EULERIAN POLYNOMIALS AND THE g-INDICES OF YOUNG
TABLEAUX

GUO-NIU HAN AND SHI-MEI MA

ABSTRACT. In this paper, we introduce k-Young tableaux and their g-indices.
We first present certain expansions of (¢(xz)D)™ in terms of inversion sequences
as well as k-Young tableaux, where ¢(x) is a smooth function in the indetermi-
nate x and D is the derivative with respect to z. By studying the connections
between k-Young tableaux and standard Young tableaux, we then present
combinatorial interpretations of Eulerian polynomials, second-order Eulerian
polynomials, and André polynomials in terms of standard Young tableaux.

1. INTRODUCTION

1.1. Notation and preliminaries.
The Eulerian polynomials A, (x) can be defined by the summation formula

d\" 1 Nt Ay (z)
1.1 — = gk = )
(L.1) (xd:c) 1—= kzzo v (1 —az)ntt
It is well known (see [12] [14] and references therein) that

An(z) = Z<7Z>x =} g,

=0 TeES,

where <'Z> is called Eulerian number and &,, is the set of all permutations of the
set [n] ={1,2,...,n}. For 7 = n(1)w(2)---w(n) € &,, the number of descents of
7 is defined by des (7) = #{i € [n] | (i) > 7(i + 1)}, where we set 7(n + 1) = 0.

Let [n]p = {1¥,2%, ..., n*} be a multiset, where each i € [n] appears k times. A
k-Stirling permutation of order n is a permutation of the multiset [n]; such that
for each i, 1 < i < n, all entries between any two occurrences of i are at least 1.
Let 9, (k) be the set of all k-Stirling permutations of order n. When k = 2, the
set Q, (k) reduces to Q,, which is the set of ordinary Stirling permutations of the
multiset [n]z. For o = o109+ 0kn € Qn(k), an index ¢ € [kn] is a descent of o
if 0; > 0441 or i = kn. Let des (o) be the number of descents of o. The k-order
Eulerian polynomials are defined by

Cp(z; k) = Z pdes (™),

Uegn(k)
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Following [I0, Lemma 1], the polynomials C,, (x; k) satisfy the recurrence relation
d
(1.2) Crni1(z; k) = (kn+ 1)xCp(z; k) + 2(1 — x)aCn(x; k), Co(z; k) = 1.

In particular, Cy(x;1) = A,(x). When k = 2, the polynomials C,,(x; k) reduce to
the second-order Eulerian polynomials Cy,(x) (see [6L[14]). In [4], Carlitz found that

where {7} are the Stirling numbers of the second kind, i.e., the number of set
partitions of [n] with &k blocks.
Consider the polynomials F, := F,(z;«, 3, a, b, c) defined as follows:

(a+bx+cw2d>n 1 F,
(

(1-—z) dz) (1—xz)f (1—ag)rtnats’

It is routine to verify that Fy = 1 and for n > 0, one has

(1.3) Foi1 = (n+na+ B)(a+br+cx®)F, + (a+ br + cx?®)(1 — x)%Fn

Comparing ([1.2]) with (1.3), we get the following result.

Proposition 1.1. Let k be a nonnegative integer. For n > 1, we have

(1.4) ((fﬂd> 1 Culmk+1)

1l—a)kde) 1—a (1 —z)nthntl’

In this paper, we always let ¢ := ¢(z) and f := f(x) be two smooth functions in
the indeterminate x, and set D = di. The expansions of (¢D)™ f have been studied
as early as 1823 by Scherk [Il Appendix A]. He found that

(zD)" = kﬁ:_o {Z}xkpk.

