STRUCTURE OF THE PEAK HOPF ALGEBRA OF
QUASISYMMETRIC FUNCTIONS

SAMUEL K. HSIAO

ABSTRACT. We analyze the structure of Stembridge’s peak alge-
bra, showing it to be a free commutative algebra (specifically a
shuffle algebra) over Q, a cofree graded coalgebra, and a free mod-
ule over Schur’s @Q-function algebra. Our analysis builds on com-
binatorial properties of a new monomial-like basis for the peak
algebra. We describe the product, coproduct, and antipode on
this basis. The dual of the monomial basis corresponds to a fam-
ily of flag-enumeration functionals on Eulerian posets. We show
that nonnegativity of these functionals on all Gorenstein® posets
is equivalent to a special case of the combinatorial Hopf conjecture
of Charney and Davis. We describe a new basis of eigenvectors
for Stembridge’s descents-to-peaks map that relates triangularly
to the monomial basis.

1. INTRODUCTION

The peak algebra II first arose in Stembridge’s theory of enriched
P-partitions [19] as a setting in which to generalize the combinato-
rial study of Schur’s @Q-functions. In earlier work, Gessel [9] had de-
tailed a similar interplay between the algebra Qsym of quasisymmetric
functions, the theory of (ordinary) P-partitions, and (ordinary) Schur
functions. In light of the analogy between the ordinary and enriched
theories, this paper draws on established notions of Qsym to analyze
the Hopf algebra structure of II. Most of our results can be regarded as
peak analogues of well-known facts about quasisymmetric functions.

Our analysis of IT begins in Section 2 with the introduction of a ba-
sis consisting of monomial peak functions. We show that Stembridge’s
descents-to-peaks map © : Qsym — II takes ordinary monomial qua-
sisymmetric functions to monomial peak functions (up to sign). In
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analogy with Qsym, we describe the product and coproduct of mono-
mial peak functions in terms of quasi-shuffles and concatenation, re-
spectively. We also give a simple formula for the antipode on this
basis.

In Section 3 we study the restriction of © to each homogeneous
graded component of II. Billera et al. [4] diagonalized this map and
interpreted it as a random walk on peak sets. Here we describe a new
basis of eigenvectors that relates triangularly to the monomial peak
functions. Our basis is an important tool in determining the algebraic
structure of II.

The main goal of Section 4 is to formulate and prove peak analogues
of two results by Malvenuto and Reutenauer [11, 12] on the structure
of Qsym. We show that the dual Hopf algebra of II is a concatena-
tion Hopf algebra (Theorem 4.1) and that II is a free commutative
algebra (specifically a shuffle algebra) and a free module over Schur’s
Q-function algebra (Corollary 4.2). Our proofs employ the eigenvectors
from Section 3. Next we define a coalgebra grading on II which gives
it the structure of a cofree graded coalgebra.

Finally, in Section 5 we consider some connections between Il and
the theory of flag-enumeration in Eulerian posets. Bergeron et al. [2]
showed that the dual Hopf algebra of II can be naturally identified with
the Billera-Liu algebra of functionals on Eulerian posets [5]. From this
viewpoint, each linear basis for II is dual to a family of flag-enumerative
functionals on Eulerian posets. The most common such family, known
as the cd-index, was recently shown by Billera et al. [4] to be dual to
Stembridge’s basis of (ordinary) peak functions. Babson had earlier
observed a connection between the cd-index and the combinatorial
Hopf conjecture of Charney and Davis [6]. Building on these facts, we
shall see that nonnegativity of the monomial peak functionals on all
Gorenstein® posets is equivalent to an important special case of the
Charney-Davis conjecture. Our work essentially reformulates some of
Reading’s results [13] on the Charney-Davis conjecture.

We gather some basic facts and definitions in the remainder of the In-
troduction. Throughout this paper, we use the notation N = {0, 1,2, ...},
P={1,2,...},[n]={1,2,...,n},and [n,m| = {n,n+1,n+2,... ,m}
for n,m € N. In particular, [0] = () and [n,m] = 0 if n > m. If the ele-
ments of a set {ay, as,...,a;} C Narelisted so that a; < ay < -+ < ay,
then we may denote this set by {ai,az,...,ax}<.

1.1. Quasisymmetric functions. Let Qsym denote the Hopf algebra
of quasisymmetric functions in the variables x, xs, ... with coefficients
in Q. As a vector space, Qsym has a basis consisting of the monomial
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functions
S oaaft € Qllan . ),
i< <
where k£ > 0 and a = (v, ..., qy) is a vector of positive integers, that

is, a composition of |a| = a1 +as+- - -+ ay. The length of ais [(a) =k,
and each o is called a part of . The case k = 0 corresponds to o = (),
the unique composition of 0. We define My = 1.

