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Abstract. Given a graded bialgebra H, we let A : H — H®F and
mk . H®k — H be its iterated (co)multiplications for all k € IN. For
any k-tuple & = (a1,ay,...,a;) € IN¥ of nonnegative integers, and any
permutation o of {1,2,...,k}, we consider the map pur := mll o P, o
coAK : H — H, where P, denotes the projection of H®* onto its
multigraded component Hy, ® Hy, ® - - - ® Hy,, and where cl:H—>H
permutes the tensor factors.

We prove formulas for the composition p,,s © pg r and the convolution
Pac * Pp,c of two such maps. When H is cocommutative, these general-
ize Patras’s 1994 results (which, in turn, generalize Solomon’s Mackey
formula).

We also construct a combinatorial Hopf algebra PNSym (“permuted
noncommutative symmetric functions”) that governs the maps p,  for
arbitrary connected graded bialgebras H in the same way as the well-
known NSym governs them in the cocommutative case. We end by out-
lining an application to checking identities for connected graded Hopf
algebras.

Mathematics Subject Classifications: 16T30, 05E05.
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This is a preliminary report on a project. Its goal is to classify the identities
that hold between the natural (k-linear) operations on the category of graded k-
bialgebras. The following approach is likely improvable (being entirely focused on
unary operations H — H, despite the multivalued operations H*¥ — H® being
probably a more natural object of study) and rather inchoate (the proofs lacking
in elegance and readability), but the main result (Theorem appears worthy of
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dissemination and — to my great surprise — new. Even more surprisingly, a combi-
natorial Hopf algebra (named PNSym for “permuted noncommutative symmetric
functions”) emerges from this study which, too, seems to have hitherto escaped the
eyes of the algebraic combinatorics community. Thus I hope that this report will be
of some use in the time before the right proofs are found and written up (hopefully
without requiring a revision of the respective statements).

I would like to thank the organizers of the CATMI 2023 workshop in Bergen
(Gunnar Fleystad, Hdkon Gylterud, Hans Zanna Munthe-Kaas, Uwe Wolter) for
the occasion to present these ideas, and Marcelo Aguiar, Amy Pang and Sarah
Brauner for stimulating conversations. Two referees have furthermore given useful
and constructive feedback that has improved the paper.

0.1. Introduction

On any bialgebra H, we can define the Adams operations (also known as character-
istic operations or dilations) id* = mlkl o AlK (where AKl : H — H® is an iterated
comultiplication, and m*l : H®* — H is an iterated multiplicatio. These oper-
ations are natural in H (that is, equivariant with respect to bialgebra morphisms)
and have been studied for years (see, e.g., [Kashin19] and [AguLaul4] for some
recent work), as have been several similar operators (e.g., [Patras94], [Loday98,
§4.5], [PatReu98]) on Hopf algebras and graded bialgebras. More generally, for
any bialgebra H, we can define the “twisted Adams operations” mX o 7=1 o Al for
any permutation ¢ € &, (where 0! acts on H*¥ by permuting the tensorands
When H is a graded bialgebra, one can further refine these operations by injecting
a projection map P, between the m/¥ and the 0. To be specific: For any k-tuple
a = (a,40,...,a;) € Nk, we let P, : H®* — H®K be the projection on the a-
th multigraded component (i.e., the tensor product of the projections H — H,,,
H — Hy,, ..., H— Hy).

The resulting “twisted projecting Adams operations” p,y := mll o Py oo~
A (for k € N and ¢ € &, and a € IN¥) have an interesting history. When
H is cocommutative, they have been studied under the name of “opérateurs de
descente” by Patras in [Patras94] (see [CarPat21} §5.1] for a more recent exposition)
and used by Reutenauer [Reuten93| §9.1] to prove Solomon’s Mackey formula for
the symmetric group. The dual case — when H is commutative — is essentially
equivalent. In both of these cases, the permutation ¢ is immaterial, since it can be
swallowed either by the Al (when H is cocommutative) or by the mkl (when H
is commutative). Thus, in these cases, the operators depend only on the k-tuple
«. Moreover, when the graded bialgebra H is connected, the k-tuple a can be
compressed by removing all 0’s from it, thus becoming a composition (a tuple of

1o

(k=1) and m*=1), but we prefer the superscripts to match the

IThese are commonly known as A
number of tensorands.
2The notation & means the k-th symmetric group. Our use of ¢! instead of ¢ is meant to simplify

the formula for the action.
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positive integers). One of Patras’s key results ([Patras94, Théoreme II,7], [Reuten93,
Theorem 9.2], [CarPat21, Theorem 5.1.1]) is a formula for the composition p, igq ©
pg,id of two such operators: When H is cocommutative and & = (a1, a,...,a;) €

INF and B = (B1, B2, ---,B¢) € NY, it claims that

Paid © PBid = Z p(’Yl,l,’Yl,Zwv’Yk,é)/id @
i, ;€N for all i€[k] and je[¢];
Yia+viptAvie=w; for all i€ [k];
Y1,j+72,++7k,j=P; for all je[(]

(where [n] := {1,2,...,n} for each n € N, and where (7y1,1,712,...,7k¢) denotes
the list of all k¢ numbers 7;; listed in lexicographic order of their subscriptsﬂ
When H is furthermore connected (i.e., when Hy = k), we can restrict ourselves to
compositions by removing all 0’s from our tuples. In that situation, the formula (1)
is structurally identical to the expansion of the internal product of two complete
homogeneous noncommutative symmetric functions in NSym (see [GKLLRT94),
Proposition 5.1]), which reveals that the operators p,;q are images of the latter
functions under an algebra morphism from NSym (under the internal product) to
End H. Thus, noncommutative symmetric functions govern many natural opera-
tions for cocommutative bialgebras. A dual theory exists for commutative H.

To my knowledge, no analogue of the formula (1) has been proposed for general
H. This general case is somewhat complicated by the fact that the operators of
the form p, iq are no longer closed under composition; but the ones of the more
general form p,, still are. The main result of this paper (Theorem is a for-
mula that generalizes (1)) to this case. The rest of this paper is devoted to studying
the operators p, further, particularly under connectedness assumptions, and to
analyzing the formal structure behind their composition and convolution rules.
This structure is encoded in a new combinatorial Hopf algebra I call PNSym (“per-
muted noncommutative symmetric functions”), whose standard basis is indexed
by what I have christened “mopiscotions” (permuted compositions). Some prop-
erties of this Hopf algebra and its internal multiplication are outlined, and several
questions are left open for further research. A connection to the work of Aguiar
and Mahajan — in particular, their Janus monoid — is discussed. Finally, the results
are applied to obtain an algorithm for verifying functorial identities for connected
graded bialgebras.

0.2. Plan of this paper

In Section (1}, I introduce the operators p,, for an arbitrary graded k-bialgebra H,
and prove the main result (Theorem [1.19), which is a formula that expands a com-
position ps © pgr of two such operators as a linear combination of other such
operators. This formula generalizes (T). In this section, I also discuss how the oper-
ators p, - behave under convolution (Proposition [I.15), tensoring (Proposition

3To be precise, all the above-cited sources ([Patras94, Théoreme 11,7], [Reuten93, Theorem 9.2],
[CarPat21, Theorem 5.1.1]) are restricting themselves to the case when H is connected.
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and bialgebra duality (Proposition [1.40), and show that they can — for an appropri-
ate choice of H - be linearly independent (Theorems and [I.37). I suspect that
the operators p, and their infinite k-linear combinations span all possible natu-
ral k-linear endomorphisms on the category of connected graded bialgebras (i.e.,
all k-linear maps H — H that are defined for every connected graded bialgebra
H and are functorial with respect to graded bialgebra morphisms); while I have
been unable to prove this, this conjecture is easily verified for all known natural
endomorphisms I have found in the literature.

The remaining two sections are much terser and should be viewed as a prelim-
inary report on a field in flux. Only the slightest indications of proofs are given,
and several open questions are posed.

In Section [2} I define a combinatorial Hopf algebra PNSym (the “permuted non-
commutative symmetric functions”) that governs the “twisted projecting descent
operations” p, s on an arbitrary connected graded bialgebra H just like NSym does
for the cocommutative case. This Hopf algebra appears to be new, and I attempt to
uncover some of its structure. In particular, its internal multiplication has much in
common with that of NSym (which it lifts: there is a projection p : PNSym — NSym
that respects all structures). Several questions are left unanswered here.

In the final Section 3 I briefly discuss an application of the above results: Namely,
they can be used to mechanically verify any identity between operators of the
form p, (and their sums, convolutions and compositions) that hold for arbitrary
(connected) graded bialgebras.

0.3. Notations

Let N ={0,1,2,...}.

We fix a commutative ring k, which shall serve as our base ring throughout
this paper. In particular, all modules, algebras, coalgebras, bialgebras and Hopf
algebras will be over k. Tensor products and hom spaces are defined over k as
well. Algebras are understood to be unital and associative unless said otherwise.

We will use standard concepts — such as iterated (co)multiplications, tensor prod-
ucts, (co)commutativity, etc. — related to bialgebras (and occasionally Hopf alge-
bras). The reader can find them explained, e.g., in [GriRei20, Chapter 1].

If H is any bialgebra, then the multiplication, the unit, the comultiplication, and
the counit of H (regarded as linear maps) will be denoted by

my:HXH — H, uyg :k — H,
Aygy:H— H®H, €y :H —K,

respectively. If no ambiguity is to be feared, then we will abbreviate them as m, u,
A and e. We furthermore denote the unity of a ring R (viewed as an element of R)
by 1 R-

Graded k-modules are always understood to be IN-graded, i.e., to have direct

sum decompositions V = & V. The n-th graded component of a graded k-
neN
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module V will be called V,,. If n < 0, then this is the zero submodule 0. Tensor
products of graded k-modules are equipped with the usual grading:

(Ap®Age-o4y) = L (4y), ©(Ae), @ o (4p),
(ir,i2,1 i) ENF; ! 2 k
i1tipt - Fig=n

A k-linear map f : U — V between two graded k-modules U and V is said to be
graded if every n € IN satisfies f (U,) C V.

Graded bialgebras are bialgebras whose operations (m, u, A and €) are graded
k-linear maps. We do not twist our tensor products by the grading (i.e., we do
not follow the topologists” sign conventions); in particular, the tensor product A ®
B of two algebras has its multiplication defined by (a @ b) (¢’ @ b') = aa’ ® bl/,
regardless of any possible gradings on A and B.

We recall that a non-graded bialgebra can be viewed as a graded bialgebra con-
centrated in degree 0 (that is, a graded bialgebra H with H = Hy). Thus, all claims
about graded bialgebras that we make below can be specialized to non-graded
bialgebras.

A graded k-bialgebra H is said to be connected if Hy = k-1y. A known fact
(e.g., [GriRei20, Proposition 1.4.16]) says that any connected graded bialgebra is
automatically a Hopf algebra, i.e., has an antipode. Hopf algebras are not at the
center of our present work, but will occasionally appear in applications.

If H is any k-module, then End H shall denote the k-module of k-linear maps
from H to H. This k-module End H becomes an algebra under composition of
maps. As usual, we denote this composition operation by o (so that f o ¢ means
the composition of two maps f and g, sending each x € H to f (¢ (x))). The neutral
element of this composition is the identity map idy € End H.

If H is a bialgebra, then the k-module End H has yet another canonical multipli-
cation, known as convolution and denoted by x; it is defined byﬂ

fxg:i=mgo(f®g)oAy forall f,¢ € End H.

This operation « is k-bilinear and associative and has the neutral element u o €;
thus, End H becomes an algebra under this operation. See [GriRei20, Definition
1.4.1] for more about convolution.

Thus, when H is a bialgebra, End H becomes a k-algebra in two natural ways:
once using the composition o, and once using the convolution x.

1. The maps p,, for a graded bialgebra H

1.1. Definitions
Let H be a graded k-bialgebra. We fix it for the rest of Section

4 Actually, convolution is defined in the same way for k-linear maps from any given coalgebra to
any given algebra.




A Solomon Mackey formula for graded Hopf algebras, version October 16, 2024,  page 6

The set Endg, H of all graded k-module endomorphisms of H is a k-submodule
of End H, and is preserved under both composition and convolution (and thus is
a k-subalgebra of both the composition algebra End H and the convolution alge-
bra End H). Furthermore, we can consider the k-submodule E (H) of Endg, H that
consists only of those f € Endg H that annihilate all but finitely many graded
components of H (that is, that satisfy f (H,) = 0 for all sufficiently high n). This
submodule E (H) is itself graded, with the n-th graded component being canoni-
cally isomorphic to End (H;). This submodule E (H), too, is preserved under both
composition and convolution (but usually does not contain idy, whence it is not a
subalgebra of the composition algebra End H).

This module E (H) has been studied, e.g., by Hazewinkel [Hazewi04]. Unlike
him, we shall not consider E (H) for any specific H, but we shall instead focus
on the “generic” E (H). In other words, we will consider the functorial endomor-
phisms of H that are defined for all graded bialgebras H and always belong to
E (H). Such endomorphisms include

¢ the projections po, p1, p2, . . . from H onto the graded components Hy, Hy, Hy, . ..
(regarded as endomorphisms of H);

= Pil*Piz*"'*Pik with il,iZ,...,ik S N}

* their convolutions p;, i, i)

* the (nonempty) compositions p, © pg o - - - © px of such convolutions.

However, we can define a broader class of such endomorphisms. To do so, we
need some notations:

Definition 1.1. For each n € IN, we let p,, : H — H denote the canonical projec-
tion of the graded module H onto its n-th graded component H,,.

| Definition 1.2. For each k € IN, we set [k] := {1,2,...,k}.

Definition 1.3. For each k € IN, we let & denote the k-th symmetric group, i.e.,
the group of all permutations of [k].

Definition 1.4. For each k € IN, we let the group &; act on H®* from the left by
permuting tensorands, according to the rule

o- (hl Rhy® - -- ®hk) = h0_1(1) ®h0.—1(2) ORI ®ha—1(k)
forall o € Sy and hl,hz,...,hk € H.

This is an action by bialgebra endomorphismes.

Definition 1.5. For any k € N, we let ml : H®* — H and Al : H — H®K be
the iterated multiplication and iterated comultiplication maps of the bialgebra
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H (denoted m*—1 and A*-1 in [GriRei20, Exercises 1.4.19 and 1.4.20], and
denoted T and Al in [Patras94]). Note that mlkl sends each pure tensor a; ®
1 ® - ®ap € HK to the product aja; - - - a;, whereas AlFl sends each element
X € Hto (%x(l) R x(g) ® - -+ @ x(x) (using Sweedler notation).

We recall that these iterated multiplications and comultiplications satisfy the
rules

mlit — o (m[u] ® mm) (2)

and
Alto] — (A[M] Q AM) oA 3)

for all u,v € IN. (Indeed, these are the claims of [GriRei20, Exercise 1.4.19(a)] and
[GriRei20| Exercise 1.4.20(a)], respectively, applied toi =u —land k =u+v —1.)
Also, mlll = Alll = idy and mll =y:k—> Hand AY =¢: H — k.

Definition 1.6. (a) A weak composition means a finite tuple of nonnegative inte-
gers.

(b) If « = (ag, a2, ..., &) is a weak composition, then its size |a| is defined to
be the number a7 + ap + - - - + & € IN.

(c) A composition means a finite tuple of positive integers.

Definition 1.7. For any weak composition & = (ay,«p,...,ax), we define the
projection map P, : H®f — H®K to be the tensor product pa, ® pa, ® -+ ® Pay
of the k-linear maps pa,, Puy, - - -, Pay- (Thus, if we regard H®* as an N¥-graded
k-module, then P, is its projection onto its degree-(ay, ay, ..., ax) component.)

Definition 1.8. For any weak composition « € IN* and any permutation ¢ € &,
we define a map pu o : H — H by the formula

Pao = m[k] o P, oo lo A[k]/ (4)

—1»

where the “o really means the action of ¢! € &; on H®k (as in Definition

1.4).

We can rewrite the definition of p,, in more concrete terms using the Sweedler
notation:

Remark 1.9. For any weak composition & = (ay,ay,...,a;) € NF and any per-
mutation ¢ € &y, the map puo : H — H is given by

Pao (x) = (Z)Jpal (xwu))) Pz (%(2))) Py (xwk)))
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for every x € H, where we are using the Sweedler notation }_ x(;) ® x3) ® -+ ®
(x)
X(x) for the iterated coproduct AK (x) € H®k,

The following is near-obvious:

Proposition 1.10. Let « € INF be a weak composition, and ¢ € & a permutation.
Then, the map py ¢ is a graded k-module endomorphism of H that sends H), to
H),| and sends all other graded components Hy to 0. Thus, py,¢ lies in the [a|-th
graded component of E (H).

Proof. The gradedness of p, . follows from the fact that all four maps ml p,, o1

and Al in @) are graded. Thus, the map pa, sends Hy,| to Hy,. To see that it
sends all other H, to 0, we only need to observe that for every n # |a|, we have

<(7_1 o A[k}> (Hu) € (H®), (since o~ and Al are graded), and that P, annihilates
(H®K)  (since n # |al). O

1.2. Particular cases

Let us contrast our maps pq, to Patras’s descent operators p, (denoted B, in
[Patras94, §lII]). We recall how the latter are defined (generalizing slightly from
compositions to weak compositions):

Definition 1.11. For any weak composition & = (a1, 00,...,0p) € ]Nk, we define
a map p, : H — H by the formula

Pa '= Pag * Pag % *** % Pay-

(Recall that x denotes convolution.)

Our py s recover these for o = id:

Proposition 1.12. Let & € IN¥ be a weak composition. Then, p, iqg = pa (Where id
is the identity permutation in &y).

Proof. Write a as « = (&, &, ...,a;). Then, (@) yields
Paid = m o P, ogjoA[k] —mMop, oA, (5)
=id
On the other hand, [GriRei20, Exercise 1.4.23] yield

Pwl*Ptxz*"'*Pak :m[k} O(Pa1®Pa2®"'®Pak)oA[k] :m[k} OPIXOA[H-

=P,
(by the definition of P,)

5Recall that the maps m* and AF are called m* 1) and A=Y in [GriRei20].
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Now, the definition of p, yields
ptxzple*paz*"'*pak:m[k]OPaOA[k]- (6)
Comparing this with (), we obtain p,iq = pa. This proves Proposition [1.12} O

If the bialgebra H is commutative or cocommutative, then we can bring all our
Pa,c to the form pg for some weak composition B:

Proposition 1.13. Let « € IN¥ be a weak composition, and ¢ € G a permutation.

(a) If H is commutative, then
Pa,c = Po-as
where we are using the left action of &} on INF defined by
o - (061,062, A ,Dék) = (0{071(1),06071(2), ce ,06(771(]()) .
(b) If H is cocommutative, then

Pa,c = Pa-

To prove this, we need a simple lemma:

Lemma 1.14. Let fi, f5,..., fx be k arbitrary elements of End H. Let ¢ € &;.
Then,

co(i®H® @ fr) = (fg—l(l) ®f0—1(2) Q.- ®f0—1(k)> or

(wheregand 1 ® @+ ® frand f,19) ® fr-10) ® - - - ® f-1(4) are understood
as endomorphisms of H®F),

Proof of Lemma Both sides send any given pure tensor iy @ iy @ - - - ®@ hy, € HZ*

to

fo-101) (hrl(n) ® fo-1(2) <hrl(2)> ® - ® fo11r) (hrl(k)> :
Thus, they agree on all pure tensors, and hence are identical. O
Proof of Proposition Write w as & = (aq, a0, ..., &k).

(a) Assume that H is commutative. Then, mKl o 7 = m for any 7 € & (by
[GriRei20, Exercise 1.5.10]). Thus, in particular, mkl o o=1 = mlkl. However, it is
straightforward to see (and actually true for any k-module in place of H) that

O-OPa:PU'.D(OO-
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as maps from H®F to H®*. (Indeed, this follows from Lemma (applied to f; =
Pa;), since Py = pa; @ pa, @ -+ @ py, and Prg = Pagyy © Py @ O Payyy)
Now, the definition of p, ¢ yields

Paoc = m[k] o PIX or 1 o A[k]
~—~—
:(T_loPU.,xoU
(since coPy=P,.,00)

[K]

=m"o (7*_1/0 Pygococ lo Al — K o Py.p 0 A,

Comparing this with

[K]

Poa =m0 Py yoA (by (6), applied to ¢ - a instead of «),

we obtain p, o = po.a. Proposition (a) is thus proved.

(b) Assume that H is cocommutative. Then, T o A = Al for any 7 € &
(by [GriRei20, Exercise 1.5.10]). Thus, in particular, o 1o Al = Al Now, the
definition of p,, yields

Pao = mop, oo AM = Kl o p, o A,
=AM

Comparing this with (), we find ps ¢ = pa. This proves Proposition (b). O

However, in general, when H is neither commutative nor cocommutative, we
cannot “simplify” p, . (See Theorem for a concretization of this claim.)

If the graded bialgebra H is connected, then each p, for a weak composition «
and a permutation ¢ can be rewritten in the form pg; for a composition (not just
weak composition) g and a permutation 7. (Indeed, since H is connected, we can

remove all pg <x(,-)> factors from the product in Remark ) See Proposition
below for an explicit statement of this claim.

