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Abstract

We prove that in the geometric complexity theory program the vanishing of rectangular Kronecker
coefficients cannot be used to prove superpolynomial determinantal complexity lower bounds for the
permanent polynomial.

Moreover, we prove the positivity of rectangular Kronecker coefficients for a large class of partitions
where the side lengths of the rectangle are at least quadratic in the length of the partition. We also
compare rectangular Kronecker coefficients with their corresponding plethysm coefficients, which leads
to a new lower bound for rectangular Kronecker coefficients. Moreover, we prove that the saturation
of the rectangular Kronecker semigroup is trivial, we show that the rectangular Kronecker positivity
stretching factor is 2 for a long first row, and we completely classify the positivity of rectangular limit
Kronecker coefficients that were introduced by Manivel in 2011.
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1 Geometric complexity theory and Kronecker positivity

The flagship problem in algebraic complexity theory is the determinant vs permanent problem, as introduced
by Valiant [Val79a]. For n € N the polynomial

det,, := Z Sgn(ﬂ)Xl,ﬂ'(l) T X’Il,ﬂ'(’ll)
eSS,
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is the well-known determinant polynomial, while for m € N

per,, ‘= Z X171 Xmx(m)

TES,,

is the permanent polynomial, a polynomial of interest in particular in graph theory and physics. From
a complexity theory standpoint the determinant is complete for the complexity class VP, [Val79al [Tod92,
MPO8], while the permanent is complete for VNP [Val79a] and also for #P [Val79b]. By definition we have
VP, C VNP and a major conjecture in algebraic complexity theory related to the famous P # NP conjecture
(see [Coo00]) is the following.

1.1 Conjecture. VP, # VNP.

This conjecture can be phrased independently of the definition of these complexity classes as a question
about expressing permanents as determinants of larger matrices as follows. Valiant showed that for every
polynomial f there exists an integer n € N such that f can be written as a determinant of an n x n
matrix whose entries are affine linear forms in the variables of f. The smallest such number n is called the
determinantal complezity of f, denoted by dc(f). For example,

X 1+ X
det 1 + X2 :X1+(1+X2)(X1_X2)2X1X2_X22+2X1_X2’
X1 — Xy 1

so de(X1 X — X3 +2X; — X3) < 2. Conjecture [Tl can be equivalently stated as follows:
1.2 Conjecture. The sequence de(per,,) grows superpolynomially in m.

Finding lower bounds for de(per,,) is an important research area in algebraic complexity theory, see
for example the recent progress in [MRO04l [CCL10, LMRI13| [HT16, [ABV15] [Yabl5]. Mulmuley and Sohoni
[MSO01l [MS08] proposed an approach to this problem using algebraic geometry and representation theory
and coined the term geometric complexity theory.

1(a) Complexity lower bounds via representation theory

In the following we outline how one can prove lower bounds on dc(per,,) using rectangular Kronecker
coefficients, see (LT below.

A partition X of N, written \ - N, is defined to be a finite nonincreasing sequence of positive integers
A= (A1, A2, ., Agny), where the length £(\) denotes the number of entries in A and 3% A = N. We write
|A] := N. To a partition A\ we associate its Young diagram, which is a top-aligned and left-aligned array of
boxes such that in row ¢ we have \; boxes. Thus for A = N the corresponding Young diagram has NV boxes.
For example, for A = (6,6,3,2,1,1) the associated Young diagram is

[T1]
[ T1]
[ 1]

If we transpose a Young diagram at the main diagonal we obtain another Young diagram, which we call A%.
The row lengths of A! are the column lengths of A. In the example above we have ' = (6,4,3,2,2,2). For
natural numbers n and d let n x d denote the partition (d, d,...,d), i.e, the partition whose Young diagram
is rectangular with n rows and d columns. For two partitions A and u let A + p denote the rowwise sum.
Moreover, for an integer a let aA denote the rowwise scaling by a. For N € N let G denote the symmetric
group on N symbols. For a partition A = N let [\] denote the irreducible & y-representation of type A.
For partitions A, u, v of nd let g(\, u,v) € N denote the Kronecker coefficient, i.e., the multiplicity of the
irreducible &,,4-representation [A] in the tensor product [u] ® [v], where [u] ® [v] is interpreted as an &,,4-
representation via the diagonal embedding &4 — G4 X Spg, ™ — (7, 7). A combinatorial interpretation
of g(A\, p,v) is known only in special cases, see [Las80, Rem89, [Rem92, [RW94, [Ros01l, BOOT, Blal2] [Liul4l
IMW15| [Hay15], and finding a general combinatorial interpretation is problem 10 in Stanley’s list of positivity
problems and conjectures in algebraic combinatorics [Sta00]. In geometric complexity theory the main



interest is focused on rectangular Kronecker coeflicients, i.e., the coefficients g(A\,n x d,n x d). These will
be the main objects of study in this paper, as it was conjectured by Mulmuley and Sohoni [MS08] that
their vanishing behaviour could be used to separate VP4 from VNP. This conjecture spiked interest in these
coefficients and has already led to several publications inspired by geometric complexity theory. Our main
result says that it is impossible to separate VP from VNP in this way.

For a partition A I dn and a vector space V of dimension at least £(\) let {A} denote the irreducible
GL(V)-representation of type X\. The plethysm coefficient ay(d[n]) is the multiplicity of {\} in the GL(V)-
representation Sym?(Sym”(V)), where Sym® denotes the symmetric power, i.e., Sym™(V) can be identified
with the vector space of homogeneous degree n polynomials in dim(V') variables. Analogous to the situation
for the Kronecker coefficient, finding a general combinatorial interpretation for ay(d[n]) is a fundamental
open problem, listed as problem 9 in [Sta00].

Not much is known about the third quantity we use, which is specialized to the permanent. For fixed n
and m, n > m, let per}, := (X11)" Mper,, € Sym" C" denote the padded permanent polynomial (this is
not the standard definition found in the literature, but it gives the same main result, see the appendix [7]).
Let GL,2 per?, denote its orbit and GL,2 per?, its orbit closure (Zariski or Euclidean), which is an affine
subvariety of the ambient space Sym” C"". For A b dn let ¢y (d[n]) denote the multiplicity of {A} in the
homogeneous degree d component of the coordinate ring C[GL,,2 per? ]. Since the orbit closure is a subvariety
of the ambient space we have

¢ (dln)) < ax(d[n)). (1.3)

1.4 Theorem (see for example [BLMWTI| eq. (5.2.7)]). If ¢¥*(d[n]) > g(A\,n x d,nxd), then dc(per,,) > n.

Kronecker coefficients are #P-hard to compute as they are generalizations of the well-known Littlewood-
Richardson coefficients [Nar06]. But the positivity of Littlewood-Richardson coefficients can be decided
in polynomial time [DLMO06, MNS12], even by a combinatorial max-flow algorithm [BI13]. Even though
deciding positivity of Kronecker coefficients is NP-hard in general, see [[IMWT15], the same paper provides
evidence that the rectangular Kronecker coeflicient case is significantly simpler. Thus to implement Thm. [[4]
[MS08] proposed to focus on the positivity of representation theoretic multiplicities in order to use the weaker
statement

If ¢¥'(d[n]) > 0 = g(\,n x d,n x d), then de(per,,) > n (1.5)

to prove lower bounds, see also [Lan15, Sec. 6.6] and [Biir15, Problem 3.13], where this approach is explained.
The results in [BCI11bl BHI1S, [Kumi5| already indicate that vanishing of g(\,n X d,n X d) might be rare.
In IMW15] sequences of partition triples (A, u, ) are constructed that satisfy g(\, p, 1) = 0. Unfortunately
1 has not the necessary rectangular shape. Indeed, our main result Thm. completely rules out the
possibility that (L5 could be used to prove superpolynomial lower bounds on de(per,,).

