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Abstract

A code algebra A¢ is a non-associative commutative algebra defined
via a binary linear code C'. We study certain idempotents in code
algebras, which we call small idempotents, that are determined by a
single non-zero codeword. For a general code C, we show that small
idempotents are primitive and semisimple and we calculate their fusion
table. If C is a projective code generated by a conjugacy class of
codewords, we show that A¢ is generated by small idempotents and
so is, in fact, an axial algebra. Furthermore, we classify when the
fusion table is Zy-graded. In doing so, we exhibit an infinite family of
Zo X Zo-graded axial algebras - these are the first known examples of
axial algebras with more than a Zs-grading.

1 Introduction

Both code algebras and axial algebras provide a way of axiomatising im-
portant features of vertex operator algebras (VOAs). These were first con-
sidered by physicists in connection with 2D conformal field theory, but also
later by mathematicians. The most famous example is the Moonshine VOA
V%, which has the Monster simple sporadic group as its automorphism group
and was instrumental in Borcherd’s proof of monstrous moonshine.

Code algebras are a new class of commutative non-associative algebras
introduced in [I]. They are an axiomatisation of code VOAs, a class of VOAs
where the representation theory is governed by two linear codes. Moreover,
in every framed VOA V, such as V!, there exists a unique code sub VOA
W and V is a simple current extension of W [5].
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Given a binary linear code C of length n, a code algebra Ac(a,b,c) is a
commutative non-associative algebra over a field F of characteristic 0 with
basis

t; 1=1,....n
e aecC":=C\{a,a%

where a, b and c are structure constants in F that determine the products
ti-e®, e*-ef and e - e®, respectively. Roughly speaking, the ¢; represent the
support of the code, the e® represent the codewords and the multiplication
reflects this. For further details see Definition

In this paper, we explore when code algebras are also axial algebras and
classify when these have a particularly symmetric multiplicative structure,
namely that the fusion table is Zs-graded. Azial algebras are a new class of
commutative non-associative algebras introduced by Hall, Rehren and Sh-
pectorov in [2]. The class includes several interesting algebras, in particular,
subalgebras of the Greiss algebra, Majorana algebras, Jordan algebras and
Matsuo algebras. The defining feature of an azxial algebra is that it is gener-
ated by F-axes. These are primitive semisimple idempotents which satisfy
the fusion rules F. More explicitly, the adjoint action of a on the algebra
decomposes it into a direct sum of eigenspaces

A=p A,

AEF

where A) is the A-eigenspace, A; is 1-dimensional and elements of the
eigenspaces multiply according to the fusion rules F (see Definition 23] for
details).

To show that a code algebra A¢ is an axial algebra, we must identify
enough idempotents to generate the algebra and show that they are all
primitive, semisimple and, in particular, satisfy the same fusion rules F.
One way to find idempotents is to use the s-map construction introduced in
[T, Proposition 5.2].

Given a linear subcode D of C and a vector v € F3

s(D,v) == A Z ti+p Z(—l)(a’”)ea

tesupp(D) aeD

is an idempotent of Ac, where A and pu satisfy a linear and quadratic equa-
tion respectively (see Proposition [2.7). In particular, when D = {0, a}, for
some « € C*, the s-map construction gives us two idempotents, which we
call small idempotents:

e4 = Mg + pe®

where t, = Zz’esupp(a) -



In [I], the eigenvalues, eigenvectors and fusion rules were calculated for
the small idempotents in the case where C'is a constant weight code, that is
all non-constant codewords have the same weight. In this paper, we remove
this restriction. We show that the resulting eigenvalues are 1, 0, A\, A — %
and %, for p = (m,|a] — m) that correspond to partitions of the weight
of a. We give explicit vectors which form a basis of each eigenspace (see
Table 2]). In particular, the 1-eigenspace is 1-dimensional and the algebra
decomposes as a sum of eigenspaces, so e4 is a primitive semisimple idem-
potent. Furthermore, we calculate its fusion table F, as given in Table Bl
This allows us to prove the following theorem.

Theorem 1. Let C be a projective code and o € C such that the set
S :={ou,...,q} of conjugates of a under the action of Aut(C) generates
C. Then, the non-degenerate code algebra Ac(a,b,c) is an azial algebra
generated by the small idempotents corresponding to the codewords in S.

We actually show a more general version of this theorem where we allow
a wider choice of structure constants; this is Theorem [5.Il For some codes
C and special values of the structure constants, the fusion table may have
a Zo-grading. If this is the case, for each axis a, we get a decomposition
A= AT ® A~. Moreover, we may then define an algebra automorphism 7,
given by the linear extension of

v ifvoe AT
v =
—v ifve A

The group generated by the set of all 7,, for each axis a, is called the
Miyamoto group. Hence, such graded fusion tables are of particular interest.
For the code axial algebras given by Theorem [T, we classify when their fusion
table is Zs-graded.

Theorem 2. Let Ac be a code algebra satisfying the assumptions of The-
orem [ Then the fusion table of the small idempotents is Zo-graded if and

only if
1. la| =1, C =F%, where n=3, orn=1,2 and a = —1.

2. |la| =2, and C = @ C; is the direct sum of even weight codes of length
m > 3.

3. |a| > 2, and D := proj,(C) has a codimension one linear subcode D"
which is the union of weight sets of D and 1 € D™ .
In this case, we have

AT =414 0 A Ay 1® EB Ay(im,\a\—m
mewt(Dt)

A = &b A, gt =m)

mewt(D)—wt(D1)



The explicit code algebras and fusion rules obtained in cases 1 and 2 are
given in Sections 5.1l and 5.2, respectively. Moreover, for some special values
of structure constants in case 2, we get an infinite family of Zs x Zo-graded
axial algebras. These are the first known examples of axial algebras with
more than a Zs-grading.

The structure of the paper is as follows. In Section 2] we introduce code
algebras and axial algebras and review all the relevant preliminary results
we will need. The eigenvalues and eigenvectors of small idempotents are
calculated in Section [B] hence showing that small idempotents are primitive
and semisimple. Section M deals with their fusion table. In Section Bl we
prove Theorem [I] and give some examples of code algebras which are axial
algebras. In particular, we do the examples where |a| is 1, or 2, which are
Zo-graded, and also the Zy x Zo-graded example. The classification of when
the fusion table is Zo-graded is completed in Section [Gl

We would like to thank the Mexican Academy of Sciences for a grant
under the Newton Fund/CONACYT for a visit of the second author to the
first author in Guadalajara where the majority of this work was done.

2 Background

We begin by reviewing some facts about codes and fixing notation, before
giving the definition and some brief details about axial and code algebras.

2.1 Binary linear codes

Let IF9 be the field with two elements. Recall that a rank k binary linear code
C of length n is a k-dimensional subspace of F3. For any a = (g, ..., ay) €
4, denote its support by

supp(a) :={i=1,...,n:a; =1},

and its Hamming weight by |a| := |supp(«)|. The support of the code C
itself is defined to be supp(C) := [J,ccsupp(a) and the set of weights of
the codewords in C'is denoted wt(C') := {|a| : « € C}.

A weight set of C' is the set

Wy(C)={acC:|a| =w}

of all codewords in C' of weight w.

Two codes C and D are similar if there exists g € S, such that CY = D,
where .S), acts naturally on C' by permuting the coordinates of the codewords.
We define the automorphism group of C' as Aut(C) :={g € S, : C9 = C}.