1.3. The convolution formula

It is easy to see that any convolution of two maps of the form p, is again a map
of such form:

Proposition 1.15. Let « = (aq,ay,...,ax) be a weak composition, and let o € &,
be a permutation.

Let B = (B1,B2,---,Br) be a weak composition, and let T € &, be a permuta-
tion.

Let af be the concatenation of a and pf; this is the weak composition

(“1/“2/- . '/“k’ﬁllﬁZl' . /,Bf)
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Let o & T be the image of (¢, T) under the obvious map & x &; — Sy yy.
Explicitly, this is the permutation of [k + ] that sends each i < k to ¢ (i) and
sends each j > k to k+ 7 (j — k).

Then,
Pao * Pgr = Papoor: (7)
Proof. Let us first observe that
-1 -1 -1

(% T = o T

e (e
this means this means this means
the action the action the action

of oY on H®  of v—! on H®! of (¢®7) ! on HOKHD)

(This can be shown, e.g., by acting on a pure tensor: Any pure tensor
MO QR RH® - @ g e gOKk+L)
is sent by both 0™ ® 77! and (¢ & 7) ' to the same image
ho(1) @ hg2) @ -+ @ hy) @ §r(1) ® &r(2) @+ * B &r(0)-

Thus, the two k-linear maps c~! ® 77! and (¢ @ T)_l agree on each pure tensor,
and thus are identical.)

Furthermore, we have P, ® Py = P, (as maps from H @k+0) to HOK+0)) (This
follows easily from the definitions of Py, Pg and Pyg.)

The definition of convolution yields pa,o * pgr = 10 (Pao @ pg) © A. In view of

Pa,o ® Pgx
~~ ~—~—
=mloP,oo oAl :m[(f]opﬁorfloAV]
by @) by @)

= <m[k} oPyoo o A[k}) ® (m[g] oPgo 1o Am>
= <m[k} ® mm> o (P,x ® PﬁZo <(7_1 ® T_l) o (A[k] ® AV})
—rap =(cr) !
= (m¥ eml) o Pygo (o) o (aH 0 A1),
we can rewrite this as

Pao * Pgr = Mmo <m[k} ® m[ﬂ) o Pyg o (c&® T)_1 o <A[k] ® AM> oA

N J/

:n:[gﬁf] _ A‘[@e‘]
(by @) (by @)

k+£} o PDC‘B o (0—@ T)_l o A[k_'_g] — p(xﬁlo.@.[

:m[

(since pag ooy is defined as m*+ o Pygo (0@ 1) ' o AlF+1]). This proves Proposition
O
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1.4. The composition formula: statement

It is more interesting to compute the composition of two maps of the form p, . It
turns out that this is again a k-linear combination of maps of such form, and the
explicit formula is similar to Solomon’s Mackey formula for the descent algebra
(o1, even more closely related, [Reuten93, Theorem 9.2 and §9.5.1]). Before we state
the formula, let us introduce one more operation on permutations:

Definition 1.16. Let 0 € &) and T € &, be two permutations. Then, T [0] € Sy
shall denote the permutation of [k/] that sends each ¢ (i —1) + j (with i € [k]
and j € [{]) to k(T (j) — 1) + o (i). This permutation is well-defined because of
Remark below.

Remark 1.17. Let ¢ € & and T € &, be two permutations. Why is the permuta-
tion 7 [0] € Gy in Definition well-defined? To see that it is well-defined as
a map, it suffices to observe that each element p € [kf] can be written uniquely
in the form ¢ (i —1) +j with i € [k] and j € [¢]. (This observation follows from
the fact that the k + 1 numbers 0¢, 1¢, 2¢, ..., k¢ subdivide the set [k{] into k
intervals of length ¢ each.)

But it remains to show that the map 7 [¢] is indeed a permutation in &yy. The
best way to show this is by factoring it as a composition of three bijections.

Namely, define two maps A and p from [k] x [¢] to [k/] by setting

MG j) =k(j—1)+i€ [k and p(i,j)=0(—1)+] € [k(]

for all (i,j) € [k] x [£]. It is easy to see that both of these maps A and p are well-
defined. Moreover, these maps A and p are bijections. In fact, p sends each pair
(i,7) € [k] x [£] to the position of (i, ) in the lexicographically ordered Cartesian
product [k] x [¢], whereas A sends each pair (i,j) € [k] x [¢] to the position
of (j,i) in the lexicographically ordered Cartesian product [¢] x [k]. Thus, p is
the order-isomorphism between the lexicographically ordered Cartesian product
[k] x [¢] and the chain [kf], whereas A is the order-isomorphism between the
lexicographically ordered Cartesian product [¢] x [k] and the chain [k{] composed
with the standard swap map [k] x [¢] — [¢] x [k], (i,]) — (j,1).
Next, we consider the map

oxT: k] x[l] — [k] x[{],
(i,7) = (o (@), 7()-
This is the Cartesian product of the two maps ¢ and 7, and thus is a bijection
(since o and T are bijections). Clearly, the composition A o (¢ x T) o p~! is a well-

defined bijection from [k/] to [k/] (since it is a composition of bijections and their
inverses), i.e., a permutation in Sy.
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Now, we claim that the permutation 7 [c] in Definition is simply A o
(0 x T) o p~L. Indeed, for each i € [k] and j € [¢], we have

(Ao (0 x T) op*l) (LE-1+j) = (Ao (o x7) opfl) (o (i,)))
=p(i)

(by the definition of 0)

=(@(i)7(j))
=k(T() =1 +o(i)

(by the definition of A). Thus, the permutation Ao (¢ x T) o p~! € & sends
each 0 (i—1)+j (withi € [k] and j € [{]) to k(T (j) — 1) 4+ o (i). In other words,
Ao (o x T)op~! satisfies the condition imposed on 7 [¢] in Definition Thus,
Tlo] = Ao (¢ xT)op~! € &y In other words, T[] is really a permutation in
Sye. This completes our proof.

Example 1.18. Let s; € &; be the transposition that swaps 1 with 2. Let id; € S3
be the identity permutation. Then, s [id3] € S¢ is the permutation that sends
1,2,3,4,5,6 t0 4,1,5,2,6,3, respectively.

It can be shown that the operation that sends two permutations T € &, and
o € 6 to T [o] is associative (see Claim 1 in the Second proof idea for Theorem
below for an outline of a proof), but we will not use this fact in the present section.
Furthermore, the identity permutation idj;; € &; is neutral for this operation (i.e.,

satisfies id) [o] = o [idm} = o for all o € &;). However, if two positive integers k

and ¢ are both larger than 1, then id [id[@} # id[rs. Another description of 7 [0]
can be found in Lemma [1.27 below.

We can now state the explicit formula for composition of p,¢’s:

Theorem 1.19. Let « = (a1, a2, ..., ax) be a weak composition, and let o € & be
a permutation.

Let B = (B1,B2,---,Br) be a weak composition, and let T € &, be a permuta-
tion.

Then,

Pa,o© Ppr = Z . p(71,1/71,2r-~-/Yk/)’T[‘ﬂ.
7i,;€N for all i€[k] and je[(];

Yig+vi2 i e=a; for all i€[k];
Y1,j+72,j+ 4k j=B; for all jE[/]

Here, (711,712, -- .,’)/k,g) denotes the kl-tuple consisting of all k/ numbers Yi,j
(for all i € [k] and j € [f]) listed in the order of lexicographically increasing
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pairs (i, ]) (i.e., the number v;; comes before 7, if and only if either i < u or
(i=wuandj<v)).

We note that the sum in Theorem can be viewed as a sum over all k x /-
matrices (’)/i,]-)l. elkl, jelg € INF*¢ with row sums & (that is, the sum of all entries in
the i-th row of the matrix equals &;) and column sums B. Such matrices are known
as contingency tables with marginal distributions & and B (see, e.g., [LyuPak20, §1]),
and have found ample uses in combinatorics (e.g., [JamKer81, Corollary 1.3.11] or

[GriRei20, Definition 4.3.4]).

Example 1.20. Let s; € &, be the transposition that swaps 1 with 2. Then, the
permutation s [s1] € G4 sends 1,2,3,4 to 4,2,3, 1.
Let (a,b) and (c,d) be two weak compositions in IN2. Then, Theorem [1.19|says
that
P(ap)si ©Pled)s: = Z Prmamamanaa)silsi:
T1,071,2721,722€N;

Y11 +712=4 Y2,1+722=0;
Y11 +Y21=C; Y12+722=0d

This is a sum over all 2 x 2-matrices (71'/]')1' e, jep) € IN2*2 with row sums (a,b)

and column sums (c,d). How this sum looks like depends on whether a + b
equals c + d or not:

e If a4+ b # ¢ + d, then there are no such matrices, and therefore the sum is
empty. Thus,
P(a)s: © Ped)s; =9 in this case.

This is not surprising, since the image of the map p(. 4, is contained in
the graded component H.,4 of H, whereas the map p(,;)s, is 0 on this
component.

* If a +b = c +d, then these matrices are precisely the matrices of the form
(cii la_—gz ), where ¢ = ¢ —b = a—d and where i € Z satisfies
max {0,¢} <i < min{a,c}. Thus, our above formula becomes

min{a,c}

Pah)si OPled)ss = 2o Pli,a—i, c—i, i~g), sifsi) where g =c—b=a—d.
i=max{0,g}

For example, for a = b = ¢ = d = 1, this simplifies to

P15 ©P(11),5 = P0,1,1,0),5[s1] T P(1,0,0,1),5[s1]"

This all is not hard to check by hand.
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Remark 1.21. A bialgebra without a grading can always be interpreted as a
graded bialgebra H concentrated in degree 0 (that is, satisfying Hy = H and
Hy = 0 for all k > 0). Thus, Theorem can be applied to bialgebras without
a grading. If H is such a bialgebra, than P,, = 0 whenever the weak compo-
sition « has any nonzero entry. Thus, the claim of Theorem can be greatly
simplified in this case. The resulting claim is

Po,c © Po,r = Po,x[v]s

where 0 means the tuple (0,0,...,0) of appropriate length. This is precisely
the equality y (o) o g(mt) — wm®(e1)) jn Pirashvili’s [Pirash02) §1] and the
Proposition in [KaSoZh06, §1.3] by Kashina, Sommerh&duser and Zhu. (Note that
the ® (0, 7) in [Pirash02, Proposition 5.3] is exactly our o [t]. I do not know
what the apparent reversal in the roles of ¢ and 7 is due to, but I have verified
my version of the result.

1.5. The composition formula: lemmas on tensors

As preparation for the proof of Theorem [1.19) we shall first work out how the differ-
ent kinds of operators composed in (iterated multiplications, comultiplications,
projections, permutations) can be “commuted” past each other. We begin with the
simplest operators: projections and permutations. These commutation formulas
have nothing to do with bialgebras, and would equally make sense for any graded
module instead of H.

Recall that IN* (for any given k € IN) is the set of all weak compositions of length
k. The symmetric group &; acts from the right on this set INF by permuting the
entries: For any (y1,7v2,..., %) € N* and 7 € &, we have

(71/ Y2, -/’)’k) CTU = (r)’n(l)/ ’)’n(Z)/ R /77‘[(k)) . (8)

This action has the following property:

Lemma 1.22. For any 7 € & and 7y € ]Nk, we have
Pyom=rmoPy, )
and
7T © P’Y = P’)/-ﬂ’*l O TT. (10)

Proof. Let 1 € & and v € INF. Write v as v = (71,72,...,7k). Then, the map




A Solomon Mackey formula for graded Hopf algebras, version October 16, 2024, page 16

P, o7 : H?* — H®F sends each pure tensor iy ® hy @ - - - @ Iy to
Py(m(m®h®- - ®h))
= Py (Mrrt) @ ) @+ @ o)
= Pn (hn*1(1)> ® P, <hn,1(2)> R <h7r*1(k)> ,
whereas the map 7w o P,,., : H®¥ — H®F sends it to
T (Pyr (M @My ® - ®@hy))
=T (P%T(l) (11) @ Py (h2) @ -+ @ Py (hk))

since ¥ = (71,72, -+, Vk)
entails v - 7T = (’Yn(l)/%z(z)r o 'I”Yn(k)>
= p')’n(nfl(l)) (hn—1(1)> ® Pfyﬂ(fl(z)) <hrc—1(2)) Q- ® p’Yﬁ(nfl(k)) (hﬂ_l(k))

= Py (hn*1(1)> &® Py, (hn*1(2)> K- & Py (hnfl(k)> 7

which is the same result. Thus, the linear maps P, o 7w and 77 o P,.; agree on each
pure tensor, and therefore are identical. This proves (9).
Applying @) to v - 1! instead of -y, we obtain

P p1om=moP,

- :7‘coP7.

b
=P,
This proves (10). O

Moreover, the following holds:

Lemma 1.23. Let a, 8 € INF be two weak compositions. Then,

P ooPa— P, ifa=p;
TP Yo, ifa B

Proof. This follows easily from the fact that the projections py : H — H satisfy
Pa© Pa = pgand pgo pp =0 for all a # b. [

The remainder of this section is devoted to lemmas whose purpose is to factor
the permutation 7 [¢] (which appears in Theorem into simpler permutations
(Lemma and to establish how these simpler permutations interact with ten-
sors and linear maps. We begin by introducing one of these simpler permutations,
which we call the Zolotarev shuffle:
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Lemma 1.24. Let k, ¢ € IN. Let { € &y be the permutation of [k/] that sends each
k(j—1)+i(withi € [k] and j € [¢]) to £ (i — 1) + j. This is called the Zolotarev
shuffle (and appears, e.g., as v~ 'y in [Rousse94])ﬁ
Let (hiff)ie[é], e € H"*¥ be any ¢ x k-matrix over H. Then,
(M1 @hip®--- Q@hyg
@ hy1 @hpp @ @hyy
& hg/l & hglz - ® hg,k)
=h1®@hy1 @ Qhy,
@M@l @ @hyp
QM @hyf®@ -+ @ hy. (11)

(Here, the h;; on the left hand side appear in the order of lexicographically
increasing pairs (i, j), whereas the h; ; on the right hand side appear in the order
of lexicographically increasing pairs (j,i).)

We note that the Zolotarev shuffle ¢ in Lemma [1.24] can also be described as

(idm [id[k]D using the notation 7 [¢] from Definition [1.16] This follows easily
from Lemma proved further below.

Proof of Lemma Define two maps A and p from [k] x [¢] to [k{] by setting

MG, j) =k(j—1)+i€ [k and p(i,j)=0(i—1)+]€ [kf]

for all (7,]) € [k] x [¢]. These maps A and p are bijections. In fact, p sends each pair
(i,7) to the position of (i, j) in the lexicographically ordered Cartesian product [k] x
[¢], whereas A sends each pair (i, ]) to the position of (j,7) in the lexicographically
ordered Cartesian product [¢] x [k]. (We already observed this all in Remark [1.17})

Recall that all i € [k] and j € [¢] satisfy {(k(j—1)+1i) = £(i—1) + ] (by the
definition of {). In other words, all i € [k] and j € [{] satisfy ¢ (A (i,)) = p (i,])
(since A (i,j) =k(j—1)+iand p (i,j) = £ (i — 1) + ). In other words,

CoA=op. (12)

®To see that this { is well-defined, we can argue as follows:

e Each element of [k/{] can be uniquely written as k (j —1) + i with i € [k] and j € [¢].
Moreover, ¢ (i — 1) + j € [k{] for any such i and j. Thus,  is a well-defined map from [k/]
to [k/].

e Each element of [k/] can be uniquely written as ¢ (i — 1) 4+ j with i € [k] and j € [¢]. Thus,
{ is bijective, i.e., a permutation of [k(].
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Set g(;i) = hij for all (j,i) € [k] x [{]. Recall that the bijection A sends each
pair (i, j) to the position of (j,7) in the lexicographically ordered Cartesian product

/]
[¢] x [k]. Hence, the list (A~1 (1),A71(2),...,A71 (k()) consists of all the k¢ pairs
(i,j) € [k] x [£] in the order of (lexicographically) increasing pairs (j,7). In other
words,

(A‘l 1),A71(2),..., A7 (kf)) =((1,1), (1), ..., (k1),
(1,2), 2,2), ..., (k2),

(1,0), (2,0), ..., (k1))
Thus,
8r-11) @ 8r-12) @ - B &r-1(ke) = 8(1,1) ¥ &(21) © *** © &(k,1)
®&1,2) ®&2) ¥ @ &k2)
@ 81,0 @ 8&2,0) D B &(k0)
=h1@hp®- - Qhy

@M1 @hzp @ -+ @y
®hg,1 & hglz - R hg,k

(since g(; ;) = h;; for all j and 7). By a similar argument, we obtain
8o-1(1) ® 8p12) @+  ®&p-1(kp) =M1 QM1 @+ - Qhyy
Qhp@hp @+ @hyp

Q-
Qh @y ® - @ hy.

In view of these two equalities, we must show that
4 <8)rl(1) ®&r-12) @+ ® gw(ke)> = 8p-1(1) ¥ &p-1(2) @ "+ XD &p-1(ke)-
Since
4 <8)rl(1) Q&r-1(2) @+ ®g/\*1(k€)> = 8a1(g11) P81 (g1(2) @ O 81 (g1 (ke )
this is equivalent to showing that
Sr1(g1m) D81 (g12) @ D81 (k) T 8o (1) B &p12) @ B &p(e)-

Thus, we need to check that A~! ({7 (9)) = p~'(q) for each q € [k¢]. In other
words, we need to check that A1 o 4 -1 = p‘l. But this follows from , since

Alog 1= (oA =p!(by ). Hence, Lemma is proven. O
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Lemma 1.25. Let k, £ € IN. Let 0 € &;. Let o*! denote the permutation in Sy,
that sends each ¢ (i — 1) + j (withi € [k]and j € [¢]) to £ (o (i) — 1) + .
Let f : H®® — H be any k-linear map. Then,

(Tof®k :f®ko(7><£

(as maps from H®K to H®F),
Proof. We begin with an even more basic claim:
Claim 1: Let ay,ap,...,a; € H®!. Then,

O.XZ (ﬂl Rar Q- - ®ak) = aoﬁl(l) ®g0_71(2) Q- ®a071(k)

in H¥*. (Here, we are identifying (H®€)®k with H®* in the obvious
way.)

Proof of Claim 1. Let w = o'
The equality we need to prove depends linearly on each of ay,ay,...,a;. Hence,

we can WLOG assume that each of ay,a,...,a; is a pure tensor. Assume this.
Thus,

M=g10pX---Xgy, (13)
Ay = gr41 @ &gr12 @ -+ - D oy, (14)
A = §(k-1)0+1 @ (k-1)t+2 @ -+ X ke (15)

for some g1,92,...,8% € H. Consider these g1, %2, ..., 8k Thus,
a1®a2®...®ak:g1®g2®...®gkz

(as we can see by tensoring together the equalities (13), (14), ..., (I5)). Applying
the permutation 0 € &y, to both sides of this equality, we obtain

N @a® - @ ay)
g1V R+ @ grr)

_ 0_><€ (
(g
=w

=w(g1®&® @ k)
= 8w1(1) ®8w-1(2) @+ @ &1 (ke)- (16)

We shall now prove that

Ag-1(1) @ Ag-1(2) @+~ O g1k
= 8w-1(1) ® 8w-1(2) ® " © &1 (ke)- (17)
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Indeed, in order to prove this identity, it clearly suffices to show that

Ar-1(i) = w-1(£(i—1)+1) © 8w-1(¢(i-1)+2) ® & w-1(4i) (18)

for each i € [k] (because then, tensoring the equalities together for all i € [k]
will yield ). But this is easy: Let i € [k]. Then, the definition of a,1(;) yields

U=1(i) = 8o (o1(i)-1)+1 @ 8e(e1(1)-1)+2 2 @ &p(o1(3)) (19)

But each j € [/] satisfies

£<a—1(i)—1)+j=w‘1(€(i—1)+j)

(since w = 0¥ was defined tosend £ (¢~ (i) —1) +jto{ | & ((7_1 (z)) —1]+j=
=1
¢(i—1) +j) and thus 86(o-1(i)-1)+j = 8w (E(i-1)+j)- Hence, the right hand side of
equals the right hand side of (I8). Therefore, follows from (since these
two equalities have the same left hand side).
Forget that we fixed i. We thus have proved for each i € [k]. As explained,
this proves (17).

Comparing with (17), we find
N @ @a) = Ap-1(1) ®lg-12) @ -+ @ Ay-1(p)-
This proves Claim 1. O

. . k .
The rest is easy: Let a = 41 ® a, ® - - - ® a, be a pure tensor in (HW)® (with
ay,ay, ..., a4, € H®Y). Then,

((Tof®k> (a) = ((TOf®k> (a1 ®ay @ -+ R ay)

o f®k(a1®a2®---®ak)

N J/
-~

=f(a1)@f (a2)@-@f (ar)
=0 (f(m)®f(a2) @@ f (ax))

(ﬂ071(1)> ® f <61071(2)> X ® f <61071(k)>
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and

(7o) 0= (= 20) e o

:f®k gxﬁ(m@@@...@g@
=10 90,1 0,1
(by Claim 1)
= fo (ﬂrla) Ra;1 @ - ® ﬂrl(k)>
= f <a071(1)> ®f <a071(2)> Q- ®f ((ngl(k)> .

