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1. Introduction

A Moufang loop is a loop that satisfies the Moufang identity (xy)(zx) = [x(yz)]x. Moufang
loops are closely related to groups as they share many common properties, e.g., Moufang
loops have the inverse property, and satisfy Lagrange’s theorem [8], Sylow’s theorems (with
exception to conjugacy) [6,9], and Hall’s theorem [5]. Another evidence of Moufang loops
being “almost” groups, can be found in Moufang’s theorem [2]: (1) Any associative triplets
in a Moufang loop generate a group; and (2) Moufang loops are diassociative.

Since groups are associative, they satisfy the Moufang identity. Hence, all groups are
Moufang loops. However, the converse is not true. The smallest nonassociative Moufang
loop is of order 12, constructed by Chein and Pflugfelder [3]. The existence of nonassocia-
tive Moufang loops of order 3* and p° for any prime p > 3, has also been proved by Bol [1]
and Wright [18] respectively. The most recent class of finite nonassociative Moufang loops
was constructed by the second author [14] where he showed that for odd primes p and ¢,
there exists a nonassociative Moufang loop of order pg® if and only if g =1 (mod p).

Following the path of these researchers, our interest is to construct new classes of nonas-
sociative Moufang loops. In particular, we study the question: “For what positive integer
n does there exist a nonassociative Moufang loop of order n?”. To achieve this objective,
however, we need to eliminate those cases where all Moufang loops of a particular order
are associative. Hence, our research can be divided into two directions: (1) Prove that all
Moufang loops of order n are associative, for some positive integer n; or (2) Prove that a

Communicated by Lee See Keong.
Received: September 11, 2012; Revised: February 20, 2013.



426 W. L. Chee and A. Rajah

nonassociative Moufang loop of order n exists, by giving precisely the product rule for any
pair of elements in that loop.

The latest result that is of significance to our research can be found in [15]: If L is a
Moufang loop of order p -~~pmq3r1 -eerpwhere py <o < pp < g<rp <---<r,areodd
primes with ¢ Z 1 (mod p;) for all i € {1,...,m}, then L is a group. In this paper, we study
the next open case, that is, Moufang loops of order pg* where p < ¢ are odd primes. We
obtain the necessary and sufficient conditions for the existence of nonassociative Moufang
loops of odd order pg*.

2. Definitions and notations

Below are some basic definitions and notations that are used throughout this article. We
refer the reader to [2] and [13] for a comprehensive description of loop theory.

Definition 2.1. A binary system L is called a loop if

(a) L has an identity element, and
(b) for any x,y € L, there exist unique elements a,b € L such that xa =y and bx = y.

Definition 2.2. A loop L is a Moufang loop if it satisfies any one of the following (equiva-
lent) Moufang identities:

(y) (zx) = x[(y2)x],  (w)(2x) = [x(v2)lx, x[y(x2)] = [(ey)xlz,  [(2x)ylx = zlx(y))].
The following definitions hold for any loop L.
Definition 2.3. Define
7 (@) =x"(=x), 2Zxy) =00 ""D0)], 2(xy) = [(20)y](w) "
I (L) =(T (x),ZL(x,y),Z(x,y) | x,y € L) is called the inner mapping group of L.

Definition 2.4. The associator of three elements x,y,z in L is the unique element (x,y,z) € L
such that (xy)z = [x(yz)](x,,2). The associator subloop of L, denoted by L,, is the subloop
generated by all the associators in L.

Definition 2.5. The commutator of two elements x,y in L is the unique element [x,y] € L such
that xy = (yx)[x,y]. The commutator subloop of L, denoted by L., is the subloop generated
by all the commutators in L.

Definition 2.6. The nucleus of L, denoted by N(L), is the subloop consisting of all n € L
such that (n,x,y) = (x,n,y) = (x,y,n) = 1 for all x,y € L.