1.6 Theorem (Main Theorem). Let n > 3m*, A+ nd. If g(A\,n x d,n x d) =0, then ¢{*(d[n]) = 0.

Thm. holds in higher generality: In the proof of Thm. we do not use any specific property of the
permanent other than it is a family of polynomials whose degree and number of variables is polynomially
bounded in m. For all these families of polynomials no superpolynomial lower bounds on the determinantal
complexity can be shown using the vanishing of g(A,n x d,n x d).

To use (LH) it is required by (L3]) that

ax(d[n]) > 0=g(A\,n xd,n xd). (1.7)

An example is A = (13,13,2,2,2,2,2) and d = 12, n = 3, where we have a)(d[n]) =1 > 0= g(\,nxd,nxd),
see [Ikel2, Appendix].

We remark that—inspired by our paper—the very recent paper [BIP16] generalizes Thm. by showing
¢¥(d[n]) = 0 even if we only require that A does not occur in the coordinate ring C[GL,2 det,,] of orbit
closure of the determinant (although they require a much larger n in terms of m). That disproves a stronger
conjecture by Mulmuley and Sohoni. While our paper uses representation theory to prove the main result,
[BIP16] uses a more geometric approach. We discuss more similarities and differences to the proof in [BIP16]
at the end of this section, after explaining the proof idea for Thm.

A natural generalization of our main theorem would be to consider symmetric rectangular Kronecker
coefficients instead of just g(A,n x d,n x d), because those are the multiplicities in the coordinate ring of



the orbit GL,,2 det,,. Our proof does not immediately work for those coefficients as they lack the important
transposition symmetry, but an equivalent no-go result for these coefficients follows directly from [BIP16].

For a partition A\ we write A to denote A with its first row removed, so |\ + A1 = |A|. Vice versa, for
a partition p and N > p; we write p(N) := (N — |p|, p) to denote the partition p with an additional new
first row containing N — |p| boxes. The following theorem gives a very strong restriction on the shape of the
partitions A that we have to consider.

1.8 Theorem ([KL14]). If ¢*(d[n]) > 0, then |A| < md and ¢(\) < m?.

We sometimes write A; > d(n — m) instead of |A\| < md.
The main ingredients for the proof of Thm. are the following Corollary [[L9 and Thm.

1.9 Corollary (Degree lower bound). If [A| < md with ax(d[n]) > g(A\,n x d,n x d), then d > L.

Corollary [ is proved in Section 2
Note that if n > 3m* and d > =, then d > 3m?3.

1.10 Theorem (Kronecker positivity). Let 2 be the set of the following 6 exceptional partitions.
2 ={(1),(2x1),(4x1),(6x1),(2,1),(3,1)}.

Letd e N, ne N, A\ dn.

(a) If \ € 27, then ax(d[n]) = 0.

(b) If X ¢ X and there exists m > 3 such that {(\) < m?, [N\ < md, d > 3m?, and n > 3m?*, then
gA,nxdmnxd) >0.

Thm. [ I0is proved in Sectiondl The proof cuts the partition X into smaller pieces in several significantly
different ways and makes heavy use of the following three properties:

e The semigroup property: If for 6 partitions A, u,v, N, u’,v/ of N we have that g(\, p,v) > 0 and
g\, ', V") > 0, then also g(A+ N, u+ p/,v+ ') > 0, where we interpret partitions as integer vectors
in order to define the sum of two partitions.

e The transposition property: g(\, u,v) = g(\, pt, vt) = g\, b, v) = g(AL, p, vt).
e The square positivity: For all positive k we have g(k X k, k x k, k x k) > 0.

The first property is easy to see if we interpret g(\, u,v) as the dimension of the (A, u,v)-highest weight
vector space in the coordinate ring of V.® V ® V. Here the acting group is GL(V) x GL(V) x GL(V) and
the semigroup property follows from multiplying highest weight vectors. The second and third property
follow from the character theory of the symmetric group. While the second property is immediate, the
third property (in [BB04]) requires reduction to the alternating group and specific properties of characters
of symmetric partitions, later generalized in [PPV16] and further in [PP14a].

Proof of Thm.[I.6l The proof is now straightforward. Let n > 3m* and A - nd such that g(\,nxd, nxd) = 0.
If [A| > md or £(\) > m?, then ¢{*(d[n]) = 0 by Thm. [[8 and we are done. Thus we assume from now
on that [A| < md and ¢(\) < m?. If d < Z, then by Cor. 1.6 we have ax(d[n]) < g(A\,n x d,n x d) = 0.
By ([L3) it follows ¢¥*(d[n]) = 0 and we are done. Thus we also assume from now that d > Z > 3m3,
From g(A\,n x d,n x d) = 0 we conclude with Thm. [LI0(b) that A € 2. But Thm. [[I0(a) implies that
ax(d[n]) = 0, which by (L3) implies ¢¥*(d[n]) = 0 and we are done. O

1(b) Consequences for geometric complexity theory

Algebraic geometry and representation theory guarantee that if (X 1)" ™per,, ¢ GL,2 det,, then there
exists a homogeneous polynomial P in an irreducible representation {A} C Sym®(Sym™C"") such that
P vanishes on GL,2 det,, and P((X;1)" ™per,,) # 0. One suggestive way of finding these P was (LH).
Although Thm.[L6lrules out this possibility, there are several ways in which these P could still be found. One
such way, namely finding irreducible GL,2-representations in the coordinate ring C[GL,2(X1,1)" ™per,,]




that do not occur in the coordinate ring C[GL,,2 det,] has been proved impossible [BIP16]. Not much is
known if we study the actual multiplicities of irreducible GL,2-representations in the coordinate rings.

We remark that the overall proof structure in [BIP16] closely mimics the proof structure of our Thm.
[KL14] is used to prove a degree lower bound and then an analog to Thm. is proved, also by cutting
the partition A into smaller pieces. The details and the methods used in [BIP16] are very different from our
paper though.

1(c) Positivity results for Kronecker coefficients

In Section @ we prove the rectangular Kronecker positivity for a large class of partitions: If the side lengths
of the rectangles are at least quadratic in the partition length we have positivity, see Theorem 7] for the
precise statement. More exact Kronecker positivity results are given in Section

Combinatorial conjectures like the Saxl conjecture [PPV16l Tkel5l [LS15] are also concerned with the
positivity of Kronecker coefficients.

In Section Bl we we prove that the saturation of the rectangular Kronecker semigroup is trivial, we show
that the rectangular Kronecker positivity stretching factor is 2 for a long first row, and we completely classify
the positivity of rectangular limit Kronecker coefficients.
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2 Proof of the degree lower bound

In this section we prove the degree lower bound Cor.[[L9l The main ingredients are Manivel’s result about
limit rectangular Kronecker coefficients (Section [2(a)) and Valiant’s insights about finite determinantal

complexity (Section |2 (b)]).

2 (a) Stable rectangular Kronecker coefficients

The main contribution to the specific limits of Kronecker coefficients that we are interested in in this paper
comes from Manivel.

2.1 Theorem ([Manlll Thm. 1]). Fiz a partition p. The function g(p(nd),n x d,n x d) is symmetric and
nondecreasing in n and d. If n > |p| we have that g(p(nd),n x d,n x d) = a,(d), where a,(d) denotes the

dimension of the SLg invariant space (SP(S(271d72)Cd))SLd, where S, and S5 14-2y denote Schur functors.

