Canad. J. Math. Vol. 66 (3), 2014 pp. 525-565
http://dx.doi.org/10.4153/C]M-2013-013-0 qu%
(© Canadian Mathematical Society 2013

A Lift of the Schur and Hall-Littlewood
Bases to Non-commutative Symmetric
Functions
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Abstract. 'We introduce a new basis of the algebra of non-commutative symmetric functions whose
images under the forgetful map are Schur functions when indexed by a partition. Dually, we build
a basis of the quasi-symmetric functions that expand positively in the fundamental quasi-symmetric
functions. We then use the basis to construct a non-commutative lift of the Hall-Littlewood symmetric
functions with similar properties to their commutative counterparts.

1 Introduction: Yet Another Schur-like Basis of NSym

The algebras of non-commutative symmetric functions NSym and quasi-symmetric
functions QSym are dual Hopf algebras. They have been of great importance to
algebraic combinatorics. As seen in [1], they are universal in the category of com-
binatorial Hopf algebras. They also represent the Grothendieck rings for the finitely
generated projective representations and the finite dimensional representation the-
ory of the 0-Hecke algebra. We will not attempt to summarize these notions in great
detail; the interested reader should see [21].

This paper is the result of an exploration of what a “Schur” analogue in the non-
commutative setting should look like. We focused on a minimal set of axioms that
define a basis of NSym whose image under the forgetful map is a Schur function
when the basis element is indexed by a partition.

The primary goal in this paper is to build a new basis, the “immaculate basis,” of
NSym and to develop its theory. This basis has many of the same properties as the
classical basis of Schur functions of the symmetric function algebra. The immaculate
basis has a positive right-Pieri rule (Theorem 3.5), a simple Jacobi-Trudi formula
(Theorem 3.27), and a creation operator construction (Definition 3.2). Furthermore,
under the forgetful map x from the non-commutative symmetric functions to the
symmetric functions (Equation (2.1)) their image is a Jacobi-Trudi expression for a
Schur function (Corollary 3.30). Thus, immaculate functions map to Schur functions
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using a signed sorting action (Proposition 2.2). By duality, these functions give rise
to a basis of the quasi-symmetric function algebra and expand positively into the
monomial and fundamental bases of quasi-symmetric functions (Propositions 3.36
and 3.37). We also give a combinatorial expansion of the Schur functions (Theorem
3.38) in this basis.

In the commutative setting there are many characterizing properties of the Schur
functions (e.g., triangularity with other bases, a Pieri rule, uniquely determined by an
orthonormalization process). We immediately focused on the concept of a Jacobi—
Trudi identity defining a basis of NSym. The reader interested only in the definition
of our basis may wish to take the Jacobi—Trudi rule (Theorem 3.27) as the definition
of the immaculate basis. However, to simplify the proofs and provide a coherent
story, we started with the functions being defined through creation operators. Since
they are defined through the process of creation (applying certain creation operators
to the identity), we decided to name them the “immaculately conceived basis,” which
we have shortened to the immaculate basis.

Recently, many of NSym’s enthusiasts have developed bases for the algebra that
have various properties in common with different classical bases of Sym. The “im-
maculate” term within this paper is intended to be humorous; our basis shares many
of the properties of the Schur basis of Sym, but is in no way a perfect analogue of the
Schur basis (for instance, products of immaculate functions do not expand positively
in the immaculate basis). We have no supportive evidence to believe that any basis of

NSym will ever be a perfect analogue of the Schur basis.

It should be noted that this basis is not the non-commutative Schur basis (dual
to the quasi-symmetric Schur basis of [7, 13, 14]), even though they share several
similar properties. The non-commutative Schur basis has the property that the image
under the map x of an element indexed by a composition is a Schur function indexed
by the parts of the composition sorted in decreasing order. The basis studied here
has the property that an element indexed by a composition is sent to a Jacobi—Trudi
determinant expression (Theorem 3.27 and Corollary 3.30). We have not developed
any connections at this point between the non-commutative Schur basis and our
immaculate basis.

Starting with the immaculate basis, we construct lifts of the Hall-Littlewood sym-
metric functions in the non-commutative symmetric function algebra. It should be
noted that many different versions of a non-commutative Hall-Littlewood symmet-
ric function already exist [5, 16, 23,28, 35], but as far as we are aware, none of these
project for all partitions to the classical Hall-Littlewood functions (ours do!). Hav-
ing a basis of NSym that projects to the Hall-Littlewood basis could prove to be
a powerful tool towards their study; fundamental problems in the classical theory
of Hall-Littlewood symmetric functions, such as a combinatorial understanding of
their structure coefficients, remain open.

The results of this paper are mostly combinatorial and algebraic. In a forthcom-
ing paper we turn our attention to the representation theoretic interpretation of our
basis [2]. We construct indecomposable modules of the 0-Hecke algebra whose char-
acteristics, under the identification with elements of QSym, form the dual basis to
the immaculate basis.
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2 Background
2.1 Compositions and Combinatorics

A partition of a non-negative integer n is a tuple A = [A1, A, ..., A] of positive
integers satisfying Ay > A, > --- > )\, that sum to #; it is denoted A F n. Parti-
tions are of particular importance to algebraic combinatorics; among other things,
partitions of 7 index a basis for the symmetric functions of degree n, Sym , and the
character ring for the representations of the symmetric group. These concepts are in-
timately connected; we assume the reader is well versed in this area (see for instance
[29] for background details).

A composition of a non-negative integer n is a tuple @ = [y, s, . . ., a;,] of pos-
itive integers that sum to n, often written o |= n. The entries «; of the composition
are referred to as the parts of the composition. The size of the composition is the
sum of the parts and will be denoted |«| := n. The length of the composition is the
number of parts and will be denoted ¢(«) := m. In this paper we study dual graded
Hopf algebras whose bases at level # are indexed by compositions of .

Compositions of n are in bijection with subsets of {1,2,...,n — 1}. We will
follow the convention of identifying o = [a1, ay, .. ., a,y,] with the subset D(a) =
{051,051 +Oé2,0é1 +O[2+Oé3,...,0[1 +O[2+"'+Otm_1}.

If @ and B are both compositions of n, we say that @ < [ in refinement order if
D(B) C D(«). For instance, [1,1,2,1,3,2,1,4,2] < [4,4,2,7], since

D([1,1,2,1,3,2,1,4,2]) ={1,2,4,5,8,10,11,15}
and D([4,4,2,7]) = {4,8,10}.

We introduce a new notion that will arise in our Pieri rule (Theorem 3.5); we say
that o C; S if:
(a) |B] = |af +i,
(b) a; < Bjforalll < j < U(a),
(c) £(B) < Llla) +1.

For a composition o = [a, ay, . . ., o] and a positive integer m, we let [m, o] stand
for the composition [m, ay, ay, . . ., ay].

In this presentation, compositions will be represented as diagrams of left aligned
rows of cells. The combinatorics of the elements that we introduce will lead us to
represent our diagrams in this way rather than as a ribbon (as is the usual method for
representing compositions when working with the ribbon Schur and fundamental
bases). We will also use the matrix convention (“English” notation) that the first
row of the diagram is at the top and the last row is at the bottom. For example, the
composition [4, 1,3, 1, 6, 2] is represented as
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Note that in examples and in a few formulas, compositions used as subscripts
indexing elements of an algebra will often be written without enclosing brackets.

2.2 Schur Functions and Creation Operators

We use the standard notation for the common bases of Sym: h, for complete homo-
geneous; ey, for elementary; m) for monomial; p) for power sums; sy for Schur. For
simplicity, we let h;, e;, m;, p;, and s; denote the corresponding generators indexed by
the partition [i].

We next define a Schur function indexed by an arbitrary tuple of integers. The
family of symmetric functions indexed by partitions A are the usual Schur basis of
the symmetric functions.

Definition 2.1 For an arbitrary integer tuple o = [, 2, ..., ay] € 7%, we define
hal haﬁ—l v h(11+€71
h02,1 haz v haz+€72
so 1= det . ) . . = det[ha,+j—ili<i j<ts
ha(—é+1 h(w—l+2 tee h()u

where we use the convention that hy = 1 and h_,,, = 0 for m > 0.

With this definition, we notice that switching two adjacent rows of the defining
matrix has the effect of changing the sign of the determinant. Switching rows of the
matrix implies that we have the following equality:

SQu1 02 e Uy Qe — 001,005,001 — Lt L

Two rows of the matrix are equal if a; — i = «; — j. This implies part of the
following well-known result.