Let Comp(n) denote the set of compositions of n. Consider the par-
tial order on Comp(n) generated by the cover relations

(11) (Oél, NS 2 i o 7 A [ ,ozk) < (Oél, ey OGOy, ,Oék).

The resulting poset is isomorphic to the lattice of subsets of [n — 1] or-
dered by inclusion. The usual isomorphism associates o = (ay, . .., o)
to the set

Sa = {061,041 +062,...,061+"'+Oék,1}.

In addition to the monomial functions, Qsym has another important
basis consisting of the fundamental quasisymmetric functions F,, de-
fined for all @« € Comp(n), n > 0, by the following equivalent sets of
relations:

(1.2) F, = > My,

BeComp(n):f>a

(1.3) M, = S (1)@,
BeComp(n):f>a

Alternately, F, can be defined as the weight enumerator for all P-
partitions of a labeled chain of size || with descent set S,; see [9, 17]
for details on this approach.

Let Qsym,, denote the linear span of {M, |« € Comp(n)}, so that
dimg Qsym,, = 27! It is easy to verify that Qsym = €, ., Qsym,
is a graded subalgebra of Q[[z1,Zs,...]]. Multiplication of monomial
functions is described in terms of quasi-shuffles. In order to define a
quasi-shuffle, it will be convenient to represent a composition by a map
a: X — P for some chain X = {x1,..., 24}, so that (a(xy),...,a(xy))
is a composition in the usual sense.

Definition 1.1. A quasi-shuffie of two compositions o : X — P and (3 :
Y — P is a pair (7,7), where 7 is a strictly order-preserving map from
the disjoint union X UY onto [k] for some k > 0, and v = (71, ...,7)
is the composition given by

a(z) + Bly), if 7(x) =7(y) =1,
v =< a), if 7(x) =i and 7(y) # i for all y € Y,
By), if 7(y) =i and 7(z) # i for all x € X.
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The product of two monomial functions satisfies

(1.4) MMy =Y M,

(T:7)

where the sum is over all quasi-shuffles of @ and g [7, Lemma 3.3]. For
example,

MaayMay = Maga) + Magy +2Mq 1) + Mo ).

The (outer) coproduct on Qsym satisfies

AM,) = Y Mye M,
a=py

where (3 or v may be empty, and 37 denotes concatenation. The counit
on Qsym maps every element to its constant term.

We have described Qsym as a connected graded bialgebra. Any such
bialgebra has an antipode and is thus a Hopf algebra (see, e.g., [7,
Lemma 2.1]). See [7, 11] for a description of the antipode for Qsym.

1.2. Peak sets and odd compositions. The peak set of a permuta-
tion 7w € S, is defined to be {i € [n — 1] | w(i — 1) < w(i) > w(i + 1)}.
We will describe a bijection between the collection of all peak subsets
of [n — 1] and the set Odd(n) of odd compositions of n, that is, compo-
sitions with only odd parts. Given oo = (2i; 4+ 1,...,2i,+1) € Odd(n),
define

i1 i2 ’ik

—~ — ——
a=2,...21%...21..%. ..21.
J J2 Ji
fa=(1....52T....52....1,...5.2,1,...,1), then let
S, = { (jm+2)\1gs§z}.
m=1

For example, if « = (3,1,5) then a = (2,1,1,2,2,1) and S, = {2,6,8}.
Note that S, = @ when o = (1,1,---,1). The map « — S, is clearly
a bijection between Odd(n) and the peak subsets of [n — 1].

The following identities are easy to verify:

(1.5) Se = [n—1\(5.U (S, —1)),
(1.6) l(a) = (# of I'sin @),
an "2 8 L s of 2s in @) = (@) — I(a).

2
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1.3. The peak algebra. The peak algebra I1 (over Q) is the subspace
of Qsym spanned by the peak functions

(1.8) o= > 20y

BeComp(n):
SaCSgU(Sg+1)

for « € Odd(n), n > 0. In Stembridge’s work [19], 6, is the weight
enumerator for all enriched P-partitions of a labeled chain of size |af
with peak set S,. The set {6, | @ € Odd(n)} is a lincar basis for
I1,, = IINQsym,,, so dimg II,, equals the nth Fibonacci number z,, where
z1 = zp = 1. As its name suggests, the peak algebra is a subalgebra of
Qsym [19, Theorem 3.1]. In fact, IT is closed under coproduct and is

therefore a Hopf subalgebra of Qsym [3, Theorem 2.2].
For S C N, define

AS)={ieS|i#1,i—1¢&S}.
Equivalently, if S is the descent set of a permutation then A(S) is the
peak set of that permutation. For a € Comp(n), define A(a) to be the
unique composition in Odd(n) satisfying Sx) = A(Sa)-
Consider the linear map © : Qsym — II given by
(1.9) O(Fu) = Op()

for all & € Comp(n), n > 0. Stembridge [19] introduced © as a natural
way to relate the ordinary and enriched theories of P-partitions, and
he showed that this map is an algebra homomorphism. Bergeron et al.
3] later observed that © preserves coproducts and is therefore a Hopf
algebra homomorphism. In this paper, © is an important vehicle for
transferring information about Qsym down to II.

