiset u L v)

(6.2.20) = (the number of all 7 € Shy, , satisfying (uv) [17(1)] > (uw) [17(2)] > > (w) [I‘r(p-{-q)]) '
Now, define a map h:{1,2,...,p+¢q} — £ by
N — Qi if 7 <p; .
h(l)_{ bivp if i >p for every i € {1,2,...,p+q}.

Then, h (1) > h(2) > --- > h(p) (because this is just a rewriting of a3 > ag > --- > a,) and h(p+1) >
h(p+2)>--->h(p+q) (since this is just a rewriting of by > by > --- > b,). For every w € £, the number
of all i € {1,2,...,p} satisfying h (i) = w is

ie{l,2,...,p} | h(i)) =w
—~
=H{ie{1,2,...,p} | a; =w}
= (the number of terms in the list (a1, as,...,a,) which are equal to w)
= (the number of terms in the CFL factorization of u which are equal to w)
(since the list (a1, asg,...,ap,) is the CFL factorization of w)

= mult,, u

2801y, fact, the “if” part of this assertion follows from Theorem 6.2.22(a), whereas its “only if” part follows from Theorem
6.2.22(b).

281Proof. Let o € Shp,m be such that o can be written in the form o = iper (af,7) for some 7 € Shy , satisfying
(uv) [17(1)} > (uv) [I.,.(z)] > > (w) [IT(p+q)]. Then, the word u W is the lexicographically highest element of the
multiset u LW v (according to Theorem 6.2.22(a)). Hence, there exists a unique permutation 7 € Shy, 4 satisfying (uv) [Iq—(l)} >
(uv) [17(2)} > > (uw) [Ir(erq)} and o = iper (af8,7) (according to Theorem 6.2.22(b)). In other words, o can be written
uniquely in the form ¢ = iper (a8, 7) for some 7 € Shyp g satisfying (uv) [I-(1)] = (wv) [I;(2)] >+ > (wv) [Lr(p4q)], qed.
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(because mult,, u is defined as the number of terms in the CFL factorization of w which are equal to w).
Similarly, for every w € £, the number of all i € {p+1,p+2,...,p+ q} satisfying h (i) = w equals
mult,, v. Thus, we can apply Proposition 6.2.23 to 20 = £, a(w) = mult, u and b (w) = mult, v. As
a result, we see that the number of 7 € Sh,, satisfying h (7 (1)) > h(7(2)) > --- > h(r(p+gq)) is

1t It
[Tuee (mu %Z;wnzlu v U). In other words,

(the number of all 7 € Sh,, , satisfying h (7 (1)) > h(7(2)) >--- > h(t(p+¢q)))
mult,, v + mult,, v
(6.2.21) =] ( )

mult,, u
weL w

But for every i € {1,2,...,p+ ¢}, we have

h (i) :{ b“fp | ifif = P =) (1] (by (6.2.18)).

Hence, for any 7 € Sh, 4, the condition i (7 (1)) > h (7 (2)) = --- > h (7 (p + q)) is equivalent to (uv) [I;(1)] >
(w) [Ir2)] = -+ > (uv) [Lr(ptq)]. Thus,

the number of all 7 € Shy, , satisfying h(7(1)) > h(7(2)) >--->h(r(p+q))

this is equivalent to
(o) [T (1)] 2 (o) [I7.(2)| 2> (uo) [I7 (py o ]

= (the number of all 7 € Sh,, ; satisfying (uv) [I.(1)] = (wv) [I-(2)] =+ = (w) [I;piq)])
= (the multiplicity with which the lexicographically highest element of the multiset

w LW v appears in the multiset u W v)
(by (6.2.20)). Compared with (6.2.21), this yields

(the multiplicity with which the lexicographically highest element of the multiset
w L v appears in the multiset u W v)

B H (multw u + mult,, v)
Bt mult,, u ’

This proves Theorem 6.2.2(b).
(c) We shall use the notations of Theorem 6.2.2(a) and Theorem 6.2.2(b).
Assume that a; > b; for every ¢ € {1,2,...,p} and j € {1,2,...,¢q}. This, combined with a; > as >
- > ap and by > by > -+ > by, yields that a; > ax > --- > a, > by > by > --- > by. Thus, the list

(a1,a2,...,ap,b1,ba,...,by) is weakly decreasing. Thus, the result of sorting the list (a1, a2, ..., ap,b1,b2,...,bg)

in decreasing order is the list (a1, ag, ..., ap,b1,be, ..., by) itself. But since this result is (1, ca, - . ., Cprq), this

shows that (c1,c2,...,¢ptq) = (a1,a2,...,ap,b1,b2,...,by). Hence, cica---Cprq = ara2---apbrbe---by =
—_————— —

wv. Now, Theorem 6.2.2(a) yields that the lexicographically highest element of the multiset w L v is
¢1¢2 - - Cprq = wv. This proves Theorem 6.2.2(c).

(d) We shall use the notations of Theorem 6.2.2(a) and Theorem 6.2.2(b).

Assume that a; > b; for every ¢ € {1,2,...,p} and j € {1,2,...,¢q}. Thus, a; > b; for every ¢ €
{1,2,...,p} and j € {1,2,...,q}. Hence, Theorem 6.2.2(c) yields that the lexicographically highest element
of the multiset u LW v is uv. Therefore, Theorem 6.2.2(b) shows that the multiplicity with which this word
mult,, © + mult,, v)

uv appears in the multiset u W v is [], cq ( It
mult,, u
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Thus, as we know, the multiplicity with

. mult,, v + mult,, v
Now, every w € £ satisfies ( Y v ) =1 28

mult,, u

mult,, u + mult,, v
which this word uv appears in the multiset utlv is [[,co < wt w > =][,ce 1 = 1. This proves

mult,, u

=1
Theorem 6.2.2(d).

(e) We shall use the notations of Theorem 6.2.2(a) and Theorem 6.2.2(b).

Since w is a Lyndon word, the 1-tuple (u) is the CFL factorization of u. Hence, we can apply Theorem
6.2.2(c) to 1 and (u) instead of p and (a1,a2,...,ap). As a result, we conclude that the lexicographically
highest element of the multiset u LU v is uwv. It remains to prove that the multiplicity with which this word
uv appears in the multiset v LW v is mult, v + 1.

For every w € £ satisfying w # u, we have

(6.2.22) mult,, u =0

283 Also, mult,, v = 1 (for a similar reason). But uv is the lexicographically highest element of the multiset
u W v. Hence, the multiplicity with which the word uv appears in the multiset u L v is the multiplicity with
which the lexicographically highest element of the multiset u LU v appears in the multiset uw L v. According
to Theorem 6.2.2(b), the latter multiplicity is

H mult,, v + mult,, v
mult,, u

weL
mult,, v + mult, v mult,, v + mult,, v .
= < o, > . H ( ot ) (since u € £)
weL;
{1+ mult, v WA {0+ mult,, v
B 1 B 0
(since mult,, u=1) (since mult,, u=0 (by (6.2.22)))
It 0 It
= it . ttte v = (mult,v+1) - = mult, v + 1.
L+ o * o by v + 1 1 = multy v + 1
—_— weL; wegL;
=1+multy, ve=mult, v+1 7Y% =1 wFu
=1
This proves Theorem 6.2.2(e). O

As an application of our preceding results, we can prove a further necessary and sufficient criterion for a
word to be Lyndon; this criterion is due to Chen/Fox/Lyndon [35, 2" = 2""]:

Exercise 6.2.25. Let w € 2A* be a nonempty word. Prove that w is Lyndon if and only if for any two
nonempty words v € A* and v € A* satisfying w = wwv, there exists at least one s € u LI v satisfying s > w.

6.3. Radford’s theorem on the shuffle algebra. We recall that our goal in Chapter 6 is to exhibit an
algebraically independent generating set of the k-algebra QSym. Having the notion of Lyndon words —
which will, to some extent, but not literally, parametrize this generating set — in place, we could start the
construction of this generating set immediately. However, it might come off as rather unmotivated this way,
and so we begin with some warmups. First, we shall prove Radford’s theorem on the shuffle algebra.

Definition 6.3.1. A polynomial algebra will mean a k-algebra which is isomorphic to the polynomial ring
k[z; | i € I] as a k-algebra (for some indexing set I). Note that I need not be finite.

multy, v + multy, v

282Pmof. Assume the contrary. Then, there exists at least one w € £ such that ( v lJtr v ) # 1. Consider this
mult,, u

multy, v + multy, v

w. Both mult,, v and mult,, v must be positive (since ( ) # 1). Since multy, u is positive, there must be at

mult,, u
least one term in the CFL factorization of u which is equal to w. In other words, there is at least one ¢ € {1,2,...,p} satisfying
a; = w (since (a1,a2,...,ap) is the CFL factorization of ). Similarly, there is at least one j € {1,2,...,q} satisfying b; = w.

These ¢ and j satisfy a; = w = b;, which contradicts a; > b;. This contradiction shows that our assumption was false, qed.

283Pmof of (6.2.22): Let w € £ be such that w # u. Then, the number of terms in the list (u) which are equal to w is 0.
Since (u) is the CFL factorization of u, this rewrites as follows: The number of terms in the CFL factorization of w which are
equal to w is 0. In other words, mult,, w = 0. This proves (6.2.22).
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Equivalently, a polynomial algebra can be defined as a k-algebra which has an algebraically independent
(over k) generating set. Yet equivalently, a polynomial algebra can be defined as a k-algebra which is
isomorphic to the symmetric algebra of a free k-module.

Keep in mind that when we say that a certain bialgebra A is a polynomial algebra, we are making no
statement about the coalgebra structure on A. The isomorphism from A to the symmetric algebra of a free
k-module need not be a coalgebra isomorphism, and the algebraically independent generating set of A need
not consist of primitives. Thus, showing that a bialgebra A is a polynomial algebra does not trivialize the
study of its bialgebraic structure.

Remark 6.3.2. Let V be a k-module, and let 2 be a totally ordered set. Let b, be an element of V' for every
a € 2. Consider the shuffle algebra Sh (V') (defined in Definition 1.6.7).

For every word w € 2A* over the alphabet 2, let us define an element b,, of Sh (V) by by, = by, buy « * + bayy s
where ¢ is the length of w. (The multiplication used here is that of T'(V'), not that of Sh(V'); the latter is
denoted by L)

Let u € 2A* and v € A* be two words over the alphabet 2. Let n = ¢ (u) and m = £ (v). Then,

bugbv = Z bumv-
o€Shy,m 7
Exercise 6.3.3. Prove Remark 6.3.2.
[Hint: This follows from the definition of Lu.]

We can now state Radford’s theorem [155, Theorem 3.1.1(e)]:

Theorem 6.3.4. Assume that Q is a subring of k. Let V' be a free k-module with a basis (ba),cq, Where
2 is a totally ordered set. Then, the shuffle algebra Sh (V') (defined in Definition 1.6.7) is a polynomial
k-algebra. An algebraically independent generating set of Sh (V') can be constructed as follows:

For every word w € 20* over the alphabet 2, let us define an element by, of Sh (V) by by, = by, by ** * bu, s
where { is the length of w. (The multiplication used here is that of T (V), not that of Sh(V'); the latter
is denoted by W.) Let £ denote the set of all Lyndon words over the alphabet 2. Then, (by),,cq is an
algebraically independent generating set of the k-algebra Sh (V).

Example 6.3.5. For this example, let 2 be the alphabet {1,2,3,...} with total order given by 1 < 2 <
3 < ---, and assume that Q is a subring of k. Let V' be the free k-module with basis (by),cq- We use
the notations of Theorem 6.3.4. Then, Theorem 6.3.4 yields that (by),c. is an algebraically independent
generating set of the k-algebra Sh (V'). Here are some examples of elements of Sh (V') written as polynomials
in this generating set:

bio = bio (the word 12 itself is Lyndon);
bay = byLlby — b1a;

by = %hgbl;

bi2s = b1as (the word 123 itself is Lyndon) ;
b132 = b132 (the word 132 itself is Lyndon) ;
b213 = ballib1z — b123 — b132;

ba31 = baslliby — ballby3 + b132;

b312 = b3llbiz — b123 — b132;

bs21 = b1LUballibg — boglliby — b3lbia + b123;

bi12 = b112 (the word 112 itself is Lyndon) ;
b121 = b1alliby — 2by12;

1
bi212 = §b1ng12 — 2b1122;
byg21 = b1LbollibsLiby — byLUballibzy — byLboglilby — b1olLibsLliby
+ b1LWbags + b1allibzg + bioglby — bi23a.
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284

Note that Theorem 6.3.4 cannot survive without the condition that Q be a subring of k. For instance,
for any v € V', we have vy = 2vv in Sh (V'), which vanishes if 2 = 0 in k; this stands in contrast to the fact
that polynomial k-algebras are integral domains when k itself is one. We will see that QSym is less sensitive
towards the base ring in this regard (although proving that QSym is a polynomial algebra is much easier
when Q is a subring of k).

Remark 6.3.6. Theorem 6.3.4 can be contrasted with the following fact: If Q is a subring of k, then the shuffle
algebra Sh (V) of any k-module V' (not necessarily free!) is isomorphic (as a k-algebra) to the symmetric

algebra Sym ((ker €) / (ker 6)2) (by Theorem 1.7.29(e), applied to A = Sh(V)). This fact is closely related

to Theorem 6.3.4, but neither follows from it (since Theorem 6.3.4 only considers the case of free k-modules

V) nor yields it (since this fact does not provide explicit generators for the k-module (ker ) / (kere)® and
thus for the k-algebra Sh (V).

In our proof of Theorem 6.3.4 (but not only there), we will use part (a) of the following lemma?®®, which
makes proving that certain families indexed by Lyndon words generate certain k-algebras more comfortable:

Lemma 6.3.7. Let A be a commutative k-algebra. Let 2 be a totally ordered set. Let £ be the set of all
Lyndon words over the alphabet 2. Let b, be an element of A for every w € £. For every word u € 2*,
define an element b, of A by by = bg, b, - - - bs,, Where (a1, as,...,a,) is the CFL factorization of u.

(a) The family (by),cq is an algebraically independent generating set of the k-algebra A if and only if
the family (by),cq- is a basis of the k-module A.
(b) The family (by),,c o generates the k-algebra A if and only if the family (by), cq~ spans the k-module
A.
(¢) Assume that the k-algebra A is graded. Let wt : A — {1,2,3,...} be any map such that for every
N €{1,2,3,...}, the set wt~! (N) is finite.
For every word w € A*, define an element Wt (w) € N by Wt (w) = wt (w1) + wt (we) + -+ +
wt (wg), where k is the length of w.
Assume that for every w € £, the element b,, of A is homogeneous of degree Wt (w).
Assume further that the k-module A has a basis (gu),cq- having the property that for every
u € A*, the element g, of A is homogeneous of degree Wt (u).
Assume also that the family (by),c. generates the k-algebra A.
Then, this family (by),,q is an algebraically independent generating set of the k-algebra A.

Exercise 6.3.8. Prove Lemma 6.3.7.
[Hint: For (a) and (b), notice that the b,, are the “monomials” in the b,,. For (c), use Exercise 2.5.18(b)
in every homogeneous component of A.]

The main workhorse of our proof of Theorem 6.3.4 will be the following consequence of Theorem 6.2.2(c):

Proposition 6.3.9. Let V be a free k-module with a basis (b,) where 2 is a totally ordered set.

a€el’

2845 pattern emerges in the formulas for ba1, b321 and bgsz21: for every n € N; we have

—¢
b(n,nfl ,,,,, 1) = Z (_1)71 (@) bdl(a)gbdz(a)g' . 'deé(u)(a)y
aeComp,,
where (d1 (@))-(d2 (a))----- (de(a) (@) is the factorization of the word (1,2, ...,n) into factors of length a1, az, ..., ay (where
a = (a1,a2,...,a4)). This can be proved by an application of Lemma 5.2.7(a) (as it is easy to see that for any composition «

of n, we have
bay (o) Wby (o)L -+ Wha, ) (o)

= (the sum of by for all words m € &,, satisfying Des (Trfl) c D (a))

D D

BeComp,,; TEC;
B coarsens « ,Y(ﬂ-*l):[}

where « (7~1) denotes a composition T satisfying D (1) = Des (771)).
285And in a later proof, we will also use its part (c) (which is tailored for application to QSym).
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For every word w € 20* over the alphabet 2, let us define an element by, of Sh (V) by by, = by, by -« - b, s
where { is the length of w. (The multiplication used here is that of T (V'), not that of Sh(V'); the latter is
denoted by LU.)

For every word u € 1*, define an element b, by b, = bg, Wb, ---LUb, , where (a1, as,...,ap) is the
CFL factorization of u.

If ¢ € N and if x € A* is a word, then there is a family (1)

T = Z 779:7yby

yeAt;
y<z

year € N of elements of N satisfying

and 1y, # 0 (in N).
Before we prove this, let us show a very simple lemma:

Lemma 6.3.10. Let 2 be a totally ordered set. Let n € N and m € N. Let o € Shy, ;.
(a) If u, v and v’ are three words satisfying £ (u) =n, £ (v) = m, £ (v') = m and v’ < v, then uLI_Iv’ < ulv.

(b) If u, v’ and v are three words satisfying £ (u) = n, £ (u') =n, £ (v) = m and v’ < u, then u’ LI_IU < uLI_Iv.
(c) If u, v and v" are three words satistying £ (u) = n, £ (v) =m, £ (v') = m and v’ < v, then ul_l_lv < uLI_Iv,

Exercise 6.3.11. Prove Lemma 6.3.10.

Exercise 6.3.12. Prove Proposition 6.3.9.

[Hint: Proceed by induction over £. In the induction step, apply Theorem 6.2.2(c)?*® to u = a; and
v = agas - - - ap, where (a1, az,...,ap) is the CFL factorization of x. Use Lemma 6.3.10 to get rid of smaller
terms.|

Exercise 6.3.13. Prove Theorem 6.3.4.

[Hint: According to Lemma 6.3.7(a), it suffices to show that the family (by),cq- defined in Proposition
6.3.9 is a basis of the k-module Sh (V). When 2l is finite, the latter can be proven by triangularity using
Proposition 6.3.9. Reduce the general case to that of finite 2.]

6.4. Polynomial freeness of QSym: statement and easy parts.

Definition 6.4.1. For the rest of Chapter 6, we introduce the following notations: We let 2 be the totally
ordered set {1,2,3,...} with its natural order (that is, 1 < 2 < 3 < ---.) Thus, the words over 2 are
precisely the compositions. That is, 2* = Comp. We let £ denote the set of all Lyndon words over 2. These
Lyndon words are also called Lyndon compositions.

A natural question is how many Lyndon compositions of a given size exist. While we will not use the
answer, we nevertheless record it:

Exercise 6.4.2. Show that the number of Lyndon compositions of size n equals

IS @ (27 1) = LS @) 2
d|n

d|n
for every positive integer n (where “3 7 means a sum over all positive divisors of n, and where u is the
d|n
number-theoretic Mébius function).
[Hint: One solution is similar to the solution of Exercise 6.1.29 using CFL factorization. Another proceeds
by defining a bijection between Lyndon compositions and Lyndon words over a two-letter alphabet {0,1}
(with 0 < 1) which are # 1. 287

2860r Theorem 6.2.2(¢), if you prefer.
287This bijection is obtained by restricting the bijection

Comp — {w € {0,1}" | w does not start with 1},
(a1,09,...,04) = 01217 1p122—1 .. gt

(where 01F is to be read as 0 (1¥), not as (01)*) to the set of Lyndon compositions. The idea behind this bijection is well-known
in the Grothendieck-Teichmiiller community: see, e.g., [79, §3.1] (and see [64, Note 5.16] for a different appearance of this idea).
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Let us now state Hazewinkel’s result ([74, Theorem 8.1}, [78, §6.7]) which is the main goal of Chapter 6:

Theorem 6.4.3. The k-algebra QSym is a polynomial algebra. It is isomorphic, as a graded k-algebra, to
the k-algebrak [z, | w € £]. Here, the grading onk [z, | w € £] is defined by setting deg (z,,) = >,
for every w € £.