In the sequel, we adopt the convention that f;, = D* f and ¢;, = D*c. Note that
fo = f,co=c, (cD)f = (c)f1, (cD)*f = (cc1)fy + (¢*)fy. For n > 1, we define

n
(1.5) (eD)"f = Ansfe.
k=1
Note that A,, x = A, k(c,c1,. .., cn—f) is a function of ¢, ¢1, . . ., ¢,,—p. In particular,
Aiq = ¢, Ay = ccq and Ay = c2. By induction, it is easy to verify that

Apy11=cDA, 1, Ay =c" and for 2 < k < n, we have
(1.6) An+1,k = CAn,k:—l + CDAmk.

The numbers appearing in A, ;. as coefficients can be found in [I6], A139605]. We
refer the reader to [3], [15] for various examples on the expansions of (¢D)".
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1.2. Motivation and the organization of the paper.
In 1973, Comtet obtained the following result by induction.

Proposition 1.2 ([8]). Let A, ; be defined by (1.5). For 1 <k < n, we have

¢ Ck, Ckp_1
(1.7) Apy = EZ(2—k1)(3—k1 —k2)---(n—kl—kQ—---—kn,l)k—l!--- Pt
where the summation is over all sequences (ki,ka, ..., kn—1) of nonnegative integers

such that ki +ko+---+kpn1=n—kandki+---+kj <jforanyl <j<n-1.

The initial motivation of this paper is give a combinatorial proof of . In
order to state some combinatorial interpretations for A, , we need to introduce
several notations on partitions of integers.

A partition A = (A1, A2, ..., A¢) is a weakly decreasing sequence of nonnegative
integers. Each J\; is called a part of A\. The sum of the parts of a partition \ is
denoted by |A|. If |A| = n, then we say that A is a partition of n, also written as
A n. We denote by m; the number of parts equals 7. By using the multiplicities,
we also denote A by (1™12™2 ... p™n) The partition with all parts equal to 0 is the
empty partition. The length of A, denoted £(\), is the maximum subscript j such
that A; > 0. The Ferrers diagram of X is a graphical representation of A with \;
boxes in its ith row and the boxes are left-justified. For a Ferrers diagram A - n (we
will often identify a partition with its Ferrers diagram), a standard Young tableau
(SYT, for short) of shape A is a filling of the n boxes of A with the integers 1,2,...,n
such that each number is used, and all rows and columns are increasing (from left
to right, and from bottom to top, respectively). Given a Young tableau, we number
its rows starting from the bottom and going above. Let SYT (n) be the set of SYT
of size n. For a partition A = (A1,...,A\¢), we define ¢y = Hle Crn;y Cp = 1.

Let [7] be the Stirling numbers of the first kind, which count permutations in
G, with k cycles. We can now recall a recent result.

Proposition 1.3 ([3]). Let A, i be defined by (1.5). Forn > 1, there exist positive
integers a(n, \) such that

Ap g = Z a(n,)\)c”_é()‘)@\,
An—k

where X\ runs over all partitions of n — k. The Stirling numbers of the first and
second kinds, and the Fulerian numbers can be respectively expressed as follows:

HER SRR EEECE N (YR o

Motivated by Propositions and we first express (¢D)™f in terms of in-
version sequences as well as k-Young tableaux in Section [2] and then we present
the other main results. In the rest sections, we prove some of the main results.

2. THE ¢g-INDEX OF YOUNG TABLEAU AND MAIN RESULTS

2.1. Inversion sequences and a combinatorial proof of Proposition (1.2

An integer sequence e = (e, ea,...,€,) is an inversion sequence of length n if
0<e <iforall 1 <i<n. Letl, be the set of all inversion sequences of length
n. There is a natural bijection 1) between I,, and the symmetric group &,, defined
by ¢(m) = e, where e; = #{j | 1 < j < i and 7(j) > 7(i)}.
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Definition 2.1. For any inversion sequence e € I, let |e|; = #{i € [n] | e; = j}.
We now define ¢(e) = ¢ e/, Clel; = * Cle|n_1 * Tlefo-

For example, take n = 9 and e = (0,0,1,0,4,2,4,0,1), then |e|g = 4,|e|; =
2,lel2 = 1,|e|ls = 0,]els+ = 2 and |e|; = 0 for 5 < j < 8. So that ¢(e) = c-

cacicegecce - fy = cPcic3 - £4. The following lemma is fundamental.

