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Loop-augmented Forests and a Variant of

Foulkes’s Conjecture

Mahir Bilen Can & Jeff Remmelt

ABSTRACT A loop-augmented forest is a labeled rooted forest with loops on some of its roots.
By exploiting an interplay between nilpotent partial functions and labeled rooted forests, we
investigate the permutation action of the symmetric group on loop-augmented forests. Further-
more, we describe an extension of Foulkes’s conjecture and prove a special case. Among other
important outcomes of our analysis are a complete description of the stabilizer subgroup of an
idempotent in the semigroup of partial transformations and a generalization of the (Knuth—
Sagan) hook length formula.

1. INTRODUCTION

This paper is a natural continuation of our earlier work [1], where we considered a
permutation action of the symmetric group on the set of labeled rooted forests. The
origin of this representation goes back to the semigroup of partial transformations on
a finite set. We shall show in this paper that the circle of ideas here naturally leads to
a new variant of a long standing conjecture in representation theory, namely Foulkes’s
conjecture. Let us recall this famous conjecture. If m < n, then the multiplicity of an

irreducible representation V' of S, in the induced trivial representation Indgzysn 1
Smn

is less than or equal to the multiplicity of V' in Indg™, s, 1. We state this conjecture
in a combinatorial way, which can be viewed as a precursor of our work.

Consider a set of vertices with mn elements which are placed along a line and
grouped into blocks of m elements so that there are n blocks in total. We will distribute
the labels 1,2, ..., mn on these vertices and call two resulting distributions equivalent
if one configuration can be obtained from the other by permuting the labels within the
same group and/or by permuting the blocks. For example, the three configurations in
the first line of Figure 1, where n = 3 and m = 2, are in the same equivalence class.
(For convenience we separated individual blocks in each configuration by putting a bar
between them.) In the second line of Figure 1, we have two inequivalent configurations
since the set of elements of the first block of the first configuration is not equal to any
set of elements of any blocks in the second configuration.
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FIGURE 1. Three equivalent (in the first line), two inequivalent (in
the second line) configurations.

Let us denote by o) the vector space spanned by all such equivalence classes. Next,
we define another vector space, denoted by 07, by changing the roles of m and n.
Clearly both of 01 and o} are S,,,-modules. In this terminology, Foulkes’s conjecture
states that the multiplicity of an irreducible S,,,-module V in 0] is less than or equal
to the multiplicity of V in o;.

Our conjecture is the following natural extension of Foulkes’s conjecture. Let m
and n be positive integers such that n > m > 2. Consider m copies of the labeled
rooted tree on n vertices where the root has exactly n — 1 children. See Figure 2,
where n = 4 and m = 2.

FIGURE 2. An extension of Foulkes’s conjecture, combinatorially.

The symmetric group S,,, acts on the labels of the vertices, hence we get a rep-
resentation denoted by 0}. In a similar manner, next, we consider n copies of labeled
rooted tree on m vertices where the root has exactly m—1 children. This time the S,,,
representation is denoted by 0y. Now, let V' = V(\) be an irreducible representation
of S, indexed by a partition A which has more than two parts. Then the multiplicity
of V in o0y is greater than or equal to the multiplicity of V in 0}. One of the main
results of our paper is the proof of this conjecture when m = 2.

As we mentioned before, we arrived at this conjecture by considering nilpotent
partial transformations and rook theory. Our goal here is to further develop this
topic, so we start with recalling the relevant concepts and results from [1]. This way,
we hope that the reader will see a coherent picture of our work and the origins of our
conjecture.

Let n denote a positive integer, [n] and [n] denote the sets {1,...,n} and [n]U{0},
respectively. We set

Full,, : the full transformation semigroup on [n];
Py, : the semigroup of partial transformations on [n];
Ry : the rook monoid on [n];
Cy, : the set of nilpotent partial transformations on [n].

For us, a partial transformation on [n] is a function f : A — [n], where A is a

nonempty subset of [n]. A full transformation on [n] is a function g : [n] — [n]. We
note that there is an “extension by 0” morphism from partial transformations on [n]
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into full transformations on [n],
o : Pn — Full,
[ @o(f)
which is defined by

po(f)(i) =

f@) if ¢ is in the domain of f;
0 otherwise.

The map ¢ is an injective semigroup homomorphism.

By the rook monoid R,,, we mean the monoid of injective partial transformations.
We will often refer to the elements of R,, as rook placements (on an n x n grid). Since
P,, is embedded into Full,, and since the latter monoid contains a zero transformation
it makes sense to talk about nilpotent partial transformations in P,. In particular,
C, and C, N R, are well defined although their definitions require an embedding of
Py, into Full,. (In literature, many authors assume that 0 € R,,.)

The unit groups of P, and R, are the same and are equal to S,. Moreover, the
conjugation action of S, on itself extends to these semigroups as well as to the subset
C,, of nilpotent partial transformations. Therefore we have S, -representations on the
vector spaces CP,, CR,, and on CC,. The combinatorial significance of C,,, which is
crucial to our purposes, stems from the fact that there is a bijection between C,, and
the set of labeled rooted forests on n vertices. Furthermore, the conjugation action of
S,, on functions in C,, translates to the permutation action of S,, on the labels.

In [1], the first author analyzed the conjugation action of S,, on C,, in detail. Our
purpose here is to extend this analysis to the conjugation action of S,, on P,. By
explicitly computing their stabilizer subgroups, we achieve an understanding of the
orbits as permutation representations. We compute the dimensions of the correspond-
ing representations and we determine their characters. As in our previous work, our
results here are combinatorial in nature; we interpret our findings in terms of loop-
augmented rooted forests (to be defined in the sequel) and plethysm operations on
the symmetric functions. In the next few paragraphs we summarize the main results
of [1] to set up the notation and to motivate the subsequent discussion. We should
mention that we do not use rooted forests in the proofs of our results, nevertheless, as
we will demonstrate in the sequel, they appear as indispensable tools for our Frobe-
nius character calculus. Of course, as we showed at the beginning of our article, they
are proven to be useful for paraphrasing (and extending) Foulkes’s conjecture.

A pair (7, ¢), where 7 is a rooted forest on n vertices and ¢ is a bijective map from
[n] onto the vertex set of 7 is called a labeled rooted forest. Throughout this paper,
when we talk about labeled rooted forests, we omit writing the corresponding labeling
function despite the fact that the action of S,, does not change the underlying forest
but the labeling function only. In accordance with this convention, when we write
S, - 7 we actually mean the orbit

(1) Sp-(1,0)={(r,¢'): ¢ =0-¢, 0 €8,}.

The right hand side of (1) is an S,-set, hence it defines a representation of S,,. We
call the resulting representation the odun of 7 and denote it by o(7). It only depends
on 7, so we write Stabg, (7) to denote the stabilizer subgroup of the pair (7, ¢). As an
Sp-module, the vector space of functions on the right cosets, that is C[S,,/Stabs,, (7)]
is isomorphic to the odun of 7, which is equivalent to the induced representation
Indgt"absn ) 1. It turns out that the Frobenius character of this module is recursive
in nature and can be computed by certain combinatorial rules. To avoid introducing
more notation, we illustrate these rules on an example. Let 7 be the rooted forest
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depicted in Figure 3 and let 7;, ¢ = 1,2, 3 denote its connected components (from left
to right in the figure).

FIGURE 3. An example.

Let F. and F,, i« = 1,2,3 denote the corresponding Frobenius characters. Since
T # To = T3, we have

(2) F, = F,, - s3[Fn].

Here, sg is the Schur function s(s), the bracket stands for the plethysm of symmetric
functions and the dot stands for ordinary multiplication. (We will give a brief intro-
duction to plethysm in Section 2.2.) More generally, if a connected component 7/,
which of course is a rooted tree appears k-times in a forest 7, then F, has sy[F;/]
as a factor. Now we proceed to explain the computation of the Frobenius character
of a rooted tree. As an example we use F;, of Figure 3. The combinatorial rule that
we obtained in [1] is simple; it is the removal of the root from the tree. The effect
on the Frobenius character of this simple rule is as follows: let 7 denote the rooted
forest that we obtain from 7 by removing the root. Then Fr, = s1 - F;;. Thus, by
the repeated application of this rule and the previous factorization rule, we obtain
Fry =s1-Fp =51-51"84 [s1]. It follows from the definition of plethysm that si[s1] = si
for any nonnegative integer k. Therefore,

(3) F, =s%-54.
We compute F;, by the same method;
(4) F,, =55 - sy.