We shall prove Theorem 6.4.3 in the next section (Section 6.5). But the particular case of Theorem 6.4.3
when Q is a subring of k can be proven more easily; we state it as a proposition:

Proposition 6.4.4. Assume that Q is a subring of k. Then, Theorem 6.4.3 holds.

We will give two proofs of Proposition 6.4.4 in this Section 6.4; a third proof of Proposition 6.4.4 will
immediately result from the proof of Theorem 6.4.3 in Section 6.5. (There is virtue in giving three different
proofs, as they all construct different isomorphisms k [z, | w € £] — QSym.)

Our first proof — originating in Malvenuto’s [127, Corollaire 4.20] — can be given right away; it relies on
Exercise 5.3.12:

First proof of Proposition 6.4.4. Let V be the free k-module with basis (b”)n€{1,2,3,.‘.}' Endow the k-module
V with a grading by assigning to each basis vector b, the degree n. Exercise 5.3.12(k) shows that QSym
is isomorphic to the shuffle algebra Sh (V') (defined as in Proposition 1.6.7) as Hopf algebras. By being a
bit more careful, we can obtain the slightly stronger result that QSym is isomorphic to the shuffle algebra
Sh (V) as graded Hopf algebras®®®. In particular, QSym = Sh (V) as graded k-algebras.

Theorem 6.3.4 (applied to b, = b,) yields that the shuffle algebra Sh (V) is a polynomial k-algebra, and
that an algebraically independent generating set of Sh (V') can be constructed as follows:

For every word w € A* over the alphabet 2, let us define an element b,, of Sh (V') by by = by, buyy - -+ bay, s
where ¢ is the length of w. (The multiplication used here is that of T'(V'), not that of Sh(V'); the latter is
denoted by wl.) Then, (by),, ¢ is an algebraically independent generating set of the k-algebra Sh (V).

For every w € 2", we have by, = by, b, - buy, ) (by the definition of b,,). For every w € 2*, the element

by = by by -+ b of Sh (V) is homogeneous of degree 3°°™) deg (by,) = 34 w;.
———

We(w)

Now, define a grading on the k-algebra k [z,, | w € £] by setting deg (z,,) = Zf(:u{) w; for every w € £. By
the universal property of the polynomial algebra k [x,, | w € £], we can define a k-algebra homomorphism
®:klz, | we L] — Sh(V) by setting

D (1) = by for every w € £.

This homomorphism @ is a k-algebra isomorphism (since (by),, ¢ is an algebraically independent gener-
ating set of the k-algebra Sh (V) and is graded (because for every w € £, the element b,, of Sh(V) is
homogeneous of degree Zf(:“{) w; = deg(xy)). Thus, ® is an isomorphism of graded k-algebras. Hence,
Sh(V) 2 k[z, | we £] as graded k-algebras. Altogether, QSym = Sh (V) = k[z,, | w € £] as graded
k-algebras. Thus, QSym is a polynomial algebra. This proves Theorem 6.4.3 under the assumption that Q
be a subring of k. In other words, this proves Proposition 6.4.4. (]

Our second proof of Proposition 6.4.4 comes from Hazewinkel/Gubareni/Kirichenko [78] (where Proposi-
tion 6.4.4 appears as [78, Theorem 6.5.13]). This proof will construct an explicit algebraically independent
family generating the k-algebra QSym. 289 The generating set will be very unsophisticated: it will be
(Ma),eq, where 2 and £ are as in Theorem 6.4.3. Here, we are using the fact that words over the alphabet
{1,2,3,...} are the same thing as compositions, so, in particular, a monomial quasisymmetric function M,
is defined for every such word «a.

288P7‘00f. In the solution of Exercise 5.3.12(k), we have shown that QSym = T (V)° as graded Hopf algebras. But Remark
1.6.9(b) shows that the Hopf algebra T (V)° is naturally isomorphic to the shuffle algebra Sh (V°) as Hopf algebras; it is
easy to see that the natural isomorphism T (V)° — Sh(V°) is graded (because it is the direct sum of the isomorphisms
(ver)® — (Vo)®™ over all n € N, and each of these isomorphisms is graded). Hence, T'(V)° = Sh(V?°) as graded Hopf
algebras. But V° 2 V as graded k-modules (since V' is of finite type), and thus Sh(V°) = Sh (V) as graded Hopf algebras.
Altogether, we obtain QSym = T (V)° =2 Sh(V°) =2 Sh (V) as graded Hopf algebras, ged.

289We could, of course, obtain such a family from our above proof as well (this is done by Malvenuto in [127, Corollaire
4.20]), but it won’t be a very simple one.
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It takes a bit of work to show that this family indeed fits the bill. We begin with a corollary of Proposition
5.1.3 that is essentially obtained by throwing away all non-bijective maps f:

Proposition 6.4.5. Let a € A* and 3 € A*. Then,
M, Mj
= Z M., + (a sum of terms of the form M;s with § € A* satisfying £ (6) < £ () +£(5)) .

yEaLWS
290

Exercise 6.4.6. Prove Proposition 6.4.5.
[Hint: Recall what was said about the p = £ 4+ m case in Example 5.1.4.]

Corollary 6.4.7. Let o € 2A* and § € A*. Then, M,Mp is a sum of terms of the form M;s with 6 € A*
satistying £ (8) < £(a) + £ (B).

Exercise 6.4.8. Prove Corollary 6.4.7.
We now define a partial order on the compositions of a given nonnegative integer:

Definition 6.4.9. Let n € N. We define a binary relation < on the set Comp,, as follows: For two

wll
compositions « and S in Comp,,, we set o < 3 if and only if
wll

either £ (a) < £(B) or (¢(a) =£(B) and o < B in lexicographic order) .

This binary relation < is the smaller-or-equal relation of a total order on Comp,,; we refer to said total order
wll

as the wll-order on Comp,,, and we denote by <11 the smaller relation of this total order.
W

Notice that if o and [ are two compositions satisfying ¢ («) = £ (), then « < § in lexicographic order if
and only if o < 8 with respect to the relation < defined in Definition 6.1.1.

A remark about the name “wll-order” is in order. We have taken this notation from [74, Definition 6.7.14],
where it is used for an extension of this order to the whole set Comp. We will never use this extension, as
we will only ever compare two compositions of the same integer.?%!

We now state a fact which is similar (and plays a similar role) to Proposition 6.3.9:

Proposition 6.4.10. For every composition v € Comp = 2A*, define an element M,, € QSym by M, =
Mo, Mg, -+~ M,,, where (a1,as,...,a,) is the CFL factorization of the word wu.
Ifn € N and if € Comp,,, then there is a family (1, ) € NComP» of elements of N satisfying

yeComp,,
M, = E Na,y My
yeComp
y<z

and 1y, # 0 (in N).
Before we prove it, let us show the following lemma;:

Lemma 6.4.11. Let n € N and m € N. Let u € Comp,, and v € Comp,,,. Let z be the lexicographically
highest element of the multiset u LU v.

(a) We have z € Comp,,  ,.

(b) There exists a positive integer h such that

M, M, = hM, + (a sum of terms of the form M,, with w € Comp,, ,,, satisfying w <11 z) .
w

290The sum > omcaws
many addends corresponding to it.

291y, [74, Definition 6.7.14], the name “wll-order” is introduced as an abbreviation for “weight first, then length, then
lexicographic” (in the sense that two compositions are first compared by their weights, then, if the weights are equal, by their
lengths, and finally, if the lengths are also equal, by the lexicographic order). For us, the alternative explanation “word length,
then lexicographic” serves just as well.

M., ranges over the multiset alL3; if an element appears several times in all 3, then it has accordingly
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(c) Let v' € Comp,,, be such that v’ < v Then,

M, M, = <a sum of terms of the form M,, with w € Comp,, ,,, satisfying w <11 z) .
W

Exercise 6.4.12. Prove Lemma 6.4.11.

[Hint: For (b), set h to be the multiplicity with which the word z appears in the multiset « LU v, then use
Proposition 6.4.5 and notice that M, M, is homogeneous of degree n + m. For (c), use (b) for v’ instead of
v and notice that Lemma 6.3.10(a) shows that the lexicographically highest element of the multiset w LU v’
is < 2]

wll

Exercise 6.4.13. Prove Proposition 6.4.10.

[Hint: Proceed by strong induction over n. In the induction step, let (a1, asg,...,a,) be the CFL factor-
ization of x, and set u = a; and v = agas - - - ap; then apply Proposition 6.4.10 to v instead of =, and multiply
the resulting equality M,, = Zyecompw Mo,y M, with M, to obtain an expression for M, M, = M,. Use

y<wv

wll

Lemma 6.4.11 to show that this expression has the form ) ,ccomp, ; 2,y My with 7, . # 0; here it helps to
y<uz

wll

remember that the lexicographically highest element of the multiset w LU v is uv = x (by Theorem 6.2.2(c)).]

We are almost ready to give our second proof of Proposition 6.4.4; our last step is the following proposition:

Proposition 6.4.14. Assume that Q is a subring of k. Then, (My),c is an algebraically independent
generating set of the k-algebra QSym.

Exercise 6.4.15. Prove Proposition 6.4.14.

[Hint: Define M, for every u € Comp as in Proposition 6.4.10. Conclude from Proposition 6.4.10 that,
for every n € N, the family (M,),, €Comp, expands invertibly triangularly?®? (with respect to the total order
< on Comp,,) with respect to the basis (M) of QSym,,. Conclude that this family (M,,)

u€eComp u€eComp
wll n "
is a basis of QSym,, itself, and so the whole family (Mu)uecomp is a basis of QSym. Conclude using Lemma
6.3.7(a).]

Second proof of Proposition 6.4.4. Proposition 6.4.14 yields that (M), e is an algebraically independent
generating set of the k-algebra QSym.

Define a grading on the k-algebra k[z,, | w € £] by setting deg (z,,) = Zf(:“i) w; for every w € £. By
the universal property of the polynomial algebra k [z,, | w € £], we can define a k-algebra homomorphism
®:k(z, | we L] — QSym by setting

D (zy) = My, for every w € £.

This homomorphism @ is a k-algebra isomorphism (since (My,),,c ¢ is an algebraically independent generating
set of the k-algebra QSym) and is graded (because for every w € £, the element M,, of QSym is homogeneous

of degree |w| = ng’i) w; = deg (xy)). Thus, ® is an isomorphism of graded k-algebras. Hence, QSym =
k(z, | we £] as graded k-algebras. In particular, this shows that QSym is a polynomial algebra. This
proves Theorem 6.4.3 under the assumption that Q be a subring of k. Proposition 6.4.4 is thus proven

again. ([

6.5. Polynomial freeness of QSym: the general case. We now will prepare for proving Theorem 6.4.3
without any assumptions on k. In our proof, we follow [74] and [78, §6.7], but without using the language
of plethysm and Frobenius maps. We start with the following definition:

Definition 6.5.1. Let a be a composition. Write « in the form a = (a1, as,...,ay) with £ = £(a).
(a) Let SIS (¢) denote the set of all strictly increasing ¢-tuples (i1, s,...,4,) of positive integers.?*® For
every (-tuple i = (i1,12,...,i¢) € SIS({), we denote the monomial z3'z{? - 27 by x{. This x{" is a

292G¢e Definition 11.1.16(b) for the meaning of this.
293“Strictly increasing” means that i1 < 42 < --- < iy here. Of course, the elements of SIS (¢) are in 1-to-1 correspondence
with ¢-element subsets of {1,2,3,...}.
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monomial of degree a1 + as + -+ + oy = |a|. Then,

(6.5.1) Mo= Y xf.
ieSIS(4)
294

(b) Consider the ring k[[x]] endowed with the coefficientwise topology??®.

296

(6%

The family (x{");cqrs¢) Of
elements of k|[[x]] is power-summable Hence, for every f € A, there is a well-defined power series

f <(Xia)ieSIS(E)) € k[[x]] obtained by “evaluating” f at (x?)ieSIS(z) 297 In particular, for every s €

294 proof of (6.5.1): By the definition of M, we have

_ oy Op oy a2 0p [ = N £
My = E T T T, = E Ty T T = E T T z;,
i1<ig<---<ip in {1,2,3,...} (i1,i2,--.,ig) ESIS(L) i=(i1,i2,...,ip) ESIS(L) —

—x&

i
iti a
:E(ilyiz,»-»,iz)ESIS(Z) (by the definition of x{*)

a @
E Xy = E Xi,

i=(i1,ia,...,ip) ESIS(L) ieSIS(2)

qed.
295This topology is defined as follows:

We endow the ring k with the discrete topology. Then, we can regard the k-module k [[x]] as a direct product of infinitely
many copies of k (by identifying every power series in k [[x]] with the family of its coefficients). Hence, the product topology is
a well-defined topology on k [[x]]; this topology is denoted as the coefficientwise topology. A sequence (an), cy of power series
converges to a power series a with respect to this topology if and only if for every monomial m, all sufficiently high n € N satisfy

(the coefficient of m in an) = (the coefficient of m in a).

Note that this is not the topology obtained by taking the completion of k [z1, z2,x3, ...] with respect to the standard grading
(in which all z; have degree 1). (The latter completion is actually a smaller ring than k [[x]].)

29616t us define what “power-summable” means for us:

A family (ni)iel € NI (where I is some set) is said to be finitely supported if all but finitely many i € I satisfy n; = 0.

If (ni);cr € N is a finitely supported family, then > icr Mi is a well-defined element of N. If N € N, then a family (n;);c; € NI
will be called (< N)-supported if it is finitely supported and satisfies 3 ;cyn; < N.

We say that a family (s;);c; € R! of elements of a topological commutative k-algebra R is power-summable if it satisfies the
following property: For every N € N, the sum

Z a("i)iel H Sinl

(n);er €N iel
(ni)jer is (SN)-supported
converges in the topology on R for every choice of scalars Ang)ier € k corresponding to all (< N)-supported (”i)iel €Nl In
our specific case, we consider k [[x]] as a topological commutative k-algebra, where the topology is the coefficientwise topology.
The fact that the family (xio‘)i €s15(0) is power-summable then can be proven as follows:

o If a # o, then this fact follows from the (easily-verified) observation that every given monomial in the variables
Z1,%2,23,... can be written as a product of monomials of the form x{* (with i € SIS (£)) in only finitely many ways.
e If a = &, then this fact follows by noticing that (x{') is a finite family (indeed, SIS (¢) = SIS (0) = {()}), and

every finite family is power-summable.

i€SIS(¢)

297Here is how this power series f <(x?)i€SIS(£)) is formally defined:

Let R be any topological commutative k-algebra, and let (si);c; € R! be any power-summable family of elements of R.
Assume that the indexing set I is countably infinite, and fix a bijection j : {1,2,3,...} — I. Let g € R(x) be arbitrary. Then,
we can substitute sj(1), sj(2), 8j(3), - - - for the variables z1, z2, 3, ... in g, thus obtaining an infinite sum which converges in R
(in fact, its convergence follows from the fact that the family (si);c; € RY is power-summable). The value of this sum will be
denoted by g ((si)iel)- In general, this value depends on the choice of the bijection j, so the notation g ((Si)iel) is unambiguous
only if this bijection j is chosen once and for all. However, when g € A, one can easily see that the choice of j has no effect on
9 ((s1)ser)-

We can still define g ((Si)iel) when the set I is finite instead of being countably infinite. In this case, we only need to modify

our above definition as follows: Instead of fixing a bijection j : {1,2,3,...} — I, we now fix a bijection j : {1,2,...,|I|} — I, and
instead of substituting s;(1), Sj(2), $j(3), - - - for the variables 1, @2, z3, ... in g, we now substitute sj(1), sj2), - - -5 Sj(1p)» 0, 0,
0, ... for the variables z1, x2, 3, ... in g. Again, the same observations hold as before: g ((Si)iel) is independent on j if g € A.

Hence, g ((Si)iel) is well-defined for every g € R (x), every countable (i.e., finite or countably infinite) set I, every topological
commutative k-algebra R and every power-summable family (sj);cy € R! of elements of R, as long as a bijection j is chosen. In

particular, we can apply this to g = f, I = SIS (¢), R = k[[x]] and (si);c; = (x;") choosing j to be the bijection which

ieSIS(¢)
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Z, we can evaluate the symmetric function e; € A 298 at (x?)ieSIS(Z). The resulting power series

es | (x$), € k|[x|] will be denoted Méﬁ. Thus,
i /ieSIS(¢)

ME = e, (6 sesisio) ) -
The power series M{) are the power series e, («) in [78]. We will shortly (in Corollary 6.5.8(a)) see that
Méﬁ € QSym (although this is also easy to prove by inspection). Here are some examples of Mé5>:
Example 6.5.2. If « is a composition and ¢ denotes its length ¢ («), then

MO :\eg/((x?)iem(@)) =1 ((Xia)ieSIS(é)> =1

=1

and
MY =1 ((esis) = D X = Ma (by (6.5.1))
iesIS(¢)
and299
M) = e, ((Xia)ieSIS(é)> = Z x{x§'
i€SIS(¢), jeSIS(4);
i<j

(where the notation “i < j” should be interpreted with respect to an arbitrary but fixed total order on the
set SIS (¢) — for example, the lexicographic order). Applying the last of these three equalities to o = (2, 1),
we obtain

(2) _ (2,1)(21) _ (2,1) _(21)
M(Qvl) - Z X X - Z X(i1,i2) X(j1,j2)
i€SIS(2), jeSIS(2), (i1,i2)€SIS(2), (j1,42)€SIS(2); "~
i<y (i1,12)<(J1,2) =a? @}, =27 2},
_ 2,1 .2 1
- Z Liy Ly Ly, Ly,

(i1,i2)€SIS(2), (41,72)€SIS(2);
(1,12)<(j1,72)

_ 2.1 . 2 1 2.1, .2 1
- 2 : Liy Lig Ty Ly, + z : L iyl Ty
11 <i2; J1<J2; 11 <iz; J1<j2;
11<J1 11=71, 12<J2
=M@1,2,1)+M2,3,1)+2M2,2,1,1)+ M2 2,2) =M1,1)

(here, we have WLOG assumed that the order on SIS (2) is lexicographic)
=M@20) + My +2Me210) + Mez22) + Ma,)-
. . (s) _ _
Of course, every negative integer s satisfies My ' = e4 <(X?)i€SIS(£)) =0.
=0

There is a determinantal formula for the s!M,is> (and thus also for Més> when s! is invertible in k), but
in order to state it, we need to introduce one more notation:

Definition 6.5.3. Let a = (aq, aq,...,a) be a composition, and let k be a positive integer. Then, o {k}
will denote the composition (kay, kas, ..., kag). Clearly, £ (a{k}) = ¢ (a) and |a {k}| = k|a].

Exercise 6.5.4. Let a be a composition. Write the composition « in the form o = (a1, as,...,qp) with
=1 (a).

(a) Show that the s-th power-sum symmetric function ps; € A satisfies

Ps ((X?)iesm(e)) = Masy

for every positive integer s.

sends every positive integer k to the k-th smallest element of SIS (¢) in the lexicographic order. (Of course, since f € A, the
choice of j is irrelevant.)

298Recall that eo = 1, and that es = 0 for s < 0.

299This is not completely obvious, but easy to check (see Exercise 6.5.4(b)).
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(b) Let us fix a total order on the set SIS (¢) (for example, the lexicographic order). Show that the s-th
elementary symmetric function es € A satisfies

(s) _ o _ B D
M) = e, ((x§ Jiesise) ) = X, Xi, X,
(i1,i2,---,is) €(SIS(£))";
i) <ip<-<i,

for every s € N.

¢) Let s € N, and let n be a positive integer. Let e§"> be the symmetric function
g

A. Then, show that

n n n
i1 <ip<--<ig iy Lig Tig €

(s) _ (n (e
Mty = el ((Xi )ieSIS(@)) .
(d) Let s € N, and let n be a positive integer. Prove that there exists a polynomial P € k [z1, 22, 23, . . .]
such that M, = P (M, P M, ).
[Hint: For (a), (b) and (c), apply the definition of f ((x;")ieSIsw)) with f a symmetric function°’. For
(d), recall that A is generated by e, e, e3,....]

Exercise 6.5.5. Let s € N. Show that the composition (1) satisfies M(<15)> = es.

