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Part 1. Preliminaries

We begin by discussing characters of finite abelian groups and of
finite rings.

1. CHARACTERS

Throughout this section G is a finite abelian group under addition.
A character of G is a group homomorphism 7 : G — C*, where C* is
the multiplicative group of nonzero complex numbers.

More generally, one could allow G to be a commutative topological
group, and define characters to be the continuous group homomor-
phisms © : G — C*. By endowing a finite abelian group with the
discrete topology, every function from G is continuous, and we recover
the original definition. The character theory for locally compact, sep-
arable, abelian groups was developed by Pontryagin [33], [34].

1.1. Basic results. Denote by G = Homy (G, C*) set of all characters
of G, G is a finite abelian group under pointwise multiplication of
functions: (70)(x) := w(x)0(z), for x € G. The identity element of the
group G is the principal character mp = 1, with my(x) = 1 for all x € G.

Let F(G,C) = {f : G — C} be the set of all functions from G to
the complex numbers C; F(G,C) is a vector space over the complex
numbers of dimension |G|. For fl, fo € F(G, (C) define

(1.1.1) (f1, f2) = Zfl

xGG

Then (-,-) is a positive definite Hermitian inner product on F(G,C).
The following statement of basic results is left as an exercise for the
reader (see, for example, [35]).

Proposition 1.1.1. Let G be a finite abelian group, with character
group G. Then:

G is 1somorphic to G, but not naturally so,

A~ o~

1)
(2) G is naturally isomorphic to the double character group (G) ;
@) G =a;
(4) (Gy x GQ) > Gy x G, for finite abelian groups G, Ga;
(5)

|G|, 7=1,
o ZIEG () 0 7T7£1'
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(7) The characters of G form an orthonormal basis of F(G,C) with
respect to the inner product ().

1.2. Additive form of characters. It will sometimes be convenient
to view the character group G additively. Given a finite abelian group
G, define its dual abelian group by Homyz(G,Q/Z). The dual abelian
group is written additively, and its identity element is written 0, which
is the zero homomorphism from G to Q/Z. The complex exponential
function defines a group homomorphism Q/Z — C*, x +— exp(2miz),
which is injective and whose image is the subgroup of elements of fi-
nite order in C*. The complex exponential in turn induces a group
homomorphism

(1.2.1) Homy (G, Q/Z) — G = Homg(G, C).

When G is finite, the mapping (1.2.1) is an isomorphism.

Because there will be situations where it is convenient to write char-
acters multiplicatively and other situations where it is convenient to
write characters additively, we adopt the following convention.

Notational Convention. Characters written in multiplicative form, i.e.,
characters viewed as elements of Homy(—, C*) will be denoted by the
“standard” Greek letters m, 6, ¢, and p. Characters written in addi-
tive form, i.e., characters viewed as elements of Homy(—, Q/Z) will be
denoted by the corresponding “variant” Greek letters w, 9, ¢, and o,
so that m = exp(27miw), 6 = exp(2miv)), etc.

The ability to write characters additively will become very useful
when G has the additional structure of (the underlying abelian group
of) a module over a ring (subsection 1.3).

We warn the reader that in the last several results in Proposition 1.1.1,
the sums (or linear independence) take place in (or over) the complex
numbers. These results must be written with the characters in multi-
plicative form. R

Let H C G be a subgroup, and define the annihilator (G : H) =
{weG:wh)=0, forall h e H}. Then (G : H) is isomorphic to
the character group of G/H, so that |(G : H)| = |G|/|H].

Proposition 1.2.1. Let H be a subgroup of G with the property that
H C kerw for all characters w € G. Then H = 0.

Proof. The hypothesis implies that (G : H) = G. Calculating |[H| = 1,
we conclude that H = 0. U
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1.3. Character modules. If the finite abelian group G is the additive
group of a module M over aring R, then the character group M inherits
an R-module structure. In this process, sides get reversed; i.e., if M is

a left R-module, then Mis a right R-module, and vice versa.
Explicitly, if M is a left R-module, then the right R-module structure

of M is defined by
(wr)(m) :=w(rm), w € M,r € Rym € M.

Similarly, if M is a right R-module, then the left R-module structure
of M is given by

(row)(m) :=w(mr), we M,r € R,me M.

Remark 1.3.1. When M is written in multiplicative form, one may see
the scalar multiplication for the module structure written in exponen-
tial form (for example, in [40] and in the proof of Theorem 3.2.1):

7'(m):=n(rm), we M,r € Ryme M,

when M is a left R-module and M is a right R-module, and

T

w(m) :=n(mr), we M,r € R,me M,

when M is a right R-module and M is a left R-module. The reader
will verify such formulas as (7")° = 7"*.

Lenlrna 1.3.2. L/e\t R be a finite ring, with R its character bimodule.
If rR =0 (resp., Rr =0), then r = 0.

Proof. Suppose rR = 0. For any w € R and z € R, we have 0 =
row(z) = w(ar). Thus Rr C ker w, for all w € R. By Proposition 1.2.1,
Rr =0, so that r = 0. O

2. FINITE RINGS

Throughout this section R will be a finite associative ring with 1.
References for this section include [24] and [25].

2.1. Basic definitions. The (Jacobson) radical rad(R) of a finite ring
R is the intersection of all the maximal left ideals of R. The radical
is also the intersection of all the maximal right ideals of R, and the
radical is a two-sided ideal of R.

A nonzero module over R is simple if it has no nontrivial submodules.
Given any left R-module M, the socle soc(M) is the sum of all the
simple submodules of M.
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2.2. Structure of finite rings. If R is a finite ring, then, as rings
(2.2.1) R/rad(R) = M, (F,,) @ --- & M, (F,,),

for some nonnegative integers n, yu1, . . . , i, and prime powers q, . . ., qn,
where M,,(F,) is the ring of all m x m matrices over the finite field I,
of ¢ elements. Indeed, being semisimple, R/ rad(R) is a direct sum of
full matrix rings over division rings by a theorem of Wedderburn-Artin
25, 3.5]. Since R is finite, the division rings must also be finite, hence
commutative by another theorem of Wedderburn [25, 13.1].

Recall that the matrix ring M,,(F) has a standard representation on
the M,,(F)-module M,,;(F) of all m x 1 matrices over F,, via matrix
multiplication. As a left module over itself,

My (7)Mo (F) =2 mM,, 1 (F).
Consequently, as a left R-module, it follows from (2.2.1) that
(2.2.2) r(R/rad(R)) = mTh & -+ @ p, T,
where T; denotes the pullback to R via (2.2.1) of the standard left
M,,(F,)-module M,, 1(F,,) of all y; x 1 matrices over F,,. The simple

left R-modules T}, i = 1,2,...,n, form the complete list of all simple
left R-modules.

2.3. Duality. We provide a few key properties of character modules.

Given a finite left (right) R-module M, recall that the character
module M = Homy(M,Q/Z) is a right (left) R-module.

A left module M over a ring R is injective if, for every pair of left
R-modules B; C B and every R-linear mapping f : By — M, the
mapping f extends to an R-linear mapping f : By — M.

The next several propositions are exercises for the reader (cf. [40,
Sections 2-3]).

Proposition 2.3.1. The mapping - taking M to M is a contravariant
functor from the category of finitely generated left (right) R-modules
to the category of finitely generated right (left) R-modules.

Lemma 2.3.2. The abelian group Q/Z is divisible; i.e., m(Q/Z) =
Q/Z for all nonzero integers m. Moreover, Q/Z is an injective Z-
module.

Proof. See [10, 57.5]. O

Proposition 2.3.3. The functor " s an ezact functor; i.e., " takes
short exact sequences of modules to short exact sequences of modules.

Proof. Use Q/Z injective. O
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Corollary 2.3.4. When M = R itself, R is an injective R-module.

Proof. An exact functor takes projective modules, in particular, free
modules, to injective modules. 0

Proposition 2.3.5. Let My be any finite right R-module. Then

o~

(M/M rad(R))” = soc(M).

Proof. Being an exact functor, the character functor takes direct sums
to direct sums and simple modules to simple modules.
Begin with the short exact sequence

0— Mrad(R) - M — M/Mrad(R) — 0.
Now apply the character functor, yielding the short exact sequence
0— (M/Mrad(R)) — M — (Mrad(R))” — 0.
Because M /M rad(R) is a finite sum of simple modules, the same is
true of (M /M rad(R)) . Thisimplies that (M /M rad(R)) C soc(M).
Conversely, consider the short exact sequence
0— soc(]\?) — M — ]\/4\/800(]\//_7) — 0.
After applying the character functor, we obtain a surjective map

(2.3.1) M — (soc(M))” — 0.

Because soc(]\?) is a finite sum of simple modules, so is (soc(]\/f))A
Because the radical annihilates any simple module, M rad(R) is in the
kernel of the mapping (2.3.1), and thus the mapping (2.3.1) factors
through

M/M rad(R) — (soc(M)) — 0.

Applying the character functor one more time yields

0— soc(]\//f) — (M/Mrad(R))

~

Thus soc(]\//f) Cc (M/M rad(R))A, and equality holds. O

Part 2. The extension theorem

3. LINEAR CODES OVER MODULES; SUFFICIENT CONDITIONS FOR
THE EXTENSION THEOREM

3.1. Basic definitions. Let R be a finite ring with 1, and let A be a
finite left R-module. The module A will serve as the alphabet for the
linear codes we discuss. We begin with several standard definitions.
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A linear code of length n over the alphabet A is a left R-submodule
C C A™. The idea of using a module A as the alphabet for linear codes
goes back to [23].

A monomial transformation of A™ is an R-linear automorphism 7' of
A" of the form

(a1,...,a0)T = (Ao)T1, - - -, Gom)Tn),  (a1,...,a,) € A,

where o is a permutation of {1,2,...,n} and 7,...,7, € Aut(A) are
automorphisms of A (being written on the right, as is 7'). If the auto-
mophisms 7; are constrained to lie in some subgroup G' C Aut(A), we
say that T' is a G-monomial transformation of A™.

A weight on the alphabet A is any function w : A — Q with the
property that w(0) = 0. Any such weight extends to a weight w :
A" — Q by w(ay, ..., a,) = > w(a;).

Given a weight w : A — Q, define the left and right symmetry groups
of w by:

(3.1.1) Gy :={u€eU(R) : w(ua) = w(a), for all a € A},
(3.1.2) G, :={r € Aut(A) : w(at) = w(a), for all a € A}.

Here, U(R) denotes the group of units of the ring R.

Given a weight w : A — Q, we say that a function f : A" — A"
preserves w if w(zf) = w(x), for all x € A™. Observe that a G,-
monomial transformation preserves w.

Assume that the alphabet A is equipped with a weight w, whose
symmetry groups are GG; and G,. Suppose that C7,Cy C A™ are two
linear codes of length n over the alphabet A. If there exists a G-
monomial transformation 7" of A™ such that C;T = Cy, then the re-
striction 1" : €} — (% is an R-linear isomorphism that preserves the
weight w. We describe the converse as a property—the extension prop-
erty.

Definition 3.1.1. The alphabet A has the extension property (EP)
with respect to the weight w if the following condition holds:

For any two linear codes Cy,Cy C A", if f : C; — (5 is an R-
linear isomorphism that preserves the weight w, then f extends to a
G,-monomial transformation of A™.

3.2. The character module as alphabet: the case of Hamming
weight. Any alphabet A can be equipped with the Hamming weight
wt : A — Q, where wt(0) = 0 and wt(a) = 1 for all nonzero a € A.
For x = (z1,...,x,) € A", observe that wt(z) equals the number of

nonzero entries of the vector x. The symmetry groups of the Hamming
weight are as large as possible: G; =U(R), G, = Aut(A).
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An important class of alphabets for which the extension property
holds is the class of Frobenius bimodules of finite rings. This result
is due to Greferath, Nechaev, and Wisbauer in [17], and we provide a
proof similar to the one for Frobenius rings in [40, Theorem 6.3] (which,
in turn, generalized a proof over finite fields in [38, Theorem 1]). This
result provides the backbone for the proof of Theorem 3.3.4.

A Frobenius bimodule A = rApg is an (R, R)-bimodule such that
rA = R}A% and Ap = ﬁR. Of course, the character bimodule RﬁR is a
Frobenius bimodule,A but a Frobenius bimodule need not be isomorphic,
as a bimodule, to pRpg.

Theorem 3.2.1 ([17, Theorem 4.5]). Let R be a finite ring and A be
a Frobenius bimodule over R. Then A has the extension property with
respect to Hamming weight.

Before we begin the proof, we prove several preliminary results about
the structure of A, the character bimodule of a Frobenius bimodule A.

Lemma 3.2.2. If A is a Frobenius bimodule, then its character bimod-
ule A satisfies
rRAZ rR and Agr = Rpg.

Proof. Dualize the definition of Frobenius bimodule. O

Given that RE =~ rR and ER = Rp for a Frobenius bimodule A,
recall that a character o € Aisa left generator (resp., right generator)
for A if @0 : RR — rA, 7 — 10 (resp., oo : Rp — Ap, 17— or) is an
isomorphism.

The first lemma is a simple rephrasing of the definition of a generator.

Lemma 3.2.3. A character o € Aisa left generator (resp., right
generator) if and only if ker o C A contains no nonzero left (resp.,

right) R-submodule of A.

