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ABSTRACT. We investigate the set of values attained by Pr(R), the probability
that a random pair of elements in a finite ring R commute. A key tool is a
new notion of isoclinism for rings, and an associated canonical form for rings.
In particular, we show that Pr(R) is an isoclinic invariant, and characterize all
possible values of Pr(R) > 11/32, and the associated isoclinism families.

1. INTRODUCTION

There has been much written on the possible values attained by the probability
that a random pair of elements in a finite group commute: see for instance
[5], [11], [7], [14], [17], [13], [4], [6], [3], and [9]. In this paper, we examine the
corresponding question for finite rings. This topic, by contrast, has attracted
little attention: indeed [15] is the only contribution of which we are aware.

To be precise, we define the commuting probability to be
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where R is a finite ring, and |S| denotes cardinality of a set S. Let R be the set

of values of Pr(R) as R ranges over all (possibly non-unital) finite rings. Trivially,

MR C (0,1]NQ. For each prime p, we define R, similarly, except that R is allowed

to range only over p-rings, meaning rings whose order is a power of p.
Throughout the paper, we write
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We will see later that
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We determine in particular all ¢ € R such that t > v = 11/32, and all t € R,
t > 7,, where p is prime. Additionally, we will see that each such ¢ € (v, 1)
uniquely characterizes the ring in a certain sense.

Theorem 1.1. For all primes p,
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Our second main result deals with uniqueness. This involves the concept of
the Z-famuily of a ring R, defined as the equivalence class of R with respect to
Z-isoclinism, a new notion of isoclinism for rings that we introduce. Isomorphic
rings are always Z-isoclinic but the converse fails: for instance, a ring R is always
Z-isoclinic to the direct sum of R and a commutative ring.

There are existing notions of isoclinism for rings and Lie algebras (see [12,
Chapter 3] and [16]), but Z-isoclinism is rather different in nature from these:
it is built around additive group isomorphisms rather than ring isomorphisms.
However, the two associated additive groups R/Z(R) and [R, R] of a ring R in
a particular Z-family are nevertheless uniquely determined; here, Z(R) is the
center of R, and [R, R| is the subgroup of (R, +) generated by all commutators

[z.y] = zy — ya.
Theorem 1.2. The equation Pr(R) = t uniquely determines the Z-family of
R € S, where S is a class of finite rings, in both of the following situations:

(a) t € R, N (7p, 1], and S is the class of all p-rings for some prime p.

(b) t € RN (72, 1], and S is the class of all finite rings.

The lower bounds for ¢ in the above theorem are best possible. In fact, we have
the following result at the endpoint value.

Theorem 1.3. Suppose p is a prime. The equation Pr(R) = v, does not uniquely
wdentify the Z-family of R among the class of p-rings. In fact, among all p-rings
satisfying this equation, the total numbers of various types of equivalence classes
are as follows: five Z-families of R, four R/Z(R) group isomorphism types, and
three [R, R] group isomorphism types.

After some preliminaries in Section 2, we develop a basic theory of Z-isoclinism
in Section 3, and compare it with other notions of isoclinism. We also discuss a
general ring construction which we use in particular to define a canonical form
for rings associated with Z-isoclinism. Next, in Section 4, we discuss another ring
construction which we call augmentation. Finally, we prove our main results in
Section 5, where we also explicitly list the various Z-isoclinism and associated
group isomorphism types that occur among p-rings R satisfying Pr(R) > ~,.

2. PRELIMINARIES

We will briefly discuss nonassociative rings and Lie algebras in Section 3 but,
unless so qualified, rings and algebras are assumed to be associative. We do
not assume that rings are unital. We will occasionally make use of possibly
nonassociative rings R, and we extend the definition of Pr(R) given in the
introduction to this context in the obvious manner.

We use standard notation. Throughout this paragraph, R is a possibly nonas-
sociative ring. Z, denotes the ring of integers mod n, Z; is the set of units in
Zy, and C,, denotes a cyclic group of order n. A commutator in R always means
an additive commutator, and is denoted [z,y] = xy — yx. We write [z, R] for
the subgroup of (R, +) consisting of all elements of the form [z,y], y € R. The
commutator subgroup [R, R] is the subgroup of (R, +) generated by the set of all
commutators [x,y], z,y € R, while R? is the possibly nonassociative subring of R
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generated by the set of all pairwise products zy, =,y € R. Cr(z) is the centralizer
of z in R. R/Z(R) and R/Cg(x) always refer to the relevant additive factor
groups; we call R/Z(R) the central factor group of R. We write A = B when A
and B are isomorphic (as groups, rings, or Lie algebras, depending on the context).
We use the terms monomorphism and epimorphism in the algebraic sense, so they
refer to homomorphisms that are injective or surjective, respectively.

We will need to deal with direct sums of rings, but also direct sums of abelian
groups, and sometimes the groups involved in the latter are additive groups of
associated rings. To distinguish between the two concepts, we write A @ B for a
direct sum of rings, and A H B for a direct sum of abelian groups.

If R is the direct sum of subrings R; and R, then Pr(R) = Pr(R;) Pr(Rs): this
follows easily from the fact that two elements in a direct sum commute if and
only if both pairs of summands commute. Thus ‘R is closed under products, and
0 is an accumulation point of R. Since a finite ring is a direct sum of rings of
prime power order, it follows that the numbers in R are precisely the set of all
products [[i_, t;, where n € N, t; € R,,, and each p; is prime. To understand the
structure of SR N (a, 1] for any given 0 < a < 1, it therefore suffices to understand
M, N (a,1] for all primes p. Thus in our search for elements of R, it suffices to
examine only p-rings.

Observation 2.1. If a,b,d’,V' € R, with a—a',b—b € Z(R), then [a, b] = [d/, V].
Thus we can view [-, -] as a bilinear map from (R/Z(R)) x (R/Z(R)) to R.

We now discuss the key role played by centralizers C'r(z) in the calculation of

Pr(R).

Observation 2.2. For each x in a ring R, the additive group R/Cr(z) is isomor-
phic to [z, R]. In particular, if R is a Z,-algebra, then the dimension of R/Cg(z)
equals the dimension of [z, R].

It follows easily from the definition of Pr(-) that
1 1 1
(2.1) Pr(R) = —= ) |Cr(2)|== ) —FF.
7P 2 7] 2 (RO (o)

T€ER
Note that Cr(x) = Cg(z + 2) for any z € Z(R). Consequently,

1 1
(2:2) i m z+Z(R§%/Z(R) m |

where this last sum involves a term for a single representative x of each coset.
If R is a p-ring, it follows from (2.2) that

1 K Ny
PrB) = (R ) 2

where ny, is the number of cosets  + Z(R) € R/Z(R) such that |R/Cg(z)| = p*

and |R/Z(R)| = p. By Observation 2.2, this last equation for Pr(R) can be
rewritten as:

(2.3) Pr(R) = alR)

k
kOp
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where we define ai(R) to be the proportion of cosets z + Z(R) € R/Z(R) such
that [x, R] has order p*.

Lemma 2.3. If R is a finite noncommutative ring, then Pr(R) > 1/|[R, R]|.
Moreover, both N :=|[R, R]| - |R/Z(R)| - Pr(R) and M := |R/Z(R)|* Pr(R) are
mntegers.

Proof. Since |[R, R]| > |[u, R]| = |R/Cg(u)| for all u € R, the inequality Pr(R) >

1/|[R, R]| follows from (2.2). Equality would require that I[R, R]| = |[u, R]| for
all u € R, but this fails when v = 0. To see that N is an integer, note that [u, R]
is a subgroup of [R, R], and so |R/Cg(u)| is a divisor of |[R, R]| for all u € R.
Similarly, M is an integer because R/Cr(u) is a factor group of R/Z(R), and so
|R/Cr(u)| divides |R/Z(R)|. O

Remark 2.4. One might hope to reverse partially the inequality in Lemma 2.3
and prove that Pr(R) < f(|[R, R]|) for some f : N — (0, 1] such that f(n) — 0
as n — o0o. However, no such inequality is possible. To see this, we let R
be the Z,-algebra with basis {ug,u1, ..., Un, 21, ..., 2,}, where the only nonzero
products of basis elements are ugu; = z; for 1 <i <n, and n € N. Then Z(R)
has basis {z1,..., 2.}, |[R/Z(R)| = p"™, and |[R, R]| = p". Tt is also clear that
if @ =Y ", xu;, where cach z; € Z,, then dim R/Cg(z) = n if zp # 0, and
dim R/Cgr(z) =1 if 29 = 0 but x # 0. Consequently,
pn+1_pn pn_l 1 pn+p2_1 1

Pr(R) = pn+D)+n T pntD+1 + prtl - 2 > 2

(Note that the cases n = 1,2,3 of this example already give us rings with
Pr(R) = a,, By, Vp, respectively.)

By the fundamental theorem of finitely generated groups, a finite abelian p-
group (A, +) can be decomposed as a direct sum EEl?lleki in essentially one way.
This leads to the following definition.

Definition 2.5. If (A, +) is a finite abelian p-group of the form H",C,, with
more than one element, we denote its isomorphism type as (ki, ka, ..., kn;p),
where each k; is an integer and k; > ko > --- > 1. We define the noncommutative
type of a finite ring R to be the isomorphism type of R/Z(R), so if R is a p-ring
and |R| > 1, we denote this type as (ki, ko, ..., kn;p).

Sometimes it will be useful to write the invariant factors k; as “functions” which
take a finite abelian p-group A or a p-ring R as a parameter, writing k;(A) or

ki(R), m(A) or m(R), etc.

Lemma 2.6. Let R be a nonabelian p-ring with k := ki(R). There ezist elements
a,b € R such that p*~[a,b] # 0. Consequently m(R) > 2 and ki(R) = kao(R).

