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HOPF ALGEBRAS IN COMBINATORICS
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ABSTRACT. Certain Hopf algebras arise in combinatorics because they have bases naturally parametrized
by combinatorial objects (partitions, compositions, permutations, tableaux, graphs, trees, posets, polytopes,
etc). The rigidity in the structure of a Hopf algebra can lead to enlightening proofs, and many interesting
invariants of combinatorial objects turn out to be evaluations of Hopf morphisms.

These are lecture notes for Fall 2012 Math 8680 Topics in Combinatorics at the University of Minnesota
taught by the second author. 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. Be warned that these notes are
highly idiosyncratic in choice of topics, and they steal heavily from the sources in the bibliography.
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1. WHAT 1S A HOPF ALGEBRA?

The standard references are Abe [1] and Sweedler [76], and some other good ones are [15, 19, 41, 56]. A
reference which we discovered late, having a great deal of overlap with these notes is Hazewinkel, Gubareni,
and Kirichenko [29].

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

Warnings: Unless otherwise specified ...

k here usually denotes a field, but sometimes we’ll want to take k = Z,

all maps between k-modules are k-linear,

all tensor products are over k, and

1 will denote the multiplicative identity in some ring like k or in some k-algebra, but also denote
the identity map on various spaces.

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

e The product of permutations a € &,, and b € &,, is defined by (ab)(i) = a(b(i)) for all i.
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...ar when this is not likely to be confused for
multiplication.

Hopefully context will resolve some of the ambiguities.

1.1. Algebras.

Definition 1.1. An associative k-algebra A is a k-vector space with an associative operation A ® A 55 A,
and a 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:
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(1.1) ARARA

AR A AR A
(1.2) A@k<—A— koA
1®ul 1l lu@l
AAL s A< A A

where the maps A -+ A®k and A — k ® A are the isomorphisms sending a — a ® 1 and a — 1 ® a.

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

Example 1.2. The tensor algebra T(V) = @, V" on a k-vector space V, say with k-basis {x;}icr, is an
associative k-algebra with a k-basis of decomposable tensors z;, - - - x;, = x;, ® --- ® x;, indexed by words
(i1,...,1x) in the alphabet I, and multiplication defined k-linearly by concatenation of words:

m(xllxzk & Tj, "'Ije) = Tyt Ly Lyt Ly

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

Example 1.3. The symmetric algebra Sym(V) = @,,~, Sym" (V') is the quotient of T'(V') by the two-sided
ideal generated by all elements 2y — y with z, 4 in V. It can be identified with a (commutative) polynomial
algebra k[z;]icr, having a k-basis of (commutative) monomials x;, - --x;, as (i1,...,4;) runs through all
finite multisubsets of I, and with multiplication defined k-linearly via multiset union.

Topology and group theory give more examples.

Example 1.4. The cohomology algebra H*(X;k) = @, H'(X;k) with coefficients in k for a topological
space X has an associative cup product. ITts unit k = H*(pt; k) A H *(X;k) is induced from the unique
(continuous) map X — pt, where pt is a one-point space.

Example 1.5. For a group G, the group algebra kG has k-basis {t,},e¢ and multiplication defined k-linearly
by tgtn = 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 1.6. A co-associative coalgebra C' is a k-vector space C with a comultiplication, that is, a k-linear

map C A Cce C, and a counit C % k making commutative the diagrams as in (1.1), (1.2) but with all
arrows reversed:

(1.3) CaCaC

y w
CeC cecC
X /

C
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(1.4) Ck—(C~<~—k®C

1®5T 1T e®1T

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

One often uses the Sweedler notation
Al)=D a®a=) ade
()
to abbreviate formulas involving A. For example, commutativity of the left square in (1.4) asserts that

2o Cre(e2) = c.

Example 1.7. The homology H.(X; k) = @izo H;(X;k) for a topological space X is naturally a coalgebra:
the (continuous) diagonal embedding X — X x X sending x — (z, z) induces a coassociative map

H.(X;k) - H (X x X;k) 2 H, (X; k) ® Ho (X k)

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

1.3. Morphisms, tensor products, and bialgebras.

Definition 1.8. A morphism of algebras A % B makes these diagrams commute:

(1.5) A—*% . B A i B
mAT TmB \ /
UA up

Ao A22 Bo B k

Here the subscripts on m 4, 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' 5 D making the reverse diagrams commute:

(1.6) C D C i D
Acl lAD \ /
ec [35)
Coc22 peD Kk

Example 1.9. 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).

Definition 1.10. 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’ b)) :=aad’ @b

or in other words m g p is the composite map

A9BoAoB'Y S A2 A9 BoB ™' Ao B

where T is the twist map B ® A — A® B that sends b®@ a — a ® b.

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

(1.7) b®ar—s (—1)deel@)des®)y o p,
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This means that most of our examples which we later call graded should actually be considered to live in
only even degrees, e.g. by artificially doubling their grading. We will ignore this issue, and hope that it
causes no confusion later!

The unit element of A ® B is 14 ® 1p, meaning that the unit map k “2%% A ® B is the composite

k—kok "2 A B.

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

CeDP cwceDeD' ' coDeoCwD
and
CoD““Pkok —k
One of the first signs that these definitions interact nicely is the following straightforward proposition.

Proposition 1.11. 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
ARA
ARARARA m
10T®1 A
ARAR AR A A
(1.8) i
AR A
A9 A5 kek Kk—" A
R SN

Definition 1.12. Call the k-vector space A a k-bialgebra if it is a k-algebra and k-coalgebra satisfying the
three equivalent conditions in Proposition 1.11.

Example 1.13. For a group G, one can make the group algebra kG a coalgebra with counit kG' < k mapping

ty — 1 for all g in G, and with comultiplication kG 3 kG @ kG given by A(t,) =ty ® ty. Checking the
various diagrams in (1.8) commute is easy. For example, one can check the pentagonal diagram on each
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basis element ¢, ® tj,:

ty @ 1tp

ARA

ty @ty @ty @ty m
1QT®1 tgn

tyQtp @t A
g h®tg @th

mm

tgh ® tgh

Remark 1.14. 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 @ 1tg.

Definition 1.15. An element x in a coalgebra for which A(x) = 2 ® x and e(x) = 1 is called group-like.
An element z in a bialgebra for which A(x) =1 ® x4+ 2 ® 1 is called primitive.

Example 1.16. The tensor algebra T(V) = €D,,>, V" is a coalgebra, with counit € equal to the identity
on V®0 = k and the zero map on V®" for n > 0, and with comultiplication defined to make the elements x
in V®! =V all primitive:

Alx):=1®@z+2z®1 for x € 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) E3 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
(1®A)oA)(z) =211+ 12z1+101z=((A®1)cA)(z)

for every x in V. Hence the two maps (1 ® A) o A and (A ® 1) 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 (1.4).

Here is a sample calculation in T'(V') when V has basis {z,y, z}:

A(zyz) = A(z)A(y)A(2)
=l®z+z)(Iy+y®1l)(1®z+21)
=1l@ry+zy+yRc+ry1)(1z+211)
=1Qryz+2rQyz+yRrz+2Qay

+ryR®z+r2Qy+yzQr+aryz®1

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

A(vivg - vp) = Z% SV, @ Uk UK,
where the sum is over ordered pairs (j1, j2, ..., jr), (k1, k2, ..., kn—pr) of complementary subwords of the word
(1,2,...,n). !

Recall one can quotient a k-algebra A by a two-sided ideal J to obtain a quotient algebra A/J.

IMore formally speaking, the sum is over all permutations (j1,j2,...,Jr, k1, k2, ..., kn—r) of (1,2,...,n) satisfying ji1 <
Jo << grand k1 <ks <-- <kp_p.
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Definition 1.17. In a coalgebra C, a two-sided coideal is a k-linear subspace J C C for which
AJ)cJ@C+CoJ
e(J)=0

The quotient space 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.

Example 1.18. The symmetric algebra Sym(V') was the quotient of T'(V') by the two-sided ideal J generated
by all commutators |x,y] = xy — yx for x,y in V. Note that x,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)
=1lerz+2z)(1y+y])—(1y+yel)(lz+z1)
=1y —1Qyr+aryR1l—yrxl
FrRY+yYRr -y -y
=1® @y —yr)+ (zy—yr)®1
=1®[z,y]+[z,y® L
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.

(1.9)

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 1.19. A graded k-vector space V is one with a k-vector space direct sum decomposition V =
D, Vn- Elements x in V,, are called homogeneous of degree n, or deg(x) = n. When we are working with
k = Z, we will always assume that graded Z-modules V = P,,~¢ Vn have each V,, a free Z-module.

One endows tensor products V' ® W of graded vector spaces V, W with graded vector space structure in
which (V @ W), := @ Vi @ W;.

A k-linear map V' A W between two graded k-vector spaces is called graded if ¢(V,,) € W, for all n.
Say that a k-algebra (coalgebra, bialgebra) is graded if it is a graded k-vector space and all of the relevant
structure maps (u, e, m, A) are graded.

Say that a graded vector space V' is connected if Vj = k.

i+j=n

Example 1.20. 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
carrying the structure of graded connected coalgebras and algebras, respectively. If in addition, X is a
topological group, or even less strongly, an 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 (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 [14, §2].

Example 1.21. Tensor algebras T'(V') and symmetric algebras Sym (V') are graded, once one picks a graded
vector space structure for V; then

deg(xil o "Tik) = deg(mil) +oee deg(xik)'

Assuming that Vy = 0, the 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.
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Exercise 1.22. Check that for a graded connected k-bialgebra A, the gradedness of the unit u and counit
€ maps, along with commutativity of diagrams (1.2), (1.4), and (1.8) imply

(a) k lies in Ay,

(b) u is an isomorphism k - Ay, while

)
(c) the two-sided ideal ker € is the space of positive degree elements I = &, . Ay.
()
)

d) e restricted to Ag is the inverse isomorphism Ag Skto u, and
(e) every zx in I has comultiplication of the form

Alx)=1@z+21+ A (z)
where A, (z) lies in I ® I.

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 graded connected case.

Definition 1.23. 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: send f,g in Hom(C, A) to f * g defined by
(fxg)(c) =3 f(c1)g(ca), using the Sweedler notation A(c) = > ¢1 ® co. Equivalently, f x g is the composite

ccec®apa A
One sees that u o € is a two-sided identity element for x, meaning that
D fler)e(er) = f(e) = eler) flea)

by adding a top row to (1.4):

(1.10) AQk——=A<~—k® A

f®1T fT 1®fT
Ck—C=——-ka(C
SR
CeC ~— C — cxC
In particular, when one has a bialgebra A, the convolution product x gives an associative algebra structure
on End(A4) := Hom(A4, A).

Definition 1.24. 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 14. In other words, this diagram commutes:

S®1 4

(1.11) A®A A® A
/ X
A < k v A
X /
AR A AR A
1A®

Or equivalently, if A(a) = > a1 ® ag, then
(1.12) > S(a1)az = u(e(a)) =Y a15(az).
(a) (a)

Example 1.25. For a group algebra kG, one can define an antipode k-linearly via S(tg) = t,~1. The top
pentagon in the above diagram commutes because

(S*x1)(tg) =m((S@1)(t; ®1ty)) = S(tg)ty =tg-1tg =te = (uo€)(ty).
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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 14 then

S =(uoe) xS =(Sx1a) xS " =Sx(1axS)=S%(uoe)=S5.
On the other hand, the next property is not quite as obvious, but is useful when one wants to check that

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

Proposition 1.26. 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 [76, Chap. 4]) Since A is an algebra map, one has A(1) = 1 ® 1, and therefore 1 = ue(1) =
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 x 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
gla®b) = S(b)S(a)
h(a ®b) = S(ab)
have the property that
(1.13) h®f =uaeaga = f®g
which would then show the desired equality h = g via associativity:
h = h®(uacapa) = h®(fog) = (h® f)®g = (uacaga)®g = g.

So we evaluate the three elements in (1.13) on a ®b, assuming A(a) = }_,) a1 ®az and A(b) = 3, b1 @ be,
and hence A(ab) = Z(a),(b) a1b1 ® asbs. One has

(uaeaga)(a®b) =ua(ea(a)ea(b)) = ua(ea(abd)).

(h@f)a®b) = > h(ar @by)f(as @ by)
(a),(b)
= Z S(albl)agbg
(a),(b)
= (Sx14)(ab) = ualea(ab)).

(fog)a®b) = Y flar @bi)g(as ® b)
(a),(0)

= Z albls(bg)S(az)
(a),(0)

= a1-(1a*S)(b) - S(az)
@

=ua(ea(h)) Y a15(az) = ua(ea(b))ua(ea(a)) = ualea(ab))
(a)
]

Remark 1.27. Recall from Remark 1.14 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 space M* := Hom(M, k), defined via
(fa)(m) := f(am) for fin 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).
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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 (tyf)(m) = f(tg-1m).

Along the same lines, we are supposed to think of the counit A 5 k as giving a way to make k into a
trivial A-module.

Corollary 1.28. Commutativity of A implies the antipode is an involution: S? = 14.
Proof. One checks that S = S o S is a right x-inverse to S, and hence S? = 14:
(S*S?)(a) = S(a1)S*(az)
(a)

=S5 Z S(az)ay | by Proposition 1.26
(a)

= 5 (u(e(a)))
u(e(a)) since S(1) =1 by Proposition 1.26.

O

Remark 1.29. We won'’t need it, but it is easy to adapt the above proof to show that S? = 14 also holds for
cocommutative Hopf algebras; see [56, Corollary 1.5.12] or [76, Chapter 4]. For a general Hopf algebra which
is not finite-dimensional over k, the antipode S may not even have finite order, even in the graded connected
setting. E.g., Aguiar and Sottile [6] show that the Malvenuto-Reutenauer Hopf algebra of permutations has
antipode of infinite order. In general, antipodes need not even be invertible [77].

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

Proposition 1.30. A graded connected bialgebra A has a unique antipode S, which is a graded map A 5, A,
endowing it with a Hopf structure.

Proof. Let us try to define a (k-linear) left x-inverse S to 14 on each homogeneous component A,,, via
induction on n.

In the base case n = 0, Proposition 1.26 and its proof show that one must define S(1) = 1 so S is the
identity on Ay = k.

In the inductive step, recall from Exercise 1.22 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 x 14 = ue, one must define
S(a) in such a way that S(a) -1+ > S(a1)az = ue(a) = 0 and hence S(a) := — 3 S(a1)az, where S(ay)
have already been uniquely defined by induction. This does indeed define such a left x-inverse S to 14, by
induction. It is also a graded map by induction.

The same argument shows how to define a right x-inverse S’ to 14. Then S = S’ is a two-sided -inverse
to 14 by the associativity of x. O

Here is another consequence of the fact that S(1) = 1.
Proposition 1.31. In bialgebras, primitive elements x have e(x) = 0, and in Hopf algebras, they have
S(z) = —=x.
Proof. In a bialgebra, e(1) = 1. Hence A(z) = 1® z + 2 ® 1 implies via (1.4) that 1-e(z) + e(1)z = z, so
e(z) = 0. It also implies via (1.11) that S(z)1 + S(1)z = ue(z) = 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 1.32. 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

(114) S(‘Til Ty -~ "Tik) = (_xlk) T (_‘Tiz)(_wil) = (_1)191:% T iy Ty
for each word (i1, . .., i) in the alphabet I. The same holds in Sym(V') for each multiset (i1, . .., 4x), 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.
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The antipode for a graded connected Hopf algebra has an interesting formula due to Takeuchi [77],
reminiscent of P. Hall’s formula for the Mdbius function of a poset?. For the sake of stating this, define the
k-fold tensor power A®* = A® ---® A and define iterated multiplication and comultiplication maps

e m(k—1)
—
A AT e
by mtD =4, ACD = ¢, m©® = A =1, and
m®  =mo(ly@m*1) =mom*1g1y,)

AR =12 AF D)o A =(AFD®1, 0A
using associativity, coassociativity to show that these are well-defined. They are how one gives meaning to
the right sides of these equations:
m) (a(l) R ® a(kH)) — aM ... gk+D)

AP (b) = Z b1 ® -+ ® bry1 in Sweedler notation.

Proposition 1.33. In a graded connected Hopf algebra A, the antipode has formula
S — Z(_l)km(k—l)f®kA(k—l)
(1.15) k>0
:ue—f—l—mof®20A—m(2)of®3oA(2)+-~-
where [ := 14 — ue in End(A).
Proof. We argue as in [77, Lemma 14] or [6, §5]. For any f in End(A) one has this explicit formula for its
k-fold convolution power f** := f«%---% f in terms of its tensor powers f® := f® ... @ f:
f*k _ m(k—l) o f®k ° A(k_l).
Therefore any f annihilating Ay will be locally *-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=Y (q)

must contain among its m tensor factors at least one factor lying in Ay, so each summand is annihilated by
Fem and f*™(a) = 0.
In particular such f have the property that ue 4+ f has as two-sided *-inverse

(e+ f)*CD —we— fofaf—frfrft--
= Z(_l)kf*k _ Z(_l)km(k—l) o f®k o A(k_l),
k>0 k>0

The proposition follows upon taking f := 14 — ue, which annihilates Ay. O

Remark 1.34. 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 14 — we is locally x-nilpotent.
It is also worth noting that the proof of Proposition 1.33 gives an alternate proof of Proposition 1.30

To finish our discussion of antipodes, we mention some properties (taken from [76, Chap. 4]) relat-
ing antipodes to convolutional inverses. It also shows that a bialgebra morphism between Hopf algebras
automatically respects the antipodes.

Proposition 1.35. Let H be a Hopf algebra with antipode S.

(a) For any algebra A and algebra morphism H <5 A, one has a0 S = o*~1, the convolutional inverse
to « in Hom(H, A).

(b) For any coalgebra C' and coalgebra morphism C 2 H, one has S o v =4
inverse to v in Hom(C, H).

L the convolutional

(¢) If Hy, Ho are Hopf algebras with antipodes S1,Sa, then any bialgebra morphism Hq g Hy is a Hopf

b
morphism, that is, it commutes with the antipodes, since 3 o Sy @ g1 ® Sy 0 3.

’In fact, for incidence Hopf algebras, Takeuchi’s formula generalizes Hall’s formula— see Corollary 6.11.
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Proof. We prove (a); the proof of (b) is similar, and (c¢) follows immediately from (a),(b) as indicated in its
statement. Begin with the following: given an algebra morphism A % A’ and coalgebra morphism C' =% C,
the pre- and post-composition f —s o fo~y is a convolution algebra morphism Hom(C”, A) < Hom(C, A’),
as one can check that p(us o €cr) = aougoecr oy =wuy o€, and
o(f *g) =ao(f*g)oy

—aomo(f@g)oAoy
(1.16) =mo(a®@a)o(f®g)o(y®y)oA

=mo((aofoy)®(acgoy))oA

= @(f) x ¢(g)-
For assertion (a), note that a special case of the above observation shows f — a o f gives a convolution-
algebra morphism Hom(H, H) % Hom(H, A), and hence

aoS = QD(S) = ((1H)*71) _ ((p(lH))*fl _ (a o 1H)*71 _ Oz*il.

1.5. Commutativity, cocommutativity.

Definition 1.36. Say that the k-algebra A is commutative if ab = ba, that is, this diagram commutes:

(1.17) AgA—TL -~ AmA

\/

Say that the k-coalgebra C' is cocommutative if this diagram commutes:

(1.18) cec—T .coscC

A

Example 1.37. Group algebras kG are always cocommutative, but commutative if and only if G is abelian.
Tensor algebras T'(V) are always cocommutative, but commutative if and only if dimy, V' < 1.
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 (1.7).

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

Exercise 1.38. Recall that a Lie algebra over k is a k-vector space g with a k-bilinear map [, | that satisfies
[x,2] = 0 for z in g, and the Jacobi identity

[z, [y, 2]] = [[=,v], 2] + [y, [z, 2]], or equivalently

[, [y, 2]] + [z, [z, y]] + [y, [z, 2]] = 0.
(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-subspace 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 — ya — [z, y] for
T,y in p.

(c) 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.
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(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 [14, §3.8], [56, Chap. 5|, giving various mild hypotheses in addition to
cocommutativity which imply that the inclusion of the space p of primitives in a Hopf algebra A extends to
a Hopf isomorphism U (p) = A.

1.6. Duals. Recall that for finite dimensional k-vector spaces V, taking the dual space V* := Hom(V, k)

*

reverses k-linear maps. That is, V 5 W induces W* £ V* defined uniquely by

(f,0(v) = (¢"(f);v)

in which (f,v) is the bilinear pairing V* x V' — k sending (f,v) — f(v). When ¢ is expressed in terms of a
basis {v; }ier for V, the map ¢* is expressed by the transpose matrix in terms of the dual basis { f;};cr for
V* that satisfies (f;,vj) = &; ;, where d; ; is the Kronecker delta: 6, ; =1 if i = j and 0 else.

When discussing graded vector spaces V' = @, ,V, of finite type, meaning that each Vj, is finite-
dimensional, note that V* can contain functionals f supported on infinitely many V,. Instead we will
consider the subspace V¢ := @, .,(V,)* C V*, sometimes called the restricted dual, consisting of the
functions f that vanish on all but finitely many V;,, which is again a graded vector space of finite type.

Reversing the diagrams should then make it clear that, in the finite-dimensional 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 uniquely defines the coproduct of A° via
adjointness:

(AAO (f)v a® b)A@A = (fv ab)A-
Thus if A has a basis {a;}ier with product structure constants {c} , }, meaning
a;ar = ZC?JJ%,
icl
then the dual basis {f;}icr has the same {c}} as its coproduct structure constants:
Age(fi) = Z cufi © fr.
(j.k)eIxI

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

Definition 1.39. Given two words a = (a1, as,...,a,) and b = (b1, ba, ..., by, ), the multiset of shuffles of a
and b is defined as the multiset
{(cw) cw@) - Comem) | wEShnmb i
where (¢1, ¢a, ..., Cnm) i the concatenation a-b = (ay, as, ..., an, b1, ba, ..., by, ), and where Shy, 4, is the subset
fweGnym | w ) <w ' 2)<--<w(n); wlh+l)<w '(n+2)<--<w ' (n+m)}

of the symmetric group G,,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 overlayed. In particular, any shuffle of ¢ and b contains a and b as
subsequences. The multiset of shuffles of ¢ and b has (m:") elements (counted with multiplicity) and is
denoted by a W 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),

listed here with the multiplicities with which 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 w=! (1), w=* (2), ..., w™! (n).
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Example 1.40. When A = T(V) is the tensor algebra for a finite-dimensional k-vector space V', having
k-basis {2;}icr, its restricted dual A° is another Hopf algebra whose basis {y, ... ;,)} is indexed by words
in the alphabet I, called the shuffle algebra of V*. Duality shows that the cut coproduct in A° is defined by

For example,
Ayu,bcb = Yo @ Yabeb T Ya @ Yveb T Yab @ Yeb + Yabe @ Yb + Yabeb @ Yoz
Duality also shows that the shuffle product in A° will be given by
y(il7~~~)if)y(j17“~)j7n) = Z y(k1,...,k}g+m)

k=(k1,....keqm)€iL]

where i W j (as in Definition 1.39) denotes the multiset of the (Hgm) words obtained as shuffles of the two
words i = (i1,...,4¢) and j = (j1,...,jm). For example,
YabYeb = Yabeb + Yacbb + Yeabb + Yeabb + Yacbb + Yebab
= Yabeb T 2yacbb + 2ycabb + Yebab

Equivalently, one has

Ylivyiz,osio)Yliosriiera, o iecrm) = § : Yli =101y by =1 (29 sFup—1 (4m))”
WES g4t
w(l)<--<w(),
w(l+1)<---<w(+m)

Lastly, the antipode S of A° is the adjoint of the antipode of A = T'(V') described in (1.14):

Sy(il,ig ..... i[):(_l)gy(i@ ..... i9,i1)"

~

Exercise 1.41. Let V be a 1-dimensional vector space with basis element 2, so Sym(V') = k[z], with k-basis
{1 =202t 22 ..}
(a) Check that the powers z* satisfy

xtgd =gt

A(z™) = iﬂzzn (?) r' @ a2’

S(x"™) = (=1)"z"
(b) Check that the dual basis elements {f(©, (1 2 1 for Sym(V)°, defined by f)(27) = §; ;, satisfy

O 76 = <iﬂ>f<i+j>
(3
A(f(")) _ Z f(i) ® f(j)
i+j=n

S(f™) = (=1

(c) Show that if k has characteristic zero, then the map Sym(V)° — Sym(V') sending f(™) Z—T,L 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 has characteristic p > 0, one has (f(Y))? = 0, and hence why there can be no Hopf
isomorphism Sym(V)? — Sym(V).

Exercise 1.42. Let V have k-basis {z1,...,z,}, and let V@V have k-basis {z1,...,2n, Y1, .., Yn}, so that
one has isomorphisms

Sym(V @ V) 2 k[x,y] 2 k[x] ® k[y] = Sym(V) ® Sym(V).
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(a) Show that our usual coproduct on Sym(V') can be re-expressed as follows:
Synﬁ(V) Sym(V') <|2|<> Sym(V')
K k[x.y]
flx1,.. o xn) — fr1 4y, T+ Yn)
In other words, it is induced from the diagonal map
Vv — VeV

(1.19) T — ity

(b) One can similarly define a coproduct on the exterior algebra AV, which is the quotient T(V)/.J where
J is the two-sided ideal generated by the elements {2%(= # ® #)},ey in T?(V). This becomes a graded

commutative algebra
AV =P natv <_ EBNW) ,
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
(1.7)). One again has A(V @& V) = AV ® AV as graded algebras. Show that one can again let the diagonal
map (1.19) induce a map

A(V) 2, AV @ AV
f(xlu"'uxn) — f($1+y177xn+yn)
| [
Eci17~~~;id R OTARRRNAR 2 Zci1,~~~7id : (xil + yil) ARRRNA (xid + yid)

which makes AV into a graded connected Hopf algebra.

(c) Show that in the tensor algebra T'(V), if one views the elements of V = V®! as having odd degree, then
for any x in V one has A(2?) = 1@ 22 + 22 ® 1.

(Hint: Make sure you use the convention (1.7) in the twist map!)

(d) Use part (d) to show that the two-sided ideal J C T'(V') generated by {2%}.cv 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).
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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 [49, Chap. 1], Sagan [62, Chap. 4], and Stanley [72, Chap. 7], but emphasizing the Hopf
structure early on.

2.1. Definition of A. As before, k here could either be a field or the integers Z. Given an infinite variable set
x = (21, x2,...), a monomial x* := z{"" 252 - - - is indexed by an element o = (ay, ag,...) 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
Co in k of bounded degree, that is, where there exists some bound d = d(f) for which deg(x®) := 3. o; > 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 &y = [J,,~; &, of the infinite ascending chain &; C &, C --- of symmetric
groups.

Definition 2.1. The ring of symmetric functions in x with coefficients in k, denoted A = Ax = A(x) =
Ax(x), is the &(o,)-invariant subalgebra R(x)®) of R(x):

A= {f = anxo‘ € R(x) : cq = ¢ if , § lie in the same G(W)—orbit} .

Note that A is a graded k-algebra, since A = @, -, Ay, where A,, are the symmetric functions f =3 cox®
which are homogeneous of degree n, meaning deg(x*) = n for all ¢, # 0.

Definition 2.2. A partition A = (A1, A2, ..., A, 0,0,...) is a weak composition whose parts weakly decrease:
A1 > -+ > X > 0. One sometimes omits trailing zeroes from a partition. The (uniquely defined) ¢ is said to
be the length of the partition \. The sum Ay + Ao + -+ Ap = A1 + Ao + - -+ of all parts of A is called the
size of X\ 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 > --- > A¢ > 0. For any partition A, define the monomial symmetric function

(2.1) my = Z x“.
OLGG(OO)A

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

Example 2.3. For n = 3, one has
m(s) :xi’—kx%—kx%—k-u
_ .2 2 2 2
M(2,1) = T1T2 + 125 + X723 + T1x3 + -+
M(1,1,1) = T1T2T3 + T1X2T4 + T1T3%4 + T2T3T4 + T122X5 + - - -

Remark 2.4. Tt is sometimes convenient to work with finite variable sets x1,...,z,, which one justifies as
follows. Note that the algebra homomorphism

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

which sends 41, Zp12, ... to 0 restricts to an algebra homomorphism

Ak(x) = Aw(x1, ... xn) = K[z, ..., 2,]%7.

