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Splitting Kronecker squares,
2-decomposition numbers, Catalan

combinatorics, and the Saxl conjecture

Christine Bessenrodt & Chris Bowman

It is with much sadness that we mark
the passing of Christine Bessenrodt,
a great friend and mathematician.

ABSTRACT This paper concerns the symmetric and anti-symmetric Kronecker products of char-
acters of the symmetric groups. We provide new closed formulas for decomposing these products,
unexpected connections with 2-modular decomposition numbers, Catalan combinatorics, and
a refinement of the famous Saxl conjecture.

1. INTRODUCTION

The Kronecker problem asks for an understanding of the tensor products of characters
of symmetric groups. Given A F n a partition of n, we let [A] denote the corresponding
simple CS,,-character. The Kronecker coefficients g(\, u, v) encode the multiplicities

(L.1) Mlu) =220 9O\ ) [v].
The Kronecker coefficients have been described as “perhaps the most challenging, deep
and mysterious objects in algebraic combinatorics” [36]. Richard Stanley identified the
calculation of Kronecker coefficients as one of the definitive open problems in algebraic
combinatorics [46, Problems 9]. The positivity of Kronecker coefficients is equivalent
to the existence of certain quantum systems [14, 13] and they have been used to
understand entanglement entropy [15].

The Kronecker squares decompose as sums of symmetric and anti-symmetric parts;
we hence define the symmetric and anti-symmetric Kronecker coefficients

(12) WA =S A+ A2 PN =3, 59\ )] AN =32, ag(A v)[v].

The question of the irreducibility of symmetric and anti-symmetric tensor products
is a central problem in group theory, where it is key to the Aschbacher—Scott maxi-
mal subgroup programme [30, 29, 31]. For A a rectangular partition, the coefficients
sg(A,v) played a starring role in the demise of several famous conjectures Geomet-
ric Complexity Theory [24, 11]. Despite their central importance, almost nothing is
known about the symmetric and anti-symmetric Kronecker coefficients. In particular,
much less is known about the coefficients in (1.2) than their classical counterparts
in (1.1).
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In this paper, we take some of the first significant steps towards understanding sym-
metric and anti-symmetric Kronecker products. We provide new closed formulas for
decomposing these products, unexpected connections with 2-modular decomposition
numbers, Catalan combinatorics, and a refinement of the famous Saxl conjecture.

1.1. GENERALISING MILESTONES FROM THE CLASSICAL THEORY. The bulk of the
paper is dedicated to advancing our understanding of symmetric and anti-symmetric
Kronecker coefficients by analogy with well-known milestones in the classical theory.
The milestones we generalise include: the classification of homogeneous and irreducible
products [5]; the classification of multiplicity-free Kronecker products [4]; partial and
complete results for special classes of partitions (such as hooks [6, 28], 2-line parti-
tions [1, 42], partitions of small depth [43, 49, 52], and rectangles [32, 33]); and most
recently, Saxl’s Kronecker positivity conjecture.

We provide the analogue of the Bessenrodt—Kleshchev classification of multiplicity-
free products for the symmetric and anti-symmetric Kronecker squares. Unlike in the
case of classical Kronecker products, we do find that there exist non-linear homoge-
neous anti-symmetric Kronecker products.

THEOREM A. Any symmetric product S*([\]) for A & n is (reducible and) inhomoge-
neous unless X\ is a linear partition. Any anti-symmetric product A?([\]) for A n is
(reducible and) inhomogeneous unless A = (n), (n —1,1), (22), or (3%) (up to conju-
gation).

The corresponding classification for plethysm products was obtained in [7]. The
classification of multiplicity-free symmetric and anti-symmetric Kronecker products
is the subject of Theorem 9.3 and Conjecture 9.4; when both parts are multiplicity-
free, a complete answer is given.

The symmetric and anti-symmetric Kronecker squares of hook characters were re-
cently determined in [34]; we provide new results on the hook constituents in arbitrary
symmetric and anti-symmetric Kronecker products in Subsection 4.2. We provide the
complete decomposition of S?([k, k]) and A?([k, k]) in Theorem 7.8 (see also Theo-
rem B) as well as S?([k + 1, k]), A?([k+ 1,k]) and S*([k + 1,k —1]), A%([k+ 1,k —1])
in Theorem 7.11, Theorem 7.13. For arbitrary A\, we determine the constituents of
small depth in S?([\]) and A%([)\]) in Theorem 5.2 and we obtain stronger results
for A a rectangular partition in Proposition 5.3 (these results are also an essential
part of our proof of the classification of multiplicity-free products for the symmetric
and anti-symmetric Kronecker squares). For A of small depth we obtain the complete
decompositions in Subsection 5.2. In Section 6 we look at the opposite end of the
spectrum and locate the sign character (giving an alternative proof of a recent result
of [20]) and its neighbour within A2[)].

1.2. A NEW CATALAN IDENTITY. The (symmetric) Kronecker coefficients have been
intensely studied in recent years, motivated by applications across invariant theory,
geometric complexity theory, and quantum information theory. We provide a new ap-
plication to algebraic combinatorics and answer a question posed by Laurent Manivel
in 2010 [32].

THEOREM B. For k € N and n = 2k, we have

(1.3) Yk k)= Y [o], AXkK)= ) o]

a€E4(n) a€04(n)
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where E4(n) and O4(n) denote the sets of partitions of the form A = (A1, A2, Az, A1)
with all \; € 2N (or A\; € 2N + 1, respectively). This result has the following combi-
natorial shadow. We define

1 if o € Ey(n)
s(a) =4¢ -1 if a € O4(n)
0 otherwise.

Letting Cy = L(Qkk) denote the k-th Catalan number, we have that

s
Cr =Y s(a)f(a)

a2k
where f(a) = [a](id) is the number of standard Young tableauz of shape .

The result for Kronecker squares [k, k]®? received a great detail of attention a
decade ago [19, 8, 32] in part due to motivation from theoretical quantum compu-
tation. It was in Manivel’s paper concerning these tensor squares that he posed the
question as to the decomposition of [k, k]®? into symmetric and anti-symmetric parts,
which Theorem B resolves. The first few examples of Catalan numbers can be calcu-
lated using Theorem B as follows,

Ci=1=1= f(@)
Cr=2=1+2-1= f(@m) + {(@) - /()
C3=5=1+9+5-10= farmm) + fE) + FE) - fE)-

1.3. SAXL’S CONJECTURE. A few years ago, fresh impetus for the Kronecker problem
came from a conjecture of Saxl which states that for a triangular number n = 1k(k+1)
and pi = (k,...,2,1) I n the staircase partition, the tensor square [py]? contains every
irreducible CS,,-character with positivity multiplicity. Whilst Saxl’s conjecture is still
unverified, many constituents of [px]? have been found and the conjecture has inspired
a lot of recent work, some using connections to other groups, or having applications
to Geometric Complexity Theory and Quantum Information Theory. We suggest the
following strengthening of Saxl’s conjecture:

CoNJECTURE C. The symmetric part S?([px]) of the square [px]? contains all irre-
ducible characters [\ of Sy as constituents, except for the character [1"] when k = 2
mod 4.

We also formulate (anti-)symmetric generalisations of the Heide—Saxl-Tiep—
Zalesskii conjecture [21]; see Section 10 for more details.

1.4. KRONECKER SPLITTING AND 2-MODULAR REPRESENTATION THEORY. In Sec-
tion 3 we provide a surprising new link between the splitting of Kronecker squares
of complex characters and the calculation of 2-modular decomposition numbers. This
serves both ways: as a further motivation for studying the splitting of Kronecker
squares (we will see that the square splitting provides new linear relations between 2-
decomposition numbers) but also for obtaining results on Kronecker squares by using
2-projective characters. For example, using the fact that triangular partitions label
simple projective modules in characteristic 2, we obtain the following:

THEOREM D. Let k € N, n = k(k+ 1)/2 and pr, = (k,k —1,...,1) the staircase
partition. Given A # py, we have that

(SN [ow]) = (A%([N), ow])

and, in particular, g(\, A, pr) is even.
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Our 2-modular results are also key to the proof of Theorem A above. Further con-
nections between Kronecker splittings and 2-decomposition numbers are discussed in
some detail in Section 3 and are used to calculate information about hook constituents
of symmetric and anti-symmetric Kronecker products in Subsection 4.2. These mod-
ular results are also used later in the proof of Theorem A. We hope this should add
further interest in the problem of determining the splitting of Kronecker squares.

1.5. EXISTING LITERATURE ON SYMMETRIC KRONECKER COEFFICIENTS. The sym-
metric Kronecker coefficients are of fundamental importance in Geometric Complexity
Theory (see for example [9, 10, 20, 12] and references therein). Despite this inter-
est, almost nothing is known about values of symmetric Kronecker coefficients: the
sg((a,1%),\) for A I a + b were calculated in [34]; some examples of zero values were
calculated in [41]; the irreducible (anti-)symmetric squares for alternating groups were
classified in [30] (over fields of arbitrary characteristic). In this paper we provides new
tools for the calculation of symmetric (and anti-symmetric) Kronecker coefficients and
suggest further avenues of research.

2. PRELIMINARIES

In this section we introduce some notions, fix some notation, and we also recall some
background.

2.1. PARTITION COMBINATORICS. We define a partition, A F n, to be a finite, weakly
decreasing sequence of non-negative integers (A1, Az, ... ) whose sum |A| = A\j+Aa+- -
equals n. We denote by P(n) the set of all partitions of n. For a partition A € P(n),
we write |\| = n for its size and £()\) for its length, i.e., the number of positive parts
of A. We define Py(n) to be the set of all partitions A = (A1, A, ..., A¢) with at most £
positive parts. The Young diagram of A is given as

YN ={@Gj4)]ie{l,....,¢N)},5€{1,..., N}

We think of the Young diagram as a diagram depicted in matrix notation, with a
box at each (4,j) € Y()\), and row 1 being the top row. The partition A and its
diagram are occasionally identified, e.g., when we talk about an intersection A N p of
two partitions A and p. Given v and A two partitions, we write A C v if A\; < v; for
all i > 1. Given A € P(m) and v € P(n) such that A C v, we define the resulting
skew-partition v~ A (or Y (v~ A)) of n—m to be the set difference Y (v)\Y (\). We say
that A F n is a linear partition if its Young diagram is a line, that is A € {(n), (1™)}.

When A = (A1, Ag,...) € P(n), its depth is defined to be d(\) = n — A1. For two
partitions A = (A1, Ag,...), u = (1, pi2, . . .), we define their sum componentwise, i.e.,
A+ p = (M + g1, A2 + po,...) (where we extend the partitions by trailing zeros,
if necessary). When the smallest part of A is greater than or equal to p;, we can
concatenate the parts of A and p and we denote the resulting partition by AU pu.

An important notion in the theory is that of a hook in a diagram (see [27, Sec-
tion 2.3.17] for more on this). The hook H;; to (4,7) € Y(\) is the set of boxes

Hi;(N)=A{(i,s) |s€{j,...; N} U{(r,g) | r e {i,...7)\§~}};

its length is h;; = |H;;(A)|; a hook of length & is also called a k-hook. The diagonal (or
Durfee) length of A, denoted by dI()), is the number of non-zero principal hooks h; :=
H;;(\) for i > 1. We let H(\) denote the partition formed from the principal hook
lengths of A, that is H(\) = (h1, ha, ..., hg(y)). For example H(4,3,3) = (6,3,1).

Fixing k, and successively removing k-hooks from ) as long as possible, we reach the
(uniquely determined) k-core Ay of A; the number of k-hooks that we have removed
from A to obtain its k-core is called the k-weight of A. For k = 2, the 2-cores are just
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the partitions of staircase form p,, = (m,m—1,m—2,...,2,1), for some m € Ny (for
m = 0 considering py as the empty partition).

Given v\ A a (skew) partition of n, we define a (v~ \)-tableau of weight p to be a
map T:Y(v~ A) — {1,...,n} such that p; = [{z € Y(r~ X) : T(z) =d}| for i > 1.
We depict this by placing each integer within the corresponding box in the Young
diagram, for example

1]2] 2[1] 1]2] 2[1] 1]1] 1]1]
34 34 413 4[3 23 3

are all examples of ((3,2) \ (1))-tableaux; the first 4 tableaux are of weight (1*) and
the final two tableaux are of weight (2, 1?). We define an equivalence relation on v~ \-
tableaux of weight u by S ~ T if S and T differ only by permuting the entries within
their rows. For example, the first 4 tableaux above (respectively the final 2 tableaux
above) belong to the same equivalence class ~. We define a row-standard tableau to
be an equivalence class of ~ and we choose as a ~-class representative to be that in
which the entries along the rows are weakly increasing. We say that a row-standard
tableau is semistandard if the entries along its columns are strictly increasing. We
denote the sets of all row-standard and semistandard v ~\. A-tableaux of weight u by
RStd(v ~\ A, 1) and SStd(v \ A, p), respectively. We define the reverse reading word of
a tableau, T, to be the sequence of integers obtained by recording the entries of the
first row of T backwards, followed by the second row, and continuing in this fashion.
For example the reverse reading words of the above tableaux are

2143 1243 2134 1234 1132 1123

respectively. We define the set of Littlewood-Richardson tableaux, LR(v ~ A\, u) C
SStd(v \ A, ) whose reverse reading word is a lattice word (i.e., every left subfactor
has more js than (j + 1)s for j > 1). We refer to [26, Chapter 16] for a less terse
definition of these tableaux.

2.2. REPRESENTATIONS OF SYMMETRIC GROUPS. We write S, for the symmetric
group on n letters. For background on the representation theory of the symmetric
groups, the reader is referred to [26, 27]. For A € P(n), we let S2 and M, denote
the Specht and Young permutation modules for S,, associated to A, defined over Z.
Given F a field, we set Sf} = Si\ ®z F and le: = Mz‘ ®z F. The permutation
module M can be constructed as having basis indexed by the set RStd()\) under the
symmetric group action by place permutation (modulo the equivalence class ~). By
classical rules of Young and Littlewood—Richardson, we have that

MZ2= @ [SStd(\v)|Sp indgmiy (SRARSH) X @ |LR(v N A w)|SE

veP(n) veP(m+n)

For S(é, we write [A] for the corresponding irreducible complex character of S,,.
Then {[A] | A € P(n)} is the set of all irreducible complex characters of S,,. When
A= (A1,..., A\m), we omit the parentheses and write [A1,..., \y]; in particular, [n] is
the trivial character of S,,.