By putting (2)—(4) together, we arrive at the following satisfactory expression for the
Frobenius character of 7:

(5) F, = F,, - s3[F,,] = 5% - 54 - 5255 - s2].

Note that the expansion of sp[s} - so] in the Schur basis is computable by a recursive
method by applying (14) and using Thrall’s formula [9] (see [7, Chapter I, Section 8,
Example 9]). However, the resulting expression is rather large, so, we omit writing it
here.

Let 7 be a rooted tree with the root ¢ and let a and b be two vertices from 7. Let
pa (resp. py) denote the unique path between a and ¢ (resp. between b and c¢). We
define a partial order, denoted by <, on 7 by declaring b < a if a lies on the path
pp- This definition extends to rooted forests as follows. If @ and b are two vertices
from different connected components in a rooted forest, then they are declared to be
incomparable with respect to <.

Let o be a rooted tree on n+ 1 vertices and let a be a vertex in o. We let 60 denote
the rooted subforest whose set of vertices is {b € o : b < a} and we let o, denote
the rooted subtree whose set of vertices is {b € ¢ : b < a}. Then we denote by ~,
the subset {a1,...,a,} of the vertices of o, such that the corresponding subtrees o,
(i =1,...,r) are mutually disjoint and such that U;_,0,, = 0. We call each of the
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subtrees o4, (i = 1,...,7) a maximal branch at a. Finally, let m(a;a;) = ms(a; a;)
(i = 1,...,7) denote the number of copies of o,, that appear in ¢!. Let us call the
number m(a;a;) the multiplicity of a at a;. In this notation, the dimension of the
odun of ¢ turns out to be

(6) dimg o(o) n

HaEU HbE’YQ m(a; b)' ’
where it is understood that the multiplicity m(a;b) is used once for all isomorphic
copies of o3 in 0. The same formula applies to the dimension of the odun of the
rooted forest 7 that is obtained from o by removing its root (see [1, Theorem 9.3]).
This is a generalization of the Knuth—Sagan hook length formula for the rooted trees.

Let us demonstrate our formula (6) on the rooted tree, denoted by o, that is
obtained from the rooted forest 7 in Figure 3 by adding a vertex that serves the
purpose of a root. Let us denote this root by c¢. Note that n + 1 = 21. We name
the vertices of the leftmost tree in Figure 3 by aq,...,as from bottom to top and
left to right. Thus, a1 is the root. In a similar manner, we denote by by,...,b; and
c1,...,cr7, respectively, the vertices of the middle rooted tree and the rightmost rooted
tree so that by and ¢y, respectively, are the corresponding roots. Then ~. = {ay, b1, 1},
and there is one copy of 7,, in o and there are two copies of the subtree 75, in o.
Thus m(c;a1) = 1, m(e;b1) = 2. In a similar manner, we compute m(aq,a3) = 4,
m(bs, bs) = 2 = m(cs, cs), and all other multiplicities are equal to 1. Then

20!
~ 41212121
This number can be verified by using the Frobenius character (5) of 7.

We are now ready to introduce our new combinatorial object by means of which
we will generalize the results of [1]. The algebraic significance of these objects will be
developed later in this paper. A loop-augmented forest is a rooted forest such that
there is at most one loop at each of its roots. See, for example, Figure 4, where we
depict a loop-augmented forest on 22 vertices and four loops.

1o 8 a0

FIGURE 4. A loop-augmented forest.

dimg o(o) = dimg(7) = 12671364625920000.

It is a well known variation of the Cayley’s theorem that the number of labeled
forests on n vertices with k roots is equal to (Z:}) n"~*. See [3, Theorem D, p. 70].
It follows that the number of loop-augmented forests on n vertices with k roots is
2k (Zj) n™~F. Tt follows from generating function manipulations that the number of
loop-augmented forests on n vertices for n > 2 is 2n™ 3.

Next, we explain the relationship between the rooted forests and nilpotent partial
transformations. Let 7 be a rooted tree on n vertices. We group the maximal branches
of 7 according to the number of vertices on each maximal branch. As a convention,
let us collect the maximal branches with more vertices on the left hand side of the
graph and repeat this procedure inductively for every maximal branch and for their
maximal branches, and so on. We do not worry about the ordering of the maximal

branches in the same group. As an example, see Figure 5. Once the grouping is done,
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we label the vertices by [n] from left to right and from bottom to top, decreasing the
label by 1 each time. Here, n is the number of vertices and the root of 7 is labeled
by n.

FIGURE 5. A grouping of the branches of a rooted tree.

Notwithstanding the ambiguity created by not ordering the maximal branches of
the same size, the resulting incidence matrix from our labeling is a strictly upper
triangular (hence, nilpotent) matrix. We adopt this procedure to the rooted forests
by first grouping (and depicting left to right) the rooted trees with respect to the
number of vertices they have. The resulting incidence matrix of the forest is a direct
sum of nilpotent matrices, hence it is nilpotent also. Notice that this procedure also
explains why there is a bijection between labeled rooted forests and nilpotent partial
functions. That is, given 7 € C,, with respect to any labeling that we just described,
we simply let f be the partial function defined by f(i) = j whenever ¢ is a child of
j in 7 and there is an edge between ¢ and j. Then f is nilpotent. In the light of this
fact, from now on, we will use the same notation 7 for a nilpotent partial function
and its corresponding labeled rooted forest.

We now proceed to explain how to interpret loop-augmented forests in terms of
partial functions. Let o be a loop-augmented forest. Then some of the roots of o have
loops. There is still a partial function for o, as defined in the previous paragraph for a
rooted forest. The loops in this case correspond to the “fixed points” of the associated
function. Indeed, with respect to labeling conventions of the previous paragraph, the
incidence matrix of ¢ is upper triangular. However it can have both of 1’s and 0’s on
its main diagonal. The resulting matrix can be viewed as the matrix representation
of the partial function of o. (Warning: unlike our notation in this paragraph, in the
sequel we will often use lower case Latin letters for denoting both of loop-augmented
forests and partial functions.) We remark here that the correspondence between loop-
augmented forests and (certain) partial functions fails if we consider adding loops
on non-roots. In such a situation, the resulting objects do not always give partial
functions, but, instead, give “partial relations.”

The subset of P,, which corresponds to the loop-augmented forests will be formally
defined in the next section. Now, we briefly explain the underlying algebraic theme
of our work. Recall that the permutation action of S,, on the labels translates to the
conjugation action on the incidence matrices. Clearly, the conjugates of a nilpotent
(respectively unipotent) matrix are still nilpotent (respectively unipotent). Let U be
an arbitrary upper triangular matrix. Then U is equal to a sum of the form D + N,
where D is a diagonal matrix and N is a nilpotent matrix. If ¢ is a permutation matrix
of the same size as U, then we conclude from the equalities 0-U = cUo ™! = 6 Do~ +
oNo~! that the conjugation action on loop-augmented forests is equivalent to the
simultaneous conjugation action on labeled rooted forests and the representation of
S, on diagonal matrices.

The outline of our paper is as follows. In Section 2, we review the most basic facts
about the idempotents of the semigroups Full,,P,, and R,. In addition we review
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the basic theory of plethysm for symmetric functions. In Section 3, we prove the first
of our main results, Theorem 3.2, which states that the stabilizer subgroup in S,, of
a loop-augmented forest (viewed as a partial function on [n]) has a direct product
decomposition of the form Z(o) x Stabg,_, (1), where Z(o) is the centralizer of a
permutation o in S and Stabgs, _, (7) is the stabilizer subgroup in S,,_j, of a labeled
rooted forest 7. It follows from this result that the Frobenius character of the S,,-
orbit of a loop-augmented forest f is of the form sy [[\_; hx,[Fr,], where 7,..., 7,
are the distinct connected components of 7 where 7; occurs A; times. We record this
theorem as Theorem 4.2 in Section 4. Another consequence of the factorization of
the stabilizer subgroup is a dimension formula for the S,, representation defined by f
(Corollary 3.3). If (1™22™2 .. k™*k) denotes the conjugacy type of o in S, then the
dimension of C[S,, - f] is given by

W TL™ (myY
k' (HaGT Hbe'ya m<a’7 b)') ’
where m(a;b) = m,(a;b) is as defined in (6). In Section 5, we prove the main algebraic

result of our paper. Namely, if e € P, is an arbitrary idempotent, then there exists a
multiset of integers {57, ..., 7} and m € N such that

(1) m+ 32, mifi = n;
(2) Stabsn(e) = (Sml 2Sﬁl) X (sz ZSﬂ2) Koewe X (Sms zsﬂs) X Sp.
We record this result in Corollary 5.6. Finally, in Section 6, we prove our variant

of Foulkes’s conjecture in the special case where m = 2. (See Conjecture 6.4 for an
equivalent statement in terms of symmetric functions and plethysm.)