Lemma 2.2. Forn > 1, we have

(2.1) (eD)"f =Y ¢(e).
e€el,
Proof. Note that Iy = {0} and I = {00,01}. Since ¢(0) = cf;, ¢(00) = c-c-
fo, ¢(01) = ¢ - ¢y - f1, then (2.1) is valid for n = 1,2. Assume that (2.1) holds
for a given n. Let I, = {e € I, : |e|p = k}. Then for any e € I, 5, we have
p(e) = c-Cle|, * Cle|s " Cle|,,_, - fr- Let € be obtained from e = (e1,ea,...,¢e,) by
appending e, 1. We distinguish three cases:
(i) I epyr =0, then ¢(e) = ¢ Clof, - Clef, *~ Clef, s~ ¢ T3

(i) Ifeny1 =iand 1 <i<n—1, then ¢(€') = c-Cle|, -~ Cle;+1 " Cle|n_r "€ fk;

(ii1) If epyr = n, then ¢(€) = ¢ cje), * Clefs = Cle|_s * €1 fk-
It is routine to check that the first case accounts for the term cA, ;1 and the
last two cases account for the term cDA,, . Then Eeeln+1 i ole) = (cAp k-1 +
c¢DA,, k)t = Apti kfi, which follows from ([1.6)). This completes the proof. O

A combinatorial proof of Proposition [1.2

Proof. For e € 1, let k = |e|p and k; = |e|,—; for 1 < i < n — 1. Note that
Z;:ll ki=n—kand k; +---+k; < j for each j. The number of such e is equal to

1 2—]€1 3—]€1—k2 ) n—kl—kg—-“—kn,1
k1 ka k3 k

_ (27161)(37]4317]432)(7171171 7k27"‘7kn_1)
e Vgl - Jen 1) '
Then by using Lemma [2.2] we obtain Proposition [I.2} O

2.2. k-Young tableaux and their g-indexes.

Since the ¢k, , Cky, - - - 5 Ck,,_, are commutative, we have to group the terms in
which produce the same product cg, cg, - - - c,,_,- We say that a type of n is a pair
(k, ), denoted by (k, p) - n, where k € [n] and p = (p1, ..., fin—1) is a partition of
n —k, i.e., p is written up to n — 1 terms by appending 0’s at the end. Let (k, u)
be a type of n. We define

Set (1) = {n; | 1<j<n—1}, |ul; = #{i | = 4,1 <i<n—1}.

Let (|e|o,p(e)) be the type of e € 1, where u(e) is the decreasing order of

the numbers |e|,...,|e[,—1. For each type (k, p) of n, let pi , be the number of
inversion sequences of type (k, u). It follows from Lemma that
(2.2) (cD)"f = Z Dle,nCCuy Cpiy *** Cpun_1 Ty

(k,p)bn

where the summation is taken over all types (k, u) of n.
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Lemma 2.3. By convention, set py, = 0. When (k,p) = (1,(1,1,...,1)), it is
clear that py,, = 1. For the other types (k, 1) of n, we have

(2.3) pow= (o1 + Dprpo) + Proruo,
jeSet (1)\{0}

where ) is obtained from p by replacing the last occurrence of the part j by j — 1
and by deleting the last 0 and p(?) is obtained from p by deleting the last 0. Thus
we have (k, ) F (n—1) and (k —1,10) - (n —1).