When we evaluate [A] on an element of S, of cycle type u € P(n), we simply write
[A(p) for the corresponding value. For A € P(n), we write f(A) = [A](id) for the
degree of [A].

Of central interest in the representation theory of the symmetric groups are the
Kronecker coefficients g(A, u, v) appearing as expansion coefficients in the Kronecker
products

Nk =D 9O\ mv) v,
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where [A][u] is the character defined by [A][u](g) = ([N(9))([¢](g)) for g € Sh.
Our main topic here is to split Kronecker squares into their symmetric and alter-
nating parts.

2.3. SYMMETRIC AND ANTI-SYMMETRIC SQUARES OF REPRESENTATIONS. We now
recall some well known notions and results on the symmetric and alternating parts of
a tensor square (see [22, 25]). For any finite group G, we denote by Irr(G) the set of
its irreducible (complex) characters, and (—, —) will denote the usual scalar product
on the C-vector space of class functions on G.

Now let F' be a field and V' a (finite-dimensional) F'G-module; we consider its
tensor square V ®p V', on which G acts diagonally. Let 7 : V@V — V ® V be the
FG-homomorphism defined on elementary tensors by

T(v1 ® v2) = v3 ® V1.
Let S2(V) and A%(V), respectively, be the eigenspaces to 1 and —1 for 7; these are the
symmetric and alternating part of the tensor square, respectively; A%(V) is also called
the antisymmetric or exterior part of the square. When F' = C, one easily computes

the characters of S?(V) and A?(V) from the character to V; we recall the formula
here:

LEMMA 2.1. Let V be a CG-module with character x. Then the character xs of S*(V)
s given by

(2.1) xs(9) = 3(x(9)* + x(g%)), for all g € G.
The character xa of A%(V') is given by
(2.2) xa(9) = 3(x(9)* = x(¢*)), for all g € G.

In particular, for a character y, the class function x( defined by
X (g) = x(¢*) forallge @
is a difference of two characters, namely

(2.3) X? = xs — xa-
We denote by 14 the trivial character of G. Then

(X, 1) > x(g?) =t va(x)
|G\ =
is the Frobenius—Schur indicator for x. It is well known that v5(yx) € {—1,0,1}, and
that this value is nonzero if and only if  is a real-valued character, and it is 1 exactly
if x is the character of a real representation of G (see [22, 13.1] or [25, Chap. 4]).
Thus, when x is the character of a real representation of G, we have
1=w(x) = (x?,16) = (xs — xa,1a),

and 1 = (x, x) = (x?,1¢); hence (xs,1¢) =1 and (x4, 1g) = 0.

Since all irreducible complex characters of .S;, are characters of rational represen-
tations, we have these properties for all x € Irr(S,,); i.e., the trivial character [n] is a
constituent of S%([)\]), but not of A%([\]), for all A € P(n).

The main aim of our investigations is to contribute several results on the characters

S2([A\]) and A2%([A]), i-e., to provide information on the coefficients sg(\, i), ag(\, p) €
Ny defined for A € P(n) by

YA =Y sgA k] and A= D ag(hpwlul.

HEP(n) HEP(n)
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REMARK 2.2. We note that A%([A\]) = 0 if and only if A € {(n),(1")}. To see this,
note that y (id) > 1 for all A € {(n),(1™)} and so the character is non-zero by
equation (2.2). We note that S?([)]) is never zero (for instance, we have already seen
that it always contains the trivial character).

In later sections, the following facts will be useful (they only require short compu-
tations with the explicit values from Lemma 2.1):

LEMMA 2.3. Let G be a finite group and U a subgroup of G. Let x be a character of G,
and suppose the restriction to U decomposes as xly = X1+ X2, with characters x1, x2
of U. Writing X for either S or A, we have

X2y = X*(x1) + X (x2) + x1x2-

LEMMA 2.4. Let G, H be finite groups. Let x be a character of G, and v a linear
character of H and x X v be the corresponding character for G x H. Writing X for
either S or A, we then have

X2 (x x ) = X2(x) x 9*.

While there is a strong monotonicity property for Kronecker coefficients, for the
symmetric and alternating coefficients less is known. We state here the semigroup
property recently proven by Ressayre [41].

PROPOSITION 2.5 ([41, Proposition 2]). Given m € N, we define
Ly ={(A, 1) | A € P(n), pu € Ppp2(n) and sg(A, p) # 0}

Then, as a subset of Zm+m2, L., is a finitely generated semigroup. In particular, if
a,BF ny and A\, pu b ng are such that sg(a, 8) > 0 and sg(\, pu) > 0 then we have
have that

sgla+ A, B+ p) >0.

3. THE CLASS FUNCTIONS x(™ AND MODULAR DECOMPOSITION NUMBERS

In this section we want to explain how information on the splitting of squares [\]?

gives information on 2-decomposition numbers, i.e., computing character data leads
to information on the compositions series of the (non-simple) Specht modules Sy
for F' a field of characteristic 2.

But first we consider a more general situation. Generalising the class functions x(?
defined in the previous section, one defines for a character y of a finite group G and
m € N the class function x("™ by x(™ (g) = x(¢™), for all g € G. This class function
is also known to be a difference of two characters [25].

We start with an easy but useful observation. Let C' = 2% be a conjugacy class of
the finite group G. Then we define a class function ¥¢ by

do= Y. Y.
Pelrr(G)

We note that by column orthogonality, we have

Ve(g) = { |Ca(z)| ifgeC=aC

0 otherwise.

LEMMA 3.1. Let G be a finite group, x a character of G, and m € N. For any conjugacy
class C = 2% of G we have

(x'™,9c) = x(a™).
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Proof. We have

(™, 9¢) = |G| > xlg™velg) |G| > Ca(@)x(@™) = x(=™).

9geG g€xC
O

In the case of a prime p, we will now first consider the more general situation
of class functions x(®) and relate these to p-modular decomposition numbers (or p-
decomposition numbers, for short). For more details on the background of the modular
theory, we refer the reader to the textbooks [16, 35, 44, 50]. For the convenience of
readers less familiar with the modular theory, and also to fix some notation on the
way, we give a brief introduction to the theory.

For g € G, we write ord(z) for the order of the element z € G. We say that an
element z € G is p-regular if p does not divide ord(z).

We start again in the general setting of a finite group and recall some of the rel-
evant notions. For the connection between representations in characteristic 0 and
prime characteristic p, we require a p-modular splitting system (R, F, K) where R is
a complete discrete valuation ring with quotient field K = Q(R) of characteristic 0
and residue field F' of characteristic p > 0, such that K and F are splitting fields
for G and its subgroups (e.g., K and F are taken to be algebraically closed). This is
fixed for what follows, and Irr(G) now denotes the set of characters to the irreducible
K G-representations. Take y € Irr(G), to an irreducible K G-module M, say; then M
has as R-form, i.e., there is an irreducible RG-lattice, say U, such that M = KU. The
composition factors of the FG-module U := F ®g U are uniquely determined by .
When S is a simple FG-module and ¢ its (irreducible) Brauer character, then the de-
composition number d,, is defined to be the multiplicity of S as a composition factor
of U. Let IBr(G) denote the set of irreducible Brauer characters; these correspond to
the isomorphism classes of simple F'G-modules. Then

D= (dxsa)xelrr(G)

@€lIBr(GQ)
is the p-modular decomposition matrix for G (defined as a matrix uniquely up to
permutations of rows and columns). The size of the matrix D is given by the numbers

Irr(G)| = k(G), the number of conjugacy classes of G,

and
[IBr(G)| = k,(G), the number of p-regular conjugacy classes of G.

Computing the decomposition matrix for a group is usually an enormously diffi-
cult problem; the recent use of geometry and categorical Lie theory in the study of
decomposition matrices of symmetric groups was the topic of Geordie Williamson’s
plenary talk at the 2018 ICM [45].

By reordering the rows and columns, the matrix D can be put into a “block diagonal
form”, where the blocks cannot be refined into a block diagonal sum any further. The
p-blocks of G correspond to the blocks in this finest block diagonal form of D. To
a p-block B associated to a block Dp in the decomposition matrix D, we associate
all the irreducible characters and simple F'G-modules labelling the rows and columns
of Dp; the corresponding set of irreducible characters is denoted by Irr(B). There
is also an intrinsic definition of p-blocks as the indecomposable ideals in the group
algebra, and a direct criterion for when two irreducible characters belong to the same
p-block (see for example [16, 18, 35]).

While we have defined the decomposition matrix D by rows, the columns carry
important information about projective modules. Each simple F'G-module S has a
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unique (up to isomorphism) projective cover Pg; when S runs through a system of
representatives for the isomorphism classes of simple F'G-modules, Ps runs through
a system of representatives for the isomorphism classes of indecomposable projective
FG-modules. Each projective F'G-module Pg can be lifted to a projective RG-lattice,
which has a corresponding character ®g of G (over K); when ¢ is the Brauer character
to S, we also write ®, for this character. The character ®, is uniquely determined
by the simple module S, and we have the following property of the columns of the
decomposition matrix:

o, = Z dyeoX , for ¢ € IBr(G).
x€lrr(G)
The character of a projective (indecomposable) RG-lattice is also called a (p-
)projective (indecomposable) character of G. The elements in the Z-span of the
characters ®,, ¢ € IBr(G), are called virtual (p-)projective characters. In the
character ring
RZ(G) = {ZXeIrr(G’) ax X ‘ all ax € Z}

of virtual characters, the virtual projective characters are characterized by the prop-
erty that they vanish on all p-singular elements of G, i.e., on the set

Gp = {z € G | p divides ord(z)}.

Now we are ready for the following results (we fix the p-modular system (R, F, K)).
First an easy observation for which we will see a rather direct application in the
context of symmetric groups further below, in Theorem 3.7.

LEMMA 3.2. Let G be a finite group, x a character of G such that x(gP) = x(g) for all
p-reqular elements g € G. Let ¥ be a class function on G that vanishes on Gp,. Then
we have

(P, 9) = (x.9).
In particular, when x, Y are in addition irreducible, then

<X(p)719> = 5X19'

Proof. The claim follows immediately by observing that (X(”) —x,¥) = 0, since the
two class functions Y — x and ¢ vanish on complementary sets. O

Using this, we obtain the following information on decomposition numbers:

PROPOSITION 3.3. Let G be a finite group, x € Irr(G) such that x(g?) = x(g) for all
p-reqular elements g € G. For ¢ € Irr(G) set ay = (xP),4p). Then for all ¢ € IBr(G)

we have
dyp = Z Ayl
Pelrr(G)
Proof. As noted earlier, the projective character ®, to ¢ € IBr(G) vanishes on G,,.
Hence using Lemma 3.2 we compute

dye = (X, Bp) = <X(p)»q)w> = Z ay(, ®y) = Z Aypdypp-
Pelrr(G) Pelrr(G)
O

REMARK 3.4. (1) First, some comments on the assumption on x in Lemma 3.2 and
Proposition 3.3.

Clearly, when G is a finite group such that each p-regular element g € G is conjugate
to its power gP, then the assumption on y in these results is satisfied for all characters
of G. In particular, this holds for the symmetric groups at all primes p: when g € S,
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is p-regular, p does not divide any part of its cycle type A, and so gP has the same
cycle type .

More generally, if G is a group with a rational character table, then G has this
property for all primes p, since each element g € G is conjugate to all powers g™,
where ged(m, ord g) = 1.

But of course, there are many examples of groups where this property holds only
for some primes p, and examples where it does not hold for G at a given prime p, but
for certain irreducible characters.

(2) We emphasise that in applying Proposition 3.3, the decomposition of x(?) into
irreducible characters (which is a characteristic 0 computation) gives a linear relation
between the p-modular decomposition numbers dy,.,, ¢ € IBr(G), which are in general
hard to determine.

(3) We also emphasise that Lemma 3.2 may not only be applied towards the de-
composition of the indecomposable projective characters @, but for obtaining linear
relations between the coefficients of arbitrary projective characters.

We want to mention a method for obtaining a suitable class function that can
easily be applied in particular in the case of the symmetric groups. First we state this
property, called Block orthogonality [35], for general finite groups.

PROPOSITION 3.5. Let B be a p-block of the finite group G, and let x € G be p-regular.
Then for all p-singular y € G we have

Y. w@)y) =0
Yelrr(B)
We formulate a consequence for square splitting, using the case p = 2; note that
the class function ¥ appearing below is a virtual 2-projective character in the case of
G=25,.

COROLLARY 3.6. Let x € Irr(G) such that x(g) = x(g?) for all 2-reqular g € G. Let B
be a 2-block of G, let x € G be 2-reqular and set ¥ = Zwelrr(B) W(z=). Then

2 2 _ [ x(=) if x € r(B)
(200), 0) = (A%(x), 9) = { 0 otherwise

Turning to the case of the symmetric groups, we observe the following. When we
have computed the coefficients g(A, A, ) for the Kronecker square [A]%, then from
the splitting of the square into its symmetric and alternating part, we obtain the
explicit decomposition of S2([A]) — A%([A]) = [\]®). By Proposition 3.3, this implies
linear relations for the 2-modular decomposition numbers. For the symmetric group
S, the (isomorphism classes of) simple modules (and their Brauer characters) in
characteristic 2 are labelled by the 2-regular partitions of n, i.e., the partitions of n
into distinct parts. The decomposition numbers are then written as dy,, where A is
the partition label of the irreducible complex character and p is the 2-regular partition
labelling the simple module D", its projective cover P* and corresponding projective

character ®*. Thus,
o= N dyul)-

AEP(n)

The observation made above on the 2-decomposition numbers adds to the moti-
vation for determining the splitting of the Kronecker squares, for which so far very
few results are known. We will mention some such results on square splittings in the
following sections as well as provide new results (and also conjectures).