Proof. We will prove the left case, with the right case being similar.
By definition, o € A is a left generator if and only if ep : RR — RA,
r — rp, is an isomorphism. Because R and A are finite, o is an
isomorphism if and only if ep is injective, which happens if and only if
ker(ep) = 0.

For r € R, observe that r € ker(ep) if and only if 0 = ro(a) = o(ar)
for all @ € A. This latter occurs if and only if the left R-submodule
Ar C ker p. Lemma 1.3.2 implies that Ar = 0 if and only if » = 0, and
the result now follows. O

The next lemma reverses the sides.
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Lemma 3.2.4. If ¢ is a left generator (resp., right generator) for ﬁ,
then ker o contains no nonzero right (resp., left) R-submodule of A.

Proof. We prove the left generator case. The other case follows by a
symmetric argument.

Suppose o is a left generator of g, and suppose Br C Ap is a right
submodule such that B C ker p. Take any character w € A. Because
o0 is a left generator of 21\, w = sp for some s € R. For any b € B, we
calculate that @w(b) = (se)(b) = o(bs) = 0, since B is a right submodule
and B C ker p. Thus B C kerw, for all w € A. By Proposition 1.2.1,
B =0. O

Corollary 3.2.5. Suppose A is a Frobenius bimodule. Then a charac-
ter o € A is a left generator for A if and only if it is a right generator
for A.

Proof. Follows immediately from Lemmas 3.2.3 and 3.2.4. U

Proof of Theorem 3.2.1, following [40, Theorem 6.3]. Let M = g M be
the common underlying module of the isomorphic codes Cy,Cy C A™.
Let the two embeddings of M into A™ be given by coordinate function-
als A1, ..., A, (for C1) and vy, ..., v, (for Cy) in Hompg(M, A). (Because
M is a left module, the coordinate functionals will be written on the
right: A € A, for x € M and A € Homg(M, A). Linearity is then
expressed by (rm)\ = r(mA). The right R-module structure on A
induces a right R-module structure on Hompg (M, A).)

Because Hamming weight is preserved, Proposition 1.1.1 implies that

(3.2.1) SN w@h) =) bavy), xeM.

=1 recA J=1 gecA
Please remember our notational convention that 7, are characters in
multiplicative form.
Let o be a left generator of A. Then o0 is also a right generator of ,Z,
by Corollary 3.2.5. Remember that p = exp(27ip) is the multiplicative
form of 0. We can re-write (3.2.1) as

YD) DYIEIED 35 S AT
i=1 reR j=1 seR
Using the R-module structures on A and Hompg(M, A), we have

(3.2.2) Z Zp(m)\ﬁ“) = Z Zp(xyjs), x € M.

i=1 rcR j=1 s€R
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This is an equation of characters on M.

The right R-module Hompg(M, A) admits a reflexive, transitive rela-
tion =< defined by A\ < v when A\ = vr for some r € R. It follows from
a result of Bass [4, Lemma 6.4] that A\ < v and v < X imply A = vu for
some u € U(R). Then < induces a partial ordering on the set of right
U(R)-orbits in Homp (M, A).

Among the finite number of elements Aq,..., \,, v1,...,1, of (the
set of right U(R)-orbits in) Hompg(M, A), choose one that is maximal
for the partial order <. Without loss of generality, call this maximal
element \;. Now consider the term p(zA;), i.e., r = 1, on the left
side of (3.2.2). By the linear independence of characters on M, there
exists an index j = o(1) and element s € R with p(zA;) = p(zv;s)
for all x € M. This implies that im(A\; — v;s) C ker p. Observe that
im(A\; —v;s) is a left R-submodule of A. Because g is a right generator
for ﬁ’ Lemma 3.2.4 implies im(\; — v;s) = 0, so that \; = v;s. This
implies that A\; < v;. But A\; was chosen to be a maximal element under
=, so that A\; and v; are in the same right U (R)-orbit, i.e., \y = vjuy
for some unit u; in R.

Re-indexing (s = uyr) shows that

Zp(x)\lr) = Zp(xujulr) = Zp(a:yjs), x e M,

reR reR sER

thereby allowing us to reduce by one the size of the outer summations
in (3.2.2). Proceeding by induction, we produce a permutation o and
units wy, ..., u, in R with A\; = v,yu;, as desired. O

3.3. Sufficient conditions: the case of Hamming weight. Before
stating sufficient conditions for the alphabet A to have the extension
property with respect to the Hamming weight wt, we provide one more
definition from module theory.

A left module M over a ring R is pseudo-injective if, for every left R-
submodule B C M and every injective R-linear mapping f : B — M,
the mapping f extends to an R-linear mapping f : M — M.

Observe that the definition of pseudo-injectivity is very close to that
of the extension property for linear codes of length 1. In fact, these
two concepts are equivalent, as the following result of Dinh and Lopez-
Permouth demonstrates.

Proposition 3.3.1 ([12, Proposition 3.2]). The alphabet A has the ex-
tension property for linear codes of length 1 with respect to Hamming
weight (i.e., if C1,Cy C A and if f : Cy — Cy is an R-linear iso-

morphism that preserves the Hamming weight wt, then f extends to an
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automorphism of A) if and only if the alphabet A is a pseudo-injective
R-module.

Proof, following [12]. Observe that if an R-linear mapping f preserves
the Hamming weight wt, then f is injective. Thus, the extension prop-
erty for length one codes is equivalent to saying that every injective
map f : B — A of a submodule B C A extends to an automorphism
of A. It is evident that this property implies that the module A is
pseudo-injective.

For the converse, suppose that A is pseudo-injective. Let B C A be a
submodule and let f : B — A be an injective R-linear homomorphism.
We must show that f extends to an automorphism of A.

Case 1: when soc(B) = soc(A). Because A is pseudo-injective, f
extends to an R-linear homomorphism f : A — A. Consider the sub-

module ker(f) C A. Observe that soc(ker(f)) C soc(A) = soc(B) C B.
But ker(f)ﬂB = ker(f) = 0, since f is injective. Thus soc(ker(f)) = 0,
so that ker(f) = 0 as well.

Case 2: when soc(B) # soc(A). There exists a submodule M C
soc(A) so that soc(B) @ M = soc(A). Observe that soc(B) N M = 0
and that soc(B®M) = soc(A). We now show that f extends injectively
to B&M. Notice that soc(B)f is properly contained in soc(A), so there
exists a submodule N C soc(A) with soc(B)f & N = soc(A). Putting
these together, we see that soc(B) @& M = soc(A) =soc(B)f & N and
soc(B) = soc(B)f. This implies that M = N, since soc(A) is a semi-
simple module. Let g : M — N be an isomorphism. Extend f: B — A
toh: B®& M — Aby (b+m)h =bf +mg. One verifies that h is
injective. Because soc(B @ M) = soc(A), case 1 implies that h (and
hence f) extends to an automorphism of A. U

The other condition that arises in the statement of the extension
theorem is soc(A) being a cyclic module, i.e., there is a surjective R-
linear homomorphism R — soc(A).

Because soc(A) is a sum of simple R-modules, we can write

(3.3.1) soc(A) = s; 11 @ -+ @ 5,1,
where the 7} are the simple R-modules from (2.2.2).

Proposition 3.3.2. The socle soc(A) is a cyclic module if and only if
8i < g, fori=1,2,...,n, where the u; are defined in (2.2.1).

Proof. This is an exercise for the reader. 0

Proposition 3.3.3. The socle soc(A) is a cyclic module if and only if
A can be embedded into rR.
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Proof. There is a right module counterpart to (2.2.2), yielding simple
right R-modules Sy, ..., .S, that are the counterparts to the simple left
R-modules T1,...,T,. A calculation shows that S; = T;. By applying
Proposition 2.3.5 to Rg, it then follows that

soc(gR) = (R/rad(R))r) =Ty ® - ® pnTy.

If A C gR, then soc(A) C soc(gR). But this implies that s; < p; for
all 4, so that soc(A) is cyclic by Proposition 3.3.2.

Conversely, if soc(A) is cyclic, then soc(A) can be embedded in
SOC(RE), via some homomorphism f. View f : soc(4) — rR. Be-
cause the character module of a ring is always an injective module
(Corollary 2.3.4), the homomorphism f extends to a homomorphism
F:A— RE. It remains to show that F' is injective.

Observe that soc(ker F') = ker F' N soc(A) = ker f = 0, because f is
injective. Because soc(ker F') = 0, we conclude that ker F' = 0, and F'
is injective. 0
Theorem 3.3.4. An alphabet A has the extension property with respect
to Hamming weight if:

(1) A is pseudo-injective, and
(2) soc(A) is cyclic.

Proof. Let Cy,Cy C A™ be two R-linear codes, and suppose f : C7; —
C5 is an R-linear isomorphism that preserves Hamming weight. By
virtue of the hypothesis that soc(A) is cyclic, Proposition 3.3.3 implies
that A embeds in RR Using this embedding, we may view C1,Cy C
R" as R-linear codes over the alphabet RR Note that the Hamming
weights of elements of (', C; remain the same, whether they are viewed
as codes over A or as codes over R. R

With the standard Frobenius bimodule structure on R, Theorem 3.2.1
implies that the isomorphism f : ¢} — (5 extends to a monomial
transformation F : B" — R™. Explicitly,

(@1, .., 20)F = (To@)Uts - - Tom)ln),  (T1,...,2,) € }Afn,

where ¢ is a permutation of {1,2,...,n} and u; € U(R) = Aut(gR).
Remember that C; F = (.

Let P (resp., D) be the permutation (resp., diagonal) portion of the
monomial transformation F’; i.e.,

(21, .., 20) P = (To(1), -, Tom))s  (T1,...,2,) € ﬁ",

(1, ..y Tp) D = (Tyuy, ..., Tpuy), (21,...,2,) € R".
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Then xF = zPD for x € E/”\

Let C3 = C1P C A™ C R"™, and observe that D is an R-linear iso-
morphism from C3 to Cy that preserves Hamming weight. We examine
the individual components of the diagonal transformation D.

For each coordinate: = 1,2,...,n, project Cs, Cs to codes C’éi), Céi) C
A C R. Observe that zD® := Tu;, T € ﬁ, is an R-linear isomorphism
taking C’éi) to C’éi) that preserves Hamming weight. By the hypothesis
that the alphabet A is pseudo-injective, Proposition 3.3.1 implies that

DO Céi) — C’éi) extends to an automorphism 7; € Aut(A). Using
these automorphisms, we build a monomial transformation F’ of A™:
(21, 20)F = (To)T1, - - s TomTn),  (T1,...,2,) € A",

that maps C; to (s, as desired. O

3.4. Sufficient conditions: the case of rings. In this subsection
we address the case where the alphabet A is the ground ring R itself.
A ring R is a Frobenius ring [24, Theorem 16.14] if

soc(grR) = gr(R/rad(R)) and soc(Rg) = (R/rad(R))g.

In fact, for finite rings, either one of these isomorphisms suffices, by a
result of Honold [21, Theorem 2].
Another characterization of finite Frobenius rings follows.

Theorem 3.4.1 ([40, Theorem 3.10]). A finite ring R is Frobenius if
and only if rRRg 1s a Frobenius bimodule. In fact, RR = gR if and only
if Rp = Rpg.

The next theorem is now a direct corollary of Theorem 3.2.1.

Theorem 3.4.2 ([40, Theorem 6.3]). If R is a finite Frobenius ring,
then the alphabet A = R has the extension property with respect to
Hamming weight.

Remark 3.4.3. Theorem 3.4.2 also follows from Theorem 3.3.4. For
any finite ring R, the character module R is injective, hence pseudo-
injective. Because pR = RE, we see that a Frobenius ring is (pseudo-)
injective as a left R-module. By definition, a Frobenius ring satisfies
soc(rR) = r(R/rad(R)), so soc(gR) is cyclic, and Theorem 3.3.4 ap-
plies.

4. NECESSARY CONDITIONS FOR THE EXTENSION THEOREM

The goal of this section is to prove converses for Theorems 3.4.2
and 3.3.4.
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4.1. Statement of results. Here are the statements of the results.

Theorem 4.1.1 ([44, Theorem 2.3]). Let R be a finite ring. If the
alphabet A = R has the extension property with respect to Hamming
weight, then R is a Frobenius ring.

Theorem 4.1.2 ([44, Theorem 5.2}, in part). If the alphabet A has the
extension property with respect to Hamming weight, then:

(1) A is pseudo-injective, and

(2) soc(A) is cyclic.

The key technical result from which Theorems 4.1.1 and 4.1.2 will
follow is:

Theorem 4.1.3 ([44, Theorem 4.1)). Let R = M,,(F,) be the ring of
all m x m matrices over a finite field F,, and let A = M,, ,(F,) be the
left R-module of all m x k matrices over Fy.

If k > m, then the alphabet A does not have the extension property
with respect to Hammaing weight.

Specifically, if k > m, there exist linear codes C.,C_ C AN, N =
H;:ll(l—i—qi), and an R-linear isomorphism f : Cy, — C_ that preserves
Hamming weight, yet there is no monomial transformation extending
f because the code C'. has an identically zero component while the code
C_ does not.