2.2 Remark. Since g(p(nd),n x d,n x d) is symmetric in n and d, if both d > |p| and n > |p|, then
g(p(nd),n x d,n x d) = a, and a, depends only on p. [

The pairs (n,d) for which the Kronecker coefficient g(p(nd),n x d,n x d) reaches its maximum form the
stable range St(p), a monotone subset of Z?:

St(p) :={(n,d) | g(p(nd),n x d,n x d) = a,}.
Analogously, the 1-stable range is defined as
St'(p) := {(n,d) | g(p(nd),n x d,n x d) = a,(d)}.

2.3 Example. The following tables show the Kronecker coefficients g(p(nd),n x d,n x d) for p = (6),
p=1(21,1,1,1,1),and p = (3,1,1,1,1), from left to right.
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2 (b) Complexity lower bounds literally too good to be true: inequality of
multiplicities and degree lower bound

In this section we prove Corollary [[.9] by using the finiteness of 2the determinantal complexity.

Define the finite dimensional vector space V,, := Sym"™ C™  of homogeneous degree m polynomials in
m? variables X711, X1.2,..., Xm.m. For n > m and f € V,, let ft € V,, denote the product (X1,1)"™f.
Let

e ={gfir | g€ Gl,z, fE€VL}CV,

denote the variety of padded polynomials. We define o}*(d[n]) to be the multiplicity of the irreducible GL,,2-
representation {A} in the coordinate ring C[I'7]. In the notation from Section we have ¢}"(d[n]) <
o (d[n]). Since I'}y, C V,, is an affine subvariety, we have 0 < o{*(d[n]) < ax(d[n]), where d := |A|/n. If |\| is
not divisible by n, then 0 = oy’ (d[n]) = ax(d[n]).

2.4 Definition (m-obstruction of quality n). An m-obstruction of quality n is defined to be a partition A
such that |A| = nd for some d € N and g(\,n x d,n x d) < o{*(d[n]).

As the following proposition shows, the existence of an m-obstruction of quality n proves the existence
of an f € V,,, that cannot be written as an n x n determinant.

2.5 Proposition. If there exists an m-obstruction of quality n, then dc(f) > n for some f € V,,.

Proof. By the algebraic Peter-Weyl theorem [BLMWIIl eq. (5.2.7)] it follows: multy(C[GL,:2 det,]) <
g(A,n x d,n x d). Since an m-obstruction of quality n exists, it follows that

multy (C[GL,,2 det,]) < o¥*(d[n]). (%)

Assume for the sake of contradiction that dc(f) < n for all f € V,,. This implies that I'}', C GL,,2 det,,
as an affine subvariety. The restriction of functions is a GL,2 equivariant surjection between the homo-
geneous degree d parts of the coordinate rings: C|[GL,2 det,]q — C[I'™]q. By Schur’s lemma it follows
multy (C[GL,2 det,]) > multy(C[I'7,]) = o%*(d[n]), which is a contradiction to (x). O

2.6 Proposition ([KL14]). (a) Given A nd, if |\| > dm, then of*(d[n]) = 0.
(b) Given At md, we have oY, ;, 4., (d[n]) = ax(d[m]).

Proof. Part (a) is the first part of [KL14, Thm 1.3]. Part (b) follows from the proof of the second part of
[KL14, Thm 1.3]: From a highest weight vector P of weight A - md in Sym?(V},) they construct a highest
weight vector P of weight A 4 (d(n — m)) F nd in Sym®(V;,) such that the evaluations P(f) = P (f%")
coincide. Take a basis P, ..., Py, (4jm)) of the highest weight vector space of weight A in Symd(Vm) and take
general points fi,..., fo, (am)) from Vp,. Then the evaluation matrix (B ( fj)) has full rank.

1<4,j<ax(d[m])
Thus (Pf"( ff")) has full rank, which implies the statement. O

1<i,j<ax(d[m])

Let dcmax(m) denote the maximum max{dc(f) | f € Vin}. The following lemma shows that dcmax(m) is
a well-defined finite number.



2.7 Lemma. Fiz m € N. There is a number demax(m) € N such that for all f € V,,, we have de(f) <
demax(m).

Proof. From [Val79a] it follows that if f has r monomials, then de(f) < rm. In particular, since every
f € Vi, has at most (m“:j*l) monomials, it follows that Vf € V,,, : de(f) < (ermzfl)m. O

m

2.8 Proposition (Inequality of Multiplicities). Fiz p, and let (n,d) € St*(p), which is true in particular if
n > |p|. Let A = p(nd). Then g(A,n x d,n x d) > ax(d[n]).

Interestingly the proof of this purely representation theoretic statement uses the finiteness of the deter-
minantal complexity.

Proof of Prop. [Z.8. Assume the contrary, i.e., there exists a p and (m,d) € St*(p) with g(p(md), m x d,m x
d) < ay(may(d[m]). Since (m, d) € St'(p), the Kronecker coefficient g(p(nd),n x d,n x d) is the same for all
(n,d) with n > m. Thus we have g(p(nd),n x d,n x d) < a,ma)(d[m]) for all n with n > m. By Prop.2.6(b)
we have o7, (d[n]) > ay(may(d[m]) for all n > m. This implies p(nd) is an m-obstruction of quality n for
all n > m. By Prop. there exist functions f, € V,, such that dc(f,) > n for every n > m. In particular
we have dc(fac,,..(m)) > dCmax(m), in contradiction to Lem. 2.7l O

Proof of Corollary [L4 The proof is now immediate. By assumption we have |IA| < md. By Prop. 2.8 we
have (n,d) & St' (), so [A| > n. Thus dm > || > n and therefore d > 2. O

3 Kronecker positivity: A simplified version

In this section we prepare the reader for the combinatorially intricate arguments to come in the proof of
Thm. [[T0 This section is a purely didactical one. We prove a weaker statement (Thm. [BT]) than Thm. .10
in the following sense. The bound we obtain is weaker and we exclude column lengths 2, 3, 5, and 7 from A,
which are the column lengths that cause most of the technical issues. The paper is self-contained without
this section Bl Neither Thm. [3I] nor its proof are referenced later. On the contrary, to prove Thm. B.1] we
use two positivity results (Lem. and Cor. [L3) that will be proved in section [l

3.1 Theorem. Let m >3 and let n > m® and d > m®. Let A F nd with || < md and ¢(\) < m?2. If X has
no column of length 2, 8, 5, or 7, then g(A\,n x d,n x d) > 0.

Let (i,17) denote the hook partition of i + j with j + 1 boxes in the first column.

3.2 Lemma. Letm >3 andd > m?. Let1 < j<m?, j¢{1,2,4,6}. Then g((dm?*—j,19),dxm? dxm?) >
0.

Proof. This follows from Cor. LB because m* — 6 > m?. O
Together with Lem. we now have all the building blocks to prove Thm. [311

Proof of Thm.[31. We forget about the first row of A and treat each column length k € {2,..., m2} in A
separately. For the ease of notation let k := k — 1. For each k let ¢, be the number of columns of length k&
in \. We divide ¢, by k, formally ¢, = zpk + rx with rp < k. The partition A decomposes as follows:

m2 m2
A= xk(Exk)+Zrk(Ex1).
k=2 k=2

Note that by assumption on A both sums exclude the four values & € {2,3,5,7}. We now group together the
(k x k) rectangles into groups of roughly %, so that the result is roughly of size k x d. Formally we define
sk := |d/k] and divide zy = hgsy + ¢ with ¢ < si. Now A decomposes as follows:

2 2 2

A= hk(/%XkSk)-i-Z(fkatk)-i-Zm(/%X 1).
k=2 k=2 k=2



We prove Kronecker positivity for the summands separately. For the leftmost sum, g((k x ksy)(dk),d x
k,d x k) > 0 by Lem. L2 with a = d. For the middle sum, g((k x ktj)(dk),d x k,d x k) > 0 with the same
argument. For the rightmost sum, g((dm? — k,1%),d x m?,d x m?) > 0 by Lem. According to these
observations we add a new first row to X\. Formally p :=

ihk(/% x ksy)(dk) + i(l’c x kty)(dk) + mZT‘k(ff x 1)(m?d).
k=2 k=2 k=2

Using the semigroup property the above three positivity considerations we show that

g(p,d x i, d x @) > 0, (3.3)

where 7 = 221:22 hik + Z?; k + rpm?. B

We now show 71 < n using very coarse estimates for the sake of simplicity. Since |A] < md we have
zr < md for 2 < k < m?. By definition, s, > L%J > %. Thus hy < 2/s, < md/(d/m3) < m*. Since
re < k < m2 we have that 7 < m?*-m2-m2+m?2 - m2+m3 <m? <n.

