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Abstract Young’s lattice, the lattice of all Young diagrams, has the Robinson-
Schensted-Knuth correspondence, the correspondence between certain matrices and
pairs of semi-standard Young tableaux with the same shape. Fomin introduced gener-
alized Schur operators to generalize the Robinson-Schensted-Knuth correspondence.
In this sense, generalized Schur operators are generalizations of semi-standard Young
tableaux. We define a generalization of Schur polynomials as expansion coefficients
of generalized Schur operators. We show that the commutation relation of generalized
Schur operators implies Pieri’s formula for generalized Schur polynomials.

Keywords Pieri formula - Generarized Schur operators - Schur polynomials - Young
diagrams - Planar binary trees - Differential posets - Dual graphs - Symmetric
functions - Quasi-symmetric polynomials

1 Introduction

Young’s lattice is a prototypical example of a differential poset which was first defined
by Stanley [9, 10]. The Robinson correspondence is a correspondence between permu-
tations and pairs of standard tableaux whose shapes are the same Young diagram. This
correspondence was generalized for differential posets or dual graphs (generalizations
of differential posets [3]) by Fomin [2, 4]. (See also [8].)

Young’s lattice also has The Robinson-Schensted-Knuth correspondence, the cor-
respondence between certain matrices and pairs of semi-standard tableaux. Fomin
[5] introduced operators called generalized Schur operators, and generalized the
Robinson-Schensted-Knuth correspondence to generalized Schur operators. We define

Y. Numata (><)

Department of Mathematics, Hokkaido University, Kita 10, Nishi 8, Kita-Ku, Sapporo, Hokkaido,
060-0810, Japan

e-mail: nu@math.sci.hokudai.ac.jp

@ Springer



28 J Algebr Comb (2007) 26:27-45

a generalization of Schur polynomials as expansion coefficients of generalized Schur
operators.

A complete symmetric polynomial is a Schur polynomial associated with a Young
diagram consisting of only one row. Schur polynomials satisfy Pieri’s formula, the
formula describing the product of a complete symmetric polynomial and a Schur
polynomial as a sum of Schur polynomials:

hi(tlv -..,tn)SA(t], '~"tn) = Zsﬂ(tl’ "-7tl‘l)7
I

where the sum is over all u’s that are obtained from A by adding i boxes, with no two
in the same column, #; is the i-th complete symmetric polynomial, and s, is the Schur
polynomial associated with A.

In this paper, we generalize Pieri’s formula to generalized Schur polynomials.

Remark 1.1. Lam introduced a generalization of the Boson-Fermion correspondence
[6]. In the paper, he also showed Pieri’s and Cauchy’s formulae for some families of
symmetric functions in the context of Heisenberg algebras. Some important families of
symmetric functions, e.g., Schur functions, Hall-Littlewood polynomials, Macdonald
polynomials and so on, are examples of them. He proved Pieri’s formula using essen-
tially the same method as the one in this paper. Since the assumptions of generalized
Schur operators are less than those of Heisenberg algebras, our polynomials are more
general than his; e.g., some of our polynomials are not symmetric. An example of
generalized Schur operators which provides non-symmetric polynomials is in Section
4.3. See also Remark 2.8 for the relation between [6] and this paper.

This paper is organized as follows: In Section 2.1, we recall generalized Schur op-
erators, and define generalized Schur polynomials. We also define a generalization of
complete symmetric polynomials, called weighted complete symmetric polynomials,
in Section 2.2. In Section 3, we show Pieri’s formula for these polynomials (Theorem
3.2). We also see that Theorem 3.2 becomes simple for special parameters, and that
weighted complete symmetric polynomials are written as linear combinations of gen-
eralized Schur polynomials in a special case. Other examples are shown in Section 4.

2 Definition

We introduce two types of polynomials in this section. One is a generalization of Schur
polynomials. The other is a generalization of complete symmetric polynomials.

2.1 Generalized schur polynomials

First we recall the generalized Schur operators defined by Fomin [5]. We define a
generalization of Schur polynomials as expansion coefficients of generalized Schur
operators.

Let K be a field of characteristic zero that contains all formal power series in
variablest, t', 11, t, . . . Let V; be finite-dimensional K -vector spaces for all i € Z. Fix
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a basis Y; of each V; so that V; = KY;. Let Y =, Y;, V =, V; and V:Hi Vi,
i.e., V is the vector space consisting of all finite linear combinations of elements of ¥
and V is the vector space consisting of all linear combinations of elements of Y. The
rank function on V mapping v € V; toi is denoted by p. We say that Y has a minimum
gifY; =@ fori < 0and Yy = {T}.