The proof of Theorem 4.1.3 will appear in subsection 4.2 below. The
proofs of Theorems 4.1.1 and 4.1.2 follow a strategy of Dinh and Lopez-
Permouth [13] and will appear in subsection 4.3. The motivation for
the form of Theorem 4.1.3 will appear in subsection 5.7.

4.2. Proof of Theorem 4.1.3. Before we begin the proof of Theo-
rem 4.1.3, we include a brief description of ¢-binomial coefficients and
the Cauchy binomial theorem, which will be used in the proof.

The g-binomial coefficient (or Gaussian coefficient, Gaussian number
or Gaussian polynomial) is defined as

[k] _ A=A —gh (1 g
t, (1-gH(1—¢Y)---(1 -9

The following lemmas are well-known (see such sources as [1, Chapter
3] and [37, Chapter 24]). The first counts the number of row reduced

echelon matrices over [F, and the second is the Cauchy binomial theo-
rem.

Lemma 4.2.1. The g-binomial coefficient [}], counts the number of
row (or column) reduced echelon matrices of length k over F, of rank
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[ (i.e., row reduced echelon matrices of size | X k of rank [, or column
reduced echelon matrices of size k x | of rank [).

Lemma 4.2.2 (Cauchy binomial theorem).

k-1 L n
14+ 2xq¢") = [} q%a:j.
g (1+2q") ; il
Proof of Theorem 4.1.3, following [44, Theorem 4.1]. We will construct
two linear codes Cy and C_ in AN, N = [[¥2/(1 + ¢/). The codes
will be constructed as the images of two R-linear homomorphisms
gi g+ A— AN

We begin by describing two vectors vy, v_ in Mg(F,)", i.e., vy will
be N-tuples of k£ x k matrices over F,. The order of the entries in vy
will be irrelevant. The entries of v, will consist of all column reduced
echelon matrices of size k x k over F, of even rank, with the multiplicity

of the column reduced echelon matrix being q(g>, where r denotes the

rank of the matrix. In particular, the zero matrix occurs in v, with
multiplicity one, as (0) = 0. The length L, of v, is given by

2
k
"k
L= Z q(2> {r} '
r=0 q
Similarly, the entries of v_ will consist of all column reduced echelon
matrices of odd rank, also with multiplicity q(;>. (Note that (;) =0.)

The length L_ of v_ is given by

o Tk
L= 40 H |
r=1 q
r odd
Two applications of Lemma 4.2.2 with x = 41 yield
k—1
Li+L_ =]J1+¢) and L,—L_=0.
i=0
Since the 7 = 0 term in the product equals 2, we see that
k—1
Li=L_ =]J0+¢)=N,
i=1
so that vy have the same length V.
Define the R-linear homomorphisms ¢+ : A — A" by Xg. = Xvy,
X € A, where Xv, denotes entry-wise matrix multiplication. Define
two linear codes C. C AN by Cy = Ag..
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Claim 1: the Hamming weights of X gy are equal; i.e., wt(Xgy) =
wt(Xg-), for all X € A.
To show this, we consider A(X) = wt(Xg;) — wt(Xg-). Then

k k

NGO B U D 10 SV ERD P P 6 OV
rreffgn i\aglljl;j Trjdld i\aglljl;j

where §(Y) = 1 if Y is nonzero, and 6(Y) = 0if Y = 0. In the inner
summations, A varies over all column reduced echelon (CRE, for short)
matrices of size k x k over I, of rank r. Thus

k

AX) =3 (=1)7¢B) 3 s(xn).

rank r

Sub-claim: The value of A(X) depends only on the rank of X.
Suppose X has rank s, 1 < s < m. Then

I; 0
X=p ( : 0) Q.
for some P € GL(m,F,) and @Q € GL(k,F,). For convenience, we
denote the middle factor by I., so that X = PI.Q.

For any Y € A, P € GL(m,F,), and Q € GL(k,F,), observe that
I(PY) =46(Y) and 0(YQ) = d(Y), because P and @ are invertible.
Thus, for X = PI.Q), we have A(X) = A(I.Q).

The expression for A(I.(Q)) contains the inner summation

> S(IQN).

A CRE
rank r

Note that as A varies over the column reduced echelon matrices of a
fixed rank r, QA varies over the column reduced echelon equivalence
classes of rank r. Thus, by a re-indexing argument, we have

S IN = D SINQ) = > S(IN).
) CRE X GRE X CRE

Note that Q" depends on A, but, being invertible, it does not affect the
value of §. It is now apparent that A(X) = A(I]), as (sub-)claimed.
To prove the original claim, we still need to show that A(I%) =0 for
all s. To this end, we examine §(/.\) in detail, where A is a column
reduced echelon matrix of rank r and size k x k. The rows of the
product I\ consist of the first s rows of A followed by k — s rows of
zeros. The value 6(I/\) = 0 when I’\ = 0. This happens when the
first s rows of \ are zero. But A is a column reduced echelon matrix
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-,
of rank r whose first s rows are zero. Note that this number vanishes

when r > k — s.
In the summation

of rank 7, so there are [¥;*] such column reduced echelon matrices

DDRICLY

A CRE
rank r

there are [}'], terms, [¥.#] of which are zero and the rest equal 1. Thus

A = Y1yl { )1 H |

r=1

By two applications of Lemma 4.2.2, one shows that A(I]) = 0, for
all s, and hence A(X) = 0 for all X € A, as claimed. (Note that the
hypothesis & > m guarantees that the summation involving [*,#]  is
nontrivial. If & < m, one can show that A(/}) = —1.)
Claim 2: the mapping f : Cy, — C_ defined by g = g, o f is a
well-defined R-linear isomorphism that preserves Hamming weight.
Note that the common value

k
wi(Xgy) = wit(Xg-) = > ¢ 37 s(xn)
rT(?dld /r\aglfj}g

is the sum of nonnegative terms. Also, if X # 0, then not all of the
terms 0(X\) vanish when rk(A) = 1. Thus, for X # 0, the common
value wt(Xg;) = wt(Xg_) is positive. In particular, for X # 0, Xg,
and Xg_ are nonzero. Thus, g,,g_ : A — AN are injective R-linear
homomorphisms. By defining f : C, — C_ via g_ = g, o f, the claim
is now apparent.

Claim 3: the mapping f : Cy — C_ does not extend to a monomial
transformation.

Because the vector v, contains a zero matrix in one component,
that component of X g, vanishes for every X € A. On the other hand,
no single fixed component of Xg_ vanishes for every X € A. Since
monomial transformations preserve identically zero components, the
map f: Cy — C_ cannot extend to a monomial transformation. [J

4.3. The strategy of Dinh and Lopez-Permouth and proofs of
necessary conditions. In this subsection, we prove Theorems 4.1.1
and 4.1.2 by following the strategy of Dinh and Lépez-Permouth [13,
Theorem 6.
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The objective of Dinh and Lépez-Permouth in [13, Theorem 6] “is to
provide a strategy” for reducing the proof of Theorem 4.1.1 to a non-
extension problem for linear codes defined over certain matrix modules.
Although originally stated for ring alphabets, their ideas, suitably mod-
ified, also work for module alphabets. In outline form, their strategy
has three parts. (1) If a finite ring is not Frobenius, show that its socle
contains a copy of a particular type of module defined over a matrix
ring. (2) Show that counter-examples to the extension property exist
in the context of linear codes defined over this particular matrix mod-
ule. (3) Show that the counter-examples over the matrix module pull
back to give counter-examples over the original ring. Points (1) and
(3) were already carried out in [13], while point (2) is Theorem 4.1.3.

The following theorem shows how points (2) and (3) are used, as-
suming the conclusion of point (1). Recall some notation: the 7; are
the simple modules of R given in (2.2.2); y; is the multiplicity of T} in
R/rad(R), (2.2.2); and s; is the multiplicity of 7T} in soc(A), (3.3.1).

Theorem 4.3.1. Let R be a finite ring, and assume that the alpha-
bet A has the property that, for some index i, the multiplicity s; of T;
appearing in soc(A) is strictly greater than the multiplicity p; of T; ap-
pearing in R/rad(R). Then the alphabet A does not have the extension
property with respect to Hamming weight.

Proof. By hypothesis, there is an index ¢ such that s; > p;. Of course,
s;T; C soc(A) C A. Recall that T; is the pullback to R of the standard
representation M, 1(F,,) of M, (F,,), so that s;T; is the pullback to R
of the M,,,(F,,)-module B = M, ,.(F,.).

Because s; > p;, Theorem 4.1.3 implies the existence of linear codes
Cy C BY, with the property that there exists an linear isomorphism f :
Cy — C_ that preserves Hamming weight, yet f does not extend to a
monomial transformation of BY. Note that the codes Cy are M, (F,,)-
linear codes over the module B = M, ;. (F,,). The projection mappings
R — R/rad(R) — M, (F,) allow us to consider C'y as R-modules.
Since B pulls back to s;T}, we have C C (s;T))" C soc(A)N ¢ AN, as
R-modules. Thus C4 are linear codes over A.

As in the proof of Theorem 4.1.3 (claim 3), the fact that C'; has an
identically zero component, while C'_ does not, implies that there is no
monomial transformation of AN from C, to C_. Thus, the extension
property for Hamming weight over A fails to hold. U

Proof of Theorem 4.1.2. If the alphabet A has the extension property,
then A certainly has the extension property for codes of length 1. Since
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the latter is equivalent to A being pseudo-injective by Proposition 3.3.1,
it follows that A is pseudo-injective.

For the condition on soc(A), we prove the contrapositive. If soc(A)
is not cyclic, then, by Proposition 3.3.2, there is an index ¢ with s; >
pi. By Theorem 4.3.1, the alphabet A does not have the extension

property. O
Proof of Theorem 4.1.1. By Theorem 4.1.2, soc(R) is cyclic. By Propo-
sition 3.3.3, R embeds into pR. Because |R| = |R|, we have the iso-

morphism gpR = R}AB. By a result of Honold [21, Theorem 2|, R is a
Frobenius ring.

Alternatively, if R is not Frobenius, one can show that there exists
an index i and a value k > p; with k7; C soc(R) (see the exposition
following [13, Remark 4]). Thus s; > p;, and Theorem 4.3.1 implies
that A = R does not have the extension property. 0

Example 4.3.2. (Benson, [40, Example 1.4(ii)].) Let R be the ring

consisting of all 6 x 6 matrices over F, of the form a below. The ring

R is not Frobenius. As rings, R/rad(R) = My(F,) & M, (F,).
aq 0 (05} 0 0
0 aq 0 Qo as
ay 0 as 0 0
0 ay 0 as Qg
0 0 0 0 ag
ay 0 as 0 0 Qg

S oo oo

The set A consisting of all matrices of form a with a; = 0 for ¢ # 7,8 is
a left R-module that is isomorphic to the pull-back to R of the M, (F,)-
module MLQ(Fq).

Denote by (x,y) the element of A with a; = x and ag = y (and other
a; = 0). The linear code C, C A" C R consists of all vectors of
length 1 + ¢ of the form having one entry equal to (0,0) and ¢ entries
equal to (x,y). The linear code C_ C A C R consists of all
vectors of length 1 + ¢ with entries of the form (y,0) and (z + ay,0),
with o varying over all a € F,. The reader is invited to verify that C'y
are counter-examples to the extension property.

5. PARAMETERIZED CODES

The purpose of this section is to provide the theoretical foundations
that lead to the counter-example in Theorem 4.1.3. The underlying
ideas go back in part to [43].

Throughout this section, R is a finite ring with 1 and A = gA is a
finite left R-module, which will be the alphabet for R-linear codes. Fix
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a weight w on A, i.e., a function w : A — Q with w(0) = 0. As in
(3.1.2), G, will denote the right symmetry group of w.

5.1. Parameterized codes. In many areas of mathematics one stud-
ies objects X and their subobjects Y C X. Often one way to study the
subobjects is to view them as images of morphisms f : Z — X. Alge-
braic and differential topology provide numerous examples of problems
in geometry (immersions, cobordism) that have been addressed in this
way by turning the problems into problems in homotopy theory. In
coding theory, it is the distinction between a linear code as a submod-
ule of an ambient space and an encoder from the module of information
symbols to the ambient space. Put another way, it is the distinction
between the row space of a generator matrix and the generator matrix
itself.

Definition 5.1.1. Given a finite left R-module M = gM, a param-
eterized code of length n is a pair (M, \), where A : M — A™ is an
R-linear homomorphism.

Every parameterized code (M, \) gives rise to a linear code C' =
imA = MA C A". Of course, different parameterized codes may give
rise to the same linear code.

For a fixed module M, let C,(M) be the set of all parameterized
codes (M, A) of length n. For convenience, we define Co(M) to be the
one-element set consisting of the “empty code” of length 0. One defines
an operation of concatenation as follows:

Cm(M) X Cn2(M) - n1+n2<M>7
(M, A1), (M, X2)) = (M, (A1, As))-
Set C(M) = [1,,50Cn(M) equal to the disjoint union of the C,(M).