One strategy in the following will be to pick suitable characters ® which are vir-
tual projective characters (or close to such characters), and apply Lemma 3.2 (or a
variation thereof). We consider some examples for this strategy.
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THEOREM 3.7. Let k € N, n = k(k+1)/2 and pr, = (k,k —1,...,1) € P(n) the
staircase partition. Let X € P(n). Then we have

sg0 1) = agOn ) = (S o) (420D ) = { o 1 5 2%

In particular, [pi] is a constituent of S?([px]), and for any X\ # px, the Kronecker
coefficient g(A\, A, px.) = 2sg(\, px) is even.

Proof. Since py is a 2-core (i.e., a partition without a 2-hook), the character [pg] itself
is a 2-projective irreducible character (see [27]). Furthermore, any 2-regular element
g € S, is conjugate to its square g?. Hence we can apply Lemma 3.2 to ¥ = [pz],
x = [A\] and p = 2, and we obtain the result immediately. O

REMARK 3.8. The final assertion implies in particular that [py] is a constituent of [pg]?,
which is a special case of the fact that g(A, A\, A) > 0 for all symmetric partitions
A€ P(n) (see [3]).

We have mentioned earlier a method for finding p-projective characters ® in par-
ticular for the symmetric groups, via a weighted sum of characters in a p-block.
Taking x = 1 in Corollary 3.6 we see that for a 2-block B the contributions of the
weighted B-part in S?() and that of the weighted B-part in A?(x) coincide if x does
not belong to B and differs by x(1) if it does. In the case of the character [py], this
was particularly simple, as this is the unique irreducible character in its 2-block, so
we could drop the weight.

We state the consequence of Corollary 3.6 in the case of .S,, explicitly, and illustrate
this with examples below. Fortunately, for the symmetric groups we have a combina-
torial criterion that determines when two irreducible characters belong to the same
p-block: this is the case if and only if their labelling partitions have the same p-core
(see [27]). Thus a 2-block B of S,, is combinatorially determined by the common
2-core Ay of all the partitions A labelling the irreducible characters in Irr(B). The
common 2-weight of all these characters A is called the 2-weight w = w(B) of B.
Thus n = 2w + |p|.

COROLLARY 3.9. Let n € N, A\ € P(n). Let B be a 2-block of S,, with associated
2-core p. Then we have

ST (sghm) — agOh ) f (1) = {f () ifAa) =

otherwise.
HEP(n),p2y=p

EXAMPLE 3.10. Let A = (3,22). Then

S2([A]) = [7] + [6,1] + 2[5, 2] + [4, 3] + 2[4, 2,1] + 2[3, 2]
+[3,2,12] + [3,14] + [23,1] + [2,17]

A2(\]) = [5,12] + [4,2,1] + 2[4, 13] + [32,1] + 2[3,2,12] + [3, 1] + [22,17]

Here, A2y = (1), i.e., [A] belongs to the so-called principal 2-block By. Furthermore,
f(\) = 21. The constituents in S?([\]) and A%([\]) belonging to By are

(7). 15,2], [4,2,1], [3,2°], [3,2,1%], [3,17]
and
(5,17, 4,2, 1], (3, 1], [3,2,17, [3,1%], [2%, 17,
respectively. As expected, the weighted sum on the left hand-side above is then

14+2-14-15+35-21+2-21-35—-14 =21.
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We also want to extend the application of these methods in another direction and
look at 2-blocks of small weight.

COROLLARY 3.11. Let n € N, A € P(n). Let B be a 2-block of S,, with associated
2-core pr, = (k,...,2,1).

(1) Assume w(B) =1. Set 7, = pr + (2). Then we have

Lif X e {m, 7t}
0 otherwise.

(S2 (). ) + () — (AZ(). ] + [r]) = {

(2) Assume w(B) = 2. Set (i, = pi, + (4), & = 76 U (12). Then we have

0 otherwise. .

(S2(N), [Ge] + [66] + [C1)) — (AP(IND), (] + 6] + [Ch)) = {1 i) € {0k &, G

Proof. (1) When w(B) = 1, we have Irr(B) = {[r], [t]}; note that these two char-
acters have the same values on all 2-regular elements (which belong to A,). Then
® = 73] + [7}] vanishes on G2, and the result follows (using Corollary 3.6).

(2) When w(B) = 2, the irreducible characters in B are the ones already listed,
together with the ones to py + (22) and its conjugate, i.e., [k+2,k+1,k—2...,2,1]
and [k, k—1,...,3,23 1].

Now let u = H () be the partition formed from the principal hook lengths of (.

By the Murnaghan-Nakayama formula, the characters to (x,&, ¢l all have the
same value on the class of type p (which is £1), while the further two characters are
zero on this class. Hence taking ® = [(x] + [£x] + [¢}] implies the claim (again using
Corollary 3.6). O

4. SPLITTING THE SQUARE: HOOKS

In this and the following sections we will discuss a number of cases for which a formula
for some family of Kronecker coefficients is known, and we want to obtain refined
information on the decomposition into its symmetric and alternating parts. We will
also recall some of the few results where the splitting has already been determined.

Kronecker products of characters involving (various combinations of) hooks and
2-part partitions formulae were first given by Remmel; in the case of products of
hook characters a small error occurred in [39], but in the case of products of 2-part
partitions, the formulae in [40] contained multiple errors. Alternative correct formulae
were later provided by Rosas [42]; these are not in all cases manifestly positive, but
they do still satisfy the “taste test” of a “combinatorial solution”. Later, manifestly
positive formulae for special products of characters of 2-part partitions in [19, 8, 32].
More recently, general formulae were obtained in the cases when one factor is labelled
by special 2-part partitions [1] or when one factor is a hook [6, 28]. We will discuss
some interesting cases of squares of 2-part partitions in Section 7.

4.1. SPLITTING SQUARES OF HOOKS. In the case of hooks, the splitting of the squares
has recently been determined by Mészdros and Wolosz [34]. We recall their result here:
THEOREM 4.1 ([34]). Let n € N. Let A = (n — k, 1¥) be a hook partition.

(1) Let p=(n—m,1™) be a hook with 0 < m < 2min(k,n —k — 1). Then
sg(A,p)=1im=0orl mod 4,
agA,p) =14 m=2or3 mod4.
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(2) Let pi be a double-hook (i1, p2,2%2,1%), where py > po = 2, da,dy > 0. Then
2 0f 2k+1—n| < 1 — po and di =0 mod 4;

sgAp) =< 1 if 2k4+1—n| < g — p2 and di odd,
lor|2k+1—n|=p —p2+1 anddy =0 mod 4.
24 2k+1—n| < p1 — pe and di =2 mod 4;

ag A, p) =< 1 if 2k+1—n| < p1 — po and dy odd,
lor|2k+1—n|=p —pu2+1 andd; =2 mod 4.

For all other partitions p € P(n), the coefficients sg(X\, 1) and ag(\, p) are 0.

4.2. HOOK CONSTITUENTS. We now want to take up the ideas of Section 3 to obtain
some information on the distribution of hook constituents in the symmetric and alter-
nating part of an arbitrary Kronecker square. For an application of Lemma 3.2 we take
a closer look at the character of S,, obtained by summing over all hook characters:

n—1

Xhook = Z[n - ka 1k]

k=0

This character has already been fruitfully used in [2] for finding further constituents
in the Saxl square [py]?.

The character ynoox is a virtual 2-projective character; more precisely, in recent
years it was shown (see [2, 38, 47]) that its values are as follows.
Let 0, € S, be an element of cycle type o. Then

(00) = 2U)=1if o is 2-regular
Ahook 0 otherwise ’

The following result tells us that the symmetric part S%([A]) and the alternating
part A?([)]) always have the same number of hook constituents (counted with multi-
plicities) if A is not a hook, and S?([\]) contains one more hook constituent if X is a
hook.

PROPOSITION 4.2. Let A € P(n). Then we have

14f X is a hook
0 otherwise ’

<[>‘}(2)a Xhook> = {

or equivalently,

|
-

n

sg(\, [n — k, 1%] Zag [n—k,1%)) = { if)\z'sahwk.

0 otherwise

S
Il

0

In particular, when X is not a hook, A%([\]) must always contain a hook constituent.

Proof. We apply Lemma 3.2 with x = [A], p = 2, and ¥ = Xnook- Thus we obtain

S ([ ]) - AQ([)‘D7Xhook>
P‘]( )a Xhook>
[)‘]7Xhook>

_ | 1if Ais a hook
1 0 otherwise ’

2o S9N [n— k1) = SrZg ag(N [n — k, 1F]) =

The final assertion follows since we have already seen that S?([\]) always contains
the hook constituent [n]. O
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We want to make this result more precise and at the same time illustrate how to
use the idea of Lemma 3.2 when we consider a class function ¥ close to a virtual
projective character. The important aspect is that one should have good control over
the non-zero values on 2-singular classes. For n € N, we set

9, = i(—nk[n K, 18],

This is just a special case of the class function ¥¢ defined earlier, here for the class
C of n-cycles in S,,. Thus, for o, € S,, of cycle type a, we have

sy = {Ta=i0)

0 otherwise

Now we consider
[(n—1)/2]
®, = Z [TL —2m, 12m]7
m=0

the sum of the characters to hooks of even leg length. By the discussion above,

q>n = %(Xhook + ﬁn)

is a virtual 2-projective character when n is odd; when n is even, the only 2-singular
elements where ®,, does not vanish, are the n-cycles. We now want to use ®,, to obtain
information on the constituents to hooks of even leg length in [A](?).

PROPOSITION 4.3. Let n € N and A € P(n); set x = [\] and let ®,, be as above. When
n is odd, we have

s+ (DR if A= (n—k,1%)
_ =2 ’
(xs = xa,Pn) = { 0 otherwise.

When n is even, we have

(1

\
—
~—
Eal
L
~
<
>
Il
—~
S
\
\??‘
—_
=
~
=}
3
IS
3
\
o
N
e

<XS — XA, (I)n> =

NI N= N
—
—_

In any case, we have
<XS - XAa(I)n> € {_1707 1}7

i.e., the numbers of constituents (counted with multiplicity) in xs and x a to hooks of
even leg length differ at most by one.

Proof. We have
(xs = x4, ®n) = (X, @n) = 303, Xnook) + 5 (X, Vn).

By Proposition 4.2, the first summand contributes zero if A\ is not a hook, and %
otherwise.
When n is odd, ¥,, vanishes on G5 and is non-zero only on n-cycles. By Lemma 3.1

the second summand on the right hand side above is then %X(O’?n)) = 1[A]((n)); hence
this is zero if A is not a hook, and it is 3(—1)¥ when A = (n — k, 1¥). This yields the
assertion in this case.

Now assume that n is even. Then Lemma 3.1 gives

3P, 0,) = §x(03,) = 3N((5:3))-
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If \ is not a hook, this immediately yields the claim. Now assume that A\ = (n—k, 1¥).
When n — k > k, we have

[Tl - kv 1k]((%a %)) = [
When n — k < k, we have

(NJE]
I
o
[
ey
—~
—~
N3
~—
~—
I
—~
|
—
~—

o

[0~k 14)((%,2) = (-2 - k15 E]((3) = (-1)FRE = (c1t

Thus also in the hook case we arrive at the stated formulae.

For the final assertion, we only have to consider the case where n is even and A
is a non-hook partition. By the Murnaghan—Nakayama formula, the only non-hook
partitions A with [A]((§,%)) # 0 are partitions A\ with dI(\) = 2 and of F-weight
exactly 2. Furthermore, the only possible non-zero values are then +2. Thus also in
this case (xs — x4, ®,) is 1, as claimed. O

REMARK 4.4. In the case of even n, it is not difficult to count (and construct) all A
with [A]((%, Z)) # 0. We already know that we only have to consider A with di(\) < 2

272
and of F-weight exactly 2. All n hooks A satisfy2 [Al((5,%)) = £1. As the centraliser
of an element of cycle type (%,%) has order “-, there are then exactly in(n — 2)

non-hook partitions A that contribute a value +2 on this class.

Recall that a hook (a,1°) is said to have ladder length b and arm length a — 1
for @ > 0 and b > 0. From Proposition 4.2 and Proposition 4.3 we now obtain the
following result that says that the sum of the multiplicities of the constituents to
hooks of even leg length (and odd leg length, respectively) in S?([\]) and A2([\])

coincide.

COROLLARY 4.5. Let A € P(n). Assume that X is not a hook, and that A is also not a
double-hook with [A((5,%)) # 0 (when n is even). Then

[(n—1)/2] [(n—1)/2]
59()‘7 (n —2m, 12m)) - ag(>‘7 (TL —2m, 12m))
m=0 m=0
[n/2] [n/2]
Z sg(\, (n—2m +1,12"71)) = Z ag(\, (n —2m 4 1,12m71)),
m=1 m=1

REMARK 4.6. Towards the Saxl Conjecture, it has been proved with a variety of
methods that all hook characters [n — k, 1*] are constituents of [px]? (see [2, 23, 37]).

From the results above we deduce a refinement on the distribution of the hooks into
the symmetric and alternating part of [px]?. For k > 5, the sum of the multiplicities
of the constituents to hooks of even leg length (and odd leg length, respectively) in
5?([px]) and A?([px]) coincide. For k = 3 and 4, [px]((%,%)) = —2, and the sum of
the multiplicities of the characters to hooks of odd leg length is one larger in S2([p])
than in A2([pg]), and conversely for the sums to the even hook length characters. More

precisely, for k = 4 the part in S?([p4]) corresponding to hooks of even leg length is
[10] + 3[8,1%] + 12[6, 1] 4 10[4, 1°] + [2, 18],
(note that the coefficients sum to 27) and the corresponding part in A2%([p4]) is
68, 1% + 12[6, 1] + 8[4, 1°] + 2[2, 1¥]
(note that the coefficients sum to 28). Note that [11°] appears in neither summand as

it has odd leg length.
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5. SPLITTING OF KRONECKER SQUARES: SMALL DEPTH

In this section we start by studying constituents of small depth in arbitrary Kronecker
squares, and we also consider squares [A]? where ) is a partition of small depth.