Example 1.2. Let a = (1,3,1,2,2,2) € Comp(11) and S = S, =
{1,4,5,7,9}. Then A(S) = {4,7,9}. To find A(a), use Sa) = {4,7,9}
to obtain A(a) = (1,1,2,1,2,2,1,1). Thus Ala) = (1,1,3,5,1) €
Odd(11).

2. A MONOMIAL BASIS FOR THE PEAK ALGEBRA

Define the monomial peak functions n, for o € Odd(n), n > 0, by
the equivalent sets of relations

(2.1) I S (—1)BeliSslg,,

B€0dd(n):S5C S,

(2.2) 0, = >

ﬂGOdd(n):é\ﬂCS\a
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For simplicity we let n, = 1), M, = M), and so forth.
Proposition 2.1. For any o € Odd(n), n > 0, we have
T = (=1)"2% S 20,
B€Comp(n):f<a
In particular, if n = 2k + 1, then n, = (=1)*2M,, = (=1)*2p,,, where
P 18 the power sum symmetric function of degree n.

Proof. Using (2.1) and (1.8) we get

N = (—1)%l Z Ql(ﬁ)Mﬁ Z (—1)1!
BeComp(n) _ 7€0dd(n):
Sﬂ,c(sam(sﬁu(sﬁJrl))
Now S, N (SsU(S5+1)) =0 < S3U (Ss+1) C [n—1\Sa < S5 C
[n — 1]\(5, U (5, — 1)) = S,. Thus the inner sum is 1 if 5 < o and 0
otherwise. U

Proposition 2.2. For any o € Odd(n), n > 0, we have

=2 (-1)"F0 3 (—1)sSel
B€Comp(n)

Proof. Substitute (1.3) into Proposition 2.1; the computation is rou-
tine. In the final step, use the identity |Ss| + [Sa N Ss| = |95\ Sa| +
|S@ﬂsa|+|5gﬂsa|. O

We now define a monomial counterpart to the operator A and give a
useful expression of ©(M,,) in terms of 7,. If a is any composition whose
last part is odd, then there is a unique factorization o = a1)-av2) - - - )
such that the last part of each « ;) is odd and all other parts are even.
In this case, let

Ia) = (Jlal, lag)l; -, lag])-

We see no obvious way to define ¥(«) if the last part of « is even, so
we leave ¥(«) undefined in this case. It follows from the definition of
¥ that

(2.3) ¥ (o) = {B € Comp(n) |a < 3 <a}
for all & € Odd(n).

Example 2.3. Let o = (2,3,1,5,4,2,3). From the factorization o =
(2,3)-(1)-(5) - (4,2,3) we see that J(a) = (5,1,5,9).
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Theorem 2.4. Let o € Comp(n). Then

O(M,) = (—l)l(ﬁ(a))*l(a)nﬁ(a) if the last part of v is odd,
“ 0 otherwise.

In particular, if o € Odd(n) then ©(M,) = (=1)U®=U)y and O(Mz) =
TNa-

Proof. For each peak subset R C [n — 1], let
Ap={TC[n—1]|T > S, and A(T) = R}.
Define 6 = 6, for all v € Odd(n). Using (1.3) and (1.9) we obtain

O(M,) = (—1)l%l (Z(—l)T'>eR.

RC[n—1]: TeAR
R a peak set

Let cg denote the coefficient of 0, in the expression above. By conven-
tion cg = 0 if Ag = 0.

Suppose that S, = [a1,b1]U[ag, bs] U+ - -Ulam, by], where each [a;, b;]
is a maximal interval in S, and by :=0 < by < -+ < by, < Gppy1 = N

Let
k

U = J([br, aisa] 0 {bi + 25}52,).
i=0
It is straightforward to verify that U = §19(a) if the last part of « is
odd.

Claim 1. Let R C [n—1] be a peak set such that R ¢ U. Then cg = 0.

Proof of Claim. 1t follows from the definition of A that if R ¢ [J;",[b; +
2,a;41] then Ap = 0, in which case cg = 0. So suppose that R C
UiZolbi + 2,a;41] and R ¢ U. Then there exists some ¢ such that (RN
[0 + 2, ai11])\{bi + 25}52, # 0. Let ¢ be the smallest element in this
set, and let 7 = max({b;} U{r" € R |1’ < t}).

The set Ag consists of all sets of the form AUB, where A C [n]\[r,t—
1] and B = [r+1, s] for some r < s < t—1. For each A there are t—r—1
(which is even) possibilities for B, and |B] is even in exactly half of the
cases, so the sum > (—1)4YBl over these B is 0. It then follows that
cg = 0. This completes the proof of the claim.

