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Abstract

In 1925 Elie Cartan introduced the principal of triality specifically for the
Lie groups of type Dy, and in 1935 Ruth Moufang initiated the study of Moufang
loops. The observation of the title was made by Stephen Doro in 1978 who was
in turn motivated by work of George Glauberman from 1968. Here we make the
statement precise in a categorical context. In fact the most obvious categories of
Moufang loops and groups with triality are not equivalent, hence the need for the
word “essentially.”
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Introduction

In 1935 Ruth Moufang [Mou35| initiated the study of Moufang loops, moti-
vated by her work on highly transitive projective planes and their coordinatizing
alternative algebras. A Moufang loop is a set equipped with a binary product
having an identity element and cancellation that satisfies the identical relation

(za)(bx) = (x(ab))x.

As this relation is an immediate consequence of associativity, groups provide a
large class of Moufang loops. But, as Moufang noted, the unit loops of alternative
algebras give infinitely many nonassociative examples.

In 1925 Elie Cartan [Car25] introduced the principal of triality to discuss outer
automorphisms of Lie groups of type D,. The usual duality of a vector space of
dimension at least 3 over a field gives rise to an order 2 outer automorphism of its
linear group, and Cartan observed that a similar “triality” of 8-dimensional orthog-
onal space can be used to explain the unexpected order 3 outer automorphisms of
groups of type D,4. Cartan also noted a connection with the octonions.

The observation of the title is due to Stephen Doro [Dor78| who, in 1978,
defined and studied abstract triality for groups—Cartan’s triality groups providing
nontrivial examples. Doro was motivated by the 1968 work of George Glauberman
[Gla68] on finite Moufang loops and the 1956 work of Lowell Paige [Pai56] on
simple Moufang loops. Our title is well accepted and can be found in various
forms throughout the literature, for instance [GrZ06, [HaN01, N'Vo03), Tit58]E|
The main purpose of the present monograph is to make this observation precise in
a categorical context. In fact the most obvious categories of Moufang loops and
groups with triality are not equivalent, hence the need for the word “essentially.”

Although we have described the work of Cartan and Moufang primarily in al-
gebraic terms, it was inextricably interwoven with geometric motivation and tech-
niques. That will be the case for us as well.

The equivalence of algebraic identities to the existence of various geometric
automorphisms and the closure of related configurations goes back over a hundred
years. Hilbert [Hil0O] observed that a large part of classical geometry can be recov-
ered when the axioms of “congruence” are discarded in favor of taking Desargues’
Theorem as an axiom. Veblen and Young [VeY16] considered automorphisms of

Hndeed it is a quote from [Hal07h).

xi
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projective planes and their relationship to the Desargues configuration. Reider-
meister [Rei29], Thomsen [Tho29], Bol [Bol37], and their collaborators, in a re-
markable series of papers entitled “Topologische Fragen der Differentialgeometrie,”
worked on 3-nets (3-webs) of parallel classes of lines in the Euclidean plane. Tits
[Tit58] studied automorphisms of webs and their connection to groups with triality
specifically in the context of the octonions and Cartan’s triality groups. See also
Bruck [Bru58] and Pickert [Pic55].

The geometric study was revived in the paper of Funk and P. Nagy [FuN93],
which describes in detail the relationships between Bol reflections on a 3-net and
coordinatizing Bol loops. The approach we take here is closer to that of Hall and
G.P. Nagy [HalNO1), [HalO7a] and that of G.P. Nagy and Vojtéchovsky [N'Vo03],
which discusses the case of simple Moufang loops extensively.

Since the early work in this area dealt with the study of line sets in Euclidean
planes, it was naturally phrased in terms of 3-nets. We prefer the equivalent but
dual world of Latin square designs and will largely stay there.

The monograph has four parts. In the first part we present the needed cate-
gory theory and introduce the three main topics of discussion—loops, Latin square
designs, and groups with triality. The second part contains the equivalence and
nonequivalence results connecting the corresponding categories. The third part
presents related issues, and the final part deals with Study’s and Cartan’s original
triality associated with orthogonal geometry and groups in dimension 8 and with
the related composition algebras, octonions, and Paige loops.

In Part 1 on Basics, we begin in Chapter [1| with category theory. This chapter
contains much standard material, such as an introduction to category equivalence,
but it also covers several less standard topics of importance here—pointed cate-
gories, rank 1 objects, and simplicity. Chapter [2| gives the basics of quasigroup and
loop theory, including varieties of loops. Here the most important of these is the va-
riety of Moufang loops mentioned above. Chapter [3] presents Latin square designs.
These are the combinatorial/geometric objects that provide the skeleton for all
our arguments and constructions. The connection between loops and Latin square
designs, even at the categorical level, is given here. A short section provides the
deeper link, originally due to Bol [Bol37], between the subcategories of Moufang
loops and central Latin square designs—those Latin square designs possessing a
suitably rich automorphism group. An abstract setting for these automorphisms,
motivated by work of Doro [Dor78] and Glauberman [Gla68], provides the setting
for Chapter [4 on abstract groups with triality.

Part 2 gives the arguments regarding Equivalence of the categories introduced
in Chapters [2| through [d] This is not straightforward, and Chapters [5] through [7]
provide the additional machinery and definitions needed for the precise equivalence
and nonequivalence results of Chapters [§ and [0

Part 3 contains Related material. Various of the functors guaranteed in the
previous part are given concrete constructions. In particular, Chapter 11 gives an
elegant map that associates to each Moufang loop a universal group with triality.
This allows deeper investigation of the interplay between the loops and associated
groups.

Chapter contains discussion of the multiplication groups and autotopisms
of general loops. This material could easily have been presented earlier, but we
begin its use is in the following Chapter This is relatively long and gives the
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correspondence between groups with triality, as defined here, and Doro’s original
formulation [Dor78|]. Doro’s definition, while on the surface different, is seen to be
equivalent to one version of that used here.

The material of Chapter [14] was the initial motivation for this work. Doro
[Dor78| was particularly interested in simple Moufang loops. He was able success-
fully to move this study to that of simple groups admitting triality automorphisms.
With this in hand, Liebeck [Lie87] proved that the only nonassociative finite sim-
ple Moufang loops are those loops derived by Paige [Pai56] from octonion algebras
over finite fields. This chapter makes precise and canonical Doro’s correspondence
between simple Moufang loops and simple groups. It also discusses the relationships
between normal subloops of Moufang loops and normal subgroups of the associated
groups with triality. In particular we prove that a finite Moufang loop is solvable
if and only if its multiplication group is solvable, the converse part of this being a
result due to Vesanen [Ves96| whose result is valid for all finite loops.

Chapter discusses various other categories and concepts that are adjacent
to those discussed here. For instance the 3-nets of Bol and others are seen to be
appropriately isomorphic.

Part 4 is devoted to classical or concrete triality. Chapter gives a brief
introduction to its three main parts—Study’s geometric triality, Cartan’s group
theoretic triality, and the octonions. Chapter presents the requisite results on
orthogonal geometry and groups. Chapter [18|then gives Study’s geometric triality
and Cartan’s group theoretic triality—both in the context of hyperbolic orthogonal
8-space. Chapter [19] discusses composition algebras and their basic classification
and structure, including algebraic results that bridge the two classical trialities. It
also includes a proof of Hurwitz’ theorem on the dimensions of composition algebras.
Chapter [20] details Freudenthal’s direct connection between octonion algebra and
orthogonal triality. The final Chapter 21| then focuses on the Moufang loops that
arise from the multiplicative loops of octonion algebras, finishing with a return to
Paige’s simple Moufang loops.

We close this introduction by discussing the subtleties occasioning the word
“essentially” of the title. As already mentioned, loops and Latin square designs
are elementary concepts, already seen to be equivalent in Chapter 3. Moufang
loops and central Latin square designs are introduced as particularly nice loops
and designs, equivalent by Bol’s result. There is no correspondingly useful universe
containing groups with triality as a subclass. (The category of groups is too big.)
Instead the definition for groups with triality is motivated by properties of central
Latin square designs and so of Moufang loops. The transition is not completely
natural or smooth.

Specifically, two groups with triality that are different, but the same modulo
central subgroups, correspond to the same central Latin square design and Moufang
loop. Our remedy for this is to define, in Chapter 7, two subcategories of the
triality group category—one consisting of groups with trivial center (“adjoint”)
and the second consisting of groups with center as large as possible (“universal”).
The most natural passage from Moufang loops and central Latin square designs to
groups with triality—indeed the one that motivates the original definition—is via a
map A with the adjoint subcategory as its image. In Chapter 5 we define a second
map B whose image is the universal subcategory.
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The map A, while obvious and elementary, is not categorical; it is not a func-
tor. On the other hand the map B is a functor that ultimately gives the desired
equivalence, but it would be hard to describe it as either obvious or elementary.
We have the basic bind: the full class of groups with triality is too big; the most
accessible subclass is mathematically lacking; and the mathematically satisfactory
subclass is obscure. The distinctions are subtle. The issue was already appreciated
by Doro and has, through the years, been a source of frequent fuzziness (and oc-
casional inaccuracy). While this monograph does not remove the difficulty, one of
the goals is to put it into sharp focus.

I thank the various people whose comments have contributed to and improved
this monograph. These include but are not restricted to: Ulrich Meierfrankenfeld,
Gabor Nagy, Jonathan D.H. Smith, Petr Vojtéchovsky, Richard Weiss, and the late
Ernie Shult. T especially thank the editor, Robert Guralnick, and the referee, both
of whom were very patient and helpful.

Jonathan I. Hall
East Lansing, Michigan
25 October 2016
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Chapter

Category Theory

1.1. Basics

We give a brief summary of the category theory and related notation of impor-
tance here.

We assume familiarity with the most basic concepts and definitions of category
theory, as for instance found in Jacobson [Jac89l § 1.1]. We largely follow Jacobson
and also Pareigis [Par70] although we act on the right:

for categories C, D, f € Homc(A4, B), g € Homc(B,C), and
functor F: C — D we have fg € Homc(A4,C), (fg)F = fFgF,
and 1AF = lAF-

Many of the categories we consider are concrete, which is to say that the objects
are sets furnished with decoration (say, a multiplication) and the morphisms are
set maps that respect the decoration appropriately. In this situation we may abuse
terminology by referring to morphisms as maps. Also for clarity we may then write
the identity permutation Id4 in place of the identity morphism 14, since many of
our objects (loops and groups) have a multiplicative identity element, frequently
also denoted 1 4.

The morphism f € Homc(A4, B) is called monic if it is right cancellable:

for all Z and g1, go € Homc(Z, A), g1f = gof implies g1 = ga.

Monic morphisms are the categorical replacements for injective mapsﬂ For instance,
if ab is monic, then a is monic. (Exercise!) Similarly f is epic if it is left cancellable:

for all C and g1, g2 € Homc(B,C), fg1 = fga2 implies g1 = ga.

The morphism f is an isomorphism if there is a morphism g € Hom¢ (B, A) with
fg =14 and gf = 1p in which case we write ¢ = f~!. Isomorphisms are both
monic and epic. The set Endc(A) = Homc (A, A) of endomorphisms of A in C is
a monoid under composition. An invertible element of Endc(A) is then an auto-
morphism in C (a C-automorphism), and the set of C-automorphisms forms the
automorphism group of A in C, Autc(A). Functors take isomorphisms to isomor-
phisms and automorphisms to automorphisms.

1Again: we are acting on the right.
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Every category C admits the identity functor 1¢ taking each object and mor-
phism to itself. This is the special case C = D of the inclusion functor ¢: C — D
for any subcategory C of D.

A functor F: C — D is faithful if the corresponding map Homc¢ (4, B) —
Homp (AF, BF) is always injective and full if the same map is always surjective.
We call the functor F dense if for every B € ObjD there is an A € Obj C with AF
isomorphic to B in D. (This is not a standard term.) In particular 1c¢ is faithful,
full, and dense. The inclusion of a subcategory into a category is always faithful,
and we call the subcategory full if the inclusion is additionally full and dense if the
inclusion is dense.

1.2. Category equivalence

Two categories C and D are isomorphic if there are functors F: C — D and
G: D — C with

FGzlcandGleo.

Similarly the categories C and D are equivalent if there are functors F: C — D
and G: D — C with the weaker

FG = 1c and GF = 1p,

where 2 indicates natural isomorphism of functors. Here the functor X: E — E
is naturally isomorphicﬂ to the identity functor 1g if:

for every A € Obj E there is an isomorphism x 4 € Homg (A4, AX)
such that: for all B,C € ObjE and each f € Homg(B, (), we

have fX = Xglfx(;:

B#C

w e

BX %X, ox

In this case we say that (F,G) is a category equivalence (or just equivalence) of
C and D and that F gives an equivalence of C and D. (The functor F need not
determine G uniquely.)

There are useful reformulations of equivalence.

(1.1). PROPOSITION.  Let F be a functor from C to D. The following are
equivalent:
(1) There is a functor G: D — C with (F, G) a category equivalence.
(2) There is a functor G: D — C with FG: C — C and GF: D — D both
faithful, full, and dense functors.
(3) F is faithful, full, and dense.

PROOF. Part (2) requires less of G than (1) does (and indeed for G as in (2)
the pair (F, G) may not be an equivalence). Part (2) implies (3) by elementary
arguments, and (3) implies (1) by [Jac89, Prop.1.3]. O

The following alternative view of category equivalence follows easily.

2See [Jac89| p.23] for the definition of natural isomorphism of arbitrary functors.
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(1.2). COROLLARY. Two categories are equivalent provided they have iso-
morphic full, dense subcategories. In particular a category is equivalent to any
subcategory that is full and dense. O

Loosely, two categories are isomorphic if their objects and morphisms are the
same up to the changing of names, whereas two categories are equivalent if the
isomorphism classes of their objects and morphisms are the same up to the changing
of names. For instance, the category of finite sets is equivalent to the category of
all finite subsets of the integers (and even to the category of all finite ordinals).

As is always true, isomorphisms respect basic properties. Equivalences usually
do too. For instance, the following is an easy exercise.

(1.3). PROPOSITION. Let F: C — D give an equivalence of the categories C
and D. If f € Homc(A4, B) is monic or epic, then fF is (respectively) monic or
epic. O

1.3. Terminal objects and kernel morphisms

An object A is terminal in C when each Homc (X, A) contains a unique mor-
phism. Similarly A is initial in C when each Homc (A, X) contains a unique mor-
phism. Terminal (or initial) objects need not exist in C, but if they do then there
is a unique isomorphism class of such objects. An object that is both initial and
terminal is a zero object. For instance, a trivial group is a zero object in the cate-
gory of groups and a 0 module is a zero object in a module category. Essentially
all the categories we shall encounter have terminal objects, although some do not
have zero objects.

(1.4). PROPOSITION. Let F: C — D give an equivalence of the categories
C and D. If A is a terminal, initial, or zero object of C then AF is (respectively)
terminal, initial, or zero in D. O

In a category C with terminal objects, a trivial morphism is one that factors
through a terminal object.

(1.5). LEMMA. If the category C has zero objects, then for each pair of objects
L, M € ObjC there is a unique trivial C-morphism from L to M. O

The morphism of the lemma is often denoted Oy, s, but we shall use this nota-
tion sparingly.

Assume that the category C has zero objects. If 6 € Homc(Q, M) then a
kernel morphism for § is a morphism a € Homc (N, Q) with ad trivial and having
the property that for any A € Homc (L, Q) with AJ trivial there is a unique A, €
Homc (L, N) with A = A a:

Clearly if o and X are two kernel morphisms of §, then there is a unique isomorphism
Ao With A = Ay ; that is, kernel morphism are essentially unique.

Kernel morphisms are, of course, categorical substitutes for kernels of homo-
morphisms in typical situations; see Lemma below for a demonstration.
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1.4. Pointed categories

There is a uniform technique for promoting a terminal object in a category to
zero object status in a related category.

Let C be a category with terminal object O. For A an object of C, any mor-
phism a € Homc(O, A) is an anchor of A (an O-anchor). We then define a new
category Cf,), a pointed category. Its objects are the pairs (A,a) with A an ob-
ject of C and a an O-anchor of A. For (A,a) and (B,b) in ObjC}), the morphism
set Homcy ((A,a), (B, b)) consists of those f € Homc (A, B) that additionally have
af = b. We easily find:

(1.6). LEMMA. C} is a category in which (O,10) is a zero object. If T is a
terminal object in C, then C3 and C} are isomorphic. O

We have the forgetful functor from Cf, to C, taking (4, a) to A and viewing
g € Homcg ((A,a),(B,b)) as an element of Homc (A, B). If O is actually a zero
object, then each object of C has a unique anchor, and the forgetful functor gives
an isomorphism of C with CF,.

For each anchor a of A and morphism f € Homc¢(A, B), the morphism af is
the unique anchor b of B for which f induces an element of Homc: ((4, a), (B,b)).
Thus, for a fixed anchor a of A, the set of morphisms Homc (A, B) is the disjoint
union of the various Homc: ((4,a), (B,b)) as b runs through the anchors of B. In
particular, calculations for one of C and C§, can often be applied to the other.

(1.7). LEMMA. Let F be a functor from C to D that takes the terminal object
O of C to the terminal object OF of D. Then (A,a)F* = (AF,aF) and fF* = fF
describe a functor F* from C§, to D§p.

PROOF. As OF is a terminal object in D, aF is an OF-anchor of AF and
(AF, aF) an object of Dfg. If f € Homc (A4, B) with af = b, then

aF* fF* = aF fF = (af)F = bF = bF* . O

(1.8). COROLLARY. If the full subcategory C of D contains the terminal object
O of D, then the pointed version * of the inclusion functor v of C into D is the
inclusion functor of C3 into Dp,. O

(1.9). LEMMA. Let F be a functor from C to D that takes the terminal object
O of C to the terminal object OF of D.
(a) If F is faithful, then ¥* is faithful.
(b) If F is full, then F* is full.
(¢) If F is full and dense, then F* is full and dense.

PROOF. As discussed above, for a fixed object (A, a) of CF, we have the disjoint
unions:
HOHlC (Aa B) = L'ﬂ HOmc;) ((Av (1), (B7 b))
b
and

Homp (AF, BF) = [HHomp, _((AF,aF), (BF,d))
d

— [ Homp , (4, 0)F*, (BF,d)),
d
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where not all OF-anchors d of BF need be of the form bF for some O-anchor b of
B.

The first two parts of the lemma are now immediate.

For part (c), assume F is full and dense. By the previous part F* is full.
Let (X, z) be an object of D5g. As F is dense, there are an A and isomorphism
i € Homp (X, AF), so that zi € Homp(OF, AF) is a OF-anchor of AF. But F is
also full, so there is a O-anchor a of A with zi = oF. Now (AF,zi) = (AF,aF) =
(A, a)F~* is isomorphic to (X, x) in D§yg, and F* is dense. O

(1.10). THEOREM. Let C be a category containing the terminal object O. If
F gives an equivalence of C and D, then F* gives an equivalence of C5 and Dpg.

Proor. By Proposition the equivalence F' takes terminal objects to ter-
minal objects. Also it is faithful, full, and dense by Proposition Therefore
by the lemma, F* is faithful, full, and dense. Now a second appeal to Proposition
proves that F* is an equivalence. O

1.5. Rank 1 objects

In a category, monic morphisms correspond to injective maps and epic mor-
phisms to surjective maps. A careful analysis of monics will be presented in Chapter
6l

Epics turn out to be more difficult to handle, so we take a different (and more
ad hoc) approach to surjectivity. The basic idea is that elements of an object X
in the category C correspond to the morphisms of Home (A4, X) where A is “free of
rank 1”7 (interpreted appropriately).

Let A be an object in C. We say that the morphism f € Hom¢(X,Y) is A-
surjective if, for every a € Homc(A,Y), there is a b € Homc (4, X) with a = bf.
If F: C — D gives an equivalence, then f is A-surjective if and only if fF is
AF-surjective.

A related concept is the A-order of the object X of C, which we define to be
|Homc(A4, X)|. If F: C — D gives an equivalence, then the A-order of X equals
the AF-order of XF.

The categories we consider have terminal objects. There we define the terminal-
order of an object X to be its O-order for O terminal. Similarly a terminal-
surjective morphism is one that is O-surjective. By Proposition category
equivalences respect terminal-order and terminal-surjectivity.

If a category has zero objects then all morphisms are terminal-surjective and
all objects have terminal-order 1, so we need a more subtle concept.
The nonzero object Z of the category C with zero objects will be called a
Z-object provided:
(i) for all nonzero A there are nonzero f € Homc(Z, A);
(ii) if Homc (A, Z) contains nonzero morphisms, then there are
morphisms f € Homc (A, Z) and g € Home(Z, A) with gf =
1Z;
(iii) a nonzero idempotent in Endc(Z) must be 1.
Here a zero morphism is one that factors through a zero object; that is, a trivial
morphism. By Lemma every object A in a category with zero has a unique
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zero endomorphism 04. It is idempotent, and A is a nonzero object if and only if
04 #14a.

Condition (ii) says that in some sense Z is free (extensions by Z split). Then
(iil) corresponds to Z having rank at most 1 and (i) to Z not having rank 0.

(1.11). LEMMA. In the category C let Z1 be a Z-object. Then the object Zs is
a Z-object if and only if it is isomorphic to Z.

ProOOF. Clearly any object isomorphic to a Z-object is itself a Z-object.

Let Z; and Zy be Z-objects. As Z; is a Z-object and Zs is nonzero, the set
Homc¢(Z1, Z) contains nonzero morphisms by (i). As Z is a Z-object, by (ii)
there are f € Homc(Z1,Z3) and g € Homc(Zs, Z1) with gf = 1z,. Therefore
(f9)(fg9) = f(gf)g= f(1z,)g = fg is an idempotent in Endc(Z;). By (iii) we have
Jg=0z or fg=1z.1f fg =0z then

lz, =9f = (9f)(af) = 9(fg)f = 9(0z,)f = 02z,,

contrary to Zs being nonzero. Therefore fg = 1z,, and f is an isomorphism of Z;
with ZQ. O

1.6. Simplicity

There seems to be no accepted definition for simplicity of an object in a general
category. In an abelian category, a simple object [Par70}, p.174] is a nonzero object
with no nonzero proper subobjects; this is a suitable model for irreducible modules
but is not generally appropriate.

All the categories we study possess terminal objects. In such a category, a
nonterminal object is simple if every morphism from it is either monic or trivial

(1.12). PROPOSITION. Let F: C — D give an equivalence of the categories
C and D with terminal objects. If A is a simple object in C then AF is a simple
object in D.

PrOOF. Let A be a simple object in C with f arbitrary in Homp(AF, X).
By category equivalence there is a B € C with X isomorphic to BF in D, say by
i € Homp(X, BF). Then fi € Homp(AF, BF), so there is a g € Homc (A, B) with
gF = fi. As A is simple, either g is monic or it factors through a terminal object
in C.

If ¢ is monic then so is fi = gF by Proposition As i is an isomorphism
f = gF.i~ ! is then monic itself, and we are done. Therefore we may assume
that g factors through a terminal object, say g = ab with a € Homc (A4, O) and
b € Homc(O, B) for O a terminal object in C. Then fi = gF = aFbF, and
f =aF(bF.i~1) with aF € Homp(AF, OF) and bF.i~! € Homp(OF, X), for OF a
terminal object in D again by Proposition O

3For abelian categories this definition of simplicity is equivalent to that of [Par70l p.174].
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Quasigroups and Loops

2.1. Basics

A quasigroup (Q,-) is a nonemptyﬂ set () equipped with a binary multiplication
-1 @ X Q — @ and such that, for each a € @, the right and left translation maps
R(a): Q — Q and L(a): Q — Q given by

O =g.q and ¢ =q.q

are permutations of Q. If there is a two-sided identity element 1g = 1(¢,.) then Q
is a loop. (We often write @ in place of (Q,-) when the multiplication is clear and
also often denote multiplication by juxtaposition.)

The opposite of the quasigroup (Q, -) is the quasigroup (Q, ") with multiplica-
tion given by x -’y = ¢ - . The opposite of a loop is a loop with the same identity
element.

A homotopism from the quasigroup (Q,-) to the quasigroup (R, o) is a triple
(a, B,7) of maps from @Q to R with the property that

2oy’ = (z-y)

for all z,y € Q. A homotopism is an isotopism if each of its three maps is a
bijection. We have a principal homotopism or principal isotopism if @ and R are
equal as sets and v = Idg, the identity permutation of Q.

We let Qgp be the category whose object class consists of all quasigroups, the
set Homqgp (A, B) being that of all homotopisms from the quasigroup A to the
quasigroup B. This is clearly a category. The isomorphisms in the category Qgp
are precisely the isotopisms, the inverse of (a, 3,7) being (o=, 371, 471). We let
Loop be the full subcategory of Qgp whose object class is that of all loops.

(2.1). LEMMA. Let (Q,-) be a quasigroup. Then («,B,7) is a principal
isotopism of (Q, ) with a loop (Q, o) if and only if there are a,b € Q with (o, 8,7) =
(R(D),L(a),Idg). In that case, the loop identity element is a - b.

LAs has been pointed out by J.D.H. Smith, there are virtues to admitting the empty set as
a quasigroup. For instance, this guarantees that the intersection of subquasigroups is always a
subquasigroup—particularly desirable in the varietal setting. But including the empty set renders
Corollary false, as also pointed out by Professor Smith. We thank him for his observations.

9
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PRrOOF. (=) Certainly v = Idg. Let 1 = 1(g,) be the identity element of
the loop (Q,0), and set a = 1" and b=1°"". Then

-1 —1
oy =2 = zoy==z.

In particular

—1 —1

19728 = = loz=2. and 2% 17 =2 «—= z0l=12.

Therefore 8 = L(a), « = R(b), and a - b = 1.
(<) (See [Brub8| p. 56].) For all ¢ € Q

—1 -1
(@-b)o q=af® o g = RO o (U™ )L@) — (. gb@) Yo _ o

so a-b is a left identity in quasigroup principal isotope (@, o). Similarly it is a right
identity. O

(2.2). COROLLARY. The inclusion functor gives an equivalence of the cate-
gories Loop and Qgp.

PrROOF. The inclusion functor ¢: Loop — Qgp is faithful and full. By the
lemma each quasigroup (Q,-) is isomorphic to a loop (@, o) in Qgp, so inclusion is
dense and the result follows from Corollary O

In particular we may focus our attention on Loop rather than Qgp without
great loss.

A Latin square based upon the set @ is a |@Q| x |Q| array in which each element
of @ occurs exactly once in each row and exactly once in each column. A particular
example is the Cayley table (multiplication table) of the quasigroup (Q, -)—the cell
in the table at the intersection of row a and column b has entry a - b. Indeed every
Latin square based upon @ can be viewed as the Cayley table of many quasigroups
Q, all isotopic. From this point of view, Lemma can be easily illustrated:

(2.3). REMARK. To find one of the |Q|? principal isotope loops of the given
quasigroup (Q, ), select row a and column b of its Cayley table. Use the entries of
this row to relabel the columns of the table and the entries of this column to relabel
the rows of the table. The new Cayley table is that of a loop principal isotope with
identity element a - b, the entry at the intersection of the original row a and the
original column b.

2.2. Autotopisms and anti-autotopisms
The Qgp-automorphisms of the quasigroup @ are the autotopisms of Q. These
are the triples ¢ = (9+,9-,90) = (9+,9—, go)+ of permutations g. of @ with
29t - y9- = (zy)%° for all z,y € Q,

and they form the group Autqg,(Q) = Atp(Q)—the autotopism group of Q. As the
subcategory Loop is full in Qgp, for any loop @ the autotopism group is still given

by Atp(Q) = Autqep(Q) = Autioop(Q)-
Similarly an anti-autotopism of Q is a triple h = (h4, h—_, ho) = (hy,h_, ho)—
of permutations h. of @ with

oyl = (yx)to forall z,y € Q.

Elementary calculations then give:
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(2.4). PROPOSITION. The set AAtp(Q) of all autotopisms and anti-autotopisms
of the quasigroup @ form a group, the anti-autotopism group of Q under the mul-
tiplication

(ay,a—,a0)a - (b4,b—,bo)s = (apbs, a—gb—, aobo)as -
The autotopism group Atp(Q) is normal of index 1 or 2 in AAtp(Q). O

The calculations are aided by the observation that for all subscript choices we
have (ab)e = aegbe.

2.3. Loop homomorphisms and the pointed category Loop*

We define a second category of loops, which we denote Loop*. Its object
class is again all loops (that is, ObjLoop* = ObjLoop), but the morphism set
Homy oop+ (A, B) consists of the loop homomorphisms from A into B. A loop homo-
morphism is a map v: A — B from the loop A to the loop B with (zy)Y = a7y”
for all ,y € A. As the identity is the unique idempotent in a loop, 1)) = 1.