5.1. CONSTITUENTS OF SMALL DEPTH. First we consider the constituents of small
depth in Kronecker squares. We recall the following information on the multiplicities
of constituents up to depth 3 explicitly (see [43, 49, 52]). We see that already the
formulae for constituents of depth 3 get involved; in fact, also formulae for the case
of depth 4 constituents have been determined by Vallejo [49)].

PROPOSITION 5.1. Let A € P(n) with A # (n),(1™). Let r, = #{k-hooks in A} for
k=1,2,3, and let ro; = #{non-linear 3-hooks H in A\}. Then

A\? = [n]+ai[n—1,1]4as[n—2, 2| +ba[n—2,1°|+as[n—3, 3] +bs[n—3,1°| +c3[n—3,2,1] +. ..

where
ar =71 —1,
ag =19 +r1(r1 —2), forn >4,
by = (11 —1)%
as =7r1(r1 —1)(r1 — 3) + 1r2(2r1 — 3) + r3, for n > 6,
bs=ri(r1 —1)(r1 =3)+(r1 = D)(rg + 1) + 721, forn >
cg =2r1(r1 — 1)(r1 —3) +ro(3r1 —4) +r1 + 71, forn

4,
2 5.
In particular, for n > 4 we have ag > 0.

In the following result we provide the splitting into the two parts of a square for
the constituents up to depth 2.

THEOREM 5.2. Let A € P(n), n > 4. Let ay, as, by and r1 be as in Proposition 5.1.
Let a1,5 = sg(A, (n—1,1)), a1,4 = ag(\, (n — 1, 1)), and similarly define the splitting
of the coefficients ay and by into as g, az 4, and ba g, ba 4, respectively. Then

T — 1 T1
ay,s = ai,aiA = 03 a5 = agz,a2, A = Oa bZ,S = < 9 >7b2,A = <2)a

i.e., with coefficients as determined above,
S2([A]) = [n] + a1[n — 1,1] + ag[n — 2,2] + ba.s[n — 2,12] + constituents of depth > 2

and
A2([\]) = ba,an — 2,1%] + constituents of depth > 2.

Proof. Let n > 3, and let A € P(n). We have already seen earlier that the con-
stituent [n] only appears once in [A\]?, and it is located in the symmetric part.

We now show that [n — 1, 1] never appears in A%([\]). Assume it does occur; then
[n — 1] appears in the restriction

A (s, =X A2 (D) + D Psllrel,
B

B#C

where B and C run over all removable boxes of A, and Ap denotes the partition of
n — 1 obtained by removing a (corner) box D from \. But we already know that no
summand A?([Ag]) contains a constituent [n — 1]. Furthermore, since in the second
sum Ap # Ac, no product [Ag][A¢c] contains [n — 1]. Hence a1 4 = 0 and a1 g = a1.
Now let n > 4. We want to consider [n — 2,2] and [n — 2,12] in X2([\]) for X = S
or A. This time we consider the restriction of X?2([\]) to S,,_2 x So, and we apply
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Lemma 2.4; notice that here the square of the linear character of Sy is always trivial.
Then for X € {5, A} we obtain

X2(WDds, pnse = D 2VOTXPDx 24 Y uache e 1] x 1),
HEP(n—2) (/,1.1,1/1)
HEA #(u?,v?)

where cc(A\/p) is the number of connected components of the diagram \/p, (17, 17) €
P(n—2) x P(2) and cf;jvw- are the Littlewood-Richardson coefficients.

We want to show that [n — 2, 2] never appears in A%([\]). We notice that [n — 2, 2]
has a constituent [n — 2] x [2] in its restriction to S,,—2 X Sa. This cannot occur in the
first summand of A%([)\]), because A%([u]) does not contain [n — 2]. In the second sum
it could only occur for u! = p?, to have [n — 2] in the first component; but then we
must have 1! # 12, so that then [v!][?] = [1?], and thus we do not get [n — 2] x [2].
Hence az 4 = 0 and az s = as.

Still assuming that n > 4, we finally consider the distribution of the constituents
[n—2,12]. As above, we consider the restriction of S?([\]) and A%([\]) to S,,_a x S5 and
we notice that the second term is the same in both cases. Now, the term [n — 2] x [1?]
in the restriction X?([\]) can only appear in this second summand (the first summand
consists only of characters of the form [v] x [2] for some v € P5(n)); moreover, it can
only come from the constituents [n — 1,1] and [n — 2,12], where it appears once in
the restriction. Hence we deduce that ay + bz s = ba 4, i€, by g —ba g = 11 — 1.
On the other hand, by Proposition 5.1 we have by 4 + by, s = by = (r1 — 1)2, hence
bya = %rl(rl —1) and bg s = %(rl —2)(r; — 1), as claimed. O

PROPOSITION 5.3. For a,b > 3 we have that
S2%([ab]) = [ab] + [ab — 2,2] + [ab — 3,3] + ... A%([ab]) = [ab —3,13] + ...
where the ... are terms of depth 4 or higher.

Proof. The terms of depth 2 and the term (ab—3,2, 1) can be obtained from Proposi-
tion 5.1 and Theorem 5.2. We now check the remaining constituents. For X € {S, A}
we consider the [ab — 3] x [3] and [ab — 3] x [13] isotypic summands of the following
(5.1)

X2, ixs, = > X2(@)—pgxp)+ > (@) =pll(@”)=v]x [u[v].
HEP by (k) MV EP by ()
NFV
The multiplicity of [ab — 3] x [a] for o € {(3),(13)} is zero in the second summand
(because p # v implies that [(a®) — u][(a®) — v] does not contain the trivial repre-
sentation). We now consider the first summand. Let o € {(3), (1)}, we can apply
Lemma 2.4 to obtain

> (X3([(a”) — 1] x [u]) | [ab 3] x [a])
ne{(3),(1%)}
(5.2) = > (XP([(a") = ) x [ | [ab— 3] x [a])
ne{(3),(3%)}
{2 if X =5and a=(3)

(5.3) ~ .
0 otherwise

Thus it only remains to consider the contribution of x = (2,1) to the [ab — 3] x [¢]
isotypic summand. We consider the o = (13) case as the a = (3) case can be argued
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in an identical fashion. We have that
(X*([(a”) = (2,1)] x [2,1]) | [ab — 3] x [1°])
4 1
OO T X X - 20l 2 () < ()
" (9,h)€Sap—3xSs3
We breakdown the right-hand side of eq. (5.4) according to the elements h € S5. We
note that (g,1)? = (g,1) and [2,1](1) = 2 and therefore
(5.5) X2([(a") = (2,1)] x [2,1])(g, 1) = X*(2[(a”) — (2, 1))(9)
)

similarly, (g, (1,2))? = (g,1) and [2,1](1) = 2 and and [2,1](1,2) = 0 and therefore

2 _ J-l@®) = (2,D](g?) for X =A
(5.6) X2([(a”) = (2,1)] x [2,1])(g, (1,2)) = {[(ab) @212 forX=5

and finally, (g,(1,2,3))° = (9. (1,3,2)) and [2,1](1,2,3) = —1 = [2,1](1,3,2) and
therefore

(57) XQ([(ab) - (2a 1)] X [2a 1})(.9’ (17 27 3)) = X2<_[(ab) - (27 1)])(9)

We can now decompose the right-hand side of eq. (5.4) for X = A according to the

conjugacy classes of S3 (of size 1, 3, and 2 respectively) and substitute in egs. (5.5)
to (5.7) and hence obtain

S D <A2(2[(ab) = (2. 1))(g) +3[(a") — (2, ](g*) +25[(a") — (2, 1)](9))

gESn—3

where the final term comes from the substitution A?(—[\]) = S?([A]). We now consider
the three terms in the above sum. We have that

HeEs] ; A%(2[(a") = (2,1)])(9) = §(A*(2[(a®) = (2,1)]) | [ab - 3])
= §(2(A%[(a”) = (2,1)] | [ab - 3])
+([(@”) = (2, 1)]* | [ab - 3]))

1
6
where the final equality follows from Proposition 5.1. Similarly, we have that

6(71:3,3)! Z [(ab) - (27 1)](92) = %<[(a’b) - (27 1)](92) ‘ [ab - 3}>

gESn—_3

($%[(a”) = (2,1)] — A*[(a”) — (2,1)] | [ab — 3])

M= N[

where the second equality follows from eq. (2.3) and the third from Proposition 5.1.
Finally, we have that

s O Sl = (2,1)]P = §(5*[(a") - (2,1)] | [ab - 3])
gESn_3

(M

where again the second equality follows from Proposition 5.1. Summing over these
terms we obtain

(5.8) (A%([(a”) = (2,1)] x [2,1]) | [ab — 3] x [1]) = 1.
In a similar fashion, one can show that
(5.9) ($%([(a”) = (2,1)] x [2,1]) | [ab - 3] x [3]) = 1.
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Thus, putting all of egs. (5.3), (5.8) and (5.9) into eq. (5.1) we obtain

1 if X =Aand a=(1%)

(X2(Ms, yxsy | lab—3] x [o]) = {3 if X =5 and a = (3)

Finally, the irreducible S,-characters for which [ab— 3] x [13] appears as a constituent
in the restriction are [ab — 3,13] and [ab — 2,1?], the latter appears with coefficient 0
in A2([a’]) and so the former must appear with coefficient 1, as required. The irre-
ducible S,,-characters for which [ab— 3] x [3] appears as a constituent in the restriction
are [ab — 3, 3], [ab— 2,2], [ab— 1,1] and [ab]; the final three of which appear with co-
efficients 1,0, 1 respectively in S2([a’]) and so the first must appear with coefficient
3 — 2 =1, as required. ]

5.2. SQUARES OF SMALL DEPTH CHARACTERS. We now turn to the squares of char-
acters to partitions of depth at most 2. First we recall a result due to Malle and
Magaard on the squares of such characters obtained in the context of determining the
situations when the symmetric or alternating parts are irreducible [30, Lemma 2].

Below, for numbers n, m € N the expression 6,,>, is defined to be 0 if n < m and 1
if n > m. The detailed description below makes the monotonous behaviour of the
coefficients explicitly visible. Note that the case of the character [n — 1, 1] also follows
from Theorem 5.2, and both [n — 1,1] and [n — 2, 12] are also covered as special cases
of the more recent Theorem 4.1 from [34].

PROPOSITION 5.4 ([30]). Let n € N. Then we have the following decompositions. For
alln > 3:

S2(In—1,1]) = [n] + [n — 1,1] + dpzaln — 2, 2], A*(n—1,1]) = [n —2,17].
For alln > 4:
S*(In—2,2]) = [n] + 6nz5[n — 1,1 4+ (1 + 6pz6)[n — 2, 2] + dp>7(n — 3, 3]
+ 0pzs5in — 3,2,1] + Snssln — 4,4] + 6n56[n — 4,27,

A%([n —2,2]) = dpzs[n — 2,1%] + dpse[n — 3,2, 1] + [n — 3, 1%] + d,>7[n — 4, 3, 1].
For alln > 5:

S*(n—2,1%)) = [n] + [n— 1,1] + 2[n — 2,2]+

+8ns6[n —3,3] + [0 — 3,2, 1] + dpseln — 4,27 + [n — 4,17,

A%(In—2,1%)) = [n — 2,13 + [n — 3,2,1] + [n — 3,13] + Sp56[n — 4,2,17].

We now go one step further, to depth 3. In [30], the proof of Proposition 5.1 in
the case of [n — 1,1] is given in detail, while the proofs in the case of [n — 2,2] and
[n — 2,12] are only hinted at; as the proof of the result in case of [n — 3, 3] is quite
involved we will give a detailed proof of this decomposition here. The case of [n—3,1?]

is again covered by the recent result on hooks [34]. For [n — 3,2, 1], the data suggest
a formula that is much more involved.

THEOREM b5.5. Let n € N, n > 6. Then we have the following decompositions. The
symmetric square S%([n — 3,3]) decomposes as follows

[n] + 6nz7ln — 1,1] + (14 0nzs)[n — 2,2] 4+ (Onz7 + dnzo)[n — 3, 3]
+ 5n>7[n —-3,2, 1] + (51128 + 5n>10)[n —4, 4] —+ 5n>8[n —4,3, 1}
+ (14 6ns8)[n — 4,2 + Sns11[n — 5,5] + dusoln — 5,4, 1]

+ 5n>9[n - 5,3, 2] + 5,L>7[n — 5, 22, 1] + 5”;12[71 — 6, 6} + 5n>10[n — 6,4, 2}.
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The symmetric square A%([n — 3, 3]) decomposes as follows

Sns7ln — 2,12+ 6nss[n — 3,2, 1] + [ — 3,1%] + (07 + Snso)[n — 4,3, 1]
+ 571;7[77/ —4,2, 12} + 6n;10[n — 5,4, 1] + 5n;g[n - 9,3, 2]
+ Onss[n —5,3,1%] + 6ps11[n — 6,5,1] + 6ns9n — 6,37

Proof. Set A = (n— 3,3). Since formulae for the product of 2-part partitions but also
for the multiplicity of constituents [n— 3, 3] in arbitrary products are available (see [1,
42, 43, 49]), we know how [\]? decomposes into irreducibles. The two expressions for
the symmetric and alternating part given in the assertion above sum to [A]?, and we
have to show that the distribution is indeed correct. For this we will use induction; by
computation (with Maple) we know that the result holds up to Si2. So we can now
assume that n > 13, and then all d-coefficients appearing in the formula are 1. Using
Lemma 2.3 we obtain

(5.10)  S*([n—3,3])ls, , = S*([n—4,3]) +5%([n—3,2]) + [n — 4,3][n — 3,2].