Comparing these two equalities, we find (o o f&¥) (a) = (f®f o 0f) (a).
Forget that we fixed a. We thus have proved that (oo f¥) (a) = (f®* 0 0*?) (a)
®k
)

for each pure tensor a in (H®Y)"". In other words, the two maps o o f®* and

. ®k . .
f®k 0 0 agree on all pure tensors in (H B¢ ) . Since these two maps are k-linear

(and since the pure tensors span (H ®£) ®k), this entails that they must be identical.
In other words, o o f®k = f®k o ¢*¢_ This proves Lemma m O

Lemma 1.26. Let k,/ € N. Let T € &,. Let T denote the permutation in &y,
that sends each k (j — 1) +i (withi € [k] and j € [¢]) to k (T (j) — 1) +i.
Let f : H — H®* be any k-linear map. Then,

f®£OT — Tkx Of®£

(as maps from H®! to H®K"),
Proof. We begin with an even more basic claim:
Claim 1: Let ay,ap,...,ay € H®*. Then,

kX (a1®a2®"'®a€) =l ®ar—1(2) ® "'®ar—1(£)

in H¥*. (Here, we are identifying (H®F) “* with H®¥ in the obvious
way.)

Proof of Claim 1. Analogous to the Claim 1 in our above proof of Lemma O

Now, leta = a1 ®a; ® - - - ® ay be a pure tensor in H®! (with ay,ay,...,a, € H).
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Then,
(f®€or) (a) = (fWor) (B ®a® - ®ay)
= tmene - ©a)
Tl @) P19 E g
= f (ﬂrl(l) ®ar1) @ @ ”rl(@))
=f <a‘r—1(1)> ® f (ar—l(Z)) ®---Qf (ar—1(£)>
and

(Tkx of@f) (a) = <Tk>< of®€> (01 ®ar @ - @ a)

:Tkx f®£(01®’12®"'®a€1
=f(a1)®f(a2)®--&f (ar)
=T (f(a) @ f(a2) @+ ® f (ay))

=f (aT_1(1)) ® f <a7_1(2)> ® - Qf (LIT—1(€)>

(by Claim 1, applied to f (a;) instead of a;). Comparing these two equalities, we
find (f**o7) (a) = (7 o f') (a).

Forget that we fixed a. We thus have proved that (f*‘ o 1) (a) = (¥ o f®) (a)
for each pure tensor a in H®!. In other words, the two maps f®‘ o T and %% o f®*
agree on all pure tensors in H®’. Since these two maps are k-linear (and since the

pure tensors span H®’), this entails that they must be identical. In other words,
f@ o1 =10 f This proves Lemma1.26] O

Lemma 1.27. Let k,/ € N. Let 0 € & and T € &,. Define a permutation c** €
Sy as in Lemma and define a permutation "% € &4y as in Lemma m
Define a permutation { € &/ as in Lemma Recall also the permutation
7 [0] defined in Definition Then,

™™o oo™t = 1]0] (20)

and

<0X€> - ofo (Tkx>_1 = (t]o])". (21)

Proof. Let us first prove 20). Let n € [k¢]. Write n in the form n = £ (i — 1) +j for
some i € [k] and j € [¢]. (This is clearly possible.) Thus,

)= (i—1)+j)=L(c(i)—1)+]
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(by the definition of o). Hence,

() = (e () =) +)) =k (= 1)+ (i)
(since the definition of ¢ yields ¢ (k (j — 1) + ¢ (i)) = £ (v (i) — 1) + ). Hence,
(g (o ) ) = T (R (=) e (i) = k(T () = 1)+ (i)
(by the definition of TF*). Comparing this with

(tlo]) (n) = (Tlo]) (€(i=1) +]) (since n = £(i —1) +J)
=k(t(j)—1)+0(i) (by the definition of T [¢]),

we obtain T (71 (¢ (n))) = (t[0]) (n).
Forget that we fixed n. We thus have shown that ™ (=1 (¢ (n))) = (7 [0]) (n)
for each 1 € [kf]. In other words, T* o {1 0 0*¢ = T [¢]. This proves .
Now, taking inverses on both sides of 1' we obtain (Tkx o1 nge) -1
([0])"". In other words, (') ogo () ' = (t[o]) " (since (T 07 o o) o
(o) ogo (Tkx)_l). This proves . O
Recall again that each symmetric group &y acts on the corresponding set IN* of k-

tuples from the right. For this action, we have two further elementary combinatorial
properties:

Lemma 1.28. Let k, / € IN. Define a permutation { € &/ as in Lemma
Let 0;; € N be a nonnegative integer for each i € [k] and j € [¢]. Then,

(61,1/ 01,2/ ey ek,f) ' C = (61,1/ 02,1/ ey ek,f) .

(Here, (01,1,012,...,0k¢) denotes the list of all k/ numbers 6;; in the order of
lexicographically increasing pairs (i,j), whereas (61,1,621,...,6k¢) denotes the
list of all k¢ numbers 6; ; in the order of lexicographically increasing pairs (j,1).)

Proof. Let us write 0(; ;) for ;. Thus, 8, is defined for any pair p € [k] x [¢].
Define the two bijections A and p as in the proof of Lemma Then,

(91,1, 91,2, ceey Qk,g) = (9()71(1), 9‘071(2),. ey 9P71(k5)> and

(011,021, .., 0c0) = (eA_l(l), 6y 1) - .,eA_l(kg)) .
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Thus,

011,02, .00) 0= (G20 012+ Bpr) -

~\~

=810 8p1 2y Fpm110)

(%-1(@(1»' Oo-1(7(2))7 - - f"p-l(a(ke»)
<6)\71(1), 9/\71(2), ey 9A71(k4)>

since each i € [k

4
satisfies p~1 (Z (1)) = A71 (i)
(since (12) yields p~toZ =A"1)
and thus 6 o~ 1((i) = 9 1(3i)
= (01,1,6021,--,6k0),
and this proves Lemma [1.28] 0

Lemma 1.29. Let k, £ € IN. Let 0 € & be any permutation. Define a permutation
! € &y as in Lemma [1.25]
Let 0;; € N be a nonnegative integer for each i € [k] and j € [¢]. Then,

(011,010, ..., 00) - 0" = (90(1),1,90(1),2/- : -,9a(k),£> :

(Here, (611,612, -..,6k¢) denotes the list of all k¢ numbers 0;; in the order of lex-

icographically increasing pairs (i, j), whereas <9 e 01,2/ - - .,90(,(),0 denotes

the list of all k¢ numbers 6, o(i),j i the same order.)

Proof. Let us denote the kl-tuples (611,612, ...,6k¢) and <9 (1)1 9001 )

as (aq,a,...,0r) and (B1, B2, - ., Bre), respectively. Then, each i € [k] and] E 4]
satisfy

wii-1)+j = Oij (22)
(since (aq, a0, ..., a5¢) = (611,612, ...,6k¢)) and
Beii-1)+j = 90i), (23)

(since (B1, B2, Bre) = (90(1),1/90(1),2/~--lea(k),€>)-
Let w be the permutation c**. Then, for each i € [k] and j € [¢], we have

“Ci-1)+))

wl(i-1)+j)=0c
C(o(i)—1)+] (24)

(by the definition of o*¢).
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Now, let n € [kf]. Write n in the form n = ¢(i —1) + j for some i € [k] and
j € [€]. (This is clearly possible.) Thus, w (n) = w (£ (i—1)+j) =L (o (i) —1)+]
(by (24)). This yields

Ro(n) = &e(o(i)-1)+j

= 05(i),j (by (22), applied to o (i) instead of i)
= Bo(i-1)+f (by (23)).
= Bu (since £ (i—1)+j=mn).
Forget that we fixed n. We thus have shown that «,,(,;) = B for each n € [k/].
Now,
(611,612, .-, 0k0) - T
— (0103t -
( s X2, .. akg)
(“w s “w(k€)>
= (B1, B2, - - ﬁkg) (smce Qi) = Bn for each n € [k£]>
= (9 c(1),17 00(1) 2/ - - -fea(k),€> :
This proves Lemma [1.29 O

1.6. The composition formula: lemmas on bialgebras

Now, we step to some lemmas that rely on the bialgebra structure on H.
®k
I Lemma 1.30. Let k, ¢ € N. Then, ml o (mm> = mlkdl,

®0
Proof. We induct on k. The base case (k = 0) is trivial (since ml] = idy and
0 = 0¢). For the induction step, we fix a k € IN, and we assume (as the induc-

®k
tion hypothesis) that m¥ o (mm> = m]. We must now prove that mlF+1 o
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k+1
<m[£]>®( ) = ml(k+1)8 Byt (k+1)¢ =kl + ¢, and thus

(K00 [k o lke] o mlf oy @)
:m[k]o(m[e] Bk —id oml?]

(by the induction hypothesis)

o ((m[k] o (mm)®k) @ (id omm>)

[ J/
-~

=(mMzid)o((ml1)* oml1)

k
e (m[k]®\ié/) . ((mm>® ®mm>

:mm A

~~

:(mm)@@(kJrl)

= mo (mH omll) o (m[q>®(k+l) el <m[€])®(

. S

k+1)

'

—mlk+1]

(by @)
k+1 q)®*D) k+1)0] 5 . o
Thus, m*1 o (mlf] = ml+11 is proved, so that the induction is complete.
This proves Lemma [1.30] O

4
I Lemma 1.31. Let k, ¢/ € IN. Then, (A[k}) o Alfl = AlK],

Proof. Upon swapping k and ¢, this becomes the dual claim to Lemma so the
same proof can be used (with all arrows reversed). O

Lemma 1.32. Let k,/ € N. Define a permutation { € &y, as in Lemma [I.24
Then,

(m1) o go (a1)" =AM o mit

Proof. From [GriRei20, Exercise 1.4.22(c)] (applied to k — 1 and ¢ — 1 instead of k
and /), we obtain

®f
mg_él]éok o <A[k]> = AWK ol (25)
where mﬁ@k is the map defined just as mlYl but for the algebra H® instead of H.

However, it is easy to see (and should be known) that

[£]

mll,, = (m[fl)@)k of. (26)
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Indeed, this can be checked on pure tensors, using Lemma [1.24}/|
Using (26), we can rewrite as

(m1) ™ o go (a1) " =AM o mit,

This proves Lemma [1.32] o

The next two lemmas combine the algebra and coalgebra structures with the
grading:

7Proof. If <hiff)ie[€] jciy € H"* is any ¢ x k-matrix over H, then

)"
(m) of | (h11®hip®---@hyy

&® h2,1 & h2,2 & & h2,k
®hpg @hgp®@---@hyy)
®k
= (m[f]) (h11 ®hy1 ® -+ ®hyy

®h12®h2[2®"'®hg’2
R ---
@ hijp@hyp® - @hyg)

®k
here, we have applied the map (m[é])
to both sides of the equality

=ml (h 1 @y ® - @hyy)

=hy1hp1-he

& mm (h1/2 & hz,z (SUREENY hglz)

=h1ohpphyo

Q-
& mm (th ® hz,k K& hl,k)

=hy xhohok
=hi,1hoq - hgg @ hiphop - hypp @ @hyhyy---hyg
=(h1Q@hip®---@hyx) - (hg1 @hpp @ @hyy) -+ (he1 ®@hyp @ @hyy)

¢
[H]@,ck (g @hp® - @hyg

®h2,1®h2,2®"'®h2,k
R ---
@ hp1 @hyp® -+ ®@hyg) .

=m

[£]
H®k
maps are k-linear, they must therefore be identical (since the pure tensors span H¥ ). In other

®k
words, (mm) of = mg]%k. This proves .

®k
In other words, the two maps (m[é]) o( and m ., agree on each pure tensor. Since these two
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Lemma 1.33. Letk, £/ € IN. Let v = (71,72, .-, 7k) € INF. Then,

P’YO m = Z m OP(’Yll'le---’YkE)'
’Y,‘JG]N for all i€[k] and j€[¢]; ArY1,20 Yk,

r)/i,1+7i,2+‘ . '+7i/[:’yi fOI' all iG [k]

Here, (711,712, ---,7ke) denotes the kl-tuple consisting of all k¢ numbers Yi,j
(foralli € [k] and j € [{]) listed in the order of lexicographically increasing pairs

(i, ])-

Proof. Let i € IN. Recall that p; : H — H denotes the projection of the graded
k-module H onto its i-th graded component. Likewise, let p! : H* — H® denote
the projection of the graded k-module H* onto its i-th graded component. The
map m!) : H®* — H is grade Thus, it commutes with the projection onto the
i-th graded component. In other words,

proml =m0 p @7)

However, the definition of the grading on H®! yields that the i-th graded com-
ponent of H @l is &b H; ® H;, ® - - - ® H;,. Hence, it is easy to see that the
(i1,iz,--/ig) ENE;
11+12++l[:l
. . / . .
projection p; onto this component is

Y. Pi, @ pi, @ - - @ pj,-
(i1/i2....ig) EN;
i1tip+---+ip=i

In view of this, we can rewrite (27) as

piomW:mWo 2 Piy @ piy & - S pj,
(i1,ig,...,ig) ENY;
i1+ig 4 +ip=i
= Z ml o (pil ®Pi2®"'®l7ig) (28)
(il,iz,...,iZ)ENf;
i1-Fip o ig=1

(here, we have distributed the summation sign to the beginning of the product,
since all the maps involved are linear).
Forget that we fixed i. We have thus proved the equality for each i € IN.
Now, from v = (y1,72,...,7k), we obtain P, = p,, ® p,, ® - -+ @ p,, (by the

8This follows by a straightforward induction on ¢ from the gradedness of the map m : H® H — H.
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definition of P,). Hence,

P, o (m[£]>®k

N~

_
=Py Py @ QP —mleomlis...@ml

= (p’h Py, R ® P’Yk) o <m[£] ®m[£] R - ®m[£]>
= (prnom®) @ (pryoml®) @@ (po 0ml?)

k k
= (P% o m[é]) (here, we use the symbol (X) f; for f1 @ L@ ® fk)
s=1

s=1

:® Z mwo(pﬁ@’giz@'”@piz)

s=1\ (iy,in,....ig)eENY;
i1 Fip+-Fip="s

(here, we have applied to i = 7, for each s € [k])

= ® Z m[a © (p')’s,1®p’)’s,2®.“®pr)/s,l)

s=1 (75,1/75,2/“'/75,()611\[[;
Vs 1T Vs 2t Vs, 0=7s

< here, we have renamed the index (i, iy, ..., i) )

as (Ys1,Ys2s--+» ’Ys,g) in the sum
k

4
= 3 R (1o (pry @ pry @+ 2 py))) (29)
75, €N for all s€[k] and je [€]; s=1
Ys1+Ys2++7s,0="s for all se[k]

(by the product rule for tensor products, which says
k k
® Z fs,a = Z ®fs,as/
s=1 acAs (a1,ap,...,0r)EAL X Ap XX A s=1

and which we here have applied to
As = {(Ys1, Y52, ¥s0) EN" | g1+ 52+ + 950 =5} and s (roimrsared) =
ml o (Prs1 ®Pre, ® - ® p%,z))' However, if v, ; is a nonnegative integer for all
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s € [k] and all j € [/], then

Q) =

(m[ffl O (Pry @ Py ® - ® P%,z))
1

k k
= (® m[ﬂ) © <® (Pre1 @ Py, @ @ F’%,z))
s=1

1)
I

s=1

J/ N

~\~ ~~

= (m[f] ) o :P('Vl,l"Vl,Zf""'Yk,l)
(by the definition of P (

N (m ) ° (r1.0M207k0)"
Thus, can be rewritten as

P, o <m[€]>®k = Z mm>®kop(

7s,jEN for all s€[k] and je[(];
Ys1+Ys2++7s,0="s for all s€[k]

_ Y mw)®"o

7i,;EN for all i€[k] and jE[/];
Yiit+Yit+ o +Yie=Yi for all iG[k]

71,1/71,2/--~/'Yk,é)

(MM Tk0)"

This proves Lemma [1.33] O

Lemma 1.34. Letk, ¢ € N. Let v = (71,72, ---, %) € INF. Then,

(A[€]>®k oD, = Y P o (AW)@(
y = , , (Y1071,2-7k0 ) ’
;€N for all ic[k] and je[(];

Yiatviat+7ie="7i for all i€ k]

Here, (711,712, ---,7ke) denotes the kl-tuple consisting of all k¢ numbers Yi,j
(foralli € [k] and j € [{]) listed in the order of lexicographically increasing pairs

(i,J)-

Proof. This is the dual statement to Lemma and is proved by the same argu-
ment “with all arrows reversed” (meaning that any composition fi o fpo---o fy
of several maps should be reversed to become f;o fy_0---o0 f;) and with all m’s
replaced by A’s. O

1.7. The composition formula: proof

We are finally able to prove Theorem The proof follows the same paradigm as
Patras’s proof of the commutative and cocommutative particular cases ([Patras94),
preuve de Théoreme II,7] and [CarPat21, proof of Theorem 5.11]), but involves
more complexity due to the presence of permutations.
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Proof of Theorem The formula (@) yields

Pao = ml o Pyooto Ak and (30)
ppr=mlloPgor oAl (31)

Multiplying these two equalities (using the operation o), we obtain
Pac © Ppr = mlk o Pyoo o AM ol o Pgo 1o Al

Our main task now is to “commute” the operators in this equality past each other,
moving both m factors to the left, both A factors to the right, and ideally obtaining
some expression of the form m!*l o P, 0 p~1 o Al (more precisely, it will be a sum
of such expressions). For this purpose, we shall derive some “commutation-like”
formulas.

Lemma (applied to a and «; instead of 7y and ;) yields

P, o <m[£])®k

- 3 ) op

7ij€N for all ic[k] and je[¢];
Yi1+Yio++vie=a; for all ic[k]

Lemma (applied to k, ¢, B and B; instead of ¢, k, v and ;) yields

(A[k})(gg o Pg

_ 5 p o ( A[k])w
- ) (71,1/71,2,---,7(2,1()
7, ;€N for all i€[¢] and je[k];

Vil +7i,2+"'+’)/i,k:,3i for all ie M

_ y p o (al) o
. ' (61,1,02,1,--0k0)
0;;€N for all i€[(] and je[k];

01,i+02,i++-+0 ;=p; for all i€[(]

'71,1/71,2/-~-/Yk,13) : (32)

(here, we have renamed the 7; ; as Gj,i)

0\ ©F
= Y P o (k)
- . (91,1/92,11-"/91(,5)
6; ;€N for all je[¢] and i€[k];

91,]‘-‘1-92/]‘-"-"'4-9;(,]‘:,3]' for all ]6[5]
(here, we have renamed the indices i and j as j and i)
4
_ U
= Z p (61,1821, 010) © (A > (33)

0;,;€N for all i€ [k] and je[¢];
911j+92/j+...+9k’j:ﬁj for all je [Z]

(here, we have just rewritten the “6;; € IN for all j € [{] and i € [k]” under the
summation sign as “0;; € N for all i € [k] and j € [¢]").
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Next, we shall use a nearly trivial fact: If f, g, u,v are four maps such that the
compositions f ou and g o v are well-defined (i.e., the target of u is the domain of
f, and the target of v is the domain of §) and satisfy f o u = g o v, and if the maps
f and v are invertible, then

-1 -1
=f o8 (34)
- -1 _ -1 _ _ -1 -1 _
(since fouow —govo.z;1 = gand thus g = fouov ", sothat fT og =
=gov =1
flofouovl=uoo™l.
—
=id

Define a permutation ¢*¢ € &y, as in Lemma Define a permutation T €
Sy as in Lemma [1.26] Define a permutation { € Gy as in Lemma

®k ®
Lemma [1.25( (applied to f = m!’l) yields o o (mm) = (mm> o 0. Hence,

(applied to f = c and u = (mw>®k and g = (mm>®k and v = 0*!) yields
(m) %o (o) " = oo (ml) ™ @)

4 4
(applied to f = A) yields (A[k] o =10 <A[k}>® . In other

(o))

Lemma (1.2

words, 7% o (A[k}>®€ = (A[k]>®€ o 7. Hence, |) (applied to f = 7% and u =
<A[k}>® and g = ( ) and v = 1) yields

(3#) ot = () o (a0) o

Furthermore, if 0;; € IN is a nonnegative integer for each i € [k] and j € [{], then
we have
P (61,1,812,--61¢) © ¢
=(foP (61,1,612,---81 ) C
(by (9), applied to 7 = { and v = (01,1,01,2,---,6k¢))
=(oP (61,182,1,--01.0)
(since Lemmayields (011,012, --,0ke) - C = (011,621,...,0k¢)) and

oc*t

(37)

P(61/1’91,2/-~-,9k,€)
= 14
N UX ° P(91,1/91,2,...,9k/z).(7><£

(by @), applied to 7 = c*“ and y = (011,612, .. .,Gk’g))

x 0
= O P
v (Bo(1),180(1),2+Boi)0)
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(since Lemma [1.29| yields (611,612, ..,0k¢) - 0*f = (00(1)11,00(1),2, .. .,00(,{),5>) and
therefore o*! o P(e oo*! so that

=P
r(1),100(1) 2 Ber(i ) (61,1,012,---0k ¢ )

