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Abstract

Let R be a finite commutative ring of odd characteristic and let V be a free R-module of finite rank. We
classify symmetric inner products defined on V up to congruence and find the number of such symmetric
inner products. Additionally, if R is a finite local ring, the number of congruent symmetric inner products
defined on V in each congruence class is determined.
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1. Introduction

Symmetric inner products over finite fields have been widely studied and their
classification by congruence is well known [2]. In this paper, we classify the
symmetric inner products defined on a free R-module, where R is a finite commutative
ring of odd characteristic. Since a finite commutative ring can be decomposed as a
finite sum of finite local rings [4, Theorem VI.2], it suffices to classify the symmetric
inner products over finite local rings of odd characteristic. Moreover, we determine
the number of congruent symmetric inner products in each congruence class.

The paper is organised as follows. In Section 2, we study the general theory of
finite local rings. Then, in Section 3, we define a symmetric inner product on a free
R-module, where R is a finite commutative ring of odd characteristic. We prove the
results over finite local rings and generalise to finite commutative rings in a natural
way. Finally, in Section 4, we find the number of congruent symmetric inner products
over a finite local ring in each congruence class. More generally, for finite commutative
rings, we obtain the number of all symmetric inner products.

2. Finite local rings

A local ring is a commutative ring which has a unique maximal ideal. For a local
ring R, we denote its unit group by R*. It follows from [1, Proposition 1.2.11] that the
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unique maximal ideal is M = R\R* and consists of all nonunit elements. We call the
field R/M, the residue field of R. From [4, Theorem V.1]), 1 + m is a unit of R for all
m e M and u + m is a unit in R for all m € M and u € R*.

Let R be a finite local ring of odd characteristic with unique maximal ideal M and
residue field k. The order of R is a power of an odd prime and so is that of M. From
[4, Theorem XVIII. 2], the unit group R* is isomorphic to (1 + M) x k*. Consider the
exact sequence of groups

1 — K — R* -5 (RY)? —> 1,

where 60 : a —> a” is the square mapping on R* with kernel Kz = {a € R* : a®> = 1}
and (RX)? = {a® : a € R*}. Note that Ky consists of the identity and all elements of
order two in R*. Since R is of odd characteristic and k* is cyclic, Kz = {+1}. Hence,
[R*: (R)’] = |Kgl = 2.

ProposiTioN 2.1. Let R be a finite local ring of odd characteristic with unique maximal
ideal M.

(1) The image of 0 is (R*)? and it is a subgroup of R* with index [R* : (R*)*] = 2.
(2)  Forze R \(R)?, R\(R*)* = 2(R*)* and |(R*)*| = |«(R*)*| = (1/2)|R¥|.

(3) Forue R* and a € M, there exists ¢ € R* such that ¢*(u + a) = u.

@) If-1¢ (R*)*and u € R*, then 1 + u> € R*.

(5) If-1¢ R*)?*and z € R*\(R*)?, then there exist x,y € R* such that z = (1 + x*)y*.

Proor. We have proved (1) in the above discussion and (2) follows from (1). Take u €
R<andae M. Thenu'(u+a)=1+u'aecl+M,sow "(u+a)""M*! =y (u+a).
Since |1 + M| = |M| is odd, u~'(u + a) = (c™!)? for some ¢ € R*. Thus ¢*(u + a) = u,
which proves (3).