By induction and Proposition 5.1, respectively, we know how the first two summands

decompose, and from the formula for characters to 2-part partitions, we know the

decomposition of the product [n — 4, 3][n — 3,2] (e.g., from [1]):

(5.11)

[n—4,3][n—3,2] =n—2,1]+ [n—3,2] + [n — 3, 1% + 2[n — 4, 3] + 2[n — 4,2, 1]
+[n—5,4+2[n—53,1] +[n—52% +[n—5,2,1% + [n - 6,5]
+[n—6,4,1] 4+ [n—6,3,2]

Altogether we obtain the following expression for the restriction S?([n —3,3])lg _:

(5.12)

2[n — 1]+ 3[n —2,1] + [n — 3,1%] + 5[n — 3,2] + 5[n — 4, 3] + 4[n — 5,4]
+3[n—5,2%] +4[n —4,2,1] + 3[n — 5,3,1] + 2[n — 6,5] + 2[n — 6,4, 1]
+2[n—6,3,2] +[n—6,22 1]+ [n— 7,6 + [n — 7,4,2] + [n — 3,1%] + [n — 5,2, 17

From Theorem 5.2, we already know

S%([n —3,3]) = [n] + [n — 1,1] + 2[n — 2,2] + constituents of depth > 2,

and
A%([n — 3,3]) = [n — 2,1?%] + constituents of depth > 2.

As mentioned, we also have the decomposition of the square [n — 3, 3]2. Next we want
to apply Corollary 4.5; it is easily checked that for even n > 6, [n — 3, 3] vanishes on
elements of cycle type (%, %). Hence we obtain that S?([n — 3,3]) and A%([n — 3,3])
have the same number of constituents labelled by hooks of odd leg length; this implies
that [n — 3,13%] is (only) a constituent of A%([n — 3,3]).

From the first 3 terms in S?([n — 3,3]), we get as contributions to the restriction
(5.12):

2[n — 1] +3[n—2,1] + 2[n — 3,2].

We now have to determine the three constituents in 2[n — 3,3] + 2[n — 3,2,1] (from
[n — 3, 3]?) which belong to S? and contribute the other three constituents [n — 3, 2]
to (5.12). Since [n — 3,1?] appears only with multiplicity 1 in (5.12), we deduce that
2[n — 3, 3]+ [n — 3,2, 1] belongs to S%, and one constituent [n —3,2,1] to A%2. We also
note that [n—4, 13] is not in the restriction (5.12) of 52, so [n—4,2, 12] must be in A2
Next, we need three constituents of 2[n — 4,4] + 3[n — 4,3,1] in S? to get in total
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5[n —4,3] in (5.12), and the other two will then contribute the required 2[n — 4, 3] to
the restriction of A2

By induction, in the restriction of A%, the term [n — 5,4] (and also [n — 6,5])
only appears once, in the product, so A? can contain at most one constituent of
2[n—4,4]+[n—5,5] 4+ 2[n — 5,4, 1]. Also by induction, [n — 7, 6] does not occur at all
in the restriction of A%, so [n—6, 6] only occurs in 2, and then [n—6, 5, 1] must occur
(once) in A%; but then [n—5,5] cannot also occur in A2. Furthermore, since [n—7,4, 2]
does not occur in the restriction of A% by induction, the second constituent [n—6,4, 1]
can only come from [n — 5,4,1] in A% and hence 2[n —4,4] + [n — 5,5] + [n — 5,4, 1]
is in S2. To get a total of 5[n — 4, 3] in the restriction of S?, we then have exactly one
[n—4,3,1]in S? (and 2[n—4, 3, 1] in A?). We note that [n—4, 22] is not in A2, since this
would give a surplus term [n — 4,2, 1] in the restriction of A2 so 2[n — 4,22] is in S2.
By induction, there is only one [n—5,22] in the restriction of A%, but 3[n—5,2%] in S2.
Hence A? can contain only one constituent of 2[n—5, 3, 2]4+[n—>5, 2%, 1]. But for the still
missing 2[n—5, 3, 1] in the restriction of A%, 2 constituents of 2[n—5, 3, 2]+[n—5, 3, 12]
are needed in A2. Hence [n—>5,3,2]+[n—5,3,1%] is in A%, and [n—5, 3, 2]+ [n—5, 22, 1]
in S2. Finally, from the restrictions we immediately conclude that [n — 6,4, 2] belongs
to S% and [n — 6,3%] to A2,

(A final check shows that the restrictions of the stated decompositions give indeed
the right result.) O

REMARK 5.6. (1) While the patterns are not really clear from the cases of small &,
we will later see some general properties for the symmetric and alternating part of
[n — k, k] (see Section 7).

(2) In light of Proposition 3.3 and Remark 3.4 it is worth pointing out again that
all the splittings determined here in case of small depth partitions (and later for some
other families of partitions) immediately provide relations between the coefficients of
projective characters. Apart from the decomposition numbers, we also obtain relations
between some coefficients ([px]?, [1]) appearing in the Saxl square.

6. SPLITTING THE SQUARE: THE SIGN CONSTITUENT AND ITS NEIGHBOUR

We have already seen that for all A € P(n), the trivial character [n] is a constituent
of S2([\]). How about the sign character [17]?
Let A* denote the transpose of \. It is well known that [1™][A] = [A\!], so

2 Ml o JLiEA= )
(2100 = (0. D = { § B e
Thus, [1"] occurs as a constituent in the square [A\]? only when ) is symmetric, and
in this case with multiplicity 1.

The question for which symmetric A the constituent [1?] occurs in A%([\]) was
answered in [20, Theorem 3.3|; the proof of this theorem required some intricate
results and tableaux combinatorics. We state the answer below and provide a new
proof involving the characters of the alternating groups which seems more conceptual.

First, we recall some facts on the irreducible characters of the alternating group A,,.
For X\ # A € P(n), the restriction [A]|, = {A} is irreducible, while for A = A*, the
restriction is a sum of two different but algebraically conjugate irreducible characters
{A\}+ and {A}_. In this way we obtain all irreducible characters of A,,.

In particular, the characters {\}; and {A}_ have the same Frobenius—Schur indica-
tor (mentioned in Section 2), and when they are non-real, they are complex conjugate
to each other. In fact, for A = A! with principal hook lengths hq, ..., hq (for d = dI()\)
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the Durfee length of A), the only possibly non-integral values of {\}1 are

Len £ /ex Tl hy),

where e5 = (—1)(®=9/2; in particular, the characters {\}+ are real exactly if ey = 1.

THEOREM 6.1. Let A € P(n) be a symmetric partition; set d = dl(X). Then [1"] is a
constituent of S%([\]) exactly if the characters {\}+ are real, i.e., if n = d mod 4.
Equivalently,

sg(A, (1) —ag(A, (1) = (=1)*=".

Proof. Since [A{4, = {\}+ + {\}_, using Lemma 2.3
we have for X € {5, A}:

X2 ([ADda, = X2({A1+) + X2({A ) + A {A) -

When the characters {\}+ are non-real, we have

L= ({A+ {Ah) = A A - {n)),

while in the real case ({A\}+{\}_,{n}) = 0. Now the trivial character {n} only comes
from the restriction of [n] and [1"] to A,, and we already know that both occur only
once in [A]?, and that [n] is a constituent of S%([\]). Hence, when {\}1 are non-real,
[1"] must occur in A%([\]). Now assume that the characters {\}1 are real; by the
reasoning above, at least one of S?({\}+) has to contain {n}, but since {\}1 have
the same Frobenius—Schur indicator, then both S?({\}1) contain {n}. Thus, in the
real case, S?([A]) has to contain both, [n] and [17].

Finally, it was already pointed out above that the characters {A}L are non-real
exactly if ey = (—1)("=9/2 = —1, 50 we are done. O

For the location of the sign character in one of the two parts of the Saxl square we
then have the following consequence.
COROLLARY 6.2. Let k € N, k > 1, n=k(k+1)/2. Then the following holds.
(1) If k # 2 mod 4, then sg(pk, (1")) =1, ag(pr, (1")) = 0.
(2) If k =2 mod 4, then sg(pk, (1)) =0, ag(pk, (1)) = 1.
Proof. The diagonal length of py is d = [%EL]. Thus, when k is odd, we have

”;d:i(k(k+1)—(k+1))=i(k—l)(k“)v

which is always even. When k is even, we have

n—d
= e+ 1) — k) = 1,

which is even exactly when £ =0 mod 4. d

We want to build on Theorem 6.1 and determine next the distribution of [2,1"72]

in the Kronecker square [\]2.

THEOREM 6.3. Let A € P(n), with d = dl(\) and r1 the number of removable boxes.
(1) Assume NN A| <n—1. Then

sg(A, (2,1"7%)) = 0 = ag(X, (2,1"7%)).
(2) Assume AN X | =n—1. Then
sg(A, (2,1"72)) = 1,ag(X, (2,1"7%)) = 0 if “=3=4 is even,

sg(X, (2,1"72)) = 0,ag(X, (2,1"72)) = 1 if 2=2=¢ is odd.
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(3) Assume [AN | =n, d.e, A=A\ Set ey = (—1)"=4/2, Then
sg(X, (2,1"72)) = Bt = ag(\, (2,1772)) if 1 is odd
sg(\, (2,177%)) = P52 ] ag(, (2,1772)) = [ M52 ] if 1 ds even.

Proof. First of all, we note that |\ N \?| is the maximal length of a constituent in [\]2
(see [17]). Hence [2,1"72] can only occur as a constituent in [A]? if [A NN > n — 1.
This gives (1).

Furthermore, when |A N Af| =n — 1, then we have (using [17]):

(N7, [2,1772) = ()], [1]) = 1.

So for (2), we only have to determine whether [2,1"72] belongs to S%([\]) or A%([\]).
We keep in mind that [A]? does not contain [17].

We now consider the restriction of [A] to S,,_1. Let again X € {A,S}. We have
already seen before that we obtain

(6.1) X (s, = 2 X2 (el + 3 el
c C#D
where C, D run over the removable boxes of A. Let B be the box in A/(AN A?). Now,
[1"71] is a constituent in a product [A¢][Ap] (appearing in the sum above) if and only
if \c = A,. But if C' = B, this cannot hold for any D # C; then, C' # D must be in
transpose positions, but then Ac # A}, by comparing B and its transpose. So [1"7!]
can occur as a constituent in X?([A])lg _, if and only if it is in X?([Ap]). For X = S
(X = A, respectively), we know by Theorem 6.1, that this is the case if and only
if 1(n—1—dl(\c)) is even (odd, respectively). As C is not on the diagonal of X, we
have that
i(n—1—dl(\c)) =i(n—1-4d).
Since [1"] does not appear in [A]2, [1"7!] can occur as a constituent in X?([\))lg _,
if and only if [2,1"72] is a constituent of X?([\]). Hence [2,1"7?] is a constituent of
S2([A]) (A%([A]), respectively) if and only if 1(n — 1 — d) is even (odd, respectively),
and thus (2) is proved.
Now we turn to (3), i.e., now A = A\’. In this case, we have (see Proposition 5.1)

gM A, (2,1"72) =g\ A (n—1,1)) =7 — 1.

As in the previous case, we consider the restriction of [A] to S,,—1 and look at eq. (6.1).

First we consider the case that r; is odd, i.e., there is a removable box, B say, on the
diagonal of . This time, a product [A¢]|[Ap] (appearing in eq. (6.1) above) can contain
a constituent [1"~1], namely, exactly when C, D are a pair of transpose boxes in . As
the box B is never involved, we obtain exactly % such constituents [1"71]. In the
first sum on the right side of eq. (6.1), we can have at most one constituent [1"71],
namely in X2([\g]), and we know it is in S?([\g]) (A2([\g]), respectively), when
3(n—1—(d—1)) = 3(n—d) is even (odd, respectively). We thus have found rq
constituents [1" '] in [A]2lg _ , which must come from the part [1"]+ (r; —1)[2,1"2]
in [A]?; we also know from the previous arguments that [17] is in X2([)\]) if and only
if [1"1] is in X?([Ap]). Thus we must have exactly % (r; — 1) constituents [2,1"~2]
in both S2([\]) and A2([)\]), as claimed.

Next we consider the case that rq is even, i.e., there is no removable box on the
diagonal of . Similar as in the previous case, we find exactly % products [Ac]|[Ap]
with a constituent [1" 7], to pairs of transposed boxes in \; lying above these, we find
L constituents in X?([A]). In this case no A¢ is symmetric, so none of X?([A¢]) can
contain a constituent [1"7!]. So the one constituent [17] in either SZ([\]) or A%([\])

(depending on ey being 1 or —1, respectively), restricts to one of the constituents
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[1"71] in > cxplAc][Ap], while all the other such constituents have to come from
2L — 1 constituents [2,1"72] in S?([A]) or A%([A]), respectively, and the other part of
the Kronecker square has % constituents [2, 1"~2]. It is easily seen that this is exactly
the assertion in (3) in the case of even ry. O

7. SPLITTING THE SQUARE: 2-PART PARTITIONS

For the Kronecker square of a 2-part partition A even the coefficients g(\, A, 1) are
difficult to determine (see the earlier comments on Remmel’s formula), and we have
also seen that even in case of partitions of small depth the formulae are intricate. So
we will focus here on some particularly nice squares. We first state the decomposition
of some multiplicity-free products of characters to 2-part partitions. These follow
from the general formulae, and were known already as part of the easy direction
of the classification conjecture on multiplicity-free products (see [4]); they have also
appeared explicitly in some more recent papers. The fact that only partitions of length
at most 4 can appear is easy to see as a consequence of [17].

PROPOSITION 7.1. For k € Ny and n = 2k + 1, we have that

(1) k+1k2="3" [A.

AEP4(n)
Fork € N and n = 2k, we let E4(n) and O4(n) denote the sets of partitions A € Py(n)
into only even parts and only odd parts, respectively. Then

(2) k= > N+ > -

AEE4(n) AEO4(n)
Let k € N, n = 2k. Let E302(n) denote the set of partitions X\ € Py(n) with two even
and two odd parts (again, 0 is considered an even part). Then

(3) [k Kk+1,k—1= > [A.

AEE202(n)

Notably the square in (2) above was also computed by Manivel [32], who added
“that it would be interesting to understand the splitting of [n, n][n,n] into its symmetric
and skew-symmetric parts”. We will answer his question and provide some further
square splittings below.

We further note that (1) can easily be deduced from (2) by restriction.

