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Abstract

We introduce a new powersum basis for the Hopf algebra of quasisymmetric
functions that refines the powersum symmetric basis. Unlike the quasisymmetric
powersums of types 1 and 2, our basis is defined combinatorially: its expansion
in quasisymmetric monomial functions is given by fillings of matrices. This basis
has a shuffle product, a deconcatenate coproduct, and has a change of basis rule
to the quasisymmetric fundamental basis by using tuples of ribbons. We lift our
powersum quasisymmetric P basis to the Hopf algebra of quasisymmetric functions
in non-commuting variables by introducing fillings with disjoint sets. This new basis
has a shifted shuffle product and a standard deconcatenate coproduct, and certain
basis elements agree with the fundamental basis of the Malvenuto-Reutenauer Hopf
algebra of permutations. Finally we discuss how to generalize these bases and their
properties by using total orders on indices.

Mathematics Subject Classifications: 05E05

1 Introduction

The Hopf algebra of symmetric functions, denoted Sym whose bases are indexed by integer
partitions A, is a very well known space for its connections in representation theory and
other areas of mathematics. Some of the well studied bases are the monomial basis my,
powersum basis py, and Schur basis sy. In [14] the change of basis from py to m, is
illustrated by fillings. In this work, a filling F is a rectangular matrix with exactly one
non-zero entry in every row and no zero columns. The column (respectively, row) sum is
a composition recording the sum of all entries in each column (respectively, row) denoted
as col(F) (respectively, row(F)). The change of basis is combinatorially defined as

bx = Z Meol(F) (1>
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where A()) is the set of all distinct fillings with row sum A and the column sum a partition.
For example, p(2.21) = 2m(2,2,1) + 2my3,2) + M(a,1) + m(s) since the fillings of A(2,2,1) are

22 2 2 2|2
2 2 2|2 2 2
1 1 1 1)1
12 2 1 2 21 13 2
2 2 22 22
2|2 2|2 2|2
11 1 1 1)1
13 2 4 1 |5

One of the important properties of the powersum basis is the Murnaghan-Nakayama rule
which illustrates the product rule of s, and p, expanded in terms of Schur functions. This
expansion gives, as corollary, the change of basis formula from the powersum basis to the
Schur basis, which is important for its connection to the character table of G,,.

A space that contains Sym is the Hopf algebra of quasisymmetric functions, QSym
whose bases are indexed by integer compositions a. This space was defined in [10] by
using P-partitions, which gives rise to the fundamental quasisymmetric functions Fi,.
In [5] the authors studied two powersum quasisymmetric bases (i.e. a basis of QSym
that refines py) ® and ¥ whose duals are the ® and ¥ bases in NSym, the algebra of
non-commutative symmetric functions, which is defined in [9]. These bases of NSym
aren’t defined combinatorially, but via formal series. The ¥ basis is most notable for the
change of basis to the fundamental basis by using P-partitions as defined in [2]. In [3]
the authors introduced the Shuffle basis S, which also refines p) and is notable because
S, is an eigenvector under the theta map O.

In this paper we define a powersum quasisymmetric basis P, combinatorially by us-
ing fillings in an analog of (1). Alternatively, P, can be defined using a subposet of the
refinement poset P on compositions. This basis has a shuffle product, a deconcatenate
coproduct, refines the powersum symmetric basis and is dual (up to scaling) to the Zassen-
haus functions Z, in NSym as defined in [12]. All of these results are stated in Sections 3
and 4. We note that this powersum basis was independently defined in [4] using weighted
generating functions of P-partitions. In Section 5, we show a Murnaghan-Nakayama like
change of basis rule from the powersum quasisymmetric basis to the quasisymmetric fun-
damental basis by use of tuples of ribbons.

In Section 6, we note that both the filling and the subposet notions have generalizations
that depend on a total order < on the parts of the compositions. Hence we can define a
whole family of powersum quasisymmetric bases, denoted as P= for different choices of
>, so that all the properties described are held for any choice of .

Finally, in Section 12 we show how one might use this method to define a powersum
basis in other algebras.

Figure 1 summarizes the relationships between our new powersum bases for QSym
and NCQSym and existing powersum bases in other algebras.
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NSym -« > FQSym

X(Za):p/ 1/\\\\ dual /

=3 Pa g _
S c A > S I(Fr)=P_— n
ym QSym Poay=>_ p(Po(a)) e
P(an)—P% \
NCSym - Py » NCQSym

Figure 1: Diagram of some Hopf Algebras related to QSym

2 Preliminaries for QSym

Given an integer composition of n of length k, o = (ay,as,...,ax), let m;(a) denote
the multiplicities of the part size ¢ within a, and denote the weak composition of size
multiplicities by m(a) = (mi(a),...,my(a)). Let P be a poset on compositions with
the cover relation o < 3 if 8 is obtained from « by summing two adjacent parts, i.e.
B =(ay,...,a;+a1,-..,a;). Inthis paper a < § will refer to P, unless stated otherwise.

For the purpose of several proofs in Section 10, the standard bijection between com-
positions of n and subsets of [n — 1] will be useful:

(a1,...,a) < {a,a1 +ag,...,a1 + -+ ap_1}.

Using this identification, we see a << 3 if and only if as sets o = fU{k} for some k € [n—1].

Let X = {x1,2,...} be a set of variables and a = (ay,...,ax) be a composition of
n. Then a formal power series of bounded degree is quasisymmetric if, for every k and
iy <y < -+ < iy, the coefficient of x! x7? - - - 7} is equal to the coefficient of z{*x5* - - - 2} *.

When | X| = oo, the set of all quasisymmetric functions is a graded Hopf algebra denoted
as QSym. One of the more natural bases of QSym is the quasisymmetric monomial basis
M, defined as

J— al ,a2 ag
M, = E T

1 <tg<--<ip

QSym is most notable for the quasisymmetric fundamental basis F, which proves useful
for countless enumeration problems and also corresponds to the characters of the 0-Hecke

algebra. It is defined as
Fo,=)Y Mj.
BLa

3 Powersum functions in QSym

3.1 Filling Interpretations

A filling of a composition a = (ay,...,ax) is a k x [ matrix where each a; can be placed
anywhere in row ¢ and omit all columns that doesn’t have an entry a; (which implies
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I < k). Given a filling F, the column sum of a filling, denoted col(F), is the composition
S = (b1,...,b) such that the sum of all the entries in column j is b;. The row sum,
row(F), has a similar definition, i.e. row(F) = a.

Then 0 € & (a) X -+ X Gpyi(a) = Gm(a) 18 @ Tow permutation and acts on fillings by
permuting two rows that contain parts of like sizes. Given a filling F of a composition, G
is the set of row permutations between different columns. Note that G is a set of coset
representatives in &,,) (for the subgroup which permute only within columns). Also
note that col(oF) = col(F), and &g is dependent only on row(F) and col(F).

Example 1. Let F be the left filling below. Then &g = {id, (1,4),(2,4)}. The middle
and right filling are (1,4)F and (2,4)F respectively.

2 2 2
2 2 2
1 1 1
2 2 2
4 1 2 4 1 2 4 1 2

Remark 2. Fillings can be defined more generally to generate other bases in Sym, see [19],
but for the subject of this paper the definition above suffices.

The following two fillings are important to the sequel.

Definition 3. A filling F of (ay,...,ax) is diagonal descending if there exists a row
permutation ¢ € G such that the entries of oF follow:

1. Entry a; is in the upper leftmost corner of the matrix.
2. Entry a; is in row 1.

3. (a) If a;_1 > a; then q; is directly below a;_; or in the southeast position of a; .

(b) If a;—1 < a; then a; is in the southeast position of a;_.
Denote the set of all diagonal descending fillings with row sum « as DD(«).

Example 4. DD(212) consists of the following four fillings.

2 2 2 2
1 1 1 1

2 2 2 2
212 |32 212 |32

Definition 5. Let o be a composition of n. Then the descending powersum quasisym-
metric function is defined as

P, = Z McoI(F)' (2)
)

FeDD(a
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Thus from Example 4, P19 = 2Msy19 + 2M35. 1t is clear that these powersum qua-
sisymmetrics form a basis of QSym as they have a triangular change of basis from the
monomials.

It will be convenient to group fillings by row permutation type.

Definition 6. A strict diagonal filling is a filling such that Conditions 1-3 of Definition
3 are satisfied, i.e. the permutation that sastisfies Conditions 1-3 is id. Denote the set of
strict diagonal fillings with row(F) = a as SD(«).

The first two fillings of Example 4 are all the fillings in SD(212).
Notice that we can define a DD filling as a pair of SD filling and a row permutation,
which leads us to an alternate definition,

Py = Z Meoi(o(F)) = Z Sk Meoi(F), (3)
FeSD(a) FeSD(a)
ceGE

where the last equality comes from the fact that col(cF) = col(F).

In [4, Definition 5.1], the authors independently defined a powersum basis using
weighted P-partitions, that, when translated to fillings, is precisely this one: define push
to be a map of fillings by a sorting of rows such that the reading word is a partition. Then
the image of DD(«) with column sum  under push is the set of fillings R,z as described
in [4, Theorem 5.12].