Proposition 5.1.2. The set C(M) is a monoid (associative semigroup
with identity) under concatenation, whose the identity is the empty code

Proof. Exercise. dJ

Because the G,-monomial transformations of A™ play an essential
role in the extension property, we will now introduce group actions
into our discussion of C,(M). Let G, be the group of G,-monomial
transformations of A™. The group G, is the semidirect product of the
symmetric group X, with the product group (G,)". The group G, acts
on C,(M) on the right:

Co(M) x G, — Co(M), (N\T)— AoT,
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where A o T"is just the compostion of A : M — A" with T': A" — A"
(viewing function inputs on the left). Let C, (M) be the orbit space
under this group action: C,(M) = C,(M)/G,. As above, set C(M) =
0 Cn(M).

Proposition 5.1.3. Concatenation is a well-defined operation on C(M),
making it a commutative monoid.

Proof. Exercise. dJ

The reader should be aware that a parameterized code (M, \) of
length n is different from that same code with a “zero column” added
(which is the parameterized code (M, (), 0)) of length n+1). The first
is an element of C,,(M); the second is in C,,+1(M). It will be convenient
to identify two parameterized codes that differ in this way, and we turn
to that topic next.

To be precise, let (M,() € C;(M) be the “zero code” of length 1;
ie,(: M — A, with z( = 0 for all x € M. By concatenating with the
zero code, there are injections

C’fl(*]\4);> ’/L-‘rl(M)? A= (A7<)7
that are well-defined on the orbit spaces

Using these injections to make identifications, we form the identifica-
tion space £(M). Two elements of C(M) become identified in £(M) if
they differ by concatenating with zero codes. Thus, elements of £(M)
are parameterized codes with no zero components, up to G,-monomial
transformations.

Proposition 5.1.4. Concatenation is also a well-defined operation on
E(M), making it a commutative monoid.

Proof. Exercise. 0

Remark 5.1.5. The constructions of C(M), C(M), and £(M) can be
carried out in the language of category theory (see [26, 1I1.3]). Pa-
rameterized codes of length n with alphabet A define a functor C,
from the category of finite left R-modules to the category of sets, via
M — Hompg (M, A™). Then C is the coproduct of those functors; C(M)
carries the additional structure of a monoid.

Similarly, C, is a functor from finite R-modules to sets, and C is the
coproduct of those functors, while £ is the colimit.
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5.2. Multiplicity functions. In this subsection we see how to view
parameterized codes in terms of multiplicity functions. The latter are
another way to describe codes, similar to using modular representa-
tions [31], [32], multisets [14], or projective systems [36]. Multiplicity
functions also draw on the coordinate-free approach to codes of [2].

The abelian group Hompg (M, A) of all R-linear homomorphisms from
M to A admits a right action by the right symmetry group G, (by
post-composition). Denote the orbit space of this action by OFf. Let
F(O% N) equal the set of functions from OFf to the natural numbers
N = {0,1,2,...}. Point-wise addition of functions endows F(O% N)
with the structure of a commutative monoid. Define

Fy(O%,N) := {n: O — N | n(0) = 0},

which is the submonoid of F(O% N) consisting of those multiplicity
functions n that have multiplicity zero on the G,-orbit of the zero
homomorphism in Of. (Elements of Fy(O N) will correspond to pa-
rameterized codes with no zero components.)

Theorem 5.2.1. Given a finite left R-module M,
(1) C(M) and F(O% N) are isomorphic as monoids; and
(2) E(M) and Fy(O* N) are isomorphic as monoids.

Proof. Exercise. The multiplicity function counts the number of com-
ponents of A : M — A™ that belong to particular GG,-orbits. O

5.3. The weight mapping. In this subsection we describe the func-
tion that assigns to every element of a parameterized code its weight.
Remember that w is a weight on the alphabet A.

Given a parameterized code (M, ), where A : M — A" the weight
of an element x € M is w(xA) = > w(x)\;), where Aq,...,\, are the
components of A. This definition extends to a well-defined map on
C(M) and £(M), because the action of the group G, preserves w, and
because zero components contribute zero to the weight. In terms of
multiplicity functions in F(O% N), we get a map of function spaces
(with F'(M,Q) being the set of functions from M to Q):

W : F(O% N) - F(M,Q),
(5.3.1) ne—lz— Z w(zA)n(N)].

Aeot
Proposition 5.3.1. The mapping W : F(O* N) — F(M,Q):
(1) is well-defined;
(2) is additive, i.e., W(m +m2) = W () + W(n2);
(3) satisfies W (n)(0) = 0, for any n € F(O* N);



EXTENSION PROBLEM AND MACWILLIAMS IDENTITIES 23

(4) has itmage contained in the Gy-invariant functions from M to
Q, i.e., W(n)(ux) =W(n)(x) for allx € M, u € G.

Proof. Exercise. Recall that the left-symmetry group G, is defined in
(3.1.1). O

The left-symmetry group G; acts on M on the left. Denote the
orbit space of that action by O. It is easy to see that the set of G-
invariant functions M — @Q is the same as the set F'(O, Q) of functions
O — Q; F(O,Q) is a Q-vector space of dimension |O|. Let Fy(O,Q) C
F(O,Q) consist of those functions that equal zero on the orbit of the
zero element of M; Fy(O,Q) is a vector subspace of F(O,Q), and
dim Fy(0,Q) = |O| — 1. By Proposition 5.3.1, W maps F(O* N) —
FO<O7 @)

We conclude this subsection by reformulating the extension property
in terms of the mapping W restricted to the submonoid Fy(O*% N).

Theorem 5.3.2. For an alphabet A, if the mapping W : Fy(O% N) —
Fo(O,Q) is injective for every finite R-module M, then the alphabet A
has the extension property with respect to the weight w.

Moreover, if the weight w : A — Q has the property that w(a) # 0
for every nonzero a € A™ for any n, then the converse holds; i.e., if
A has the extension property with respect to the weight w, then W is
injective for any finite R-module M.

Proof. Suppose the mapping W is injective for every M, and suppose
C1,Cy C A™ are two R-linear codes with f : ¢y — C5 an R-linear
isomorphism that preserves w.

Let M be the R-module underlying the linear code C, and define two
parameterized codes by taking A; to be the inclusion map C'; C A™ and
Ay = f. Then (M, ;) and (M, \y) are two paameterized codes; their
images are (] and Cy, respectively. Let 1, and 7y be the multiplicity
functions associated with (M, ;) and (M, \y), respectively. Because
f: C1 — Cy preserves w, it follows that W (n,) = W (n2). Because W
is injective, we conclude that 7, = 1, as elements of Fy(O* N), which
means that there is a G,-monomial transformation 7" with Ay = Ao T,
as desired.

For the converse, assume that A has the extension property and
w has the property that w(a) # 0 for any nonzero a € A". Let M
be a finite left R-module, and suppose that 1y, 7, € Fy(O% N) satisfy
W () = W(n2). The multiplicity functions correspond to parameter-
ized codes (M, A1) and (M, Xs), respectively. The tricky aspect of the
converse is that the homomorphisms A\; and A\ may have kernels.
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By the assumed property on w, it follows that w(zA;) = 0 if and
only if zA\; = 0, x € M, and similarly for A\y. Because W (n;) = W (ns),
we have that w(zA;) = w(zAe) for all z € M. We conclude that
ker A\; = ker \s. By passing to the quotient by the common kernel if
necessary, we may assume that A\; and Ay are both injective maps.

Let Ch1 = MM and Cy = MM\y; C7 and (5 are linear codes. Let
f: Oy — Cy be \[* o Xy, Because A\; and A, are injective, f is an
isomorphism. Because w(z\;) = w(xAg) for all x € M, f preserves
w. By the extension property, there is a G,-monomial transformation
taking C) to Cy. But this implies that 1, = 1, as elements of Fy(O%, N),
as desired. 0

5.4. Completion over QQ: virtual codes. In this subsection, we for-
mally complete the function space Fy(O% N) to Fy(OF, Q).

The mapping W : Fy(O* N) — F,(0,Q) is an additive map of
monoids. We have Fy(O* N) C Fy(O*Z) C Fy(O% Q). Because
Fo(O% Q) is a finite-dimensional Q-vector space (of dimension |O%|—1),
completing Fy(OFf, N) to Fy(OF, Q) will allow us to use the tools of lin-
ear algebra in what follows. Elements of Fyy(OF, Q) will be called virtual
codes, as in [43, Section 4].

Proposition 5.4.1. For any alphabet A and finite R-module M,

(1) the mapping W : Fy(O* N) — Fy(O,Q) eatends to a linear
transformation W : Fo(O% Q) — Fo(O, Q) of finite-dimensional
Q-vector spaces; and

(2) the mapping W : Fy(O* N) — Fy(O, Q) is injective if and only
if the linear transformation W : Fo(O% Q) — Fy(O, Q) is in-
jective.

(3) Theorem 5.3.2 holds with W : Fy(O*, Q) — Fy(O, Q) replacing
W Fo(oﬁ,N> — F(](O,Q)

Proof. In order to prove that W : Fy(Of, Q) — F,(O,Q) is injective,
under the assumption that W : Fy(O* N) — Fy(O,Q) is injective,
consider n € Fy(Of, Q) with W(n) = 0. Choose a sufficiently large
positive integer K to clear the denominators in the values of 7, i.e.,
Kn € Fy(O%, Z). Now split out the positive and negative values of K7,
writing Kn = ny —n_, with both n,,n_ € Fy(O* N). Because W(n) =
0, it follows that W (n,) = W(n_). Because W : Fy(O* N) — Fy(0,Q)
is injective, we conclude that n, = n_, so that Kn = 0, hence n = 0.
We leave the rest of the proof as an exercise. O

5.5. Matrix representation for . The vector spaces Fy(OFf Q)
and Fy(O, Q) have natural bases. For any nonzero orbit A € OF, define
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1, v=2A
5 — ) )
\v) {O, v# N

Similarly, for any nonzero orbit = € O, define 4, € Fy(O,Q) by

1, y==
6:1: — 9 9
(y) {0, .

In terms of these bases, the linear transformation W : Fy(O*f, Q) —
Fy(O,Q) is represented by a matrix, also called W. We use (5.3.1) as
our guide. Any 7 € Fy(O*, Q) is expressed in terms of the §y-basis as

n= Z 1n(A)dx.

AeOH

o) € Fy(O%,Q) by

Similarly, any h € Fy(O, Q) is expressed as

h=> h(x)s.

zeO

View the coeflicients 7(\) as a column vector indexed by the nonzero
elements of O, and view the coefficients h(z) as a column vector in-
dexed by the nonzero elements of O. The matrix W representing the
mapping W will have size (|O| — 1) x (|O¥| — 1), with rows indexed by
the nonzero elements of O and columns indexed by the nonzero ele-
ments of O%. The entry of the matrix W in row z (x € O) and column
A(Ne O is

(5.5.1) Wan = w(zA),

i.e., the weight w(z)\) of the element A € A obtained by evaluating A
at x. This is well-defined, by the definitions of the symmetry groups.
That the matrix W represents the mapping W is exactly the content
of (5.3.1).

5.6. Field case. In this subsection we examine in detail the mapping
W Fy(0*Q) — Fy(O,Q) when R = A is a finite field.

Let R = F, be a finite field of order ¢q. Let the alphabet A = R
be the field itself, and let w be the Hamming weight wt. Because [,
is commutative, the left and right symmetry groups are equal, namely
G =F;, the multiplicative group of the field F,.

Let M be a finite R-module; i.e., M is a finite dimensional vector
space over IF,. Let dim M = k. The nonzero elements of the orbit space
O=M/G=MJF o form the projective space associated to the vector
space M (the set of one-dimensional subspaces of M). Similarly, the
nonzero elements of the orbit space O = Homg, (M,F,)/F form the
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projective space associated with the dual vector space Homg, (M, F,).
Notice that the number of nonzero elements in © and O is the same,
namely, (¢® —1)/(q — 1). Thus the Q-vector spaces Fy(O% Q) and
Fy(O, Q) both have dimension (¢* —1)/(¢ — 1).

The matrix W of (5.5.1) is just the all-one matrix minus the incidence
pairing between the two projective spaces. This matrix is known to be
invertible, so this provides another proof of the extension property for
linear codes over finite fields with respect to Hamming weight. In fact,
this is exactly the approach used by MacWilliams in her dissertation
[27], by Bogart, et al. in [5], and by Greferath in [16].

5.7. Matrix module case. In this subsection we provide the back-
ground behind Theorem 4.1.3.

Let R = M,,(F,) be the ring of all m x m matrices over a finite
field F,, and let the alphabet A = M,,;(F,) be the left R-module
of all m x k matrices over F,. Let w be the Hamming weight wt
on A. Then the symmetry groups are G; = U(R) = GL(m,F,) and
G, = Aut(rA) = GL(k,F,).

Let M be any finite left R-module. Because R = M,,(F,) is a sim-
ple ring, M = M,,,(F,) for some [. It follows that Homp(M, A) =
M, (F,), acting by right matrix multiplication on elements of M.

The elements of the orbit space O = G;\M = GL(m,F, )\ M,,,(F,)
are repesented uniquely by the row reduced echelon matrices of size m x
[. Similarly, the elements of the orbit space O = Homp(M, A)/G, =
M, ,(F,)/GL(k,F,) are uniquely represented by the column reduced
echelon matrices of size [ X k.

Because the matrix transpose interchanges row reduced echelon ma-
trices and column reduced echelon matrices, we see that

e |O] equals the number of row reduced echelon matrices of size
m X [, while
e |OF| equals the number of row reduced echelon matrices of size
kx 1.
If k > m, then |O% > |O].