Definition 2.7. Let K be a subset of L. The centraliser of K in L, denoted by C(K), is the
set consisting of all £ € L such that tk = k{ for all k € K.

Definition 2.8. L is minimally nonassociative if L is not associative but all proper subloops
and proper quotient loops of L are associative.

3. Known results
Throughout this section, L is defined as a Moufang loop.

Lemma 3.1. Let x,y,z € L.
(@) xZ(z,y) = x(x,y,z) "' [2, p.124, Lemma 5.4 (5.16)];
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®) (x,y,2) = (x,y,2y) [2, p.124, Lemma 5.4 (5.17)];

©) (x,y,2) = (xy,2,y)"" [2, p.124, Lemma 5.4 (5.18)];

@ (x,y,2) = (x,y,zx) [2, p.124, Lemma 5.4 (5.19)];

(e) (xn,y,z) = (x,yn,z) = (x,y,2n) = (x,,2) for any n € N(L) [10, p. 267, Lemma 1];
) (5,3,2) = (z3,%) " = (%2,%) if La CN(L) [14, p. 71, Lemma 2].

Lemma 3.2. Let x,y,u,v € Land 0 € . (L).
(@) (xy)8-c= (x0)-(y0-c) where c = [u ' v~ '] if 6 = L(u,v), and c = u™3 if § =

T (u) [2, p. 112, Lemma 2.1; p. 113, Lemma 2.2; and p. 117, Lemma 3.2];

(b) (x")0 = (x0)" for any integer n [2, p. 117, Lemma 3.2; and p. 120, (4.1)].

Lemma 3.3. Suppose K < L. Then L/K is associative = L, C K [11, p. 563, Lemma 1].

Lemma 3.4. Let L be finite. Suppose K < Cr(L,) and (|K|,|Lq|) = 1. Then K CN(L) [12,
Lemma 5, p. 480].

Lemma 3.5. Let |L| be odd. Then L contains a Hall m-subloop where 7 is any set of odd
primes [7, p. 409, Theorem 12].

Lemma 3.6. Suppose L has an odd order and contains a normal Hall subloop H = (x)L,
for somex € H—L,. Then L, CN(L) = H C N(L) [15, p. 373, Lemma 3.17].

Lemma 3.7. Let |L| = p{' p3?--- p where p| < ps < -+ < p, are odd primes and Q, ¢,
L0, EZT.
(a) Suppose o; <2 for alli. Then for every i € {1,2,...,n}, there exists H; < L where
|Hi| = p; pffll -p% 16, p. 970, Lemma 4.1(a)].
(b) Suppose there exists some oy > 3 such that Q; S 2 for all i < k. Then for every i €
{1,2,...,k}, there exists H; < L where |H;| = p; plof’:l‘ - p%n [16, p. 970, Lemma

4.1(b)].
(c) Suppose a, =1 and p, # 1 (mod pi) for all i < n. Then there exists a normal
subloop of order p{' p5? - pn” 1 in L[17, p. 1362, Lemma 4.1].

Lemma 3.8. Suppose L is not associative.

(a) Let K < L. If L= (x,y)K for some x,y € L, then K ¢ N(L) [4, p. 144, Theorem
4.1].

(b) If L is finite, then |L|/|N(L)| # 1, p or pq where p and q are (not necessarily dis-
tinct) primes [4, p. 145, Corollary 4.2].

Lemma 3.9. Suppose L is minimally nonassociative, is of odd order, and contains a maxi-
mal normal subloop M.

(a) L, is the unique minimal normal subloop of L, and an elementary abelian group.
Moreover, (Ly,L,,L) = {1} [4, p. 140, Theorem 3.3(b)].

(b) (kikz,l1,02) = (ki,£1,42)(kp,21,02) for any k; € L, and {; € L [4, p. 141, Proposi-
tion 3.4].

(¢) Ly and L, lie in M, and L = M(x) for any x € L— M [12, p. 478, Lemma 1(b)].