Claim 2. Suppose that the last part of « is even. Then ©(M,,) = 0.

Proof of Claim. By Claim 1 it suffices to show that cg = 0 for all
R cCU. Fix RCU. Let r = max(R U {b,,}). Note that the last part of
aisn — b, — 1, and r and b,, have the same parity. Apply the second
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part of the argument from the proof of Claim 1 (with ¢ = n 4 2) to
show that cg = 0. The proof of Claim 2 is complete.

Assume from now on that the last part of « is odd, or equivalently,
n — by, is even. For any R = {r; < --- <nr} C U, let

(2.4) Tr=[r1,s1]Ulre, s U---Ulr, s,

where 741 =n+2 and s; = max({r;} U{b; | b; € [r; + 1,741 — 1]}) for
1 < i < [. One verifies that Tg is the unique minimal element of Ag
under inclusion.

Claim 3. O(M,) = (—1)'% Z(_1)|TR|9R-
RCU
Proof of Claim. Let sq = 0. The set Ap consists of all sets of the form

TRU[50+1,t0]U[81+1,t1]U"'U[81+1,tl],

where ¢; € [s;,7i41 — 2. For each 0 < j < [, let D; be the set of all
T € Ap of the form

T=TrUls; +1,t]U[sj1+ 1t U---Uls; + 1, 8],

where ¢; € [s; + 1,741 — 2]. For every choice of t;.1,t;10,...,# there
are ;41 — s; — 2 (which is even, since R C U) choices for ¢;, with half
of these choices giving rise to T”s of even size and the other half giving
T’s of odd size. Thus we get z:TeDj(—lﬂT| = 0, and so

cp = (—1)IT#l 4 zlj > (=)= (1)l

j=0 TeD;
Claim 4. (—1)T#l = (—1)ToHU\R] — (_1)ISal+U\Sal+HUI-IB]

Proof of Claim. The second equality is obvious since R C U and
Ty =S, UU. Let A be the elements in U\ R that are in [a; — 1, a;] for
some i, and let B be those that are in [b; + 2, a;,1 — 2| for some i. Then
we have U\R = A U B (disjoint union), and using (2.4) we can check
that Ty = Trua U B, which yields

<_1)|TU\+|U\R\ _ (_1)|TRUA|+|A|'

Suppose that a € AN [a; — 1,a;] for some 7. Let r = max({b;} U
(RN [bj,a —1])). Comparing Trua and Tryava), we find that the two
sets agree on [n]\[r + 1,a — 1], but that TruaN[r+1,a — 1] = 0 and
Troey N[r+1,a—1] = [r+1,a—1]. The size of [r +1,a — 1] is odd
since r and a have the same parity, and hence

(_1>\TRUA\+\A| — (_1)‘TRU(A\a)|+|A\a|‘
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To finish the proof of the claim, replace A by A\a and repeat this
argument until we are left with A = (.

The previous two claims, together with U = §19(a), give

O(M,) = (—1)I\5l Z(_D‘U'_lRIeR = (=1)"Nelpy 0.
RCU

The proof of the theorem will be complete once we show that |U\S,| =
[(¥(a)) — l(«). By definition of U, we have U\S, = {a; | a; = b1 +
2j some j > 1}. Thus each a; € S, contributes an even part a; — b;_;
to a. Furthermore, every even part arises as a; — b;_; for some i.
Now we have |U\S.| = |U| — (# even parts in o) = |Sya)| — (o) +

(# odd parts in a) = (# 2’s in @)—l(a)jL(# I’s in @) = l(@)—
[(e). O

Corollary 2.5. Let a and (8 be two odd compositions. Then

Nallp = Z 9 (v)>
(

7,)

where the sum is over all quasi-shuffles of o and 3 whose last part is

odd.

Proof. As in Definition 1.1, we interpret o and § as maps a: X — P
and B : Y — P for two disjoint chains X and Y. By (1.4), Theorem
2.4, and the fact that © is an algebra map, we have

—

Z(_1)l(a)+zw)—zm+ua>+l<3>—zww))

(7:7)

Nallp = h(y)>

where the sum is over all quasi-shuffles of @ and 3 ending in an odd part.
For each (7,7), we have [(a) +1(5) — (7)) = #{(z,y) e X x Y |7(z) =

o~ —

7(y)} = (@) + 1(B8) — 1(V(7)), so the coefficient of 1y, is 1. O
Example 2.6.
Ne)N,3) = Mo5,1,3) T Mo6,3) T M9(1,5,3) T 19(1,3,5)
= 1N(5,1,3) T M9) + N1,53) T 1(1,3,5)-

The quasi-shuffle (1,8) is missing from the indices in the first row be-
cause its last part is even.