Proposition 2.2 If a is a composition of n with length equal to k, then s, = 0 if and
only if there exists i, j € {1,2,...,k} withi # j such that o; — i = oj — j. If this is
not the case, then there is a unique permutation o such that

[ag, +1 = 01,04, +2 —03,..., 04 +k— 0f]
is a partition. In this case,

Sa = (_1)Usagl+1—o’1,a02+2—02,...u0k+k—0k~
Sym is a self-dual Hopf algebra. It has a pairing (the Hall scalar product) defined
by
<h)\7 m/L> - <5/\a S/L> = 5)\,,u,~

An element f € Sym gives rise to an operator f-: Sym — Sym according to the
relation

(fg.h) = (g fJ_h> forallg, h € Sym.
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Using this as a definition, the action of the operator f* can be calculated on another
symmetric function by the formula

@) =D (& far)by,

A

where {ay}, and {b)}, are any two bases that are dual with respect to the pairing

<'7 >

We define a “creation” operator B,,: Sym, — Sym

By =Y (—1)'hyici.

i>0

by

m+n

The following theorem, which states that creation operators construct Schur func-
tions, will become one of the motivations for our new basis of NSym (see Definition
3.2).

Theorem 2.3 (Bernstein [37, pp. 69-70])  For all tuples o € 7",
Sa = BulBuz e Bam(l)-

Because of this result we shall refer to the B,, operators as either creation or Bern-
stein operators.

2.3 Non-commutative Symmetric Functions

The algebra of non-commutative symmetric functions NSym is a non-commutative
analogue of Sym that arises by considering an algebra with one non-commutative
generator at each positive degree. In addition to the relationship with the symmetric
functions, this algebra has links to Solomon’s descent algebra in type A [27], the
algebra of quasi-symmetric functions [27], and representation theory of the type A
Hecke algebra at ¢ = 0 [21]. It is an example of a combinatorial Hopf algebra [1].
While we will follow the foundational results and definitions from references such as
[11,27], we have chosen to use notation here that is suggestive of analogous results
in Sym.

We define NSym as the algebra with generators {H;, Ha, ... } and no relations.
Each generator H; is defined to be of degree 7, giving NSym the structure of a graded
algebra. We let NSym, denote the graded component of NSym of degree n. A basis
for NSym  are the complete homogeneous functions {H, := Hu, Ha, - - - Hq,, Yakn in-
dexed by compositions of #n. To make this convention consistent, some formulas will
use expressions that have H indexed by tuples of integers and we use the convention
that Hp = 1and H_, = 0 forr > 0.

There exists a map (sometimes referred to as the forgetful map) that we shall also
denote x: NSym — Sym, defined by sending the basis element H,, to the complete
homogeneous symmetric function

(21) X(Ha) = hmhaz e ha[(u) € Sym

https://doi.org/10.4153/CJM-2013-013-0 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-2013-013-0

530 C. Berg, N. Bergeron, E. Saliola, L. Serrano, and M. Zabrocki

and extended linearly to all of NSym. This map is a surjection onto Sym.

Similarly to the study of Sym and the ring of characters for the symmetric groups,
the ring of non-commutative symmetric functions is isomorphic to the Grothendieck
ring of finitely generated indecomposable projective representations of the 0-Hecke
algebra. We state this fact only as an analogy to Sym; we will not use it in this paper.
We refer the reader to [21] for details.

The element of NSym that corresponds to the indecomposable projective repre-
sentation indexed by « is here denoted R,. The collection of R,, are a basis of NSym,
usually called the ribbon basis of NSym. They are defined through their expansion in
the complete homogeneous basis:

(2.2) R, = Z(—l)a“)_z(ﬁ)Hg or equivalently H, = Z Rgs.

B>a B>«

The product expansion follows easily from the non-commutative product on the
generators
H.Hp = Hm,---aum,ﬁl,.,.&‘(‘ﬂ'

NSym has a coalgebra structure, which is defined on the generators by

j
A(H)) = Z H; @ Hj_;.

i=0

This determines the action of the coproduct on the basis H,, since the coproduct is
an algebra morphism with respect to the product. Explicitly we have

A(Ha) = A(Hal )A(Haz) e A(H(W(n))'

2.4 Quasi-symmetric Functions

The algebra of quasi-symmetric functions, QSym, was introduced in [10] (see also
subsequent references such as [12,34]). This algebra has become a useful tool for
algebraic combinatorics, since it is an algebra that is dual to NSym and contains Sym
as a subalgebra.

As with the algebra NSym, the graded component QSym _ is indexed by compo-
sitions of n. The algebra is most readily realized within the ring of power series of
bounded degree Q[[x;,x,, ...]]. The monomial quasi-symmetric function indexed
by a composition « is defined as

_ Q.0 QU
M, = g X%, X"
N <ir<-<ip

The algebra of quasi-symmetric functions, QSym, can then be defined as the algebra
with the monomial quasi-symmetric functions as a basis, whose multiplication is
inherited as a subalgebra of Q) [[x;, X, . . .]]. We define the coproduct on this basis as

AM,) = > My @M.y,
Sc{1.2,..0()}
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whereif S = {i} < i, <--- <ijg}, thenas = [, i, . . Qg L.
We view Sym as a subalgebra of QSym. In fact, the usual monomial symmetric
functions my € Sym expand positively in the quasi-symmetric monomial functions

my = Z Maa
A

sort(a)=

where sort(«) is the partition obtained by organizing the parts of o from the largest
to the smallest.

Similarly to NSym, the algebra QSym is isomorphic to the Grothendieck ring of
finite-dimensional representations of the 0-Hecke algebra. The irreducible represen-
tations of the 0-Hecke algebra form a basis for this ring, and under this isomorphism
the irreducible representation indexed by « is identified with an element of QSym,
the fundamental quasi-symmetric function, denoted F,. The F,, for a = n, form a
basis of QSym  and are defined by their expansion in the monomial quasi-symmetric

basis:
Fo =Y M.

B<a

2.5 Identities Relating Non-commutative and Quasi-symmetric Functions

The algebras QSym and NSym form graded dual Hopf algebras. The monomial
basis of QSym is dual in this context to the complete homogeneous basis of NSym,
and the fundamental basis of QSym is dual to the ribbon basis of NSym. NSym and
QSym have a pairing (-, -} : NSym x QSym — Q, defined under this duality as
either <H(¥,M[3> = dq, 0T <RQ,F5> = 0a,8-

We will generalize the operation that is dual to multiplication by a quasi-symme-
tric function using this pairing. For F € QSym, let F- be the operator that acts
on elements H € NSym according to the relation (H, FG) = (F1H,G). To ex-
pand F(H), we take a basis {A, }, of QSym and {B, }, a basis of NSym such that
(Ba,Ag) = d4p; then

FY(H) =) (H,FAq)B,.

«

By the duality of the product and the coproduct structure of NSym and QSym,
we have for F,G € QSym and H,K € NSym, that the pairing satisfies (HK, G) =
(H®K,A(G)) and (H, FG) = (A(H),F ® G). As a consequence of the first of these
two identities, we have the following lemma.

Lemma 2.4 IfG € QSymand A(G) = 3, GY) @ G;), then for H,K € NSym,

GH(HK) =)~ G-(H)GF(K).
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Proof Because of the duality of the Hopf algebra structure between NSym and
QSym,

G*(HK) = (G"(HK),Aa)B, = Y _(HK,GA,)B,

= (H®K,A(GA,))Bs = Y (H® K, A(G)A(A4))Ba

[}

= z Z(H ® K, (G ® Gi))A(AL)) B,

= 3" D (G (H)GH (K), Aa) B »

Another way we can compute the action of M- is by using the following lemma.

Lemma 2.5 For G € NSym, if the coproduct on G has the expansion A(G) =
> Hy® G, then M+ (G) = G,

Proof Let G bean element of NSym such that A(G) has the expansion > | H, ® G
with the H-basis in the left tensor. A direct computation shows

My (G) =Y (G, MoMp)Hy = > (A(G), M, @ My)Hy
B B

=3 (H,® G My @ Mg)Hs = > (G Mp)Hz =G, m
g v 3

To develop some of the formulas for the immaculate basis we will need some alge-
braic identities on NSym and QSym. These are standard results that are analogous
to the corresponding formulas in Sym, but require some development of the algebra
to verify their correctness.

As a consequence of Lemma 2.4 we have the following relations.

Lemma 2.6 Fori, j > 0and for f € NSym,

(2.3) Fii(fHj) = Fii ()H; + Fimi (HHj—
min(i, )
(2.4) Fr(fH) = Y F(H)H .
k=0

Proof Since F; and Fy: are, respectively, h; and e; in Sym, we know the coproduct
rule A(Fyi) = Z;(:O Fii« ® Fix, and A(F;) = Z;(:O F;_; ® Fy. From Lemma 2.5 and
the fact that F;- = Dk M-, we calculate that F.-(H;) = Dk ME(H)) = Hj_,
for 1 < r < j. Another application of Lemma 2.5 with F{- = M;+ shows that for
s> 1, F#(Hj) = M#(Hj) = 0. Equations (2.3) and (2.4) are a consequence of
Lemma 2.4. |

https://doi.org/10.4153/CJM-2013-013-0 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-2013-013-0

New Bases for the Non-commutative Symmetric Functions 533

By applying the formulas in the previous lemma, the following expansions may be
shown by induction on the length of the composition.