Proof. Take an element e € L, of type (k,u). Let € = (e1,e9,...,e4—-1) € I,_1 be
obtained from e by deleting the last e,,. If e,, = 0, then the type of €’ is (k—1, u(?)).
This operation is reversible. If e, =i (1 < i< n—1) and |e|; = j € Set (u) \ {0},
then the type of €’ is (k,ﬂ(j)). In this case, the operation is not reversible. We
have exactly (|u|j—1 + 1) ways to generate the inverses. In fact we can append
en =14’ # i at the end of € with the condition of |e|; — 1 =j — 1 = |e|;» to obtain
an inversion sequence in I, of type (k, u). |

For convenience, we now give an illustration of (2.3]), in order to get inversion
sequences of type (k, ) = (3,(2,1,1,0,0,0)), we distinguish three cases:

(i) For each e € I that counted by ps (2,1,1,0,0), We can get one inversion
sequence of type (k, 1) by appending ez = 0 at the end of e;

(ii) Let e € I be an inversion sequence counted by ps (1,1,1,0,0)- If |e]; = 1 then
we can append e; = ¢ at the end of e. As we have three choices for i, we
get the term 3ps (1,1,1,0,0);

(iii) Let e € I be an inversion sequence counted by P3,(2,1,0,0,0)- 1f lel; = 0,
then we can append e; = i at the end of e. As we have four choices for 1,
we get the term 4p3)(27170,070).

Each type (k, ) of n can be represented by a picture which contains k boxes in
the bottom row, and the Young diagram of p in the top. Such picture is called a
(k, w)-diagram.

Definition 2.4. Let (k, 1) be a type of n. A k-Young tableau Z of shape (k, ) is
a filling of the n boxes of the (k, u)-diagram by the integers 1,2,...,n such that
(i) each number is used, (ii) all rows and columns in the top Young diagram are
increasing (from left to right, and from bottom to top, respectively), (iii) the bottom
row is an increasing sequence of length k, starting with 1.

The filling of the top Young diagram of the partition u is called the top Young
tableau of the k-Young tableau. There is no condition between the bottom row
and the top Young tableau. The rows of the top Young tableau are counted from
bottom to top, and the columns are counted from left to right. We always put a
special column of n boxes at the left of a k-Young tableau, labelled by the integers
1,2,...,n from bottom to top. See Figure [1] (right diagram) for an example.

Definition 2.5. Let Z be a k-Young tableau of shape (k,u), where k + |u| = n. For
each v € [n], suppose that v is in the box (%, j) of the top Young diagram, where the first
coordinate ¢ means the column index, and the second coordinate j means the row index.
The g-indez of v, denoted by gz(v), is the number of boxes (i — 1, j') such that j' > j and
the letter in this box is less than or equal to v (see Figures [2| and . If v is in the bottom
row, then set gz(v) = 1. The g-index of Z is given by Gz = gz(1)gz(2) - - - gz(n).
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7
6
5
4
3
2
1

Ficure 1. (k = 2, = (3,2,0,0,0,0))-diagram and a k-Young
tableau of shape (k, )

r<v<y

gr(v) = #=

8888 |<

FIGURE 2. Young tableaux and g-index

k=3

1[2]3] 1[2]4] 1[3]4]
=1113 =1-12-1 =11-1-1

1 1 1
3 3 3
2|4 2|3 2|2
1 1 1

SG=6 G G G

FIGURE 3. All 3-Young tableaux of size 4 and their g-indices

Theorem 2.6. If (k,u) F n, then we have
(2.4) Dy = Z Gz,
z

where the summation is taken over all k-Young tableauz of shape (k, ).