Corollary 2.7. Let a be an odd composition. Then
A(na) = Z N & Ny

a=py
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Proof. By Theorem 2.4 and the fact that © is a coalgebra map, we

have _
Ala) = 3 (—1)@-LHEMBHD -1y, @y,
a=py
If « = B, then l(a) + 1(B) = I(y) and I(a) + I(B) = [(7), and so the
coefficient of ng ® 71, in the sum is 1. O
Example 2.8.

AMiis)) = 1@ 13,15 +13) @ Nas) + 061 @N06) + 015 @ L
Proposition 2.9. Let a = (aq,...,q,) € Odd(n) and S : Qsym —
Qsym be the antipode. Then

(2'5) S(n(al az,.., k)) = <_1)n77(0lk ,,,,, ag,01)"

Proof. An explicit formula for the antipode in terms of the peak func-
tions is given in [4]. In that paper, peak functions are indexed by
cd-words. We defer a discussion of how to translate between odd com-
positions and cd-words until Section 5. In terms of odd compositions,
[4, Prop. 1.1] shows that

S(Q(Oél ..... Oék)) - <_1)n0(ock ..... 041)'
Using (2.1) and the fact that S is linear, we get the desired formula. [

3. RESTRICTION OF © TO II,

Billera et al. [4] showed that the restriction map ©|r, is diagonaliz-
able, with eigenvalues all given by powers of 2. Here we determine the
effect of this map on the monomial peak functions. We then describe
a new basis of eigenvectors for |, . In Section 4 this basis plays an
important role in determining the algebraic structure of II.

Proposition 3.1. If a € Odd(n), then
O(na)= Y, 2,
B€0dd(n):f<a

Proof. Using Proposition 2.2 and (2.2), we get

O(n.) = 2( Isl Z 77[3 Z (_1)|T\Sa|

Be0dd(n TC[n—1]:
A(T)>Sg

Let 8 € Odd(n) be such that 5 £ . Choose some i € Sg\S,. Then i

is the position of a 1 in ﬁ, and hence i,i+1 ¢ Sg It follows that for any
T C [n— 1], we have A(T\{i}) D Sg < ANTU{i}) D Sg. The terms
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in the inner sum can therefore be paired off so that their sum is 0. We
may now replace the range of the outer sum by {8 € Odd(n) | 5 < a}.

Next, fix = (f1,...,0k) € Odd(n) and T' C [n—1] such that § < «
and A(T) D Ss. We wish to show that |T\S,| = |Sa|. Since 8 < a,
there is a factorization o = ayyy - - -y such that |o;)| = G; for all j.
Let S = {s1,82, -+ ,Sk—1}<, So =0, and s = n — 1. Define

Tj={t—sj1|teT and s;_; <t <s,;}

for 1 < j < k. Then |T\S,| = Zle |Tj\ S, |- Together, the facts that
T C [n—1] and A(Tj) = Sp, = {2,4,6,...,3; — 1} imply T; = Sj,.
Since ayj) is odd, exactly half of the elements in S, ;) are even, and
s0 |Tj\Sag| = [Tj] = |Sa,1/2 = W = |Sa,.|- Tt follows that
IT\Sal = 3251 18ai| = I5l.

We have shown that

O)= Y. 2{Tcn—1[MT) D Ss} ns.
B€0dd(n):B<a

(J')|'

For fixed 3, let Sg = {b1, by, ,bm}<, bp = 0, and byiy = n + 1. It is
immediate from the definition of A that

{TCn—1|AT) D S5} ={SsUR| R C [[bi + 1 b1 — 2]}
=0
The cardinality of this set is 2n+1=2m+1) = n=2ISs1-1 — QUH-1 4g

desired. O

Remark 3.1. Proposition 3.1 suggests the following calculation involv-
ing the inverse map of Oy, . Let i, n > 0, denote the M&bius function
for (Odd(n), <). Applying Mébius inversion to Proposition 3.1 gives

(3.1) Ofn,) (o) =27 > (B, a)ng,
B€0dd(n):f<

for any o € Odd(n), n > 0. The values yu, (5, «) are signed products of
Catalan numbers; see [16, Chapter 3 Exercise 52] for additional facts
concerning the poset (Odd(n), <).

Define x(f3, a) for § < a € Odd(n), n > 0, by the following recursion:
1 if 8 =a,
"Q(ﬂv Oé) == 1 '
s =1 2. Hvwa) if<a

~ve0dd(n):f<y<a
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In addition, define €, and p((3, @) by the equivalent sets of relations

(3.2) £a = > k(B

B€0dd(n):8<a

(33) o= >, pBa)s

B€0dd(n):8<a

Note that p is the inverse of x in the incidence algebra of (Odd(n), <)
for each n.