Proposition 6.5.6. Let « = (aq, s, ...,ay) be a composition.
(a) Let n € N. Define a matrix Al = a§ -

Mogi-jy1y, ifi>j;

This matrix Affl> looks as follows:

M1y 1 0 0 0
My@y  Magy 2 .0 0
M, M, M, o0 0
A — | Moo Mo Mo b
Magn—1y Mapn—2y Mapn—3y -+ Mypy n—1
Moty Magn—1y Magn—2y -+ Moy Maqny

Then, det (AS{”) = n!Mém.

(b) Let n be a positive integer. Define a matrix B,<1°‘> = (bf?) by
Y )4,5=1,2,...n

MY if j = 1;
b = e ' for all (i,j) € 172,...7n2.
b {M(i”“), ifj>1 (i3) €4 s

300There are two subtleties that need to be addressed:

e the fact that the definition of f <(x?)ieSIS(€)> distinguishes between two cases depending on whether or not SIS (¢)
is finite;

e the fact that the total order on the set {1,2,3,...} (which appears in the summation subscript in the equality
€s = D (i1,in,..is)€{1,2,3,...}°; Tiy Tiy -+ Ti, ) has nothing to do with the total order on the set SIS (£) (which appears

i1 <ig<--<is
in the summation subscript in 37, i,,....1,)e(SIS())°; X{Xg, ---x{"). For instance, the former total order is well-
i <ig<---<is

founded, whereas the latter may and may not be. So there is (generally) no bijection between {1,2,3,...} and SIS (¢)
preserving these orders (even if SIS (¢) is infinite). Fortunately, this does not matter much, because the total order is
only being used to ensure that every product of s distinct elements appears exactly once in the sum.
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The matrix B looks as follows:

i MO MY e )
o2 MY MO et )
3M<3> M(2> M<1> . M<_"+5> M(‘”+4>
B = ; ’ ; . -

(TL . 1) M(in—l} M(in—Q) Mén—i‘)) . Mé}) Mc<yO>
A MY D M2 i)
My 1 0 0 0
oM My 1 0 0
AR M MM o 0 0

(n— 1)'M(§”*1> I Y7 B V7 B
n M MY A

Then, det (B ) = Magay.

Exercise 6.5.7. Prove Proposition 6.5.6.
[Hint: Substitute (x?‘)i€SIS(£) for the variable set in Exercise 2.9.13, and recall Exercise 6.5.4(a).]

1

Corollary 6.5.8. Let a be a composition. Let s € Z.
(a) We have ME) e QSym.
(b) We have M e QSym, |-

Exercise 6.5.9. Prove Corollary 6.5.8.
We make one further definition:

Definition 6.5.10. Let o be a nonempty composition. Then, we denote by gcd o the greatest common
divisor of the parts of . (For instance, ged (8,6,4) = 2.) We also define red o to be the composition
a1 a2 8%
(gcda7 geda’ ' geda
We say that a nonempty composition « is reduced if ged o = 1.
We define RE to be the set of all reduced Lyndon compositions. In other words, RE = {w € £ | w is reduced}
(since £ is the set of all Lyndon compositions).

), where « is written in the form (a1, as,. .., ay).

Hazewinkel, in [78, proof of Thm. 6.7.5], denotes RE by eLY N, calling reduced Lyndon compositions
“elementary Lyndon words”.

Remark 6.5.11. Let o be a nonempty composition.
(a) We have a = (red ) {ged a}.
b) The composition « is Lyndon if and only if the composition red @ is Lyndon.
¢) The composition red « is reduced.
d) If « is reduced, then red o = .
e) If s € {1,2,3,...}, then the composition « {s} is nonempty and satisfies red (o {s}) = reda and
(a{s}) = sgeda.
f) We have (ged o) [red af = |a.

(
(
(
(
ged
(

Exercise 6.5.12. Prove Remark 6.5.11.

Our goal in this section is now to prove the following result of Hazewinkel:

Theorem 6.5.13. The family (Mlif>) is an algebraically independent generating set of
(w,s)eERLx{1,2,3,...}
the k-algebra QSym.
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This will (almost) immediately yield Theorem 6.4.3.
Our first step towards proving Theorem 6.5.13 is the following observation:

red o

Lemma 6.5.14. The family (Mé,”) is a reindexing of the family (M<ng a>) .
acl

(w,s)EMRLx{1,2,3,...}
Exercise 6.5.15. Prove Lemma 6.5.14.

Next, we show a lemma:

Lemma 6.5.16. Let a be a nonempty composition. Let s € N. Then,
(6.5.2) SIMS — M e > kMg

BeCompy| 43
£(B)<(s—1)(e)

(That is, S!M,§f> — M} is a k-linear combination of terms of the form Mg with 8 ranging over the compositions

of s|a| satisfying £(8) < (s —1)£(«).)

Exercise 6.5.17. Prove Lemma 6.5.16.
[Hint: There are two approaches: One is to apply Proposition 6.5.6(a) and expand the determinant; the

other is to argue which monomials can appear in s!Méys> — M3

We now return to studying products of monomial quasisymmetric functions:

Lemma 6.5.18. Let n € N and m € N. Let u € Comp,, and v € Comp,,,. Let z be the lexicographically
highest element of the multiset uLLv. Let h be the multiplicity with which the word z appears in the multiset
wilv. Then,?0!

M, M, = hM, + (a sum of terms of the form M,, with w € Comp,,,, satisfying w < z) .
wll

Proof of Lemma 6.5.18. Lemma 6.5.18 was shown during the proof of Lemma 6.4.11(b). ]

Corollary 6.5.19. Let n € N and m € N. Let u € Comp,, and v € Comp,,,. Regard u and v as words in
A*. Assume that u is a Lyndon word. Let (b1, bq,...,b,) be the CFL factorization of the word v.
Assume that u > b; for every j € {1,2,...,q}. Let

h=1+{je{1,2,...,q} | bj =u}|.
Then,

M, M, = hM,, + (a sum of terms of the form M, with w € Comp,, ,,, satisfying w <ll uv) .
w

Exercise 6.5.20. Prove Corollary 6.5.19.

[Hint: Apply Lemma 6.5.18, and notice that uv is the lexicographically highest element of the multiset
wl v (by Theorem 6.2.2(e)), and that h is the multiplicity with which this word uv appears in the multiset
wl v (this is a rewriting of Theorem 6.2.2(¢)).]

Corollary 6.5.21. Let k € N and s € N. Let « € Comp,, be such that z is a Lyndon word. Then:

(a) The lexicographically highest element of the multiset x LI x° is x°T1.

(b) We have
M Mys = (s + 1) Myst1 + (a sum of terms of the form M, with w € Comp 1)), satisfying w <ll a:s+1> .

(¢) Let t € Compy,;, be such that t < x°. Then,

wll

M, M, = (a sum of terms of the form M, with w € Comp, ), satisfying w <11 xs+1> .
w

301The following equality makes sense because we have z € Comp,, ;,,, (by Lemma 6.4.11(a)).
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Exercise 6.5.22. Prove Corollary 6.5.21.

[Hint: Notice that | z,z,...,z | is the CFL factorization of the word z*. Now, part (a) of Corollary
—_———

s times

6.5.21 follows from Theorem 6.2.2(c), part (b) follows from Corollary 6.5.19, and part (c) from Lemma
6.4.11(c) (using part (a)).]

Corollary 6.5.23. Let n € N and m € N. Let u € Comp,, and v € Comp,,,. Regard u and v as words in
A*. Let (a1,az,...,a,) be the CFL factorization of u. Let (b1,ba,...,b,) be the CFL factorization of the
word v. Assume that a; > b; for every i € {1,2,...,p} and j € {1,2,...,q}. Then,

M M, = M, + (a sum of terms of the form M., with w € Comp,, ,,,, satisfying w <11 uv) .
w

Exercise 6.5.24. Prove Corollary 6.5.23.
[Hint: Combine Lemma 6.5.18 with the parts (c¢) and (d) of Theorem 6.2.2.]

Corollary 6.5.25. Let n € N. Let u € Comp,, be a nonempty composition. Regard u as a word in A*. Let
(a1,a2,...,ap) be the CFL factorization of u. Let k € {1,2,...,p— 1} be such that ar > agt+1. Let z be
the word ayas - - - ay, and let y be the word aj41Gr42 - - ap. Then,

M, = MM, — (a sum of terms of the form M,, with w € Comp,, satisfying w <ll u) .
w

Exercise 6.5.26. Prove Corollary 6.5.25.
[Hint: Apply Corollary 6.5.23 to z, y, |z|, |y|, k, p — k, (a1,0a2,...,ar) and (axy1, Gkt2,- .., ap) instead
of u, v, n, m, p, q, (a1, ag,...,a,) and (b1,ba,...,b,); then, notice that zy = v and |z| + |y| = n.]

Corollary 6.5.27. Let k € N. Let x € Comp,, be a composition. Assume that x is a Lyndon word. Let
s € N. Then,

M —siMpe € > KM,
weComp gy ;

w< x’
wil

(Recall that x* is defined to be the word gz - - x.)
—

s times

Exercise 6.5.28. Prove Corollary 6.5.27.
[Hint: Rewrite the claim of Corollary 6.5.27 in the form M2 € sIMy: + > weComp

w < x’

kM,,. This can be

sk

wll

proven by induction over s, where in the induction step we need the following two observations:
(1) We have My M, € (54 1) Myst1 + D weCompy,s ) KM

w< st

wll
(2) For every t € Compy,, satisfying ¢ < 2, we have My My € Y wecomp, ;1) KMuw-

w< xSt

wll

These two observations follow from parts (b) and (c) of Corollary 6.5.21.]

Corollary 6.5.29. Let k € N. Let x € Comp,, be a composition. Assume that = is a Lyndon word. Let
s € N. Then,
M =M€ Y kM,
weComp;

w< x’
wil

(Recall that x* is defined to be the word gz - - x.)
—

s times

Exercise 6.5.30. Prove Corollary 6.5.29.
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[Hint: Lemma 6.5.16 (applied to a = ) yields

SIM®) — M2 e Y M= > kMy,C ). kM,
BeComp,,,; weComp,y; weComp,y;
L(B)<(s—1)t(z) L(w)<(s—1)L(x) w <z

wll

302 Adding this to the claim of Corollary 6.5.27, obtain ,s!Mgﬁs> — s!Mys € ) weComp,,; kKM, that is,

w< x®
wil

s! (Mf) — Mw) € > weComp,,; KM,. It remains to get rid of the s! on the left hand side. Assume

w <z’
wil

WLOG that k = Z, and argue that every f € QSym satisfying s!- f € > wecomp,,; kM, must itself lie

w <z’
wil

in ZwECompsk; ka ]

w < x®
wil

We are now ready to prove Theorem 6.5.13:

Exercise 6.5.31. Prove Theorem 6.5.13.

[Hint: Lemma 6.5.14 yields that the family (MI<U8>) is a reindexing of the family
(w,s)ERLXx{1,2,3,...}

(M {ged w>) K Hence, it is enough to prove that the family (M (ged w>> . is an algebraically independent
we we

red w red w

generating set of the k-algebra QSym. The latter claim, in turn, will follow from Lemma 6.3.7(c)3* once
M(gcd w)

red w

it is proven that the family ( ) generates the k-algebra QSym. So it remains to show that the
weL

red w

family (M (ged w>> generates the k-algebra QSym.
wel

Let U denote the k-subalgebra of QSym generated by (M <g0dw)) . It then suffices to prove that
weL

red w

U = QSym. To this purpose, it is enough to prove that
(6.5.3) Mg eU for every composition 3.

For every reduced Lyndon composition a and every j € {1,2,3,...}, the quasisymmetric function Mogj )
is an element of the family (M {ged w>) and thus belongs to U. Combine this with Exercise 6.5.4(d) to
weL

red w
see that
(6.5.4) Mgs> eU for every Lyndon composition 5 and every s € {1,2,3,...}

(because every Lyndon composition 5 can be written as o {n} for a reduced Lyndon composition « and an
n € {1,2,3,...}). Now, prove (6.5.3) by strong induction: first, induce over |3|, and then, for fixed |3|,
induce over 8 in the wll-order. The induction step looks as follows: Fix some composition «, and assume
(as induction hypothesis) that:

e (6.5.3) holds for every composition g satisfying || < |«|;
e (6.5.3) holds for every composition g satisfying |3| = |«| and 8 <11 Q.

It remains to prove that (6.5.3) holds for 5 = «. In other words, it remains to prove that M, € U. Let
(a1, a2,...,ap) be the CFL factorization of the word . Assume WLOG that p # 0 (else, all is trivial). We
are in one of the following two cases:

Case 1: All of the words aq, a2, ..., a, are equal.
Case 2: Not all of the words aq, ag, ..., a, are equal.
302

since every w € Compy;, with the property that ¢ (w) < (s — 1) £ (z) must satisfy w <11 xS
w.
303applied to A = QSym, by = M54 wt (N) = N and g, = M,,

red w
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In Case 2, there exists a k € {1,2,...,p — 1} satisfying ap > ap+1 (since a3 > a2 > --- > a,), and thus
Corollary 6.5.25 (applied to u = a, n = |a|, £ = a1a2 - - ax and y = ag41ak+2 - - - ap) shows that

Ma = Malaz---ak Mak+lak:+2"'ap
——
€U U
(by the induction (by the induction
hypothesis) hypothesis)
— | a sum of terms of the form M, with w € Comp),| satisfying w < «
~—~ wll
cu
(by the induction
hypothesis)
€ UU — (a sum of terms in U) C U.
Hence, it only remains to deal with Case 1. In this case, set + = a; = a3 = -+ = a,. Thus, a =
ajag - - a, = zP, whence |a| = p|z|. But Corollary 6.5.29 (applied to s = p and k = |z|) yields
MP) — M,» € Z kM, = Z k M, (since p|z| = |a| and 2P = )
weCompy 4 ; weComp)q; \elff/
w < P wvila (by the induction
wil hypothesis)

c Y kUCU,

weComp 3

w< o
wll

so that M,» € Mém —U Cc U —U CU. This rewrites as M, € U (since « = zP). So M, € U is proven
——

cU
(by (6.5.4))
in both Cases 1 and 2, and thus the induction proof of (6.5.3) is finished.]

Exercise 6.5.32. Prove Theorem 6.4.3.

Of course, this proof of Theorem 6.4.3 yields a new (third) proof for Proposition 6.4.4.
‘We notice the following corollary of our approach to Theorem 6.4.3:

Corollary 6.5.33. The A-algebra QSym is a polynomial algebra (over A).

Exercise 6.5.34. Prove Corollary 6.5.33.
. . . . (s) .
[Hint: The algebraically independent generating set (Mw ) of QSym contains the
(w,s)eRLx{1,2,3,...}

elements M(<f)> =es € Aforall s €{1,2,3,...}.]
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7. AGUIAR-BERGERON-SOTTILE CHARACTER THEORY PART I: QSym AS A TERMINAL OBJECT

It turns out that the universal mapping property of NSym as a free associative algebra leads via duality
to a universal property for its dual QSym, elegantly explaining several combinatorial invariants that take
the form of quasisymmetric or symmetric functions:

e Ehrenborg’s quasisymmetric function of a ranked poset [54],
e Stanley’s chromatic symmetric function of a graph [179],
e the quasisymmetric function of a matroid considered in [21].

7.1. Characters and the universal property.

Definition 7.1.1. Given a Hopf algebra A over k, a character is an algebra morphism A LI k, that is,

e ((1a) =1y,
e ( is k-linear, and
e ((ab) = ((a)((b) for a,bin A.
Example 7.1.2. A particularly important character for A = QSym is defined as follows:3*
QSym % K
f(X) — f(17 0? 07 . ) = [f(x)]xlzl’;v2:a:3:---:0 .
Hence,
1 if @ = (n) for some n,
CQ(Ma) = CQ(La) = {

0 otherwise.

In other words, the restriction (g|qsym, coincides with the functional H,, in NSym, = Homy(QSym,,,k):
one has for f in QSym,, that

(7.1.1) Co(f) = (Hy, ).

It is worth remarking that there is nothing special about setting ;1 = 1 and 29 = 23 = --- = 0: for
quasisymmetric f, we could have defined the same character (g by picking any variable, say z,, and sending

J(x) — [f(X)] 2,=1, and

T =0 for m#n

This character QSym &) k has a certain universal property.

Theorem 7.1.3. A connected graded Hopf algebra A together with a character A 4 k induces a unique
graded Hopf morphism A N QSym making this diagram commute:

(7.1.2) AT o QSym

N A

Furthermore, ¥ has this formula on elements of A,:
(7.1.3) V)= Y Cala)M,
acComp,,

where for a = (a1, ..., ap), the map (, is the composite

A=) c®!

A S AP TN AL @ ® Ay, S k

in which A®* ™ A, ® - ® A,, is the canonical projection.

304y are using the notation of Proposition 5.1.9 here, and we are still identifying QSym with QSym (x), where x denotes
the infinite chain (z1 < 22 < ---).
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Proof. One argues that ¥ is unique, and has formula (7.1.3), using only that ¢ is k-linear and sends 1 to 1

and that ¥ is a graded k-coalgebra map making (7.1.2) commute. Equivalently, consider the adjoint k-algebra

map305

NSym = QSym® L A°.
Commutativity of (7.1.2) implies that for a in A,,,

(U*(Hy),a) = (Ho, U(a) "=V ¢o(¥(a)) = ¢(a),

whereas gradedness of ¥* yields that (U*(H,,),a) = 0 whenever a € A,, and m # n. In other words, U*(H,,)
is the element of A° defined as the following functional on A:

Cla) ifaeA,,

0 if a € A, for some m # n.

(7.1.4) wwmmwz{

By the universal property for NSym = k(H;, Ho, . ..) as free associative k-algebra, we see that any choice of

a k-linear map A Sk uniquely produces a k-algebra map ¥U* : QSym® — A° which satisfies (7.1.4) for all
n > 1. It is easy to see that this ¥* then automatically satisfies (7.1.4) for n = 0 as well if ¢ sends 1 to 1

(it is here that we use ((1) = 1 and the connectedness of A). Hence, any given k-linear map A Sk sending
1 to 1 uniquely produces a k-algebra map ¥* : QSym° — A° which satisfies (7.1.4) for all n > 0. Formula
(7.1.3) follows as

¥(a) = Z (Ha, ¥(a)) Mo
acComp
and for a composition o = (a1, ..., ag), one has

(Ha, ¥(@)) = (¥ (Ha).) = (¥ (Ha,) -+ ¥ (Ha,), )
= (¥ (Hay) @ @ W (Ha ), AT (@)

T (¢ oma) (AU @) = Cala)
where the definition of {, was used in the last equality.

We wish to show that if, in addition, A is a Hopf algebra and A —°4 k is a character (algebra map), then

AL QSym will be an algebra map, that is, the two maps A® A — QSym given by ¥ om and mo (V® ¥)
coincide. To see this, consider these two diagrams having the two maps in question as the composites of
their top rows:

(7.1.5) A9A-—"> AL QSym  AoA— "% _QSym®?— " . QSym

e Cl % Py CQ@CQ\L /
k k

The fact that ¢, (g are algebra maps makes the above diagrams commute, so that applying the uniqueness in
the first part of the proof to the character A® A AL R proves the desired equality Yom =mo (Y@ V). O
Remark 7.1.4. When one assumes in addition that A is cocommutative, it follows that the image of ¥ will lie
in the subalgebra A C QSym, e.g. from the explicit formula (7.1.3) and the fact that one will have (, = (3

whenever 3 is a rearrangement of «. In other words, the character A 2, k defined by restricting (g to A,
or by

1 if A= (n) for some n,

Ca(my) = {

has a universal property as terminal object with respect to characters on cocommutative co- or Hopf algebras.

0 otherwise,

305Here we are using the fact that there is a 1-to-1 correspondence between graded k-linear maps A — QSym and graded
k-linear maps QSym? — A° given by f +— f*, and this correspondence has the property that a given graded map f : A — QSym
is a k-coalgebra map if and only if f* is a k-algebra map. This is a particular case of Exercise 1.6.1(f).
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We close this section by discussing a well-known polynomiality and reciprocity phenomenon; see, e.g.,
Humpert and Martin [88, Prop. 2.2], Stanley [179, §4].