For (4), assume that —1 ¢ (R¥) and let u € R*. Suppose that 1 + > = x € M. Then
u*> = —(1 — x). Since [M|isodd and 1 —x € 1 + M,

@2 = (=1 = )M = )™ML= )M = (=1)(1) = -1,

which contradicts the fact that —1 is nonsquare. Hence, 1 + u? € R%,

Finally, observe that |1 + (RX)?| = |(R¥)?| is finite. If 1 + (R*)*> C (R*)?, then they
must be equal, so there exists b € (R¥)? such that 1 + b = 1, which forces b = 0, which
is a contradiction. Hence, there exists an x € R* such that 1 + x> ¢ (R*)?>. By (4),
1 + x> € R*. Therefore, for a nonsquare unit z, R* is a disjoint union of the cosets
(R*)? and z(R*)?, so 1 + x? = z(y~")? for some y € R*, as desired. o

3. Symmetric inner products

Let R be a finite commutative ring of odd characteristic and let V be a free
R-module of rank n, where n > 2. A symmetric bilinear function 8:V XV — R
is called a symmetric inner product if the R-module morphism from V to V* =
Homg(V, R) given by ¥ (-, ¥) is an isomorphism. Moreover, if B = {b1,... by}
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is a basis of V, then the associated matrix is [8]g = [ﬁ(l;i, b )nxn. We say that B is an
orthogonal basis ifB(I;,-, l;,») =u;eR*forallie{l,2,...,n} and,B(l;,»,I;j) =0fori#j.

Two matrices S| and S, € M, (R) are called congruent, denoted by S| = S, if there
exists an invertible matrix P € GL,(R) such that PS;PT = S,. Note that S ~ ¢S for
all ¢ € R*. Clearly, if S1 ~ S5, then S is symmetric if and only if S, is symmetric.
This implies that congruence of matrices over R is an equivalence relation on the set
of all n X n symmetric matrices over R. Let 8; and 3, be symmetric inner products
with the associated matrices S| and S, respectively. We also say that 8; and 3, are
congruentif S; ~ S5.

Notarion 3.1. For any /X n matrix A and ¢ X r matrix B over R, A® B is the
(I + g) X (n + r) matrix over R defined by

A 0
noni=(3 9).

First, we shall concentrate on a finite local ring of odd characteristic. McDonald
and Hershberger [5] proved the following theorem.

TueorEM 3.2 [5, Theorem 3.2]. Let R be a finite local ring of odd characteristic and let
V be a free R-module of rank n > 2 equipped with a symmetric inner product 3. Then
V possesses an orthogonal basis C, so that [Blc is a diagonal matrix whose diagonal
entries are units and hence [B]¢ is invertible.

We write H», = (2 b ) The next two lemmas are important tools.

Lemma 3.3. Let R be a finite local ring of odd characteristic and let z € R*\(R*)?. Then
zly, and I, are congruent, where v € N.
(1+2) u'(1-z)

u(l-z) (1+2)
determinant is z € R*. Since R has odd characteristic, 2 is a unit. Hence, P is invertible

and PPT = zl,.
Next, assume that —1 is nonsquare. By Proposition 2.1(5), z = (1 + x?)y? for
some units x and y in RX. Choose Q = (X} y). Then det Q = (1 + x?)y* = z € R%,

Proor. If —1 = u? for some u € R*, we may choose P = 2"( ) whose

-y xy
v times
2\+,2 e
so Q is invertible and QQT = ((Hf) » (1+22)y2) = zl,. Therefore zl,, =z, ®--- ® zl> is
v times
e N —
congruentto Iy, =L ®---® . O

LemMA 3.4. Let R be a finite local ring of odd characteristic and let 7 € R*\(R*)?. For
veN:

(1) if=1€ (R*)? then I, is congruent to H», and diag(1, 7) ~ diag(1, —z); and
() if-1¢ R then I, ®zl, ~ Hy, and I, ~ diag(1, -z).
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Proor. First, observe that if —1 = ? for some unit u, then

b %)= 2o 26 )

However, if —1 is nonsquare, then —1 = z¢? for some unit ¢ € R and

I

A simple calculation with P = 2‘1(5: _If) shows that L = 2(16 f}v) =~ H,,. Clearly, if -1
is square, L ~ I,. Assume that —1 is nonsquare. By Proposition 2.1(2), —1 = z¢? for
some unit ¢ which also implies that 2 or —2 must be a square unit. If 2 is a square unit,
then

Lx1,&(-1,)~1,&z%l, ~1,&zl,.