First we show that all characters to E4-partitions occur in the symmetric part.

PROPOSITION 7.2. For k € N and n = 2k, we have
sg((k,k),A\) =1 for all X € E4(n).

Proof. For j € {1,2,3} we already know and for j = 4 we check by computer that
59((4,4), (27)) = 1. Now if A € E4(n), we can decompose A into a sum of double-
columns, i.e., A\ = Zj‘;/f A0)where A0) € {(2),(22),(23), (2%)}, for all j. Hence
by Proposition 7.1 and the semigroup property stated in Proposition 2.5, we obtain
sg((k, k), A) = 1. O

Next we prove with considerable more work that for all A € O4(2k) we have
sg((k, k), \) = 0. This will then give the desired splitting.

In this section we deal with characters and modules induced from Young subgroups
and wreath product subgroups, the irreducible characters and modules, and the sym-
metric powers of all these modules. It is thus easier to use module notation (rather
than introduce new character notation) throughout this section (in contrast to earlier
sections).
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We first recall a couple of results on decomposing induced representations and
Kronecker products, which will be essential in what follows.

PROPOSITION 7.3 ([48]). For k > 1, we have that
indg?s (C)= @ S

HEP2 (k)
PROPOSITION 7.4 ([8]). For 1 < k < d we have that
k ok , .
(7.1) S((Cd,d) ® S((Cd+k,d7k) _ @)S((:k+’b,k,l)}9 @S((Ck:+1+z,k+1,z)13
where YP ={p | p—v € O4(2d) or p— v € E4(2d)}.
We are now ready to begin proving that no sg((k,k),\) = 0 for all A € O4(2k).

The first step toward this goal is to understand the symmetric powers of Young
permutation modules and their quotients.

PROPOSITION 7.5. For A € Py(n), we have that

(12)  SMH)= O D iy, ., (MRS

0<k<As acPa(ky TR
and hence the multiplicities [S?(MQ) : SE] can be calculated using Young’s rule.

Proof. We consider the action of S,, on the basis {s®@t+t®s|s,t € RStd(\)}. We
define the intersection number of a pair of row-standard tableaux as follows

(s, t) = Ao — {s(2,¢0) | 1 < e < A} N{t(2,¢) |1 < e < A}
and we notice that (s, t) = 1(g(s), g(t)) for g € S,, and so S?(M(A\) = Go<r<r, Mi(N)
where
Mip(A) ={s®@t+t®s]|s,t € RStd(A),2(s,t) = k}.
Each My ()) is transitive permutation module of S, with stabiliser given by
Sxi—kxa—k X Sk 12
and so the result follows. O

COROLLARY 7.6. Ford > 1, we have that Sz(MédH’d_l) is a submodule osz(Méd’d))
and the quotient module is as follows

d,d d4+1,d—1)\ ~ . d—k,d—k a
S M)/ MET T 2 @ @ imdg (Sg7 Y R 5g).

—2k X Sa2k
0<k<d a€ Py (k) "

Proof. Setting A = (d,d), the right-hand side of (7.2) has d terms (the Mj(d,d)
for 0 < k < d). Setting A = (d+ 1,d — 1), the right-hand side of (7.2) has (d — 1)
terms (the My(d+1,d —1) for 0 < k < d—1). For each 0 < k < d — 1 we have that
My (d+1,d—1) is a submodule of My(d,d) and the quotient module is isomorphic to

.5 d—k,d—k o
iB(k) indg" | s, (S(é )ﬁ&% ),
aEPs

and the result follows. 0
PROPOSITION 7.7. For pu € O4(n), we have that [SQ(S((:d’d)) :SE]=0.

Proof. For A\,v € Py(n), we have that |SStd(\,v)| = 1 if A > v (and is 0 otherwise).
Therefore

d,d d,d d+1,d—
(M) = [8E ) Mg )
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by Young’s rule. Rearranging this, we note that
XEISE ) = xE (™) = (Mg
_ XQS[M((:d,d)] B X%[M((:d-&-l,d—l)] B [S((:d,d)] ® [M((:d-&-l,d—l)].
We need to verify, for u € O4(n), that the following holds
(73)  GAME) = xEMETI (82D = (S @ [METTI) (g,

We calculate the left-hand side of equation (7.3) using Corollary 7.6 and the right-
hand side of (7.3) using Proposition 7.4.

Calculating the left-hand side of equation (7.3). For u € O4(n), we will calcu-
late the multiplicity of any S{ in the right-hand side of (7.6) using the Littlewood-
Richardson rule. Namely, we will calculate

S > R~ (d -k d—k),20)|

0<k<d aePs (k)

for p € O4(2d). Now, since (d —k,d — k) and « are both two-row partitions and u is a
four-row partition, we deduce that necessary conditions for |LR(u~ (d—k, d—k), 2a)| #
0 are that d—k > us and d > us > d — k. Therefore we can set m = d — k and rewrite
the above sum as follows

S Y LR (mym),20)].

u3SmMEp2 a€Pa(d—m)
For any T € LR(p ~\ (m,m), 2a), we have that
T(3,c)=1 T(4,c) =2
for all 1 < ¢ < py. Furthermore,
T(l,c)=1 T(2,¢) =2

for all uo < ¢ < pp. At this point, we split into two families of tableaux, depending on
the parity of s —m. We will use without further mention the fact that gy —ps, e —us,
2a; and 2as are even numbers and that us — g is odd.

If o — m is even, then we fill the remaining entries T(3,¢) with an odd number
of 2s (and an odd number of 1s). We note that the total number of 2s used in filling
these boxes must be less than or equal to py — po, in order to satisfy the semistandard
condition. Thus the total number of such tableaux is given by

(7.4) 3 min{pg — pa, p1 — pa} X 5 (p2 — p3 + 2)
where there are 2 min{ps — pa, 1 — g2} choices for the number of 2s in the third row
and where the value p3 < m < puo must satisfy the parity condition.

If m — pg is odd, then we fill the remaining entries T(3,¢) with an even number

of 2s (and an even number of 1s). Similarly to the above, the total number of such
tableaux is given by

(7.5) s(min{ps — g, 1 — pa} +2) X 3 (2 — p3)-
Therefore, summing over (7.4) and (7.5) we deduce that the left-hand side of equation
(7.3) is equal to

s(min{ps — pra, py — po}(p2 — pg) +minfus — pa, p1 — po} + (p2 — p3))

for p € O4(n).

Calculating the right-hand side of equation (7.3). We first remark that if 4 € yP
then p has 4 non-zero rows, whereas «y only has 3 rows. Therefore p . v has an odd
fourth row; hence all its rows are odd and (u — ) € O4(n). This implies that v must
have only even rows. We note that precisely one of the two summands in (7.1) has o
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FIGURE 1. A generic example of a semistandard tableau for po—m =
0 and o maximal in the dominance ordering. We note that there are
an odd number of 2s (and therefore an odd number of 1s) in the pink
region. We note that for a fixed value m, the only choices we can
make are in the pink region.

E T -
2

1 111 [ ]

i N
o T -
o I

- nE HETEE B

g N

FIGURE 2. Generic examples of semistandard tableaux for g —m =
1 and o maximal and near maximal in the dominance ordering. There
are an odd number of 2s (and therefore an even number of 1s) in the
pink region. Again, we emphasise that for a fixed value m, the only
choices we can make are in the pink region.

even. In particular, for k even the righthand sum is zero (since y2 = k+1 is odd) and
for k odd the lefthand sum is zero (since v = k is odd). Moreover, we are summing
over all S}Cd’d) ® S<(Cd+k’d_k) for 1 < k < d and we notice that the non-zero term in the
kth even case can be rewritten as follows

Z [S((:k+1:,k,1:)1>] _ [Sé:k,k)P]_i_[Sgk:,k,k)P} n Z [S((:k-&-i,k,i)P]

0<i<k 0<i<k

where the final sum on the right-hand side is equal to the non-zero term in the (k—1)th
case, namely

k—1

k—1)+1+i,(k—1)+1,i)P
Z[SQ(?( )+1+i,(k—1)+1,i) ).
=1

Thus, it remains to understand the non-empty even partitions v = 2(c + j, ¢, j) such
that p — v is itself a partition; we denote this set by

D,={v=2(c+j,¢j)|v# 2 and p— v is a partition}.
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By the above and (7.1), we have that
(7.6)
d,d d+1,d—1 '

([Se™ @ ME™ V]| [SED) = 20 € Dy |75 {0,023} + {1 € Dy |35 € {0,121}
We have that § = p — v is a partition if and only

e 31 — B2 > 0 which is equivalent to j < %(yl — p2); and

e 33 — 34 > 0 which is equivalent to j < %(,ug — p14); and

e (35 — B3 > 0 which is equivalent to ¢ < %(pg —p3) + 7.
Putting the first two equalities together with the fact that (¢ + j,c,j) is itself a
partition, we deduce that 0 < j < 1 min{us — pa, 11 — pi2}. Putting the final equality
together with the fact that (¢ + j,¢,j) is itself a partition, we deduce that j < ¢ <
2(p2 — p3) + j. Thus we have that

20y € D | 75 # {0,721} = 2{2(c + joe,j) € D, [0 # 5 # ¢}
=2 x (g min{us — g, g1 — pio} X 5(p2 — p3))
and setting 7 = 0 or j = ¢ respectively, we obtain
{yeDuly=0}=3(n2—ps), v €Dulrs=nr2}=3min{u —pa,ps—pa}.
Substituting these three terms into the right-hand side of (7.6), we obtain
$(min{ps — g, p1 — po} (2 — ps) + min{ps — pa, pn — po} + (p2 — ps))

as required. (]

Thus putting together Propositions 7.2 and 7.7 we immediately obtain the following
rather nice splitting of the square [k, k]2:

THEOREM 7.8. For k € N and n = 2k, we have

SHkA) = Y N, AAkAD= D .

AEE4(n) A€O04(n)
The above theorem has an immediate consequence in algebraic combinatorics. We
recall that C, = %_H(Qkk) is the k-th Catalan number, and f(a) = [a](id) is the

number of standard Young tableaux of shape a.
COROLLARY 7.9. Given « a partition, we define

1 if € E4(n)

s(a) =49 -1 ifa€ O4n)
0 otherwise.
We have that
(7.7) Cr= > s(@)f(a)
aeP(2k)
Proof. This follows from Theorem 7.8 by evaluating S?([k, k]) — A%([k, k]) = [k, k]?)
at the identity, since Cy, = f(k, k). O

ExAMPLE 7.10. The fourth Catalan number can be calculated as follows

Cy=14=1+20+14+56+ 14 — 35— 56
= f(ere) + FEFD) + £ED) + FED @) - s - 1D

The splitting of the square [k, k]?> immediately implies the splitting of [k, k — 1]2
by restriction; this splitting is explicitly formulated in the following result.
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THEOREM 7.11. For k € Ny and n = 2k + 1, we let E3O1(n) and E103(n) denote
the sets of partitions \ € Py(n) into three even and one odd parts, and one even and
three odd parts, respectively. Then we have

S(k+1LE)= > [N, A(k+LE)= > [N.

AEE301(n) AEE103(n)

There are some further closely related cases that have nice decompositions. The
decomposition of the Kronecker square [k + 1,k — 1] (which is not multiplicity-free)
into its irreducible constituents can be obtained from the general 2-part formulae, but
is also easily derived from the special formulae for [k, k]? and [k, k][k + 1,k — 1].

For A € Py(n), we denote by d(A) the number of different parts of A; note that
here we are also taking 0 into account, so this may be different from the number rq
of removable boxes.

PROPOSITION 7.12. Let k € N, n = 2k. Let E20%(n) (and E;04(n), respectively)
denote the set of partitions A € Py(n) with two even and two odd parts, where the two
odd parts (the two even parts, respectively) are different (again, 0 is considered as an
even part). Then

k+1,k—172= DN C/CV N VIV N DY S YD
AEE4(n)UO4(n) AEE204(n) AEELO2(n)

Setting 6y = 1 if A has exactly two odd parts, and 05 = 0 otherwise, we can formulate
equivalently:
g((k+1,k—=1),(k+1,k—1),A) =d(\) —1— .

The splitting of the square [k + 1,k — 1]? into its symmetric and alternating part
is given in the following result.

THEOREM 7.13. For k € N, n = 2k, we have

S(k+Lk—1)= > @XN)-DN+ > [

AEE4(n) AEE204(n)
A(k+1k-1)= Y @XM -DN+ > .
AEO4(n) AEELO2(n)

Proof. We want to use the splitting results for [k, k] and [k + 1, k]? in Theorems 7.8
and 7.11, as well as the product formula for [k, k][k + 1, k] in Proposition 7.1(3).
For the restriction of S?([k + 1,k]) to Sax. = S,, we obtain by Theorem 7.11 on the

one hand
S(k+1Lk)s, = > > lwal

HEE301(n+1) AERem(p)
On the other hand, by Lemma 2.3 we have that
S*(k+1,k)dg, = S*([k,k]) + S*([k + 1,k — 1)) + [k, k][k + 1,k — 1].

We know the decomposition of all terms here except for that of S?([k + 1,k — 1]);
thus we can now determine the multiplicities of all constituents of S?([k + 1,k — 1]).
First we note that only constituents A € E4(n) U E302(n) can occur. For A € Ey(n),
we obtain

(S2([k + 1,k —1]), [\) = {(1, A) € E3O1(n+1) x Rem(p) | pa = A} -1 =d()) - L
Now take A € E502(n); let doqqa(A) be the number of different odd parts of A. Then
we obtain

(S2([k + 1,k —1]),[A]) = [{(1, A) € E3O1(n+1)xRem(p) | pia = AH—1 = doaa(A)—1.
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Hence

S+ Lk=1)= > @XN)-DA+ D (doaa(d) — D

AEE4(n) AEE202(n)
= > @M=D+ D
AEE4(n) AEE204(n)

which proves our claim on S?([k+ 1,k —1]). As we already know the decomposition of
[k+1, k—1)? into its constituents, we immediately obtain that also the stated formula
for A%([k + 1,k — 1]) is correct. O

We end the section with some further results on the splitting of squares to arbitrary
2-part partitions.