Remember that W : Fy(O% Q) — Fy(O, Q) is a linear transforma-
tion of Q-vector spaces, Also remember that dim Fy,(O,Q) = |O| — 1,
while dim Fp(OF,Q) = |0 — 1. If k& > m, then dim (0%, Q) >
dim F5(O,Q), so that ker W # 0, and W cannot be injective.

When k = m+1, dim Fy (0%, Q) = 1+dim F, (O, Q), so dim ker W >
1. The exact form of an element of ker W (as in Theorem 4.1.3) was dis-
covered by doing several computer-assisted computations for small val-
ues of ¢, m, k and guessing the pattern. Once the pattern was guessed,
the proof of Theorem 4.1.3 verified the correctness of the guess.
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6. SYMMETRIZED WEIGHT COMPOSITIONS

In this section, we discuss the extension property for symmetrized
weight compositions, following the ideas in [39)].

6.1. Definitions. Let R be a finite ring with 1, and let A be a finite
left R-module which will serve as the alphabet for R-linear codes. Fix
a subgroup G, C Aut(A) of the automorphism group of A.

The subgroup G, C Aut(A) defines an equivalence relation ~ on A,
via the right group action of G, on A: a ~ d if a = d'7, for some
7 € G,. Denote the orbit space of this group action by A/G,.

Definition 6.1.1. The symmetrized weight composition defined by the
subgroup G, C Aut(A) is a function swc : A" x A/G, — N defined by

sweg(z) = i x; ~a}|, x=(x1,...,2,) € A", a€A/G,.
Recall that a GG,-monomial transformation 7" of A™ has the form
(@1, 20)T = (Xo)T1s - s Tom)Tn),  (T1,...,25) € A",

for some permutation o of {1,2,...,n} and automorphisms 7y, ..., 7, €
G,. Observe that a G,-monomial transformation 7" of A™ preserves swc;
i.e., swe,(2T') = swey(x), for all a € A/G, and z € A™.

Definition 6.1.2. The alphabet A has the extension property with
respect to swc if the following condition holds: for any two R-linear
codes C1,Cy C A", if f : C1 — (5 is an R-linear isomorphism that
preserves swc, then f extends to a G,-monomial transformation of A™.

6.2. Averaged characters. In this subsection, we adapt the results
on averaged characters of [39, Section 4] to the context of a module
alphabet.

The right action of G, C Aut(A) on A induces a left action on the
function space F(A, C) of C-valued functions on A:

(rf)(a) = flaT), a€A, T€G,.

Write g ~ f if g = 7f for some 7 € GG,.. The fixed points of this action
are the G,-invariant functions on A:

Fg,(A,C)={f e F(AC): f(ar) = f(a),a € A, T € G, }.

Define a projection P : F(A,C) — Fg, (A, C) by averaging over the
orbits of the G,-action. For f € F(A,C) and a € A,

(Pf)(a ,G|27f |G‘me

TEG,

Proposition 6.2.1. The map P has the following properties.
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(1) The map P is a linear projection; i.e., Po P = P.

(2) If g~ . then Py = PJ.

(3) Suppose 7,0 are two characters on A. Then 0 ~ 7 if and only
if PO = Pr.

(4) Discarding duplicates, the distinct Pm’s form an orthogonal sys-
tem in Fg, (A, C). In particular, the distinct P’s are linearly
independent in Fg, (A, C).

Proof. The first result is an exercise for the reader. The second result
follows from a reindexing argument. For the third result, if Pm; = P,

then
Z Tm = Z T2T9.

T1EG, T2E€G,

The functions 7w and 7wy are all characters on A. By linear inde-
pendence of characters, my = 7m; for some 7 € G,..

The fourth result makes use of the inner product (-,-) of (1.1.1).
Suppose P # Pr. Then

|Gr|2<P07P7T> = < Z 7_10, Z '7_27T> = Z(Tle,Tgﬂ').

T1€G T2E€G, T1,T2

But each (116, 7om) = 0 by Proposition 1.1.1. The distinct P7’s actually
form a basis for Fg, (A, C), but we will not need this fact. O

6.3. Extension property for Frobenius bimodules. In this sub-
section we prove that the extension property with respect to swc holds
for any Frobenius bimodule A. This result was first proved for finite
fields in [15, p. 364] and for Frobenius rings in [39, Theorem 9.

Theorem 6.3.1. Let A be a Frobenius bimodule over a finite ring R,
and suppose A is equipped with a symmetrized weight composition swc.
Then A has the extension property with respect to swc.

Proof. Suppose C,Cy C A™ are two R-linear codes and that f : C; —
C5 is an R-linear isomorphism that preserves swc. Let M be the R-
module underlying the code C; and let A : M — A" be the inclusion
Ci C A" Setv=XAof: M — A". Because f preserves swc, it follows
that swe,(z\) = swe,(zv) for all a € A/G, and x € M.

Express \,v : M — A™ in terms of components: A\ = (A,...,\,),
v=(11,...,1,), where \;,v; € Homp(M, A). For a € A/G,, x € M,

SWCq(TN) = ‘A’ZZZ m(xA; — b) ZZZ (xA;)

=1 b~a e i=1 b~a e A
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by Proposition 1.1.1. The invariance of swc, i.e., swc,(x\) = swe,(zv),
becomes

(631) > (Z mm) (P7)(a) =) (Z n(mj)> (P7)(a),
red \i=1 reAd \Jj=1
fora € A/G, and x € M.

For a fixed z € M, (6.3.1) is an equation of complex linear combina-
tions of averaged characters (as functions of a). By linear independence
of averaged characters, we equate corresponding coefficients. Remem-
ber that ¢ ~ 7 if and only if Py = Pw. Thus

(6.3.2) Z ZG(:E)\i) = Z Z o(zvy), x€ M.

i=1 O~m j=1 ¢rm
Note that (6.3.2) is an equation of characters on M, and that we have
one such equation for each Pm, w € A. R

We now use the hypothesis that A is a Frobenius bimodule: A has
a generating character p. Consider (6.3.2) for m1 = p, and take i = 1
and 8 = p on the left side. By linear independence of characters on
M, there exists ¢ ~ p and index j such that p(xA;) = ¢(zv;) for all
x € M. As ¢ ~ p, there exists 3 € G, such that ¢ = 7 p. Thus
p(zA1) = p(zvym) for all x € M. By Lemma 3.2.3, \y = v;73.

A reindexing argument shows that

Zé’(m)\l) = Zgzﬁ(muj), x e M.

O~p é~p
This allows us to reduce by one the size of the outer summation in
(6.3.2) (still with 7 = p). Proceeding by induction, we obtain a G,-
monomial transformation 7" of A™ with A = vT, as desired. O

Remark 6.3.2. Naturally, one would like to mimic the ideas in the proof
of Theorem 3.3.4 to extend Theorem 6.3.1 to more general alphabets,
but I have not been successful in doing so.

7. GENERAL WEIGHT FUNCTIONS

In this section, we describe what is known about the extension prop-
erty for weight functions more general than the Hamming weight.

7.1. Homogeneous weight. The homogeneous weight was first in-
troduced by Constantinescu in her Ph.D. dissertation [7] and was de-
veloped in subsequent papers by a number of authors: [8], [9], [16], [17],
[18], [20]. The extension property with respect to homogeneous weight
has been proved directly in these papers using techniques involving the
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combinatorial structure of the principal submodules of the alphabet
and its associated Mobius function. In the future, the homogeneous
weight may well turn out to be more important than the Hamming
weight for general alphabets.

The goal of this subsection is modest: to show that homogeneous
weight is preserved if and only if Hamming weight is preserved. It then
follows that an alphabet has the extension property with respect to
homogenous weight if and only if it has the extension property with
respect to Hamming weight. This result goes back to Greferath and
Schmidt [18] for ring alphabets. We follow the treatment for module
alphabets in [17, Section 4], but we omit proofs.

Suppose that (P, <) is a partially ordered set (also called a poset).
The Mobius function p : P x P — Q is defined by the conditions:

plx,x) =1, p(z,y) =0if z £y, and
Z u(t,z) =0 ify <.
y<t<z

The partial order and the Mobius function induce transformations on
the space of rational (or real, or complex) valued functions on P, as
follows. Define two transformations S, : F(P,Q) — F(P,Q) by:

(Sh) =D fy), veP,

(Ig)(y) =D gla)u(z,y), yeP.

The reader will check that S and I are inverses.
As usual, let R be a finite ring with 1, and let A be a finite left
R-module, which will be the alphabet for R-linear codes.

Definition 7.1.1. A weight w : A — Q is pre-homogeneous if
(1) the left symmetry group G; = U(R); and

(2) there exists a rational number v such that

Z w(b) = v|Ra|, all nonzero a € A.
bERa

A weight w is homogeneous if, in addition:

Zw(b) =~|B|, all nonzero submodules B C A.
beB

Let P = {Ra : a € A} be the set of all principal left submodules of
A. The set P is a partially ordered under set inclusion. Let p be the
Mobius function for P.
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Theorem 7.1.2 ([17, Theorem 4.2]). Every alphabet A admits a pre-
homogeneous weight w, and every such pre-homogeneous weight has the

form
o1 48). v

for some nonzero v € Q.
We call v the average weight of w.

Proposition 7.1.3 ([17, Proposition 4.1]). An alphabet A admits a
homogeneous weight w if and only if soc(A) is cyclic.

Let Fyr) (A, Q) be the space of U(R)-invariant Q-valued functions
on A; ie., those functions f : A — Q satisfying f(ua) = f(a) for all
ac A and u € U(R). Define X : Fyr)(A, Q) — Fyr)(A, Q) by

(2f)(a) ’R’Zf f € Fur(A,Q), acA.

beRa

Observe that the pre-homogeneous condition implies that the Hamming
weight wt satisfies 7wt = Yw, where w is a pre-homogeneous weight
with average weight ~.

Also define the kernel K : A x A — Q by

|Ra|  |Rb|
(U(R)al |U(R)D]

where p is the Mobius function for P = {Ra : a € A}. Finally, we use
the kernel K to define A : Fyyp)(A, Q) — Fur)(A, Q) by

K(a,b) = wu(Ra, Rb), a,be A,

(Ag)(a |R’Z K(ba), g€ Fyur(AQ), acA.

Theorem 7.1.4 ([17, Theorem 4.4]). The endomorphisms
YA Fury(A,Q) — Fur)(4,Q)
are 1nverses.

Functions fi, fo,..., fn € Fum (A, Q), determine a function f :
A" — Q by

f Qay, . Zfz az
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Then ¥ and A commute with this construction ([17, Proposition 4.2]):
(2f)(ar, - an) = > (Sfi) (@),
i=1
(Af)ar,. - an) =Y _(Afi)(a).
i=1
It follows that Hamming weight and a pre-homogeneous weight w sat-
isfy ywt = Yw on all on A”. Because A inverts Y, we have the next
corollary.

Corollary 7.1.5. For linear codes Cy,Cy C A", a linear homomor-
phism f . C7 — Cy preserves Hamming weight wt if and only if f
preserves pre-homogeneous weight w.

This corollary allows all extension properties proven for homoge-
neous weights to apply to Hamming weight, and vice versa. Note that
one of the conditions for the extension property to hold for Hamming
weight, soc(A) being cyclic, is exactly the condition needed for a pre-
homogeneous weight to be homogeneous.

7.2. A sufficient condition. In this subsection we describe a suffi-
cient condition for the extension theorem to hold with respect to a
general weight function over a Frobenius bimodule, generalizing [41,
Theorem 3.1].

Let R be a finite ring with 1 and A be a Frobenius bimodule over
R. Let w be a weight on the alphabet A, so that w : A — Q with
w(0) = 0. There are then left and right symmetry groups G;, G,, as in
(3.1.1) and (3.1.2). The right symmetry group G, C Aut(A) defines a
symmetrized weight composition swc, as in Definition 6.1.1.

Lemma 7.2.1. Suppose A : M — A™ s a parameterized code, then
w(zA) = Z w(a)sweq(xzA), € M.
a€A/Gr

Proof. For any x € M,

n

w(z)) = Zw(m) => w(a)|{i:zX =a}|

a€A

= Z Zw(b)|{z txA; = b}

a€A/G, b~a

= > w@)) Witahi=b= Y wla)sweg(w)),

a€A/G, b~a a€A/G,
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where we used the fact that w(b) = w(a) if b ~ a. O
We now utilize the left module structure of M.
Corollary 7.2.2. For s € R,

w(szA) = Z w(sa)sweq(xzA), =€ M.
acA/Gr

Proof. Repeat the argument of Lemma 7.2.1 using the fact that
w(sxA) = Zw(sx)\i) = Zw(sa)|{i cx\ = a}l.
=1 acA

O

Let FO (R,C) = {f : R — C| f(0) = 0and f(us) = f(s),u €
Gi,s € R} be the complex vector space of Gj-invariant functions on
R that vanish at 0. Similarly, let F3 (A,C) ={f : A — C| f(0) =
0 and f(ap) = f(a),a € A,¢ € G,} be the complex vector space of
G,-invariant functions on A that vanish at 0. Define a linear trans-
formation W : Fg (A,C) — Fg (R,C) by (W [)(s) = > ,csw(sa)f(a)
for f € Fg (A,C) and s € R.