Loop homotopisms need not respect the identity, but if v: Q@ — M is a loop
homomorphism then (o, 8,7) = (v,7,7) is a homotopism that additionally has
13 = 1% = 122 = 137. We have the converse:

(2.5). LEMMA. Let (o, ,7): (Q,:) — (M, 0) be a loop homotopism.

(a) If1g = 1% =1y, then 122 =1y and o = § = v is a loop homomorphism from
(Q,-) to (M, o).
ere 18 a principal isotopism («q, Bo, Idas): o) — X) such that v 1s
(b) There is a principal isotopism (o, Bo,1dar): (M, 0) — (M, x) such that 7y i
a loop homomorphism from (Q,-) to (M, x). Specifically

(77 Ys ,Y) = (Oé, 67 7)(a07 BOa IdM) = (040407 BBCH ’Y) .

PROOF. (a) We have

15 =(1g 1) =18 01} =1y oly =1y.
Also
xo‘:x“olM:xa01g:(x-1Q)7:x7.
Therefore o = v and similarly g = ~.

(b) Set 13 =a € M and 1, = b € M so that 1}, = aob € M. With ag = R(b)
and By = L(a) the principal isotopism (ag, 8o, Idas) takes (M, o) to (M, x), a loop
with identity element 157 y) = a o b by Lemma

Therefore (a, 8,7) (a0, Bo, Idar) = (ag, 8Bo,7) is a homotopism from (@, -) to
(M, x) with each map taking 1q to 1(as ). Part (a) thus implies that aag = 86 =
v is a loop homomorphism. O

(2.6). COROLLARY. Fuery loop isotopic to a loop is isomorphic to one of its
principal isotopes. O

For those who now wonder why isotopy never came up in their group theory
courses:

(2.7). COROLLARY. Ewvery loop that is isotopic to the group G is a group that
is isomorphic to G.
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PROOF. By the previous corollary and Lemma|(2.1)} we need only examine the
image (G, o) of G under the principal isotopy (R(b),L(a),Id). Consider the map
v: G — (G, 0) given by () = axb. Then

p(zy) = azyb = (axb)b ™ - a~L(ayd) = ()20 oL@ = p(a) o p(y). O

A particular consequence of Lemma is that Loop™ is isomorphic to the
subcategory of Loop in which all loops remain as objects but we only allow those
homotopisms that respect the loop identity elements. We usually identify Loop™
with the corresponding subcategory of Loop.

The Loop*-automorphism group Autieep+ (@) is the usual group of loop auto-
morphisms—those permutations vy of Q with 27y” = (zy)” for all ,y € Q.

(2.8). LEMMA. The loop {1} is a terminal object but is not initial in Loop.
The loop {1} is a zero object in Loop™. In particular the categories Loop and Loop™
are not equivalent.

PROOF. Objects are sets, and morphisms are induced by set mappings; so {1}
is certainly terminal. If the loop M contains e # 1,7, then the homotopism («, 3,7)
from {1} to M given by (1,1,1)(®#") = (1, ¢, e) is not the identity map. Therefore
{1} is not initial in Loop.

The loop {1} is a zero object in Loop™ by Lemma The last sentence then
follows from Proposition |(1.4)| O

The observation from the lemma, that a category with terminal but noninitial
objects cannot be equivalent to a category with zero objects, will be made often.

The category Loop™ is not completely new to us; it is essentially one of the
pointed categories introduced in Section [1.4

(2.9). THEOREM. The category Loop™ is equivalent to the pointed category
Loop}y;-

PROOF. For ) € ObjLoop” = ObjLoop, let QE = (Q,:q) € Loop}y;, where
the morphism 1o = (¢,¢,t) € Hompoop({1},Q) with 1 = 1g. For each v €
Homyoop* (@, M) set YE = (v,7,7), a morphism in HomLoopzl}((QwQ), (M, upr))
as 122 =1y.

Clearly E is a faithful functor from Loop* to Loopj;y. We claim that it gives
an equivalence of the two categories. By Proposition |(1.1)[ we must prove that E is
full and dense.

Any (o, 8,7) of HomLoop?l}((N, tn), (M, tpr)) has « = 8 = v, a loop homo-
morphism from Homj ep+ (IV, M) by Lemma a) (with @ = N). Therefore E
is full.

Let ((M,0),m) € Loopf;y with m = («, B,7). By Lemma b) (with Q =
{1}) there is a principal isotopism p = (a0, So,Idar) in Homyeep((M, 0), (M, X))
such that mp = (v,7,7) is a loop homomorphism from {1} to (M, x). Thus 17 =
Lar,x)s Mp = t(m,x), and p is an isomorphism of ((M, o), m) and ((M, x),¢(ar,x))
in Loopfyy.

We conclude that E is dense and so gives the desired equivalence. O

The kernel of the loop homomorphism §: Q — M is the subloop
kerd ={kecQ|k° =1p}.
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This is consistent with the concept of kernel morphisms introduced in Section [I.3]

(2.10). LEMMA. Ifd: Q — M be a loop homomorphism with kernel N, then
the injection map a: N — Q is a kernel morphism for § in the category Loop™.

PRrROOF. Suppose A\: L — @ is a loop homomorphism with Ad trivial. That
is, the image of each I € L under A6 is 1j;. Hence each [* is in ker§ = N, and
the map A\, that takes [ to {* is a well-defined morphism from L to N. This is the
unique such morphism making the diagram commute:

We conclude that « is a kernel morphism for 4, as claimed. O

A subloop N of the loop @ is normal if it is the kernel of some loop homo-
morphism. In this case the expected properties hold: N is a normal subloop of the
loop @ precisely when set multiplication gives a well-defined coset multiplication

and the quotient loop Q/N is canonically isomorphic to the image of any homo-
morphism with kernel N. (See [Bru58| IV.1 pp.61-2].)

It is sometimes more convenient to think of loop homomorphisms in terms
of congruences. A congruence ~ on the loop @ is an equivalence relation that
additionally has the property

Ty~ T2, Y1~ Y2 = T1Y1 ~ T2Y2.

The map that takes every element of () to its ~-congruence class is a loop ho-
momorphism from @ onto the loop @/ ~ in which, by definition, the product of
the class containing x and the class containing y is the class containing xy. Every
surjective loop homomorphism § on @ arises in this way; indeed the image of J is

Q/ ~ when we define

r~y = 2’ =90,

The equivalence classes are, of course, the cosets of the corresponding kernel.

2.4. Moufang loops and other loop varieties

We shall be interested in certain varieties of loops—subclasses that are defined
through the satisfaction of particular identical relations. For instance, the category
of groups arises as the variety of all loops that satisfy identically the associativity
relation

x(yz) = (zy)z.
In loops we must distinguish between right inverses and left inverses,
z(7'z)=1 and (z7Hz=1,

as they need not be the same. We say that inverses are two-sided if we have any
one of the three equivalent identical relations

“lrx=271, @Y l=z, oo '(Tlz)==z.
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A loop is a right inverse property loop if it satisfies the identity
(az)("'2) = a
and a left inverse property loop if it satisfies the identity
z7Hza) =a.

The loop is an inverse property loop if it satisfies both of these identities.
A related property is the antiautomorphic inverse property, which holds when
we have the identical relation

(xy) P =y ot

(2.11). LEMMA.

(a) If a loop satisfies either the right or the left inverse property, then inverses are
two-sided.
(b) An inverse property loop has the antiautomorphic inverse property.

PROOF. (a) Assume 2~ !(za) = a identically. Then

(b) a tr~t =a (27 (za))(za)"t) = a Y a(za)™t) = (za) L. O

The most important variety of loops for us will be that of Moufang loops—those
loops that satisfy the identical relation

(za)(bx) = (x(ab))z

This is the Moufang property or Moufang identity, named after Ruth Moufang, who
first studied such loops [Mou35].

The Moufang property is a consequence of associativity. In particular every
group is a Moufang loop. There are also nonassociative examples (see Section
below). Moufang loops have many nice properties.

(2.12). PROPOSITION. Let Q be a Moufang loop.

(a) Q is an inverse property loop: (ax)(~'z) = a and 7 (za) = a for all z,a € Q.
(b) Inverses are two-sided and @ satisfies the antiautomorphic inverse property.
(¢) @ has the flexible property: (zb)x = x(bx) for all ,b € Q.

() 2(a(xb)) = ((za)2)b, for all z,a,b € Q.

(e) b(z(az)) = ((bx)a)x, for all x,a,b € Q.

PRrROOF. This is well known; see [Bru58| VIL.3.1], [Pf190, TV.1.4].

If we substitute @ = 1 into the Moufang property (za)(bx) = (x(ab))z, then we
find the flexible property x(bx) = (xzb)x. In particular (z(ab))z = z((ab)x), so the
opposite loop of a Moufang loop is again Moufang. As the two inverse properties
are opposites of each other, we need only verify one of them to prove that we have
an inverse property loop. Substitute z = a~! into the Moufang property to get
ba=t = (a7ta)(ba™t) = (a~!(ab))a!, then cancel the factor a=! on the right to
obtain the left inverse property b = a~!(ab), as desired. Two-sided inverses and
the antiautomorphic inverse property follow by Lemma
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The last two identities are opposites, so we need only prove one of them. This
can be done directly. Instead we defer the proof to Corollary|(12.9)] which illustrates
the use of autotopisms in proving loop identities. O

The last two identities of the proposition can replace the Moufang property in
the definition of a Moufang loop. In fact Moufang’s original definition [Mou35]
was slightly different but still equivalent; she studied inverse property loops that
satisfy the identical relation

x(a(xb)) = (z(ax))b.

This identity is now called the left Bol property, and a loop satisfying it is a left

Bol loop. The opposite of a left Bol loop is a right Bol loop, characterized by the

opposite identical relation b((xa)x) = ((bx)a)x.

The flexible property together with Proposition d,e) show that a Moufang
loop is both a left and a right Bol loop. Conversely a loop that is both left and right
Bol is Moufang, but individually each identity is strictly weaker than the Moufang
property. That is, there are Bol loops that are not Moufang, the smallest having
order 8.

Part of [Pfl90 IV.1] is misleading—without something additional, such as the
inverse property or the flexible property, the left Bol identity (denoted there (My))
is strictly weaker than the three equivalent Moufang identities (there (Ms), (Msg),
and (M7)). See [Brub8, VIL.3.1] and [Pfl90l IV.1,IV.6] for proofs and further
discussion.

(2.13). PROPOSITION.

(a) The opposite of a Moufang loop is a Moufang loop.

(b) Every Moufang loop is power associative: each subloop generated by one ele-
ments is a cyclic group.

(¢) (MOUFANG’S THEOREM) Any triple of elements that associates in some order
generates a subgroup. Fspecially each subloop generated by two elements is a
group.

PROOF. (a) This is a consequence of the Moufang property and the flexible

property of Proposition b).

(b) See [Pf190l 1V.6.6] or [Hal07al Cor. 3.10], which gives a proof the spirit of
Section B.3] below.

(c) This is from Moufang’s original paper [Mou35]. See also [Bru58| p.117]
and [PH0 IV.2.10]. 0

We have already used part (a) of the proposition, saying that the opposite of a
Moufang loop is Moufang, in the proof of Proposition We will use it again,
often and without reference.

Of course power associativity as in (b) is contained in Moufang’s Theorem, but
that result is much deeper and difficult. We will not actually make direct appeal
to Moufang’s Theorem anywhere, but the result is so important that it must be
mentioned. For a nice proof due to Drapal, see [Drall].

The category Mouf is the full subcategory of Loop consisting of all Moufang
loops. The category Mouf* is then the full subcategory of Moufang loops in Loop™.
As with general loops, we may identify Mouf* with the corresponding subcategory
of Mouf.
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(2.14). LEMMA. The loop {1} is a terminal object but not initial in the
category Mouf and is a zero object in Mouf*. In particular the categories Mouf and
Mouf* are not equivalent.

PRrROOF. The loop {1} is a terminal object in Loop and a zero object in Loop™
by Lemma and it remains so in their full subcategories Mouf and Mouf*.
The argument for that lemma also shows that {1} is terminal but not initial in
any full subcategory of Loop that additionally contains a loop with more than
one element. For instance, Mouf contains all nontrivial groups and so has the
terminal but nonzero object {1}, while Mouf* contains a zero object. Thus these
two categories are not equivalent by Proposition O

(2.15). THEOREM. The categories Mouf* and Mouf7y, are equivalent.
PROOF. This follows from the lemma, Theorem and Corollary O

2.5. Examples

Of course every group is a Moufang loop, but there are other important exam-
ples which are not associative.

2.5.1. Paige loops. Moufang [Mou35| studied alternative algebras, proving
that the Moufang laws are valid in all alternative algebras. Composition algebras
are the particular examples possessing a multiplicative norm d(mn) = §(m)d(n).
In a composition algebra, an element is a unit if and only if §(m) is nonzero. Thus
the units form a Moufang loop, and those units « with norm é(u) = 1 give a normal
subloop.

Over the field F' a nondegenerate 8-dimensional composition algebra is either
a division algebra or is uniquely determined up to isomorphism as the F-algebra of
split octonions Oct™(F), whose norm 1 subalgebra is denoted SOct*(F).

The scalars of SOct™(F) form a normal subloop {#+I} of order at most 2, and
the Paige loop over F is the quotient PSOct™(F) = SOct™(F)/{£I}. Paige [Pai56]
proved that all Paige loops are simple (see Theorem below), and Liebeck
[Lie87] proved the converse for finite loops: a finite simple Moufang loop that is
not a group is isomorphic to a Paige loop PSOct™(F,).

We shall return to the octonions and to Paige loops in Part [4 particularly in
Chapter See also [NVo03, [Pai56, [SpV00].

2.5.2. Chein’s generalized dihedral loops. A second construction of a
large number of nonassociative Moufang loops is due to Chein [Che74] Theorem
1]. (See also [CheT78| and [Cur07].) See [Hal06| §4] for discussion and for a proof
of

(2.16). THEOREM.  Let (Q,0) be a Moufang loop in which the subloop Qg
generated by all elements of order not 2 is a proper subloop. Then there is a subgroup
H containing Qo and an element x of order 2 in Q\ H such that each element of Q
can be uniquely expressed in the form hx®, where h € H, a = 0,1; and the product
of elements of Q is given by

(hz?) o (hoa®) = (RThg")"x"*e
where n = (—=1)¢ and m = (—1)%*e.
Conversely, given a group H, the loop (Q,0) constructed as above is a Moufang
loop. This loop is a group if and only if the group H is abelian. O
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Chein’s multiplication is summarized in the following table:
o ‘ hg hgx
hy hihay (hohy)x
hiz | (hihy Dz hythy
We call these generalized dihedral loops, since the element x of order 2 inverts all

the elements of the normal subgroup H: for h € H always 2~ 'hx = xhx = h™!.
We shall also return to the Chein loops; see page |30|and Theorem [(10.2)| below.
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Latin Square Designs

As we saw in Section [2.1] the multiplication table of the quasigroup @ is a Latin
square—a |Q| X |@Q] array in which each element of @ occurs exactly once in each
row and exactly once in each column. Latin square designs furnish a geometric
setting for these combinatorial objects. They form the geometric bridge between
Moufang loops and groups with triality.

3.1. Basics

A partial linear space (P, S) consists of a set P, the point set, and a set S of
subsets of P, the lines, the only axiom being that every pair of points from P occur
together in at most one line of S. The partial linear space is a linear space if every
pair of points is in exactly one line. A subspace of (P, S) is a partial linear space
(Po, Sp) with Py C P and Sy C S such that L € S with |[LNPy| > 2 implies L C P,
and L € Sp.

The partial linear spaces of greatest interest here are the Latin square designs.
A Latin square design (P,S) has its point set partitioned as P = P® U P¢ U PP
with pairwise disjoint and nonempty fibers PR, PC and P®. The line set S then
satisfies:

(i) every linel € S contains exactly one point from each of PR,
PC, and P®;
(ii) if p,q are two points not in the same fiber, then there is a
unique line | € S with p,q € 1.
The superscripts are meant to suggest the rows, columns, and entries of the corre-
sponding Latin square, although the definition makes it clear that the role played
by entries is really the same as that played by rows and by columns. As convenient,
we shall write a line either as a triple (z,y,2) € PR x P¢ x P or as a 3-subset
{z,y,2z} C P.

(3.1). LEMMA. Let (P,S) be a Latin square design. The lines through a fized
point of one fiber give a bijection between the other two fibers. In particular, all
have the same cardinality |PR| = |P€| = |P®| = |P|/3 and so |S| = |P|?/9. O

The number |P|/3 is the order of the Latin square design (P, .S).

19
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We define a category LSD whose object class consists of all Latin square designs.
If (P,S) and (P, Sp) are Latin square designs then a morphism f = (a, 3,7) of
Homysp((P, S), (Py, So)) is precisely a triple of maps a: PR — PR 3: P — PS¢
and v: PP — PF with the property:

if (z,y,2) is a line of S, then (x,y,2)) = (x,y%,27) is a line

Of So .
In particular the set (PR)* U (P¢)? U (PE)Y carries a Latin square subdesign of
(Po, Sp). If any of «, 8, or 7 are injections then they all are; in this case we say
that f is injective.

(3.2). LEMMA.  If a morphism in Hom sp((P,S), (Po, So)) is bijective as a
map from P to Py then it is an isomorphism.

PROOF. By considering P® x PC, a morphism that is bijective on the point
set is also bijective on the line set, and therefore has an inverse. O

The category LSD* has as objects the triples (P, S, I) where (P, S) is an object
of LSD and I is a fixed line of S. Then Homsp*((P, S, I), (Py, So, Io)) consists of
those morphisms of Homsp((P, S), (Po, So)) that take I to .

Any fixed line I can be thought of as a (degenerate) Latin square design of
order 1. The category LSD* is also not new.

(3.3). THEOREM. A Latin square design O of order 1 is a terminal object
in LSD but is not initial. The category LSD™ is isomorphic to the pointed category
LSD5,.

PROOF. Objects are sets, and morphisms are induced by set mappings, hence
O is terminal. If (P, S) is a Latin square design with I; and I distinct lines of S,
then there are maps ¢; in Homsp(O, (P, S)) with O¥: = I,. Thus O is not initial
in LSD.

If ¢ € Homsp(O, (P, S)) is an anchor, then ¢(O) is a line I, of (P,S). The
isomorphism then takes the object (P, S,I,) of LSD* to the object ((P,S), ) of
LSD5. O

The theorem allows us to identify the categories LSD* and LSDp,.

Let (Q,-) be a quasigroup, and let Qr, Qc, and Qg be disjoint copies of
the set (). The Latin square design (Q,-)T = (Pgr,Sot) has point set Por =
Qr U Qc U Qg (so that PST = Qg and so forth), and the triple (zg,yc,25) €
Qr x Qc x Qg is a line of St precisely when « - y = z as elements of (Q,-). We
may at times write (z,y, z) for the triple (zg, yc, 2r) of Qr X Qc x Qr. If (Q,-) is
additionally a loop, then we set (Q,-)T* = (Pgr, SoT, IgT) where the line Igr is
{(1Q)r, (1g)c, (1g)E}

The design (Q, )T is the Thomsen design of (Q,-) (after [Tho29]). Its associ-
ated Latin square is the Cayley table for (@, -). The Latin square of the quasigroup
(Q, ), opposite to (Q, -), is the transpose of that for (Q, -). For the associated Latin
square design (Q, -)T, this corresponds to applying the permutation o that, for ev-
ery q € ), interchanges qg and g¢ and fixes gg. The resulting Latin square design
(Q,-)T is isomorphic as design to the original, but ¢ does not induce an LSD-
morphism, since it interchanges the indices R and C and the corresponding fibers.
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A category LSD™ with Latin square designs as objects but larger sets of morphisms
than LSD will be discussed in Section below; there o is a morphism.

For f = (a,f,7) € Homset(Q, M)? let fT = (aT,BT,~T) be the map of
Homset(Qr, Mpr) x Homse:(Qc, Mc) x Homse (@, ME) given by
(@r)*" = (@R, (20)"T = (@")o, (2p)T = (2")n.
Clearly T gives a bijection of the two morphism sets. We next see that the re-

striction of T to Homqgy (@, M) and to Homy ep+ (@, M) (where we shall call it T*)
turns the Thomsen map into a functor.

(3.4). THEOREM.

(a) The Thomsen map T is a functor that gives an equivalence of the two categories
Qgp and LSD.

(b) The Thomsen map T is a functor that gives an equivalence of the two categories
Loop and LSD.

(¢) The Thomsen map T* is a functor that gives an equivalence of the two cate-
gories Loop* and LSD*.

PRrOOF. (a) Let Q@ = (Q,-) and M = (M,o0) be two quasigroups. Let f =
(o, B,7) € Homse (Q, M)3, and suppose -y = z. Then

%oy’ =27 = {(a)r, (¥")c, (2")e} € SuT
= {(=r)"T, (yc)’T, (28)"T} € SuT
<~ {HJR,yC,ZE}fT € Sur -

That is, f € Homqgp (@, M) if and only if fT € Hom sp(QT, MT). Therefore the
bijection T restricts to a map from Qgp to LSD that is full and faithful. It is also
clearly functorial.

By Proposition it remains to prove that T is dense. Let (P, S) be a Latin
square design, and choose a set @ and bijections a: PR — @, B: P¢ — Q,
and v: PP — Q. We define a multiplication on @Q by setting 2 - y# = 27 for
each line (z,y,2) € S. If (ao, Bo,70) is an isotopism of (Q,-) with (@, o), then
(z,y,2)7 = ((z%)g, (y#P0)c, (277°)g) gives an isomorphism f in LSD of (P,S)
with (Q,0)T.

Part (b) follows immediately from (a) by Corollary [(2.2)] Then (c) is a conse-
quence of Theorems and O

3.2. Central Latin square designs

A particular consequence of Theorem is that the automorphism group of
(@,-) in Qgp, Autqep(Q, -)—that is, the autotopism group Atp(Q, -)—is isomorphic
to the automorphism group of (@, )T = (P,S) in LSD, Aut sp(P,S). Here an
LSD-automorphism of (P, S) is a triple of permutations, one each for PR, P¢ and
PE | that take lines of S to lines of S. More generally the full automorphism group
Aut(P,S) of (P,S) is the set of all permutations of P that take lines to lines.
Any automorphism must take fibers to fibers—they are the equivalence classes
under “noncollinearity”—but it may permute the three fibers among themselves.
The group Aut;sp(P,S) is then the kernel of this action, the normal subgroup of
Aut(P,S) that fixes each fiber globally. The quotient is the subgroup of Sym(3)
induced by Aut(P, S) upon the set of three fibers. In the category LSD™, mentioned
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in the previous section and defined in Section below, we do have Aut(P,S) =
AutLSD+ (P, S)

For z a point of the Latin square design (P, S), a central automorphism 7, with
center x is an automorphism with the property that:
() o7 =
(ii) if {z,y, 2} is a line of (P, S) on x theny™ = z and 2™ = y.
A central automorphism 7, is not an LSD-automorphism, since it globally fixes the
fiber of  but switches the other two fibers.

(3.5). LEMMA.

(a) If there is a central automorphism 7, of (P,S), then it has order 2 and is the
unique central automorphism with center x.

(b) For g and 7, automorphisms of (P,S) we have 7,9 = Tya.

(c) Let 7, and 7, be central automorphisms of (P,S) with {z,y,z} a line. Then
T,V = T, T,Ty has order 3, and the set of central automorphisms of (P,S) is
a conjugacy class in Aut(P,S). In particular (15, 7,) ~ Sym(3).

PROOF. See [HaNO1l Prop. 2.3] and [Hal07al Prop. 2.3].

If t; and ¢ are two central automorphisms of (P, S) with center x, then the
automorphism ¢4t is trivial on both fibers off 2 and so is the identity automorphism.
Therefore if there is a central automorphism with center z, then it is unique and
has order 2.

For g an automorphism of (P, S) the conjugate 7,9 is clearly a central automor-
phism of (P,S) with center 29. Therefore by uniqueness 7,9 = 7,4. In particular
if x and y are in different fibers and {x,y, 2} is a line of S with 7, and 7, central
automorphisms, then

TaTyTa =Ty = =Ty = Ta ¥ = TyTaTy
and therefore

(T27y)? = (TeTyTe) (TyTuTy) = T2 =1
and (7, 7,) =~ Sym(3).

As stated, a conjugate of a central automorphism is a central automorphism.

If w and v are arbitrary points of P then either they are in different fibers, so that
Tu and 7, are conjugate in (7, 7,) ~ Sym(3), or u and v are in the same fiber and
then 7, and 7, are both conjugate to 7, where w € {x,y} is not in the fiber of u

and v. Thus the set of all central automorphisms is a conjugacy class of Aut(P, S).
O

(3.6). COROLLARY.

(a) If (P,S) admits central automorphisms with centers x and y from different
fibers, then the set Py of all centers of central automorphisms of (P,S) is the
point set of a subdesign (Po, So) of (P, S).

(b) If f is in Homsp((P,S), (Po,So)) and there is a central automorphism 7, of
(P, S), then there is a unique central automorphism 7,5 of (P, Sp). O

Let CAut(P, S) be the subgroup of Aut (P, S) that is generated by all the central
automorphisms of (P, S). Clearly this is a normal subgroup of Aut(P,S).

Of course there may be points x for which there is no central automorphism at
x. Let CLSD be the full subcategory of LSD consisting of those Latin square designs
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that admit a central automorphism at every point. The category CLSD* is then
the full subcategory of LSD* whose objects are the (P, S, I) with (P, S) an object of
CLSD. The objects of CLSD and CLSD* will be called central Latin square designs.
In this case the automorphism group Aut(P,S) induces the full Sym(3) on the set
of fibers. Indeed Aut(P,S) = Autcisp(P,S) x I, where I = (1,,7,) ~ Sym(3), for
any z and y from different fibers.

(3.7). THEOREM. The Latin square design O of order 1 belongs to CLSD. The
category CLSD* is isomorphic to the pointed category CLSDY,.

PROOF. The first sentence is clear. The isomorphism of LSD* and LSDY, given
under Theorem restricts to an isomorphism of CLSD* and CLSDp,. O

(3.8). LEMMA. If (P,S) is a central Latin square design, then the centralizer
of CAut(P, S) in Aut(P,S) is 1.

PROOF. If ¢ is in the centralizer, then 7, = 7, = 7Ty, for all x € P, by Lemma
(3.5)} That is, ¢ fixes all points of P and so is the identity. O

3.3. The correspondence between Mouf and CLSD

The next theorem is at the heart of the topic, and there are proofs in the
literature from various points of view. The original proof is probably that of Bol
[Bol37] from 1937, which is phrased in the language of 3-nets (that is, Latin square
designs with the roles of points and lines interchanged; see Section . Funk and
Nagy [FulN93] rekindled interest in such topics.

(3.9). THEOREM. Let Q be a loop. Then Q is a Moufang loop if and only if
the Latin square design QT admits a central automorphism 1, with center x, for
each of its points x.

In this section we give a brief proof of the theorem in the spirit of [HaNO01l, Hal07al.

Clearly any Latin square design isomorphic to a member of CLSD belongs itself
to CLSD. Therefore this theorem and T heorem give immediately the following
known result [Pfl90, Theorem IV.4.2]:

(3.10). COROLLARY. Any loop isotopic to a Moufang loop is itself a Moufang
loop. O

Before we prove the theorem, we render it categorically.

(3.11). THEOREM. The Thomsen functor T gives an equivalence of the two

categories Mouf and CLSD, and the functor T* gives an equivalence of the two
categories Mouf* and CLSD*.

PROOF. By Theoremthe loop @ is Moufang if and only if QT is in CLSD
if and only if QT* is in CLSD*. Therefore upon restriction T is a functor from
Mouf to CLSD, and T* is a functor from Mouf* to CLSD*. Furthermore, each of
these categories is a full subcategory of, respectively, Loop, LSD, Loop*, and CLSD*
that is closed under isomorphism in the parent category. Therefore the restrictions

of T and T* to the subcategories Mouf and Mouf* remain full, faithful, and dense.
That is, they give the desired equivalences by Proposition |(1.1)| O

In working with central automorphisms of the Thomsen designs QT we may
streamline the notation by writing p, for 75, k. for 7., and ¢, for 7.

The rest of this section is devoted to a proof of Theorem |(3.9)
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(3.12). LEMMA. Let Q = (Q,-) be a loop.