Proof. The identity is obtained from Lemma by induction on n. The maximum
letter n in a k-Young tableau Z may be at the end of the bottom row, or a corner in
the top Young tableau. In the first case, gz(n) = 1, and removing the letter n yields a
(k — 1)-Young tableau of shape (k — 1, ). In the second case, gz(n) = |u|j—1 + 1, where j
is the length of the row containing n, and removing the letter n yields a k-Young tableaux
of shape (k, u(j>). We recover all terms in . This completes the proof. O

In the sequel, we give two applications of Theorem [2.60 When n > 1, the Stirling
numbers of the first kind [}] can be defined by >°p_, [F]z* = z(z + 1) (z +n —1).
According to [, Proposition A.2], we have (e"D)"f = €™ > )_| [}]fk. Setting ¢ = €”
and ¢; = €” in , it follows from Theoremthat

(e"D)"f =€ Z Zszm
(k,p)kn Z

So we get the following result.
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Proposition 2.7. Forn > 1, we have
S Y Grat =a@+ 1)@ +2) (@ +n—1),
(k,u)bn Z

where the first summation is taken over all type (k, 1) of n, and the second summation is
taken over all k-Young tableaux of shape (k, ).

Proposition 2.8. Let {Z} be the Stirling numbers of the second kind. We have

-

where the summation is taken over all k-Young tableauz of shape (k, (1"7]“0’“71)).

Proof. Let ¢ = v and f = 1/(1—x). Then ¢; = 1 and ¢;j = 0 for j > 2, and fi, =
kl/(1 —z)*!. Tt follows from (2.2) that

(zD)" Z Dh,uCCuy Cpiy *** Cpayy_y T
(k,p)bEn
Elzk
= > Pl ™ gyt
(k,u=(1n—k0k—1))in
- ﬁ Z Drepe - k2" (1 —2)" k.

(k=1 =F0k=1)in

By Theorem [2.6] we have

(2.5) An( Zpk(ln kok—1y ° Ela®(1 — )" ZZGZ Kla®(1 — )" ",

k=0 k=0 Z

where the second summation is taken over all k-Young tableaux of shape (k, (1" 7*0*~1)).
The classical Frobenius formula for Eulerian polynomials says that

Zk'{ } (1—z)" "

Comparing the above formula with ( -, we get the desired result. O

2.3. The g-indices of Young tableaux.

Let T be a SYT of shape A and size n. We define the g-index of T very similarly.
We always put a special column of n boxes at the left of T, labelled by 1,2,3,...,n from
bottom to top. The rows of T are counted from bottom to top, and the columns are
counted from left to right. For each v € [n], suppose that v is in the box (i,5). The g-
indez of v, denoted by gr(v), counts boxes (i — 1, ;') such that j° > j and the letter in this
box is less than or equal to v. The g-index of T is defined by Gr = gr(1)gr(2) - - - gr(n).
For the Young tableau given in Figure [2| (left diagram), we have gr(1) = 1, gr(2) =
1, gT(3) =2, gT(4) =1, gT(5) =1

Example 2.9. The elements in SYT (4) and their g-indices are listed in Figure

Let A(T) be the partition of T. If \(T) = (A1, A2, ..., \e), then let A(T)! = [T:_; (\:)).
Theorem 2.10. Let Cy,(x) be the second-order Eulerian polynomials. Then we have
(2.6) Co(m)= Y Gr AT)! g™t A,

TESYT (n)
Theorem 2.11. Let A,(x) be the Eulerian polynomials. Then we have
(2.7) An(z) = Z Gp "1t

TESYT (n)
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4[4] g=1,1,1,1
NEIE Gr =

2[2 MT) =

11

[4] g=1,1,1,3 [4] g=1,1,2,2 [4] g=1,1,2,2
, 13]3 Gr =: 3[4 Gr =4 3[4 Gr =
22 MT) =2 2]2 MT)! = 2[3 MNT)! =

1)1]4] 1]1]3] 1]1]2]

[4] g=1,1,2,1 [4] g=1,1,2,1
E Gr = 13] Gr=2
T [2]3]4] M) = 2] 214] D) =

112 1[1]3

[4] g=1,1,1,3 [4] g=1,1,2,1 [4] g=1,1,2,1
s 3] Gr=: 3] Gr=2 3] Gr =
T 12]a MNT)!' =6 2[3 AT = 2]2 AT)! =