Example 7. Let T be the matrix transpose map. Let F; be the top left DD filling, and
Fy be the bottom left DD filling. Then T'(push(F;)) and T'(push(F3)) are respectively the
second and third filling of [4, Example 5.13].

1 2

1
2 1
push 1 Z> 21
12 1 12 1
1 2
2 1 1
;| Push L (2 1)
13 1

They also prove the following result.

Theorem 8. The powersum quasisymmetric functions refine the powersum symmetric
functions. In other words,
b = Z Pa~ (4)

a:sort(a)=A

We remark that one can prove this refinement property by changing p) and P, into the
quasimonomial basis and showing that the two expressions are equivalent. An analogue
of this proof is in Section 9.1.

ot
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3.2 Subposet Interpretation

Notice that we can define these powersum quasisymmetrics by subposets as all fillings only
coarsen according to the row sum. Given compositions a = (aq,...,ax) < 8= (by,...,b),
there exists 1 < by < ... < k; < K such that

k1 ko k
bl - E g, b2 = E ag, ) bl - E a;
=1 i=k1+1 i=kj+1

k1 ko k
CL (067 ﬁ) E §Lai ) E 5La” E 5Lal
i=1 i=k1+1 i=k;j+1

where 0;; is the Kronecker delta. Let c1(a, §)! be the product of the factorials of the parts
of cr(a, B).

Example 9. Let a = (3,2,1,1,3,1,1,1,2,1) and 8 = (6,1, 3,1,2,3). Then
(@, B) =(0+0+1,1,0,1,1+1,0+1) = (1,1,1,2,1)

ca(a, ) =(04+1+40,0,0,0,04+0,140)=(1,1)

a, )

| —

cs(o, ) = (1+0+0,0,1,0,04 0,0+ 0) = (1,1)
ala, )l =1 x 1 x 1 x 2l x 11 =2.

The following proposition is needed in proving formulas for the product, coproduct,
and that the dual basis is the Zassenhaus basis which are Theorems 14, 17, and 23
respectively.

Proposition 10. Let o, o/, 3, 5" be compositions such that o < 8 and o/ < '. Then

Ci(a|a/’ ﬁ|ﬁl) = Ci(aa 6)|Ci(0/a 6,)
where a|a’ denotes the concatenation of o and /.

This proposition follows from the definition and Example 9. For example, let a =
(3,2,1,1), o/ =(3,1,1,1,2,1), B = (6,1), and g’ = (3,1,2,3). Then,

calald, 818) =(1,1,1,2,1) = (1,1)](1,2,1) = c1(a, B)|cr (¢, ).

Let D be the subposet of P with the cover relation <p given by: a<pf if 8 is obtained
from « by summing two descending adjacent parts, i.e. 5 = (ai,...,a; + Gjt1,...,ax)
for some i satisfying a; > a;11. Then define C'(a)) to be the maximal composition of
the subposet D bigger than or equal to a. From Example 9, C'(3,2,1,1,3,1,1,1,2,1) =
(7,6,3).
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Let F be a SD filling. The number of permutations of rows with entry 4 is m;(row(F))!.
Furthermore, the number of permutations that only permute a; and ay, if they are in the
same column and a; = a; = i is ¢;(row(F), col(F))!. Thus,

G| = H Cl(mi(row(F))!

;(row(F), col(F))!"
This leads to an alternate definition of a descending powersum quasisymmetric.

Definition 11. Let a and [ be partitions of n and

Cor =11 mi@)! (5)

-1 Ci(a7 B)'
Then an alternate definition of the (descending) powersum quasisymmetric function is
Pa= ), CaﬁMﬁ = Y CasMs. (6)
a<B<C(a a<pf

Example 12.

3! 1! 3! 1!
Pronn = <—1!1!1!) (F) Mo + (ﬁ) (F) Mz
3! 1! 3! 1!
* (1!1!1!) (1') Mz + (1'2') (F) M

= 6Mi911 + 3My22 + 6My31 + 3My

3.3 Product and Coproduct

A deconcatenation of an SD filling F, denoted F = F;|F,, is achieved by drawing a vertical
line in between two columns to get two SD fillings F; and Fy. Notice that (for SD fillings)
there is also a horizontal line that we could draw to deconcatenate the filling. Moreover,
col(Fy)|col(Fz) = col(F) and row(F;)|row(F3) = row(F).

Evidently the coproduct of a quasimonomial function can be expressed as

A(]\4col(F)) = Z Mcol(Fl) ® MCO|(F2)7 (7)
Fi|Fo=F
where F is an SD filling.

Example 13. The deconcatenation of a filling mimics the deconcatenation of a quasi-
monomial.

o™~~~ 212, 202 | 2|2 |
2| 2 202 212 | 2|2 !
1 H 1 ]Tki;‘f]jiiii Zl:::li‘L::Z 1 H
3 H 3 3 H 3 3 “3 :2,::::3:11:,
u413 411 3 413 4 1 3°

Likewise, A<M413) =1® M413 + M4 & M13 + M41 X M3 + M413 ® 1.
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Theorem 14. Let v be a composition of n. Then a powersum quasisymmetric has the
deconcatenation coproduct:

=y H ) (A) Fa ® o (8)

a|f=yi=1 Z

Proof. By (3) and (7)

AP)=AL D [SeMeary | = D Y S Meairy) ® Meoi(rs)-

FES'D(’Y) FESD("/) Fl‘FQZF

Let m be the degree of col(Fy), then fix m. Let F| be the filling with row(F;) = row(F}),
say row(F}) = (71,...,7;). Then every filling of degree m comes from moving entry 7,41
to the column of v; when ~; > 7,1 for certain choices of 7. In other words, the fillings of
degree m is precisely SD(71,...,7;). The same is said for the right side, and thus

Z Z ’6F|Mco| F1) ® Mcol (F2) Z Z ’6F1|F2| MC0|(F1) ® MCO'(Fz)

FeSD(y) F1|F2=F a|B=y F1€SD(a)
F2eSD(B)

Finally to express this in the powersum quasisymmetric basis we divide the coefficient by
|Gk, ||Sk,|. We simplify the coefficient through (5) and Proposition 10 then we get

n mi(')’)! n |
‘6F1|F2‘ - ci(7,col(F1[F2))! _H mz(w) (9)
-l === =1l
Srll®rl o et amer = H@maB)!

The coefficient is interpreted as all the permutations of G that permuted a row in F; to
a row in Fs. ]

Let = (ay,...,a;) and B = (by,...,b) be compositions. The shuffle of o and 3,
denoted by « L (3, is the multiset of compositions defined recursively by

L. wa=awd={a}
2. aw B = (a)|((as,...,ap) W) + (br)|(aw(bs,....0)),

using + for disjoint (multiset) union. If we add to the recursion condition (2) the term
(ay + bl)]((ag, cooyag) W (b, .. ,bl)), then this is called the quasi-shuffle and is denoted
as . Recall that the product rule of the quasimonomial basis is a quasishuffle product:

M Mg= Y M,

yEalB

Likewise, the quasishuffle of fillings F; = (¢y,...,¢) and Fp = (dy,...,d;), where ¢;
and d; are the columns of F; and F, respectively, is defined recursively
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1. 0w Fy =F;w={F} where () is the empty filling

2. LWk, :)cl|((c2,...,ck) LU F2) +d1|(F1 LU (dg,...,dl>) + (Cl +d1)|((02,...,ck) LU
(dy, ..., dy)

where: concatenating columns ¢; and ¢; means starting c¢; southeast of ¢;; and addition
¢; + ¢; builds one column by sort combining the two columns.

Example 15. Let ¢; = (5,3,2) and ¢; = (4,2,1). Then the concatenation of columns ¢;
and ¢; is
)

3
2

4
2
1

Example 16. The following illustrates that MogM; = M3 + Moy3 + Moy + Moz + Mss.

22 22
1 1@32223 (11m3§)+ 3§ 1| 1 @m0
o1 | | | | 1
3]3
+22<+11|_T_|(2))
5
22 22
_ 1(@@1‘%)%3 3(%@@)
2 1 2 3
22 313 313
3] 03 2 2 22
T T 1T
2 4 13 21 51
2|2 22 22 3]3 313
! 3] 3 3] 3 2 2 22
-3 3 71 1T 1T 1T
12 1 3 12 31 12 4 13 21 15 1

Observe from the last example that if F € F;(F,, then row(F) € row(F;) w row(F2)
and col(F) € col(Fy)Wcol(Fy).

Theorem 17. Let o and B be compositions of n. Then the powersum quasisymmetrics
have a shuffle product, in other words

m;(a)!m;(5)!
= 3 TP

yeEQWB 1
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Proof. From (3)

PoPg = Z |Gk, | Meoi(Fy) Z |Gk, [ Meol(ks)
F1eS8D(a) F2eSD(B)
= Z 1Sk, |6k, | Mcoi(r)-
F1€8D(a),F2€SD(B)
FGFlLTJFQ

In order to express the above in the powersum basis, we have to switch the sums, i.e.
use SD(a B) = U, cqup SP(7) instead of SD(a)SD(B). We will first show that these
two are equivalent as sets, then show that multiplying by the reciprocal of the double
count that comes from the quasishuffle, denoted Of, will result in them being equal as
multisets. Finally, we will reduce the coefficient.