We write C* for the non-constant codewords in C'; that is, all codewords
which are not 0 := (0,...,0) or 1:=(1,...,1). If 1 € C, then every a € C



has a complement, denoted by af := 1 + a. Conversely, if some a € C has
a complement, then 1 € C and every codeword in C' has a complement.

A generating matriz for a rank k, length n binary linear code C is a
k x m matrix M whose rows are a basis of C. Note that two codes C' and
D are similar if a generating matrix for C' is permutationally similar to a
generating matrix for D.

Given two codes C' and D, the direct sum C @ D is the binary linear
code whose generating matrix is given by the block diagonal matrix where
the two blocks are the generating matrices of C' and D. A code is called
indecomposable if it is not similar to the direct sum of two non-trivial binary
linear codes.

The dual code C* of C is the set of all v € F} such that (v,C) = 0,
where (+,-) is the usual inner product.

Definition 2.1. A binary linear code C'is projective if the minimum weight
of a codeword in C is at least three.

Let M be a generating matrix for C. Note that C* has a codeword of
weight 1 if and only if M has a column equal to zero, and C* has a codeword
of weight 2 if and only if two columns of M are equal. Thus, C' is projective
if and only if M has no column equal to zero and its columns are pairwise
distinct.

Lemma 2.2. Let C be a binary linear code. Then C' is projective if and
only if for alli € 1,...,n, there exists a set of codewords S such that

{i} = [ supp(e)

a€S

Proof. Suppose that the above property holds. Then, for all ¢, there exists
a codeword a € C with o; = 1 and hence C* has no codewords of weight
1. Moreover, for all ¢ # j, there exists a € C such that o; # ;. Hence, ct
has no codeword of weight 2 and C' is projective.

Conversely, suppose that the above property does not hold for some
i =1,...,n. Either there does not exist a codeword in C supported on 1,
and hence C contains a codeword of weight one, or there exists i # j such
that for every codeword o € C, o; = «j, and hence C* has a codeword of
weight two. In any case, C' is not projective. U

Let S be a subset of {1,...,n} and denote by projg : C' — F;_ls‘ the
usual projection map. Then, the projection projg(C) is a binary linear code.
Note that it is the same as the code formed by puncturing the code at all
places in S¢. For o € C, we write proj, for projg,pp(a)- By considering the
generating matrices, it is easy to see that, if C is a projective code, then
projg(C) is also a projective code.



2.2 Axial algebras

In this section, we will review the basic definitions related to axial algebras.
For further details, see [2, [3]. Let F be a field not of characteristic two,
F C F a subset, and % : F x F — 27 a symmetric binary operation. We
call the pair (F,«) fusion rules over F.

Let A be a non-associative (i.e. not-necessarily-associative) commutative
algebra over F. For an element a € A, the adjoint endomorphism ad(a) is
defined by ad(a)(v) := av, Vv € A. Let Spec(a) be the set of eigenvalues of
ad(a), and for A\ € Spec(a), let Ay(a) be the A-eigenspace of ad(a). Where
the context is clear, we will write Ay for Ay(a).

Definition 2.3. Let (F,*) be fusion rules over F. An element a € A is an
F-azxis if the following hold:

2

1. a is idempotent (i.e. a® = a),

2. a is semisimple (i.e. the adjoint ad(a) is diagonalisable),
3. a is primitive (i.e. A is the linear span of a),

4. Spec(a) C F and Ay\A, C P A, for all A\, ;1 € Spec(a).

YEAKLL
Definition 2.4. A non-associative commutative algebra is an F-azxial alge-

bra if it is generated by F-axes.

When the fusion rules are clear from context we drop the F and simply
use the term azial algebra. The Monster fusion rules are given by and

1 1

1 1
11 L4

1 1
0 ol 1| &
1 1 1 1
1z 2|bL0 3
1 1 1 1 1
B3| n | L0

Table 1: Monster fusion rules

are exhibited by the 2A-axes in the Griess algebra. A Majorana algebra
is an axial algebra with the Monster fusion rules which also satisfies some
additional axioms (see [4] for details). These kinds of algebra generalise
subalgebras of the Griess algebra.

Definition 2.5. The fusion rules F are G-graded, where G is a finite abelian
group, if there exist a surjective map gr : F — G such that for all A\, u € F
and v € A % p,

gr(v) = gr(Mgr(p)



In particular, it follows that gr(y) = gr(d), for all v,d € Ax pu, A, u € F
and hence gr(\ = p) is well-defined. For g € G, we define

Fi=grl(g) = {Ae F:ar(A) =g}

Let A be an algebra and a € A an F-axis (note that we do not require A to
be an axial algebra). If F is G-graded, then the axis a defines a G-grading
gr, : A — G on A where the g-graded subspace A9 of A is

A9 = B Ax(a)

AEFYI

When F is G-graded we may define some automorphisms of the algebra.
Let G* denote the linear characters of G. That is, the homomorphisms from
G to F*. We define a map o, : G* — Aut(A) by

vag(x) = x(gr(A))v

where v € Ay(a), x € G* and extend linearly. Or equivalently

vage(x) = x(gra(v))v

The subgroup I'm(ay) is called the azial subgroup corresponding to a.

We are particularly interested in Zo-graded fusion rules. In this case, we
identify Zy with the group {+, —} equipped with the usual multiplication
of signs. For example, the Monster fusion rules F are Zo-graded where
Ft={1,0,1} and F~ = {}.

When the fusion rules are Zs-graded and char(F) # 2, then G* =
{x1,x-1}, where x; is the trivial character on G = Zs. Here, the axial
subgroup contains just one non-trivial automorphism, a,(x—1). We write
this as 7, : A — A and call it the Miyamoto involution associated to a. It is
defined by the linear extension of

v ifve At
VT =
—v fveA”

For a set S of F-axes, the group generated by the 7, for a € S is called the
Miyamoto group. When A is an axial algebra and S is the generating set of
axes, we write Miy(A) for the Miyamoto group.

2.3 Code algebras

We define code algebras as non-associative algebras that generalise some
properties of code VOAs.



Definition 2.6. Let C' C F3 be a binary linear code of length n, F a field
of characteristic 0 and A C F be a collection of structure constants

A:={aia bap, cia€F:i=1,...,n,0,6€C"}.
The code algebra Ac(A) is the free commutative algebra over F on the basis
{ti:i=1,...,n}U{e: a € C*},

modulo the relations

ti-t; = 0i

A o e* ifa; =1
@ __

ti-em =190 if a; = 0
bage™™® o p

e . eB _ z ci,ati if = ,8
i€supp(a)
0 if a = p°

We say that a code algebra Ac is mon-degenerate if all the structure
constants in A are non-zero. In this paper, we will always assume code
algebras are non-degenerate. We will call the basis elements ¢; toral elements
and the e™ codewords elements.

A code algebra Ac has some obvious idempotents ¢;. We can also con-
struct additional idempotents using the s-map construction. We say that
a code D has constant weight if all non-constant codewords have the same
weight. That is, all codewords in D* have the same weight. Suppose that
D is a linear subcode of C' of constant weight. The number of ordered ways
of obtaining 5 € D* as an ordered sum of elements of D* is

e =2|D*| — |D|

Proposition 2.7. [1, Proposition 5.2] Suppose that D is a constant weight
subcode of C and the structure constants supported on D* are constant
(a,b,c). Then, for v € FY, there exists an idempotent of the form

S(D,U) = AMp+pu Z (_1)(v,a) ea7
aeD*
with u, A € ¥, if and only if
1 — bep
)\ =
2ad

and p satisfies the equation

3
<b2€2 + 4a20|D*|d—> p? + 2be(ad — Dp+1—2ad =0
m

where d is the weight of the codewords in D* and m := |supp(D)]|.