For a sequence {A;} and a formal variable x, we write A(x) for the generating
function ), A;x".

Definition 2.1. Let D; and U; be linear maps on V for nonnegative integersi € N. We
call D(t;)--- D(t,) and U(t,) - -- U(t,) generalized Schur operators with {a,,} if the
following conditions are satisfied:

¢ {a,} is a sequence of K.

e U; satisfies U;(V;) C V;y; forall j.

e D; satisfies D;(V;) C V;_; forall j.

e The equation D(t")U(t) = a(tt’)U(¢)D(t") holds.

In general, D(#;)--- D(t,,L) and U(t,)--- U(t;) are not linear operators on V but
linear operators from V to V. R

Let (,) be the natural pairing, i.e., the bilinear form on V x V such that
(D ser @A D ey but) = 5oy arbs. For generalized Schur operators D(1) - - -
D(t,) and U(t,)---U(t;), UF and D} denote the maps obtained from the adjoints
of U; and D; with respect to (, ) by restricting to V, respectively. For all i, U} and
D; are linear maps on V satisfying U(V;) C V;_; and Df(V;) C V4. It follows by
definition that

(v, Ujw) = (w, []?1))7 (v, Dijw) = (w, DZ*U>

for v, w € V. We write U*(¢) and D*(r) for )" U}t" and )" Djt'. It follows by defi-
nition that

(U, &) = (U Or, ),  (DOw, k) = (DA, p)

for A, w €Y. The equation D" )U(t) = a(tt)U(t)D(t’) implies the equation
U*(t")D*(t) = a(tt)D*(t)U*(t'). Hence U*(#y) - - - U*(t,) and D*(t,)--- D*(t;) are
generalized Schur operators with {a,,} when D(t;)--- D(¢,) and U(t,)---U(t;)
are.

Definition 2.2. Let D(t1)--- D(t,) and U(t,) - - - U(#;) be generalized Schur operators
with {a,,}. Forve Vandu e Y, sfu(tl, ... ty)and s;;(ty, . . ., 1,) are respectively
defined by

st ty) = (D) -+ D(ty)v, ),

sp (- ) = (U@ - U)o, ).
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We call these polynomials sf

nomials.

u(tl’ ..., t;)and sl’ﬁ’v(tl, ..., Iy) generalized Schur poly-

Remark 2.3. Generalized Schur polynomials sf /L(tl ,...,1,)are symmetric in the case

when D(t)D(t') = D(¢")D(t), but not symmetric in general. Similarly, generalized
Schur polynomials s3;" (¢4, . . ., t,,) are symmetric if U(H)U (') = U (U (¢).

If Uy (resp. Dgp) is the identity map on V, generalized Schur polynomi-
als s (11, ...,1,) (resp. s;"(t1, ..., 1,)) are quasi-symmetric. In [1], Bergeron,
Mykytiuk, Sottile and van Willigenburg considered graded representations of the al-
gebra of noncommutative symmetric functions on the Z-free module whose basis is a
graded poset, and gave a Hopf-morphism from a Hopf algebra generated by intervals
of the poset to the Hopf algebra of quasi-symmetric functions.

Example 2.4. Our prototypical example is Young’s lattice Y that consists of all Young
diagrams. Let Y be Young’s lattice Y, V the K -vector space K'Y whose basis is Y, and
p the ordinary rank function mapping a Young diagram A to the number of boxes in A.
Young’s lattice Y has a minimum &, the Young diagram with no boxes. We call a skew
Young diagram /X a horizontal strip if ;/A has no two boxes in the same column.
Define U; by U;() = ), A, where the sum is over all A’s that are obtained from g
by adding a horizontal strip consisting of i boxes; and define D; by D;(1) = Y M
where the sum is over all u’s that are obtained from A by removing a horizontal strip
consisting of i boxes. For example,

SR =as
P H+ o+ P+

(See also Fig. 1, the graph of D (U;) and D, (U,).)
In this case, D(t;)--- D(t,) and U(t,)--- U(t;) are generalized Schur operators
with {a,, = 1}. Both sfﬂ(tl, ..., 1) and slk,‘“(tl, ..., I,) are equal to the skew Schur

Fig. 1 Young’s lattice
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polynomial sy, (t1, ..., t,) for A, © € Y. For example, since