Proof. Choose a € R such that p*~ta ¢ Z(R). Then there exists b € R such that
pF~ta does not commute with b, so p*~1[a, b] # 0, and also a does not commute
with p*~1b. It follows that a + Z(R) and b+ Z(R) generate distinct subgroups of

R/Z(R) of order p*, and that they have trivial intersection. Thus ky(R) = k. [
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Suppose (A, +) is an abelian group of order p* for some M. We say that a
set of elements B = {by,...,by} is linearly independent if all elements in the

span of B can be written as a linear combination of elements of B in a “unique”

way. By unique, we mean that if le\il n;b; = Zi\; m;b;, then n;b; = m;b; for all

1 <i< N. We say that B = {by,...,by} is a basis if it is linearly independent
and it spans A. Equivalently, B is a basis if and only if A is an internal direct
sum of the cyclic subgroups generated by each of the elements of B. Every finite
abelian group has a basis, and in fact any linearly independent collection of
elements of maximal order in such a group A is a subset of a basis: this follows
by a straightforward modification of the proof of [10, Theorem 2.14.1].

Remark 2.7. It is readily verified that if B = {by,...,by} is a basis of a
finite abelian p-group A and B’ = {¥},..., by} has the “lower triangular form”
b, = ngi c;;b; with every ¢;; € N, then B’ is also a basis as long as ¢;; is not
divisible by p, and p* divides ¢;; whenever o(b;) = p*o(b;) for some k € N; here
o(z) denotes the order of the element x.

An ordered basis just means a tuple (by,...,by) such that {by,..., by} is a
basis.

Whenever p is a prime, we define a p-value to be any number in %R, and a
value is any number in JR. Further, we call a p-value t a small p-value if t < 7,
and we call it a large p-value otherwise, where 7, is as in Theorem 1.1. A large
value is a value larger than v, and all other values are small. Thus the main
results in the introduction give in particular all large p-values and all large values,
and state that each such value is associated with a unique Z-family.

Let us now verify that «,, 3,, and -, satisfy the inequalities mentioned in the
introduction for p > 2. The inequalities 8, < 1/p < «,, are immediate. As for
a2 < f3,, this amounts to the statement that 2p* — p* — (p* + p — 1)* > 0, which
follows by algebra:

2t —p = (P +p—1)°=p' -2 +2p—1=(p—-1>Pp*-1) >0, p>2.

Likewise, the inequality v, < oz]%

P +p—172 ="' +p —p)=p"—p*—p+1=0p-1)p*-1)>0, p>2.

Remark 2.8. Throughout the paper, we allow rings to be non-unital. Perhaps
surprisingly, however, there is no difference in the set of values in R if we restrict
to finite rings with unity. To see this, suppose ¢t = Pr(R) for a possibly non-unital
finite ring R. Choosing n such that nx = 0 for all x € R, we can embed R in a
unital ring R’, where (R', 4) is the direct sum of R and Z,, and multiplication
is defined by the rule (i + r)(j + s) = ij + (is + jr + rs) whenever i,j € Z,
and r,s € R. Then it is readily verified that the additive groups R'/Cr (i + 1)
and R/Cr(r) are isomorphic whenever i € Z,, r € R, and so (2.2) implies that
Pr(R) = Pr(R').

can be verified as follows:

3. ISOCLINISM, JOINS, AND Z-CANONICAL FORM

In this section, we introduce the concept of Z-isoclinism, as mentioned in
the introduction. This is analogous to the concept of isoclinism for groups
introduced by Hall [8] and used widely in the literature of group theory; for
more on group isoclinism, see for instance [1]. It was used to investigate the
commuting probability of groups by Lescot [13]. There is also an existing concept
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of isoclinism for rings and Lie algebras due to Kruse and Price [12] and Moneyhun
[16], respectively, but these are different from Z-isoclinism, as we discuss below.

We also define a general method for constructing a noncommutative ring by
“joining” two abelian groups via a “join function” or “join form” that suggests
how we might define multiplication of elements in order to define canonical
representatives of Z-families, and it will also be used later to construct various
rings important to our arguments.

As motivation for the concept of Z-isoclinism, consider a finite ring S which is
the direct sum of another ring R with some commutative ring. It follows from (2.2)
that Pr(R) = Pr(S). We would therefore like a relation that treats these two rings
as being equivalent. Observation 2.2 and (2.2) suggest that such an equivalence
should preserve the isomorphism type of both the central factor group and the
commutator subgroup. However, even if rings R, S have isomorphic central factor
groups and isomorphic commutator subgroups, it does not necessarily follow that
Pr(R) = Pr(S)—see Propositions 4.6(c) and 4.7(b)—so we also need to preserve
how elements of R (or R/Z(R), in view of Observation 2.1) give rise to elements
of [R, R]. This leads us to the following definition; in this definition, we are
mostly interested in (associative) rings, but it is useful to employ the context of
possibly nonassociative rings.

Definition 3.1. A pair of possibly nonassociative rings, R and S, are said to be
Z-isoclinic if there are additive group isomorphisms ¢ : R/Z(R) — S/Z(S) and
Y[R, R] — [S, S] such that ¢ ([u,v]) = [/, V'] whenever ¢p(u+ Z(R)) = v+ Z(S)
and ¢(v + Z(R)) = v + Z(S). We call (¢,1) a Z-isoclinism from R to S.

(RIZ(R)™ —— s (8/2(5))"
[.’ ] [.’ ]
O — 5.5

FIGURE 1. Z-isoclinism: horizontal maps are group isomorphisms

Equivalently, Definition 3.1 says that the diagram in Figure 1 commutes. Here
the top spaces are tensor squares, and [, -] denotes the universal map from each
tensor square induced by the bilinear commutator map (which is well-defined on
T/Z(T)xT/Z(T), T € {R, S}, by Observation 2.1).

The following result shows that Pr(-) is a Z-isoclinic invariant, which mirrors
the situation for groups.

Lemma 3.2. If (¢,%) is a Z-isoclinism from one finite ring R to another S, then
[z, R] and [2', S] are isomorphic whenever x € R, ¢(x + Z(R)) = ' + Z(S), and
Pr(R) = Pr(S).

Proof. The desired isomorphism for any given x € R is simply ¢ := 1|, z). Since

1 is an isomorphism, it is clear that v’ is at least a monomorphism. Suppose
r € Rand 2,y € S, with ¢(z+ Z(R)) = 2’4+ Z(S). There exists y € R such that
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®2
(R/ Ann(R))® —— ¥ (5/ Aun(5))?
mult mult
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FIGURE 2. R- and G-isoclinism: horizontal maps are ring isomorphisms

¢y + Z(R)) = y' + Z(5), and now ¢/([z, y]) = [/, y']. Thus ¢": [z, R] — [2/, 5]
is actually an isomorphism. The fact that Pr(R) = Pr(S) now follows from
Observation 2.2 and (2.2). O

We now pause to compare Z-isoclinism with other notions of isoclinism. It is
best to begin by recasting Z-isoclinism as a special case of a more general type of
isoclinism on possibly nonassociative rings. Suppose therefore that R is a possibly
nonassociative ring, and let Ann(R) be the two-sided annihilator of R, i.e. the
ideal of all z € R such that xR = Rz = {0}. Let mult : (R/ Ann(R))®? — R?
be the additive group epimorphism defined by mult(z ® y) = zy. We say that
two such possibly nonassociative rings R and S are G-isoclinic if Figure 2 is
a commutative diagram with the horizontal maps being group isomorphisms.
We say that R and S are R-isoclinic if in fact the horizontal maps are ring
isomorphisms.

Note that Z-isoclinism for an (associative) ring R coincides with G-isoclinism
for Ry, the Lie ring obtained from R by replacing the original multiplication of
R by the commutator operation. Z- and G-isoclinism appear to be new concepts,
but R-isoclinism has appeared previously, at least in special cases: Kruse and
Price [12, Chapter 3] define it for (associative) rings and Moneyhun [16] defines
it for Lie algebras. Note that G-isoclinism is a coarser notion than R-isoclinism,
and so Z-isoclinism of rings R is a coarser notion than R-isoclinism of Rp.

We now compare and contrast the notions of group-, G-, and R-isoclinisms.
To begin with, we list some basic properties of G- and R-isoclinisms that are
natural analogues of the corresponding properties for group isoclinism; these
properties a fortiori imply the corresponding properties for Z-isoclinism (where
we change possibly nonassociative ring to ring, Ann(R) to Z(R), and null ring to
commutative ring).

Observation 3.3.

(a) G- and R-isoclinism are both equivalence relations on the class of all
possibly nonassociative rings.

(b) Isomorphic possibly nonassociative rings are R-isoclinic (and so G-isoclinic):
a ring isomorphism ® : R — S induces an R-isoclinism (¢, ), where
¢ : R/ Ann(R) — S/ Ann(S) is a factor map of ®, and ¢ = ®|p2 is a
restriction of ®.

(¢) R-isoclinic (and so also G-isoclinic) possibly nonassociative rings are not
necessarily isomorphic: indeed, all null rings (meaning rings where all
products are zero) are R-isoclinic.



8 STEPHEN M. BUCKLEY, DESMOND MACHALE, AND AINE NI SHE

(d) If R; is G-isoclinic (or R-isoclinic) to S;, i = 1,2, then Ry & Ry is G-isoclinic
(or R-isoclinic, respectively) to S; @ Ss.

A Z-family is an equivalence classes of possibly nonassociative rings with respect
to Z-isoclinism.

We now contrast the different sorts of isoclinism. The following example of a
pair of Lie algebras that are G-isoclinic but not R-isoclinic is a useful starting
point.

Example 3.4. Suppose R is the 2-dimensional Z,-algebra with basis {u,v},
where xy = x for all choices of basis elements z,y, and suppose S is the 3-
dimensional Z,-algebra with basis {u, v, 2z}, where the only nonzero product of
basis elements is uv = z. Then Z(R) = {0}, Z(S) has basis {z}, and so the
monomorphism x4 : R — S defined by p(iu + jv) = iu + jv, i,j € Z,, induces
a group isomorphism ¢ : R/Z(R) — S/Z(S). It can also be verified that p
induces a group isomorphism R, R| — [S,S]| (an isomorphism between these two
groups of order p), and that (¢, ) is a Z-isoclinism from R to .S, or equivalently
(¢,1) is a G-isoclinism from R’ to S’, where these last two objects are the Lie
rings associated with R and S, respectively. Note though that R’ and S’ are not
R-isoclinic: in fact, R’/ Ann(R') is isomorphic as a Lie algebra to R’, whereas
S’/ Ann(S’) is a commutative Lie algebra. (In this example, [R’, R'] and [S’, 5]
are isomorphic as Lie algebras, but it is not hard to construct an example where
that too fails.)