It is clear that we may always extend the field F so that the quadratic
splits.

Fix a € C*. The subcode spanned by «, D = (a), clearly satisfies the
conditions above and so, by Proposition 27, the following are idempotents

e+ = Aty + pe”,
where

1 A— N2
A= and p? = .
2a, | Ca

Note that these coefficients are real if a,c, > ﬁ We call these small

idempotents. In [I], their eigenvalues, eigenvectors and fusion table were
calculated in the case where C itself was a constant weight code. This

paper generalises those results to an arbitrary code C.

3 Eigenvalues and eigenvectors

In this section, we will calculate the eigenvalues and eigenvectors of a small
idempotent e4, show that they span the whole algebra and therefore that
e+ is semisimple. Throughout this section we will fix & € C* and let e = e
be the small idempotent defined by the s-map. We begin by defining some
notation.

Notation. Throughout the paper, we write statements involving 1 € C, or
the complement a¢ of a codeword a. We do not assume that 1 € C, or
complements exist, just that if they do, then these statements should hold.

Definition 3.1. Given § € C*, we define the weight partition to be the
unordered tuple

p(B) == (lan Bl lan(a+B))
Note that p(8) = p(a + ) = p(B°). Let
Ca(p) :=={F € C"\{a,a"} : p(B) = p}
be the set of all 5 which give the weight partition p. We define
Po = {p(B) : B € C*\ {a,a}}
to be the set of all weight partitions of a.

We make the following assumptions on the structure constants:

a:=a;g for all i € supp(B), € C*
ba,p = oy for all 8,7 € Ca(p),p € Pa
Ca i= Ciq for all i € supp(«)



In order to give the eigenvectors, we first need to define some scalars which
will be their coefficients. For g € C* \ {a, a“}, we define

1 2|a N G
= -2 A
Sanel Aiba,s ( lal )

ol = —&largl T/ Elanp)? +1

Where « is understood, to simplify notation, we will write g := o),
Hi = Hfmm. We observe that {,g depends only on the size of the inter-
section of 8 with «, not on the codeword 5 itself.

Lemma 3.2. Let 8,7y € C*\ {a,a°} such that |a N | = |aNl.
L & =&
2. &la|—jangl = —&ang|, i particular &qyp = pe = —Ep
3. 00 =97
A g\ialf\aﬂﬁl _ _a\j?ﬂﬁl _

, in particular Hiﬂg = Hic = —95:

5. Hi are the two roots of
2 + 26pr —1=0
hence Hf +6° = —2£3 and 0&6’? =-1

6. L =
07 ¥

Proof. By our assumptions on the b structure constants and using the ob-

servation that o N B¢ = aN (a+ B), the first five parts are clear. The sixth

follows from the fifth. O

We define )

v = 1 + pbo g/ (€p)? + 1

which will turn out to be an eigenvalue. We note that 1 is well-defined.
Indeed, by the first two parts of Lemma 3.2} (£5)? is constant for 8 € Cy(p).
So, by our assumptions on b, g and since v} depends only on (55)2, Vs
constant for all 5 € Cy(p).

Let p € P, be a weight partition and § € C,(p). We define

wi = Hieﬁ + TP

which will be an eigenvector for /4.

10



wy Hﬁwi
Proof. By Lemma [3.2] we have
wiﬂi — Hj‘fﬁe‘”ﬁ +é8
= —Hiemrﬁ +éf
= —Gi(—éeﬁ + ey = —Giwi O

Since B and « + [ define the same eigenvector up to scaling, we pick a
subset C/,(p) of Cy(p) such that for every 5 € Cy(p), either 8 € C/,(p), or
a+ p € C.(p), but not both. We may now list the eigenvectors for e and
show that they form a basis for their eigenspaces.

From now on, we assume that the field F over which Ag is defined

contains the roots \/(£g)? + 1, for all § € C* \ {o, a}.

Proposition 3.4. Suppose a # ﬁ, ﬁ The sets of eigenvectors fore = ey

given in Tablel are a basis for their eigenspace. Moreover, e is primitive and
A decomposes as a direct sum of these eigenspaces, hence e is semisimple.

Eigenvalue | Eigenvector
1 e = Aty + pe®
0 ti for i & supp(«)
oot
A tj —ti for k € supp(«), k # j
A — % 2ucaty — e
v wi = 9ieﬁ + et for e C!(p), p € P,

where j € supp(«) is fixed

Table 2: Eigenspaces for small idempotents

This proposition will be proven via the two following lemmas.

Lemma 3.5. The vectors listed in Table [2 are eigenvectors for the given
etgenvalues.

Proof. 1t is clear that e is a 1-eigenvector because it is an idempotent. Ob-
serve that, for i ¢ supp(«),

(Mo +pe®)-t; =0

11



and .
(Mo +pe®)-e* =0
Now, for i, j € supp(«), we have
(Mo + pe®) - (ti — tj) = Xty + pae™ — Atj — pae® = A(t; — t;)
Also,

(Mo + pe®) - (2ucata — €*) = (2A\pca — pca)ta — (Maa| — 2ucqalal)e”
= (A — $)2ucata — (Aala| — 2(A — A)alal)e®
— (0= D2t — (3 — (1 A)e
= (A= })2pcata — (- L)e

Now consider the element ze® + 8 for B € C*\ {a,ac} and some
x € F*. We have:

(Mo + pe?) - (xef + eP) = (Azaglan Bl + ,ubapH_ﬁ)eﬁ
+ (Aaasglan (@ + B)| + pwbg g)e™ ™
= (Azalan B] + ubaﬁ)eﬁ
+ (Aala N (a + B)| + paba,z) e

This element ze® + e*t# is a v-eigenvector, for some v € F, if and only if
we have the following:

v = AzalaN B| + pba s
v=Xala N (a+ B)| + pxby g

Eliminating v, we get a quadratic in z:

A
0=22+—" (lan(a+8)|—|lanB)z—1
M avﬁ

We note that this always has solutions and, by Lemma [3.2] these are
0f = —€5 £/ (€p)% +1
We substitute to find
v=Xalan (a+ P)| + /LbaﬁHi

1
= 2’(1‘(’@‘ - \aﬂﬁ\)
-1 2|a N B )
b, 1— + 241
o ﬁ(a@w( o] ) EVE T
1 Janpg] 1 |ang]

+ ub 241

= 1+ pbapy/(§5)2 +1 =14 O

12



Lemma 3.6. Suppose a # ﬁ Then the eigenvectors listed in Table Bl are
a basis for A.