(a) k1 € Aut(QT) if and only if Q has the right inverse property (zy)(~ly) = x
for all x,y € Q. In this case inverses are two-sided and xj} = xal.

(b) p1 € Aut(QT) if and only if Q has the left inverse property v~ (zy) =y for
all z,y € Q. In this case inverses are two-sided and ' = xgl.

(c) e1 € Aut(QT) if and only if Q has the antiautomorphic inverse property
(xy)~! = y~tz=t for all z,y € Q. In this case inverses are two-sided and
g =x5 .

PROOF. (a) Assume that k7 is an automorphism of QT, and let z,y € Q. The
two lines {zg, 1c,zg} and {zyg, lc, 2y} are mapped to themselves by k1.

\
/

/
m\

The image of the line {zg, yc, zyr} under £, is then the line

{33%17y81733y§;1} = {anyglaxyR} = {xyRayg’laxE} .

In the special case = 1, this line is {yr, ye*, 1e}. As {yr, ("'y)c, 1p} is always a
line, we must have y;;! = (“'y)c. Repeating this, we find yo = y5*™ = (71(71y))c.
In particular y = ~!(7'y), so inverses are two-sided.

Therefore in the general case the image line becomes {:EyR,yal,:vE}. But
{zyr, yal, (a:y)ygl} is certainly a line of QT. We conclude that x = (zy)y~!, the
right inverse property.

Now assume that L has the right inverse property. In particular, inverses are
two-sided by Lemma The line {zg,yc,zye} is a generic line of QT, and
the picture above shows that its image under &; is also a line (with the image of yo
under k1 defined to be yal) Therefore this x1 is a central automorphism of QT.

(b) This is equivalent to (a) for the opposite loop (Q,0) given by zoy =y -z
for all z,y € Q.

(c) For arbitrary z,y € Q we always have in QT the lines (y~!,y,1) and
(x, “'x,1). Therefore the generic line (x,y,ry) would have as image under ¢; €
Aut(QT) the line (y~!, ~ta, (zyg)'). In this case setting 2 = 1 gives us (yg)* =

ygl, while setting y = 1 gives (zg)® = ~lzg. Therefore ¢ is in Aut(QT) if
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and only if (y~1, 271, (zy)~!) is a line for all x,y € Q, in which case inverses are
two-sided. O

If p1 and k1 (= pre1p1) and €1 (= p1K1p1) are automorphisms of QT, then the
lemma tells us that @ is an inverse property loop. Furthermore it says that an
inverse property loop always has two-sided inverses (as seen previously in Lemma
and satisfies the antiautomorphic inverse property (ry)~! =y~ lz1.

(3.13). LEMMA. Let Q be an inverse property loop. Then, for the element x
of @, we have €, € Aut(QT) if and only if we have (za)(bx) = (x(ab))x for all a,b
in Q. In this case (zy)z = x(yz) and yi& = ((zy H)z)g = (z(y~ ') for all y in
Q.

PROOF. As we are in an inverse property loop, inverses are two-sided by Lemma,
(3.12)] (or Lemma [(2.11)).

Let x,a,b be arbitrary in the inverse property loop ). We always have in QT
the lines (za, a1, z) by the right inverse property and (b=, bx, z) by the left inverse
property. The line (b=%,a~1, (ab)~!) is the image of the generic line (a, b, ab) under
e1—the antiautomorphic inverse property.

Suppose €, is an automorphism of QT. The image of the line (b=!,a~*, (ab)~!
under e, would then be (za,bx,((ab)™1)%). Setting b = 1 we find (ag')%
((wa)x)g for all a whereas a = 1 gives (bg")% = (z(bz)).

As (za, bz, (za)(bx)) is always a line of QT, we see that €, is an automorphism
of QT if and only if (za)(bz) is equal to ((ab)~1)¢ for all a,b. That is, if and only
if (za)(bx) = (z(ab))z for all a,b. O

PROOF OF THEOREM [(3.9)]

A Moufang loop is an inverse property loop by Proposition|(2.12)} so by Lemma
(3.12)| p1 and k1 are automorphisms of QT. Next by Lem all €, are
automorphisms. But then so are all p, = k1€,x1 and K, = p1e,p1. This gives the
forward direction of the theorem.

If all p,, k., and €, are automorphisms of QT, then especially @ is an inverse

property loop by Lemma/((3.12)] Therefore by Lemma/(3.13)|the identity (za)(bz) =
(2(ab))x holds for all z,a,b € @, and Q is a Moufang loop. O

3.4. Cayley tables of groups

Every Latin square is the Cayley table of a quasigroup. It is natural to wonder
when the Latin square is the Cayley table of a group. According to [DeK74], the
result goes back at least to Frolov [Fro90] and Brandt [Bra27], although in the
loop theory community it is commonly associated with Reidermeister [Rei29].
(See Section for further discussion.) Our treatment follows [DeK74| p.18-19].

For the Latin square E with rows and columns indexed by the set @ with the
cell in row r and column ¢ containing entry e, . consider:

(QC) The Quadrangle Condition. In all cases, if €4, = €cw,
€av = €cx, ONA €py = €4, then ep, = ecqp.

That is, whenever in the Cayley table below we encounter the pattern seen above,
then in fact 4 = 5.
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u v w T
a 1 2
b 3 4
c 1 2
d 3 5

(3.14). THEOREM. The Latin square E is the Cayley table of a group if and
only if it satisfies the Quadrangle Condition (QC).

Proor. If E is the Cayley table of a group, then

1

epy = bv = bu(au) tav = dw(cw) tex = dx = eq, .

Now assume that E has the Quadrangle Condition, and select one of the loops
with Cayley table E as was done in Section [2.1}—choose a cell (say, the upper-
lefthand corner) and then label the columns of E with the entries in that row and
the rows with the entries in that column. The identity e of the loop is the entry
from the original cell.

We claim that this loop is a group. Indeed, for arbitrary r, s, t, first look at the
intersections of rows e and r and columns s and st to see the entries

K st
rs r(st)

Next look at the intersections of rows s and rs and columns e and ¢ and now find

s st
rs (rs)t’
The Quadrangle Condition then gives r(st) = (rs)t, as claimed. O

In the proof, the specific choice of cell was not crucial. This is explained by

Corollary above.
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Groups with Triality

Lemma [(3.5)| motivates the following definition:

(4.1). DEFINITION. Let D be a conjugacy class of elements of order 2 in the
group G = (D); and let m: G — Sym(3), the symmetric group on {1,2,3}, be a
surjective group homomorphism. Further assume that

(x) foralld,e € D, if d™ # €™, then |de| = 3.

Then we say that (G, D,7) is a group with triality or triality group. The normal
subgroup ker 7 of index 6 in G is the base group of (G, D, ).

We may abuse this by calling G itself a group with triality or a triality group when
D and 7 are evident. The definition (in a different form—see Section below)
goes back to Doro [Dor78] and Glauberman [Gla68|. We shall refer to our triality
and that of Doro-Glauberman as abstract triality in contrast to the motivating
concrete triality of Cartan [Car25)], which will be the topic of Part

In Section we shall see that the pair G and D does not always determine
the map 7 uniquely, and similarly G and 7 need not determine D.

4.1. Basics

For each d,e € D with d™ # €™ the condition (x) is equivalent to S = (d, e) ~
Sym(3). In particular G is the split extension ker 7 x S. Furthermore d and e are
conjugate within (d, e), so it would have been enough to require D to be a normal
set, conjugacy following directly.

If (G, D, n) and (G, Do, 7o) are two groups with triality, then a triality homo-
morphism f: (G,D,n) — (Go, Dy, m) is a group homomorphism f: G — Gy
that additionally has Df C Dy and m = fmg. We then have the category TriGrp
whose object class is all groups with triality and whose morphisms are the triality
homomorphisms.

Let (P,S) be a central Latin square design. Set D = {7, | « € P} and
G = (D) = CAut(P,S), a normal subgroup of Aut(P,S). Further define the

27
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homomorphism 7: G — Sym(3) to extend the map

(2,3) forx e PR
7o — < (1,3) forx € PC
(1,2) for x € PE

Then (P, S)A = (G, D, ) is a group with triality by Lemma |(3.5)] The base group
ker 7 is the intersection of Autci sp(P,S) with CAut(P,S).
Conversely, let (G, D, ) be a group with triality. Set P = P p ) = D with

PR=Dn(2,3)" ', P°=Dn(1,3)" , P®=Dn(1,2)"

We let S = S p,r) be the union of all the 3-subsets 7" of P = D for u €
Homyigr ((Sym(3), T', Idgym(s) ), (G, D, m)), where T = {(2,3),(1,3),(1,2)}. That
is, the 3-subset Ty of D is a line of S p ) precisely when (Tp) ~ Sym(3) is a
complement to kerw in G. Then (G,D,n)C = (P,S) is a central Latin square
design with the various elements of D naturally acting as central automorphisms
by conjugation (hence the center of G acts trivially).

Because of the remarks of the previous paragraph, we call the various subgroups
I = Sym(3)" for v € Hommigrp((Sym(3), T, Idsym(s)), (G, D, m)) the lines of the
group with triality (G, D, 7). A G-conjugate of a line is also a line. If I is a line,
then D is the G-class containing the transpositions of I and 7 factors through the
isomorphism of I with Sym(3).

(4.2). LEMMA. Let (G,D,w) be a group with triality.

(a) If the subgroup H of G contains a line I, then Hy = (I'1) is itself a triality
group with respect to the class Dy = D N Hy = D N H and the projection mgy
equal to the restriction of m to Hy.

(b) If f: (G,D,n) — (Go, Do, 7o) is a triality homomorphism, then ker f is a
normal subgroup of G that is contained in ker 7.

(c) Conversely, let K be a normal subgroup of G that is contained in ker . Then
there is a surjective triality homomorphism f: (G, D,n) — (Go, Do, o) with
ker f = K and (G, Dy, o) uniquely determined up to triality isomorphism.

PRrOOF. (a) This is clear.

(b) As m = fmy we must have ker f < ker .

(c) Set Go = G/K. The class Dy is uniquely determined as that containing
DK/K. Because K < ker 7, the map 7 can be factored through G/K = Gy as fng
for my: Gy — Sym(3). Since f is surjective, m = fm determines 7y uniquely. O

We have a second category TriGrp* of groups with triality whose object class
consists of all (G, D,w,I) with (G, D, ) is a group with triality and I a line in G.
Again we can realize this category as a pointed category.

(4.3). THEOREM. The group with triality
0= (Sym(?))v {(27 3)a (17 3)7 (L 2)}7 IdSym(3))

is a terminal object in TriGrp but is not initial. The category TriGrp* is isomorphic
to the pointed category TriGrpg,.

PROOF. As every morphism from (G, D, 7) must be compatible with 7, the
object O is certainly terminal. The Cayley tables of nontrivial groups give nontrivial
central Latin square designs hence triality groups (G, D, ) with ker 7 # 1. In that
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case we can find distinct d, eq,eo € D with d™ # €T = €. For the lines I; = (d, ;)
there are maps ¢; in Homricp (O, (G, D, m)) with O% = I;. Thus O is not initial
in TriGrp.

If ¢ € Homyicep (O, (G, D, 7)) is an anchor, then ¢(O) is a line I, of (G, D, ).
The isomorphism then takes the object (G, D, 7, I,) of TriGrp* to ((G,D, ), ) of
TriGrpy,. O

The theorem allows us to identify the categories TriGrp* and TriGrpp,.

For f € Homwicp((G, D, 7), (Go, Do, 7)), let fC act as the restriction map
flp on Pg,p,xy) = D and as the corresponding induced map on S p ) = S.
If additionally I = I, so that f € Homwigror ((G, D, 7, I), (Go, Do, mo, Ip)), set
DIC" = DfC G§fC" = GfC and (IN D)€" = IyN Dy.

(4.4). PROPOSITION.

(a) C: TriGrp — CLSD s a faithful, dense functor.
(b) C*: TriGrp* — CLSD* is a faithful, dense functor.

ProOF. We first check fC € Homcsp((G, D, 7)C, (G, Do, m9)C). That is, for
each {z,y, 2} is in S(g,p,») we must make sure that {z,y, 2}/ belongs to S(,,py,r0)-
As {z,y,2} is in S(g,p,x), for T = {(2,3),(1,3),(1,2)} the definition gives a mor-
phism u € Hommyigp((Sym(3), T, Idsyms)), (G, D, 7)) with {z,y,2} = T*. But
then

{z,y, 2}/ = (") =1
for uf in Homwigr ((Sym(3), T, Idgyms) ), (Go, Do, m0)). That is, {z,y, 2} belongs
t0 S(Go,Do,mo)» as desired.

For f as given and g € Hommicrp((Go, Do, ™), (G1, D1, 1)), we have

(f9)C = fglp = flp 9lp, = fCgC;
and C is indeed a functor.
Let f,g € Hommicrp ((G, D, ), (Go, Do, m)). Then

JC=9C <= flp=glp <= flipy=9lip)y = f=9

since G = (D). Therefore C is faithful.
Finally C is dense as (P,.S) € CLSD is always isomorphic to ((P, S)A)C, giving

Lemma [(1.9)[ then gives us (b). O
In Proposition |(7.12)| below we shall see that neither C nor C* is full.

(a)

4.2. Examples

4.2.1. Wreath products. For H a group, the full wreath product HSym(n)
is the split extension of the direct sum B = @', H;, the base group of the wreath
product, by the symmetric group Sym(n), naturally permuting the factors of the
base with action given by h{ = h; 4 for each h € H and g € Sym(n).

Routine calculations give

(4.5). PROPOSITION. For arbitrary k,h € H and distinct indices a,b,c,d (as
possible), we have:

(8) (a, )50 1 B(a,b) = {h; hy(a,b) | h € H};
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() (kg ko(as0))" " = k7 ky(a,b);
(©) (kako(a,)"* ") = (k) (kR)o(a, o)
(d) (kyhy(a, b)) " = (hk=1h); 1 (hk~h)y(a, b). 0

The following elementary result is due to Zara [Zar85| and is also implicit (for
n = 3) in Tits [Tit58] and Doro [DorT78|. (See also [Hal06].)

(4.6). THEOREM. Let H be a group and let D be the conjugacy class of the
full wreath product H ! Sym(n) containing the transposition class of Sym(n), for
n > 3, and set Wr(H,n) = (D). Let the associated projection homomorphism be
n: HSym(n) — Sym(n).

(a) There is a bijection between H and D N Bd for each d € D.
(b) For alld,e € D, if |d"e"| = 2 then |de| = 2.

(¢) Foralld,e € D, if |d"e"| = 3 then |de| = 3.

(d) The quotient (H 1 Sym(n))/Wr(H,n) is isomorphic to H/H'.

ProoOF. For t,r € T, if [t"r"| = 2, then t7 = (a,b) and " = (¢, d) for distinct
a,b,c,d. Therefore " =t by Proposition [(4.5)(b), so [tr| = 2, giving (b).

If [¢7r"] = 3, then there are h,k € H and distinct a,b,c with t = k; 1ky(a, b)
and r = hy 'h.(b,c). By Proposition (c)7 t" = (kh);1(kh)c(a,c). Also by
Proposition [(4.5)](c)

ot ((h—l)—l(h—l)b(C7 b))(k’l)z?l(k’l)a(b-,a) — (AR Y a(c, ).

c

Therefore rt = (kh);(kh).(a,c) = t", so that (tr)3 = (trt)(rtr) = (rH)(t") = 1,
giving (c).

By (c), the conjugacy class of transpositions remains a class in Wr(H,n), so
(a) follows from Proposition [[4.5)|(a).

By Proposition d), the group Wr(H, n) contains the derived group B’ =
@7, H], while the image of BANWr(H,n)/B’ is spanned by the images of the various
h;thy by Propositionc). Therefore B/BNWr(H,n) ~ (HSym(n))/Wr(H,n)
is a copy of H/H', as in (d). O

This immediately gives

(4.7). COROLLARY. Let D be the transposition class of H ! Sym(3) or H
Sym(4), respectively, and let G be the subgroup generated by D—respectively Wr(H, 3)
and Wr(H, 4).

(a) (G,D,r) is a group with triality, where in the first case w is n and in the second
7 is n followed by the projection from Sym(4) onto Sym(3).

(b) |D| is equal to 3|H| for Wr(H,3) and 6|H| for Wr(H,4).

(¢) The quotients (HSym(3))/Wr(H, 3) and (HSym(4))/Wr(H,4) are isomorphic
to H/H'. In particular if H is perfect then H ! Sym(3) = Wr(H,3) and H
Sym(4) = Wr(H,4). O

Not surprisingly the corresponding loop Wr(H,3)CS is the group H, as we
shall verify in Theorem below. The loops Wr(H,4)CS are precisely the
Chein generalized dihedral loops of Theorem see Theorem below as
well as [GrZ06, Prop. 1] and [Hal06] §4].
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4.2.2. Weyl groups.
This entire monograph could be viewed as a riff on the tame observation that the
Weyl group of type As is the symmetric group of degree 3.

(4.8). PROPOSITION.

(a) W(As) = (r,c|r?=c®>=1, (re)> =1) ~ Sym(3).

(b) W(Ay) = (r,ce|r2=c2=e2 =1, (rc)® = (re)® = (ce)® = 1) ~ Z2 xSym(3)
(c) W(A3) = (r1,r2,c|r?=c*=1,(ric)®> =1, (rr;)* = 1) ~ Sym(4)

(d) W(Dyg) = (r1,re,m3,¢| 1?2 =* =1,(r;e)® =1, (ryr;)> = 1) ~ Z3 x Sym(4)
(e) W(ﬁ4) = (ri,ro,r3,ma,c |12 =2 =1,(ric)> =1, (rr;)? = 1.) ~ Z* x W(Dy)

PROOF. See for instance [Hum90]. These all can be calculated directly without
difficulty. O

In each of these Weyl groups the generators belong to the same conjugacy class,
the reflection class D. The projection maps m given by

r, ;1 Ccr>Cc er—Trcr

describe homomorphisms of each onto W(A42) ~ Sym(3).

We write W,,(As) and W, (Dy) for the quotients (respectively) of W (Ay) and
W(l~)4) by n times their root lattice subgroups—nZ? and nZ*. These are isomorphic
to (respectively) Z2 x Sym(3) and Z* x W(Dy); for instance W(A3) ~ Sym(4).

Keeping Corollary in mind, we easily find the following lemmas.

(4.9). LEMMA.

(a) W(Ay) ~ Wr(Z,3) ~ Z2 x Sym(3) is a group with triality.

(b) The center of W,,(As) is cyclic of order ged(n, 3).

(¢) Wa(Ay) ~ Wr(Zy,3) ~ Z2 x Sym(3) is a group with triality containing 12
transpositions. It has trivial center. O

(4.10). LEMMA.  W(Dy) ~ Wr(Z3,4) is a group with triality containing 12
transpositions. It has center of order 2 and W(Dy)/Z(W(Dy)) ~ Wr(Zy X Z2,3).
|

(4.11). LEMMA.

(a) W(Dy) ~ Wr(Doo,4) ~ Z* x W(Dy) is a group with triality. (Here Do is a
dihedral group of infinite order.)

(b) Ws(Dy) ~ Wr(Sym(3),4) ~ Z2 x W(Dy) is a group with triality containing 36
transpositions. It has trivial center and has no triality subgroups W4(ﬁ2) or
W(D4)/Z(W(Dy)). o

4.2.3. Cartan’s triality groups.
Cartan’s triality group PQZ (F) x Sym(3) of type D4 [Car25] over F is a group with
triality in our sense, as verified by Tits [Tit58]. This is concrete triality (mentioned
at the beginning of this chapter) and the example that motivated Doro’s original
terminology [Dor78]. We shall return to the group and its triality in Part 4| below,
particularly in Chapter (See also [GrZo06), Hallll, N'Vo03].)
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4.2.4. Nonuniqueness.
The group G = 3™ x 2 gives an example of a group with triality (G, D, ) in which
G and D do not determine 7 uniquely as ker m may be chosen to be any subgroup
of index 3 in the normal subgroup 3™. The group G = W(D,) gives an example
where G and 7 do not determine D uniquely. Indeed, if z is an element of order 2
in the center of (G, D, ), then (G, 2D, ) is also a group with triality.

4.3. Normal subgroups in the base group and wreath products

In Doro’s [Dor78| original treatment of groups with triality (G, D, w,T), the
focus was actually the base group K = kerw, admitting a group I isomorphic
to Sym(3) acting in a prescribed fashion, as will be described precisely in the
introduction to Chapter There we call the pair (K, I) a group admitting triality
to distinguish it from the group with triality G = K x I.

Recall that the second center of the group G, denoted Zo(G), is the preimage
in G of Z(G/Z(Q)).

(4.12). LEMMA.  Let (G,D,7) be a group with triality and I a line with
DnNI={de,f} Furtherlet K be a normal subgroup of G that is contained in
ker .

(a) G’ =(ab|a,be D) of index 2 in G and Z(G)G" < kerm.

(b) kerm = [kerw Il=(ab|a,be D, akerm =bkerm).

(¢c) KZ(G) =ker if and only if K = ker.

(d) DN Kd = d¥ = d*1 and for H = [K,I]I the triple (H,D N H,x|g) is a
group with triality.

(e) Z(G) = Z2(G) and DNZ(G)d = {d}.

) [K,G] =[K,G,G]={(ab|a,be D, Ka= Kb).

PRrROOF.

(a) Any group generated by a conjugacy class of involutions has derived group of
index at most 2. Here G™ ~ Sym(3).

(b) Set K = (ab|a,be D, akerm = bkern). The subgroup [ker 7, I]] is contained
in K xI and contains all D and so equals G. In particular ker m = [ker m, I] = K.

(¢) This follows immediately from the previous part.

(d) For dy € DN Kd the group (dp,e) is symmetric of degree three, so dy, e, and
d are all conjugate within K1 = I K. Therefore

DNKI={d,e, f}'5 ={de,f} =DNIX

and DN Kd = d¥.

The subgroup [K, I]I of KT contains I and so is equal to (D N KI). As
before DNKT = {d,e, f}!!] and d¥ = DNKd = d¥-1]. Indeed this shows for
[K,I]I = H that DN H = d* generates H and so H is a group with triality.

(e) For K = Z5(G), from @

{d} € DNZy(GQ)d = d?*(©) = =D C ¢2(& = (g}

Especially Z3(G) centralizes every d € D and so centralizes G = (D), hence
2(G) < n(C) < ().
(f) Since the conjugacy class D generates G,

[K,G] = ([K,b] |be D) =([K,J]| J aline).
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By (b) and (d) we have [K,J] = [K, J, J] for all lines J, so [K,G] = [K,G,G].
Then

K, G] [K,b]|be D)

(
(k™'0kb|be D, ke K)
(
(

Vb|beD, ke K)
ab|a,be D, ac Kb)
by (d), as desired. )
(4.13). PROPOSITION.  Let (G, D, ) be a group with triality, and set K =
kermw. The action of G by conjugation on the class D gives a group homomorphism
from G to M Sym(3) with kernel equal to Z(G). Then K/Z(G) is the intersection

of G/Z(G) with the wreath product base group My & Ms & Ms; and, for each i, the
projection of K/Z(G) onto M; is a surjection.

PROOF. As before, let I ~ Sym(3) be a line with I N D = {r,c,e}.

The group G = (D) acts on the class D by conjugation with kernel Cq (D) =
Z(G). By the lemma, this permutation action is imprimitive, respecting the equiv-
alence relation with classes DN Kr =15, DN Kec= ¢, and DN Ke = ¢*. Here
I permutes the three classes as Sym(3) and K the kernel of this action. This gives
the desired wreath product action, where M is the group induced by K on any one
of the equivalence classes. O

The proposition motivates our calling ker 7 the base group of the group with
triality (G, D, 7). The group M will be discussed in Section Some care must
be taken. For instance for the triality groups Wr(H, 3) of the previous section, the
corresponding group M will rarely be isomorphic to H. Indeed if H is nonabelian
and simple, then M is isomorphic to H x H.
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Chapter

The Functor B

We already have the most familiar version of “essential equivalence”:

T A
Mouf CLSD TriGrp
S C

Here (T,S) is the equivalence of Mouf and CLSD guaranteed by Theorem
and A and C are the “automorphism” and “central design” maps of Chapter [4]

From the categorical point of view this is incomplete and imperfect. Proposition
above said that C is a functor, but Corollary below will show that it
does not give an equivalence. More seriously, the map A is not a functor (as we
shall see in Corollary below).

In this chapter we construct a functor B to take the place of A. As with T
we initially construct B as a functor from LSD to TriGrp and then examine its
restriction to the subcategory CLSD.

5.1. A presentation

(5.1). PRESENTATION. For the Latin square design (P,S), the group G(P,S)
has the following presentation:

Generators:
p, for arbitrary p € P;
Relations:
for arbitrary p € P and {p,q,r} € S:
(1) p°=1;
(2) pgp = 7.
In the remaining lemmas of this section, let (P,S) be a fixed but arbitrary
Latin square design.

(5.2). LEMMA. The map

(2,3) forxe PR
T4 (1,3) forxe PC
(1,2) forx € PP

extends to a homomorphism m(p gy of G(P,S) onto Sym(3). For every line I € S,
the subgroup (I) is isomorphic to Sym(3) and is a complement to ker T(P,S)-

37
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PROOF. The line I = {p,q,r} of S meets each of PR, P¢ P¥ exactly once.
Therefore the image of I is {(2,3),(1,3),(1,2)}. Certainly we have (2,3)? =
(1,3)2 = (1,2)? = 1, and in all cases we also have (a,b)(a,c)(a,b) = (b,c). There-
fore the group G(P,S) maps onto Sym(3) with the restriction to each subgroup
(P, q,7) an isomorphism. O

(5.3). LEMMA. ]5 =A{p| pE P} is a conjugacy class of elements of or-
der 2 in G(P,S), and (G(P,S), P,m(ps)) is a group with triality. Every line of
(G(P,S), P, T(p,s)) 18 <1:> for some line I of S.

PRrROOF. The previous lemma implies that P consists of elements of order 2.
Also elements ¢ and 7 with different images under 7(p g) are conjugate, so Pis
contained in a single conjugacy class.

Since P is a generating set, it itself is a class provided p® € P for all p,a € P.
This is clear by the relations when p and a are from different fibers, so we assume
they are in the same ﬁber Let {p, q,r} € S. Then, as just mentioned, ¢* and 7*
both belong to P; so p% = §*#%G® does as well.

We thus have P a conjugacy class of elements of order 2 in the group G(P,S) =
<]5> and 7(p,gy: G — Sym(3) a surjective group homomorphism. Furthermore, for
every p,§ € P with p™.s) % §™.s) | the order of p§ is 3, as can be checked within
(P, q) ~ Sym(3). That is, (G(P,S), P T(p,s)) is a group with triality.

Let T be a line of (G(P,S),P,m(pg)) with T N P = {z,y,2}. Then there
are p, q in different fibers of P with x = p and y = ¢. There is a line I of S with
I ={p,q,r} sothat Tp = (p, q,7) is a line of (G(P, S), p,w(p,s)). As T'NT, contains
the generators x = p and y = ¢ we must have z =7 and T' =Ty = (p, ¢, 7) = <f>
O

(5.4). LEMMA. The mapt: P —s P given by p' = p is a bijection if and only if
(P, S) is a central Latin square design. In this case the induced map t: I =g (I) gives
a bijection of the set S of lines of (P, S) and the set of lines of (G(P, S), P, m(p,s))-

Proor. If (P,S) is a central Latin square design, then by Lemma the
bijection p — 7, extends to a homomorphism from G(P, S) onto CAut(P, S). There-
fore the bijection p — 7, factors through ¢, which thus must also be a bijection.

Conversely, assume that ¢ is a bijection. Choose a fixed but arbitrary a in the
fiber PX, and define a € Sym(P) by z® = (#4)! " for all z € P. Let {p,q,r} € S.
Then (p, G, 7) is a line of (G(P,S), P,m(p,g)) as is

(B,G.7)" = (", ¢",7") = (p*,q*,1%).
As t is a bijection, {p%,¢*,r*} = {p, ¢, r}* € S; so a is an automorphism of (P, S).
Since a acts as 7, on P\ PX, we have a = 7, by Lemma

By the previous lemma the map induced by ¢ from S to the line set of the group
(G(P,S), P,m(p,s)) is surjective. When ¢ is bijective on P it must also be injective
on S. O

5.2. The functor B

Let the map B: ObjLSD — ObjTriGrp be given by

(va)B = (G(Pa S)vp,’]r(P,S))'
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Similarly B*: ObjLSD* — ObjTriGrp* is given by
(P,S,I)B = (G(P,S), P, m(pg), (I)).