In the following result, R°P is the opposite (possibly nonassociative) ring,
i.e. (R,+) and (R°?,+) are the same group, while the multiplication % of R°P is
related to the multiplication - of R by the rule x xy =y - x.

Proposition 3.5. If R is a ring, then R is Z-isoclinic to R°P.

Proof. By symmetry of their definitions, Z(R) = Z(R°?) and [R, R| = [R°?, R°?].
Taking ¢ to be the identity map and ¢ (z) = —z, we get the desired Z-isoclinism.
O

Kruse and Price [12, p. 30] define the notion of a stem ring to be a ring R such
that R? D Z(R). Similarly Moneyhun [16] defines a stem algebra to be a Lie
algebra L such that [L, L] D Z(L). In both cases, they show that every finite
ring (or Lie algebra) is R-isoclinic to a stem ring (or stem algebra) which, for an
R-isoclinism family containing a finite order ring (or Lie algebra) can alternatively
be defined as a ring (or Lie algebra) of minimal order. These statements are all
direct analogues of what is true for stem groups and group isoclinism families
that contain groups of finite order.

Kruse and Price [12, 3.2.7] further show that all algebras over a field F' that lie
in a single R-isoclinism family are R-isoclinic to the direct sum of some minimal
dimension algebra and a null algebra. The corresponding result for Lie algebras
was later proven by Moneyhun [16]. In particular, R-isoclinic stem algebras
(either among associative algebras or Lie algebras) are isomorphic.

By contrast, if we were to define a Z-isoclinic stem ring to be a ring R with
the property that Z(R) C [R, R], then both R and S of Example 3.4 would be
stem rings in the same Z-family even though they are not of the same order.
Furthermore, it is well known that the two non-isomorphic noncommutative rings
of order p? are this ring R and its opposite ring, so they both belong to the same
Z-family by Proposition 3.5.
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Note that the situation regarding groups is intermediate between that regarding
R~ and Z-isoclinism. On the one hand, stem groups can be defined as groups
G such that Z(G) C [G, G/, and for finite groups this is consistent with being a
group of minimal order in its isoclinism family. In particular if two stem groups
are in the same isoclinism family and one is of finite order, then they are of the
same order. On the other hand, there is no simple direct product characterization
of isoclinism for finite groups. In fact, isoclinic stem groups are not necessarily
isomorphic: it is well known that the two non-isomorphic nonabelian groups of
order p? are isoclinic for any given prime p. Roughly speaking, we could say that
R-isoclinism is much more restrictive than group isoclinism, which in turn is a
little more restrictive than G-isoclinism (if it makes sense to compare groups and
rings!).

Since the natural definition of a stem ring is not restrictive enough to tie down
even the order of a ring in a Z-family of finite rings, we replace it by the following
notion which at least achieves this much.

Definition 3.6. A ring R is said to have Z-canonical form if:

(a) (R,+) is the internal direct sum of subgroups A; and As.
(b) xy € Ay for all z,y € R, and zy = 0 if either z or y lies in A,.
We say that a ring S is a Z-canonical relative of a ring R if R and S are Z-isoclinic

and S has Z-canonical form. (It follows from (b) and (c) above that we also have
Ann(R) = A,.)

Note that in Example 3.4, S is a Z-canonical relative of R. It is perhaps not
immediately clear that every finite ring has a Z-canonical relative, but we will
prove that this is so (Proposition 3.10). In fact, we will see that a ring R might
have several (ring-isomorphism classes of) Z-canonical relatives (Example 3.13).
However, the choice of Z-canonical relative will not be important for our analysis.
In general, separating the central factor group and the commutator subgroup will
greatly aid our analysis of fR.

To prove that Z-canonical relatives always exist, we need a certain join con-
struction which we now define.

Definition 3.7. Suppose we have the following data:

(a) A pair of abelian groups (A, +) and (Ag, +).

(b) A join form J : A; x Ay — Ay which is bilinear over Z.
We define the ring R = Join(A;, Ay, J) as follows. First, (R, +) is the (internal)
direct sum A; H A,. Multiplication in R is defined by the following equations
and distributivity:

(a) vy = J(z,y) if v,y € Ay

(b) zy =yzr =0if z € Ay and y € R.

Note that in the above definition, associativity of R is trivial since all triple
products are zero. Distributivity follows readily from the bilinearity of J.

When R is finitely generated, we can replace the join form J by a multiplication
defined only on basis elements.

Definition 3.8. Suppose we have the following data:
(a) A pair of abelian groups (A, +) and (As, +).
(b) A basis B = {by,...,by} of A;.
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(¢) A join function f: B x B — Ay such that |f(b,b')|o divides both |b|; and
b'|1, where |x|; denotes the order of x € Ay, k = 1,2 (and all orders divide
infinity).

Then join(A;, As, B, f) = Join(Ay, Ay, J), where J : A} x A} — Ay is defined by

N N N
J (Z[Eibi, Zyjb]) = Z z;y; f(bi, b)) where z;,y; € Z.
i=1 j=1

ij=1
It is a routine matter to verify that J is bilinear over Z.

Observation 3.9. Let R = join(A;, Ay, B, f), as above. Then:

(a) Z(R) consists of all elements of the form z + x, where € Ay, and z € A
is any element that commutes in R with all elements of A;.

(b) [b,V] = f(b, V) — f(V,b) for bV € B.

(¢) [R, R] is the subgroup of A, generated by [b,¥], b,b' € B.

Our first use of the join construction is to prove that Z-canonical relatives
often exist. Below and in later sections, we at times slightly abuse terminology
by saying that {ri,...,rn} C R is a basis of R/Z(R) when we mean that
{rm+2Z(R),....,trm+Z(R)} C R/Z(R) is a basis of R/Z(R).

Proposition 3.10. A ring R has a Z-canonical relative if either

(a) the factor group R/Z(R) is finitely generated, or
(b) g(x) := 2x defines a (group) automorphism of |R, R].

Proof. We first prove (a). Let B := (by,...,by) € RY be a finite ordered
basis of coset representatives of A, := R/Z(R). Let Ay := [R,R]. Define
f(bi,bj) = cij := [bi, b] if i < j, and f(b;, b;) = 0 otherwise. It is readily verified
that join(Aj, Ay, B, f) is a Z-canonical relative of R. We write Can(R; B) for
join(Ay, Ay, B, f) in this construction. Note that the consistency condition follows
from the basic properties of R.

We now prove (b). Let Ay = R/Z(R) and Ay = [R,R]. Let J: A; x A — Ay
be defined by J(u + Z(R),v + Z(R)) = [u,v] for all u,v € R: this is well defined
by Observation 2.1, and is bilinear over Z. Let S = Join(A;, As,J). Using
Observation 3.9(a) and the fact that g is injective, it is straightforward to verify
that Z(S) = A, so we can identify the abelian groups S/Z(S) and R/Z(R). It
is also clear that [S,S] = 24, = [R, R]. Taking ¢ to be the identity map on
R/Z(R), and 9 to be g, we see that R is Z-isoclinic to S. It follows readily that
S is a Z-canonical relative of R. U

Note that any canonical relative S of a finite ring R is a member of the
Z-isoclinism class of R with “reasonably small” order. Indeed, Z-isoclinism
preserves the group isomorphism types of the central factor group R/Z(R) and
of the commutator subgroup [R, R|, so a given finite ring R determines the order
of its Z-canonical relatives: |S| = |R/Z(R)| - |[R, R]|. Thus |S| < |R| if and only
if |[R, R]| < |Z(R)|.

It is now easy to deduce the following analogue for Z-isoclinism of a result for
isoclinism of groups [2, Proposition 2.10].

Corollary 3.11. The following are equivalent for a ring R:

(a) R has a finite Z-canonical relative.
(b) R is Z-isoclinic to a finite ring;
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(¢c) R/Z(R) is finite;

Proof. 1t is trivial that (a) implies (b). If R is Z-isoclinic to a finite ring S,
then R/Z(R) = S/Z(95), so certainly R/Z(R) is finite. Thus (b) implies (c).
Finally, suppose (c) holds. By Observation 2.1, R contains only finitely many
commutators. Since [R, R] consists of all finite sums of commutators, this also is
of finite size. By Proposition 3.10, R has a Z-canonical relative, and it has order

|R/Z(R)| - |[R, R]|. Thus (c) implies (a). O

Observation 3.12. If R/Z(R) is a vector space over Z,, and S is a canonical
relative of I, then S is a Z,-algebra.

Z-canonical relatives S of a ring R are quite closely related. Not only are they
all in the same Z-family, but they also have features that set them apart from
most members of this Z-family: they satisfy the nilpotency condition S* = 0,
and they satisfy [9, 5] = Z(5). However, the following example shows that the
isomorphism type of a Z-canonical relative of a ring R is not uniquely determined.

Example 3.13. Suppose A; is a Z,-vector space with ordered basis B :=
(uo, - .., up), and Ay a Z,-vector space with basis {z1,..., 2z, }. Let f(uo,u;) = z;
for 1 < j < n, and f(u;,u;) = 0 for all other pairs (i,5). Defining R :=
join(Ay, As, B, f), we can identify R/Z(R) with Ay, and Z(R) with As. Next let
R; := Can(R; B;j) for 0 < j < n, where B; := (uy,...,uj, Uy, Uj41, ..., U,) and
Can(R; By) is in the proof of Proposition 3.10(a). We write -; for the multiplication
of R; to distinguish distinct multiplications. Then

(a) R= Ry, and (R;,+) is the same group for all 0 < j < n.

(b) The commutator of z and y in R; is independent of j, so we denote it by
[z,y] in all cases.

(c) Defining the subset S of R; to consist of all u = z + >  ¢;u; such
that z € Ay and ¢; € Z, for all ¢ with ¢y # 0, we see that S has the
following isomorphism-invariant property: dim[z, R;] = n for z € S and
dim[x, R;] = 1 otherwise.

Because of the form of S, the right ideal x-;R; contains span{z;.1,..., 2, }, and so
has dimension at least n — j for all x € S. Furthermore this minimum is achieved
for x = xy. Thus m; := min{dimx-;R; | x € S} equals n — j for each 0 < j < n.
Since S is defined by an isomorphism-invariant property, the number m; is also
isomorphism invariant. It follows that no two of the Z-canonical relatives R; of
R are isomorphic.