Definition 7.1.5. The binomial Hopf algebra (over the commutative ring k) is the polynomial algebra k [m)]
in a single variable m, with a Hopf algebra structure transported from the symmetric algebra Sym (kl) (which
is a Hopf algebra by virtue of Example 1.3.14, applied to V = k') along the isomorphism Sym (k') — k [m]
which sends the standard basis element of k! to m. Thus the element m is primitive; that is, Am =
l1em+m®1and S(m) = —m. As S is an algebra anti-endomorphism by Proposition 1.4.8 and k[m] is
commutative, one has S(g)(m) = g(—m) for all polynomials g(m) in k[m)].

Definition 7.1.6. For an element f(x) in QSym and a nonnegative integer m, let ps!(f)(m) denote the
element of k obtained by principal specialization at ¢ =1

ps' (f)(m) = [f ()] e1=ws=-=n=1,

TmA41=Tmy2="-=0
:f(1717"'7170;07...).
——

m ones

Proposition 7.1.7. Assume that Q is a subring of k. The map ps' has the following properties.

(i) Let f € QSym. There is a unique polynomial in k[m] which agrees for each nonnegative integer
m with ps'(f)(m), and which, by abuse of notation, we will also denote ps'(f)(m). If f lies in
QSym,,, then ps'(f)(m) is a polynomial of degree at most n, taking these values on M, L, for
a = (a,...,ap) in Comp,,:

pst (L) m) = ("),

1
(ii) The map QSym == k[m] is a Hopf morphism into the binomial Hopf algebra.
(iii) For all m in Z and f in QSym one has
&M (f) = ps'(f)(m).

In particular, one also has
S () = ps'(S(M)(m) = ps' (£)(=m).

(iv) For a graded Hopf algebra A with a character A TN k, and any element a in A,, the polynomial
pst(¥(a))(m) in k[m] has degree at most n, and when specialized to m in Z satisfies

¢ (a) = ps' (¥(a))(m).

Proof. To prove assertion (i), note that one has

1 _ _ o ay _ m
ps (My)(m) = M,(1,1,...,1,0,0,...) = | Z [will'”xieﬁ]wjzl_ (g)
1<ii < <ig<m
psl(La)(m) :La(lvlv'--vlaoaov"') = Z [xil'”xin]zjzl

1<ty <<y <
i <ig41 if KED()
4
i <is e shsm-ren= ("),

n

As {Ma}acComp, form a basis for QSym,,, and (') is a polynomial function in m of degree £(< n), one
concludes that for f in QSym,, one has that ps!(f)(m) is a polynomial function in m of degree at most n.
The polynomial giving rise to this function is unique, since infinitely many of its values are fixed.

To prove assertion (ii), note that ps! is an algebra morphism because it is an evaluation homomorphism.
To check that it is a coalgebra morphism, it suffices to check A o ps! = (ps! ® ps') o A on each M, for
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a = (aq,...,ap) in Comp,,. Using the Vandermonde summation (A;B) => (2) (Zék), one has
¢ ¢
1 _ m\ (ml+1em) me1\ 1em) m m
(AOPS)(M“)A(6>( ¢ >kz_0< k)\e—k ’kzzo k) \e—k

while at the same time

((ps' @ps') 0 A) (Ma) =Y ps' (May.....a0)) @ D' (M(ay ... a0)) = é (Z) ® (E mk)

Thus ps! is a bialgebra map, and hence also a Hopf map, by Proposition 1.4.24(c).
For assertion (iii), first assume m lies in {0,1,2,...}. Since (o(f) = f(1,0,0,...), one has

G () =g o AT f(x) = (5 <f(x(1),x(2), . ,x(m))>

= []C(X(l)7 X(2), ce 7X(m))} m§1):mg2):m:m(lm):1,

e =2{)) =...=0 for all j
= f(1,0,0,...,1,0,0,...,---,1,0,0,...) = f(1,1,...,1,0,0,...) = ps' () (m).
———

306 But then Proposition 1.4.24(a) also implies

N = () ) = oo 8™ () = G S(h)
= ps' (S(f))(m) = S(ps' (f))(m) = ps' (f)(~m).
For assertion (iv), note that
¢"™(a) = (C@ 0 ¥)™(a) = (¢§")(T(a)) = ps' (¥(a))(m).
where the three equalities come from (7.1.2), Proposition 1.4.24(a), and assertion (iii) above, respectively. [

Remark 7.1.8. Aguiar, Bergeron and Sottile give a very cute (third) proof of the QSym antipode formula

Theorem 5.1.11, via Theorem 7.1.3, in [4, Example 4.8]. They apply Theorem 7.1.3 to the coopposite
coalgebra QSym®’? and its character Cé(fl). Z QSym induced by

ng(_l)

cop

One can show that the map QSym
is U = S, the antipode of QSym, because S : QSym — QSym is a coalgebra anti-endomorphism (by

Exercise 1.4.25) satisfying <(3(—1) = (g o S. They then use the formula (7.1.3) for ¥ = S (together with the
polynomiality Proposition 7.1.7) to derive Theorem 5.1.11.

Exercise 7.1.9. Show that (5" (f) = pst(f)(m) for all f € QSym and m € {0,1,2,...}. (This was already
proven in Proposition 7.1.7(iii); give an alternative proof using Proposition 5.1.7.)

7.2. Example: Ehrenborg’s quasisymmetric function of a ranked poset. Here we consider incidence
algebras, coalgebras and Hopf algebras generally, and then particularize to the case of graded posets, to
recover Ehrenborg’s interesting quasisymmetric function invariant via Theorem 7.1.3.

7.2.1. Incidence algebras, coalgebras, Hopf algebras.

Definition 7.2.1. Given a family P of finite partially ordered sets P, let k[P] denote the free k-module
whose basis consists of symbols [P] corresponding to isomorphism classes of posets P in P.

We will assume throughout that each P in P is bounded, that is, it has a unique minimal element 0:=0p
and a unique maximal element 1 := 1p. In particular, P # @, although it is allowed that |P| = 1, so that
0 = 1; denote this isomorphism class of posets with one element by [0].

If P is closed under taking intervals

[yl =[zx,ylp={z€P:z<pz<py}

306gee Exercise 7.1.9 for an alternative way to prove this, requiring less thought to verify its soundness.
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then one can easily that the following coproduct and counit endow k[P] with the structure of a coalgebra,
called the (reduced) incidence coalgebra:

0 otherwise.

(P = {1 if |P| =1

The dual algebra k[P]* is generally called the reduced incidence algebra (modulo isomorphism) for the family

P (see, e.g., [167]). It contains the important element k[P] N k, called the (-function that takes the value
¢[P] =1 for all P.

If P (is not empty and) satisfies the further property of being hereditary in the sense that for every Py, Py
in P, the Cartesian product poset P x P, with componentwise partial order is also in P, then one can check
that the following product and unit endow k[P] with the structure of a (commutative) algebra:

[P1] - [P2] := m([P1] @ [Po]) = [Py % P2,
1k[73] = [O]

Proposition 7.2.2. For any hereditary family P of finite posets, k[P] is a bialgebra, and even a Hopf
algebra with antipode S given as in (1.4.7) (Takeuchi’s formula):

S[P1 =Y (-1)* > [zo, 1] -+ [g—1, 2]

k>0 6:x0<~"<wk:i

Proof. Checking the commutativity of the pentagonal diagram in (1.3.4) amounts to the fact that, for any
(z1,22) <p,xpP, (Y1,Y2), one has a poset isomorphism

[(z1,22) s (y1,92)]p xp, = [21,91] P X [22, 2] P,

Commutativity of the remaining diagrams in (1.3.4) is straightforward, and so k[P] is a bialgebra. But then
Remark 1.4.23 implies that it is a Hopf algebra, with antipode S as in (1.4.7), because the map f := idyp) —ue
(sending the class [0] to 0, and fixing all other [P]) is locally *-nilpotent:

PP = Y (wem] e [k, )

6210<"'<$k:i

will vanish due to an empty sum whenever k exceeds the maximum length of a chain in the finite poset
P. |

It is perhaps worth remarking how this generalizes the Mobius function formula of P. Hall. Note that the

zeta function k[P] S kisa character, that is, an algebra morphism. Proposition 1.4.24(a) then tells us

_x—1
that ¢ should have a convolutional inverse k[P] =, k, traditionally called the Mébius function, with the

formula g = ¢(*~! = ( 0 S. Rewriting this via the antipode formula for S given in Proposition 7.2.2 yields P.
Hall’s formula.

Corollary 7.2.3. For a finite bounded poset P, one has

p[P] = (=1)*[{chains 0 = zg < -+ <ax =1 in P}|.
k>0

We can also notice that S is an algebra anti-endomorphism (by Proposition 1.4.8), thus an algebra
endomorphism (since k[P] is commutative). Hence, y = (05 is a composition of two algebra homomorphisms,
thus an algebra homomorphism itself. We therefore obtain the following classical fact:

Corollary 7.2.4. For two finite bounded posets P and @, we have u[P x Q] = p[P] - p[Q].
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7.2.2. The incidence Hopf algebras for ranked posets and Ehrenborg’s function.

Definition 7.2.5. Take P to be the class of bounded ranked finite posets P, that is, those for which all
maximal chains from 0 to 1 have the same length r(P). This is a hereditary class, as it implies that any
interval is [z, y]p is also ranked, and the product of two bounded ranked posets is also bounded and ranked.

It also uniquely defines a rank function P — N in which 7(0) = 0 and 7(z) is the length of any maximal
chain from 0 to .

Example 7.2.6. Consider a pyramid with apex vertex a over a square base with vertices b, ¢, d, e:

Ordering its faces by inclusion gives a bounded ranked poset P, where the rank of an element is one more
than the dimension of the face it represents:

rank:
abcd 4
abc / abe \ bcde 3
cd 2

Definition 7.2.7. Ehrenborg’s quasisymmetric function W[P] for a bounded ranked poset P is the image of
[P] under the map k[P] 2, QSym induced by the zeta function k[P] s kasa character, via Theorem 7.1.3.

The quasisymmetric function W[P] captures several interesting combinatorial invariants of P; see Stanley
[180, Chap. 3] for more background on these notions.

Definition 7.2.8. Let P be a bounded ranked poset P of rank r(P) := r(1). Define its rank-generating
function

RGF(P,q) Z P,
peP
its characteristic polynomial

X(P,q) =Y u(0,p)g"®

peEP
(where u(p, q) is shorthand for u([p, q])), its zeta polynomial
(7.2.1) Z(P,m) = |[{multichains 0 <p p1 <p --- <p pm_1 <p 1}|
r(P)—1

Z (ST1>|{chainsﬁ<p1 < <py < 1}

s=0

(7.2.2)



HOPF ALGEBRAS IN COMBINATORICS 195

97 and for a subset S C {1,2,...,7(P)—1}, its flag number fs, as a component of its flag f-vector (fs)scpr—1]
defined by R R

fs =1]{chains 0 <p p; <p - <p ps <p 1 with {r(p1),...,7(ps)} = S},
as well as the flag h-vector entry hr given by fs = 3 p.g hr, or by inclusion-exclusion®®®, hg = >, o (—1)\ 7.
Example 7.2.9. For the poset P in Example 7.2.6, one has RGF(P,q) = 1 + 5q + 8¢® + 5¢* + ¢*. Since
P is the poset of faces of a polytope, the Mdbius function values for its intervals are easily predicted:
w(z,y) = (—1)"=] that is, P is an Eulerian ranked poset; see Stanley [180, §3.16]. Hence its characteristic
polynomial is trivially related to the rank generating function, sending g — —gq, that is,

x(P,q) = RGF(P,—q) =1—5q+8¢> — 5¢° + ¢".

Its flag f-vector and h-vector entries are given in the following table.

>

s |

L S [fs]

7 1 1
{1} 5 5—1= 4
{2} 8 8—1= 7
{3} 5 5—1= 4
{1,2} |16 16 G+8)+1= 4
{1,3} |16 —(B5+5)+1= 7
{2,3} | 16 —(5+8)+1= 4

{1,2,3} | 32 32—(16+16+16) b+8+5H)—1= 1

and using (7.2.2), its zeta polynomial is
2(2m —1)(2 1
Z(P,m) = 1<T> +(5+8+5)<7;) +(16+16+16)(7g> +32(T) _ m@2m 3)( m+1)

Theorem 7.2.10. Assume that Q is a subring of k. Ehrenborg’s quasisymmetric function ¥[P] for a
bounded ranked poset P encodes
(i) the flag f-vector entries fs and flag h-vector entries hg as its M, and L,, expansion coefficients

Pl=>"fp()(P) Mo =) hp@)(P) L

(ii) the zeta polynomial as the specialization from Definition 7.1.6
Z(P,m) = psl(\IJ[PD(m) = [\IJ[P” w1=zo==z,=1, ,ANd

Tm+1=Tm+42=""=

309 .

(iii) the rank-generating function as the specialization
RGF(Pv Q) = [\II[PH $1=q7$2=1bv
T3=Tg=""—

(iv) the characteristic polynomial as the convolution
X(P,q) = (¢ © 5) x (g) o V[P]
where QSym Y, k[g] maps f(x) — f(q,0,0,...).

Proof. In assertion (i), the expansion U[P] =, fp(a)(P) My is (7.1.3), since (o[P] = fp(a)(P). The Ly
expansion follows from this, as Lo = > 5. p(s)5p(a) Ms and fs(P) = X rc g hr.

Assertion (ii) is immediate from Proposmon 7.1.7(iv), since Z(P,m) = *™[P)].

Assertion (iii) can be deduced from assertion (i), but it is perhaps more fun and in the spirit of things
to proceed as follows. Note that ¢4(M,) = ¢" for o = (n), and 9,(M,) vanishes for all other a # (n) in
Comp,,. Hence for a bounded ranked poset P one has

(7.2.3) (g 0 W)P] = "),

307 Actually, (7.2.2) is false if |P| = 1 (but only then). We use (7.2.1) to define Z(P,m) in this case.
30881)eciﬁcaully7 we are using the converse of Lemma 5.2.6(a) here.
3091 fact, Ehrenborg defined ¥[P] in [54, Defn. 4.1] via this M, expansion, and then showed that it gave a Hopf morphism.
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But if we treat (o : QSym — k as a map QSym — k|[g], then (1.4.2) (applied to k [P], QSym, k [q], k [q], ¥,
idy[q), ¥q and (g instead of C, C', A, A’, v, o, f and g) shows that

(7.2.4) (g xCQ) oW = (g 0 W) x (C@ o ¥),

since ¥ : k [P] — QSym is a k-coalgebra homomorphism. Consequently, one can compute
(7.2.3),

RGF(P,q) = qu(p) 1—qu( 2l) (712)2 o W)[0, p] - ((:Qo‘l/)[,i]
peP peP peP
= (thg 0 B) % (Cg 0 W) [P] T2V (1 % Co) (W[P]) = (g @ (o) (AU[P))
= [\II[P](X’Y)]wlzq@z:ws:“'zo = [\I/[P](X)] z1=¢,x2=1,

y1=1y2=yz=-= zg=w4=--=0
Similarly, for assertion (iv) first note that
(7.2.5) (g0 8) % (@) oW = (Yg0 50 W) x((go¥),

(this is proven similarly to (7.2.4), but now using the map ), o S instead of ;). Now, Proposition 7.2.2 and
Corollary 7.2.3 let one calculate that

(g0 o S)[P ]—Z(—l)k Yo o)z 2]) - (g 0 W) ([wrr, i)

0= ro< - <Tp= i
(723) PP
NI S
0= zo<"'<£1?k—1

This is used in the penultimate equality here:

(wqoS)*cQ)ow[P]"'i@<<wqosw>*<<Qow>>[} (thg 0 W o S) % O)[P]
=Y (g0 W o8)0,p]-¢lp,A] =D ul0,plg"® = x(P,q).

peP peP
([l

7.3. Example: Stanley’s chromatic symmetric function of a graph. We introduce the chromatic
Hopf algebra of graphs and an associated character ¢ so that the map ¥ from Theorem 7.1.3 sends a graph G
to Stanley’s chromatic symmetric function of G. Then principal specialization ps! sends this to the chromatic
polynomial of the graph.

7.3.1. The chromatic Hopf algebra of graphs.

Definition 7.3.1. The chromatic Hopf algebra (see Schmitt [169, §3.2]) G is a free k-module whose k-
basis elements [G] are indexed by isomorphism classes of (finite) simple graphs G = (V, E). Define for
G, = (V1,E1),Gs = (Va, E3) the multiplication

[G1] - [G2] = [G1 U Go]

where [G1 U G2] denote the isomorphism class of the disjoint union, on vertex set V' = V; U V, which is a
disjoint union of copies of their vertex sets Vi, V5, with edge set £ = E1 U Es. For example,

Thus the class [@] of the empty graph @ having V = @, E = & is a unit element.
Given a subset V' C V', the subgraph induced on vertex set V' is defined as the graph G|y, := (V', E')
with edge set B/ = {e € E: e = {v1,v2} C V’}. This lets one define a comultiplication

AlG) = > (Gl @ [Glv,].

(V1,Vo): ViUV =V

(] = {1 ifG =0

Define a counit

0 otherwise.
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Proposition 7.3.2. The above maps endow G with the structure of a connected graded finite type Hopf
algebra over k, which is both commutative and cocommutative.

Example 7.3.3. Here are some examples of these structure maps:

Proof of Proposition 7.53.2. The associativity of the multiplication and comultiplication should be clear as
m® ([G1] ® [G2] ® [G3]) = [G1 U G2 LU Gs]
APG = > [Gln]®[Glv] ® [Glv,].

(V1,V2,V3):
V=V1UVaUVs
Checking the unit and counit conditions are straightforward. Commutativity of the pentagonal bialgebra
diagram in (1.3.4) comes down to check that, given graphs G1, G4 on disjoint vertex sets V1, Va , when one
applies to [G1] ® [G2] either the composite A o m or the composite (m @ m) o (id®T ®id) o (A ® A), the
result is the same:
Z [G1|V11 U G2|V21} ® [GI‘V12 U G2|V22]'
(V11,Vi2,Va1,Va2):

Vi=V1i1UVie

Va=V21UVa2
Letting G, be the k-span of [G] having n vertices makes G a bialgebra which is graded and connected,
and hence also a Hopf algebra by Proposition 1.4.14. Cocommutativity should be clear, and commutativity
follows from the graph isomorphism G; U Gy = G4 LI G;1. Finally, G is of finite type since there are only
finitely many isomorphism classes of simple graphs on n vertices for every given n. O

Remark 7.3.4. Humpert and Martin [88, Theorem 3.1] gave the following expansion for the antipode in
the chromatic Hopf algebra, containing fewer terms than Takeuchi’s general formula (1.4.7): given a graph
G = (V, E), one has

(7.3.1) S[G] = ()W) acye(G/F)[Gy.p).

F
Here F runs over all subsets of edges that form flats in the graphic matroid for G, meaning that if e = {v, v’}
is an edge in F for which one has a path of edges in F' connecting v to v/, then e also lies in F. Here G/F
denotes the quotient graph in which all of the edges of F' have been contracted, while acyc(G/F') denotes its
number of acyclic orientations, and Gy r := (V, F) as a simple graph.310

Remark 7.3.5. In [14], Benedetti, Hallam and Machacek define a Hopf algebra of simplicial complexes, which
contains G as a Hopf subalgebra (and also has G as a quotient Hopf algebra). They compute a formula for
its antipode similar to (and generalizing) (7.3.1).

Remark 7.3.6. The chromatic Hopf algebra G is used in [106] and [36, §14.4] to study Vassiliev invariants
of knots. In fact, a certain quotient of G (named F in [106] and £ in [36, §14.4]) is shown to naturally host
invariants of chord diagrams and therefore Vassiliev invariants of knots.