Set G = (G(P, S),p,ﬂ'(pjs)) and Gy = (G(PO,SO),POJ T(Po,S0) ) aﬁnd suppose
¢ = (a,,7) is in Homsp((P, S), (Py, So)). Let f from P = P to Py = P° be
given by

2@ = (z*)t  for x € PR
(') =3 = 2 = (aB)o  for x € PC
27 = (z7)t  for x € PP

This is summarized in a commutative diagram:

P—tspP=D

sai lf (=¢B)

Po&p():Do

As we shall next see, the map f on D uniquely determines the morphism ¢B €
Hommrigrp (G, Go). Therefore it will only be a mild abuse to replace f with ¢B in
the above commutative diagram (as indicated parenthetically).

(5.5). LEMMA.

(a) f extends uniquely to B € Homigp (G, Go).

(b) If (P,S),(Py,So) are both designs in CLSD, then the map ¢ — ¢B is a bijec-
tion of Homsp((P, S), (Po,S0)) and Homwicen (G, Go) uniquely determined by
t~ oty = ¢Blp.

PROOF. (a) By definition 7(p gy = fm(p, s,) o0 P and P! C P,. Therefore we
need only prove that f extends to a group homomorphism from G(P,S) = (P) to
G(Py, Sp). It suffices to show that each relation of G(P,.S) is mapped to a relation
valid in G(Po, SQ)

Clearly (#/)? = 1 for each & € P.

Let (p,q,7) € PR x P€ x PP be a line of S. The relation pgp = 7 for G(P, S)
becomes under f the candidate relation p/G/pf = #f; that is, ptf ¢t/ ptf = rtf.

The set {p,q,7}¥ = {p*,¢°,m7} is a line of Sy, and so Ty = (p¥0, gPto, rrto)
is a line of (G(Py, So), Po, m(py,5,)) With Ty N Py = {pto, gt r7to}. Within Ty we
calculate that

ptfqtfptf — patoqﬁtopato — prto — ptf ,

as required. The images under f of the other G(P,S) relations aba = ¢ associated
with the line {p, ¢,7} = {a, b, c} can be verified within Ty = (p'/, ¢*/, rt/) ~ Sym(3)
as well.

(b) Under (a) we have seen that the restriction f of B to P satisfies

teBls =tf = pto.

The previous lemma tells us that ¢ and ¢y are bijections on P and P and respect
lines. As G(P,S) is generated by P, the morphisms ¢ and ¢B uniquely determine
each other via

t*1¢t0 =¢Blp and ¢ = t(ng|p)t51 . O
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Suppose ¢* is in Hom,sp+ ((P, S, I), (Po, So, Io)). By the forgetful functor, we
have also ¢* in Homsp((P, S), (Po, So)). Then ¢*B naturally induces

QD*B* € HomTriGrp* ((G(Pa S)7 Pa T(P,S)» <i>)7 (G(P()a SO)7 I}O7 T(Py,S0)» <IO>)) .

(5.6). THEOREM.

(a) B: LSD — TriGrp is a functor that is additionally full and faithful when re-
stricted to the subcategory CLSD.

(b) B*: LSD* — TriGrp™ is a functor that is additionally full and faithful when
restricted to the subcategory CLSD*.

Proor. We have B defined on LSD and B* on LSD*, but we must prove
functoriality.

Let ¢ be in Homsp((P, S), (Py, So)) and ¢g in Hom sp((FPo, So), (P1,51)). Let
f denote the restriction of ¢B to P and fy the restriction of ¢oB to Py. From
Lemma we have tf = ptg and o fo = pot1. Therefore

tf fo = plofo = ot .
This implies ppoB|p = ffo = ¢B|spoB|gz,, hence B = pBypoB. We conclude
that B is a functor, as is B*.
By Lemma|(5.5)(b), on the subcategory CLSD the functor B is full and faithful,
and so B* on CLSD" is also by Lemma O

In Proposition below we shall see that B from CLSD is not dense, nor is
B* from CLSD*.
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Monics, Covers, and Isogeny in TriGrp

We now have a more categorical version of “essential equivalence”:
T B
Mouf CLSD TriGrp

S C
Unfortunately, the pair (B, C) still does not guarantee equivalence. The functor
BC on CLSD is indeed faithful, full, and dense. However CB on TriGrp, while
faithful (as C and B are), is neither full nor dense. The study of the functor
U = CB and its image in TriGrp will be the main topic of the next chapter. This
requires a careful study in the present chapter of the monic morphisms in TriGrp.

6.1. A fibered product

Let (G1,D1,71,11) and (Ga, Dy, ma, Is) be groups with triality. Then G x G
is not a triality group, but we can easily construct one from it by taking an index 6
subgroup (ker m X ker 7o) x I, where I ~ Sym(3) sits on the diagonal of I x I5. The
resulting group with triality is nearly the direct product and corresponds (under
CS) to the direct product of the associated Moufang loops. This is the degenerate
case N; = kerm; of the following fibered product construction.

(6.1). PROPOSITION.  Let (G1,D1,m1,11) and (Ga, Da, 7, I2) be objects in
TriGrp*. For i € {1,2} assume there are normal subgroups N; of G; contained in
ker 7; such that, for G; = G;/N;, the two groups with triality (Gy, Dy,71,11) and
(G2, Dy, 79, I3) are isomorphic via §: G1 — Ga.

Let H be the subgroup { (g91,92) | 30 = G2 } of G1 x G2, the §-diagonal modulo
N1 XNQ. In H set Doo == {(dl,dg) | d1 € Dl, d2 € DQ, J‘f = d_2} and Goo == <Doo>
Further let I, = (Do N (I1 X I2)), isomorphic to Sym(3) via meo = (M1 X m2)|G, -

Then (G ooy Doo, Toos Ioo) 18 a group with triality in TriGrp™. For {i,j} = {1,2},
the projection a; onto (G, D;,m;, I;) is a surjective triality homomorphism with
kernel Goo N N; > [N;, Iso] = [N}, I;].

PROOF. Most of this is clear from the definitions. Certainly Go,/GocNN; >~ G;.
If d =(d1,d2) € Doo NI and n € Ny, then [n,ds] = 1 and
[n,d1] = [n,d] = (d1,d2)" (d1,d2) = (dY, d2)(d1,d2) € N1 N Goo
as (d7)° = df = ds.

41
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The elements of the normal set D, in H and G, have order 2 and generate
Go. The map 7y is onto Sym(3) ~ I, with (D)™ = {(2,3),(1,3),(1,2)}.
When we have proven that |de| = 3, for all d,e € Do, with d™ # ™=, we will be
done since this implies that (d, e) ~ Sym(3) and hence D, is a single class.

Let d = (dy,d2) and e = (e1,e2) be in Do, with d™ = s # ¢ = €=, so that
di* =di? = s #t=e]" = ej?. Therefore in G; x G2

((d1,d2)(61,€2))3 = (d1€1,d2€2)3 = ((d1€1)3, (d2€2)3) = (]-a 1) .0

6.2. Monics in TriGrp

(6.2). PROPOSITION. Let C be a full subcategory of TriGrp containing a ter-
minal object and such that the corresponding pointed category C* is closed under
the fibered product of Proposition . Let (G, D, 7) and (Go, Do, 7o) be groups in
C, and let f be a triality homomorphism from (G, D,w,I) to (Go, Do, 7o, Io). The
following are equivalent:

(1) f is monic in C.

(2) f is monic in C*.

(3) ker f is central in G.

(4) The restriction f: D — Dyq is an injection.

PrROOF. (1) = (2): Suppose that f is not monic in C*, and let a,b €
Home ((G1, D1, m1, 1), (G, D, w,I)) witha # band af = bf. Forgetting the special
lines, we then have a,b € Homc((G1, D1,m1), (G, D, 7)) with a # b and af = bf;
that is, f is not monic in C.

(2) = (3): Assume f is monic in C* and set N = ker f. Let (G, D1, 71, 1)
and (Ga, Dy, m2,I5) be two copies of (G,D,m,I) and form the fibered product
(Goos Dooy Toos Ino) over G/N (< Gy) as in Proposition By hypothesis the
triality group (Goo, Doos Toos Ioo) is in C*. If @y and ag are (upon identification of
G, G1, and G2) the two projections onto (G, D, I) described in the proposition,
then a1 f = asf as maps from (Geo, Doos Moo, Iso) t0 (Go, Do, mo, Ip). Since f is
monic in C*, this forces a; = as. Especially Goo " N1 = keras = kera; = Go N Ns.
The factors V7 and N intersect trivially, therefore Goo NN = Gooc N N1 NNy = 1.
In particular [N1,I1] = [N1,Ix] < Goo NNy = 1; that is, [N,I] = 1. As N is
normal and G = (I), this gives N < Z(G).

(3) = (4): This follows from Lemma [(4.12)|(e).

(4) = (1): Let a and b be triality homomorphisms from (Gi,D;,71) to
(G, D, ) with af = bf taking (G1, D1,m1) to (Go, Do, o). For arbitrary but fixed
dy € Dy let (d$)f = d‘ff = dl{f = (d%)f, an element of Dy. As f is an injection of D
into Dy, we have d¢ = d. Thus a and b agree on D; and so on G; = (D;). That
is, a = b. O

Of course in this proposition the main case of interest is C = TriGrp, but we
will use the result for proper subcategories as well.

6.3. Covers and isogeny

If f is a surjective triality homomorphism from (G, D, ) to (Gg, Do, 7o) with
ker f contained in Z(G), then we say that f is a covering map and (G, D, ) is a
cover of (Go, Do, o).
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(6.3). LEMMA.

(a) If Co: (Go, Do, m0) — (G1,D1,m1) and (12 (G1, D1, m1) — (G2, Do, m2) are
covering maps, then (oC1: (Go, Do, o) — (G2, D2, ma) is a covering map.

(b) The triality homomorphism f: (G, D,n) — (Go, Do, o) is a covering map if
and only if the restriction f: D — Dy is a bijection.

PROOF. (a) The composition (y(; is a surjective triality homomorphism whose
kernel is contained in Zy(Gg) = Z(Gy) by Lemma [(4.12)]

(b) By Proposition the kernel of f is central if and only if the restriction
of f to D is injective. In this case, f will be surjective if and only if the restriction
is also surjective. O

We say that two groups with triality (G, D, ) and (G, Do, 7o) are isogenous if
there is an isogeny from D to Dy—a bijection 1: D — Dg with d¥e¥d?¥ = (ded)?,
for all d,e € D with d™ # e™. We also ask that m|p = ¢my (although this is not
strictly necessary as an arbitrary 1 with the first condition can be concatenated
with conjugation by an element of a line to get a bijection that additionally has
this second condition). The inverse ¢»~1: Dy — D of the isogeny 1 is also an
isogeny. Isogeny gives an equivalence relation on Obj TriGrp that can be viewed as
a weakened form of isomorphism.

By Lemma a covering map is a triality homomorphism f for which the
restriction ¢ = f|p is an isogeny. We shall soon discover that all isogenies are
associated with covers. Indeed we find that isogeny is the transitive extension of
the symmetrized covering relation.
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Universals and Adjoints

We return to study of the functor U = CB. This leads to the important full
subcategories of TriGrp consisting of its universal and its adjoint objects.

7.1. Universal and adjoint groups

(7.1). PRESENTATION. For a group with triality (G, D,7), the group GV has
the following presentation:

Generators:
d, for arbitrary d € D;

Relations:
for arbitrary d,e € D with d™ # €™ :
(1) d* =1;
(2) déd = ded.

(7.2). THEOREM.

(a) Set DU ={d|de D}, and define the map 7° on DV by d* = d~. Then Y
extends uniquely to a homomorphism from GU onto Sym(3), and (GY, DY, 7Y)
is a group with triality.

(b) The map d +— d is a bijection of the conjugacy class DV with D that extends
to a covering map ¢5: (GY, DY, 7V) — (G, D, ).

(c) (GY,DY,7Y) = (G, D, n)U.

~ Proor. Statement (a) follows immediately from (c). Also, given (c) the map
d — d is a bijection by Lemma and (b) then follows from Lemma
It remains to prove (c). By Presentations |(5.1)| and |[(7.1) both triality groups

(GY,DY,7Y) and (G, D, m)U = (G, D, 7)CB are generated by the set {d |d € D}
and satisfy the relations d? = 1 for d € D. The remaining relations are
Relation 2): déed = f, for {d,e, f} a line of (G, D, 7)C
for (G, D, w)U, and
Relation 2): déd = ded, for d,e € D with d™ # e™
for (GY, DY, 7Y).

45
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However {d,e, f} is a line of (G, D, n)C if and only if in (G, D,n) we have
I={(d,e, fy ~Sym(3) with {d,e, f} =IND and d™ # e™. In this case ded = f, so
the relations of |(5.1)[2) and |(7.1)[2) are equivalent. O

The triality groups (GV, DV, 7Y) have an important universal mapping prop-
erty.

(7.3). THEOREM. Let (G,D,7) and (H, E,p) be groups with triality, and let
: D — E have the two properties:
(i) d¥e¥d?¥ = (ded)?, for all d,e € D with d™ # €™
(if) 7lp = vp
(a) There is a unique morphism
¥Y € Hommi((GY, DY, 7Y), (HY, EY, pY))

with (Gv = Y¢S as maps from DY to E; that is, the following diagram
commutes:

DU pY U
— F

8 |es
DY E

(b) There is a unique morphism
Z/Jo S HomTriGrp((GUa DU, 7TU)7 (Ha Ev P))

with ng =)y on DY.

PRrOOF. (a) For d € D , we have d6 = d% € E. As (}r is a bijection of EY
and F, to make the diagram commute we must set

P

Therefore if there is a morphism ¥V as described, then it is uniquely determined
as the extension of this map on the generating set DV to all of GY.

We need to check that the relations of defining GV are taken by U to
relations valid in HY. The image of DV is within EV, so all these images certainly

square to 1 in HY. Consider now the relation déed = ded with d™ # €™, hence

(@) # ()

a7 e’ v = qv ev ¥ by definition;
— Ve dd in HY:
= (ded)? by hypothesis;
— Y
= ded again by definition.

Thus the defining relations for GU are respected by 1V, which therefore extends to
a homomorphism from GY to HY.

By construction the homomorphism ¥V takes DY into EV. Therefore to prove
that ¥V is a TriGrp-morphism from (GY, DV, 7V) to (HY, EY,pY), it remains to
observe that on DY

= (gm = (evp =9 o =¢YpY.
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(b) The condition (g1 = g on DY determines 1)y uniquely on a generating
set of GY, so there is at most one such morphism. But ¢y = 1Y(}; has the desired
property. O

A map 1 as in the theorem has all the properties of an isogeny except it is
not required to be bijective. (We resist the temptation to call it a homogeny.) Of
course isogenies are examples, but also the restriction to D of any morphism from
(G, D, ) gives an example. We examine these two special cases.

(7.4). THEOREM.  For each ¢ € Hommicp((G,D, ), (H, E,p)), there is a
unique ©Y € Homricrp((GY, DY, 7Y), (HY, EY, pY)) with (S = oY(}:

qu ", gu

) ¢t

G—2 3 H

PROOF. Set ¢ = ¢|p. The morphism (J¢ from GV to H has, as its restriction
to the class DY, the map

Selpve = Cevlp = CGv-
Theorem then guarantees that (J¢ = ¢Y(Y as TriGrp-morphisms and that
oY =Y is the unique morphism with this property. O

(7.5). THEOREM.

(a) If 1 is an isogeny from (G,D,7) to (H,E,p), then the morphism ¥V is an
isomorphism of (GY, DV, 7Y) and (HY, EV, pY).

(b) If ¢ is a covering map from (H,E,p) to (G,D,n), then (5 factors through
©; that is, there is a unique triality homomorphism ¢ from (GY, DV 7Y) to
(H, E,p) with ¢& = (p. Furthermore ( itself is a covering map.

PROOF. (a) By Theorem there is a morphism ¥V from GY to HY with
¢G = »Y¢ on DY and a morphism (¢p~1)V from HY to GY with (=1 =
(p~1V¢E on EV. Therefore, as a map from DV to D we have

€6 = Couw™t =9 et =y (TG
As Cg restricts to a bijection of DY and D, the morphism ¥V (x»~1)V is the identity
map on the generating class DY for GY. Thus ¢V (y~1)V = 1(G,p,x), and similarly
(1Y =1y g ). We conclude that ¢V is an isomorphism.

(b) As ¢ is a cover, ¢|g is an isogeny (by Lemma b)). Let ¥ = ¢|5" be
the inverse isogeny from D to E. By Theorem there is a unique morphism ¢
from (GY,DY,7Y) to (H, E, p) with (51 = ¢ on DY. That is, the morphism ( is
unique subject to Cg = (v~ on DY. The class DY generates GV, so ( is in turn
unique subject to (J = (¢ on all GV. As (5|puv and ¢ are both bijections, so is

¢|pu. Again by Lemma [(6.3)(b) the map ¢ is a cover. O

We call (GY, DV, 7V) (or any group with triality isomorphic to it) a univer-
sal group with triality. The two preceding theorems express universal properties
of the universal groups with triality. Theorem says that any morphism be-
tween groups with triality lifts uniquely to a morphism between the corresponding
universal groups.
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The second part of Theorem|(7.5)]says that the group with triality (GY, DU, 7V)
is a universal central extension of (G, D, x) in TriGrp. This is particularly satisfying
since, in the category of groups, universal central extensions exist generally only for
perfect groups [Asc00l (33.4)]; existence for perfect H is proven via a presentation
that encodes the full Cayley table of H. In Presentationwe only needed to en-
code the transform table for the conjugacy class D of (G, D, ), so the presentation
is simpler and the construction works in all cases.

(7.6). PROPOSITION.

(a) The triality group (Go, Do, 7o) is isogenous to (G, D, ) if and only if the groups
(GY, DY, 7y) and (GY, DY, 7Y) are isomorphic.

(b) The triality group (Go, Do, o) is isogenous to (G, D,n) if and only if there is
a covering map ¢: (GY, DY, 7Y) — (Go, Do, o).

(c) The triality group ((GY)Y,(DV)Y, (7V)Y) is isomorphic to (GY, DV, V).

PROOF. (a) By Theorem [(7.5)| isogeny of (Go, Do, mo) and (G, D, ) gives iso-
morphism of (G, DY, ny) and (GY, DY, 7V). Conversely, if (GY, DY, 7V) and
(GY, Dy, ny) are isomorphic via ¢, then the map (C8|Du)*1<p§go is an isogeny
from (G, D, 7) to (Go, Do, ).

(b) By Lemma if ¢ is a cover, then (|p is an isogeny. Conversely, if 9
is an isogeny from (G, D,7) to (Go, Do, ), then by Theorem (GY, DY, 7Y)
and (GY, D{,my) are isomorphic via 1V; so Y(§, is a covering map from GY to
Go.

(c) As (GY,DY,7Y) and (G, D, ) are isogenous, this follows from (a). O

The above results tell us that the universal groups with triality (G, D,7) are
precisely those for which (¥ is an isomorphism and equally well those that are (up
to isomorphism) in the range of the functor U. Each isogeny class contains a unique
universal group up to isomorphism.

We can now make precise our statement at the end of the previous chapter that
all isogenies are associated with covers. Specifically, suppose that (G, D1, ;) and
(G2, Dy, ms) are isogenous. Then there are a universal group (G, D, 7) and covering
maps (; from G to G;. Each (|p is an isogeny, and ((1|p")(Calp) is a specific
isogeny from (G4, D1,7m1) to (G2, Da,m3). In particular isogeny is the equivalence
relation generated by covering through symmetry and transitivity.

Loosely, two isogenous triality groups are the same up to centers. Within each
isogeny class the universal group is the unique largest group up to isomorphism,
and all others are covered by it. In each isogeny class there is also a unique smallest
group up to isomorphism, and it is covered by all the others. This is the adjoint
group, which we next define.

Consider the map ¢ taking G to G/Z(G) = G*. Lemma and Proposition
then give a covering map (: (G, D,m) — (G*, D? ) with 7* uniquely
determined by = = (7. Again by Proposition the triality groups (G, D, )
and (G*, DA, ) are isogenous. We call (G*, DA, 7%) (or any group with triality
that is isomorphic to it) an adjoint group with triality. As we shall see below,
every triality group that is isogenous to (G, D, 7) has central quotient isomorphic
to (GA, DA, ™).

The adjoint groups with triality have a particularly elementary characteriza-
tion.
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(7.7). PROPOSITION.

(a) The group with triality (G, D, ) is adjoint if and only if Z(G) = 1. In particular
(GMA, (DMA, (72)A) s equal to (GA, DA, ™).

b) The groups with triality (G*, D*,7®) and (G, D,7)CA are isomorphic.

(b) group y (G*, D%, D, P

PROOF. (a) If Z(G) = 1 then clearly (G, D,7) = (G*, DA, 7#) is adjoint. On
the other hand, by Lemma the adjoint group G has trivial center and
(GMA = GA.

(b) By design the element d of D and G acts as 74 on (G, D, 7)C. Therefore
there is a triality homomorphism from (G, D, 7) to (G, D, 7)CA that restricts to a
bijection on D. By Propositionthe group (G, D, )CA is covered by (G, D, ),
and by Lemma it has trivial center. Therefore (G, D, 7)CA is isomorphic to
the full central quotient of (G, D, 7), namely (G, DA, 7). O

Proposition |(7.7)| is the adjoint counterpart to Theorem [(7.2)] Compare the
following with Proposition |(7.6)

(7.8). PROPOSITION.

(a) The triality group (Go, Do, mo) is isogenous to (G, D, m) if and only if the groups
(G&, D,y and (G, D*, 1) are isomorphic.

(b) The triality group (Go, Do, o) is isogenous to (G, D,n) if and only if there is
a covering map C: (Go, Do, mp) — (GA, DA, 72).

PROOF. (a) If (Go, Do, ) is isogenous to (G, D, ), then by Proposition [(7.6)]
the groups (GY, DY, ny) and (GY, DY, 7Y) are isomorphic and cover (G, Dy, 7o)
and (G, D, 7). These in turn cover (G4, D, ) and (G, D, 7). Therefore by
Lemma the group (GY, DY, wY) covers both adjoint groups (G§, D§, 74') and
(GA, DA, ). By Proposition these groups are isomorphic, both being full
central quotients of (GY, DY, 7Y)

Conversely if (G§, D, 7y) and (GA, DA, 7*) are isomorphic, then by Propo-
sition

(Gg, Dy mg) = ((G)Y, (D), (m")Y)
~ ((GMY,(DMY, (#")Y) ~ (GY, DY, 7).

Therefore (G, Do, 7o) and (G, D,7) are isogenous by Proposition

(b) If (Go, Do, mp) is isogenous to (G, D, ), then by (a) the groups with trial-
ity (G, D§, 7)) and (G*, DA, 7A) are isomorphic; but by definition the group
(Go, Do, o) covers (Giy, D, mh). Conversely, if (Go, Do, m) covers the group
(GA, DA, ), then by Lemmaboth (Go, Dy, mo) and (G, D, ) are isogenous
to (G*, DA, 7™); so they are isogenous to each other. O

7.2. Universal and adjoint categories

The universal triality group category UTriGrp is defined to be the full subcat-
egory of TriGrp with object class consisting of the universal groups with triality.
The category UTriGrp* is the corresponding full subcategory of TriGrp*. By Theo-
rem the universal functor U = CB is a functor from TriGrp to UTriGrp taking
(G,D,7) to (GY, DY, 7VY). Similarly let U* be the functor from TriGrp* to UTriGrp*
taking (G, D,m,I) to (GY, DY, 7V, IV), where IV = (¢,d,é) for I = (c,d,e) with
c,d,e € D.
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The adjoint categories ATriGrp and ATriGrp™* are the full subcategories of TriGrp
and TriGrp* consisting of those objects that are adjoint.

(7.9). THEOREM. The group with triality

0= (Sym(?’)’ {<2v 3)5 (17 3)’ (17 2>}’, IdSym(S))
is both universal and adjoint, so it is a terminal object in UTriGrp and ATriGrp but is
not initial. The category UTriGrp™ is isomorphic to the pointed category UTriGrpy,,
and the category ATriGrp* is isomorphic to the pointed category ATriGrpy,.

ProOOF. The triality group Sym(3) is adjoint as it has trivial center and uni-
versal by its presentation as W(Ay). Therefore it is also terminal in the full sub-
categories UTriGrp and ATriGrp. The proof from Theorem that Sym(3) is not
initial goes over to the full subcategories, as there are groups with triality not iso-
morphic to the universal and adjoint Sym(3); and the isomorphism of TriGrp* and
TriGrpy, given there restricts to isomorphisms of the corresponding subcategories.
O

(7.10). THEOREM. For groups with triality (G1, D1,m1) and (G2, D2, m2) the
following are equivalent:
1) (G1,D1,m1) and (Ga, Dy, ) are isogenous in TriGrp.
) (G1,D1,m)U and (Ga, D2, m2)U are isomorphic in UTriGrp.
) (G4, D7) and (G%, D5, 5" are isomorphic in ATriGrp.
) (G1,D1,m)C and (G2, D2, m)C are isomorphic in CLSD.
) (G1,D1,m)CS and (G2, D2, m2)CS are isomorphic in Mouf.
PROOF. Statements (1) and (2) are equivalent by Theorem [(7.2)| and Proposi-
tion Statements (1) and (3) are equivalent by Proposition |(7.8)
Statements (4) and (5) are equivalent as S is a category equivalence.

Statement (1) implies (4) by Lemmal|(4.12)|(e]), while (4) implies (2) as U = CB
and B is a functor. O

(
(2
(3
(4
(

5

(7.11). COROLLARY. The functor C does not give an equivalence of the
categories TriGrp and CLSD.

PROOF. By Lemma the triality groups W(Dy,) and W(Dy)/Z(W(Dy))
are nonisomorphic but isogenous. By the theorem C takes these to isomorphic
objects in CLSD. But equivalences take nonisomorphic objects to nonisomorphic
objects. O

Similarly we have

(7.12). PROPOSITION.

(a) The map U = CB is a faithful functor from TriGrp to TriGrp but is neither full
nor dense.

(b) The map U* = C*B* is a faithful functor from TriGrp* to TriGrp* but is neither
full nor dense.

(¢) The functors C and C* are not full on TriGrp and TriGrp*.

(d) The functors B and B* are not dense on CLSD and CLSD*.

PRrROOF. C is a faithful and dense functor from TriGrp to CLSD by Proposition
while B is a faithful and full functor from CLSD to TriGrp by Theorem
This gives the faithful part of (a), and a similar argument gives the corresponding
part of (b).
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The group W (D) is universal (as revealed by its presentation in Proposition
and is isogenous but not isomorphic to W(Dy)/Z(W(Dy4)) by Lemma[(4.10)]
Therefore the isomorphism class of W(Dy)/Z(W(Dy)) is not represented in the im-
age of U or U*, and these functors are not dense. Furthermore (W(Dy)/Z(W(D,)))Y
and W(D,)Y are isomorphic in TriGrp and TriGrp* (both to W (D), in fact), and
this isomorphism cannot be the image under U or U* of any morphism from
W(D4)/Z(W(Dy)) to W(Dy); the functors are also not full.

As C and C* are dense while B and B* are full, but U = CB and U* = C*B*
are neither, C and C* are not full and B and B* are not dense. O

As (Sym(3),{(2,3),(1,3),(1,2)},Idgym(s)) is both universal and adjoint, The-
orem [(7.10)| gives us immediately

(7.13). THEOREM. For groups with triality (G1, D1, 71, I1) and (G2, D2, 72, I2)
the following are equivalent:
(1) (G1,Dq,m1, 1) and (Gs, Do, 7o, I3) are isogenous in TriGrp*.
(2) (Gy,Dy1,m1,11)U* and (Gs, Do, ma, I3)U* are isomorphic in UTriGrp*.
(3) (G, D&, mp I and (Gh, DY, w5, I2) are isomorphic in ATriGrp™.
(4) (G1,Dy,m1,1)C* and (G2, D2, 2, I3)C* are isomorphic in CLSD*.
(5) (G1,D1,71,11)C*S* and (Ga, Da, 7o, I3)C*S* are isomorphic in Mouf*. O

The previous two theorems might look better were we to define a map V from
TriGrp to ATriGrp by

V =CA with (G* D* %) ~(G,D,m)V,
in parallel to our earlier definition of the map U from TriGrp to UTriGrp given by
U=CB with (GY,DY,7Y)=(G,D,n)U.

We resist this temptation, since unlike U the map CA is not a functor. Indeed in
Corollary [(9.20)| below we prove that A is not a functor precisely by observing that
this would force CA to be a functor and then deriving a contradiction.