Notice that any filling in SD(«a)SD(S) is also in SD(« W 3) due to the fact that
every filling F € F;(UF, has the property that row(F) € row(F;) L row(F;). Conversely,
we can also construct any filling F € SD(aLu 3) as a quasishuffle of two fillings F; and F
of SD(«) and SD(p) respectively. Fix a filling F, then if the first row is from «, make a
new filling F| where the first row is F] is the first row of F (and likewise for §) and remove
the first row from F. Continue to do this for all row to get two fillings F; and F5 from
SD(a) and SD(B). Thus SD(a)lUSD(B) and SD(« L ) are equivalent as sets, but not
as multisets.

In order to switch the sum from SD(a)WSD(B) to SD(a Wi ), we must consider the
double count that comes from the quasishuffle, which we illustrate this with an example.

Example 18. Let F; € §D(2,1,1,1) and Fy € SD(1, 1, 3) be the fillings shown in Figure
2. One of the resulting fillings is when we combine the second column of F; and the
first column of Fy. Notice that there is only one way to make this filling. However if we
consider the number of ways that this filling is generated by SD((2,1,1,1) w (1,1, 3)),

then that would be (3).

212
1 1
f21 1)1 1 1
. 1@11 91 1
1 1 3 3 1 1
53 2 3 11 1
3 3
12 5 3

Figure 2: The quasishuffle of fillings

Let a = (ay,...,ax), 8 = (b1,...,b;), and fix F € SD(a w B), F; € SD(«), and
Fy € SD(B) such that F € FiF,. Then we define the partitions «; and §; to be the
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entries of column j of F and column j’ of Fy respectively. Then it is easy to see that
col(F1) = (Jay|,...,|aw|) and o = aq|---|ay. Let J be a column of F such that the
combination of columns 7 and j’ from fillings F; and Fy results in the column J. The
number of ways building the column J of F from the shuffle of «; and f; is (mi(o‘ﬁifg(ﬁ f’)).
Then we define O as the reciprocal of all such ways to build J for all columns with such
J. To switch the sum as described above, we multiply Of such that for any two columns

that combine in result of the quasishuffle, say «; and f;/, then

1
OF - H mi(a;)+m; (8.
; de" ( il :rgi‘;aj;(ﬁj ))

where the product runs over all j, j* where o is combined with ;. From the example
above, O = 1/(*?).

Finally the coefficient that is obtained from changing the expression into the powersum
basis is as follows

o./Srlenl 11 ! ci(7, col (FyLTF,))! {mxaﬂmxm!}
COISH L () elas col(F))le (B, col(F)) [ ()t ]

It suffices to show that this expression reduces to what is inside the bracket. By Propo-
sition 10 we can write

ci((ar, ... ar), (Joa|, ... Jaw ) = ci((ar, ..., aq,), loa ) - ci((@y, 410 - - -5 ar), law])!,

and similarly for 5. Consequently everything outside of the bracket can be considered
column by column, while what is inside the bracket comes from the whole of a filling.
Since F is a quasishuffle of F; and F, there are three ways a column of F is made.

First consider the case when a column a; isn’t combined. Fix 7, then Of doesn’t
contribute to the coefficient which leaves us with

cil(@i, 11, - a5), oy])!

ci(@i,_y 11, -, aj), og])!

which is obviously 1. The same argument is made when 3; isn’t combined with any other
column.

The third case is when two columns «; and (3; combine. Fix ¢, and we get the
expression

1 Ci((ai]’71+17 e 7aj> LU (bij/_1+17 e 7bj/)7 |Oé_7‘ + |ﬁj'|)'
(mi(a,,;)i—(i;;i)(ﬂj/)) Ci((aij_1+1v e ,aj), |aj|)!cz-((b,~j,7l+1, e ,bj/), |ﬁ]/|)‘

Recall that the formula of ¢; counts the number of ¢’s in the composition
I [ (P )
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which is, in this case, the same as the function m;. Thus using this information and
writing out the choose function yields

mz(aj)‘(m,(ozj) + mi(ﬁj/) — mz(ozj))' mi((aij71+17 s 7aj) L (bij/_l-‘rl? s 7bj’))!
(mi(e) +mi(By))! mi((ai,_y1, -5 05)ma(bi,_ 41,05 050))!
Recall that a; are the entries of column j and (a;_,11,...,a;) are also the entries of
column 7, thus the expression is 1, which completes the proof. O

We with hold a formula for antipode for now.

Remark 19. Theorems 14 and 17 can be proven (perhaps more straightforwardly) without
using fillings. However, our chosen approach, reveals a Hopf algebra structure on fillings.
We have defined a product and a coproduct that satisfies the conditions for being a Hopf
algebra and because this is graded connected, there exists an antipode.

4 The Scaled Powersum Quasisymmetric Basis and its Dual

4.1 Scaled Powersum Quasisymmetric Basis

We will now look at a scaled version of this basis that will end up being the dual of the
Zassenhauss basis and will have a nice product and coproduct. Recall the scalar

Zy = H i M m ()1

We extend this definition to compositions by z, = Zsort(a). Powersum symmetrics form
an orthogonal basis for Sym, to be more exact, (px,p,) = 210y, where (,) is the Hall
inner product. Thus the scaled powersum symmetrics is defined as py = z;lpk, so that
(Dxs Pu) = 0xu- Though QSym is not self-dual, we define scaled powersum quasisymmetrics
in the same way.

Definition 20. A Scaled Powersum Quasisymmetric functions are defined as

~ 1
P,=—F,. 10
- (10)

By multiplying both sides of (4) by z;l it is evident that the scaled powersum qua-
sisymmetric functions refines p,. However with this new scaling there is a nicer product
and coproduct.

Corollary 21. The scaled powersum quasisymmetric functions has a deconcatenate co-
product and a shuffle product, in other words

AB)= S B©B ad Peb-Y P

alB=y yEa
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Proof. Substituting (10) into (8) yields

Z Hm ZaP ®Z/3P/3.

alf=y =1
The coefficient reduces to
- mi(y)! zaz o imi(@)ma(B)
11 '(7) 2% ] =1
pale m;(a)!m;(B)! z, o iml
Likewise we do the same for the coefficient of the shuffle product. n

Finally, we look at the antipode of QSym, denoted S. Since P has shuffie product and
deconcatenate coproduct, P makes QSym a shuffle algebra. By Theorem 3.1 of [6] the
antipode acting on P is defined as:

Corollary 22. Let o = (aq,...,a;) be a composition. The antipode of QSym acts on a
powersum quasisymmetric function as

S(B,) = (—1)*@) P (11)

where & = (ak,ap—1,-..,a9,a1) is the reverse composition and len(a)) = k is the length of
.

Moreover the previous corollary implies that S(P,) = (—1)"*"(® Py

4.2 Zassenhaus Basis

The dual space of QSym is the space of noncommutative symmetric functions, or NSym.
The dual basis of the monomial quasisymmetric basis is the complete basis, denoted S,,.
The complete basis and the Zassenhaus basis of NSym, denoted Z,,, are both multiplicative
and in [12] the Zassenhaus basis is defined as

Z; . Z Z
ZtkSk =.--exp—t'---exp 72t2exp Tltl. (12)
i

It would be in our interest to rewrite this definition using posets. Thus expand (12)
as

Zi4i\?
Ztksk:...<1+éti+ﬂ+...>...
1 21
k
Z,, (%) Z,, (&)
.(1+2t+ 9] + 1+1t—|— 9] + .

In the change of basis from Sj to the Zassenhaus basis every term (8 has the property
that 5 <p (k). For a fixed 3, all parts of size i come from the factor exp Zth Pick a
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term j in exp %ti, then the coefficient of Z;;t/ in exp %t’ is Z%], Note that i/ = §™(#)

and that j! is the number of parts with size i that is next to each other, and since 3 is a
composition of k, j! = ¢;(5, k)!. Then (12) is written as

1
Sk = Z H im}(ﬁ)ci(@k)gzﬁ'
p<p(k) 1
Then by Proposition 10 we get an alternate definition,
1
S, = —75. 13
2 Uswegan® )
Spa

Theorem 23. The dual of the scaled powersum quasisymmetric basis is the Zassenhaus
basis.

Proof. Combining (11) and (10) yields
- 1
P, = . M, 14
a;bﬂ 1:[ i Pey(B, o) ’ (14

Comparing this equation and (13), and recalling that (S,, Mg) = dap, it is apparent that
(Za, P3) = 0p. ]

5 Change of Basis

Recall that a ribbon is a skew Ferrers diagram with no 2 x 2 boxes; for this paper we will
allow ribbons to be disconnected, however adjacent boxes at least share a corner (if not
an edge). There is a natural ribbon to associate to a composition, which we denote R(«):

a=(2,3,1,1,2) +—

Let R be a ribbon and j a positive integer, then R — j removes the first j boxes, in
Example 24 the first j boxes are bulleted. Let o = (ay,...,a;) and 8 = (by,...,b) be
compositions of n. The height of a ribbon R(«), denoted ht(R(«)), is the length of «.
We build the tuple of ribbons D(5, ) = (R, Ry, ..., Ry,) from the following algorithm,
where R; is nonempty if and only if m;(«) # 0.