-1 -1
x _ x
P(GU(I),llGU(l),Z""'Ga(k),[) © (U > _ (U > © P(91,1,91,2/...,9k/[) (38)

. _ %t _ _
(by , apfhed to f =0 and u = P(Ga(l),llea(l),2r~--r90(k),i) and g = P(91,1/91,2r---;9k,[)
and v = o).
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Now, and yield

Pa,oc © Pgx
— mlkl oPyoo o A o pll] oPﬁorfloAm
= (ml)*ogo (A1)
(by Lemma [1.32)

= mltopyo oo (m) ™ og

N J/

:(mm)®ko oxt -1

(by @3))
l
S (A[k]>® oD ot loall
)O(AM)W

r (61,182,148
6;,;€N for all i€ [k] and je[/]; L1721k
01,j+02,j+++0 ;=p; for all je[(]

(by @3))
Rk
- ) mi o Po (nlf)
0; ;€N for all i€[k] and je[(]; —
91/1+92,]++9k,]:ﬁ] fOI' all ]G[Z] = Z mw] ®kop
(71,1r71,2r---r7k,é)

7i,; €N for all i€ [k] and je[/];
Yi1itvipt+ v = for all ie[k]
(by G2

)© (A[k]>®£o’rl o Alfl

J/

o (UX€>_1 ogoP(

01,102,710k ¢

-

kx)flo(A[k])!@f
(by (&)

here, we have distributed the summation sign to the
beginning of the product, since all our maps are k-linear

:(T

i ;€N for all ic[k] and je[€]; 0;,;€N for all i€ [k] and je[(];
Yi1tYigt Y e=Ri for all Z'E[k] 91,j+92,j+"'+9k,j:ﬁj for all ]E[ﬂ

ml o (m[£]> ok o P(71,1,71,2v~'7k/f) © <UX€) R

-1 QL
ofoP (61,101,100 ) © (Tkx> ° (A[k}) o Al (39)

here, again, we have distributed the summation sign to the
beginning of the product, since all our maps are k-linear
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However, if ; ; and 0; ; are nonnegative integers for all i € [k] and all j € [/], then

LI <m[€]> =k o P(71,1/71,2f“"7’<'5) © <UX£) N

-

=mlkl]
(by Lemma
-1 ®/
ke x (k] [4]
°fo P(91,1/92,1/---/9k,ﬁ) © (T > ° (A ) oA
=P e of :;r[k[]
(01101210 (by Lemma

(by (37))
-1 -1
[kl xl kx [k(]
=mo P(’h,lf’h,z,.-ﬂk,e) © (U ) © P(91,1r91,2;--~,9k,€) °fo (T > o4

e ‘)O(Uxé)*l

=P
(90(1),1'90(1),2""'9(7(k),k

(by (B8))
— plkl]
mee P(’Yl,l/Yl,Zrn-/Yk,é) © P(Gau),l/@a(l),zr---J%(k),@)}
S Pimpemy) (Y10, 712, -+ Tht) = (90'(1),1/90(1),2/'"IQU'(k),f);
0, otherwise
(by Lemma [1.23)
-1 -1
o (Ufo) oo Tkx) o ALK

=(tlo]) !

by 1))

ke] o P(’Yl,lz’Yl,z,--./Yk,k'), (V0712 W) = (0‘7(1)’1'6‘7(1)'2' - "GU(kM) /
0, otherwise

o (t[o]) ol

:m[

if ’)’i,j = 9(7(1'),]' for all i,j;

— ko P(71,1,71,2,---,’Yk,é)’
0, otherwise

o (tle]) oAl

(since the condition “(y1,1, Y12, .-, Yk r) = (90(1)11, Oo(1)27 -+ -7 90(,{)0 " is equivalent
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to “7ij = 0,(;),; for all i,j”). Thus, we can rewrite as

Pao©Ppgr =
7i,;EN for all i€[k] and je[(]; 0; ;€N for all i€ k] and je[/];
Yi1+vig++7ie=a; for all ie[k] 61,j+92,j+“'+9k,j:ﬁj for all je[/]

m[kf} . {P(’Yl,lﬁl,zv--ﬂk,e)' if ’)/1',]' = 60.({)/]' for all i,j,'
0

, otherwise
o (t[o]) "t o Al

7; ;€N for all i€[k] and je[¢]; 6;,;€NN for all ic[k] and je [¢];
Yi1tYipt Y= for all Z'G[k} 61,j+92,]'+"'+9k,j:ﬁ]' for all ]E[f];
%»,7:9,7([-),]» for all i,j

Mo yo(rle)toal

ml
(’)/1,1 /71,2/- --/Yk,/,

(here, we have discarded all the addends that do not satisfy (’yi,j = 00(1')/]- for all i, ]> ,
because these addends are 0). Thus,

Pao © Ppgr =
7i,;EN for all i€[k] and je[(]; 0; ;€N for all i€[k] and je[(];
Vil TYipt+ Y= for all iE[k] 91,]'+92,j+"'+6k,j:,3j for all ]'G[g];
Vi,j=00(;),j for all i,
(k4] o o -1 o [k
m P(’)/l,ll,yl,Z/-"/,)/k,f) (T [U]) A

(& J/
-

:P (71;1"}/1,2""'7](’{{),T[O’]
(by @)

- ) - . p(71,1/71,2/"'/71(,2)/T[‘T].
7;j€N for all i€[k] and je[¢]; 0;,;€N for all i€ [k] and je[(];

Vil TYipt+ o HYie=i for all iE[k] 91,]'+92,j+"'+6k,j:,3j for all ]'G[g];
Vi,j=00(;),j for all i,j

(40)
Now, let us simplify the inner sum in . If 4; ; and 6; ; are nonnegative integers

for all i € [k] and j € [¢] that satisfy (%-,]- — 0,1, for all i, j), then each j € [/]
satisfies

Ouj+62j+ 40k = Oo(1)j + 602 T + o),
(since o € &y is a bijection from [k] to [k])
=71, T V2 T T Yk

(since the condition (’yi,j = 0,(;), for all i, ]> allows us to rewrite each 0, ;) ; as 7; j)-
Thus, the “61; + 65+ - - - + 0 ;” under the second summation sign on the right
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hand side of can be rewritten as “71,; + 72, + - - - + k" As a consequence, we
(40)

can rewrite as
Pa,c © Ppx
- - ) - ) p(71,1,71,2/--~,7k,f)/T[‘T ]
7i,;€N for all i€ [k] and j€[¢]; 0; ;€N for all i€[k] and je[(];

Tiatripte+yie=a forallielk] 1 g4+ =p; for all je[(];
Yi,j=00),j for all ij

- ) - ) p(’)’1,1,71,2,-~-/Yk,z),T[‘T]
7 jEN for all i€[k] and je[{]; 0; ;€N for all i€ k] and je[¢];
Yi1+Yia+e+7ie=a; for all i€lk]; 'yl-,j:GU(,-)/]- for all 7,
’Y1,]'+’Yz,]‘+"'+’yk,]':ﬁj for all je[f]; ~ ~- -

_p(71,1f71,2/---f7k,13)ff["]
(since the condition “7; j=6,;) ; for all i,j”
ensures that 91’,]:7071 ()] for all i,j,

and thus uniquely determines the 97»,]- ;
hence, the sum has exactly one addend)

, . p(71,1171,2/-~-,’rk,e‘)/7[‘7]'
7i,;€N for all i€ [k] and j€[£];

Yiatvipt++rie=w; for all i€[k];
Y1,j+72+ vk, =P for all je[]

This proves Theorem m O

As we mentioned above, (1) is a particular case of Theorem using Proposi-
tion (b). Likewise, the analogue of (1) for cocommutative bialgebras can be
recovered from Theorem using Proposition (a).

Question 1.35. In [Pang?1, Proposition 12], Pang generalized (1) to Hopf alge-
bras with involutions (as long as they are commutative or cocommutative). Is a
similar generalization possible for Theorem [T.19p

1.8. Linear independence of p,,’s

Both Theorem and Proposition hold for arbitrary graded (not necessar-
ily connected) bialgebras. Let us now focus our view on the connected graded
bialgebras (which, as we recall, are automatically Hopf algebras).

Using Theorem and (7), we can expand any nested convolution-and-composition
of pa,s’s as a k-linear combination of single p, ,’s. Using Proposition [2.5|further be-
low, we can furthermore transform the a’s in the resulting combination into actual
compositions, not just weak compositions. This allows us to mechanically prove
equalities for p,¢’s that involve only convolution, composition and k-linear combi-
nation and that are supposed to be valid for any connected graded Hopf algebra H.
The reason why this works is the following “generic linear independence” theorem:
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Theorem 1.36. (a) There is a connected graded Hopf algebra H such that the
family

(Paor) kEN;
« is a composition of length k;
reSy

(of endomorphisms of H) is k-linearly independent, and such that each H; is a
free k-module.
(b) Let n € IN. Then, there is a connected graded Hopf algebra H such that
the family
(Pac) keN;
« is a composition of length k and size <n;

reSy

(of endomorphisms of H) is k-linearly independent, and such that each H, is a
free k-module with a finite basis.

Proof of Theorem (sketched). (b) Let H be the free k-algebra with generators
X j with i,j € Z satistying 1 <i <j<n.

We also set
Xek = 1H foreach k € {1,2,...,n}.
We make the k-algebra H graded by declaring each x;; to be homogeneous of
degree j — i. We define a comultiplication A : H — H ® H on H to be the k-algebra
homomorphism that satisfies
j
A (x;f) = in/k @ X j for each i,j € Z satistying 1 <i <j < n.
k=i
We define a counit € : H — k in the obvious way to preserve the grading (so
that € (x;;) = 0 whenever i < j). It is easy to see that H is a connected graded
k-bialgebra, thus a connected graded Hopf algebraﬂ
It is easy to see that

k
Al (xi,j) = Z Xugug & Xuguy @ -+ @ Xy _y,uy
i=ug <ty <<=

for any i < j and any k € IN. Thus, for any i < j and any k € IN and any
permutation o € &, we have

(U_l o A[k}) (xi,j) =g 1. Z Xuguy & Xugup @+ & Xuye_q,uy

i=ug < < <up=j

= )3 Xitg(1) -1ty @ Xitga) 1ty @ * @ Xy 155
i=ug<ug <o <up=j

9This H resembles certain bialgebras that appear in the literature. In particular, it can be regarded
either as a noncommutative version of a reduced incidence algebra of the chain poset with n
elements, or as a noncommutative variant of the subalgebra of the Schur algebra corresponding
to the upper-triangular matrices with equal numbers on the diagonal. But these connections are
tangential for our purpose.
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and therefore (by applying the projection P, to both sides)

(P,x orlo A[k]> (xi,]')

= )3 Xutg(1)1.t(1) & Fitg(a) 1,tg) @+ & Xty 1t
i=ug<uy <--<up=j;
Ug (i)~ Ug(7)—1=0; for each i€ [k]

Hence, for any composition &« = (a1,a2,...,a;) € N¥ and any ¢ € Sy and any
1 <i < j<nsatisfying j — i = |a|, we have

Pua,c (xi,j) = Y1) —1,e1) Xlg2)—14o(2) * " Xilo(k)—1, Mo (k)7

where (up < u; < --- < uy) is the unique strictly increasing sequence of integers
satisfying up = i and uy = j and uy(;) — Uy(;)-1 = &; for all i € [K] H Hence, for
any choice of 1 < i < j < n, the images pa o (xl-,]-) as « runs over all compositions
of j —i and ¢ runs over all permutations of [¢ («)] are distinct monomiald'’| and

1%Why is there a unique sequence with these properties? The easiest way to see this is as follows:
Rewrite the condition “ug(;y — uy(j)—1 = a; for all i € [k]” as “u; —uj 1 = Xo-1(j) for all j € [k]”
(here we just substituted o~ (j) for i). In the latter form, the condition simply dictates the
differences between consecutive entries of the sequence (ug,u1,...,u). Thus, clearly, there
exists a unique sequence (ug, 1, ..., u) of integers satisfying this condition and having starting
entry 1y = i. Moreover, this sequence will be strictly increasing (since the differences u; —u; 1 =
t,-1(j) are positive) and will satisfy

k
ug — g =y, (uj—uj_q) (by the telescope principle)
]':1 N——
1)
k
= 206071(]-) = &1y tap1) Tt agy = taxt ot ag = | =j—i
=1

and therefore uy = j—i+ ug = j—i+1i = j. Hence, it will be a strictly increasing sequence
~—~—
=i
(o <uy <--- <uy) of integers satisfying up = i and uy = j and u,() — Uy ;-1 = a; for all
i€ [k].
'Why are they distinct? Because the noncommutative monomial

Pao (xi,j) = Xugp )1t (1) Yo ) -1 to(2) T Kihg (o)1 to (k)

allows us to uniquely reconstruct & and o as follows: Recall that all the indeter-
minates x,, with p < g are distinct. ~The noncommutative monomial pue (X;j) =
Xty 1)1t 1) Vg (a) 1ty " Xt 1 bt is a product of k such indeterminates (since up < u; <

- < Uy, so that uy;)_1 < U, for each i). Hence, from this product, we can recover

the pairs (ua(l)_l, ug(l)) , (ua(z)_l, ua(z)) PR (ua(k)_l, ug(k)), and thus reconstruct the val-
ues Uy(1), Ug(2), - - - Ug(k)- These, in turn, allow us to reconstruct the permutation o (since
up < ug < --- <) Recalling the condition u,(;) — ;-1 = &; once again, we then recover the
«; and thus the composition a.
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therefore are k-linearly independent. This yields the k-linear independence of the
family
(pa,o) keN;
« is a composition of length k and size s;
ey
for any given s € {0,1,...,n—1}. Since each p, . lies in Endy (HW), we thus
obtain the k-linear independence of the entire family

(Paor) kEN;
« is a composition of length k and size <n;
reSy

n—1
(since the sum Y Endy (Hs) is a direct sum). This proves Theorem [1.36| (b).
5=0

(@) As for part (b), but remove “< n” everywhere. O

Theorem also has an analogue for graded bialgebras and Hopf algebras
without the connectedness requirement:

Theorem 1.37. (a) There is a graded Hopf algebra H such that the family

(Pac) keN;
« is a weak composition of length k;
ey

(of endomorphisms of H) is k-linearly independent, and such that each H; is a
free k-module.

(b) Let n € IN. Then, there is a graded Hopf algebra H such that the family
(Pao) ke{01,...n—1};

« is a weak composition of length k and size <n;
ceBy

(of endomorphisms of H) is k-linearly independent, and such that each H, is a
free k-module with a finite basis.

Proof idea. (b) This is similar to Theorem (b), but there are more indices in-
volved. We shall only give a rough outline of the proof.
Let H be the free k-algebra with generators

P

i with (i, p), (j,q) € [n]* satisfying i < j and p < .

(The “p,q” superscript is not an exponent!) Note that we don’t set any of the xf }q
equal to 1, unlike in the previous proof.
We make the k-algebra H graded by declaring each xf }.q to be homogeneous of

degree j —i. We define a comultiplication A : H — H ® H on H to be the k-algebra
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homomorphism that satisfies

pay _
A (xi,j ) =

We define a counit € : H — k by

€ (xm> _ {L if (i,p)="0.9);
K 0, if (i,p) # (jq)-

It is easy to see that H is a graded k-bialgebra. It is not connected (with our grad-
ing) and not a Hopf algebra (since its grouplike elements xf;p have no inverses); we
will say more about this later.

For any generator xf,}.q of H and any k € IN, we can show that

b4

jo4
pr rq
Z X @x i for all generators x:,
=i r=p

] "
k=i

k pay _ 00,01 01,02 Uk 1,0k
At (xi,]' - Z Xuguy @ Xuyay @+ @ Xy
i=up<up <---<up=j;
p=19<01 < <vp=¢q

Now, fix i < jin [n]. As we just showed, we have

k 1n _ 00,01 01,02 Ok—1,0k

Al (xi,j o Z Xuguy & Xy @ =+ & Xy
i=ug<uy <---<up=j;
1=09<01<---<vp=n

for any k € IN. Thus, by a similar argument as in the proof of Theorem (b), we
can show that for any weak composition & = (ay,a,...,a;) € N¥ and any o € &
and any 1 <i < j < n satisfying j — i = |a|, we have

1ny _ 00,01 ,.01,02 Uk—1,0
p“ra (xi,j ) - Z <xM0,M1xM1,M2 T xuk_l,uk — 0,
i=ug<uy < <up=j;
1=0p<01 < <vy=n;
Ug (i) —Ug(iy—1=0; for each i€ [k]

where the “~” arrow denotes the action of a permutation on the positions in a
monomial (i.e., we set (y1y2 - Yk) “ 0 = Yo(1)Yo(2) ** " Yo (k) Whenever o € & and
whenever vy, 17, ...,y are some of the generators of H).

1n
i) where k ranges over {0,1,...,n — 1},

where a ranges over the weak compositions of length k and size j — i, and where
o ranges over &y — are k-linearly independent. Unfortunately, they no longer are
single monomials, but hope is not lost: Each of them contains a monomial (with
coefficient 1) that is not contained in any of the others (which ensures that any
nontrivial k-linear combination of these images will have nonzero coefficients in

We now claim that these images py,« (x

1n

front of some of these monomials). To wit, pu (xl. f

) contains (with coefficient 1)
the monomial

12 .23 k—1k kn
(xuofmxuhuz o xuk71/uk72xuk71,uk) -0
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for the unique weakly increasing sequence (ug < uj < --- < uy) of integers satis-
fying up = i and uy = j and uy(;) — Ug(;)—1 = @; for all i € [k] (this monomial is
obtained by taking v; = i+ 1 for each i € {0,1,...,k—1} and vy = n), and this

monomial is not contained in any other pg . (x}f) with (B,7) # («,0) (because

reading its superscripts in order reveals the permutation ¢, and then undoing the

o-action and reading the subscripts in order reveals the u;’s and thus the weak
1n
i,j
are the maps p,, themselves. From here, we can finish the proof of Theorem [1.37]

(b) just as in the proof of Theorem except that our H is just a bialgebra, not a
Hopf algebra.

Now how do we make H into a Hopf algebra? The simplest way would be to
factor out the ideal generated by all differences of the form le’-p — 1; in other words,

composition «). Thus, the images py <x > are k-linearly independent. Hence, so

we replace the indeterminates xZ;p by copies of 1. With this change, our graded k-
bialgebra is still not connected; however, it would be connected with a different
grading (namely, with the grading in which each xz }.q is homogeneous of degree
(j —i) + (g — p)), and thus is a Hopf algebra. The antipode is graded with respect
to both gradings (this follows, e.g., from [GriRei20, Exercise 1.4.29(e)]). Our above
argument for the linear independence of the p, s still applies with minor changes,
which we leave to the reader to perform.

(@) As for part (b), but remove “< n” everywhere and replace “[n]” by “Z”. [

1.9. The tensor product formula

We shall now connect the p,, operators on different graded bialgebras. For this,
we need a piece of notation:

Convention 1.38. The endomorphism p, : H — H defined for a given graded
k-bialgebra H shall be denoted by “p, - for H” when we want to stress its de-
pendence on H. Thus, for instance, if K is another graded k-bialgebra, then the
analogous endomorphism p, ¢ : K — K will be denoted by “p,  for K”.

Using this convention, we can now describe the endomorphism p,  for a tensor
product of two k-bialgebras:

Proposition 1.39. Let H and G be two graded bialgebras. Let « € IN* be a weak
composition of length k, and let ¢ € & be a permutation. Then,

(Pagfor HOG) = Y (ppe for H) ® (py,e for G)
‘B,r)/elNk;
Bt+r=a

as endomorphisms of H ® G. Here, B 4 7 denotes the entrywise sum of B
and v (that is, if B = (B1,B2,---,Bx) and ¥ = (y1,72,---,7k), then B+ :=
(;Bl +71, B2+ 72 -, Brt ’Yk))-
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Proof sketch. We shall use the Sweedler notation again.
The definition of the grading on H ® G shows that (H® G), = @ H, ® G, for

b,ceN;
b+c=a
any a € IN. Hence,
pa(u®v) =Y pp(u)®pc(v) (41)
b,ceN;
b+c:a

forany u € H,any v € G and any a € IN.
Write the weak composition & € N as a = (a1,a2,...,a;). Consider a pure
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tensor h ® ¢ € H® G. Then, Remark [1.9] yields

Pao (h® Q)

h% Pay ( h®g (c(1 ))) Pay ((h®8)(0(2))> © Pay <(h®g)(a(k))>
g)

= ) HPa, (h®8) i)
_\/_/

(heg) i=1
=h(a(i)) @8 (v (i)

k
= 2 II »ra (hw(i))@g(a(i)))

(h), (g) =1 -— .
= X P h ") )P (i
heEN (o)) ®Pe(8(0(i)))
b+c=u;
(by (@1))

= ) ﬁ > 2 (hewy) @ e (800))

(h), (§) i=1 beeN;
b+C:Dél'

k
= L ) [T (Pﬁi (h(a(i))) & Py (g(a(i))» (by the product rule)
(h), (§) BiviEN forallic[k]; i=1
Bi+7vi=w; for all i€ [k]

k
) ﬁmeNgau iclk]; (h),Z;'g) g (P/%i (h(‘f(i))> © P (g(ff(i))>>
Bi+i=w for all i€[k] ~

k k
= s = (11} Po; (o) )) ® <Hl Py (g(gm)))
B=(B1,B2,---,Bx) ENF and

Y=(71,72,-7k) ENK;
B+r=a

k k
— )3 > (H PB; (h(tf(i)))> ® (H P (g(a(i))>>
B=(B1,B2,---,Bx)ENF and (h), (8) _

Y=(71,72--7k) ENK;
ptro=u

= )3 (Z lﬁpﬁi (%(z’)))) ® (Z ilim (8<a<z'>>>>

ﬁ:(ﬁlrﬁZr---;ﬁk)eNk and (h) i=1 (g)

N J/ N J/

’Y:(’yl/,YZ/'H/f)/k) G]Nk, -~ —~
+r=a =Ppo o
g P () Pro(8)
(by Remark [1.9) (by Remark[1.9)




A Solomon Mackey formula for graded Hopf algebras, version October 16, 2024, page 45

- )3 Ppo (M) @pro(8)= ). Ppo(h) @pye(8)
B=(B1,82,---.Bx) ENF and ByeNK;
7:(71/72/'"/)%)6]1\1}(; ,B+’)’:0L
B+y=n

= Y. (ppefor H) @ (pyoforG) | (h®g).