D) =H+ nH+ i+ 50
D)D) =+ 1+ 0o+ o0+ 6([{H+ 60) + o0+ 10+ 1 2)
+ 50+ 19),

58,1),g(f1, h) = se(t, b) = it + 113

Example 2.5. Our second example is the polynomial ring K [x] with a variable x. Let
V be K[x] and p the ordinary rank function mapping a monomial ax” to its degree
n. In this case, dim V; = 1 for all i > 0 and dim V; = 0 for i < 0. Hence its basis Y
is identiﬁed with N and has a minimum c(, a nonzero constant. Define D; and U;
by —: and 3, where 9 is the partial differential operator in x. Then D(¢) and U(r)
are exp(ta) and exp(tx). Since D(t) and U (¢t) satisfy D(r)U (') = exp(tt")U (¢’ )D(t)
D(t1)--- D(t,) and U(t,) - - - U(#y) are generalized Schur operators with {a,, = -5 L1
In general, for differential posets, we can construct generalized Schur operators in a
similar manner.
Since 9 and x commute with 7, the following equations hold:

D(ty) - -+ D(t,) = exp(d1y) - - - exp(9t,) = exp(3(ty + - - - + 1)),
U(t,)---U(t) = exp(xty,) - - - exp(xty) = exp(x(fy + - - - +1,)).

It follows from direct calculations that

i(z1+-~+m/’ i! )

exp(d(t) + -+ + t))eix’ = . ———cx!
= Jj! i—n!

~

il 4 )

= @ — Njleizj

t txl .
exp(x(ty + -+ 1, Neixt = Z uqx’
j

i
Ci—jX ],

Z (h+- -+ 1) it
J

Citj
'CH-j

Hence it follows that

D (l + ]) Cl+j j
SCI,foﬂ,cixi(tlv ceey n) - l‘]' (t +---+ tn)]
Cigjx T cpx 1 i
s ) = ),
J: Citj

if we take {c;x'} as the basis Y.
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.XH’/.,X‘

If ¢; = 1 for all i, then s2., ,(t1,....1,) = <"1.Tj!‘,>’(t1 + 41, and s, T (1,
b)) = %(ll—l—---—l-tn)j.

Lemma 2.6. Generalized Schur polynomials satisfy the following equations:

D A,
syt ) = sl ),

s @) = s )
for A, u € Y. Generalized Schur polynomials also satisfy the following equations:

D s
Sv,ﬂ(tla ce tn) = Z(vﬂ U>S21L(tla ) tn)v

veY
sg;v(zl, o) = Z(v, v)sf_v(tl, o),
veY
s,f{;(n, co )= Z(v, Vst .. b)),
veY
st =Y (0, v)s (0 )
veY
foruyeY, veV.
Proof: It follows by definition that
Sty - ta) = (D(t) - - Dt 1)

= (D*(ta) -+~ D*(t)p, A) = spl'(tr, .. 1)

Similarly, we have s?j“ (ti, ..., ty) = s}f{ L(tl, ..., t;). The other formulae follow from
v=7> y(v,v)vforveV. O

Remark 2.7. Rewriting the generalized Cauchy identity [5, 1.4. Corollary] with our
notation, we obtain a Cauchy identity for generalized Schur polynomials:

D ; oK D
D osPt syt ) = [a) Y shal. sl )

veY i,j keY

forveV,ueY.

Remark 2.8. In this remark, we construct operators B; from generalized Schur oper-
ators D(t1)--- D(t,) and U(t,) - - - U(t;). These operators B; are closely related to the
results of Lam [6]. Furthermore we can construct other generalized Schur operators
D(ty)---D(t,) and U'(t,,) - - - U'(t;) from B,.

Let D(#;)--- D(t,) and U(t,) - - - U(t;) be generalized Schur operators with {a,,}.
For a partition A I, we define z; by z; = 1"®m(A)! - 2" m,(1)! - - -, where
@ Springer
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mi(A) = |{jlr; =i}|. Let Uy = Dy = I, where I is the identity map. For positive
integers /, we inductively define b;, B; and B_; by

b
bi=a -y =,
% LA
B
B, =D, — =
PR
B_
B, =U — ——
PR

where by = by, - by, ---,By =By, - By, -+, B_, = B_;, - B_,, - - - and the sums are
over all partitions A of / such that A; < [. Let b; # 0 for any [. It follows from direct
calculations that

[B;,B]=1-b -1,
[B;,B_4]=0

for positive integers [ # k. If U; and D; respectively commute with U; and D; for
all i, j, then {B;, B_;|l € Z-} generates the Heisenberg algebra. In this case, we
can apply the results of Lam [6]. See also Remark 2.13 for the relation between
his complete symmetric polynomials %;[b,,](¢, ..., t,) and our weighted complete
symmetric polynomials 1\ (1, ..., 1,).