We now use Z-isoclinism to define a weaker notion of decomposability for
p-rings.

Definition 3.14. A ring is said to be decomposable if it can be written as a direct
sum of two nontrivial rings, and Z-decomposable if it is Z-isoclinic to a ring that
can be written as a direct sum of two noncommutative rings. We use the terms
indecomposable and Z-indecomposable to refer to rings where these conditions fail.

Since Pr(R) is a Z-isoclinism invariant, it follows that if a finite ring R is Z-
decomposable with R being Z-isoclinic to Ry @& Rs, then Pr(R) = Pr(R;) Pr(Ry).
To characterize all p-values no less than v,, it therefore suffices to characterize
Pr(R) for all Z-indecomposable p-rings R.
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Lemma 3.15. A finitely generated ring R is Z-decomposable if and only if it
has a Z-canonical relative S of the form S = Sy ® Sy, where Sy, Sy are both
noncommutative.

Proof. Suppose that R is Z-isoclinic to R1® Ry, where Ry, Ry are noncommutative.
By Observation 3.3(d), R is Z-isoclinic to S := S; @ Sy, where S; is a Z-canonical
relative of R;, i = 1,2. It readily follows that S is a Z-canonical relative of R, as
desired. The converse is trivial. U

It is tempting to conjecture that perhaps all Z-canonical relatives of a Z-
decomposable ring R can be decomposed as direct sums of noncommutative rings.
However, this is false.

Proposition 3.16. There exists a ring in Z-canonical form which is Z-decom-
posable, but cannot itself be decomposed as a direct sum of two noncommutative
Tings.

Proof. Suppose p is a prime. Consider the Z,-algebra R with basis

B == {ula U2, U3, Uq, 213, 224} )
where the only nonzero products of basis elements are ujus = z13 and usuy = 2o4.
Then R is in Z-canonical form and it is Z-decomposable: in fact R = Ry & R»,
where R; is the noncommutative ring generated by w; and w49, 2 = 1,2.

Let S be the Z,-algebra S with the same basis B as above, but now the only
nonzero products of basis elements are ujus = 213 and uguy = u3 = zy. Certainly
S is in Z-canonical form, and it is readily verified that S is Z-isoclinic to R,
using identity maps for both ¢ and v in Definition 3.1. We claim that S is not
decomposable as a direct sum of two noncommutative rings.

Suppose for the sake of contradiction that S = S; @ Sy, where S;, 5, are
noncommutative ideals of S. Let Z be the ideal with basis {213, 204}. We write

a general element of S in the form z = 2z, + Z?Zl x;u;, where x; € Z, and
2, € Z. Suppose without loss of generality that S; contains some x with z; # 0.
Then zu; = x1294 and zus = x1213 both lie in S7, so S; contains Z. Since
S1 NSy = {0} and [S,S] = Z, this forces Sy to be commutative, giving the
required contradiction. U

4. AUGMENTATION

In this section, we study a construction that we call augmentation. We are
interested in this mainly for (associative) rings but, in the absence of an added
assumption (see below), the augmentation of an (associative) ring might be
nonassociative. Since we want to repeatedly augment a ring, it is therefore best
to develop the theory in the context of possibly nonassociative rings.

Whenever R is a possibly nonassociative ring, and ¢ € [R, R] is an element of
order p, we define the p-augmentation R’ of R (via ¢) to be a specific possibly
noncommutative ring of order p?|R|. Addition in R’ is defined by the requirement
that (R, +) is a direct sum of (R, +) and (T, +), where (T, +) equals C, B C,,.
To define multiplication in R’, we view R as being embedded in R’ and write a
general element of R’ as iu+ jv+1r, where r € R, u, v are the basis elements of T,
and ¢, j € Z,. We multiply elements in R C R’ as in the original ring R, define
ur =ru=uvr =rv =0 for all »r € R, and define uv = ¢, vu = 0. Multiplication
can now be extended to all of R’ by distributivity.

Clearly the p-augmentation R’ of a finite possibly nonassociative ring R via
c is a possibly nonassociative ring of order p?|R|. If in fact R is a ring and
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¢ € [R, R]N Ann(R), then R’ is also an (associative) ring. To prove associativity,
we first use distributivity to reduce the required proof to a proof that (zy)z = z(yz)
for all x,y,2 € RUS, where S := {u,v}. Assume therefore that xz,y,2 € RUS.
If z,y,2 € R, then the desired equation follows from associativity of R. In all
remaining cases, we claim that (zy)z = x(yz) = 0. Let us denote either (zy)z or
z(yz) as t, and so t equals either ab or ba, where a is a parenthesized product
(either zy or yz) and b is the remaining factor (either z or z). Now a € R for all
x,y,z€ RUS,sot=0if b € S. If instead b € R, and one of the factors of a lies
in S, then a € {0,c} C Ann(R), and again ¢t = 0. The claim is proved.

An equivalent way of defining the above p-augmentation R/, assuming ¢ €
[R, Rl N'Ann(R), is to write R’ := (R @ S)/I, where S is the three-dimensional
Z,-algebra S with basis {u,v,z} in which the only nonzero product of basis
elements is uv = z, and [ is the ideal generated by z — c¢. If we also assume that
R is in Z-canonical form, then ¢ € Z(R), and it becomes clear that this is a rather
special ring theoretic analogue of a central product in group theory. A reasonable
general ring theoretic analogue of a central product would be (R & S)/I, where
R, S are arbitrary Z-canonical form rings and [ is an arbitrary ideal defined
by identifying two isomorphic central additive subgroups of R and S (which
are necessarily ideals because of the Z-canonical form). However, we do not
require such a general “central sum”, and we look only at the special case of
augmentations.

A p-augmented ring is any ring that is a p-augmentation of some other ring. A
ring is augmented if it is p-augmented for some p, and otherwise it is unaugmented.
A ring is Z-augmented if it is Z-isoclinic to an augmented ring, and otherwise we
say that R is Z-unaugmented.

We write R’ = Aug, (R, c) if R’ is the p-augmentation of R via c. For n € N,

we write R, = Aug (R, c) if R, is the n-fold p-augmentation of R via ¢, meaning
that R, is defined by the equations Ry = R and R; = Aug,(R;_1,¢) for 1 <i <n.

We now record some properties of augmentation; for these, we assume that
R’ = Aug,(R,c) and " = Aug,(S,d) are p-augmentations of rings 12 and S.

Observation 4.1.

(a) R'/Z(R') can be identified naturally with (R/Z(R))HB T, and so is isomor-
phic to the direct sum (R/Z(R)) B C, B C,.

(b) [R', R'] is isomorphic to [R, R].

(c¢) If ¢ : R — S is a ring isomorphism and ¢(c) = d, then R’ and S” are also
isomorphic.

(d) If (¢,%) is a Z-isoclinism from R to S such that i(c) = d, then R’ and S’
are Z-isoclinic.

(e) The isomorphism type of Aug, (R, c) remains unchanged if we change the
basis {u,v} of T', or if we replace c by ic, i € Z;.

(f) If R is a Z-canonical form ring, then so is R’

Parts (a)-(c) above are rather obvious, so we leave the verifications to the
reader. We now prove (d). Let us assume that (¢,1) is a Z-isoclinism from R to
S. Writing general elements z, x5 of R’ in the form x; = r; + t;, where r; € R
and t; € T, we define the Z-isoclinism (®,¥) from R’ to S’ by the equations
O(x; + Z(R)) = ¢(ri + Z(R)) + t; and V([z1, x2]) = ¥ ([r1,72]) + [t1,t2]. Note
that on the right-hand side of these equations, each ¢; is to be interpreted as an
element of {0} BT C S and [t1, 2] is given by the augmentation process in S’.
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We leave to the reader the verification that (®, V) is indeed a Z-isoclinism. The
first part of (e) follows because any change of basis induces an automorphism
of T, while the isomorphism from Aug,(R, c) to Aug,(R,ic) is a consequence of
the T-automorphism f(au + bv) = aiu + bv, a,b € Z,. Finally, it is clear that
if R has Z-canonical form with data (A;, As), as in Definition 3.6, then R’ has
Z-canonical form with data isomorphic to (4; B C, B C,, A,).

Despite Observation 4.1(e), and the fact that R'/Z(R') and [R’, R'] are indepen-
dent of ¢, we will see in Proposition 4.6 that the p-augmentation R’ := Augp(R, c)
may depend on the choice of c¢. Indeed, by changing ¢, we can change not only
the ring-isomorphism class of R’, but also its Z-family and the value of Pr(R’).

We will use augmentation to create rings with new commuting probabilities
from rings with a given commuting probability. Since Pr(R) is a Z-isoclinic
invariant (Lemma 3.2), and since augmentation interacts well with isoclinism
(Observation 4.1(d)), we get the same new commuting probabilities whether we
augment R or one of its Z-isoclinic relatives S. Since a finite ring is Z-isoclinic to
a Z-canonical form ring (Proposition 3.10), it follows that if we want to find all
commuting probabilities of rings that can be obtained from any given class C of
finite rings, and if all finite rings isoclinic to R € C also lie in C, then it suffices
to consider augmentations of Z-canonical form rings R € C. Note that, since
[R, R] = Ann(R) in a Z-canonical form ring, using only such rings ensures that
all p-augmentations are associative.

We call a number ¢ € R an augmented or an unaugmented value if t = Pr(R) for
an augmented or an unaugmented ring R, respectively; a value could potentially
be both augmented and unaugmented. Once we discover an unaugmented value
t = Pr(R), where R is a Z-canonical form ring with a commutator of order p, we
get a sequence of associated augmented values in R by repeatedly p-augmenting

R. This process depends on R and ¢, not just on t. To get a formula for
Pr(Aug,(R,c)), we first define

topy L R
PrAR) = (5 2 [RjCa)

TER
c€|z,R)

—py_ b N
Pr(B) = (7 2 [RjCat)”

TER
cé|z,R|

Note that Pr(R) = Pr}(R) + Pr, (R). Also Pr}(R) > 0 (since ¢ = [z, y] for some
z,y € R) and Pr_ (R) > 0 (since ¢ ¢ [0, R]).

Lemma 4.2. Suppose R is a finite possibly nonassociative ring, and let R, :=
Aug) (R, c), wheren € N and ¢ € R is a commutator of order p. Then

p*" +p—1)Pr;(R)
p2n+1 :

(4.1) Pr(R,) = Pr/(R) + (

This sequence of values is strictly decreasing, with positive limit Pr}(R)+Pr. (R)/p,
asn — 0o.