Furthermore, this last homomorphism is a k-linear isomorphism when restricted to A; for 0 < i < n, since
it sends the monomial basis elements m(x) to the monomial basis elements my(z1,...,2,). Thus when
one proves identities in Ay(x1,...,x,) for all n, they are valid in A, that is, A is the inverse limit of the
A(xq,...,x,) in the category of graded k-algebras.
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One can also define a comultiplication on A as follows. Note that when one decomposes the variables into
two sets (x,y) = (21, 22,...,Y1,%2,...), one has a ring homomorphism

R(x)® R(x) — R(x,y)
Fx)@g(x) — F)g(y).
This restricts to an isomorphism
(2.2) A®A=R(x)%= @ R(x)% — R(x,y)5 ) *S @

where &) X &) denotes permutations of (finite subsets of) the x and separate permutations of (finite
subsets of) the y, because R(x,y)®*S@) has Z-basis {mx(x)m,(y)}rucpar- AS () X () is a
subgroup of the group &) acting on all of (x,y), one gets an inclusion of rings

A(x,y) = R(x,y)%) < R(x,y)% XS 2 A @ A
where the last isomorphism is the inverse of the one in (2.2). This gives a comultiplication
A=Ax) 2 Axy) > A®A
fx) = f(z1,22,...) — f(xy)=f(x1,22,-.-,Y1,Y2,--.).
Example 2.5. One has
Amyany = m (71,22, .-, Y1, Y2, - - )
:x%xg—i—xlx%—i—---
N
+ 21y} + 2195 +
+yiye gy 4+
=m(2,1)(X) + m2)(x)ma)(y) + ma)(x)me)(y) + m@e1)(y)
=my2,1) @1+ m) @ my + m) @ me) + 1@ mea 1.
This example generalizes easily to the following formula

(2.3) Amy = Z my, @ my,.

(pv):

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

Checking that A is coassociative amounts to checking that
(A®1)oAf=f(xy,2) =(1@A)oAf

inside A(x,y,z) as a subring of A ® A ® A. The counit A > k is defined in the usual fashion for graded
connected coalgebras, namely ¢ 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 graded connected k-bialgebra of
finite type, and hence also a Hopf algebra by Proposition 1.30. 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 2.6. Define the families of power sum symmetric functions p,, elementary symmetric functions

en, and complete homogeneous symmetric functions h,, forn =1,2,3,... by
Pn =ar +ay 4 = M(n)
en =D i coci, Tiy T, = M)

hp = Zilg---gin Liy =+ Liyy, = Z)\GParn mx
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where (1") = (1,1,...,1), using a multiplicative notation A = (1™12™2...) if the multiplicity of the part 4
in A is m;. By convention, also define hg = ey = 1, and h, = e, =0 if n < 0. Extend these multiplicatively
to partitions A = (A1, Aa, ..., A¢) with Ay > -+ > X\, > 0:

PX = PxiPxy DXy

€e) = 6)\16)\2 .. ~6)\e

hy = hx hx, -+ hy,
Also define the Schur function

(2.4) Sy 1= Z xeont(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 X\, weakly increasing left-to-right in rows, and strictly increasing top-

=l
to-bottom in columns. Here x*°™*(") = [T, x‘iT O For example,

111 47
2 3 3
T=1 145
6 7
is a column-strict tableau of shape A\ = (5,3,3,2) with x°°"*(") = p3zl223202222.

Example 2.7. One has
ma) =pa) =€) = hay =sq) = a1+ x4
S(n) = hn
S(in) = en
Example 2.8. One has for A = (2,1) that

b1y =Pp2p1 = (@2 4+ a3+ ) +a9+--)
= Mmy2,1) + M(3)

€(2,1) = €201 = (I1$2+$1I3+"')(ZE1 +.TE2+~-~)
=m,1) +3m,1,1)

hiaqy =hohy = (i + a3+ - +xzs + w3+ ) (@1 + a2+ -)
=m3) + 2ma,1) +3ma 1)

and
8(2,1) = $%$2 +$%I3 —|—a:1x§ —I—xm% +r1x003 +T1T23 +T1T2T4 + -
11 11 12 13 12 13 12
2 3 2 3 3 2 4

=mz,1) +2ma1,)
In fact, one has these transition matrices for n = 3 expressing elements in terms of the monomial basis m:

PB)y P, P €(3) €(2,1) €(1,1,1)
m(3) 1 1 1 m(g) 0 0 1
m(211) 0 1 3 m(211) 0 1 3
m(Ll 1) 0 0 6 m(lﬂlyl) 1 3 6

hzy Ay haa @) S21)  S(1,1,1)
m(3) 1 1 1 m(3) 1 0 0
m(gyl) 1 2 3 m(211) 1 1 0
m(171)1) 1 3 6 m(1)171) 1 2 1

Our next goal is to show that py, ey, sa, hy all give bases for A. However at the moment it is not yet even
clear that sy are symmetric!
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Proposition 2.9. Schur functions sy are symmetric, that is, they lie in A.

Proof. Tt suffices to show s) is symmetric under swapping the variables x;, x;41, by providing an involution
¢ on the set of all column-strict tableaux T' of shape A which switches the cont(T) for (i,7 4+ 1) cont(T).
Restrict attention to the entries ¢,7 + 1 in 7', which must look something like this:
i i i 1 i+1 i+1
i i vt 1 1 1+1 i+1 ++1 i+1 ++1

t+1 ++1 ++1
z—il— I If one were to remove all such pairs, the remaining entries
would be a sequence of rows, each looking like this:

One finds several vertically aligned pairs

(2.5) Tyby.ooyt i+ 10+1,.00,04+1
N—_——
T occurrences S occurrences

but

An involution due to Bender and Knuth tells us to leave fixed all the vertically aligned pairs Z_:_ 1

change each sequence as in (2.5) to this:

By yioid L+, i+ 1
——
S occurrences T occurrences

For example, the above configuration in 7" would change to
i i i 11 1+1
i i t ¢ t+1 e+1 i+1 i+1 i+1 2+1
i 1+1 i+1
It is easily checked that this map is an involution, and that it has the effect of swapping (i,7 + 1) in
cont(T). O

Remark 2.10. 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<hH<T < <2<4<6<8< -,

Say that an assignment 7" of entries in {1,2,3,...} to the cells of the Ferrers diagram of A 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 2.11. For any total order L on the positive integers,
(2.6) S\ = Zxcom(T)
T

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

Proof. Given a weak composition a = (aq, as,...) with a,+1 = apy2 = --- = 0, assume that the integers
1,2,...,n are totally ordered by £ as w(l) <z --- <z w(n) for some w in &,,. Then the coeflicient of
x® = 2" - 2% on the right side of (2.6) is the same as the coefficient of x®" (@) on the right side of (2.4)
defining sy, which by symmetry of sy is the same as the coefficient of x* on the right side of (2.4). O

It is now not hard to show that py, ey, s) give bases by a triangularity argument. For this purpose, let us
introduce a useful partial order on partitions.

Definition 2.12. The dominance or majorization partial order on Par,,, written \ > u, is defined by

MFX+ -+ A >+ pe+ - F+pu fork=1,2,... n

3This reverse order is what one uses when one defines a Schur function as a generating function for reverse semistandard
tableaux or column-strict plane partitions; see Stanley [72, Proposition 7.10.4].
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Definition 2.13. 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:
(\)i = {72 A5 = i},
It is an interesting (and useful) exercise to check that A >y if and only if u! > AL

Proposition 2.14. The sets {ex}, {sr} as A runs through all partitions give k-bases for Ay for any field k
or k =7Z. The same holds for {px} when k is a field of characteristic zero.

Proof. One can restrict attention to each homogeneous component A,, and partitions A of n. We check that
in each case, the proposed basis expands triangularly in the {m)} with some choice of orderings on Par,
indexing the rows and columns, as illustrated in Example 2.8.

One has s\ = Z# K ,m, where the coefficient K , is the Kostka number counting the column-strict
tableaux T of shape A having cont(T") = p; this follows because both sides are symmetric functions, and
K, is the coefficient of x* on both sides. Since for each positive integer k, the entries 1,2,...,k in 7" must
all lie within the first k£ rows of A\, one has that \; + Xo + -+ Ax > py + po + - -+ + pg, that is, A> pu, so
S\ = Z#:)\w K ,m,. One can also check that K\ » = 1, so this expansion is unitriangular with appropriate
ordering of rows and columns.

One has ey = Z# ax,my where ay , counts matrices with {0,1} entries having row sum X and column-
sum p: when one expands ey, ey, -+, choosing the monomial z;, ...z;, in the ey, factor corresponds to
putting 1’s in the i*" row and columns ji,...,jx, of the {0,1}-matrix. It is not hard to check? that ay
vanishes unless A > . One can also check that ay ¢+ = 1, so this expansion is again unitriangular with
appropriate ordering of rows and columns.

Assume now that k is a field of characteristic 0. One has p) = Z# byx,um, where by, counts the ways
to partition the nonzero parts A1, ..., As into blocks such that the sums of the blocks give u; more formally,
by, is the number of maps ¢ : {1,2,...,¢} — {1,2,3,...} having p; = Zz‘:@(z‘):j i for 5 =1,2,.... Again it
is not hard to check that by, vanishes unless A <y, and hence this expansion is triangular, for appropriate
ordering of rows and columns (but not unitriangular, as by » # 1 in general). The diagonal entries by  are
positive integers and thus invertible in k, so {p,} is a basis. O

Remark 2.15. When k is not a field of characteristic 0, the family {py} is not (in general) a basis of Ay; for
instance, eq = % (p11 — p2) € 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 py equals the Z-linear span of all by xmy. Indeed, if p = (u1, po, . .., x)
with k = £(p), then b, , is the size of the subgroup of &, consisting of all permutations o € &, having each
i satisfy pi,(;) = pi. As a consequence, b, | by, for every partition p of the same size as A (because this
group acts® freely on the set which is enumerated by ba,u), so that by rescaling my with the factor by x we
obtain a unitriangular integer transition matrix.

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

Definition 2.16. For partitions u, A say that u C X if u; < \; for i = 1,2, ..., so the Ferrers diagram for u
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 sy,, := >, xt(T) " where the sum ranges
over all column-strict tableauz 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 2.17.
2 5

-1 01
T= 2 2 4
4 5
is a column-strict tableau of shape \/u = (5,3,3,2)/(3,1,0,0) and it has x°°""T) = 2223292322,

4This is the easy implication in the Gale-Ryser Theorem.
5Speciﬁcally, an element o of the group takes ¢ : {1,2,...,¢} — {1,2,3,...} to 0 o .
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Proposition 2.18. The comultiplication A A A ® A has the following effect on the symmetric functions
discussed so far®:
(i) Apn =1® pn + pn ® 1, that is, the power sums p, are primitive.
(il) Ae, = Ziﬂ:n e ®e;
(i) Ahp =3 = hi ®hy
(iv) Asy = Zug,\ Su @ Sa/u
Proof. Recall that A sends f(x) — f(x,y), and one can easily check that
() pa(xy) =2 a0 + 20 =pa(x) - 14+ 1-paly)
(i) en(x,y) = Zi-l—j:n ei(x)ej (¥)
(i) hn(x,¥) = D54 jmn Ri(x)h;(¥)
For assertion (iv), note that by Remark 2.6, one has

a(ey) = 3 y)e®

T

where the sum is over column-strict tableaux T' of shape A having entries in the linearly ordered alphabet
(2.7) T <Ta < o<y <ya < ---

For example,

ry r1 T1r Y2 Ys

T — T2 Y1 N

Y2 Y2 Y4

Ya 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 Tx of some shape p C A, and the restriction of T to the alphabet y gives a column-strict
tableau Ty of shape A/u (e.g. for T in the example above, the tableau Ty appeared in Example 2.17).
Consequently, one has

S>\(X, Y) _ Zxcont(Tx) . ycont(Ty)
T

_ Z (Z Xcont(Tx)> Z ycont(Ty) _ Z Su (X)S)\/H (}’)

pCA \ T Ty uCx

O

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

bialgebra, it will have an antipode A SA making it a Hopf algebra by Proposition 1.30. However, several
issues will be resolved by identifying S more explicitly now.

Proposition 2.19. Each of {en}n=12,.,{hn}tn=12,.. are algebraically independent, and generate Ak as a
polynomial algebra for any fieldk ork = Z. The same holds for {pn}n=1.2.... when k is a field of characteristic
zero.

Furthermore, the antipode S acts as follows:

(1) S(pn) = —Pn
(ii) S(en) = (=1)"hn
(iil) S(hn) = (—1)"en

yeen

6 The abbreviated summation indexing 3 t;,; used here is intended to mean

E tij-
(3,5):
0<i,j<n,
+y=n

i+j=n



22 DARIJ GRINBERG AND VICTOR REINER

Proof. The assertions that {e, }, {p,} are algebraically independent and generate A are equivalent to Propo-
sition 2.14 asserting {ex}, {pr} give bases for A. The assertion S(p,) = —p,, follows from Proposition 1.31
since p,, is primitive by Proposition 2.18(i).

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

(2.8) Ht) = ﬁu ) = 1 (O B 4 = 3 R ()M
i=1 n>0

(2.9) E(t) = ﬁ(l-f—.%‘it) = 1+€1( )t+€2 Zen
i=1 n>0

which shows that

(2.10) L=E(-tH#) = | Y enx)(=0)" | | D hn(x)t"

n>0 n>0
and hence, equating coefficients of powers of ¢, that for n = 0,1,2,... one has
(2.11) > (=1)eih; = don.
1+j=n

This lets one recursively express the e, in terms of h,, and vice-versa:
eg:=1=:hg
(2.12) €n = €n—1h1 —en_ohy +e€n_3hs — -
hn, =hp_1e1 — hp_oes + hy_3e3 —---
for n =1,2,... Thus if one uses the algebraic independence of the generators {e,, } for A to define an algebra
endomorphism as follows
(2.13) 612 ; 211

then the identical form of the two recursions in (2.12) 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 2.18(ii),(iii) show that the defining relations for their antipodes (1.12) will in this case be

Z S(ei)e; =00 = Z eiS(ej)

i+j=n i+j=n
> S(hi)hy =60m = > hiS(hy)
i+j=n i+j=n

because ue(ey,) = ue(hy) = dp,,. Comparing these to (2.11), one concludes via induction on n that S(e,) =
(=1)"hy, and S(h,) = (=1)"ey,. O

Proposition 2.19 shows that the antipode S on A is, up to sign, the same as the fundamental involution
w: one has

(2.14) S(f)=(—=1D)"w(f) for f € A,

since this formula holds for all elements of the generating set {e,,} (or {hy}).

Remark 2.20. 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:

(U(S)\/#) = S)\t/#t

S(S)\/H) = (—1)|)\/#‘S)\t/ut

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, |\/p| = n — k if A\, u lie in Par,,, Pary, respectively.

We will deduce this later in two ways, once as an exercise using skewing operators in Exercise 2.49, and
for the second time from the action of the antipode in QSym on P-partition enumerators in Corollary 5.24.

(2.15)
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However, one could also deduce it immediately from our knowledge of the action of w and S on e, h,,, if we
were to prove the following famous Jacobi- Trudi and dual Jacobi- Trudi formulas.

Theorem 2.21. Skew Schur functions are the following polynomials in {hy,}, {€,}:
Sx/u = det(hy,—p;—itj)ij=1,2,....¢
Sxtypt = det(ex, —pu;—ivj)ij=1,2,..

if X has at most £ nonzero parts.

Since we appear not to need these formulas in the sequel, we will omit the proofs. Various proofs are
well-explained in [49, §1.5], [62, §4.5], [72, §7.16]. An elegant treatment of Schur polynomials taking the
Jacobi-Trudi formula as the definition of sy is given by Tamvakis [78].

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 2.22. One has the following Schur function expansion for the Cauchy product/Cauchy kernel

(2.16) H (1 =2y~ ' = Z sx(x)sA(y)-

i,j=1 AePar

Remark 2.23. Some readers may be bothered by the ambient ring in which this expansion takes place, which
is a certain completion of R(x) ® R(y). One simple way to understand it is to replace each x; by a;t, and
write the equivalent identity in the power series ring R(x) ® R(y)[[t]]

(2.17) H (1 —tay;) ' = Z tM sy (x)sa(y).

i,7=1 A€Par
(Recall that |A| = A1 + A2 + - - - + \¢ for any partition A = (A1, Aa, ..., Ap).)

Proof. We follow the standard combinatorial proof (see [62, §4.8],[72, §7.11,7.12]), which rewrites the left
and right sides of (2.17), and then compares them with the Robinson-Schensted-Knuth (RSK) bijection. On

the left side, expanding out each geometric series
(1 —tzyy;) "t =1+ tagyy + (teiyy)® + (tziy;)® + - -

and thinking of (z;y;)™ as m occurrences of a biletter (;), one can think of the left side as a sum over multisets
of biletters (;1), R (;f; ) Order the biletters in such a multiset in a lexicographic order <;., that first checks
if 4y < iy and then if i1 = 75 checks if j; < jo. Defining a biword to be an array (;) = (;1;’2) in which the
biletters are ordered (;1) <oz - Zlex (;i), then the left side of (2.17) is the sum Y t/xcont)ycontl) oyer
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 E( P.Q) thxcont(Q)ycont(P) in which the sum is over all ordered
pairs (P, Q) of column-strict tableaux having the same shape, with ¢ cells.

The Robinson-Schensted-Knuth insertion algorithm gives us a bijection between the biwords (j) and the

tableau pairs (P, Q), with the property that
cont(i) = cont(Q),
cont(j) = cont(P).

Starting with the pair (Py, Qo) = (&, @) and m = 0, it inserts one at a time the next biletter (;:i) of the
biword into the pair of tableaux (P,,, Q) already built; see Example 2.24 below. The bottom letter j,,41
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,,11, 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, it follows the same rules to insert itself into the second row, and so on. At the
end of the bumping, the tableau P, 1 created has an extra corner cell not present in P,,, and one creates
Qm+1 from @, by adding the top letter 4,41 of (;:i) to ., in this extra corner cell location. After all of

the biletters have been inserted, the result is (Pp, Q/) =: (P, Q).
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Example 2.24. The term in the expansion of the left side of (2.16) corresponding to
($1y2)1($1y4)1($2y1)1($4y1)1($4y3)2($5y2)1

is the biword (J‘) = @Eigég), whose RSK insertion goes as follows:
P, = © Qo = 9
P = 2 Q1 = 1
P = 2 4 Q: = 11
1 4 11
P3 - 2 Q?) - 2
11 11
Poo= 9 4 @i = 5 4
11 3 1 1 4
Bso= 5y Qs =
11 3 3 11 4 4
P6 - 2 4 Qﬁ - 2
11 2 3 11 4 4
PZ:P7 = 2 3 Q::Q7 = 2 4
4 5

It requires some thought, but is not too hard, to see that the bumping rule 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 @, remains strictly increasing
down columns. That is, when one has a string of equal letters on top 4,, = ;41 = -+ = @mir, SO that on
bottom one bumps in jm, < jmt1 < -+ < Jmtr, 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 once one observes that when one bumps in
two letters j < j’, with j bumped in first, the bumping path for j’ (the cells into which letters bump) stays
strictly to the right, within each row, of the bumping path for j. As an example, when j,,.1 = 1 is inserted
into the tableau P,, shown below, the result P, is shown with bumping path entries underlined:

112 2 3 L2

2 2 4 4 - 2.2 24
P, = et Pni1=3 4 4

345 Jm41=1 456

4 6 6 6

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

bumping from (P41, Qm+1) to recover both the biletter (;Zi) and the tableaux (P, @), as follows.
Firstly, 4p,41 is the maximum entry of Q.,,+1, and @, is obtained by removing the rightmost occurrence
of this letter 4,,,1 from Q,,41. 7 To produce P,, and j,, .1, find the position of the rightmost occurrence
of iyt1 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,,,+1, and the resulting tableau is P,,.

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. O

Tt necessarily has to be the rightmost occurrence, since (by our previous observation on bumping paths) the cell into which
im+1 was filled at the step from Qm to Qm+1 lies further right than any existing cell of @, containing the letter ¢,,4+1.



HOPF ALGEBRAS IN COMBINATORICS 25

Corollary 2.25. In the Schur function basis {sx} for A, the structure constants for multiplication and

. . . . . >\ A>\ . . .
comultiplication are the same, that is, if one defines c;, ,, ¢, , via the unique expansions

_ A
SpSy = E ChwSA
A
_ A
= E CrSu @ Sy
Hov

(2.18)
Ao
then Cuw =Cphy-

Proof. The identity (2.16) lets one interpret both Cu v ﬁ ., as the coefficient of s,,(x)s, (y)sx(z) in the product

[Ta-a=) TT O -wz)- (Z}u 0(2}Aw%@0
ij=1 ij=1 v
— Z $u(x)50,(y) - sp(2)s,(2)

—Z&@Mﬂ( Lﬂﬂ
v A

since, regarding x1,x2,...,Yy1,Y2,... as lying in a single variable set (x,y), separate from the variables z,
the Cauchy identity (2.16) expands the same product as

10_0[ 1 — a2 1H 1—yizj)~ ZS/\XYS/\
ii=1 i1
- Z (Z éﬁ,usu(X)su(y)> sa(z).
A v

O

Definition 2.26. The coefficients c;\“, = é;\w appearing in the expansions (2.18) are called Littlewood-
Richardson coefficients.

Remark 2.27. Noting on one hand the expansion
sn(x,y) = A(sx) = Y cpsu(X)su(y)

v

x(%,Y) =D 5u(x)sx/u(¥)

pnCA

and on the other hand

one concludes another standard interpretation for c# U

_ A
Sxw = 2 CupSv

v

In particular, ¢, , vanishes unless 1, C X and |u| + [v| = |A|. Note also that ¢}, , = ¢} ,. We will interpret

v
;)2 , combinatorially in Section 2.6.

Definition 2.28. Define the Hall inner product on A to be the k-bilinear form (-,-) which makes {sy} an
orthonormal basis, that is, (sx, sy) = dx .-

Corollary 2.29. The isomorphism A° = A induced by the Hall inner product is an isomorphism of Hopf
algebras.

Proof. We have seen that the orthonormal basis {sy} 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 1.35(c). O

We next identify two other dual pairs of bases, by expanding the Cauchy product in two other ways.
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Proposition 2.30. One can also expand

(2.19) H (1 —my;)” Z ha(x Z 23 'oA(x)pay)
i,j=1 A€Par A€Par
where zy :=mq! - 1™ gl - 2M2 o gf X = (1™ 2™2 ) with multiplicity m; for the part i.

Remark 2.31. Tt is relevant later (and explains the notation) that z) is the size of the &,,-centralizer subgroup
for a permutation having cycle type A with |\| = n.

Proof. For the first expansion, note that (2.8) shows

H (1 — xiyj)il = H Z hn(x)y
i,j=1 Jj=1n>0
= Y (R () )y )
weak

compositions
(n1,n2,...)

= Z ha(x)m

AcPar
For the second expansion (and for later use in the proof of Theorem 4. 35) note that

log H(t) logH (1 —at) Z log(1 — x;t) Z i %pm(x)tm
m=1

i=1 i=1 m=1

so that taking 4 7 then shows that

(2.20) P(t):= Y pmit™ = 0 H'(t)E(—t)
m>0
A similar calculation shows that
oo o0 1
1Og H (1 - xzyj) = Z Epm(x)pm(Y)
i,j=1 m=1

and hence

_ i% 5 <m£> <p1<x>1p1<y >’"1 <p2<x>2pz<y>>’”2

k=0 " (m1,ma,...)EN>:
mi+ma+---=k

- ¥ P11 ()™ (P2(X)p2(y)™ > pAXIPA(Y)

1m1imy ! 2m2mey !
weak A€Par
compositions

(ml,MQ,...)

O
Corollary 2.32. With respect to the Hall inner product on A, one also has dual bases {hy} and {my}, as
well as another orthonormal basis { =}

Proof. Since (2.16) and (2.19) showed

oo

H (1—mwy;) ' = Z sxa(x Z ha(x (

i,7=1 AePar AePar AePar
it suffices to show that any pair of bases {uy},{vx} having

Z sx(x)sa(y) = Z ux(x)oA(y)

A€Par A€Par
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will be dual with respect to (-,-). Write transition matrices A = (a,,»), B = (b, ) uniquely expressing

U)\ = E al/,)\sl/;
v

v\ = E by7)\sl/.
v

Then orthonormality of the sy gives (uq,v8) = Y., av.aby, g, and hence we want A'B = I, that is, B~! = A’
On the other hand, one has

D sa®)saly) = > ua®ualy) = DY avass(x) Y boas,y(y).
A A A v P

Comparing coefficients of s, (x)s,(y) forces Y, ay zbpx = 0,,, or in other words, AB" = I. Since A and
Bt are block-diagonal matrices with each block having finite size (as A is graded), this yields B‘A = I, and
hence A'B = I, as desired. O

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 positive integer n, and let x = (z1,...,2,) be a finite variable set.
This means that s)/, = sx/.(X) = > ¢ x°nt(T) ig a generating function for column-strict tableaux 7 as in
Definition 2.16, but with the extra condition that 7" have entries in {1,2,...,n}. We will assume without

further mention that all partitions appearing in the section have at most n parts. Lastly, we also take
k = Z or a field of characteristic not equal to 2, to avoid certain annoyances in the discussion of alternating
polynomials in characteristic 2.

Definition 2.33. Say that a polynomial f(x) = f(z1,...,2,) is alternating if for every permutation w in
&,, one has that
(wf)(x) = f(Tway, - Twm)) = sgn(w) f(x).
Let A%#" C k[z,...,z,] denote the subset of alternating polynomials®.
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 c,(o) = sgn(w)c, for every w in &,, and every weak
composition . This means that every alternating f is a k-linear combination of the following elements.

Definition 2.34. For a = (aq, ..., a,) in N, define the alternant

xflll .. xflln

«aq «
N xz xzn

Qo = E sgn(w)w(x*) =det | . )

wesS, : :
(63} . Qn

'r’ﬂ 'r’ﬂ

Example 2.35. One has
_ 1,50 5.1,..0 1,.0..5 0,5..1 0,.1,..5 50,1 _
G(1,5,0) = T1ToTy — T1XoT3 — T1TaT3 — T1ToT3 + i3T5 + x7Tox3 = —a(5,1,0)-

Meanwhile, a5 2.2y = 0 since the transposition ¢ = Ggg) fixes (5,2,2) and hence

QA(5,2,2) = t(a(5,2,2)) = sgn(t)a(57272) = —0(5,2,2)-
Alternatively, a5 2,2) = 0 as it is a determinant of a matrix with two equal columns.
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 > ag > -+ > «,,. One can therefore uniquely express a = 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 partition due to its Ferrers shape. For example o = (5,1,0) = (3,0,0) + (2,1,0) = XA + p.

8When k has characteristic 2, it is probably best to define the alternating polynomials Aign as the subspace A®8" @z k C
Zlz1,...,zn] @z k ZK[z1,...,20]
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Proposition 2.36. The alternants {axy,} as X\ runs through the partitions with at most n parts form a
k-basis for A", In addition, the bialternants {a*j”} as A runs through the same set form a k-basis for

Ay, ... 2) =Kz, ..., 2,]%".

Proof. The first assertion should be clear from our previous discussion: the alternants {ay,} 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(z} )ijmion= [[ (@—=))

1<i<j<n
is the Vandermonde determinant/product. In other words
< S,
A% =qa, - k[x]

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%E" D q, - k[x]O"

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 z;, x;, it must vanish upon setting x; = x;, and therefore be divisible by z; — z;, so
f(x)

ap

it is a quotient of two alternating polynomials. g

divisible by the entire product [],.;_; <, (; — ;) = a,. But then the quotient g(x) = is symmetric, as

Axtp
ap

Stembridge [75] 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 coeffi-
cients cﬁ)y. For the purposes of stating it, we introduce for a tableau T' the notation T'|co1s>; (resp. T'|cols<j)
to indicate the subtableau which is the restriction of 7' to the union of its columns j,j + 1,7+ 2,... (resp.
columns 1,2,...,7).

Our goal is to show that the mysterious bialternant basis { } are actually the Schur functions {s)(x)}.

Theorem 2.37. For partitions \, i, v with p C X\, one has
Au+pSX\/p = Z Ay 4-cont(T)+p
T
where T runs through all column-strict tableauz with entries in {1,2,...,n} of shape \/u with the property
that for all j =1,2,... one has v + cont(T|cois>) @ partition.
Before proving Theorem 2.37, let us see some of its consequences.