Proof. Suppose that 1 € C, the proof for 1 ¢ C' is similar. Let B be the set

of eigenvectors listed in Table 2l Counting we have the following:

|C*] -2
2

In order to show that B is linearly independent, we shall write the matrix
M consisting of the elements of B (in a slightly different order to the one
given above and with one element scaled) with respect to the ordered basis

{t;} U{ty : k € supp(e), k # j} U {ea,eac} U {t;: i ¢&supp(a)}
U{e?, P e Clip),p € Pa}

Bl=1+(n—|a|)+1+(a|—1)+1+2-( ) =n+|C* = dim(A)

We have
AA oA 1
1
1 1 ... 1 ~Shea
1 -1
1 -1
1
1
M:
1
B
0+1 1
0% 1

Br
6% 1
0% 1

where the matrix has 0 in all the blank spaces. As Gﬁ =+ 0 and both are
non-zero for all 8 € C!/(p), p € P,, we know that det(M) # 0 if and only
if the determinant of the top left block M’ is nonzero. After using row
operations to simplify the first two rows, we see that

det(M") = pla|(=1)" 1! + gi=Aaf (1)

= lal(=1)" (+ )

13



This is zero if and only if 0 = A + 2u%cq, = A+ 2(A — A%) = A\(3 — 2)\) and

hence A = % which is equivalent to a = ﬁ O

Remark 3.7. We note that a = ﬁ and a = ﬁ, correspond to A = 1 and

A= %, respectively. The first of these implies that 4 = 0 and hence the s
map idempotent just becomes a sum of ¢;. The second would collapse the
A= % eigenspace into the 1-eigenspace. Since we only wish to consider the
case when ey different from the toral idempotents and primitive, from now

on we will rule out these two values for a.

4 The Fusion Table

We now calculate the fusion table F = (F,*) for the small idempotent
e = e4. Since A¢ is commutative, it suffices to calculate just the upper half
of F. Note that we already know the row for 1, as e is primitive and the
values of F are eigenvalues for e.

We restate our previous assumptions, making further assumptions on
the b and ¢ structure constants.

a:=a;g for all i € supp(B), € C*
ba.g = by for all 8,y € Cy(p),p € Py
bac.s = bac for all 8,y € Cy(p),p € Py
¢s = cig for all i € supp(8), 8 € C*

So, the a structure constant is the same for the whole algebra, while the ¢
structure constant depends on the codeword and the b structure constant
for o and ¢ depends on the weight sets.

Recall that we also assume that a # ﬁ, ﬁ

Theorem 4.1. The fusion table for the above small idempotent e is given
in TableBl, where P, = {p1,...pr}

Remark 4.2. Note that entries of the fusion table could sometimes be
replaced by subsets of the entry given due to either some intersection prop-
erties of the code, or special values of some coefficients. Some of these special
cases will be useful for us later. For these we will explicitly give a case anal-
ysis of when the answer can be a subset of the generic answer. Where we
do not carry out such an analysis the answer is labelled as ‘generic’, which
means that answers which are subsets may still be possible.

The theorem will be proved via a series of calculations. Throughout, let
p € P, B € Cy(p).
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1 0 A A — % ! . VA
1 1 A A—3 Vi vk
0 0 ! vk
A A LAA—3 Ve Vi VN Vi
)\_% )\_% 17)\_% A N
Ve I VA VA Vi S Ve Ve Xy N(p1,pr)
vRE L uRE B R P BE PR N (e, p1) Xk

where

N(p,q) := {20 PO g e L (p),y € Cllg),y # Bra+ B, B a+ 5

and X; represents the table

-
ﬁz 1 O )\ A — (p’”pz) 1,0,)\,)\ - %7N(p27p’l)
l/z:Z 1 0, )\ A— (pz,pz) 150’)")‘_ %’N(pl’pl)

Table 3: Fusion table for small idempotents

Calculation of 0« _

The 0-eigenspace has a basis ¢; such that i ¢ supp(a) and also e if 1 € C.
Lemma 4.3. 0x0 = 0. In particular, 0x0 # (.

Proof. We have t;t; = 0;;t; and tie® = ae®”. O
Lemma 4.4. 0x A= ()

Proof. Let ¢ ¢ supp(c) and j, k € supp(a). Then ¢;(¢t; —t;) = 0 and, by our
assumptions on the a structure constants, e®*(t; —t;) = a(e® —e®*) =0. O

Lemma 4.5. 0x \ — % =0
Proof. We have t;(2ucate — ) = 0 and e (2ucqts — ) = 0. O
Lemma 4.6. We have

0urt = {(D if 1¢ C and for all B € Calp),an B =B

Vi otherwise
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Proof. Let i ¢ supp(«). Then i € supp(f) if and only if i € supp(a + f3).

o 0 if i ¢ supp(f
tz(eieﬁ +e +5) — 6 5 wis o ¢ ( )
a(@e’ +e**P) if i € supp(B)

If 1 € C, then we must also consider e*. Since bac,g = bac,atp and, by
Lemma [3.2] Hi = 05" we have
eo‘c(Hieﬁ + eo‘+5) = bac769i€ac+ﬁ + bac7a+ﬁeﬁc
— bac’ﬁ(aic+66a+ﬁc + 660)

By Lemma [3.3] this is also in the 1% -eigenspace. O

Calculation of )\ % _

Fixing i € supp(a), the A-eigenspace is spanned by t;—t; where j € supp(a)\
{i}. Note that the A-eigenspace only exists if |a| > 1.

Lemma 4.7. We have

)\*)\:{1,)\—% if o] =2

L,AA— % otherwise

Proof. We have

The eigenspace is spanned by just one vector, t; — t;, if and only if |o| = 2.
Then, the product t; +t; € Ay ® A,_1. However, otherwise we get the
2

product t; € Ay © Ay DA, _1. O
2

Lemma 4.8. A x X\ — % =0

Proof. Since i,j € supp(a), (t; — t;)(2ucata —e*) = 0. O

Lemma 4.9. We have

0 if p=(0,|a])
Axvi = vE ifp=(5,%5)
v VP otherwise

Proof. Note that 7, j € supp(«). We get three cases:

0 if 4, j € supp(f)
(t; — ;) (05 + ) = L 0 if i,j ¢ supp(p)
a(0]e® — e*+P) if |{i, 5} Nsupp(B)] = 1
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The third case never occurs if and only if we always have a N g = 0, or «,

which is equivalent to p = (0, |a|). Suppose this is not the case. Generically,

the third case isin A,» ® A, ». However, it is in A, » if and only if 05 = —6@.
+ - ¥

By lemma3.2, {5 = —%(Hi + Hi) From the definition of £g, it is zero if and

only if |[aNg| = % Note that, since &# > 0, - —Hi is impossible, and

hence the result cannot be in Ayi . O

Calculation of )\ — % * _

Lemma 4.10. We have

; _ _ 1
ifa= ol

1
A—gxd—3=qA-3 ifa=7;
1

JA — % otherwise
Proof.
(2ucata — €*)(2ucate — %) = (4> + co)ta — 4pica|alae®

Generically this is in A1 © A, 1.
2
The result is in A, 1 if and only if for some ¢ € T,
2

((2nca) = 4p*c + cq
(= _4M0a|a|a

We eliminate the ¢ and substitute p? = AN ¢, get an equation in A:

(1-)?=1

Recall that we do not allow A\ = % The remaining solution A = 3 is
equivalent to a = %

Finally, the resuﬁt is in A; if and only if for some ¢ € F,

[N

(A = 4”5, + ca
Cu = —4pcq|ala

Since p # 0, we may divide the second equation by p and substitute into
the first to again eliminate ¢. Again, we substitute for u? to get

AN — 4N —3=0

which has two solutions % and —%. As above, the first of these is not allowed

and the second is equivalent to a = _Til' ]
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*x V=8 VP However, if p = (55

Lemma 4.11. Generically, \ — %

then A — & 5 vh =18

Proof. We have
(2ucate — )(6’5 B4 eathy = (2,uca(9 alaN B = baars)e”
+ (2ucqala N (a+ B)] — ba g0 )e P

which is generically in Ayﬁ D Ap.