Set n' :=n—n > 0. Since both |\| and || are divisible by d we can use the semigroup property and add
the positive Kronecker triple ((n'd),dxn’,dxn') to (33)). Since A = i we conclude g(A\,nxd,nxd) > 0. O

4 Proof of Kronecker positivity

In this section we prove Thm. If \ € 2, a finite calculation reveals a5 = 0. Combining this with
Prop. 2.8 gives ay(d[n]) = 0. Thus we are left to analyze the case \ ¢ 2 .

Given a partition v ¢ 2~ we want to decompose it into smaller partitions and use the semigroup property
to show the positivity of g(v(ab),a x b,a x b). We use the following decomposition theorem to write v as a
sum of partitions that are not in 2 .

4.1 Lemma (Partition decomposition). Given v ¢ 2 let £ := L(v) + 1. We can find ), € N, y; € N,
2 <k </, and a partition € such that

v= p+§+2i:2 zi((k —1) x k) +Zi:2 ye((k — 1) x 2),

with yr < k and where all columns in £ have distinct lengths and no column in £ has length 1, 2, 4, or 6,
and where p is of one of the following shapes:

(1) p has only columns of length 1, 2, 4, 6, all column lengths are distinct, and p ¢ Z .
(2) p=(ix1)+n, where i ¢ {1,2,4,6},i<L—1, andne Z\{(3,1)}.

(8) p=(i x2)+mn, wherei e {2,4,6} andn € Z \{(3,1)}.

(4) p = (4) +n, where n € 2\ {(3,1)}.

(5) pe{(3,1,1,1,1,1),(3,1,1,1),(3), (4,1)}.

Proof. We start by treating each k independently. Let ¢, denote the number of columns of length k — 1 in
v. In a greedy manner cut off from v as many rectangles of size (k — 1) x k as possible. Formally, we divide
ek = x).k + 7, with 7, < k. We are left with a (k — 1) x 7}, rectangle. We now join (if possible) one of the
(k — 1) x k rectangles with the (k — 1) x 7, rectangle: If z) > 1, define 7, := r} + k and x}, ==z} — 1. If
x}, = 0, define ry, := r}, and z) := x},. We obtain a (k — 1) x i rectangle and call it Ri. Note that r, < 2k.

Cut off from Ry, rectangle as many rectangles of size (k—1) x 2 as possible. Formally, define yj, := |ry/2],
S0 yr < k as required in the claim. After cutting we are left with either the empty partition or a column
(k—1) x 1. In the former case (i.e., 1y is even) define by, := 0, otherwise by := 1.

Looking at all k together we define two remainder partitions p == >, |, 44bk((k — 1) x 1) and

§:= Zkfle[l,efl]\{l,QA,G} bi((k —1) x 1). Clearly

v=p+E+ Y s an((k—1) x k) + Yo yr((k — 1) x 2),



as required in the statement of the claim. Moreover, £ has the correct shape. Clearly p has only columns of
length 1, 2, 4, 6 and all column lengths are distinct. If p ¢ 27, then we are done by property (1).

The rest of the proof is devoted to the case where p € Z°. We will use that if y, = 0, then v has at most
1 column of length k£ — 1, by definition of Rg. Note that p # (3,1), because no two columns in p have the
same length. If v has a column of length ¢ different from 1, 2, 4, 6, then such a column appears in ¢ or we
have that y;11 > 0 and £ has no column of length ¢. If it appears in &, then we remove it from ¢ and add it
to p and we are done by property (2). If it does not appear in £ but y; 41 > 0, then we decrease y;11 by 1
and add a column of length ¢ to both £ and p, so that we are done by property (2).

So from now on we assume that v only has columns of length 1, 2, 4, or 6 (and thus z; = 0 for all
k¢ {2,3,57}).

If y;+1 > 0 for some i € {2,4,6}, then we can decrease y;+1 by 1 and set p + p+ (i X 2), so we are done
by property (3).

Thus from now on we assume y; 11 = 0 for all ¢ € {2,4,6}. Note that y, corresponds to the columns of
length 1 in v. If yo > 2, then we can decrease ys by 2 and set p < p + (4), so we are done by property (4).

At this point the possible shapes of v are quite limited: c¢;y1 = 0 for all ¢ ¢ {1,2,4,6}, ¢;41 < 1 for
i€{2,4,6}, c2 <3.

If yo = 0, then v = p by construction, which is impossible because v ¢ 2 and p € 2.

Recall p € Z°\{(3,1)}. fyo =1, then v =p+ (2),s0v € {(3,1,1,1,1,1),(3,1,1,1),(3,1), (3), (4, 1) }.
Since v ¢ 2 it follows v € {(3,1,1,1,1,1),(3,1,1,1),(3),(4,1)}. Now we set y2 < 0 and p + v and we are
done by property (5). O

All summands in the partition decomposition will yield a positive rectangular Kronecker coefficient, but
we will need to group large blocks of (k — 1) x k rectangles. This is done with the following lemma.

4.2 Lemma. Let p= (k x (ks)) and a > ks, then g(k x (ks) + (k(a — ks)),a x k,a x k) > 0.

Proof. For all k we have g(k X k,k x k,k x k) > 0 as shown in [BB04]. By the semigroup property we can
add these square triples s times and obtain g(k x (ks),k x (ks),k x (ks)) > 0. Let (k(a — ks)) denote the
single row partition of k(a — ks). Clearly g((k(a — ks)),k x (a — ks), k x (a — ks)) > 0. Adding these two
triples with the semigroup property we get g(k x (ks) + (k(a — ks)), k x a,k x a) > 0. Finally, transposing
the last two partitions we obtain the statement. o

The following proposition will be used to prove positivity for building blocks of partitions like hooks and
fat hooks. Here, for a set S and a number x we denote by  — S the set {x —y |y € S}.

4.3 Proposition. Let p be a partition of length £ or p = () with £ = 0, and denote by V¥ := kx1+p fork >/
and let R, = |p| + p1 + 1. Suppose that there exists an integer a > max(y/R, + € + 3,% —1,6) and subsets
H),H? C [max((,1),2a+ 1] such that g(vk(a?),a x a,a x a) >0 for all k € [¢,a® — R,]\ (H) U (a® - Hg))
Then for every b > a we have that g(v*(b?),b x b,bx b) > 0 for all k € [{,b> — R,] \ (H; ub? - HPQ))

Note that R, is the size of the partition obtained from p by adding a shortest possible top row and one
extra box at the top left corner, so that the largest possible column we can add is h? — R, to still have a
valid partition.