Corollary 2.7 Foralli > 0 and all compositions o |= n such that £(a) = m,

Fi(H,) = Z Hj, Fr(H,) = Z H,.

BEN™ yEN™
18l=|a]—i Iy|=la|—i
aj—1<pi<a; 0<vj<aj

In both sums we use the convention that parts of size 0 are deleted from the tuple when
it is re-expressed in the H-basis because Hy = 1.

Example 2.8 We compute F{;H,11, = Hyy + 2H,11 + 2Hyyo + Hippy. This comes
from removing two boxes from [2, 1, 1, 2] in the following ways and not considering

parts of size 0:

(1,1,1,1]  [1,1,2]  [1,1,2]  [2,1,1] [2,1,1] (2,2]

o
"
“n

Example 2.9 We compute F;-H,j1p = Hyjiy + 3Hi + 3Hayy + Hy,. This comes
from removing two boxes from [2, 1, 1, 2] in the following ways:

o
“»
o
B

(1,1,1,1] [1,1,2

—

(1,1,2]  [1,1,2]

"
“n
B

(2,1,1] (2,1,1]  [2,1,1] (2,2]
We call a linear ordering of variables (y1, 2, . .. ) an alphabet. Note that an alpha-

bet could be finite or countable.
For an alphabet Y, we define

Qy =) M,[Y]H,,

where M, [Y] is the monomial quasi-symmetric function indexed by o expanded
over an alphabet Y, and the monomial quasi-symmetric functions are allowed to
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commute with the non-commutative symmetric functions. In particular when Y is
an alphabet with a single variable,

ﬁz == Z Zde.

>0

IfY = (y1,2,...) is an alphabet and z is another variable not in Y, we let z, Y
denote the alphabet (z, y1, y2, . . . ). We notice that 2,Qy = {2,y by calculating

.....

«

fZM 1H, +Zz“lHa]M% [ Y1Ho, o,

= ZMQ 1H,, +szHdZMﬁ
(e}

d>0

— <szHd) <XW:MW[Y]H7) =0, 0y.

a>0

We can then determine by induction that Q Zﬁy =0 2y for a finite alphabet Z.

For F € QSym, F* acts on the non-commutative symmetric functions and does
not affect the monomial quasi-symmetric function coefficients

FLQy = ZM [Y]F(H,) = ZM Z(HQ,FM3>H

= ZZ H,,FM3)M,[Y]H; = ZF[Y M;[Y]Hg = F[Y]y.

We also define the two operators with the parameter z as

= ZziFll,-7 and - ZZZiF,'L;

i>0 i>0

then

& nyzzal 10y = Qy [T +2y),

i>0 yey
= ZRIYIQy =Qy/ [T(1—2).
i>0 yey
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3 A New Basis for NSym

We are now ready to introduce our new basis of NSym. These functions were dis-
covered while playing with a non-commutative analogue of the Jacobi-Trudi identity
(Theorem 3.27). They may also be defined as the unique functions in NSym that
satisfy a right-Pieri rule (Theorem 3.5 and Proposition 3.32). In order to stream-
line our proofs and extend our definitions to a Hall-Littlewood analogue, we start by
building our new basis using a non-commutative version of the Bernstein operators
(Theorem 2.3).

3.1  Non-commutative Immaculate Functions

We continue with the notation of the previous section: H; is the complete homoge-
neous non-commutative symmetric function; F,, is the fundamental quasi-symme-
tric function indexed by the composition «; and F;- is the linear transformation of
NSym that is adjoint to multiplication by F, in QSym.

Definition 3.1 We define the non-commutative Bernstein operators B,, as

By =Y (—=1)'HuiFjr.

i>0

Using the non-commutative Bernstein operators, we can inductively build func-
tions using creation operators similar to Bernstein’s formula (Theorem 2.3) for the
Schur functions.

Definition 3.2 Foranya = [ay, aa, -+ , a,y] € 27, the immaculate function S, €
NSym is defined as the composition of the operators applied to 1 in the expression

Ca = Bo,Ba, - - - By, (1).

Calculations in the next subsection will show that the elements { S, },, form a
basis for NSym .

Example 3.3 If a = (a) has only one part, then &, is just the complete homo-

geneous generator H,. If @ = [a, b] consists of two parts, then S,, = B,(H;) =
H,Hy — Ho1Hy—y.

3.2 The Right-Pieri Rule for Immaculate Functions
Lemma 3.4 Fors> 0andm € Z, and for f an element of NSym,
]Bgm(f)Hs = Bm-%—l(f)Hsfl + Bm(st)

Proof By definition,

By(fHy) =Y (=1)'HpiFis (FH,).

i>0
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Using Lemma 2.6, one obtains
By(fHs) =Y (=1 Hyei (Fis (f)Hoy + Fir ()H,)
i>0
which by associativity and reindexing gives

B (fHs) = —Bps1 (f)Hs—1 + By (f)Hs. [ ]

Theorem 3.5 For a composition «, the S, satisfy a multiplicity free right-Pieri rule
for multiplication by H,,

SoH; = Z 6[37

aCf
where the notation C; is introduced in Section 2.1.

Proof Letm = «; and let @ = [a;, a3, ..., ai] denote the composition with first
part removed. The proof will be by induction on s + ¢(«), the base case being trivial.
By definition, B, Sz = S,, so

6(yI_Is = ]B;M(GE)HS
= ]BEmH(Ga)HS,l + ]B;m(eaHs) by Lemma 3.4 y

= Siur,aHs—1 + B Z ©,) by the Pieri rule on @ and s,
aCsn

Z S, + Z Spm,y  bythe Pieriruleon [m + 1,@] and s — 1.

[m+1,a]Cs—1y aCsn

The first sum counts all y that arise from adding boxes to «, adding at least one to the
first part of the composition, which are bounded in length by ¢(a:) + 1. The second
sum counts all 7 that arise from adding boxes to «, without adding to the first part,
which are bounded in length by ¢(«) + 1. The statement now follows from combining
the two sums. ]

Remark 3.6 Products of the form H,, S, do not have as nice an expression as
S Hp, since they generally have negative signs in their expansion and there is no
obvious containment of resulting compositions. For example,

HiGi;3 = G135 — Gy — B3,

The reason for this is that left multiplication by H,, can be re-expressed as

Hy =Y BuiFf

i>0

We will develop the algebra required to understand where the negative signs poten-
tially arise, but we will not give a satisfactory left Pieri rule. We conjecture that the
left Pieri rule is multiplicity free, up to sign.

https://doi.org/10.4153/CJM-2013-013-0 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-2013-013-0

New Bases for the Non-commutative Symmetric Functions 537
Conjecture 3.7
H,G, = Z(_l)sign(a.ﬂ) =
8

where the sum is over some collection of compositions (3 of size || + m and sign is
some statistic that depends on « and S3.

Example 3.8 The expansion of S,; multiplied on the right by H; is done below,
along with corresponding pictures.

1
g

+ Gy + Gs3, + G341 + S35

m NSSupe

+ B3t + S + Gs3

3.3 Relationship with the Classical Bases of NSym

We will now develop some relations between the classical bases of NSym and the im-
maculate basis. In particular, the first result will establish the fact that the immaculate
functions indexed by compositions do in fact form a graded basis of NSym. First, we
need the notion of an immaculate tableau.

3.3.1 Immaculate Tableaux

Definition 3.9 Let a and [ be compositions. An immaculate tableau of shape «
and content [ is a labelling of the boxes of the diagram of « by positive integers in
such a way that:
(a) the number of boxes labelled by i is §;;
(b) the sequence of entries in each row, from left to right, is weakly increasing;
(c) the sequence of entries in the first column, from top to bottom, is increasing.

An immaculate tableau is said to be standard if it has content 11/,

Let K, 3 denote the number of immaculate tableaux of shape o and content 3.

We reiterate that, aside from the elements in the first column, there is no relation
among the elements in the columns of an immaculate tableau.
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Example 3.10 There are five immaculate tableaux of shape [4,2,3] and content
(3,1,2,3]:

v ]3] [afafu]3] [afa]u]4] [a]u]a]a] [1]1]1]2]
23 24 2[3 2]4 E
4]4]4] 3[4]4] 3[4]4] 3[3]4] 4]4]4]

Standard immaculate tableaux of size n can be identified with set partitions of
{1,2,...,n} by ordering the parts in the partition by minimal elements. This re-
mark! allows us to state a surprising enumeration formula for standard immaculate
tableaux that is analogous to the hook length formula for standard tableaux. In order
to state and prove this formula, we need to define the standardization of immaculate
tableaux and hooks of cells.