Ifp= (%, ‘%'), we may simplify the above to

Qucaa%(ﬁieﬁ + €Y — by 5(05etF 4 )

By Lemma Hi = —9$+ﬁ. However, since p = (%, ‘%l), £ = 0 and so

0% = +1. Hence —9$+ﬁ = Gi—w. By part one of Lemma [3.3] the above is in
Ap. O
Vi

Calculation of v/} % _

We begin by performing calculating the products of the basis elements here
as these calculations are needed for finding the fusion table, but will also be
useful elsewhere.

Lemma 4.12. Let 8,7 € C such that 8 # a,a, v # 3,5 a + B,a + 3¢
and e,1 = =+.

1wl = 9?9?03% + Carptats+ b57a+5(9§ + 9?)60‘ which is generically

mAL DAy D A, € A)\_l
2
2. w?w?c = (bg,a+5c0? — bﬁc7a+59€L)eac € Ap

3. wng - (eﬁevbﬁ“f + a8, a+ﬂ/)€ﬁ+7 + (0 bg, atry t+ o) baJrﬁ ) 04+5+“/7
which is generically in A p(3+) sy A p(54)

Proof. These are straightforward calculations. O

Lemma 4.13. Let p,q € P, be two different weight partitions of o and
e, = t. Generically we have the following:

1. v2x vl = N(p,q),

2. v8xvl = N(p,p) U{1,0,\,\ — 5}.

N[

where

N(p,q) := {PP) 2B 5 e ¢ (p), v € Cl(q),
v # B, 5% a+ B a+ 8.
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However, if bg qygc = bge a4 and cg = cqyp for all B € Cy(p), then for

laf o]

b= (7’ 7);

VP x P = N(p,p)U{l’O,)\_%} ’l;fg:[,
T N U{N) fez -t

Proof. To begin, let v # 3,5 a + B,a + 3. By Lemma [£LT2] we have
N(p,q) C v¥ xv! generically.
We note that the remaining cases for v all have p(y) = p(8). Now, by

Lemma [3.3] wfrﬁ is a scalar multiple of wi, and wfrﬁ “is a scalar multiple

of wic. So we are left with two cases: v = 8 and v = ¢. Again by Lemma
[412] these are generically in {1,0, A\, A — %}

Now suppose that the conditions on the structure constants hold and
p = (‘%", %) So, by Lemma [B.2] 02 = . Consider wZw! from part (1)
of Lemma Note that tg = tang + taens and similarly for ¢,45. So,
if € = ¢, the coefficients of the ¢; for ¢ € supp(a) are all equal. Hence, the
product is in A1 @ Ay P A>_%.

Similarly, if ¢ = —¢, then, for all i ¢ supp(a), the ¢; and e* terms
cancel and we see that wﬁlwé ; is'in Ay. Again, by the assumptions on the
structure constants and part (2) of Lemma T2l we see that wﬁlwﬁ cl =0,
therefore the result follows. O

5 Axial algebras and examples

We wish to generate our code algebra Ac by idempotents and hence show
that it is an axial algebra. In order to do this, we consider the small idem-
potents obtained from a set S = {ay,...,o} of conjugates of a. Note
that, since the a; are conjugate, the weight sets P, and P, are equal for
Jk=1...1

Theorem 5.1. Let C be a projective code and o € C' such that the set S =
{aq,...,qq} of conjugates of o under Aut(C) generates the code. Suppose
that the structure constants A = {a; g,bg ~,c; g} are such that

a:=a;p for all i € supp(p), 8 € C*
baj,ﬁ - bock,’y fOT all /8 € Ca’j (p)7'7 € Cozk(p)7p S Pa
ba;,ﬁ = bai,’y fOT’ all /8 € COJJ' (p)7'7 € Cak(p)7p € Pa

cg = Cig for all i € supp(B),B8 € C*

Then, the code algebra Ac(A) is an azial algebra with respect to the small
idempotents and has fusion table given in Table Bl
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Proof. We have two small idempotents ey := At, + pe® defined by a. By
subtracting the two, we obtain (a scalar multiple of) the codeword element
e®. The set S generates the code, so by multiplying the e® where o € S, we
can generate all codeword elements of Ax. Since C' is projective, by Lemma
22 for all i+ € 1,...,n, there exists B1,...,8; € C which are pairwise
distinct such that

k
{i} =8

Hence (e71)2 ... (%)? is a scalar multiple of ¢;. Since S is a set of conjugates
under the automorphism group of the code, the fusion tables for the small
idempotents are the same. ]

We now give some examples. Throughout, we assume that C' is a pro-
jective code and S is a set of conjugates of some o € C' which generate the
code.

51 |a|=1

If |o| = 1, and a set of conjugates S of a generate C, then C' must be the
full vector space C = F7. It is clear that the only possible weight partition
of a is p = (0,1). Moreover, this exists precisely when n > 3. Indeed, when
n = 1, there is only one non-trivial codeword, «, and when n = 2, there are
only @ and af. So, in both these cases, there does not exists § € C*\{a, ac}
such that N B| = 0,1. For n > 3, such a 8 does exist. By Proposition [3.4],
the possible eigenvalues of a small idempotent e are 1, 0, A\ — %, vt and VP
(note that A does not appear as eigenvalue).

By Theorem B and Table Bl Ac is an axial algebra with fusion rules
given by Table @ when n > 3. When n = 1,2, the same table applies if we
ignore the V4.

1 0 A—3 v 7
1 1 )\—% Vf_ P
0 0 W 7
)\—% )\—% 1,)\—% Vﬁ,uﬁ Vﬁ,uﬁ
7 v B P 1,000 — 3 N(p,p) 1,0,A— 3, N(p,p)
74 o WP L0A =5, N(p,p) 1,0,A— 3, N(p,p)

Table 4: Fusion table for |a| =1

We wish to identify when the fusion rules are Zs-graded. It is easy to
see that 1 and 0 must both be in the positive part. We will assume two
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results which follow from Section E but which are proved later in Section
6l Firstly, A — % is also in the positive part if n # 1,2 and secondly that Vf_
and ¥ have the same grading (Lemma [6.7)). Here we explore whether these
cases actually lead to a non-trivial grading. We begin by analysing the set

N(p,p).
Lemma 5.2. N(p,p) =0 if and only if n < 3.

Proof. When n = 1,2, the weight partition p does not occur. So, we may
assume that n > 3. As there is only one partition for |a| = 1, we have
N(p,p) = 0 if and only if there does not exist 8,7 € C* \ {a,ac} such
that v # B,8%a + B,a + 8. This condition is satisfied if and only if
|C*\ {«a, a°}| < 4, which happens if and only if n < 3. O

Proposition 5.3. The fusion rules given by Table @l have a Za-grading if
and only if n = 3, orn = 1,2 and a = —1. In particular, if n = 3, the
Zo-grading is given by
AJF:Al@AQEBA)\_l cmdA*:AyiEBAp. (1)
2

v

If n =1,2 and a = —1, we have \ — %*)\ — % = 1 and the Zo-grading is
given by

At = A1 D Ao and A~ = AA (2)
Proof. As noted above, it is clear that 1 and 0 must be in the positive part.
We also assume that A — % is in the positive part if n # 1,2 and that Vﬁ
and v¥ have the same grading.