Corollary 2.38.
Cl,)\+p

sa(x) = .,

Proof. Take v = u = @ in Theorem 2.37. Note that for any A, there is only one column-strict tableau T" of
shape A having each cont(7'|cols>;) a partition, namely the one having every entry in row i equal to i:

11

= W N -
=W DN =
W DN =

Furthermore, this T has cont(T") = A, so the theorem says a,sx = ax,. O
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Example 2.39. For n = 2, so that p = (1,0), if we take A = (4, 2), then one has
axtp — 01(4)2)_;’_(170) — a(572)
@p a(1,0) a(1,0)

viad — aial

€r1 — T2

4,2 3.3 2.4
=TTy T AT+ XL,

. (1111) . (1112) . (1122)
. 22 ) 4 22 ) 4 22

= 8(472) = S\-
Next divide through by a, on both sides of the theorem to give the following.

Corollary 2.40. For partitions X\, pu, v having at most n parts, one has
SuSa/p = Z Sv+cont(T)
T
where T' runs through the same set as in Theorem 2.37. In particular, taking v = &,
S\/p = Z Scont(T)
T

where in the sum T runs through all column-strict tableaux of shape \/p for which each cont(T|cois>;) is a
partition.

By taking the number of variables n sufficiently large, one deduces from this last assertion the following
version of the Littlewood-Richardson rule.

Corollary 2.41. For partitions A\, u,v (of any lengths), the Littlewood-Richardson coefficient c;\w, counts

column-strict tableauz T of shape \/p with cont(T) = v having the property that each cont(T|cols>;) is a
partition.

Proof of Theorem 2.37. Start by rewriting the left side of the theorem, and using the fact that w(sy/,) = sx/,
for any w in &,,:

AuipSr/p = Z sgn(w)xw(””)w(s)\/#)

wes,,
_ § : sgn(w)xw(u-i-p) z : Xw(cont(T))
wes,, column-strict T

of shape A\/p

Z Z Sgn(w)xw(u+cont(T)+p)

column-strict T' wes,
of shape A\/u

= E Ay cont(T)+p

column-strict T'
of shape A\/p

We wish to cancel out all the summands indexed by column-strict tableaux 7" which fail any of the conditions
that v + cont(T|co1s>;) be a partition. Given such a T, find the maximal j for which it fails this condition,
and then find the minimal k for which

v + conty (T|cols2j) < Vg41 + contp4q (T|cols2j)-
Maximality of j forces
Vi + contyg (T|00152j+1) > Vg41 + contgq (T|00152j+1)-
Since column-strictness implies that column j of T' 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
vk + conty (T |cots>j) + 1 = Vg1 + contpp1(T|cols>;)-

This implies that the adjacent transposition ¢y x+1 swapping k and k+1 fixes the vector v+cont(T|co1s> ;) + p-
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Now create a new tableau T* from T by applying the Bender-Knuth involution (from the proof of Propo-
sition 2.9) on letters k,k + 1, but only to columns 1,2,...,j — 1 of T, leaving columns j,j + 1,7 + 2,...
unchanged. One should check that 7™ is still column-strict, but this holds because column j of 7" has no
occurrences of letter k. Note that

tk,kJrl Cont(T|cols§jfl) = Cont(T*|cols§j71)

and hence
ti k1 (v + cont(T) + p) = v + cont(T™) + p
so that Ayt-cont(T)+p = ~Au+cont(T*)+p-
Because T, T* have exactly the same columns j,j + 1,5 + 2,..., the tableau T™ is also a violator of at

least one of the conditions that v 4+ cont(7™|co1s>;) be a partition, and has the same choice of maximal j
and minimal k£ as did T'. Hence the map T +— T™ is an involution on the violators that lets one cancel their
summands @, 4 cont(T)+p ANd Ay fcont(T+)+4p I PAIrS. 0

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 with n cells is called a
horizontal (resp. vertical) n-strip if no two of its cells lie in the same column (resp. row).

sxhn = E Sx+

AFAT /N is a
horizontal n-strip

Syénp = E S\+

ATAt/Nis a
vertical n-strip

Theorem 2.42.

Example 2.43.

S h
ooo 0o o
O o
O o
S S S
0O oo 0O oo 000 m
- 0o + OO ®m+ OO
0O o O o O o
EE m m
S S
000 m OO0 E =
T oom Yt oo
O O O o

Proof. For the first Pieri formula involving h,,, as h, = s(,) one has
+
sxhp, = Z cﬁ_’(n)s,\%
2t

Corollary 2.41 says c’A\f(n) counts column-strict tableaux T' of shape AT /X having cont(T) = (n) (i.e. 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. Conversely for any horizontal strip, there is a unique such filling, and it will
trivially satisfy the extra condition that cont(T|cos>;) is a partition for each j. Hence cif(n) is 1Tif AT/ is
a horizontal n-strip, and 0 else.

For the second Pieri formula involving e, using e, = s(,) one has

AT
S\En = E c)\7(1n)s>\+'
AT
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Corollary 2.41 says cﬁf(ln) counts column-strict tableaux 7' of shape AT /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 A*™/\ is a vertical
strip, and then there is a unique way to fill it maintaining column-strictness. Thus cﬁf(ln) is Tif AT/\is a
vertical n-strip, and 0 else. O

Assaf and McNamara [7] recently proved an elegant generalization.

Theorem 2.44. B
S$x/uhn = Z (—1)lm/n IS,\+/H*

At
At /X a horizontal strip
n/ 1~ a vertical strip
INF /A /T |=n

_ ln/n
Sx/pln = E (=1) Sx+/u-
At
AT /X a vertical strip
/1~ a horizontal strip
I+ =

Example 2.45.

s h
o a . O O
O
O O
s s s
O O o a OO0 n
= O + o |  + O
O O O O O a
H N [ | [ |
s s
n DDI+ OO " nm
O m O
O O O
5 s s
_ ISD _ O a _ OO n
00 | R | B O
-~ O g O O
s
n B OO
B O
O a

Theorem 2.44 is proven in the next section, using an important Hopf algebra tool.
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

sf; (8x) = sx/p

where one defines s/, = 0 if u € A\. These operations play a crucial role
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e in Lam’s proof of the skew Pieri rule,

e in Lam, Lauve, and Sottile’s proof [42] 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-algebras to be developed in the next chapter.

Definition 2.46. Given a Hopf algebra A of finite type, and its (restricted) dual A°, let (-,-) = (,-)a be the
L

pairing (f,a) := f(a) for f in A° and a in A. Then define for each f in A° an operator A IS A as follows®:
for a in A with A(a) = > a1 ® ag, let

fJ_(a’) = Z(fa al)a2
Note that when one takes A = A = A°, the element a = sy has As) = Z# Su @ sy/,- Hence if f = s, then
one has f*(a) = s/, = sﬁ(sA) as desired.
Proposition 2.47. The f* operators A — A have the following properties.
(i) f* is adjoint to left multiplication A° 15 A0 in the sense that
(9. f*(a)) = (fg,0).
(ii) (fg)t(a) = g+(f*(a)), that is, A becomes a right A°-module via the f+ action.
(i) If A(f) = Zfl ® f2, then
fL ab) Z f1

In particular, if f is primitive in A°, so that A(f) = f ®1+1® f, then f+ is a derivation:
fH(ab) = fH(a) -b+a- fH(b).
Proof. For (i), note that

(9, (@) =D (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) = Zal ® ag Z by ®by | = Z a1b1 @ agby,
(b) (a),(b)

one has that

f*(ab) = Z (f,a1b1)a azby = Z (A(f);a1 ®b1)aga a2bs
(a),(b) (a),(b)

= Z (f1,a1)a(f2,b1)4 azbz
(f):(a),(b)

= Z Z f1,a1)aa2 Z(fz,lh )ab2 Zfl
(f) \ (o) ()
]

The following interaction between multiplication and h' is the key to deducing the skew Pieri formula from
the usual Pieri formulas.

Lemma 2.48. For any f,g in A, one has

n

fehplg)=> (-1 ex(f) - 9).

k=0

9This fL(a) is called a ~— f in Montgomery [56, Example 1.6.5]
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Proof. Starting with the right side, first apply Proposition 2.47(iii):

k=0
n n—k
= (DD (e () haij(9)
k=0 J=

0
- Z(—l)nﬂ- (‘_ (—1)7hi (en_;_;(f)) | -hi-(g) (reindexingi:=n—k—j)
(Z(_l)jen—i—jhj (f)-hi(g) ( by Proposition 2.47(ii) )

LE(f) iy (9) = £ - hiy (9)
where the second-to-last equality used (2.11). O

Proof of Theorem 2.44. We prove the first skew Pieri rule; the second is analogous, swapping h; < e; and
swapping the words “vertical” « “horizontal”. Symmetry of (-,-)a, commutativity of A, and Proposi-
tion 2.47(i) imply for f in A,

(2.21) (sa/us £) = (550 (52), f) = (s, 80 f)

Hence for any g in A, one can compute that

Prop. L (2.21) n
hys , = S , hy ="(sx, su-hy
( by 9) 2.47(1_)( Y g) (sa I3 9)
Lemma -
(2.22) 548 D=1 (sx s b (en(s0) - 9)
: k=0
Prop. - k 1
= —1)"(hp_gsx ,er (sy) -
287 z;)( )" (hn—ksx e (su) - 9)

The first Pieri rule in Theorem 2.42 lets one rewrite h,_psx = D> + Sy+, with the sum running through
AT for which AT /X is a horizontal (n — k)-strip. The second Pieri rule in Theorem 2.42 lets one rewrite
et s, = > Su—» with the sum running through p~ for which p/p~ is a vertical k-strip, since (s, -, et sy) =

(exs,—,5,). Thus the last line of (2.22) becomes

E(_l)k ZS)\+ ) Zsu* g (221) Z(_l)k Z Sxt/u—9

k=0 A+ - k=0 (A7)

where the sum is over the pairs (AT, u™) for which A* /X is a horizontal (n — k)-strip and p/p~ is a vertical
k-strip. O
Exercise 2.49. The goal of this exercise is to prove (2.15) using the skewing operators that we have
developed. Recall the involution w: A — A defined in (2.13).

(a) Show that w (py) = (—1)”“4(’\) pa for any A € Par, where £ ()\) denotes the length of the partition A.
(b) Show that w is an isometry.

(¢) Show that this same map w : A — A is a Hopf automorphism.

(

(

d) Prove that w (a®b) = (w (a))" (w (b)) for every a € A and b € A.
e) For any partition A = (A1,...,\;) with length £(\) = ¢, prove that
Lo
€SN = S(A\1—1,2—1,..,0—1)"

(f) For any partition A = (A1, Aa,...) , prove that

hi'IS)\ = S()\2_’)\31)\47m).
(g) Prove (2.15).
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3. ZELEVINSKY’S STRUCTURE THEORY OF POSITIVE SELF-DUAL HOPF ALGEBRAS

Section 2 showed that, as a Z-basis for the Hopf algebra A = Ay, the Schur functions {sy} have two special
properties: they have the same structure constants cf;’u for their multiplication as for their comultiplication
(Corollary 2.25), and these structure constants are all nonnegative integers (Corollary 2.41). Zelevinsky [81,

§2,3] isolated these two properties as crucial.

Definition 3.1. Say that a graded connected Hopf algebra A over k = Z with a distinguished Z-basis {o}
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, ay ,0u®0y.
e (positivity) The a), , are all nonnegative (integers).
Call {0} the PSH-basis of A.

, appear for the product o,0, = >, af‘waA and

He then developed a beautiful structure theory for PSH-algebras, 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
subspace of primitive elements.

Recall from Exercise 1.22 that for a graded connected Hopf algebra A = @, , A,, every z in the two-sided
ideal I := kere = &P A, has the property that its comultiplication takes the form

Alx)=1@z+21+ Ay (z)
where Ay (x) lies in I ® I. Recall also that the elements 2 for which Ay (x) = 0 are called the primitives.
Denote by p the Z-submodule of primitive elements inside A.
Given a Hopf algebra A over k = Z with a PSH-basis {0}, we identify A° with A via the bilinear form

(+,)a on A that makes this basis orthonormal. Similarly, the elements {o) ® 0, } give an orthonormal basis
for a form (-,-)aga on A ® A. This is an instance of the following notion of self-duality.

n>0

Definition 3.2. Say that a bialgebra A is self-dual with respect to a given symmetric bilinear form (-,-)
if one has (a,m(b® c¢))a = (A(a),b® ¢) and (14,a) = €(a) for a,b,c in A. If A is a graded Hopf algebra
of finite type then this is equivalent to the k-module map A — A° induced by (-, )4 giving a Hopf algebra
isomorphism.

Proposition 3.3. 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 within the ideal I, the subspace of primitives
p is the orthogonal complement to the subspace I?. In particular, p N I? = 0, and when k = Q, one has
I=paqI?

Proof. Note that I?2 = m(I ® I). Hence an element z 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)aga = (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. O

Remark 3.4. One might wonder why we didn’t just say I = p @ I even when k = Z in Proposition 3.3.
However, this is false even for A = Az: the second homogeneous component (p@®I?)s is the index 2 sublattice
of Ay which is Z-spanned by {ps, €2}, containing 2ez, but not containing e itself.

Already the fact that p N I? = 0 has a strong implication.

Lemma 3.5. A graded connected Hopf algebra A over any ring k having p N I? = 0 has algebra structure
which is commutative.

10T hat s, (A, Aj) =0 for i # j.
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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 i, 7 > 0 will have [z,y] := zy — yz = 0. Since
[z, y] lies in I, it suffices to show that [x,y] also lies in p:

Ay = [AE), A)
—1®r+2@1+A(2),10y+y®1+AL®y)
=l®r+zL,1@y+yx1]

+l®z+z@ L ALY)]+[A+(z), 10y +y 1]+ [As(2), Ay (y)]
=l®r+zr],10y+yx1]
=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 Ay (x) is a sum of homogeneous tensors of the form z; ® zo satisfying deg(z1), deg(z2) < 1,
so that by induction they will commute with 1 ® y,y ® 1, thus proving that [A;(z),l®@y+y®1] =0; a
symmetric argument shows [1 ® 2 + 2 ® 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 (1.9).

Remark 3.6. Zelevinsky actually shows [81, Proof of A.1.3, p. 150] that the self-duality assumption (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 4+ k that any z,y, z in
Ai, Aj, Ay with ¢, 7, k > 0 have vanishing associator assoc(z,y, z) := x(yz) — (zy)z. In the inductive step, one
first notes that assoc(x,y, 2) lies in I?, 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(x,y, z) is multilinear in its three arguments.

This leads to a general structure theorem.

Theorem 3.7. If a graded, connected Hopf algebra A over a field k of characteristic zero has I = p @ I2,
then the inclusion p — A extends to a Hopf algebra isomorphism from the symmetric algebra Symy (p) — A.
In particular, A is both commutative and cocommutative.

Note that these hypotheses are valid, using Proposition 3.3, whenever A is obtained from a PSH (over Z)
by tensoring with Q.

Proof. Since Lemma 3.5 implies that A is commutative, the universal property of Sym, (p) as a free com-
mutative algebra on generators p shows that the inclusion p < A at least extends to an algebra morphism
Symy (p) % A. Since the Hopf structure on Symy (p) makes the elements of p primitive (see Example 1.18),
this ¢ is actually a coalgebra morphism (since Aoy = (¢ ® p) o A and €0 ¢ = € need only to be checked on
algebra generators), hence a bialgebra morphism, hence a Hopf algebra morphism (by Proposition 1.35 (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 k. 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) 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 z2 lies in Sym? (p),
however

Al )=12°+ 2+’ ®1=12°+ 22 ® 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
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component, projection

n A 7 1 n—
Sym" (p) = @D Sym’(p) @ Sym’(p) — Sym' (p) @ Sym™ " (p)
i+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 - Igymn(p):

n
Jj=1

for x1,...,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(¢) 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("/) of A (u) lying in Sym(p); ® Sym(p); for some i,5 > 0. Since this
forces i,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); 225 A; © A;
is also injective!2. This implies (¢ ® ¢)(u(*7)) # 0, giving the contradiction that
Sym
0=A%(0) = At (p(w) = (p @ P)(AT™ ()
contains the nonzero 4; ® Aj-component (o @ @) (ul™)). O

Before closing this section, we mention one nonobvious corollary of the Claim (3.1), when applied to the
ring of symmetric functions Ag with Q-coefficients, since Proposition 2.19 says that Ag = Q[p1,p2,...] =
Sym(V) where V = Q{p1,p2, ...}

Corollary 3.8. The subspace p of primitives in Ag is one-dimensional in each degree n = 1,2,..., and
spanned by {p1,pa, ...}

3.2. The decomposition theorem. Our goal here is Zelevinsky’s theorem [81, 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 3.9. Given A a PSH with PSH-basis ¥, let C := ¥ Np be the primitive elements in .. For each
pin C, let A(p) C A be the Z-span of

X(p) :={o € ¥ : there exists n > 0 with (o, p") # 0}.

Theorem 3.10. 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 3(p).

HThe 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
graded map I & A® A.

120ne needs to know that for two injective maps V; hald W, of k-vector spaces V;, W; with ¢ = 1, 2, the tensor product ¢1 ® @2
is also injective. Factoring it as o1 ®p2 = (1 ® ¢2)o(p1 ® 1), one sees that it suffices to show that for an injective map V' S w

of free k-modules, and any free k-module U, the map V ® U @ W ® 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.

Note that some kind of freeness or flatness hypothesis on U is needed here since, e.g. the injective Z-module maps Z “1 i;( 2 Z
and 7/27 225 7,)27 have g1 ® g2 = 0 on Z @y, L/27 = 7,27, # 0.
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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 ) pQp 0 which there are only finitely many factors a, # 1.

The first step toward the theorem uses a certain unique factorization property.

Lemma 3.11. Given P a set of pairwise orthogonal primitives in a PSH A,

(b1 promr - m0) =0
for pi,m; in P unless r = s and one can reindex so that p; = ;.

Proof. Induct on min(r, s). One has

(pl"'pruﬂ—l"'ﬂ-s): (p2"'pr7pi_(ﬂ—1"'7rs))

S

= (P2"'PT7Z(71"'7TJ‘—1 Pt () T )
=1

from Proposition 2.47(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 p1 € {m1,..., 7}, in which case after reindexing so that m = p1, it equals

n-(p1,p1) (p2- - prym2- - ms)

if there are exactly n occurrences of p; among 71, ...,7s. Now apply induction. O

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 3.12. Let N := {0,1,2,...}, and for a subset S of an abelian group, let ZS (resp. NS) denote
the subgroup of Z-linear combinations (resp. subsemigroup of N-linear combinations) of the elements of S.

In a PSH A with PSH-basis X, the subset NX. forms a subsemigroup, and lets one define a partial order
on Aviaa<bifb— 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 <c<dand 0 < a <bimplies ac < be < bd.

This allows one to introduce a semigroup grading on A.

Definition 3.13. Let N& denote the additive subsemigroup of N¢ consisting of those a = (ap)pec with
finite support.
Note that for any « in Ngn, one has that the product HpEC p®» > 0. Define

Y(a):={ceX:0< Hpap},
peC

that is, the subset of ¥ on which Hp cc P** has support. Also define
A(a) = ZZ(O&) C A.

Proposition 3.14. The PSH A has an Ngn-semigroup-gmdmg: one has an orthogonal direct sum decompo-

sition
A= D Aw
aENfcin
for which
(3.2) Aa)Ag) C Aga+)
(3-3) Al © D Ap) @ Aw)-

a=p+y
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Proof. We will make free use of the fact that a PSH A is commutative, since it embeds in A ®7 Q, which is
commutative by Theorem 3.7.

Note that the orthogonality (A(a) , A(ﬁ)) = 0 for « # B is equivalent to the assertion that (Hpec pee, Hpec pﬁp) =

0, which follows from Lemma 3.11.
Next let us deal with the assertion (3.2). It suffices to check that when 7,w in ¥ lie in A, A¢g),
respectively, then 7w lies in A(,1g). But note that any o in ¥ having o < 7w will then have

c<Tw< Hp%-HpBﬂ:Hp%Jer
peC peC peC

so that o lies in A(,45). This means that 7w lies in A4 ).
This lets us check that @aeNg A exhaust A. It suffices to check that any o in ¥ lies in some A(,).

Proceed by induction on deg(o), with the case 0 = 1 being trivial; the element 1 always lies in 3, and hence
lies in A,y for a = 0. For o lying in I, by Proposition 3.3, one either has (o,a) # 0 for some a in I?, or
else o lies in (I2)* = p, so that ¢ is in C and we are done. If (0,a) # 0 with @ 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.
There exists at least one such pair 7,w for which (o, 7w) # 0, and therefore o < Tw. Then by induction 7,w
lie in some A(,y, A(g), respectively, so 7w lies in A4y, and hence o lies in A, gy also.

Self-duality shows that (3.2) implies (3.3): 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 3.15. For o, 5 in Ngn with disjoint support, one has a bijection

(o) xX(B) — X(a+p)
(o,7) — oT.

Thus, the multiplication map Aoy ® Ag) — A(atp) 8 an isomorphism.
Proof. We first check that for 01,02 in X(a) and 71,72 in X(f), one has

(34) (UlTlv 0'27—2) = 6(01171)1(02772)'
Note that this is equivalent to showing both

e that o7 lie in X(« + ) so that the map is well-defined, since it shows (o7,07) = 1, and
e that the map is injective.

One calculates
(o171, 0272) 4 = (0171, M(02 @ T2)) A
= (A(0171),02 ® T2) AmA
= (A(01)A(71),02 @ T2) Az A
Note that due to (3.3), A(o1)A(71) lies in ) Aqr15) @ Aarypry Where
o +d =«
B+ 8" =B,
Since 02 @ 72 lies in A(4) ® A(g), the only nonvanishing terms in the inner product come from those with
o+ =a
o + 5" =8.
As a, 8 have disjoint support, this can only happen if
o=a =0, 6=0 8"=58,
that is, the only nonvanishing term comes from (o3 ® 1)(1 ® 71) = 01 ® 7. Hence

(0’17’1,0’27’2)A = (0’1 (24 T1,02 (24 TQ)A@A = 5(01)7—1)7(02)72).
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To see that the map is surjective, express

[ -5
peC i
[ -5
peC J
with o; € ¥(a) and 7; in X(8). Then each product o;7; is in X(a + ) by (3.4), and
[To%tP =) o
peC 0,7

shows that {o;7;} exhausts X(c« + ). This gives surjectivity. O

Proof of Theorem 3.10. Recall from Definition 3.9 that for each p in C, one defines A(p) C A to be the
Z-span of
X(p) :={o € & : there exists n > 0 with (o, p") # 0}.

In other words, A(p) := ®n20 A(n-e,) Where e, in N¢ | is the standard basis element indexed by p. Propo-
sition 3.14 then shows that A(p) is a subHopf algebra of A. Since every a in N& can be expressed as the
(finite) sum 3  avpe,, and the e, have disjoint support, iterating Proposition 3.15 shows that A = @ . A(p).
Lastly, X(p) is clearly a PSH-basis for A(p), and if o is any primitive element in 3(p) then (o, p™) # 0 lets
one conclude via Lemma 3.11 that o = p (and n = 1). O

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 ¥, 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 o 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 3 a set of elements that play the role of

{hn = S(n)}n:0,1,2,..., {en = S(1n)}n:0,1,2,...

within A = A and its PSH-basis of Schur functions ¥ = {sx}. 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, N3 that satisfy
hye, =0,
eyhn =0
with hg, e5 being the two elements of ¥ introduced in (a).
(¢) For k=0,1,2,...,n one has
hithy, = hy—y and o h,, = 0 for 0 € B\ {ho, h1,. .., hn}
1

€j; €n = en_j and ote, =0foroe S\ {eo,€1,..-,€n}

In particular, ekJ-hn =0= hé-en for k > 2.
(d) Their coproducts are

Alhn) = > hi®@hj,
i+j=n

Ale,) = Z e ®ej.
i+j=n

We will prove Zelevinsky’s result [81, Theorem 3.1] as a combination of the following two theorems.
Theorem 3.16. Let A be a PSH with PSH-basis ¥ containing only one primitive p, and assume that the

grading has been rescaled so that p has degree 1. Then, after renaming p = e; = hyi, one can find unique
sequences {hn}tn=0.12,..,{€n}tn=012,... of elements of ¥ having properties (a),(b),(c),(d) listed above.
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The second theorem uses the following notion.

Definition 3.17. A PSH-morphism A % A’ between two PSH’s A, A’ having PSH-bases ¥, Y is a graded
Hopf algebra morphism for which p(NX) C NY'. 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
an isomorphism and an endomorphism, it is a PSH-automorphism.
Theorem 3.18. The elements {hy}n=012,..,{€n}tn=012,. in Theorem 3.16 also satisfy the following.

(e) The elements hy, e, in A satisfy the same relation (2.11)

Z (—1)i€ihj = 60)71.
i+j=n
as their counterparts in A, along with the property that
A= Z[hl,hg, .. ] = Z[el,eg, .. ]

(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 hy, — €,(x) and e, — hp(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 NX when o < a, that is, o appears with nonzero coefficient ¢, in the unique
expansion a = ) ¢ T.

Proof of Theorem 3.16. One fact that occurs frequently is this:
(3.5) Every o in ¥ N A, is a constituent of p™.
This follows from Theorem 3.10, since p is the only primitive element of X: one has A = A(p) and ¥ = X(p),

so that o is a constituent of some p", and homogeneity considerations force m = n.
Assertion (a). Note that
(0%,0%) = (p(p?), p) = (2p,p) =2
using the fact that p= is a derivation since p is primitive (Proposition 2.47(iii)). On the other hand, expressing

p? = ,ex Coo with ¢, in N, one has (p?, p*) = > 2. Hence exactly two of the ¢, = 1, so p* has exactly

two distinct constituents. Denote them by hs and ez. One concludes that XN A = {ha, e2} from (3.5).
Note also that the same argument shows XN A; = {p}, so that A; = Zp. Since p*hs lies in A; = Zp and
(ptha, p) = (ha, p?) = 1, we have p~hy = 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 X N A4,, with e%hn =0.
(3.6) e This element h,, is unique.
e Furthermore pJ‘hn = 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 hy as named in part (a)) really are the unique elements satisfying these hypotheses.

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 p to compute that ph,_; has exactly two constituents:

(phn—1, phn—1) = (pL (phn—1); hn—1)
= (hn—1+p- pLhnfla hn—1)
= (hn-1+ phn—2,hn_1)
=14 (hp_2,p hn_1)
=14 (hp—2,hp2)=1+1=2
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where the inductive hypothesis pth,_1 = h,_> was used twice. We next show that exactly one of the two

constituents of ph,,_1 is annihilated by e%-. Note that since ey lies in A, and A; has Z-basis element p,

there is a constant ¢ in Z such that
(3.7) Ale) =e2@1+cp@p+1®es.
On the other hand, (a) showed

1= (627 pz)A = (A(€2)7 1Y & p)A@A

so one must have ¢ = 1. Therefore by Proposition 2.47(iii) again,

€3 (phn-1) = ex(phnr + p-(p)pt(hn-1) + pez(hn_1)
(3.8) - 0 + Pr_o + 0
= N—2

where the first term vanished due to degree considerations and the last term vanished by the inductive
hypothesis. Bearing in mind that ph,_1 lies in NX, and in a PSH with PSH-basis ¥, any skewing operator
ot for o in ¥ will preserve NX, one concludes from (3.8) that

e one of the two distinct constituents of the element ph,,_1; must be sent by ej- to hn_9, and
e the other constituent of ph,_; must be annihilated by ej-; call this second constituent h,,.

Lastly, to see that this h,, is unique, it suffices to show that any element o of XN A,, which is killed by ey
must be a constituent of ph,,_i. This holds for the following reason. We know o < p" by (3.5), and hence
0# (p",0) = (p"~ 1, pto), implying that pto # 0. On the other hand, since 0 = ptey o = ey pto, one has
that p*o 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) = (pt0, hn—1) is positive, that is, o is a constituent of phy,_i.

The preceding argument, applied to o = h,,, shows that p*h, = ch,_; for some c in {1,2,...}. Since
(pLhn, hn—1) = (hp, phn—1) = 1, this ¢ must be 1, so that prhy = hy—1. This completes the induction step
in the proof of (3.6).

One can then argue, swapping the roles of e,, h,, in the above argument, the existence and uniqueness of
a sequence {e, o2, in ¥ satisfying the properties analogous to (3.6), with e := 1,e; := p.

Assertion (c). Iterating the property from (b) that p*h, = h,_1 shows that (p*)*h, = h,_ for 0 < k < n.
However one also has an expansion
k_
p¥ = chy + Z CoO

cEXNA:
O';éhk

for some integers ¢, c, > 0, since every o in ¥ N Ay is a constituent of p*. Hence
L= (hneiy i) = ((0°) o, (%) ) 2 € (i b, i o)
using Proposition 2.47(ii). Hence if we knew that hi-h,, # 0 this would force
hichn = (p") " hn = hini
as well as oth,, = 0 for all & & {ho, h1,...,hn}. But
(Y bR = (") b = hiEhy =1 £0

SO th-hn # 0, as desired. The argument for ekJ-en = e,k 1S symmetric.
The last assertion in (c) follows if one checks that e,, # h,, for each n > 2, but this holds since e3 (h,,) = 0
but ey (€,) = €n_2.