1]1]2]3] 1]1]2]4] 1]1]3]4]

[4] g=1,1,1,1
4 E Gr =
T2 MNT)! = 24

1]1]2]3]4]

FIGURE 4. The elements in SYT (4) and their g-indices

Let 7 € &,. We say that m has no double descents if there is no index i € [n — 2]
such that w(i) > w(¢ + 1) > 7(i + 2). Then 7 is called a simsun permutation if for each
k € [n], the subword of 7 restricted to [k] (in the order they appear in ) contains no
double descents. Simsun permutations are useful in describing the action of the symmetric
group on the maximal chains of the partition lattice (see [I7]). We define

L(n+2)/2] ‘
Sn(z) = Z gdes (™) = Z S(n,i)z",
TERSH =1

where RS,, is the set of simsun permutations in &,. Set Si(z) = z. It follows from [7]
Theorem 1] that S, (z) = (n+ 1)xSn—1(z) + 2(1 —22)S,,_1(x) for n > 2. The polynomial
Sn(z) is known as André polynomial (see [0} [11]).

Theorem 2.12. Let S, (z) be the André polynomials. For n > 1, we have
(28) Su(e) = 3" G 2" IO,
T

where the summation is taken over all tableauz in SYT (n) with at most two columns.

We say that m € &, is alternating if w(i) < w(i+ 1) if ¢ is even and m(i) > (i + 1)
if 7 is odd. Let FE, denote the number of alternating permutations in &,,. A remarkable
property of simsun permutations is that #RS, = En41 (see [17, p. 267]).

Corollary 2.13. We have E,,4+1 = ZT G, where the summation is taken over all Young
tableaux in SYT (n) with at most two columns.

Combining |2, Corollary 3.2] and [I3], Proposition 1], the gamma expansion of Eulerian
polynomial is given as follows:

Ln+2)/2] } ‘
Anyi(x) = Z 271 S (n, i)t (1 + )T

=1
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We end this section be giving a characterization for the gamma coeflicient polynomial of
Angi(z). For T € SYT (n), if M(T) = (1"72*722°71) then n + 1 — £(\(T)) = i, where
1<i< | (n+2)/2]. Using (2.8)), we immediately get the following corollary.

Corollary 2.14. For n > 2, we have

L(n+2)/2] ‘
> 278 i)at = Gr AT 2",
T

i=1

where the summation is taken over all tableaux in SYT (n) with at most two columns.

3. PROOF OF THEOREM [2.10)
Setting k = 1 in (1.4), we obtain that

(3.1) r d L Cr(z) .
l—zdz) 1—z (1—ux)2nt!
Setting ¢c = x/(1 — z) and f = 1/(1 — z), then we have
5! , k!
By using (2.2)), we obtain
x "o pl#lot+1 ! frn—1! k!
D = . .
<1—x ) 1—z Z P77 (1 —g)mtt (1 —z)pn—1F1 (1 — g)k+1
(k,p)kn
1
— [nlo+1
= Tyt D P Kl lal ot
(k,p)Fn

It follows from (3.1) and Theorem that

Cu(@)= Y pr Klple el

(k,p)Fn

(32) = 5 S Gz Kl paoleot

(ku)Fn Z

In view of and , we need to establish some relations between k-Young tableaux
and standard Young tableaux. Let Z be a k-Young tableau of shape (k, ). We define
T = p(Z) to be the unique SYT such that the sets of the letters in the j-th column in Z
and T are the same for all j. Let us list some basic facts of this map Z — T = p(2):

(1) We can obtain T from Z by ordering the letters in each column in increasing
order. One can easily check that if 7" is obtained in this way, then T" is a SYT;
(#¢) The partition A(T) is the decreasing ordering of the sequence (k, p1, ..., tin—1),
removing the 0’s at the end. Hence, A(T)! = k! (H?Z_ll pil);
(#7) We have n — £(A(T)) = |po;
(fv) In general Gz # Gr.
For example, take the k-Young tableau given in Figure[I] we obtain the SYT given in
Figure However p is not bijective. Let p~*(T) = {(k,u, Z) | p(Z) = T}. By the above
properties of p and , we have