B yeNK;
B+r=u

Hence, the two k-linear maps

(Pac for H® G) and ) (pge for H) ® (pye for G)
BreN;
pty=a

agree on each pure tensor. Therefore, they are identical. This proves Proposition

.39 O

1.10. The dual formula

Graded bialgebras often (not always) have duals. Indeed, it H = @ H, is a graded
nelN

k-bialgebra whose all graded components H,, are finite fre k-modules, then its

graded dual H° := @ (H,)" itself becomes a graded k-bialgebra (see [GriRei20),
neN
§1.6]). Now we claim (using Convention again):

Proposition 1.40. Let H be a graded k-bialgebra whose all graded components
are finite free k-modules. Consider its graded dual H°. Let « = (a1, a2, ..., &)
be a weak composition of length k, and let o € &y be a permutation. Then,

(pao for H°) = \(pa,a—ll -1 for H)i

~
restricted to H°

as endomorphisms of H°. Here, “a - o~ 1”

is understood using the right action of
S, on INF defined in .

1
. for H) = my? oP, 10 ((7_1> o AES] = mg} o

N——
=0

Proof sketch. By definition, (

Payot, o

P,, 1000 Ag}}, so that

(Poot o1 for H)' = (mgfl] oP, 1000 Ag(l})*

= (8) o070 (Bp) o (ml) . 42)

124Finite free” means “free of finite rank”, i.e., “has a finite basis”.




A Solomon Mackey formula for graded Hopf algebras, version October 16, 2024, page 46

However, the definition of the bialgebra structure on the graded dual H® shows

that (AE{CD* = mgcl]o and (my(l])* = AEZ}]O Moreover, basic linear algebra (really

just combinatorics of indices in tensor products) shows that c* = ¢! and that
(P.g-1)" = P, -1 (since (P/3)>k = Py for any weak composition ). Using these four
equalities, we can rewrite as

(Pao-t g1 for H) =m0 o7 lop 1 oal
-4
:Ptx.gfl.(gfl)il 00‘71
(by (10))
_ K 1 AlK]
—mHOOPa-0'71~(0'*1)71 o OAHO
—_————
=P,

(again by the definition of p, ). This proves Proposition O

1.11. Have we found them all?

Now let H be a connected graded bialgebra. As we already mentioned, each
Pa,c belongs to the k-module E (H) of all graded k-module endomorphisms of
H that annihilate all but finitely many degrees of H. Thus, the same holds for
any k-linear combination of the p,,. The fact that each p,, annihilates all but
the |a|-th graded component of H allows us to form infinite k-linear combinations
Y Y Y AwoPac of these py as well. Each such combination belongs
kEN  pe{1,2,3,.}F €6k

to Endg, H (although not to E (H) any more) and (since it is natural in H) is there-
fore a natural graded k-module endomorphism of H defined for any connected
graded bialgebra H.

Question 1.41. Are these combinations the only natural graded k-module endo-
morphisms of H defined for any connected graded bialgebra H ?

In other words: Let ¢ be a natural graded k-module endomorphism on the
category of connected graded k-Hopf algebras. (That is, for each connected
graded Hopf algebra H, we have a graded k-module endomorphism g, and
each graded Hopf algebra morphism ¢ : H — H’ gives a commutative diagram.)
Is it true that g is an infinite k-linear combination of p,,’s?

I have so far been unable to answer this question, for lack of convenient free
objects in the relevant category. Nevertheless, I suspect that the answer is positive
(i.e., every natural endomorphism is an infinite k-linear combination of p,’s), at
least when k is a field of characteristic 0.

Question can also be asked without the first “graded”. That is, we can ask
about natural k-module endomorphisms of H that are not necessarily graded.
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A similar question can be asked for general (as opposed to connected) graded
bialgebras. However, it requires some more care in its formulation, as not every in-

finite k-linear combination ) ) Y. AwoPac is well-defined (and we cannot
keN pcNk e

restrict the second sum to the « € {1,2,3, .. .}k only).

2. The combinatorial Hopf algebra PNSym

Let us now recall the connected graded Hopf algebra NSym of noncommutative
symmetric functions (introduced in [GKLLRT94], recently exposed in [GriRei20),
§5.4] and [Meliotl7, Definition 6.1. As a k-algebra, it is free with countably
many generators Hy, Hy, Hs, ..., and its comultiplication is given by A (H,) =

m
Y. H; ® H,,_;, where Hj := 1. (We are using the notation Hy for the k-th complete
i=0
homogeneous noncommutative symmetric function in NSym, which is denoted Hj,

in [GriRei20, Theorem 5.4.2], and denoted S; in [GKLLRT94, (22)] and [Meliot17].)
For any weak composition (a1, ay,...,a,) € N", we set
)= H, Hy, ---Hy, € NSym.

(a1,00,...,000

Thus, the family (Ha), is 5 composition 1S @ basis of the k-module NSym. (Note that
H, is called $* in [GKLLRT%4].)

An internal product * is defined on NSym in [GKLLRT94, §5.1]. It is explicitly
given by the formula

Hq + Hp = : , (Y1712 7k0)

7, ;€N for all i€[k] and je€[(];
Yiatvia++rie= for all i€[k];
Y1,j+72,j++7k,j=B; for all jE[{]

for all compositions « and B (see [GKLLRT94, Proposition 5.1]). As mentioned in
the introduction, Patras’s composition formula (1) is structurally identical to this
expression. This shows that any cocommutative connected graded bialgebra H

is a module over the non-unital algebra NSym(z) of noncommutative symmetric
functions equipped with its internal product. (Each complete noncommutative
symmetric function H, acts as the operator p, ;g on H.)

It is natural to ask whether a similar construction can be made for any connected
graded bialgebra H using Theorem Thus, we are looking for a non-unital al-
gebra that contains elements F, , for all compositions « € INF and all permutations

13These three references give slightly different definitions of this Hopf algebra NSym, but all these
definitions are easily seen to be equivalent (e.g., using [GKLLRT94, Note 3.5, Proposition 3.8,
Proposition 3.9] and [Meliot17, Proposition 6.2, Proposition 6.3]). They also denote it by different
symbols: It is called Sym in [GKLLRT94], called NSym in [GriRei20, §5.4], and called NCSym in
[Meliot17, Definition 6.1] (a name that means a different Hopf algebra in most of the literature).
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o € &y, and which acts on any connected graded bialgebra H by having each F,
act as the operator p, o

In this section, we shall construct such an algebra — which I name PNSym(?) for
“permuted noncommutative symmetric functions”. Besides having an “internal
product” *, it has an “external product” - (corresponding to the convolution of
operators on H) and a coproduct A (corresponding to acting on a tensor product
of bialgebras).

2.1. Mopiscotions and weak mopiscotions

To construct this algebra, we need to make some implicit things explicit and intro-
duce some more notation:

Definition 2.1. A mopiscotion (short for “permuted composition”) is a pair («, ),
where « is a composition of length k (for some k € IN) and ¢ is a permutation in
Sk.

Definition 2.2. A weak mopiscotion is a pair («,c), where a is a weak composition
of length k (for some k € IN) and ¢ is a permutation in &y.

Clearly, any mopiscotion is a weak mopiscotion. In the reverse direction, we can
transform any weak mopiscotion («,0) into a mopiscotion (B, T) (non-injectively)
by removing the zeroes from the composition « while appropriately reducing the
permutation o as well. To give a precise definition, we need the concept of stan-
dardization ([GriRei20, Definition 5.3.3]):

Definition 2.3. Let w = (wy, wy, ..., wy,) be any finite list of integers (or of ele-
ments of any totally ordered set). Then, the standardization of w is defined as the
unique permutation o € &, with the property that for every two elements 2 and
b of [h] satisfying a < b, we have the equivalence (¢ (a) < 0 (b)) <= (w, < wy).

Roughly speaking, the standardization of the list w is the permutation whose
values are in the same relative order as the entries of w; when w has equal en-
tries, we count entries lying further left as being smaller. For example, the two lists
(5,7,1,8,2) and (2,2,0,2,1) have the same standardization, namely the permuta-
tion ¢ € G5 with one-line notation [3,4,1,5,2]. (In this paper, we will only use
standardizations of lists that consist of distinct entries. Thus, any subtleties related
to equal entries can be ignored, and we can simply compute the standardization of
a list by replacing its smallest entry by 1, its second-smallest entry by 2, and so on,
and finally read the resulting list as the one-line notation of a permutation.)

Definition 2.4. Let («,0) be a weak mopiscotion, with &« = (aq,ay,...,a;) and
o € S Let (j1 <jp<---<jy) be the list of all elements i of [k| satisfy-
ing &; # 0, in increasing order. Let T € &; be the standardization of the
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list (¢ (j1),0 (j2),.-.,0 (jn)). Let red & denote the composition («;,,aj,, ..., a;,)
(which consists of all nonzero entries of «). Then, we define red («,0) to be the
mopiscotion (red «, 7). We call red («, o) the reduction of («,0).

For example,
red ((3,0,1,2,0), [4,5,1,3,2]) =((3,1,2), [3,1,2]),

where the square brackets indicate a permutation written in one-line notation. For
another example,

red ((3,0,1,2,0), [4,1,3,2,5]) = ((3,1,2), [3,2,1]).

Clearly, if («,0) is a mopiscotion (i.e., if all entries of a are nonzero), then
red (a,0) = (a,0).

Mopiscotions have already appeared under the guise of “weighted permuta-
tions” in work by Foissy and Patras [FoiPat13]. Indeed, the set & defined in
[FoiPat13| §3] can be identified with the set of all mopiscotions, as long as we
translate each pair (0,d) € &, x Hom ([k],IN*) C S (the notations used here are
those of [FoiPat13]]) into the mopiscotion (6,0), where ¢ := (d (1),d (2),...,d (k)).
These weighted permutations (0,d) € S are used in [FoiPatl3] to define certain
linear endomorphisms of a shuffle Hopf algebra, and might be generalizable to
arbitrary graded bialgebras with a dendriform structure, but do not agree with our
maps Pa,c-

Let us now return to our maps p,,. If H is connected, we can dispense with the
ones in which « contains zeroes, since there is a way to reduce all such p, ¢ to the
ones where « is a proper composition (i.e., contains no zeroes):

Proposition 2.5. Let H be a connected graded bialgebra. Let («,0) be a weak
mopiscotion, and let (B, T) = red («,0). Then,

Pao = PBx-

Proof idea. This is easy if one does not try to be rigorous. Here is a handwavy proof
using Sweedler notation:

The connectedness of H yields pg (i) = € (h) - 1y for each h € H. Hence, in the
formula

Pao (X) = (Z);Pal (x(a(l))) Pa, (x(a(z))) © Pay (x(a(k))>
X

(from Remark , all the factors py, (x(a(i))> with a; = 0 can be rewritten as
€ (x(g(i))> (the 1y gets swallowed by the product) and thus can be removed com-

pletely (using the Y € (h() ) hp)y = Y haye (hp)) = h axiom of a coalgebra), as
(h)(())() (h)()(())
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long as we remember to adjust the permutation ¢ accordingly (removing its value
o (i) and decreasing all values larger than o (i) by 1). At the end of this process, we
end up with pg . (x). This shows that p, (x) = pg . (x) for each x € H. Proposi-
tion [2.5/follows.

A more rigorous version of this proof can be found in the Appendix (Section
A). O

2.2. PNSym

We can now define the combinatorial Hopf algebra that will occupy us for the rest
of this work:

Definition 2.6. Let PNSym be the free k-module with basis

(F w0 ) (a,0) is a mopiscotion*
For any weak mopiscotion («,0), we set

Fa/g = P,B,T/

where (B, 7) = red (a,0).
Define two multiplications on PNSym: one “external multiplication” (which
mirrors convolution of p,¢’s as expressed in Proposition [1.15) given by

Foo- Fﬁ,r = Faﬁ,a@r;

and another “internal multiplication” (which mirrors composition of p,¢’s as

expressed in Theorem [1.19) given by

%k =
Fa’g’ F‘B,T ' ) F(’Yl,l/’Yl,Z/"'/’yk,f)/T[U]
7i,;EN for all i€[k] and je[(];
Yigtyiz+e+ie=a; for all i€ [k];
Y1,j+72+ - +vk,=P; for all je[]

(where « € NF and B € INY). Also, we define a comultiplication A : PNSym —
PNSym ® PNSym on PNSym by

A(PMT): Z P,B,(T®P'y,0

B,y weak compositions;
entrywise sum f+y=a«

(mirroring the formula from Proposition [1.39).
We also equip the k-module PNSym with a grading by letting each F,, be
homogeneous of degree |«|.

These operations on PNSym behave as nicely as the analogous operations on
NSym:
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Theorem 2.7. The k-module PNSym becomes a connected graded cocommuta-
tive Hopf algebra when equipped with the external multiplication -, and a (non-
graded) non-unital bialgebra when equipped with the internal multiplication *.
In particular, both multiplications are associative.

There are two ways to prove this. I shall very briefly outline both:

First proof idea for Theorem[2.7] Most claims can be derived from properties of the
operators p ., using the H from Theorem (a) as a faithful representation.

For an example, let us prove that the internal multiplication * on PNSym is
associative.

Let H be any connected graded k-bialgebra. Let evy : PNSym — End H be the
k-linear map that sends any F,  to the operator p,, € End H for any mopiscotion
(a, ). Note that

evy (Fuo) = Puc (43)
is true not only for all mopiscotions («,c), but also for all weak mopiscotions
(a,0) (because if («,0) is any weak mopiscotion, and if (B,7) = red («,0), then
Pa,oc = Ppr and Fyo = Fg 7).

Now, let H be the connected graded Hopf algebra H from Theorem (a).
Then, Theorem (a) says that the family (paq) is k-linearly
independent. Hence, the linear map evpy is injective.

The formula for F,q * Fg . that we used to define the internal multiplication
is very similar to the formula for p, ¢ o pg . in Theorem In view of (43), this
entails that

«,0) is a mopiscotion

evg (sz,a * F,B,T) = Pa,o ©Ppr = €VH (Fxo)0evy (Pﬁ,r)

for any two mopiscotions («, ) and (B, 7). By bilinearity, this entails that

evy (f*g) = (evy f) o (evy g)

for any f,g € PNSym. Thus, the injective k-linear map evy : PNSym — End H
embeds the k-module PNSym with its binary operation * into the algebra End H
with its binary operation o. Since the latter operation o is associative, it thus follows
that the former operation * is associative as well.

Similarly, we can show that the operation - on PNSym is associative and unital
with the unity 1 = F; & (although this is pretty obvious).

It is very easy to see that the cooperation A is coassociative, counital and cocom-
mutative. It is also clear that both the multiplication - and the comultiplication A
on PNSym are graded.

The next difficulty is to prove that A is a k-algebra homomorphism, i.e., that
A(fg) =A(f)-A(g) forall f,g € PNSym (where the “-” on the right hand side is
the extension of the external multiplication - to PNSym ® PNSym). Here, we can
argue as above, using the fact (a consequence of Theorem that

evgen (f) = (evg®evy) (A(f)) € End (H® H)
for every f € PNSym
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to make sense of A), and using the fact that the map
evy ®evy : PNSym ® PNSym — End H ® End H — End (H ® H)

is injective (this is not hard to show using the argument used in the proof of Theo-
rem [1.36).

What we have shown so far yields that PNSym (equipped with - and A) is a con-
nected graded k-bialgebra. Thus, PNSym is a Hopf algebra (since any connected
graded k-bialgebra is a Hopf algebra).

It remains to show that PNSym (equipped with * and A) is a non-unital k-
bialgebra. Having already verified that * is associative, we only need to show that
A(fxg) = A(f)*A(g) for all f,g € PNSym. But this is similar to the proof of
A(fg) = A(f)-A(g) above. Thus, the proof of Theorem 2.7|is complete. O

Second proof idea for Theorem 2.7} There is also a more direct combinatorial approach
to this theorem. First, we shall define two simpler bialgebras WNSym and Perm,
and then present PNSym as a quotient of their tensor product WNSym & Perm.
Here are some details:
We define WNSym to be the free k-module with basis (Ca), 5 5 weak composition-
We equip this k-module WNSym with an “external multiplication” defined by

Cu-Cp = Cap

(where af is the concatenation of « and ), and an “internal multiplication” defined
by
Cox Cp = , , C(’71,1,71,2/~~,7k,£)
7;,;EN for all i€[k] and je[(];
Yi1+Yio++7vie=a; for all ic[k];
V1,72, +vkj=B; for all je[(]

(where a € NFand 8 € IN¥), and a comultiplication A : WNSym — WNSym ® WNSym
defined by

A(Cy) = Y. Cp @ Cy for any a € IN¥,
BreNF;
entrywise sum S+y=u
It is not too hard to show that WNSym thus becomes a graded (but not connected!)
cocommutative k-bialgebra when equipped with the external multiplication -, and
a (non-graded) non-unital bialgebra when equipped with the internal multiplica-
tion *. (Indeed, this WNSym is a mild variation on the Hopf algebra NSym of
noncommutative symmetric functions, which is studied (e.g.) in [GKLLRT94] or
[GriRei20, §5.4]; the only difference is that compositions have been replaced by
weak compositions. The first letter “W” in WNSym refers to this weakness.)

We define & to be the disjoint union || & of all symmetric groups &y for all
keN
k € IN. We define Perm to be the free k-module with basis (Py),.s. We equip this

k-module Perm with an “external multiplication” - defined by

PU"PT:P(TEBT/
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and an “internal multiplication” * defined by
Py % Pr = P,
and a comultiplication A : Perm — Perm ® Perm defined by
A (Py) = Py ® D.

It is not too hard to show that Perm becomes a (non-graded) cocommutative k-
bialgebra when equipped with either of the two multiplications. Indeed, in both
cases, it becomes the monoid algebra of an appropriate monoid on the set &. The
hardest part of the proof is to check the associativity of the internal multiplication;
this can be done as follows:

Claim 1: We have 7 [0 [p]] = (7 [¢]) |p] for any three permutations T, 7, p €
S.

Proof of Claim 1. We can regard the set G as a skeletal groupoid with objects 0,1,2, ...
and morphism sets & (k, k) = & and & (k, /) = & for all k # (. However, the defi-
nition of T [c] becomes cleaner if we “de-skeletize” S to a larger category. Namely,
we define a tormutation to be a bijection (not necessarily order-preserving) between
two finite totally ordered sets. Clearly, each permutation o € &y is a tormutation
[k] — [k]. Conversely, any tormutation ¢ : A — B induces a canonical permutation
¢ € &, by the rule

¢ :=incg_, gy 0P oincyaya: [|A]] = [|B],

where incx_,y denotes the unique order isomorphism between two given finite
totally ordered sets X and Y. We may call ¢ the standardization of ¢. Thus, the
skeletal groupoid & is a skeleton of the groupoid & whose objects are the finite
totally ordered sets and whose morphisms are the tormutations.

Given two tormutations ¢ : A — B and ¢’ : A’ — B/, we now define a tormuta-
tion ¢’ (¢) : Ax A’ — B’ x Bby

(9" (¢)) (a,a") = (¢' ('), ¢ (a)) forall (a,a") € A x A"

In other words, ¢’ (¢) applies ¢ and ¢’ to the respective entries of the input, then
swaps the outputs.

It is now easy to see that ¢/ (¢p) = ¢’ ¢’ [¢] for any two tormutations ¢ and ¢'. Thus,
in order to prove that 7o [p]] ( []) [p] for any three permutations T,0,p €
G, it suffices to show that ¢ (¢’ (¢)) = (¢” (¢')) (¢) for any three tormutations
$,¢',¢". But the latter is easy: The map ¢" (¢’ (¢)) sends each ((a,a’),a”) to
(¢" (a"),(¢' (a"),¢ (a))), whereas the map (¢” (¢')) (¢) sends each (a, (a’,a")) to
((¢" (a"),¢' (")), ¢ (a)). Because of the canonical order isomorphism A x (B x C) =
(A x B) x C for any three totally ordered sets A, B, C, these two maps are therefore
equivalent, i.e., have the same canonical permutation. This proves Claim 1. O
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We now know that Perm becomes a (non-graded) cocommutative k-bialgebra
when equipped with either of the two multiplications.