(d) If H is a Hall subloop of L, then H I L,H = (|L4|,|H|) # 1 [4, p. 143, Theorem
3.10].

) (kyw, )= (Lk,w )" foranyk € L, w € M and ¢ € L[11, p. 565, Lemma 6(a)].

() ((LgyM,L)[Lg,M],M,L) = {1} [11, p. 565, Lemma 6(c)].
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(g) For any w € M and { € L, there exists some ko € L, — {1} such that (ky,w,£) =
(u=Ykou,w,€) = 1 for all u € M [4, p. 141, Theorem 3.7; and 15, p. 373, Lemma
3.18].

(h) If (k,w,?) # 1 for some (fixed) elements k € L,, w € M and £ € L, then L, contains
a proper nontrivial subloop which is normal in M [4, p. 142, Theorem 3.8].

(i) If Ly € N(L), then [M,(L—M,M,M)] = {1} [17, p. 1363, Lemma 4.4].

G) If Ly C N(L), then for every x € L— M, there exist some g.h € M — L, such that
(x,g,h) # 1 [17, p. 1362, Lemma 4.2].

(k) Ly SN(L) if and only if (Ly,M,L) = {1} [4, p. 146, Theorem 4.7].

Lemma 3.10. Suppose L is minimally nonassociative, and has order p, ™ p(z)52 - p%n where

P1,D2, ---,Pn are dzstmct odd primes and 01,00, ...,0, € Z". Then
(a) \L | = pP for some i satisfying o > 2; and some B; satisfying 0 < B; < o:
(b) p;’ Jf|N( )| for all i.

[4, p. 145, Theorem 4.5]

Lemma 3.11. Suppose |L| = p1 -+ pmq®ri---rn where py < -+ < pp < q<rp <---<ry
are odd primes. Then L is a group if any of the following two conditions hold:

(@ a=3andq#1 (mod p;) forallie {1,2,...,m} [15, p. 374, Theorem]; or

(b) m=0, p>3and o <4[11,p. 567, Theorem].

Lemma 3.12. Let p and q be distinct odd primes. There exists a nonassociative Moufang
loop of order pq® if and only if g=1 (mod p) [14, p. 78, Theorem 1; and p. 86, Theorem
2].

4. New results

Lemma 4.1. Let L be a Moufang loop and x,y,z € L. Suppose L, C N(L), [y, (y,z,x)] =1
and x~'yx = y%k for some k € N(L) and o € Z*. Then (x~',y,z) = (x,y,2) "%

Proof. First, we show the equation (y%,z,x) = (y,z,x)%, which is needed in the proof of this
lemma.
By Lemma 3.2(b), y*.Z(x,z) = [y-Z(x,2)]*. So

Y%, z,x) 7 = [y(yz,x) 1 by Lemma 3.1(a)
=y*(y,2,x) " “ as [y, (»,z,x)] = 1.
Hence,
4.1 0% z,x) = (y,z,x)*
by cancellation. Now
(xLyz) =@ "yzy) ! by Lemma 3.1(c)
= (xly,zxxty) 7! by diassociativity
= (x"'y,z,x)7! by Lemma 3.1(d)
=(y “kx ,2,x) ! by the hypothesis x~'yx = y*k
= (y%k,z, ) by Lemmas 3.1(d) and 3.1(f)
= (y%,z,x)"! by Lemma 3.1(e)
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= (y,z,x)" ¢ by (4.1)
= (x,y2)"* by Lemma 3.1(f). 1

Lemma 4.2. Let L be a nonassociative Moufang loop of odd order and x € L. Suppose
|La| = p? for some prime p and (|x|,p — 1) = 1. If there exists some ko € L, — {1} such that
[ko,x] = 1, then [L,,x] C (ko).