First we consider the distribution of hooks in the square of characters to arbitrary
2-part partitions; note that only hook partitions of length at most 4 can appear.

PROPOSITION 7.14. Let n € N, A € P(n) with £(\) = 2. Then the hook constituents
appearing in [\? distribute as follows into the symmetric and alternating part.
(1) Forn >3, A= (n—1,1), we have
SQ(A, (n)) =1= Sg()‘7 (n - 17 1))a ag()‘7 (n - 27 12)) =1
(2) Forn =2k and \ = (k,k), we have
Sg()‘7 (n)) = 17 ag(Aa (n - 3) 13)) =1
(3) Form >4, A% (n—1,1),(k, k), we have
Sg()‘a (n)) =1= Sg()‘7 (n - 17 1)a ag()‘7 (n - 27 12)) =1= G,g()\, (n - 37 13))
Proof. By Theorem 5.2 we know that [n] always appears in S?([\]) with multiplic-
ity 1, and [n — 1, 1] appears in S?([\]) with multiplicity 1 if X # (k, k) (and is not a
constituent of [A\]? otherwise).
For (1): this has already been stated in Proposition 5.4.
For (2) and (3): since only (n — 2,12) and (n — 3,1%) need to be considered, both
assertions follow from Propositions 4.2 and 4.3. O
By the general formulae we know the multiplicities of the 2-part constituents in the
square of a character to a 2-part partition; the next result tells us that none of these
2-part constituents appear in the alternating part. For the proof we modify the proof

of the special case contained in [51, Theorem 1.1(a)]; in particular, we also apply the
crucial result proved in [51, Lemma 2.1].

THEOREM 7.15. Let n € N and A, p € P(n) such that (), ¢(pn) < 2. Then we have
ag(A, pu) = 0.

Proof. If £(A\) =1 the result is trivial. So from now on we will assume that £(\) = 2.
For k with 0 < 2k < n we set x; = [n — k, k] and x4 = A%([n — k, k]). The proof of
our assertion is now equivalent to showing that for all 1 << n/2and 0 < k < n/2:

Xk, xi*) = 0.
For 0 < j < n/2, we let m; be the character to the permutation character of the
natural action of S, on j-element subsets of {1,...,n}. By [43] we know that

decomposes as
J
T = E Xk -
k=0

Now for all k < 7, (mj,x{*) = (x&, x{') = 0, hence if we can show that (r;, x{') = 0
for some j, then (xx, xi') = 0 for all k < j.
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We now set out to prove (m;, x;*) = 0 for all [,j such that 1 < 1 < j < n/2 (of
course, j = |n/2| would be sufficient, but the argument does not become easier); this
will then imply (xx,xi') = 0 for all k < n/2. Using x; = m — m_; and the explicit
formula for x;!, this amounts to showing for I < j < n/2:

0= m(9)(m(9)® +m-1(9)* = 2m(g)m_1(g) — m(g®) + m-1(¢%)).
IS

Now, as observed in [51], the character values of the permutation characters on g? can

be rewritten using suitable character values on g. Namely, if 7rl{2} is the permutation
character to the action of S, on unordered pairs of l-element subsets of {1,...,n},
then

2
m(9?) = 27 (g) = m(9)? +2m(g) -
Using this, our rephrased aim now is to show:

0= es, 7(9) (m(9)* = mig)m1(9) = 7 (9) + 72 (9) = ml9) + -1 (9)
This is equivalent to seeing that

I = {(mj, 78 —mm_1 — 7rl{2} + Wl{f]i —m+m_1) =0.

From the decomposition of the 7;’s, we obtain immediately (using 1 <1 < j):

I = <7rj,7r12 — MM — 7Tl{2} +7rl{f]i> —1.

Now we use [51, Lemma 2.1]; this says that for 1 <1 < j < n/2 we have
<7Tj,7T12 — M1 — 771{2} +7Tl{§) =1.
Thus we conclude that I;; = 0 for 1 <1 < j < n/2, and hence our result is proved. [

REMARK 7.16. We note that the analogous question for partitions of width at most 2
(i.e., with largest part at most 2) is much less interesting as all constituents in [A]?,
for A of width at most 2, have length at most 4. Hence width 2 constituents can only
occur for n < 8, and we can answer the question by simple computations. Indeed,
from the results on the constituents to (1) and (2,1"~2), we know when they oc-
cur as constituents in A?([)\]); there are no further exceptional cases. In summary,
ag(\, i) = 0 for A\, i of width at most 2, except for (A, ) being one of ((2,1),(1%)),
((2,12),(2,12)), ((22), (11)), ((22,1), (2,1?)). Note that the second case is the only one
of a width 2 partition A with ag(A, A) > 0; this is [51, Theorem 1.1(b)].

REMARK 7.17. It would be very interesting if one could obtain a complete description
of the S?([\]) and A2([\]) for A € Pa(n).

8. IRREDUCIBLE AND HOMOGENEOUS SYMMETRIC AND ANTISYMMETRIC
PRODUCTS

The proof of the following theorem utilises many of our earlier results, including the
analysis of small depth and hook cases (which in turn depended on our introduction
of 2-modular techniques).

THEOREM 8.1. Any symmetric product S*([\]) for X € P(n) is (reducible and) in-
homogeneous unless X is a linear partition. Any anti-symmetric product A%([\]) for
X\ € P(n) is (reducible and) inhomogeneous unless A = (n), (n — 1,1), (22), or (3?)
(up to conjugation).

We have that A%([n — 1,1]) = [n — 2,12] is drreducible for all n > 3; furthermore
A2((22]) = [14] and A2(3]) = [3,1%].
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Proof. That the listed products have the stated form can be easily checked by hand
for the n = 4 and 6 cases and A%([n —1,1]) = [n —2,1?] follows from Proposition 5.4.
We now turn to the main part of the theorem, verifying that these are the only
homogeneous products. We begin with the symmetric case. Assume that A is a non-
linear partition. For all A € P(n), the trivial partition always labels a constituent of
S2([A]) with multiplicity equal to 1. Thus we need only note that the degree of the
character of the symmetric square is £ (x?(e) + x(e)) > 1 and so there must be some
other, non-isomorphic, constituent as required.

We turn to the harder case of the anti-symmetric Kronecker products. If A € P(n)
and n < 9 we can check the result by hand, and so we now assume that n > 9 and A is
not of the form A = (n—1,1), (22), (32), or a linear partition. If X is a hook partition
then A2%([)\]) contains all constituents of the form (n —m,1™) for m = 2,3 modulo 4
(by Theorem 4.1) and so the result follows. If A € Py(n) and A # (n/2,n/2), then the
result follows from Proposition 7.14(iii) and if A = (n/2,n/2) then the result follows
from Theorem 7.8.

We now consider the case that A = (a?) is a rectangle for some a, b > 2. We already
know that (A2%[(a®)] | [ab — 3,13]) = 1 and so it suffices to show that A%[(a’)] #
[ab—3,13]. To do this, we need only find a conjugacy class on which the characters do
not coincide. We set o = (a+b,1%°=2) if ¢+ bis odd and a = (a+b+1,190—-a7b-1)
if a4+ b is even. Let g € Sy be of cycle type a. Since all parts of o are odd, we have
that x(g) = x(g?) for any character y of S,. All hooks of (a’) are strictly smaller
than a + b and so, by the Murnaghan-Nakayama rule, [(a®)](g) = 0 = [(a®)](¢?) and
this implies that A2[(a’)](g) = 0. On the other hand, 3 < a+b,a+b+1 < ab— 3 and
so [ab—3,1%](g) = [ab— 3 — |a,13] (120~ e} £ 0, again by the Murnaghan-Nakayama
rule. Thus the characters do not agree, as required.

We now assume that A is not of any one of the above forms (so A has at least 2
removable nodes and is not a hook or 2-line partition). We set 71 = |[Rem(A)| > 2,
by assumption. We have that A2?([A]) contains [n — 2,1%] with multiplicity (7}) > 1
by Theorem 5.2. We will show that (A%([A]) | Xnook) > (3) and hence deduce that
AZ%([N]) has another, distinct, hook constituent; the result will then follow. Since \ is
not itself a hook, we can put together Proposition 4.2 and Theorem 5.2 and hence
deduce that

(A%(IA]) | Xnook) =(S*([A]) | Xnook) = 1+ (r1 — 1) + (’"12‘ 1) o

where ... denotes the contribution from hook constituents of depth greater than 2.
Now, we have that

r—1 2r +(r? —=3r +2) P -ri+2  ri-nr e
1 _]. = = =
(1 )+< 2 > 2 >~ 2 2

as required. O

REMARK 8.2.In [30], Malle and Magaard consider the symmetric and alternating
parts of the tensor squares of irreducible modules for the alternating groups in all
characteristics, and they classify when these are irreducible.

9. MULTIPLICITY-FREE SYMMETRIC AND ALTERNATING PARTS

Multiplicity-free Kronecker products have been classified in [4]; fortunately, the clas-
sification of the multiplicity-free Kronecker squares is much easier, and we recall this
here.
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PROPOSITION 9.1.[4, Proposition 4.1] Let A\ be a partition of n. Then [A?* is
multiplicity-free if and only if X is one of the following (up to conjugation):
n n

o, =10, (5] [5)-

Obviously, in the cases arising above, both S2([\]) and A2%([)]) are multiplicity-
free, and we have seen in all cases how the Kronecker square decomposes into the
symmetric and alternating part. In fact we find:

PROPOSITION 9.2. Let n € N.
(1) If A (or its conjugate) is one of the partitions
nl |n
o -1 [2]-12)
then S2([N]) is multiplicity-free.
(2) If X € P(n) is such that S*([\]) is multiplicity-free then X\ (or its conjugate)
is a rectangle or one of the partitions

(n—1,1),0r (k+1,k) with n = 2k + 1.
(3) If X (or its conjugate) is one of the partitions

_ _ _ 912 non
(M), (n=1,1), (n=2.2), =212, (|5]. ]3]
or one of the exceptional partitions (5,3), (3%),

then A2([\]) is multiplicity-free (or zero).
(4) If X € P(n) is such that A%([\]) is multiplicity-free then \ has at most 2
removable nodes.

Proof. Parts (1) and (3): by the comments above and the results in this section,
we have already seen that for (n), (n —1,1),([%],[%]) (and their conjugates) the
Kronecker square is multiplicity-free, and for the partitions (n — 2,2) and (n — 2,12)
(and their conjugates) the alternating part of the square is multiplicity-free. The case
A = (5,3) follows from Theorem 5.5, and the remaining case A = (3%) was checked by
direct computation.

Parts (2) and (4) are an immediate consequence of Theorem 5.2. O

We are now able to classify the situations in which both the symmetric and alter-
nating parts are multiplicity-free:

THEOREM 9.3. Let n € N, A € P(n). Then both S*([\]) and A%([\]) are multiplicity-
free if and only if X (or its conjugate) is one of the partitions

)., =10, (5] [5)

Proof. We already know that for the partitions A listed in the assertion the symmetric
and alternating part of [A\]? are multiplicity-free.

Conversely, we now assume that both parts of [A\]? are multiplicity-free, but that
A is not of one of the listed forms. By Proposition 9.2, we only have to consider
rectangular partitions A of diagonal length at least 3.

Since A is not a hook, the proof of [4, Proposition 4.1] immediately shows that [\]?
has a constituent of multiplicity at least 3, unless possibly (3%) C A. Thus (at least)
one of S?([A]) and A%([\]) has a constituent with multiplicity greater than or equal
to 2.

For \ = (3%), the product [A\]? does not contain any constituent with multiplicity
equal to 3, however we can directly compute (S?([33]), [5,22]) = (([3%])?, [5, 22]) = 2.
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We can now assume that A D (3%) and £(A) > 4. Set A = AN (34); then X = (33, /),
j € {1,2,3}, and in all these cases [\]? has a constituent of multiplicity 3, hence by
the monotonicity of Kronecker coefficients, [A\]? has a constituent of multiplicity at

least 3. O

Computational data lead to the following stronger classification conjecture.

CONJECTURE 9.4. The partitions listed in Proposition 9.2(1) and (3) are all the par-
titions where the symmetric or the alternating part of the square is multiplicity-free.

REMARK 9.5. (1) If the conjecture holds, then a multiplicity-free symmetric part
S2([A]) implies that [A]? is multiplicity-free, while a multiplicity-free alternating part
A%([)\]) implies that the coefficients in [\]? are at most 2.

(2) From Theorem 4.1 we already know that no further hooks can appear in the
classification.

10. SPLITTING THE SQUARE: REFINING THE SAXL CONJECTURE

As we want to discuss refinements of the Saxl conjecture, we first formally recall the
conjecture:

CONJECTURE 10.1. (Saxl’s conjecture.) For any k € N, the Kronecker square [p]?
contains all [A] € Irr(Sy,) as constituents.

As mentioned in the introduction, there is a conjecture (not restricted to trian-
gular numbers) due to Heide, Saxl, Tiep and Zalesski [21], which says that for any
n # 2,4,9 there is some character 1) € Irr(S,,) such that ¥? contains all x € Irr(S,,)
as constituents. The Saxl conjecture suggests a special candidate for triangular num-
bers n. Apart from computational results for (relatively) small k, there are already
many contributions towards this conjecture that confirm that several families of con-
stituents occur in the square (see e.g. [2, 3, 23, 36, 37]).

We have seen above that we may even refine the Saxl conjecture for certain con-
stituents, as we have found the location (or multiplicities) of some constituents in the
symmetric or alternating part, respectively. For example, apart from the constituents
at the extreme ends, we had found in Theorem 3.7 that [py] is a constituent of the
symmetric part of [pz]?.

Of course, we cannot expect that A%([px]) contains all irreducible x € Irr(S,,) as
it does not contain the trivial character. But computational data suggest that while
both characters S2([px]) and A%([px]) do not contain all irreducible characters as
constituents, the number of missing irreducible characters is (perhaps surprisingly)
small.