Definition 3.11 Given an immaculate tableau T of shape v and content 3, we form
a standard immaculate tableau std(T) = S of shape a and content (1") as follows. We
order the entries of the tableau T, reading first all entries valued 1, then 2, etc. Among
all entries with the same value, we first read all entries in the lowest row, starting at
the leftmost position and read first to the right and then up rows. The order of the
entries forms a standard immaculate tableau that we call the standardization of T.

Example 3.12 The following tableau has shape [6, 5, 7] and content [2, 3, 5, 1,4, 3].

1[1]2]2]3]4]
T= [2[3]3]3]3 :
5[5]5]5]6]6]6]

The standardization of T is:

2[4]5]10[11]
s= [3]6]7]8]9 :
12[13]14]15]16[17]18]

Let ¢ = (i, j) be a cell in row 7 and column j of the diagram for a composition «
(thatis, 1 < i < fl(a)and 1 < j < o). If ¢ = (1, 1), define the hook of ¢ in a to
be h,(c) = aj + i1 + - - - + 0y (q) (the number of cells below and to the right in the
diagram). If j > 1, then the hook of cin avis h,(c) = «; — j + 1 (the number of cells
weakly to the right in the same row).

Proposition 3.13 If o |= n, the number of standard immaculate tableaux of shape o
is equal to

n!
Hcea I’la(C) ’

where ¢ € avindicatesc = (i, j)with1 <1 < /l(a)and1 < j < a;.

(3.1) Ko =

!Pointed out to us in a discussion with Martha Yip.
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Proof Consider a standard immaculate tableau of shape [k, a] |= n + k. The first
row contains 1 and a subset S of k — 1 other integers from {2, 3,...,n + k}. More-
over, if we standardize rows 2 through ¢(a) + 1 of this tableau, then we have a stan-
dard immaculate tableau of shape . This gives us a bijection between standard im-
maculate tableaux of shape [k, ] and the set of pairs (S, T), where S is a subset of
{2,3,...,n+k} of size k— 1 and T is a standard immaculate tableau of shape c. This
is a bijective proof of the recursion

n+k—1
K[k,a],l"*k == k _1 Ka‘l”'

Now the hook length formula follows by an induction argument on the length
of the composition . Assume that we know equation (3.1) holds for compositions
« of length ¢, then the hooks of the cells in the first row of [k, a] are (respectively)
n+kk—1,k—2,...,2,1:

© _(n+k—1 Ko n+tk—-1\ n
kol = {1 T k=1 ) TLeg Ba(o)

:(n+k—1)(n+k—2)-~-(n+1) n!

(k—1)! [Lecq halc)
_ (n+kn+k-1n+k—2)---(n+1) n!
o (n+k)(k—1)! | )

_ (n+h)
HcG[k,a] h& (C) .

This shows that (3.1) holds for compositions of length £ + 1. The base case for £ = 0
holds trivially. Therefore the hook length formula (3.1) holds for all compositions.
|

Example 3.14 The hook length formula (3.1) says that since the hooks of [4, 2, 3]
are given by the entries in the diagram

9[3]2]1]
5 )
3[2]1]

The number of standard immaculate tableaux of shape [4, 2, 3] is equal to

9!
9:-3-2-1-5-1-3-2-1

= 224.
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Proposition 3.15 Recall that K, g denote the number of immaculate tableaux of shape
« and content (3. Then

(1) Ka,a = 17

(ii) Ko, = 0 unless oo >4 f3,

where > represents the lexicographic order on compositions.

Proof The first fact follows from definition: there is only one tableau with shape and
content ; it consists of a; many i’s in row i. For the second statement, we argue by
contradiction. Suppose there is such a tableau and let i be the first integer such that
a; < B; (so that a; = §; for j < i). As above, one must place 5; many j’s in row j,
for j < i, filling all positions in the rows above row i. Then one must place J; many
i’s into row i, which contains only «; spaces, a contradiction. |

3.3.2 Expansion of the Homogeneous Basis

Proposition 3.16 The complete homogeneous basis H,, has a positive, uni-triangular
expansion in the immaculate functions indexed by compositions. Specifically,

Hﬂ - Z Kwﬂe(w

a>f

Proof Follows from repeated application of the Pieri rule (Theorem 3.5). To see
this, start with Hg, = Sg,, which is clearly a sum over immaculate tableaux of shape
and content 3;. Each time one multiplies by H;, by the Pieri rule one adds to the
immaculate tableaux in the index of summation, a set of entries labelled i that satisfy
the conditions of the definition of an immaculate tableau. The reason that we need
only sum over o >, 5 is explained in Proposition 3.15. ]

Example 3.17 Continuing from Example 3.10, we see that
Hipp3 = +5C3 +- -+ .

Corollary 3.18 The {S, : a F n} form a basis of NSym .

Proof These elements span NSym by Proposition 3.16 and we have the correct
number of elements, so they form a basis. ]

Remark 3.19 We will now use the term “immaculate basis” to mean those immac-
ulate functions that are indexed by compositions.

3.3.3 Expansion of the Ribbon Basis

Next we will expand the ribbon functions in the immaculate basis. To do this, we first
need the notions of standardization and descent.

Definition 3.20 We say that a standard immaculate tableau T has a descent in po-
sition 7 if (i + 1) is in a row strictly lower than 7 in T. The symbol D(T) will represent
the set of descents in T and a(D(T)) will represent the corresponding composition.
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Example 3.21 The standard immaculate tableau S of Example 3.12 has descents in
positions {2, 5, 11}. The descent composition of S is then [2, 3,6, 7].

Remark 3.22 The content of an immaculate tableau T must be a refinement of the
descent composition a(D(std(T))). This follows from the definition of standardiza-
tion; the only places descents can happen in std(T) are the final occurrence of a given
content in 7.

We let L, g denote the number of standard immaculate tableaux of shape a and
descent composition 3.

Lemma 3.23

Ka,ﬂ/ = ZL(!,S'

B>y

Proof Standardization provides a bijection between the set of immaculate tableaux
of shape « and content v and the set of standard immaculate tableaux of shape o and
descent composition 3 > . The result follows from this bijection. ]

Example 3.24 The five immaculate tableaux having shape [4,2, 3] and content

(3,1,2,3]
1[1]3] [1]1]1]3] [1]1]1]4] 1]1]4] [1]1]1]2]
23 204 2[3 2[4 3[3
4]4]4] 3[4]4] 3)4]4] 3[3]4] 4]4]4]

are bijected, under standardization, with the five standard immaculate tableaux of
shape [4, 2, 3] and descent composition 5 > [3, 1,2, 3] below:

1]2]3]6] [1]2]3]6] [1]2]3]9] [1]2]3]9] [1]2]3]4]
4[5 4]9 4]6 4[8 506
718]9] 517]8] 5[7]8] 506]7] 718]9]
(3,3, 3] (3,1,2,3] (3,1,2,3] (3,1,5] (4,2,3].

Theorem 3.25 The ribbon function Rg has a positive expansion in the immaculate
basis. Specifically,

Ry=> LosSa.

azB

Proof By Proposition 3.16, we know that H, = > K, ,&,, and we can substitute
Lemma 3.23 and obtain

H, = ZKW,EQ = ZZL%@@& = Z(ZLaﬁ@a) )

a B>y g2y«

which is the defining relation for the ribbon basis (see equation (2.2)). We know that
Lo g < K, g, hence we need only sum over a >, 3. [ |
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Example 3.26 There are eight standard immaculate tableaux with descent compo-
sition [2, 2, 2], giving the expansion of Ry,; into the immaculate basis:

12 12 1]2]4] 1]2]4] [1]2]6]
3|4 3(4|6 3 3|16 3|4
sle]  [5] 5]6] 5] 5]
Ry = ) + Gas1 +Gsn +2G5
1]2]4 ;2|4|6‘ 2]4]6]
315|6 E 315
+ 33 +Gun +Cn

3.4 Jacobi-Trudi Rule for NSym

Another compelling reason to study the immaculate functions is that they have an
expansion in the H, basis that makes them a clear analogue of the Jacobi—Trudi rule
of Definition 2.1.

Theorem 3.27 Foroa € 7™,

(32) ea = Z (_1)UHalJral71,a2+0272,...,a,,,+0m7m7

OESH

where we have used the convention that Hy = 1 and H_,,, = 0 for m > 0.

Remark 3.28 This sum is a non-commutative analogue of the determinant of the
following matrix:

Hozl Ha1+1 T Ha'lJréfl
Haz—l Haz e Haer[—Z
Hafferl HOM76+2 e Ha[

The non-commutative analogue of the determinant corresponds to expanding the
determinant of this matrix about the first row and multiplying those elements on the
left.