Suppose that n = 1,2. Then, the p = (0, 1) partition doesn’t occur. The
only possible grading is when A — % is in the negative part and hence n must
be either 1, or 2. By Lemma 10, )\—% € )\—%*)\— % if and only if
a # —ﬁ = —1. Hence, we also must have a = —1 and the grading is that
given in (2)).

For n =3, N(p,p) = 0 by Lemma[5.2] and it is routine to check that (I
is a Zo-grading.

Finally, if n > 4, then generically N(p,p) # 0. However, we must check
whether special values of the structure constants could give V% ¢ v ¥
and hence a valid grading. Assume for a contradiction that they do. In
particular, for all distinct 3,7 € Cy(p), we must have wiwz = 0. However,
since n > 4, there exists distinct 3,7 € Cq(p) such that || = |y| = 2 and
laN g =|any| =1. From Lemma 12 we have

=

wlw? = (0762 bs 1 + bt aty) e + (075,017 + 02 bays,)e T

Since we assume this is zero, in particular we require Hfb@mw + 60" bty =
0. However, a + 8 and « + v both have weight 1 and hence are conjugate
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to a. Moreover, since n > 4, v # a+ B,a + 3¢ and so v € Cqyp(p);
similarly 8 € Coaq~(p). So, by our assumptions on the structure constants,
bat 8,y = bat~,3 and we have

0= baysn (0] +07) = —28sbat g

since |a N B = |aN~y| = 1. However, g # 0, a contradiction. Hence for
n > 4, there is no non-trivial Zs-grading. O

5.2 (' is a direct sum of even weight codes

Let C be a direct sum of even weight subcodes C; and |a| = 2. That is,
the C; are the codimension one subcodes of some Fg” which contain all the
codewords of even length. Since we are assuming that C' is generated by
conjugates of «, the the lengths m; of the C; must all be the same. Let this
be m and n = m". Thus,

T
C = EB C; where C; all have length m
i=1

Since we also assume that C is projective, this means that n > m > 3.
Clearly, the partition (1,1) always exists. The partition (0,2) generally ex-
ists, but there are some small degenerate cases in which it does not. Namely,
when n = m = 3,4 and the only weight partition of « is (1,1). Apart from
this degenerate case, we have m > 3 and n > 5 and exactly two weight parti-
tions, (0,2) and (1,1). For ease of notation, we will label these by 0 = (0, 2)
and 1 = (1,1)

We now consider what the sets N(p,q) are for the different weight par-
titions p and gq.

Lemma 5.4. Generically, we have

0 ifn=m=3,4
N(l,l):{ 0 o
vi,v2 n2>5

Proof. If n =m = 3, then |C! (1)| = 1 and so N(1,1) = 0. Whenn =m = 4,
|C! (1)] = 2, but the sum of the two distinct codewords in C’ (1) is «a, or
af. Hence again N(1,1) = (). If neither of these cases hold, then n > 5 and
there exist two distinct codewords 8,7 € C/ (1) such that 4+ v # «,a®.
Their sum S + v has weight partition (0, 2). O

Lemma 5.5. Generically, we have



Proof. If the (0,2) weight partition exists, then n > 5 and m > 3 and there
exist two distinct codewords /3,y € C/,(0). Since their sum also has weight
partition (0,2), N(0,0) = 29,12, The second claim is clear. O

Now that we know the N(p,q) sets generically, we calculate the fusion
table for the 4. We do this in a careful way since some choices of the
structure constants will yield a more symmetric table.

Lemma 5.6. Let €,0 = £1, we have

0

VS*V?:LO,)\—%,VS_,V_

Proof. By Lemmas and [5.5] we just need to consider wZw! for 8 €
Ca(p)

(058 4 e TP) (08P + ) = 050 chts + cosptars + bpars (02 +67)e”

which generically is in A1 ® A1 ® A\ ® A)\_%. However, if p = (0, 2), without
loss of generality, we may assume that |aN 3| = 0. So, to13 = ta+1ts. Hence
the coefficients for each ¢; where i € supp(«) are the same. Therefore, the
above product is in fact contained in A1 & A1 ® A Al O

Lemma 5.7. Generically, we have

1 1
V. * UV, =
c L0, A A — 3 ifn=m=3,4

L

{1,0,)\,)\—%,1/3_,1/0 ifn>05

If bgy = batpy and cg = catp for all B,y € Ca(l) then,

1,0,)\—%,V9L,u9 ife=1andn>5
I/al*l/Ll: 1,0,)\—% ife=1andn=m=3,4
A ife=—1

Proof. The generic product follows directly from Lemmas 413 and (5.4l For
the special case, using our assumptions on the b structure constants, observe
that

bg.at+e = batpatpe = batp,pe
So, by the special case of Lemma [ZT3] most of the above result follows. It

remains to check w?wle, where v # 8, a + S, 8¢, a+ ¢ Recall that 08 = ¢
for § € Cy(1). By Lemma .12 and our assumptions on the bg -,

(565 + e‘”B)(—ge“f + e‘”’y) _ (—bg,a, + ba+5,a+»y)€6+7

+e(bgaty = batpa)e P

=0 O
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We have the usual result for v} x ¥ generically, but when we make
assumptions on the structure constants, we can get the following.

Lemma 5.8. If bg ., = bayg~ = bg.aty for all B € Cy(1), v € Co(0), then
fore, o ==+1,

Proof. Let 5 € Cy(1) and v € C,(0). Then

(6 + B) (67 + €)= (e67bg, + bt p.atr )€™
+ (ebgaty + 97b77a+6)6a+6+7
= (0 + €)bs, (e T 4 e2HBH7)
by our assumptions on bg,. Since 3+ v € Cy(1), the above product is in
A O

Proposition 5.9. Let C = @;_, C; be the direct sum of even weight codes
C; all of length m, n = m” such that n > 5 and m > 3. Then, Ac is a
Zo-graded axial algebra with

A+:A1@A0@A>\EBA)\_%EBAV$EBAVQ
A~ :AuiGBAul

and fusion table given by Table[Hl.

1 0 A A— % V}r vl VSL i

1 1 A A-1 ot vl v 0

0 0 u}r vl VSL i

A A 1,A— % vl V}r

)\—% )\—% 1,)\—% Vi_ vl 1/2,1/9 yg_,yg
u}r u}r V}L vl V}L X, A X, A l/}r, vl V}r, vl
vl vl vl V}r vl X, A X, A V}L, vl y}r, vl

V_?_ V_?_ 1/9F yg_, 0 yi_, vl V_IH vl X X

0 0 0 1/3_, 0 I/_li_, vl l/_li_, vl X X

where X =1,0,\ — %,ug,uo

Table 5: Fusion table for |o| = 2
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Proof. The fusion table is the same as for the general case given in Table [
except for the following entries. By Lemma [£7] we have Ax A = 1, A — %,
by Lemma 9] we have A x v} and by Lemma [.1T] we have \ — % *xvi. By
Lemmas [(5.5] and 5.7, we have the values for the /. Once we have the
table, it is easy to observe the grading. U

If in addition we make some assumptions about the structure constants,
we get a stronger result.