(7)

2. PRELIMINARIES

Structures of the semigroups P, and R,, become more transparent by virtue of ma-
trices; each element g of P, has a unique n x n matrix representative g = (gi;);' ;4
defined by

(®) gji:{l =3 (i e .

0 otherwise

What is important for us is that the matrix product translates to the semigroup
multiplication (functional composition). In particular, a partial transformation f € P,
is nilpotent if some power of the corresponding matrix f = (f;;)i;=; is the zero
matrix 0,,.

By a rook matriz, we mean a 0/1 matrix that corresponds to an injective partial
transformation by the above association (8).

2.1. IDEMPOTENTS. An idempotent in a semigroup S is an element e € S satisfying
e? = e. The identity transformation id,, : [n] — [n] of the unit group is an idempotent,
and conversely for any idempotent e € S := P,,, there is a corresponding “local group”
Se determined by e; it is defined as S, := eP,e. The identity of the local group S, is
e. We denote the idempotent set of a semigroup S by E(S).

By a diagonal idempotent in P,, we mean an idempotent of R,,. The nomenclature
follows from the fact that the matrix representation of e € E(R,) is a diagonal
matrix. E(R,) C R, has exactly 2" elements (including the 0-matrix) and it forms
a commutative submonoid of R,,. It is not difficult to see that E(R,) is isomorphic
to the “face lattice” of the regular “n-simplex” in R™. For example,

s ={(39)-(08)-(01)-(00)}
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Let U denote the unit group of a semigroup S. For our purposes it is important to
note that E(S) is closed under the conjugation action

g-e=geg !, geUee€ E(S).

In particular we see that F(R,,) is an S,-set that is contained in E(P,,). For example,

s - (). (2)wsr

We list some easy facts about the set of idempotents of P,,. For the proofs of some of
these facts (and more) we recommend [4].
(1) The number of idempotents in P, is given by >_p_ () (k + 1)"~*.
(2) The number of idempotents in Full,, is given by >, (7)k" ",
(3) The idempotents in P,, do not form a subsemigroup of P,, for n > 2.
(4) The idempotents in Full,, do not form a subsemigroup of Full,, for n > 3.
(5) The idempotents in R,, form a submonoid of R,,.

Let e be a diagonal idempotent in P,,. Since all idempotents of rank k£ in R,, are
related to each other via conjugation, the S,,-orbit of e is uniquely determined by the
number &k = rank(e). We define

(9) N(n,k)={f €P,: f™isarank k diagonal idempotent for some m > 1},

which is closed under conjugation action of S,,. Clearly, if & = 0, then A (n, k) is equal
to C,,, the set of nilpotent elements in P,,.

REMARK 2.1. By relaxing the requirement on diagonal property, we could have con-
sidered

(10) {f € Py : f™is a rank k idempotent for some m > 1}.

This set properly contains N (n, k). However, the matrix rank of idempotents is not a
refined invariant with respect to conjugation action. To justify this claim, we consider

10 11
e = (O O) and eg := (O 0).

These idempotents are of the same rank but they are not conjugate. To capture
differences between the conjugacy classes of e; and ez, we will introduce below the
concept of “standard idempotent.”

Let e € E(P,) be an idempotent with the property that the only nonzero row
of e has 1’s as its entries. For example, e = (§ § §) Such idempotents, viewed as
functions, are constant. Conversely, any nonzero constant function f : [n] — [n]
defines an idempotent e € P,, with a single row of 1’s.

DEFINITION 2.2. An idempotent is called constant, and denoted by (™, if the corre-
sponding function is 1. In other words ¢™ (i) = 1 for alli € {1,...,n}. An idempotent
in Py, is called standard if it is a direct sum of constant idempotents of various sizes
plus a 0-matrizx.

Let « € P,. The following set will be useful in the sequel:
(11) M(n,z):={f € P, : f™ is conjugate to = for some m > 1}.
LEMMA 2.3. For every x € Py, the set M(n,x) is closed under the conjugation action

of S,,. Furthermore, if x is a diagonal idempotent of rank k, then N'(n, k) = M(n,x).
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Proof. Let f be an element in M(n,z). By definition, there exists y € S,, such that
yfmy~—! = e for some m > 1. We will show that zfz~! € M(n,z) for any z € S,.
Indeed,

yz e fa )My ) T =y My =
This proves the first claim. The proof of the second claim follows from the first claim
and the fact that S, acts transitively on the set of diagonal idempotents of fixed
rank. 0

REMARK 2.4. The reason behind introducing the set N'(n, k) is that it is precisely the
subset of P,, that corresponds to the loop-augmented forests with k loops. Thus, our
main goal is to understand the S,-module structure on N (n, k).

2.2. SYMMETRIC FUNCTIONS AND PLETHYSM. In representation theory, plethysm
refers to a general idea on a functorial operation, which is defined from a repre-
sentation to another one. More concretely, it is a description of the decompositions,
with multiplicities, of representations derived from a given representation V' such as
VoV, A" V), AF(A (), Sym* (V), Sym! (Sym*(V)), V*.. In practice one often con-
siders functors attached to the weight of an irreducible representation such as Schur
functors. Let S, resp. S denote the Schur functors indexed by the partitions 4 and A,
respectively. Then Sy oS, := Sx(S,(C")) is called the plethysm of Sy with S,. There
is a corresponding operation on the ring of symmetric functions.

The k-th power-sum symmetric function, denoted by pg, is the sum of k-th powers
of the variables. For a partition A = (A < ... < ), we define p) to be equal
to [[, pa,- (We will maintain the convention of writing parts of a partition in the
increasing order throughout our paper.) The k-th complete symmetric function, hy,
is defined to be the sum of all monomials x?ll i xf; with Y a; = k and h) is defined

to be equal to Hf.:l hy,. The Schur function associated with A, denoted by sy, is the
symmetric function defined by the determinant det(h Aiﬂ-,i)éjﬂ. In particular, we
have, for all k > 1, that s) = hy. For easing the notation, we denote sy by sg.
The k-th elementary symmetric function, denoted by e, can be defined as the Schur
function s(;x), where (1%) is the partition of & whose parts are all equal to 1.

The type of a conjugacy class ¢ in §,, is the partition A whose parts correspond
to the lengths of the cycles that appear in the cycle decomposition of an element
x € o. It is well known that the type is independent of the element x, furthermore, it
uniquely determines the conjugacy class.

The power sum and Schur symmetric functions will play special roles in our com-
putations via the Frobenius character map

F : class functions on S,, — symmetric functions
1
60 — M DX
n!

where o C §,, is a conjugacy class of type A and ¢, is the indicator function

5U(x):{1 if x € o

0 otherwise.

It turns out that if x* is the irreducible character of S, indexed by the partition X,
then F(x*) = s\. In the sequel, we will not distinguish between representations of S,,
and their corresponding characters. In particular, we will often write the Frobenius
character of an orbit to mean the image under F of the character of the representation
of §,, that is defined by the action on the orbit.

For two irreducible characters x* and x* indexed by partitions A and y, the Frobe-
nius character image of the plethysm y*[x*] is the plethystic substitution s)[s,,] of the
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corresponding Schur functions. Roughly speaking, the plethysm of the Schur function
sy with s, is the symmetric function obtained from sy by substituting the monomi-
als of s, for the variables of sx. In the notation of [6]; the plethysm of symmetric
functions is the unique map [-]: A x A — A satisfying the following three axioms:
(P1) For all m,n = 1, py[pn] = Pmn-
(P2) For all m > 1, the map g — pu[g], g € A defines a Q-algebra homomorphism
on A.
(P3) For all g € A, the map h — h[g], h € A defines a Q-algebra homomorphism
on A.
Although the problem of computing the plethysm of two (arbitrary) symmetric
functions is very difficult, there are some useful formulas for Schur functions:

(12) salg+h =" cpu(sulal) (sulh]),
and 7
(13) salghl =, (sulal) (su [R)).

. . . )\ . )\ .
Here, g and h are arbitrary symmetric functions, c;,, is a scalar, and ~;, is

%<X)‘»X“XV>7 where the pairing stands for the standard Hall inner product on
characters.