Remark 3.29 One might ask why one would naturally expand about the first row
rather than, say, the first column or the last row. What we considered to be the
natural analogue of expanding about the first column however is not a basis, since,
for instance, the matrix corresponding to oz = [1, 2] would be 0 under this analogue.

Before we begin with the proof we introduce some notation that will prove use-
ful in our development of this identity. Let z be a single variable and define the
operator B(z) = ) ., 2'B,. We will show that the coefficient of z{"z* - - - zp» in
B(z1)B(z2) - - - B(z,)(1) is the right-hand side of (3.2).
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Using the notation developed in Section 2.5,

B(z) = Z Z"B,, = Z z" Z(q)iHmHFl%

mez. mer  i>0

=Y =) HaF;

d>0 i>0

— (szHd) (2(1/2)"F1+> =8t .
d>0

i>0

Hence, for every indeterminate z, and every alphabet Y of commuting indetermi-
nates that commute with z, but are distinct from z,, we have

(3 3) B;(Zr)QY - Qz,€ 1/; QY - QZ,QY Hy(l - /Zr) - Z,Y H (1 - /Zr)
ye

Repeated application of (3.3) yields that for any alphabet Y of commuting inde-
terminates that commute with z;, z, . . ., z, but are distinct from each of them, we
have

() BB B O =0 [T 11 (a=y/2).

y€{zri1,-2m JUY

Proof of Theorem 3.27 Taking Y = @ in (3.4), we obtain the identity

(3.5) B(z)B(z) - - B(zm) 1 = L1y [T (1—z/z).

Using the Vandermonde determinant identity,

H _Z])_Z( l)ammm(rzu.zrn;—zjm’

1<i<j<m Jorl
we can rewrite (3.5) as

B(z)B(z) - Bz 1 =y o [ (1 —2zi/2)

1<i<j<m
0 I—m_2—m m—m . .
- QzleZZ;“meZl 2 T Zm H (zi — Z])
1<i<j<m
0 o l o1 2 23 m—oao,
- Qzl.zz,““, § ( 1) T2y "
TESm
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So the coefficient of z{""25% - - - 20 in B(z1) - - - B(z,,)(1) is equal to

Ca = BoBa, -+ Ba, 1 = B(z1)B(z) - - - Bzy) 1

zZ,Z

o 0y _am
1% m

0O o l—o _2—o0; m—ao,
- QZhZZq----,Zm E (_1) 2 IZZ T Zy "

a1, @y | Om
2,1 2)% 2y

0ES,
— § ’ _ 170
- ( l) QZIA,ZZa-“:Zm ay+o)—1_ap+0y =2 _apmtom—m
EA z “

TESH
— E o
- (_]-) Hal+0'171,a2+0272,--~,am+a'm7m~ n

oES,

Of course, the original reason for considering this definition is the property that
they are a lift of the symmetric functions corresponding to the Jacobi-Trudi matrix.

Corollary 3.30 For any composition o, we have x(S,) = s,.
Proof This follows from Definition 2.1 of the Jacobi—Trudi rule and the fact that
X(H;) = h;. u

3.5 A Pieri Rule for the Elementary Basis

Theorem 3.27 shows that in particular for the case of @ = [1"] that Sy is the usual
analogue of the elementary generators of Sym. The elementary generators of NSym
are the elements E; that satisfy that Ey = 1, and forn > 1,

E, =Y (=1)"'HE, ;.
i=1
The antipode map is both an algebra antimorphism and a coalgebra morphism, so

that S(H,) = (—1)"E,.

Corollary 3.31 Forn >0,

61” = Z(_l)nié(a)H(L
afEn
and as a consequence, Fll,(@lu) = G- and fors > 1, FSL(@W) =0.

Proof The expansion of S;» in terms of the complete homogeneous basis is a direct
consequence of Theorem 3.27. For n > 1, expand &;» in the leftmost occurrence of
H and group the rest of the terms together as

S = Z > ()T HH, = fj(—l)"‘lHieln—f.

i=1 BlEn—i i=1
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This implies that S;» = E, = (—1)"S(H,,) is the usual analogue of the elementary
generators of NSym. Because the antipode is a coalgebra morphism,

A(@y) = (—1)"A(SH)) = (=1)" > S(H, ) © S(H) = Y S @ Sy

i=0 i=0

By Lemma 2.5 we know that Fi+(S.) = Mf:(@ln) = Syu-r. Also by Lemma 2.5, for
s> 1,
FH(@p) =) My (Gn) =) (-1 W&, = 0. n
afs als

This allows us to give a right Pieri rule for &,.
Proposition 3.32 For o a composition and s > 0,

6(}'615 = § 6‘{37

BElal+s
a; <Bi<ai+l

where we use the convention that o;; = 0 for i > {(a).

Proof By combining results in Lemma 2.4 and Corollary 3.31, we know that

i i—1
Fii(FSp) — Fiy(FSy-1) = Y FL(B)F (Gy) = Y FL(F)Ff;1(S11)
j=0 =0

= FH(F)G..

Hence, we calculate directly that

Bu(F)S1: = Y (~1) HysiFis (F) S

i>0

= (D HuiFE(FS1) = Y (=1 HpeiFiis (FS 1)
i>0 i>0

=Y (D' HpsiFii (FSy) = > (=1 Hypina Fif (FSpm1)
i>0 i>0

= By(FS1) + Byt (FS ).

From this identity a proof of the right-Pieri rule follows by a straightforward induc-
tion on the length of the composition «, which we leave to the reader. ]

3.6 Pieri Rules for Skew Operators

The following development contains expressions that include integer tuples (as op-
posed to compositions). To ensure that the sets of integer tuples that we consider
are finite, we note that it is not necessary to consider more than a finite set once the
degree of the element is fixed.

https://doi.org/10.4153/CJM-2013-013-0 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-2013-013-0

546 C. Berg, N. Bergeron, E. Saliola, L. Serrano, and M. Zabrocki

Lemma 3.33 Fora € ™, ifa; <i— mforsomel <i < m,then S, = 0. Also, if
> a; <0, then G, = 0.

Proof By Theorem 3.27,

_ E o
6a - (_1) Ha1+<71—l,az+02—2,,..,am+gm—m-
O'ESm

Thus, if a; < i — m for some i, then o; + 0; — i < 0 forall ¢ € §,,, and hence
H,,+0,—i = 0. Note that &,, is an element of homogeneous degree szz1 «;, so that if
>, a; <0,then S, = 0. ]

From the expressions that we have thus far developed, we are able to describe the
action of Fi- and F;* on the immaculate basis.

Proposition 3.34 Forr > 0, and for o € 7™,

(3.6) FiG,= Y G
BEZ”’
(1,‘7@'6{0,1}

18]=lal—r
Ifr > l(a), then Ff; S, =0.

Proof Using the identities developed in Section 2.5, we calculate

EXB(z)B(z) - Blzw) 1 = X0, o [1 (1 —2zj/z)

.... I<iti<m

=Nz 1l (L—zj/z) [T(1 +22)
i=1

1<i<j<m

— B()B(z2) - Bzy) 1 [[(1 +22)

i=1
=B(z)B(z) - Blzm)1 Y Mz
sc{12,.m}y €S
Now by taking the coefficient of z'z{" 23 - - - z% in both sides of the equation, on the
left we have Fj- &, and on the right we have

E 6“1—51657012—5zes~,~~w(¥m—5mes

SC{1,2,....m}
IS|=r

(where dyye = 1 and dgse = 0), which is equivalent to the right-hand side of equa-
tion (3.6). [ |

Proposition 3.35 Forr > 0and for o € 7",

Frlga = Z S3.

per"
i—m<f3i<a;
[Bl=lc|—r
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Proof Again, using identities from Section 2.5,

HEB(2)B(z) - Bz 1 = HE 0, o0 1 (1—2z/z)

1<i<j<m

— B(z)B(2) - B(zw) 1 [ 1/(1 - 22))
i=1

=372 7' 2y B(2)B(z2) - - Blzw) 1.

r>0 ~EN"
[vl=r

If we take the coefficient of z'z{"2y* - - - zo» and let 3; = ; — +;, then we have that

Ff@a= ) &

gezm
Bi<ai
|Bl=lal—r

By Lemma 3.33 we may restrict our attention to the 3 € Z" such that 5; > i—m. W

3.7 The Dual Immaculate Basis

Every basis X,, of NSym_ gives rise to a basis Y5 of QSym  defined by duality; Y is
the unique basis satisfying (X,,,Y3) = d, . The dual basis to the immaculate basis
of NSym, denoted &, have positive expansions in the monomial and fundamental
bases of QSym. Furthermore, Corollary 3.30 allows us to give an expansion of the
usual Schur functions of Sym (Theorem 3.38) in terms of these elements. All of these
results are dual statements to the statements earlier in this section and follow since
for a quasi-symmetric function G € QSym,

G= (Hs,G)Ms = (Rs,G)Fy.
153 B

Proposition 3.36 The dual immaculate functions S}, are monomial positive. Specif-
ically, they expand as

Si = KasM;.