Chn(z) = Z Z Gz - klpn! -« iy Mo+t

TESYT (n) (k,u,Z)€p~1(T)

ST OADE T ST gy

TeSYT (n) (k,u,Z)Ep—1(T)

(3.3)
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L R R R = e

137‘

FIGURE 5. T = p(Z) for Z given in Figure

1] L 4] T 4] T

2 P 2[3]5]6] 2

1]3]5]6] - 1] 1]3]5]6]

G=4 G=2 G=2
(4] . (4] In (4] I [4] T2 [4] T2 4[5]Ts
2[5 P 2[5]6] 213]6] 2[5 2[3 2[3]6]
1)3]6] ——  [1]3 1[5 1]3]6] 1]5]6] [1]
G=16 G=4 G=2 G=4 G= G=4

FIGURE 6. Decomposition of p~1(T') into I'1, Ty, '3,y

Lemma 3.1. For each standard Young tableau T, we have
(3.4) > Gz=Gr,

Zep~1(T)
where we write Z € p~*(T) instead of (k,p, Z) € p~"(T), as we can recover (k, i) from Z.
Proof. We will prove (3.4) by induction on the size of T'. Suppose that (3.4) is true for
all standard Young tableaux of size n — 1. Given a T € SYT (n). Let 7" is a SYT of size

n — 1 obtained from T by removing the letter n. This operation is reversible if A\(T') is
known. By the hypothesis of induction, we have

(35) S Gy =G
Z'ep=1(T")

Clearly, G = Gp+ x gr(n). On the other hand, for a k-Young tableau Z € p~*(T), if we
remove the letter n, we obtain a k’-Young tableau Z’ € pfl(T’) of size n—1. However, this
operation is not always reversible. Let us analyse in detail. Let 8 be the length of the row
containing n in the k-Young tableau Z € p~*(T) with shape (k, i) if n is in the top Young
tableau of Z. The set pfl(T) can be divided into four subsets: pf1 (T)=T14T2+4T3+Ty,
where I'1, 2, I's and 'y are respectively defined as follows:

' ={Zcp '(T):nis in the top Young tableau and k = 3 — 1},
o ={Z € p '(T):nis in the bottom row and k — 1 € u},
s ={Z € p '(T) : nis in the top Young tableau and k # § — 1},
Iy={Zcp '(T):nis in the bottom row and k — 1 & u}.

See Figure [f] for two examples. Some of the I'; may be empty according to 7. We claim
that the set I'y and I's have the same carnality. For each Z; € I'y, there exists Z2 € I'2
in a unique manner, such that Z; = Z5 € pfl(T'), see Figure Moreover, we have the
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7 Zs Z'

n del n
_

T T

del n
_

FIGURE 7. Z1,Z € p~}(T) are mapped to the same Z' € p~1(T")
by removing the letter n

relations (see Figure : gz, (n) = gr(n) — 1 and gz,(n) = 1. For Zs € I's and Z4 € Ty,
we have gz, (n) = gr(n) and gz, (n) = gr(n). By all these observations, we obtain

Z Gz = Z (Gz, + Gz,) + Z Gzs + Z Gz,

Zep—1(T) Z1€7y,Z5€y Z3€ls Z4€Ty
= Y G t9nmGm+ Y G+ Y grn)Gy
Z1€71,Z5€Ty Z3€Ts Z4€Ty
=gr(n) Z Gy
Z'ep=1(T)
= gr(n)Gr
=Gr.
Hence (3.4) holds. This completes the proof. O

Proof of Theorem [2.10, Combining (3.3) and Lemma we get that
Co(z)= > AD)a"H O > G