310The notation rank(F') denotes the rank of F' in the graphic matroid of G. We can define it without reference to matroid
theory as the maximum cardinality of a subset F’ of F" such that the graph Gy, - is acyclic. Equivalently, rank(F') is |V|—c(F),
where ¢(F) denotes the number of connected components of the graph Gy, r. Thus, the equality (7.3.1) can be rewritten as
S[G) = X p (= 1)) acyc(G/F)[Gv,r]. In this form, this equality is also proven in [15, Thm. 7.1].
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Remark 7.3.7. The k-algebra G is isomorphic to a polynomial algebra (in infinitely many indeterminates)
over k. Indeed, every finite graph can be uniquely written as a disjoint union of finitely many connected finite
graphs (up to order). Therefore, the basis elements [G] of G corresponding to connected finite graphs G are
algebraically independent in G and generate the whole k-algebra G (indeed, the disjoint unions of connected
finite graphs are precisely the monomials in these elements). Thus, G is isomorphic to a polynomial k-
algebra with countably many generators (one for each isomorphism class of connected finite graphs). As a
consequence, for example, we see that G is an integral domain if k is an integral domain.

7.3.2. A “ribbon basis” for G and selfduality. In this subsection, we shall explore a second basis of G and a
bilinear form on G. This material will not be used in the rest of these notes (except in Exercise 7.3.25), but
it is of some interest and provides an example of how a commutative cocommutative Hopf algebra can be
studied.

First, let us define a second basis of G, which is obtained by Mgbius inversion (in an appropriate sense)
from the standard basis ([G])

@] is an isomorphism class of finite graphs:

Definition 7.3.8. For every finite graph G = (V, E), set
= Y u"lmeg,

H=(V,E');
E'DE°

where E¢ denotes the complement of the subset E in the set of all two-element subsets of V. Clearly, [G]ti
depends only on the isomorphism class [G] of G, not on G itself.

Proposition 7.3.9. (a) Every finite graph G = (V, E) satisfies

= >

H=(V,E");
E'NE=g

(b) The elements [G’]jj where [G] ranges over all isomorphism classes of finite graphs, form a basis of the

)

k-module G.
(¢) For any graph H = (V, E), we have
(7.3.2) AHF = 3 [HwFeHW
(V17V2);
V=ViUVy;

I‘I:H‘VILII‘I‘V2
(d) For any two graphs H; = (V1, E1) and Hy = (Va, Es), we have
(7.3.3) ()= > [H.
H=(V1UV3,E);

H|v, =Hx;
H|yy,=H>

For example,

o |+ | @
N/ N/ / N

o | —2 | e
A4 /
° ° °

Proving Proposition 7.3.9 is part of Exercise 7.3.14 further below.

The equalities that express the elements [G]ti in terms of the elements [H]| (as in Definition 7.3.8), and
vice versa (Proposition 7.3.9(a)), are reminiscent of the relations (5.3.10) and (5.3.9) between the bases (R, )
and (H,) of NSym. In this sense, we can call the basis of G formed by the [G]* a “ribbon basis” of G.

We now define a k-bilinear form on G:
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Definition 7.3.10. For any two graphs G and H, let Iso (G, H) denote the set of all isomorphisms from G
to H 3. Let us now define a k-bilinear form (-,-) : G x G — k on G by setting

(161, [H1) = 10 (G, ).

312

Proposition 7.3.11. The form (-,-) : G x G — k is symmetric.

Again, we refer to Exercise 7.3.14 for a proof of Proposition 7.3.11.
The basis of G constructed in Proposition 7.3.9(b) and the bilinear form (-, -) defined in Definition 7.3.10
can be used to construct a Hopf algebra homomorphism from G to its graded dual G°:

Definition 7.3.12. For any finite graph G, let aut (G) denote the number |Iso (G, G)|. Notice that this is
a positive integer, since the set Iso (G, G) is nonempty (it contains id¢g).

Now, recall that the Hopf algebra G is a connected graded Hopf algebra of finite type. The n-th homoge-
neous component is spanned by the [G] where G ranges over the graphs with n vertices. Since G is of finite
type, its graded dual G° is defined. Let ([G]*)[G] is an isomorphism class of finite graphs be the basis of G° dual to

the basis ([G])g of G. Define a k-linear map ¢ : G — G° by

is an isomorphism class of finite graphs
P ([G]u> =aut (G) - [G]" for every finite graph G.

313

Proposition 7.3.13. Consider the map v : G — G° defined in Definition 7.3.12.

(a) This map v satisfies (¢ (a)) (b) = (a,b) for alla € G and b € G.
(b) The map v : G — G° is a Hopf algebra homomorphism.
(c¢) If Q is a subring of k, then the map 1 is a Hopf algebra isomorphism G — G°.

Exercise 7.3.14. Prove Proposition 7.3.9, Proposition 7.3.11 and Proposition 7.3.13.

Remark 7.3.15. Proposition 7.3.13(c) shows that the Hopf algebra G is self-dual when Q is a subring of k.
On the other hand, if k is a field of positive characteristic, then G is never self-dual. Here is a quick way to
see this: The elements [G]* of G° defined in Definition 7.3.12 have the property that

(o))" =n!- > (G
[G] is an isomorphism
class of ﬁnite'graphs on
n vertices

for every n € N, where o denotes the graph with one vertex.?'* Thus, if p is a prime and k is a field of
characteristic p, then ([0]*)p = 0. Hence, the k-algebra G° has nilpotents in this situation. However, the
k-algebra G does not (indeed, Remark 7.3.7 shows that it is an integral domain whenever k is an integral
domain). Thus, when k is a field of characteristic p, then G and G° are not isomorphic as k-algebras (let
alone as Hopf algebras).

311We recall that if G = (V, E) and H = (W, F) are two graphs, then an isomorphism from G to H means a bijection
¢ : V. — W such that ¢« (E) = F. Here, @« denotes the map from the powerset of V' to the powerset of W which sends every
TCVtoe(T)CW.
3127his is well-defined, because:
e the number [Iso (G, H)| depends only on the isomorphism classes [G] and [H] of G and H, but not on G and H
themselves;
e the elements [G]¥, where [G] ranges over all isomorphism classes of finite graphs, form a basis of the k-module G
(because of Proposition 7.3.9(b));
e the elements [G], where [G] ranges over all isomorphism classes of finite graphs, form a basis of the k-module G.

313This is well-defined, since ([G}n) is a basis of the k-module G (because of Propo-
[G] is an isomorphism class of finite graphs
sition 7.3.9(b)).

3147y see this, observe that the tensor [o]®™ appears in the iterated coproduct A1) ([G]) exactly n! times whenever G is
a graph on n vertices.
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7.3.3. Stanley’s chromatic symmetric function of a graph.

Definition 7.3.16. Stanley’s chromatic symmetric function U[G| for a simple graph G = (V, E) is the image

of [G] under the map G = QSym induced via Theorem 7.1.3 from the edge-free character G %4 k defined
by

(7.3.4) )
0 otherwise.

(6] = {1 if G has no edges, that is, G is an independent /stable set of vertices,
Note that, because G is cocommutative, ¥[G] is symmetric and not just quasisymmetric; see Remark 7.1.4.

Recall that for a graph G = (V, E), a (vertex-)coloring f : V — {1,2,...} is called proper if no edge
e={v,v'} in F has f(v) = f(¢').

Proposition 7.3.17. For a graph G = (V, E), the symmetric function ¥[G] has the expansion

Ve = Y xy

proper colorings
f:v—={1,2,...}

315

where Xy := [[,cy Tf(v)- In particular, its specialization from Proposition 7.1.6 gives the chromatic polyno-
mial of G:
ps! W[G](m) = xa(m) = |{proper colorings f : V — {1,2,...,m}}|

(e-1)
Proof. The iterated coproduct G A, G®¢ sends

Gl— > [Glv]e---@[Glv]
(V1,0 Vi)
V=Viu--UV,
and the map ¢®* sends each addend on the right to 1 or 0, depending upon whether each V; C V is a stable
set or not, that is, whether the assignment of color ¢ to the vertices in V; gives a proper coloring of G. Thus
formula (7.1.3) shows that the coefficient (, of " ---2}* in W[G] counts the proper colorings f in which

|f~1(i)| = a; for each i. O
Example 7.3.18. For the complete graph K,, on n vertices, one has
U[K,] =nle,
1 — —nl m
ps (P[K,])(m) = nle,(1,1,...,1) =n!
~—— n

m ones

= m(m—1)- - (m — (n— 1)) = x(Ky,m).

In particular, the single vertex graph K; has U[K;]| = e, and since the Hopf morphism ¥ is in particular
an algebra morphism, a graph K[™ having n isolated vertices and no edges will have W[K"| = e].
As a slightly more interesting example, the graph P53 which is a path having three vertices and two edges
will have
U[Ps] = ma,1) + 6m(1,1,1) = eae1 + 3e3

Omne might wonder, based on the previous examples, when WU[G] is e-positive, that is, when does its unique
expansion in the {ey} basis for A have nonnegative coefficients? This is an even stronger assertion than
s-positivity, that is, having nonnegative coefficients for the expansion in terms of Schur functions {sy}, since
each ey is s-positive. This weaker property fails, starting with the claw graph K3 1, which has

U[K3 1] = 53,1) — 8(2,2) + 58(2,1,1) + 85(1,1,1,1)-

On the other hand, a result of Gasharov [62, Theorem 2] shows that one at least has s-positivity for ¥[inc(P)]
where inc(P) is the incomparability graph of a poset which is (3 4+ 1)-free; we refer the reader to Stanley
[179, §5] for a discussion of the following conjecture, which remains open®!:

3151y fact, Stanley defined U[G] in [179, Defn. 2.1] via this expansion.
316 A recent refinement for incomparability graphs of posets which are both (3 + 1)- and (2 + 2)-free, also known as unit
interval orders is discussed by Shareshian and Wachs [173].



HOPF ALGEBRAS IN COMBINATORICS 201

Conjecture 7.3.19. For any (3 + 1)-free poset P, the incomparability graph inc(P) has ¥[inc(P)] an
e-positive symmetric function.

Here is another question about ¥[G]: how well does it distinguish nonisomorphic graphs? Stanley gave
this example of two graphs G, Gs having V[G,] = ¥[Gs]:

Glz.

° Gy= e
N S
°
VRN

At least U[G] appears to do better at distinguishing trees, much better than its specialization, the chromatic
polynomial x(G,m), which takes the same value m(m — 1)"~! on all trees with n vertices.

Question 7.3.20. Does the chromatic symmetric function (for k = Z) distinguish trees?

It has been checked that the answer is affirmative for trees on 23 vertices or less. There are also interesting
partial results on this question by Martin, Morin and Wagner [141].

We close this section with a few other properties of ¥[G] proven by Stanley which follow easily from the
theory we have developed. For example, his work makes no explicit mention of the chromatic Hopf algebra G,
and the fact that ¥ is a Hopf morphism (although he certainly notes the trivial algebra morphism property
U[G1 UGs] = ¥[G1]¥[G2]). One property he proves is implicitly related to ¥ as a coalgebra morphism: he
considers (in the case when Q is a subring of k) the effect on ¥ of the operator 6%1 : Ag — Ag which acts
by first expressing a symmetric function f € Ag as a polynomial in the power sums {p, }, and then applies

the partial derivative operator % of the polynomial ring Q [p1,p2,ps,...]. It is not hard to see that 8%1
is the same as the skewing operator 3#1) = pi: both act as derivations on Ag = Q[p1,pa, .. .|, and agree in

their effect on each p,,, in that both send p; — 1, and both annihilate po, ps3, . . ..

Proposition 7.3.21. (Stanley [179, Cor. 2.12(a)]) For any graph G = (V, E), one has
Z \II G|V\v
apl veV
Proof. Since V¥ is a coalgebra homomorphism, we have
AV[G] = (@ VAG] = Y U[Gw] @ V(Gly).
(V1,Va):

V=viuVvs

Using this expansion (and the equality 6%1 = s(ﬁ)), we now compute

0
P0G = UG = Y (50 UGl ) WGl = X (G
(Vl,VQ)Z veV
V=viuvy
(since degree considerations force (s(1y, ¥[G|y;]) = 0 unless |Vi| = 1, in which case V[G|v,] = s(1)). O

Definition 7.3.22. Given a graph G = (V, E), an acyclic orientation €2 of the edges E (that is, an orientation
of each edge such that the resulting directed graph has no cycles), and a vertex-coloring f : V — {1,2,...},
say that the pair (Q, f) are weakly compatible if whenever 2 orients an edge {v,v'} in E as v — v/, one has
f(v) < f(v'). Note that a proper vertex-coloring f of a graph G = (V, E) is weakly compatible with a unique
acyclic orientation €.

Proposition 7.3.23. (Stanley [179, Prop. 4.1, Thm. 4.2]) The involution w of A sends ¥[G] to w (V[G]) =
> (o,f) Xf in which the sum runs over weakly compatible pairs (2, f) of an acyclic orientation Q2 and vertex-
coloring f.

Furthermore, the chromatic polynomial x¢(m) has the property that (—1)IVIx(G,—m) counts all such
weakly compatible pairs (Q, f) in which f:V — {1,2,...,m} is a vertex-m-coloring.
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Proof. As observed above, a proper coloring f is weakly compatible with a unique acyclic orientation €2 of G.
Denote by P the poset on V which is the transitive closure of €2, endowed with a strict labelling by integers,
that is, ¢ <p j implies i >z j. Then proper colorings f that induce 2 are the same as Po-partitions, so that

(7.3.5) V(G =) Fpy(x).
Q

Applying the antipode S and using Corollary 5.2.20 gives
w (P[E)) = (VIS (UG]) = 3 Fpmr () = 3 x;
Q @.f)

where in the last line one sums over weakly compatible pairs as in the proposition. The last equality comes
from the fact that since each P, has been given a strict labelling, PP acquires a weak (or natural) labelling,
that is ¢ <pgre J implies ¢ <z J.

The last assertion follows from Proposition 7.1.7(iii). O
Remark 7.3.24. The interpretation of x(G, —m) in Proposition 7.3.23 is a much older result of Stanley [178].
The special case interpreting x(G, —1) as (—1)!V! times the number of acyclic orientations of G has sometimes
been called Stanley’s (-1)-color theorem. It also follows (via Proposition 7.1.7) from Humpert and Martin’s
antipode formula for G discussed in Remark 7.3.4: taking ¢ to be the character of G given in (7.3.4),

X(G,=1) = V(A = ¢(S1G) = D (=) acye(G/F)C(Gp) = (1) acye(@)
F
where the last equality uses the vanishing of { on graphs that have edges, so only the F' = & term survives.

Exercise 7.3.25. If V and X are two sets, and if f: V' — X is any map, then eqs f will denote the set
{uw'} | weV, w eV, usto and f(u) = f (u)}.

This is a subset of the set of all two-element subsets of V.
If G = (V,E) is a finite graph, then show that the map ¥ introduced in Definition 7.3.16 satisfies

v(er)= Y x,
f:V—{1,2,3,...};
eqs f=E
where x¢ := [[,cy Zf(v). Here, [G]ﬁ is defined as in Definition 7.3.8.

7.4. Example: The quasisymmetric function of a matroid. We introduce the matroid-minor Hopf
algebra of Schmitt [166], and studied extensively by Crapo and Schmitt [38, 39, 40]. A very simple character
¢ on this Hopf algebra will then give rise, via the map ¥ from Theorem 7.1.3, to the quasisymmetric function
invariant of matroids from the work of Billera, Jia and the second author [21].

7.4.1. The matroid-minor Hopf algebra. We begin by reviewing some notions from matroid theory; see Oxley
[143] for background, undefined terms and unproven facts.

Definition 7.4.1. A matroid M of rank r on a (finite) ground set E is specified by a nonempty collection
B(M) of r-element subsets of F with the following exchange property:

For any B, B’ in B(M) and b in B, there exists b’ in B’ with (B \ {b}) U{d'} in B(M).
The elements of B (M) are called the bases of the matroid M.

Example 7.4.2. A matroid M with ground set E is represented by a family of vectors S = (v.) . p in a
vector space if B (M) is the collection of subsets B C E having the property that the subfamily (ve),..p is a
basis for the span of all of the vectors in S.

For example, if M is the matroid with B(M) = {{a,b},{a,c},{a,d},{b,c}, {b,d}} on the ground set
E = {a,b,c,d}, then M is represented by the family S = (v, vp, ¢, vq) of the four vectors v, = (1,0),v, =
(1,1),v. = (0,1) = vy in R? depicted here

Ve, Ud Up -

L

> Vg
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Conversely, whenever E is a finite set and S = (v.),p is a family of vectors in a vector space, then the
set
{B C E : the subfamily (ve),.p is a basis for the span of all of the vectors in S}

is a matroid on the ground set F.
A matroid is said to be linear if there exists a family of vectors in a vector space representing it. Not all
matroids are linear, but many important ones are.

Example 7.4.3. A special case of matroids M represented by vectors are graphic matroids, coming from a
graph G = (V, E), with parallel edges and self-loops allowed. One represents these by vectors in RV with
standard basis {€,},cv by associating the vector €, — €,/ to any edge connecting a vertex v with a vertex v'.
One can check (or see [143, §1.2]) that the bases B in B(M) correspond to the edge sets of spanning forests
for G, that is, edge sets which are acyclic and contain one spanning tree for each connected component of
G. For example, the matroid B(M) corresponding to the graph G = (V, E) shown below:

is exactly the matroid represented by the vectors in Example 7.4.2; indeed, the spanning trees of this graph
G are the edge sets {a, b}, {a,c},{a,d}, {b,c}, {b,d}.

To define the matroid-minor Hopf algebra one needs the basic matroid operations of deletion and con-
traction. These model the operations of deleting or contracting an edge in a graph. For configurations of
vectors they model the deletion of a vector, or the passage to images in the quotient space modulo the span
of a vector.

Definition 7.4.4. Given a matroid M of rank r and an element e of its ground set F, say that e is loop
(resp. coloop) of M if e lies in no basis (resp. every basis) B in B(M). If e is not a coloop, the deletion M \ e
is a matroid of rank r on ground set E \ {e} having bases

(7.4.1) B(M\e):={BeB(M):e¢B}.
If e is not a loop, the contraction M /e is a matroid of rank r — 1 on ground set E \ {e} having bases
(7.4.2) B(M/e):={B\{e}:ee BeB(M)}.

When e is a loop of M, then M/e has rank r instead of » — 1 and one defines its bases as in (7.4.1) rather
than (7.4.2); similarly, if e is a coloop of M then M \ e has rank r — 1 instead of r and one defines its bases
as in (7.4.2) rather than (7.4.1).

Example 7.4.5. Starting with the graph G and its graphic matroid M from Example 7.4.3, the deletion
M \ a and contraction M/c correspond to the graphs G \ a and G/c shown here:

G\a= . Gle= o
/\ <.>”
N &

One has

o B(M\ a) = {{b,c},{b,d}}, so that b has become a coloop in M \ a, and

o B(M/c) = {{a},{b}}, so that d has become a loop in M/ec.
Definition 7.4.6. Deletions and contractions commute with each other. Thus, given a matroid M with
ground set F, and a subset A C E, two well-defined matroids can be constructed:

e the restriction M| 4, which is a matroid on ground set A, obtained from M by deleting alle € E\ A
in any order, and
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e the quotient/contraction M /A, which is a matroid on ground set E \ A, obtained from M by con-
tracting all e € A in any order.

We will also need the direct sum My & Mo of two matroids M; and Ms. This is the matroid whose ground
set £ = F; U Ej5 is the disjoint union of a copy of the ground sets E1, Fy for M7, Ms, and whose bases are
B(Ml &) Mg) = {Bl UBs:B; € B(Ml) for i = 1,2}.

Lastly, say that two matroids M7, My are isomorphic if there is a bijection of their ground sets E; LN Es
having the property that @B(M;) = B(Ms).

Now one can define the matroid-minor Hopf algebra, originally introduced by Schmitt [166, §15], and
studied further by Crapo and Schmitt [38, 39, 40].

Definition 7.4.7. Let M have k-basis elements [M] indexed by isomorphism classes of matroids. Define
the multiplication via

[My] - [Ma] := [My & Mp)]
so that the class [&] of the empty matroid @ having empty ground set gives a unit. Define the comultiplication
for M a matroid on ground set E via

AIM] =" [M]4] @ [M/A],

ACE
and a counit
1 M=9o
e[M] := ' .
0 otherwise.