Proof. The proof is by induction on b and repeated application of the semigroup property. We have that
the statement is true for b = a by the given condition. Assume that the statement holds for b = ¢ for some
¢, we show that it holds for b = ¢+ 1. We do this by showing the following claim which helps us extend
from positivity for b = c to b = ¢ + 1. Let P. := {k : g(v*(c?),c x ¢,c x ¢) > 0} be the set of values
of k for which the Kronecker coefficient is positive. The inductive step is equivalent to the statement: if
[0, = R,)\ (H} U (c* — H?)) C P, then [(,(c+ 1) — R,]\ (H} U ((c+1)? — H?)) C Pey1.

Claim: Suppose that k € P, then k,k+2c+ 1€ P.y1.



Proof of claim: To show that k € P.,1 we apply the semigroup property by successively adding triples
((x),x x 1,2 x 1) for = ¢ and then 2 = ¢+ 1 and transposing the rectangles. Let ¢ := ¢+ 1.

k(.2

0 < gk (), excexe)<gWh(®) + (), cxéexeE)
= gk () + (¢),éx ¢,Ex¢)
< g () +(c) +EExEEx Q)
= gWr(@),ex & Exe).

Next, to show that k + 2c+ 1 € P.,1 we first transpose v*(c?) and one of the squares, apply the argument
from above to it, and then transpose again:

0 < g(*(),exeexe)=g((W*(@),exeexe)
< g((WF(A)' + (¢),e x Eex @)
= g(("()' + (e),éx e, e xc)
< g((WP(E) + (2c+1),Ex &,E % &)
= g2t @) Ex ¢ x &). |

The claim implies that P. U (2¢+ 1+ P.) C Pey1.

Now we apply the claim to our sets. By hypothesis, we have that S, := [(, >~ R,]\(H} U (¢? — H2)) C P..

Suppose that S.y1 ¢ P.y1, so there exists a k € S.11, such that k € P.,1. By the claim, we must then
have that both k ¢ P. and k— (2¢+1) ¢ P,.. Since S, C P, this means that k, k — (2c—|— 1) e ( 00, ()UH} U
(> = H2)U[¢* = Ry + 1,+00). Translating the sets by 2c + 1 and observing that ¢® + (2¢+ 1) = (¢ + 1)
and using that k € [¢, (c+ 1)> — R,)] already, we must have that

ke (HyU(—H)U[*>=R,+1,(c+1)*~R,)) (4.4)
N ([0, 2¢+1+0 U (2c+1+H)) U ((c+1)*—H?))

=:1

We now consider the intersection of the first 3 sets above with I and show that it is contained in
H)U((c+1)>=H;). If H) =0 or H} =0, so by definition ¢* — H} = (¢ + 1)*> — H} = () as well, then the
intersections considered below involving such sets are trivially empty. We thus set min () = co and max( =0
for the arguments below to apply universally. Since ¢ > a > 7 we have that min(c?> — H?) = ¢? — max Hﬁ >
?—2a—-1>2c+1+2a+1>max(2c+1+¢, max(2c+1—|—H1)), and also max(c* — H7) < ¢ -1 <
(c+1)> = (2c+1) < min((c+ 1)> — HZ). Thus (> — H})) NI = (Z) so it doesn’t contribute to the overall
intersection. Since ¢ > a > /R, +{ + 3, we have - R,+1> - (a— 3)2 + £+ 1> 2¢c+ 2a + 2, where
the last inequality is equivalent to the obvious (¢ —1)?2 (a —1)2+2a—10+¢ > 0 since (c—1)2 > (a —1)?
and 2a — 10 > 0. Thus ¢ — R, + 1 >max(2c—|—1—|—H1) and also ¢ — R, +1>2c+2a+2>2c+ 1+,
and so [¢?—R,+1,(c+1)*~R ] NI C ((c+1)>—H?). Putting all of this together equation [#4) becomes

€ (HyU(—H)U[*—R,+1,(c+1)*~R,]) NI =
(HynHU((=H)NI)U([¢>—R,+1,(c+1)*~R,] N 1)
CHyUQU ((c+1)*—H))

and we see that k ¢ Si41, in contradiction to k € Sgy1. Thus the assumption is wrong and we conclude
Scq1 C Pey1, so the induction is complete. O

Let 17 denote the rectangular partition j x 1. Let (i,17) denote the hook partition of 7 + j with i boxes
in the first row and j + 1 boxes in the first column. So (k — j,17) has k boxes. The next corollary says that
most hooks have positive rectangular Kronecker coefficient.

4.5 Corollary. Let w > h > 7, then g((hw — j,17),h x w,h x w) > 0 for all j € [0,h? — 1]\ {1,2,4,6,h* —
2,h% —3,h2 — 5,k — T}.
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Proof. We apply Prop. @3 with p =0, a =7, R, =1 and H; =1{1,2,4,6} and Hﬁ = {2,3,5,7}. The values
at a = 7 are readily verified by direct computation. Then we have for all b > 7 that g((b*—j, 17),bxb,bxb) > 0
for j € [0,6> — 1]\ (H} U (b> — H?)). Let h = b and use the semigroup property once to add the positive
triple ((h(w — h)),h X (w — h),h x (w — h)) in order to obtain the statement. O

Let (i, 17 + p) denote the partition that results from p by first adding an additional column with j boxes
and then adding a top row with i boxes. The next corollary treats the positivity of hooks that are not
covered by Cor.

4.6 Corollary. Fiz w > h > 7. We have that g(A\,h x w,h x w) > 0 for all A = (hw — j — |p|, 19 + p) with
p# 0 and |p| <6 for all j € [1,h? — R,], where R, = |p| + p1 + 1, except in the following cases: (i) p = (1)
with j =2 or j = h? —4; (ii) p = (2) with j =2; (i) p= (1?) and j =1 or j = h* = 5; (iv) p = (2,1) and
j=1.

Proof. For all values of j < 6 we have finitely many partitions 17 := 17 + p of length at most 6 and width
at most 7, for which we verify computationally the statement with h = w = 7 and then by the semigroup
property deduce it for A = 7 (hw), h x w, h x w with h,w > 7.

Now assume that j > 6, so that j > ¢(p) and then j falls into the conditions of Prop. 3l which
we now apply with the following values for p, R,, H}, H}. We have that £(p),p1 < 6 and R, + {(p) =
lpl +p1+L(p) +1 < |p|+ |p| +2 < 14,50 T > /R, + £(p) + 3, so we can apply Proposition I3 with initial
condition a = 7, which is verified computationally for the following sets H, and H.

(i) When p = (1) then R, = 3, H) = {2} and H = {4}, we obtain g((h* —=1—4,2,177"), hx h,h x h) >0
for j € [1,h? — R,) \ {2,h? — 4}.

(ii) When p = (2) then R, =5, H) = {2} and H? = 0.

(iii) When p = (1%) then R, =4, H) = ) and H} = {5}. Note that here we apply Proposition 3] for
j > £(p) = 2, whereas the exceptional j = 1 was already treated in the computational verification.

(iv) When p = (2,1) and j > 2, then we apply Proposition B3 with Hy = H? = (), and the case j = 1
was excluded computationally.

For all other p with j > ((p), set H) = H? =0 and R, = |p| + p1 + 1. The cases j < £(p) were already
treated computationally.

Last, we add the positive triple (h(w — h),h x (w —h),h x (w—h)) to (h* —j — |p|, 17 +p),h x h,h x h
to obtain the statement. O

Now we are ready to prove the main positivity theorem.