Proof. Since |L,| = p? and L, is elementary abelian, there exists k; € L, — (ko) such that
L, = (ko) X {k1). As L, <L, it follows that x Yk x € L,. Hence, we can write x_'kjx = kg‘kf

g BlRI=TY gl
for some a,B € Z . By induction, x Mkx = kg<l+ﬁ+ +B >k? . Then

_ el bl . . .
k, F{1HpHBR) k? '~ 1. Since |k | = p. the second equation gives B =1 (mod p).
So, B has (Jx|,p—1) =1 solution. Hence, B = 1. Thus, x 'kjx = k{k;. Therefore,
ki 'xkyx = [ki,x] = k& € (ko). Since [ko,x] = 1 € (ko), we can easily show that [k, x] € (ko)
for all k € L, by writing k = k)k® for some 7,8 € Z*. |
Corollary 4.1. Let L be a nonassociative Moufang loop of odd order and x € L. Suppose

|La| = p? for some prime p and (|x|,p) = (|x|,p— 1) = 1. If there exists some ko € L, — {1}
such that [ko,x] = 1, then [L,,x] = {1}.

Proof. Letky € L, — (ko) such that L, = (ko) X (k1). Write x Ykx = kakﬁ for some o, B €
0 %1

1
7. From the proof of Lemma 4.2, kg (44" — | where B =1. Hence, kg M =1 and
p divides a|x|. Since (|x|, p) = 1, it follows that p | . Hence, x 'kjx = ky, i.e., [k1,x] = 1.
As x commutes with both generators of L,, we have [k,x] =1 for all k € L,,. 1

Lemma 4.3. Let L be a minimally nonassociative Moufang loop of odd order and M a
maximal normal subloop of L.

(a) Suppose there exist some k € L, w € M and £ € L such that (k,w,{) = 1. Then
(kaLa<W>7‘€) = {1}
(b) Suppose there exist some k € L, and w € M such that [k,w] = 1. Then [k,L,(w)] =

{1}.
Proof. Suppose
(k,w,0) =1forsome k€ L,,we M and ¢ € L.
Letc= [k, ¢7!]. Take any u € L,(w). Write u = k;w® for some k; € L, and o € Z". Now
ul (kl)-c =k Lk 0)- w*ZL(k,l)-c] by Lemma 3.2(a)

= uu,l,k) e

= ky (ky, £,k) 7 w¥(w®, 0,k) 71 (] by Lemma 3.1(a)

=k -w% by Lemma 3.9(a) and hypothesis
=kw%-¢ by Lemma 3.9(c)

= uc.

After cancellation, we get (u,/,k)~! = 1. By Moufang’s theorem, (k,u,f) = 1. This
proves (a).
Suppose
[k,w] =1 for some k € L, and w € M.
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For any u € L,{w), write u = kowP for some k> € L, and B € Z*. Then

lkeu] =k 'uVku by definition of commutator
=k! (wil3 k! )k(kgwﬁ) by antiautomorphic inverse property
=k w Pk ko wP by Lemma 3.9(c)
=k W PrwhP as L, is abelian by Lemma 3.9(a)
=1 by hypothesis and diassociativity.
This completes the proof of this lemma. 1

Lemma 4.4. Let L be a minimally nonassociative Moufang loop of odd order and M a
maximal normal subloop of L. Suppose there exist some k € L, — {1} and x € L— M such
that (k,M,x) = [k,M] = {1}. Then L, I N(L).

Proof. Since M is a maximal normal subloop of L, we can write L = M (x) by Lemma 3.9(c).
Take any £ € L. Then £ = u;x% where uy € M and o € Z.

Let u be any element in M. Write ¢ = [k~',u~!]. By Lemma 3.2(a), £.Z(k,u) -c =
u1 L (k,u) - [x* % (k,u) - c]. Since [k,u] = 1, we have
4.2) O )™ = g (g k)~ [ (6%, k)
by Lemma 3.1(a).

Since L, € M by Lemma 3.9(c), k,u,u; € M. As Lis minimally nonassociative, it follows
that M is a group and (u;,u,k) = 1. By our hypothesis and Moufang’s theorem, (x*,u,k) =
1. By cancellation from (4.2) and Moufang’s theorem, we get

4.3) (k,u,¢) =1forallu e M and ¢ € L.