Proposition 7.4.8. The above maps endow M with the structure of a connected graded finite type Hopf
algebra over k, which is commutative.

Proof. Checking the unit and counit conditions are straightforward. Associativity and commutativity of the
multiplication follow because the direct sum operation @ for matroids is associative and commutative up
to isomorphism. Coassociativity follows because for a matroid M on ground set F, one has this equality
between the two candidates for A2 [M]

Yo Mla)@[(M]a,)/A1] © [M/As]

PCACACE
= Y (M4 @ [(M/A)|ana,] @ [M/As]
PCA1CACE
due to the matroid isomorphism (M|a,)/A1 = (M/A1)|s,\4,- Commutativity of the bialgebra diagram in
(1.3.4) amounts to the fact that for a pair of matroids My, My and subsets A;, Ay of their (disjoint) ground
sets F, F5, one has isomorphisms
Mila, ® Ma|a, = (M1 @ M2) [a,04,,
Ml/Al &b MQ/AQ = (M1 D Mg) /(A1 L AQ)
Letting M, be the k-span of [M] for matroids whose ground set F has cardinality |E| = n, one can then

easily check that M becomes a bialgebra which is graded, connected, and of finite type, hence also a Hopf
algebra by Proposition 1.4.14. O

7.4.2. A quasisymmetric function for matroids.

Definition 7.4.9. Define a character M — k by

1 if M has only one basis,
([M] = .
0 otherwise.

It is easily checked that this is a character, that is, an algebra map M ~°, k. Note that if M has only one
basis, say B(M) = {B}, then B := coloops(M) is the set of coloops of M, and E \ B = loops(M) is the set
of loops of M. Equivalently, M = @ M]| ey is the direct sum of matroids each having one element, each
a coloop or loop.

eckE
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Define W[M] for a matroid M to be the image of [M] under the map M 2, QSym induced via Theo-
rem 7.1.3 from the above character (.

It turns out that W[M] is intimately related with greedy algorithms and finding minimum cost bases. A
fundamental property of matroids (and one that characterizes them, in fact; see [143, §1.8]) is that no matter
how one assigns costs f : E — R to the elements of E, the following greedy algorithm (generalizing Kruskal’s
algorithm for finding minimum cost spanning trees) always succeeds in finding one basis B in B(M) achieving
the minimum total cost f(B) := ) .5 f(b):

Algorithm 7.4.10. Start with the empty subset Iy = @ of E. For j = 1,2,...,r, having already defined
the set I;_1, let e be the element of E\ I;_; having the lowest cost f(e) among all those for which I;_; U{e}
is independent, that is, still a subset of at least one basis B in B(M). Then define I := I;_; U {e}. Repeat
this until j = r, and B = I,- will be among the bases that achieve the minimum cost.

Definition 7.4.11. Say that a cost function f: E — {1,2,...} is M-generic if there is a unique basis B in
B(M) achieving the minimum cost f(B).
Example 7.4.12. For the graphic matroid M of Example 7.4.3, this cost function f; : E — {1,2,...}

fi(a)=1 f1(b)=3
fi(e)=3

N~ S

fi(d)=2
is M-generic, as it minimizes uniquely on the basis {a, d}, whereas this cost function fo : E — {1,2,...}

fa(a)=1 f2(b)=3
fa(c)=2

N~ S

fa(d)=2
is not M-generic, as it achieves its minimum value on the two bases {a,c}, {a,d}.

Proposition 7.4.13. For a matroid M on ground set E, one has this expansion®'”

UM= Y xg

M -generic
FiE—{12,...}

where X5 = [[.cpTfe). In particular, for m > 0, its specialization ps' from Definition 7.1.6 has this
interpretation:
ps'W[M](m) = |{M-generic f : E — {1,2,...,m}}|.

()
Proof. The iterated coproduct M 257 M®! sends
[M]— Y [M|a,] @ [(M]a)/A1] © - @ [(M]a,)/As-1]
where the sum is over flags of nested subsets
(7.4.3) G=ACAC--CA 1 CA=E
The map (®* sends each summand to 1 or 0, depending upon whether each (M|4,)/A;-1 has a unique basis

or not. Thus formula (7.1.3) shows that the coefficient (, of z{}' - -~z in W[M] counts the flags of subsets

K3
in (7.4.3) for which |A; \ A;_1| = «; and (M|4,)/A;_1 has a unique basis, for each j.
Given a flag as in (7.4.3), associate the cost function f : E — {1,2,...} whose value on each element
of A; \ A;j_q is ij; conversely, given any cost function f, say whose distinct values are i1 < ... < iy, one
associates the flag having A; \ 4;_; = f~!(i;) for each j.

317In fact, this expansion was the original definition of W[M] in [21, Defn. 1.1].
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Now, apply the greedy algorithm (Algorithm 7.4.10) to find a minimum-cost basis of M for such a
cost function f. At each step of the greedy algorithm, one new element is added to the independent set;
these elements weakly increase in cost as the algorithm progresses®'8. Thus, the algorithm first adds some
elements of cost 41, then adds some elements of cost is, then adds some elements of cost i3, and so on. We
can therefore subdivide the execution of the algorithm into phases 1,2,...,¢, where each phase consists of
some finite number of steps, such that all elements added in phase k have cost ix. (A phase may be empty.)
For each k € {1,2,...,£}, we let B; be the number of steps in phase k; in other words, 8 is the number of
elements of elements of cost i, added during the algorithm.

We will prove below, using induction on s = 0,1,2,...,¢ the following claim: After having completed
phases 1,2,...,s in the greedy algorithm (Algorithm 7.4.10), there is a unique choice for the independent
set produced thus far, namely

(7.4.4) Iy sppsnss, = || coloops(M]a,)/A;-1),

j=1

if and only if each of the matroids (M|4,)/A;—1 for j =1,2,...,5 has a unique basis.
The case s = £ in this claim would show what we want, namely that f is M-generic, minimizing uniquely
on the basis shown in (7.4.4) with s = ¢, if and only if each (M|a4;)/A;_1 has a unique basis.
The assertion of the claim is trivially true for s = 0. In the inductive step, one may assume that
o the independent set Ig, 18,+...+3,_, takes the form in (7.4.4), replacing s by s — 1,
e it is the unique f-minimizing basis for M|4,_,, and
o (Mla,)/A;-1 has a unique basis for j =1,2,...,5 — 1.
Since A;_1 exactly consists of all of the elements e of F whose costs f(e) lie in the range {i1,42,...,i5-1},
in phase s the algorithm will work in the quotient matroid M/As_; and attempt to augment Ig, 4, +...48._,
using the next-cheapest elements, namely the elements of A\ A;_1, which all have cost f equal to is. Thus
the algorithm will have no choices about how to do this augmentation if and only if (M|4,)/As—1 has a
unique basis, namely its set of coloops, in which case the algorithm will choose to add all of these coloops,
giving Ig, +8,+...+3, as described in (7.4.4). This completes the induction.
The last assertion follows from Proposition 7.1.7. (]

Example 7.4.14. If M has one basis then every function f : F — {1,2,...} is M-generic, and

Y[M] = Z xp = (11 —|—.232—|—-~-)‘E‘:M(‘1E)‘_
f:E—{1,2,.}

Example 7.4.15. Let U, ,, denote the uniform matroid of rank r on n elements E, having B(U,.,,) equal to

all of the r-element subsets of E.
As Uy o has E = {1,2} and B = {{1}, {2}}, genericity means f(1) # f(2), so

\IJ[ULQ] = Z Tr)Tp2) = T1T2 + T2T1 + 123 + X321 + - -+ = 2M(171).

(f(1),£(2)):
F#£(2)

Similarly Uy 3 has E = {1,2,3} with B = {{1},{2}, {3}}, and genericity means either that f(1), f(2), f(3)
are all distinct, or that two of them are the same and the third is smaller. This shows
\I/[UL?,] = 32.%‘1111‘? +6 Z T;TjT
i<j i<j<k
=3M,2) +6M,1,1)

pstU[U; 3](m) = 3(’5) + 6(’;) _ m(m— 1;(2m —1)

318Pmof‘ Let e be the element added at step i, and let e’ be the element added at step i + 1. We want to show that
f(e) < f(€e'). But the element €’ could already have been added at step 7. Since it wasn’t, we thus conclude that the element
e that was added instead must have been cheaper or equally expensive. In other words, f (e) < f (¢/), qed.
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One can similarly analyze U, 3 and check that

\I/[Uzg] - 3M(271) + 6M(1,171)
—-1D(2m -1
s WUy 5] (m) = 3(2) +6<7§‘> _ m(m ;( m—1)

These last examples illustrate the behavior of ¥ under the duality operation on matroids.

Definition 7.4.16. Given a matroid M of rank r on ground set E, its dual or orthogonal matroid M+~ is a
matroid of rank |E| — 7 on the same ground set E, having

B(ML) ={E\ B}BeB(M)~
Here are a few examples of dual matroids.

Example 7.4.17. The dual of a uniform matroid is another uniform matroid:

qu_n = Un—r,n-
Example 7.4.18. If M is matroid of rank r represented by family of vectors {ej,...,e,} in a vector space
over some field k, one can find a family of vectors {ef, ..., e} that represent M~ in the following way. Pick

a basis for the span of the vectors {e;}_;, and create a matrix A in k™" whose columns express the e; in
terms of this basis. Then pick any matrix A+ whose row space is the null space of A, and one finds that the
columns {ei-}7_, of AL represent M*. See Oxley [143, §2.2].

Example 7.4.19. Let G = (V, E) be a graph embedded in the plane with edge set E, giving rise to a
graphic matroid M on ground set E. Let G* be a planar dual of G, so that, in particular, for each edge e
in E, the graph G has one edge e*, crossing e transversely. Then the graphic matroid of G+ is M. See
Oxley [143, §2.3].

Proposition 7.4.20. If U[M] =3 caM, then V[M*] =3 caMiey(a)-
Consequently, ps' W[M](m) = ps' W[M+](m).

Proof. First, let us prove that if W[M] = " ca M, then U[M*] = 3 caMey(a)- In other words, let us
show that for any given composition «, the coefficient of M, in U[M] (when ¥[M] is expanded in the basis
(Mp) geomp ©f QSym) equals the coefficient of rev(a) in W[M~]. This amounts to showing that for any
composition a = (ay, ..., o), the cardinality of the set of M-generic f having x; = x® is the same as the
cardinality of the set of M*-generic f* having x;. = x*V(®. We claim that the map f — f* in which
ft(e) =£+1— f(e) gives a bijection between these sets. To see this, note that any basis B of M satisfies

(7.4.5) F(B)+ F(E\B) =" f(e)
(7.4.6) F(E\B) + fH(E\B) = (£+ 1)(|E| - 1),

where r denotes the rank of M. Thus B is f-minimizing if and only if F'\ B is f-maximizing (by (7.4.5)) if
and only if E\ B is f*-minimizing (by (7.4.6)). Consequently f is M-generic if and only if f+ is M~-generic.

The last assertion follows, for example, from the calculation in Proposition 7.1.7(i) that ps'(M,)(m) =
(e?;)) together with the fact that £(rev(a)) = £(«).

Just as (7.3.5) showed that Stanley’s chromatic symmetric function of a graph has an expansion as a sum
of P-partition enumerators for certain strictly labelled posets P, the same holds for U[M].

Definition 7.4.21. Given a matroid M on ground set E, and a basis B in B(M), define the base-cobase
poset Pp to have b < b’ whenever b lies in B and b’ lies in E'\ B and (B \ {b}) U {b'} is in B(M).

Proposition 7.4.22. For any matroid M, one has ¥[M] = ZBeB(M) F(py, strict)(X) where F(p grict)(x) for
a poset P means the P-partition enumerator for any strict labelling of P, i.e. a labelling such that the
P-partitions satisfy f(i) < f(j) whenever i <p j.

In particular, W[M] expands nonnegatively in the {L,} basis.
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Proof. A basic result about matroids, due to Edmonds [53], describes the edges in the matroid base polytope
which is the convex hull of all vectors {3°,c 5 €} pes(ar) inside R with standard basis {ec}ccp. He shows
that all such edges connect two bases B, B’ that differ by a single basis exchange, that is, B’ = (B \ {b})U{b'}
for some b in B and ¥ in E'\ B.

Polyhedral theory then says that a cost function f on E will minimize uniquely at B if and only if one
has a strict increase f(B) < f(B’) along each such edge B — B’ emanating from B, that is, if and only if
f(b) < f(b') whenever b <p, V' in the base-cobase poset Pg, that is, f lies in A(Pg, strict). O

Example 7.4.23. The graphic matroid from Example 7.4.3 has this matroid base polytope, with the bases
B in B(M) labelling the vertices:

be

The base-cobase posets Ppg for its five vertices B are as follows:

a b
c d

b d a d a c

L/ I/ L/

a c b ‘c b d
One can label the first of these five strictly as

L— o
U —0O

1 2
I X1
3 4

and compute its strict P-partition enumerator from the linear extensions {3412,3421,4312,4321} as
Ligoy + Lz, + Lz + Laaay
while any of the last four can be labelled strictly as

1 2
e
3 4

and they each have an extra linear extension 3142 giving their strict P-partition enumerators as
Loy + Liiyy+Lanz) +Laiiy + Laz-
Hence one has
W[M] =5L2) +5L11,2) +4L121) +5L2,1,1) +5L1,1,1,1)-
As M is a graphic matroid for a self-dual planar graph, one has a matroid isomorphism M = M (see
Example 7.4.19), reflected in the fact that W[M] is invariant under the symmetry swapping My > M,ey(a)
(and simultaneously swapping Lo <+ Lyev(a))-

This P-partition expansion for W[M] also allows us to identify its image under the antipode of QSym.

Proposition 7.4.24. For a matroid M on ground set E, one has

S(U[M]) = (-1)#I Z |{ f-maximizing bases B}| - x;

fiE—{1,2,...}
and
pstW[M](—m) = (—1)I7! Z |{ f-maximizing bases B}|.
f:E—{1,2,....m}
In particular, the expected number of f-maximizing bases among all cost functions f : E — {1,2,...,m} is

(—m)~1Flps W [M](~m).
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Proof. Corollary 5.2.20 implies

S(W[M]) = Z S(F(PB,strict)(x)) = (_I)IE‘ Z F(Pg,pp,natural) (X)
BeB(M) BeB(M)

where Fppatural)(X) is the enumerator for P-partitions in which P has been naturally labelled, so that
they satisfy f(i) < f(j) whenever ¢ <p j. When P = Pp, this is exactly the condition for f to achieve
its maximum value at f(B) (possibly not uniquely), that is, for f to lie in the closed normal cone to
the vertex indexed by B in the matroid base polytope; compare this with the discussion in the proof of
Proposition 7.4.22. Thus one has

S(U[M]) = (1) > Xy

(B, f):
BeB(M)
f maximizing at B

which agrees with the statement of the proposition, after reversing the order of the summation.
The rest follows from Proposition 7.1.7. O

Example 7.4.25. We saw in Example 7.4.23 that the matroid M from Example 7.4.3 has
W[M] = 5L(2,2) +5L1,1,2) +4L1,2,1) +5L2,1,1) +5L1,1,1,1)-

and therefore will have

psqu[M}(m):f)(m‘j”) +<5+4+5>(m‘j+4) +5(m—f+4) _ m<m—1><2n;2—2m+1>

(mfle;‘r‘o‘l) from Proposition 7.1.7 (i). Let us first do a reality-check on a few of its values

with m > 0 using Proposition 7.4.13, and for negative m using Proposition 7.4.24:

using ps' (Lo ) (m) =

m -1701]2
pst¥[M](m) || 5 [0]0]5

When m = 0, interpreting the set of cost functions f : E — {1,2,...,m} as being empty explains why
the value shown is 0. When m = 1, there is only one function f : E — {1}, and it is not M-generic; any of
the 5 bases in B(M) will minimize f(B), explaining both why the value for m = 1 is 0, but also explaining
the value of 5 for m = —1. The value of 5 for m = 2 counts these M-generic cost functions f : F — {1,2}:

L) [ ] [ ] [ ] L)
1 1 1 2 1 2 2 1 2 1
2 1 2 1 2
[ ] [ ] [ ] ® [ ] [ ] L) [ ] [ ] [ ]
2 2 1 2 1
Lastly, Proposition 7.4.24 predicts the expected number of f-minimizing bases for f : E — {1,2,...,m} as

1)(2m? +2 1 1)(2m? +2 1
(7m)*|E|pSI\I,[M](7m):(7m),4m(m+ )2m® +2m+1) _ (m+1)(2m® +2m + )’

2 2m3
whose limit as m — oo is 1, consistent with the notion that “most” cost functions should be generic with

respect to the bases of M, and maximize/minimize on a unique basis.

Remark 7.4.26. It is not coincidental that there is a similarity of results for Stanley’s chromatic symmet-
ric function of a graph ¥[G] and for the matroid quasisymmetric function W[M], such as the P-partition
expansions (7.3.5) versus Proposition 7.4.22, and the reciprocity results Proposition 7.3.23 versus Propo-
sition 7.4.24. Tt was noted in [21, §9] that one can associate a similar quasisymmetric function invariant
to any generalized permutohedra in the sense of Postnikov [152]. Furthermore, recent work of Ardila and
Aguiar [3] has shown that there is a Hopf algebra of such generalized permutohedra, arising from a Hopf
monoid in the sense of Aguiar and Mahajan [6]. This Hopf algebra generalizes the chromatic Hopf algebra
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of graphs®'¥ and the matroid-minor Hopf algebra, and its quasisymmetric function invariant derives as usual

from Theorem 7.1.3. Their work [3] also provides a generalization of the chromatic Hopf algebra antipode
formula of Humpert and Martin [88] discussed in Remark 7.3.4 above.

319Aguia1r and Ardila actually work with a larger Hopf algebra of graphs. Namely, their concept of graphs allows parallel
edges, and it also allows “half-edges”, which have only one endpoint. If G = (V, E) is such a graph (where E is the set of its
edges and its half-edges), and if V' is a subset of V, then they define G/y/ to be the graph on vertex set V’ obtained from G
by
e removing all vertices that are not in V’,
e removing all edges that have no endpoint in V’, and all half-edges that have no endpoint in V| and
e replacing all edges that have only one endpoint in V/ by half-edges.
(This is to be contrasted with the induced subgraph G |y,/, which is constructed in the same way but with the edges that have
only one endpoint in V'’ getting removed as well.) The comultiplication they define on the Hopf algebra of such graphs sends
the isomorphism class [G] of a graph G = (V, E) to > [G |v,] ® [G/vs]. This is no longer a cocommutative Hopf
(V1,Va):ViuVa=V
algebra; our Hopf algebra G is a quotient of it. In [3, Corollary 13.10], Ardila and Aguiar compute the antipode of the Hopf
monoid of such graphs; this immediately leads to a formula for the antipode of the corresponding Hopf algebra, because what
they call the Fock functor K preserves antipodes [3, Theorem 2.18].
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8. THE MALVENUTO-REUTENAUER HOPF ALGEBRA OF PERMUTATIONS

Like so many Hopf algebras we have seen, the Malvenuto-Reutenauer Hopf algebra FQSym can be thought
of fruitfully in more than one way. One is that it gives a natural noncommutative lift of the quasisymmetric
P-partition enumerators and the fundamental basis {L,} of QSym, rendering their product and coproduct
formulas even more natural.

8.1. Definition and Hopf structure.

Definition 8.1.1. Define FQSym = ®n20 FQSym,, to be a graded k-module in which FQSym,, has k-basis
{Fu}wes, indexed by the permutations w = (wy,...,wy) in &,.

We first attempt to lift the product and coproduct formulas (5.2.6), (5.2.5) in the {L,} basis of QSym.
We attempt to define a product for u € &, v € &, as follows:

(8.1.1) F,F, := F,

wEu LW v[k]

where we regard permutations as words (namely, every m € &,, is identified with the word (71,72, ..., 7)),
and where for v = (vy,...,v7) one sets v[k] := (k+ v1,...,k + ve). Note that the multiset u L1 v[k] is an
actual set in this situation (i.e., has each element appear only once) and is a subset of Gy.