Example 24. Let a = (1,2,1,1) and 5 = (1, 1,3). We find D(5, «) using the algorithm.
In a given step, the black has been removed from R and the e are about to be removed
from R, which are denoted ] in the algorithm. Then to find D(f, «):
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Algorithm 1 Descent Ribbons

1: Initialize ht =0, R = R(f), D(B, ) = (0,...,0)

2: for i in [1,...,k] do: > Extend ribbon R, at it’s bottom right end by adding a box

in one of three ways

3 if a;,_1 # a; or a; = 1 then

4 Extend R,, by adding a box in the southeast position

5 if a;,_1 = a; and there exists a j such that R((b;,...,b)) = R then
6: Extend R,, by adding a box in the southeast position
7
8
9

if a;,_; = a; and there doesn’t exist a j such that R((b;,...,b)) = R then
Extend R,, by adding a box in the east position

: ht=ht—1+ ht( ') where a has a; boxes and a; + A = R for some A
10: R=R—q;

R‘:H le ?H IED LE

D.):00)  — 0 —O0 — DD,D) - (H0)
=1 1

ht: ht=0 ht =0 ht =1

We denote the height in the algorithm as ht(f3, «).

Definition 25. Let a be a composition of n and R the ribbon of a. A standard ribbon
filling of R is a filling of R where the numbers from 1 to n each appear once. A standard
ribbon filling of R is a standard descent ribbon if the entries are increasing from left to
right, and decreasing from top to bottom.

Denote the set of all standard descent ribbon fillings of D(a, 8) as SDR(8,«). Let

a = (ay,...,ax) be a composition of n. Then break « into strictly decreasing compositions
such that & = |-+ |y where v; = (aj,,...,a5,45,) and aj,_1 < aj, > ... > aj4+j, <
@j +jo+1- Then T(a) = ~4|--- |y, where 7/ is the transpose of 7; (i.e. the composition of

the ribbon formed when the ribbon of 4/ is reflected about the y = —x diagonal). For
example, T'(1,2,1,1) = (1,1,2,1) and C(1,2,1,1) = (1,4). Note that, in subset notation,
a = C(a)UD(a), and T(a) = C(a) U D(a)C.

Theorem 26. Let o be a composition, then

Po= ) (~)"PISDR(S,a)|Fp. (15)
T(@)<B<C()

The proof of this theorem requires a basis of NCQSym to be defined in Section 8, so
the proof of this theorem is in Section 10.1.
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Example 27. Continuing from Example 24, the coeflicient of F{; ; 3) when a = (1,2,1,1)
is —3 since the ht(113,1211) = 1 and the fillings of SDR(113,1211) are

ey @) - Cliy @) - Cli m)-

Repeat for compositions in the interval [T'(cr), C(a)] = [(1,1,2,1), (1,4)] to get Pa 211y =
—3F112,1) — 3F(11,3) +3F(131) + 3F(1,4)-

6 Powersum quasisymmetric Families and Involutions

Let < denote any total ordering on positive integers. Let R be the subposet of P with the
cover relation o < B if 3 is obtained from « by summing two descending adjacent parts
with respect to <, i.e. 8= (a1,...,a; + iy1,...,a;) only if a; = a;y1. Define C™(a) to
be the maximal composition of the subposet R bigger than or equal to a. Recall that
C'(a) is the maximal composition of the subposet D bigger than or equal to a. Then D is
a special case of R where = is defined by size, it also follows that CP(«) = C(«). Then
we can define a whole family of powersum quasisymmetrics as

Pi= ) CagMg= Y CapM. (16)

a<B<CR () a<rf

Example 28. Consider the total order on positive integers a; ~¢ a;11 if a; is even and
a;y1 is odd, or if a; and a;;4 is both even or odd and a; > a;y;. Then define the subposet
on compositions € with the cover relation o <¢ 8 if § = (ay,...,a; + a1, ..., ax) only if
a; =¢ a;11. Thus we get another type of powersum quasisymmetric

P06 = 2Mosans + 2Msgo6 -+ 2Mases + 2Mses.

Similarly, we can adapt these powersum quasisymmetrics to be generated by fillings
by switching < to < in Definition 6. Thus these types of powersum quasisymmetrics have
the property that it refines the powersum symmetrics, has a shuffle product, and has a
deconcatenate coproduct, and the dual up to scaling is of the form

y/n 7= 7~
Z tkSk =.--exp _Migni - exp N2 4n2 exp g
k n; No ny

where N = {...,n;,...,ny,n1} such that n;, >g n;_; and n; € N, simply by switching <
to =< in the proofs of Theorems 43, 14, and Section 4.2. For example, Sozi06 = 2Z53406 +
2ZE 06 + 22555 + 2255 where (P5Z5) = 24005

Let e = 71| -]y be broken into strictly decreasing compositions (according to <),
then TR(a) =~1| - |7/ and CR(a) = ||| - - - ||7/]. Just as with PP, there is a change of
basis rule to the fundamental basis that mimics the Murnaghan-Nakayama rule.

Theorem 29. Let < be a total order on integers and PR be the powersum basis induced
by <. Then

Pi= > (~)"PVISDR(B,a)|Fp.

TR (2)<B<CR(a)
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The proof of this theorem is in Section 11 as the proof requires bases of NCQSym that
are defined in Section 11.

For a subposet R, induced by <, as defined above, we define the reverse subposet of
R, denoted as %, with the cover relation a < 8 if 3 is obtained from « by summing
two ascending adjacent parts with respect to <X, i.e. = (a,...,a; + ait1,...,a;) only if
a; = Qi1

Example 30. Let A = % be the reverse subposet of D. Then define the ascending
powersum quasisymmetric function as

Pl= Y CasMs.

a<p<CA(o)

— " o SDN _ A
Let & denote the reverse composition, then it is easy to see that C”(«a) = C* (o).
In [13], the star involution (%), omega involution (w) and % involution are defined as
o (M,)" = Mg
L] w(Fa) = Fat
® ) =%0wW=wWoOox

Theorem 31. Let = be a total order on integers and PR be the powersum basis induced
by . Then,

1. (P = P2
2. w(Py) =eaPg

3. (PY) = eaPS
where g, = (—1)" (@)
Proof. (1) By definition

*

(P:)* = Z CaﬁMB
)

a<BLCR(a

Note that Cop = Cig because m;(«) is the same no matter the order of the parts in «,

L = : . :
and cp (o, B) = cr(a, B), but we are only interested in the product of the factorial of all
the parts. Then,
(P = > CasMy =P
F<B<CR ()
(2) Recall that the alternate definition of the omega involution is w(f) = (—1)S(f),
where f is a quasisymmetric function and S is the antipode. Substituting f with a

powersum quasisymmetric function and using Theorem 22 yields the above.
(3) This follows from (1) and (2). O
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Remark 32. Recall that the quasisymmetric analogue of the forgotten basis of Sym is the
Essential Basis F, and is defined as E, = _,_, Mg. Since ¢(M,) = —E,, the change of
basis to the Essential basis is

P; = Z €5CQ5E5.

ass B

7 Preliminaries for NCSym and NCQSym

7.1 NCSym

The Hopf algebra of symmetric functions in non-commuting variables, denoted NCSym,
was first defined by Wolf in [20]. This space should not be confused with NSym from
Subsection 4.2. Bases in NCSym are indexed by set partitions. A set partition ¢ =
{B1,...,Bi} of [n] is a set of nonempty disjoint subsets of [n] where their union is [n].
Of course being a partition means that order doesn’t matter, but we write our set par-
tition (for convenience) as By/--- /By where |B;| > --- > |Bi| and min(B;) > min(B;;)
whenever |B;| = |B;1|. Let P be the refinement poset on set partitions with the covering
relation ¢ < ¢ if p =By/---/B;UB;/---/By.

In [18], Rosas and Sagan defined many bases analogous to those in Sym, here we
review two. The symmetric monomial basis in non-commuting variables is defined as

ij=iy iff
3.3 €By
Then the change of basis formulae of a powersum symmetric function in noncommuting
variables to a symmetric monomial function in noncommuting variables is

o= my. (17)

P<Y

7.2 NCQSym and Morphisms

Bases in NCQSym are indexed by set compositions of [n|: a list & = (By,..., By) of
disjoint nonempty sets satisfying J, B; = [n]. When there is no danger of confusion, we
compress the notation for set compositions as usual, e.g., ({5}, {1,3}, {2}, {4}) is written
as 5/13]2]4. The refinement poset P on set compositions has the cover relation ® < ¥ if
U= (By,...,B;UDBi1,...,By).

Let ® = By|---|B be a set composition of [n]. Then the quasisymmetric functions
in non-commuting variables X = (z1, 23, ...), denoted NCQSym, is the space spanned by
the formal series

Mq;.: E ZEilfL‘iZ"'l'in,

where the sum is over all monomials such that i; = i; if and only if j, j' € B; and i; < i,
if and only if 7 € B; and j' € By such that ¢ < /. For example, let ® = 5|13|2|4, then
Mg = 2903T2X4%1 + TaT3T2T5T + XoXyTolsTy + -+ - .
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Denote by p the map from set compositions of [n] to compositions of n that records
the cardinality of each block. For example p(5/13|2|4) = (1,2,1,1). The map p from set
compositions to compositions induces a Hopf algebra surjection that we will also denote
as p with p : NCQSym — QSym given by p(Ms) = M,s). Note that the map p lets the
variables commute.