Now, let WPNSym be the tensor product WNSym ® Perm. We equip this ten-
sor product WPNSym with an “external multiplication” (obtained by tensoring the
external multiplications of WNSym and of Perm), an “internal multiplication” (ob-
tained similarly) and a comultiplication (also obtained similarly). We furthermore
set

f,w = Cy ® P € WPNSym for any weak mopiscotion («,0).

Then, (l?a g>

"/ (a,0) is a weak mopiscotion
operations -, * and A on WPNSym satisfy the same relations for this basis as the
analogous operations on PNSym do for the basis (F,x,g)( we just

is a basis of the k-module WPNSym, and our

a,0) is a mopiscotion (
have to replace each “F” by “F”). It is thus easy to show that WPNSym is a graded
(but not connected) cocommutative k-bialgebra when equipped with -, and a (non-
graded) non-unital k-bialgebra when equipped with *. (Here we use the facts that
the tensor product of two cocommutative bialgebras is a cocommutative bialgebra,
and that the tensor product of two non-unital bialgebras is a non-unital bialgebra.)

As we said, WPNSym is almost the PNSym that we care about. But WPNSym
does not satisfy the rule

Foo = Fg¢ for (B,7) =red (a,0)

that is fundamental to the definition of PNSym. Hence, PNSym is not quite
WPNSym but rather a quotient of WPNSym. To be specific, we define a k-submodule
Lieq of WPNSym by

Lied 1= spany (f,w - fm | (B, 7T) =red (a, 0'))
= spany <1?,w - ﬁ[;,T | red (B, T) = red (a, (7)) :

It is not too hard to show that this [.q is an ideal of WPNSym with respect to
both - and * and a coideal with respect to A. Hence, the quotient WPNSym /.4
inherits all operations of WPNSym, thus becoming a graded bialgebra under -
and A and a non-unital bialgebra under * and A. Moreover, the graded bialgebra
WPNSym / ILeq is connected (since red («,0) = (&, @) whenever |a| = 0), and thus
is a Hopf algebra. As we recall, this means that PNSym is a well-defined connected
graded Hopf algebra (since PNSym = WPNSym /I;.q). This completes the proof
of Theorem 2.7 again. O

Proposition 2.8. Let n € IN. Then, the n-th graded component PNSym, of
PNSym is a free k-module of rank

£ (e

k=0
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Proof idea. Clearly, PNSym, is a free k-module with a basis consisting of all F,
where (&, 0) ranges over all mopiscotions satisfying |«| = n. It remains to show

non=1
that the number of such mopiscotions is ), <Z k) k!. But this is easy: For any k,
k=0 -

-1
the number of such mopiscotions in which & has length k is (Z B k) k! (since there

n—1 s : :
are ( k) compositions of 7 into k parts, and k! permutations o € &). O
n J—

-1
We note that the addend (Z k) k! in Proposition [2.8 can also be rewritten as

k-(n—1)(n—2)---(n—k+1) when n is positive (but not when n = 0).
Here are the ranks of the free k-modules PNSym,, for the first few values of n:

n 01|23 |4]| 5 6 7
rank (PNSym, ) | 1|1 |3 |11 |49 | 261 | 1631 | 11743

Starting at n = 1, this sequence of ranks is known to the OEIS as Sequence A001339,
and has appeared in the theory of combinatorial Hopf algebras before ([HiNoTh06,
§3.8.3]), although the Hopf algebra considered there appears to be different (per-
haps dual to ours?)

Theorem 2.9. Let PNSym(z) be the non-unital algebra PNSym with multiplica-

tion *. Then, every connected graded bialgebra H becomes a PNSym(Z)-module,
with F,, acting as p,,. Moreover, the action of an external product uv of two
elements u,v € PNSym on H is the convolution of the action of u with the action
of v.

Proof idea. The first claim follows from Theorem the second from Proposition
O

There is also an analogue of the “splitting formula” ([GKLLRT94, Proposition
5.2]) for PNSym, connecting the two products (internal and external) with the co-
multiplication:

14Some words about the connection to [HiNoTh06, §3.8.3] are in order. One of the many concepts
studied in [HiNoThO06] is the stalactic equivalence, an equivalence relation on the words over a
given alphabet A. It is the equivalence relation on A* defined by the single axiom uawav =
uaawv for any words u, v, w € A* and any letter a € A. It is easy to see that two words u,v € A*
are equivalent if and only if they contain each letter the same number of times, and the order
in which the letters first appear in each word is the same for both words. Thus, each stalactic
equivalence class is uniquely determined by the multiplicities of its letters and by the order in
which they first appear. For initial words (i.e., for words over the alphabet {1,2,3,...} whose
set of letters is [k] for some k € IN), this data is equivalent to a mopiscotion («,0) (where a
determines the multiplicities of letters, and ¢ determines their order of first appearance). The
number of stalactic equivalence classes of initial words of length #n thus equals the number of
mopiscotions («, ) with |a| = n.



https://oeis.org/A001339
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Theorem 2.10. Let f,g,h € PNSym. Write A (k) as A (h) = }_ h(y) ® hyp) (using
(h)

Sweedler notation). Then,

) eh =1 (f #hen) (s 0im)

(To be more precise, the analogue of [GKLLRT94, Proposition 5.2] would be the
generalization of this formula to iterated coproducts A"l (1), but this generalization
follows from Theorem by a straightforward induction on r.)

Proof idea for Theorem This can be easily shown using Definition (An im-
portant first step is to show that the formulas for F, - Fp,r and F, ; * Fg ¢ hold not
only for mopiscotions («,0) and (B, T) but also for weak mopiscotions (&, ) and

(8,7))
Alternatively, we can derive Theorem 2.10|from the analogous claim about WPNSym,

which in turn follows from the analogous claims about WNSym and Perm. (For

example, the analogous claim for Perm holds because w [0 @ 7] = (w [0]) ® (w [7])

for any three permutations o, 7, w.) O

Remark 2.11. The k-linear map

p : PNSym — NSym,
Fuo — Hy for any mopiscotion (a, o)

is a surjection that respects all structures (external and internal multiplication,
comultiplication and grading).
This surjection is furthermore split: The k-linear map

i : NSym — PNSym,
Hy — Fyia for any composition &
(where id denotes the identity permutation in &; where a has length k) is an

injection that is right-inverse to p and respects external multiplication, comulti-
plication and grading (but does not respect internal multiplication).

I Proposition 2.12. The k-algebra PNSym (equipped with the external multiplica-
tion) is free.

Proof idea. This algebra is just the monoid algebra of the monoid of mopiscotions

under the operation («,0) - (8,7) = (B, 0@ T). But this monoid is free, with
the generators being the mopiscotions («,0) for which the permutation ¢ is con-
necte (as can be easily verified). ]

15Gee [GriRei20] Exercise 8.1.10] for the definition of a connected permutation.
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2.3. The Q) involution

If A is any k-algebra, then its opposite algebra A°P is defined as the k-algebra ob-
tained from A by “reversing the order of factors in a product”: i.e., as a k-module,
A° = A, but the product ab of two elements of A°P equals their product ba when
viewed as elements of A. This definition makes sense for both unital and non-unital
k-algebras.

A k-algebra A (unital or not) is said to be self-opposite if it is isomorphic to its
opposite algebra A°P. The non-unital k-algebra NSym(?) — that is, NSym equipped
with the internal multiplication * — is not self-opposite (at least not in a graded way)
in genera However, the non-unital k-algebra PNSym(Z) (as defined in Theorem
is self-opposite. Even better, the following holds:

Proposition 2.13. The k-linear map

() : PNSym — PNSym,

Foo — Pm.g—ll o1

is a graded k-bialgebra morphism from PNSym to PNSym (in particular, it re-

spects the external multiplication - and the comultiplication A) and is further-
O

more a non-unital k-algebra morphism from PNSym®) to <PNSym(2)) ’ (that

is, it satisfies Q) (a xb) = QO (b) *x Q) (a) for all a,b € PNSym). Moreover, it is an
involution (i.e., satisfies () o () = id).

Proof. This can be checked by hand. Alternatively, use Proposition in a faithful
representation argument along the lines of the First proof idea for Theorem O

2.4. The Janus monoid and the structure of internal
multiplication
We shall now take a closer look at the internal multiplication * on PNSym.

For this entire section, we fix an n € IN. Consider the n-th graded component
PNSym, of PNSym. As we know, this component PNSym, is closed under the

16Namely, its 5-th graded component NSyméz) is not self-opposite when k is a field of characteristic

0. Indeed, this is implicit in [Saliol08]]: By [Saliol08, Theorem 2.1], it suffices to prove that the Ss-
invariant subalgebra (kF )55 is not self-opposite. By [Saliol08, Proposition 4.1], this subalgebra
is a split basic algebra. If it was self-opposite, its quiver (see [Saliol08, §3]) would thus be
isomorphic to the quiver obtained from it by reversing all arrows. But the quiver of (kF )55
is described explicitly in [Saliol08, Theorem 8.1], and has three sources (i.e., vertices with no
incoming arcs) but only two sinks (i.e., vertices with no outgoing arcs). Thus, this quiver cannot
be isomorphic to the quiver obtained from it by reversing all arrows. This shows that the k-

(2)

algebra NSym;™ is not self-opposite when k is a field of characteristic 0.

Hence, NSym(z) is not self-opposite as a graded non-unital k-algebra under this condition.
Theoretically, this does not preclude it being self-opposite without the grading, but I don’t
consider this to be very likely.
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internal multiplication * (indeed, this is clear from the definition of *). Moreover,
the element F((,,) iq) of PNSym,, is a neutral element for x. Thus, PNSym, becomes
a (unital) k-algebra under the internal comultiplication *. Let us denote this k-
algebra by PNSymfiz).

As we saw in Remark the surjection p : PNSym — NSym respects *. Thus,
PNSymSZZ) surjects onto the k-algebra NSymSZZ), which is known to be isomorphic
to the descent algebra of the symmetric group &, (see [GKLLRT94, §5.1]). Hence,

PNSymSZZ) can be viewed as a “twisted” version of the descent algebra (though not

in the same sense as in [PatSch06]]). Therefore, we can try to extend to PNSym,(f) the
rich theory that has been developed for the descent algebra ([GarReu89], [Bidiga97],
[Schock04], etc.).

An important tool for understanding the descent algebra is the face monoid (aka
Tits monoid) of the braid arrangement. Its use has been pioneered by Bidigare in
[Bidiga97]; a more recent exposition is found in [Saliol06]. As we will soon see,

the analogous role for PNSym,(qz) is played by the Janus algebra of the braid arrange-
ment, defined by Aguiar and Mahajan in [AguMah20, §1.9.3]. We will introduce
this algebra in a combinatorial language, avoiding any mention of hyperplane ar-
rangements, as the combinatorial arguments stand well on their own legs here and
the geometric viewpoint would be a distraction.

2.4.1. Set compositions and their friends

We begin by defining a number of combinatorial structures related to set composi-
tions (also known as ordered set partitions):

* A weak set composition of [n] means a (finite) tuple (A1, Ay, ..., Ax) of disjoint
subsets of [n] such that A UA,U---UAg = [n]. The entries A; of such a
tuple are called its blocks. Note that some of these blocks A; can be empty, so
k can be arbitrarily large. We let WSC be the set of all weak set compositions
of [n]. This is an infinite set.

e A set composition of [n] means a weak set composition of [n] whose blocks
are all nonempty. For instance, ({2,5}, {1}, {3,4}) is a set composition of
[5], but ({2,5}, @, {1}, {3,4}) is only a weak set composition of [5]. We let
SC be the set of all set compositions of [n]. This is a finite set, whose size is
known as the n-th ordered Bell number.

* A weak set mopiscotion of [n] means a pair (A,o) consisting of a weak set
composition A of [n] that has k blocks and a permutation o € &. Likewise
we define set mopiscotions. We let WSM be the set of all weak set mopiscotions
of [n], and we let SM be the set of all set mopiscotions of [].

e If A = (A1, Ay, ..., Ag) is a weak set composition of [n], then comp A is the
weak composition of n defined by

comp A := (|A1],|A2],..., |Ax]) -
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If A is a set composition, then comp A is a composition.

e If A= (A1,Ay ..., Ar) € WSC is a weak set composition with k blocks, and
if c € &, then A -0 is the weak set composition (Ag(l),AU(z),...,AU(k)>.
This gives a right action of &y on the set of all weak set compositions of [#]
with k blocks. Two weak set compositions A and B are said to be support-
equivalent if A = B - o for some ¢ € & (that is, if A can be obtained from
B by reordering the blocks). This is an equivalence relation; its equivalence
classes are called the weak set partitions of [n]. (They can be viewed as set
partitions that allow empty blocks.) Likewise, we define set partitions of [n]
as support-equivalence classes of set compositions. (These can be identified
with the usual set partitions from enumerative combinatorics.)

If A is a weak set composition, then its support-equivalence class is called its
support and is denoted supp A.

For instance, the two set compositions ({2,5}, {1}, {3,4}) and ({1}, {3,4}, {2,5})
are equivalent.

* A weak set bicomposition of [n] means a pair (A, B) of two weak set compo-
sitions A and B that have the same support (i.e., satisfty A = B - ¢ for some
o € &, where k is the number of blocks of B). We let W] be the set of all
weak set bicompositions of [n]. Likewise, we define set bicompositions, and
we call their set J. The letter J is for “Janus”, as we regard A and B as the
two “faces” of a weak set bicomposition (A, B); this terminology goes back to
[AguMah20, §1.9.3].

Between all these sets we have a number of maps:

* We have the so-called reduction maps, whose purpose is to remove empty
blocks from weak set compositions. Specifically, these are the maps
red : WSC — SC,
red : WSM — SM,
red : W] — ]

defined as follows:

- If A= (A1, Ay, ...,Ar) € WSC is a weak set composition, then red A :=
(Aj,, A, ..., Aj,) € SC, where (j; < jo < --- < jy) is the list of all ele-
ments i of [k] satisfying A; # .

- If (A,0) € WSM is a weak set mopiscotion with A = (A1, Ay, ..., Ag)
and o € &, then

red (A,0) := (red A, 7) € SM,

where (j; < jo < --- < jj) is the list of all elements i of [k| satisfying A; #
&, and where T € &, is the standardization of the list (¢ (j1),0 (j2) , ..., (ji))
(as in Definition [2.4).
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- If (A, B) € W] is a weak set bicomposition, then red (A, B) := (red A, red B) €
J.

¢ We have a map

qw : WSM — WJ,
(A,0) (A, A~a’1>

and an analogously defined map g : SM — ] (which is simply the restriction
of gw to the subset SM).

Most importantly, we have monoid structures on some of the above sets:

e The lexicographic meet A N\ B of two weak set compositions A = (A1, Ay, ..., Ak)
and B = (By, By, ..., By) of [n] is defined to be the weak set composition

AANB:=(A1NBy, A1NBy, ..., A1NBy,
AN By, ApNBy, ..., AoN By,

o« ey

ArNBy, AxNBy, ..., AkﬂBg)

of [n]. (This is just the k{-tuple consisting of all the intersections A; N B, listed
in the order of lexicographically increasing (i,j).) This operation (A, B) —
A N B makes WSC into a monoid (the associativity is easy to check); its neutral
element is the 1-block weak set composition ([n]).

* The reduced lexicographic meet AB of two set compositions A and B of [n] is
defined to be the set composition red (A A B). This operation (A,B) — AB
makes SC into a monoid (but not into a submonoid of WSC). This monoid
is a band — i.e., a monoid in which every element is idempotent. It is known
as the face monoid (or Tits monoid) of the type-A braid arrangement (due to
a geometric interpretation of set compositions as faces of the arrangement —
see, e.g., [Saliol06, §1.2.1]). The map red : WSC — SC is a surjective monoid
morphism.

e The lexicographic meet (A,o) A (B,T) of two weak set mopiscotions (A, )
and (B, T) is defined to be the weak set mopiscotion (AAB, T[c]). This
makes WSM into a monoid (actually a submonoid of WSC x&, where & is
as defined in the Second proof idea for Theorem [2.7). Its neutral element is

(), idy )

e The reduced lexicographic meet (A, ) (B, T) of two set mopiscotions (A, ¢) and
(B, 7) is defined to be the set mopiscotion red ((A,0) A (B, T)). This makes
SM into a monoid. The map red : WSM — SM is a surjective monoid mor-
phism.
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e The lexicographic meet (A, A’) A (B, B’) of two weak set bicompositions (A, A’)
and (B, B’) is defined to be the weak set bicomposition (A A B, B’ A A’) (note
the reverse order of factors in the second argument!). This makes W] into a
monoid, known as the (type-A) weak Janus monoid.

* The reduced lexicographic meet (A, A’) (B, B’) of two set bicompositions (A, A’
and (B, B’) is defined to be the set bicomposition red ((A,A’) A (B,B’)) =
(red (AAB), red (B’ A A’)). This makes J into a monoid, known as the (type-
A) Janus monoid. The map red : W] — ] is a surjective monoid morphism.

Proposition 2.14. The diagram

WsM Y, Wi

redJ lred

is commutative.

Proof idea. A refreshing exercise in the definition of standardization.
Let (A,0) € WSM. We must show that red (gw (A, 0)) = g (red (A, 0)).
Write the weak set composition A as A = (A1, Az, ..., Ax). Then, the definition of
red : WSM — SM yields
red (A,0) = (red A, 1), (44)

where (j1 < j» < --- < jj) is the list of all elements i of [k] satisfying A; # @&, and where
T € 6y, is the standardization of the list (¢ (j1),0 (j2),...,0 (ju)) (as in Definition [2.4).
Thus,

g(red (A,0)) =g (redA, 1) = <red A, (redA) 'T’l) (45)

by the definition of g.
By the definition of gw, we have gw (A,0) = (A, A0~ 1), so that

red (gw (A, 0)) = red (A, A- 0*1> = (red A, red (A . (771)) . (46)

We must prove that the left hand sides of the equalities and are equal. Clearly,
it suffices to show that the right hand sides are equal. In other words, it suffices to show
thatred (A 0~ 1) = (redA) - T~ L.

Both set compositions red (A -0 ~!) and (red A) - 7! are obtained from A by removing
all empty blocks and permuting the blocks (either before or after the removal of empty
blocks). Thus, they both consist of the nonempty blocks of A in some order. In order to
show that red (A-0~1) = (red A) - 77!, we only need to prove that the orders in which
they contain these nonempty blocks are the same. In other words, we must prove that if p
and g are two distinct elements of [k| such that A, # @ and A; # &, then the equivalence

(Ap occurs before A, in red <A . 071))

— (Ap occurs before A, in (red A) - T_1> 47)
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holds. So let us prove this. Let p and g be two distinct elements of [k] such that A, # @ and
A, # @. Then, we have p = j, and g = j, for some x,y € [h]. But we have the following
chain of equivalences:

(Ap occurs before A; in red (A ' ‘7_1))

= (o(p) <o(9))
= (c(jx) <o (jy)) (since p = jx and q = j,)
= (t(x) <1(y))

(since 7 is the standardization of the list (¢ (j1),0 (j2),...,0 (jiu)), so that the relative order
of the values of T agrees with the relative order of the entries of (¢ (j1),0 (j2),...,0 (ji)))-
We also have the following chain of equivalences:

(Ap occurs before A; in (red A) - T_l)
= (ij occurs before A;, in (red A) - T’l) (since p = jx and q = j,)
<— (ij occurs before A]-y in (Afrlu)’Afrl(z)’ .. .,A]-r1 (h)))

since the definition of red A shows
that red A = (A;, Aj,,..., A;j,) and

thus (red A) T = (Ajr—1(1)’ A]}—l(z)’ e Ajr—l (h))
(jx occurs before j, in (Tﬁl 1), T4@2), ..., 7! (h)))
(t(x) <t(y)-

Comparing these two chains of equivalences, we obtain the desired equivalence (7)), which
is all that stood between us and the proof of Proposition [2.14] O

(|

Proposition 2.15. The maps gw : WSM — WJ and ¢ : SM — ] are monoid
morphisms.

Proof idea. An easy exercise about T [¢].

In more detail: It suffices to show that gw : WSM — W] is a monoid morphism, since
then the commutative diagram in Proposition (and the surjectivity of red : WSM —
SM) will yield the same claim about g : SM — J.