4.7 Theorem. Let v ¢ 2 and £ = maz({(v) +1,9), a > 3¢3/2, b > 3¢% and |v| < ab/6. Then g(v(ab),a x
ba x b) > 0.

Proof. For the ease of notation let k := k — 1 and ¢ := £ — 1. We decompose v (Lem. EI) into v =
p+ &+ Zi:z wp(k x k) + Zi:z yr(k x 2). If we encounter a block of s, := |a/k| many k x k rectangles,
then we group it to a large k x aj, rectangle, where aj, := ks, which is a rounded down to the next multiple
of k. Formally, we divide xj by s to obtain zy = hgsg + tx, where t < si. So we write

v o= p4+E4+ 30 hi(k x ag)
o tk(k x k) + o yr(k x 2).

We will treat these 5 summands independently. -
Using Lem. with s = s (recall ap, = ksi) we see that g((k X ag)(ak),a x k,a x k) > 0. Using the
semigroup property for the hy summands we get

g((k x (aphp))(hrak),a x (khy),a x (khg)) > 0. (4.8)
Using Lem. again, this time with s = t; we see that

g((k x (kty))(ak),a x k,a x k) > 0. (4.9)
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Using Corollary [0 twice with the semigroup property (in the case k ¢ {2,3,5,7}) or using Corollary 6]
we see that g((k x 2)(2hw h><2w h><2w) >0forall h,w>7, h>VE+T7, w>Vk+7

Choose h = w := max([1/¢(v) + 8], 7) to obtain g((k x 2)(2w?), w x 2w, w x 2w) > 0 for all2 < k < {(v).
Using the semigroup property yk tlmes we get g((k x (2ux))(2w?yr), w x (2ypw),w x (2yxw)) > 0 and hence
by transposition: g((k x (2yx))(2w?yr), (2yrw) x w, (2yrw) x w) > 0. Since yx < k < £(v) + 1, we have that
a > 3032 > 20(v)\/l(v) + 8 > 2ypw we have g((k x (2yx))(aw),a x w,a x w) > 0. The semigroup property
gives

9((Shea (b x (251))) (awd), (4.10)
a x (wl),a x (wl)) > 0.

The columns of ¢ are all distinct and not of length 1, 2, 4, 6. Thus we can use Corollary E.5 to
obtain g((k x 1)(w?),w x w,w x w) > 0. Since £ has at most f — 1 columns the semigroup property gives
g(&(w?l),w x (wl),w x (wf)) > 0. Transposition gives g(£(w?f), (wl) x w, (wl) x w) > 0. Since a > wl we
have

g(&(aw),a x w,a x w) > 0. (4.11)

For p we make the case distinction from Lemma A1l In cases (1), (3), (4), and (5) a finite calculation
shows that g(p(49),7 x 7,7 x 7) > 0. In case (2) we invoke Cor. L6 to see that g(p(wa),a x w,a X w) > 0.
In both cases we have

g(p(wa),a x w,a x w) > 0). (4.12)

Using the semigroup property on equations ([@.8)), (£9), (@I0), (III), and (EI2) we obtain
gw(aM),ax M,ax M) >0

where M = Zi 9 khk—l—Zi:Q k+w(f—1)42w. We want to show that M < b. Note that hy, < 2= = 3ot <
okl < Y ker/(a—£) = (jv| +wn)/(a—0).

Ck

k(a/k )~ a—k =
M = St kb + s k+w(—1)+ 2w
< M—l—é(ﬁ—l—l)ﬁ—l—l—wﬁ—l—w
< W p41)24wl+w+1
ab 3 8/9 552
< —+U+1
= 3(a—e) ) < e
56,2
< —+—+=<hb.
- 8+ 4
For the last lines we observe that 1 — ¢/a > 1 — \/ > 8/9, and also that w < VZ+7+1 < £ and
(6+ 1) < 5/4¢2 for £ > 9. O

Proof of Thm. [L10. 1If A € 2, a finite calculation reveals ay = 0. Combining this with Prop. 2.8 gives
ax(dn]) = 0. If X ¢ 2, we invoke Thm. 7 with v = X\, £ = m? a = d, and b = n. Note that
b>3m* =302, and a > 3m? = 3¢3/2 and A <md = aVl < ab/6. O

5 Further positivity results: limit coefficients, stretching factor,
and semigroup saturation

In the rest of the appendix we prove the positivity of rectangular Kronecker coefficients for a large class
of partitions where the side lengths of the rectangle are at least quadratic in the length of the partition.
Moreover, we prove that the saturation of the rectangular Kronecker semigroup is trivial, we show that the
rectangular Kronecker positivity stretching factor is 2 for a long first row, and we completely classify the
positivity of rectangular limit Kronecker coefficients that were introduced by Manivel in 2011.
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5(a) Classification of vanishing limit rectangular Kronecker coefficients

Recall the definition 2" = {(1),(2 x 1), (4 x 1), (6 x 1),(2,1),(3,1)} from Thm. Using Thm. we
get a complete classification of all cases in which a, = 0.

5.1 Corollary. a, =0 iff pe Z.

Proof. Given p ¢ %, a, > 0 can be seen by choosing large d and n and applying Thm. [[.T0l For p € &2,
a, = 0 is a small finite calculation. O

5(b) Double and triple column hooks

Here we study Kronecker coefficients for partitions A = i* and the Kronecker coefficients g(\(ab), a x b, a x b)
when ¢ = 2 and 7 = 3. In the case of i = 1 these were exactly the hooks which were already classified. By
that classification and the semigroup property it is readily seen that since A\ = i(1%), for k # 1,2,4,6,d? —
7,a®—5,a%—3,a% — 2 we have g(A(ab),a x b,a x b) > 0 for b large enough. We now prove that this positivity
holds in fact for all k € [0,a? — 1] when i > 1.

5.2 Proposition. Leti > 1. For anym > 7 and k € [0,m? — 1] we have that g(i(m? —k, 1¥),m x (im), m x
(md)) > 0.

Proof. First, note that proposition follows from the hook positivity as long as k # 1,2,4,6,m? — 7,m? —
5,m? —3,m? — 2. In the case when k = 1,2,4,6 finite calculations for i = 2,3 and m = 7 give positive
values. For i > 4 we have that ¢ = 2i; + 3is for some 41,72 > 0, and then we apply the semigroup property
for 41 many double hooks plus iz many triple hooks. By that argument, we can always assume that ¢ < 3.
So we can assume that k € {m? —7,m? —5,m? — 3,m? — 2}, i.e. r:=m? —k —1 € [0, 6] is finite.
Let pila,b] == ((k +1)%,1") = ((ab — r)?,1"") be its transpose partition. Note that p‘[m,m| = (i(m —
k,1%))t, so by transposing one of the rectangles the statement to prove is equivalent to showing that

g(u'Im,m], (im) x m,m x (im)) > 0.

This will follow from the following claim applied when a = b = m:
Claim: We have that for all a,b> 6, r <7 and i € [2, 3]

g(u'la,b], (ia) x b,a x (bi)) > 0.

We prove this claim by induction on (a,b), with initial condition computationally verified for (a,b) = (7,7)
for the given finite set of values for ¢ and r. Suppose that the claim holds for some values a = ag,b =
bo > 7, i.e. we have g(u[ao,bo], (iag) X bo,ag X (boi)) > 0. Consider the triple (a,b) = (ag,bp + 1). Since
g((iap), (ad), (ah)) > 0 after transposing the first two partitions and rearranging them we also have that
g(ab, 190 490)) > 0. Add this triple to u‘[ag,bo], (iag) x by, ao x (boi), applying the semigroup property, we
have that

0< g(ui[ao, bo] + aé, (iao) X bo + 1ia0, apg X (bol) + iao)
= 9(((aobo — )" + a, 1), (iao) x (bo + 1), a0 x (boi + 7))
= g(((ao(bo + 1) — )", 1), (iag) x (bo + 1), a0 x (bo + 1)i).