Assertion (d). Part (c¢) implies that
(Ahp,0 @ T)aga = (hn,07)a = (6 hy, 7)a =0
unless 0 = hy, for some k£ =0,1,2,...,n and 7 = h,_. Also one can compute

(Ahu, e ® ) = (B, hichn—) = (B b, i) 2 (B oy hnie) = 1.

This is equivalent to the assertion for Ahy, in (d). The argument for Ae,, is symmetric. O
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Before proving Theorem 3.18, we note some consequences of Theorem 3.16. Define for each partition
A= (A1 > Xy >+ > )y) the elements of A

hx=hxhx, -,
e\ = e>\le>\2 .

Also, define the lezicographic order on Par,, by saying A <jex g if A # p and the smallest index i for which
Ai # p; has \; < ;. 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 3.18(e).

Lemma 3.19. Under the hypotheses of Theorem 8.16, for A, u in Par,, one has
eLhA = 1 lf w= )\t
. 0 lf B >lex /\t-
Consequently
det [(e#t, hA)])\,HGParn = +1.

Proof. Induct on the length of p. If A\ has length £, so that A} = ¢, then
1 1 1
el = €l ) (em (ha, - 'hAe))
:edg,u&...) Z ei(h)\l)"'et(}b\e)

i1 ie=p
_Jo if pp > 0=\

B {6@2#37,,,)%&—1,...,,\g—1) if pp =0=X\

where the second-to-last equality used Proposition 2.47(iii) along with (the iterates of) the coproduct formula
for A(e,) in Theorem 3.16(d), and the last equality used

ho oy ifk=1
J_hn _ n—1 )
() =1, i k> 2

Now apply induction, since (A1 —1,..., A — 1)F = (A5, A}, ...).
For the last assertion, note (e, hy) = (eﬁt(hA), 1) = eﬁt(hA) for A, v in Pary,. O

The following proposition will be the crux of the proof of Theorem 3.18(f) and (g), and turns out to be
closely related to Kerov’s asymptotic theory of characters of the symmetric groups [39).

Proposition 3.20. Given a PSH A with PSH-basis 3 containing only one primitive p, the two maps A — Z
defined on A =@, 5o An via
5 = EB hi-,

562@(%

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: d(ajaz2) = §(a1)d(az), and
e normalized: §(p) = 1.

Proof. 1t should be clear from their definitions that dy, . are Z-linear, positive and normalized. To see that
0y, is multiplicative, by Z—linearity, it suffices to check that for aq,as in A,,, A,, with n1 + n2 = n, one has

On(araz) = hiy(azag) = Y hi(ar)hi;(az) = hyy, (a1)hyy, (a2) = 0n(a1)dn(az2)
11+ie=n

in which the second equality used Proposition 2.47(iii) and Theorem 3.16(d). The argument for J. is sym-
metric.
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Conversely, given A 2 Z which is Z-linear, positive, multiplicative, and normalized, note that
6(]7,2) + 5(62) = 6(]7,2 + 62) = 6(p2) = 6(p)2 =12=1
and hence positivity implies that either (hg) = 0 or d(e2) = 0. Assume the latter holds, and we will show
that 6 = §y,.
Given any o in ¥ N A, \ {h,}, note that e3 o # 0 by Theorem 3.16(b), and hence 0 # (e3 0, p" ?) =
(0,e2p""2). Thus o is a constituent of exp™ 2, so positivity implies

0 < 5(0) < 8lezp™2) = 8(e2)8(p"2) = 0.

Thus §(c) =0 for o in XN A, \ {hy}. Since 6(p™) = d(p)™ = 1™ = 1, this forces §(h,) = 1, for each n > 0
(including n = 0, as 1 = d(p) = d(p-1) = d(p)6(1) = 1-(1) = 6(1).) Thus § = 6,. The argument when
d(ha) = 0 showing 6 = ¢, is symmetric. O

Proof of Theorem 3.18. 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.

Since A is a PSH, it is commutative by Theorem 3.7. This implies both that S,w are actually algebra
endomorphisms by Proposition 1.26, and that S? = 14 = w? by Corollary 1.28.

Since A is self-dual and the defining diagram (1.11) 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¢, 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 1.35(c)) The same properties are shared by w.

Since 14 = 82 = S5*, 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 ¥ has w(o) in

PN
(w(o),w(0)) = (0,0) =1
so that fw(o) lies in 3, but also if o lies in A,,, then

(w(o), 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 (3.7), one has

A(hy) =ha®14+p®p+1& ho.

Thus 0 = S(h2) + S(p)p + h2, and combining this with S(p) = —p, one has S(h2) = ez. Thus also
w(hg) = (—1)25(]7,2) = €9.

We claim that this forces w(h,) = e,, because hyw(h,) = 0 via the following calculation: for any a in A
one has

(hyw(hn),a) = (w(hn), hza)

= (

= (hp,w(h2a))

= (hp, eaw(a)

= (eihnvw(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 (2.11)
between {h,} and {e,}.

This relation (2.11) 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 3.19 implies the Gram matriz [(hy, ha)], \cpar,
Since {hy} and {e,} both generate A’, there exists a Z-matrix (a,,») expressing e,+ = Y, a, zhx, and one
has

has determinant 41 as follows.

[(ees PA)] = lapa] - [(Rys 2n)] -
Taking determinants of these three Z-matrices, and using the fact that the determinant on the left is £1,
both determinants on the right must also be £1.
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Now we will show that every o € ¥ N A, lies in A/,. Uniquely express 0 = ¢’ + ¢” 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’ =3 c,h, by solving the system

<Z cuhu,h,\> = (o, hy) for A € Par, .
w

This linear system is governed by the Gram matrix [(h,,h))], \cpa,, With determinant &1, and its right
side has Z-entries since o, hy lie in A. Hence the solution (c,)uecpar, Will have Z-entries, so ¢’ lies in A’.
Furthermore, 0’/ = 0 — ¢’ will lie in A, and hence by the orthogonality of o', c”,

1=(o,0)= (o 0")+ (¢",0").
One concludes that either ¢’/ = 0, or ¢/ = 0. The latter cannot occur since it would mean that o = ¢’ is
perpendicular to all of A’. But p” = A7 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(h,, i)z, uepar, = £1,
one also knows that {hy}repar, are Z-linearly independent, so that {hy, ha, ...} are algebraically independent,
and A = Z[hq, ha,...] is the polynomial algebra generated by {hq, ha,...}.

For assertion (f), we have seen that w gives such a PSH-automorphism A — A, swapping h, < e,.
Conversely, given a PSH-automorphism A % A, consider the positive, multiplicative, normalized Z-linear
map d :=dp 0 ¢ : A — Z. Proposition 3.20 shows that either

e 0 = 0y, which then forces ¢(h,) = h, for all n, so p = 14, or
e 0 = ., 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 =7Z[hy, ha,...], where h,, in A is as defined in Theorem 3.16, 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
PSH-isomorphism, we first note that it is an isometry because one can iterate Proposition 2.47(iii) together
with assertions (c¢) and (d) to compute all inner products

Py ha)a = (1, hyrha)a = (1, By by - (Bl ) a

[ )
for p, A in Par,,. Hence
(hyy ha)a = (hu(x), ha(x))a = (@ (hu), @(hr))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 o in ¥ to a Schur function sy, and is a PSH-isomorphism. [
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4. COMPLEX REPRESENTATIONS FOR &,,, WREATH PRODUCTS, GL,(FF,)

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.

4.1. Review of complex character theory. A good source for this material, including the crucial Mackey
formula, is Serre [66, Chaps. 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-
)CG-module V.

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, Vs, one has

C ifV; =,

Hom(cg(Vl,Vg) &~ {O it v, %,a v

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 xv is a class function, meaning it is constant on G-conjugacy classes. The space Rc¢(G) of
class functions G — C has a Hermitian, positive definite form

(f1, f2)c = ﬁ > 19 f(g).
g€eG
For any two CG-modules V7, Vs,
(4.1) (Xv15 Xv2 ) = dime Homeg (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) :=ZTIrr(G) C Re(G)

sometimes called the wvirtual characters of 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

i fo)e = é S A9 falg™).

geG

This form is not identical with (-, ) (indeed, (,-) is bilinear while (-, )., is Hermitian), but it still satisfies
(4.1), and thus is identical with (-,-), on R(G) x R(G). Hence, for all we are going to do, we could just as
well use the form (-, ) instead of (-,-).

13, which has a beautiful generalization to finite-dimensional Hopf algebras due to Larson and Sweedler; see Montgomery
[56, §2.2].



46 DARIJ GRINBERG AND VICTOR REINER

4.1.3. Tensor products. Given two groups G1,G> and CG;-modules V; for ¢ = 1,2, their tensor product
V1 ®c Va becomes a C[G1 x Ga]-module via (g1, g2)(v1 ® v2) = g1(v1) ® g2(v2). When V;, V5 are both simple,
then so is V4 ® Va, and all simple C[G; x Gs]-modules arise this way. Thus one has identifications and
isomorphisms

Irr(G1 x G2) = Irr(Gh) x Irr(Ga)
R(G1 x G2) = R(G1) ®z R(Ga);

here, xv, ® xv, € R(G1) ®z R(G2) is being identified with xv,ev, € R(G1 x G3) for all CGy-modules V;
and all CGo-modules V5. Given two CG1-modules V7 and Wy and two CGs-modules V5 and Ws, we have

(42) (XV1®V2’XW1®W2)G1><G2 - (XV1 ) XW1)G1 (XV2aXW2)G2 :

Exercise 4.1. Let G; and Gy be two groups. Let V; and W; be CG;-modules for every i € {1,2}. Prove
that the map

Homeg, (Vi, W1) @ Homeg, (Va, Wa) — HomC[GIX@Q] (V1 @ Vo, W1 @ Wh)

sending each tensor f ® g to the tensor product f ® g of homomorphisms is a vector space isomorphism.
Conclude that (4.2) holds.

4.1.4. Induction and restriction. Given a subgroup H < GG and CH-module U, one can use the fact that CG
is a (CG, CH)-bimodule to form the induced CG-module

Ind$ U := CG @cy U.

The fact that CG is free as a (right-)CH-module'* on basis elements {t4} e, n makes this tensor product
easy to analyze. For example one can compute its character

1 _
(4.3) Xtnag v(9) = IndF (xv)(9) = 1] > xu(kgk™).
keqG:
kgkgleH

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 = @quG/H qU.
It is fairly easy to show that

(4.4) Ind§ X5 (U @ V) = (nd§ 1) @ (1d§ 03

whenever GG; and G are two groups, H; < G1 and Hs < G are two subgroups, and each U; is a CH;-module.
The restriction operation V +—» Resg V restricts a CG-module V to a CH-module. Frobenius reciprocity
asserts the adjointness between Indg and Resg

(4.5) Homce(Ind$ U, V) 2 Homey (U, Res§, V),
as a special case (S = A =CG,R=CH,B =U,C =V) of the general adjoint associativity
Homs(A ®r B, O) = HOHlR(B7 Homs(A, O))

for S, R two rings, A an (S, R)-bimodule, B a left R-module, C a left S-module. Taking characters in (4.5),
we obtain

(4.6) (Ind§ xv, xv)a = (xv, Res§ xv)u,

where restriction Resg fofan f € Re(QG) is defined just by restricting the map f: G — C to H.

14 . which also has a beautiful generalization to finite-dimensional Hopf algebras due to Nichols and Zoeller; see [56, §3.1].
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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 H9 := 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 5 GLU).
h — g 'hg

Theorem 4.2. (Mackey’s formula) Consider subgroups H, K < G, and any CH-module U. If {g1,...,9:}
are double coset representatives for K\G/H, then

t
Res§; Ind§; U = @D Indk ¢ ((Resgmm U) gi)
i=1
Proof. In this proof, all tensor product symbols ® should be interpreted as ®cpy. Recall CG has C-basis
{tg}gec. For subsets S C G, let C[S] denote the C-span of {t,},cs 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

¢
Indf; U =CG o U = @ C[Kg:H] & U.
i=1
Hence it suffices to check for any element g in G that

C[KgH]® U = Ind, ((Resgm{g U)g) .

Note that YH 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 =@ Clk; "HNK)gH|® U
j=1
= Indfyn (C[(PHNK) gH] @ U).
So it remains to check that one has a C[YH N K]-module isomorphism
9

ClHNK)gH|®U = (Resjings U)" .
Bearing in mind that, for each k in 94 N K and h in H, one has ¢ 'kg in H and hence
thgh QU =14 ty-1pgn @u=1,® g 'kgh-u
one sees that this isomorphism can be defined by mapping
tigh @ U —> g kgh - 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

(4.7) Resf Inﬂg/K U= Inﬂg/HmK Resgéng U.

Inflation turns out to be adjoint to the K -fized space construction sending a CG-module V to the C[G/K]-
module
VE . .={veV k@) =vforkecK}
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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 V¥ 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

(4.8) Homeg (Infig U, V') = Homg(g ) (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. Taking characters in (4.8), we obtain

(4.9) (Inflg ) xv, Xv)a = (XUs Xvi e/
where inflation Inﬂg/K fofan f € Re(G/K) is defined as the composition G G/K ' .c.
We will also need the following formula for the character xy x in terms of the character xv:
1
(4.10) e (9K) = > 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 c V,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 = \_Ilq > kex ks, gives (4.10).

Another way to restate (4.10) is:

1
(4.11) xvx(gK) = W Z xv (h).
hegK

There is also an analogue of (4.4):
Lemma 4.3. Let Gy and G2 be two groups, and K1 < G1 and Ko < G4 be two respective subgroups. Let U;
be a CGi-module for each i € {1,2}. Then,
(4.12) Uy @ U)K K2 =y g y ke
(as subspaces of Uy & Us).
Proof. The subgroup K1 = K; x1 of G1 X G2 acts on U; ®Us, and its fixed points are (U; ® Ug)K1 = UlK1 ®Us

(because for a CK;-module, tensoring with Us is the same as taking a direct power, which clearly commutes
with taking fixed points). Similarly, (U; ® Us)™* = Uy @ UK2. Now,

(U ® Un) 52 = (U, @ U)™* 0 (Uh @ Un) X2 = (U{“ ® U2) N (U1 ® U2K2> = UK g Uk

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 RQ)=PRQ. O

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 G x K =GK = K@, and

e GNK ={e}.
In this setting one has two interesting adjoint constructions, applied in Section 4.5.
Proposition 4.4. Fiz a C[G x K|-module V.

(i) For any CG-module U, one has C[G x K|-module structure
OU)=UxYV,

determined via

klu®v) =u® k(v),
g(u®v) = g(u) @ g(v).
(ii) For any C|G x K]-module W, one has CG-module structure
U(W) := Homeg (Res$ X V, Res K W),

determined via g(p) = gopo g1t
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(iii) The maps
CGE — mods % C[G x K] — mods

are adjoint in the sense that one has an isomorphism

Homeg (U, ¥(W)) —  Homggu ) (®(U), W)
| |
Homee (U, Homege (ResS X V, Res&* K W) Homg(aw (U @ V,W)
® — Pu®v) = p(u)(v)

(iv) One has a CG-module isomorphism
(U o ®)(U) = U @ Endcg (Res$* X V).
In particular, if Resg“{ V is a simple CK-module, then (Vo ®)(U) = 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 Resg“{ (U ® V), and hence as CG-modules one has

(¥ o ®)(U) = Homeg (Res$* KV, Res* 5 (U @ V)
= HomCK(ResﬁxK V, U® Res?{”{ V)
= U @ Homcg (Res@* KV, ResG*E V)

= U ® Endcg (Res$* 5 V)

4.2. Three towers of groups. Here we consider three towers of groups
G*:(G1<G2<G3<"')

where either

o GG, = 6, the symmetric group, or
o G, = G,[I'], the wreath product of the symmetric group with some arbitrary finite group T, or
o GG, = GL,(F,), the finite general linear group.

Here the wreath product &,,[T'] 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 0 0 0 g6 0 g295 O
g 0 0 0 g5 0| =10 0 9196
0 0 g3 94 O O g3ga 0O 0

More formally, &,[[] is the semidirect product &, x I'™ in which &, acts on I'* via o(vy1,...,7.) =
(70*1(1)7"'770*1(71))' o
For each of the three towers G, there are embeddings G; x G; — Gj4; and we introduce maps indzjj

taking C[G; x G;]-modules to CG, 1 ;-modules, as well as maps resﬁf;j

which are adjoint:

carrying modules in the reverse direction

(@13 Homee,,, (ind1 U, V) = Homeig, s (U rest V)

it

Definition 4.5. For G,, = &,,, one embeds &; x &, into &, as the permutations that permute {1,2,...,4}
and {i +1,i+2,...,i+ j} separately. Here one defines

. ; ; 6 .
1nd;? = Ind=""

61><6j7
ity . _ Sitj
res; ;' = Resg s
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For G,, = 6,,[T'], similarly embed &;[I'] x &,[I'] into &,4+;[I'] as block monomial matrices whose two diagonal
blocks have sizes i, j respectively, and define

ST R A Siq ;[T
1nd1-_’j = Indei[F]XGj[F]’

o Sy [T
it+j o RQSG +; 1]

res; ;1= )% 65 [T -

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

i
0 gy

where g;, g; lie in GL;, GL;, respectively, and ¢ in F;Xj is arbitrary. One has a quotient map P; ; = GL; xGL;
whose kernel K ; is the set of matrices of the form

Lot
0 I

BT B GLiyj P
ind; 7 = Indpm, InﬁGLixGLj,

with ¢ again arbitrary. Here one defines

ity . GLitj ol
res; ;0 1= (Respi’j (-) .

The operation indjj;j is sometimes called parabolic induction or Harish-Chandra induction. The operation

resjf;j is essentially just the K; j-fixed point construction V' ~ VXii. However writing it as the above

two-step composite makes it more obvious, (via (4.5) and (4.8)) that res?;j is again adjoint to ind?;j.

Definition 4.6. For each of the three towers G, define a graded Z-module

A= AG.) =P RGn)

n>0

with a bilinear form (-,-)4 whose restriction to A, := R(G,) is the usual form (-,-)g,, and such that
E=Ll]>0 Irr(G,,) gives an orthonormal Z-basis. Here we adopt the convention that Ay = Z has its basis
element 1 equal to the unique irreducible character of the trivial group Gp.

Bearing in mind that 4,, = R(G,,) and
A; @ A; = R(G;) ® R(G;) = R(G; x Gy)
one then has candidates for product and coproduct defined by

R LA AR ) ) "y
m = mdii D A®A — A
A=, o, res;) A, — D

2%

itj=n Ay ® 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 (-,-) 45 4- In fact,
it U, V, W are modules over CG;, CG;, CG;y; , respectively, then we can write the C[G; x G;]-module

resﬁj;j W as a direct sum @k X ®Yy, with X3, being CG-modules and Y, being CG j-modules; we then have

(4.14) res;::;j Xw = Z XX, @ Xv;
k
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and

(m(Xv @ Xxv),Xw), = (indf;j (xvev) ,XW)A = (indf;j (xvev) ,XW)G
i+

"
= (XU@VJGS;]J XW)G-xG. = (XU@Va E X X, ®XY;C>
ixG; -

= Z (XU®V7 XXk®Yk)Gi><Gj = Z (XUu XXk)G,L (XV7 XYk)Gj
k k

GiXGj

(the third equality sign follows by taking dimensions in (4.13) and recalling (4.1); the fourth equality sign
follows from (4.14); the sixth one follows from (4.2)) and

(Xv @ xv, A (XW)) a9a = (XU ® xv,res, XW)A®A = (XU XV, D XX, ® XYk>
k A®A

= Z (XU7 XXk)A (XV7 XYk)A = Z (XU7 XXk)Gi (XV7 XYk:)G]‘ :
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 (4.14)), 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 address the issue of why they form a bialgebra. However, assuming this for the moment,
it should be clear that each of these algebras A is a PSH having ¥ = | | ., Irr(G,) as its PSH-basis. X 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.

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 (1.8), that is, as maps A ® A — A ® A, one has

(4.15) Aom=mem)o(lT®1)o(A®A).

In checking this, it is convenient to have a lighter notation for various subgroups of the groups G,
corresponding to compositions a.

Definition 4.7. A composition is a (finite) tuple « = (a1, aq,...,ay) of positive integers. Its length is
defined to be ¢ and denoted by ¢(«); its size is defined to be o + ag + - - - + ap and denoted by |«; its parts
are its entries oy, g, ..., ap. The compositions of size n are called the compositions of n. In particular, any
partition of n (written without trailing zeroes) is a composition of n. We write () (and sometimes, sloppily,
(0)) for the empty composition ().

Definition 4.8. Given a composition « = (a1, ..., ap) of n, define a subgroup
Go = Goy X+ X Gy, <Gy

via the block-diagonal embedding with diagonal blocks of sizes (a1, ...,ar). 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 &,[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 (aq, ..., ap),
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 ai, az, ..., as. Notice that P; ;) = P; ; for any 7 and j with
i+ j = n; we will also abbreviate G; ;) = G; x G; by G; ;. Also define operators ind,res;, for the three
towers analogous to those defined in Definition 4.5 when o = (i, 7) has only two parts.

Definition 4.9. 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. This very simple construction generalizes the definition of UY for an element g € G, where G
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is a group containing H as a subgroup; in fact, in this situation we have U9 = U7, where K = 9H and
7: K — H is the map k — ¢ 'kg.

Using homogeneity, checking the bialgebra condition (4.15) in the homogeneous component (A @ A),
amounts to the following: for each pair of representations Ui, Us of G, , G, with r1 4+ ry = n, and for each
(c1,¢2) with ¢1 + ¢o = n, one must verify that

resy, ., (ind? ., (U1 @ Uy))

1,72

4.16 - e . i oo
( ) = @ (lndalllxa21 ® lnda2127a22) ((resalllxa12 Ul ® reS@levaZ U2) ‘4 )
A

ail  ai12
az1
(c1,¢2), and where 74 is the obvious isomorphism between the subgroups

Ga11)a12)a217a22 (< GTl)TQ)
Ga11)a21)a127a22 (< Gcl702)

where the direct sum is over all matrices A = { in N?*%2 with row sums (r1,72) and column sums

(4.17)

(we are using the inverse Tgl of this isomorphism 74 to identify modules for the first subgroup with modules
for the second subgroup, according to Definition 4.9).

As one might guess, (4.16) comes from the Mackey formula (Theorem 4.2), once one identifies the appro-
priate double coset representatives. This is just as easy to do in a slightly more general setting.

Definition 4.10. Given compositions «, 3 of n having lengths ¢, m and a matrix 4 in N with row sums
a 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=JiU---Udp
such that |[;| = «y,|J;| = Bj. For every j € [m], disjointly decompose J; into consecutive intervals of
numbers J; = J;j 1 U Jjo U---UJj, such that every ¢ € [¢] satisfies |J; ;| = a;j. For every i € [¢], disjointly
decompose I; into consecutive intervals of numbers I; = I; 1 UI; o U+ - - U L; ,, such that every j € [m] satisfies
|I;,;| = aij. 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 i 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 wa.

Example 4.11. Taking n =9 and a = (4,5), 8 = (3,4,2), one has

L = {1a273a4}7 Iy = {5,6,7,8,9}
']1 = {15 273}5 ‘]2 = {4755677}5 J3 - {859}

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|456 7] 809
1253467171809

with vertical lines dividing the sets J; on top, and with elements of I; underlined ¢ times on the bottom.

Remark 4.12. Given compositions a and 8 of n having lengths ¢ and m, and a permutation w € &,,. It is
easy to see that there exists a matrix A € N®*™ 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 A is determined by
Qij = |w(J]) n Iz|

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 I’
and into GL, (F,) for every gq.

First, for every n € N and any group I', we embed the group &,, into &,[I'] by means of the canonical
embedding &,, - &, xI'™ = &, [I']. If we regard elements of &,,[I'] as n X n monomial matrices with nonzero
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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 a composition of n, then this embedding &,, — &, [T
makes the subgroup &, of G,, become a subgroup of &,, [I'] and actually into a subgroup of &, [I'] < &, [T'].
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 o is a 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,41 on both sides.

Proposition 4.13. The permutations {wa} as A runs over all matrices in N*™ having row, column sums
«, B give a system of double coset representatives for

Ga\G,/65
SHINNCHINVICEIY
P, \GL,/Ps

Proof. First note that double coset representatives for 6,\&,,/&g should also provide double coset repre-
sentatives for 6,[I']\&,[[']/S4[I, since

So[l] = G, I" =T"6,,.

We give an algorithm to show that every double coset &,w& 3 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 G,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 2 3 | 45 6 7] 89
YT4s 2539116
, (1 23 | 45 6 7| 89 S
T2 a8 13506 7)
(1 2 3 | 45 6 7| 89 , , B
wa = (l 2 5 | 3 4 6 7 | 8 2) € Gw CG6,w6s =6,w64
Next note that S,waG3 = G,wpSg implies A = B, since the quantities

ai,j(w) = |w(JJ) ﬁIl|

are easily seen to be constant on double cosets G, wSg.

A similar argument shows that P,waPs = PywpPs implies A = B: for g in GL,, the rank r;;(g) of the
matrix obtained by restricting g to rows I; U I;1q U--- U I, and columns J; L Jo U --- L 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) = rig1;(w) + rigr-1(w).

Thus it only remains to show that every double coset P,gPs contains some w4. Since &, < P,, and we
have seen already that every double coset &,w&g contains some wy, it suffices to show that every double
coset P,gPp contains some permutation w. However, we claim that this is already true for the smaller
double cosets BgB where B = Pj» 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 ¢’ for coset gB
in which

e the bottommost nonzero entry of each column has been scaled to 1 (call this a pivot),

e the entries to right of each pivot within its row are all 0, and
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e there is one pivot in each row and each column, so that they lie in the positions of some permutation
matrix w.

In fact, we will see below that BgB = BwB in this case. The algorithm which produces ¢’ from ¢ 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.

For example, the typical matrix g lying in the double coset BwB where

(1 23| 4567|809
T4 821539116

3
from before is one that can be altered within its coset gB t

o look like this:
[« % % % % %= 1 0 0]
* x 1 0 0 0 0 0 O
*x %« 0 x 1 0 0 0 O
1 0000 0 O0O0TUO
g=10 x 01 0 0 0 0 0Of€cgB.
0O = 000 = 0 % 1
0O = 00 0 x« 0 1 0
01 0 0 0 O0O0O0TO0
000001000

Having found this ¢’ in ¢B, 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
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. g

Corollary 4.14. For each of the three towers of groups Gy, the product and coproduct structures on A =
A(Gy) endow it with a bialgebra structure, and hence they form PSH-algebras.

Proof. The first two towers G,, = &,, and G,, = &,,['] have product, coproduct defined by induction, restric-
tion along embeddings G; x G; < G,1;. Hence the desired bialgebra equality (4.16) follows from Mackey’s
Theorem 4.2, taking G = Gy, H = Gy, 1), K = G(¢, ¢y), U = U1 @ Uz with double coset representatives'®
{91,.... gt} = {war | A € N** A has row sums (ry,73) and column sums (cy, c2)}
and checking for a given double coset
KgH = (G61162)w14t (GT11T2)

indexed by a matrix A in N?*2 with row sums (r1,72) and column sums (c1,cg), that the two subgroups
appearing on the left in (4.17) are exactly

HNKYA = Gry oy N (Gey en) A,

WAtH N K = "ar (Gn,m) N Gc1,c27
respectively. One should also apply (4.4) and check that the isomorphism 74 between the two subgroups in
(4.17) is the conjugation isomorphism by w4« (that is, T4(g) = wacgw}; for every g € HNK™at). We leave
all of these bookkeeping details to the reader to check. °

15Proposition 4.13 gives as a system of double coset representatives for G(cl,c2)\Gn/G(r1,r2) the elements
{wal| A€ N2%2 A has row sums (c1,c2) and column sums (ri,m2)}
={wy: |AE N2%2 A has row sums (r1,72) and column sums (c1,c2)}

where A? denotes the transpose matrix of A.
1614, helps to recognize w 4+ as the permutation written in two-line notation as

1 2 ... a1 | aenn+4+l an1+4+2 ... | rm+1 ri+2 ... aby, | aby+1 aby+2 ... n
1 2 ... ann | a4+l a+2 ... adyy | a1+l ann+2 ... ca | ayy+1 ayy+2 ... n)’
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For the tower with G,, = GL,, there is slightly more work to be done to check the equality (4.16). Via
Mackey’s Theorem 4.2 and Proposition 4.13, the left side is

res;, ., (ind; . (U1 @ Us))

T1,72

K
_ Gn Gn Pryry ez
= (Respcw2 Indp® Inflg "™ (U1 @ Us)

—1
Peye Prpr Pryr Ta
(418) - @ (Indelt Pzrl,rzmpcl,zm <<Resp o plAt InﬂGTllez (Ul ® U2)) ))

1,72 n €1,€2

KClaC2

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
s e so1c2 ry ro Ta
@ (mdan,azl ®1nda12,a22) ((resau,alz U1 ® €843, az U2) )
A

Pa111a21 Pa121a22 11,221 Ga12va22

-1
K, K Ta
G, ajj,aig G, agy,ags
< <(ReSP 1 Ul) ® (Resp , U2) ) )
a11.a12 a21,a22

Gey e
= (P mdSe
@ Payy a0y X Pays,as0
A

—1
Payy.asy XPayg.a Gy v Kayy,a10 X Kagyag0 \ T4
(4.19) TnfiZes o2 X Posz.oza <<(Resp1  ban, U1 812)) ) )

=P (IndG°1 ®Indye ) o (Inﬂg‘m*a?l ® Infl,. )
A

a11,221,212,022 a11,a12

(by (4.4), (4.12) and their obvious analogues for restriction and inflation). Thus it suffices to check for each
2x 2 matrix A that any CG., ,-module of the form V; ® V5 has the same inner product with the A-summands
of (4.18) and (4.19). Abbreviate w :=w,¢ and 7 := 7, .