A complete analysis of the spectrum of ©|r;, was given in [4, Theorem
3.1]. Here we are able to determine the spectrum using a different basis
of eigenvectors.

Theorem 3.2. For any n > 0 and o € Odd(n), we have O(e,) =
2U@e,,. Consequently, the set {e, | o € Odd(n)} is a basis of eigenvec-
tors of the map Oln,, and the eigenvalues are 2"~k with multiplicity
n—k—1 n
( k ),ogkg bJ
Proof. The defining recursion for x« gives the identity

Yo K(By) =2 Dk(B,a).

¥€0dd(n):8<v<a

By Proposition 3.1, equation (3.2), and the previous identity, we get

O(eq) = Z 2!(8) Z K(B,7) | ns = 2/ @e,.

B€0dd(n):f<a v€0dd(n):f<y<a

It is clear from (3.2) that {, | @ € Odd(n)} is a basis for II,,. From
(1.7) it follows that 21®) = 2"=2F &« k = (# of 2’s in &). Therefore
the multiplicity of 2"~2* is the number of compositions of n — 1 with &
parts equal to 2 and all other parts equal to 1. 0

4. STRUCTURE THEOREMS

For the rest of this paper, the dual of a graded vector space V =
D, o Ve will always mean the graded dual V* = @,-,V,’, where V¥
denotes the ordinary dual of V,,. Each V,, will always be finite dimen-
sional here, so V* = V. If vy,...,vs is a basis for some V,, then let
v}, ...,v: denote its dual basis, so that under the pairing between V*
and V' we have (v}, v;) = 0, ;. If in addition V' is a graded Hopf algebra,
then V* is also a graded Hopf algebra, with product and coproduct
satisfying

(4.1) vt w) = (v eu, Aw))
(4.2) (A(v),uR@w)y = (v uw).
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We remind the reader that when the composition (n) appears as an
index, we omit the parentheses; for example 1, means 7,). It follows
immediately from (4.1) and Corollary 2.7 that

(4.3) Nals = Mgy

for all odd compositions a and . Consequently, {n3,,, | ¥ > 0} is a
free generating set for the associative algebra IT*.

Theorem 4.1. The Hopf algebra 11* is the graded free associative al-
gebra on generators {e%,,, | k > 0}, with deg(e}) = n and coproduct
satisfying A(eh) = et @1+ 1®ek.

Proof. Since © is an algebra map, any product of the form e,e3 is
again an eigenvector with eigenvalue 21®*5) Thus the expansion of
€qa€p in the e-basis only involves terms e, for which I(y) = l(a) +
[(8). In particular, the coefficient of ¢, is zero for all «, 5 and n odd.
Equivalently, (A(ef),eq @ €5) = (e}, eacp) = 0 unless a = () and § =
(n), or a = (n) and § = 0. Thus,

Aler)=¢,®1+1®c¢},

that is, €}, is a primitive element of IT*.

The dual form of (3.3) yields
44) = > plm),ams=m+ D> p((n),a)m

a€0dd(n):a>(n) ac0dd(n):a>(n)

Hence by induction

77;; € Q<7ﬁ777§7-~777272752> = Q<€T7€§7"'782>

for all n odd, so IT* is generated by {3, |k > 0}. This generating set
is free since {n3,,, |k > 0} is free and deg(e3;, ;) = 2k +1 = deg(n5;,,1)
for all kK > 0. ]

Given an odd composition o = (ag, ..., ax), let

*
ap”

By Theorem 4.1, {7} | @ € Odd(n)} is a basis for II’. Elements of the
dual basis in II,, are denoted by 7,.

A Lyndon word on a totally ordered alphabet is one which is lexi-
cographically strictly smaller than all of its nontrivial cyclic permuta-
tions. Let L be the set of Lyndon words on the totally ordered alphabet
1 <3<5<.... We think of L as a subset of all odd compositions.

*— * DY
Tao =€ 9

Corollary 4.2. The Q-algebra 11 is a free commutative algebra on the
generating set {7, |« € L}. Among this set are the symmetric functions
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(—=1)*2pors1 for all k > 0, and hence 11 is a free module over Schur’s
Q-function algebra.

Proof. An equivalent way of stating Theorem 4.1 is that II* is the con-

catenation Hopf algebra over QQ in the noncommuting variables €7, €3, €, . ..

The coproduct in a concatenation Hopf algebra is adjoint to the shuffie
product [14, Section 1.5]; in other words I1 is a shuffle algebra. 1t is well-
known that a shuffle algebra is freely generated by its subset of Lyndon
words [14, Theorem 6.1(i)], which in our case is the set {7, | a € L}.
This proves the first claim.