In (12) the summation is over all pairs of partitions p, v C A, and the summation
in (13) is over all pairs of partitions pu, v such that |u| = |v| = |A|. In the special case
when A = (n), or (1™) we have

(14) semlgh] =Y (sxlgl)(sa[h]),

AFn
(15) samylgh] =Y (salg)) (s [R)),
AFn

where X denotes the conjugate of A.
Finally, let us mention the conjugation property of plethysm:

(sxlsp],sy)  if |p| is even;
16 (5,) =
( ) <S)\[SH] S’Y> {<S)\/ [S/L/L 57/> lf |’u‘ is Odd

3. NILPOTENTS AND DIAGONAL IDEMPOTENTS

Let f be an element of A (n,k), m be a positive integer such that f™ is a diagonal
idempotent in P,,. Without loss of generality we assume that f™ is of the form

(17) =)

Our first result is about the actual “shape” of the matrix representation of f.

PRrROPOSITION 3.1. If f is a partial transformation as in the previous paragraph, then
there exist a permutation o € Sy and a nilpotent partial transformation T from C,_y
such that

(18) f= (g S) .

Proof. First, we are going to show that f has the block-diagonal form as in (18). We
will prove this by contradiction, so we assume that there exists j € {k—+1,...,n} such
that f(j) =i < k + 1. On one hand, since f™ is as in (17), we have f™(i) = i. On
the other hand, by our assumption 0 = f™(j) = f™ 1(f(j)) = f™ 1(i). Therefore,

Algebraic Combinatorics, Vol. 1 #5 (2018) 582



Loop-augmented Forests

f™(i) = 0, but this is a contradiction. Therefore, f is as in (18) for some o € Py and
7€ Chn_p-

Since the m-th power of (g 2) is as in (17), them-th power of o is the k x k identity
matrix and the m-th power of 7 is 0,,_;. In other words, ¢ is a permutation matrix,
7 is a nilpotent matrix. The proof is complete. 0

THEOREM 3.2. Let f be a partial transformation of the form f = (§9), where o € Sk
s a permutation and T € Cp,— s a nilpotent partial transformation. In this case, the

stabilizer subgroup in S, of f has the following decomposition:
Stabs, (f) = Z(o) x Stabs, _, (1),

where Z (o) is the centralizer of o in S and Stabs,_, (1) is the stabilizer subgroup of
Tin S,_k-

Proof. Let m = (A B) € S,, be a permutation matrix given in block form so that A is
a k x k-matrix, D is n — k X n — k-matrix, B is k x n — k-matrix, and C' is n — k X k-
matrix. Assume that 7 fr~! = f. We claim that both B and C are 0 matrices. To see
this, we use 7 f = fm to get four matrix equations:

(19) Ao =0A
(20) BN =oB
(21) Co=NC
(22) ND = DN.

We are going to show only that B = 0 since for C' the idea of the proof is the same.

First of all, if N = 0, then it immediately follows from the above equations that
B = 0, so we assume that N is a nonzero nilpotent matrix. Let r be the smallest integer
such that BN"™ = 0. If r = 1, then since ¢ is invertible, it follows from equation (20)
that B = 0, so we continue with the assumption that » > 1. In this case, by multiplying
equation (20) with N"~! on the right we obtain c BN"~! = BN" = 0. By the same
token, since o is invertible, we see that BN"~! = 0. But this contradicts with our
assumption on the minimality of r. Therefore, » = 1, hence B = 0. Since both of B
and C are 0, the proof follows from equations (19) and (22). O

By Proposition 3.1 and Remark 2.4, we see that if a partial transformation f € P,
represents a loop-augmented forest, then its matrix form is as in (18). By this nota-
tion, as an application of Theorem 3.2, we will now record a representation theoretic
generalization of the famous Knuth—Sagan hook length formula.

COROLLARY 3.3. Let f be partial transformation representing a loop-augmented forest
as in (18). If (1™22™2 . k™) 4s the conjugacy type of the permutation o, then the
dimension of o(f), the S,, representation defined on the orbit of f is equal to

nt 1™ (my)
k! (HaET Hbeva m(a; b>!)’

where m(a; b) = m.(a;b) is as defined in (6).

Proof. By Theorem 3.2 we know that the S,, representation defined by f is isomorphic
to C[S,,/Z (o) xStabs, _, ()], hence its dimension is given by n!/(|Z(0)|| Stabs, _, (7)]]).
We express this number in a different way:

n!
1Z(0)|| Stabs, _,.(7)]

:<n> k! (n—k)!
k) |Z(o)| | Stabs, . (7)|
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Note that |Z(0)]| is equal to k!/|C(0)|, where C(o) is the conjugacy class of ¢ in Sy.
The cardinality of C(o) is equal to k!/[]; ™7 (m;!). Thus, the rest of the proof follows
from (6) and (23). O

4. CHARACTERS

Let f be a partial transformation in N'(n, k) and let H(f) denote the stabilizer sub-
group Stabg, (f). As a consequence of Theorem 3.2 we see that the vector space
o(f) is Sp-equivariantly isomorphic to the vector space C[S,,/H(f)] and that H(f) ~
Z (o) x Stabg, _, (1) for some permutation o € Sy and a nilpotent partial transforma-
tion 7 € Cy,—g. The Sy-module structure on C[S,,/H(f)] is given by the left translation
action of S,, on the cosets of H(f). In other words, o(f) is isomorphic to the induced
trivial representation from H(f) to S,. Since H(f) decomposes as a direct product,
the character of o(f) is equal to the product of characters of the induced trivial rep-
resentations on the corresponding ambient symmetric subgroups. We paraphrase the
(isomorphism of) representations in induction notation:

(24) Ind$ 1 ~md3  1®Ind

n Snfk
Z(o)xStabs,, _, (7) Z (o)

Stabsnik(T) L.

NOTATION. Let H C G be a subgroup. We denote by xm g the character of the
induced trivial representation Indg 1. If 7 is a loop-augmented forest on m vertices,
then we denote the character of the induced trivial representation from Stabs, (7) to
Sm by Xo(T)+

LEMMA 4.1. We preserve our notation from the previous paragraph and let f = (g 9)

denote a partial function representing a loop-augmented forest. In this case the char-
acter of o(f) has the following factorization:

Xo(f) = XZ(0),Sk " Xo(7)-
Proof. The proof is a straightforward consequence of (24). O

The set of cosets of the subgroup Z(o) in S is in natural bijection with the set
of conjugates of o € Si. In other words, viewed as an S,-set, S;/Z(0) is identified
with the conjugacy class of ¢ in S;. As we mentioned before, the conjugacy classes
(of Si) are parametrized by the partitions (of k). Each conjugacy class in Sy is an
Si-set, therefore, it defines a representation of Si. Moreover, such a representation is
irreducible. By the Frobenius characteristic map the irreducible representation on a
conjugacy class that is indexed by a partition v of k is mapped to the Schur function
s,. Clearly, this argument takes care of the character of the induced representation
Ind‘;’za) 1 in (24). For the other tensor factor, we refer to our earlier work: [1, Corol-
lary 6.5] states that if A = (Aq,..., ) is a partition of n — k and 7 is a rooted forest
consisting of A\; copies of a rooted tree 7y, Ay copies of a rooted tree 75 and so on,
then the character of o(7) is given by

(25) Xo(r) = (X()\l)[XO(Tl)]) ! (X()\Z)[XO(TQ)D Tt (X(AT)[XO(TT)])'
We summarize these observations as follows:

THEOREM 4.2. Let f be a partial function representing a loop-augmented forest on
n vertices. Then f is similar to a block diagonal matriz of the form (§ ) for some
o €S8, and 7 € M(n — k,0,_k). Furthermore, if v, which is a partition of k, is the
conjugacy type of o in Sy and if the underlying rooted forest of the nilpotent partial
transformation T has Ay copies of the rooted tree 71, Ao copies of the rooted forest o
and so on, then the character of o(f) is given by

(Az)[

Xo(f) = X Xo(r) = X (XM Xor)]) - (X Xogr)]) -+ - (X [Xo(r)])-
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Proof. The proof follows from the discussion in the previous paragraph and
Lemma 4.1. g

5. NONDIAGONAL IDEMPOTENTS AND THEIR STABILIZER SUBGROUPS

Let e denote the i-th constant idempotent ¢(¥). Observe that e stays unchanged by
multiplication by permutations on the right and therefore the conjugation action
on e is given by the left multiplication action; this is equivalent to the “standard
representation” of S, on C". In particular, the stabilizer subgroup of e is isomorphic
to 81 X Sn—l ~ Sn—l-

DEFINITION 5.1. Let e be an idempotent with k 1’s, for 0 < k < n, on its i-th row and
0’s elsewhere. Then there exists o € S,, such that the nonzero entries of cec™' are
in the first row and in the first k columns. In this case, we call cec™! the standard
form of e.