=ptlao,bo+1]

This show that the claim holds for (ag, by + 1) as well. By the symmetry between a and b, we also have the
statement for (ag + 1,bp), so by induction the claim holds for all (a,b), s.t. a,b > 7.
Applying the claim with a = b = m completes the proof.
O
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5(c) Stretching factor 2

In [BCI11a] it is shown that there exists a stretching factor ¢ € N such that g(i),d x (in),d x (in)) > 0. It
is easy to see that the stretching factor i is sometimes larger than 2: For example take n = 6, d = 1 and
p=5x1,then \:=p(nd) =6 x1and g(6 x 2,6 x 2,6 x 2) =0, but g(6 x 3,6 x 3,6 x 3) =1 > 0, so here
the stretching factor is 3. For a long first row the next corollary shows that the stretching factor is always 1
or 2.

5.3 Corollary. Fiz m > 7. Let p be a partition with £(p) < m? in which every row is of even length. Then
ay(m) > 0.

Proof. Cut p columnwise and group pairs of columns of the same length k so that you get partitions (k x 2).
By Prop. B2 we have a;x2)(m) > 0. Using the semigroup property we get the result. O

5(d) Trivial saturation of the rectangular Kronecker semigroup

In [BHI15] the semigroup of partitions with positive plethysm coefficent is studied. In analogy we study
here the semigroup of partitions with positive rectangular Kronecker coefficient. For fixed d the partitions
A where d divides |\| and where g(A\,d x (JA|/d),d x (|]A|/d)) > 0 form a semigroup S; under addition.
Interpreting these partitions as integer vectors, the real cone Cy spanned by them coincides with the simplex
{z € R | 21 > 29 > -+ > 242}, which is shown in [BCI11b]. The group G4 generated by Sy is defined as
the set of all differences {\ — | A, u € Sq}. The saturation of Sy is defined as the intersection G4NCy. The
following corollary shows that the saturation of Sy is as large as possible.

5.4 Corollary. Let d > 7. The group G4 contains all partitions \ for which d divides |)|.

Proof. By Prop.[B2lfor all 0 < k < m? we have (k x 3)(3m?) € S; and (k x 2)(2m?) € S4. Subtracting these

we obtain (m? — k,k x 1) € G4. For 1 <k < m? we subtract (m? —k + 1, (k — 1) x 1) from (m? — k, k x 1)

to obtain vgy1 := (—1,0,...,0,1,0,...,0) € G4, where the 1 is at position k + 1. Given a partition A we
2

define v := 3"}, \yvi, and obtain a vector that coincides with A in every entry but the first: v; = —|A|.
We calculate A = p+ 5 - (d,0,...,0) with j = |A|/d. Since d divides |A| it follows that j is an integer. Since
(d,0,...,0) € Sg we have A\=pu+j-(d,0,...,0) € Gq. O

6 Exact results for Kronecker coefficients

Here we provide a complete classification of triples A, a,b with A — hook or two-column partition, for which
the Kronecker coefficient g(\,a X b,a x b) is positive and in the course of the proof give certain stronger
quantitative relationships between these coefficients.

6.1 Theorem (Hook positivity). Assume that n > d. Let d > 7. We then have that g((nd — k,1%),d x
n,dxn)>0ke(0,d—1]\{1,2,4,6,d>—7,d*> —5,d> — 3,d* — 2} and is 0 for all other values of k.
For d < 6 we have that g((nd — k,1%),d x n,d x n) = 0 if k > d?> — 1 or in the following cases:
d= Values of k < d? — 1, for which gx(d,n) = 0:

6 {1,2,4,6,13,22,29,31, 33,34}
5 {1,2,4,6,11,13,18,20, 22,23}
4 {1,2,4,6,9,11,13,14}
3 {1,2,4,6,7}
2 {1,2}
Moreover, we have that g((nd — k,1%),d x n,d x n) > g((nd — k+2,1¥=2),d x n,d x n) for k < d*/2 and
the coefficients form a symmetric sequence in k=0,...,d> — 1.

6.2 Remark. It is immediate to characterize the triples for which the Kronecker coefficient is 1.

6.3 Corollary. Fizd > 6 and let p be a partition with m; columns of length i. Then g(p(nd),dxn,dxn) > 0
ifm; #1 fori=1,2,4,6 and m; =0 for i =d?> —7.d> —5,d*> — 3,d*> — 2.
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Proof. Direct computation shows that g(((62 — 3i),43),6 x 6,6 x 6) > 0 for i = 1,2,4,6, so by the semigroup
property we have g(nd — 3i,i3),d x n,d x n) > 0 for all d,n > 6. Since every m; > 2 is either even, or
3+ 2a;, we have that (i) is an even partition or is the sum of (i) + (i2%). By the semigroup property for
Kronecker coefficients then we must have g((nd —im;,i™),dxn,dxn) > 0 for all m; > 2 when i =1,2,4,6.
By Theorem for any m; for the remaining values of i > d? — 1.

Since p =) _,(¢™"), the statement follows by the Kronecker semigroup property. O

Here we give the proof of Theorem [G.1]
In order to prove this theorem, we will derive a simple formula for these Kronecker coefficients, following
the approaches set in [Blal2, Liul4, [PP14b]. For brevity we set gp(d,n) = g((nd — k,1%),d x n,d x n).

6.4 Proposition. We have that the Kronecker coefficients g((nd — k,1%),d x n,d x n) are equal to the
number of partitions of k into distinct parts from {3,5,...,2d — 1}, where without loss of generality by the
symmetry of the Kronecker coefficients we assume d < n. In other words, we have the following generating
function identity:

nd—1 d .
Z gk (d, n)qk = H(l + q2z_1).
k=0 i=2

Proof. Let sy denote the Schur function indexed by a partition A and let * denote the Kronecker product
on the ring of symmetric functions, i.e. given by

Sx %8y, = Zg(/\,,u, V)Sy.

For the sake of self-containment we repeat some calculations appearing in [Blal2, [Liul4l [PP14b].
We invoke Littlewood’s identity, stating that

Sx * (sa8p) = Z 05‘77(59 * Sa)(Sr % 88).
O-lal, 78]

In the case when o = (1¥) and 8 = (nd — k) we have that sg * s;x = s¢/ and s, * $,q_r = 5., where ¢’ is
the transposed (conjugate) partition of 6. Observe that sixspa—k = S(na—k,1%) + S(nd—k+41,15-1). Rewriting
the above identity in this case leads to

SA ¥ S(nd—k,1k) —+ S * S(nd—k+1,15-1) = Z CQ\TSQIST.
Ok, 7Hnd—k
Take inner product with s, on both sides. Observe that the left-hand side gives two Kronecker coefficients
and on the right side we have (s, sgrs-) = ¢}, by the Littlewood-Richardson rule, so

g\, (nd — k,1%)) 4+ g\, p, (nd — k +1,1871)) = Z CprChy . (6.5)
Ok, 7Fnd—k
Note that when k = 0 we have that g(A, u, (nd)) = 1 if A = p and 0 otherwise, and the above identity
holds assuming that the term with (nd — k + 1,1%71) is 0 when k < 1.

Let A = u = (d x n). As it is not hard to see by the Littlewood-Richardson rule in this case (see e.g.

[PP14D]), we have that
(dxn) 1 ifd+vy441—i=nforalli=1,...,d
c = .

Sl 0 otherwise

In other words, the rectangular Littlewood-Richardson coefficient are equal to 1 only when the partitions o
and v complement each other inside the rectangle. This is also easy to see from the fact that Cé\v = (Sx/5,57)
and in the case of A = d x n, the skew shape, rotated 180° is a straight shape, so the corresponding Schur
function should be the same as ss to give nonzero inner product.