By Theorem 6.1, S?([px]) does not have [1"] as a constituent when k¥ =2 mod 4.
Also, we know that A?([py]) never contains [n],[n — 1,1] and [n — 2,2], and it does
not contain [1*] when k # 2 mod 4.

Based on computational data we suggest the following strengthening of Saxl’s con-
jecture:

CONJECTURE 10.2. (Refinement of the Saxl Conjecture) The symmetric part
S%([pk]) of the square [py)? contains all irreducible characters [N of S, as constituents,
except for the character [1™] when k =2 mod 4.

The alternating part A%([px]) of the square [pr]? contains almost all irreducible
characters [N of S, as constituents, with the only missing characters being [n], [n—1,1]
and [n — 2,2], and furthermore [1"] when k # 2 mod 4, and in addition 23] when
k=3.
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As stated earlier, Saxl’s conjecture is a refinement in the case of triangular num-
bers n of a more general conjecture due to Heide, Saxl, Tiep and Zalesski [21], which
says that for any n # 2,4,9 there is some A € P(n) such that [A]? contains all
irreducible characters of S,, as constituents.

In fact, the computational data suggest that also this “HSTZ”-conjecture has a
strengthening; remember that [1"] is a constituent of [\]? if and only if A is symmetric,
and then we know its position in S2([\]) or A2%([\]) from Theorem 6.1.

CONJECTURE 10.3. (Refinement of the HSTZ-Conjecture) For anyn > 10 there
is some X\ € P(n) such that the symmetric part S2([\]) of the square [\]? contains all
irreducible characters of S,, as constituents, except possibly for the character [1"].

For any n > 10 there is some u € P(n) such that the alternating part A%([u])
of the square [u]® contains almost all irreducible characters of S, as constituents,
with the only missing characters being [n], [n — 1,1] and [n — 2,2], and furthermore
possibly [1™].

Furthermore, for any n > 10 there is always a symmetric partition A that is optimal
for both S*([\]) and A%([\]) (in the sense above).

Also, for a symmetric partition X that is optimal for A%([\]), i.e., missing out only
the 8 or J stated constituents, the square [N contains all irreducible characters.

We note explicitly that not every symmetric partition A with the property that
[A]? contains all irreducible characters as its constituents is optimal for both S?([\])
and A2([)]). For example, (42,22) is (in the sense above) not optimal for both parts
of its square, but (5,3,2,1?) and (6,2,1%) both are “doubly optimal”.
Acknowledgments. This research was conducted over several enjoyable summers
spent by the second author in Hannover, made possible by funding from the Alexander
von Humboldt Foundation and EPSRC early career grant EP/V00090X /1. The second
author is grateful to Harm Derksen for making available his code for computing (anti-
)symmetric Kronecker coefficients and to Christian Ikenmeyer for teaching him how
to use it. We also thank Mike Zabrocki for providing the outline of an alternative
proof of Theorem B, due to John Stembridge.

REFERENCES

[1] Cristina M. Ballantine and Rosa C. Orellana, A combinatorial interpretation for the coefficients
in the Kronecker product s(,_p ) *sx, Sém. Lothar. Combin. 54A (2005/07), article no. B54Af
(29 pages).

[2] Christine Bessenrodt, Critical classes, Kronecker products of spin characters, and the Sazl
conjecture, Algebr. Comb. 1 (2018), no. 3, 353-369.

[3] Christine Bessenrodt and Christiane Behns, On the Durfee size of Kronecker products of char-
acters of the symmetric group and its double covers, J. Algebra 280 (2004), no. 1, 132-144.

[4] Christine Bessenrodt and Christopher Bowman, Multiplicity-free Kronecker products of charac-
ters of the symmetric groups, Adv. Math. 322 (2017), 473-529.

[5] Christine Bessenrodt and Alexander S. Kleshchev, On Kronecker products of spin characters of
the double covers of the symmetric groups, Pacific J. Math. 198 (2001), no. 2, 295-305.

[6] Jonah Blasiak, Kronecker coefficients for one hook shape, Sém. Lothar. Combin. 77 (2016),
article no. B77c (40 pages).

[7] Chris Bowman and Rowena Paget, The uniqueness of plethystic factorisation, Trans. Amer.
Math. Soc. 373 (2020), no. 3, 1653-1666.

[8] Andrew A. H. Brown, Stephanie van Willigenburg, and Mike Zabrocki, Ezpressions for Catalan
Kronecker products, Pacific J. Math. 248 (2010), no. 1, 31-48.

[9] Peter Birgisser, Matthias Christandl, and Christian Ikenmeyer, Nonvanishing of Kronecker
coefficients for rectangular shapes, Adv. Math. 227 (2011), no. 5, 2082-2091.

[10] Peter Biirgisser, Christian Ikenmeyer, and Jesko Hiittenhain, Permanent versus determinant:
not via saturations, Proc. Amer. Math. Soc. 145 (2017), no. 3, 1247-1258.

[11] Peter Biirgisser, Christian Ikenmeyer, and Greta Panova, No occurrence obstructions in geo-
metric complexity theory, J. Amer. Math. Soc. 32 (2019), no. 1, 163-193.

Algebraic Combinatorics, Vol. 6 #4 (2023) 897



(12]

(13]
14]
(15]
(16]
(17]
(18]
(19]
20]

(21]

[22]
[23]
[24]
[25]
[26]

27]

28]
(29]
(30]
(31]
(32]

(33]
(34]

(35]
(36]
(37]
(38]
(39]

[40]

CHRISTINE BESSENRODT & CHRIS BOWMAN

Peter Biirgisser, J. M. Landsberg, Laurent Manivel, and Jerzy Weyman, An overview of math-
ematical issues arising in the geometric complexity theory approach to VP # VNP, STAM J.
Comput. 40 (2011), no. 4, 1179-1209.

Matthias Christandl, Aram W. Harrow, and Graeme Mitchison, Nonzero Kronecker coefficients
and what they tell us about spectra, Comm. Math. Phys. 270 (2007), no. 3, 575-585.

Matthias Christandl and Graeme Mitchison, The spectra of quantum states and the Kronecker
coefficients of the symmetric group, Comm. Math. Phys. 261 (2006), no. 3, 789-797.

Matthias Christandl, M. Burak Sahinoglu, and Michael Walter, Recoupling coefficients and
quantum entropies, Ann. Henri Poincaré 19 (2018), no. 2, 385-410.

Charles W. Curtis and Irving Reiner, Methods of representation theory. Vol. I, Pure and Applied
Mathematics, John Wiley & Sons, Inc., New York, 1981, With applications to finite groups and
orders.

Yoav Dvir, On the Kronecker product of Sn characters, J. Algebra 154 (1993), no. 1, 125-140.
Walter Feit, Characters of finite groups, W. A. Benjamin, Inc., New York-Amsterdam, 1967.
Adriano Garsia, Nolan Wallach, Guoce Xin, and Mike Zabrocki, Kronecker coefficients via sym-
metric functions and constant term identities, Internat. J. Algebra Comput. 22 (2012), no. 3,
article no. 1250022 (44 pages).

Fulvio Gesmundo, Christian Ikenmeyer, and Greta Panova, Geometric complezity theory and
matriz powering, Differential Geom. Appl. 55 (2017), 106-127.

Gerhard Heide, Jan Saxl, Pham Huu Tiep, and Alexandre E. Zalesski, Conjugacy action, induced
representations and the Steinberg square for simple groups of Lie type, Proc. Lond. Math. Soc.
(3) 106 (2013), no. 4, 908-930.

Bertram Huppert, Character theory of finite groups, De Gruyter Expositions in Mathematics,
vol. 25, Walter de Gruyter & Co., Berlin, 1998.

Christian Ikenmeyer, The Sazl conjecture and the dominance order, Discrete Math. 338 (2015),
no. 11, 1970-1975.

Christian Ikenmeyer and Greta Panova, Rectangular Kronecker coefficients and plethysms in
geometric complexity theory, Adv. Math. 319 (2017), 40-66.

I. Martin Isaacs, Character theory of finite groups, Pure and Applied Mathematics, vol. 69,
Academic Press [Harcourt Brace Jovanovich, Publishers], New York-London, 1976.

G. D. James, The representation theory of the symmetric groups, Lecture Notes in Mathematics,
vol. 682, Springer, Berlin, 1978.

Gordon James and Adalbert Kerber, The representation theory of the symmetric group, Ency-
clopedia of Mathematics and Its Applications, vol. 16, Addison-Wesley Publishing Co., Reading,
Mass., 1981, With a foreword by P. M. Cohn., With an introduction by Gilbert de B. Robinson.
Ricky Ini Liu, A simplified Kronecker rule for one hook shape, Proc. Amer. Math. Soc. 145
(2017), no. 9, 3657-3664.

Kay Magaard, On the irreducibility of alternating powers and symmetric squares, Arch. Math.
(Basel) 63 (1994), no. 3, 211-215.

Kay Magaard and Gunter Malle, Irreducibility of alternating and symmetric squares,
Manuscripta Math. 95 (1998), no. 2, 169-180.

Kay Magaard, Gunter Malle, and Pham Huu Tiep, Irreducibility of tensor squares, symmetric
squares and alternating squares, Pacific J. Math. 202 (2002), no. 2, 379-427.

Laurent Manivel, A note on certain Kronecker coefficients, Proc. Amer. Math. Soc. 138 (2010),
no. 1, 1-7.

, On rectangular Kronecker coefficients, J. Algebraic Combin. 33 (2011), no. 1, 153-162.
Szabolcs Mészaros and Janos Wolosz, Symmetric and exterior squares of hook representations,
2019, https://arxiv.org/abs/1909.07489.

G. Navarro, Characters and blocks of finite groups, London Mathematical Society Lecture Note
Series, vol. 250, Cambridge University Press, Cambridge, 1998.

Igor Pak and Greta Panova, Bounds on certain classes of Kronecker and q-binomial coefficients,
J. Combin. Theory Ser. A 147 (2017), 1-17.

Igor Pak, Greta Panova, and Ernesto Vallejo, Kronecker products, characters, partitions, and
the tensor square conjectures, Adv. Math. 288 (2016), 702-731.

Amitai Regev, Lie superalgebras and some characters of Sp, Israel J. Math. 195 (2013), no. 1,
31-35.

Jeffrey B. Remmel, A formula for the Kronecker products of Schur functions of hook shapes, J.
Algebra 120 (1989), no. 1, 100-118.

Jeffrey B. Remmel and Tamsen Whitehead, On the Kronecker product of Schur functions of
two row shapes, Bull. Belg. Math. Soc. Simon Stevin 1 (1994), no. 5, 649-683.

Algebraic Combinatorics, Vol. 6 #4 (2023) 898


https://arxiv.org/abs/1909.07489

[41]
(42]
[43]
[44]

(45]

[46]
(47]
(48]
(49]
(50]
(51]

(52]

Splitting Kronecker squares

Nicolas Ressayre, Vanishing symmetric Kronecker coefficients, Beitr. Algebra Geom. 61 (2020),
no. 2, 231-246.

Mercedes H. Rosas, The Kronecker product of Schur functions indexed by two-row shapes or
hook shapes, J. Algebraic Combin. 14 (2001), no. 2, 153-173.

Jan Saxl, The complex characters of the symmetric groups that remain irreducible in subgroups,
J. Algebra 111 (1987), no. 1, 210-219.

Jean-Pierre Serre, Linear representations of finite groups, french ed., Graduate Texts in Math-
ematics, vol. 42, Springer-Verlag, New York-Heidelberg, 1977.

Boyan Sirakov, Paulo Ney de Souza, and Marcelo Viana (eds.), Proceedings of the International
Congress of Mathematicians—Rio de Janeiro 2018. Vol. I. Plenary lectures, World Scientific
Publishing Co. Pte. Ltd., Hackensack, NJ, 2018, ICM 2018, August 1-9, 2018.

Richard P. Stanley, Positivity problems and conjectures in algebraic combinatorics, in Mathe-
matics: frontiers and perspectives, Amer. Math. Soc., Providence, RI, 2000, pp. 295-319.

Jay Taylor, A note on skew characters of symmetric groups, Israel J. Math. 221 (2017), no. 1,
435-443.

R. M. Thrall, On symmetrized Kronecker powers and the structure of the free Lie ring, Amer.
J. Math. 64 (1942), 371-388.

Ernesto Vallejo, A diagrammatic approach to Kronecker squares, J. Combin. Theory Ser. A 127
(2014), 243-285.

Peter Webb, A course in finite group representation theory, Cambridge Studies in Advanced
Mathematics, vol. 161, Cambridge University Press, Cambridge, 2016.

Janos Wolosz, Irreducible modules for symmetric groups that are summands of their exterior
square, J. Algebra 518 (2019), 304-320.

Tlan Zisser, The character covering numbers of the alternating groups, J. Algebra 153 (1992),
no. 2, 357-372.

CHRISTINE BESSENRODT

CHRIS BOWMAN, Department of Mathematics, University of York, Heslington, York, YO10 5DD,

United Kingdom
E-mail : chris.bowman-scargill@york.ac.uk

Algebraic Combinatorics, Vol. 6 #4 (2023) 899


mailto:chris.bowman-scargill@york.ac.uk

	1. Introduction
	1.1. Generalising milestones from the classical theory
	1.2. A new Catalan identity
	1.3. Saxl's conjecture
	1.4. Kronecker splitting and 2-modular representation theory
	1.5. Existing literature on symmetric Kronecker coefficients

	2. Preliminaries
	2.1. Partition combinatorics 
	2.2. Representations of symmetric groups
	2.3. Symmetric and anti-symmetric squares of representations

	3. The class functions chi(m) and modular decomposition numbers
	4. Splitting the square: Hooks
	4.1. Splitting squares of hooks
	4.2. Hook constituents

	5. Splitting of Kronecker squares: Small depth
	5.1. Constituents of small depth
	5.2. Squares of small depth characters

	6. Splitting the square: The sign constituent and its neighbour
	7. Splitting the square: 2-part partitions
	8. Irreducible and homogeneous symmetric and antisymmetric products
	9. Multiplicity-free symmetric and alternating parts
	10. Splitting the square: Refining the Saxl Conjecture
	References