B<ia

Proof This statement will follow from Proposition 3.16 and duality. Specifically, the
coefficient of M in &, is equal to

(Hg, S3) = <ZK’7~,36’77 6<*x> = Ko u
5

Proposition 3.37 The dual immaculate functions S, are fundamental positive.
Specifically, they expand as
Si = LasFs.

B
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Proof From Theorem 3.25, we have (Rg, S}) = L,g. By Lemma 3.23, L,3 = 0
unless o >, 3. |

Duality will also yield an explicit expansion of the Schur functions into the dual
immaculate basis.

Theorem 3.38 The Schur function sy with £(\) = k expands into the dual immacu-
late basis as follows:

_ O ~*
SA = E (=1 oy H1=01, Ay $2—02 - Aoy tk—0p
oESk

where the sum is over permutations o such that Ay, +i—o; > Oforalli € {1,2,... k}.

Proof Suppose sy =) c,S. Then
g = <C5ﬂ,zca62> = (Gg,50) = (X(Sp),50) = (s3,50) = x5,

where x3 ) is (—1)7 or 0 according to the conditions in Proposition 2.2. [ |

Example 3.39 Let A = [2,2,2,1]. Thensy, € Sym C QSym can be expanded in
the basis {S* },:
2221 = G391 — Sl — G331 + Sl

since only the permutations o € {1234,2134,1324,2314} contribute to the sum in
the expansion of s5551. There are potentially 24 terms in this sum, but for the partition
[2,2,2,1] itis easy to reason that 04 = 4 and 0; < 3.

These combinatorics arise in the paper of Egge, Loehr, and Warrington [8] when
they describe how to obtain a Schur expansion given a quasi-symmetric fundamental
expansion. In their language, these are called “special rim hook tableau”.

Recall that by Proposition 2.2 we know that precisely one term in the right-hand
side of the expansion of Theorem 3.38 is equal to a partition, and we have the fol-
lowing procedure for going from the expansion of a symmetric function F in the S},
basis to the Schur expansion.

Corollary 3.40 If F is symmetric, and the S*-expansion of F is Y ¢, G?, then the
Schur expansion of Fis F = ), c\sx, where the second sum is taken over all parti-
tions \.
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Example 3.41 By Proposition 3.16, we have that the expansion of
hyp = G5, — &} + &5, + G}

To recover the Schur expansion of h,; in terms of Schur functions we can throw away
all terms not indexed by partitions, and then hiy; = 555 + 531 + 4.

3.7.1 Dual Immaculate Pieri Conjecture

Similarly to the left Pieri rule of the immaculate basis, we conjecture that the dual
immaculate basis has a multiplicity-free signed Pieri rule. Explicitly

F; SZ _ Z(i 1 )sign(a.ﬁ) C‘;;,
B

for some collection of 3 and some statistic sign.

Example 3.42 Weleta = [2,1,2] and i = 2. Then

* * * * ~% ~* *
&5, = =G5, — Sl + S + S3ppp + S5 + Sy,

3.8 The Product of Immaculate Functions

In general, the product of two immaculate functions does not expand positively in
the immaculate basis. However, for certain products we have a positive expansion.

Conjecture 3.43 ([3]) If A is a partition, then the coefficients cg \ appearing in
SuCr=) S
3

are non-negative integers.

Example 3.44 We give an example of Theorem 3.43 with o« = [1,2] and A = [3,1]:

G283 = Gipz1 + Giza1 + Si33 + Spgnn + Gran + G151 + S001 + Gz
+ G311 + 2823 + 2G04 + S5 + Gapp + Capp + 28331 + B34 + Sygp + Sus.

Example 3.45 We need not look very far to find mixed negative signs in a product
of two immaculate functions when the right one is not indexed by a partition. For
instance,

C1813 = Gz — G221 — Gxe

But products of two immaculate functions indexed by two compositions can poten-
tially be much more complicated. For instance,

~ ~
S1181313 = Gnziz — G221 + S122221 + G123 — G321 — G113 + Sa12221
~ ~ ~
+ 21232 — G113 + So21221 + ©22132 + G121 — So2213 + Goooon

+ ©22220 + G231 — G113 + Go3221 — G31213 — G113 + S3001 — S3313-
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The image of the immaculate function indexed by [1, 3,2, 1, 3] under the forgetful
map is X(S13213) = s22222. We do not have a rule to predict its coefficient of —1 in
the above expansion. This example should indicate how surprising Theorem 3.43 is,
given that there are 11 positive terms and 9 negative terms in an example of a product
S, &3 when the immaculate function &g is not indexed by a partition.

3.9 The Immaculate Poset, Paths and Skew Immaculate Tableaux

We create a labelled poset on the set of all compositions, which we call the immaculate
poset B. We place an arrow from « to 8 if 8 C; « (equivalently, ©3H; expands in
the immaculate basis as SgH; = S, + - - - ). Such a cover implies that a and 3 differ
by a single box. We give a label of m to this cover, where m is the row containing said
box, and denote this by o 3.

AN

|
| L
S T
- ]
N oA
L]
]

16}

Figure I: The first few levels of

Maximal chains on this poset from « to @ are equivalent to immaculate standard
tableaux and maximal chains on an interval from « to 3 are what we will call skew
immaculate tableaux of shape «/ 3. We can visualize a path

m m: m,
{a=80 =80 = ... = g = 5}
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as a labelled composition diagram of outer shape « by labeling a cell in row m; with
ak — i+ 1. The cells representing /3 will not have a label and the labels must increase
from left to right in a row.

Example 3.46 Consider the example of a skew immaculate tableau of shape
[2,2,2]/[1,2] given by the diagram below. We show the labelled composition on
the left and the corresponding representation as a path to the right.

— {[2,2,21 5 12,2,1] B [1,2,1] 3 [1,2]).

ApathP = {a = pO 5 g0 2 0 ™ 50 — 51 in P will be called
a horizontal k-strip it m; < my; < --- < my. The Pieri rule for the immaculate
functions from Theorem 3.5 says that there is a horizontal k-strip from « to 3 if and
only if &, appears in the expansion of SgHy.

The descent composition of a word ¢y, ¢,, .. ., £, is the composition

[11712 - Z17'-'71]' - lj—17n_ Ij]?

where i; < i, < --- < i; are the descents of the word; that is, the elements in
{1,...,n — 1} such that ¢;, > ¢, ;. For example, the descent composition of the
word 3,2,1,1,4,1is [1, 1, 3, 1]. For a path

P={B 58 = 58},

the descent composition a(D(P)) associated with P is the reverse of the descent com-
position of the word my, m,, ..., m,. When P is a standard tableau of shape [&, ],
this notion of descent set is equivalent to the definition of descent from Defini-
tion 3.20. Equivalently, the descent composition describes how P can be decomposed
into horizontal k-strips of maximal lengths.

3.10 Skew Dual Immaculate Quasi-symmetric Functions

Following notions in [6], since there is a positive right Pieri rule on the immaculate
basis of NSym, there is a natural way of constructing skew dual immaculate elements
of QSym. For an interval {y : 8 C v C a} C B, we then define the skew dual
immaculate function as

~% _ ~ ~x
S = Z(oan,,, S5 )M,
.

By Theorem 3.5 and the notion of standardization from Definition 3.11, the coeffi-
cient (S,H,, %) is equal to the number of skew standard immaculate tableaux of
shape «/ 8 with descent composition coarser than .
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Right multiplication by H, on an element Sy is a Pieri operator [6] on the poset
of compositions defined in the previous section. By [6, Theorem 2.3] we have an
expansion of these elements into other bases by the use of the dual pairing between
NSym and QSym.

Proposition 3.47 For{vy: [ C v C a} aninterval of ‘B,

s = D (SsRy, SLE, =) (838, 85)Er.

v Y

The coefficients ¢ | = (S5S,, S7,) are those that appear in the expansion
S8, =Y 5, Ca.
e}

Theorem 3.43 states that certain of these coefficients will be positive, but they are not
positive in general.

The expansion of these elements in the fundamental and monomial bases are pos-
itive. An argument similar to that given for Theorem 3.25 and Proposition 3.37 shows
that the skew immaculate tableaux can be used to give a combinatorial expansion of
these elements in the fundamental basis.

Proposition 3.48 Let{vy: [ C~ C a} be an interval of B, then
/B = ZFa<D<P>)
P

where the sum is over all paths P in B from « to B (alternatively, skew standard immac-
ulate tableaux of shape o/ 3).