Notice that “P,, ., is the group of all matrices having the block form

giu h i
0 g21 0 k
(4.20) d e gia ¢

0 f 0 g22

in which the diagonal blocks g;; for i, j = 1,2 are invertible of size a;; X a;;, while the blocks h,%,7,k,¢,d, e, f
are all arbitrary matrices!'” of the appropriate (rectangular) block sizes. Hence, ¥ Py, ., N P., ., is the group
of all matrices having the block form

g h i j

0 g21 0 k

(4.21) 0 0 g
0 0 0 g22

in which the diagonal blocks g;; for 4,7 = 1,2 are invertible of size a;; X a;;, while the blocks h,i,j,k, ¢
are all arbitrary matrices of the appropriate (rectangular) block sizes; then ¥ Py, ,, N G, ¢, is the subgroup
where the blocks i, 7, k all vanish. The canonical projection “ Py, v, N Pey ey = “Pr, 7y N Gey e, (Obtained by
restricting the projection P, ., — G, ¢,) has kernel Y Py, ., N Pe, ¢, N K¢, ¢, Consequently,

(4'22) (wPT17T2 N PC17C2) / (wPT17T2 N PC1,C2 N KC17C2) = me,Tz N G017C2'
Similarly,
(4'23) (Phﬂ“z N Pcul),cg) / (Pnﬂ“z N Pcul),cz N Kﬁ,rz) = GT1,T2 N Pg;,cz'
Tay, 0 0 0
, . . . 0 0 Loy, 0
where a5, =71 + a21 = c1 + a12 = n — az2. In matrix form, w 4: is the block matrix
0 Tay, 0 0
0 0 0 Tagy

Y"The blocks ¢ and J have nothing to do with the indices 4, j in g;;.
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Computing first the inner product of V; ® V2 with the A-summand of (4.18), and using adjointness
properties, one gets
Pr g PT N T
((Resp 2 pe fig o),

P P
€1:¢2 €1:€2
Resup, ® AP, ., InﬁGCL e [/2))

c
2 Y Pry g NPy ey

4.7 Pry g NP . "
(4D ((InﬂG1 Spk? Resg (U1®U2)) :

w
"‘h"'szcl,zQ T1,7T2 c1,¢

wP”‘l""2 m13‘31":2 Gcl,c2
InﬂwPTl‘TQ ﬂGCl‘Cz ReswPTl‘TQ ﬂGCl‘Cz (‘/1 ® ‘/2))“’137‘1,7‘2 ﬂPcLCQ
(by (4.23) and (4.22)). One can compute this inner product by first recalling that “ Py, ,, N P, ¢, is the
group of matrices having the block form (4.21) in which the diagonal blocks g;; for 4, j = 1,2 are invertible
of size a;j X a;j, while the blocks h, i, j, k, ¢ are all arbitrary matrices of the appropriate (rectangular) block
sizes; then “ Py, ., NG, ¢, is the subgroup where the blocks 4, j, k all vanish. The inner product above then

becomes
1 g1 1@ g1k
|wPT1xT2 N PC1702| Z X < 0 g2 AU 0 g2

(9i5)
— (g h\_ (g2 ¢
A ( 0 921> Xve ( 0 922> '

(4.24) (i gkt
If one instead computes the inner product of V; ® Vo with the A-summand of (4.19), using adjointness
properties and (4.11) one gets

K x K T
G 11,212 a21,a22
Res 2 U @ U. )
((( Payy,a15 X Pasy,azs ( 1® 2) ’

K x K
Geye ai,az a1z,a22
(Resp1 b (V1®V2)) >

11,221 12,022

G

a11,421,212,%22

1 1 (911 { ) (921 k )
= XU XU.
|Ga11,a21,a12,a22| (gzij) |Ka11-,a12 X Ka217a22| (sz) "\0 g2 N0 g2

1 — 911 h>_ (912 5)
|K0117021 X Ka12,a22| (hzl)x‘ﬁ ( 0 g2 XV, 0 gao)’

But this right hand side can be seen to equal (4.24), after one notes that
|wPT1,T2 N P01702| = |G011,U«21,a127022| : |KU«11,1112 X Kan;a22| : |Ka117021 X Ka127022| : #{j € Fguxazz}

and that the summands in (4.24) are independent of the matrix j in the summation. U

4.4. Symmetric groups. Finally, some payoff. Consider the tower of symmetric groups G,, = 6&,,, and
A = A(G4) = A(6). Denote by lg,,sgng, the trivial and sign characters on &,,. For a partition A of n,
denote by 1g, ,sgng, the trivial and sign characters restricted to the Young subgroup &\ = G, 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 4.15. Irreducible complex characters {x*} of &,, are indexed by partitions \ in Par,, and one
has a PSH-isomorphism, the Frobenius characteristic map,

A=AG) DA
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that sends
1671 — hn
SgnGn — €n
I — &
XA = Sx
Indg" ls, ~— ha
Indg;‘ sgng, +—— e
1>\ — Dx

and where the involution w on A corresponds under ch™ to the map on each virtual character space R(S,,)
giwen by tensoring with the sign character sgng . Here, zx is defined as in Proposition 2.30.

Proof. Corollary 4.14 implies that the set ¥ = [ |, -, Irr(&,,) gives a PSH-basis for A. Since a character x of
S, has B

(4.25) A = @ ResSe, x.

i+j=n
such an element x is never primitive for n > 2. Hence the unique irreducible character p = 1g, of G is the
only element of C = X N p.

Thus Theorem 3.18 tells us that there are two isomorphisms A — A, each of which sends ¥ to the PSH-
basis of Schur functions {sx} 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 lg,,sgng, in Irr(G32) to ha, ez (and not es, ha).

Bearing in mind the coproduct formula (4.25), and the fact that 1s,,,sgng restrict, respectively, to trivial
and sign characters of &; x &; for i 4 j = n, one finds that for n > 2 one has sgné2 annihilating 1s,, and

1@2 annihilating sgng . Therefore Theorem 3.16(b) implies 1g,,sgng, are sent under ch to h,,e,. Then

the fact that Indg;‘ ls A,Indgz sgng, are sent to hy, ey follows via induction products.

For the assertion about 1(,), note that it is primitive in A 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 4,j > 1; these
subgroups contain no n-cycles. Hence Corollary 3.8 implies that ch(1(,)) 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) =1g, has

1 1

— = (p—1)= =

(16717 1(n)) = n! (n 1). = n.
Thus ch(1(,)) = 2=. The fact that ch(1)) = ’z’—i then follows via induction product calculations, e.g. using

(4.3).

The fact that w corresponds on A, = R(&,) to the operation x —— x ® sgng , comes from Theo-
rem 3.18(f), once one notes that the latter operation induces a (nontrivial) PSH-algebra automorphism of
A. O

Remark 4.16. The paper of Liulevicius [45] gives a very elegant alternate approach to the Frobenius map as
a Hopf isomorphism A(S) b, A, inspired by equivariant K-theory and vector bundles over spaces which
are finite sets of points!

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(G[T']). Recall from the previous section that irreducible complex representations
x* of &,, are indexed by partitions \ in Par,. Index the irreducible complex representations of I' as

Irr(I) = {p1, ..., pa}-

Definition 4.17. Define for a partition A in Par, and p in Irr(') a representation x** of &,[I'] in which

oin &, and v = (y1,...,7,) in I'™ act on the space x* @ (p®") as follows
(4.26) (U@ W ® - ®vp)) = (1) ® (Vg-1(1) @+ @ Vg-1(n))
' YUV ®- - Qup)) =uU® (V101 Q-+ @ Yntp)

Theorem 4.18. The irreducible C&,,[I']-modules are the induced characters
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as A runs through all functions
Irr(T) 2, Par
pi — A
with the property that Zle IND| = n. Furthermore, one has a PSH-isomorphism
AB[I])) — A%
XA > Sh) @ @ Sy -
Proof. We know from Corollary 4.14 that A(S[I']) is a PSH, with PSH-basis 3 given by the union of all
irreducible characters of all groups &,[I']. Therefore Theorem 3.10 tells us that A(S[I']) = @ . A(S[I])(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 6,['] =T, and p lies in Irr(T) = {p1,...,p4a}
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 there is a PSH-isomorphism sending

. A = AN

Such an isomorphism comes from applying Proposition 4.4 to the semidirect product &,[T'] = &,, x I'", so
that K = I',G = &, and fixing V = p®" as CS,[[]-module with structure as defined in (4.26). One
obtains for each n, maps

where
P
X — x®(p%")
a V5 Homgrn (™, ar).

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 4.4(iii) gives the adjointness property that
06 ¥ () ae) = (@), @) 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 4.4(iv) shows that

(4.28) (Wo®)(x) = x

for all &,,-characters x. Hence ® is an injective PSH-morphism. Using adjointness, (4.28) also shows that
® sends C&,,-simples x to C[&,,[I']]-simples P (x):

(@(x), (X)) A = (T o @)(X); X)aw) = (:X)ae) = 1.
Since ®(y) = x @ (p®") has V = p®™ as a constituent upon restriction to I'", Frobenius Reciprocity shows

that the irreducible character ®(x) is a constituent of Indg? (] p®" = p". Hence the entire image of ® lies
in A(S[I')(p), and so ® must restrict to an isomorphism as desired in (4.27). O

One of Zelevinsky’s sample applications of the theorem is this branching rule.

Corollary 4.19. Given A = (AW ... AD) with S [AD| = n, one has
d

&, I A\ AM A A@
Rese"rr () =D D X! ) ® p;.
i=1 )\(j)g)\(i):

OO =1
Example 4.20. For I" a two-element group, so Irr(T") = {p1, p2} and d = 2, then

Res@ll) o (X<<3,1>,<1,1>>) —(BAD) g 5 (@DAD) g b L (GBDM) g
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Proof of Corollary 4.19. By Theorem 4.18, this is equivalent to computing in the Hopf algebra A := A®?
the component of the coproduct of s,y ® -+ ® sy that lies in 4,1 ® A;. Working within each tensor
factor A, the Pieri formula implies that the A,,—1 ® Aj-component of A(s)) 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. 0

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 4.14 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 3.10 tells us that

(4.29) A(GL) = (R A(GL)(p)

peC

where C = X N p is the set of primitive irreducible characters.

Definition 4.21. 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 ¢, 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'] =T, 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 4.22. The number |C,| of cuspidal characters of GL,,(F,) is the number of |F,| of irreducible
monic degree n polynomials f(x) # = in Fy[x] with nonzero constant term.

Proof. We show |C,,| = |F,| for n > 1 by induction on n. For the base case n = 1, just as with the families
Gn = 6, and G, = 6,[I'], when n = 1 any irreducible character x of Gi = GL(F,) gives a primitive
element of A = A(GL), and hence is cuspidal. Since GL1(F,) = Fy is abelian, there are [F)| = ¢ — 1
such cuspidal characters in Cy, which agrees with the fact that there are ¢ — 1 monic (irreducible) linear
polynomials f(z) # = in Fy[z], namely F; := {f(z) =2 —c:c€F;}.

In the inductive step, use the fact that the number |X,| of irreducible complex characters x of GL,,(FF,)
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, (4.29) tells us that |X,| is similarly parametrized by the functions A : C — Par having
the property that > . d(p)|A(f)| = n. Thus we have parallel disjoint decompositions

C =l,51Cn whereC,={peC:d(p)=n}
F = |_]n21]-"n where F,, = {f € F : deg(f) =n}

and hence an equality for all n > 1

¢ 2 Par: Zd(p)|/\(f)|:n =%, = F 2 Par: Zdeg(f)|/\(f)|:”

peC feF

Since there is only one partition A = (1) of having |\| = 1, this leads to parallel recursions

{Qaiw% mewb%‘

|Cn| = |En| -
i=1

n—1
Fal = 10 = |{ || 7 25 Par: > deg(HINS) =1
f

=1

and induction implies that |C,| = |F,|. O
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Example 4.23. Taking ¢ = 2, let us list the sets F,, of monic irreducible polynomials f(x) # x in Fa[x] of
degree n for n < 3, so that we know how many cuspidal characters of GL, (F,) in C,, to expect:
Fir={x+1}
Fo={a?+2+1}
Fa={*+2+1,2°+2° +1}
Thus we expect

e one cuspidal character of GL;(F2), namely pi(= lgr,(r,))s
e one cuspidal character py of GL2(F3), and
e two cuspidal characters ps, p5 of GL3(F2).

We will say more about pe, ps, p5 in the next section.

Exercise 4.24. (a) Show that for n > 2,

(130) Gl=mh =2 S w(h)d

d dividing n

where yi(m) is the number-theoretic Mébius function of m, that is u(m) = (=1)4 if m = py - - - p4 for d distinct
primes, and p(m) = 0 if m is not squarefree.

(b) Show that (4.30) also counts the necklaces with n beads of ¢ colors (=equivalence classes under the
Z/nZ-action of cyclic rotation on sequences (ay,...,a,) in Fy) which are primitive in the sense that no
nontrivial rotation fixes any of the sequences within the equivalence class. For example, when ¢ = 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 :{(07 0, 07 1)’ (07 O, 17 1)’ (07 ]‘, 17 1)}'
4.7. Steinberg’s unipotent characters. Not surprisingly, the (cuspidal) character ¢ := 1y, of GL1(F,)
plays a distinguished role. The parabolic subgroup P(i») is the Borel subgroup B of upper triangular

matrices, and the subalgebra A(GL)(¢) of A(GL) is the Z-span of the irreducible characters o that appear
as constituents of /™ = Ind§"" 15 = C[GL,/B] for some n.

Definition 4.25. An irreducible character o of GL,, appearing as a constituent of Ind§%" 15 = C[GL,,/B]
is called a unipotent character. Equivalently, by Frobenius reciprocity, o is unipotent if it contains a nonzero
B-invariant vector.

In particular, 1¢z,, is a unipotent character of GL,, for each n.

Proposition 4.26. One can choose A = A(GL)(¢) in Theorem 3.18(g) so that h, — 1y, .

Proof. Theorem 3.16(a) tells us (2 = IndgL2 1p must have exactly two irreducible constituents, one of which
is 1g1,; call the other one Sty. Choose the isomorphism so as to send ho — 1gr,. Then h,, — 11, follows
from the claim that Sty (1gz,) = 0 for n > 2: one has

K’L,]
A(chn) = Z (Resg:j 1GLn) = Z ler, ®1GLJ~

i+j=n i+j=n
so that StQL(chn) = (StQ, 1GL2)1GLn72 = 0 since St2 75 1GL2-
O
This subalgebra A(GL)(¢), and the unipotent characters Xé corresponding under this isomorphism to
the Schur functions sy, were introduced by Steinberg [74]. He wrote down xé as a virtual sum of induced
characters Indgf" lp, (= 1g,, "'1Gae)’ modelled on the Jacobi-Trudi determinantal expression for sy =
det(hx,—i+;). Note that IndIGD(f" 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} - Val - Va1+a2 - C Va1+o¢2+---+a[,1 - FZ
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where dimp, Vy = d in each case. This character has dimension equal to |G/ P, |, with formula given by the
q-multinomial coefficient (see e.g. Stanley [72, §1.7]):

_ n_q
where [n]lq := [n]g[n — 1g - [2]¢[1]q and [n]g =1+ g+ +¢""! = =
Our terminology Sto is motivated by the n = 2 special case of the Steinberg character St,, which is
the unipotent character corresponding under the isomorphism in Proposition 4.26 to e, = s(in). It can be
defined by the virtual sum

Sty == x{"") = (=1)" 1 mdF 15,

«
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 IFj/, 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 [12].

4.8. Examples: GL3(F2) and GL3(F3). Let’s get our hands dirty.

Example 4.27. For n = 2, there are two unipotent characters, X((f) = 1gr, and

(4.31) Sty == x{") =13, —ler, = Ind%" 1p — a1,

hi  he

1 h ] = h? —hs. The description (4.31) for this Steinberg
1

since the Jacobi-Trudi formula gives s(; 1) = det [

character Sto shows that it has dimension
|GLy/B|—1=(¢+1)—1=gq
and that one can think of it as follows: consider the permutation action of GLs on the ¢+1 lines {{o, {1, ..., 44}

in the projective space ]P]%‘q = GLy(F,)/B, and take the invariant subspace perpendicular to the sum of basis
elements eg, + -+ + eg, .

Example 4.28. Continuing the previous example, but taking ¢ = 2, we find that we have constructed two
unipotent characters: 1gr, = XgQ:)Q of dimension 1, and Ste = x(gl:é) of dimension ¢ = 2. This lets us identify

the unique cuspidal character py of GLy(FF3), using knowledge of the character table of GLy(F3) & G3:

e A I R

(2)

lgr, = X4=2 || unipotent 1 1 1
Sty = X511:,12) unipotent 2 0 -1
02 cuspidal 1 -1 1

In other words, the cuspidal character py of GL2(FF3) corresponds under the isomorphism G Lo (F3) = &3 to
the sign character sgng,.

Example 4.29. Continuing the previous example to ¢ = 2 and n = 3 lets us analyze the irreducible
characters of GL3(FF3). Recalling our labelling p1, p2, p3, p5 from Example 4.23 of the cuspidal characters of
GL,(Fy) for n = 1,2, 3, Zelevinsky’s Theorem 3.10 tells us that the GL3(Fz)-irreducible characters should

be labelled by function {p1, p2, p3, p5} 2, Par for which
L [A(p)l + 2 [A(p2)] + 3 - [Mp3)| + 3 - [A(p5)| = 3

We will label such an irreducible character y& = X(/\(Pl),/\(pz),/\(ps)J\(Pé)).
Three of these irreducibles will be the unipotent characters, mapping under the isomorphism from Propo-

sition 4.26 as follows:

\D,9,9)

® si3)=hsg— x () = lgr, of dimension 1.
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ho h
S(2,1) = det |: 12 h?:| = hohy — hy — X((Q.,l)y@,g,@) = Indgf’f’ 1p2’1 —lars,

. . 3 | 3 o 9 q=2
of dimension [2’ 1] ) — {3]} =Blg—1=¢"+q ~ 6.
e Lastly,
[h1 ho  hs
saiy =det | 1 hy ha| =hi —hohy — hiho + hg
101 M

— Sty = x(WHD 22 — ndGE 15 — IndE" 1p,, — Ind5)2 1p,, + 1oL,

R A e R B )

= (3l = [Blg ~ Bla +1 =" 8.

of dimension

There should also be one non-unipotent, non-cuspidal character, namely
P
X282 = ) gy = Indgf; Inflgr v ar, e, @ p2)

q=2

having dimension [132] 1-1=[3]g ~ 7.
7 7lq
Finally, we expect cuspidal characters ps = x(@(1):2) pl = 1(2.2,9,(1)) \whose dimensions ds, dj can be
deduced from the equation

12467+ 8% + 7% + dj + (d3)* = |GLa(F2)| = [(¢* — ¢")(¢® — ¢")(¢* — )], _, = 168.

o=
This forces d3 + (d4)? = 18, whose only solution in positive integers is d3 = dj = 3.

We can check our predictions of the dimensions for the various GLg(FF3)-irreducible characters since
GL3(F3) is the finite simple group of order 168 (also isomorphic to PSLy(F7)), with known character table
(see James and Liebeck [38, p. 318]):

centralizer order 168814 |3 |7 |7

unipotent?/cuspidal?
lar, = x(©)2.9.9) unipotent P11 ]1]1]1
x(@1),2,9,9) unipotent 6 [2]0]0]-1]-1
Stz = x(1L1,1),9.9,9) unipotent 8 0|0 |-1]1]1
x(:1),2.2) 7 -1l-1]1]o]o
p3 = x(%22:(1) cuspidal 3 |-1|1]0|a|a
oy = x(@21).9) cuspidal 3 |-1]1]lofala

Here o := —1/2 +iy/7/2.

Remark 4.30. Tt is known (see e.g. Bump [13, Cor. 7.4]) that, for n > 2, the dimension of any cuspidal
irreducible character p of GL,(F,) is

(@ =121 (* = 1) (g - 1)
Note that when ¢ = 2,

e for n = 2 this gives 2! — 1 = 1 for the dimension of py, 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 4.42 below, Zelevinsky [81, Chap. 11], and Macdonald [49, Chap. IV]
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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 4.31. Say that an element g in GL,,(F,) is unipotent if its eigenvalues are all equal to 1. Denote
by H,, the C-subspace of R¢(GL,,) consisting of those class functions which are supported only on unipotent
conjugacy classes, and let H = €P,,>, Hn as a C-subspace of Ac(GL) = €D,,5o Rc(GLy).

Proposition 4.32. 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 has kernel HY which is both an ideal and a two-sided coideal.

Proof. Given two class functions x;, x; on GL;, GL; and g in GL;;, one has

1
(4.32) (i~ x5) (9) = W Z xXi(9i)x;(95)-

b h€GL;yj:

- gi X
h=tgh= EP; ;
’ {0 93‘]

Since g is unipotent if and only if h~!gh is unipotent if and only if both g;,g; are unipotent, the formula
(4.32) shows both that H is a subalgebra and that H* is a two-sided ideal: ; and X; are both supported

only on unipotent classes if and only if the same holds for x; - x;. Similarly, for class functions x on GL,,
and (g;,9;) in GL; j; = GL; x GL;, one has

AW(Ghg) = = 3 x[gi ’“]

ij 0 g,
¢ keFy™d 95
using (4.10). This shows both that # is a sub-coalgebra of A = A¢(GL)
AHCH®H

and that HL is a two-sided coideal
AHYYCHI @A+ AN

since it shows that x is supported only on unipotent classes if and only if A(x) vanishes on (g1, g2) that have
either g1 or go non-unipotent. The rest follows. O

The subspace H is called the Hall algebra. It has an obvious orthogonal C-basis, with interesting structure
constants.

Definition 4.33. Given a partition A of n, let J) denote the GL,-conjugacy class of unipotent matrices
whose Jordan type (= Jordan block sizes) is given by A, and let z)(¢q) denote the size of this conjugacy class
I

The indicator class functions {1, }aepar form a C-basis for H whose multiplicative structure constants
are called the Hall coefficients gﬁ)y(q):

1JH1JV = Zgﬁ,u(Q) L.
A

Because the dual basis to {15, } is {za(¢)7'14,}, self-duality of H shows that the Hall coefficients are
(essentially) also structure constants for the comultiplication:

Aly, => g (q)M 1y, ®1y,.

2 It ()

The Hall coefficient gﬁ‘ﬁy(q) has the following interpretation.
Proposition 4.34. Fiz any g in GL,(F,) acting unipotently on [y with Jordan type A. Then g;}yl,(q) counts

the g-stable F-subspaces V- C Fy for which the restriction g|V acts with Jordan type p1, and the induced map
g on the quotient space IFZ/V has Jordan type v.
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Proof. Given p, v partitions of i, j with i + j = n, taking x;, x; equal to 1,1, in (4.32) shows that for any
g in GL,, the value of (1;, -1,,) (g) is given by

(4.33)

{h €GL, :h lgh= [%Z g*} with g; € J,, g5 € Jy}

J

1
| P
Let S denote the set appearing in (4.33), and let Ffz 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~'gh is in
block upper-triangular form can be re-expressed by saying that the subspace V := h(IFfZ) is g-stable. One

then sees that the map h sV = h(IE‘fZ) surjects S onto the set of i-dimensional g-stable subspaces V' of
for which g|V and g are unipotent of types pu, v, respectively. Furthermore, for any particular such V, its
fiber ¢=1(V) in S is the stabilizer within GL,, of V, which is conjugate to P; ;, and hence has cardinality
|~ (V)| = |P;;|. 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

AC — A(GL)(L)(C — A(GL)C — H

in which the first map is the isomorphism from Proposition 4.26, the second is inclusion, and the third is
the quotient map from Proposition 4.32.

Theorem 4.35. The above composite ¢ is a Hopf algebra isomorphism, sending

hy = Z)\Gparn 1J>\a
en — q@)1,,,,
Pn F D oaepar, (G Den Ly
where
(#:9)e = (1= 2)(1 = q2)(1 = ¢’x) - (1 — ¢ "'a).

Proof. That ¢ is a Hopf morphism follows because it is a composite of three such morphisms. We claim that
once one shows the formula for the (nonzero) image of ¢(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 Ac and H are (graded, connected, finite type) self-dual Hopf algebras, so Theorem 3.7
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 A¢, by Corollary 3.8 the primitives are
spanned by {p1,pa, ...}, with only one basis element in each degree. 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 4.26 shows that it maps under the first two composites to the indicator function 1ayz,,
which then restricts to the sum of indicators > AePar, L7, in H. For e, p,, we resort to generating functions.

Let hy,, 6, Pr, denote the three putative images in H of h,,, e, p,, appearing on the right side in the theorem,
and define generating functions in H/[[t]]

H(t):=> hat", E(t):=Y éut", P(t):= pnsrt"
n>0 n>0 n>0
We wish to show that ¢ 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 (2.10), (2.20), it suffices to check that in H[[t]] one has

H(t)E(—t) =1, or equivalently, S o (=D ke g = o

H'(t)E(~t) = P(t), or equivalently, >3 (=1)*(n — k)éphn_r = pn.
Thus it would be helpful to evaluate the class function é,h,_x. Note that a unipotent ¢ in GL,, having ¢
Jordan blocks has an /-dimensional 1-eigenspace, so that

(Exhn—1)(g9) = q(g) (L, - hn-i)(9) = q(z) Li]



HOPF ALGEBRAS IN COMBINATORICS 65

where

H __ (@

ko, (@@ e

is the g-binomial coefficient counting k-dimensional [Fy-subspaces V' of an /-dimensional IF,-vector space; see,
e.g., [72, §1.7]. Thus one needs for ¢ > 1 that

¢
k(5 14 _
(431) S (-1)kg®) M 0,
¢ Ny
(4.35) St =148 ] = (@
k=0 q
Identity (4.34) comes from setting = 1 in the ¢-binomial theorem [72, Exer. 3.119]:

Il R O e SRR}
k=0 a
Identity (4.35) comes from taking % in the g-binomial theorem, then setting = 1, and finally adding (n—¢)
times (4.34). O

We next indicate, without proof, how H relates to the classical Hall algebra.

Definition 4.36. The usual Hall algebra, or what Schiffmann [63, §2.3] calls Steinitz’s classical Hall algebra
(see also Macdonald [49, Chap. II]), has Z-basis elements {uy}xcpar, With the multiplicative structure
constants g, ,(p) in

upty =Y g, (p) U
A

defined as follows: fix a finite abelian p-group L of type A\, meaning that
)

L= @Z/pAiZ,
=1

and let gﬁ‘_’,/(p) be the number of subgroups M of L of type u, for which the quotient N := L/M is of type v.
In other words, gﬁ‘_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 u, v, respectively.

We claim that when one takes the finite field F, of order ¢ = p a prime, the map
(4.36) ux — 1,

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 [49, Chap. II], one of them
due to Zelevinsky!®. To state it, we first recall some notions about discrete valuation rings.

Definition 4.37. A discrete valuation ring (DVR) o is a principal ideal domain having only one maximal
ideal m, 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? for some partition A of n; say L has
type A in this situation.