Theorem 7.2.3. If W : F{, (A,C) — Fg (R, C) is injective, then the
Frobenius bimodule A has the extension property with respect to w.

Proof. Suppose C1,Cy C A™ are two R-linear codes, and suppose f :
C7 — (Y5 is an R-linear isomorphism that preserves the weight w. As
usual, let M equal the module underlying the code C7, with A : M —
A" being the inclusion of C; C A™.

By hypothesis, w(zAf) = w(z\) for all x € M. In particular, if
s € R, then sx € M for any x € M. Thus, w(szAf) = w(szA) for all
x € M and s € R. By Corollary 7.2.2, this implies that

(7.2.1) Zw(sa) sweg (zAf) = Zw(sa) SWCq(TN),

acA acA
for all s € R and « € M. For a fixed value of x € M, swc,(z))
and swcq(zAf) are elements of Fg (A,C), and (7.2.1) says that the
values of W on these elements are equal. By the injectivity of W, we
conclude that swc,(xAf) = swe,(xA), for all @ € A and x € M. But

this means that f : C; — (5 preserves swc. The result now follows
from Theorem 6.3.1. O

Remark 7.2.4. A more concrete way to express Theorem 7.2.3 is to
consider a matrix W, whose rows are parameterized by the nonzero
elements of G;\R, whose columns are parameterized by the nonzero
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elements of A/G,, and whose entry Ws,, s € G/\R, a € A/G,, is
w(sa), the weight of the element sa € A. This is well-defined, because
of the actions of the symmetry groups. The injectivity condition is that
the matrix not annihilate any nonzero column vector (whose entries
would be parameterized by a € A/G,.).

7.3. Chain rings. In this subsection we discuss maximally symmetric
weights on finite chain rings.

A finite ring R is a left chain ring if its left ideals form a chain under
set inclusion. By a result of Clark and Drake [6, Lemma 1], a finite left
chain ring is also a right chain ring. Moreover, in a finite chain ring the
radical m = rad(R) is a maximal ideal, and all the ideals are two-sided
and of the form m’ = Rm' = m'R, for some (any) m € m \ m?. Let e
be the smallest positive integer such that m® = 0. Denoting by U the
group of units U(R), note that m* \ m*! = Um’ = m'U.

A finite chain ring is Frobenius. Let A = R, so that R is a Frobenius
bimodule, and let w : R — Q be a weight on R. Assume that w has
maximal symmetry, i.e., that G, = G, = U. (In fact, G; = U if and
only if G, = U, because m* \ m"™! = Um’ = m'U.) Then the weight w
is completely determined by its values w; := w(m'), i =0,1,...,e— 1.

According to Remark 7.2.4, the matrix representing W in Theo-
rem 7.2.3 has the form

Wi ;=wm'm!) =wm™) =wyy;, 0<ij<e—1.

Since m® = 0, w;;; = 0 for i + 5 > e. It is then easy to calculate that
det(W) = +w®_,. Aslong as w._1 = w(m® ') # 0, W is injective, and
R has the extension property with respect to w. We summarize this
discussion in the following theorem.

Theorem 7.3.1. Suppose R is a finite chain ring, with rad(R) =
Rm = mR. Suppose w : R — Q is a weight on A = R such that
G, = G, = U(R). Then w is determined by its values w; = w(m'),
1=20,1,...,e—1. Moreover, R has the extension property with respect
to w if and only if we_y = w(mt) # 0.

Remark 7.3.2. When the weight w has less symmetry, the conditions
needed in order for the extension property to hold with respect to w
can become very complicated. In the commutative case, the determi-
nant det(W) admits a factorization into linear expressions involving
the characters of the group of units U(R). See [41, Theorem 7.3] and
[42, Theorem 7] for details.

7.4. Matrix rings. In this subsection we consider weights on the ma-
trix ring M, (F,) having maximal symmetry.
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Let R = M, (F,) be the ring of n x n matrices over the finite field F,.
Let the alphabet A be the ring R itself, and suppose that w : R — Q
is a weight on R having maximal symmetry. That is, we assume that
G =G, =U(R) = GL,(F,). The ring R is Frobenius, so that R is a
Frobenius bimodule.

Proposition 7.4.1. Let R = A = M,(F,), and suppose w : R — Q is
a weight having mazimal symmetry. Then w(X) depends only on the
rank k(X)) of the matriz X € M,(F,). That is, if tk(X) = 1k(Y),
X, Y € M,(F,), then w(X) =w(Y).

Proof. By using elementary row and column operations, every X €
M, (F,) satisfies PX(Q) = I], for some P,Q) € GL,(F,) and integer s,

where
r_(Is 0
i (5 0).
The result now follows from the symmetry assumptions on w. U

Consequently, the weight w is completely determined by n values
ws = w(ll), s = 1,2,...,n. (Remember that w(0) = 0 is part of
the definition of weight.) Every matrix X having rk(X) = s satisfies
w(X) = w.

Theorem 7.4.2. Let R = A = M,(F,). Suppose w : R — Q is a
weight having mazximal symmetry, and denote by ws the value of w on
an element of R of rank s. Then R has the extension property with
respect to the weight w if the following quantities w’, are all non-zero,
fors=1,2,... . n:

i (B ]S
w = Z(—l) q(2) L} w;.
i=1 q

Theorem 7.4.2 will follow as a corollary of Theorem 7.4.3, which de-
scribes the determinant of the matrix representing W in Theorem 7.2.3.
To prepare for Theorem 7.4.3, we need to describe the orbit spaces
G/\R and R/G, of Remark 7.2.4.

Remember that we are assuming that w has maximal symmetry, so
that G; = G, = GL,(F,). Then G;\R is in one-to-one correspondence
with the set of row reduced echelon matrices, while R/G, is in one-to-
one correspondence with the set of column reduced echelon matrices.
The matrix representing W in Theorem 7.2.3 thus has rows param-
eterized by the nonzero row reduced echelon matrices and columns
parameterized by the nonzero column reduced echelon matrices. The
entry of W in position (P, Q) is ws, where s = rk(PQ).
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It will be useful to view the matrix representing W in another way.
To that end, the elements of R = M, (F,) define linear transformations
Fy — Fy via (left) matrix multiplication on column vectors. Two
elements of R are in the same left Gj-orbit if and only if they have
the same kernel as linear transformations. Similarly, two elements of R
are in the same right GG,-orbit if and only if they have the same image
as linear transformations. So, another way to parameterize the matrix
representing W is this: parameterize rows and columns by nonzero
linear subspaces of Fy. The row parameterized by a nonzero subspace
U will correspond to the G-orbit of linear transformations with kernel
equal to U (under the standard dot product on F7). The column
parameterized by a nonzero subspace V will correspond to the G,-
orbit of linear transformations with image equal to V. The entry of W
in position (U, V) is then ws, where s = dim V' — dim(U+ NV), as the
reader will verify.

Theorem 7.4.3. In the notation given above, the determinant of the
matrix representing W is

n n s ) [
det W = CH(w;)[Z]q =c]] <Z(_1)iq(§) m wi> 7

where C is a nonzero constant.

Proof. Define another matrix P whose rows and columns are parame-
terized by the nonzero linear subspaces of Fy by

b DI v ey,
“V 0, Ugv.

If we order the nonzero linear subspaces in such a way that the dimen-
sions are (say) nonincreasing, then the matrix P is lower-triangular,

with diagonal entries
Thus, the matrix P has det P # 0 and is invertible over Q.

A somewhat laborious computation shows that the matrix W P has a
block upper-triangular form. The block matrices on the diagonal have

the form w.Qs, s = 1,2,...,n, where, as above,
CoN e 0[]
ws T Zl( 1) q 2 |:i‘|qwza

and @, is a square matrix of size [7] .+ barameterized by the linear

subspaces of dimension s in Fy. The entries of the matrix ), are given
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by
1, UtNnV =0,
(@aJoy = {o, ULnv #0.
Provided that we can show that det (), is nonzero, the formula for
det W follows. We show that det Qs # 0 in Lemma 7.4.4. O

Lemma 7.4.4. In the notation above, det Q4 # 0 for s=1,2,...,n.

Proof. We make use of the fact that we already know that R = M,,(F,),
a Frobenius ring, has the extension property with respect to Hamming
weight wt, by Theorem 3.4.2.

To be more precise, let R = M,(F,) and let the alphabet pA = rR
be the ring itself. Using Hamming weight wt on A = R, the symmetry
groups are G; = G, = U(R) = GL,(F,). Because Hamming weight has
the property that wt(a) # 0 for every nonzero a € A", Theorem 5.3.2
implies that the mapping W : Fy(O* N) — F,(0,Q) is injective for
every finite R-module M. When g M = R is the ring itself, the matrix
representing W : Fy(OF N) — F,(0,Q) is, by (5.5.1), the same as the
matrix of Remark 7.2.4, using Hamming weight wt. As a consequence,
the matrix W of Theorem 7.4.3 is invertible, provided one is using
Hamming weight wt.

In the case of Hamming weight, where w; = wy = -+ =w, =1, a
computation using the Cauchy binomial theorem shows that w} = w} =

- =w! =1, as well. As a consequence, if we repeat the argument
in the proof of Theorem 7.4.3 in the case of Hamming weight, we see
that WP is a block upper-triangular matrix, with the matrices ()5 on
the diagonal. Because P is invertible in general and W is invertible for
Hamming weight, as shown above, we conclude that the matrices Q)
are also invertible. 0

Remark 7.4.5. 1 would expect that there is a direct proof that the
matrices (), are invertible, but I was unable to locate one.

Part 3. MacWilliams identities
In this part, we turn our attention to the MacWilliams identities on
weight enumerators.
8. A MODEL THEOREM

In this section we describe a theorem, valid over finite fields, involving
linear codes, their dual codes, and the MacWilliams identities between
their Hamming weight enumerators. This theorem will serve as a model
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for subsequent generalizations to additive codes, linear codes over rings
or modules, and other weight enumerators.

8.1. Classical case of finite fields. We recall without proofs the
classical situation of linear codes over finite fields, their dual codes, and
the MacWilliams identities between the Hamming weight enumerators
of a linear code and its dual code. This material is standard and can be
found in [29]. Proofs of generalizations will be provided in subsequent
sections.

Let IF, be a finite field with ¢ elements. Define (-,-) : F} x Fj — F,
by

j=1

for x = (z1,29,...,2),y = (Y1,%2,--.,Yn) € F;. The operations
are those of the finite field F,. The pairing (-,-) is a non-degenerate
symmetric bilinear form.

A linear code of length n is a linear subspace C' C Fy. It is traditional
to denote k = dim C. The dual code C* is defined by:

Cc+ ={y el :(z,y) =0, for all z € C}.

As usual, the Hamming weight wt : F, — Q is defined by wt(a) =1
for a # 0, and wt(0) = 0. The Hamming weight is extended to a
function wt : Fy — Q by

wt(z) =Y wt(x;), @ =(x1,22,...,2,) €F).
j=1

Then wt(x) equals the number of non-zero entries of x € F".
The Hamming weight enumerator of a linear code C' is a polynomial

We(X,Y) in C[X,Y] defined by

We(X,Y) =) Xy = N " 4, xn iy,
zeC 7=0
where A; is the number of codewords in C' of Hamming weight j.
The following theorem summarizes the essential properties of C+ and
the Hamming weight enumerator. This theorem will serve as a model
for results in later sections.

Theorem 8.1.1. Suppose C' is a linear code of length n over a finite
field F,. The dual code C*+ satisfies:

(1) C*+CFy;

(2) C* is a linear code of length n;
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(3) (CH): =C;
(4) dim C* =n —dimC (or |C| - |CF] = [F}| = ¢"); and
(5) (the MacWilliams identities, [27], [28])

Wer (X,Y) = %'WC(X Fg=1)Y, X —Y).
8.2. Plan of attack. In subsequent sections, Theorem 8.1.1 will be
generalized in various ways, first to additive codes, then to linear codes
over rings and modules, and finally to other weight enumerators. In
order to maintain our focus on the central issue of duality, only the
Hamming weight enumerator will be discussed initially.

As we will see in the discussion of additive codes (Section 9), one
natural choice for a dual code to a code C'C G™ will be the character-
theoretic annihilator (G™ : C'). The drawback of this choice is that the
annihilator/\ is not a code in the original ambient space G"; rather, it is
a code in G". By introducing a nondegenerate biadditive form on G”
(Subsection 9.3), one establishes a choice of identification between G™
and G". This will remedy the drawback of the dual not being a code
in the original ambiant space.

At the next stage of generalization, linear codes over rings (Sec-
tion 10), one must be mindful to ensure that the dual code is again a
linear code, that the size of the dual is correct, and that the double
dual property is satisfied. The latter requirement will force the ground
ring to be quasi-Frobenius. In order that the dual code be linear, the
biadditive form neAeds to be bilinear, yet still provide an identification
between R"™ and R". This and the size restriction will place an addi-
tional requirement on the ground ring, that it be Frobenius.

Once duality has been sorted out, the generalizations to other weight
enumerators will be comparatively straight-forward (Section 11).

9. MACWILLIAMS IDENTITIES FOR ADDITIVE CODES

In this section we generalize the model Theorem 8.1.1 to additive
codes over finite abelian groups. We begin with a review of the Fourier
transform and the Poisson summation formula, which will be key tools
in proving the MacWilliams identities.