Proof LetK,/3, = (S3H,, S},), which we have already noted is equal to the num-
ber of skew immaculate tableaux of shape /3 whose descent composition is coarser
than 7. Let L,/ to be the number of skew immaculate tableaux of shape /3
whose descent composition is equal to 7. Clearly we have K, /5, = Zrz Loy

and by M&bius inversion this is equivalent to >~ _(— DMK, 5 = Loys 1.

(Re, @) = (SaRe, &) = D (- NGsH,, )
27

=Y (DK, = Lasr u

V2T

Example 3.49 There are 6 paths from [1, 3, 2] to [1, 1]. We give their representation
as a tableau diagram in the table below. Below each of the diagrams we also give the
descent composition of the path:
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1]2] 1]3] 1]4]
3 )4 2[4 2[3
(4] (2,2] (3, 1]
2[3] 2]4] 3[4]
1[4 1[3 1
1,3] (1,2,1] (2,2].

The fundamental expansion of this element is positive and is the sum of 6 terms
corresponding to these tableaux, but the expansion in the dual immaculate basis is
not positive in this case:

Clayn = Frat + Fi3 +2Fn + F3y + Fy = =G5 + G + &5, + G

4 Hall-Littlewood Basis for NSym

As an application and demonstration of the power of the immaculate basis, we use
this section to build lifts of Hall-Littlewood functions inside NSym. We begin by
reminding the reader of a definition of Hall-Littlewood symmetric functions inside
Sym defined by creation (or vertex) operators.

4.1 Hall-Littlewood Symmetric Functions

The Hall-Littlewood symmetric functions P,, first studied by Hall, are symmetric
functions with a parameter g (i.e., elements of Sym[q] := Q.(q)[hi, h2,...]). They
generically (g not specialized) form a basis for Sym[g]. When q = 0, they specialize
to monomial symmetric functions, and at g = 1 they specialize to Schur functions.
We are interested in the corresponding dual basis elements Qj,, which have the prop-
erty that (P, QL) = J) - The elements Q;/L have the expansion in the Schur basis

Q;L = Z KA#(Q)SA
A

where K, (q) are the g-Kostka polynomials. At g = 0 the Q} specialize to Schur
functions s, and at g = 1 they specialize to homogeneous complete functions .
We define an operator B,,: SymI[ql, — SymI[ql,+m by

Em = Zqum+ihiL~

i>0
Theorem 4.1 (Jing [18], cf. also [25, pp. 237-238]) Ifm > Ay, then ﬁng = Q(’my)\).
Definition 4.2 One may define, for any integer tuple o € 7", a symmetric function

Q(; = Eal e Eum(l)-
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Remark 4.3 The B, operators generalize the B, operators of Bernstein [37] and
are due to Jing [18] who studied them as a “vertex operator” definition of the algebra
of Hall-Littlewood polynomials Q,. Garsia [9] used a modified version as creation
operators for the symmetric functions Q}. Specializations of these operators can be
used to create P and Q-Schur functions (see for instance [17,19,25]). The commuta-
tion relations of these operators make it natural to consider the symmetric functions
for all compositions or integer tuples, but only the Qj for A a partition are known
to be positive when expanded in the Schur basis. Generalizations were considered
for Macdonald symmetric functions [20, 22] as well as a technique for proving the
polynomiality of the Macdonald—Kostka coefficients. Shimozono and Zabrocki [32]
considered compositions of these operators that were indexed by tuples of integers.
These functions were recently studied further in [15] where it was shown that

(4.1) D (=" Q, = e [X].
afn

In that case, Hall-Littlewood functions indexed by compositions were used to un-
derstand the action of the operator V introduced in [4] on a spanning set of the
symmetric functions.

4.2 A New Hall-Littlewood Basis for NSym

We start by building operators B,,: NSym[g] — NSym|[q], defined for m € Z by

(4.2) Bu(f) =Y qBusiF-(f).

i>0

We may now define our new basis of NSym; they are the result of applying suc-
cessive B,, operators.

Definition 4.4 Ifa = [a1,ay,...,q,] € 2", then we define

Q! =By, Ba, - - B, (1).

Example 4.5 We will calculate Q} , and expand this in the S-basis. First note that
Q] = B,(1) = B,(1) = S,. Next we apply By:

Q= By, = ByS, + qBsFiH (S,) + ¢ BeF3-(S,) = Gy + qCs1 + ¢° S

It is worth presenting a further example that seems to give a convincing reason
why the immaculate basis and the basis Q! merit further study. By definition, we
have the property that x(Q/) = Q/,. We know that for a partition A, the Q} form a
basis of Sym and are Schur positive. It seems (see Conjecture 4.16) that the elements
Qf are immaculate positive. What is surprising is that there are more terms in the
expansion of Qf € NSym than in the expansion of Q{ € Sym, and so through
surjection under x, many of the positive terms of Qf cancel.
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Example 4.6 The basis element Q7,;; € NSym has the following expansion in the
immaculate basis:

Ay =G +qG1n + @+ S+ G+ (q+4° +9°) S
+( @+ +q)Cn+ (@ +q" +97)S5 +4°Cy.
The image of x on this element is the Hall-Littlewood symmetric function:

Qi =sun + @+ @ + @)+ (@ + g0 + (@ + 4"+ ¢ + %

For any partition A, x(&,) = s). For the other immaculate basis elements of NSym,
X(G112) = x(S121) = 0and x(S13) = —sp.

4.3 A Right-Pieri Type Rule on the Non-commutative Hall-Littlewood Basis

We start this section by developing a Pieri rule for the Q’-basis of NSym{[q].
In the same way that we derived Lemma 3.4 from Lemma 2.6, we can also derive
the following result.

Lemma 4.7 For f € NSymands,m > 0,

s s—1

By(fH) =Y qBuk(HHk — > qBunicr () Heop1-

k=0 k=0

Proof We explicitly calculate the left-hand side and apply Lemma 2.6 (where F; = 0
for j < 0)

By(fH) = q'BuiF (FH) =Y q' By (ZF%k( f)Hsk)
k=0

i20 i>0
=3 B (FE(N)He ).
k=0 i>0

Now by Lemma 3.4 this last expression is equal to

=33 4 (BuiiF -y (NHeok = Busin B (HHo k1) -

k=0 i>0

If we let j = i — k and shift the indices of the sum, we have

s
=& @ Bk iF (HDHeok — Busior o F- (HHe—k1)
k=0  j>0

s s—1
= 4 Buk( NHek = Y d Bkt (HHe k1.

k=0 k=0

The second sum in the last equation terminates at k = s—1, since fork = s, H;_j_1 =
H_;=0. |
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For two compositions «, 3, with o;; < ; for all i, we let n(«a, 5) denote the num-
ber of rows of « that are strictly shorter than the same row of 3 (ie., n(a, 8) =

‘{1 oy < ﬂ,}|)
Theorem 4.8 The Q! have a right-Pieri type rule given by

QH, =Y (1-q""0
aCB

Proof We will prove this using a double induction. First we use induction on s. The
case s = 0 is trivially true as Hy = 1. We now assume it is true for all j < s and prove
it for 5. For a given s we make a second inductive hypothesis on the length of the
composition . Again, for compositions of length 0 it is trivially true, so we assume
it to hold for length ¢ < /() and prove it for £(«) + 1. We apply Lemma 4.7 to yield

(43) Q0 He = [Bu(Q))1H,

s s—1
= @m(QéHs) - Z qk@m-kk(Qé)Hsfk + Z qk@m+k+1(Q&)Hsfk71~
k=1 k=0

When we apply the inductive hypotheses, (4.3) becomes:

(4.4) =Y 0= 95 =Y Y du—g"imIrg

aCfs k=1 [m+k,a]Cs_ry

s—1
+Z Z qk(l _ q)n([m+k+1,u]75)Q(/5.

k=0 [m+k+1,0] Cs_g—10

We need to show that the coefficient of a term Q,’7 is (1 — q)"([’”=°‘]’7’). Ifn = [m,(],
then the only coefficient in (4.4) will come from the first sum; forcing 5 = ( yields
(1— q)n(a‘C) =(1— q)n([m-a],n).

Ifn = [m+a,(] withs > a > 1, then the contribution to Q,’7 will come from
the second and third summands in (4.4). The coefficient coming from the second
summand is

a
o Z qk(l - q)n([m+k,a],n)
k=1

a—1
- _ qu(l _ q)1+n((z,C) _ qa(l _ q)n(a.,C)
k=1

a—1
=-(1- q)"(“’o< (Zq"(l - q)> + q”> = —q(1 — "™
k=1
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The coefficient coming from the third summand is

a—1

qu(l _ q)n([m+k+1,o¢];r])
k=0

a—2
_ qu(l . q)1+n(a,o - qa71(1 - q)n(a,C)
k=0

a—2
=(1- q)n(wf) ( (qu(l _ q)> + qa—l) = (1— q)n(a,().
k=0

Combining these coefficients gives (1 — )" (@9t = (1 — g)"lmalm), ]

Example 4.9 Similar to Example 3.8, we compute

QHs = Q555 + (1 — ) Q) + (1 — )5y + (1 — 9)Q56 + (1 — )35,
+(1—q)* Qi + (1 —q)* Qs + (1 — ) Q4 + (1 — q)° Qi + (1 — 9) Q4.