Let @ be a set composition, then sort is a map from set compositions to set partitions
by forgetting the order of the blocks of ®. Analogous to the commutative story, there is
a Hopf inclusion of NCSym to NCQSym given by

P: sort(P)=¢

8 Basic Definitions

Given a set composition ® = (By,..., B;), a (matrix) filling F¢ places a block B; in
some column along row i for every i. Define the set compositions row(Fg) and col(Fg) by
analogy with the integer composition story. For example, col(Fe) = (Ay,..., Ag), then
A, is the union of all blocks B; of ® appearing in the first column of Fg.

We want to define a powersum quasisymmetric function in non-commuting variables
based on fillings that compare blocks. To this end, let min(B;) be the smallest integer in
B;, and define a total order on blocks, B; and B;, of a set composition of [n], B; >5 B;
if and only if either |B;| > |B;|, or |B;| = |B;| and min(B;) < min(B;).

Definition 33. A labelled diagonal descending (LDD) filling of & = (By,...,B;) is a
filling such that

1. By is in the first column.
2. B; is in row 1.

3. Bj;1 can be in the same column as B; if B; >5 B;;i. Otherwise, B;,; is in the
column to the right of B;.

Let LDD(®P) be the set of all LDD fillings with the row sum of ®. Note that if F and
F" are two LDD fillings such that col(F) = col(F’) and row(F) = row(F’), then F = F'. In
other words every filling is unique to its row and column sum.

Example 34. The £LDD fillings with row(Fg) = 14|2|3 are

14 14 14 14
2 2 2 2

3 3 3 3
|14] 2] 3 |124] 3 | 14] 23 | 1234
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Now for a more exciting example, LDD(5/13|4/|2) has the fillings

5 5
13 13
4 4

2 2

5 13] 4] 2 5 134] 2|

Definition 35. Powersum quasisymmetric function in NCQSym is defined as

Py = Z Meoi(Fy)- (19)
FocLDD(d)

Example 36. The previous example yields Piyjo3 = Miyj2j3 + Mioajs + Migjes + Mizz4 and
Prsj13142 = Ms)131412 + Ms)134)2-

Let D be a subposet of P on set compositions with the cover relation
(Bi,...,Bi,Biy1,...,Br) <3 (B1,...,B; UBij1, ..., By)

only if B; >5 B;;;. Just as in the commuting variables case, there is a poset interpretation
for the powersum basis of NCQSym.

Definition 37. Powersum quasisymmetric function in NCQSym is defined as

Pp = ZM\I,: Z My
)

PV PLULC(d

where C'(®) is the greatest element in the poset D bigger than or equal to .

Example 38. Let & = 1’3|25|6|4, then P1‘3|25|6‘4 = M1|3|25|6|4 + M13|25|6\4 + M1|3|256\4 +
M31256)4-

9 Basic Theorems and Properties

From Definition 37 it is clear that Pg is a basis of NCQSym. In the coming sections
we will show that Pg refines the powersum symmetric basis of NCSym and projects to
the powersum quasisymmetric basis P,. Finally we’ll develop product and coproduct
formulas, and generalizations Py of Py given any total order on disjoint sets.

9.1 Noncommuting powersum quasisymmetric functions refine the Noncom-
muting powersums functions

Let us expand a powersum symmetric function in NCSym in terms of quasisymmetric
monomial functions in NCQSym by combining (17) and (18)
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Py = Z Z My. (20)
G<tp W:sort(V)=1

We want to rewrite (20) using fillings, thus we need a filling such that row(F) is a set
partition and col(F) is a set composition. A labelled single row filling, denoted as LSR,
as a filling where the row sum is a set partition and every row has only one entry and
the column sum is a set composition. Denote LSR(¢) as the set of all LSR fillings with
the row sum of ¢. LSR fillings have the property that for any set partition ¢ and set

composition ¥ there is at most one filling with the row sum of ¢ and column sum of .

Example 39. LSR(13/2) has the fillings

13 13 13
2 2 2
13 2 2] 13 ]123

Thus we define the change of basis as

Py = Z McoI(F)- (21)
FELSR(5)

This is equivalent to (20) because the union of multiple blocks (or none) follows from
the first summand, and allowing the entry of a block to be anywhere follows from the
second summand.

Let diag : LSR(¢) = Uy LDD(P) where the union is over all & with sort(®) = ¢ be
the map of fillings that sorts the rows of a filling so that every entry has an £LDD filling.
Then let push : (J; LDD(P) — LSR(¢p) where the union is over all & with sort(®) = ¢

be a map of fillings such that push sorts the rows, so that the row sum is a set partition.

Example 40. Below is an example of the map diag with an LSR filling and push with
an LDD filling, and notice here that the fillings are unique and have the same column
sum.

15 1
67 3
1 _ 45
2 diag 2
3 67
3] 245] 67| 3] 245] 67]
24 168
5 24
7 3
168 Push | 5
3 7
545 7| 1368| 545 7] 1368

Theorem 41. The powersum quasisymmetric functions in NCQSym refines the powersum
symmetric function in NCSym. In other words

po= Y, P (22)

P: sort(P)=¢
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Proof. By substituting (21) and (19) into (22), it is equivalent to prove

Yo Mag= > Y Mcol(p

FELSR(9) ®:sort(®)=¢ FELDD(P

We will prove that the above is true by showing that push and diag are column-reading-
preserving bijections between the fillings of LSR(¢) and |J, LDD(®) since diag o push =
push o diag = id. B B B
Fix a filling F € LSR(®). diag maps F to a LDD filling such that col(F) = col(diag(F))
and the rows may be permuted. push maps dlag( ) by placing the row with the greatest
entry and permutes it with the top row, then takes the row with the second greatest
entry and permutes that with the second row and so on, thus resulting in the row sum of
push(diag(F)) being a set partition. Since the rows don’t change entries (only permutes)
under the maps, row(push(diag(F))) = row(F). Knowing that the column sum is preserved
under both maps, i.e. col(push(diag(F))) = col(F), there is at most one unique LSR filling
for a given row sum and column sum. Thus push(diag(F)) = F. The same sort of argument
is used for the other direction. [

9.2 Product and Coproduct

Let Bi,...,By, Aq,..., A; be disjoint sets. Then the shuffle of lists of disjoint sets
(B1,...,Bg) and (A4, ..., A4;) is defined recursively by

1. @LI.’(Bl,,Bk):(Bl,,Bk)l_l_l@:(Bl,,Bk)

2. (Bl,...,Bk)Ll_l(Al,...,Al) :Bl}[(BQ,...,Bk)LLl(Al,...,Al>] +A1H(Bl7aBk)
LL’(AQ,...,AZ)}.

A quasishuffle of lists of disjoint sets, denoted (11, uses the same initial condition 1, but
adds the term +(A; U By)|[(Ba, ..., By)D(As, ..., A))] to recursion 2. Let ¥ be a set
composition of [m]. Let ¥ denote the operation of adding n to every element of every
block of U, a set composition of {n + 1,...,n 4+ m}. Then the shifted shuffle of two set
partitions ® and U, of [n] and [m] respectively, is ® L1 U™, Every element in @ 11 ¥
is then a set composition of [n 4+ m]. Finally, let I' be a sequence of disjoint subsets
of I = {i1,...,i,} where i; < i;11. The standardization of T, denoted TV, is the set
composition of [n] received by replacing the element ¢; with j.

We extend the notions of shifting and standardizing to fillings, denoted F'™ and F*.
Explicitly, let row(F) = Bj|---|By, and let (By|---|Bg)™ = Aj|---|Ag. Then F™ is
obtained by replacing the entries B; with A;. Likewise, let (By|---|Bp)¥ = Ci|---|Ch,
then F* is obtained by replacing the entries B; with C;. When the shifting factor n is
clear from context, we suppress it. Furthermore, given two £DD fillings F; and F,, we
define a quasishuffle of fillings on F; and Fg just like for integer matrix fillings, by taking
unions of blocks in place of sums of integers.

THE ELECTRONIC JOURNAL OF COMBINATORICS 30(4) (2023), #P4.43 22



Example 42.

13

13] 2] 13] 2]

[ 2 45]

13
1345 2 13 245

Let ® and ¥ be set compositions of n and m respectively. Recall the quasisymmetric
monomial basis in non-commuting variables has a shifted quasishuffle product and a
standardized deconcatenate coproduct,

k
MeMy =Y My, A(Ma) =) Mp,ipy ® M, )15
Tedmutn i=0
and the fillings analogue
McoI(F1 col(F2) — Z Mcol (F)» (McoI(F)) = Mco| Fi) ® Mc0| (23)
FeF,diF] F=F1|F2

Theorem 43. Let ® and U be set compositions of n and m respectively. The powersum
basis of NCQSym has a shifted shuffle product, i.e.

PyPy= > Pr.
YTedwwtn

Proof. From (19) and (23),

P@P\p = Z McoI(F1) Z McoI(Fz)
F1eLDD(®) FoeLDD(¥

- Z McoI(F)'

F1eLDD(®),FocLDD(T)"
F€F1I:I]F2
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The proof will be carried out the same way as in Section 3.3, however in this case we
need not worry about the coefficient since the coefficient is either 1 or 0. Thus, with
abuse of notation, we will show that the sets LDD(®)LLDD(V)! and LDD(® L U)
are equivalent.