Similarly, if -2 is a square unit, then
Lx(-I)®Il, ~z*I,®l,~1I,&zl,.
Therefore, I, & zI, ~ H,,. O

Let R be a finite local ring of odd characteristic and let V be a free R-module of
rank n > 2 equipped with a symmetric inner product 8. By Theorem 3.2, we can
choose an orthogonal basis C of V such that [B]¢ = diag(uy, ..., u,) is a diagonal
matrix whose diagonal entries are units. We may assume that u,, ..., u, are squares
and that u,,1,...,u, are nonsquares. Since R* is a disjoint union of the cosets
(R*)* and z(R*)* for some nonsquare unit z (Proposition 2.1), u; = w? for some
wi€R*, i=1,...,r and u; = zw? for some wi€R*, j=r+1,...,n. Thus [Bl¢c =
diag(ui, ..., u,) ® zdiag(W,1, . . ., w,), which is congruent to I, & zl,,_,. If n — r is even,
Lemma 3.3 implies that [S]¢ is congruent to I,. If n — r is odd, then n — r — 1 is even
and so [B]¢ is congruent to [,,_; @ (z) by the same lemma. Note that /,, and 1,1 & (2)
are not congruent since z is nonsquare. We record this result in the following theorem.

THEOREM 3.5. Let R be a finite local ring of odd characteristic and let V be a free
R-module of rank n > 2 equipped with a symmetric inner product . If C is a basis for
V, then [Blc = I, if and only if det[B]¢ is a square unit and [Bl¢ = I,—1 ® (2) if and only
if det[Blc is a nonsquare unit, where z is a nonsquare unit in R.

Proor. The theorem follows directly from the above discussion and the observations
that det P[B]cPT = det[B]c(det P)? and det P is a unit in R. o

Next, we apply Lemmas 3.3 and 3.4, distinguishing three cases. In the calculations,
z 1s a nonsquare unit and v is a positive integer.

Case 1. Assume that —1 is square. Then:
(@) by~ Hy and by, ~ Hy, @ (1); and
®) Dby ® @)~ Hyy @ (@) and by © () ~ Loty @ (§ ) = Hapy @ () 2).
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Case 2. Assume that —1 is nonsquare and that v is even. Then:

(a) IZV ~ I\/@IV ~ Iv $ZIV ~ HZV and 12v+l ~ IV ®IV ® (1) ~ Iv @ZIV ® (1) ~ H2v ®(1);
and
b) hye@~Lele@ =1z ()~ H),®()and

Ly ie@~lLo0l,,0L:0@~1, 02, 208 (2)

1 0
L1 @zl 1 & L = Hyy-1) @ (0 _Z)'

Case 3. Assume that —1 is nonsquare and that v is odd. Then:
@ bhy=xL oL 10L~1,10z,1®L=H)u® ((1) _Oz) and
Lyg~LaoLeohe()~1, 10z, 1©zL& (1)
~ Iv @ ZIV S (Z) ~ HZV @ (Z);

(b) 12V®(Z) I, 10l 0L @(Z) ~I, 10zl, 10D 69(2) ~ IV@ZIV®(1) ~ H2v®(1)
and by 1 ® @)~ L1 0L 18(1)® (@)~ 1, &z, = Hy,.

These calculations classify the symmetric inner products defined on a free R-module,
where R is a finite local ring of odd characteristic, and they establish the following
theorem.

THEOREM 3.6. Let R be a finite local ring of odd characteristic with a fixed nonsquare
unit 7 and let V be a free R-module of rank n > 2 with a basis C equipped with a
symmetric inner product .

(1) Ifn=2vanddet[B]c € (R*)? then

Ble ~ H, if —1€(®)?orviseven,
€ Hy-1y @ diag(l,—z) otherwise.

(2) Ifn=2vanddet[B]c € z(RX)?, then

Hy,_y @ diag(1,—z) if — 1€ (R)? or v is even,
[Blc ~ .
H>, otherwise.