So we must prove the equality gw ((A,0) A (B, 7)) = gw (A, o) A gw (B, T) for any two
weak set mopiscotions (A, c) and (B, 7). Fix two weak set mopiscotions (A, ) and (B, 7).
The definition of gw yields gw (A,0) = (A, A-¢~!) and gw (B,7) = (B, B- 7 !). Thus,

ow (A, ) A gw (B,T) = (A, A-a’1> A (B, B-r*l)
- (A/\B, (B-T‘l) A (A~0‘1>) . (48)
On the other hand, we have (A,0) A (B,7) = (AAB, T[c]), so that

gw ((A,0) A (B, 7)) = gw ((AAB, T[0]))
= (A AB, (AAB)- (1 [a])*l) . (49)
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We must prove that gw ((A,0) A (B, 7)) = gw (A, 0) A gw (B, 7). In other words, we must
prove that the left hand sides of the equalities and are equal. Clearly, it suffices to
show that the right hand sides are equal. This boils down to showing that

(B : T*l) A (A : (7’1) = (AAB)-(T[o]) . (50)
But this is all about permutations: Both weak set compositions (A A B) - (T [0]) ™" and
(B . T_l) A (A : 0'_1) contain the same blocks (namely, the pairwise intersections A; N B;),
but we must show that these blocks also appear in the same order. Both of our weak
set compositions have k¢ entries each, but it is best to index them not by the numbers
i € [kl] but rather by the pairs (j,i) € [¢] x [k] (in lexicographically increasing order).
Upon this reindexing, the (j, i)-th entry of (B- 7~ ') A (A -0~ !) becomes B -1(;y N Ay-1(;) =
Ag1(j) N Br-1(j)- What about the (j,i)-th entry of (AAB) - (T [0]) " ? Recall the tormutation
¢’ (¢) defined in the second proof idea for Theorem As we know, T [o] is really just
the standardization of the tormutation 7 (0) : [k] x [¢] — [¢] x [k] that sends each (u,7v) to
(T (v),0 (u)). Our reindexing has turned (A AB) - (t]o]) " into (AAB) - (t{c)) ", But
(t (o))" (j,i) = (71 (i), 7" (j)). Hence, the (j,i)-th entry of (AAB) - (t[0]) " is the
(71 (i), 7" (j))-th entry of A A B; but the latter entry is A,-1(;) N B-1(;). This is the same
answer that we obtained for the (j,i)-th entry of (B-77!) A (A-0~!). Hence, we have
shown that respective entries of (AAB) - (t[¢])”" and (B-7 1) A (A-c~1) are equal.
Thus, (50) follows, and we are done. L]

| Proposition 2.16. The map g : SM — ] is a monoid isomorphism.

Proof idea. Also easy (but note that this does not apply to gw, since gw is not injec-
tive!).

In more detail: We already know from Proposition that ¢ is a monoid morphism.
It remains to prove that g is bijective. Surjectivity is clear, since each (A, B) € J satisfies
A = B - for some ¢ € &. To prove injectivity, we must show that this ¢ is unique. But
this is clear, because the blocks of B are distinct (being nonempty disjoint sets) and thus
cannot be nontrivially permuted without changing B. ]

We could also define a monoid structure on the sets of (weak) set partitions, i.e.,
on the images of the support maps. Then, the support maps would be monoid
morphisms.

All the above-defined monoids come with a left action of the symmetric group &,
(unrelated to the right action of & that was used in defining supports). Namely:

¢ The symmetric group &, acts on WSC and on SC by the rule
(. (Al,Az,. . .,Ak) = (O'(Al), U'(Az), ey O'(Ak)) .

(Here, o0 (A;) is understood as usual - i.e., as the image of the subset A; of [n]
under ¢.)
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¢ The symmetric group &, acts on WSM and on SM by the rule
c-(A,71):=(0-A, 1).
(Thus, ¢ only affects the first argument of a weak set mopiscotion.)
¢ The symmetric group &, acts on W] and on | by the rule
c-(A,B):=(c-A, c-B).
(That is, o acts diagonally on the two arguments.)
All these actions are actions by monoid automorphisms.

Remark 2.17. Let us briefly discuss the connection of our Janus monoid ] to the
Janus monoid of Aguiar and Mahajan.

In [AguMah20, §1.9.3], Aguiar and Mahajan define the Janus monoid J [A] of
a hyperplane arrangement .A. It consists of the so-called bifaces, which are the
pairs (U, V) of two faces of A such that U and V have the same support (i.e.,
supporting hyperplane). When A is the braid arrangement in R”, the faces of
A are in canonical bijection with the set compositions of [n], and the support
of a face corresponds to the (unordered) set partition obtained by forgetting the
order of the blocks in the corresponding set composition. Thus, the bifaces of
the braid arrangement are what we call set bicompositions. The multiplication
of bifaces that defines the product in J [A] turns out to be precisely our reduced
lexicographic meet operation on set bicompositions.

2.4.2. Algebras and the master diagram

Each monoid M induces a monoid algebra k [M], which is a k-algebra that is
spanned freely (as a k-module) by the elements of M and whose multiplication
is just the multiplication of M extended by linearity. In particular, all the above-
defined monoids WSC, SC, WSM, SM, W] and ] have monoid algebras k [WSC],
k [SC], k [WSM], k [SM], k [W]] and k [J]. Some of these algebras have names: k [J]
is known as the Janus algebra, while k [SC] is known as the face algebra or the Tits
algebra. The symmetric group &, acts on each of the above-listed monoids by
monoid automorphisms, and thus acts on all their monoid algebras by k-algebra
automorphisms.

Any monoid morphism f : M — N induces a k-algebra morphism k [M] —
k [N], which we shall again denote by f by abuse of notation. In particular, the
commutative diagram in Proposition thus induces a commutative diagram of
k-algebras and k-algebra morphisms

k [WsM] 2 k [wW]]

redl Jred

k [SM] —— k]
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(by Proposition [2.15).
However, we can do more with the algebras than we could with the monoids.
For this purpose, we recall the k-algebra PNSym,(f), which has basis

(FWT) (a,0) is a mopiscotion with |a|=n *

We also consider the analogously defined k-algebra WPNSym,gz), which has basis

(a,0) is a weak mopiscotion with |a|=n

(see the Second proof idea for Theorem for its precise definition). There is a
surjective k-algebra morphism

red : WPNSym?) — PNSym?),

Foo = Fap

(since the rule for multiplying F, ;’s in PNSym,SZ) is exactly the rule for multiplying
Fyo's in WPNSym,(f)). Now we claim the following.
Theorem 2.18. Consider the two k-linear maps
fw : WPNSym® — k [WSM],
Foorr Y. (A0)

AcWSC;
comp A=a
and
f: PNSym!?) — k[SM],
Faoo > Y. (A0).
A€eSC;
comp A=q
Then:

(a) Both maps fw and f are injective k-algebra morphisms.

(b) The diagram

WPNSym(? Y k [wsm] £ k (W]

redl redl lred

PNSym?) — kM) —— K []

1s commutative.

(c) Recall the &,-actions on k [WSM] and k [SM]. Then, the image of fy is
the & -invariant part of k [WSM] (that is, the k-subalgebra of k [WSM]
consisting of all vectors v € k [WSM] that satisfy c-v = v for all ¢ € &,).
Likewise, the image of f is the & -invariant part of k [SM].
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Proof idea. (b) Thanks to Proposition we only need to show the commutativity
of the left square. But this is fairly easy.

(a) Injectivity is easy for both fiy and f. Next, it is easy to prove that fw is a k-
algebra morphism. Since red : WPNSym,(f) — PNSym,(f) is a surjective k-algebra
morphism, we conclude that f is a k-algebra morphism as well.

(c) This is pretty obvious, since the images of F, , under f (resp., the images of
F, o under f) are precisely the orbit sums of the &,-action on WSM (resp. SM). [J

Corollary 2.19. The k-algebra PNSym,(f) is isomorphic to the &;-invariant part
of k []J].

Proof idea. Consider the following chain of k-algebra isomorphisms:

PNSym!(?) = f (PNSym,(f)) (by Theorem ()
= (&, -invariant part of k [SM]) (by Theorem (0))

= (Gy-invariant part of k [J])

(since g : SM — ] is an &,-equivariant monoid isomorphism by Proposition
and thus gives rise to an &,-equivariant k-algebra isomorphism k [SM] — k [J]).
O]

Note that we have not used the associativity of the operation * in our proof of Corollary
(except in order to call PNSym,(f) a k-algebra; but we could have just as well called it a
nonassociative k-algebra until we knew that it is associative). Thus, Corollary 2.19 provides
a new proof of the associativity of the operation * on PNSym, (and thus on all of PNSym).

2.4.3. The structure of PNSymflz)

We shall next combine Theorem 2.18 with some known results about bands ([Brown04),
Appendices A and BJ) to uncover the structure of the k-algebra PNSym,(f).

We recall that a band means a semigroup in which every element is idempotent.
It is easy to see that SC and ] are bands.

Let us say some general words about finite bands first.

Let S be any finite band. Then, a partial preorder (i.e., reflexive and transitive
relation) = is defined on S by setting

(x=y) < (x=yx).

Like any partial preorder, this preorder = induces an equivalence relation ~ de-
fined by

(x~y) < (x>=yandy = x).
The equivalence class of an element x € S is called the support of x, denoted supp x.
The set of all supp x with x € S is called the semilattice of supports of S, and is




A Solomon Mackey formula for graded Hopf algebras, version October 16, 2024, page 67

denoted L. It is a partially ordered set (since the preorder = descends to a partial
order on L), and in fact a semilattice (by [Brown04, Theorem A.11]). The join
operation of this semilattice does in fact descend from the multiplication on S:
that is, we have (suppx) V (suppy) = supp (xy) for all x,y € S (by [Brown04,
(A.3)]). Hence, L (equipped with the join operation) is a semigroup, and the map
supp : S — L is a surjective semigroup morphism. By linearizing supp, we obtain
a surjective non-unital k-algebra morphism supp : k [S] — k[L]. (In all cases we
are interested in, S is actually a monoid, so all these k-algebras and morphisms are
unital, but the theory works just as well for proper semigroups.)

The monoid algebra k[L] is isomorphic to the direct-power algebra k via a
k-algebra isomorphism ¢ : k[L] — k! (see [Brown04, §B.1]). Composing this
isomorphism ¢ with supp : k[S] — k[L], we obtain a surjective non-unital k-
algebra morphism ¢ = ¢ osupp : k [S] — kL. It is shown in [Brown04, Theorem
B.1] that the kernel Ker ¢ is a nilpotent ideal of k [S]. If k is a field, this entails
that the k-algebra k [S] has Jacobson radical (and nilradical) equal to Ker ¢ and
semisimple quotient isomorphic to k& (since k[S] / Ker¢ = Imy = k' is clearly
semisimple). When S is a monoid, all these algebras and morphisms are unital.

Applying all this to S = SC, we recover classical properties of the face alge-
bra k [SC] ([Bidiga97, §2.3.3]), once we understand what the semilattice of sup-
ports L is. Namely, if S = SC, then the equivalence relation ~ on S we have
defined above turns out to be precisely the support-equivalence relation for set
compositions. Thus, the semilattice L in this case is naturally isomorphic to the
(reversed)m lattice of partitions of the set [n]; the support map supp : SC — L
essentially turns a set composition into a set partition by forgetting the order of the
blocks. Using the identification of the descent algebra with the &,-invariant part
of k [SC], we can furthermore derive structural properties of the descent algebra
from this ([Solomo76, Theorem 3 in the type-A case], see also [Bidiga97, §3.8.5] and
[GarReu89, Theorem 1.1]).

It is not much harder to analyze the case of S = ] in the same way. The relevant
lemma is the following (easy proof left to the reader):

Lemma 2.20. Let (A,A’) and (B,B’) be two set bicompositions.  Then,
‘ supp (A,A’) = supp (B,B’) if and only if suppA = suppB = suppA’ =
supp B'.
Thus, the semilattice of supports L for S = ] is the same as for S = SC, namely
the (reversed) lattice of partitions of [n]. The above-mentioned general results about
bands then apply again. We obtain the following;:

Theorem 2.21. (a) There is a surjective k-algebra morphism ¢ : k [J] — k&, where
L is the set of all set partitions of [n]. Its kernel Ker ¢ is nilpotent. Furthermore,

7The reversal is annoying but necessary: The join operation V on the semilattice S is the meet
operation A in our above terminology.
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this morphism ¢ is &,-equivariant (i.e., respects the &,-module structures on
k[J] and kb).
(b) Now assume that n! is invertible in k. Then, there is a surjective k-algebra

morphism ¢/ : PNSym,(qz) — kP, where P is the set of all partitions of n. Its
kernel Ker (¢') is nilpotent.

Proof idea. (a) All of this follows from the discussion above the theorem, except for
the last claim about &;-equivariance, which is obvious.

(b) We note the following general fact:

Claim 1: Let f : V — W be a surjective morphism of representations of
Sy. Then, the restriction of f to the &,-invariant part of V is a surjective
map onto the &,-invariant part of W.

Proof of Claim 1. Let w belong to the & -invariant part of W. Then, w = f (v) for

some v € V (since f is surjective). Consider this v, and set v := por Y. ov (which
c0EG,
is well-defined, since n! is invertible in k). Then, ¢’ lies in the &,-invariant part of

V, and satisfies

1 1
f@)== Y flov)=—= Y, of(v)
n! e, 7 n! eSS, N
=0f(v) =
1 1 1
:—,Z gw, :—|Zw:—|n!w:w.
n:,es, % nses, n:
(since w is &y-invariant) N——
=[Gn|w
=nlw

This shows that w is an image under the restriction of f to the &,-invariant part of
V. This proves the desired surjectivity, i.e., Claim 1. O

Now, the morphism ¥ from part (a) is &,-equivariant, hence is a morphism of
representations of &,. Thus, it restricts to a morphism ¢’ from the &,-invariant
part of k [J] to the &-invariant part of kE. This restriction ¢’ must again be surjec-
tive (by Claim 1, since ¢ is surjective). Thus, ¢ is a surjective k-algebra morphism
from the & -invariant part of k [J] to the &,-invariant part of k".

But the former part is isomorphic to PNSym,(f) (by Corollary , whereas the
latter part is isomorphic to k” (since it is spanned by the orbit sums in k%, but there
are clearly |P| such orbit sums — one for each partition of n — and these orbit sums
are orthogonal idempotents). Thus, Theorem (b) follows. O

When k is a field of characteristic 0, Theorem (b) shows that the kernel
Ker (7r') is the Jacobson radical (and the nilradical) of PNSymSZZ), while k¥ is the

semisimple quotient of PNSym}(qz). Note that k” can also be interpreted as the
center of the symmetric group algebra k [S,] when n! is invertible in k.
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Remark 2.22. As we pointed out in Remark our Janus monoid ] is isomor-
phic to the Janus monoid J [A] of the type-A braid arrangement, as defined in
[AguMah20, §1.9.3]. Thus, our Janus algebra k [A] is isomorphic to the Janus
algebra J[A] defined loc. cit.. Hence, our k-algebra PNSymSZZ) is isomorphic
to the &,-invariant part of the latter. This invariant part has also been studied
by Aguiar and Mahajan [AguMah22, §1.12.3] (who have even introduced a g-
deformation thereof). While their focus is different from ours, there are some

overlaps in the results obtained. In particular, the PNSymi(qz) = (PNSym,(,lz)>op

part of Proposition appears in [AguMah?2?2], being entirely obvious from the
Janus viewpoint (the isomorphism corresponds to sending (A, B) — (B,A) in
the Janus monoid), and parts of Theorem [2.21| (a) appear in [AguMah22, §1.12.4].
Finally, [AguMah20, Proposition 11.6] is an analogue of our Theorem [2.9| for .A-
bimonoids instead of connected graded bialgebras.

Aguiar and Mahajan mostly study a single hyperplane arrangement A in iso-
lation, so they do not appear to get any results about the external multiplication
and the coproduct on PNSym. However, it might be possible to extend their
theory to towers of arrangements, and interpret these operations in geometric
terms as well.

2.5. Questions

Much remains to be understood about PNSym. Many combinatorial Hopf algebras
can be embedded into algebras of noncommutative formal power series (i.e., com-
pletions of free algebras) such that the comultiplication A is an “alphabet doubling”
operation. For instance, NSym has such an embeddinﬂ

Question 2.23. Does PNSym have such an embedding as well?

We can ask about some other features that certain combinatorial Hopf algebras

have:

Question 2.24. Does PNSym have a categorification (e.g., a presentation as Ky of
some category)?

Question 2.25. Is there a cancellation-free formula for the antipode of PNSym ?

Question 2.26. Is PNSym isomorphic to the dual of the commutative combina-
torial Hopf algebra arising from [HiNoITh06, §3.8.3]?

18This is explained, e.g., in [GriRei20, §8.1]: Namely, [GriRei20, Corollary 8.1.14(b)] embeds

NSym in the Hopf algebra FQSym, whereas [GriRei20, (8.1.3)] embeds FQSym in the algebra
k ((X31, X2, X3,...)) of noncommutative formal power series.
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Question 2.27. What are the primitive elements of PNSym ? We recall that the
primitive elements of NSym correspond to the Lie quasi-idempotents in the de-
scent algebra ([GKLLRT94, Corollary 5.17]), and include several renowned fami-
lies, such as the noncommutative power sums of the first two kinds ([GKLLRT94,
§5.2], [GriRei20, Exercises 5.4.5 and 5.4.12]) and the third kind ([KrLeTh97, Defi-
nition 5.26]) and the Klyachko elements ([KrLeTh97, §6.2]). What is the meaning
of primitive elements of PNSym ? Do some of them act as quasi-idempotents on
every connected graded bialgebra H ?

Question 2.28. Is the dual of PNSym a polynomial ring? (For comparison, the
dual of NSym is QSym, which is a polynomial ring by a result of Hazewinkel
[GriRei20, Theorem 6.4.3]. Note that the dual of PNSym is a commutative con-
nected graded k-bialgebra, and thus a polynomial ring whenever k is a field of
characteristic 0 by Leray’s theorem [GriRei20, Remark 1.7.30 (a)]. The interesting
question is what happens for arbitrary k.)

Question 2.29. Let us rename the Janus monoid ] as ], to stress its dependence
on n. Can the Janus algebras k [J,,] for varying n € IN be combined into a combi-
natorial Hopf algebra on the k-module EB [J,,] equipped with a second multi-

plication, extending PNSym? (The second multiplication would be coming from
the k [J,,]’s, while the first multiplication and the comultiplication would extend
those on PNSym.) Such a Hopf algebra would probably be a Janus analogue of
the NCQSym* from [BerZab09, §5.2].

Sarah Brauner suggests another question: It is known that for any n € IN, the

span of the elements Y H, over all k € {0,1,...,n} is a commuta-
« is a composition of n;
(a)=k

tive subalgebra of the k-algebra NSym( ); this subalgebra is known as the Eulerian
subalgebra (this appears, e.g., in [Schock04 §4.2] in the language of the descent al-
gebra). Is there an analogous “Eulerian” subalgebra of PNSyrn( ) 2 The following
appears to work for small n:

Question 2.30. Fix n € N, and set ¢, := Yy Fys € PNSym_ for
« is a composition of 1;
L()=k
each k € IN and each ¢ € &;. Is the span of these ¢ , a k-subalgebra of PNSym,(lz)
(that is, closed under x)?

The answer is positive for all n < 4, but this subalgebra is not commutative for
n = 3 already.
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3. Application to identity checking

In this last section, we shall outline a way in which the above results can be used.
For an example, let us prove that every connected graded bialgebra H satisfies

(p1xp2—p2xp1)’ =0 (51)

(where the 5-th power is taken with respect to the composition o). To prove this
equality, we can rewrite the left hand side as <P(1,2),id — P21)d ’ (where id is the
identity permutation in &;), and expand this (using Theorem and Proposition
as a Z-linear combination of p,’s. According to Theorem for the above
equality to hold, this Z-linear combination has to be trivial (i.e., all coefficients
must be zeroes), which we can directly check. Alternatively, using Theorem we
can reduce the equality to the equality

*5
(F(lrz),id - F(Z,l),id) =0 in PNSym

(where the “x5” exponent means a 5-th power with respect to the internal product
x). This equality is straightforward to check using the definition of *.

Likewise, any identity such as (that is, any identity whose both sides are
formed from the maps p,, by addition, convolution and composition) can be
proved mechanically using computations inside PNSym. This approach can be
useful even if we don’t end up making the computations. For example, it shows
that when proving an identity such as (with integer coefficients), it suffices to
prove it for k = Q (since the Hopf algebra PNSym with all its structures is defined
over Z and is free as a k-module, so that its Z-version embeds naturally into its
Q-version). Moreover, it suffices to prove it in the case when all graded compo-
nents H, of H are finite-dimensional k-vector spaces (thanks to Theorem (b)).
This makes a number of methods available (graded duals, coradical filtratio
that could not be used in the a-priori generality of a connected graded bialgebra
over an arbitrary commutative ring. While this is perhaps not very unexpected, it
is reassuring and helpful.

This all can be applied to a slightly wider class of identities. Indeed, while in (51)
we don’t allow the use of the identity map idy : H — H, we can actually express
idy as the infinite sum po 4 p; + p2 + - - - . Infinite sums are not allowed in , but
we can replace them by finite partial sums if we restrict ourselves to the submodule
Hy + Hy + - - - + Hy of H. For example, if we want to prove the equality

(p1 *idgy —2idg) o (p1 *idy)* =0 on H,

for any connected graded bialgebra H (this identity is part of [Grinbe22, Theorem
1.4 (b)]), then we can replace each idy by pg + p1 + p2, which renders the equality

19Both of these methods have been used in proving such identities (see, e.g., [AguLaul4], [Pang18,
§3))-
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amenable to our PNSym-method. Likewise, the antipode S of a connected graded
Hopf algebra H is not directly of a form supported by our method, but can be
written as an infinite sum

Y (D) (pitprtpst )T =Y (-1 y Puids

keN keN a€IN¥ is a composition

which — when restricted to a submodule Hy + Hj + - - - + Hy — can be replaced by a

finite partial sum. Thus, claims such as Aguiar’s and Lauve’s result “ (S? — id)k =0
on Hj for any connected graded Hopf algebra H” (see [AgulLaul4, Proposition
7]) can (for a fixed k € IN) be checked using the PNSym-method (although this
particular claim has been extended and proved in a much more elementary way in
[Grinbe21]). I believe that the field of Hopf algebra identities is vast and mostly
unexplored so far.