Note that a constant idempotent ¢(") is already in its standard form. Note also that
the standard form of an idempotent is unique. We will show in an algorithmic way
that it is always possible to determine the permutation ¢ that leads to the standard
form of e.

EXAMPLE 5.2. Let e denote the idempotent (EE (8) El))). Then the standard form of e is
given by cec™! = (é é §), where o is the permutation (2,3)(1, 3).

We proceed to explain our algorithmic construction of the permutation o for the
idempotent e as in Definition 5.1.

Step 1. If i = 1, then start with Step 2. Assuming that ¢ > 1, since e is an idempotent,
we see that the i-th entry in the i-th row of e is 1. We apply the transposition
o1 := (1,4) to e to bring its nonzero entry at the (i,i)-th position to the (1,1)-th
position. In fact, the application of o1 to e interchanges the i-th row with the first
row and it interchanges the i-th column with the first column. We denote the resulting
idempotent by e; and we move Step 2.

Step 2. We assume that ¢ = 1 and we look for the first occurrence of 1 in the first row
(of course, we skip the one in the first position). If this 1 is at the j-th position with
j > 2, then we apply the transposition oy := (2, 5) to e1. oy interchanges the second
and the j-th rows and it interchanges the second and the j-th columns in e;. Thus,
the 2-nd entry of the first row of es := 05 - €1 is now 1. We repeat this process, by
choosing transpositions, 03,04, ... until we move all of the 1’s in the first row to the
left of the row. In summary, by conjugating e by a product o, - - - o1 of not all disjoint
transpositions, we bring e to its standard form, the idempotent having 1’s in the first
k entries of its first row.

LEMMA 5.3. Let e be an idempotent from P,, and let j1 < --- < j, denote the indices
of those rows of e which have nonzero entries in them. If a; (i = 1,...,7) denotes

the number of 1’s in the j;-th row, then there exists a permutation o € S, such that

ceo ! is a block diagonal matriz of the form

e=cl@) g...q@elor) ®0,,,
where 0y, is the square 0 matriz of dimension m :=n — > «a;.

Proof. The proof uses induction by first applying the standardization procedure out-
lined in the above paragraphs to the row j;. Instead of repeating what is written
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above, we demonstrate this procedure by an example.

0000000 1001010 1100010
0101010 0000000 0000000
0000000 10000000} 0000000
0000000 —5% |oo00000]| = 0000000
0000100 0000100 0000100
0000000 0000000 0000000
1000001 0100001 0001001
1110000 1110000 1110000
0000000 0000000 0000000
0000000 0000000 0000000
(3,6)- (4,5)- (5,7)-
2210000000 =5 ooo1o000| =5 [o001000
0000100 0000000 0000101
0000000 0000000 0000000
0001001 0000101 0000000
1110000
0000000

6m. | 0000000

22510001000 =c® @™ ac® a0,
0000110
0000000
0000000 O

The proof of our next observation is now straightforward; it follows from the similar
arguments as above.

COROLLARY 5.4. Let e be an idempotent from P,. Then there exists a permutation
o € 8, such that oec™! is a block diagonal matriz of the form

(26) oeat =P g @) @o,,
where 0y, is the square 0 matriz of dimension m:=n—>_0; and B1 = B2+ = Br.

We now generalize our previous definition of the “standard form of an idempotent”.
For an arbitrary idempotent e € P,,, we call its conjugate oec ™! = P @ ... @cfr) @
0., as in (26) the standard form of e and denote it by st(e). An idempotent e is called
standard if it satisfies the equation x = st(z). Our next task is to compute the
stabilizer of a standard idempotent.

THEOREM 5.5. Let 81 = P2 = -+ = B, be a sequence of positive integers and let

e € P, be a standard idempotent in which ¢PV) appears my times, ¢P2) appears my

times, and so on. If >.7_, m;B; = n, then the stabilizer subgroup in S,, of e is
Stabgn(e) - (Sml 28,31—1) 2 (sz ZSﬁ’z—l) X X (Sms 2855—1)'

Proof. We start with the simple case that e = ¢®) @ ... @ B @ cP2) @ ... @ (P2)
where ¢(#1) appears m; times and ¢(#2) appears mo times. If ¢ € S,, stabilizes e, then
we have oe = eo. We decompose o into 4 blocks

011 012
o= s
021 022

where 017 is of dimension m3; and o092 is of dimension msgfBs. For simplicity of
notation, let us denote B g .. B by ¢11 and denote cB2) @ ... (B2) by coa.
By a simple block-matrix multiplication we observe that

(1) 011 commutes with c¢;1;
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(2) 022 commutes with cao;
(3) o12¢22 = ¢11012 which implies that 015 is a 0—matrix since 1) and ¢P2) are
of different dimensions;
4) 091011 = C29091 which implies that o9; is a O—matrix since ¢(P) and ¢(P2) are
p
of different dimensions.

The last two items shows that Stabs, (¢) = Stabs,, , (c11) ® Stabs,, , (c22). Thus,
0;; belongs to Sy, 5, for i =1,2.

To show that Stabs,, , (cii) ~ Sm, 1Sp,—1 (i = 1,2), we assume without loss of
generality that i = 1 and we decompose o1 into m? square blocks as in

Ti1 - Tim,

(27) o1 =
Tmll e Tmlml

Note that each 7;; is a rook matrix. Since c1; has copies of cB1)g along its main
diagonal and zero blocks elsewhere, it follows from the commutation relation 11¢17 =
C11011 that

(28) Tijc(ﬂl) _ C(Bl)Tij

for all 4,57 = 1,...,mq. It is not difficult to verify that unless 7;; is a permutation
matrix with 1 at its (1,1)-th entry, in order for relation (28) to hold, 7,; must be
a zero matrix. In other words, in each row (of blocks) in (27) there exists exactly 1
block which is a permutation matrix of dimension 5 with 1 at its (1,1)-th entry. It
is not difficult to verify that a permutation matrix 7 € S,,,, 5, with m? square blocks
just as described satisfies the commutation relation 7¢1; = ¢117, also. But such a
permutation 7 is uniquely determined by a permutation 7/ € S,,, describing the
positions of nonzero blocks of 7 and in addition m? permutation matrices 7. € Spi—1
which forms that lower-right sub-matrices of the nonzero blocks. This is precisely our
definition of S, 1 Sp, 1. O

COROLLARY 5.6. If e € P, is an idempotent, then there exists a multiset of integers
{B7",..., ™} and m € N such that

(1) m=+>7_ mifs =n;
(2) Stabs, (€) = (Smy 185,) X (Smy 185,) X -+ X (S, 185.) X Snm.

Proof. We know from Corollary 5.4 that by conjugating with an appropriate permu-
tation o € S,, we get cec ™! = €@ 0,,, where € is a standard idempotent in P, for
some 1 < k < n and m =n — k. The rest of the proof follows from Theorem 5.5. [

6. THE CONJECTURE

Throughout this section, when the parts of a partition A = (Aq,..., Ag) satisfy A\ =
o= A, we will write A = A

Let 7 be a rooted forest with the Frobenius character F;-. Recall from Introduction
that adding a root to 7 has the effect of multiplying F; with s;. Recall also that, if 7
is a rooted tree, then the Frobenius character of the rooted forest that is comprised
of m copies of 7 is equal to s,,[F;].

EXAMPLE 6.1. Since s7 is equal to the power-sum symmetric function p;, the Frobe-
nius character of n — 1 disjoint nodes (for n > 2) is s,-1[s1] = Sp—1.

EXAMPLE 6.2. The Frobenius character of the rooted tree that is obtained from n — 1
disjoint nodes (for n > 2) by attaching them to a root is s18,_1.
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ExAMPLE 6.3. The Frobenius character of the rooted forest that is obtained by taking
m copies of the rooted tree of Example 6.2 is 8,,,[$18n-1]-

The rest of our paper is devoted to a proof of our conjectured extension of Foulkes’s
conjecture in the special case where m = 2. In the light of Examples 6.1-6.3, our
general conjecture can be stated in the language of symmetric functions as follows.

CONJECTURE 6.4. If n. > m > 2, then for any A which has more than two parts,
(snls18m—1],50) = (sm[s15n-1], 8).
We will prove this conjecture in the case where m = 2. In particular, we shall show
that for all n > 2, and A # (2,2n — 2),
(29) (snls151],80) = (s2[s15n-1], 51)-
and
(snls181]; 8(2,2n—2)) = 2, and (s2[s518,_1], 5(2,2n—2)) = 3.