Proof. Throughout this proof, we write (R,,+) = W B R, where W is the direct
sum of 2n copies of C,. Letting e; be a generator of the ith copy of C, in W, we
assume that these basis elements are ordered so that {e;, es} is a basis of what
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we called (7, +) for the first augmentation, {es,e4} is a basis of (T, +) for the
second augmentation, etc. Thus eg;_1e9; = c forall 1 <i <n.

We write a general element x € R, as x = w+7, where w € W and r € R. Now
[z, R,] contains ¢ whenever w # 0. Indeed, if w = 212:1 w;e;, where w; € Z,, and
w; # 0 for some 1 < j < 2n, then either [x,e;11] or [z, e;_1] is a nonzero multiple
of ¢, depending on whether j is odd or even, respectively. It is similarly clear that
[z, R,,] contains [r, R|, and hence that [z, R,] is generated as an additive group
by [r, R] and ¢ when w # 0. It is also clear that [z, R,,| = [r, R] when w = 0.

We now fix € R, and let x range over all elements of the form w +r, w € W.
Suppose first that ¢ € [r, R]. For all such z, we have

| R/ Cr, ()] = |z, Rl = |[r, B]| = |R/CR(r)],

and so the contribution to Pr(R,,) corresponding to this r is the same as its
contribution to Pr(R) because the single term in (2.1) for » € R has been replaced
by p?" equal terms for x € R, a change that compensates exactly for the fact
that we now multiply our sum by 1/|R,| = p~2*(1/|R|).

Suppose instead that ¢ ¢ [r, R]. For p*" — 1 of p*" possible elements z =
w+r € R, we see that |R,,/Cr,(x)| = p|R/Cr(r)|. For the remaining element,
|R,./CRr,(x)] = |R/Cg(r)|. Thus the contribution to Pr(R,) corresponding to r
is a times the corresponding contribution towards Pr(R), where

p2n_1 1 _p2n+p_1
p2ntl ]% T pntl

a =

Summing the contributions towards Pr(R,,) above separately over all r € R for
which ¢ € [z, R], and over all r € R for which ¢ ¢ [z, R], we get (4.1). Finally,
the limit statement is clear. U

Corollary 4.3. Suppose R is a finite possibly nonassociative ring, and suppose
R, = Aug(R,c), where n € N and c € R is a commutator of order p. Then

(4.2) Pr(R,) < Pr(R) — (1 . %) ao(R),

where ag(R) = 1/|R/Z(R)|, with equality if and only if ¢ € [z, R] for all x €
R\ Z(R). The upper bound in (4.2) is strictly decreasing to the positive limit
Pr(R) — (p — 1)ao(R)/p as n — oc.

Proof. Note that Pr_ (R) > ag(R), so (4.2) follows immediately from (4.1). The
condition for equality is equally clear, as is the limit statement; note that positivity
of the limit follows from positivity of the limit in Lemma 4.2. O

An important special case of augmentation is when [R, R] is of order p. In
this case, we omit ¢ from our notation and terminology because it follows from
Observation 4.1(e) that the choice of ¢ is unimportant. We also obtain the
following special case of Corollary 4.3.

Corollary 4.4. Suppose R is a finite possibly nonassociative ring and that [R, R]
is of order p. Writing R, = Aug,(R), n € N, and ag(R) = 1/|R/Z(R)|, we have

(4.3) Pr(R,) = Pr(R) — (1 - %) ao(R)

Thus Pr(R,,) decreases to the positive limit Pr(R) — (p — 1)ag(R)/p as n — oo.
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Once we find all the unaugmented large p-values, and we understand the
structure of the associated rings, we can use Lemma 4.2 or one of its corollaries
to gain information about all augmented large p-values. Consequently, we may
restrict our attention initially to unaugmented rings in Z-canonical form if we
wish.

It remains to give examples showing that for R’ = Pr(Aug,(R,c)), Pr(R’) may
depend on the chosen c. Because of Lemma 3.2, such examples automatically
imply that the Z-isoclinism class of R’ may also depend on ¢. The following ring,
which will be important later, is one where there is no such dependence, but we
will use it to construct an example where there is such dependence.

Example 4.5. Let R = join(A;, As, B, f), where A; is a vector space over Z,
with ordered basis B := (uy,us,u3), Ay is a vector space over Z, with basis
{c12, o3}, and f is the join function defined by f(uy,us) = c1a, f(ug,us) = ca,

and f(u;,u;) = 0 otherwise. As usual, we view {uy, us,us} as being a basis of

R/Z(R). Examining the p* representatives © = 3o z;u; of R/Z(R), where

x; € Z, for i = 1,2,3, we see that [z, R] = [R, R| is two-dimensional for the
p® — p? elements with x5 # 0. For the remaining p* — 1 nonzero representatives,
[z, R] is one-dimensional, and each of the p 4+ 1 one-dimensional subspaces of
[R, R] = As occurs for p — 1 of these representatives. Finally, [0, R] is zero-
dimensional. It follows that, regardless of the choice of nonzero commutator c,
we have Prf(R) = (p? — 1)/p* and Pr_ (R) = 1/p*. Applying Lemma 4.2, we see
that if R, := Aug,(R, c), then

2_1 2_|_ -1 3_|_ 2_1
(4.4) Pr(Ry)=CL—4 22— - _P 7P
p p p

Augmentation was independent of ¢ in the above example because R was
symmetrical with respect to all nonzero commutators. However, augmentation
breaks this symmetry so if we carry out a second augmentation via d, it matters
whether or not d € span{c}, as we now see.

= Yp>

Proposition 4.6. Suppose R, p are as in Example 4.5, and let c,d be nonzero
commutators in R. Let R; := Aug;(R, c) and let Ry := Aug,(Ry,d).
(a) Re and Ry have isomorphic central factor groups and isomorphic com-
mutator subgroups.
(b) Ry and Ry, are Z-isoclinic, and even isomorphic, if d = ic for some i € Z;
(c) If dimspan{c,d} = 2, then Ry and Ry, are not Z-isoclinic. Moreover,
PI(RLl) < PI(RQ)

Proof. Parts (a) and (b) follow immediately from parts (a), (b) and (e) of Obser-
vation 4.1.

It remains to prove (c), so we assume that dimspan{c,d} = 2. It suffices to
prove that Pr(R;;) < Pr(Ry), since this implies that R;; and Ry cannot be
Z-isoclinic. By the analysis of Example 4.5, Lemma 4.2 implies that

4 5. 4 _ .3
+p—1 +p*—p’+p-—1
pr(ry) = Loty Pty ]
Let (uy, ug, us) be the ordered basis of A; used to construct R, and let {uy, us} be
a basis of the copy of T" used to construct R; from R. The only nonzero products of

-1
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elements of {uy, ..., us} are uyuy = c12, sz = Co3, and ugus = ¢ € span{cya, ca23}.
We identify R with the subring R & {0} of R;.

Note that dim[R; 1, Ry 1] = dim[R, R] = 2. In order to compute Pr(R;;), we
first compute Pr}} (R;), which we rewrite as an average over cosets as we did for
the definition of Pr(R):

1 1

(4.5) Pri(R) = —
‘ | By /Z(Ry)| HZ(Rl)EZRI/Z(RI) | B1/Cry ()]
dE[x,Rl]

It suffices to sum over elements of the form =z = Zle x;u;, where x; € Z, for all
i, since there is one such element in each coset of Z(R;) = As. We also write
x = X; + X,, where X;| = Z?Il z;u; and Xy = 2?24 Til;.

As in the proof of Lemma 4.2, [z, R;] is the subspace of R; generated by
[z, R] = [X1, R], and possibly ¢: we include ¢ as a generator exactly when X, # 0.
We break the sum in (4.5) into three pieces. First, there are those elements
with dim[z, R] = 2: this condition corresponds exactly to the inequality x5 # 0.
Then d € [z, R] C [z, Ry] irrespective of the other coefficients, so these elements
give a contribution of (p° — p*)/p>™ to Pr(R;). Next, there are the elements
with dim[z, R] = 1 but dim[z, R;] = 2. This happens when the following two
conditions are satisfied:

e [z, R] is any one-dimensional subspace of Ay other than the one containing
¢ (as happens for p(p — 1) choices of X3);
e X, # 0 (as happens for p* — 1 choices of X5).

Thus these elements give a contribution of p(p—1)(p?*—1)/p**? to Pr; (R;). Finally,
there are those elements = such that d € [z, R] and dim[z, R] = 1 = dim[z, Ry].
This happens for p — 1 choices of X; and one choice of X5, so these elements give
a contribution of (p — 1)/p°*! to Pr}(R;). Summing the contributions, we get

P+ - —p+p)+ @ —p) _p* -1
P’ p*
Combining this equation with (4.4), we get

Pr—(R P41 pP—-1 pP4p-—1
rg (1) = 5 A 5 :
p p p

P (Ry) = |

Now using (4.1), we deduce that
-1 @+p—1°> p°+2p°—p*-2p+1
T R P® '

Pl"(RLl) =

Finally,

6 1 05 od 2 6 3.2
Py —p+p—p) - +2p" —p"=2p+1
Pr(Rs) — Pr(Ry1) = ( ) ps( )
_(p=1D’(p+1)?
= s
which is positive for all primes p. Since R, and R, ; have different commuting
probabilities, they cannot be Z-isoclinic. O

Y
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We give one more example which will be important later.