Using Theorem we can obtain a similar method for checking identities for
general (not just connected) graded bialgebras. Such identities can be viewed as
equalities in the bialgebra WPNSym (constructed in our second proof of Theorem
instead of PNSym. Incidentally, this shows that any such identity that holds
for all graded k-Hopf algebras will necessarily hold for all graded k-bialgebras as
well.

Question 3.1. Is there a similar method for checking identities between maps
H®F — H®! as opposed to only maps H — H ?

The same problem without the grading has been solved by categorical methods
in Pirashvili’s 2002 paper [Pirash02].

We end this section with an open question that generalizes (51):

Question 3.2. Let i,j € IN. What is the smallest integer k (i,j) € IN for which
every connected graded bialgebra H satisfies

k(i,i
(pi*pj—pj*pi) W) — o

(where the power is with respect to composition)? In other words, what is the
smallest integer k (i,j) € IN for which

xk(i,]
) “P_0  in PNSym® ?

(P(i,j),id — Fijiid

Some known values (computed using SageMath) are

k(0,7) =1, k(i,i) =1, k(1,2) =5, k(1,3) =7,
k(1,4) =09, k(1,5) =11, k(1,6) =13, k(2,3) =9,
k(2,4) =09.

(Of course, k (i,j) =k (j,i) for all i and j.) It is striking that all these known values
are odd.
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A. Appendix: Rigorous proof of Proposition

We proved Proposition using combinatorial handwaving; let us now give a rigorous
(if rather cumbersome and tiring) proof. Arguably, this is just the above informal proof,
rewritten without Sweedler notation and handwaving, but the rewrite has turned out to be
surprisingly nontrivial.

Rigorous proof of Proposition Forget that we fixed («,0) and (B, 7).

In the following, the “hat” symbol ~ over an entry of a list will signify that this en-
try must be omitted from the list. For instance, “ (al,acz, oo B, .,(xk)” denotes the list
(@1, a2, ..., ax) without its g-th entry.

For each weak mopiscotion (¢,0) with o« = (a1, a2,...,a¢) € N* and ¢ € &, and for
each index q € [k] that satisfies a; = 0, we define a weak mopiscotion del («, 7, q) as follows:

e Let &/ denote the weak composition (041,1xz, B .,uck). This is the (k — 1)-tuple
obtained from & by removing the g-th entry, which is a; = 0. Note that any 0’s that
appear in « in positions other than the g-th are retained in «’'.

e Let 0’ € &;_; be the standardization of the list (0‘ (1),0(2),...,0(9),...,0 (k))
e Then, we define del (¢, 7, q) to be the weak mopiscotion (&', ¢").

We call del («, o, q) the deletion of g from («,0).
We can view this deletion as a single step from the weak mopiscotion («, ) to its reduc-
tion red («, o). The formal reason for this is the following lemma:

Claim 1: Let (x,0) be a weak mopiscotion with a = (a1, a2, ...,a;) € NF. Let
q € [k] be such that a; = 0. Let (a’,¢”’) := del (a,0,q). Then,

red (a,0) =red («/,0") .

In other words, deleting g from («,0) and then reducing the resulting weak
mopiscotion produces the same result as reducing («, 0) right away.

Proof of Claim 1. This is one of the kind of proofs that give combinatorics a bad name; but
we have little choice. Set

(B, 7) :=red (a,0) and (7, w) :=red (a’,0").

Thus, we must show that (B, 7) = (7, w).

Both compositions B and <y are obtained from a by removing all zeroes (either all at once
in the case of B, or starting with a,; and then the rest in the case of ). Hence, p = . It
remains to show that 7 = w.

Let (r1 < rp < --- < rr_1) be the list of all elements of [k] \ {4}, in increasing order. Thus,

K\{g} ={n<rn<- - <n}

and
l1<2<--<g<--<k)=(n<rn<--<r_) (52)
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(an equality of strictly increasing (k — 1)-tuples). Explicitly, we have r; = i+ [i > gq] for
each i € [k — 1], where we use the Iverson bracket notation ([.A] denotes the truth value of
a statement .A).

By the definition of del («,0,q), we have &' = (wl,ocz, R .,ock). Let us also denote
this (k — 1)-tuple a’ as &’ = (af, &%, ..., &}_;). Thus,

(ay, ... 00 1) =o' = (a1,00,...,00,...,0)

= (@8 ,) (by BB).

In other words,
o= a, foreachi € [k—1]. (53)

1 i

Let (j1 < jo < --- < jp) be the list of all elements i of [k — 1] satisfying «} # 0, in increas-
ing order. Then, by the definition of a reduction, w is the standardization of (¢’ (j1), ¢’ (j2), -
(since (7, w) = red (a/,0”)). Hence, by the definition of standardization, we know that for
every two elements a and b of [h] satisfying a < b, we have the equivalence

(w(a) <w (b)) <= (" (a) <" (b)) - (54)

Recall that (j; < j» < --- < jj) is the list of all elements i of [k — 1] satisfying a # 0.
Thus, the number of these elements is /. In other words, the (k — 1)-tuple &’ has exactly &
nonzero entries. Hence, the k-tuple a has exactly & nonzero entries, too (since the (k —1)-
tuple a' is obtained from a by removing the zero entry &, = 0, and thus has the same
nonzero entries as «).

Next, we observe that the chain of inequalities r;, < rj, < --- < r;, holds, since it is a
sub-chain of r{ <1y < --- <rr_q (because the subscripts satisfy j; < jo < -+ < jp).

Recall that (j; < jo» < --- < jp) is the list of all elements i of [k — 1] satisfying a/ # 0.
Thus, for each i € {ji <j» <--- <j,}, we have a} # 0 and therefore a,, # 0 (since
yields &, = &} # 0). In other words, the numbers Ap &y, oo, Ay, ATE all nonzero. Thus,
p,  Qr ..., O, are h nonzero entries of « (all occupying different positions in &, because
rj, <rj, <---<rj). There cannot be any further nonzero entries of a besides these (since
« has exactly h nonzero entries). Thus, Xp, s Xpyy ooy By, ATE all the nonzero entries of «,
listed from left to right (since rj, <rj, <--- <r7,).

In other words, (r;, <rj, <--- <rj,) is the list of all elements i of [k] satisfying «; # 0,
in increasing order.

-0 (jn))

Therefore, by the definition of reduction, 7 is the standardization of (¢ (rj,),0 (r},), ..., (r},))

(since (B, T) = red (a,0)). Hence, by the definition of standardization, we know that for
every two elements a and b of [h] satisfying a < b, we have the equivalence

(t(a) <T(b) = (o (r),) <o (rp))- (55)
Finally, recall that (#’,0") = del («, 0, q). Hence, the definition of deletion yields that ¢’ is
the standardization of (0’ (1),0(2),...,0(q),...,0 (k)) . In other words, ¢’ is the standard-

ization of (¢ (r1),0(r2),...,0(rk_1)) (since shows that (0’ (1),0(2),.. .,@, e, T (k))
(0 (r1),0(r2),...,0(rk-1))). Hence, for every two elements a and b of [k — 1] satisfying
a < b, we have the equivalence

(¢' (@) <0’ (b)) = (0 (ra) <0 (1)) (56)
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(by the definition of standardization).
Now, for any two elements a and b of [h] satisfying a < b, we have the following chain
of equivalences:

(w (@) <w (b)) <= (0" (ja) < 0" (b)) (by G4))

= (¢ (ja) <" (o))

since a < b entails j, < j,

(because j1 < jo < --- < jy) and
thus j, # jp and thus ¢’ (j2) # o’ (jp)
(since ¢’ is a permutation)
by
(applied to j, and j, instead of a and b),

= (0 (r) <o (ri)) '

since a < b entails j, < j
(because j1 < jo < -+ < jp)
> (t(a) <7(D)) (by (85))
since a < b entails a # b and
— (1(a) <1(b)) ( thus 7 (a) # 7 (b) (since T is a permutation) ) '

This entails that w is the standardization of the list (7 (1), 7(2), ..., 7 (h)). But the latter
standardization is just 7 itself (since T is a permutation of [h]). Hence, we have proved that
w is just 7. In other words, T = w. Combining this with B = v, we obtain (B, 7) = (7, w).
As explained, this proves Claim 1. O

We will need one further combinatorial lemma about deletion:

Claim 2: Let («,0) be a weak mopiscotion with & = (ay,a,...,ax) € INF. Let
q € [k] be such that a; = 0. Let (B,7) := del(a,0,q) and r := ¢ (q). Write the
(k —1)-tuple B as p = (B1, P2, - -, Bx-1)-

Let (x1,x2,...,x;) be a k-tuple of arbitrary objects. Let (y1,y2,...,Yk-1) =
(x1,x2,...,%r,...,x¢). Then,

<xa(1)1 xa(Z)/ R xa(q—l)) = <yr(1)1yr(2)/ s I]/T(q—l)) (57)
and
(xa<q+1>f Xo(g+2): - - .,xg(k)) = (yr(wr%(qm s ryr<k—1>) (58)
and
(w1, a2,...,09-1) = (B1, B2, -, Bg—1) (59)
and
(“q«klz D‘q-{—Z/ ey “k) = (ﬁq/ ﬁq+l/ ceey ﬁk*l) . (60)
Proof of Claim 2. By assumption, we have (B, T) = del («, 0, q). By the definition of deletion,
this means that g = (041, [ YRR PR ock), whereas T is the standardization of the list

(0(1),0(2),...,a/@,...,a(k)).
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We have

(w1, 02,00, g1, Qg i1, 012, - o ) = (&1, 02, ..., &g, ..., &)

=B=(B1,B2--- Pr-1)-

This is an equality between (k — 1)-tuples. Splitting it into two parts (between the (g — 1)-th
and g-th entries), we obtain

(061,062, .. .,aq,l) = (ﬁlr,BZI .. .,,51171)

and
(aq+1/“q+2/ s /D(k) = (,Bq/ ,Bq+l/ sy ﬁk*l) .

Thus, we have proved and (60). It remains to prove and (58).

Let 9, be the unique strictly increasing bijection from [k — 1] to [k] \ {r}. Explicitly, the
map J, sends the numbers 1,2,...,k—1to1,2,. ., k, respectively. Similarly, let 9, be
the unique strictly increasing bijection from [k — ] [ ] \ {9}. We have

(yl,yz,. . -/yk—l) = (xl,xz,. . .,ﬁ,...,xk) = (xar(l),xay(z),. ~~rx87(k71))

(since the definition of o, yields (1,2,...,7,...,k) = (9, (1), 0, (2), ..., 9 (k—1))). In
other words,
Yi = X,(i) foreachi € [k —1]. (61)

Recall that («,0) is a weak mopiscotion and « € INF. Hence, ¢ € &;.

The map o is a bijection from [k] to [k] (since o € &) and sends g to r (since r = o (g)).
Hence, it restricts to a bijection ¢ from [k] \ {g} to [k] \ {r}. Consider this bijection o. The
composition 9,1 07 0 9, is thus a bijection from [k — 1] to [k — 1], that is, a permutation of
[k — 1]. It is easy to see that this composition 9, ! 07 o 9, is precisely the permutation T
In other words, 0, oo d; = 7. Hence, ¢ 0 d; = 9, o T. Therefore, each i € [k — 1] satisfies

0 (99 (1)) =7 (94 (i) (since 7 is a restriction of )
= (T09,) (i) = (9, o 7) (i) (since 7o d, =0y 0 1)
=0 (T (7). (62)
Now, for each i € [k — 1], we have
Ye(i) = Xo,(x(i)) (by (6I), applied to 7 (i) instead of i)

= Xo(2,(1)) (since yields 9, (7 (i) = 0 (94 (i))) -

2Proof. Let ¢ := 0,1 07 0 9,. As we know, this ) is a permutation of [k — 1]. Hence, the standard-
ization of the list (¢ (1), ¥ (2), ..., P (k—1)) is ¢ itself.
Recall that 7 is the standardization of the list

(0(1),0(2),...,a(q),...,a(k)) =(0(95(1), 0(94(2), ..., (9 (k—1)))
(since the definition of 9, yields (1,2,...,4,...,k) = (95(1), 94(2), ..., 95 (k—1))). By the

definition of standardization, this shows that for every two elements a and b of [k — 1] satisfying
a < b, we have the equivalence (7 (a) < 7(b)) <= (0 (94(a)) <o (9;(b))). Thus, for every
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In other words,

(yr(l)z yr(Z)z e r]/r(k—l)) = (xo'(aq(l))/ xa(aq(z))’ ey xa(aq(kfl)))

(since the definition of 9, yields (9, (1), 94(2), ..., 95 (k—1)) = (1,2,...,4,...,k)). In
other words,

—

(xg(l), XU(Z), ceoy xg(q), ey xU’(k)) = (yr(l)/yT(Z)’ - /yT(k71)> .

This is an equality between two (k — 1)-tuples. Splitting it into two parts (between the
(9 — 1)-th and g-th entries), we obtain

(%(1)/ Xg(2)re -+ xU(q—l)) = (yr(l)fyr(Z)r x 'IyT(q—l))

and
(xa(q+1)r Xo(g+2)r=-+7 xcr(k)) = (y'r(q)/yT(q—i—l)/ - '/yr(k—1)> .
Thus, and are proved. This completes the proof of Claim 2. O

Thanks to Claim 1, we can easily reduce Proposition to the following claim about
deletion:

Claim 3: Let (a,0) be a weak mopiscotion with & = (a1, a2,...,ax) € INF. Let
q € [k] be such that a; = 0. Let (B, 7) := del («,0,q). Then, pyo = pp,c.

two elements 2 and b of [k — 1] satisfying a < b, we have the chain of equivalences

((a) <7 (b)) (7 (9 (a)) < 0 (9 (¥)))
(799 (a)) <7 (35 (1))
since 7 is a restriction of the map o,
and thus we have 0 (9, (a)) =7 (9 (a))
and 0 (9, (b)) =7 (94 (b))

= (07 (7 (0, @) <07 (7 (2, (1))

since the map 9; ! is strictly increasing
(being the inverse of the strictly increasing
bijection 9;), and thus preserves inequalities

—
—

= (a;loaoaq) (a) < (ar_loﬁoaq) (b)
T T
= (p(a) <y(b)).

Hence, T is the standardization of the list (¢ (1), ¥ (2), ..., ¢ (k—1)). In other words, T is ¢
(since the standardization of the list ( (1), ¢ (2), (k —1)) is ¢ itself). Thus, T = ¢ =
9,1 07 09,. That is, the permutation 9, 1 07 0 9, is ]ust T.
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Proof of Claim 3. Let r := o (q). Write the (k —1)-tuple B as B = (B1,B2, - -, Br-1)-
Define the k-linear maps

FoH™ o gk,
X1ROXNR Qx> €(X) VRN QX Q-+ ® X
and

g: H®(k71) N H®k,
XXX QX 1= X OX0® QX1 QI X @ X1 @ -+ @ Xp_1.
It is well-known and easy to prove that that f o AR = A1) and mlk o g = mk=11. (Indeed,
the latter equality says that a product of the form x1xz---x;-11gXgX541 - - X¢—1 can be

simplified by removing the factor 1p; the former equality is just the dual result with g
replaced by r.) Now, if we can show that

P,xoa*l:goPﬁonlof (63)

as maps from H®F to H®¥, then we will be able to conclude that

Pao = m o @x_ oo™l oald (by the definition of p, )
=goPgot~lof
= m[k] ogoPﬁ ot ! ofoA[k]
N—— ——
—mlk-1] —Alk-1]
=m0 Pgo T lo Al = Pgt (by the definition of pg ),

and so Claim 3 will be proved.
Hence, it remains to prove . Let us compare what the maps Pyoo ! and go Pgo1 ! o

f do to a pure tensor x; ® xp @ - - @ Xj € H®. For this purpose, we fix x1,x2,...,x; € H,
and we define the (k — 1)-tuple

<y1/y2/~~1yk71> = (xl,xz,...,a?r,...,xk) € Hk_l.

Then,
y1®y2®--~®yk_1:x1®x2®---®fr®...®xk-

We note that pg (h) = € (h) 1y for each h € H (since H is connected). Thus, in particular,
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po (x;) = € (x+) 15. Now

(Paoafl) (X ®X2® - ®xg)

=P, (0’1(x1®xz®---®xk))

by the definition of the
Py (xa(l) Q@ Xp(2) ® -+ @ xv(k)) < Y >

action of o~ ! on H®k

p
p

451

M <x0(1)> & Pay (xg(2)> Q- &Q Pa, (xg(k)> (by the definition of P,)
(xa(l)) @ Pay (%(2)) Q- & Pag4 (xa(q—l))

=gy (V1)) ©Pp, (¥e(2)) @ @pp,_ (Veg-1))
(by and (7))

® Pay (xa(q)) @ Pagia (xa(q+1)> @ Py (xo(q+2)) Q-+ @ Pay (%(k))

=po(xr) =ppq (V=) P8y 1 (Yeigen)) @ ©Pp_y (Vee-y)

(since a;=0
and o(q)=r) (by and (G8))

= Pp <yr(1)> ® Pg, <y7(2)) Q- QP4 (.‘/r@;q))
® M @ pg, (yf(q)> @ PByia (yT(q+l)> Q- Py, (yr(k—l))

=e(x,)1py

=€ (%) - pg, (yr(l)) @ Pp, (yT(Z)) ®- -3 Pp (yT(q’1)>
® 1y ® pg, (yf(q)) @ Ppo (yT(qul)) - O Ppy (yT(k—1)> :




A Solomon Mackey formula for graded Hopf algebras, version October 16, 2024, page 80

Comparing this with
<goPﬁOT_lof) (X1®XZ®"'®xk)
= (goPﬁo’Lfl) (f(r1®x0®- - ®x))

:(gOPﬁO’Lﬁl) €(xr)‘x1®x2®"'®fr®“'®xk
=Y1QY2Q- - QYk-1

(by the definition of f)
= (goPsot ) (e(x) @@ @y 1)
=e€(x,)- (gopﬁor )(y1®yz®---®yk_1) (byk—linearityofgopﬁo‘rA)

@) g (P (T Mmoo oY)
€(xr)-g (Pﬁ (yT(l) QY2) @ ® ]/T(k-n))
(by the definition of the action of T~ on H®<k—1>)
=€e(x)-g (Pﬁl (yf(l)) ® pp, (%(2)) ® - ®pp_, (1/T(k—1)>>
(by the definition of Pg)
=€ (x) - ppy (%(1)) ® Pp, (%(z)) ®-- @ pp,, (yr(qq))

® 1 @ pg, (yf(ﬁ)> ® Ppy (yT(qH)) © O Ppiy (yr(k_l))
(by the definition of ),

we obtain
(Paoa_l) (x1®X2®-..®xk): (goPﬁoT_lof> (x1®x2®...®xk)'

Since we have proved this for all xq,x2,...,xx € H, we thus conclude that the two k-linear
maps P,oo ! and go Pgo 771 o f agree on all pure tensors. Thus, these two maps are
identical. Hence, is proved, and as we saw above, Claim 3 follows. O

Now, let us derive Proposition from Claim 3.

Indeed, we define the length ¢ («) of a weak composition « to be the unique integer k € IN
such that & € IN*.

We shall now prove Proposition 2.5/ by induction on the length ¢ («).

The base case (¢ () = 0) is obvious (since in this case, « is the empty tuple (), and thus
we have (B, 1) = (a,0)).

For the induction step, we fix a positive integer k, and assume (as the induction hypothe-
sis) that Proposition 2.5/ holds whenever ¢ (x) = k — 1. We must now prove that Proposition
also holds whenever ¢ («) = k. For this purpose, we fix a weak mopiscotion («,c) with
{(«) = k, and we set (B, T) = red (¢, 0). We must prove that p,s = pg -

If all entries of a are nonzero, then this is obvious (since in this case we have (B,7) =
red (a,0) = (a,0)). Thus, we WLOG assume that not all entries of « are nonzero. In other
words, some entry of « is 0.
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Write « as &« = (a1,ap,...,ax) (since a € IN¥). Then, there exists some g € [k] such
that a; = 0 (since some entry of a is 0). Consider this q. Let (a/,0") := del(a,0,q).
Claim 3 (applied to (#/,0") instead of (B, 7)) then yields pys = pu . But Claim 1 yields
red (a,0) =red (a/,0"), so that (B, 7) = red (a,0) = red (a/,0"). However, ¢ (¢') =k —1 (by
the definition of deletion), and thus our induction hypothesis shows that Proposition
holds for the weak mopiscotion («’,¢”) instead of («,c). Thus, we have p, , = pg . (since
(B, T) = red («,0")). Thus, pyo = pu,er = pp.. Hence, Proposition 2.5/is proved for our
(«, o). This completes the induction step, and thus Proposition [2.5|is proved. O
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