Take any h € L. We wish to show that (k,s,¢) = 1. If h € M, then we are through. Now
if h ¢ M, then by Lemma 3.9(c), L = M (h). Hence for any £ € L, we can write { = urhP for
some uy € M and § € ZT. Next,

(k,h,0) = (k,h,ushP)
= (k,h,up) by Lemma 3.1(b)
=1 by (4.3) and Moufang’s theorem.

Hence, k € N(L). Now N(L) is a nontrivial normal subloop of L. Thus L/N(L) is a proper
quotient loop of L. By the minimally nonassociative property of L, L/N(L) is associative
and by Lemmas 3.3 and 3.9(a), L, < N(L). 1

Lemma 4.5. Let L be a minimally nonassociative Moufang loop of odd order and M a
maximal normal subloop of L. Suppose (ko,wo,ly) # 1 for some (fixed) ko € Ly, wo € M
and by € L. Then for any x € L— M, there exist some k € L, and w € M such that (k,w,x) # 1.
Proof. Suppose not. Then there exists some xy € L — M such that
4.4) (k,w,x0) = 1forall k € L, and all w € M.

By Lemma 3.9(c), L = M (xo). Hence £y = wix{ where w; € M and ot € Z*. Write ¢ =

ko ! Wy : ]. Now L, < L by Lemma 3.9(a). Thus, ¢ = ko - wok, ! Wy !¢ L, by diassociativity.
Then by Lemmas 3.2(a) and 3.1(a),

fog(ko,WQ) C = Wlf(ko,W()) . [ng(ko,W()) ~C]
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= Lo(lo,wo,ko) "¢ = wi(wi,wo,ko) " [x§ (x§, wo, ko) " -]

Now kg € L, C M by Lemma 3.9(c). Since L is minimally nonassociative and M is a
proper subloop of L, it follows that M is a group. Hence (w1, wp,ko) = 1. Our assumption
in (4.4) and Moufang’s theorem give (x§, wo, ko) = 1. Thus,

Co (Lo, wo,ko) ™" c = wy -xc
=wixg ¢ as ¢ € Ly and (c,wy,x0) = 1 by (4.4)
Zf()c.

By cancellation and Moufang’s theorem, we have (kg,wg, o) = 1 which contradicts our
hypothesis. The result now follows. 1

Lemma 4.6. Let L be a nonassociative Moufang loop of order pg* where p < q are odd
primes with ¢ Z 1 (mod p); and Q a maximal normal subloop of order ¢* in L. Suppose
|La| =

@ (Lo, Q,L) ={1}.

(b) If L, C N(L), then x~'Qx C (W)L, for all x € L— Q.

Proof. (a) Assume not. Then (kK',w',¢') # 1 for some k' € L,, w' € Q and ¢’ € L. By Lemma
3.5, there exists a subloop P of order p in L. As P is cyclic, we can write P = (x). Clearly
x € L— Q. Then by Lemma 4.5,

4.5) (k,w,x) # 1 for some k € L, and w € Q.
Now by Lemma 3.9(g), there exists ko € L, — {1} such that
(4.6) (ko,w,x) = 1.

Then by Lemma 3.9(h), there exists S = (u~'kou | u € Q), a proper nontrivial subloop of L,
which is normal in Q. Since |L,| = ¢?, it follows that |S| = g. As 1 # ko € S, we can write
S = (ko). Hence, u~'kou € (ko) for all u € Q as S < Q. Thus, [ko,u] = 1 for all u € Q from
group theory.