Proposition 5.10. Let C' = @;_, C; be the direct sum of even weight codes
C; all of length m, n = m” such that n > 5 and m > 3. Let S be the set
of conjugates of a weight two codeword o and suppose that bg~ = ba, 43,
and cg = cq 48 for all B € Cy, (1), a; € S and v € C* \ {a,a’}. Then, the
axial algebra Ac has fusion rules given by Tablel6l and has a Zy X Zo-grading
given by

ALY = 4,0 Ag® Ay 1® A0 ©Ap

AL = 4,
il
AOD =4,
ALY = 4,
1 0 A A— % V}r vt V?r 0
1 1 A e T Z N L i Z
0 0 u}r vl V?r 0
A A LA—3 vt
)\—% )\—% 1,)\—% I/_li_ vl 1/3_,1/0 Vg,ug
vl vl vl vl vl X A vh vl
vl vl vl V}L vl A X vl vl
Vg_ Vg_ Vg_ 1/3_, 9 I/_li_ vl X X
9 0 0 IJSL, 0 V}r vt X X

where X =1,0,\ — %,ug,ug

Table 6: Fusion table for |o| = 2

Proof. The table is the same as Table [ except for vl 1! and v} %10 which
follow from the special cases of Lemmas [5.7] and .8l O
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It remains to consider the degenerate case where n = m = 3,4 and
there is only one weight partition (1,1). Here, the code algebra is an axial
algebra with fusion rules given by Tables [l or [l depending on the structure
constants, where the v/ are ignored. We observe that such fusion rules are
still Zo- or Zg X Zo-graded depending on the structure constants.

6 Zo-grading

In this section we examine the fusion tables of the code algebras which are
axial algebras more carefully. We will classify when the fusion table for the
small idempotents is Zo-graded.

Theorem 6.1. We assume the assumptions of Theorem Bl Then the
axial algebra Ac has a Zo-graded fusion table if and only if it is one of the
following

1. C=TF4, |a| =1 and
)

(a) n=1
(b) n=3.
2. C =@ C; is the direct sum of even weight codes all of the same weight
m, |a| = 2.

3. |a| > 2 where D = proj,(C) is a projective code, 1 € D and D has a
codimension one linear subcode DT, with 1 € D%, which is the union
of weight sets of D.

In this case, we have

At=A1 040 A\ s AA,% D @ Ay(im,\a\fnn
mewt(Dt)

A = &b A, gt =m)

mewt(D)—wt(D1)

Moreover, the examples occurring in parts (1) and (2) are precisely those
given in Sections 5.1l andB.2l For |a] = 2, the example in SectionB.2] is Zg X
Zo-graded if additional assumptions are made on the structure constants.

The restrictions on the code in the third case are fairly mild. Indeed,
it is not difficult to see that if D has even length and contains any odd
codewords, then the even weight codewords of D form a linear subcode DT
of codimension one and 1 € DT. Other examples with D even also exist. It
remains then to extend D to a code C' such that conjugates of 1p € D in C
generate C and check that C' is projective.
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Example 6.2. Consider the code C' with generating matrix

1 0 0 0 1
01 0 0 1
0 01 01
0 0 0 1 1

Since C' is the even weight code, it is projective and Aut(C) = S5. So
conjugates of a := (1,1,1,1,0) generate C. Then D = proj,(C) = F; and
D7 is the codimension one subcode of all even weight codewords in D. This
satisfies the conditions given in Case 3 of Theorem

We will prove the theorem via a series of lemmas. We will deduce what
the necessary conditions on the code are and then show that these exam-
ples are indeed Zo-graded. Suppose that the fusion table F for a small
idempotent in A is Zs-graded and write F = F+ L F .

Lemma 6.3. Let f€ F. If f€ fxf, then f € FT .
Proof. If f were in F—, then f € f* f € FT, a contradiction. O
Corollary 6.4. We have

1. 1,0 e FF

2. if o] > 2 then A € FT

3. A— % € Ft, except possibly when || =1 and a = —1

Proof. Part one follows from Lemma [£.3] and the fact that this is the fusion
table of an idempotent. The second part follows from Lemma @7 By
Lemma [£10] \ — % is in F* unless a = _IEI\' However, provided |af # 1,

then the eigenvalue A exists. Now, since 1, \ — % € Ax A by Lemma (47,

A— % must have the same grading as 1, which is in the positive part. Hence,
A— % € F*, except possibly when |a| =1 and a = —1. O

To complete the grading for A — % we consider the one case remaining
from above. This is a somewhat fiddly calculation.

Lemma 6.5. Ifn # 1,2 and a # —1, then A\ — 1 € F*.

Proof. For a contradiction, suppose that A — % € F~ and so |a| = 1 and

a = —1. By assumption, the set of conjugates of o generate the code, so C
must be the whole code F3. Since n # 1,2, C has a weight partition of «
which is p = (0,1).
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Let 8 € C/(p); with loss of generality, we may assume that N 3 = 0.
Considering A — % * V¥ we have

(2picate — ) (05e® + e P) = —b, ge 4 (—2pucy — by, 507)e P

This is contained in Ayﬁ @ A,» and, since by,g # 0, it is clear that it is not

zero. By assumption, A — % € F~. Hence, to preserve the grading, yﬁ and

v? must have different gradings and \ — % *xE =1

Now, consider v « £, By Lemma [£.12]
wlwl = (62)%cats + catptars + 20005 arqe”
= ((6’?)2% + Ca+B> tp + Catla + 2000504

By the grading, this must be positive, so the above must lie in A7 & Ap.
Hence, for some xz € F*,

AT = Caqp

pa = 262b5,04,

Eliminating for x, we find that

pf = _Hla

T 2Matp
However, this must hold for both € = —1, 41, a contradiction. Hence, A — %
must be in the positive part. O

We consider the grading of v} for the weight partitions p of a.

Lemma 6.6. The eigenspaces yﬁ and V¥ have the same grading, except

possibly when p = (%, %)

Proof. Since we assume that p is a weight partition, we do not have |a| = 1,
n = 1,2. Hence, by Lemma G5 \ — % € FT. Let 8 € Cy(p). By Lemmas
4.12] and B.2]

wiw? = —cots + catplars — 265bg arse”

Since bg o4+5 # 0, the coefficient of e® in the above is non-zero if and only
if £3 # 0. This happens precisely when p # (%, %) However, e® is in
Al DA, 1 and by Lemmas and our assumptions this is in AT. Hence
the above product is always in A* and the grading of v% and v” is the

same. O

Lemma 6.7. The eigenspaces v} and v” have the same grading, except
laf |af

possibly when |a| =2 and p = (5, 5).

28



Proof. By Lemma[6.6, we only need to consider the case where p = (%, %)

This case does not occur when || = 1 and we assume |a| # 2, so we may
consider |a| > 2. Here, \ is an eigenvalue and so, by Lemma L9, Axvf = 1/]':;.
Since A € FT, this implies that they have the same grading. O

From the above results, we have that 1,0, X are all in F7, A\ — % is also
in F* if |a| # 1, and v§ and v” have the same grading unless |A| = 2. This
suggests the following split into cases:

1. |la|=1
2. la| =2
3. |a| >2

We now give some lemmas which will help determine the grading of the
weight partition (0, |a]).

Lemma 6.8. Suppose that |a| # 1 andp = (0, |a|) € P, is a weight partition
of a. Then there exists a weight partition q # p.