9.1. Fourier transform and Poisson summation formula. In this
subsection we record some of the basic properties of the Fourier trans-
form on a finite abelian group (cf. [40, Appendix A]). The proofs are
left as exercises for the reader.

Suppose that G is a finite abelian group and that V' is a vector space
over the complex numbers. Let F(G,V) = {f: G — V} be the set of
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all functions from G to V; F(G,V) is vector space over the complex
numbers.

The Fourier transform  : F(G,V) — F(G, V) is defined by
f(m)=>"=(2)f(x), feF(G,V), =ed.
zeG

The Fourier transform is a linear transformation with inverse transfor-
mation determined by the following relation.

Proposition 9.1.1 (Fourier inversion formula).

@) = ﬁ Y nl-a)f(m). ©€G. feFG.V)

Theorem 9.1.2 (Poisson summation formula). Let H be a subgroup
of a finite abelian group G. Then, for any a € G,

Zf(aﬂ):ﬁ S r(—a)f(n).

Cml %,

In particular, when a =0 (ora € H),

1 .
Zf(m)—m > f).

zcH WE(@:H)

In fact, the Poisson summation formula is a special case of a more
general result that we will now describe. This more general result will
be used in subsection 10.6 when we discuss some degenerate cases of
the MacWilliams identities. N

Let GGy and G4 be finite abelian groups, and suppose 7 : G; — Gs
is a group homomorphism. Then 7 induces a homomorphism 7 : G5 =

Gy — Gy by (7(y)(z) = (7(2))(y), for z € Gy, y € Go.

Theorem 9.1.3. Let Gy, Gy be finite abelian groups, and let T : Gy —
Gy be a homomorphism. Assume K C Gy is a subgroup and a € Gj.
Then for any function f: Gy — V', V a complex vector space,

Y falata) =Kl D> (GFu)a)f(y).
zeK yer—1(G1:K)
In particular, when a =0 (or a € K),

Y fa@y=IK Y ).

zeK yer—1(G1:K)
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To recover the Poisson summation formula in the subgroup case of
H C G, take G; = @, Gy =G, 7 G—G equal to the identity, and

= (G : H) C Gy. Observe that #71(G; : K) = H.

When the vector space V' has the additional structure of a commu-
tative complex algebra, we have the following technical result.

Proposition 9.1.4. Suppose thatV is a commutative complex algebra.
Suppose that f € F(G",V) has the form

flzy, ... x,) = Hfz(x
i=1

where fl,...,fn € F(G,V). Then f = Hf“ i.e., form = (my,...,m,) €
Gn G,

9.2. Additive codes. Let (G,+) be a finite abelian group. An addi-
tive code of length n over GG is a subgroup C C G". Hamming weight
on G is defined as before, for a € G and x = (zy,...,2,) € G™

wt(a) = {é’ Zi 8’ wt(x) = Zwt(xj).

Thus, wt(x) is the number of nonzero entries of x.

Given an additive code C' C G™, one way to define its dual code is
via the character-theoretic annihilator (G™ : C).

As before, the Hamming weight enumerator of an additive code C' C

G" is:

We(X,Y) =) Xrwi@ywi) ZA XY
zeC
where A; is the number of codewords of Hammmg weight j in C.

The model Theorem 8.1.1 then takes the following form. This result
is a variant of a theorem of Delsarte [11].

Theorem 9.2.1. Suppose C' is an additwe code of length n over a
finite abelian group G. The annihilator (G" : C') satisfies:

(1) (G": C) c G i
(2) ( : ) 1s an additive code of length n in G";
(3) (G": ( : C)) =C;

(4) [C]- |( :C)| = 1G"|; and
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(5) the MacWilliams identities hold:

1
Wigncy(X,Y) = HWC(X + (|G- 1Y, X =Y).

The first four properties are clear from the definition of (é” - O).
For the proof of the MacWilliams identities, we follow Gleason’s use of
the Poisson summation formula (see [3, §1.12]). To that end, we first
lay some groundwork.

Let V = C[X, Y], a commutative complex algebra, and let f; : G —
C[X,Y] be given by f;(z;) = X'™"@)ywt=) 2, € G. Now define
f:G"—= C[X,Y] by

f(xh o ’In) _ H fz(xz) _ HXl—Wt(LUi)YWt($i) _ )(n—wt(at)ywt(w)7

i=1 i=1
for v = (xq,...,2,) € G™.

Lemma 9.2.2. For f;(z;) = X"t@)y™t@) 2 € G, and 7; € é,

Film) = X+(G-1)Y, m=1 (w;=0),
Thus,

f(ﬂ') — (X + (|G| = 1)) =) (X — y)vH=),
'UJheTeﬂ': (7T1,...,7Tn) € @:an

Proof. By the definition of the Fourier transform,

~

Jilm) = 3 mla)f (@) = Y mla) X1y,

r,€G z;, €G
Split the sum into the x; = 0 term and the remaining z; # 0 terms:
;70

By Proposition 1.1.1, the character sum equals |G| — 1 when © = 1,
while it equals —1 when 7 # 1. The result for f; follows. Use Proposi-
tion 9.1.4 to obtain the formula for f. U

Proof of the MacWilliams identities in Theorem 9.2.1. We use f(z) =
Xn=wt@)ywt() a5 defined above. By the Poisson summation formula,
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Theorem 9.1.2, we have

=2 @ @ = ™

zeC wE G" )
1 — Wt wti(wo
= E ol Z (X + (16| =)y &)X -y
@02
1

Interchanging the roles of C' and (G" : C) yields the form of the iden-
tities stated in the theorem. U

Remark 9.2.3. In comparing Theorem 9.2.1 with Theore@ 8.1.1, the
only drawback is that the “dual code” (G™ : C) lives in G™, not G".
One way to address this deficiency will be the use of biadditive forms
in subsection 9.3.

9.3. Biadditive forms. Biadditive forms are introduced in order to
make identifications between a finite abelian group G and its character
group G.

Let G, H, and E be abelian groups. A biadditive form is a map
B :Gx H— E such that §(z,-) : H — E is a homomorphism for all
x € G and ((-,y) : G — FE is a homomorphism for all y € H. Observe
that 3 induces two group homomorphisms:

X : G — Homg(H, E), x=(y) = pB(z,y), v€G,yeH,;
¢ H — Homg (G, E),  ¢y(x) =B(z,y), v€GyeH.

The biadditive form (3 is nondegenerate if both maps x and 1 are
injective. Extend 8 to #: G" x H® — E by

= Zﬂ(l‘]vy]): €r = (xla'“)xn) € Gn7y: (ylv'-‘vyn) € H".
=1

If G and H are finite abelian groups and £ = Q/Z, then recall
that Homz(G,Q/Z) = G, so that a nondegenerate biadditive form
B :Gx H— Q/Z induces two injective homomorphisms x : G — H
and 1 : H — G. Because |G| = |G|, we conclude that y and 1 are
isomorphisms, so that G = H. Thus, there is no loss of generality to
have G = H, with a nondegenerate biadditive form f: G x G — Q/Z.
Observe now that x = 1 if and only if the form [ is symmetric. Equiv-
alently, x.(y) = xy(x) for all z,y € G if and only if § is symmetric.
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For an additive code C' C G™, the character-theoretic annihilator
(G™: C') C G™ corresponds, under the isomorphisms y, v, to the anni-
hilators determined by f:

(C):={ye G": B(y,xz) =0, for all x € C}, (under ),
r(C):={z€G": f(z,2) =0, for all z € C}, (under ).

Observe that I(r(C)) = C and r(I(C)) = C. Of course, if 3 is symmet-
ric, then [(C) = r(C). To summarize:

Proposition 9.3.1. Suppose G is a finite abelian group and 3 : G X
G — Q/Z is a nondegenerate biadditive form. The annihilators [(C')
and r(C) of an additive code C C G" satisfy

(1) 1(C),r(C) € G,

(2) 1(C),r(C) are additive codes of length n in G™;
(3) U(r(C)) = C and r(i(C)) = C;

(4) [C]-[l(C)] = [C]- [r(C)] = |G"|; and

(5) the MacWilliams identities hold:

VV[(C)(X, Y) = ch(X + (|G‘ — 1)Y;X — Y) = WT(C)(X, Y)
If B is symmetric, then I[(C) = r(C). Moreover, for any finite abelian
group G, there exists a nondegenerate, symmetric biadditive form ( :

GxG—Q/Z.

10. DUALITY FOR MODULES

In this section we discuss dual codes and the MacWilliams identities
in the context of linear codes defined over a finite ring or, even more
generally, over a finite module over a finite ring.

10.1. Linear codes. Fix a finite ring R with 1. The ring R may not
be commutative. Also fix a finite left R-module A, which will serve as
the alphabet for R-linear codes.

Definition 10.1.1. A left R-linear code of length n over the alphabet
A is a left R-submodule C' C A™.

An important special case is when the alphabet A equals the ground
ring R.

Remember that the character group A of A admits a right R-module
structure via wr(a) = w(ra), for r € R, a € A, and @ € A.

For an R-linear code C' C A", the character theoretic_annihilator
(A" C) = {w € A" : w(C) = 0} is a right submodule of A"
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~

Proposition 10.1.2. The annihilator (A™ : C) of an R-linear code
C C A" satisfies

(1) (

(2) (A™: C) is a right R-linear code of length n in A™;
(3) (A" : (A™: C)) =C;

(4) |C]- (A" - O)] = |A"|; and

(5) the MacWilliams identities hold:

1
W gy (X, Y) = WWC(X + (Al =1V, X = Y).

The only drawback is that the annihilator (A" : C) is not a code
over the original alphabet A. As we did for additive codes, one way to
remedy this drawback is to use nondegenerate bilinear forms. We will
introduce bilinear forms in a very general context and then be more
specific as we proceeed.

10.2. Bilinear forms. Let R and S be finite rings with 1, A a finite left
R-module,; B a finite right S-module, and E a finite (R, S)-bimodule.
In this context, a bilinear form is a map § : A x B — E such that
B(a,-) : B — E is a right S-module homomorphism for all a € A
and ((-,0) : A — FE is a left R-module homomorphism for all b € B.
Observe that § induces two module homomorphisms:

X : A — Homg(B, F), Xa(b) = B(a,b), a€ AbeE B;

Y : B — Homg(A, E), Up(a) = B(a,b), a€ Abe B.
The bilinear form (3 is nondegenerate if both maps ¢ and ¢ are injective.
Extend 3 to B : A" x B" — E by

Ba,b) =Y Blaj,by), a=(ar,...,a,) € A" b= (by,...,b,) € B".
j=1

For subsets P C A" and () C B"™ we define annihilators

Q) ={a e A" B(a,q) =0, for all g € Q},
r(P)={be B": [3(p,b) =0, for all p € P}.
Observe that I(Q) is a left submodule of A™ and r(P) is a right sub-
module of B™. Also observe that @ C r({(Q)) and P C I(r(P)), for
P C A" and Q C B".
An important special case is the following example.

Example 10.2.1. Let R = S and let A= rR, B= Rr and F = gRp.
Define 5 : R x R — R by f((a,b) = ab, where ab € R is the product
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in the ring R. Because R has a unit element, § is a nondegenerate
bilinear form.

As above, if P C R"™, then I(P) is a left submodule of R™ and r(P)
is a right submodule of R". Moreover, if P is also a left (resp., right)
submodule of R™, then [(P) (resp., r(P)) is a sub-bimodule of R™.

Comparing with the model Theorem 8.1.1, the annihilator r(C') of
a left linear code C' C R"™ will indeed be a right linear code in R".
However, we will need to be concerned about two other of the items in
Theorem 8.1.1: the double annihilator property and the size property.
In the next two subsections we examine these properties in more detail.

10.3. The double annihilator property. Continue to assume the
conditions in Example 10.2.1, i.e., # : R" x R" — R is the standard
dot product given by

ﬁ(au b) = i a;b;,
i=1

for a = (a1,...,a,),b = (by,...,b,) € R", where @;b; is the product in
the ring R.

Proposition 10.3.1. The annihilators (D), r(C) satisfy:

(1) If C C R™ is a left submodule, then C C l(r(C)).
(2) If D C R"™ is a right submodule, then D C r(I(D)).
(3) Equality holds for all C' and D if and only if R is a quasi-

Frobenius ring.

Proof. The first two containments are true even if C', D are merely
subsets of R". Now consider the last statement. In the case where
n = 1, equality would mean that C' = [(r(C)) and D = r(I(D)) for
every left ideal C' and right ideal D of R. In some texts, for example
[10, Definition 58.5], this is the definition of a quasi-Frobenius ring.
In [24, Theorem 15.1], the double annihilator condition is one of four
equivalent conditions that serve to define a quasi-Frobenius ring.

For n > 1, the double annihilator condition holds over a quasi-
Frobenius ring by a theorem of Hall, [19, Theorem 5.2]. O

10.4. The size condition. We continue to assume that 3 : R"x R" —
R is the standard dot product over a finite ring R. Motivated by the
previous subsection, we now assume that R is a quasi-Frobenius ring
as well.

First, the bad news.
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Theorem 10.4.1. If R is not a Frobenius ring, there exists a left ideal
I C R with |I| - |r(I)| < |R|, and there exists a right ideal J C R with
[ J]- L)) < |R].