Since (k,w,x) # 1, we have k ¢ (ko). Hence, L, = (ko) X (k). Then by Lemma 4.2,
[k,w] € (ko) as (|]w|,g—1) = 1. Now

((k,w,x)[k,w],w,x) =1 by Lemma 3.9(f)
= ((k,w,x),w,x)([k,w],w,x) =1 by Lemma 3.9(b)
= ((k,wx),w )(ko,wx)fl for some o € Z*
= ((k,w,x),w,x) = since (ko,w,x) = 1 by (4.6).
Write k; = (k,w,x). Then
4.7 (ky,w,x) = 1.
Suppose k; ¢ (ko). Then L, = (ko) x (k;). Hence
(k,w,x) = (kBkJ{,w X) for some 3,y € Z*
(kff,w X) (k7 w,x) by Lemma 3.9(b)

by (4.6) and (4.7).
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This contradicts (4.5). So k; € (ko), i.e., (ko) = (k1) = C,. By using Lemma 3.2(b), we get
x 12w k) = k2w k)]t
= x ' hkw H = [x(x,k,w*l)*l]*1 by Lemma 3.1(a)

= (x,k,w D!

= x(kw Hx =G kw H!
= x(x,k,w*l)fle1 = (xfl,k,wfl)
= x(k,wx)x =" kw by Lemma 3.9(e)

= xkx = (L kwh.

Suppose (x~!,k,w™!) € (k;). Then, xk;x~' € (k;). Hence, [k;,x] = 1 by diassociativ-
ity and the fact that (|x|,|k;| — 1) = (p,gq—1) = 1. Also (|x|,q) = (p,¢) =1 as p and
g are distinct primes. Thus, by Corollary 4.1, [k,x] =1 for all k € L,. So, x € Cr(L,)
and (x) < Cr(L,). Therefore, by Lemma 3.4, we have (x) C N(L), contrary to (4.5). So,
(x U k,w™) ¢ (k). By Lemma 3.9(e), (x~ !, k,w™1) = (k,w,x~ 1)~ 1.

Now write ky = (k,w,x~1)~'. Then L, = (k) x (k). Next

((k,w,x D[k, w],w,x 1) =1 by Lemma 3.9(f)
= ((kyw,x Y, wx D ([k,w],wx 1) =1 by Lemma 3.9(b)
= ((kyw,x V), wx (kG wx 1) =1 for some o € Z™"
= ((kywx H),wx =1 as (ko,w,x) =1 by (4.6)
= (kywx H Lwx)=1 by Moufang’s theorem.
Hence,
(4.3) (kp,w,x) = 1.
Then
(k,w,x) = (k2 k5, w,x) for some §,€ € Z"
= (K, w,x) (K§, w, x) by Lemma 3.9(b)
-1 by (4.7) and (4.8).

This contradicts (4.5). The result now follows.
(b) By Lemma 3.9(c), L, C Q. Takeanyx € L— Q and w € Q.

Suppose w € L,. Then x 'wx € L, = (w)L, as L, < L.

Now suppose w € Q — L,. Since Q is a g-loop, it follows that ¢ divides |w|. It is also
clear that p divides |x|. Now we form a subloop H = (x,w) in L.

Case 1. |H| = pq.
By Lemma 3.7(a), (w) < H. Then x 'wx € (w) C (w)L,.
Case 2. |H| = pq*.

We know that |L,H| = (|L4||H|)/(|L.NH|) = (¢* - pg*) /(|[La N H|) < pq*. Since |L,| =
q*, we have |L,NH|=1,q or ¢°.



Moufang Loops of Odd Order pg* 433

Suppose |L,NH| = 1. Then |L,H| = pqg* = |L|. Hence, L = (x,w)L,. By Lemma 3.8(a),
L, ¢ N(L), contradicting our hypothesis.

Suppose |L,NH| = ¢*. Then L, C H. By Lemma 3.7(a), there exists a normal subloop Qg
of order g2 in H. Now [LaQo| = (|La/|00])/(1La11Qol) = (¢ ) /(|La1Q0l) < |H| = pe
Hence, |L, N Qo| = ¢* and L, = Qp. This is a contradiction as w € Qy — L.