Fix F € Fi(0F, where F; € £LDD(®) and Fy € LDD(¥)!, then row(F) € row(F;) W
row(F1), which by definition row(F) € ® 10", Since the quasishuffle of two £DD fillings
is a LDD filling, F € LDD(® w ¥™). Conversely fix a filling F € LDD(® 11 ¥"), then
from this filling we construct two fillings: F; by removing all entries that has an integer
greater than n (then remove all empty columns and rows), and Fy by removing all entries
that has an integer less than or equal to n (then remove all empty columns and rows)
and subtracting n from all integers. Thus row(F;) = ® and F; is an £DD filling, thus
F, € LDD(®) and likewise for Fy, thus F € F; LW Fy. Thus the sets are equivalent,

> Meoi(Fy = > Mam= Y, Pr u

F1€LDD(®),F2€LDD(V)T FeLDD(PLwtn) Yedwwtn
FeF, \I_IFQ

Theorem 44. Let ® = By|---|By be a set composition of [n]. Then the powersum
quasisymmetric basis in non-commuting variables has a standardized deconcatenation co-

product,
k

A(Py) =) P,y © Pisfips

1=0

Proof. Definition 37 and (23) yields

A(P(I’) =A Z MCOI = Z Z col(F coI(FJ’)‘

FeLDD(® FELDD(®) F=F1|F,

Let m be the degree of col(F;) and fix m. Let F|, such that row(F}) = col(F}) =
(Bi,...,Bj) (which means F} is a “diagonal” filling), then every filling of degree m comes

from moving entry B, to the column of B; when B; >z B, ;. Thus the set of fillings is
LDD(By, ..., B;) and likewise for the right side, thus

k

Z Z O|(Fl coI(Fi) = Z Z McoI(Fl) ® Mc0|(F2). OJ

FeLDD(D) F=F|F2 i=0 F,eLDD((B1]-|B;)Y)
F2€LDD((Bit1]||By)*)

Remark 45. The method of proving the theorems above could be solved more straight for-
ward and perhaps easily if we used the subposet definition instead of the fillings definition.
However we choose this approach to demonstrate that one can make a Hopf algebra out
of the fillings using this approach and that there may not always be a subposet definition
for different Hopf algebas.
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10 The Projection of the powersum quasisymmetric Basis

Since there is a powersum basis in Sym, NCSym, QSym, and NCQSym, it is natural to
explore the projection of Py onto QSym. As we’ll see in Theorem 47, unlike the story in
the monomial basis, it’s not the case that p(Pp) = Pya).

We first look to when two powersum quasisymmetric function in NCQSym map to the
same function in QSym under p.

Proposition 46. Let & = By|---|B, and ¥ = Ay|---| Ay be set compositions such that
1. for all1 <i <k, |B;| = |Ai], and
2. forall1 <i <k, A; >5 Aipr if and only if B; >5 Bij1.
Then p(Ps) = p(Py).
Proof. Recall that Mg projects to QSym by,
p(Ma) = Mya). (24)

It follows that

p(Po)=p| > My | =) M) and  p(Py) = >, M, () (25)

@Sﬁ‘b (I><,5<I> \I/Q,E\I/

For every ® there exists one and only one W such that p(®) = p(¥). Fix a ®, then & <
by combining certain blocks B; and Bj;i, since condition 2 holds, then there exists a
U < ¥ by combining blocks A; and Ajy. p(®) = p(¥) holds due to condition 1. O

Let ® = By|...|Bg be a set composition of [n]. Let ®B,, = {i : |B;| = m}. Define
Go = 6p,6g, - B,

n

Every 0 € G4 acts on @ as follows,
0(B1|Bs|...|Bi) = Bo)|Bo2)| - - - [ Bo(h)-

For example, if ® = 4|25|7|13|6, then B; = {1,3,5}, By = {2,4}, and B,, = 0 for
2 <m < 7. Therefore, G¢ = G135 6243 Now, (3,5)(2,4) € &g, thus

(3,5)(2,4)(4]25/7|13]6) = 4|13/6/25|7.
Note that p(®) = p(o(P)). This leads to the following theorem.

Theorem 47. For any composition a and set composition ® such that p(®) = «,

Po="3" pl(Pawy). (26)

o€y
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Let ® = (B, ..

., B;) be a set composition of [n]. We call ® strict if for all i < j with

|B;| = |B,|, we have B; >5 B;. For example ® = 2|13|4|5 is a strict set composition of

Definition 48. Let a Strict Labelled Diagonal filling, denoted SLD, be an LDD filling
such that the row sum is a strict set composition.

It is important to note that SLD fillings follow the rule that B; and B;,; can be in

the same column if |B;| > |B;y1].

Example 49. The first two are SLD fillings, but the third is only a £LDD filling.

2 2 4
13 13 13
4 4 2
5 5 5

2[ 134 5] 2[ 1345] 4] 1235

_ Note, for a fixed F € LDD, some o € Gy preserves the diagonal descent property:
oF € LDD. Next we will show how to generate LDD fillings from permutations and SLD

fillings.

Example 50. Let F be a filling of SLD(2|13]4]5) on the left. Then the permutations of
G4 that results in an £DD filling are {id, (13)(4)(2), (134)(2)} which are shown below

from left to right:

2 4 5
13 13 13
4 2 2
5 5 4
2] 1345 4] 1235] 2] 1345]

The permutation (14)(3)(2) is an example of a permutation that does not result in a LDD
filling.

5
13
4
2
5] 1234]

The group G4 acts analogously on fillings, permuting matrix entries. For a fixed filling
F, we are interested in a subset Gf of Gg¢ described as follows. Say o € G if for every
0B,,, 0B;,, and ¢B;, in the same column, if |B;,| = |B;,| = |B;,| and ¢B;, above 0B;,
above 0 B;, (where there is no restriction on iy, 49, and i3), then B, >5 B;, >5 B;,.

Let ® = By|...|By be a set composition of [n] and F be a filling of ®. Let B,, ; = {i :
|B;| = m, B; is in column j}. Define a subgroup of G4

F=6gp,, Gy, Gy, Gy, .
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In other words, ¢ is the group of all o that preserves the columns and placements of
block sizes. Thus if F is an £DD filling, then for o € HF, oF is not an LDD filling unless
o =id. It is easy to see that |$¢| =[], ci(row(F), col(F)). For example, let F be the left
filling in Example 50, then B, = {1}, By = {3,4}, Boy1 =0, Boy = {2}, and B,,,; =0
for j =1, 2 and 2 <m < 5. ThUS, fjg = 6{1}6{3,4}6{2}.

Note that the set GgF contains a unique SLD filling, F, for any £DD filling F. Let
F be a SLD filling with row sum ®. Consider the coset G4 /g, all permutations must
involve permutations across columns such that the order in columns is preserved, which
is precisely Gg. Thus,

L |Ga| mi(a)!
IS¢l = 9| H ¢;(row(F), col (F)))!" (27)

Proof of Theorem 47. Note that for the set Ge® of all set compositions resulting from
the action of &4 must contain a strict set composition. Since the action is transitive, we
let ® be a strict set composition for the rest of this proof. We take the right hand side of
(26) and use Definition 35 to get

p(zpa(cp)):p S Y Mae

oGy [ ASICFY FEE'D'D(O’(@))

Fix a permutation 0 € G4 and a filling F € LDD(o(P)). Then we can permute the
entries of F by o', this results in a SLD filling F. This means that o € &g because G
are all the permutations that permute the entries of a SLD filling to result in a LDD
filling, and we know that ¢~'(F) = F which implies that F = ¢(F). Thus,

Z Z Meoiry | = p Z Z col (5

0€&g FELDD(0(®)) FeSLD(®) 5€6¢

Recall that p(®) = p(a(P)), thus

P Z Z col(& Z ‘GIE’MP(COKF))'

FESLD(®) GECE FESLD(®)

Consider when p acts on a filling F by replacing the entry B; with |B;]. p can be seen
as a bijection between SLD(®P) and SD(«) because p(P) = « and the rule “B; is in the
same column as B;;; when |B;| > |B;.1|” maps to the rule “a; is in the same column
as a;y1 when a; > a;41”. Finally, since G depends only on the sizes of the entries of =
|G¢| = |S¢] such that p(F) = F. Thus we get the following,

Z 1Ge| Moy = Z SE| Mgy = P O

FesSLD(®) FesSD(a)
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Now we determine the image of Pp in QSym in the quasisymmetric fundamental basis.
We start by defining two operations on set compositions. Let ® = (B, ..., Bx) be a set
composition of [n] with p(®) = (b1, ..., bx). Break ® at nondescents, B; <z B;1 to build
the sequence ® = (@1, ..., ®;) such that for every ®; = B},| - |Bj,,, satisfies Bj,_1 <z
Bj, >5 Bjit1 >5 -+ >5 Bjiijy <p Bjiipi1. Let p(®;) = oy where o = (b, .., bj450)
is a subsequence of p(®). Associate to p the functions pc and pr defined by

pC((I)) - <|Oé1|, |062|, SR |al|> and PT(CI)) - 0/1|O/2’ e |Oé;

where o) denotes ribbon transpose. These yield minimal and maximal compositions
associated to p(®) in a way that will become clear shortly. For example, let & =
2|5|14/36|7, then ® = (2|5,14|36|7), pc(®) = (|(1,1)],](2,2,1)]) = (2,5), and pp(®) =
(1,1)'[(2,2,1) = (2,1,2,2). This is the last theorem needed to prove Theorem 26.