Before we can carry out our computations, we need to recall Littlewood’s formulas
for the plethysms s,[s2] and sy, [e2], the Murnaghan—Nakayama rule to compute the
product of power symmetric function p,, times a Schur function s,, and Chen’s rule [2]
which allows us to compute the plethysm pg[s,].

We say that a partition A = (A1,...,Ag) is even if \; is even for all i. Then
Littlewood [5] proved the following two results.

(30) Snls2] = Z N

AF2n
A even
and
(31) Splea] = Z S
AF2n
A even

Next we introduce the notion of rim hook tableaux, special rim hook tabloids, and
transposed special rim hook tabloids.

Given a Ferrers diagram F'(\) of a partition, a rim hook h of A is a consecutive
sequence of cells along the northeast boundary of A\ such that any two consecutive
cells of i share an edge and the removal of the cells of i from A results in a Ferrers
diagram of another partition. We let r(h) denote the number of rows of h and c(h)
denote the number of columns of h. We say that h is special if h has at least one cell
in the first column of F(\) and h is transposed special if h has at least one cell in the
first row of F'(\). We define the sign of i, sgn(h), to be

sgn(h) = (—=1)"M-1,

(=

FIGURE 6. A rim hook of (2,3,4).

For example, Figure 6 gives a rim hook & of shape (2,3, 4) which is neither special
nor transposed special. Since r(h) = 2, then sgn(h) = (—1)>~! = —1. Figure 7(a)
pictures all the special rim hooks of A = (2,2,4) and Figure 7(b) pictures all the
transposed special rim hooks of A = (2,2,4).
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; n 4—|1|| L|
: o L|

FIGURE 7. The special and transposed special rim hooks of (2,2,4).

H

The Murnaghan-Nakayama rule gives us a rule for the Schur function expansion
of a power symmetric function p, times a Schur function s,. That is,

(32) PnSp = Z Sgn(/\/u)s)\

nCA
A/p is a rim hook of X of size n

A rim hook tabloid of shape X\ and type pu = (u1,..., k) is a filling of the Ferrers
diagram of A with rim hooks (s1,...,sx) such that (|s1],...,|sk|) is a rearrange-
ment of (u1,...,pu;) where |s;| denotes the number of cells of s;. To be more pre-
cise, one can think of a rim hook tabloid T as a sequences of shapes {@ = N0
AD c oo MR =AY such that for all i > 1, A®/X6=D is a rim hook of \(%)
and (JAM /X X@ /XD IAE) AE=D) s a rearrangement of (p1, ..., ). T is
called a special (t-special) rim hook tabloid if for all i > 1, A /X~ is a special
(transposed special) rim hook. The sign of T, sgn(T) is defined to be

k
sgn(T) = H sgn( A /N1,
i=1

We emphasize however that the rim hook tabloid T of shape A is the filling of F'())
and is not the sequence of shapes {@ = A\ c AV c ... ¢ A*®) = )\}. That is, in
Figure 8 pictures a rim hook tabloid T of shape A = (2,2,4) and type (2, 3,3) whose
sign is (—=1)271(=1)271(=1)!=! = 1. There are two sequences of shapes that can be
associated to T', namely,

T={ocC(1,2) C(222) C(224)}
and T={@C(1,2)C (1,4) C (2,2,4)}
depending on whether one takes to top rim hook to be the second or third rim hook.

Of course, if T is a special rim hook tabloid or a ¢-special rim hook tabloid, then
there is a unique sequence of shapes {& = MO c XD o AB) = A} that can be

associated to 7.
7
T =
L == |
0

FIGURE 8. A rim hook tabloid with associated sequences of shapes.
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Chen’s rule [2] states that
(33)

(Pr[sn]; sa) = {

sgn(T) if T is a special rim hook tabloid of shape A and type k™;
0 otherwise.

Thus to compute pi[s,] = $n[pk], we need only generate all the ¢-special rim hook
tabloids T' of type k™ and replace T' by sgn(T")ssp(ry where sh(T') denotes the shape
of T. For example, Figure 9 pictures all the t-special rim hook tabloids of type 32

where instead of drawing a Ferrers diagram, we have indicated the cells of the Ferrers
diagram by dots. Thus ps[so] = s2[p3] = s(23) — 5(1,2,3) + 5(12,4) + 5(3,3) — 5(1,5) T 5(6)-

e -

L7 L

FIGURE 9. The t-special rim hook tabloids of type (3?%).

The computation of pa[s,] is particularly straightforward via Chen’s rule. That is,
a t-special rim hook tabloid of type 2™ consists of bunch of vertical rim hooks followed
by a bunch of horizontal rim hooks as pictured in Figure 10.

=

T 1T 1T

FI1GURE 10. t-special rim hook tabloids of type 2™.

It easily follows that

(34) palsal = D (=1)"S(a20-a)-

0<asn

We want to compare sa[s1S,-1] to s,[s1$1]. Obviously, the two expressions are
equal when n = 2. Our first goal is to prove the following theorem which gives an
explicit formula for the Schur function expansion of s3[s18,-1].

NOTATION. For any logical statement A, we set

1 if Ais true;
A) = '
x(4) {O if A is false.
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THEOREM 6.5. For n > 3,

32[81571—1] = Z 5(12,a,2n—2—a) + Z 5(2,a,2n—2—a)

1<a<n—1 2<asn—1
a odd a even
+ 5(12,2n—2) + E 25(1,@,2n—1—a)
2<asn—1
+ 5(1,2n—1) + E 38(a,2n7a) + E S(a,2n—a)
2<a<n—1 2<asn—1
a even a odd

+2x(n even)s(, ny + 5(2n)-
Proof. Note that by (34) and the Pieri rules we have

s2[s18n-1] = <;(p% +p2)> [s18n—1]

1 1
= *5%[51871—1] + §p2[818n—1]

2
1 1
= 55%572171 + 5P2p2 [$7—1]
1 a
= 5 5? Z S(a,2n—2—a) + D2 Z (71) S(a,2n—2—a)
0<asn—1 0<asn—1

It is easy to see from the Pieri rules and the Murnaghan-Nakayama rules that the
only shapes A of Schur functions sy that can arise in the Schur function expansions of
products of the from S%S(mgn_g_a) and po5(q,2n—2—q) are (12,a,b), (2,a,b), (1,a,b),
(a,b), or (2n). We will consider each type of shape in turn. It follows from the Pieri
rules that a product S%S(G"Qn_g_a) is the sum over all s, where we first add single cell
on the outside of (a,2n — 2 — a) to get a shape p, which we will indicate by a cell
containing the number 1, and then adding a single cell on the outside of the y, which
we will indicate by cell containing 2.

By the Murnaghan-Nakayama rule, a product of the form p2s(, 2n—2-4) is the
sum over all +s) that arises by putting a rim hook of length 2 along the outside of
(a,2n — 2 — a), which we will indicate by a rim hook colored red (and drawn as a
single solid line), where the sign is plus if the rim hook is horizontal and —1 if the
rim hook is vertical.

Case 1. A = (1%, a,b) where 1 < a < n — 1. In this case, there is only one way to get
a term of the form s(;2 4 2n—2_4), Where 1 < a < n—1, from the products s2s2 | and
P2[sn—1]p2 which are pictured in Figure 11. That is, it is easy to see that s(12 4,9n—2-q)
can only arise in one way from s7s2_; which comes the product s3s(, 2,—2—q) by plac-
ing the cells with 1 and 2 as pictured at the top of Figure 11. Similarly, s(12 4 2n—2—0)
can only arise in one way from which comes the product pa(—1)®s(q,2n—2-4) by placing
the rim hook as pictured in red at the bottom of Figure 11. Hence we get a contribu-
tion of (—1)“"‘15(12’&72”_2_&) from papa[sn—1]. These two cancel out if 1 <a<n—1
and a is even and they give a contribution of %25(12%2”,2,@ = 5(12,a,2n—2—a) if @
is odd.
Thus the Schur functions in Case 1 contribute

E 8(12,a,2n—2—a)

1<a<n—1
a odd

to $2[$18n—1]-
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2]
1

panlsn] - B e a2

T | T | T

F1GURE 11. The diagrams for Case 1.

Case 2. A = (2,a,b) where 2 < a < n — 1. In this case, there is only one way to get a
term of the form s(12 4 2n—2_q), where 1 < a < n — 1, from the products s2s2 | and
P2[sn—1]p2 which are pictured in Figure 12. That is, it is easy to see that s(12 4,9n—2-q)
can only arise in one way from s3s2_; which comes the product S%S(a’gn,Q,a) by plac-
ing the cells with 1 and 2 as pictured at the top of Figure 12. Similarly, s(12 4 2n—2—0)
can only arise in one way from which comes the product pa(—1)?5(q,2n—2—q) by placing
the rim hook as pictured in red at the bottom of Figure 12. Hence we get a contribu-
tion of (=1)%5(12 4 2n—2—a) from popa[s,_1]. This two cancel out if 1 < a < n—1 and

a is odd and a contribution of %25(12%2”_2_&) = 5(12,a,2n—2—a) if a is even.