For a partition A I/, let sgn(A) denote (—1)=%~D_ where the sum is over all
i’s such that A; > 0. Although U; and D; do not commute with U; and D;, we can
define dual generalized Schur operators D(t;) - - - D(t,) and U'(t,) - - - U'(t;) with {a], }
by

, Z sgn(A)b;,

a, =
1 ,\ Z
sgn(A)B_
ULIZZ gn(}) x7
P 2

where the sums are over all partitions A of /. In this case, it follows from direct
calculations that a(¢) - a’(—t) = 1.

2.2 Weighted complete symmetric polynomials

Next we introduce a generalization of complete symmetric polynomials. We define
weighted symmetric polynomials inductively.

Definition 2.9. Let {a,} be a sequence of elements of K. We define the i-th
weighted complete symmetric polynomial h}”’”} (t1, ..., 1) to be the coefficient of
thina(nt)---a(t,t).

@ Springer



34 J Algebr Comb (2007) 26:27-45

By definition, for each i, the i-th weighted complete symmetric polynomial
hga'”}(tl, ..., ;) is a homogeneous symmetric polynomial of degree i.

Remark 2.10. For a sequence {a,} of elements of K, the i-th weighted complete
symmetric polynomial hﬁ”m} (t1, ..., t,) coincides with the polynomial defined by

ail‘f (forn = 1),

R,y = d M
S Rl DR @) (forn > 1),
=0

Example 2.11. When a,, equals 1 for each m, a(t) = Zi 1= ﬁ In this case,
h;l‘l""}(z‘l, ..., ;) equals the complete symmetric polynomial /;(zq, ..., #,).

1
Example 2.12. When a,, equals % for each m, Zj hi.’"’}(t) = exp(t) = a(t) and

L .
P ) = )

Remark 2.13. In this remark, we compare the complete symmetric polynomials
hi[bn1(t1, ..., t,) of Lam [6] and our weighted complete symmetric polynomi-
als hl{””‘}(tl, ..., t;). Let {b,} be a sequence of elements of K. The polynomials
hi[b,1(t,, ..., t,) of Lam are defined by

bipityy ...y ty
hi[bm](tl,...,;n)zzm’

i 2

where b; = b)»l "blz ) pk(tla o) = Pkl(th -~-,fn)'PAz(f17 R SRR and
pi(t, ..., ty) =t +--- +t,. These polynomials satisfy the equation

hilbu (1, - ta) = > hlbultr, - ta DR (b (t).
j=0

Leta; = Y_,.; 2. Then it follows h;[b,1(;) = a;t'. Hence

(o8

Rilbw)(t1, ..o t,) = R @, g,

3 Main results

In this section, we show some properties of generalized Schur polynomials and
weighted complete symmetric polynomials.

Throughout this section, let D(¢;) - - - D(¢,) and U (¢,) - - - U(#;) be generalized Schur
operators with {a,,}.
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3.1 Main theorem

In Proposition 3.1, we describe the commuting relation of U; and D(t))- - - D(t,),
proved in Section 3.3. This relation implies Pieri’s formula for our polynomials
(Theorem 3.2), the main result in this paper. It also follows from this relation that
the weighted complete symmetric polynomials are written as linear combinations of
generalized Schur polynomials when Y has a minimum (Proposition 3.5).

First we describe the commuting relation of U; and D(¢) - - - D(t,). We prove it in
Section 3.3.

Proposition 3.1. The equations

i

D(ty) -+ Dt)U; = Y h®)y, ... 4)U;D(t)) - - D(ty), )
j=0
DiU(t,)- - U(t) = Xijhf‘i@}(n, o t)U () U () D, 3)
j=0
UrD*(t,)--- D*(t;) = zi;hf‘i'}}(n, <o tg)D¥(ty) - - - D (1)U, “
j=
U*()- - U*(1t,) Df = Zijhﬁ”f;(zl, DU - U (1) (5)
j=0
hold for all i.

These equations imply the following main theorem.

Theorem 3.2 (Pieri’s formula). For each u € Y, and each v € V, generalized Schur
polynomials satisfy

i
SOuplti oty =Y R ) Y U wsP ).
j=0

VEY/C,,
Proof: It follows from Proposition 3.1 that
(D(t1) -+ D(t)Upv, ) = <Zh5“m}(r1, o )UD(1) - D(ty)v, ,u>
i=0

=Y h& o 0)(U; D) - D(t)v, )
j=0
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forv e V and u € Y. This says

i

D m D

St t) =Y R ) D U s ).
j=0

\JEY/‘,/
O
This formula becomes simple in the case when v € Y.
Corollary 3.3. Foreach A, u € Y, generalized Schur polynomials satisfy
i rU
SOppts oty =Y W) s ).
i=0
Proof: It follows from Theorem 3.2 that
i
SOants ) =Y R )Y (U s ().
=0 veY
Lemma 2.6 implies
S U s () =Y W Ul (t . t)
veY veY
AU
= Sp« Tty ..., ).
Hence
i YN
S(?,.)L,M(tls ey tn) = Zh,{lﬁnj}(l‘l» ey tn) N SD’* ! (tla ey tn)~
i=0
O

If Y has a minimum &, Theorem 3.2 implies the following corollary.
Corollary 3.4. Let Y have a minimum Q. For allv € V, the following equations hold:
oottt = ug - h "y, 1) - sPotr 1),
where uy is the element of K that satisfies Uy = up@.