(3) Ifn=2v+ 1 anddet[Blc € (RX)?, then

Ble ~ Hy & (1) if — 1€ (RX)?orviseven,
- H,, ®(z) otherwise.

4) Ifn=2v+1anddet[B]c € 2(RX)? then

=~

Ble ~ Hy, @ (2) if — 1€ (R¥)?orviseven,
H,, ® (1) otherwise.
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For convenience in the next observation, we conclude here that [5]¢ in the above
theorem is congruent to one and only one of

0 I, 0 (empty) if5=0,
Sorsn=|L 0 where A ={ (1) or (2) ifo=1,
A diag(1,-z) ifé=2.

Now, let R be a finite commutative ring of odd characteristic. It is well known that
R is a direct product of finite local rings of odd characteristic, say,

R=R; XRyX:---XR,.

Consider Vs = R¥?*9, a free R-module of rank 2v + &, where v > 1 and 6 € {0, 1,2}. We
have the canonical one-to-one correspondence

(])) (J))

)\t
(x5 Jl,...,(x2V+6)j:1).

y
= (1, X2, 0 Xoyes) 2 (7)o

Note that if ¥, ¥ € Vs, then this correspondence induces the orthogonal map 3 on Vs by

BEF) = B Yy G D (O s 05 s, O ))
= (B (f(l) -*(1)) Bz(-’(Z) —)(2)), B(*(t) -*(t))),

where ¥ = (x(]) W (ZJV) 5 € V(J )= R(2V+6) and (V(’) B)) is an orthogonal space
over R; of rank 2v + 6 assomated w1th the matrlx Sovis,A; arising from Theorem 3.6,
for all j € {1,2,...,t}. This induces, in a natural way, a decomposition of S,,,s. That

1S, Sovisa = Sovisi.n, @ Sovisyn, @ - ® Soyys,4,. Therefore, we have the following
result for finite commutative rings.

TueorEM 3.7. Let R be a finite commutative ring of odd characteristic and let V be a
free R-module of rank n > 2 with a symmetric inner product . Then the associated
matrix of B is congruent to one and only one of

Sovisn = Sovren DS 2vioy0, @ - @ Soyas,,

where Say45,4, is as presented above, for j € {1,2,...,1}.

4. Number of symmetric inner products

Let R be a finite local ring with unique maximal ideal M and residue field k = R/M
and let V be a free R-module of rank n = 2v + 6, where v > 1 and ¢ € {0, 1, 2}. In this
section, we use the result over a finite field in [3] to find the number of symmetric
inner products g defined on V, which are congruent to each S,,,54. We denote this
number by [[S2,+54]l- In any free R-module V of rank n > 2, we let N(V) denote the
number of all symmetric inner products defined on V and let /(V) denote the number
of all symmetric inner products defined on V which are congruent to 7,,.
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First, we discuss the results over a finite field. From MacWilliams [3], if k is a finite
field of odd characteristic and V’ is a free k-module of rank n > 2, then

[n/2] |k|2i n—1 '
N(V') = ]_1[ T g(lkl -1

and
1 e
EN(V’) if n is odd,
1kIS+1
IV = 2 | |Ik|s N(V) if n = 2sis even and —1 is a square in k,
LIk* + (-1)°
E%N(V’) if n = 25 is even and —1 is a nonsquare in k.

Let R be a finite local ring of odd characteristic with unique maximal ideal M
and residue field k = R/M. Let V be a free R-module of rank n > 2 equipped with
a symmetric inner product 8. This induces an inner product space V’ over k equipped
with 8, in an obvious manner. The results over a finite local ring may be considered
as lifts from the results over its residue field.