If a morphism is monic (or epic) then it certainly remains monic (or epic) in any
subcategory. But in passage to the subcategory we may have lost some morphisms
and so promoted other morphisms to monic (or epic) status. We now prove that in
the subcategories ATriGrp and UTriGrp of TriGrp there are no monic surprises.

(7.14). PROPOSITION.  Let (G,D,w) and (Go, Do, mo) be groups in ATriGrp,
and let f be a triality homomorphism from (G,D,n,I) to (Go, Do, mo,1o). The
following are equivalent:

1) f is monic in ATriGrp.

2) f is monic in ATriGrp*.

3) f is monic in TriGrp.

4) f is monic in TriGrp*.

5) f is an injection of G into Gy.

6) the restriction f: D — Dq is an injection.

PROOF. The objects of ATriGrp* are characterized within TriGrp* as those with
trivial center, so the full subcategory ATriGrp* is closed under the fibered product
of Proposition Therefore this result follows directly from Proposition
as Z(G) = 1. O
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(7.15). PROPOSITION. Let (G, D,w) and (Go, Do, ™) be groups in UTriGrp,
and let f be a triality homomorphism from (G,D,n,I) to (Go, Do, mo,1o). The
following are equivalent:

(1) f is monic in UTriGrp.

(2) f is monic in UTriGrp™.

(3) f is monic in TriGrp.

(4) f is monic in TriGrp*.

(5) ker f is central in G.

(6) The restriction f: D — Dq is an injection.

PROOF. The category UTriGrp™ is not closed under the fibered product. Instead
we show directly that f is monic in UTriGrp* if and only if it is monic in TriGrp*.
With that, the forgetful functor and Proposition give the full result.

As already mentioned, if f is monic in TriGrp* then it is monic in the subcate-
gory UTriGrp™.

Now assume that f in monic in UTriGrp*, and let g; and g2 be TriGrp* mor-
phisms from (G, D1,71,11) to (G,D,w,I) with g1 f = gof. Then the g;U* are
morphisms from (G, Dy, 71, I1)U* to (G, D, n,I)U* ~ (G, D, n,I) with

G U fU" = (g1 /)U" = (g2f)U" = g, U fU".
By Propositionthe restriction of the functor U* to UTriGrp* is an equivalence,
and especially fU* is monic in the subcategory as f is. Therefore in UTriGrp* we

find g U* = g2 U*. By Proposition [(7.12)| the functor U* is faithful, so g1 = go.
This proves that f is still monic in the supercategory TriGrp™. O
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Moufang Loops and Groups with Triality
are Essentially the Same Thing

More precisely we have the following two theorems.
(8.1). THEOREM. The categories Mouf, CLSD, and UTriGrp are equivalent.
(8.2). THEOREM. The categories Mouf*, CLSD*, and UTriGrp* are equivalent.

As in Lemma the categories from the two different theorems cannot be
equivalent to each other, since the categories of the second theorem all have zero
objects while none of the categories in the first theorem do.

Theorem follows from Theorem as the categories in the second the-
orem are equivalent to the pointed versions of those in the first theorem. The
relevant references are Theorems |(1.10)} [(2.15)} [(3.7)} and |(7.9)}

8.1. A category equivalence

By Theorem we know that Mouf and CLSD are equivalent via T. We
wish to construct equivalences according to:

T B
Mouf CLSD UTriGrp
S C

In a certain sense this has been done already via “proof by definition.” Namely
in Theorem we showed that B is faithful and full as a functor from CLSD
to TriGrp. By restricting to UTriGrp, the image of B, we have effectively defined
B to be additionally dense as a functor from CLSD to UTriGrp. Thus B gives an
equivalence of CLSD and UTriGrp by Proposition Rather than fill in the
details of this argument, we prove something that is more concrete.

(8.3). PROPOSITION. The pair of functors (B, C) is a category equivalence of
CLSD and UTriGrp.
Proor. We must prove:

(i) For every (G,D,w) € UTriGrp we can choose an isomor-
phism X(a,p,x) i Homyticp((G, D, ), (G, D, m)CB) such
that:

53
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for all
(G1,D1,m1), (G2, Da,m2) € UTriGrp
and each
f € Homytrigrp ((G1, D1, m1), (G2, D2, m2)),

we have

fCB = x(*éhDhm)fX(GQ,DQ,m) ‘

(ii) For every (P,S) € CLSD we can choose an isomorphism
d(p,s) in Homersp((P,S), (P, S)BC) such that:

for all
(Ps,S3), (Py, Sa) € CLSD
and each
¢ € Homcysp((Ps,53), (P1,S4)),
we have

-1
QOBC = 6(P3,SS)%06(P4,S4) .

The morphism f of Homytigrp((G1, D1, 1), (G2, D2, m2)) is completely and
uniquely determined by its restriction taking the set D; to the set Ds. Also ¢ of
Homcisp((Ps,S3), (P4, S4)) is determined by its action mapping the set Ps to Pjy.
In a similar manner, the functor C is completely and uniquely determined on each
object (G, D, ) of UTriGrp by the identity inclusion t: D — D = Pig p,r) = P
given by d — d. The functor B is determined on each object (P, S) of CLSD by the
bijection t: P — P = D given by p — p = pt. The morphisms fC and ©B are
then uniquely determined by the commutative diagrams

D1L>D1:P1 Pg&pgiDg
N
Dy —25 Dy =Py P, " P, =D,

For (i), given (G,D,m) € UTriGrp the morphism x(g,p,) is the element of
Homymricrp ((G, D, ), (G, D, m)CB) uniquely determined by
X(G,p,m)|p = t(@.p.mtG.Dx)C -
Thus (G, D, w)X@.pm = (G, D,w)U, which is isomorphic to (G, D, n) by Propo-
sition |(7.6)[c). Furthermore, with fC = ¢, P, = P5, and P, = P,, we glue the
diagrams together at the middle to get
JCB =¢B =1t fiats = X7 X2,

as required for (i).
For (ii), given (P,S) € CLSD the morphism 0(p g is the unique element of
Homcsp((P, S), (P, S)BC) determined by

dp.s)lp = tps)(p,s)B -

As t(p,s) (by Lemma|(5.4)) and ¢(p g are both bijections, so is their composition
d(p,s)- Then by Lemma the morphism 6(p g) is an isomorphism.
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With ¢B = f, D3 = Dy, and Dy = Dy, we now glue the outsides of the
diagrams together and get

pBC = fC = LgltglgomM = 53_14,054,
as required for (ii). O
This proves Theorem |(8.1)[ and so also Theorem |(8.2)] as discussed above.

8.2. Monics

In Propositions [(6.2)| [(7.14)l and [(7.15)| we studied monic morphisms in the
category of groups with triality and found that they are close to injective.

(8.4). THEOREM. In Mouf, Mouf*, CLSD, and CLSD* a morphism is monic
if and only if it is injective on the appropriate underlying set.

PROOF. This is immediate from Proposition |(7.15)|and Theorems|(7.2) m
7.13)] [(8.1)] and [(8.2)]

On the other hand, it is likely that in these categories epic morphisms need not
be surjective.







Chapter

Moufang Loops and Groups with Triality
are Not Exactly the Same Thing

On the other hand, the basic categories Mouf and TriGrp are not equivalent,
nor are Mouf* and TriGrp*.

(9.1). THEOREM. The category Mouf is not equivalent to the category TriGrp
or to the category ATriGrp.

(9.2). THEOREM. The category Mouf* is not equivalent to the category TriGrp*
or to the category ATriGrp*.

(9.3). THEOREM. No two of the categories TriGrp, UTriGrp, and ATriGrp are
equivalent.

(9.4). THEOREM. No two of the categories TriGrp*, UTriGrp*, and ATriGrp*
are equivalent.

By Theorems|(8.1)]and [(8.2)] the categories Mouf and UTriGrp are equivalent, as
are Mouf™ and UTriGrp*. Therefore Theoremsand are actually contained
in Theorems and

Furthermore using Theorem we could deduce Theorem from The-
orem [(9.4)] Therefore this last theorem is the only one that requires proof. That
is not quite the approach we take.

9.1. Mouf and TriGrp are not equivalent

By Theorem the categories Mouf and UTriGrp are equivalent. Therefore
to prove that Mouf is not equivalent to TriGrp it is enough to prove that UTriGrp is
not equivalent to TriGrp. At the same time we prove that ATriGrp is not equivalent
to TriGrp.

By Theorem these results are immediate consequences of the nonequiv-
alence of the corresponding pointed categories, to be proved in the next section.
Thus this short section is not necessary. Nevertheless we provide it, since it follows
the same path as the later arguments but with simpler details.

Each category TriGrp, UTriGrp, and ATriGrp has an object O that is terminal
but not initial, namely O = (Sym(3), {(2,3), (1, 3), (1,2)}, Idsyms))-
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Recall from Section that the morphism f from (G, D,r) to (Go, Dy, )
is terminal-surjective if, for every a € Hommicrp (O, (Go, Do, mp)), there is a b €
Hommigrp (O, (G, D, m)) with a = bf. Equally well the terminal-order of the tri-
ality group (G, D,n) is [Hommicro(O, (G, D,7))|. Category equivalences respect
terminal-order and terminal-surjectivity. Terminal-surjectivity and terminal-order
are also unchanged by passage to full subcategories such as UTriGrp and ATriGrp
within TriGrp.

(9.5). PROPOSITION.

(a) (G, D, ) has terminal-order |D|?/9. In particular (G, D, ) is a terminal object
if and only if it has terminal-order 1.

(b) For the map f € Homigp((G, D, ), (Go, Do, ™)) the following are equivalent:
(1) f is terminal-surjective.
(2) flp: D — Dy is surjective.
(3) f: G — Gy is surjective.

Proor. (a) (Compare Lemma |(3.1)l) Each line I is uniquely determined by
t1 =10(2,3)"  andty=1nN(1,3)" . There are |D|/3 choices cach for ¢1 and t,.

(b) As G is generated by the class D and Gy is generated by the class Dy which
contains DY, f is surjective if and only if f|p is onto Dy. Let dy € Dy, and choose
a line Iy = (dp, eo) in Go. Then there is a line I = O* with O*f = I = I if and
only if there are d,e € D with I = (d,e) and df = dy, ¢/ = eyg. That is, f is
terminal-surjective if and only if f|p is onto Dy. O

Since a covering map from (G, D, 7) is precisely a triality homomorphism whose
restriction to D is a bijection, Proposition gives directly:

(9.6). COROLLARY. A morphism of TriGrp is monic and terminal-surjective
if and only if it is a cover. O

An important consequence of the corollary is that isogeny in TriGrp can be
recognized categorically. Indeed the corollary gives a categorical characterization
of covering, and isogeny is the equivalence relation generated by (symmetrized)
covering.

Isogenous objects within the full subcategories UTriGrp or ATriGrp of TriGrp are
isomorphic, therefore we immediately have:

(9.7). COROLLARY. In the categories UTriGrp and ATriGrp a morphism is
monic and terminal-surjective if and only if it is an isomorphism. O

(9.8). COROLLARY. In TriGrp the map W(Dy) — W(Dy)/Z(W(Dy)) is a
monic and terminal-surjective morphism but is not an isomorphism.

PROOF. This is immediate from Lemma |(4.10)] O
By the previous two corollaries TriGrp cannot be category equivalent to UTriGrp

or ATriGrp. This provides half of Theorem|(9.1), as Mouf and UTriGrp are equivalent,
and two-thirds of Theorem

9.2. Mouf* and TriGrp* are not equivalent

By Theorem the categories Mouf* and UTriGrp* are equivalent. There-
fore to prove that Mouf* is not equivalent to TriGrp* we may prove instead that
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UTriGrp” is not equivalent to TriGrp*. At the same time we show that ATriGrp* is
not equivalent to TriGrp*.

The proof is in spirit the same as that of the previous section, but the details are
messier. The categories TriGrp™, UTriGrp”, and ATriGrp* again have the object O =
(Sym(3),{(2,3),(1,3),(1,2)},Idgym(s), Sym(3)), but it is now a zero object—both
terminal and initial. In this case all objects have O-order 1 and every morphism is
O-surjective, so we must look elsewhere.

Recall various categorical concepts from Section [[.5} The nonzero object Z of
a category C with zero objects is a Z-object provided it satisfies:
(i) for all nonzero A there are nonzero f € Homc(Z, A);
(ii) if Homc (A, Z) contains nonzero morphisms, then there are
morphisms f € Homc(A, Z) and g € Homc(Z, A) with gf =
12;
(iii) a nonzero idempotent in Endc(Z) must be 1.
In C there is at most one isomorphism class of Z-objects by Lemma
Let Z be a Z-object in C. The morphism f € Homc(X,Y') is Z-surjective if,
for every a € Hom¢(Z,Y), there is a b € Hom¢(Z, X) with a = bf. The Z-order of
the object X of Cis [Homc (A, X)|. Both Z-order and Z-surjectivity are unaffected
by category equivalence or passage to full subcategories containing zero objects.
The following proposition motivates the terminology.

(9.9). PROPOSITION.

(a) In Mouf* the group (Z,+) is a Z-object.

(b) In Mouf* the Moufang loop L has Z-order |L|. In particular L is a zero object
if and only if it has Z-order 1.

(c) In Mouf* a morphism is Z-surjective if and only if it is surjective on the ap-
propriate underlying set.

PrOOF. Recall from Proposition that Moufang loops are power as-
sociative; that is, a subloop generated by a single element is a cyclic subgroup.
Therefore, for every element x € L, the map ¢,: 1 — x extends uniquely to a
morphism ¢, € Hompous+ (Z, L), and every morphism of Hompmeufr(Z, L) has this
form. In particular, |[Hommeufr (Z, L)| is the number of such ¢, namely |L|, giving
(b) (subject to (a)).

Similarly for (c), let f € Homc(X,Y). Then every ¢, for y € Y, factors as ¢, f,
for some x € X, if and only if the map f: X — Y is surjective at the set level.

It remains to prove (a):

(i) There are nonzero morphisms in Homc(Z, A) if and only if |A| # 1. That is, if
and only if A is not a zero object in Mouf*.

(ii) Every fo € Hommouf~ (A4,Z) has image mZ for some integer m, and the map
is nonzero precisely when m is not 0. Let fy be a nonzero map with image mZ,
and choose an element a of the loop A with a* = m. Then af = 1 extends to
a surjective morphism f: A — Z. The map g = ¢, € Hompmous (Z, A) given by
19 = @ then has 19/ = (19)f = a/ = 1. Therefore gf = Idz, as desired.

(iii) Each endomorphism of Z is multiplication by some fixed integer m. Therefore
the only nonzero idempotent is given by m = 1. O
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(9.10). PROPOSITION.

(a) In TriGrp* the group W(Ay) is a Z-object.

(b) In TriGrp* the group (G,D,w,I) has Z-order |D|/3. In particular the group
(G,D,m,I) is a zero object if and only if it has Z-order 1.

PRrROOF. Let (W, Dy, 7w, Iw) be the triality group
W =W(Ay) = (rce|r*==e=1, (rc)® = (re)’ = (ce)®> = 1)
of Lemma where we set Dy ="V, Iy = (r,c), and
W = (2,3), ™ =(1,3), (rer)™ =¢™ =(1,2).

(i) In the group with triality (G, D, I) let I = (x,y) with 2™ = (2,3) and y™ =
(1,3). For every element w € Dy 2) = (1, 2)’771 N D, the map
rv =x, cv=y, ev=w

extends uniquely to ¢, € Hommicror (W, Dw, 7w, Iw), (G, D, m,I)), giving every
morphism of this set. Therefore there are nonzero morphisms if and only if D, o) #
{zyz}. That is, if and only if (G, D, , I) is not a zero object in TriGrp*. Equally well
[Homrige: (W, Dw . mw . Iw). (G, D.7.1))| = | D | = |DI/3, giving (b) (subject
to (a)).
(ii) Every fo € Homwigrer (G, D, 7, I), (W, Dw, 7w, Iw)) has image mZ? x Iy for
some integer m, and the map is nonzero precisely when m is not 0. Let fy be such
a nonzero map. In particular z/° = r and yf = ¢. Choose an element w of D
with wfo = (m,m)rer. Then zf =1, yf = ¢, wf = e extends to a surjective map
f: (G,D,Tr,[) — (I/V,Dw,ﬂ'w,lw).

The map ¢ in Homwigrp (W, Dw, 7w, Iw ), (G, D, m,I)) given by r9 =z, ¢9 =
y, 9 = w then has 797 =r, ¢9f = ¢, €9/ = e. That is, gf = L@, p,x,1), as desired.
(iii) Each endomorphism of Z? x Iy taking Iy to itself is completed by multipli-

cation of Z2 by some fixed integer m. Therefore the only nonzero idempotent is
given by m = 1 and s0 is L(w,py 7w, 1) - O

The adjoint group with triality W(Zg) is also universal since any cover must be
generated by three transpositions satisfying the same defining relations as W (As).

From this it is not hard to show that each W, (Az2) is universal (although it is
adjoint only when 3 does not divide n by Lemma |(4.9)).

(9.11). PROPOSITION.  For f € Hommigrp (G, D, , I),(Go, Do, o, 1Io)) the
following are equivalent:
(1) f is Z-surjective.
(2) flp: D — Dy is surjective.
(3) f: G — Gy is surjective.

PRrROOF. As G is generated by the class D and Gy is generated by the class Dy
which contains D7, f is surjective if and only if f|p is onto Dy.

Let wo € Dy with wg® =t € Sym(3), and let Iy = (xo, yo) with z5° # t # y5°.
Thus r° = xg, ¢ = yp, r*° = wp extends to a morphism ¢y to (Go, Do, 7o, Ip) from
W (A,), realized as (W, Dy, mw, Iwy) as above.

Any morphism ¢ from (W, Dy, 7w, Iw) to (G, D, n,I) is described by r* = x,
¢ =y, and e* = w where w™ =t and I = (z,y). The map f is Z-surjective if and
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only if for every ¢o there is an ¢ with ¢y = ¢f. This is true in turn if and only if for
each wy € Dy there is a w € D with w/ = wq. Thus f is Z-surjective if and only if
f|p is onto Dy. O

This together with Proposition [(6.2) again gives three corollaries.

(9.12). COROLLARY. A morphism in TriGrp* is monic and Z-surjective if and
only if it is a cover. O

As before, an important consequence is that isogeny in TriGrp* can be recog-
nized categorically. The corollary gives a categorical characterization of covering,
and isogeny is the equivalence relation generated by (symmetrized) covering.

(9.13). COROLLARY. In the categories UTriGrp* and ATriGrp* a morphism is
monic and Z-surjective if and only if it is an isomorphism. O

(9.14). COROLLARY. In TriGrp* the map W(Dy) — W(Dy4)/Z(W(Dy)) is a
monic and Z-surjective morphism but is not an isomorphism.

PROOF. This is again immediate from Lemma |(4.10) O

The two corollaries say that TriGrp* cannot be category equivalent to UTriGrp*
or ATriGrp*. This provides half of Theorem as Mouf* and UTriGrp* are
equivalent, and two-thirds of Theorem [(9.4)

9.3. Mouf* and ATriGrp* are not equivalent

Theorem 3.6 of [HalNO1] suggests (but fortunately does not state) that the cat-
egories Mouf and ATriGrp* are equivalent. This is certainly not the case. (ATriGrp*
has zero objects while Mouf has terminal objects that are not initial.) However
this does raise the question as to whether Mouf and ATriGrp are equivalent and,
similarly, Mouf* and ATriGrp*.

This seems unlikely, as it would say that UTriGrp and ATriGrp or UTriGrp™ and
ATriGrp* are equivalent. On the other hand, the arguments of the previous two
sections will fail since U: ATriGrp — UTriGrp and U*: ATriGrp* — UTriGrp* are
faithful functors that are dense (indeed give bijections of isomorphism classes) and
respect the appropriate orders and surjections.

In the previous two sections, we used the fact that the groups with triality
W(Dy) and W(Dy)/Z(W(Dy)) are isogenous but not isomorphic. We then needed
to realize this categorically. Here the crucial observation we use is more complicated:

The adjoint group with triality W3(l~)4) contains as a subgroup
the universal group W(Dy), but it does not contain as a subgroup
the adjoint group W(Dy4)/Z(W(Dy)).

The categorical rendering is correspondingly more complicated.

(9.15). PROPOSITION.

(a) There are, up to isomorphism and up to isotopism, exactly two loops of order
4: the cyclic and elementary abelian groups of order 4.

(b) There are, up to isomorphism and up to isotopism, exactly six Moufang loops
of order 12. Each has a subloop of order 4.
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PROOF. (a) It is an easy and pleasant exercise to see that there are only two
types of 4 x 4 Latin squares.

(b) Chein and Pflugfelder [ChP71] proved that the Moufang loops of order 12
are (up to isomorphism) the five groups of order 12 and one nonassociative Moufang
loop of order 12, the smallest nonassociative Moufang loop. That loop is, in fact,
W3 (D,)CS and has W(D,)CS as a subloop of order 4. Each group of order 12 has
Sylow 2-subgroups of order 4. O

In the category C, a subobject of the object B is defined as an appropriate
equivalence class of monic morphisms f € Homc (X, B) for various isomorphic X;
see [Jac89| p.18]. We only need a weaker (and somewhat abused) version of this.
We say that B has X as a subobject if there is at least one monic morphism in
Homc (X, B). Category equivalences take subobjects (in this sense) to subobjects.

(9.16). COROLLARY.

(a) In Mouf* there are, up to isomorphism, exactly two loops having Z-order 4: the
cyclic and elementary abelian groups of order 4.

(b) In Mouf* there are, up to isomorphism, exactly six Moufang loops having Z-
order 12. Each has a subloop of Z-order 4.

PROOF. Part (a) and the first sentence of (b) are immediate from the corre-
sponding parts of the proposition. Let the Moufang loop @ of Z-order (and order)
12 have the subloop X. That is, there is a monic map f € Hompeus (X, Q). By
Theorem the map f is injective. Therefore L has a subloop isomorphic to X,
and the result is completed by the last sentence of the proposition. O

(9.17). COROLLARY.

(a) In UTriGrp* there are, up to isomorphism, ezactly two triality groups having
Z-order 4: W4 (Ay) and W(Dy).

(b) In ATriGrp* there are, up to isomorphism, ezactly two triality groups having
Z-order 4: W4(Ay) and W(Dy)/Z(W(Dy)).

PrOOF. By Theorem and the previous corollary, there are only two
isomorphism classes of universal triality groups with Z-order 4. By Lemmas
and one contains Wy (Ay), with trivial center, and the other W(D,) with
center of order 2. This gives (a), and (b) follows immediately. O

Similarly by Theorem

(9.18). COROLLARY. In UTriGrp* there are, up to isomorphism, exactly siz
triality groups with Z-order 12. Each has a triality subgroup of Z-order 4. O

On the other hand:

(9.19). LEMMA. In ATriGrp* the group with triality W3(54) has Z-order 12
and has no triality subgroup of Z-order 4.

Proor. By Lemma the group Ws(Dy) is adjoint and has Z-order 12.
For it to have in ATriGrp”™ a subgroup of Z-order 4 there would need to be a monic
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map to it from either W (Az) or W(Dy)/Z(W(Dy)) by Corollary By Propo-

sition such a monic map is an injection. But W5(D,) does not have triality
subgroups W4(As) or W(Dy)/Z(W(Dy)), again by Lemma O

The lasts two corollaries show that UTriGrp* and ATriGrp™* are not equivalent.
This completes the proof of nonequivalence stated in Theorem |(9.4)| and also that
of Theorem |(9.2)| since Mouf* and UTrlGrp are equivalent.

Furthermore by Theorems and [(7.9)] the categories of Theorems
and [(9.4)| may be thought of as the pointed counterparts to the categories of The-
orems [(9.1)] and [(9.3)} which thus are also nonequivalent by Theorem com-
pleting the proof of those theorems.

Similar arguments to those of this section lead to the following, which was
promised in Chapter [5}

(9.20). COROLLARY. The map A: CLSD — TriGrp is not a functor.

PROOF. Let W be the triality group W(D,) and W the corresponding adjoint
group W(Dy)/Z(W(Dy)) as in Lemma Let T be the adjoint group W3(Dy)
as in Lemma

Next let (P, S) = WC ~ WC and (Pr, St) = TC, so that

(P,SYA=WCA~WCA~W
and
(PT, ST)A =TCA~T.
The group W3(l~)4) is the split extension of a 3-group by W(Dy), so in TriGrp

there are morphisms

w1 9, w

with fg=1w. As (P,S) = WC and (PT7ST) = T'C we then have in CLSD
(P, S) —— (Pr,S1) —— (P.S)

with ngC = 1(p’_g).
Were A to be a functor, then CA would also be a functor and we would get
new morphisms in TriGrp:

(P,S)A L4 (Pr, Sp)A 222 (P, S)A
with fCAgCA = 1(p gya. That is, there would be in TriGrp morphisms

WLT—H/V

with fogo = 137 But T~ Ws(Dy) has no subgroup W(D,)/Z(W(D,)) by Lemma
(4.11)] so there are no such morphisms. O
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The Functors S and M

We already have concrete constructions of the equivalences T, B, and C, even
on the parent categories Loop, LSD, and TriGrp. In this chapter and the next we
discuss more precisely the remaining S, M, and G and their pointed versions.

G
Mouf _ UTriGrp
M
T B
S C
CLSD

10.1. S and S~

We first define the functor S* from its parent category LSD* to Loop*. This
then leads to S from LSD to Loop as well as the restrictions of S* to CLSD* and S
to CLSD.

Let (P,S) € LSD with I a line of S. We identify (P,S) with an isomorphic
Latin square design by renaming its points. First relabel the elements of P® as
{zg | * € Q} for a set Q with 1 € Q so that 1z = I N PE. Next we let [ =
(1w, 1c, 1g); and, more generally, for each z € Q, rename the points xg € PR and
zc € PC according to

(mR, lc,.’EE)7 (1R,xc,xE) €s.

We can now define on @ the structure (Q,-) whose binary operation is given
by

(xRa Yo, (1[,’ : y)E) €s.

As (P, S) is a Latin square design, (Q, ) is in fact a loop with identity element 1.
We set (Q7 ) = (Pv Sv I)S*

67
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If f S HOmLSD*((P, S, I),(PQ,S(),I())) with M = (Po,S(),IQ)S* then fS* S
Hompou* (Q, M) is the homotopism («, 3,7) given by

% =1x9 where x{{ = (2o)r,
v’ =yo where yl = (y)c,
27 =29 where zé = (20)E -

This completes the description of S*. For S, we must define the various (P, S)S
and fS for f € Homsp((P,S), (Po, So))-

For each (P,S) € LSD choose a line I = Ipg). Then we set (P,5)S =
(P,S,I(ps))S*. (Recall that we are viewing Loop™ as a subcategory of Loop.)
For every g € Hom|sp((P,S), (Py, So)) there is a unique line Iy = IE"P g in So with
91p.s, € Homisp«((P, S, I(ps)), (Po; So, Io)). (Note that Ip need not be equal to
I(p,,sy)-) We then set gS = g1, . S*. As the initial choice of I(pg) was arbi-
trary, this fabrication of the functor S from S* is not canonical; however replacing
I(p,s) by some other line I of (P, S) replaces (P, S)S by a loop isotope. Since iso-
topism is isomorphism in the category Loop, this does not cause a problem for our
construction of the equivalence S]]

By design (P, S,I)S*T* and (P, S,I) are isomorphic. Therefore by Theorem
the restriction of S* to CLSD* has its image in Mouf*, and correspondingly
the restriction of S to CLSD has its image in Mouf.

10.2. M and M*

We effectively construct the functors M* from TriGrp* to Mouf* and M from
TriGrp to Mouf as the compositions M* = C*S* and M = CS.
Let (G, D, ) be a group with triality. For the line I = I(g p ), we set

n=In23"" a=In(13)"  e=In(,2" .

We then let (1,2)™ " = {e, | h € Q} for a set Q (with 1 € Q).
Next for each z € @ set

re = (c1,e) N(2,3)" and ¢, = (ri,e,) N (1,3)" .
We define on @ the structure (@, ) with binary operation given by
€y = (ruycy) N (1,2)7 .

As (rz,cy) = (rg, a.y) = (€a.y, Ccy) intersects D in {ry, cy, €5y}, any two of z,
y and x - y determine the remaining one uniquely; so (@, -) is a loop with identity
element 1. Furthermore by construction the elements of D act as a full collection of
central automorphisms on the Latin square design QT, so by Theoremthe loop
@ is a Moufang loop. We set (Q,-) = (G, D, n,I)M* and so (Q,-) = (G, D, m)M.