In the case when Y has a minimum &, weighted complete symmetric polynomials
are written as linear combinations of generalized Schur polynomials.

Proposition 3.5. Let Y have a minimum &. The following equations holdfor alli > 0:

D m
B ooty oo ty) = diug - W11, 1),
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where dy, ug are the elements of K that satisfy Dy@ = dy@ and UyD = uyQ.
Proof: By definition, sgyg(tl, ..., ty) is dij. Hence it follows from Corollary 3.4 that
D ooty ty) = ughl™ (11, ..., 1,)d}. 0

Example 3.6. In the prototypical example Y (Example 2.4), for A € Y, U;X is the
sum of all Young diagrams obtained from A by adding a horizontal strip consisting

of i boxes. Hence sglx’g(tl, ..., Iy) equals ZU sy, where the sum is over all v’s that
are obtained from A by adding a horizontal strip consisting of i boxes. On the other
hand, uy is 1, and hﬁl’l’l"“}(tl, ..., ;) is the i-th complete symmetric polynomial

hi(t,...,t,) (Example 2.11). Thus Corollary 3.4 is nothing but the classical Pieri’s
formula. Theorem 3.2 is Pieri’s formula for skew Schur polynomials; for a skew Young
diagram A/ and i € N,

i
ZSK//L(th ce tl’l) = Zzhl—](th AR tn)s)\/v(tla cec tn)v
K

j=0 v

where the first sum is over all «’s that are obtained from A by adding a horizontal strip
consisting of i boxes; the last sum is over all v’s that are obtained from p by removing
a horizontal strip consisting of j boxes.

In this example, Proposition 3.5 says that the Schur polynomial s(;y corresponding
to Young diagram with only one row equals the complete symmetric polynomial 4;.

Example 3.7. In the second example N (Example 2.5), Proposition 3.5 says that the

constant term of exp(d(f; + - - + #,)) - % equals ("Jrl%)'

3.2 Some variations of Pieri’s formula

In this section, we show some variations of Pieri’s formula for generalized Schur
polynomials, i.e., we show Pieri’s formula not only for sf ;A(tl’ ..., ;) but also for

A, A, *
syt ) sl ) and s @ ).

Theorem 3.8 (Pieri’s formula). For each u € Y, and each v € V, generalized Schur
polynomials satisfy the following equations:

i
m ’D'
> (Dise, sy (- t) = Y sy L),
Jj=0

keY

i
U+ {am} U*
Sttty = R, ) Y (D, s, ),
=0

vEYk,j

i
m w,Usv
D (U w)sp () = D I sy ().
j=0

keY
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Proof: Applying Theorem 3.2 to U*(t;) - - - U*(¢t,) and D*(t,,) - - - D*(¢;), we obtain

i
Sg:‘vﬁu(tla M) tn) = Zhl{a_"‘ll}(tl’ M) tl‘l) Z (D_7])7 H)Sl[){v(t], MR tﬂ)‘
=0

VGYk,,'

It follows from Proposition 3.1 that
(DU(1) - Ut)v, ) = <Zh§“m)<r1, U@ - U)D)v, u>
=0

forv € V and n € Y. This equation says

i
.D;j
D Dk, sttt =Y R sy T ).
i=0

keY

For generalized Schur operators U*(¢1) - - - U*(¢,) and D*(¢,) - - - D*(#,), this equation
says

i
s i w,U*v
Z(Ui*lcs M)sgf(tls ce tn) = Zhl{i]}(th MR tn)SD* ’ (llv MR tn)
—0

keY

Corollary 3.9. Forallv € V, the following equations hold:
S ot t) = do BN ) U ),
where dy is the element of K that satisfies Dy = dy@.

Proof: We obtain this proposition from Theorem 3.4 by applying to generalized Schur
operators U*(t|, ..., t,) and D*(t|, ..., ). O

Proposition 3.10. Let Y have a minimum &. Then
Sg[*@’g(tl, L) = ugdo . ]’ll{am}(l‘ly cos ),
where uy and dy are the elements of K that satisfy Dy = dy@ and Uy@ = upQ.