Tueorem 4.1 (Lifting theorem). Let R be a finite local ring with unique maximal ideal
M and residue field k = R/M and let V be a free R-module of rank n = 2v + 6, where
v>1andd € {0, 1,2}, equipped with a symmetric inner product 3. Suppose (V',5’) is
the induced symmetric inner product space over k. Then the associated matrix for  is

congruent 1o S 3,45 if and only if the associated matrix for B is congruent to S, - ..

Proor. We first note that, by Theorem 2.1(3), a lift of a nonsquare unit in k is a
nonsquare unit in R. This implies that a lift of S/ . sA in V' is congruent to Sz,454
in V. Then the theorem follows from Theorem 3.6. O

The above theorem suggests that each symmetric inner product in a congruence
class over the residue field is liftable to symmetric inner products in a congruence
class over a given finite local ring by adding all symmetric matrices whose entries are
in the maximal ideal. This approach allows us to deduce the number of congruent
symmetric inner products in each congruence class.

THeEOREM 4.2. Let R be a finite local ring with maximal ideal M and residue field
k = R/M and let V be a free R-module of rank n > 2 with the induced free k-module

V’'. Then
n/2]

N(V) = |M|n(n+1)/2 l—[
i=1

|R|2i "_1(|R|n—i _ |M|n—i)
LR S A

Moreover, for a fixed nonsquare unit 7 in R:

(1) ifn=2v+1isodd, then |[S21ll = %N(V), where A = (1) or (2); and
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2) ifn=2v+06,06€{0,2} is even, then

IRlv + |M|v |R|v+1 _ |M|v+l

IIS2v0ll = —57—NV) and  |[S2y+2.diag1, 01l = SR

SIRP N(V).

Proor. Let 5’ be a symmetric inner product defined on V’ with the associated matrix
B’. 1t is clear that all lifting symmetric inner products of B’ defined on V have
associated matrices of the form B + m,, where B modulo M is B’ and m, € M™" is
symmetric. Then

N(V) = [M"™ DNV,

Since |k| = |R|/|M|, we obtain N(V), as desired.
Next, assume that n = 2v + 1 is odd. Then, by Theorem 4.1,

IS 2.8l = M D2)S5 L

It follows from Theorem 3.6 that |[S’ ’A]l =I(V") or N(V') — I(V’). In both cases,

2v+1
I1S5,1 4l = AN(V)), 50 [[S2ys1.a]l = M2 EINVY) = IN(V).
Now assume that n = 2v + 6, 6 € {0, 2} is even. Then, by Theorem 4.1,

IS 2vall = IMP* V2|85, 11 and  [[Soyeall = M VPSS, Al

If —1 € (R*)?, then, by Theorem 3.6,

, ,o Lk +1 , , , .o Lk =1 ,
IS, ANl =1(V) = 5 NV, S50l = N(V') = I(V') = 5 ———N(V"),
2 |kl 2 |k*
SO 1 1
IRI" + |M|" IR — M
Sowall= ——NV d |[Sa =———N(V).
LS 2yl SRD (V) and [[Soy2ll SIRP V)
For the case —1 € z(R*)?, the results follow by using similar arguments. ]

Finally, let R be a finite commutative ring of odd characteristic and write
R=R| XRyX:---XR,

as a direct product of finite local rings of odd characteristic R;, j € {1,2,...,1}. Let V
be a free R-module of rank n. Then V=V, 0V, ®---® V,, where each V; is a free
R;-module. From Theorem 4.2, we have the following result.

TueorREM 4.3. Let R be a finite commutative ring of odd characteristic and write
R =R X Ry X -+ XR; as a direct product of finite local rings of odd characteristic R;
for je{l,2,...,t}. Let V be a free R-module of rank n. Then the number of symmetric
inner products defined on V is given by

t t /2 [n/2] |Rj|2i n—1 |Rj|n—i _ |Mj|n—i
_ N — |n(n+1)
NV) = l_ll N(Vj) = l_[ |Mj| 1_1[ |Rj|2i _ |Mj|2i l_[( |Mj|n—i )
j= i=

j=1 i=0
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