From n’n; = n5 and (4.4) we get

m= Y, ABam

a€0dd(n):8<a

for any § € Odd(n); the exact form of p'(3, ) is not important here
except in the obvious case p/((n), (n)) =1 for all n odd. By duality,

Na = Z pl(67 Oé)Tﬁ,

B€0dd(n):8<x

which reduces to the identity 1, = 7, when « = (n). If n is odd then
(n) € L, and so {nogs1 |k > 0} C {7, | @ € L}. By Proposition
2.1, Noks1 = (—=1)*2pory1. The proof is complete upon noting that the
symmetric functions poyy1, £ > 0, freely generate Schur’s Q-function
algebra [10]. O

Next we describe a coalgebra grading which makes Il into a cofree
graded coalgebra. Our discussion follows [1, Section 6]. Let V' be a
vector space over Q. A graded coalgebra C' = @, -, C", together with
a linear map 7 : C' — V satisfying 7(C™) = 0 for n # 1, is said to be a
cofree graded coalgebra on V' if for any graded coalgebra D = @, -, D"
and linear map ¢ : D — V such that ¢(D") = 0 for n # 1 there
is a unique graded coalgebra map @ making the following diagram
commute:

Of course C' is unique up to isomorphism of graded coalgebras. The
standard construction of a cofree graded coalgebra on V' endows the
vector space

QV)=ve"

n>0
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with the deconcatenation coproduct
AW @ @vp) =Y (1@ Q) @ (Vi1 @ -+ D vy)
i=0
and counit e(v; ® --- @ v,) =0 for n > 1.
For k > 0 let IT* be the vector space spanned by {7, | [(a) = k}. Tt
is clear from Corollary 2.7 that

k
A c P oI
=0

In other words, IT = @1@0 I1* is a coalgebra grading.

Theorem 4.3. The grading Il = @kzo I1* and the coproduct A give I1
the structure of a cofree graded coalgebra on II'.

Proof. Let V = II! and ¢ : I — V be the standard projection onto
this graded component. By the universal property, the induced map
@ : I — Q(V) must satisfy 3(f) = ®*A*=D(f) for all f € ITI*. When
f = na, say with & = (o, ..., ay), then by Corollary 2.7

P(Ma) = Moy @+ ++ @ Nay-
It is clear that the map v : V¥ — II¥ given by

1/)(7761 SO Uﬁk) = N(B1,,Bk)

is the two-sided inverse of @, and so II and Q(V') are isomorphic as
graded coalgebras. ([l

5. FLAG-ENUMERATION IN EULERIAN POSETS

A poset P is said to be graded if it has a unique minimal and maximal
element, denoted by 0 and 1 respectively, and every maximal chain
(totally ordered set) from 0 to 1 has the same length. For any z € P,
the length of any maximal chain from 0 to z is called the rank of x,
denoted 7(z). The rank of P is defined to be r(1). If z < y € P, the
interval from x to y in P is the subposet [z,y] ={z € P |z < z < y}.

A graded poset P is Fulerian if its Mobius function satisfies p(z, y) =
(—1)"® () whenever z < y. Equivalently, P is Eulerian if every inter-
val in P has the same number of elements of odd rank as it does even
rank. The face lattices of convex polytopes form an important family
of Eulerian posets.

Let P be a graded poset of rank n and let & € Comp(n). The flag
number f,(P) is the number of chains in P of size [(«) — 1 whose



16 SAMUEL K. HSTAO

elements have rank set S,. The map a — f,(P) is called the flag f-
vector of P. We can view f, as a linear functional, or chain operator, on
the vector space spanned by isomorphism classes of all graded posets
(setting fo(P) = 0 if (1) # |al).

Let Ay = Q, and for n > 1 let A, be the vector space consisting of
all homogeneous linear forms ZaGComp(n) Cofa with coefficients in Q.
The vector space A = €., A, has the structure of a free associative
algebra, where multiplication is given by the rule f.fs = fas. See [5]
for details.

We may identify A with the Hopf algebra Qsym™, also called the Hopf
algebra of non-commutative symmetric functions [8], via the association
fa < M. Under this identification, there is a canonical isomorphism
between II* and the quotient Hopf algebra A/I¢, where I¢ is the (Hopf)
ideal consisting of the linear forms which vanish on all Eulerian posets
[2, Theorem 5.4]. The quotient algebra A/I¢ was first studied by Billera
and Liu [5]. Elements of A/Iz are thought of as chain operators on
Eulerian posets.

Various aspects of the dualities described above can be expressed in
terms of the generating function

(51) F(P)= 3 JulP)M,

aceComp(n)

for P a graded poset of rank n. The definition of F(P) is due to
Ehrenborg [7]. An immediate consequence of [2, Theorem 5.4] is that
F(P) € II whenever P is Eulerian, in which case representing F'(P) in
terms of some fixed basis of I determines the corresponding dual basis
in A/I¢. For example, if P is Eulerian of rank n then

F(P)= Y 6.(P)a= > (P

ac0dd(n) ae0dd(n)

where 0% (P) := 0% (F(P)) and n%(P) := n:(F(P)).