So, |L,NH| = g. Then there exists some k| € L, — H. By forming a subloop (H, k) in
L, we have |(H,ki)| = pqg® or pg*. If |(H k)| = pq*, then L = (H,k;) = (x,w,k;). Since
ky € L, CN(L), it follows that (x,w,k;) = 1. Thus L is a group by Moufang’s theorem. This
is a contradiction.

Therefore, |(H,k;)| = pg>. By Lemma 3.7(b), there exists a normal subloop Q; of order
¢’ in (H, ky). Now since L, C (H,k;), it follows easily that L, C Q1. As w ¢ L,, we can
write Q1 = (w)L,. Hence, x 'wx € Q1 = (w)L,.

Case 3. |H| = pg’.

Suppose L, ¢ H. Then there exists some k» € L, — H. Hence, |(H,k)| = pq* = |L|.
Thus, L = (H,kz) = (x,w,kz). Similar to the previous case, (x,w,kz) =1 askp € L, C N(L).
Then by Moufang’s theorem, L is a group which is a contradiction.

So, L, C H. By Lemma 3.7(b), there exists a normal subloop Q; of order ¢> in H. Clearly
L, C Q. Since w ¢ L,, we can write O = (w)L,. Hence, x 'wx € Q) = (w)L,.

Cased. |H| = pg*.

Then L = H = (x,w). Hence, L is a group by diassociativity. This is a contradiction.
The result now follows. 1

Theorem 4.1. Let L be a Moufang loop of order pg* where p < q are odd primes and q % 1
(mod p). Then L is a group.

Proof. Suppose L is not associative. By Lagrange’s theorem, the order of any subloop of L
divides the order of L. Hence, by Lemma 3.11, every proper subloop of L is a group. The
same applies to every proper quotient loop of L. Thus L is minimally nonassociative.

Now by Lemma 3.9(a), L, is a minimal normal subloop of L and is an elementary abelian
group. So |L,| = ¢,¢* or ¢° by Lemma 3.10(a).

From Lemma 3.5, there exists a subloop P of order p in L. Since P is cyclic, we can
write P = (x). By Lemma 3.7(b), there exists a normal subloop Q of order ¢* in L. Clearly
Q is a maximal normal subloop of L. Hence, L = Q(x) by Lemma 3.9(c).

Casel. |L,| =gq.

Since L, < L, L,P is a subloop of order pg in L. By Lemma 3.7(c), P < L,P. Now
(|Lal,|P|) = (g, p) = 1, contrary to Lemma 3.9(d).

Case 2. |L,| = ¢*.

From Lemma 4.6(a), we have (k,w,¢) =1 for all k € L,, w € Q, { € L. By Lemma
3.9(k), L, IN(L). Hence, ¢* divides [N(L)|. Now p and g* cannot divide [N(L)| by Lemma
3.10(b). Thus, |N(L)| = ¢* or ¢°.

Suppose |[N(L)| = ¢>. Then |L|/|N(L)| = pq. This contradicts Lemma 3.8(b). So,
IN(L)| = ¢* and L, = N(L).
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By Lemma 3.9(j), there exist some g,h € Q such that (x,g,h) # 1. Now by Lem-
mas 3.2(b) and 3.1(a), we get first x~'.Z(h,g) = [x.Z(h,g)]~", then x ' (x~!,g,h)! =
(x,g,h)x~!, and finally

(4.9) x(x,g.h)x =" g, h) L

By Lemma 4.6(b), we have x ! gx = g%k for some k € L, and o € Z*. By Lemma 3.9(i),
[g, (x,g,h)] = 1. Then we use Lemma 4.1 to obtain (x !, g,h) ! = (x,g,h)* € {(x,g,h)).