If f € Homwigep* ((G, D, 7, I),(Go, Do, 7o, Ip)) with the Moufang loop M =
(Go, Do, 7o, In)M* then fM* € Hompmous (@, M) is the homotopism (o, 8,7) given

LAt the highest level, we are invoking the Axiom of Choice in these arguments. But at the
lowest level, for any particular Latin square we are merely choosing a cell to play the roll of the

identity, as in Remark |(2.3)| and our proof of Theorem |(3.14)
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by
a f—
x* =x9 where 1 =1y,
B — f—
y” =yo where ¢ =cy,
27 =2 where ef =e,,.

For g € Hommiigrp ((G, D, ), (Go, Do, mo)) there is a unique line Iy = I9 of the trial-
ity group (Go, Do, mp) with g inducing g; € Hommiigro* (G, D, 7, I), (Go, Do, 70, Ip)).
In this case we let gM be gyM* viewed as an element of Hommoeu (Q, M).

As an example, we consider the triality groups introduced in Section [f.2.1}—the
wreath products Wr(H,3) for H a group. A version of this is already in Doro’s
paper [Dor78| p. 385].

(10.1). THEOREM. Let H be a group and D the conjugacy class of the
full wreath product H ! Sym(3) containing the transposition class of Sym(3). Set
Wr(H,3) = (D), and let 7 be the projection homomorphism from the wreath product
and Wr(H, 3) to Sym(3). Then the Moufang loop

(Wr(H,3),D,r, Sym(3))M*
is isomorphic to the group H.
ProOOF. We construct the loop (Q,-) as above. Set
r1=1(2,3), a=(13), e =1(2,3).
Next (1,2)™ = {en | h € Q} is given by
en =hi'he(1,2), forhe H,

by Proposition |(4.5)(a). In particular we may identify the set @ with H.
For each x € H we define

re = (1) N(2,3)" = (1,3)27 ' 22(1,2)(1,3) = 25 25(3, 2)
and
ey = (r1,ey) N (13T = (2,3)y; 'a(1,2)(2.:3) = w1 '9a(1,3).
Finally the product z - y of the two elements z,y € @ = H is given by
€y = (ra,cy) N (1,2)7
= (23 22(3,2)) (41 (1, 3)) (w5 22(3, 2))
= x5 way; y2(3,2)21 'w2(1,3)(3,2)
= w3 ' woy; 'yawy 'w3(3,2)(1,3)(3,2)
= (zy)1 ' (zy)2(1,2)
=gy -
Thus z -y = zy, and the loop (Q, ) is isomorphic to the group H. O

We do not prove the following similar theorem here, but results equivalent to
it can be found in [GrZ06), Prop. 1] and [Hal06 §4].

(10.2). THEOREM. Let H be a group and D the conjugacy class of the
full wreath product H ! Sym(4) containing the transposition class of Sym(4). Set
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Wr(H,4) = (D), and let ™ be the homomorphism from the wreath product and
Wr(H,4) to the quotient Sym(3) of Sym(4). Then the Moufang loop

(Wr(H,4), D, 7, Sym(3))M*

is isomorphic to the Chein generalized dihedral loop having H of index 2, as con-

structed in Theorem |(2.16)
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The Functor G

In this chapter we give a construction of the functors G and G*. We then
discuss the properties of universal groups with triality in terms of their associated
Moufang loops.

11.1. G and G*

The functor TB gives an equivalence of Mouf and UTriGrp by taking the loop
@ to the universal group with triality G(Pgr, Sgor). We wish a more direct and
simpler version of this functor.

(11.1). PRESENTATION. For the quasigroup Q, the group Gg has the following
presentation:
Generators:
rz, Cz, and e, for arbitrary x € Q;
Relations:
for arbitrary x,y € Q:
Mrr=c=e=1;
(2) racyre = CyreCy = €gy-
The map
fe —(2,3) ¢ — (1,3) e, —(1,2)
gives a homomorphism onto Sym(3). Thus the relation (2) effectively says that, for
each pair z,y € @, the subgroup (rs, ¢y, e5y) is isomorphic to Sym(3).

We have immediately:

(11.2). LEMMA. If (o, B3,7): @ — M is an surjective homotopism of the
quasigroups Q@ and M, then the map

Fp —> Fga Cp —>CuB8 €5 — €4y

extends uniquely to a surjective homomorphism of groups from Gg to Gps. Espe-
cially an isotopism (o, B,7) extends uniquely to an isomorphism of Gg an Gp.
O

In particular by Lemma it is always possible to replace the quasigroup @
of the presentation with a loop.

71
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(11.3). THEOREM. For a loop Q the groups Gg and G(Pgr, Sgr) are iso-
morphic universal groups with triality under the map

fp — TR Cox — Te €, — Tp
The transposition class of the universal group with triality Gg is its generating set
Dg ={ry,cp,e; | 2 €Q} and the map mg: D — Sym(3) is given by
e (2,3) = (1,3) e —(1,2).
For every z,y € @ the restriction of mg is an isomorphism of (ry,cy,ez,) and

Sym(3). Especially Io = (r1,c1,e1) is a line of the group with triality (Gg, Do, mq).
The loop Q is a Moufang loop if and only if each of the maps

Ty, T>Cp, T ey
is a bijection of Q and the corresponding subset Dg N (i,j)”é1 of Gg.

PRrROOF. Clearly the map ¢ is a bijection of the generating sets for the two
corresponding free groups, so we must show that ¢ takes the relations for Gg
to relations valid in G(Pgr, Sor) and conversely that ¢~! takes the relations m
for G(Pgr, Sgr) to relations valid in Gg. This is clearly the case for the relations
[(TT.D)](1) and[(5.1)(1) which merely state that all generators square to the identity.

Consider first the relations

reCyle = €zy  and  CyryCy = egy

of |(11.1)(2). Under ¢ these become
TrYcTr = Yy and  YoTrYc = TYg -
As {Zr,Yc, 2yg} is a line of (Pgr, SgT), both of these are relations under 2).
Conversely, for each line {Zgr, yc, 2yg} of (Por, Sgr) we have the following six
relations of 2) and their images under =1
—1
EERgCEER = TYg S lzCyle = €xy
-1
YCcTRYC = TYg L_> CylzCy = €y
—1
TRTYRIR = YC L—> lz€ryle = Cy
—1
YoTYplc = TR —— Cy€ryCy = Iz
-1
TYRJoTYR = TR — €ryCyluy = Iz
—1
TYRTRTYp = Yo — Cayluoy = Cy -
In particular, the first two relations from (2) are sent by =1 to relations of
(11.1){2). Indeed the subgroup (ry,cy,esy) of Gg satisfies the relations

r2 = CZ =1 and (ryc,)® = (racyrs)(cyracy) = eiy =1
and so is a homomorphic image of W(A3) ~ Sym(3). On the other hand mg
clearly is a homomorphism of Gg onto Sym(3), so mg restricts to an isomorphism
of (ry,cy,eszy) and Sym(3), as claimed.

Now all the relations of 2) are sent by =1 to relations that hold within
(rz,Cy, €zy) =~ Sym(3). Therefore ¢ gives an isomorphism of Gg with G(Pgr, SoT).
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From Lemma and Proposition we know that G(Pgr, Sgr) is a uni-
versal group with triality whose transposition class is {Zr,Zc,Zg | ¢ € @ } and
that its projection map 7 is determined by

Ir— (2,3) ZTcr— (1,3) g+~ (1,2).

Therefore under the isomorphism +~! the group G is a universal group with triality
whose transposition class is

~ —~ —~ -1
{IR,.IC,:CE‘IEQ}L :{r.’racrvel‘|x€Q}

and whose projection map mq is ¢7.

By Lemma the loop @ is Moufang precisely when there is a bijection
between the points of the Latin square design and the elements of the generating
conjugacy class. O

As a consequence of the theorem, we may set QG = (Gg, Dg,mg). For the
morphism («, 8,7) € Homjeep(Q, M) the corresponding morphism of UTriGrp is
(@, 8,7)G = (a,b, ¢) given by

¢ =rpa o =cps € =eu.
Recalling that Ig = (r1,c1,e1), we define QG* = (Gg, Do, 7g,Ig). The theorem

then immediately gives:

(11.4). COROLLARY.

(a) QG and QTB are isomorphic in TriGrp and UTriGrp.
(b) QG* and QT*B* are isomorphic in TriGrp* and UTriGrp*. O

11.2. Properties of universal groups

The following properties of universal groups coming from Moufang loops will
be of interest in Section m By Proposition every Moufang loop is an
inverse property loop, has two-sided inverses, and satisfies the antiautomorphic
inverse property (zy)~! = y~lz~!. In particular, part @ of the proposition below
is unambiguous as stated.

(11.5). PROPOSITION. Let G = Gq for Q a Moufang loop, and let K = kermg.
Setn=ry,0=cy, e=eq, and u = no = oe. Further let H = Ck(n), the subgroup
of all elements of K that commute with 1. For each x € Q define R, = c;c1 and
then set R={R, |z € Q}.

(a) For distinct x,y in Q we have R, # R, and R;' = Ry1.

(b) The set R equals {[k,o] | k € K} and is a set of right (and left) coset repre-
sentatives for H in K.

(c) RgRy € HRy,y.

(d) Rey =R, R, R =R"R R .
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PROOF. () As Q is Moufang, if z # y then ¢, # c, by Theorem
Therefore R, = c;c1 # cyc1 =Ry, Also

R;l = CiCy
=C (ezex)cx(exew)
= c1ez(exCrey)es
= C1€Nne;
= cieg(cici)ri(cicr)es(cicr)
= (c1esc1)(ciricr)(ciesci)er
= rz€1rzCy
= Cp—1C1 = qu .

(]EI) The group K acts transitively by conjugation on rf C {r, | 2 € Q} with
stabilizer H = Ck(r1) = Cx(n). Because (czc1)™ = 1, each R, of R belongs to K
with rite = S+ = &% = r,. Therefore r¥ = {r, |z € Q}and R={R, |z € Q}
is a set of right coset representatives for H. Furthermore

o =) =) ={rg zeQ}={c. |2€Q},
and so R={[k,c1] | k€ K} ={[k,0] | k € K }. Finally R is closed under inverses
(by (&), so it is also a set of left coset representatives.
H We must prove that Rg[‘,lzlyR;y1 € H = Ck(n). That is, we must show that

(cz€1)(cyc1)(Cayc1) ™! = cpC1¢yCyy centralizes ri. Indeed

I’chl CyCay

RO gty = e = e =1y

@ We have
Ry " R,R; " = (cyc) )" (cac) (cye) ™)

= (ncr)(crcy)(carn)(cac)(cirn)(cicy)(ric)
= ri(cic1)cyciricg(cicr)ricicyricy
= r1¢,C1(r1Csr1)C1Cyrica
= ricy(crezc1)cyrica
= ri(cyracy)ric
= (riegyr)ca
= CgyC1 = Ray -

This gives the first equality. The second can be proved in a similar way, but it also
follows from the first if we use Ry,' = R(a)-1 = Ry-1,-1 from (a)). O

We also have new versions of the universal functors U* and U.

(11.6). THEOREM.
(a) For every group with triality (G, D, I) the groups
(G,D, 7, ) M*G”* and (G,D,r,I)U*
are isomorphic in TriGrp* and UTriGrp*. In particular, every universal group
with triality (G, D,w,I) is isomorphic to QG* for the Moufang loop Q =
(G, D, w, I)M*. Furthermore for every Moufang loop Q, we have QG*M* iso-
morphic to Q.
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(b) For every group with triality (G, D, ) the groups
(G,D,m)MG and (G,D,n)U

are isomorphic in TriGrp and UTriGrp. In particular, every universal group with
triality (G, D, ) is isomorphic to QG for the Moufang loop Q = (G, D, m)M.
Furthermore for every Moufang loop @, we have QGM isomorphic to Q.

PRrROOF. On (G, D, m, I) the functor M*G* is realized by
To b3 Iy Cp o Cyp  €g > €y

taking (G, D, m,I) to the universal group with triality QG* for the Moufang loop
Q = (G, D,m, I)M*. The inverse map
1 L 1
fp — Ty Cyp > Cp €5 — €.
is a bijection on D and respects the relations of QG*, so it is a cover by Lemma
If (G, D, I) itself is universal, this is an isomorphism.

In the transition from the Moufang loop Q to QG*, each element x of ) gives
rise to the three generators ry, ¢, and e, of QG* = (G, D, w,Igg+), while each
pair z,y € @ leads to the line (rg,c,,ezy). In particular we have the special line
Ioes = (r1,c1,e1). To construct QG*M* = (QG*)M* we first (see Section
set

rn=n 1 =C €1 =¢€1,
and then let {e, |2 € Q} = (1,2)" ' ={e. |z € M} for some set M in bijection
with @ via, say, z — Z € @, taking care that 1 € M with 1 = 1. Next for each
z € M we must set

T, = {c1,ez) N (2,3)’771 =r; and ¢, =(r;,e,)N (1,3)’771 =cz.
The set M then receives the loop structure (M, o) given by

—1
euoT = Cuov = (T, Cu) N (1,2)" = (rg,co)N{es|z€ M} =ezs.

As @Q is a Moufang loop, different z € @ give different e,. Therefore for all u,v € M
we have wov = uv; that is, the bijection of M and ) given by z — Z is an
isomorphism of the loops @ and (M, o) = QG*M*.

The second part of the theorem follows immediately from the first. O

11.3. Another presentation

A presentation related to that of [(11.1){and Theorem appears in [Hal06),
(2.5)], parameterized there by an integer n and a group Q. If we specialize that
presentation to n = 3 and allow @ to be a loop, we get:

(11.7). PRESENTATION.  For a loop Q, the group G(Q) has the following
presentation:
Generators:
for arbitrary x € Q and distinct a,b € {1,2,3}:
{x;a,b).
Relations:
for arbitrary x, y € Q and distinct a,b,c € {1,2,3}:
(1) {@;a,b)?=1;
(2) {x; a,b) = (( sa));
(3) (s a, o) <<my a,c).
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Theorem 4.1 of [Hal06] states that, for @ a Moufang loop, the above group
G(Q) is a universal group with triality. The proof was not given, other similar
results in the literature instead being cited. Here we give a proof in a precise form
of a more general result.

Recall that a loop has the antiautomorphic inverse property when it satisfies
the identical relation (zy)~! = y~'z~'. By Proposition [(2.12)] Moufang loops are
inverse property loops and satisfy the antiautomorphic inverse property.

(11.8). THEOREM. Let @ be a loop with the antiautomorphic inverse property.
Then the groups G(Q) and Gg are isomorphic universal groups with triality under
the maps

{{z:2,3), (a7 3,2)} == 1o = (@3 2,3)),
{3, 1), {2705 1,3)) = o = (35 3,1),
{{x; 2,10, {2705 1,2)) = o = (x5 2,1).

(11.9). PROPOSITION.  Let Q be a loop. The group Gg is a homomorphic
image of G(Q) under the map
{(@:2,3), (a7 15 3.2)} S,
{{z:3,1), (=71 1,3))
{{z; 2,10, {275 1,2)) > e

PrROOF. The generators of G(Q) are mapped to those of Gg, so we need only
check that the relations are respected by the map ¢1. This is clearly the case
for [(11.7)[1-2).

Consider the six relations (z; a,b)€:%) = (xy; a,c) of 3). The
relation ((z; 2,3)vi3:1) = ((y; 2,1) is mapped to ry’ = ey, valid in Gg by
(11.1)[(2). Also

(53,1023 = (a1, 3) 22 = (1,1, 2) = (15 2,1)

is mapped to ' = e;. Therefore the subgroup S = ({(1; 2,3),{1; 3,1))) of G(Q)
is isomorphic to Sym(3) and is mapped isomorphically to the subgroup S2 = (ry,c;)
of GQ.

For fixed x and y, the subgroup S acts regularly on the set of six relations
(5 a, b)) = (2 ; a,c). After verifying that

rM=ry-1 ¢! =cp1 el =e;1,

we can use the action of S*2 to check that the images of these six relations under
¢1 remain valid. O

PROOF OF THEOREM |(11.8)]
In view of |(11.7)(2) the maps ¢; are inverse bijections of generating sets for the

appropriate free groups. As we already have Proposition |(11.9), we now need only
check that ¢y gives a homomorphism from Gg to G(Q). This we do by checking
that the relations [(11.1)| are respected by the map to. This is clearly the case for

(11.1)[(1), but we must check the two parts of [(11.1)|(2).
We have

(eyracy)™ = (y; 3, 1) ((z; 2,3)((y; 3, 1) = (ay; 2,1)) = e, .



11.3. ANOTHER PRESENTATION 7

Therefore the relation cyr,c, = ez, remains true under ¢5.
Similarly

{x;2,3)(y; 3, 1)(x; 2,3)

= {713,200y "5 1,30 (a5 3,2)
(a5 1,2) = (w2771 2,1)

(xy;2,1) =e2 |

as desired. In passing to the last line, we have used the assumption that @) satisfies
the antiautomorphic inverse property. O

It is unclear whether or not Theorem is valid for all loops @, but the
antiautomorphic inverse identity appears prominently in the present proof that
G(Q) is a group with triality. As the following proposition shows, the crucial cases
would be right inverse property loops that are not antiautomorphic, that is, are
not inverse property loops. Gabor Nagy |[Nagll] has done calculations showing
that for right Bol loops of order 8 and 16 the conclusion of Theoremremains
valid.

The following proposition should be compared with Theorem below.

(11.10). PROPOSITION.  Let @Q be a loop, and consider the group G(Q), as
presented in [(11.7) For z,y € Q and arbitrary a,b,c,d € with a # b, ¢ # d, we
have

(@5 a,b) =(y; a,b) < (z;c,d) =(y; c,d).

In this case we write x ~y. The equivalence relation ~ is a congruence on the loop
Q, and Q/~ is an right inverse property loop.

PROOF. Again, the action of S = (((1; 2,3)),(1; 3,1))) ~ Sym(3) shows that if
{(z; a,b) = ((y; a,b)) holds for one pair a # b then it holds for all such pairs, giving
the equivalence relation. For {(z1; a,b)) = {(z2; a,b) and {y1; b,c)) = (y2; b,c),
we find

(z1y15 a,¢) = Qors a,b) @0 = (@o5a,0) 20D = (2y25 a,¢) .

Therefore the equivalence relation is a congruence.

Two applications of [(11.7)[3) yield
(s a,b) = (7" 0,a) = (@) H s a,0),
so inverses are two-sided in the quotient @/ ~.
Next as ((z; a,b)¥:v) = (xy; a,c) with (y; b,c) of order 2,

(@ a,b) = (wy; a,c) @D = (ay; a, )@ = ((ay)y™" s a,b).
Hence = ~ (zy)y~ !, and Q/ ~ has the right inverse property. O
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Multiplication Groups and Autotopisms

The material in this chapter certainly qualifies as “basic” and could have been
presented right after Chapter [

12.1. Multiplication and inner mapping groups
For z € Q, a quasigroup, we define the left multiplication map L(z), given by
") = zq,
and similarly the right multiplication map R(zx) , given by
a®®) = qz .

Within Sym(Q) (the symmetric group on the set @), we then define the right
multiplication group

Mltr(Q) = (R(z) [z € Q),
the left multiplication group

Mty (Q) = (L(z) [z € @),

and the multiplication group

MIH(Q) = (R(2), L(x) | 2 € Q) = (Mltr(Q), Mltr,(Q)).

Many properties of a loop can be easily described in terms of its translation
maps and multiplication groups.

(12.1). PROPOSITION. Let Q be a loop.
(a) Mltr(Q), Mt (Q), and MIt(Q) are transitive subgroups of Sym(Q).
(b) @ is a group if and only if Mltg(Q) is semiregular.
(¢) Q is an abelian group if and only if MIt(Q) is abelian.

PROOF.

(a) 1R =g = 1M,

(b) If @ is a group, then Mltr(Q) is the right regular representation of ). Con-
versely always 18(#Y) = gy = (1R(=)RW) therefore semiregularity forces R(xy) =
R(z)R(y). That is, for all z € @, we have z(zy) = (zz)y. Hence Q is associative
and a group.

79
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(¢) If @ is an abelian group, then MIt(Q) = Mltr(Q) = Mlt,(Q) is the regular
representation of Q). Conversely, if Mlt(Q) is abelian then transitivity forces it
to be regular. Therefore @ is a group by (a) and is isomorphic to Mltg (Q), a
subgroup of the abelian group MIt(Q). O

Identities in the loop @ often correspond to identities in Mlt(Q).

(12.2). PROPOSITION. Let Q be a loop.

(a) Q is a left inverse property loop <= L(z)~! =L(z~1) for all z € Q.
(b) Q is a right inverse property loop <= R(z)~! = R(~'z) for all z € Q.
(¢) Q has the flexible property <= L(z)R(z) = R(z)L(x) for all z € Q. O

As z = 1M®) = 1R@®) for every loop
L(z)=L(y) < z=y < R(z) =R(y).
We get a quick proof of the already observed

(12.3). COROLLARY. If the loop @Q has the left or right inverse property, then
inverses are two-sided.

PRrROOF. With the left inverse property
L(z) = (L(z) ) ' =L ) ' =L(e™ )™,
hence x = (z~%)~ L. O
Certain more complicated identities in MIt(Q) will be important in the next
chapter.

(12.4). PROPOSITION. Let Q be a Moufang loop. For all v € Q define
P(z) = R(z) "' L(z)~!. Then for all z,y € Q we have:

(a) P(z)R(zy) L(z) = R(y), R(z) L(zy) P(z) = L(y), L(z) P(zy) R(z) = P(y).
(b) P(z)L(yx) R(z) = L(y), L(z) R(yz) P(z) = R(y), R(z) P(yz) L(z) = P(y).

ProOOF. By Proposition we have
P(z) =R(z) 'L(z) ' =L(z) 'R(z) ' =Rz Lz ') =L HR(=1)

P
P

and
P(2)™' = R(z™") 7 L(2)™) 7" = L(z) R(z) = R(z) L(z) = P(z7").

The Moufang identity (zy)(zz) = (x(yz))z becomes
L(y)P(z)~*

LR(@) L(zy) L(z) R(zx)

_ R(z)P(@) !

and y =y

hence R(z) L(zy) P(x) = L(y) as in (a) and L(x) R(zz) P(z) = R(2) as in (b).
Inverting the first of these leads to
Liy™") =L(y) ™" = (R(z) L(zy) P(z)) "
=P(2)™" L(zy) "' R(z) ™
=P YLy a7 HR@E™),
giving P(z) L(yz) R(x) = L(y) as in (b).
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In this we set £ = uv and y = u~! to find

L(u)™' =L(u™)
= P(uv) L(u™*(uwv)) R(uv)
= P(uv)(L(v) R(uv))
= P(uv)(R(u) P(v) "),
so P(v) = L(u) P(uv) R(u) as in (a).

The final two identities come from inverting two of those already verified. Al-
ternatively, the identities of (b) are exactly those of (a) when interpreted in the
Moufang loop opposite to Q. O

The inner mapping group Inn(Q) is the stabilizer of the identity 1¢g in the
multiplication group MIt(Q) of the loop Q.

(12.5). PROPOSITION. Let Q be a loop.
(a) Inn(Q) = (R(z) R(y) R(zy) " R(z) L(y) R(yz) " |2,y € Q).
(b) Inn(Q) = (L(y) R(y) ", R(z) R(y) R(zy) ', L(z) L(y) L(yz) ' | 2,y € Q) .

PRrROOF. This is an easy consequence of the Reidermeister rewriting process
[Bog08,, p. 69], discussed also in Section on page [95| below.

(a) The group MIt(Q) has the generating set X = {L(z),R(z) | = € Q }.
Its subgroup I = Inn(Q) has, as a right transversal, the coset representative set
T={R(z) |z}

Let w =[]}, gi(%;) € Inn(Q), so that 1 = 1 with each g; € {R,L,R™",L™'}.
We wish to rewrite w as a product of elements or inverses of elements from the set

H = {R(z)R(y) R(zy) ", R(z) L(y) R(yx) " | 2,y € Q}

by scanning w from left to right, inserting words R(z)~!R(z) as appropriate. To
do this, we must identify coset representatives from T for each product tu® with
teT,ue X, and e = +1.

Specifically,

(1z)y = xy, hence R(x)R(y) € I R(zy) and R(x)R(y)R(zy) ' eI,
and
y(lz) = yz, hence R(z)L(y) € I R(yx) and R(z)L(y) R(yz) t e I.
Next, letting the equation x = by determine b from the pair x, v,
1R@ R _ (RO R _ (by)R(y)’1 =bp=1R0O)
indicating that
R(z)R(y) ' R(b)"' =R(by) R(y) 'R(b) " €1,
something we already knew since
R(by) R(y) ' R(b) ™! = (R(b) R(y) R(by) ™).
Again if x = ya defines a, then
1R@)L(») ™" _ Rya)Ly) ™" _ (ya)L(y)’1 =q= 1%

corresponding to
R(z)L(y) "' R(a)™ = R(ya) L(y) "' R(a) "' = (R(a) L(y) R(ya) ") " € I.
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Now for X € {R,L} and € = +£1, let w = R(z)X(y) []i_3 gi(x;), where if
needed we set g1 (z1) = R(1). Then we can rewrite the initial segment of w:

R(2) X(y)" = R(z) X(y)"(R(z) 7" R(2)) = (R(z) X() R(2) ) R(2).

Here R(z) X(y)*R(2)"! = h¢ = hy for h € H C Inn(Q) with the appropriate z
equal to one of zy, yz, b, or a. Then w = hy R(2) []}_5 gi(2;), and we can proceed
with rewriting wi = R(2) []]_5 gi(z;), a shorter word in the generators than the
original w.

Continuing in this fashion, we ultimately arrive at w = (H?:—l1 h;) R(z) where
each h; or its inverse is one of the elements of H. We then have

1=1% = I(H?:_ll h;i) R(2) — 1R(z) -

)

so in fact w = [[7=}' hi. Therefore (H) = Inn(Q), as claimed in (a).
(b) Withz =1

R(z)L(y)R(yz) "' =R(1)L(y) R(y1) " =L(y)R(y)~".

Furthermore

(L(2) R(z) ") (R(z) L(y) R(yz) ™) (L(yz) R(yz) ™)' = L(z) L(y) L(ya) " .0

The generating set of Proposition (b) is the usual, preferred set ([Bru58|
p. 61],[Pf190l 1.5.2]). In it, the elements of the second and third types speak to
associativity in @; in particular, for an associative loop @ they always vanish. That
is, if @ is a group then the generators of the first (and only nontrivial) type are
conjugations, and Inn(Q) is the inner automorphism group of @. This motivates
the following result.

(12.6). PROPOSITION. In the loop Q, the subloop N is normal if and only if
it is invariant under the action of Inn(Q).

ProOF. Using the definition of normality (from page and the previous
proposition, we recast this as:
For all ni,ns € N and z,y € Q, there is an ng € N with
(n1z)(n2y) = n3(zy)

v

for alln € N and z,y € Q, we have nRE) R) R@y)™ ¢ N and
nRO L@ R(y) ™! < N

() Set n; = n and ny = 1. Then

nRERY) = (nz)y = (n17) (nay) = ns(ay) = ny

R(z) R(y) R(zy) ™"

and n =ng € N. Similarly with ny =1 and ny =n

RO = a(ny) = () (noy) = na(ay) = ng "
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and nRW L@ R@Y) ™" — o c N,
(1) We have, with all n; in N,

R(z) R(n2y) R(z(n2y))

(n1z)(n2y) = ny =Ny = na(z(n2y))
= na(ny M) = ny(ny ) = ny(ns (2y))
_ n4R(n5(Iy)) _ nﬁR(HS)R(fL’y) = (ngns)(zy)

= ng(zy) .0

Our original definition of subloop normality was qualitative: a subloop is nor-
mal when it is the kernel of some homomorphism. This proposition now gives us
a quantitative definition: a subloop is normal when it is invariant under the inner
mapping group.

12.2. Autotopisms

Recall from Section that an autotopism of the quasigroup @ is a Qgp-
automorphism; that is, a triple (a, 3,7) of permutations of Q with z%y? = (zy)”
for all z,y € Q. They form the group Autqg,(Q) = Atp(Q)—the autotopism group
of @. As noted in Section the category equivalence of Theorem implies
that Atp(Q) is isomorphic to Aut sp(QT), the automorphism group of QT in LSD,
a normal subgroup of index at most six in Aut(QT), the full automorphism group
of QT.

(12.7). PROPOSITION. The loop @Q is a Moufang loop if and only if the triple
(L(z),R(z), L(z) R(z))
is an autotopism of Q) for every x € Q.