Proof. Since C' is projective and |a| # 1, there exists some 3 € C such that
anp #0,a. Hence, there exists some weight partition ¢ = p() not equal
to p = (0, |al). O

Lemma 6.9. Suppose that p,q € P, are weight partitions of o and let
B € Calp), v € Calq) with v # B, 8% a + B o+ B If wlw] =0, then

w’ wl # 0 #wle?,

Proof. If ww] = 0, then by Lemma ZI2 9?6%5,7 + batBaty = 0. For
wiw? to equal zero, we would also require HiHZbBW + bayB,a+y = 0 and

hence 9? = 9? ., a contradiction. Similarly w? wL £ 0. O

Lemma 6.10. Suppose that |a| # 1,2 and p = (0,|a|) € P, is a weight
partition of . Then v and v* are in FT.

Proof. By Lemma [6.8] there exists another weight partition ¢ # p. Let

B € Calp), 7 € Calg). Since g # p, v £ 8,850+ B,a+ 3, so by Lemma
6.9 there exists €,¢ = +1 such that wlw) # 0. However, it is clear that

p(B+7) =p(y) =q. So, v € VP! Since |a| # 2, by Lemma 67, v{ have
the same grading and therefore v € FT. O
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6.1 |al=1

When |a] = 1, we do not have the eigenvalue X. Also, it is clear that the
only possible weight partition of « is 0 := (0,1) and this exists provided
n > 3. As noted previously, since the conjugates of a generate C, the code
is the whole code [}, for some n.

First suppose that n = 1,2. Then, 1,0 € 7 and the only other eigen-
value is A — % By Lemma [6.5] this can only be in F~ when a = —1. It is
easy to see that the fusion table in this case is indeed Zo-graded and it is
described in Section [5.11

Secondly, assume that n > 3. Then, 1,0, A — % € Ft and I/S)r and 9
have the same grading, so the only possible Zo-grading if where y9r and /0
are both in F~. This case is described in the example in Section 5.1l and a
Zo-grading is only possible if n = 3.

6.2 |a|=2

Now suppose that |a] = 2. Recall that an indecomposable code is one which
is not the direct sum of two other codes. Equivalently, its generating matrix
is not similar to a block diagonal matrix.

Lemma 6.11. Let C' be an indecomposable linear code which is generated
by weight two codewords. Then, C is the even weight code, which consists
of all even codewords.

Proof. We show this by induction on the length n. Clearly it is true for
length 2. So let C' be length n and dimension k. We define a code C’
from C' by removing all codewords with a 1 in the last position and then
puncturing the code in the last position. So, C’ has length n — 1 and is
dimension k£ — 1.

We claim that C’ is indecomposable. Suppose not, then there exists
a generating matrix M’ of C’ which is permutationally similar to a block
diagonal matrix. Since C' is generated by weight two codewords there exists
a € C of weight two with a one in the last position. Hence the matrix
formed from M’ by adding a column of zeroes and the adjoining a has rank
k and so generates C. However, by permutation of the columns it is of block
diagonal form, so C' is decomposable, a contradiction.

Since C’ is indecomposable and generated by weight two elements, by
induction, it is the even weight code. In particular, it has dimension n — 2.
Hence C' is an even code of dimension n — 1 and so is the even weight
code. O

Corollary 6.12. Let || = 2. Then, Ac is the code algebra of a code
C which is a direct sum of indecomposable even weight codes all of length
m > 3.
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Proof. By Lemma [6.17], C is a direct sum of codes of even weight. Since all
the codewords of S are conjugate under the automorphism of the code, the
length of each indecomposable subcode must be the same. In particular the
length cannot be 2 as then the code would not be projective. O

Note that if C' is the even code of length 3 or 4, then there is just one
weight partition 1 := (1,1). In all other cases, there are two possible weight
partitions, 0 := (0,2) and 1 := (1,1).

Lemma 6.13. Suppose that n > 5 and so 0 = (0,2) € P, is a weight
partition of a. Then Vg_ and V° are in FT.

Proof. By Corollary 612, C = @ C;, where ¢; are indecomposable even
weight codes of length m > 3. Since n > 5, there exists 5,7 € C4(0) such
that [aNB] = |an~l, |8] = |7v| = 2 and |8 N~y| = 1. In particular, this
implies that v # 3, 8¢, a + 8,a + 3°. So, by Lemma [£.12],

Since |B| =|y|=2and |[BNy| =1, B,a+ B € Cy(1) and v,a + v € C3(1),
so by our assumptions on the b structure constant, bg oy, = batpg,~. Also,
as lanN g =lanqyl, 87 = 67, so the coefficient of e*#+7 above is

bﬁ,a—w(ei + Hé) = —2bg,at~&p

Since p(B) = 0, the above is non-zero and so we have 0 # yﬂ)r *x19 €1 and

hence 1/3_ and 19 are in FT. O

By Lemmas [6.4], and [6.10] the eigenvalues 1, 0, \ — % and, where
they exist, 1/3_ and ¥ are all in F*, so the only possible members of F~
are A\, V}F and v'. We see in the example from Section that in general,
A€ Ft and I/_li_, vl € F~. However, if we make additional assumptions on
the structure constants, then we have a Zs X Zs-grading, where the A, V}L
and v represent the three involutions in Zo X Zs.

6.3 |o|>2

From now on we will assume that |a] > 2. Hence, 1,0, A\, A — % are all in

FT. By Lemma[6.7), we also have that the grading of Vﬁ is the same as that
of ¥ for all p € P,. So we just need to determine the grading on the /4.
We claim that the grading from the v} eigenspaces induces a grading of
the code C. That is, we can define a map gr : C' — Zs by
B gr(w])
0,1,a,a— 1

for g € C*\ {a, a‘}, where gr(wi) denotes the grading in the algebra of wi.
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Lemma 6.14. Viewing C as an additive group, gr : C — Zs is a homomor-
phism of groups.

Proof. First note that, by Lemma [6.7], the grading of yﬁ is the same as that
of V¥ for all p € P,. Hence the map is well-defined. For 8,y € C* \ {a, a}
and v # 3, 8¢, a+ B, a+ B¢, the grading of the code follows from that of the
algebra.

So, suppose that v = 3,8%a + B,a + 8¢, then p(8) = p(v) and the
product wiwl isin A1 @ Ag ® Ay & AA7% C AT. After checking the

remaining cases, we see that gr is a homomorphism. O

We denote by Ot and C~ the positively and negatively graded parts of
C, respectively. Note that, since gr is a homomorphism, the kernel, which
is C*, has the same size as C~.

Let D = proj,(C). Since C is projective, D is too and proj,(«) is the
1eD.

Lemma 6.15. We have gr(ker(proj,)) = 1.

Proof. The kernel of the projection is

ker(proj,) ={B8:anpg =0}

which is contained in C,((0, |a|))U{0, a¢}. By Lemmal6.I0land the definition
of the grading map, this is all in C'T. U

Corollary 6.16. The projection map induces a non-trivial grading on D.

— 7

gr
c
/7
.
7/
.
.
. 7/
proj -
.
7/
.
D

Note that a weight partition p = (m, |a|—m) of « corresponds to a union
of two weight sets of D, namely the set of all codewords of D of weights m,
or |a|—m. Hence, D7 is a union of weight spaces of D and it is closed under
taking complements, so 1 € DT. Since it is also closed under addition and
|DT| = |D~|, it is also a codimension one subcode of D.

Conversely, if we have a code with the required properties, then it is
clear that it induces a grading on the fusion table. This completes the proof
of Theorem
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