Applying these observation to equation (65) when A\ = u = d x n, we see that the summands on the
right-hand side will be nonzero if and only if § and 6’ are both the complement of 7 in the d x n rectangle,
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so 6 =60 and 0 C d x n. Since in this case the product of the Littelwood-Richardson coefficients is just 1,
the right-hand side is the number of such partitions 6, i.e.

gr(d,n) + gr_1(d,n) = #{0|0F k0 =0',0 C d x n} (6.6)

where gi(d,n) = g((nd — k,1%),d x n,d x n) and we set g_1(d,n) = 0, and gx(d,n) = 0 for all k£ > nd so
the above identity holds for all k.

It is a classical result in combinatorics that self-conjugate partitions are in direct bijection with partitions
into distinct odd parts, via 8 — (2607 —1,2(02 —1) —1,...). The condition § C d X n in this case is equivalent
to 01 < min(d,n) = d. Thus we can rewrite identity (6.0) as the following generating function identity

[e'S) d

> (9r(dn) + gr-1(dn))g* = [T +¢*71). (6.7)

k=0 i=1
Let G(q) = Y pe gr(d,n)g", then after an index shift the identity implies

d
G(q) +qGlg) = [JA+ 7).

i=1

Dividing both sides by (1 + ¢) we obtain the generating function for the hook Kronecker coefficients as
desired.
O

We invoke the following result from [PP14b] which extends a result in [AlmS85].

6.8 Proposition. Let b; := g;(d,n) + gi—1(d,n), i.e.

d d?
[Ta+¢=> bi¢.
i=1 §=0
Then, for all d > 27, the sequence (bag, . ..,bgz_og) s symmetric and strictly unimodal.

Here strict unimodality means b; > b;—1 for all 26 < ¢ < d—; and b; > b; 1 for ¢ > d;.

Proof of Theorem[61l Let d > 27. Since b; = g;(d,n) + ¢g;—1(d,n), we have that b; > b;_; is equivalent to
gi(d,n) > gi—2(d,n) for i > 26. No term (1 + ¢*~!) for i > 13 can contribute to the coefficient of ¢* for
k < 26, so we have that the terms in G(g) of order < 26 are equal to the corresponding terms in

13
H(l—f—qzi_l):O(q27)+6*q26+6*q25+6*q24+5*q23+4*q22+4*q21+4*q20+3*q19+3*q18
i=2

+2*q17+3*q16+2*q15+2*q14+q13+2*q12+q11+q10+q9+q8+q7+q5+q3+1

So we see that gx(d,n) > 0 for k € [0,26] \ {1,2,4,6}. By the inequality gx(d,n) > gr—2(d,n) for the
values of k > 26, and the positivity for k = 24,25 we obtain the positivity of all other gx(d,n)’s.

Now let d < 26. In this case the generating function G(g) can be computed explicitly summarized in the
following table:

d= Values of k < d? — 1, for which gx(d,n) = 0:
7....,26 (1,2,4,6,d2 — 7,d% — 5,d® — 3,d> — 2}

6 {1,2,4,6,13,22,29, 31, 33, 34)

5 {1,2,4,6,11, 13,18, 20, 22, 23}

1 {1,2,4,6,9,11,13,14)

3 {1,2,4,6,7}

2 (1,2}
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While the rectangles so far have been the same, we observe that in most cases when A = (a®) and u = (%)
are two different rectangles and v = (n — k, k) is a two-row, then the Kronecker coefficients is almost always
0.

6.9 Proposition. Let A = (a®) and p = (c?), where ab=cd = N and a # c. Then
g()\v My (N - ku k)) = 07

for every k # N/2 and
900 i (N/2,N/2)) = 1
if (d—0b)|d and is 0 otherwise.

Proof. Using Littlewood’s identity for 7 = (k) and 6 = (N — k) , since sy * S = So and sy_j * g = s, we
have that
Sx * (SpSn—k) = Z ciﬁclﬂs,y.
yEn,akk,fFn—k

As in [PP14b)], the Jacobi-Trudi identity for a two row gives
Sy = SkSN—k — Sk—1SN—k+1

and combining with with the previous identity we have

A A
g\ p,v) = Z CapChp — Z CapChp-
atk,BFn—k atk—1,8-N—k+1

We now consider when cgﬁcgﬁ # 0. Tt is easy to see, and has been elaborated in [PP14b], cl(;;) = 1if
and only if 3 is the complement of a within (a’), and is 0 otherwise. In other words, 3; = a — a1 for
i=1,...,b. At the same time, we need c((f;) #0and so 3; = ¢— ag41—¢. Assume that b < d, so a > ¢. Since
a, B C (a®) N (c?) = (¥), we have o, 3; = 0 for j > b. So aj = ¢ for j < d — b.Together, the constraints for
B give aj — ajyg—p = a—cforalli=1,... d. This now determines a uniquely as a(g_p)it; = ¢ — (a—c)i
for 1 < j<d-—bandi>0. Since, further, og = 0 and so ap = a — ¢, we must have (d — b)|d and (a — c)|c.
Under these conditions it is easy to see that a = 3, so that k = (ab)/2 = (¢d)/2 and then g(\, p,v) =1. O

By transposing the two row partition and one of the rectangles above we reach the following.

6.10 Corollary. Let n # d and p = (2%,1"972%) be a two-column partition of size nd. If k = nd/2 and
(d —mn)|d, then g(2"¥2,n x d,n x d) = 1, otherwise g(p,n x d,n x d) = 0.

7 Appendix: padding with the first variable

n—m

Let E,, denote the space of n? x n? matrices. In the literature sometimes (X, ,,) per,, is called the padded
permanent instead of (X1,1)" ™per,,. We present now a simple interpolation argument that shows that it
does not matter much which notion we use. Clearly if X}}7 ™ per,, € Ey,det,, then also X' "'per,, € E,det,
by setting X,, , < X1,1. The following claim proves the other direction.

7.1 Claim. There exists a function N = N(n) that is polynomially bounded in n such that if Xi'; "per,, €
E,det,,, then then XJ]\\,’;vmperm € Endety.

Proof. Let det,, have skew circuits of size g(n) with g(n) polynomially bounded in n. Let X', ™per,, €
E,det,,. Then there exists a size q(n) skew circuit computing X{'; "per,,. The polynomial per,,, is multilinear
and we collect terms that involve X ; using the notation per,, = X1 1P + @, where X;; does not appear
in P or Q. Setting X11 « 1 in X{';"per,, we obtain Ry := P + @ and setting X11 < 2 we obtain
Ry :=2n"mH1p L on=m(Q) We see that P = —Qn%m(Q"_le —R) and Q = W%m@"_m"’lRl — Ry), which
gives size 2¢(n)+3 skew circuits for P and Q. Thus we get a size N := 2(2¢(n)+3)+2 = 4¢q(n)+8 skew circuit
for per,,, = X1 1P+ Q. Homogenizing with X,y as the padding variable we see vavjvmperm € Endety. O
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List of notations

g(\, 1, v)  Kronecker coefficient: Multiplicity of [A] in [p] ® [v]

ax(d[n])  plethysm coefficient: Multiplicity of {\} in Sym?(Sym" V)

¢v(d[n])  multiplicity of {A\} in C[GL,,2 per? ]

oy (d[n])  multiplicity of {\} in C[I'},], where I'?, is the variety of padded polynomials
|l number of boxes in the Young diagram of A

A A with its first row removed

A(N) (N = AL A)

ap(d) 9(p(nd),n x d,n x d) for n > |p|

a, g(p(nd),n x d,n x d) for n,d > |p|

[1, 4] {1,2,...,¢}
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