Remark 51. In subset notation, p(®) = po(®) U D, and pp(®) = pe(®) U Db, where D

represents the blocks where the next block descends with respect to D.

Theorem 52. Let ® be a set composition and up be the Mdbius function on the refinement
poset P on compositions, then

p(Ps) = > (B, pc(®))Fp. (28)

pr(®)<B<pc (P)

Proof. One can see that

pPo)=p| > My|= > M,
)

PLULC(® p(®)<v<po (P)

Using the change of basis from the monomial basis to the fundamental basis we get

p(Pe)= Y > up(B7)Fs.

p(®)<y<pc (@) v=P

We gather all the I3 terms and write

oP= 3 | S w8 | B

BLpc(®) \veG(®,8)

where G(®, ) is the interval [p(®) A B, pc(P)]. We note that this a boolean lattice
so the cardinality of this set is either 1 or an even number. Let 7 = min(G(®,f)),
where 7 # pco(®). It takes j coarsenings to go from 7 to po(®), thus we can relate all
compositions in G(®, §) relative to 7 by the tuple (g1,...,g;) where g; = 1 if the two
entries are coarsened and g; = 0 if the two entries are not coarsened. This means that there
are 2/ compositions in G(®, 3) and there is natural pairing of two tuples (0, ga, ..., g;)
and (1, ¢go,...,g;). The resulting compositions have a length difference of 1, which means
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that pup(8,71) + wp(B,72) = 0 where v, and v are the compositions that come from
(0,92,...,9;) and (1, go, ..., g;) respectively. Since the cardinality of G(®, f) is even and
the sum of every pair is 0, the coefficient of F, is 0.

Now consider the case p(®) A5 = pc(P), then the coefficient is up((3, pc(P)). To find
the interval for all such f’s: since p(®) A B = pc(P), in subset notation p(®) NG = po(P).
This means D pc(®) and, for every A € p(®) — po(P), then A ¢ 5. Since we want the
smallest 3 in the interval, i.e. the largest subset, we should take 8 = pc(®) U (p(P) —

PC(‘I’))B = pr(®). —~

10.1 Proof of Theorem 26

Notice that we can express a powersum quasisymmetric function in the fundamental basis
by substituting (28) into (26)

=S 0P)= S S up(Bpe(o(®)Fp. (20)

SICE 0€6q pr(o(®))<B<Lpc(0(P))

This expression will be needed in the proof of Theorem 26, and fortunately it turns
out that the intervals [pr(a(®)), pc(o(P))] are disjoint for different o, which means that
it is quite easy to find the coefficient of Fj.

Lemma 53. Let ® be a set composition and 0 € Sg. Fix B such that pr(c(P)) < f <
pc(o(®)). If there exists a 0’ € &g such that pc(o(P)) # pc(a'(P)), then [ is not in the
interval [pr(a’(®)), pc(a’(P))].

Proof. We'll do a proof by contradiction and use set notation. If po(a(®)) # pc(a’(P))
then without loss of generality there exists A € pc(0’(®)), A &€ pc(a(P)). Thus if g
is less than po(o(®)) and pco(o’(®)) then 5 D po(o’(®)) > A. Since A € pc(o'(P)),
we must have A € p(a’(®)) = p(P), but A € pc(a(P)) so A is a “descending division”
so pr(o(®)) # A. However if 8 > pr(o(®)) then 8 C pr(c(P®)) so f F A, thus a
contradiction. ]

Proof of Theorem 26. Note that the largest (with respect to P) composition in the interval
of (29) is C(«) due to the fact that thereis a ¥ € G4(®P) such that ¥ is a strict composition
thus po(¥) = C(«a). Equivalently, the smallest composition in the interval comes from
the opposite of a strict set composition which is T'(«).

Throughout, we use subset notation for compositions and appeal to Remark 51.
Lemma 53 implies that all intervals are disjoint, which means that in (29) the coeffi-
cient of Fj is (up to sign) the number of 0 € G4 that results in the same po(o(®)),
we denote this set as X. Fix § and ¢ such that 5 < po(a(®)) and let ¥ = {0 € Gq :
5(B;) > 6(Bi11) < o(B;) > o(Biy1)}. Notice that according to D, if B; and By,
are two different sizes and B; > B,y1, then o(B;) > o(B;.1), due to the fact that D
compares sizes. We observe that, in Algorithm 1, the conditions for whether lines 3, 5, or
7 happens at the ith iteration are equivalent to three conditions on ¢(B;_1) and &(B;).
For the first case, |6(B;_1)| # |o(B;)| if and only if a;_; # a;. In the second case, if
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d(Bi—1) <p &(B;) where |6(B;_1)| = |(B;)|, then obviously a;_; = a;, but this implies
that the composition pc(a(P)) contains A (written in subset notation). This implies
A € B, since pc(a(®)) > 8. Thus the A™ box is above the (A + 1) box in the original
ribbon of § and since R begins at the (A +1)* box, there exists a b; such that (b;,..., )
forms the ribbon R. For the last case, let d(B;—1) >p &(B;) where |(B;-1)| = |a(B;)],
then A ¢ pr(a(®)) which means that A ¢ S because pr(a(®)) < . This implies that
the A™ and (A + 1) box are in the same row of the ribbon of 3. Since R starts at the
(A 4 1)* box, there does not exist a b; such that (b;,...,b;) forms the ribbon R.

Recall By, the set of all blocks B of ® such that |B| = k, then there is a natural
bijection, O from By to the interval [|®By|], satisfying B >3 B’ if and only if O(B) >
O(B’). Thus ¥ is also enumerated by the number of standard fillings of D(g, p(5(P)))
where the entries of a filling, when read from left to right, are increasing (due to the
alternate condition of RTa2) and, when read from top to bottom, are decreasing (due to
the alternate condition of RTa3). Thus |X| = SDR(S, ).

Finally the Mobius function has a (—1)'e"(#)~len(pc(e(®) factor and we will show by in-
duction that (—1)"Br(@®)) = (_1)len(B)—len(ec(@(®)) when pr(o(®)) < B < pola(P)).
Consider the base case when f = pc(a(®)). Then p(o(P)) refines po(o(P)), thus
ht(pc(o(®)), p(o(P))) = 0 and obviously len(pc(o(®)) — len(pc(a(P)) = 0. Now sup-
pose that ht(3, p(c(P®))) = len(8) — len(pc(c(P))) = t. Let len(y) = len(5) + 1 where
pr(o(®)) < v < B < pe(o(P)), then there exists an element B such that B ¢ f
and B € v, since pr(o(®)) < v, B ¢ D. Let A be maximal such that A < B and
ay + -+ + a = A. Then suppose that in the kth iteration of RT for 5 the height equals
s, then in the kth iteration of RT for ~, the height equals s+ 1 because the ith box is the
end of a row of the ribbon 7. Thus at the final iteration we will get ht(v, p(o(®))) = t+ 1.
Obviously len(vy) —len(pc(a(®))) = t+1, thus ht(vy, p(a(P))) = len(y) — len(pc(a(P)). O

11 Generalizations of Py Using Total Orders

With careful work we can generalize a LDD filling by replacing >z by a different total
ordering > on disjoint integer sets. The resulting powersum P refines the powersum
symmetrics in non-commuting variables. Only certain total orders > induce P® that
have a shifted shuffle product and a standardized deconcatenate coproduct.

Definition 54. A total order > on disjoint sets A and B is shift-invariant if it has the
property that if A > B, then A™ > B™ for all k. A total order > is standard-invariant if
it has the property that if A > B, then At > B,

Studying carefully Definition 37 and the proofs of Theorem 43 and 44, we see that the
only crucial properties of >z used are its shift and standard invariance. We conclude:

Proposition 55. If the total order > is shift-invariant, then P® has a shifted shuffle
product. Likewise, if > is standard-invariant, then P* has a standardized deconcatenation
coproduct.
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Example 56. Let >,/.q be the total order on disjoint sets A and B by the covering
relation
Al > |B] Al # | B]

A >peq B =
Med {Med(A)>Med(B) |A| = |B|

where Med(A) is the median (rounded up) of A. It follows that >yjeq is a shift-invariant
and standard-invariant total order, which means that PM®d has a shifted shuffle product
and a standardized deconcatenate coproduct. An interesting question is whether a stan-
dard invariant total order is also shift invariant (and vice versa), we leave this question
to the reader.

Let B and A be two disjoint sets of different sizes. We say that a total ordering projects
under p if there exists a total ordering on integers =, such that B > A implies |B| > |A|.

Example 57. Define the total order on sets >3; as B > A if min(5B) > min(A). Then
> 77 does not project under p because {3,4} > {2} and {2,4} <z; {3}. This means that
2 >y 1 and 2 <) 1, however this implies that <;; is not a total order. We note that >7
is a standard invariant and shift invariant total order.