The numbers 6% (P) are closely related to a common invariant on
Eulerian posets known as the cd-index, defined as follows. Let ¢ and
d be noncommuting variables of degrees 1 and 2, respectively. Given a
cd-monomial w of degree n— 1, consider the composition 3§ € Comp(n)
obtained by changing each “c” in w to a “1” and each “d” to a “2”,
and then appending a single “1” at the end. Define «, to be the unique
composition in Odd(n) satisfying a,, = 3.

Example 5.1. Let w = deddc. Then a,, = 212211, so a,, = 351.
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We define the cd-index of an Eulerian poset P of rank n to be the

polynomial
n—Il(aw
E Z#HQ*: (P)w,

where the sum is over all cd-monomials of degree n—1. This polynomial
appears quite different from the standard definition of cd-index (see
[15]), though Billera et al. [4] have shown that these definitions are
in fact equivalent. Thus, knowing the cd-index of P is equivalent to
knowing the representation of F/(P) in the basis 6,,.

There is a surprising connection between the cd-index and a conjec-
ture of Charney and Davis [6]. Their conjecture is a discrete analog of
a conjecture of Hopf on the sign of the Euler characteristic of an even
dimensional, closed Riemannian manifold with nonpositive curvature.
Babson observed that in the special case of order complexes (i.e. sim-
plicial complexes whose faces are the chains of P\{0, 1} for some poset
P), the Charney-Davis conjecture asserts the following:

Conjecture 5.2 (Charney-Davis Conjecture for Posets). Let P be a
poset of rank 2k + 1 which is Eulerian and Cohen-Macaulay (such a
poset is called Gorenstein*). Then the coefficient of d* in the cd-index
of P is nonnegative. Equivalently, 63, ,,(P) > 0.

Stanley [15] has made the following stronger conjecture:

Conjecture 5.3 (Gorenstein® Conjecture). Let P be a Gorenstein*
poset of rank n. Then all of the coefficients of the cd-index of P are
nonnegative. Equivalently, 0% (P) > 0 for all a € Odd(n).

Stanley proved Conjecture 5.3 in the case when P is the face lattice
of a convex polytope. A step towards a general proof might be to
study the quantities n}(P). It is easy to verify that these numbers are
the coefficients (up to a factor of a power of 2) of Reading’s Charney-
Davis index [13], introduced in connection with the Gorenstein* and
Charney-Davis conjectures. In the present context, it is natural to
view the quantities 7} (P) as Eulerian analogues of the flag numbers
fa(P) = MZ(P), considering the analogy between the two bases 7,
and M,

Conjecture 5.4. Let P be a Gorenstein® poset of of rank n. Then
nt(P) > 0 for all @« € Odd(n).

The dual form of (2.2) expresses each 7, as a sum of ¢3’s. In partic-
ular, we have the identities 03, , = 03, for all k > 0. Now it is easy
to see that

Conjecture 5.3 = Conjecture 5.4 = Conjecture 5.2.
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We will show that the last two conjectures are actually equivalent.

Lemma 5.5. Let a and 3 be odd compositions and let P be an Fulerian
poset. Then

Map(P) =Y ma ([0, 2], 1]).

zeP

Proof. Using the fact that Ehrenborg’s map F' is a coalgebra homo-
morphism from the incidence Hopf algebra of graded posets onto Qsym
[7], we obtain

Tap(P) = os(F(P)) = (nang, F(P)) = (1, ® 13, AF(P)))
= > ua((0.2Dm(fz, ).

zeP

O

Remark 5.1. A calculation similar to that in the proof of Lemma 5.5
leads to (more complicated) convolution formulas for &% ;(P). See [13]
and [20] for statements and alternate proofs of these formulas.

Theorem 5.6. Let F be a family of FEulerian posets that is closed
under taking intervals, and suppose that 15, (P) > 0 for all k > 0
and P € F. Then n’(P) > 0 for all odd compositions « and P € F.

This theorem is essentially due to Reading [13, Theorem 1].

Proof. Let P be any Eulerian poset and a = (v, ..., ) be any odd
composition. Repeated applications of Lemma 5.5 yields

(5.2) Mo (P) = >, LI (i ]),

6=10<m1<---<xk:i =1
from which the result follows. O
Corollary 5.7. Conjectures 5.2 and 5.4 are equivalent.

Proof. Dualizing (2.2) yields the identities 7, ., = 05, for all &£ > 0.
Now apply Theorem 5.6, taking F to be the family of all Gorenstein*
posets. O

Stanley’s work suggests that Gorenstein® posets might be the largest
“natural” class of posets on which the functionals ¢ are nonnegative;
see [15, Theorem 2.1]. It would be of interest to determine the largest
class of Eulerian posets on which the functionals 7} are nonnegative.
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