Proposition 4.7. Suppose the ring R can be written in the form S & S, where S
is the Z-canonical form Z,-algebra with basis {u,v, z}, in which the only nonzero
product of basis elements is uv = 2. Let R’ := Aug,(R,c) for some nonzero
¢ € [R, R], and let us write ¢ = ¢; + co, where ¢; € S ® {0} and ¢, € {0} & S.
(@) Ifc; =0 orcg =0, then Pr(R) = P, == (p*+p—1)(p* +p—1)/p%

(b) If c1 # 0 and c3 # 0, then Pr(R') = P, < P.
Proof. Note that S has Z-canonical form with data A, := span{u,v} and Ay :=
span{z}. We first examine the augmentations of S. It is readily verified that
|S/Cs(x)| = p for all nonzero elements of Ay, and that |[S,S]| = p. It follows
readily that for every nonzero ¢ € [S, S], Prf(S) = (p? — 1)/p?, Pr, (S) = 1/p?,
and so Pr(S) = Pr/(S) 4+ Pr_ (S) = a,. Defining S’ = Aug,(S), we see using
Lemma 4.2 that

p’-1 p+p-1_ p'+p-—1
Sy p

From now on, we write elements of R as a sum of direct sum components using
subscripts, e.g. given x € R, we implicitly write x = 1 + 5, where z; € S @ {0}
and zo € {0} @ S. If ¢ # 0 but ¢; =0 for ¢ = 1 or ¢ = 2, then the augmented ring
R’ is of the form S @ S" or 8" @ 5, so Pr(R') = Pr(S) Pr(S5") = apa,, as desired
for (a).

Suppose instead that ¢; # 0 and ¢ # 0. Note that ¢ = [x,y] if and only if
¢; = |z, y;] for i € {1,2}. Tt suffices to consider z,y € A; B A;. Tt follows that

there are 2p* — 1 such elements with ¢ ¢ [z, R], namely all z € A; B A; with
either 1 = 0 or 5 = 0. We deduce that

=2l

al = Pr(9)

p

292 — 2 1 2% +p—2
w2 1 wAp-2

+ —
Pr;(R) = e and Pr_ (R) p e p:
By Lemma 4.2,
4 _op? 41 +p—1)2p*+p—2
Pympr() = +t1 . +p )(819 +tp—2)
p p
pS+3p® —2p* —3p+2
p— p8 .

It could be shown directly that P, < P; for all primes p, but let us prove
this in a way that sheds light on the underlying reason. Note that Pr(R) =

Prf(R) + Pr; (R) = o2 for both (a) and (b), so Lemma 4.2 implies that the
inequality P, < P; holds if and only if Pr, (R) is larger in case (b) than in case
(a). In either case, the contributions to Pr, (R) come from 0 and from those
nonzero elements x € Ay H A; such that ¢ ¢ [z, R]: the former gives the same
contribution regardless of ¢, and each x € A; B A; with ¢ ¢ [z, R] contributes
1/p|R| to Pr_ (R). Thus a larger value of Pr, (R) corresponds to there being more
elements © € A; B A; such that ¢ ¢ [z, R]. In case (a), ¢ € [z, R] if z; # 0 (where
¢j is the nonzero component of ¢), so there are p* elements x € A; B A; with

c ¢ [z, R]. By contrast in case (b), we saw that there are 2p? — 1 elements with
cé¢ [z, R]. O
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5. PROOF OF MAIN RESULTS

In the results in this section, we are interested in finite rings only up to Z-
isoclinism. Thus we may always assume that R has Z-canonical form, in which
case R/Z(R) can be viewed as a subgroup of (R, +) and it makes sense to talk
about a basis of R/Z(R) with elements drawn from R. When discussing spans of
subsets in such a ring R, we indicate by a subscript whether we are working in R
or R/Z(R).

In the proofs of several results, we aim to understand rings that are Z-atomic,
meaning that they are both Z-unaugmented and Z-indecomposable.

We begin with a theorem which gives a general upper bound for Pr(R) when R
is noncommutative. In this result and its proof, M (n) denotes the matrix ring

over Z, defined by
a b
v ={(5 o)

Theorem 5.1. Let R be a finite noncommutative p-ring, with k := ky(R). Then

a,bEZn}.

k41 | ok
prpt—1
Pr(R) < P(k;p) := TR
Equality is attained if and only if R is Z-isoclinic to the ring M (p*), as defined
in the preceding paragraph. Furthermore, P(1;p) = o, P(2;p) = ~,, and P(k;p)
is strictly decreasing as a function of k.

Proof. By Lemma 2.6, we have elements a,b € R such that p*~'c # 0, where
¢ = [a,b]. We can find a basis B = {uy, u, us, ..., un} C R for R/Z(R), where
u; = a and ug = b. Since ¢ is an element of maximal order in [R, R], there exists
a basis F' = {cy,...,cn} of [R, R], with ¢; = c.

Suppose that for some i > 2, [uy, u;] = nic; +u and |ug, u;] = ngcy + v, where
u,v € span I, where F' := {ca, ..., ¢y }. Replacing w; by u} := u; + nouy — nqus,
a simple calculation shows that [u;,u}] = w and [ug, u;] = v. Furthermore if v;
has order p’ for some j < k, then n; and n, must be divisible by p*~7, so it
follows from Remark 2.7 that B remains a basis after these replacements. We
may therefore assume that the basis F' of [R, R] is such that

(5.1) {[u1, us), [uz, w;]} C span F’, i>2.

A set of coset representatives of R/Z(R) is given by > . | x;u;, where the
integers x; satisfy 0 < x; < pki/Z(B) Tt follows from (5.1) that [z, u] = Y, nic;
with ny = —z9 and [z,us] = >, m¢; with m; = ;. Thus [z, R] includes an
element of order p* if either x; or x5 is not divisible by p, and so the proportion
of elements in the ring for which |R/Cg(x)| > p* is at least (p? — 1)/p>.

If £ > 1 and both z; and z, are divisible by p, but at least one is not divisible
by p?, we similarly deduce that an additional proportion at least (p* — 1)/p* of
these representatives satisfy |R/Cgr(z)| > pF~1. For k > 2, we make a similar
estimate when both z; and x5 are divisible by p?, but at least one is not divisible
by p®. We continue in this fashion until eventually we simply estimate that the
probability that a second element will commute with z when both z; and x5 are
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divisible by p* is 1. Adding up the various contributions, we get that

k-1
Pr(R) < e + ; phr2i = P2l )

as required.

It is not hard to see that for each of the estimates above, we get equality if
R = M(p¥), and consequently we get equality in the overall bound for this ring,
i.e. Pr(M(p*)) = P(k;p).

Conversely the equality Pr(R) = P(k;p) requires that we have equality for each
of the upper bounds in the above estimation. In particular, x must be central if
x1 and xq are zero. This forces m = 2, and so R/Z(R) must have type (k, k;p) in
view of Lemma 2.6. Moreover, the commutator group must be a Cpx, the same as
for M(p"¥), and it is now straightforward to verify that R is Z-isoclinic to M (p*).

The equations in the last statement are immediate, and the decreasing nature
of P(k;p) amounts to the inequality p**? — 1 < p**2 — p2. Once we rewrite this
inequality as p**2 — p**1 — p? +1 > 0, it is clear that it holds for all p > 2 and
k e N. O

Lemma 5.2. Suppose R is a noncommutative Z,-algebra with dim[x, R] > 2 for
allz € R\ Z(R). Then Pr(R) < (p"+p*—1)/p"** < ~,, where n = dim R/Z(R).

Proof. Since dim[z, R] > 2 for at least one x, R/Z(R) must have dimension n > 3.
Consequently
l—p*”_i_ 1 _p”—i—p2—1

Pr(R) < —
p2 pn pn+2
This bound is a strictly decreasing function of n, so it is maximal when n = 3, in
which case it simply says that Pr(R) < ~,. O

Lemma 5.3. Suppose R is a Z,-algebra such that R/Z(R) has dimension at least
3 and dim[uy, R] = dim[ug, R] = 1, for some uy,us € R such that [uy,us] # 0.
Then R is not Z-atomic.

Proof. The hypotheses are invariant under Z-isoclinism, so we may assume that
R has Z-canonical form, with (R,+) = A; B A, as in Definition 3.6. We may
also assume that T := {uy,us} C Aj, since if this is not the case, then certainly
w, = u; + z; € A; for some z; € Ay, and uf, uf satisfy the same assumptions as
uy, ug since Ay = Z(R).

Let V) = span(T'). By Observation 2.2, Cg(u;) and Cg(uz) both have codimen-
sion 1 in R. Writing U := Cg(u1) N Cg(uz), it follows that codim U < 2. Every
nontrivial linear combination of u; and wuy fails to commute with one or other of
these two elements, so (R,+) = U B V;. Now U is a subring of R, and u € U
if and only if u+ z € U for all z € Ay, so (U,+) = Uy B A, for some U; C A;.
Note that U; and V;j are complementary subspaces of A;. We define the abelian
groups Uy = [Uy,Uy], Vo = [V4, V4], and V' = V; + V4. Since R has Z-canonical
form, we have R? = [R, R] = As, and the definitions of Uy, V; then ensure that
Ay = Uy + V5. Let us write a general element x € R in the form x = u, + v, + 24,
where u, € Uy, v, € Vi, and z, € Ay. Note that zy = (u, + v,)(uy + v,) and
[, y] = [ue; uy] + [v2, ).

Suppose first that Uy NV, = {0}, and so Ay = Uy BV, Let P: Ay — Us and
Q : Ay — V5 be the ring epimorphisms defined by P(u+v) = u and Q(u+v) = v
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for all u € Uy, v € V5. Let S be the ring which coincides as an additive group
with R, but where multiplication * is defined by x * y = P(uzu,) + Q(vvy),
and let us denote by [, -] commutators in S. It follows that [x,y]" = [z, ], so
Z(S) = Z(R) = As, and we readily deduce that R is Z-isoclinic to S. It is also
clear that S = 5" @ S”, where S’ is the subring of S generated by Uy, and S” is
the subring of S generated by V;. Thus R is Z-decomposable.

Suppose instead that Us N V4, # {0}. Since V3 is one-dimensional, V, C Us. Tt
follows readily that R is a p-augmentation of the subring R’ generated by U;. [

In the next three theorems, we will classify up to Z-isoclinism all Z-atomic
Z,-algebras R with Pr(R) > v, and dim R/Z(R) > 2. Since Z-isoclinism depends
only on the Lie ring Ry, associated with a ring R, it suffices in the proofs to
consider only all possible commutators rather than all possible products. However,
since we wish to fully specify associative rings in each Z-family in the statements
of the theorems, we define the relevant products for each ring in these theorems.

Theorem 5.4. Suppose R is a Z,-algebra such that dim R/Z(R) = 3. Then R
is Z-atomic, and it is Z-isoclinic to one of the following pair of rings:
(a) R has basis {uy, us, us, c1a, co3} and the only nonzero products of basis
elements are ujus = ¢19 and UsUz = Co3.
(b) Rso has basis {uy,us,us, c12, 13, 23} and the only nonzero products of
basis elements are uius = c19, ULU3 = C13, and UsUz = Co3.
Furthermore, Pr(Rs31) = B, and Pr(R32) = 7,.