112

stsp—1 HHAFAHH T L]

panlso] - HEHHHHH e a2

T | T | T

F1GURE 12. The diagrams for Case 2.

Thus the Schur functions in Case 2 contribute

E 5(2,a,2n—2—a)

2<asn—1
a even

to $2[$18n—1]-

Case 3. A= (1,a,2n —a — 1) where 1 <a <n—1. In this case, we must consider
two subcases.

Subcase 3.1. a = 1. Then s(12 2,_3_,) can arise in exactly three ways from s2s2 .,
once from s2sy, o and two ways from 8%8(1’271,3). These are pictured at the top of
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Figure 13. 5(12,9,—2_4) can only arise in one way from papa[s,—1] which from the
product psss,_o and comes with a sign of —1. This possibility is pictured at the
bottom Figure 13. Thus s(;2 2,,—2) appears once in the expansion of S2[818n—1]-

2]
1
2
S7S,, _
et HEEEEREN
2] [1]
HEEEERER LITTTIT I2]
p2p2[3n—ﬂ =/ | = | == | == | ==
=l=l=l=1=]

F1GURE 13. The diagrams for Case 3.1.

Subcase 3.2. 2 < a <n—1. Then it is easy to see that we can not obtain a Schur
function of shape (1,a,2n — 1 — a) by adding a rim hook of size two on the outside
of two row shape. Thus 5(1 4 2,—1-4) does not appear in the expansion of papa[s,_1].
However it can appear in the expansion of s?s,,_1 in 4 different ways, namely, twice
from the product s%s(a,l’gn,a,l) and twice from the product s%s(a’gn,a,g). These
are pictured in Figure 14. Thus in Subcase 3.2, we get an additional contribution of

2 Zangn—l 5(1707271_1_‘1) :

1
2
[ [ [ ][]
S%Snfl 7
1
[ [T 1]
[1]
[ [ ] [2]
2]
[ [ [1]

FI1GURE 14. The diagrams for Case 3.2.

Thus the Schur functions in Case 3 contribute

S(12,2n-2) 2 Z 5(1,a,2n—1—a)

2<asn—1
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to s2[s18p—1].

Case 4. A = (a,2n — a) where 1 < a < n. In this case, we have three subcases.

Subcase 4.1. a = 1. In this case we have three ways to obtain s(; 3,_1) from s2s2 .,

namely, two ways from the product sfs(%_l) and one way from the product
5%5(17%_3). These three possibilities are pictured at the top of Figure 15. There
is only one way to obtain s(j 9,—1) from pops[s,_1], namely, from the product
P25(1,2n—3) Which comes with a sign of —1. Thus Subcase 4.1 contributes a factor of
S5(1,2n—1)-

pps_
P2l Fi = IEIEICIES

F1GURE 15. The diagrams for Case 4.1.

Subcase 4.2. a =n. In this case we have two ways to obtain s, ,) from sis?_;,
namely, one way from the product s%s(n_gm) and one way from the product
S%S(n,lynfl). These possibilities are pictured at the top of Figure 16. There are two
ways to obtain s, ,,) from paps[s,—1], namely, once from the product pas(,—2 ) which
comes with a sign of (—1)"~2 and once from the product P25(n—1,n—1) Which comes
with a sign of (—1)". These possibilities are pictured at the bottom of Figure 16.
Thus Subcase 4.2 contributes a factor of 2s(, ) if n is even and 0 if n is odd.

5 5 1]2

- 2

1

nnnnRnnE:

Pap2[Sn—1] -
nnnnnnnne

FIGURE 16. The diagrams for Case 4.2.

Subcase 4.3. 2 <a <n—1. In this case we have four ways to obtain s 2n,—a)
from s3s2_;, namely, once from the product s%s(a,zgn,a), once from the product

S%S(aﬁgn,afg), and twice from the product sfs(a,l)gn,a,l). These possibilities are
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pictured at the top of Figure 17. There are two ways to obtain s, 2,-1) from
p2p2[sn—1], namely, once from the product pzs(,—22n,—q) Which comes with a sign
of (—=1)%=2 and once from the product P25(a,2n—a—2) Which comes with a sign of
(—1)®. These possibilities are pictured at the bottom of Figure 17. Thus Subcase 4.3

contributes a factor of
Z 35(a,2n7a) + Z S(a,2n—a)-

112
sisnoa [ 1]
[[i[2]

1
[T 2]

2
[T
I e
pap2(sn—1] T T
A==

FIGURE 17. The diagrams for Case 4.3.

Thus the Schur functions in Case 4 contribute

2x(n is even)s, ,) + 3 E S(a,2n—a) + E S(a,2n—a)
2<as<n—1 1<agn—1
a even a odd

to sa[s18n—1]-

2
n—1»

it can arise in one way from the product S%S(Qn,g). There also is only one way to
obtain s(2,) from paps[s,—1], namely, from the product pss,—2) which comes with
a sign of 1. Thus Subcase 5 contributes a factor of s(2,,) to s2[s15,-1]. O

Case 5. A = (2n). In this case, we have one way to obtain s, from s2s namely,

Note that

sp[s151) = sn[s2 + €2]

n

= Z Sk[s2]Sn—k[e2]

=2 ]| X =
k=0 \ X\ even A even
AF2k AF2(n—Fk)
Our goal is to show that for all partitions of 2n except A\ = (2,2n — 2),

(snls181],80) = (s2[s15n-1], 81)-
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It follows from our previous theorem that the only sy such that (so[s18,-1],sx) # 0
is when A is either contained in (2,2n,2n) or (12,2n,2n). Now the only such s, that

appear in (Z/\ oven. \-2k sA) are of the form

(1) 5(2,a,2k—a—2) Where a is even and 2 <a <n —1,
(2) S(a,26—a) Where a is even and 2 < a < n, or
(3) s(ar)-
The only such s, that appear in (Z)\, even, AF2(n—k) s,\> are of the form

(1) 512 n—k—1,n—k—1) OF
(2) S(n—kn—t)-

Our goal now is to go through the five cases of the proof of Theorem 6.5 to show
that in all but one case, (s,[s151],5x) = (s2[s18n—1], $x). However, we will need to
apply the skew Schur function expansion rule of Remmel and Whitney [8]. Given a
skew shape, A/p written in French notation, the reverse lexicographic filling of A/p,
RLF(A/p), is the filling of the Ferrers diagram with the integers 1,...,|A/u|, which
is obtained by filling the cells in order from right to left in each row, starting at
the bottom row and proceeding upwards. For example, the RLF((2,4,4,4)/(1,2)) is
pictured in Figure 18.

11110
9181716
51413
211

FIGURE 18. The reverse lexicographic filling of (2,4,4,4)/(1,2).

A standard tableau T of shape v is said to A/p-compatible if and only if T" satisfies
the following two conditions.

(R1) If x and  + 1 lie in the same row in RLF(A\/u), then x + 1 appear strictly to
the right and weakly below z in T'.
(R2) If y is immediately above z in RLF(A/u), then y must appear strictly above
and weakly to the left of z in T.
A pictorial representation of these two conditions are depicted in Figure 19. We let
A/ pu-ST denote the set of all A/u-compatible standard tableaux.
Then the skew Schur function expansion rule is that

S\ = Y Senm)

TeX/ p-8T

where sh(T) is the shape of T'. For example, if A = (2,2,3,4) and p = (1,2,2), then in
Figure 20, we have pictured the RLF'(\/u) at the top right and we have constructed
a tree which generates all T in A/u-ST by adding a new element at each stage in such
a way that we obey rules R1 and R2. It follows that in this case

5(2,2,3,4)/(1,22) = 8(1,1,2,2) T 5(1,1,1,3) T 8(2,2,2) T 25(1,2,3) + 5(1,1,4) T 5(3,3) T 5(2,4)-

Note that expanding a product of Schur functions is a special case of expanding
a skew Schur function. That is, it easy to see that sys, is equal to the skew Schur
function sy., where A x u is the skew shape that arises by placing A above u so
that the bottom row of A\ starts just to the left of top row of u. For example, the if
A= (2,2) and p = (1,2), then X\ * u is pictured at the top-right of Figure 21. The
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rz+1] =