Here are the two crucial examples for us.

Example 4.38. For any field F, the power series ring o = F[[t]] is a DVR with maximal ideal m = (¢) and
residue field & = o/m = F[[t]]/(¢t) = F. An o-module L of type A is an F-vector space together with an
F-linear transformation 7' that acts on M nilpotently (so that g := T + 1 acts unipotently) with Jordan
blocks of sizes given by \: each summand o/m* = F[[t]]/(t") of L has an F-basis {1,¢,¢2 ...,t* "1} on
which the map T that multiplies by ¢ acts as a nilpotent Jordan block of size A\;. Note also that, in this
setting, o-submodules are the same as T-stable (or g-stable) F-subspaces.

183ee also (63, Thm. 2.6, Prop. 2.7] for quick proofs of part of it, similar to Zelevinsky’s.
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Example 4.39. The ring of p-adic integers 0 = Z,, is a DVR with maximal ideal m = (p) and residue field
k=o/m=2Z,/pZ, = Z/pZ. An o-module L of type X is an abelian p-group of type \: for each summand,
o/mti = Zp/p)‘in =~ 7,/p*iZ. 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 4.40. 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 X. Then the number of o-submodules M of type p for which the
quotient N = L/M s of type v can be written as the specialization

(930 (8)]t=q
of a polynomial gﬁﬂj(t) in Z[t], called the Hall polynomial.
Furthermore, the Hall polynomial g, ,(t) has degree at most n(X\) — (n(p) +n(v)), and its coefficient of
PN = +nW) s the Littlewood- Richardson coefficient cﬁ)y.

Comparing what Hall’s Theorem says in Examples 4.38 and 4.39, shows that the map (4.36) gives the desired
isomorphism from the classical Hall algebra to Hz.

We close this section with some remarks on the vast literature on Hall algebras that we will not discuss
here.

Remark 4.41. Macdonald’s version of Hall’s Theorem [49, (4.3)] is stronger than Theorem 4.40, and useful
for certain applications: he shows that gﬁ)y(t) is the zero polynomial whenever the Littlewood-Richardson

coefficient c;\L , 18 zero.

Remark 4.42. Zelevinsky in [81, Chaps 10, 11] uses the isomorphism A¢ — H to derive J. Green’s formula
for the value of any irreducible character y of GL,, on any unipotent class Jy. The answer involves values
of irreducible characters of &,, along with Green’s polynomials Q;\L(q) (see Macdonald [49, §II1.7]; they are
denoted Q(\, 1) by Zelevinsky), which express the images under the isomorphism of Theorem 4.35 of the
symmetric function basis {p,} in terms of the basis {1, }.

Remark 4.43. The Hall polynomials gﬁ‘ﬁy(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):

P,P, = Z t"(A)*("(#)Jr"(V))giu(t*1)P)\'
A
See Macdonald [49, §III.3].

Remark 4.44. Schiffmann [63] 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 4.45. 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 [80] shows that the tower {G.} of finite unitary groups U, (F,) 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 [73, §4].

(b) van Leeuwen [44] has studied @, R (Span (Fq)), @D,>¢ R (02, (Fy)) and P,,~o R (Uy (F,2)) not
as Hopf algebras, but rather as so-called twisted PSH-modules over the PSH-algebra 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-algebras.

(¢) In a recent honors thesis [68], Shelley-Abrahamson defined yet another variation of the concept of Hopf
modules, named 2-compatible Hopf modules, and identified @, -, R (Sp2n (Fy)) and @,,~o R (O2n+1 (Fy)) as
such modules over A(GL). N -
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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 [27], with roots in work of Stanley [69] 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 = (x1,22,...) 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. Given any totally ordered set I, create a totally ordered variable set {x;};cr, and then let
R({z;}ier) denote the power series of bounded degree in {x;};c; having coefficients in k.

The quasisymmetric functions QSym := QSym({x; };es) will be the k—submodule consisting of the elements
fin R({:z:l}le 1) that have the same coefficient on the monomials z' - -- 27" and z§' - -- 27" whenever both
i1 < ---<igand j; <---< jgin the total order on I. We write QSymk instead of QSym to stress the choice

of base ring k.

It immediately follows from this definition that QSym({z;}ics) forms a free k-submodule of R({z;}icr),
having as k-basis elements the monomial quasisymmetric functions

Mo({zitier) = > aft--a
i1 < <dg in I

for all compositions « satisfying ¢(«) < |I|. When [ is infinite, this means that the M, for all compositions
a form a basis of QSym({z;}icr). Note that QSym = ,,.,QSym,, is a graded k-module of finite type,
where QSym,, is the subspace 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 { M }accomp, gives a k-basis for QSym,,.

Example 5.2. Taking the variable set x = (21 < 23 < ---) to define QSym = QSym(x), for n =0,1,2,3,
one has these basis elements in QSym,,:

My =zi+ze+a3+--- =ma)=sq =€ =h =p
M) ::v%—i—x%—i—x%—i—--- =m(2) = P2
My =mxs+ 123 + 2223+ -+ =m(,1) = €2
M@ =ai+aitag+-- = m(3) = Ps
Moy = x%xz + .I%.Ig + I%Ig + -
M(Lz) = 1713:% + 3:1333 + xzxg + .-
Maua,1) = 1%ews + 21222s + 12324+ =M(11,1) = €3

It is not obvious that QSym is a subalgebra of R(x), but we will show this momentarily. For example,

M@y Mp.) = (21 + 25 + 25 + - ) (2125 + 272§ + 2525 + - -+)
_x‘ll"'b §+---+x1{x§+c+---—l—x‘fxgxg—i—---—i—xll’xgxg—i—---+w§x§x§+---
= Matve) + M,ate) + Meapie) + Mpae) + Mp.coa)
Proposition 5.3. For any infinite totally ordered set I, one has that QSym = QSym({z;}icr) is a k-
subalgebra of R({x;}icr), with multiplication in the { M, }-basis as follows: Fizx three pairwise disjoint chain
posets (i1 < -+ <ip), (j1 <+ <jm) and (k1 < ks <---). Now, if « = (a1,...,0¢),8 = (B1,--.,8m) then

(5.1) MoMg =" My
!

in which the sum is over all p € N and all maps f from the disjoint union of two chains to a chain

(5.2) (i < <ig) U(1 < < jm) = (b < -+ < k)
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which are both surjective and strictly order-preserving (x < y implies f(x) < f(y)), and where the composition
Wt(f) = (th(f), e ,th(f)) 18 deﬁned by Wts(f) = Z’L.uefil(ks) Qg + Ejvefil(ks) ﬁv.

In particular, all such algebras are isomorphic to a single algebra QSym, defined as having k-basis
{Ma}accomp and with multiplication defined k-linearly by (5.1). The isomorphism sends My — Mo ({x;}ier).

Proof. Formula (5.1) comes from considering a typical product of two monomials in the expansion of M, Mg:

ar .00 Bi. . Bm\ _ .m0
(a5 xiz)(% Ijm)—wkl Tk,

for subscript sequences i1 < --- <ip and j; < -+ < jp, and k1 < --- < kp, with
{kl,...,kp}:{il,...,ig}U{jl,...,jm}.

Thinking of {is} and {j;} as disjoint sets, multiplication gives a surjective map f as in (5.2), with v; = wt4(f).
Once one has this multiplication rule (5.1), the last assertion follows. O

The comultiplication of QSym will extend the one that we defined for A. That is, one considers the linear
order from (2.7) on two sets of variables (x,y) = (z1 < 22 < ... <y1 < y2 < ...), and notes that

QSym(x,y) C QSym(x) ® QSym(y)

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) ® R(y)
5:3) U U
63 Qsym =~ QSym(x, y) < QSym(x) ® QSym(y) = QSym® QSym

fo— fxy)=flr,22,.. . 91,92, . )
Here, f(x,y) is formally defined as the image of f under the algebra isomorphism QSym — QSym(x,y)
defined in Proposition 5.3.

Example 5.4. For example,

AM @ pe) = Miap,e)(T1, 72, ., Y1,Y2, - - )
= zfxdas + xSabas + - -
+afay Y+ atal s+
+af - yrys + ot yiys -+
+ytysys +yiysys oo
= Ma,b,e)(X) + M(a,p) (%) M) (¥) + M(a)(X)M(p,) (¥) + M(a,p,c)(¥)
= Map,e)y @1+ Mg p) @ Mgy + Mgy @ M) +1Q Mg p,e)
Defining the concatenation 3 -~ of two compositions 8 = (51,...,58:),7 = (71,...,7s) to be the composition
(B1y--+y Bryv1,--+,7s), one has the following description of the coproduct in the {M,} basis.
Proposition 5.5. For a composition o = (o, ..., ay), one has

4

k=0 (B7):

By=a
Proof. This comes from expressing a monomial in AM, = M,(x,y) uniquely in the form z'--- 27" -
y?l’““ yjo‘e’ik for some k € {0,1,...,n} and some subscripts i1 < -+ < i, and j; < -+ < Jr_g. O

Proposition 5.6. The quasisymmetric functions QSym form a graded connected 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®1)oAf = f(x,y,2) = (1®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
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rather are defined as images of f under certain homomorphisms). However, it is very easy to see that A is
coassociative by checking (A ® 1) o A = (1 ® A) o A on the {M,} basis: Proposition 5.5 yields

4
(A@1) o A) My => A(Ma,,..a) @ Miayss...a)
k=0
4

k
= <Z M(a1,~~~7az') ® M(ai+1x~~~7ak)> ® M(ak+17~~~;a£)
k=0 \i=0
4 k
= Z M(a1,~~~7az') & M(ai+17~~~;ak) ® M(ak+17~~~;a£)
k=0 t=0

and the same expression for ((1 ® 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 (5.3). To prove that the restriction of A to the subring A of QSym is the
comultiplication of QSym, it thus is enough to check that it sends the elementary symmetric function e,, to
iy €i @ en_; for every n € N. This again follows from Proposition 5.5, since e,, = M 1,...1) (with n times
1).

The counit is as usual for a graded connected 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, connected, and of finite type, also a Hopf algebra by Proposition 1.30.

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) = f(0,0,...), starting in Section 6.1, 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.

Proposition 5.7. Fiz a totally ordered set I, a k-algebra A, a finite list of variables z;,, ... ,x;, , say with
i1 <...<im in I, and an ordered list of elements (ay,...,am) € A™.
Then there is a well-defined evaluation homomorphism

QSym({z; }ic;) — A
P 1) s
z;=0 for j&{ii,..., Gm }

Furthermore, this homomorphism depends only upon the list (a1, ..., an), as it coincides with the following:
stm({,fi}ie]) = stm(xl,,fg, .. ) — A
fz1,29,...) —  fla,...,am,0,0...).
(This latter statement is stated for the case when I is infinite; otherwise, read “ri,xo,..., 27" for “vi,22,...7,

and interpret (aq,...,am,0,0...) as an |I|-tuple.)

Proof. One already can make sense of evaluating x;, = ai,...,;,, = am and x; = 0 for j & {i1,...,im}
in the ambient ring R({z;}icr) containing QSym({x;}icr), since a power series f of bounded degree will
have finitely many monomials that only involve the variables z;,,...,x; . The last assertion follows from
quasisymmetry of f, and is perhaps checked most easily when f = M, ({x;}icr) for some a. O

The antipode in QSym has a reasonably simple expression in the {M,} basis, but requiring a definition.

Definition 5.8. For «, 5 in Comp,,, say that « refines § or B coarsens « if, informally, one can obtain [
from o by combining some of its adjacent parts. Alternatively, one has a bijection Comp,, — 2"~ where
[n—1]:={1,2,...,n— 1} which sends a = (a1, ..., o) having length ¢(a) = £ to its subset of partial sums

D(a) :={a1,a1 +ag,...,00 + -+ ay_1},

and this sends the refinement ordering to the inclusion ordering on the Boolean algebra 21 (to be more
precise: a composition « refines a composition § if and only if D(a) D D(f)). 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
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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
/ \ / \ O
{1,2} {1,3} {23} (1,1,2) 1,2,1) (2,1,1)
{31 (1,3 (2, 2) (3,1
ooo
oo
oooo
Given a = (o, ..., ), its reverse composition is rev(a) = (g, ap—1,...,a2,a1). Note that a — rev(a) is

a poset automorphism for the refinement ordering.

Theorem 5.9. For any composition « in Comp,

S(Ma) = (=1)“* > My

y€Comp:
v coarsens rev(a)

For example,
S(M(a,b,c)) = - (M(c,b,a) + M(b+c,a) + M(c,a+b) + M(a—i—b—i—c))

Proof. We give Ehrenborg’s proof!? [24, Prop. 3.4] via induction on ¢ = /(a). One has easy base cases
when ((a) = 0, where S(Mg) = S(1) = 1 = (=1)°M,ey(2), and when («) = 1, where M, is primitive by
Proposition 5.5, so Proposition 1.31 shows S(M,)) = —M,) = (—1)1va((n)).

For the inductive step, apply the inductive definition of S from the proof of Proposition 1.30:

S(M(al,...,a[))

- Z S(M(al,...,ai))M(ai+1,...,a[)

—1
Z Z (_1)i+1M5M(ai+1q---1alz)

i=0 [ coarsening
(aviy@i—15eey01)

The idea will be to cancel terms of opposite sign that appear in the expansions of the products MM, ., ... .a,)-
Note that each composition 8 appearing above has first part £ of the form a; + a;—1 + - - - + «;, for some
h <i (unless 8 = @), and hence each term M, in the expansion of the product MgM ar) has 1 (that
is, the first entry of ) a sum that can take one of these three forms:

Qi1 yeens

o o+ + -+ ap,

o ajp1 + (i +ai1+---+ap),

® iyl
Say that the type of ~ is i 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 aj which was combined in the sum ;. It is not hard to see that a
given v for which the type k is strictly smaller than ¢ arises from exactly two pairs (8,7), (5’,7), having

opposite signs (—1)* and (—1)**! in the above sum?!. For example, if &« = (a1, ..., ag), then the composition

19A different proof was given by Malvenuto and Reutenauer [51, Cor. 2.3], and is sketched in Remark 5.31 below.
20Wwe imagine that we label the terms obtained by expanding Mg M(aHl’m’a[) by distinct labels, so that each term knows
how exactly it was created (i.e., which 4, which 8 and which map f as in (5.2) gave rise to it). Strictly speaking, it is these
triples (¢, 8, f) that we should be assigning types to, not terms.

21Strictly 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 .
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v = (ap + a5 + aq, as, a7, ag + as + a1) of type 6 can arise from either of
B = (ag + as + aq, az, a9 + ;) with i = 6 and sign (—1)7
B = (a5 + a4, a3, az + ap) with i = 5 and sign (—1)°.
Similarly, v = (ag, a5 + a4, a3, ar, ag + as + 1) can arise from either of
B = (ag, s + au, a3, 0 + ) with i = 6 and sign (—1)7
B = (as + a4, a3, az + ap) 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 [69].

Definition 5.10. 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 <pjandi >y jimplies f(i) < f(j).
Denote by A(P) the set of all P-partitions f, and let Fp(x) :=3_ ¢ 4(py X Where x5 := [[;cp 25(s)

Example 5.11. Depicted is a labelled poset P, along with the relations among the four values f =
(f(1), f(2), f(3), f(4)) that define its P-partitions f:

2 f(2)

| :

4 U
NSNS
£(3)

The following is an important special case.

Proposition 5.12. When P is a total or linear order w = (wy < ... < 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 o in Comp,, having partial sums D(a) = Des(w): one has that Fy,(x) equals
the fundamental quasisymmetric function

(54) La = La(X) = Z Tiy * T4, = Z MB.
(1<)i1 <<ty : BeComp,,:
i <ijy1 if JED(a) B refines «

E.g., total order w = 35142 has Des(w) = {2,4} and composition o = (2,2, 1), so

Fs5142(%) = Z TrE)Tf(B)Tf(1)Tf(4)Tf(2)
FBISFG)<FMSF(A)<f(2)
= Z Ly Ly Lz Liy Tig
i1 Sip <izg<ig<is

=L21)=Mga21)+Maa,10) + Maazn +Maiiy

Proof. Write F,,(x) as a sum of monomials & ¢(y,) - - T f(w,) over all sequences f(w;) < --- < f(wy,) having
strict inequalities f(w;) < f(wi+1) whenever ¢ is in Des(w). The underlying set {f(w;)}?; will equal
{j1 < ... < j¢} with indices in increasing order having a multiplicity sequence 8 = (81, ..., [¢) that gives a
composition fJ refining . O
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Example 5.13. The extreme cases for « in Comp,, give quasisymmetric functions L, which are symmetric:
L(ln) = M(ln) = €n,
Lay= Y. My=hy,

acComp,,

One sees that the {L,}accomp are a Z-basis for QSym, as inclusion-exclusion applied to (5.4) gives

My= 3 (-1t

peComp,, :
B refines «

We need to make a technical observation, which will be used later.

Lemma 5.14. Let n € N. Let o be a composition of n. Let I be an infinite totally ordered set. Then,

Lo ({2i}ier) = Z Tiy Tig *+* Tiyy s

11 <2< <in in I;
ij<ij1 if J€D ()

where Lo ({z:},c;) is defined as the image of Lo under the isomorphism QSym — QSym ({;},.;) obtained
in Proposition 5.3.

Proof. We cannot directly obtain the lemma by “evaluating” the sides of (5.4) at {z;},.,. However, we can

notice that every composition § = (f1,..., ) of n satisfies
(55) Mﬁ ({5171}161) = Z Ifll e Ifﬁ - Z Lijy Ty =" T, -
ki<--<kgin I i1 <ip<---<iyp in I

15 <iji1 if and only if ]ED(ﬂ)

Applying the ring homomorphism QSym — QSym ({xz}lel) to (5.4), we obtain

La ({xi}iel) = Z Mg ({xi}iel) ) Z Z Liy Liy " Liy

peComp,,: peComp,,: 11 <i9<---<iy in [;

[ refines « B refines o 4 <ij41 if and only if j€D(3)
= z : z xil xiQ T xin

peComp,,: 11 <i2<---<iyp, in [;

D(a)CD(B) ij<ijt1 if and only if jeD(5)

Z Z LiyTig ==+ Tip, = Z Liy Liy =" Liyy -

ZC[n—1]: 11 <19 <---<iy in I; 11 <i9<---<iy in I;
D(Ot)CZ ij <ij+1 if and only if j€Z 15 <ij41 if jED(Oc)

The next proposition ([72, Cor. 7.19.5], [48, Cor. 3.3.24]) is an algebraic shadow of Stanley’s main lemma
[72, Thm. 7.19.4] in P-partition theory. It expands any Fp(x) in the {L,} basis, as a sum over the set L(P)
of all linear extensions w of P, that is, the set of all extensions of P to a linear order. E.g., the poset P from
Example 5.11 has £(P) = {3124, 3142, 3412}.

Theorem 5.15. For any labelled poset P,

Proof. We give Gessel’s proof [27, 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 Pi<;, Pj<;, once one notices that L(P) = L(P;<;) U L(Pj<;)
since every linear extension w of P either has ¢ 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(j). O
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Example 5.16. To illustrate the induction in the above proof, consider the poset P from Example 5.11,
having L£(P) = {3124, 3142,3412}. Then choosing as incomparable pair (i,5) = (1,4), one has

4 2 f(4) f(2)
NN
f(1)

P = L(Pi<;) = {3124, 3142}
| )
’ /3)
2 1(2)
P = 1 ;(1) L(Pj<;) = {3412}
! ;<4>
3 8

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 5.17. Given two nonempty compositions a = (a1, ..., o), 8 = (81,. .., Bm), their near-concatenation
is
a® = (a1,...; 001,00+ P1, B2, .., Bm)

For example, the figure below depicts for a = (1,3,3) (black squares) and § = (4,2) (white squares) the
concatenation and near-concatenation as ribbons:

O O

00 O O

a-fB= E NN
E NN
[

o O
0@ f = E R R O0ODOO
H BN
|

Lastly, given « in Comp,,, let w(a) be the unique composition in Comp,, whose partial sums D(w(«))
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 a by conjugation or transposing, that is, if « = A/
then w(a) = \/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(«) = (1,2,2,1,1,1), and the ribbon
diagrams of a,w(«) are

O
ooodg
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Proposition 5.18. The structure maps for the Hopf algebra QSym in the basis {La} of fundamental qua-
sisymmetric functions are as follows:

(5.6) ALy = > Ls® L,
(B):
By=a or BOY=a
(5.7) Lalg= Y  Lyw)
wewq Wwg
(5.8) S(La) = (=11 Lygay.

Here we are making use of the following notations in (5.7) (recall also Definition 1.39):

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 {1,2,3,...}) 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 {1,2,3,...}) which has no two equal letters becomes identified with a total labelled

poset.

o w, is any labelled linear order with underlying set {1,2,...,|a|} such that Des (wq) = D ().

o wg is any labelled linear order with underlying set {|a| + 1, |a| +2,. .., |a| +|5]} such that Des (wg) =
D(B).

e y(w) is the unique composition of ||+ |B| with D(y(w)) = Des(w).

At first glance the formula (5.6) for AL, might seem more complicated than the formula of Proposition 5.5
for AM,,. However, it is equally simple when viewed in terms of ribbon diagrams: it cuts the ribbon diagram
a into two smaller ribbons 8 and ~, in all |a| 4+ 1 possible ways, via horizontal cuts (8 -y = «) or vertical
cuts (8 ® v = «). For example,

AL(&Q) =1® L(372) +L(1) ® L(272) +L(2) ® L(172) +L(3) ® L(g) +L(311) ® L(l) +L(372) ®1 o
O O O O O o o O O |0 0 O
o O o O O 0O O 0o O O O od O O od O O o

Example 5.19. To multiply Ly 1)L(2), one could pick w, = 21 and wg = 34, and then

LanLe) =Ypernwsa byw) =Ly@zay +Lyesig) +Ly@a1a) +Lyesa)  +Lyeaa)  +Lyea)
= L3 +Le2  +Laai2 +Laiy tLaeny L

Proof of Proposition 5.18. To prove formula (5.6) for « in Comp,,, note that

ALa:La(XaY):Z Z xil""rik 'yik+1”'yin
k=0 1<y <<,
1<ip 41 <+ <ip:
ir<ir41 for reD(a)\{k}
by Lemma 5.14. 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 (8,v) in which 5 -7 =« (resp. 8O v = a).
For formula (5.7), let P be the labelled poset which is the disjoint union of linear orders wq,wg. Then

LoaLp = Fu,(X)Fu,(x) =Fp(x) = Y Fu(x)= > Lyuw
weL(P) WEW L wg

where the first equality used Proposition 5.12, the second equality comes from the definition of a P-partition,
the third equality from Theorem 5.15, and the fourth from the equality £(P) = w, LW wg.
To prove formula (5.8), compute using Theorem 5.9 that

SLa)= > S(Mg)= S ()M, =My (-t
¥ B

B refining « (B,v):
B refines a,
~ coarsens rev(f)

in which the last inner sum is over g for which

D(B) > D(a) U D(rev()).
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The alternating signs make such inner sums vanish unless they have only the single term where D(8) = [n—1]
(that is, 8 = (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(y) contains the complement of D(rev(«)), that is, when
~ refines w(«a). Thus

S(La) = Z M’Y ’ (_1)71 = (_1)Ia‘Lw(o¢)'

y€Comp,,:
~ refines w(a)

O

The antipode formula (5.8) for L, leads to a general interpretation for the antipode of QSym acting on
P-partition enumerators Fp(x).

Definition 5.20. Given a labelled poset P on {1,2,...,n}, let the opposite or dual labelled poset P°PP have
1 <perr j if and only if j <p .

For example,
P= 2 POPP = 3

The following observation is straightforward.

Proposition 5.21. When P is a linear order corresponding to some permutation w = (w1, ..., wy,) in S,,
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 “Cozxeter length” among all permutations in S, ).
Furthermore, in this situation one has Fy,(X) = Lo, that is, Des(w) = D(a) if and only if Des(w°PP) =
D(w(a)), that is Fyore (X) = Lyyay. Thus,

S(Fw (X)) = (—1)"Fwopp (X)

For example, given the compositions considered earlier

O O
a=(4,2,2) = O
OO o

wla) = (1,2,2,1,1,1) =

ooogdg

. 0
O 0O
O
if one picks w = 1235 -47 - 68 (with descent positions marked by dots) having Des(w) = {4,6} = D(«), then
woPP = wwy = 8- 67-45-3-2-1 has Des(wP) = {1,3,5,6,7} = D(w(a)).
Corollary 5.22. For any labelled poset P on {1,2,...,n}, one has
S (FP(X)) = (_1)nFPOPP (X)
Proof. Since S is linear, one can apply Theorem 5.15 and Proposition 5.21
S(Fp(x)) = Z S(Fy(x)) = Z (—=1)" Fyorr (x) = (—1)" Fporp (X).
weL(P) weL(P)
as L(P°PP) = {w°PP : w € L(P)}. O

Remark 5.23. Malvenuto and Reutenauer, in [52, Theorem 3.1], prove an even more general antipode formula,
which encompasses our Corollary 5.22, Proposition 5.21, Theorem 5.9 and (5.8).

We remark on a special case of Corollary 5.22 to which we alluded earlier, related to skew Schur functions.
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Corollary 5.24. In A, the action of w and the antipode S on skew Schur functions sy,, are as follows:
(59) (U(S)\/#) = S)\t/#t

(510) S(S)\/H) = (—1)‘>\/MIS>\t/Mt.

Proof. Given a skew shape \/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
shown here for \/u = (4,4,2)/(1,1,0):

O 0O O
A p= o 0O 0O P= 5 f(5)
0O O . VAN ) ) PPN
f(8) _ @) f(2)
N N N < <
7 3 1 > 7 DT
</ M e )
6 N~
- 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,
Fpoon(x) = x°(T) a5 T ranges over all reverse semistandard tableauz or column-strict plane partitions

of X'/ut:

O
Niut=0 o - pre 6 SN
- H P 1 S e £(1)
8/ \4/ \2/ < N < N <
</ e S w C e
5 N &
< 16)

But this means that Fpore(x) = sx¢/,¢(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 2.10 above, or [72, Prop. 7.10.4].
Thus we have
Fp(x) = sx/u(x)
FPOPP (X) = Skt/ut (X)
Proposition 1.35(c) tell us that the antipode for QSym must specialize to the antipode for A (see also
Remark 5.34 below), so (5.10) is a special case of Corollary 5.22. Then (5.9) follows from the relation (2.14)
that S(f) = (—=1)"w(f) for f in A,,. O

Remark 5.25. Before leaving P-partitions temporarily, we mention two open questions about them.
The first is a conjecture of Stanley from his thesis [69]. As mentioned in the proof of Corollary 5.24, each
skew Schur function s/, (x) is a special instance of P-partition enumerator Fp(x).

Conjecture 5.26. 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 \/ .

A somewhat weaker result in this direction was proven by Malvenuto in her thesis [50, 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).

Question 5.27. Does a connected labelled poset P always have Fp(x) irreducible within the ring QSym?
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The phrasing of this question requires further comment. It is assumed here that x = (27, z2, . ..) 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) = ex(x) is irreducible, but its specialization to two variables x = (21, x2)
is ea(x1,x2) = @19, which is reducible. If one wishes to work in finitely many variables x = (x1,...,Zm)
one can perhaps assume that m is at least |P| + 1.

When working in QSym = QSym(x) in infinitely many variables, it is perhaps not so clear where factor-
izations 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”, but this is not obvious, and was proven by P. Pylyavskyy in [60,
Chap. 11].

One also might wonder whether QSym is a unique factorization domain, but this follows from the result
of M. Hazewinkel [28] who proved a conjecture of Ditters that QSym(:= QSymy) is a polynomial algebra;
earlier Malvenuto and Reutenauer [51, 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 {7} for
NSymg which comes from taking products 7, := 74, - - Ta, of the elements {m,} defined in Remark 5.31
below. Specifically, one takes those P, for which the composition « is a Lyndon composition.

An affirmative answer to Question 5.27 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 \/p; see [9].

5.3. The Hopf algebra NSym dual to QSym. We introduce here the dual Hopf algebra to QSym.

Definition 5.28. Let NSym := QSym°, with dual pairing NSym ® QSym Sy Let {H,} be the k-basis
of NSym dual to the k-basis {M,} of QSym, so that

(Ho, Mp) = ba.p-
When the base ring k is not clear from the context, we write NSym,_ in lieu of NSym.
Theorem 5.29. Letting Hy, := H(,) forn =20,1,2,..., with Hy =1, one has that
NSym = k(H,, Ho,...),
the free associative (but not commutative) algebra on generators {Hy, Ha, ...} with coproduct determined by?>
(5.11) AH,= Y H;®H,.
i+j=n

Proof. Since Proposition 5.5 asserts that AMa =375 1.5, Mp ® M, and since {Ha} are dual to {Ma},
one concludes that for any compositions 3, , one has

HpH, = Hp.y
Tterating this gives
Hy=Hq,, o) =Ha - Ha,.
Since the H, are a k-basis for NSym, this shows NSym = k(Hy, Hs, .. .).