Proof: We obtain this proposition by applying Theorem 3.5 to generalized Schur
operators U*(t;) - - - U*(t,) and D*(¢,,) - - - D*(1}). O

3.3 Proof of Proposition 3.1

In this section, we prove Proposition 3.1.
First, we prove the Eq. (2). The other equations follow from the Eq. (2).
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Proof: Since D(t;)--- D(t,) and U(t,) - - - U(#;) are generalized Schur operators with
{a.}, the equations D($)U; = le=0 ajtf U;_;D(t) hold for all integers i. Hence
D(t)) - - - D(1,)U; is written as a K -linear combination of U; D(t;) - - - D(t,). We write
H; j(t1, ..., t,) for the coefficient of U; D(t,) - - - D(,) in D(t,) - - - D(t,)U;.

It follows from the equation D(¢)U; = Zj:o ajtj U;_;D(t) that

H;;_j(t1) =ajf1j (6)

for0 <j <i.
We apply the relation (6) to D(¢,) and U; to have
D(ty) -+ D(ty-1)D(t)U; = Y ity D(t1) - -+ D(ty—1)U; D(ty).
Jj=0

Since D(t1)- - Dty Ui = ¥, Hj(t1, ..., ta1)U; D(11) - - - D{t,_1) by the defini-
tion of H; ;(#1, ..., t,_1), we have the equation

i i
D(t)+ Dty ))D(t)U; = Y Y " ai_jti " Hyp(tr, ... ti_)UD(t1) -+ D(ty).
k=0 j=k

Since D(t;)--- D(t,)U; equals Zizo H;i(ty,...,t,)UD(ty) - - - D(¢,) by defini-
tion, the equation

SO @it Hpg(t, . ta-)DUR D() -+ D(t)

k=0 j=k

=Y Hix(tr, ..., t,)UkD(11) - - D(ty)
k=0
holds. Hence the equation

S @t T Hyglt, - temy) = Higt 1) )
=k
holds.

We claim that H; 4 «(t1, . .., t,) does not depend on k. It follows from this relation
(7) that

Kt
k-
Hiqr 1t ..o 1) = E Qpi— s T H (o tae)
-

/
k(' +k
= Zak+l—(j’+k)tn VR oty oo taer)
=0

I
i
:Zal—j’tn T Hppx(ty, oo i),
]
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Since the monomials a;_ j/t,ll_j do not depend on k, the equations

Hi i1ty oo ) = Hi—rwe w0ty -2 1)

hold if the equations Hyj (1, . .., ta—1) = Hp4jx(t1, ..., t,—1) hold for all k, k" and
J <i — k.Infact, since H; 1 (t;) equals a[tf , Hi 11 x(¢1) does not depend on k. Hence
it follows inductively that H; 4 x(?, ..., t,) does not depend on k, either. Hence we
may write H;_;(t1, ..., t,) for H; j(t1, ..., 1)

It follows from the Eqgs. (6) and (7) that

H(h) = a;t! (forn = 1),

Hi(ty, ... ty) = Z Hi_(t, ... ta))He(t,) (forn > 1).
=0

Since H;(t;,...,t,) equals the i-th weighted complete symmetric polynomial
R“(ty, ..., 1,), we have the Eq. (2).

We obtain the Eq. (4) from the Eq. (2) by applying .

Since D(t;) - -+ D(t,)and U (t,) - - - U(t;) are generalized Schur operators with {a,, },
U*(ty)---U*(t,) and D*(t,) - - - D*(t;) are also generalized Schur operators with {a,, }.
Applying the Eq. (4) Proposition 3.1 to U*(¢;)--- U*(¢,) and D*(¢,) - - - D*(¢1), we
obtain the Egs. (3) and (5), respectively.

Hence Proposition 3.1 follows. 0

4 More examples
In this section, we consider some examples of generalized Schur operators.

4.1 Shifted shapes

This example is the same as [5, Example 2.1]. Let Y be the set of shifted shapes, i.e.,
Y = {{(i,j)eNZ\i 5jgx,~+i}(,\=(,\, S Ao > ), A eN}.