Proof. As in the alternative proof of Theorem 4.1.1, if R is not Frobe-
nius, there exists an index ¢ and a value k > p; with k7T; C soc(R).
The notation is as in (2.2.2). We set I = T;, a simple left ideal of R.
Because T; is the pullback to R of the left M, (F,,)-module M,, ,(F,,),
we have || = ¢/". We now wish to understand r(I).

Because I = T; is a simple module, it is generated by any non-zero
element in I. Let x € I be a nonzero element, so that I = Rx. Consider
fz : R — R given by left multiplication by x: f,(r) = xr, r € R. Then
fz is a homomorphism of right R-modules, and r(I) = ker(f,), because
I = Rx. It follows that |r(I)| = |ker(f.)| = |R|/|im f.| = |R|/|zR)|.

As above, kT; C soc(R). There is no loss of generality in assuming
that k is the largest integer with this property. As above, we can view
kT; as the pullback to R of the left M, (F,)-module M, ,(F, ). But
this matrix module is also a right module over S := My (F,). Right
multiplication by a matrix B € S defines a homomorphism gp : kT; —
kT; of left R-modules.

Because R is a quasi-Frobenius ring, it is in particular self-injective.
Thus the homomorphism gg : kT; — kT; C R of left R-modules extends
to a left endomorphism ¢ : R — R. Because R is a ring with 1, every
left endomorphism of R is given by right multiplication by an element
of R. In particular, we have xS C xR for any x € kT;.

Now we compute. Without loss of generality, we assume that I
represents the first column of K7; = M,,, ,(IF,,), and we take the nonzero
element z € I to be the element with a 1 in the first row and first
column and zeroes elsewhere. As above, |Rz| = |I| = ¢!". Inside
M, x(F,,), xS consists of all y; x k matrices with zeroes everywhere
in rows 2,...,u; (the entries in the first row are arbitrary). Thus
|zS| = ¢F. Because xS C xR, we have |zS| < |zR|.

Thus, |[r(I)] = [R|/|zR| < |R|/lzS| = |R|/q¢f, so that |I] - [r(I)] <
|R| ¢/ "*. Because k > y;, we see that |I| - |r(I)| < |R|, as claimed.

The statement for right ideals follows from left-right symmetry. 0O

Corollary 10.4.2. The MacWilliams identites cannnot hold over a
non-Frobenius ring R using [(C) and r(C) as the notions of dual codes.

Proof. Consider the meaning of the MacWilliams identities for linear
codes of length 1, i.e., when the linear code C' C R is a left ideal.
Clearly, W (X,Y) = X + (|C| = 1)Y.
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Then, the right side of the MacWilliams identities becomes

WWC(X + (R - 1Y, X —-Y)

= X+ URI= DY + (€] = (X - ¥)

|R| )
:X+(——1 Y.
C|

This latter equals the Hamming weight enumerator for r(C') (or [(C))
if and only if |C| - |r(C)| = |R| (or |C|- |I(C)| = | R]|), which contradicts
Theorem 10.4.1. O

10.5. Generating characters. For the good news, let us return to
the general situation of a nondegenerate 3 : RA x Bs — grEy.

Theorem 10.5.1. Suppose § : gRA X Bs — rFs is a nondegenerate
bilinear form. Suppose there exists a character ¢ : E — Q/Z with the
property that ker o contains no nonzero left or right submodules.

Let ' : Ax B — Q/Z be given by ' = po 3. Then
1) @' is a nondegenerate biadditive form on abelian groups;
(2) if C C A™ is a left submodule, then r(C) = 1'(C);
(3) if D C B™ is a right submodule, then (D) =1'(D);
(4) U(r(C)) = C for left submodules C C A", and r(I(D)) = D for
right submodules D C B";
(5) [C]- [r(C)| = |A"| and |D| - [I(D)| = |B"|;
(6) the MacWilliams identities hold for submodules using r(C') and
[(D) as the notions of dual codes:

Wio)(X,Y) = ZWe(X + (14 - DY, X - V),

]
ﬁWD(X (Bl = 1)V, X —Y).
Proof. In order to show that (3 is nondegenerate, suppose that b € B
has the property that 5'(A,b) = 0. We need to show that b = 0.

Let 9y : A — E be given by ¥y(a) = ((a,b), a € A; 1 is a homo-
morphism of left R-modules. By the hypothesis on b and the definition
of 7, we see that o(¢»(A)) = 0; i.e., ¥p(A) C ker p. But ¢p(A) is a left
R-submodule of F, so the hypothesis on g implies that ¢(A) = 0. Be-
cause ( was assumed to be nondegenerate, we conclude that b = 0. A
similar argument proves the nondegeneracy of 5’ in the other variable.

If C C A™is aleft R-submodule, then 3 = gof3 implies (C') C r'(C).
Now suppose that b € r'(C), i.e., that §'(C,b) = 0. This implies that

VVI(D)<X> Y) =
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Uy (C) = B(C,b) C kerp. But ¢,(C) is a left R-submodule of E, so
the hypothesis on g again implies that ¢,(C') = 0. Thus b € r(C), and
r(C) =1'(C). The proof for [(D) is similar.

The remaining items now follow from Proposition 9.3.1. It follows
from the discussion in subsection 9.3 that A and B are isomorphic as
abelian groups. U

We will call a character p satisfying the hypothesis of Theorem 10.5.1
a generating character.

Corollary 10.5.2. Quver any finite ring R, the MacWilliams identities
hold in the setting of a nondegenerate bilinear form §: RA X B — E,
where E 1s a Frobenius bimodule.

Proof. 1t follows from Lemmas 3.2.3 and 3.2.4 that a Frobenius bimod-
ule admits a generating character. 0

Theorem 10.5.3. A finite ring is Frobenius if and only if it admits a
generating character o.

Proof. This is a restatement of Theorem 3.4.1. U

Corollary 10.5.4. Qver a Frobenius ring R, the MacWilliams identi-
ties hold in the setting of a nondegenerate bilinear form 3 : RAX Br —

RRR-

10.6. A degenerate case. In the preceding subsections, many of the
results have had the form: assume a “nondegeneracy” condition on the
ground ring, and then conclude a result valid for all submodules. In
this subsection we make no assumptions about the ground ring, and
instead make hypotheses on the submodules.

The following result is due to Duursma and concerns the double
annihilator property. For an R-module M, define the R-linear dual of
M by M* := Hompg(M, R). The functor # interchanges sides, so that
M?* is a right R-module when M is a left R-module, and vice versa. An
R-module M is torsionless if the natural map M — M?* is injective.
Duursma’s theorem is that a linear code C' C R"™ satisfies the double
annihilator property if and only if the quotient module M = R"/C'is
torsionless. We use the notation from subsection 10.3.

Theorem 10.6.1 (Duursma). Suppose R is a finite ring and C C R"
is a left linear code. Let M = R"/C be the quotient module associ-
ated to C. Then I(r(C)) = C if and only if the quotient module M
is torsionless. In that case, the right annihilator D = r(C) satisfies

r(l(D)) = D, as well.
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Similarly, when D C R™ is a right linear code, r(I(D)) = D if and
only if R"/D is torsionless. In that case, the left annihilator C' = (D)
satisfies I(r(C)) = C.

Proof. Adapt [24, Exercise 15.6] to the setting of C' C R". O

Over a quasi-Frobenius ring, R™/C' is always torsionless, so that
Proposition 10.3.1 follows from Theorem 10.6.1.

11. OTHER WEIGHT ENUMERATORS

In this section we discuss two other weight enumerators, the full
weight enumerator and the complete weight enumerator.

11.1. Full and complete weight enumerators. In discussing these
two weight enumerators, we follow, in part, the treatment of this ma-
terial in [30].

Let G be a finite abelian group. The full weight enumerator of a
code C' C G" is essentially a copy of the code inside the complex group
ring C[G"]. Recall that the complex group ring C[G"] is the set of all
formal complex linear combinations of elements of G™. One way to
notate C[G"] is to introduce formal symbols e, for every x € G™. Then
an element of C[G™"] has the form

E O-/:ce:m

zeG"

where o, € C. Addition in C[G"] is performed term-wise: > a e, +
> Beer = > (i + Bi)e,. Multiplication is as for polynomials, using
the rule e,e, = e,;4,, where the latter is the formal symbol associated
to the sum x + y in the group G™.

Given a code C' C G", the full weight enumerator of C'is

fwec(e) = » e, € C[G"].

A notational convention: suppose B is a matrix of size |G"| x |G"| whose
rows and columns are parameterized by elements of G". Consider e =
(e,) as a column vector, and formally multiply to obtain ¢’ = Be, where

I
€y 1= E B yey.
yeG™
This allows us to change variables in fwe¢; for example,

fwec(Be) = fweg(e') = Z el = Z Z Byey-

zeC zeC yeG™
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The complete weight enumerator will be an element of a certain
polynomial ring, which we now define. For every x € G, let Z, be
an indeterminate. Form the polynomial ring on these indeterminates:
C[Z, : z € G]|. We will write C[(Z)] for short.

Given a code C' C G", the complete weight enumerator of C' is

ewee((2) =Y _[1%. =D T[ 2™ e cl(2)),

zeC i=1 zeC yeG

where ¢,(z) = [{i : ; = y}| counts the number of components of
x € G™ that equal the element y € GG. To change variables, suppose B
is a matrix of size |G| x |G| whose rows and columns are parameterized
by the elements of G. Consider (Z) as a column vector and formally
multiply to obtain (Z') = B(Z), where Z; = > . BsyZy.

To maintain some consistency of the notation with [30], denote the
Hamming weight enumerator by

hwee(X,Y) = We(X,Y) =) X"y € CIX, Y],

zeC

These three weight enumerators are related by specialization of vari-
ables. If e, € C[G"] is replaced by

ﬁ in = H Zgy(z),
=1

yeG

then the full weight enumerator specializes to the complete weight enu-
merator. More precisely, define a mapping;:

ClG" = C(2)], > owea— > au]] Za.

reGn reGn 1=1

Observe that this mapping is a homomorphism of vector spaces over
C, and it maps fwec to cwee for any code C C G™. (Even though
C[G™] and C[(Z)] are algebras over C, the mapping above does not
preserve multiplication.) For z € C, information on the counts ¢,(z) is
preserved in cwec, but the information on which coordinate positions
have which values is lost from fwec.

Similarly, if Z, is replaced by X and all the other Z,, y # 0, are
replaced by Y, then the complete weight enumerator specializes to the
Hamming weight enumerator, with a corresponding loss of information.
More precisely, define a mapping as follows:

Cl(2)] > CIX,Y]), Zo— X, Z,—Y (y#0).
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This map is a homomorphism of algebras over C, and it takes cwec to
hwee for any code C' C G™.

11.2. MacWilliams identities. We develop the MacWilliams identi-
ties for the full weight enumerator and the complete weight enumerator
in the context of Proposition 9.3.1. That is, we assume [ : g x G —
Q/Z is a nondegenerate biadditive form, so that x,v : G — G provide
isomorphisms between G and G. The notation is from Subsection 9.3.

As for the Hamming weight enumerator hwe, the MacWilliams iden-
tities for fwe and cwe are derived using the Poisson summation for-
mula. Define e : G" — C[G"] by z — e,. If we use x : G — G,
x(z) = B(x, —), to make identifications, then the Fourier transform is

é(z) = Z exp(2mifB(x,y))e,, x€ G".
yeGn

The Poisson summation formula then yields

1
fwec(e) = Zez = m Z

é(z).
zeC z€l(C)

The sum on the right side can be viewed as fwe;) under the linear
change of variables

ey Z exp(2mif(z,y)) ey.
yeG™

That is, define a matrix B of size |G"| x |G"| whose rows and columns
are parameterized by elements of G". In position (z,y), set B,, =
exp(2mif(x,y)). Then

1
fwec(e) = o] fwey oy (Be).
Similarly, if one uses instead ¢ : G — G to make identifications, then
one has ]
fwec(e) = O] fwe, o) (B'e).

By specializing variables, we get similar MacWilliams identities for
the complete weight enumerator:

ewec((2)) = gy veue) (B(2)),
cwec((Z)) = mcwer(o)(Bt(Z)),

where the change of variable matrix B has rows and columns parame-
terized by elements of G and B, , = exp(2mif(x,y)).
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The next result can be viewed as a degenerate version of Theo-
rem 10.5.1. It has been adapted from a result of Klemm [22, Satz 1.2].

Theorem 11.2.1. Let R be a finite ring, and let § : R"XR™ — R be the
standard dot product. Suppose ¢ is any character on R, o: R — Q/Z.
Let ' : R* x R — Q/Z be given by ' = oo (. For left submodules
C C R" and right submodules D C R", the MacWilliams identities
hold in the following form:

ewen (o) ((2)) = %CWGC((PZ))’

CWG[/(D)((Z)) CWGD((PtZ))a

e

where P is the matriz of size |R| X |R| with rows and columns param-
eterized by elements of R and P, = p(rs).

Proof. Use Theorem 9.1.3 twice, with 7 = /)g' and 7 = v/, where Y’ :
R" — R™is x,,(b) = ('(a,b) and ¢’ : R* — R" is ¢;(a) = '(a,b). O
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