Proor. We have
(za)(bx) = (a“))(BR®)
and
(z(ab))z = (ab)H@ RE@)
O

In a sense, this result was at the heart of our proof of Lemma Indeed,
let @ be an inverse property loop for which €, is an automorphism of QT. The
equation a - b = ab in @ becomes the line (a,b, ab) of QT. The image of this line
under ¢ is (b~1,a7!, (ab)~1); and, as in the proof of that lemma, the image of this
line under ¢, is (za, bz, ((ab)~1)%) = (za, bx, (z(ab))z). That is,

(a,b,ab)** = (za, bz, (x(adb))x) ,

which gives the first part of Proposition |(12.8)[ below. The other parts of that
proposition can be proven is a similar fashion and also are interpretations of the first

part in conjugates of @, inverse property loops by Lemma[(3.12)] (See Section [15.2]
for discussion of conjugates. Compare the proposition with [Hal07al, Prop. 3.15].)

Note that, for all v and v from @, the elements pyp,, Ky kv, and €€, induce
LSD-automorphisms of QT and hence autotopisms of Q.

(12.8). PROPOSITION. Let Q) be an inverse property loop.
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(a) If e, € Aut(QT) for some x of Q, then the element €i€, induces on QT the
automorphism (L(z), R(z),L(x) R(x)) which is thus an autotopism of Q.

(b) If pr € Aut(QT) for some x of Q, then the element p1p, induces on QT the
automorphism (R(x) L(x), L(x~1), L(z)) which is thus an autotopism of Q.

(¢c) If ky € Aut(QT) for some x of Q, then the element K1k, induces on QT the
automorphism (R(z~1), L(x) R(z), R(x)) which is thus an autotopism of Q. O

We now have the deferred proof of two identities from Proposition [(2.12)]

(12.9). COROLLARY. In the Moufang loop @ we have z(a(xb)) = ((xa)x)b,
for all z,a,b € Q, and similarly b(x(ax)) = ((bx)a)z, for all z,a,b € Q.

PROOF. By the proposition we have the autotopism (R(z)L(z),L(z~!),L(z))
of Q. When applied to a - ¢ = ac, this yields
(z(az))(z™te) = z(ac) .
Set b = 27 !¢, so that zb = ¢ by the left inverse property. Then
(z(ax))b = x(a(zh)).

An application of the flexible property z(az) = (za)x now gives the first of the
desired identities. The second follows immediately, as the opposite of a Moufang
loop is a Moufang loop. O

12.3. Moufang multiplication groups, nuclei, and special autotopisms

We return to the triality base group of adjoint groups with triality, thought of
in Section as a subgroup of the base group of a wreath product M ! Sym(3).
Here we see that M is the multiplication group of the corresponding Moufang loop.

(12.10). LEMMA.  Let Q be a Moufang loop and K the base group of the
adjoint group with triality QTA. Then K = (p1ps, K1Kg, €16 | © € Q) is a
normal subgroup of Atp(Q).

ProoFr. The observation on generation is immediate from the more general

Lemmal|(4.12)(b). The rest follows from remarks in the previous section and Propo-
(23]

sition O

The group K of the lemma will be called the special autotopism group of @ and
be denoted SAtp(Q), its elements being special autotopisms. The corresponding
adjoint group with triality

Go /Z(Gg) = QTA = SAtp(Q) x Sym(3)
will correspondingly be denoted TAtp(Q).

(12.11). PROPOSITION. Let Q be a Moufang loop. Then SAtp(Q) induces on
each fiber of the Latin square design QT the multiplication group Mlt(Q).

PROOF. Proposition says that, for fixed z, the generators €i€;, p1pq,
and k1K, induce on the fibers QT®, QTC, and QTF, respectively, the subgroup

(L(2), R(2)) =(L(2), R(z) L(x),R(z ")) = (R(z),L(=™"), L(z) R(=))
= (L(z) R(z), L(x), R(z)) .
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Therefore K induces (L(z),R(x) | x € Q) = MIt(Q) on each fiber. O

If we want full information about the base group, then we need to know not
only the group it induces on each fiber but also what the kernel of that action is.

In an arbitrary loop (indeed quasigroup) @ the right nucleus Nuc’(Q) is the
set of all z with
(ab)z = a(bz) for all a,b € Q.

Similarly the left nucleus Nuc*(Q) is the set of all z with
(zb)c = x(be) for all b,c € Q,

and the middle nucleus Nuc”(Q) is the set of all y with
(ay)c = a(yc) for all a,c € Q.

A particular consequence of the next proposition is that each of these is a subloop
of @), indeed a subgroup.

The nucleus of Q is then Nuc(Q) = Nuc*(Q) N Nuc”(Q) N Nuc”(Q), the set
of all elements of @) that associate with all elements of @ is all possible ways. The
relevance of this here is the following proposition.

(12.12). PROPOSITION. Let Q be a loop.

(a) The bijection z «— (Idg,R(z),R(z)) gives an isomorphism between the right
nucleus Nuc”(Q) of Q and that subgroup of Atp(Q) consisting of all autotopisms
of the form (Idg,Y, Z). Especially R(z7') = R(2)™! for all z € Nuc’(Q).

(b) The bijection z +— (L(z71),1dg, L(271)) gives an isomorphism between the left
nucleus Nuc*(Q) of Q and that subgroup of Atp(Q) consisting of all autotopisms
of the form (X,1dg, Z). Especially L(z~") = L(z)~" for all z € Nuc*(Q).

(c) The bijection z +— (R(z),L(271),1dq) gives an isomorphism between the mid-
dle nucleus Nuc”(Q) of Q and that subgroup of Atp(Q) consisting of all au-
totopisms of the form (X,Y,1dq). Especially R(271) = R(2)™! and L(z71) =
L(2)~t for all z € Nuc*(Q).

PRrROOF. (a) Assume (Idg,Y, Z) is an autotopism. As 1-a = a always, we have

a¥ =1-a¥ =112 .Y =47,

that is, Y = Z. Set z = 1Y = 1%4. Then a-1 = a gives a'4¢ - 1Y = aZ or a- 2 = a?;
that is Y = Z = R(z). Finally a - b = ab yields a'4e - Y = (ab)? or a(bz) = (ab)z,
and z is in the right nucleus Nuc?.

Now assume z € Nuc”. Then

alde . pRG) — g(bz) = (ab)z = (ab)R)

always, and (Idg,R(z),R(z)) is an autotopism of Q.
For z and y in Nuc”(Q) we have always

aR@ R — (az)y = a(zy) = aR @) ,

so z — R(z) is a homomorphism of quasigroups, hence loops, hence groups. (It is
worth noticing that this only uses y € Nuc”(Q).)

Certainly each (Idg,Y,Z)~! = (Idg, R(2)~!,R(2)7!) is in this subgroup, and
so must be equal to (Idg,R(w),R(w)) for some w € Nuc’(Q). Then z7! =
1RGN = (RW) = g,
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(b) This follows by applying (a) to the opposite loop, except we find that
z + L(2) is an anti-isomorphism of groups, so we must compose it with inversion
to get an isomorphism z — L(2)~! = L(z71).

(c) An autotopism (X,Y,Idg) is a principal autotopism of Q). Therefore by
Lemma [(2.1)] there are z and w with wz = 1 and X = R(z) and Y = L(w). Applied
to1-1=1 this gives z-w = 1, so in fact w = 27! is a two-sided inverse for z.

The autotopism (X,Y,Idg)™' = (R(2)™',L(z7')"!,1dg) is also principal and
so equals (R(w),L(w™1),1dg) for some w, which can only be z~!. When applied
to 1-b =, this gives 27 1(2b) = b for all b € Q.

Let a and b be arbitrary in @), and set ¢ = zb. Then

a(zb) = (ac)'9e = a® . ¥ = aR) L= = (az)(z71(2b)) = (az)b.
That is, z belongs to the middle nucleus Nuc”(Q).
Conversely, for z € Nuc”(Q) and b € Q
2 Hz2(27) = (27 2) (27 t) = 27,
so by cancellation z(z7'b) = b always. Now for arbitrary a,b € Q
aR() . pT = (az) - (z71b) = a(z(z71b)) = ab = (ab)l9@;

that is, (R(z),L(z71),1dg) is an autotopism.
As before the associated bijection z — R(z) gives an isomorphism and z — L(z)
an anti-isomorphism, so we are done. O

(12.13). CorROLLARY. ([Brub8|, Theorem VII.2.1],[Pfl90] IV.1.5,7])

(a) Let Q be a left inverse property loop. Then Nuc*(Q) = Nuc”(Q) is a subgroup

of Q.

(b) Let Q be a right inverse property loop. Then Nuc”(Q) = Nuc”(Q) is a subgroup

of Q.

(c) Let Q be a loop with the antiautomorphic inverse property. Then Nuc’(Q) =

Nuc(Q) is a subgroup of Q.

(d) Let Q be an inverse property loop. Then Nuc(Q) = Nuc*(Q) = Nuc'(Q) =

Nuc”(Q) is a subgroup of Q.

PROOF. (See [Bru58, Theorem VIIL.2.] and [Pl90, Theorem 1.4.3].) By
Lemma Q is a left inverse property loop if and only if Aut(QT) contains the
automorphism p;. But the map p; interchanges autotopisms of the form (X, Y,Idg)
and (W,Idg, Z), thought of as automorphisms of the Latin square design QT. This
gives (a), and similar arguments yield (b) and (c) hence (d). O

(12.14). LEMMA.  Let Q be a Moufang loop. Then Nuc(Q) = Nuc*(Q) =
Nuc(Q) = Nuc”(Q) is a normal subgroup of Q.

PRrROOF. (See [Bru58| Theorem VII.2.] and [Pf190l Corollary IV.1.7].) Every
Moufang loop is an inverse property loop, so by the corollary all we need is a
demonstration that Nuc(Q) is normal in the Moufang loop Q.

By Propositions|(12.5)land |(12.6)] this will be the case provided that, for every
z € Nuc(Q) and a,b € Q, we can show

»R(a) R(b) R(ab)~* € Nuc(Q), ZL(a)L(b)L(ba)’l € Nuc(Q), ZL(a)R(a)’l € Nuc(Q).

As z € Nuc(Q) N Nuc”(Q), the first two come easily; indeed
SR(@)R(b) R(ab)™' _ ZL(a)L(b)L(ba)—1 )

z =
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Since @ is Moufang, it admits the autotopism (L(a), R(a), L(a) R(a)) by Propo-
sition [(12.7)] As z is in the nucleus, we also have the autotopism (Idg, R(2), R(2))
by Proposition |(12.12)(a). Therefore we have a third autotopism

(L(a), R(a), L(a) R(a)) (Idg, R(2), R(2)) (L(a), R(a), L(a) R(a)) ™
= (L(a) L(a) 7", R(a) R(z) R(a) ™", )
= (Idg, R(a) R(2) R(a) ™, %),

where in these last two lines we do not need the third mapping specifically. Again by
Proposition [(12.12)[(a) there is a w in the (right) nucleus with R(a) R(z) R(a)™! =
R(w). Indeed

wo_ 1R(a) R(z)R(a) ™! 1

= (az)a™".

Therefore 2@ RO — (42)a~! € Nuc(Q), as desired. O

w=1

(12.15). THEOREM. Let Q be a Moufang loop and K = SAtp(Q), the special
autotopism group and the base group of the adjoint group with triality TAtp(Q).
There are isomorphic groups Ay, A, and Asz such that:

(a) A is the kernel of the projection of K onto one of its three coordinates and so
is normal in K with K/A; isomorphic to MIt(Q);

(b) As is normal in MIt(Q);

(¢) As is normal in Q and is contained in the nucleus of Q.

Indeed the three kernels Ay are

{(Idg,R(2),R(2)) | z € 43},
{(L(2),1dq, L(2)) | z € A3 } ,
{(R(2),L(z7"),1dq)) | z € A3 }.

In particular Ay may be taken to be the image of either of the two kernels not A;.

PROOF. Let A; be the kernel of the homomorphism from K onto Mlt(Q) given
by Proposition where we (somewhat arbitrarily) choose A; to be those
elements of K having the form (Idg,Y, Z) as autotopisms of @). This gives (a).

By Proposition a), A; is then isomorphic to a subgroup As of the
nucleus of @ via z +— (Idg,R(2),R(2)). By Proposition the element k =
e1€; of K acts as the autotopism (L(z), R(x),L(z) R(z)). Hence, as in the proof of

Lemma
k(Idg,R(2),R(2))k ! = (Idg, R((z2)z™ 1), R((zz)x™ 1)) € A4; .

Thus the nuclear subgroup Az is fixed by all L(z) R(z)~! as well as being fixed
pointwise by all R(z) R(y) R(zy)~! and L(z) L(y) L(yx)~!. Therefore A3 is normal
in @ by Propositions [(12.5)| and [(12.6)} completing (c).

Finally the subgroup Af* = {(R(z),L(271),1dg)) | 2 € A3} is normal in K
and isomorphic to A; (and As), while meeting A; trivially; so its image Ay in
MIt(Q) ~ K/A; is normal and isomorphic to Ay, as needed for (b). O

(12.16). COROLLARY. The Moufang loop Q is finite if and only if Gq is finite
if and only if MIt(Q) is finite.
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PROOF. As MIt(Q) is a transitive subgroup of Sym(@Q), the (arbitrary) loop @
is finite if and only if Mlt(Q) is finite. By Theorem |[(12.15)[ for Moufang @

IMIt(Q)] < |Go/Z(Gg)| < 6| MIL(Q)[?,

so Mlt(Q) is finite if and only if Ggo/Z(Gg) is finite. If Gg/Z(Gg) is infinite, then
certainly G is infinite. If G /Z(Gq) is finite, then Gy, is finite by a classical result
of Schur [Rob82, 10.1.4]. As Z(Gq) < Gg by Lemma [(4.12)} both Z(G) and Gg
are finite. O

(12.17). COROLLARY. (GLAUBERMAN [Gla68, Theorem 6]) If Q is a Moufang
loop with trivial nucleus, then MIt(Q) admits a group of automorphisms Sym(3) in
such a way that MIt(Q) x Sym(3) is a group with triality.

PrROOF. In Theorem if the nucleus of @ is trivial then the isomorphic
groups Az and A; are both trivial. That is, when the nucleus is trivial, Mlt(Q)
is isomorphic to the triality base group and so naturally admits Sym(3) giving a
group with triality. O

The question then arises, when exactly does the multiplication group of a
Moufang loop naturally admit the triality? The difficulty is that the nucleus can be
nontrivial but with the corresponding subgroups of Atp(Q) intersecting SAtp(Q)
trivially. The question has been studied by Phillips [Phi94, [Phi99] but is not
completely solved.

(12.18). PROPOSITION. Let Q be a Moufang loop. Then the universal group
with triality Gg is solvable if and only if the multiplication group MIt(Q) is solvable.

Proor. The group Gg is a central extension of the adjoint group with triality
TAtp(Q), so a further equivalent statement would be the solvability of TAtp(Q)
or indeed of its base group K. By Theorem the group K has a normal
subgroup A such that K/A is isomorphic to Mlt(Q) with A in turn isomorphic to
a normal subgroup of MIt(Q). In particular K is solvable if and only if Mlt(Q) is
solvable, as desired. O



e 13

Doro’s Approach

We have discussed groups with triality (G, D, 7). In Doro’s original treatment
[Dor78]| of abstract triality for groups the main object of study is the base group
K, the kernel of the homomorphism 7, which admits a group Sym(3), the image of
7, inducing automorphisms in a prescribed manner.

Specifically, Doro defined a group with triality to be a group K that admits an
action of I ~ Sym(3) as a (not necessarily faithful) group of automorphisms such
that, for o of order 2 and u of order 3 in I, we have

() [k, o)k, o) [k, 0] =1, for all k € K

(ii) K =[K,I].
In order to avoid confusion, we will in this case say that the group K admits the
triality I. Doro proved that the set { [k, o] | k € K } naturally carries the structure
of a Moufang loop; see Theorem (a) below.

The group Sym(3) acts regularly by conjugation on the set of its ordered pairs
consisting of an element of order 2 and an element of order 3. Therefore the above
conditions are actually independent of the specific choices of the elements o and p.

As we shall see in this chapter Doro’s viewpoint is basically the same as ours for
TriGrp*. This is relatively easy to check except for the specifics regarding universal
groups, which take up a lot of the chapter.

13.1. Doro’s categories

Let objects of the category Doro be triples (K, I,¢;) with K admitting the
triality I and ¢y: I ~ Sym(3) an isomorphism, so that K canonically admits the
triality Sym(3) = I*. The pair (p,t¢) belongs to Homporo (K, I, 1), (H,J, 1))
when ¢: I — J is an isomorphism with ¢; =ty and ¢p: K — H is a compatible
Sym(3)-homomorphism: for alla € I and k € K

(ka)‘fo = (k@)ab or equivalently (kg}j)tp _ (k.(p)abiJ .

Doro [DorT78, p. 383] actually introduced a slightly different category, which
he called 7. Doro’s T is isomorphic to the full subcategory of Doro whose objects
are those (K, I,tr) with I = Sym(3) and ¢; = Idgyus). As this subcategory 7 is
full and dense, it is equivalent to Doro by Corollary

The following observation is due to Richard Parker [Lie87, Lemma 3.2].

89
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(13.1). LEMMA.  Let I ~ Sym(3) act on the group K. Further let o and
1 have order 2 in I so that w = no has order 3. Then for k € K we have
[k, o] [k, o]“[k, o]*" = (c*n)® in K x I.

PROOF. Let € = ono be the third element of order 2 in I. Then n = ceo = eoe
and = oe, so that

[k, o] [k,a]“[k,a}”2 = (k7 'oko).co(k™ oko)oe.oe(k  oko)eo
= (k7 'ok)(oea) (k™ ok)(oo)(eoe) (kL ok)(oeo)
= (o"n)* .0
(13.2). THEOREM.
(a) Let (G,D,w,I) € TriGrp*. Then (K,I,ir) € Doro where K = kerw and 1y =
ﬂ"].

(b) Let (K,I,i;) € Doro. Then (G,D,n,I) € TriGrp* where G = K x I, D = ¢
for o of order 2 in I, and g™ = s** for g = ks with k € K and s € I.

PRrOOF. For (a) the group G is generated by D, so G is contained in and thus
equal to [K, I]I. Therefore K = [K, ], and the rest follows from the lemma.

In (b) as K = [K,I], we have G = KI = [K,I]I = I¢ = (D). Let  be a
second element of order 2 in I and d,e € D with d™ # e™. There is a t € I such
that (de)! = o™n™ with m,n € K. But then |de| = |o*n| for k = mn~! € K, and
the lemma again applies. O

We therefore immediately have:
(13.3). THEOREM. The categories Doro and TriGrp* are isomorphic. O

After a long and tiring journey, we have finally arrived at Doro’s original con-
struction of a Moufang loop from a group admitting triality.

(13.4). THEOREM.  Let (K,I,t1) € Doro. Choose distinct elements o,n of
order 2 in I and set u = no.

(a) (Doro [Dor78, Theorem 1]) Let R ={[k,0] | k€ K} and H = Ck(n). Then
R is a set of right coset representatives for H in K. If we define a binary
product on R by

mon=p for mné&c Hp,

then (R, o) is a Moufang loop.

(b) (Grishkov and Zavarnitsine [GrZ06), Lemma 2]|) For (R,o) as in (a) we
have mon =n"" mn " = m Fnm=* .

(c) Let (G,D,n,I) € TriGrp* with G = K x I, D = 0%, and (ks)™ = s'T for
ke K,se€I. Then (R,0) as defined in (a) is isomorphic to the Moufang loop
(G,D, 7, I)M*.

PRrROOF. By Theorem we have (G, D, I) € TriGrp* as claimed in (c).
As H > Z(GQ) and [k,0] = [KZ(G),0o] for all k € K, we may, without loss of
generality, assume that (G, D,w,I) € UTriGrp*. By Theorem there is a
Moufang loop @ with (G, D, 7, I) isomorphic to QG* and then (G,D,n,I)M*
isomorphic to QG*M* and hence to Q.
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Part (c) is now a consequence of Proposition [(11.5)| parts (a]), (b)), and (d).
L.5)((b]

Part (a) then follows from the present (c) and |(11 ) again, while (b) comes
from [TL5)). 0

The adjoint category ATriGrp* is the full subcategory of TriGrp* consisting of
those objects (G,D,m,I) with Z(G) = 1. For (K,I,i;) € Doro, let Z;(K) =
Z(K)NCk(I)sothat Z;(K) = Z(K xI). We then let ADoro be the full subcategory
of Doro of those (K, I,¢r) with Z;(K) = 1.

(13.5). THEOREM. The categories ADoro and ATriGrp* are isomorphic. O

Using Theorem a), Doro [Dor78| p. 383] defined a functor M from his
category T of groups admitting triality to the category Mouf* of Moufang loops
(with loop homomorphisms as morphisms). This functor can be thought of as our
functor M* composed with the isomorphism of Theorem Although Doro
did not expressly define adjoint or universal subcategories of the category 7, he did
deal with adjoint and universal groups as important objects. For instance, in his
Corollary 1 to Theorem 2 Doro noted that if two groups G; and G2 admitting the
triality I give isomorphic Moufang loops M (G1) and M (Gs), then the correspond-
ing adjoint groups G1/Z;(G;1) and G2/Z;(G3) are isomorphic groups admitting
triality. The current Proposition is a version of Doro’s corollary.

Doro also defined a functor G from Mouf* to 7 that assigns to each Moufang
loop a universal group admitting triality. Doro’s functor G is defined via a presenta-
tion parametrized by @, as is our functor G*. Doro showed that the corresponding
map is a functor and that the groups in its image have M (G(Q)) isomorphic to @
and are appropriately universal subject to that.

The rest of this chapter is devoted to proof and discussion of the fact that Doro’s
universal functor G and our G* are basically the same. We do this by proving that
Doro’s universal group admitting triality, which we shall call K(Q) rather than
G(Q), is canonically isomorphic to the kernel K¢ of mg, where (Gg, Dg,mq,Ig) is
our universal group with triality QG* from Section [11.1

The treatment is long for two reasons. We squeeze out as much generality as
we can by considering arbitrary loops ), only at the end specializing to Moufang
loops. But even without the generality, a full proof would take us a while, since we
give a full account of the use of the Reidermeister-Schreier method to move from
our defining presentation of the group G¢ to its normal subgroup K¢ of index 6.

We begin with Doro’s presentation [Dor78| p. 383].

(13.6). PRESENTATION. Let Q be a Moufang loop. The group K(Q) has the
following presentation:

Generators:
for arbitrary x € Q:
Rz, Ly, and Py ;
Relations:
for arbitrary x,y € Q:
(1) R1:L1:P1:1,'
4) PoRyLy = R,—1,; ReLyPy = L,—1,; Ly PyRy = P,—1,;
5) LyRyPy = Ryy—1; PyLoRy = Ly—1; RyP:Ly = P, —1;
6) PrLyRy =1;
)

(
(
(
(7) PoPyPy = Puyo; LoLyLy = Lays; RoRyRo = Ruya.
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The reason behind our strange numbering should become apparent later.

(13.7). THEOREM. (Doro [Dor78| Theorem 2]) Let Q be a Moufang loop.
The group K(Q) = [K(Q),I] of Presentation [(13.6) admits the triality group of
automorphisms I = (o, uy ~ Sym(3) acting via:

R, +Z R;' and L,<% P!

R, %P5 L, SR,
Each of the maps
T R, x— L, r = Py
is a bijection of Q with the corresponding subset of the generators.

We let UDoro be the full subcategory of Doro consisting of those objects from
Doro isomorphic to those of Theorem |(13.7)]

(13.8). THEOREM. The categories UDoro and UTriGrp* are isomorphic.

Theorems|(13.7)[and [(13.8)|are immediate consequences of Theorem|(13.3)|and
the following theorem which will be proven in Section below.

(13.9). THEOREM. Let Q be a Moufang loop, and let K¢ be the kernel of the
map mg on the universal group with triality Gg of Section|11.1l Then Kg has the
following presentation:

Generators:
for arbitrary x € Q:
Rz, Lo, and Py;
Relations:
for arbitrary x,y € Q:
(1) Ri=Li=P~P=1;
(4) PrRyLy = R,-1,; ReLyPr = Ly—1,; Lo PyRy = Py—1,;
(6) LyRsPy = R,,—1; PyLaRy = L, y—1; RyP:Ly = P,,—1;
(6) PrLoRs = 1;
(7) PrPyPr = Pyyz; LoLyLy = Lyyz; ReRyRe = Rays.

In fact the relations (6) and (7) are consequences of relations (1), (4), and (5).
As a subgroup of Gq, the chosen generators of Kq are Ry = cz¢1, Ly = ej1e,,
and P, =r,r, for x € Q.
The group Ko = [Kq,Ig| admits the triality group of automorphisms I =
(o, u) ~ Sym(3) acting via:

R, +Z R;' and L,<% P!
R, %P, L, R,.
Each of the maps
Tz R, i x = Py

s a bijection of QQ with the corresponding subset of the generators.
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13.2. A presentation of the base group

The next theorem is the central result of the universality work in this chapter.
Starting from Presentationfor the universal group G, we find a presentation
for ker mg, its normal subgroup of index 6. To do this we use the Reidermeister-
Schreier method, largely following the treatment of Bogopolski [Bog08], §§2.8-9].

(13.10). THEOREM. Let Q be a loop, and let Kg be the kernel of the map mg
on Gg. Then Kqg has the following presentation:
Generators:
for arbitrary x € Q:
Ry, Ly, and Py ;
Relations:
for arbitrary x,y € Q:
(1) R1:L1:P1:1,'
(2) PuRyoyLy = Ry; RyLyyPy = Ly; LyPoyRy = Py;
(3) LyRuyPy = Ru; PyLoyRy = Ly; RyPuyLy, = P
As a subgroup of Gg, the chosen generators of Kg are Ry = cgc1, Ly = eje,, and
P, =ryry, forx € Q.
The group Ko = [Kq,Ig| admits the triality group of automorphisms I =
(c1,e1) = (o, 1) ~ Sym(3) with o0 = ¢y and p = cie; acting via:

R, +Z R;' and L,<%> P!
R, %P 5L, SR,
Let @ be a loop, and let G be the free group generated by
X ={ryc,e. |2€Q}.
With reference to Presentation for the group Gg, we let R be the set of
relators
2, c2,e2 forallzeq@,
rmcyrmeﬂjy1 , cyrmcye;yl for all z,y € Q.
The kernel J of the canonical map from G to Gg = (X | R) is then the normal
closure within GG of the relator set R.
Next let K be the preimage in G of Kg, the kernel of the homomorphism
mg on Gg (as defined in Theorem |(11.3)). Therefore K has index 6 in G, and a
particularly nice set of coset representatives for K in G is
T= {1a ri,C1,€1,€1r1, elcl} .

The kernel K is thus isomorphic to the quotient K/J, and J is the normal closure
within K of the set of elements J,c {trt™' [r € R}.

The construction of a presentation of K¢ from that for Gg is a two step process.
First we construct (following Schreier) a convenient set of free generators for the
subgroup K of G. Then we use the Reidermeister rewriting process to write the
various trt~! as words in those generators, giving a complete set of relators.