The coproduct will be defined using the notation of standardization std(i) of a word i = (i1,...,4,) in
some linearly ordered alphabet. This standardization is the permutation in &,, obtained by replacing all
the occurrences of the smallest letter in i by the numbers 1,2,...,m; from left to right (where m; is the
number of times this smallest letter occurs in i), then replacing all occurrences of the next smallest letter by
the numbers m; + 1, m; +2,...,m1 + mo, from left to right (where mq is how often this letter occurs in i),
ete.320

Example 8.1.2. Considering words in the Roman alphabet a <b<ec < ---

stdb a ¢ ¢ b a a b a ¢ b
=(5 1 9 10 6 2 3 7 4 11 8).
Using this, define for w = (wq,...,w,) in &,
(812) AFw = ZF‘std(wl,wg,...,wk) ® -Fstd(warl,wk+2,...,w")'
k=0

It is possible to check directly that the maps defined in (8.1.1) and (8.1.2) endow FQSym with the
structure of a connected graded finite type Hopf algebra; see Hazewinkel, Gubareni, Kirichenko [78, Thm.
7.1.8]. However in justifying this here, we will follow the approach of Duchamp, Hivert and Thibon [50, §3],
which exhibits FQSym as a subalgebra of a larger ring of (noncommutative) power series of bounded degree
in a totally ordered alphabet.

320A1ternatively, one can define std(i) as the unique permutation o € &, such that for every 1 < a < b < n, we have
o (a) < o (b) if and only if iq < 4.
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Definition 8.1.3. Given a totally ordered set I, create a totally ordered variable set {X;};cs, and the ring
R{{X;}icr) of noncommutative power series of bounded degree in this alphabet®?!. Many times, we will use
a variable set X := (X7 < X3 < ---), and call the ring R(X).

We first identify the algebra structure for FQSym as the subalgebra of finite type within R{{X,}icr)
spanned by the elements

Fo=Fu,({Xi}ict) = Y, X
i:(il,...,i”):
std(i)=w~?!

where X; := X;, --- X, as w ranges over {5, S .
Example 8.1.4. For the alphabet X = (X; < X3 < ---), in R(X) one has
=) Xi=X1+Xp+-

1<i
Fip = Z XiX; :X12+X22+"'+X1X2+X1X3+X2X3+X1X4+~-~
1<)
Fy = Z XjXi = Xo X1 + X3 Xy + XoXo+ Xy Xy + -+
1<i<j
F319 = Z X; = Z X; X1 X,
irstd (i) =231 1<i<j<k

=X3X, + X3X, + X3Xo+ -+ Xo X3 Xy + Xo Xy Xy + -+

Proposition 8.1.5. For any totally ordered infinite set I, the elements {F,} as w ranges over |J,,~,Gn
form the k-basis for a subalgebra FQSym({X;};c;) of R(X), which is connected graded and of finite type,
having multiplication defined k-linearly by (8.1.1).

Consequently all such algebras are isomorphic to a single algebra FQSym, having basis {F,,} and multi-
plication given by the rule (8.1.1), with the isomorphism mapping F., — Fy,({X;}ier)-

For example,
FiFy = (X1 4+ Xo + X34 -+ )(Xo Xy + X3X1 + X3 Xo + Xy Xy +--+)
Xy XaXo+ X1 XaXo 44 X1 Xo X1 4+ Xo- XaXo+ Xo- Xy Xo 4
+Xo - X3 X1+ Xo- Xy Xy + -+ Xo - Xo X7 + X3 X3 Xy + X3 - Xz Xo+ -+
4 Xs XX 4+ Xy Xo Xy -

Z X; + Z X; + Z X = Fi32 + F312 + F301 = Z Fy,

i:std(i)=132 i:std(i)=231 i:std(i)=321 wel L 32

Proof of Proposition 8.1.5. The elements {F,,({X;}icr)} are linearly independent as they are supported on
disjoint monomials, and so form a k-basis for their span. The fact that they multiply via rule (8.1.1) is the
equivalence of conditions (i) and (iii) in the following Lemma 8.1.6, from which all the remaining assertions
follow. O

321 et us recall the definition of R({X;}scr).

Let N denote the free monoid on the alphabet { X };¢7; it consists of words X;, X, - - - X;, . We define a topological k-module
k ({{Xi}icr)) to be the Cartesian product k™ (equipped with the product topology), but we identify its element (bw,u)yen
with the word w for every w € N. Thus, every element (Aw),cn € kI = k{({X;}ic1)) can be rewritten as the convergent
sum ZweN Aww. We call Ay the coefficient of w in this element (or the coefficient of this element before w). The elements of

k (({Xi}ier)) will be referred to as noncommutative power series. We define a multiplication on k ({({X;}icr)) by the formula

weN weN wEN \ (u,w)ENZ2; w=uv

(This is well-defined thanks to the fact that, for each w € N, there are only finitely many (u,v) € N? satisfying w = uv.) Thus,
k (({Xi}ier)) becomes a k-algebra with unity 1 (the empty word). (It is similar to the monoid algebra kN of N over k, with
the only difference that infinite sums are allowed.)

Now, we define R({X;}icr) to be the k-subalgebra of k ({{X;}icsr)) consisting of all noncommutative power series
> wen Mow € k(({X;}ier)) of bounded degree (i.e., such that all words w € N of sufficiently high length satisfy Ay = 0).
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Lemma 8.1.6. For a triple of permutations

u=(ug,...,u;) in Sy,
v=(V1,...,Up—k) In Sy,
w = (wy,...,wy) in G,,

the following conditions are equivalent:
(i) w=! lies in the set u=! W v=1[k].
(ii) w = std(wy,...,wg) and v = std(wgy1,...,wy),
(iii) for some word i = (i1, ...,4,) with std(i) = w one has u = std(i1, ..., i) and v = std(ixr1,- - -, in)-

Proof of Lemma 8.1.6. The implication (i) = (iii) is clear since std(w) = w. The reverse implication (iii)
= (ii) is best illustrated by example, e.g. considering Example 8.1.2 as concatenated, with n = 11,k =
6,n—k=>5:

w=std (b a ¢ ¢ b a | a b a c¢ b
= 51910 6 2 | 3 7 4 11 8)
u=std (5 1 9 10 6 2) [v=std (3 7 4 1l 8)
= (315 6 4 2 = (1 3 2 5 4)
=std (b a ¢ ¢ b a) =std (¢ b a ¢ b

~ O

The equivalence of (i) and (ii) is a fairly standard consequence of unique parabolic factorization W =
WIW; where W = &,, and Wy = &}, x &,,_x, so that W/ are the minimum-length coset representatives
for cosets W (that is, the permutations = € &,, satisfying z1 < -+ < ap and z41 < -+ < z,). One can
uniquely express any w in W as w = xy with 2 in W7 and y in W, which here means that y = u-v[k] = v[k]-u
for some u in & and v in &,,_k. Therefore w = zuvlk], if and only if w=! = u=tv~![k]z~!, which means that
w~? is the shuffle of the sequences u~! in positions {x1,...,z;} and v=1[k] in positions {zgi1,...,2,}. O

Example 8.1.7. To illustrate the equivalence of (i) and (ii) and the parabolic factorization in the preceding
proof, let n =9 and k = 5 with

/1 2345|6789
=496 15| 8237
(12345 | 67 8 9\(1 23 45\(6 789
“\1 4569 ] 2378/\25413\96 78
=x-u-v[k]

. (1 23456789

Y =496 158237

(1 2 3 4 5\(6 7 8 9\(1 234567289
~41532/\7896/\01 6723489735

=yt o k]2t

Proposition 8.1.5 yields that FQSym is isomorphic to the k-subalgebra FQSym (X) of the k-algebra R (X)
when X is the variable set (X; < X5 < ---). We identify FQSym with FQSym (X) along this isomorphism.
For any infinite alphabet {X;},.; and any f € FQSym, we denote by f ({z;},.;) the image of f under the
algebra isomorphism FQSym — FQSym ({Xi}iel) defined in Proposition 8.1.5.

One can now use this to define a coalgebra structure on FQSym. Roughly speaking, one wants to first
evaluate an element f in FQSym = FQSym (X) = FQSym (X,Y) as f(X,Y), using the linearly ordered
variable set (X,Y) := (X1 < X2 <--- <Y¥; <Y2 <---). Then one should take the image of f(X,Y) after
imposing the partial commutativity relations

(8.1.3) X,;Y; =YX, for every pair (X;,Y;) e X x Y,

()

and hope that this image lies in a subalgebra isomorphic to

FQSym (X) ® FQSym (Y) 2 FQSym ® FQSym .
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We argue this somewhat carefully. Start by considering the canonical monoid epimorphism

(8.1.4) FIX,Y) 5 M,

where F(X,Y) denotes the free monoid on the alphabet (X,Y) and M denotes its quotient monoid imposing
the partial commutativity relations (8.1.3). Let k™ denote the k-module of all functions f : M — k, with
pointwise addition and scalar multiplication; similarly define k¥(X-Y?  As both monoids F' (X,Y) and M

enjoy the property that an element m has only finitely many factorizations as m = mims, one can define a
convolution algebra structure on both k¥*Y) and k™ via

(f1x f2)(m) = > filma)fa(ma),

(m1,m2)ENXN:
m=mimsa

where N is respectively F(X,Y) or M. As fibers of the map p in (8.1.4) are finite, it induces a map of
convolution algebras, which we also call p:

(8.1.5) KFXY) £ M

Now recall that R(X) denotes the algebra of noncommutative formal power series in the variable set X, of
bounded degree, with coeflicients in k. One similarly has the ring R(X,Y), which can be identified with
the subalgebra of kX Y) consisting of the functions f : F(X,Y) — k having a bound on the length of the
words in their support (the value of f on a word in (X,Y) gives its power series coefficient corresponding
to said word). We let R(M) denote the analogous subalgebra of k™; this can be thought of as the algebra
of bounded degree “partially commutative power series” in the variable sets X and Y. Note that p restricts
to a map

(8.1.6) R(X,Y) 2 R(M).
Finally, we claim (and see Proposition 8.1.9 below for a proof) that this further restricts to a map
(8.1.7) FQSym (X,Y) % FQSym (X) ® FQSym (Y)

in which the target is identified with its image under the (injective®?2) multiplication map

FQSym (X) @ FQSym (Y) — R(M)
fX)@g(Y) = f(X)g(Y).
Using the identification of FQSym with all three of FQSym (X),FQSym (Y),FQSym (X,Y), the map p in
(8.1.7) will then define a coproduct structure on FQSym. Abusing notation, for f in FQSym, we will simply
write A(f) = f(X,Y) instead of p(f(X,Y)).

Example 8.1.8. Recall from Example 8.1.4 that one has

F319 = Z X; = Z X; X X5

i:std(i)=231 1<i<j<k
and therefore its coproduct is
AF312 = F312(X1, XQ, . ,Yl, YQ, .. ) (by our abuse of notation)
= Y XiXXi+ ) XX+ ) VYiXi+ ) ViR
i<j<k i<J, i, i<j<k
k <k

= Y XXX 14 Y XX Y+ > XYY+ Y 1YWY,
i<j<k i<J, i, 1<j<k
k i<k

= F312(X) - 1+ F51(X) - Fi(Y) + Fi(X) - Fi2(Y) + 1 F512(Y)
=F3512Q01+ Fo1 @ F1 + F1 @ Fi2 +1® F310.
Proposition 8.1.9. The map p in (8.1.6) does restrict as claimed to a map as in (8.1.7), and hence defines a

coproduct on FQSym, acting on the {F,} basis by the rule (8.1.2). This endows FQSym with the structure
of a connected graded finite type Hopf algebra.

32255 images of the basis F,(X) ® Fy,(Y) of FQSym(X) ® FQSym(Y) are supported on disjoint monomials in R(M), so
linearly independent.
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Proof. Let I be the totally ordered set {1 <2 <3 < ---}. Let J be the totally ordered set
{1 <2<3<--<1<2<3< } We set X7 = Y, for every positive integer i. Then, the alphabet
(X,Y) can be written as {X;},. ;.

If i is a word over the alphabet I = {1 <2 <3 < ---}, then we denote by i the word over J obtained
from i by replacing every letter i by 1.

For the first assertion of Proposition 8.1.9, it suffices to check that F,, indeed has the image under A
claimed in (8.1.2). Let n € N and w € &,,. Then,

AF, =F,(X,)Y) (by our abuse of notation)
= Y XY= Y (XY
ieJmistd(i)=w—1 teJstd(t)=w—1
(8.1.8) => Y > X Y)
k=0 (i,j)elkxIn—k  teJ":
std(t)=w!;
teiuJJ7
(since for every t € J", there exists exactly one choice of k € {0,1,...,n} and (i,j) € I¥ x I"™F satisfying

t € i W j; namely, i is the restriction of t to the subalphabet I of J, whereas j is the restriction of t to J \ I,
and k is the length of i).
We now fix k£ and (i,j), and try to simplify the inner sum > cjn.  (X,Y)t on the right hand side of

std(t)=w!;
teiuJJ7 "
(8.1.8). First we notice that this sum is nonempty if and only if there exists some t € i W j satisfying std(t) =
w~t. This existence is easily seen to be equivalent to w=! € std(i) L std(j)[k] (since the standardization

of any shuffle in i LU j is the corresponding shuffle in std(i) LU std(j)[k]). This, in turn, is equivalent to
std(i) = (std(wy,...,wg)) "t and std(j) = (std(wpi1,...,w,)) "t (according to the equivalence (i) <= (ii)
in Lemma 8.1.6). Hence, the inner sum on the right hand side of (8.1.8) is nonempty if and only if std(i) =
(std(wy, ..., wg))~" and std(j) = (std(wgy1,--.,w,)) "L, When it is nonempty, it has only one addend®??,
and this addend is (X,Y), = X;Yj (since t €i L ]) Summarizing, we see that the inner sum on the right
hand side of (8.1.8) equals X;Y; when std(i) = (std(w1,...,wy))" " and std(j) = (std(wg+1,--.,wy,)) ", and
is empty otherwise. Thus, (8.1.8) simplifies to
AF, =Y > X;Y;
k=0 (Lj)errxIm—*:
std(i)=(std(w1,...,ws)) !
std(§)=(std(wpq1,..,wn)) "

= Z Fstd(wl,...,wk) (X)Fstd(warl,...,wn) (Y)
k=0

= Z Fstd('wl,...,wk) & Fstd(wk+1,...,wn) € FQSym ® FQSym .
k=0
This proves (8.1.2), and thus the first assertion of Proposition 8.1.9.

From this, it is easy to derive that A satisfies coassociativity (i.e., the diagram (1.2.1) holds for C' =
FQSym). (Alternatively, one can obtain this from the associativity of multiplication using Corollary 8.1.11.)
We have already verified the rule (8.1.2). The connected graded structure on FQSym gives a counit and an
antipode for free. O

Exercise 8.1.10. We say that a permutation w € &,, is connected if n is a positive integer and if there
exists no i € {1,2,...,n — 1} satisfying f ({1,2,...,4}) = {1,2,...,i}. Let €& denote the set of all con-
nected permutations of all n € N. Show that FQSym is a free (noncommutative) k-algebra with generators
(Fu)yees- (This statement means that (Fu, Fu, -+ Fuy ) gen, (w1 ,ws,...,wp)ceak 18 @ basis of the k-module

FQSym.)

3231 fact, the elements std (t) for t € i W 3 are distinct, and thus only one of them can equal w1,
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[Hint: This is a result of Poirier and Reutenauer [151, Theorem 2.1]; it is much easier than the similar
Theorem 6.4.3.]

Corollary 8.1.11. The Hopf algebra FQSym is self-dual: Let {G,,} be the dual k-basis to the k-basis { Fy, }
for FQSym. Then, the k-linear map sending G, — F,,—1 is a Hopf algebra isomorphism FQSym°® —
FQSym.

Proof. For any 0 < k <n, any u € &} and any v € &,,_, one has

FyaFy = > Fpo = > Fy

_1 —1 -1 w:
wrlEumt Wwo k] std(wi,...,wg)=u

Std(wk+la“~7wn):1}

via the equivalence of (i) and (ii) in Lemma 8.1.6. On the other hand, in FQSym®, the dual k-basis {G,}
to the k-basis {F,,} for FQSym should have product formula

Gqu = Z Gw

std(wl,q.l.).:,wk):u

StA(Wht1,--,wn )=V
coming from the coproduct formula (8.1.2) for FQSym in the { F}, }-basis. Comparing these equalities, we see
that the k-linear map 7 sending G, — F,,~1 is an isomorphism FQSym° — FQSym of k-algebras. Hence,
the adjoint 7* : FQSym® — (FQSym®)’ of this map is an isomorphism of k-coalgebras. But identifying
(FQSym®)? with FQSym in the natural way (since FQSym is of finite type), we easily see that 7% = T,
whence 7 itself is an isomorphism of both k-algebras and k-coalgebras, hence of k-bialgebras, hence of Hopf
algebras. O

We can now be a bit more precise about the relations between the various algebras
A, QSym, NSym, FQSym, R(X), R(x).
Not only does FQSym allow one to lift the Hopf structure of QSym, it dually allows one to extend the Hopf
structure of NSym. To set up this duality, note that Corollary 8.1.11 motivates the choice of an inner product
on FQSym in which
(Fu7 FU) = 6u*1,v~
We wish to identify the images of the ribbon basis {R,} of NSym when included in FQSym.

Definition 8.1.12. For any composition «, define an element R, of FQSym by

R, = > Fpr= >  Xi= > X

w:Des(w)=D(a) (w,i): i:Des(i)=D(«)
Des(w)=D(«)
std(i)=w

where the w in the sums are supposed to belong to &4, and where the descent set of a sequence i =
(i1, ... ,1y) is defined by

Des(i) :=={j € {1,2,...,n— 1} : 4; > 441} = Des(std(i)).

Alternatively, Rq = >, X in which the sum is over column-strict tableaux of the ribbon skew shape «, and
X1 = X; in which i is the sequence of entries of T read in order from the southwest toward the northeast.

Example 8.1.13. Taking o = (1, 3,2), with ribbon shape and column-strict fillings T" as shown

15 < g
O O A
O 0O O T= 149 < i3 < iy
O A
11
one has that
Ra39 = > Xi= > X, X3, Xi, X3, X3, Xip = Y Xy
i:(il,iQ,ig,i4,i5,i6): i1>12<i3<i4>15<ig T

Des(i)=D(a)={1,4}
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Corollary 8.1.14. For everyn € Nand w € &,,, we let v(w) denote the unique composition « of n satisfying
D (a)) = Des (w). The following Z-linear surjection and injection

FQSym - QSym
Fw — L,Y(w)

NSym <» FQSym
R, — R,
are Hopf morphisms, and are also adjoint maps with respect to the above choice of inner product on FQSym

and the usual dual pairing between NSym and QSym. Furthermore, the second map ¢ lets one factor the
surjection NSym — A as follows

NSym — FQSym— R(X) — R(x)
R, R, — Sq(X)

through the abelianization R{(X) — R(x) sending the noncommutative variable X; to the commutative ;.

Proof. The fact that FQSym 5 QSym is a Hopf map comes from checking that it respects the product
(compare (5.2.6) and (8.1.1)) and the coproducts (compare (5.2.5) and (8.1.2)) then applying Proposi-
tion 1.4.24(c). Tt follows that NSym <y FQSym is a Hopf map once we check the adjointness assertion, via
the following calculation:

T R Cl

w:Des(u)=D(a)
= (Ra7L'y(w)) = (Rou 7"-(F‘w)>

The last assertion is clear: the abelianization map sends the noncommutative tableau monomial X7 to the
commutative tableau monomial x7. O

We summarize some of this picture as follows:

dual

FQSym FQSym
NSym dual QSym
A dual A

Furthermore, if we denote by ¢ the canonical inclusion A — QSym as well, then the diagram

FQSym

AN

NSym QSym
\ A/

is commutative (according to the last sentence of Corollary 8.1.14).