For A C v €7, let cco(X \ v) denote the number of connected components of A \ v
that do not intersect with the main diagonal, and cc(A \ v) the number of connected
components of A \ v. For example, let A = (7, 5, 3,2) and u = (5, 4, 2). In this case,
A\ v is the set of boxes o and e in

O | O

Since the component of the boxes o intersects with the main diagonal at (4, 4), cco(A \
v) =1land cc(A \v) =2.
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For A € Y, D; are defined by

D=y 200 Wy,

v

where the sum is over all v’s that are obtained from A by removing i boxes, with no
two box in the same diagonal.
For A € Y, U; are defined by

Uih = Z ZCC(M\A)H’

n

where the sum is over all 1’s that are obtained from A by adding i-boxes, with no two
box in the same diagonal.
In this case, since D(¢) and U (¢) satisfy

1+ ¢t

D(HU(@) = Y

U@t)D(1),

D(t))---D(,) and U(t,)---U(t;) are generalized Schur operators with
{1,2,2,2,...}. (See [5].) In this case, for A, u € Y, generalized Schur polynomials
sf . and s('\]’“ are respectively the shifted skew Schur polynomials Q; /. (ti, ..., t)
and P)\./}L(tl’ ey I).

In this case, Proposition 3.5 reads as

2Q(i)(l1,...,tn) i>0

pl122.2.) ‘
( Qg([],...,ln) i=0

; H,...,l,) =

It also follows from Proposition 3.10 that

1,2,2,2,...
hz{ ](ll,...,ln)Z P(i)(t],...,l‘n).

Furthermore, Corollary 3.4 reads as

- 1,2,2,2,...
D2t 1y, .. 1) = b 0t 1),
0

where the sum is over all s that are obtained from A by adding i boxes, with no two
in the same diagonal.

4.2 Young’s lattice: dual identities

This example is the same as [5, Example 2.4]. Let Y be Young’s lattice Y, and D; the
same ones in the prototypical example, (i.e., D;A = ) . 4, where the sum is over all
w’s that are obtained from A by removing i boxes, with no two in the same column.)
For A € Y, U/ are defined by U/A = Zu i, where the sum is over all u’s that are
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obtained from A by adding i boxes, with no two in the same row. (In other words, D;
removes horizontal strips, while U adds vertical strips.)
In this case, since D(¢) and U’(¢) satisfy

DUt =1+t U (t)D(@),

D(ty)---D(t,) and U’'(t,)---U’(t;) are generalized Schur operators with
{1,1,0,0,0,...}. (See [5].) In this case, for A, u € Y, generalized Schur polyno-
mials s('\]’,“ equal s,/ (t1, ..., t,), Wwhere A" and wu’ are the transposes of A and u, and
Sy /w(tt, ..., t,) are skew Schur polynomials.

In the prototypical example (Example 3.6), Corollary 3.4 is the classical Pieri’s
formula, the formula describing the product of a complete symmetric polynomial and
a Schur polynomial. In this example, Corollary 3.4 is the dual Pieri’s formula, the
formula describing the product of a elementary symmetric polynomial and a Schur
polynomial.

In this case, Corollary 3.5 reads as

1,1,0,0,0,...
h! Wty tn) = sai(tt - 1) = €ty .., 1),

where ¢;(t1, ..., t,) denotes the i-th elementally symmetric polynomials.
Furthermore, Corollary 3.4 reads as

ZS,LL(h’ ""tn) = ei(tlv ...,tn)S}\(t], "-7t}'l)7
n

where the sum is over all w’s that are obtained from A by adding a vertical strip
consisting of i boxes.
For a skew Young diagram A/ and i € N, Theorem 3.2 reads as

i
st/u(ll, s By) = Zzeifj(tls e st 1),
K

j=0 v

where the first sum is over all «’s that are obtained from A by adding a vertical strip
consisting i boxes; the last sum is over all v’s that are obtained from p by removing
a vertical strip consisting j boxes.

4.3 Planar binary trees

This example is the same as [7]. Let F be the monoid of words generated by the
alphabet {1, 2} and 0 denote the word of length 0. We give F the structure of a poset
by v < vw forv, w € F. We call an ideal of the poset F' a planar binary tree or shortly
a tree. An element of a tree is called a node of the tree. We write T for the set of trees
and T; for the set of trees with i nodes. We respectively call nodes v2 and vl right
and left children of v. A node without a child is called a leaf. For T € T and v € F,
we define T, tobe {w € T|v < w}.
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First we define up operators. We respectively call T’ a tree obtained from T by
adding some nodes right-strictly and left-strictly if T C T' and each w € T\ T has
no right children and no left children. We define linear operators U; and U; on KT by

UT = Z T,
=

Ui/T — Z T”,
T"

where the first sum is over all 7”’s that are obtained from T by adding i nodes right-
strictly, and the second sum is over all T”’s that are obtained from T by adding i nodes
left-strictly. For example,