As an immediate corollary, repeated application of our Pieri rule gives an ex-
plicit formula for the expansion of the H basis. For an immaculate tableau T, we
let n(T) = E?S%(T)) d;(T) — 1, where d;(T) is the number of distinct entries in row
j. Equivalently, n(T) counts the number of times that a distinct letter  exists in a row
that does not start with [.

Theorem 4.10 For a composition [3,

T
Hﬁ = Z(l - q)n( ) s,/hape(T)7
T

the sum over all immaculate tableaux of content 5.
Proof This follows from repeated application of Theorem 4.8. ]

Example 4.11 The five immaculate tableaux with shape [4,2,3] and content
[3,1,2,3] from Example 3.10 have n(T) = 2, 3, 3, 3, 1 respectively:

vefa]3] [afafu]3] [afa]u]4] [a]u]a]a] [1]1]1]2]
23 2[4 2[3 2[4 3[3
4]4]4] 3[4]4] 3[4]4] 3[3]4] 4]4]4]
Therefore,
Hyps =+ (1= +(1—q)*+3(1—9)°) Qs +--- .
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Theorem 4.12  For generic q, the Q! form a basis of NSym([q]. When « is a partition,
x(Q.) = Q.. Moreover, the Q, mterpolate between the complete homogeneous basis
(at specialization q = 1) and the immaculate basis (at specialization ¢ = 0).

Proof It is easy to see that the Q! expand into the immaculate basis upper unitri-
angularly with respect to lexicographic ordering. The second statement follows from
Theorem 4.1 and the fact that x o B,, = B,, o x, which follows from the fact that
x ©B,, = B, o x, which is easy to check on the immaculate basis. The only immacu-
late tableau T that has n(T) = 0 and content (3 is the tableau with 8; many 7’s in row
i. Substituting g = 1 in Theorem 4.10 then proves that Q}, is Hg. Finally, substituting
q = 0 into the definition of | B3 shows that B,, = BB,, in this case. [ |

Equation (4.2) defines ]B%m in terms of the B,, operators. We can also give a similar
expression for the IB,, operators in terms of B,,,.

Proposition 4.13 Form € Z,

By =) (~)BusiFir.

i>0

Proof Our calculations below will use the identity that > (—1)'F,_;F;; = 0 for
n > 0 (see for instance Stanley [33], where F,,_; = h,_; and F;; = ¢;). We begin with
the left-hand side of the expression and then group terms together withi + j = n

Z( q) B;mﬂ Z( q) q Bm+1+1FLFlz

i>0 i,j>0

,ZZ( 1) q"BsnFio Fir = By |

n>0 i=0

This formula potentially gives us a recursive means of computing an element of the
immaculate basis in terms of the Q’-basis. Although it is not obvious how this should
be done for all compositions, for certain compositions there are remarkably simple
expressions. In particular, the analogue of equation (4.1) also holds for our lifted
Hall-Littlewood functions, and they are proved here using roughly the analogous
proof to that provided in [15].

Proposition 4.14 Forn > 1, S = Za':n(—q)”_é(“)Qé. More generally, for 1 <

k<mn,
Spr = > (=g Q)
afEn

a; >k

Proof For the first statement we proceed by induction on n. The base case is that
S, = H, = Q,, which has already been established. Then

G =BG = Z(—q)"feimpl%ew = Z(—q)l‘@lﬂ-elnf,ﬂ’

i>0 i>0
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since Fll Sin—1 = Gyu—i-i by Corollary 3.31. Next we apply the inductive hypothesis:

D CBLiGum =) > (@)~ T BL9)

i>0 i>0 BlEn—i—1
=Y (g
afEn

The second expression follows by applying By to the expression just derived and
again applying Corollary 3.31:

ekylu—k == IB%kGln—k

= (' BiFr G = > (@) BiyiSpois

i>0 i>0
=Y D 0 CaTTTOBGQL = Y (-0l -
i>0 flEn—k—i afE=n

a >k

We let {P,} denote the basis of QSym that is dual to the {Q/ } basis of NSym.
Then by duality, the P, are monomial positive in the variable (1 — g).

Theorem 4.15 For a composition «,

?a = Z(l - Q)n(T)Mcontent(T%
T

the sum being over all immaculate tableaux of shape . Moreover, P, interpolates be-
tween the monomial basis of QSym (at q = 1) and the dual immaculate basis (at
q=0).

It is a fundamental combinatorial result of Lascoux and Schiitzenberger [24] that
the function Q} expands positively in the Schur basis,

Q//\ = Z thmge(T)Sshape(T)v
T

the sum being over all standard Young tableaux of content A. We end our paper
with a similar conjectured expansion of our new lifted Hall-Littlewood basis into the
immaculate basis.

Conjecture 4.16 If ) is a partition, then Qf expands in the immaculate basis S
with coefficients that are positive polynomials in q. More explicitly,

T) ~
Q; = E qSt( )bshape(T)a
T

for some statistic st, over all immaculate tableaux of content \.
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Example 4.17 For A = [3,3,1], the expansion of Q) corresponds to the number
of immaculate tableaux of content .

;;; 1]1]1 ;;”2‘1112\1113
B 2[2]2]3] B 2[2]3 2[2]2
U= Ga 44 +qS +q* +9)Cu
; tzl2) Ay 1]2]2][1]1]1]2]3]
o 2[3 2[2
3]
+* s Hq’ +q°)Cs
222 [1]1]1]2]2]3]
3 B [a]1]2]2]2]5]
+q' +q°)Ce +q°S;

Remark 4.18 The conjecture has been checked for partitions of size n < 11. The
statement is not true for compositions. The first such example is o = [1, 1, 3]:

Q{B =G3+qCin + qZGm + q2614 + 1126212 + (q3 + qz —q9)Gm
+ (@ + )G+ S+ (@ +q + 7 — S+ (4° +9°)Cu + 4 Cs.

This example should be compared to the image x(Q{,5) = Qj,; that may be calcu-
lated either by applying the forgetful map to the right-hand side or from Definition
4.2:

Qi = (¢’ — s +q'ssn + (@ + 4" = s+ (¢° + 0 )sar +¢'ss.

Remark 4.19 The immaculate and the dual immaculate bases are now available in
the latest version of Sage. The first, third, and fifth authors, with the help of Flo-
rent Hivert and Nicolas Thiéry, have put the non-commutative and quasi-symmetric
functions into Sage.

A Appendix: Matrices for n = 4

In this appendix we show some examples of the transition matrices. M (A, B) denotes
the transition matrix between bases A and B. The rows and columns are indexed
by compositions of 4 in lexicographic order (i.e., [1,1,1,1] is the top row and the
leftmost column). In the matrix M(s, ©*), the rows are indexed by partitions of 4,
again in lexicographic order.
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1 3 3 31

2

2 21

1
0
1

1 1
0000 1
1

00 0O0O0O

0 00

1
1

00 0O0O0O0OTO0OT1

00 0O0O

M(H, )

0 00 0O0O0TO

1

1 0 00

0

1 0 1
000O0OT1O0O0OO
1
00 0O0O0O O

0 00

00 0O0O

0

1

00 0O0O0O0O0°1

M(R, ©)

S O

T+q
T +q
q
q
1
0
0

T Pr¢+q ¢ +@+q
T T
q q
1 0
0 1
0 0
0 0
0 0

49
q
1
0
0
0
0
0

M(S,R) =
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1l —q 9 ¢ -9 ¢ ¢ ¢
01 —g 0 0 0 0 0
00 1 —-q -qq@-q g 0
~en O 0 0o 1 0 —g 0o o
MEDI=106 0 0 0 1 —q -—q ¢
00 0 0 0 1 —q 0
00 0 0 0 0 1 -—g
00 0 0 0 0 0 1
lgq ¢ ¢ ¢ q* T q°
01 q-1 ¢ ¢@-q ¢—-q+1 ¢'—g+q-1 ¢@
00 1 qg q—-1 -1 ¢ -q+1 ¢
, 00 0 1 0 g-—1 ¢ —q 7
M@, R) = 00 0 0 1 q e T
00 0 0 0 1 q—1 T
00 0 0 0 0 1 q
00 0 0 0 0 0 1
1 —q -q ¢ —q T T -7
0 1 —q+1 —q —q+1 ¢ -29 ¢—-q9 ¢
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