Theorem 5.5. Suppose R is a Z-atomic Z,-algebra such that dim R/Z(R) = 4
and Pr(R) > ~,. Then R is Z-isoclinic to one of the following pair of rings:

(a) Ry1 has basis {uy, usg, us, ug, c12, c2a}, and the only nonzero products of
basis elements are uius = 12, Uslly = Coyq, and UslUy = C13.

(b) Rao has basis {uy,us, us, us, c12, Ca3, C24}, and the only nonzero products
of basis elements are uius = €12, UsUz = Co3, aNd Uy = Coy.

Furthermore, Pr(Ry1) = Pr(Ry2) = 7.

Theorem 5.6. Suppose R is a Z-atomic Z,-algebra such that dim R/Z(R) =
n>5. Then Pr(R) <0y, = (p" '+ p" 2 —p" 3 +p—1)/p"™ <,.

Proof of Theorem 5.4. Note that R3; and 3 are joins. The fact that the central
factor group in both cases has dimension 3, and so both rings are in Z-canonical
form, now follows from Observation 3.9(a).

The Z-atomicity of R follows easily from Lemma 2.6. We assume without loss
of generality that R has Z-canonical form, with data (A;, As2) as in Definition 3.6.
In particular, we can identify R/Z(R) with A;.

Suppose first that R has an element u; such that dim[u;, R] = 1. We may
assume that u; € A;. By Lemma 5.3, dim[ug, R] > 2 whenever [uy, us] # 0. But
dim[z, R] < dim(R/Z(R)) — 1 = 2, so we must have dim[uy, R] = 2 for all uy
such that [uy, us] # 0. We pick such an element uy € A;.

Since codim Cg(uy) = 1, there exists ug € Cr(u1) N Ay such that

dimspan 4 {u1,us} = 2.

Since us ¢ Cgr(uy), {u1, us, ug} is a basis of A;. Furthermore [ug, us] # 0, lest us
be central. Since [uy, us] and [ug, us] span [us, R], they cannot be collinear. In
summary, A; has basis {uy, u2, us}, the commutators [u;, u;], ¢ < j, are nonzero
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only for (i,5) = (1,2) and (i,7) = (2,3), and these two commutators are not
collinear. It follows readily that R is Z-isoclinic to Rs ;.

Let us calculate Pr(Rs;). It suffices to consider sums of the form = = 377, au;,
where x; € Z,,. If x5 # 0, then [z, u1] and [z, u3] are non-collinear, so dim|z, R] = 2.
If o = 0, but at least one of 21 and x3 is nonzero, then it is clear that dim[z, R] = 1
is one-dimensional. Finally, x = 0 commutes with everything. Thus

p3—p2 p2—1 1 2p2—1
P32 Pt E - P =By

It remains to consider the case where dim[z, R] = 2 for all noncentral z. Let
{u1,us2,us} C R be a basis of Ay, and let us write ¢;; = [z;,z;]. We claim that
the commutators {cj2, ca3, 13} form an independent set. Suppose that this is
false, and so by symmetry we can assume that co3 = scip +tcy3, for some s,t € Z,,.
Letting uf := us — tuy and uf := ug + suy, we see that [u), us] = 0. But uj, uj
are not in the same coset of Z(R), so dim[u}, R] < 1 for i = 2,3, contradicting
our assumptions. It is now easy to deduce that R is Z-isoclinic to R .

Finally, we calculate Pr(Rs;). It again suffices to consider sums of the form

x =32 wu;, where z; € Z,. Now dim[z, R] = 2 for all nonzero sums z, so
31 1

Pr(R) = pp3+2 t = O

Proof of Theorem 5.5. Note that Ry and Ry are joins. The fact that the central

factor group in both cases has dimension 4, and so both rings are in Z-canonical

form, now follows from Observation 3.9(a).

We assume without loss of generality that R has Z-canonical form, with data
(A1, Ag) as in Definition 3.6. In particular, we can identify R/Z(R) with A;. By
Lemma 5.2 with n = 4, we see that there must exist u; € R with dim[u;, R] = 1.
Without loss of generality, u; € A;. By Z-atomicity and Lemma 5.3, we have the
dimensional bound dim[uy, R] > 2 whenever us € A; is such that [uy, us] # 0. We
now split the analysis into two main cases depending on whether this dimensional
bound is always strict or not.

Case 1: There exist uy,us € Ay such that [uy,us] # 0, dim[uy, R] = 1, and
dim[uz, R] = 2.

We fix uy, ug with the specified properties. Since Cg(u1)/Z(R) and Cr(us)/Z(R)
have codimensions 1 and 2, respectively, in R/Z(R), their intersection has codi-
mension at most 3 (in fact, exactly 3 because uy € Cr(u2) \ Cr(u1)), and so there

exists a nonzero element uz € A; which commutes with both u; and uy. Note
that

Pr(R) =

dim span 4, {ur, up,uz} =3,

since (Cr(uy) N Cr(uz))/Z(R) has trivial intersection with the vector space
generated by u;+Z(R) and us+Z(R). Choose any uy € Ay such that {us, ..., us}
is a basis of A, and define ¢;; 1= [u;, u;] € Ay, 1 <i,j < 4.

Below, we change the values of u; for a specific ¢ in various ways to achieve
various reductions. In each such case, ¢;; := [u;, u;] is changed accordingly for
each j.

We assume as we may that c;4 = 0, since if this fails, then c14 = Aci9, and we
get the desired property if we replace uy by uq — Aug. Since u; € Cr(ug) for i < 3,
we see that dim[us, R] = 1, and so ¢34 # 0. Our unaugmented assumption now
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forces dim[uy, R] = 2. Thus dimspan{cja, 24} = 2, dimspan{ca4, c34} = 2, and
Ay = span S, where S := {c19, ¢24, ¢34} has dimension 2 or 3.

We next perform some reductions for the case dim A, = 2. We must have
C12 = GCa4 +ascsy, for some aq, ag € Z,,. If ay # 0, then u := asus +azus € @ fails
to commute with u; and also [u, R] = span{cj2}. Thus dim[u, R] = dim[u;, R] =1
and [u, u1] # 0. By Lemma 5.3, this contradicts the hypothesis that R is Z-atomic.
Thus c12 = azcsq for some ag € Z,. We must have az # 0, since if ag = 0, then u,
would be central, and dim R/Z(R) < 4. Replacing uz by aj 'us, we reduce to the
case where cja = ¢34, and so R = Ry ;.

We have therefore essentially reduced Case 1 to two possible Z-canonical form
rings: either A, has basis S, or it has basis {cay, ¢34} and c15 = c34. We can begin
the analysis of both of these rings together.

Let us write z := Z?Zl xu;, where x; € Z,. If 5 # 0 or x4 # 0, we claim
that dim[z, R] > 2. By symmetry, it suffices to verify this for x5 # 0. Then
[x,u1] = —x9c10 and [z, uy4] = x9coy + w3034 are non-collinear, so the claim is
verified. Thus

(i) dim[z, R] > 2 for all  with x5 # 0 or x4 # 0, and
(ii) dim[z, R] > 1 for all x # 0 with 23 = 24 = 0.
and so
4.2 2 3.2
(5.2) prry <P -t L par ol

= T2 P I
with equality in (5.2) if and only if the inequalities in both (i) and (ii) always
hold with equality.

Suppose now that dim Ay = 3. Taking u := uy + us + uy, we see that [u, R]
contains [u, uy] = —cia, [u, us] = —coq and [u, us] = —cs4, so dimfu, R] = 3. Thus
equality fails for x = w in (i), and we do not get equality in (5.2).

There remains only the case dim Ay = 2, and so R = R4;. In this case, it is
readily verified that the inequalities in (i) and (ii) above holds with equality, and
so Pr(Ry41) = 7, as required.

Case 2: Whenever uy,us € Ay satisfy dimfuy, R] = 1 and [uy, us] # 0, we have
dim[ug, R] = 3.

We fix u; with dim[u;, R] = 1. Because dim[u;, R] = 1, there are exactly p* —p3
elements v € Ay with [uy,u] # 0 and dim[u, R] = 3 for all such u. It follows that

4 3 3 _ 1 1 3 + 2 _ 1

(5.3) Pr(R) < pp4+§’ + pp4+1 o= % _—
Equality above requires that dim[u, R] = 1 for the p* — 1 nonzero elements u € A;
that commute with ;. In this case, it follows that Cr(z) = Cg(y) for any distinct
pair z, y of these elements, since otherwise Cr(xz) NCr(y) has codimension at least
2, and so R\ (Cr(z) N Cgr(y)) would include at least p* — p? elements of A;. By
our hypothesis, we would then have |R/Cr(w)| = p? for at least p* — p? elements
w € Ay, preventing equality in (5.3). Thus Cg(uy) is a commutative subring of
R, with |R/Cgr(u1)| = p, and there is a basis {u,uz,us} C R of Cr(uy)/Z(R)
such that w;, u; commute if 7, j # 2. It follows that R is Z-isoclinic to R4, and
that R = Ry satisfies the requirements for equality in (5.3).

Note that, in view of Lemma 5.3 and the Z-atomic assumption, Cases 1 and 2
cover all possibilities that can arise.
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Finally, we show that both R4; and Rs9 are Z-atomic. Suppose R is a Z,-
algebra such that dim R/Z(R) = 4. If R is Z-decomposable, then it follows from
Lemma 2.6 that it is Z-isoclinic to a ring S = S; @ S, where each S;/Z(.S;) is
two-dimensional. It is then easily deduced that S; is Z-isoclinic to the ring M (p)
of Theorem 5.1 for i = 1,2, and so Pr(R) = ag # v, If instead R is Z-augmented,
then [R, R] is forced to be one-dimensional, whereas we have seen above that
there are elements x of Ry, i = 1,2, such that dim[z, Ry;] > 1. O

Proof of Theorem 5.6. If dim[x, R] < 2 for at most p"~2 of the cosets = + Z(R) €
R/Z(R), then

n o n—2 n—2 __ 1 1 n—1 + n—2 _ ,n—4
p p PN it it

p
Pr(R) < prt2 prtl +ﬁ prt

Thus we may assume that there are at least p"~2 + 1 of the cosets = + Z(R) with
dim[z, R] < 2. Letting S be the union of all of such cosets, and V' = span(S), we
see that V' has codimension at most 1 in R.