U>{0} = {0, 1,11} + {0, 1, 2} + {0, 2, 21},

U, {0} = {0,2,22} +{0, 1,2} + {0, 1, 12}.
Next we define down operators. For T € T,letrr be {w € T|w2 € T.If w = viw’
then v2 & T. }, i.e., the set of nodes which have no child on its right and which belong

between 0 and the rightmost leaf of 7. The set 7 is a chain. Letry = {wr; < wrs <
-+ - }. We define linear operators D; on KT by

DT — (- (Towr)Owri—) - )Owr; i=<]|rr|
' 0 i > |rr

for T € T, where
Tow=((T\T,) U{wvlwlv € T,}

for w € T such that w2 ¢ T. Roughly speaking, D;T is the tree obtained from 7" by
evacuating the i topmost nodes without a child on its right and belonging between 0
and the rightmost leaf of 7. For example, let T be {0, 1, 11, 12, 121}. Since wy; = 0,
wr, = 12 and

0,1,11,12, 121y 2340, 1, 11, 12} 2% {0, 1, 2},

we have D,T = {0, 1, 2}.
These operators D(¢), U (') and U’(t') satisfy the following equations:

DNU(t') = U()D(),

11—zt
DUt =1+t U (")D(@).

(See [7] for a proof of the equations.) Hence the generalized Schur polynomials for
these operators satisfy the same Pieri’s formula as in the case of the classical Young’s
lattice and its dual construction.
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In this case, generalized Schur polynomials are not symmetric in general. For
example, since
D(t)D(){0, 1, 12}
= D(t))({0, 1, 12} + {0, 2} + £5{0})
= ({0, 1, 12} + 11{0, 2} + 17{0}) + 12({0, 2} + 11{0}) + 13 ({0} + 1),
S 11yt ) =1 t3 is not symmetric.
We define three kinds of labeling on trees to give generalized Schur polynomials

slT]’Q(tl ey ), sgiw(tl, ..., 1) and sﬁw(tl, ..., Iy) presentations as generating func-
tions of them.

Definition 4.1. Let T be a tree and m a positive integer. We call a map ¢ : T —
{1,..., m} aright-strictly-increasing labeling if

e p(w) <gp)forw e T andv € T, and
e p(w) < @) forw e T and v € Ty.

Wecallamap g : T — {1, ..., m} aleft-strictly-increasing labeling if

e o(w) < ¢(v) forw e T and v € T, and
e o(w) < ) forw e T and v € Tyy.

Wecallamap g : T — {1,...,m} abinary-searching labeling if
e o(w) > p()forw e T andv € Ty, and

e p(w) < @) forw € T and v € Ty.

Forexample,letT = {0, 1, 2, 11, 21, 22}. We write alabeling ¢ on T as the diagram

¢(0)
/N
@(1) @(2)
/ VRN
@(11) @(21) ¢(22) -
In this notation, the labelings
1 1 2
/N /N RN
2 2 2 1 1 3
/ VRN / VRN / VRN
2 2 3.3 2 3.1 3 4

on T are a right-strictly-increasing labeling, a left-strictly-increasing labeling and a
binary-searching labeling, respectively.

The inverse image ¢~ '({1,...,n + 1}) of a right-strictly-increasing labeling ¢
is the tree obtained from the inverse image ¢~!({1, ..., n}) by adding some nodes
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right-strictly. Hence we identify right-strictly-increasing labelings with sequences
@=T°T' ...,T™) of m + 1 trees such that T'*! is obtained from T* by adding
some nodes right-strictly for each i.

Similarly, we identify left-strictly-increasing labelings with sequences (¥ =
7O, T', ..., T™) of m + 1 trees such that T"*! is obtained from 7 by adding some
nodes left-strictly for each i.

For a binary-searching labeling ¢, : T — {1, ..., m}, by the definition of binary-
searching labeling, the inverse image go,;l({m}) equals {wr 1, ..., wr} for some k.
We can obtain a binary-searching labeling ¢, : T © (pnjl({m}) - {l,...,m—1}
from @,, by evacuating k nodes ¢, ({m}) together with their labels. Hence we identify
binary-searching labelings with sequences (4 = T°, T, ..., T™) of m + 1 trees such
that Dy, T' = T~ for some ki, ka, . .. K-

For a labeling ¢ from T to {1, ..., m}, we define t¥ = [ |
follows that

wer to(w)- Foratree T, it

.9

SU (tlv"'9tn) = thy
4

.9

sy (11,...,tn)=Zt¢,
¢

sTQ[{)(’lv '~-,tn) = ZIVIv
v

where the first sum is over all right-strictly-increasing labelings ¢ on T', the second
sum is over all left-strictly-increasing labelings ¢ on 7', and the last sum is over all
binary-searching labelings ¥ on T'.
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