Now from equation (4.9), x(x,g,h)x ! = (x,g,h)%. Then, by diassociativity, (x, (x,g,h))
is a group and hence, [x, (x,g,h)] = 1 by group theory. We observe that since |x| = p, it
follows that (|x|,q) = (|x|,g—1) = 1. So by using Corollary 4.1, we have [x,k] = 1 for all
k € L,. Hence, x € C1(L,) and (x) < Cr(L,). Itis also clear that (|(x)|,|L.|) = (p,q¢*) = 1.
Thus by Lemma 3.4, we have (x) C N(L), a contradiction as |N(L)| = ¢*.

Case 3. |L,| = ¢°.

Recall that Q is a maximal normal subloop of L. Since |Q| = ¢* and |L,| = ¢°, we can
write Q = L, (u) for any u € Q — L,.

Subcase 3.1. (k,w,f) =1forallke L,,we Q, (€ L.

By Lemma 3.9(k), L, < N(L). Then by Lemma 3.6, Q C N(L). This contradicts Lemma
3.10(b).

Subcase 3.2. (k,w,¢) # 1 forsome k€ L,,we Q, ¢ € L.

Suppose w € L,. Then (k,w,¢) =1 as (Ly,Lq,L) = {1} by Lemma 3.9(a). Hence, w ¢ L,,.
Thus, we can write Q = L,(w). By Lemma 3.9(g), there exists some kg € L, — {1} such that
(ko,w,£) = 1. So, (ko,u,?¢) =1 for all u € Q, by Lemma 4.3(a).

Suppose [ko,w] = 1. By Lemma 4.3(b), [ko,u] =1 for all u € Q as Q = L,(w). So by
Lemma 4.4, L, < N(L). Hence, ¢° divides |[N(L)|. Thus, |L|/|N(L)| = 1,p or pq. This
contradicts Lemma 3.8(b). Therefore, [ko,w] # 1.

By Lemma 3.9(h), there exists S = (u'kou | u € Q), a proper nontrivial subloop of L,
which is normal in Q. Since |L,| = ¢°, it follows that |S| = ¢ or ¢°.

Suppose |S| = g. Since 1 # ko € S, we can write S = (ko). Hence, w™'kow € (ko) as
S < Q. Thus, by result from group theory, we get [ky,w] = 1, a contradiction.

So, |S| = ¢*. Since Q is a finite g-group and S < Q, we have SNZ(Q) # {1} by result
from group theory. As [ko,w] # 1, it follows that ko ¢ Z(Q). Hence, |SNZ(Q)| = g. Then
there exists some s € S such that [s,u] = 1 for all u € Q. Since (ko,w,¢) = 1, it follows from
Lemma 3.9(g) that (s,w,¢) = 1. Thus, (s,u,¢) = 1 for all u € Q by Lemma 4.3(a). Now by
Lemma 4.4, L, < N(L). This is a contradiction as (k,w,¢) # 1.

Therefore, nevertheless, L is a group. 1

Corollary 4.2. Let p and q be distinct odd primes. All Moufang loops of order pq* are
associative if and only if g # 3 and ¢ # 1 (mod p).

Proof. Suppose g = 3. Then there exists a nonassociative Moufang loop of order ¢* = 3*.
Hence, by using the direct product of this nonassociative Moufang loop and any group of
order p, we can construct a nonassociative Moufang loop of order p - 3*.

Suppose, on the other hand, thatg =1 (mod p). By Lemma 3.12, there exists a nonasso-
ciative Moufang loop of order pg>. Again by using the direct product of this nonassociative
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Moufang loop and any group of order g, we can construct a nonassociative Moufang loop
of order pg*.

Now suppose L is a Moufang loop of order pg* with ¢ # 1 (mod p) and ¢ # 3. If ¢ < p,
then by Lemma 3.11(b), L is associative. However if p < g, then L is associative by Theorem
4.1. 1

5. Open questions

Let p1, p> and g be odd primes with p; < g and ¢ Z 1 (mod p;) for all i. Are all Moufang
loops of order p;p,q” associative if

(@ p1=p2?
(b) p1 # p2?
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