Note that H,, = H(,) is dual to M, so to understand AH,,, one should understand how M, can appear
as a term in the product M,Mg. By (5.1) this occurs only if o = (i), 8 = (j) where i + j = n, where

M MGy = Mg 5y + M 5y + M)

(where the M; jy and M(; ;) addends have to be disregarded if one of i and j is 0). By duality, this implies
the formula (5.11). O

22 The abbreviated summation indexing 3° t;,; used here is intended to mean

E tij-
(i1.0):
0<i,j<n,
i+j=n

it+j=n
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Corollary 5.30. The algebra homomorphism defined by

NSym — A
H, — h,

is a Hopf algebra surjection, and adjoint to the inclusion A < QSym.

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 {H1, Ha, ...} to the symmetric algebra on V, since

NSym = k<H1,H2, .. >
A= k[hl,hg, .. ]

As (5.11) and Proposition 2.18(iii) assert that

AH, = Y H;®H,
i+j=n
Ahy = > hi@h;

i+j=n

this map 7 is also a bialgebra morphism, and hence a Hopf morphism by Proposition 1.35.
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 { Hy} of NSym and {my} of A satisfy

1 if AMa) = A .
(”(Ha)va)Z(hAm)amA):{o oth(erx)zvise }: Ha’ﬁ‘A%AMﬂ = (Ha, i(m,)).

O

Remark 5.31. For those who prefer generating functions to sign-reversing involutions, we sketch here Mal-
venuto and Reutenauer’s elegant proof [51, Cor. 2.3] of the antipode formula (Theorem 5.9). One needs
to know that when A is a k-algebra (possibly noncommutative) with k of characteristic zero, 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

(5.12) exp (a(t) + b(t)) = expa(t) exp b(t)
(5.13) 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 ®zQ the elements {my, 72, ...} via generating functions in NSymg|[[t]]:

H(t):= ) Hpt",

n>0

w(t) =Y mut" =log H(t)

n>1

(5.14)

One first checks that this makes each m, primitive, via a computation in the ring (NSymg @ NSymg)|[¢]]
(into which we “embed” the ring (NSymyg|[[t]]) @qqpg) (NSymg|[t]]) via the canonical ring homomorphism from
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the latter into the former “°):

23)

Ar(t) = logz A(H,)t" =log Z Z H;® H; | t"

n>0 n>0 \i+j=n
=log | (Y mHt |0 | Y Hit | | =log | D Ht @1] (10 H;t!
i>0 >0 i>0 >0

C2 g H(t) @1+ 1@ log H(t) = m(t) ® 1 + 1 @ w(t).

Comparing coefficients in this equality yields A(m,) = 7, ®1+1®m,. Thus S(7,) = —7,, by Proposition 1.31.
This allows one to determine S(H,) and S(H,), after one first inverts the relation (5.14) to get that H(t) =
exp 7(t), and hence

(5.12) _
S(H(t)) = S(exp(t)) = exp S(n(t)) = exp (~n(t)) "= (expn(t))~*
—H(t) = (14 Hit+ Hot> +---) .
Upon expanding the right side, and comparing coefficients of ¢", this gives

S(Ha) = Y (-1)"PHy

BeComp,,

and hence
S(Ha) = S(HOZE)”'S(HOzz)S(Hal) = Z (_1)€(V)H,Y.

~ refines rev(a)

As Snsym, Sqsym are adjoint, and {H,}, {M,} are dual bases, this is equivalent to Theorem 5.9:
S(Mo) = (D)@ > M,

v
~ coarsens rev(a)

(because if p1 and v are two compositions, then p coarsens v if and only if rev(u) coarsens rev(v)).
We next explore the basis for NSym dual to the {L,} in QSym.

Definition 5.32. 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) = 0qa,3-

Theorem 5.33. One has that
(5.15) Ho= Y Ry

B coarsens «

(5.16) Ro= Y (=1 >Hy

B coarsens «

and the surjection NSym —— A sends R, — So, the skew Schur function associated to the ribbon .
Furthermore,

(5.17) RoR3 = Ro.p + Raop if a« and B are nonempty
(5.18) S(Ra) = (_1)‘a|Rw(a)
Finally, Ry is the multiplicative identity of NSym.

Proof. For the first assertion, note that

Ho =Y (Ha,Lg)Rs =Y |Har > M,|Rg= >  Rg

B B B:

v :
v refines B coarsens «

The second assertion follows from the first by inclusion-exclusion.

23This ring homomorphism fails to be injective, whence the “embed” stands in quotation marks.
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Write « as (a1, ..., ap). To show that m(Ry) = s4, we instead examine 7(H,):

T(Ha) = m(ha, + hay) = hay -+ hay = 5(a1) ** S(ar) = S(ar)@(ar)
where (a1) @ -« - ® () is some skew shape which is a horizontal strip having rows of lengths a1, ...,y from
bottom to top. We claim
S(Oll)@"'@(ae) = Z Sﬁ
5‘

B coarsens «
because column-strict tableaux T of shape (a1) @ --- @ (ay) biject to column-strict tableaux T’ of some
ribbon B coarsening «, as follows: let a;,b; denote the leftmost, rightmost entries of the i*" row from the
bottom in 7', of length «;, and
e if b; < a;11, merge parts a;, ;11 in 3, and concatenate the rows of length a;, ;11 in T, or
e if b; > a;11, do not merge parts «;, a;+1 in 3, and let these two rows overlap in one column in 7’
E.g., if a =(3,3,2,3,2), this T of shape (a1) @ -+ P (a¢) maps to this T’ of shape § = (3,8,2):

3 4
4 4 5 3 4
T = 4 4 — 2 2 3 4 4 4 45
2 2 3 11 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 7(Ha) = 35,5 coarsens o 56 the relation (5.15) and inclusion-exclusion show 7(Ra) = sa.
Finally, (5.17) and (5.18) follow from (5.6) and (5.8) by duality. O

Remark 5.34. Since the maps
NSym QSym

Nt

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 (5.8) shows that Sqsym(La) = (—1)!%/L, () extends the map Sy since Ljn) = e, and
L3y = hn, as observed in Example 5.13, and w((n)) = (1").

On the other hand, (5.18) shows that Sngym(Ra) = (—1)""Rw(a) lifts the map Sa to Snsym: Theorem 5.33
showed that R, lifts the skew Schur function s, while (2.15) asserted that S(sy,,) = (—1)M/“|S»/m, and
a ribbon o = A/ has w(a) = At/ pt.

5.4. Polynomial generators for QSym and Lyndon words. Perhaps to be filled in later....

5.5. Application: Multiple zeta values and Hoffman’s stuffle conjecture. Perhaps to be filled in
later....
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6. 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 [24],
e Stanley’s chromatic symmetric function of a graph [71],
e the quasisymmetric function of a matroid considered in [11]

6.1. Characters and the universal property.

Definition 6.1. Given a Hopf algebra A over k, a character is an algebra morphism A N k, that is,

e ((1a) =Lk,
e ( is k-linear, and

e ((ab) = ¢(a)¢(b) for a,bin A.
Example 6.2. A particularly important character for A = QSym is defined as follows:

QSym C—Q> k

f&) = f(1,0,0,) = [f (04, =1 20=ay=m0 -
Hence,
1 if @ = (n) for some n,

CQ(Ma) = CQ(La) = {

In other words, the restriction (g|qsym, coincides with the functional H,, in NSym, = Homy(QSym,,,k):
one has for f in QSym,, that (o (f) = (Hn, f).

It is worth remarking that there is nothing special about setting z; = 1 and x2 = x3 = --- = 0: for
quasisymmetric f, we could have defined the same character (g by picking any variable, say z,, and sending

f(X) — [f(X)] xn=1, and

T =0 for m#n

0 otherwise.

This character QSym C—Q> k has a certain universal property.

Theorem 6.3. A connected graded Hopf algebra A of finite type together with a character A % K induces
a unique graded Hopf morphism A 2, QSym making this diagram commute:

(6.1) A ¥ o QSym

N A

Furthermore, ¥ has this formula on elements of Ay, :

(6.2) V)= Y Cala)M,
acComp,,

where for a = (a1,...,p), the map (. is the composite

(£—1) ®¢
Ay s AP TN AL @ ® Ay, S K

in which A®t =2 — Ay, ® - ® A,, is the canonical projection.

Proof. One argues that ¥ is unique, and has formula (6.2), using only that ¢ is k-linear and sends 1 to 1
and that ¥ is a graded k-coalgebra map making (6.1) commute. Equivalently, consider the adjoint k-algebra
map

NSym = QSym® 5 A°.
Commutativity of (6.1) implies that for a in 4,
(V*(Hn),a) = (Hn, ¥(a)) = (o(¥(a)) = ((a)
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where the second equality used Example 6.2. In other words, ¥*(H,,) is the element of A° defined as the
following functional on A:

6.3 U*(H, =
(6.3) (Hn)(a) 0 if a € A,, for some m # n.

{C(a) ifa € Ay,

By the universal property for NSym = k(H;, Hs,...) as free associative k-algebra, we see that any choice

of a k-linear map A Sk uniquely produces a k-algebra map ¥* : QSym® — A° which satisfies (6.3) for all
n > 1. Tt is easy to see that this U* then automatically satisfies (6.3) 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 (6.3) for all n > 0. Formula (6.2)
follows as

V()= ) (Ha V() Mo

acComp

and for a composition & = (a1, .., ap), one has
(Ho, ¥(a)) = (V" (Ha),a) = (V" (Ha,) -+ 7 (Ha,), a)
= (V" (Hoy) @ -+ @ V¥ (Ha,), (7 0 A" D)(a)) = Cala)

using (6.3) and the definition of (,.

We wish to show that if, in addition, A is a Hopf algebra and A Sk is a character (algebra map), then
A% 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:

(6.4) A@AT A —%Qsym  AcA—""" - QSym® — "~ QSym

cec Cl% Wl/
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 4% Kk proves the desired equality Wom = mo (¥ @ ¥). O

Remark 6.4. 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 (6.2) and the fact that one will have {, = (3

whenever g is a rearrangement of a. In other words, the character A 2% Kk defined by restricting (g to A,
or by

1 if A= (n) for some n,

Ca(may) = {

0 otherwise,
has a universal property as terminal object with respect to characters on cocommutative co- or Hopf algebras.

We close this section by discussing a well-known polynomiality and reciprocity phenomenon; see, e.g.,
Humpert and Martin [37, Prop. 2.2], Stanley [71, §4].

Definition 6.5. For a field k, the binomial Hopf algebra 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 1.18, applied to V = k') along the isomorphism Sym (kl) — k[m] which sends the
standard basis element of k' to m. Thus the element m is primitive; that is, Am = 1®m +m ® 1 and
S(m) = —m. As S is an algebra anti-endomorphism by Proposition 1.26 and k[m] is commutative, one has
S(g)(m) = g(—m) for all polynomials g(m) in k[m].
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Definition 6.6. 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(%)] z1=ro=-=a=1,

Tm4+1=Tm42="-=0
= f(1,1,...,1,0,0,...).
——
m ones
Proposition 6.7. Assume that the field k has characteristic 0. The map ps' has the following properties.

(i) 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 My, Lo for o = (a1,...,a¢) in Comp,,:
m
pst 1)) = ().
1 m—L{+n
ps! (La)(m) = (" 70T,

1
(ii) The map QSym 2= 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
¢ " () = ps'(S(N)(m) = ps' (£)(=m).

(iv) For a graded Hopf algebra A of finite type with a character A N k, and any element a in A, the
polynomial ps' (¥ (a))(m) in k[m] has degree at most m, and when specialized to m in Z satisfies

¢ (a) = ps'(¥(a))(m).

Proof. To prove assertion (i), note that one has

1 . . « « _ m
pst (Ma)(m) = Mo(1,1,...,1,0,0,..) = Z a0, = (ﬂ)
1<iy <<y <m

psl(La)(m) = La(la 17 o '7170707 e ) = Z [I’il o 'I’in]mjzl

1<in < <ip<m
G <fk41 if kZED(Ot)
—/
—f1<ji<jo< - <jn<m—L+1} = <m +").

n

As {Ma}acComp, form a basis for QSym,,, and (7)) 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

a= (ai,...,a¢) in Comp,,. Using the Vandermonde summation (AJEB) =3 (‘2) (ka), one has
¢ ¢
R1+1®m m®1\/1®m m m
Aopsh (M) =A(") = (™ - -
(Ao ps)(Ma) <e> ( ( kz:% o )\e—k kz:% k) E ek

while at the same time

(051 11 8) (42) = 318 M) 85 ) = 3 () & ()

—_
e]

Thus ps' is a bialgebra map, and hence also a Hopf map, by Proposition 1.35
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For assertion (iii), first assume m lies in {0,1,2,...}. Since (o(f) = f(1,0,0,...), one has

G5 () = & o ATV fla) = 65 (D x,. L x))

- f(x<1>7x<2>,_..,x<m>)} 0y gim_y.

w;b;m(;);:O for all j
= f(1,0,0,...,1,0,0,...,---,1,0,0,...) = f(1,1,...,1,0,0,...) :psl(f)(m)
—_——

But then Proposition 1.35(a) also implies

& = ()W = o 8™ () = G S()
= s (S(£))(m) = S(ps' (/) (m) = ps' (/) (~m).

For assertion (iv), note that

¢ (a) = (g o W)™ (a) = (¢5")(¥(a)) = ps' (¥(a))(m).

where the three equalities come from (6.1), Proposition 1.35(a), and assertion (iii) above, respectively. [

Remark 6.8. Aguiar, Bergeron and Sottile give a very cute (third) proof of the QSym antipode formula
Theorem 5.9, via Theorem 6.3, in [4, Example 4.8]. They apply Theorem 6.3 to the coopposite coalgebra
QSym®“? and its character Q{l. One can show that the map QSym % QSym*” induced by Q{l isU =39,

the antipode of QSym, because S is a coalgebra anti-endomorphism satisfying Ca;l = (o S. They then use
the formula (6.2) for ¥ = S (together with the polynomiality Proposition 6.7) to derive Theorem 5.9.

6.2. 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 6.3.

6.2.1. Incidence algebras, coalgebras, Hopf algebras.

Definition 6.9. 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 umque 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 [o].

If 73 is closed under taking intervals

[z, y] =[x, ylp:={z€P:2<pz<py}

then one can easily that the following coproduct and counit endow k[P] with the structure of a coalgebra,
called the (reduced) incidence coalgebra:

(P = {1 if |P| =1

0 otherwise.

The dual algebra k[P]° is generally called the (reduced) incidence algebra for the family P. 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 Py 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] - [P] == m([P1] @ [P2]) := [P x P,

1k[73] = [O]
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Proposition 6.10. For any hereditary family P of finite posets, k[P] is a bialgebra, and even a Hopf algebra
with antipode S given as in Theorem 1.15 (Takeuchi’s formula):

S[P1 =Y (-1 > [zo, 21] - -+ [Th—1, k).

k>0 O=20< <xp=1

Proof. Checking the commutativity of the pentagonal diagram in (1.8) amounts to the fact that, for any
(x1,22) <p,xP, (y1,Yy2), one has a poset isomorphism

[(z1,22) s W1, 92)]pxp, & (@1, 91] P X [22,92] Py

Commutativity of the remaining diagrams in (1.8) is straightforward, and so k[P] is a bialgebra. But
then Remark 1.34 implies that it is a Hopf algebra, with antipode S as in the theorem, because the map
[ = lypp) — ue (sending the class [o] to 0, and fixing all other [P]) is locally x-nilpotent:

P = Y (e m] e [k, )

O=zo<--<zp=1

will vanish due to an empty sum whenever k exceeds the maximum length of a chain in the finite poset
P. O

It is perhaps worth remarking how this generalizes the Mdbius function formula of P. Hall. Note that

the zeta function k[P] S kisa character, that is, an algebra morphism. Proposition 1.35(a) then tells us
_x—1

that ¢ should have a convolutional inverse k[P] n= k, traditionally called the Mébius function, with the

formula = ¢*~! = ( o S. Rewriting this via the antipode formula for S given in Proposition 6.10 yields P.

Hall’s formula.

Corollary 6.11. For a finite bounded poset P, one has

ulP] = Z(—l)ﬂ{chains 0=x0g<---<mxp =1 in P}
k>0

6.2.2. The incidence Hopf algebras for ranked posets and Ehrenborg’s function.

Definition 6.12. 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 7(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 —s N in which r(f)) = 0 and r(x) is the length of any maximal
chain from 0 to x.

Example 6.13. Consider a pyramid with apex vertex a over a square base with vertices b, ¢, d, e:
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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
2

1%} 0
Definition 6.14. Ehrenborg’s quasisymmetric function W[P] for a bounded ranked poset P is the image of

[P] under the map k[P] N QSym induced by the zeta function k[P] “ikasa character, via Theorem 6.3.

The quasisymmetric function W[P] captures several interesting combinatorial invariants of P; see Stanley
[72, Chap. 3] for more background on these notions.

Definition 6.15. Let P be a bounded ranked poset P of rank 7(P) := r(1). Define its rank-generating
function

RGF(P,q) ==Y q¢'",
peP

its characteristic polynomial

X(Pq) == 1(0,p)g"?

peP

(where u(p, q) is shorthand for u([p, q])), its zeta polynomial

(6.5) Z(P,m) = [{multichains 0<pp1<p-<ppm_1 <p i}|
r(P)—1 m
(6.6) = ;‘) <S+1>|{chains()<p1<---<ps<i}|

and for a subset S C {1,2,...,7 — 1}, its flag number fs, as a component of its flag f-vector (fs)gcir—1]

fs = |{chains 0 <p p1 <p -+ <p ps <p 1 with {r(p1),...,7(ps)} = S},
as well as the flag h-vector entry hy given by fs = g hr, or by inclusion-exclusion, hs = ZTCs(—l)‘S\T‘fT.

Example 6.16. For the poset P in Example 6.13, one has RGF(P,q) = 1+ 5q + 8¢® + 5¢> + ¢*. Since
P is the poset of faces of a polytope, the Mobius function values for its intervals are easily predicted:
w(z,y) = (=1)"[=¥] that is, P is an Bulerian ranked poset; see Stanley [72, §3.16]. Hence its characteristic
polynomial is trivially related to the rank generating function, sending g — —g, 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.



HOPF ALGEBRAS IN COMBINATORICS 87

L S [fs] hs |
7 1 1
{1} 5 5—1= 4
{2} 8 8—1= 7
{3} 5 5—1= 4

{1,2} |16 16— (5+8)+1= 4
{1,3} |16 16— (5+5)+1= 7
{2,3} |16 16— (5+8)+1= 4
{1,2,3} |32 32— (16+164+16)+ (5+8+5)—1= 1

and using (6.6), its zeta polynomial is

Z(P,m) = 1<”17’> +(5+8+5)<”21> +(16+16+16)<7§> +32<4> (2m_;)(2m+1).

Theorem 6.17. Ehrenborg’s quasisymmetric function W[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 Lo expansion coefficients®

P] = ZfD(a)(P) My = ZhD(a)(P) L

(i) the zeta polynomial as the specialization from Definition 6.6

Z(P,m) = ps' (U[P])(m) = [¥[P]] 51 —sp—es,,—1, - and

Tm41=Tm42="--=0

(iii) the rank-generating function as the specialization

RGF(Pv Q) = [\IJ[P]] r1=q,z2=1, >

r3=x4=:--=0
(iv) the characteristic polynomial as the convolution
X(Pq) = (g 0 5) x (g) o W[ P]
where QSym a, k[q] maps f(x) — f(q,0,0,...).
Proof. In assertion (i), the expansion W[P] = > fpa)(P) My is (6.2), since (o[P] = fp(a)(P). The Lq
expansion follows by inclusion-exclusion, as Lo = 5. p(5)5p(a) Ms and fs(P) = 3 pcg hr.
Assertion (ii) is immediate from Proposition 6.7(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 ,(M,) = ¢" for o = (n), and 1,(M,) vanishes for all other o # (n) in
Comp,,. Hence for a bounded ranked poset P one has

(6.7) (g 0 W)[P] = ¢" 7).
Consequently, using (1.16) one can compute
(6.7),

RGF(Pq) =3 q® 1= ¢ . ¢[p, 1] 3" (¢, 0 0)[0,p] - (Cq 0 V)p, 1]
peEP peP peEP
UL (4, % C)(T[P)) = (g @ Cq) (AW[P])
= [\IJ[P](XaY)]M:qwz:ws:':o = [\I/[P](X)] r1=q,x2=1,

y1=1,y2=y3=---=0 r3=x4="--=0

Similarly, for assertion (iv) first note that Proposition 6.10 and Corollary 6.11 let one calculate that

(WgoWoS)Pl= (=1)F 7 (g0 ¥)([wo,a]) - (% 0 W) ([zh—1,24])

k O=zo<-<zp=1
(6.7) r A r
=YD Y P = p(0,1)¢ .
k O=zo<--<zp=1

2417 fact, Ehrenborg defined W[P] in [24, Defn. 4.1] via this M, expansion, and then showed that it gave a Hopf morphism.
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This is used in the penultimate equality here:

(1.16)

(g 08) % (@) o W[P] =" ((¥g 0 SoW)*(CqoW))[P] = ((1goW¥oS)x()[P]
=> (g0 Wo8)0,p]-Clp, 1] = pl0,plg"™ = x(P,q).
pEP pEP

O

6.3. 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 6.3 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.

6.3.1. The chromatic Hopf algebra of graphs.

Definition 6.18. The chromatic Hopf algebra (see Schmitt [65, §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), G2 = (Va, Es) the multiplication

[G1] - [Go] = [G1 U G

where [G1 U G5] denote the isomorphism class of the disjoint union, on vertex set V' = V; U V4 which is a
disjoint union of copies of their vertex sets Vi, Vs, with edge set £ = F; U Es. For example,

Thus the class [&] of the empty graph @ having V = @, F = & 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 E/ = {e € E : e = {v1,v2} C V’'}. This lets one define a comultiplication

A[G] = Z [G|V1] ® [G|V2]

(V1,V2):ViuVo=V

6[(;]::{1 ifG =

Define a counit

0 otherwise.

Proposition 6.19. The above maps endow G with the structure of a graded connected finite type Hopf
algebra over k, which is both commutative and cocommutative.

Example 6.20. Here are some examples of these structure maps:

A o\./o =1® o\./o —|—2[0]® I +2 I ®[o]—|—[o o]®[o]
—|—[o]®[o o]—l— o\ /o ® 1

Proof. The associativity of the multiplication and comultiplication should be clear as
m(2)([G1] ® [GQ] ® [Gg]) = [Gl (] GQ (] Gg]

A(z)[G] = Z (Glv,] ® [Glv,] @ [Glvs ]

(V1,V2,V3):
V=viuVoldVs
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Checking the unit and counit conditions are straightforward. Commutativity of the pentagonal bialgebra
diagram in (1.8) comes down to check that, given graphs G, G2 on disjoint vertex sets Vi, Vs , when one
applies to [G1] ® [G2] either the composite A o m or the composite (m®@ m)o (1T ® 1) o (A ® A), the
result is the same:

Z [G1|V11 U G2|V21] ® [G1|V12 U G2|V22]'
(V11,Vi2,Va1,Va22):
Vi=Vi1UVi2
Va=V21UVa22
Letting G,, be the k-span of [G] having n vertices makes G a bialgebra which is graded, connected, and
of finite type, and hence also a Hopf algebra by Proposition 1.30. Cocommutativity should be clear, and
commutativity follows from the graph isomorphism G U Gy & G5 U G;. O

Remark 6.21. Humpert and Martin [37, Theorem 3.1] gave the following expansion for the antipode in
the chromatic Hopf algebra, containing fewer terms than Takeuchi’s general formula (1.15): given a graph
G = (V, E), one has

S[G] = (=)W acye(G/F)[Gy,r].
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, p := (V, F) as a simple graph.

It turns out that the chromatic Hopf algebra G is self-dual. In the dual Hopf algebra G°, let {[G]*} denote
the dual basis elements, so that ([H]*,[G]) = dg) (- To describe the structure maps in G explicitly, for
graphs H, H1, Hy one has

AHT = Y [HWw] ®Hw]
(Vl,VQ):
V=viuVvs
I{:H‘V1 |_|I{‘V2

> H

H:(V1L|V2,E)
H|V1 =H;
H|v,=H>

(6.8)

=
=
II*

Proposition 6.22. One has a Hopf isomorphism G — G° defined by

G)— > [H]
H=(V,E’):
E'NE=g9

For example, this isomorphism maps

* *

Proof. First note that ¢ is a k-module isomorphism via triangularity: one has H = (V, E’) with E'NFE = &
if and only if H is an edge subgraph of the complementary graph G to G on the same vertex set V.
One can then check that for graphs G1, G2 on vertex sets Vi, Va, the fact that o([G1][G2]) = ¢[G1]¢[Ga]
amounts, using (6.8), to both being a sum of [H|* over graphs H on V; UV5 that share no edges with G1 UGs.
Similarly, one can check that the fact that Ap[G] = (¢ ® ¢)(A[G]) amounts, using (6.8), to both being a
sum of [H;]* @ [Ha]* over triples (H, Hy, Hy) where H is a graph on the same vertex set V' as G but sharing
no edges with G, and with H = H; Ll Hs. O
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6.3.2. Stanley’s chromatic symmetric function of a graph.

Definition 6.23. Stanley’s chromatic symmetric function W[G| for a simple graph G = (V, E) is the image
of [G] under the map G N QSym induced via Theorem 6.3 from the edge-free character G Sk

1 if G has no edges, that is, G is an independent /stable set of vertices,
69 )= { /

0 otherwise.

Note that, because G is cocommutative, ¥[G] is symmetric and not just quasisymmetric; see Remark 6.4.
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 E has f(v) = f(v).

Proposition 6.24. For a graph G = (V, E), the symmetric function V[G] has the expansion 2

v[G] = > Xy

proper colorings

fV—={1,2,.}
where X5 = [[,cy T ). In particular, its specialization from Proposition 6.6 gives the chromatic polynomial
of G:
ps' W[G)(m) = xa(m) = [{proper colorings f :V — {1,2,...,m}}|

(-1
Proof. The iterated coproduct G A G®¢ sends

Gl— > [Glw]l®-®[Gly]
(V1,0 Vi)
V=ViU--UV,
and the map (®* sends the element 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 i to the vertices in V; gives a proper coloring. Thus
formula (6.2) shows that the coefficient (, of z{* -- -z} in W[G] counts the proper colorings f in which

|f~1(i)| = a; for each i. O
Example 6.25. For the complete graph K,, on n vertices, one has
U[K,] =nle,
1 m
ps (P[K,])(m) =nley(1,1,...,1) =n!
— n

m ones

=m(m—1)---(m—(n—1)) = x(K,,m).

In particular, the single vertex graph K has U[K;] = e1, 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 P3 which is a path having three vertices and two edges
will have
\I][Pg] = m(271) + 6m(17171) = ege] + 363

One might wonder, based on the previous examples, when W[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 {s}, since
each ey is s-positive. This weaker property fails, starting with the claw graph Ks 1, which has

U[K31] = 5(3,1) — S(2,2) + 58(2,1,1) + 85(1,1,1,1)-

On the other hand, a result of Gasharov [26] shows that one at least has s-positivity for ¥[inc(P)] where
inc(P) is the incomparability graph of a poset which is (8 + 1)-free; we refer the reader to Stanley [71, §5]

for a discussion of the following conjecture, which remains open?°:

251 fact, Stanley defined W[G] in [71, Defn. 2.1] via this expansion.
26A recent refinement for incomparability graphs of posets which are both (8 + 1)- and (2 + 2)-free, also known as unit
interval orders is discussed by Shareshian and Wachs [67].
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Conjecture 6.26. 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 G1, Gs having V[G1] = V[G]:

Gi= e ° Gy= e
L] [ ]
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.

N
°
/

/s
AN

Question 6.27. Does the chromatic symmetric function 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 [57].

We close this section with a few other properties of W[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

UGy U Gs]) = V[G1]P[G2]). One property he proves is implicitly related to ¥ as a coalgebra morphism:
he considers the effect on ¥ of the operator 6_ : Ag — Ag which acts by first expressmg a symmetric
function f = f(p1,p2,...) as a polynomial in the power sums {p,}, and then applies 8—pl. It is not hard to
see that 8%1 is the same as the skewing operator S(Ll) = pi: both act as derivations on Ag = Q[p1, p2, . - ],
and agree in their effect on each p,, in that both send p; — 1, and both annihilate ps, p3, .. ..