(R1) o 4

<

FIGURE 19. The two rules for A\/u-compatible standard tableaux.

other thing to observe is that if u = (u1,...,ux) where 0 < pg < -+ < pyg, then in
the expansion of sy.,, the numbers in the part of the reverse lexicographic filling of
w1 are completely determined. That is, 1,..., u; must appear in row 1, reading from
left to right, the numbers pug + 1,. .., ug + pr—1 must appear in row 2, reading from
left to right, the numbers pur + pugp—1 +1,..., g + pig—1 + pr—2 must appear in row
three, etc.. This means that in constructing our tree, we will eventually reach a single
filling of shape p and then we will continue to build our tree using the numbers of
the reverse lexicographic filling that corresponding to A. One can see an example of
this phenomenon in Figure 20 in processing the numbers 1, 2, and 3 corresponding
to the shape (1,2). This means that we might as will ignore the numbers in u and
simply build our tree starting with a the Ferrers diagram of p and using the numbers
1,2,...,|A| to fill the part corresponding to A in reverse lexicographic filling of A * .
An example of this process is pictured in Figure 21 for the Schur function expansion
of 5(2,2)5(1,2)- In this case, we see that

5(2,2)5(1,2) = 5(1,2,2,2) T 5(1,1,2,3) T 5(2,2,3) +51,3,3) +5(1,2,4) T 5(3,4)-

We are ready to reanalyze the cases of the proof of Theorem 6.5 to show that in
all but one case, (s,[s181],5x) = (s2[$15n—1], 57}

Case 1. A= (12,a,2n — 2 — a) where a is odd and 1 <a <n —1. In this case, we
have shown that (s2[s15n,-1],8(12,a,2n—a—2)) = 1. It is easy see from the Pieri rule
that s(12 4 2n—q—2) appears in the expansion of s145(4_1 2n—2-q—1) With coefficient 1.
But the term s(;4) appears in the expansion of sples] and the term s(q_19n,—2-a—1)
appears in the expansion of s, _s[s3] when a is odd. Thus when «a is odd,

(sn[s181]; 8(12,a,2n—a—2)) = 1 = (s2[815n-1], 5(12,a,2n—a—2))-
Case 2. A= (2,a,2n — 2 — a) where a is even and 2 < a <n—1. In this case, we

have shown that (sa[s15,-1], 8(2,a,2n—a—2)) = 1. Since (2, a,2n —a—2) has even parts,
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2]4]
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o] — [F[]

—le]s]o] =— [=]eo]=]
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2]6] 1]2

—Telo] ——
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o
o
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3
1

o
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—]eo]en|
=~
—[ec]en]
=

2[6] 2]4] 2[4f6] [1]2 1]2]4[6]

FIGURE 20. The tree for the expansion of 522 34)/(1,2,2)-

5(2,a,2n—a—2) appears in the expansion of s,[sz] so that
<S71[5151]75(2,(1,2n—u—2)> =212 <52[515n—1]a5(2,a,2n—a—2)>~

Case 3. A= (1,a,2n — 1 — a) where 1 < a < n — 1. First we consider the case where
a = 1. In this case, we have shown that (sa[s15,-1], 5(12,2n—2)) = L. It is easy see from
the Pieri rule that s(i2 2,2y appears in the expansion of s125(2,_2) With coefficient
1. But the term s;2 appears in the expansion of s;[ez] and the term s(5,,_2) appears
in the expansion of s,,_1[s2]. Thus

(sn[s181], 812,2n—2)) = 1 = (s2[515n-1], 5(12,2n—2))-

When 2 < a <n — 1, we have shown that (s2[s15,-1],5(1,a,2n-1—-a)) = 2. The first
thing to observe is that when a is even, then s, 2,_2_,) appears in the expansion
of s,_1[s2] from which it follows that s(1,4,2,—1-q) Will occur with multiplicity 1 in
the Schur function expansion of si[es]s,—1[s2] = 5(12)Sn—1[s2]. Similarly, when a is
odd, then s(,—1,2n—1—q) appears in the expansion of s, _i[sz] from which it follows
that s(1,4,2n—1-q) Will occur with multiplicity 1 in the Schur function expansion of
s1lea]sn—1[s2] = s(12)sn—1[s2]. This situation is pictured at the top of Figure 22. If
2 <a<n—1,then s 42,-1-q) Will occur in the expansion of s(39)s,_2[s2] as is
evidenced by the pictures in the middle row of Figure 22. Note that in the case where
a=mn —1 and a is odd, the expansion still works. It will just be the case that the 4
is on top of the 1. Hence in this case we get another occurrence of s(1 4 2,—1—q) from
the term ss[es]s,—2[s2]. This will show that for 2 < a < n — 1,

(sn[s151], 8(1,0,2n—1-a)) = 2 = (52[518n—1], 5(12,2n—2))-
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RLF(\/ 1)
- 4[3
211
I
/ | \ |
1] _
1
I [1]
1 [ A\l
2 1
[2] 2] [1]2]
B E i _/ \
1 1] 3 3]
2 1 3
[2] 2] [1]2] 1]2]
o [ / \_ \_
1 1 314 3 3
4 1 114 4 314
2] 2] 2 112] 1[2]

FIGURE 21. The tree for the expansion of s 2)s(1,2)-

In fact, in the case where a = n — 1, we note that s(,_; 1) appears in the expansion
of 5,,_1[ea] which implies that we would get another copy of 5(1 ;,—1,,) in the expansion
of s1[s2]$n—1[e2] = s28,—1[ea] as pictured at the bottom of Figure 22.

Case 4. A = (a,2n —a). In this case, we can give an explicit formula for (s,[s151],
S5(a,2n—a))- The key observation to make is that the only Schur function s, which
appears in the expansion of s,_p[ez] where A is a 2-part partition is s(,—g p—p). In
addition, it is easy to see from our Skew Schur function expansion rule that the
only s) which appears in the expansion of a product s(,_gn—k)S@,p) Where X is
a 2-part partition is S(,_g4an—k+b)- That is, one can see that when multiplying a
Schur function s, ) by any Schur function s(. ), the only way to get a shape with
two parts is to put all the elements in first row of the reverse lexicographic filling
corresponding to (¢, c) in the first row and all the elements in the second row of the
reverse lexicographic filling corresponding to (¢, ¢) in the second row. This process is
pictured in Figure 23.
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a odd a even
2] 2]
1
S(12)8n—1[52]
T [ [ [ [] [ [ [1]
3] 3]
5(22)8n—1[52] 4 114
[ [ [1]2] [ [ 2]
[1] [1]
S(2)Sn-1[s(12)] 7] 7]

FIGURE 22. Possibilities for s(1 4 2n—1-4) in the expansion of s, [s151].

Reverse lexicographic filling

1]2]3]

FIGURE 23. Mutliplying s(4,5) by s(c,c)-

It follows that if A = (a,2n — a), then we have

<Z Sk [52]5717%: [62]7 s(a,277,—a)>

k=0

= <Z Sk[52]5(n—k,n—k)a 5(a,27a—a)>
k=0

x(n—k<aand (a—(n—k),2n—a— (n—k)) is even).
k=0
Thus

i 2 +1 ifaiseven;
(35) <Z Sk[SQ]Sn—k[eQ]a S(a,2na)> = { 2 ’

a+1 : :
P 3 if a is odd.

It follows that if @ is odd and 1 < a < n — 1, then

<5n [8151]7 5(a,2nfa)> 2 1= <52[515n—1]a 3(a,2n7a)>~
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If a is even and 4 < a < n — 1, then

<Sn[5151}7 5(a,2n—a)> z23= <52[515n—1]a S(a72n—a)>'
However, if a = 2, then (s,[s151],5(a,2n—q)) = 2 While (s2[s15,_1], $(4,2n—a)) = 3 50O
we do not have
(snls151]; 8(2,2n-2)) = (s2[518n—1]; $(2,2n—2))-
The only other Schur function corresponding to a two row shape that we have not
considered is s(, ). In this case,

0 if a is odd;

36 n—1[y5(n,n)) =
(36) (s2ls15n-1] S(’)> 2 if a is even.

Note however, if n is even, then s(, ) occurs in the expansion of s,[ss] and the
expansion of s,[ez] so that

(sn[s151], 8(nyn)) = 2 = (s2[518n—1], S(n,n))-

Case 5. A = (2n). In this case, we proved that (sa[s15,-1],502n)) = 1. But s(ap)
clearly appears in the expansion of s,[s2] so that

(sn[s151], S(2n)) = (s2[515n—1], S(2n))-
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