TEeSYT (n) (k,u,Z)Ep—1(T)
= > Gr AD)"T eI,
TESYT (n)
This completes the proof. O

4. PROOF OF THEOREM [2.11]

For an alphabet V, let Q[[V]] be the rational commutative ring of formal power series
in monomials formed from letters in V. Following Chen [B], a contezt-free grammar over
V is a function G : V — Q[[V]] that replaces each letter in V by a formal function over
V. The formal derivative Dg with respect to G satisfies the derivation rules:

Dg(u+v) = Da(u) + Da(v), Da(uww) = Da(u)v +uDa(v).

Thus Dg can be understood as a formal differential operator. The reader is referred
to [0l [14] for recent progress on this subject.

Setting u; = D& (u), it follows from (2.2) and (2.4)) that
(4'1) (UDG)n: Z ZGZuumuuz'”uun71ng

(ku)Fn Z
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where the first summation is taken over all types (k, 1) of n and the second summation
is taken over all k-Young tableaux of shape (k,u). Recall that the Eulerian polynomials
A, (x) are symmetric, i.e.,

An(z) = Z <T;>xl = Z <7;>x"+1_i forn > 1.
i=1 i=1

In [9], Dumont found a grammatical interpretation of Eulerian numbers.

Proposition 4.1. If G = {z = y,y = y}, then (zDa)"(y) = 2.5, (1" y".

Proof of Theorem[2.11} Let G = {z — y,y — y}. From (4.1)), we have
(mDG Z Z sz‘rﬂl Lpug - m#n—ng(y)v

(h)bn Z

where zo = 2 and z; = D& (x )—yforz 1 and D% (y) =y for k > 0. Hence

(QZDG Z ZGzy" Iulo |M|o+1

(k,p)Fn  Z

Comparing this with Proposition [4.1} we get

< n n+l—1i n 1
12 =3 (1) = @b = 3 T

i=1 (k,p)Fn Z
where the first summation is taken over all types (k, 1) of n and the second summation
is taken over all k-Young tableaux of shape (k, 1). By using Lemma along the same
lines as in the proof of Theorem [2.10} one can derive (2.7)). O

5. PROOF OF THEOREM [2.12]

We now recall a grammatical interpretation of André polynomials.

Proposition 5.1 ([9]). If G1 = {J: — xy,y — x}, then
. ZS n, ’L xzyn+2 22

i1

Dé, (

Equivalently, we see that if G2 = {x — y,y — 1}, then
(zDg,)" (z) ZS (n,i)z’y" 272,

i1
Proof of Theorem[213 Let G2 = {z — y,y — 1}. From (4.1)), we have
(5.1) (xDg,)" Z Z Gzrrp, Ty, - .xl"n—lDéZ (x).
(k,p)bn Z

Note that zo = D&, () = z, 1 = Dg,(z) =y, 22 = Dg,(z) = 1 and 2; = D, (z) =0
for i > 3. Recall that for (k, u) F n, we have k € [n]. Then ., Ty, -+ Tp,_, D&, (z) # 0 if
and only if 0 < p; < 2 for allje[n—l} and 1 < k < 2. Thus

(5.2) po=(1m2mer Ty

where m; and mgo are nonnegative integers. Assume that Z is a k-Young tableau of shape
(k, i), where p is given by . As in the proof of Theorem we define T' = p(Z) to
be the unique SYT such that the sets of the letters in the j-th column in Z and T are the
same for all j. Then Z has at most two columns. Using Proposition 5.1} we get

(5'3) Sn(l‘) = (IDGz)n(x)‘y:1 - Z Zszlu‘OJrl,

(k,p)bn Z
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where the first summation is taken over all types (k, ) of n, the second summation is
taken over all k-Young tableaux of shape (k, ) and the partitions p have the form (5.2)).
Along the same lines as in the proof of Theorem|2.10, we get the desired formula (2.8). O
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