Proposition 6.28. (Stanley [71, Cor. 2.12(&)]) For any graph G = (V, E), one has

apl Z \IJ G|V\’U

veV

Proof. One first computes

AVG = (TR D)A[G] = Y T[Gly]® UGy,
VI,

Since degree considerations force (s(1y, ¥[G|v;]) = 0 unless |[Vi| = 1, in which case ¥[G|v,] = 5(1), one has

0
5, Y6l = sHUGI = > (50, Y[GI]) - Y[Gl] = > WG|yl
P (Vi Va): vev
V=viuVs

O

Definition 6.29. 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 6.30. (Stanley [71, Prop. 4.1, Thm. 4.2]) The involution w of A sends V[G] to w (V[G]) =
2(517 nxs in which the sum runs over weakly compatible pairs (Q, f) of an acyclic orientation Q0 and vertez-
coloring f.

Furthermore, the chromatic polynomial xg(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 vertez-m-coloring.

Proof. As observed above, a proper coloring f is weakly compatible with a unique acyclic orientation 2 of G.
Denote by Pq the poset on V which is the transitive closure of €2, endowed with a strict labelling by integers,
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that is, i <p j implies ¢ >z j. Then proper colorings f that induce 2 are the same as Pq-partitions, so that
(6.10) V(G =) Fp,(x).
Q

Applying the antipode S and using Corollary 5.22 gives

w(V[G) = (~)VIS (W[G]) =) Fppe(x) = > %y
Q (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 Pq has been given a strict labelling, Po"” acquires a weak (or natural) labelling,
that is ¢ <pgee J implies ¢ <z J.
The last assertion follows from Proposition 6.7(iii). O

Remark 6.31. The interpretation of x (G, —m) in Proposition 6.30 is a much older result of Stanley [70]. 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 6.7) from Humpert and Martin’s
antipode formula for G discussed in Remark 6.21: taking ¢ to be the character of G given in (6.9),

X(G,=1) = VG = (SIG]) = D (=) D acye(G/F)S[Gy.p] = (=1) acye(G)
F
where the last equality uses the vanishing of ¢ on graphs that have edges, so only the F' = @ term survives.

6.4. Example: The quasisymmetric function of a matroid. We introduce the matroid-minor Hopf
algebra of Schmitt [64], and studied extensively by Crapo and Schmitt [16, 17, 18]. A very simple character
¢ on this Hopf algebra will then give rise, via the map ¥ from Theorem 6.3, to the quasisymmetric function
invariant of matroids from the work of Billera, Jia and the author [11].

6.4.1. The matroid-minor Hopf algebra. We begin by reviewing some notions from matroid theory; see Oxley
[58] for background, undefined terms and unproven facts.

Definition 6.32. 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 E with the following exchange property:

For any B, B’ in B(M) and b in B, there exists V' in B’ with (B\ {b}) U {¥'} in B(M).

Example 6.33. A matroid M is represented by a collection of vectors E = {eq,...,e,} in a vector space if
B(M) is the collection of subsets B = {e;,, ..., e;, } having the property that B forms a basis for the span of
all of the vectors in E. For example, if E = {a, b, ¢,d} are the four vectors a = (1,0),b = (1,1),c=(0,1) =d
in R? depicted here

then B(M) = {{a,b},{a,c},{a,d},{b,c},{b,d}}.

Example 6.34. 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 {€, },ey by associating to the edge e = {v,v'} the vector €, — €,,. One can check (or see
[58, §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 graph
G = (V, E) shown below has the same matroid B(M) as the one represented by the vectors in Example 6.33:

whose spanning trees are the edge sets B(M) = {{a, b}, {a, c},{a,d},{b,c}, {b,d}}.
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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 6.35. 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

(6.11) B(M\e):={BeB(M):e¢B}.
If e is not a loop, the contraction M/e is a matroid of rank r on ground set F \ {e} having bases
(6.12) B(M/e):={B\{e}:ec BeB(M)}.

When e is a loop of M, then M/e has rank r instead of r — 1 and one defines its bases as in (6.11) rather
than (6.12); 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 (6.12) rather than (6.11).

Example 6.36. Starting with the graph G and its graphic matroid M from Example 6.34, the deletion
M \ a and contraction M /c correspond to the graphs G \ a and G/c shown here:

G\a= . Gle= o
/\ <.>b
S~ o

One has

o B(M\ a) = {{b,c},{b,d}}, so that b has become a coloop in M \ a, and
e B(M/c)={{a},{b}}, so that d has become a loop in M/ec.

Definition 6.37. Deletions and contractions commute with each other, leading to well-defined operations
for subsets A C E of the

e restriction M| on ground set A, obtained by deleting all e of E'\ A in any order, and
e quotient/contraction M /A on ground set E \ A, obtained by contracting all e in A in any order.

We will also need the direct sum My & Ms, whose ground set £ = E; U F5 is the disjoint union of a copy
of the ground sets Fy, Ey for My, Ms, and having bases
B(Ml D Mg) = {Bl LUBy: B; € B(Ml) fori =1, 2}

Lastly, say that two matroids M7, My are isomorphic if there is a bijection of their ground sets E; 25 B
having the property that oB(M;) = B(Mx).

Now one can define the matroid-minor Hopf algebra, originally introduced by Schmitt [64, §15], and
studied further by Crapo and Schmitt [16, 17, 18].

Definition 6.38. Let M have k-basis elements [M] indexed by isomorphism classes of matroids. Define the
multiplication via

[My] - [Ma] := [My & Moy
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

AM] =" [M]4] @ [M/A],
ACE

] = {1 M=o

and a counit

0 otherwise.

Proposition 6.39. The above maps endow M with the structure of a graded connected finite type Hopf
algebra over k, which is commutative.
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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 E, one has this equality
between the two candidates for A®)[M)]

GCA1CACE

= Y [M[a]®[(M/A1)]apa,] ® [M/As]
PCA1CACE

due to the matroid isomorphism (M|a,)/A1 = (M/A1)|a,\4,. Commutativity of the bialgebra diagram in
(1.8) amounts to the fact that for a pair of matroids My, My and subsets A1, Ay of their (disjoint) ground
sets Eq, Fy, one has isomorphisms
Mi|a, & Ma[a, = (M1 & M3) |a,ua,,
Ml/Al (5] M2/A2 = (Ml D Mz) /(Al L Ag).

Letting M,, be the k-span of [M] for matroids whose ground set E 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 1.30. 0

6.4.2. A quasisymmetric function for matroids.

Definition 6.40. Define a character M — k by

1 if M has only one basis,
n=

0 otherwise.

It is easily checked that this is a character, that is, an algebra map M i> 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.

Define W[M] for a matroid M to be the image of [M] under the map M N QSym induced via Theorem 6.3
from the above character (.

ecE

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 [58, §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) := 3,5 f(b):

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 £\ I;_; having the lowest cost f(e) among all those for which
I;_1 U{e} is independent, that is, still a subset of at least one basis B in B(M). Then define
I; :==I;_1 U{e}. Repeat this until j = r, and B = I, will be among the bases that achieve
the minimum cost.

Definition 6.41. 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 6.42. For the graphic matroid M of Example 6.34, this cost function f; : E — {1,2,...}
[ ]

fi(a)=1 J1(b)=3
f1 (C):?)

~_

fi(d)=2
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is M-generic, as it minimizes uniquely on the basis {a, d}, whereas this cost function fo : F — {1,2,...}

f2(a)=1 J2(b)=3
J2(c)=2

~ 7

f2(d)=2

is mot M-generic, as it achieves its minimum value on the two bases {a, ¢}, {a, d}.

Proposition 6.43. For a matroid M on ground set E, one has this expansion®”

UM = > xg
M -generic
FE—{1,2,..}
where Xy = HeEE Tfey- In particular, for m > 0, its specialization pst from Definition 6.6 has this
interpretation:

ps!U[M](m) = |[{M-generic f : E — {1,2,...,m}}|.
(e-1)
Proof. The iterated coproduct M Ai; Mt sends
[M]— Y [M|a,] @ [(M]a)/A] © - @ [(M]a,) /A1)
where the sum is over flags of nested subsets
(6.13) Fd=ACA C---CA 1 CA=EF.

The map ¢®* sends each summand to 1 or 0, depending upon whether each (M| 4;)/Aj-1 has a unique basis
or not. Thus formula (6.2) shows that the coefficient ¢, of 2" - --z}* in W[M] counts the flags of subsets in
(6.13) for which [A; \ A;_1| = a; and (M|4,)/A;-1 has a unique basis, for each j.

Given a flag as in (6.13), associate the cost function f: E — {1,2,...} whose value on each element of
Aj\ Aj_1 is i;; conversely, given any cost function, say whose distinct values are i1 < ... < iz, one associates
the flag having A; \ Aj_1 = f~1(i;) for each j.

We will prove below, using induction on s = 0,1,2...,/ the following claim: After having completed
a1 + as + -+ + «a; steps in the greedy algorithm (6.4.2), there is a unique choice for the independent set

produced thus far, namely

(614) Ia1+a2+“'+as = |_| CO]OOpS((M|A]‘)/Aj*1)7

j=1

if and only if each of the matroids (M|4,)/A;—1 for j =1,2,...,s 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 (6.14) with s = ¢, if and only if each (M|,)/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

e the independent set Iy, 1ay+-.+a._, takes the form in (6.14), 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 As_1 exactly consists of all of the elements e of F whose costs f(e) lie in the range {i1,42,...,is-1},
in the next ay steps the algorithm will work in the quotient matroid M/A;_; and attempt to augment
I, +0otta._, using the next-cheapest elements, namely the elements of Ag \ As_1, which all have cost
f equal to i5. Thus the algorithm will have no choices about how to do this augmentation if and only if
(M|a,)/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 In, +as+-+a. as described in (6.14). This completes the induction.

The last assertion follows from Proposition 6.7. 0

27In fact, this expansion was the original definition of W[M] in [11, Defn. 1.1].
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Example 6.44. If M has one basis then every function f: E — {1,2,...} is M-generic, and

E
V[M] = Z Xf:(xl —|—x2+...)\E\:M(|1)|.
FE—={1,2,...}
Example 6.45. Let U, , denote the uniform matroid of rank r on n elements F, 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

U[U 9] = Z Tp)T(2) = T1T2 + ToL1 + T103 + L3201 + - = 2M (4 ).

(f(1),f(2)):
FW#7(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’[U1)3] = 3Z$1$3 + 6 Z LT X
i<j i<j<k
=3M(12) + 6M(11,1)
- 1H2m -1
pslkll[ULg](m) —3 m 6 m\ _ m(m )(2m )
2 3 2
One can similarly analyze U, 3 and check that

W[Uz,3] = 3M(2,1) + 6M(1 11
DS U [y 3] (1) = 3(m) N 6(7;) _m(m—-1)(2m—1)

2 2
These last examples illustrate the behavior of ¥ under the duality operation on matroids.

Definition 6.46. 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(M™*) :={E\ B} pesm)-
Here are a few examples of dual matroids.

Example 6.47. The dual of a uniform matroid is another uniform matroid:

U =Un—rn.
Example 6.48. If M is matroid of rank r represented by collection of vectors E = {ey,...,e,} in a vector
space over some field k, one can find a collection of vectors {e1, ..., 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 {e;-}"; of A represent M*. See Oxley [58, §2.2].

Example 6.49. Let G = (V, E) be graph embedded in the plane with edge set F, 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 et, crossing e transversely. Then the graphic matroid of G+ is M*. See Oxley [58,
§2.3].

Proposition 6.50. If U[M] =" coMq then W[M+] =" caMyey(a)-

Consequently, ps'W[M](m) = ps'W[M~+](m).

Proof. This amounts to showing that for any composition o« = («v, ..., ay), 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 XpL = xrev(e),

We claim that the map f — f* in which f*(e) = £+ 1 — f(e) gives a bijection between these sets. To see
this, note that any basis B of M satisfies

(6.15) f(B)+ f(E\B)=Y_ f(e)

ecE
(6.16) F(BE\B)+ fH(E\ B) = ((+ 1)(|E] — ),
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where r denotes the rank of M. Thus B is f-minimizing if and only if E \ B is f-maximizing (by (6.15)) if
and only if F'\ B is f*-minimizing (by (6.16)). Consequently f is M-generic if and only if f is M~-generic.

The last assertion follows, for example, from the calculation in Proposition 6.7(i) that ps!(M,)(m) = (ZEZ))
together with the fact that £(rev(a)) = £(«). O

Just as (6.10) 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 W[M].

Definition 6.51. Given a matroid M on ground set E, and a basis B in B(M), define the base-cobase poset
Pg to have b < b’ whenever b lies in B and b’ lies in E\ B and (B \ {b}) U {¥'} is in B(M).

Proposition 6.52. For any matroid M, one has V[M] = ZB&B(M) Fipy 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, V[M] expands nonnegatively in the {Lo} basis.

Proof. A basic result about matroids, due to Edmonds [23], describes the edges in the matroid base polytope
which is the convex hull of all vectors {3, ¢ €} pens(ar) inside R¥ with standard basis {ec}cep. He shows
that all such edges connect two bases B, B’ that differ by a single basis exchange, that is, B’ = (B \ {b})U{d'}
for some bin B and V' 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 6.53. The graphic matroid from Example 6.34 has this matroid base polytope, with the bases B
in B(M) labelling the vertices:

b d a d a
|

c
|/ 1 '
a c b/|c b d

One can label the first of these five strictly as

L—
QU —O

1 2
I X1
3 4

and compute its strict P-partition enumerator from the linear extensions {3412, 3421,4312,4321} as
L2y + Ligay + Lo+ Laay
while any of the last four can be labelled strictly as

1 2
I/
3 4

and they each have an extra linear extension 3142 giving their strict P-partition enumerators as
L2y + Ligay +Lae +Laay + Lagz-

Hence one has
\IJ[M] - 5L(2)2) + 5L(1)172) + 4L(1)271) + 5L(2)171) + 5L(1)171)1).
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As M is a graphic matroid for a self-dual planar graph, one has a matroid isomorphism M =2 M+ (see
Example 6.49), reflected in the fact that W[M] is invariant under the symmetry swapping My < Micy(a)
(and simultaneously swapping Lo < Lyey(a))-

This P-partition expansion for W[M] also allows us to identify its image under the antipode of QSym.
Proposition 6.54. For a matroid M on ground set E, one has
S(U[M]) = (=) Z [{ f-mazimizing bases B}| - x;
fE—{1,2,...}
and
pst U[M](—m) = (—1)IF! Z [{ f-maximizing bases B}|.
f:E—{1,2,...m}
In particular, the expected number of f-mazimizing bases among all cost functions f : E — {1,2,...,m} is
(—=m) = Flps' W[M](—m).
Proof. Corollary 5.22 implies
S(\I][M]) = Z S(F(PB,strict) (X)) = (_1)|E| Z F(ngp,natural) (X)
BeB(M) BeB(M)

where F(p natural)(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

6.52. Thus one has
S(W[M]) = (1) > Xf

(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 6.7. O

Example 6.55. We saw in Example 6.53 that the matroid M from Example 6.34 has
W[M] = 5L(2,9) +5L(1,1,2) +4L(1,21) + 5L21,1) +5L(1,1,1,1)-

and therefore will have

ps' W [M](m) —5(’"‘4“4) +<5+4+5)<m‘j+4) +5<m—j+4) _ mlm = )@ —2m + 1

using ps!(Ly)(m) = (mflfj‘o") from Proposition 6.7 (i). Let us first do a reality-check on a few of its values

with m > 0 using Proposition 6.43, and for negative m using Proposition 6.54:

m 1012
ps'U[M](m) || 5 0|05

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 : E — {1,2}:

[ ] [ ] [ ] [ ] [ ]
1 1 1 2 1 2 2 1 2 1
2 1 2 1 2
[ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ] [ ]
2 2 1 2 1
Lastly, Proposition 6.54 predicts the expected number of f-minimizing bases for f: E — {1,2,...,m} as

() P ps WA () = ()=t DI 2D (3 D2+ L)
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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 6.56. It is not coincidental that there is a similarity of results for Stanley’s chromatic symmetric
function of a graph ¥[G] and for the matroid quasisymmetric function W[M], such as the P-partition expan-
sions (6.10) versus Proposition 6.52, and the reciprocity results Proposition 6.30 versus Proposition 6.54. It
was noted in [11, §9] that one can associate a similar quasisymmetric function invariant to any generalized
permutohedra in the sense of Postnikov [59]. 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 [5]. This Hopf algebra generalizes the chromatic Hopf algebra of graphs and the
matroid-minor Hopf algebra, and its quasisymmetric function invariant derives as usual from Theorem 6.3.
Their work [3] also provides a generalization of the chromatic Hopf algebra antipode formula of Humpert
and Martin [37] discussed in Remark 6.21 above.
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7. 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.

7.1. Definition and Hopf structure.

Definition 7.1. Define FQSym = @nzo FQSym,, to be a graded k-module in which FQSym,, has k-basis
{Fu}wes, indexed by the permutations w = (wy,...,w,) in &,,.

We first attempt to lift the product and coproduct formulas (5.7), (5.6) in the {L,} basis of QSym. We
attempt to define a product for u € &g, v € &y

(7.1) F,F,:= > F,
weu W (k]|
where for v = (v1,...,v¢) one sets v[k] := (k 4+ v1,...,k+ vg).

The coproduct will be defined using the notation of standardization std(i) of a word i = (i1,...,i,) in
some linearly ordered alphabet, which 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, then replacing all occurrences of the
next smallest letter by the numbers my + 1,m1 + 2,...,m1 + mo, from left to right, etc.

Example 7.2. Considering words in the Roman alphabet a < b <c¢ < ---

stdb a ¢ ¢ b a a b a c¢ b
=5 1 9 10 6 2 3 7 4 11 8).
Using this, define for w = (wy,...,w,) in &,
(72) AFw = Z Fstd(wl,wg,...,wk) & Fstd(wk+1,wk+2,...,wn)'
k=0

It is possible to check directly that the maps defined in (7.1) and (7.2) endow FQSym with the structure
of a graded connected finite type Hopf algebra; see Hazewinkel, Gubareni, Kirichenko [29, Thm. 7.1.8].
However in justifying this here, we will follow the approach of Duchamp, Hivert and Thibon [22], which
exhibits FQSym as a subalgebra of a larger ring of (noncommutative) power series of bounded degree in a
totally ordered alphabet.

Definition 7.3. Given a totally ordered set I, create a totally ordered variable set {X;};cr, 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({X}ien) = Y. X

i=(i1,.y0n)

where X; := X;, -+ X;

as w ranges over | J, ., S, .
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Example 7.4. For the alphabet X = (X; < X3 < ---), in R(X) one has
F1=ZX¢=X1+X2+---

1<i

Fio = Z XlXJ :X12+X22++X1X2—|—X1X3+X2X3+X1X4—|—
1<i<y

Fy= Y X;X;=XoX1+ XsX) + X3Xp + Xg Xy + -
1<i<j

Fao= >  Xi= Y X;XipX;
istd(i)=231 1<i<j<k

= X2X, + X2X1 + X3Xo+ -+ Xo X3 Xy + Xo Xy Xy + -+

Proposition 7.5. For any totally ordered infinite set I, the elements {F,,} as w ranges over |, ~,Sn form
the k-basis for a subalgebra FQSym({X;}ic1) of R(X), which is graded connected and of finite type, having
multiplication defined k-linearly by (7.1).

Consequently all such algebras are isomorphic to a single algebra FQSym, having basis {F,} and multi-
plication given by the rule (7.1), with the isomorphism mapping Fy, — Fu ({ X }ier)-

For example,
FiFp = (X1 + Xo 4+ Xz 4 )(Xo X1 + X3X1 + X3 Xo + Xy Xy + 1)
=X XgXo+ X1 - Xy Xo+ -+ X1 - Xo Xy + Xo - X Xo+ Xo - Xy Xo+ -+
+ X X Xq +Xo- XuXa+ -+ X0 Xo X5 + X3 X3 X5 + X3 XgXo+---
+ X3 Xo X1 + Xy - Xo Xy + -+
= Z X+ Z Xi + Z Xi = Fiza + F312 + F321 = Z Fy
i:std(i)=132 i:std(i)=231 istd(i)=321 wel w32

Proof. The elements {F,,({X;}ics)} 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 (7.1) is the equivalence of conditions
(i) and (iii) in the following Lemma 7.6, from which all the remaining assertions follow. O

Lemma 7.6. For a triple of permutations

u=(uy,...,u;) in S,
v=(01,..., Upn—k) 0 Sp_k,
w=(w1,...,w,) in Sy,

the following conditions are equivalent:
(i) w™! lies in the set u=' W vtk
(i) u = std(wi,...,wk) and v = std(wWgt1,...,wy),
(iii) for some word i = (iy,...,i,) with std(i) = w one has u = std(i1,...,ix) and v = std(igq1,. -, 0n).
Proof of Lemma. The implication (ii) = (iii) is clear since std(w) = w. The reverse implication (iii) = (ii)
is best illustrated by example, e.g. considering Example 7.2 as concatenated, with n =11,k =6,n — k = 5:

w=std b a ¢ ¢ b a | a b a ¢ b

= B 1 9 10 6 2 | 3 7 4 11 8)
u=std (5 1 9 10 6 2 ) wv=std( 3 7 4 11 8)
= 3 15 6 4 2 ) = 1 3 2 5 4
=std b a ¢ ¢ b a ) =stdl a b a ¢ b
The equivalence of (i) and (ii) is a fairly standard consequence of unique parabolic factorization W =

WIW; where W = &,, and Wy = &, x &,,_j, so that W are the minimum-length coset representatives
for cosets W (that is, the permutations = € &,, satisfying z1 < -+ < ap and zp41 < -+ < ). 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
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for some u in G and v in &,,_k. Therefore w = zuvk], if and only if w=! = u~tv~[k]z~!, which means that

w~t is the shuffle of the sequences u~! in positions {x1,...,zx} and v~1[k] in positions {zg11,...,7,}. O

Example 7.7. 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

(1 2345 | 678 9\(1 23 45\(6 7809
“\1 45609 23 78/\25413) 96 738
=z -u-v[k]

. (1 23456789

“ =\496 158237

(1 23 4 5\(6 7 8 9\(1l 23456789
"4 1532/\7896/\1 67234895

One can now use this to define a coalgebra structure on R(X) as follows. Given the ordered variable set
(XY)=(X1<Xa< <Y1 <Ya< )

form the ring R(X,Y) and its quotient R(X,Y)/[X,Y] by the two-sided ideal generated by all commutators
[X;.Y;] = X;Y; — Y;X,, in which one has forced the X variables to commute with Y variables. One can
check that

R{X,Y)/[X,Y] = R(X) ® R(Y)
giving a ring homomorphism FQSym 2, R(X) ® R(Y) which is the composite of these ring morphisms:

FQSym 2 FQSym(X,Y)— R(X,Y) — R(X,Y)/[X,Y] = R(X)® R(Y)

(7.3) fX) — fXY).

Example 7.8. Recall from Example 7.4 that one has
F310 = Z X; = Z X X1 X,
i:std(i)=231 1<i<j<k
and therefore its coproduct is
AF515 = F312(X1, Xa,...,Y1,Ys,..0)
= Y XXX+ ) XX+ > VX4 Y VY,

i<j<k i<j, i, i<j<k
K i<k

XXX 1+ ) XX Y+ ) X ViYet Y 1YY
i<j<k i<j, i, i<j<k
K i<k

=F312(X) -1+ For(X) - F1(Y) + Fi(X) - Fi2(Y) + 1 F312(Y)
=F310Q014+F QF +F1®Fia+1® Fiia
Proposition 7.9. The image of the composite map in (7.3) lies in FQSym(X) ® FQSym(Y), giving rise to
a coproduct
FQSym(X,Y) - FQSym(X)® FQSym(Y)

| |
FQSym FQSym ® FQSym

whose action on the {Fy} basis is given by the rule (7.2). This endows FQSym with the structure of a graded
connected finite type Hopf algebra.
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Proof. One has
AF, =F,(X,Y)= > (X,Y)i=> > X;Y;
isstd(i)=w—1 k=0 (i,4):
std(i)=(std(wy,...,wy)) "
std(§)=(std(wg41,..,wn)) "

= Z Fstd(wl,...,wk) (X)Fstd(wk+1,...,w7l) (Y)
k=0

relying again on Lemma 7.6. O

Corollary 7.10. The Hopf algebra FQSym is self-dual: the map sending F, — F,,—1 gives an isomorphism
FQSym — FQSym®°.

Proof. One has

Fy,1Fyn = > Fyo1 = > Fp

—lgg-1 —1 w:
w—leu=two—1[k] std (w1, )=

std(wr41,..., Wy )=v
via the equivalence of (i) and (ii) in Lemma 7.6. On the other hand, in FQSym°, the dual k-basis {G\,} to
the k-basis {F},} for FQSym should have product formula

GuGy = > Gu

w:
std(wi,...,wg)=u
std(Wr41,..s Wy )=V

coming from the coproduct formula (7.2) for FQSym in the {F,, }-basis. 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 7.10 motivates the choice of an inner product
on FQSym in which

(Fu, Fy) i= 0y=1 4.
We wish to identify the images of the ribbon basis {R,} of NSym when included in FQSym.

Definition 7.11. Define the free quasi-ribbon function

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 &|,|, and where the descent set of a sequence i =
(i1, ...,1y) is defined by
Des(i) :={j € {1,2,...,n— 1} :4; > ij41} = Des(std(i)).

Alternatively, Rq = >, X7 in which the sum is over column-strict tableaux of the ribbon skew shape a, and
X = X in which i is the sequence of entries of T" read in order from the southwest toward the northeast.

Example 7.12. Taking o = (1, 3,2), with ribbon shape and column-strict fillings T" as shown

i5 < g
O A
O O d T= 19 < 13 < 14
O A
11
one has that
R1,3,2) = > X = > X, Xi, Xy Xi, X, Xig = > Xy
i=(%1,92,%3,%4,%5,%6): 11 >12<i3<i4>i5<ig T

Des(i)=D(o)={1,4}
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Corollary 7.13. The following surjection and injection are Hopf morphisms

FQSym 5 QSym

Fo 7 Lyw)

NSym < FQSym
R, — R,

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 v lets one factor the surjection NSym — A
as follows
NSym — FQSym— R(X) — R(x)
R, +— R, 7 Sa (X)

through the abelianization R(X) — R(x) sending the noncommutative variable X; to the commutative x;.

Proof. The fact that FQSym 5 QSym is a Hopf map comes from checking that it respects the product
(compare (5.7) and (7.1)) and the coproducts (compare (5.6) and (7.2)) then applying Proposition 1.35(c).

It follows that NSym < FQSym is a Hopf map once we check the adjointness assertion, via the following
calculation:

B B [ 1 if Des(w) = D(w)
(o) B = R F) = 52 )<Fu1,Fw>—{ -

= (Rav Lv(’w)) = (ROH W(Fw))
The last assertion is clear: the abelianization map sends the noncommutative tableau monomial X7 to the
commutative tableau monomial x7. ]
We summarize some of this picture as follows:

FQSym ~ a4 o FQSym

P

NSym QSym
A
(This is not a commutative diagram!)

8. 0-HECKE ALGEBRAS

8.1. Review of representation theory of finite-dimensional algebras. Review the notions of inde-
composables, simples, projectives, along with the theorems of Krull-Remak-Schmidt, of Jordan-Hélder, and
the two kinds of Grothendieck groups dual to each other.

8.2. 0-Hecke algebra representation theory. Describe the simples and projectives, following Denton,
Hivert, Schilling, Thiery on J-trivial monoids.

8.3. Nsym and Qsym as Grothendieck groups. Give Krob and Thibon’s interpretation of
e QSym and the Grothendieck group of composition series, and
e NSym and the Grothendieck group of projectives.

Remark 8.1. 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
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9. AGUIAR-BERGERON-SOTTILE CHARACTER THEORY PART II: ODD AND EVEN CHARACTERS,

SUBALGEBRAS

10. FACE ENUMERATION, EULERIAN POSETS, AND CD-INDICES

Borrowing from Billera’s ICM notes.

10.1. f-vectors, h-vectors.

10.2. flag f-vectors, flag h-vectors.

10.3. ab-indices and cd-indices.

11. FURTHER TOPICS

Some of these we may touch on in class, others are appropriate for student talks.

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:

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

12. SOME OPEN PROBLEMS AND CONJECTURES

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?
e P. McNamara’s question: 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
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