Remark 8.1.15. Different notations for FQSym appear in the literature. In the book [23] (which presents an
unusual approach to the character theory of the symmetric group using FQSym), the Hopf algebra FQSym
is called P, and its basis that we call {Gy},cg, is denoted {w}, g . In [78, Chapter 7], the Hopf algebra

FQSym and its basis {Fy},cg, are denoted M PR and {w}, s , respectively.
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9. FURTHER TOPICS

The following is a list of topics that were, at one point, planned to be touched in class, but did not make
the cut. They might get elaborated upon in a future version of these notes.

9.0.1. 0-Hecke algebras.

e Review of representation theory of finite-dimensional algebras.
Review the notions of indecomposables, simples, projectives, along with the theorems of Krull-
Remak-Schmidt, of Jordan-Hélder, and the two kinds of Grothendieck groups dual to each other.
e 0-Hecke algebra representation theory.
Describe the simples and projectives, following Denton, Hivert, Schilling, Thiery [46] on J-trivial
monoids.
e Nsym and Qsym as Grothendieck groups.
Give Krob and Thibon’s interpretation (see [189, §5] for a brief summary) of
e QSym and the Grothendieck group of composition series, and
e NSym and the Grothendieck group of projectives.

Remark 9.0.1. Mention P. McNamara’s interpretation, in the case of supersolvable lattices, of the
Ehrenborg quasisymmetric function as the composition series enumerator for an H,,(0)-action on the
maximal chains

9.0.2. Aguiar-Bergeron-Sottile character theory Part 1I: Odd and even characters, subalgebras.

9.0.3. Face enumeration, Eulerian posets, and cd-indices. Borrowing from Billera’s ICM notes.

e f-vectors, h-vectors
o flag f-vectors, flag h-vectors
e ab-indices and cd-indices

9.0.4. Other topics.

Loday-Ronco Hopf algebra of planar binary trees

Poirier-Reutenauer Hopf algebra of tableaux

Reading Hopf algebra of Baxter permutations

Hopf monoids, e.g. of Hopf algebra of generalized permutohedra, of matroids, of graphs, Stanley
chromatic symmetric functions and Tutte polynomials

Lam-Pylyavskyy Hopf algebra of set-valued tableaux

Connes-Kreimer Hopf algebra and renormalization

Noncommutative symmetric functions and QXCP>

Maschke’s theorem and “integrals” for Hopf algebras

Nichols-Zoeller structure theorem and group-like elements
Cartier-Milnor-Moore structure theorem and primitive elements
Quasi-triangular Hopf algebras and quantum groups

The Steenrod algebra, its dual, and tree Hopf algebras

Ringel-Hall algebras of quivers

Ellis-Khovanov odd symmetric function Hopf algebras (see also Lauda-Russell)

Student talks given in class were:

(1) Al Garver, on Maschke’s theorem for finite-dimensional Hopf algebras

) Jonathan Hahn, on the paper by Humpert and Martin.

) Emily Gunawan, on the paper by Lam, Lauve and Sottile.

) Jonas Karlsson, on the paper by Connes and Kreimer

) Thomas McConville, on Butcher’s group and generalized Runge-Kutta methods.
) Cihan Bahran, on universal enveloping algebras and the Poincaré-Birkhoff-Witt theorem.
) Theodosios Douvropolos, on the Cartier-Milnor-Moore theorem.

) Alex Csar, on the Loday-Ronco Hopf algebra of binary trees

) Kevin Dilks, on Reading’s Hopf algebra of (twisted) Baxter permutations

) Becky Patrias, on the paper by Lam and Pylyavskyy

) Meng Wu, on multiple zeta values and Hoffman’s homomorphism from QSym
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10. SOME OPEN PROBLEMS AND CONJECTURES

e Is there a proof of the Assaf-McNamara skew Pieri rule that gives a resolution of Specht or Schur/Weyl
modules whose character corresponds to sy, in, whose terms model their alternating sum?

e Explicit antipodes in the Lam-Pylyavskyy Hopf algebras? (Answered by Patrias in [149].)

e P. McNamara’s question [133, Question 7.1]: are P-partition enumerators irreducible for connected
posets P?

e Stanley’s question: are the only P-partition enumerators which are symmetric (not just quasisym-
metric) those for which P is a skew-shape with a column-strict labelling?

e Does Stanley’s chromatic symmetric function distinguish trees?

e Hoffman’s stuffle conjecture

e Billera-Brenti’s nonnegativity conjecture for the total cd-index of Bruhat intervals ([20, Conjecture
6.1])

11. APPENDIX: SOME BASICS

In this appendix, we briefly discuss some basic notions from linear algebra and elementary combinatorics
that are used in these notes.

11.1. Linear expansions and triangularity. In this Section, we shall recall some fundamental results from
linear algebra (most importantly, the notions of a change-of-basis matrix and of a unitriangular matrix), but
in greater generality than how it is usually done in textbooks. We shall use these results later when studying
bases of combinatorial Hopf algebras; but per se, this section has nothing to do with Hopf algebras.

11.1.1. Matrices. Let us first define the notion of a matrix whose rows and columns are indexed by arbitrary

objects (as opposed to numbers):324

Definition 11.1.1. Let S and T be two sets. An S X T-matriz over k shall mean a family (as,t)(s nesxT €

k3*T of elements of k indexed by elements of S x T. Thus, the set of all S x T-matrices over k is k57
We shall abbreviate “S x T-matrix over k” by “S x T-matrix” when the value of k is clear from the
context.

This definition of S x T-matrices generalizes the usual notion of matrices (i.e., the notion of n x m-
matrices): Namely, if n € N and m € N, then the {1,2,...,n} x {1,2,..., m}-matrices are precisely the
n X m-matrices (in the usual meaning of this word). We shall often use the word “matriz” for both the usual
notion of matrices and for the more general notion of S x T-matrices.

Various concepts defined for n x m-matrices (such as addition and multiplication of matrices, or the notion
of a row) can be generalized to S x T-matrices in a straightforward way. The following four definitions are
examples of such generalizations:

Definition 11.1.2. Let S and T be two sets.

(a) The sum of two S x T-matrices is defined by (a&t)(&t)esxT + (bS»t)(s,t)eSxT = (as,; + bsat)(s,t)eSxT'

(b) If w € k and if (as.) € k5T then we define u (as,) to be the S x T-matrix
(uas,t) (s pesxr

(c) Let A= (ass) esxr be an S x T-matrix. For every s € S, we define the s-th row of A to be the

{1} x T-matrix (a&t)(i He{1}xT (Notice that {1} x T-matrices are a generalization of row vectors.)

Similarly, for every t € T, we define the ¢-th column of A to be the S x {1}-matrix (as’t)(

(s,t)eSXT (s,t)eSXT

s,i)eSx{1}"
Definition 11.1.3. Let S be a set.
a) The S x S identity matriz is defined to be the S x S-matrix (04 ¢ . This S x S-matrix is
(a) Y ) (s,)eSxs
denoted by Is. (Notice that the n x n identity matrix I,, is It 2. n) for each n € N.)
b) An S x S-matrix (as ¢ is said to be diagonal if every (s,t) € S x T satisfying s # ¢ satisfies
L) (s,t)ESXS
Qs t = 0.
(c) Let A = (asvt)(s,t)GSXS
diagonal entries of A are the entries of this diagonal (as s)

be an S x S-matrix. The diagonal of A means the family (as,s) The

sES”
sSES”

3245 before, k denotes a commutative ring.
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Definition 11.1.4. Let S, T and U be three sets. Let A = (as,t)(s HesxT P an S x T-matrix, and

let B = (bt,u)(t WETXU be a T' x U-matrix. Assume that the sum ), as b, is well-defined for every

(s,u) € S xU. (For example, this is guaranteed to hold if the set T is finite. For infinite T', it may and may
not hold.) Then, the S x U-matrix AB is defined by

AB = <Z as,tbt7u> .
teT (s,u)eSxU

Definition 11.1.5. Let S and T be two finite sets. We say that an S x T-matrix A is invertible if and only
if there exists a T' x S-matrix B satisfying AB = Ig and BA = Ir. In this case, this matrix B is unique; it
is denoted by A~! and is called the inverse of A.

The definitions that we have just given are straightforward generalizations of the analogous definitions
for n x m-matrices; thus, unsurprisingly, many properties of n X m-matrices still hold for S x T-matrices.
For example:

Proposition 11.1.6. (a) Let S and T be two sets. Let A be an S x T-matrix. Then, IsA = A and
Alr = A.
(b) Let S, T and U be three sets such that T is finite. Let A and B be two S x T-matrices. Let C' be a
T x U-matrix. Then, (A+ B)C = AC + BC.
(¢) Let S, T, U and V be four sets such that T and U are finite. Let A be an S x T-matrix. Let B be
a T x U-matrix. Let C be a U x V-matrix. Then, (AB)C = A(BC).

The proof of Proposition 11.1.6 (and of similar properties that will be left unstated) is analogous to the
proofs of the corresponding properties of n x m-matrices.3?® As a consequence of these properties, it is easy
to see that if S is any finite set, then k®*° is a k-algebra.

In general, S x T-matrices (unlike n x m-matrices) do not have a predefined order on their rows and
their columns. Thus, the classical notion of a triangular n X n-matrix cannot be generalized to a notion of
a “triangular S x S-matrix” when S is just a set with no additional structure. However, when S is a poset,
such a generalization can be made:

Definition 11.1.7. Let S be a poset. Let A = (as,t)(s Hesxs bean S x S-matrix.

(a) The matrix A is said to be triangular if and only if every (s,t) € S x S which does not satisfy ¢ < s
must satisfy as¢ = 0. (Here, < denotes the smaller-or-equal relation of the poset S.)

(b) The matrix A is said to be unitriangular if and only if A is triangular and has the further property
that, for every s € S, we have a, s = 1.

(¢) The matrix A is said to be invertibly triangular if and only if A is triangular and has the further
property that, for every s € S, the element a, , of k is invertible.

Of course, all three notions of “triangular”, “unitriangular” and “invertibly triangular” depend on the
partial order on S.

Clearly, every invertibly triangular S x S-matrix is triangular. Also, every unitriangular S x S-matrix is
invertibly triangular (because the element 1 of k is invertible).

We can restate the definition of “invertibly triangular” as follows: The matrix A is said to be invertibly
triangular if and only if it is triangular and its diagonal entries are invertible. Similarly, we can restate the
definition of “unitriangular” as follows: The matrix A is said to be unitriangular if and only if it is triangular
and all its diagonal entries equal 1.

3254 little warning: In Proposition 11.1.6(c), the condition that T" and U be finite can be loosened (we leave this to
the interested reader), but cannot be completely disposed of. It can happen that both (AB)C and A (BC) are defined, but
(AB)C = A (BC) does not hold (if we remove this condition). For example, this happens if S =Z, T =7Z,U =Z, V = Z,

1, ifi>g; 0, ifi>j; o ,
A= <{ ’ 1fz _]. ) » B=(8i,5 = 6ij+1)(; jyezxz and C = <{ lfl = ]’> . (Indeed, in this example, it
0, Hi<7 J; ienxz Lo iti<i ) serxa
is easy to check that AB = Iz, and BC' = —Iz and thus (AB)C =I;C =C # —A = A(—1Iz) = A(BC).)
—— ~——

=1y =BC
This seeming paradox is due to the subtleties of rearranging infinite sums (similarly to how a conditionally convergent series
of real numbers can change its value when its entries are rearranged).
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Definition 11.1.7(a) generalizes both the notion of upper-triangular matrices and the notion of lower-
triangular matrices. To wit:

Example 11.1.8. Let n € N. Let Ny be the poset whose ground set is {1,2,...,n} and whose smaller-or-
equal relation <; is given by

s <1t < s <t (as integers).
(This is the usual order relation on this set.) Let Ny be the poset whose ground set is {1,2,...,n} and
whose order relation <5 is given by

s <ot < s>t (as integers).
Let A € k>,

(a) The matrix A is upper-triangular if and only if A is triangular when regarded as an N; X Nj-matrix.
(b) The matrix A is lower-triangular if and only if A is triangular when regarded as an Ny x Na-matrix.

More interesting examples of triangular matrices are obtained when the order on S is not a total order:

Example 11.1.9. Let S be the poset whose ground set is {1,2,3} and whose smaller relation <g is given
by 1 <g 2 and 3 <g 2. Then, the triangular S x S-matrices are precisely the 3 x 3-matrices of the form
a1,1 0 0
a1 agp a3z | with ai1,a9;1,a22,0a23,a33 € k.
0 0 a3.3

We shall now state some basic properties of triangular matrices:

Proposition 11.1.10. Let S be a finite poset.
(a) The triangular S x S-matrices form a subalgebra of the k-algebra k®**.
(b) The invertibly triangular S x S-matrices form a group with respect to multiplication.
(¢) The unitriangular S x S-matrices form a group with respect to multiplication.
(d) Any invertibly triangular S x S-matrix is invertible, and its inverse is again invertibly triangular.
(e) Any unitriangular S x S-matrix is invertible, and its inverse is again unitriangular.

Exercise 11.1.11. Prove Proposition 11.1.10.

11.1.2. Expansion of a family in another. We will often study situations where two families (es), g and
(ft),er of vectors in a k-module M are given, and the vectors e, can be written as linear combinations
of the vectors f;. In such situations, we can form an S x T-matrix out of the coefficients of these linear
combinations; this is one of the ways how matrices arise in the theory of modules. Let us define the notations
we are going to use in such situations:

Definition 11.1.12. Let M be a k-module. Let (es), g and (f;),cp be two families of elements of M. (The
sets S and T' may and may not be finite.)

Let A = (asvt)(s,t)ESXT be an S x T-matrix. Assume that, for every s € S, all but finitely many ¢ € T
satisfy as; = 0. (This assumption is automatically satisfied if T is finite.)

We say that the family (es),.g expands in the family (f;),cp through the matriz A if

(11.1.1) every s € S satisfies e; = Zas,tft.
teT

In this case, we furthermore say that the matrix A is a change-of-basis matriz (or transition matriz) from
the family (es),cg to the family (fi),cqp-

Remark 11.1.13. The notation in Definition 11.1.12 is not really standard; even we ourselves will occasionally
deviate in its use. In the formulation “the family (e),. g expands in the family (f;),., through the matrix
A”, the word “in” can be replaced by “with respect to”, and the word “through” can be replaced by “using”.

The notion of a “change-of-basis matrix” is slightly misleading, because neither of the families (es) g
and (f),cp has to be a basis. Our use of the words “transition matrix” should not be confused with the
different meaning that these words have in the theory of Markov chains. The indefinite article in “a change-
of-basis matrix” is due to the fact that, for given families (e,),.g and (f¢),cp, there might be more than
one change-of-basis matrix from (es),.g to (ft);cp- (There also might be no such matrix.) When (es), g
and (ft),cp are bases of the k-module M, there exists precisely one change-of-basis matrix from (e,), g to

(ft)teT'
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So a change-of-basis matrix A = (as,) from one family (es), g to another family (f;),., allows

s,t)ESXT
us to write the elements of the former f;m)ily as linear combinations of the elements of the latter (using
(11.1.1)). When such a matrix A is invertible (and the sets S and T are finite®?°), it also (indirectly) allows
us to do the opposite: i.e., to write the elements of the latter family as linear combinations of the elements
of the former. This is because if A is an invertible change-of-basis matrix from (es) g to (f¢);cp, then A™1

is a change-of-basis matrix from (f;),cp to (es),cg. This is part (a) of the following theorem:

Theorem 11.1.14. Let M be a k-module. Let S and T be two finite sets. Let (es), g and (ft),.p be two
families of elements of M.

Let A be an invertible S x T-matrix. Thus, A~! is a T x S-matrix.

Assume that the family (es),c g expands in the family (f;),c, through the matrix A. Then:

(a) The family (f;),cr expands in the family (e,),.q through the matrix A=,

(b) The k-submodule of M spanned by the family (es),.g is the k-submodule of M spanned by the
family (f¢)ycp-

(c) The family (es),cg spans the k-module M if and only if the family (f;),., spans the k-module M.

(d) The family (es), g is k-linearly independent if and only if the family (f;),. is k-linearly independent.

(e) The family (es), g is a basis of the k-module M if and only if the family (f;),cp Is a basis of the
k-module M.

Exercise 11.1.15. Prove Theorem 11.1.14.

Definition 11.1.16. Let M be a k-module. Let S be a finite poset. Let (es), g and (fs),.g be two families
of elements of M.

(a) We say that the family (es), g expands triangularly in the family (fs),cg if and only if there exists
a triangular S x S-matrix A such that the family (e,), g expands in the family (fs), g through the
matrix A.

(b) We say that the family (es),.g erpands invertibly triangularly in the family (fs),cq if and only if
there exists an invertibly triangular S x S-matrix A such that the family (e;), g expands in the
family (fs),cg through the matrix A.

(c) We say that the family (es),.q expands unitriangularly in the family (fs),cg if and only if there
exists a unitriangular S x S-matrix A such that the family (es), g expands in the family (fs) g
through the matrix A.

Clearly, if the family (es), . g expands unitriangularly in the family (fs) g, then it also expands invertibly
triangularly in the family (fs),.g (because any unitriangular matrix is an invertibly triangular matrix).

We notice that in Definition 11.1.16, the two families (e;),.g and (fs),cg must be indexed by one and
the same set S.

The concepts of “expanding triangularly”, “expanding invertibly triangularly” and “expanding unitrian-
gularly” can also be characterized without referring to matrices, as follows:

Remark 11.1.17. Let M be a k-module. Let S be a finite poset. Let (es),.g and (fs), g be two families
of elements of M. Let < denote the smaller relation of the poset S, and let < denote the smaller-or-equal
relation of the poset S. Then:

(a) The family (es),.g expands triangularly in the family (fs),cg if and only if every s € S satisfies
es = (a k-linear combination of the elements f; for ¢ € S satisfying t < s).

(b) The family (es),. g expands invertibly triangularly in the family (fs),.g if and only if every s € S
satisfies

es = asfs + (a k-linear combination of the elements f; for ¢t € S satisfying ¢t < s)

for some invertible oy € k.
(c) The family (es),.g expands unitriangularly in the family (fs),.g if and only if every s € S satisfies

es = fs + (a k-linear combination of the elements f; for ¢t € S satisfying ¢ < s) .

326\We are requiring the finiteness of S and T mainly for the sake of simplicity. We could allow S and T to be infinite, but
then we would have to make some finiteness requirements on A and A~1.
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All three parts of Remark 11.1.17 follow easily from the definitions.

Example 11.1.18. Let n € N. For this example, let S be the poset {1,2,...,n} (with its usual order).
Let M be a k-module, and let (es),.g and (fs),.g be two families of elements of M. We shall identify
these families (es),.g and (fs),cg With the n-tuples (e1,ez,...,e,) and (f1, f2,..., fn). Then, the family
(€s)ses = (e1,€2,...,€,) expands triangularly in the family (fs),cq = (f1,f2,..., fn) if and only if, for

every s € {1,2,...,n}, the vector es; is a k-linear combination of f1, fa,..., fs. Moreover, the family
(€s)seg = (€1,€2,...,¢e,) expands unitriangularly in the family (fs),cq = (f1, f2,..., fnu) if and only if, for
every s € {1,2,...,n}, the vector e; is a sum of f; with a k-linear combination of f1, fa,..., fs—1.

Corollary 11.1.19. Let M be a k-module. Let S be a finite poset. Let (es),.g and (fs),cg be two families
of elements of M. Assume that the family (es),.q expands invertibly triangularly in the family (fs)
Then:

(a) The family (fs),cq expands invertibly triangularly in the family (es),cg-
e k-submodule o spanned by the family (es is the k-submodule o spanned by the
b) The k-submodule of M d by the famil scs 1s the k-submodule of M d by th
family (fs),cg-
(c) The family (es),.g spans the k-module M if and only if the family (f),.g spans the k-module M.
d) The family (eg is k-linearly independent if and only if the family (f is k-linearly indepen-
y s€S y Y y s€S y
dent.
e e lamily (eg is a basis of the k-module if and only if the family (fs)..o IS a basis of the
The famil scg 1 a basis of the k-module M if and only if the family (fs),cg is a basis of th
k-module M.

seSs”

Exercise 11.1.20. Prove Remark 11.1.17 and Corollary 11.1.19.

An analogue of Corollary 11.1.19 can be stated for unitriangular expansions, but we leave this to the
reader.
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