Let ® = (By,..., Bx) be a set composition of n with p(®) = (by,...,b;). Break p(®)
when B; > Bty so that p(®) = 51|Ba|--- |8 where 5; = (b, ..., bj+j,) with Bj,_1 <
Bj, > Bjiy1 > -+ > Bjiyj, < Bjiijp41. Then we define pi(®) = (|41, 2], - -, [81]) and
p7(®) = P15 - - - | 8], where B! is the transpose of f;.

Theorem 58. Let > be a total order that projects to <. Then
o P¥= 2066(} p(Pf(q))) where o = p(P),
o p(Py) = Zp;@)gagpg(@) pip (0, pe(P)) Fa
This follows from the proofs of Theorems 47 and 52 by changing the total order.

Proof of Theorem 29. The proof in Section 10.1 requires Lemma 53, Theorems 47 and
52, and for the total order > to project under p to <. We define a total order on set
compositions, >, that projects to < by

A B if |A B
Anpo [AISIBLlA£(B]
min(A) < min(B) if |[A| = |B|
> is a standard invariant projective total order, thus a total order analogue of Lemma
53 and Theorem 58 holds. O

In Section 6 we could naturally pair total orders (and thereby pairing powersums)
using the star involution. Now we will show how to do this generally.
Recall that the algebraic complement involution, denoted <—, sends Mg to M, where

%
¢ = (By,...,By) and ® = (By, ..., B;) is the reverse set composition of ®.
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Theorem 59. The algebraic complement of a powersum quasisymmetric is the reverse
powersum

é_
Py = PE (30)
where & s the reverse of the total order 1>.

P'roof By definition, P = E oo My = D _yoe M. Denote the reverse composition

as (ID = Ay|---|Ag. Note that for blocks B;, B;y1 in @, if B; > B;.1, then E E_H,
which means that Ag,q ; < Agy1-11, which is rewritten as Ak+171+1<§Ak+171- Thus,
ZW>¢M‘6:E%<§WM‘P:P§' =

Let ® be a set composition of [n]. Recall that the coalgebraic complement involution
is defined as the map Mg = Mg, where ® = (By,...,By) and By = {n+1—1b;,,...,n+
1—10;,}. For example, Migg45 = M3sj412. Let A and B be disjoint subsets of n, we deﬁne
the complement of a shift-invariant total order >, denoted >, as

asp_ [A<B iflAl=1Bl
A>B it |A| #|B

We similarly define the complement of shift-invariant total order > as A> B = A< B.

Proposition 60. If > projects to < under p, then > does as well. In other words
complementation is an involution on such total orders.

This follows from the definition that A>B when A > B. This goes to say that if a
total order > compares to disjoint sets based off the sets’ size then the complement total
order will still compare the sets by using the sets’ size.

Theorem 61. Let & be a set composition of [n]. If > is a total order on set compositions,
then . B

Py = Pg
where ™ is the complement of the total order t>.

Proof. Let ® = (By, ..., Bg). This proof will be done in two cases, when > is projective,
and when 1> is not projective. However for both cases Py =3 .0 My = > g0 M

Let > be projective. If B; > B;y1, then B; < By when |B;| = |B;;1|, which means
that B;>B;+1. And when |B;| # | By, if B; > By, then B;i>B; 1. Thus it is equivalent
to write Z\DD(ID M@ = 2@56 M\p = Pg

Finally if > is not projective, then B; > B;,1, which implies Eqm for all B;. Thus
> wee Mg =D ys5 Mo = P%- O

12 Powersums in Other Algebras

In [7], the authors define a way to define a monomial basis for a combinatorial Hopf algebra
given certain conditions. In some of the examples below we sketch the relationship that
P has with other combinatorial algebras using fillings and the monomial basis.
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12.1 FQSym

FQSym is the Hopf algebra of permutations first introduced by Malvenuto and Reutenauer
[15], which is a subalgebra of the Hopf algebra of Word Quasisymmetric function, WQSym,
whose bases are indexed by packed words [8, Section 3] and [17, Section 2.4]. It can be
seen by the map II that WQSym and NCQSym are isomorphic, which gives a polynomial
realization to WQSym. In this section we will show that the subalgebra FQSym maps
nicely, via II, to the powersum basis indexed by singleton set compositions, a singleton
set composition is a set composition whose all parts have cardinality 1.

A packed word of n is a word w = w; - --w, such that for any w; either the letter
w; — 1 is in w or w; = 1. Then packing a word u, pack(u), is the packed word w such that
all letters keep the same relative order as u, meaning w; > w;11 (respectively u; < i1,
u; = u;y1) if and only if w; > w4 (respectively w; < wjq1, w; = w;4q1). For example,
pack(2426) = 1213. The space of WQSym is spanned by the monomial basis where
M, = Zpack(u):w u. The map setcomp(w) bijects packed words to a set composition by
w=w - w, - P®=By|--|Bg where i € B,,. For example, let 21243 be a packed word,
then setcomp(21243) = 2[13|5|4. The map II : M,, = Msetcomp(w) is a Hopf isomorphism
between WQSym and NCQSym, more details in [16].

A permutation of n, 7S, acts on a set composition of length n, ® = (By,..., B,), by
7(®) = Brq)| - - . |Brmn)- The standardization of a word, st(w) (which is not to be confused
with standardization of a set composition ®+), is the permutation obtained from reading
the word from left to write and label 1,2,... when w; = 1 and repeat for w; = 2 and
so on. For example 132 and 121 are both packed words with st(132) = st(121) = 132.
Let & = (By,...,By) and ¥ = (Ay,...,4;) be a set composition and a singleton set
composition respectively, st(®) = ¥ means that for every i, B; = A; U--- U Aj; such
that A; <--- < Aj;; where < compares the only integer in the block.

In [17, Section 2.4], FQSym is a sub Hopf algebra of WQSym by the map G, —
Zst(u):T M, where G, is the dual fundamental basis and 7 is a permutation. Thus for
NCQSym, I(G;) = > . @)=r(1|.-jn) Ma. We note that the ¢ in this sum are precisely
the set compositions satisfying ® >z 7(1|-- - |n), thus through Definition 37 we get the
following theorem.

Theorem 62. The image of the G basis under I1 on NCQSym is the powersum quasisym-
metric function in non-commuting variables indexed by a singleton set composition, i.e.
for a permutation T

1(G7) = Prajal-in)- (31)

12.2 QSym"

Hivert defined the space of r-quasisymmetric functions, denoted QSym” where r is some
nonnegative integer, as the invariant space of certain local actions in [11]. A local action
is a permutation from &,,, where n is the number of variables, that acts on the polynomial
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ring by
o b )_{xi-’x;ﬂrl ita<rorb<r (32)

riw),, else

The spaces of r-quasisymmetric functions are nested sub Hopf algebras of Q[X], in
other words Q[X] = QSym” > QSym = QSym' D QSym?® O --- D QSym” D --- D Sym.

Let o = (ay,...,ax) be a composition of n such that a; > r and let \ = (/\17 e A
be a partition of m such that A\; < r. Then we define an r-composition of n + m as
the pairing of @ and A denoted as (a; A). Let 8 be a composition of n, then sort,(3) is
the r-composition that comes from moving all parts less than r to the end. For example
sort3((3,5,2,1,3,4,5,2)) = (3,5,3,4,5;2,2,1).

The r-quasimonomial function, denoted as M(’"a, N is a basis of QSym" and is defined

Man) = Z Ms.
B:sorty (8)=(a;\)

In much the same way as above, we can define fillings for QSym”, denoted SD", to define
a combinatorial way to change the basis from P to M.

Py = D M)

FESD" (a; )
ceGF

as

This also has the property that P{a, N = Zsortr(ﬁ):(a;)\) Pg. This will be explored more in
a future paper.

12.3 Cyclic Quasisymmetric Functions

In [1] the authors defined a different action on QSym called the cyclic shift, denoted ;.
The invariant space of QSym under the cyclic shift is the space of cyclic quasisymmetric
functions, cQSym, note that this isn’t a Hopf algebra, due to the fact that cQSym is
not preserved under the coproduct. In [1], the authors use set notation, however out of
familiarity we will use composition notation. Let a = (ay, ..., ax) be a composition, then
the cyclic shift of « is ¢(a) = (ag, a1, ..., ax—1). Thus the monomial basis of cQSym is

M, Z i(a); (33)

where ¢’(a) = ¢! og(a). .

For example, M312) = M@312) + Mz + Mugs) and Mpi121) = 2Mp121) +
2M @ 21,2). The powersums for cQSym can also be defined in terms of fillings (with an
equivalence relation on fillings by cycling the columns) and row permutations

Z Mcol

FESD(a)
oG
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For example, p(2717271) = 2M(27172,1) + 4]\2/(3,172) + 2M(373). Contrary to the scaling of (33),
the cyclic powersum quasisymmetrics has either a coefficient of 1 or 0 when expanding
a cyclic powersum quasisymmetric in terms of powersum quasisymmetrics. From the
example above, P(Q,LQJ) = Po12,1) + Pi2,1,2. Thus the alternate definition is

P, =) Puw).

icl
where I = [j] where j is the minimum integer such that ¢/*1(a) = ¢(a).
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