Lemma 5.3 tells us that [z,y] = 0 if z,y € S, so the elements of V' all commute
with each other. It follows that codimV = 1, and that V = Cg(x) for all
x € S\ Z(R). Since V is a commutative subring of R, every y ¢ V must fail
to commute with all non-central elements of V. Thus dim R/Cg(y) = n — 1
whenever y ¢ V', and it follows that
pn _ pn—l pn—l -1 1 pn—l +p2 -1

b= T 5 <.

PI‘(R) - anr(nfl) anrl P anrl

O
We are now ready to prove Theorem 1.1.

Proof of Theorem 1.1. We first investigate 2R,. By Theorem 5.1, Pr(M (p?)) = 7,
o 7, is a p-value. This reduces the task to the determination of all large p-values
and all large values. But again by Theorem 5.1, p-rings R with k;(R) > 1 lead
only to small p-values, so we may assume that R is a p-ring with k(R) = 1.
Thus R/Z(R) has the form H" C, and, in view of Observation 3.12, we may
also assume that R is a Z,-algebra. If m = 2, R is easily seen to be Z-isoclinic to
M (p), giving the value a,. Theorems 5.4, 5.5, and 5.6 tell us that 3, is the only
other large p-value associated with a Z-atomic Z,-algebra R of dimension at least

We next consider augmentation. According to Theorem 5.1, the only p-rings
giving rise to the p-value o, are Z-isoclinic to M (p), so we may use a Z-canonical
relative R of M(p) for augmentation. Now, [R, R] has order p. Additionally,
Pr(R) = (p* + p—1)/p® and ag(R) = 1/p*. Thus if we define Ry, := Augh(R) for
all £ € N, then Corollary 4.4 yields

P22 g ]

Pr(Ry) = p2h+3

It also follows from our analysis that there is a unique Z-atomic Z-family
associated with (3,, namely that of R3; in Theorem 5.4. But we already analyzed

this algebra in Example 4.5, where we found that Pr(Aug,(R,c)) = v,. Thus we
get no additional large p-values in this case, and there remain no other ways of
getting large p-values by augmentation of Z-atomic rings.
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We next consider rings that are Z-decomposable, with summands of the types
that we have already obtained. This reduces to considering products of the
p-values that we have already obtained. Since «, is a p-value, we see that o} is

also a p-value for all n € N. Now ozf) > Y, but a <, for all n > 3, since

Pp—ap) =0 +0°=p) =@ +p-1° =@ -1+ 1)0° + 20" +p—1),
and it is clear that this last expression is positive for p > 2. If we take the product
of two distinct p-values that we have already obtained, then we obtain at most
Yy = (P> +p—1)(p* +p—1)/p® and this is smaller than v, because for p > 2,

P =) =0+ =) =@ +p -1 +p-1)=(p-1)°(p+1)>0.

Now that we have considered augmentation followed by direct sums, we need
to iterate this pair of processes until we get no additional large p-values. This
happens at the very next step: the only new p-value obtained above by taking
direct sums was oz]%, and if we now augment the associated Z-canonical form ring,
it follows from Proposition 4.7 that the largest p-value obtained is ~, of the last
paragraph. But 7, < ,, so we are done.

We obtain all large values by taking products of p-values for distinct primes p.
Any nontrivial product of this type gives a value at most equal to asas, which is
smaller than ~5. Thus we obtain all large values simply by taking the union of all
p-values that are larger than ~, for some prime p. We already know the 2-values
in this set. As for the 3-values, we get only az because (3 + 3 — 1)/3°> < 7.
Finally, oy, < 72 for p > 5, so we get no additional large values by using such
primes.

Proof of Theorem 1.2. An examination of the proof of Theorem 1.1 shows that
each large p-value is associated with a unique Z-family of p-rings, and each large
value is associated with a unique Z-family of finite rings. O

Proof of Theorem 1.3. We first define rings S;, 1 < i < 5:
(a) Sy = M(p?).
(b) Sy = Augy (Ro) where Pr(Ry) = f3,, and ¢ is any nonzero commutator.
(c) Sy is the ring R34 of Theorem 5.4.
(d) Sy is the ring R4y of Theorem 5.5.

(e) Sy is the ring Ryo of Theorem 5.5.

Theorem 5.1 tells us that Pr(S;) = v,, and it follows from Example 4.5 that
Pr(S;) = v,. The fact that Pr(S;) = v, for i = 3,4, 5 follows from Theorems 5.4
and 5.5.

Next we consider the central factor groups. It is readily verified that Z(S;) =
{0}, so S1/Z(S1) = Cp2e B Cp2. For all other ¢, S;/Z(S;) must be of the form

EEl?lep for some d. Specifically for ¢ = 2, we have d = 5: for the unaugmented
algebra R, we have dim R/Z(R) = 3, and augmentation increases this dimension
by 2 (Observation 4.1(a)). According to Theorems 5.4 and 5.5, we have d = 3 for
i=3,and d =4 for i € {4,5}.

It is readily verified that [S;,S1] &~ Cj2 and, for all i > 1, [S;, S;] must be a
Z,-vector space of the form EElleCp for some d. When i = 2, we have d = 2,
since dim[R, R] = 2 for the unaugmented ring, and augmentation always leaves
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the commutator subgroup unchanged. When i = 3, d = 3 and [S, S| has basis
{c12,Ca3,c13}. When i = 4, d = 2 and [S, S| has basis {c1a,c24}. When i = 5,
d = 3 and [S, S| has basis {ci2, Ca3, Co4}.

The above calculations show that the rings S; provide us with four central
factor group isomorphism classes, three commutator subgroup group isomorphism
classes, and five Z-families (since no two of these rings have both isomorphic
central factor groups and isomorphic commutator subgroups).

It remains to prove that there are no other Z-families of p-rings R for which
Pr(R) = ~,, so suppose R is such a ring. We assume initially that R is a Z-atomic
p-ring. For k;(R) > 1, the proof of Theorem 1.1 reveals that we get Pr(R) = ~, if
and only if R is Z-isoclinic to S7. We may consequently suppose, as in the proof
of Theorem 1.1 that R is a Z,-algebra, with dim R/Z(R) = m > 1: in fact m > 2
since m = 2 forces a Z,-algebra to be Z-isoclinic to M (p) and Pr(M(p)) # 7,.
Now Theorems 5.4, 5.5, and 5.6 tell us that the only Z-atomic options are Sz, Sy,
and Ss.

There remains the task of considering augmentations and direct sums. The
proof of Theorem 1.1 reveals that an augmented ring R satisfies Pr(R) = v, if
and only if R is Z-isoclinic to S, and that we cannot obtain Pr(R) = -, by taking
the direct sum of two noncommutative p-rings. U

By explicitly giving 8, N [,, 1] together with the possible Z-families, we were
easily able to deduce an explicit form for R N [y9, 1], together with the possible
Z-families. This mirrors fairly closely the characterization in the group setting
of all commuting probabilities strictly larger than ~,, together with the possible
types of [G,G] and G/Z(G) for the associated groups G: see [17] and Remark
4.4 of [3].

In the group setting, the set of all commuting probabilities greater than or
equal to 11/75 for odd order groups G, together with the possible types of [G, G]
and G/Z(G), has also been explicitly given in [3]. In view of this, we record
the corresponding result for Ryqq N [73, 1], where Ryqq is the set of values of
Pr(R) as R ranges over all finite rings of odd order. Note that v3 = 0.1440-- - <
0.1466 - - - = 11/75.

Theorem 5.7.
Roda N [73, 1] = (Rs N [y, 1]) U (AR5 N [y3,1]) U {ar}
3% 4+ 2 5%k 4+ 4 17 121 55 35
{—32k+1 kEN}U{—5Zk+l “N}U{Lg@@@}-

The value 3 1s associated with exactly five Z-families and all other values are
associated with a unique Z-family.

Proof. Since azas < 73, the only values in S := PRoqq N |73, 1] are p-values for
some p. Now aq; < 73, so we need only examine p = 3,5,7. The 3-values are
already given by Theorem 1.1, so it remains only to examine p = 5,7. The full set
of augmentations of as lie in S because 1/5 > 3, but there are no other 5-values
in S because 5 < v3. As for p =7, we see that a; > 73, but all other values in
R, are smaller than ;. O

Finally, we gather together in Figure 3 all possible Z-families and group iso-
morphism types among p-rings R for which Pr(R) > ~,: the R-column gives a
representative of the Z-family, and the last two columns give group isomorphism
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classes. M(p) is as in Theorem 5.1, R3; is as in Theorem 5.4, and the rings S;
are as in the proof of Theorem 1.3.

Pr(R) R R/Z(R) R, R]

1 commutative 4 4

P +p—1 k-1 2%k

PSSR keN Aug, ™ (M(p)) H_,C, C,

Bp R371 EE?:lcp Cp H Op

o, M (p) ® M(p) B.,c, c,BC,
Sl Cp2 Eﬂ sz sz
S m_.c, C,8C,

Tp S3 Bﬂ?lep Bfllec'p
S, B, C,BC,

4 3

S5 Bﬂizlcp Ei:lop

FIGURE 3. Equivalence classes for 3, N [, 1]

The corresponding table for 8N |[~,, 1] is identical to Figure 3 for p = 2, except for
the addition of a line for ag, given by the second row of Figure 3 for (p, k) = (3,1).
The possible Z-families in Theorem 5.7, and associated isomorphism types for
R/Z(R) and [R, R], can also be readily understood from Figure 3.

Note that similar tables for groups given in [17] and [3] also include a column for
G, G]NZ(G). However, we do not give a [R, RN Z(R) column because this is not
a Z-isoclinic invariant. Indeed, a noncommutative ring R of order p? has trivial
center, so |[R/Z(R)| = p?, and it is also clear that |[R, R]| = p. However, the Z-
canonical relative S of R satisfies the equation [S, S| N Z(S) =[S, S] = Z(S)—as
do all Z-canonical form rings—so |[S, S] N Z(S)| = p has order p.
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