For each g € G we let g be the unique element of T' with g € Kg. As the set of
coset representatives T' is a Schreier transversal (that is, every initial segment of a
member of T also belongs to T'), Theorem 8.10 of [Bog08] tells us that the group
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K is freely generated within G by the set of nonidentity elements tg(tg)~! fort € T
and g € X. The appropriate coset representatives tg are easy to tabulate:

tg | e G e
1 ry C1 €1
r 1 ejrp eicp

C1 €1Cy 1 eir

€1 e €1Cy 1
€irn €1 r C1
€1C1 C1 €1 r

We then list and name the elements tg(fg) ™! in:

teT|geX tg(tg)~! | Name
1 Iy [o% rl_1 o
r re rirg Prjx
c1 o arz(erct)™ | Ly,
(S5 My elrz(elrl)_l Rr_z
eir; re eir racel_1 Rr,x
e1Cy ry e1Cq rgccl’1 Lmc
1 Cy oyt R .
r Co rcg(eir)™ | Lg,
c1 Cx C1Cy R;Z
e cx |ece(erc)™t| P,
eir Cx eir cwrf1 LC’I
eicy Cx elclcmel_1 PC@
1 ey egoel_1 L,
r ex | rnes(eic))™ | R,
c1 e, creg(ein)™ | P,
e e eiey Le’x
eiry e, eir egccl_1 Pefx
eicy ey elclewrf1 R;w

As motivation for the names from the final column, refer to Proposition and
momentarily set
L =¢1¢;, = (L(z),R(z),L(z) R(x)),
R™! = kyky = (R(z7"),L(2) R(z), R(x)),
P~ = p1p. = (R(z) L(z), L(z "), L(x)) .
Then the names refer to the first entry of the corresponding autotopism and
RLP = RPL =LRP =LPR=PRL = PLR = (Idg,1dg,Idg) .
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(13.11). PROPOSITION. The subgroup K of G is freely generated by the non-
identity elements of

Rr,x’ R T Lr,x’ Lr,x? Pr,;v’ Pr,wv
Rc,acv Rc,xv Lc,x’ Lc,nc? Pc,xv Pc,nc’
Re,z? Re,ma Le,xa Le,x? Pe,rv Pe,ac'

for all x € Q. The only identity elements among these are

Poi, Ry, Re1, Py, Ley-

r c,1>

PROOF. For each x € @@ we have the eighteen elements of K named in the
previous table. Of these, only those with # = 1 have any chance of being the
identity in the free group G generated by X. When we check the eighteen elements
tg(tg)~! with g € {r1,c1,e1}, we find the identity only in five cases:

-1 R — -1 _ 7. — -1 _ 9.
Pi=nr =1; Ry =emr(ein)  =1; Ry =cc =1;

- 1. T —eel_
Py =eci(erc) =15 L, =eie =1 O

The Reidermeister rewriting process (which has been discussed earlier starting
on page is relatively simple. Starting with one of the conjugated relator words
trt~!, written as a product of letters from X UX ~!, we scan the word starting from
the front; subwords s~'s, for s € T, are inserted in such a way that ever increasing
initial segments of the word are products of generators of the subgroup K (from
Proposition or their inverses. For instance, the relator r2 = r,r, begins
with r,; this is not one of our subgroup generators, but ryr;* = P, , is. Therefore
we rewrite as follows:

Fply = rw(rflrl)rgc = (rwrfl) rre =P nre=F P,

That trt ! belongs to K and indeed to .J is not very important for the rewriting
process. Indeed, we can scan any word in the letters X UX ~! from beginning to end
in the same way, the result being a rewritten version of the corresponding element
of G as a product of generators of K or their inverses, followed by a single coset
representative from T’ for instance r, = (r,r; H)r = P, ,r1. If the word happens to
belong to the subgroup K (as all the elements trt~! of J certainly do), then that
coset, representative must turn out to be the identity, as in the example displayed

above.

There are five basic relator types r for Gg and six members ¢ of the transversal
T. Therefore there are thirty different types of word ¢rt~! to be rewritten, one of
which was discussed above. We give several representative examples, the first in
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detail:
t=eicy, r= cyrggcye;y1

elcl.cyrmcye;;.(elcl)_l = elclcy(eflel)rmcye;;(elcl)_l
= (elclcyefl) elrgccye;y1 (elcl)*l
= Pc,y.elrgvcye;yl(elcl)_1
= Pc’y.elrm((elrl)*l(elrl))cye;yl (elcl)*1
= Pc,y.(elrz(elrl)_l)(e1r1)cye;yl(e1c1)_1
= Pc,er_,x-(ell’l)Cye;; (e1c1)™!

= Pc,eri,x'(elrl)cy(rl_l"l)e;yl(61C1)71

= Pcny;%.((elrl)cyrl_l)rle;yl(elcl)*1
=P R L., e, (eic1)”"
= Pc,y]%i,ch,y(]—zei,:py)i1 ;

t=1r1, r=0CyCyp :
r.CoCory * = ricg(err)) (eir)cper !
=Lealcys
t=eiCy, T =eze, :
erci.eqe,.(e1c1)F = ejcren(ry ' )cs(ercy) !
= (elclewrfl)(rlcz(elcl)_l)
=R, R

e,x )

t=c1, 7 =raCyrgey,

cl.rmcyrme;yl.cl_1 = clrm(elcl)*l(elcl)cy(eflel)rz(elrl)*l(elrl)e;ylcl_l
= (crre(erc1) ") ((ercr)eyer M) (erra(err) ™) (errr)eg, ¢t

=L P R (P.,) "

Reidermeister-Schreier now gives us a first approximation to Theorem [(13.10)
(13.12). PROPOSITION. The group K¢ has the following presentation:

Generators:
for arbitrary x € Q:
Rr,z7 R;za Lr,za L;z7 Pr,za PrTz7

lzc,zv lzc,za Lc,zv Lc,z7 lc,zy lc,zy
¥ 5 F F
Re'm e,xy Hexy Hexy Lexy Lex

Relations:
for arbitrary z,y € Q:
(0) for arbitrary a € {r,c,e} and W € {R, L, P},
WoiWae =W W, =1,

(1) BLi=R, =R =P ,=L,=1

(2) Pr,mL;er,x(L;wy)71 =P R,y rTﬂC(Re,xy)71 =
L;zpc,yRTz(Pe zy)71 = RrTch,yPrTz(Le,zy =
Rr,ch_ L, z(Pe_zy)_l = Lr,ch_yR z(Re_zy)_l =1

(3) Rc,yLrTxPc,y(L;wy)71 = L;thwPCTy(Re,:ty)il =
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Rc_,ypnch_yy(Peyry)_l = PCTyLrwac_yy(Le,wy)_l =
Lc,yPrTch,y(PeTwy)71 = Pc,erTch,y(R;zy)71 =1
PROOF. The generators are those of Proposition including those that
represent the identity. The relations (1) set those five identity generators to 1.
The eighteen elements tr,r t !, tc,c,t~!, and te,e,t~! after rewriting become
the eighteen relation types of (0), three of these having been discussed above.
The six elements tr;c, rggeg;ylt’1 after rewriting give the six relation types of (2),
an example appearing above. Finally the six elements tCyrsze_lt_l give the six

zy
relation types of (3), one example appearing in detail above. O

We now concern ourselves with simplifying this presentation.

(13.13). LEMMA. For all W € {R,L, P}, all a € {r,c,e}, and all x € Q, we
have W} = W, ,.

PrOOF. This is immediate from the relations (0) in the proposition. O

(13.14). LEMMA. For all W € {R, L, P} and all a € {r,c,e}, we have W, ; =

PrOOF. By Lemma |(13.13)| and the relations (1), we have five of the nine

desired identities:
P,l :Rnl :Rc,l :P,l :Le,l =1.

r C

The relations (2) and (3) then give

-1 -1 _ p-1 -1 _ _
Rr,l Lc,lpr,l - Pc,l Lr,ch,l =L 1 la

€,
so that L.; = L, ; = 1. Finally by (2)
R, =P3 R L,{=1 and P, =L P, R{=1. |

(13.15). LEMMA. For all W € {R, L, P}, alla,b € {r,c,e}, and all z € Q, we
have W, . =W, ..

PROOF. By Lemma|(13.13)| and the relations in (2) and (3), for each W there
are appropriate U and V with

U tw.  vi.l=w and VW, .U_} =W,

rae "WezVrx e,xrz e,zy *
By Lemma|(13.14)] when we set x = y = 1 we get
-1 -1 -1 -1
Wc,z = Ur,l WC,Z‘/;J = We,z = V;:,l Wr,zUc,l = Wr,z . U

PROOF OF THEOREM . Lemma [(13.15)| tells us that, for a given = € Q,
each of the nine generators W, , from Proposition |(13.12)| can be replaced by the
corresponding generator W, from Theorem ermore the nine genera-
tors W, and the relations (0) of the proposition can be deleted, provided that in
the remaining relations we replace each W, with W, = W,'. The list of names
preceding Proposition then gives the stated correspondence R, = r,ri,
L, =ee,, and P, = c,c;.

The five relations of (1) in the proposition now become the three relations of
(1) in the theorem.
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After the replacements, the inverse of each of the six relators of (2) from the
proposition is a conjugate of a second relator of (2). Taking just one relation from
each such pair, we are left with

-1 —1p—1 -1 —17—1 -1 —1p—1
P, RyL, R, =R, L,P L, =L, PR P, =1.
These are clearly equivalent to the relations (2) in the theorem.
Similarly the relations (3) in the proposition reduce to
—1 —1p—1 _ p-1 —17-1 _ p-1 ~1p—1 _
L, R.P, R, =P, LR, L, =R PL, P, =1,
which are equivalent to those of (3) in the theorem.

By Theorem the group K¢ admits the group Ig = (c1,e1) ~ Sym(3) as
a triality group of automorphisms. It remains to verify the action of its generators
o0 = ¢y and p = cieq, which we do within Gg. (This could also be done using the
Reidermeister-Schreier process.)

Ry = Rg!, = cfl(cgﬂcfl)cl = cflcm
= (7 leic, = cicy
=R, =R;";
Ly =1L7, = cfl(elclrxcfl)cl = cflelclrm
= (A tei(eiricr)eir, = ricir, = rir,
- -1
= Pr,x = P:r )

R = REy = ey oy (cocy Harer = ¢y ey herey
= (e)tei(cl) Teicser = ercicien
= Pc,a: =P;
Pl =P = e e (e Dae
= ei(ef) T () Trarecin () Trere
=ei(cirzci)(ciricr)er = ejezerer = erey
—Le,=L,.
It remains to prove K¢g = [Kq, (0, u)]. First note that with 2 = 1 the identity
Ly_1R$Py_1R;; =1 yields L;le_l = R,. This implies
[Ly,o)=L 'L =L 'P;' =R,.
Therefore [Kq, (o, u)] contains R, and so also R# = P, and P = L,, for all z € Q,
a full set of generators for K. O
Some useful identities are a consequence.
(13.16). PROPOSITION.  In Kq we have the following, for all {U,V,W} =
{R,L,P} and z,y € Q.
(a) U, VoW, =1, and in particular U,V, = V,U, = W1
Wy-1 = VVI_1 =W-1,.
Wil =W,y ig.

8

PrOOF. (a) Either U, V., W, =V, or U,V,;, W, =V, and in both cases y =1
gives the identity.
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(b) Choose U and V so that
UWoVe =W, and V,W,,U,=W,.
With y = ~!2 and z = !, the previous part gives
W l=U,V, =W-1, and W,'=V,U,=W,1.
(c) From U, W,,V, = W, and V,W,,U, = W, we find first
Wey =U, ' WV, and W, =V, 'W,U !,
then next
W = (U W V) = VoW, U,
=V, AW, U =Wy
(d) Again assume U, W,,V, = W, so that
W W, Wy = WoUpWo VaWe = V' W, Ut = Wiy s

where we have used the first part of the lemma and an identity from the proof of
the previous part. The rest of this part follows from a similar argument. O

13.3. Equivalent presentations

We give several presentations for Kq. The presentation (I) is that of Theo-

rem [(13.10)l The presentation (II) is essentially Doro’s presentation; see Theorem

(13.9)} The presentation (III) is shorter than the others, a property that might be
helpful in applications.

(13.17). THEOREM. Let Q be a loop. Consider the group K with the following
presentation:

Generators:
R:, Ly, and P, for arbitrary x € Q;
Relations:
(1) Ri =L =P =1.
Then each of the following additional sets of relations gives the same quotient
of K, namely the kernel Kg of mg:
(1) for arbitrary x,y € Q,
(2) PyReyLs = Ry; RyLyyPr = Ly; Ly PoyRy = Py.
(3) LyReyPy = Ry; PyLoyRy = Lo; RyPyyLy = Py
(I1) for arbitrary x,y € Q,
(4) PxRULx = R(x—l)y; RxLyP;c = L(x—l)y; LxPURm = P(.:C_l)y‘
(5) LyRuPy = Ry-14); PyLaRy = Ly—1,); RyPoLy = Py1y).
(I11) for arbitrary =,y € Q,
(2) PoRayLe = Ry; RoLoyPs = Ly; LoPoyRe = P,.
(8) Rey = Ry—1,-1; Ly = Ly—1,-1; Pr) = Py—1,-1.

Y

v)’

Y

There are many other related and equivalent sets of relations. In (IIT) the
relation set (2) could be replaced by any one of (3), (4), or (5). Also since the
subscripts of (8) contain six left inverses, each of which might be replaced by a
right inverse, there are 64 variants of (8) which could be considered. The theorem
remains true with any of these in place of (8); see Remark

By substituting y = 1 into (8) we get
(9) forallz € Q, R;' =Ry, L;' = L,—1, P,1 =P,

x
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There are three left inverses in the subscripts of (9), so it has eight variants, all
valid within K¢ by Proposition |(13.16)l (In fact it is not hard to prove that any
one of the eight variants implies all of the others; see the proof of Lemma [(13.19)|
below.)

(13.18). LEMMA. Let N be a quotient group of K that additionally satisfies
(4) and (5) for all x,y € Q. Then (9) holds within N.

PROOF. For each W, we may choose U and V so that in N
UmWsz = W(w—l)y and UIVny = Vy(—1z) -
In the first y = 1 gives U,V, = W,-1, and in the second y = x gives U,V, = W L.
O

(13.19). LEMMA. Let N be a quotient group of K that additionally satisfies
(9). Then within N:

(a) (2) holds for all z,y € Q if and only if (4) holds for all z,y € Q.
(b) (3) holds for all z,y € Q if and only if (5) holds for all z,y € Q.
PROOF. Set z = ~'z so that = z~!. Then U, = U,-» = U;! = U~ ; that
is, Uy = U_,, and similarly V' = V_, . Thus
Wy =UWey Vo <= U "W,V =W,
— U—lgcw/'y‘/v—lgIj = me S UZWyVZ = W(Z—l)y .

Therefore, given (9), we have (2) if and only if we have (4). The other case is
similar. O

(13.20). LEMMA. Let N be a quotient group of K that additionally satisfies
(8). Then (2) holds for all x,y € Q if and only if (3) holds for all z,y € Q.

PROOF. As (8) implies (9) we have

PRyyL, =R, < L,'R/P;'=R;' < L, R1,-1P,-1 =R

y yfl .

Therefore the first relation in (2) holds for all z,y € @ if and only if the first relation
in (3) holds for all z,y € @, and the other two cases are similar. O

PROOF OF THEOREM |(13.17)| By Proposition|(13.16)(b) and Lemma [(13.18)] the
relations (9) hold under both (I) and (II). Therefore (I) and (II) are equivalent by

Lemma [(13.19)] Next (I) implies (III) by Proposition [(13.16)[c), and (IIT) imples
(I) by Lemma |(13.20)| O

(13.21). LEMMA. Let N be a quotient group of K that additionally satisfies
(2) or (3). Then the equivalence relation
x~y <= R, =Ry,L,=L,, and P, = P,.
is a congruence on Q.

PROOF. Assume that (2) holds in N, the case (3) being similar. Thus for each
W there are appropriate choices for U and V' with U, W,V = W, or, equivalently,
Way = Uy "W, V.~ 1. Therefore when x1 ~ x5 and y; ~ ya, we have
Wiy, = U W, Vo = UMW, Vot = Wy, .O

Y1 x1 z2 Y2 " x2
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(13.22). REMARK. The lemma leads to a proof that in Theorem [(15.17) we
could replace the relations (2) and (3) of (I) for Kq by any one of (2)-(5) together
with any one of the 64 variants of (8). Indeed, each of these variants has (9) (and
all its eight variants) as a consequence, therefore by Lemma we only need
consider the variant together with (2) or (3). But then the lemma together with all
variants of (9) gives all variants of (8), in particular (8) itself. This and Lemma
now show that the new pair is equivalent to the pair (2) and (8) of (III) and

so to (2) and (3) of (I).
13.4. Moufang loops

Most of Theorem follows directly from Theorem and material
from the previous section. What is new is the last assertion that, for the Moufang
loop @, the maps = — W, are bijections. That came naturally for Doro, since he
designed his presentation with a certain image in mind, namely the multiplication
group MIt(Q). Indeed the properties of the multiplication group such as those we
found in Proposition provided the motivation for Doro’s presentation.

(13.23). PROPOSITION. Let @ be a Moufang loop. Then the map given by
R, —R(z), L, L(z), P, R(z)"'L(z)™*
extends to a homomorphism from Kg onto MIt(Q).

PROOF. Doro used the properties of the translation maps corresponding to the
relations of Theorem as motivation for his presentation. We instead verify
that the images of the relation sets
(WRi=Li=P =15
()PRIyL —Ry,RL P,=L, L
( ) LyR.yPy, = Ry; PyL, R =Ly RyPpyLy =

of Theorem |(13.10)| are valid in Mlt(Q).

The translation maps R(1) and L(1) are the identity permutation of @ as is
P(1) = R(1)7'L(1)~!. Thus the relations of (1) are taken to relations of MIt(Q).
The relations of (2) are mapped to the three identities of Proposition [(12.4)[a),
while those of (3) are mapped to the identities of Proposition |(12.4)(b) (with 2 and
y switched). O

PROOF OF THEOREM[(13.9)] By Theorem|(13.17)} the relations (1), (4), and (5) of
Theorem [(13.9)] are equlvalent to the relations (1), (2), and (3) of Theorem [(13.10)}
and so by that theorem they present K. Furthermore the additional relations (6)
and (7) are consequences of the relations of the previous sentence by Proposition
a,d). The action of I is that of Theorem as is the form of the
generators.

It remains to prove bijectivity for the thee maps x — W,. For an arbitrary loop
@, the map R(z) takes 1 to x; so for distinct z and y in @, the right translations
R(z) and R(y) are distinct permutations of Q. That is, the map z — R(z) is
a bijection. By the proposition, for Moufang @ the bijection z — R(z) factors
through the map x — R, which is therefore also a bijection. The action of y now
guarantees that all three of the maps = — W, are bijections, as required.

A second proof of bijectivity comes from

T Cpt—> =Ry, x—ey—eeg=Lg, x—>ry—r,rp =P,
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being bijections by Theorem O

Doro’s argument [Dor78|, p. 384] for bijectivity of the maps x +— W, is mis-
leading. He focused on the maps P(z) = R(z)"!L(z)~! and ultimately asserted
that x — P, is a bijection. As we have seen, this is true. But it is not as immediate
as the corresponding statement for z — R, (or z — L,), since there are Moufang
loops (for instance, elementary abelian 2-groups) for which the map x — P(z) is
not a bijection even though = — P, isE|

The next two results show that the bijectivity of the maps z — W, in Theorem

(13.10)| characterizes @ as a Moufang loop.

(13.24). PROPOSITION. Let @ be a loop, and let Kg be the kernel of the
map 7q, as presented in Theorem |(13.10) Let W € {R, L, P}. Then W) (za) =
Wia(yz)z in Kq, for all z,y,z € Q.

PROOF. We only prove this for W = R, the other cases then following from the
action of p. In our verification, we use freely the various parts of Proposition
particularly W1 = W 1. We also use various identities such as U, W,,V, = W,,
sometimes in the form W,, = U,-1 W, V,-1.

Ruy)(s2) = Pry Rew Ly
— Py 1Ry Lyrpn
= (LyP,-1Ry))P,-1 RyL,—1(RyL,—1 P,)
= Ry(Ry-1LyPy—1)RyP,—1 Ry L, Ry(Ly—1 P,Ry—1)R,
= RyLyyRyP,~1RyL,—1 RyPyy Ry
— RyPy-1(PyLyyRy)P.-1 Ry L.-1(RyPyyL,) L, R,
= RyPy1LyP. i RyL. -1 Py(R.-1R.) L, R,
= RyPy1(LoP.-1 Ry) (L1 PR, )R. Ly Ry
= RyP, 1Py 1 PoyRoLy 1 R,
= R,(P,1R.L, )R,
= R,R,.R,
= R(yz)e U

(13.25). THEOREM. Let Q) be a loop, and let K¢ be the kernel of the map mq,
as presented in Theorem |(13.10). For x,y € Q we have

R, =R, <~ L,=L, < P, =P,.

In this case we write x ~ y. The equivalence relation ~ is a congruence on the loop
Q, and Q/~ is the largest Moufang quotient of Q.

PRrROOF. The action of  guarantees that for z,y € ) we have
R, =R, <= L,=L, < P, =DP,.

Let ~ be the associated equivalence relation. By Lemma [(13.21)| the relation ~ is
in fact a congruence on (). By Proposition |(13.23)| the largest Moufang quotient of

I Thanks go to Petr Vojtéchovsky for pointing out the possible confusion.
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Q is a quotient of @/ ~. On the other hand, by Proposition |[(13.24)[ the quotient
Q/ ~ is itself a Moufang loop. O






oo 14

Normal Structure

A primary motivation for this work was the wish to formalize the relation-
ships between the normal structure of Moufang loops and of groups with triality,
particular simplicity in each class.

14.1. Simplicity

Recall from Chapter 2| that the subloop M of the loop @ is normal if there is
a loop homomorphism with kernel M and that the nonidentity loop @ is simple
if its only normal subloops are the identity and itself. Also, from Chapter [} a
nonterminal object in a category is simple if every morphism from it is either monic
or trivial.

(14.1). THEOREM. Let Q be a Moufang loop. The following are equivalent:

(1) Q is simple.
(2) Q is simple in Mouf.
(3) @ is simple in Mouf*.

PRrROOF. (1) = (2): Let @ be simple and consider f € Hompmoyu(@, A). By
Lemma there is a B and an isomorphism i € Hompouf(A, B) with fi €
Hompmouf+ (@, B). By simplicity of @ the kernel of fi is 1g or Q. If ker fi = 1,
then ¢ = fi is injective hence monic, and so f = gi~! is also monic. If ker fi =
Q, then for the zero object O = {1} of Mouf*, we have fi = eo where {e} =
Hompmou* (Q, O) € Hompmout (@, O) and {f} = Hommou+ (O, B) € Hommou (O, B).
Thus f = eoi~! factors through the terminal object O of Mouf.

(2) = (3): The category Mouf* is a subcategory of Mouf with the same object
class and same terminal objects. Monic morphisms in Mouf remain monic in Mouf*.
Thus an object that is simple in Mouf remains simple in Mouf*.

(3) = (1): Suppose Q is simple in Mouf*, and let f: Q@ — M be a loop homo-
morphism. Then f € Hompmous+ (@, M), so f is either trivial or monic. If f is trivial,
then it factors f = eo where {e} = Hompmous+ (@, O) and {0} = Hompmous+ (O, M)
for O a zero object in Mouf*. Thus ker f = kere = Q. On the other hand, if f is
monic, then it is injective by Theorem and so ker f = 1¢g. Therefore the only

105
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kernels of loop homomorphisms from @ are @ and 1g, and @ is a simple Moufang
loop. O

The group with triality (G, D, ) or (G, D, 7, I) is terminal precisely when G is
isomorphic to Sym(3). We say that the group with triality (G, D, x) or (G, D, m,I)
with G % Sym(3) is triality quasisimple provided the only normal subgroups of G
properly contained in ker 7 are the subgroups of Z(G). It is further triality simple
provided the only normal subgroup of GG properly contained in ker 7 is the identity;
that is, it is triality simple provided it is triality quasisimple and has trivial center.

(14.2). THEOREM. A triality group is simple in TriGrp if and only if it is
triality quasisimple.

Proor. For the group (G, D, ) to be simple in TriGrp, all morphisms from
it are either monic or trivial. A morphism is trivial when it factors through a
terminal object, so as loop homomorphism it has image a copy of Sym(3) and
kernel equal to kerw. By Proposition a morphism is monic precisely when
as a loop homomorphism it has central kernel. Therefore nonterminal (G, D, ) is
simple in TriGrp if and only if all the normal subgroups of G contained properly in
ker 7 are central; that is, when (G, D, ) is triality quasisimple. O

(14.3). THEOREM. Let (G, D, 7, I) be a group with triality. The following are
equivalent:
1) (G, D, ) is triality quasisimple.
G, D, ) is simple in TriGrp.
G, D, 7, 1) is triality quasisimple.
, D, I) is simple in TriGrp*.

PRrROOF. The previous theorem gives: (1) <= (2). The remaining equivalences
follow from elementary observations:
(i) The definitions of triality quasisimplicity and simplicity for (G, D, w, I) make
no reference to I. Therefore (1) <= (3), (5) < (7), (9) < (11).
(ii) By Lemma ]H triality quasisimplicity is an isogeny invariant, and
only the adjoint group has trivial center. Therefore (1) <= (5), (1) < (9).
(iii) For the category C from {TriGrp, UTriGrp, ATriGrp} and an object (G, D, 7) of
C that contains the line I, the forgetful functor between C* and C preserves
terminal objects—(G, D, 7) is terminal if and only if G ~ Sym(3) if and only
if (G, D, m,I) is terminal. Furthermore we have noted in Section that

HOInC((Ga Da 7T)7 (G07 D(), 7T.0>)
is the disjoint union over the lines Iy of (Gg, Dy, mp) of the sets
Homc* ((Gv D7 T, I), (GOa DO7 0, IO)) .
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By Propositions [(6.2)} [(7.14)] and [(7.15)| the monic morphisms in these sets
are those that induce injections of D into Dg. Therefore the original set is
composed entirely of trivial morphisms (ones that factor through terminal
objects) and monic morphisms if and only if the the same is true of each of
the sets in the disjoint union. Thus (G, D,7) is simple in C if and only if
(G, D, m,I) is simple in C*. This gives (2) <= (4), (6) < (8), (10) < (12).
(iv) So far we have three connected components under the relation <=, namely

(6) <= (8), (10) <= (12), and the rest. To complete the connection and the
theorem we add two further equivalent statements:

(5.5) (G, D,m)U is simple in TriGrp.

(9.5) (GA, DA, 72) is simple in TriGrp.
Since we have already proven (1) <= (2) we have (5) <= (5.5) and
(9) < (9.5) immediately. To show (5.5) <= (6) and (9.5) <= (10),
and thereby complete our proof of the theorem, we must observe that the ob-
jects (G, D, ) of UTriGrp and ATriGrp that are simple are exactly those that
are already simple within TriGrp. But this is clear since the terminal objects
of the three categories coincide, and by Propositions |(6.2)] [(7.14), and [(7.15)|
the monic morphisms from (G, D, ) in each category are precisely those that
are injective on D. O

We now have a categorical proof of one of Doro’s basic results.

(14.4). THEOREM. (Doro [DorT78, Corollary 2.2]) The Moufang loop Q is
simple if and only if TAtp(Q) = Gg/Z(Gq) is triality simple.

PRrROOF. By Theorem [(14.1)|the Moufang loop @Q is simple as a loop if and only
if it is simple in Mouf*. Proposition [(1.12)| then says that this is the case if and
only if QG* is simple in UTriGrp*. By Theorem |(14.3)| this is true if and only if
TAtp(Q) = Gg/Z(Gg) is triality simple. O

(14.5). THEOREM. (DoRro [Dor78|, NaAGcY AND VALseccHI [N'Va04]) Let

(G,D,m,I) be triality simple. Set M = (G, D, w,I)M*. Then ezxactly one of:

(1) G~ (Z3 X Z3) % Zy and M is a cyclic group of order 3.

(2) G~ Wy(Az) ~ Z2 % Sym(3), and M is a cyclic group of order p, a prime not
equal to 3.

(3) ker7 is a nonabelian simple group, and M is nonabelian, nonassociative, and
simple.

(4) G is isomorphic to the wreath product M Sym(3) of Section and M s
a nonabelian simple group,

PrOOF. We only sketch the proof. Set K = kerm. Then either K is a finite
elementary abelian p-group (for some prime p) or K is the direct product of k €
{1,2,3,6} copies of a nonabelian simple group H permuted transitively by I under
conjugation. (For finite G this is immediate as K is characteristically simple; for
arbitrary G this comes from elementary arguments—see [N'Vo03].)

If K is abelian, then by Proposition |(4.8)([b) the triality simple group G is
WP(AVQ)/Z(WP(AVQ)) for some prime p. This and Lemma give (1) and (2).

Doro gave short and elementary proofs that k = 6 cannot occur (also a conse-
quence of Proposition |(4.8)([b) and that k£ = 3 leads to (4). The case k =1 is then

(3)-
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Doro also gave a complicated argument proving that £k = 2 cannot occur for
finite nonabelian simple H. Later Nagy and Valsecchi gave an elementary proof
that k = 2 gives a contradiction for arbitrary nonabelian simple H. O

The following elegant consequence may be well-known, but we have been unable
to find it in the literature. See [N'Va04l Theorem 4.3] for the forward direction.

(14.6). COROLLARY. Let M be a Moufang loop. Then M is nonassociative
and simple if and only if MIt(M) is nonabelian and simple.

ProOF. For M a nonassociative simple Moufang loop, SAtp(M) (= kern)
is nonabelian simple by the previous two theorem. But Mlt(M) is an image of
SAtp(M) by Proposition

For the converse, assume that H = Mlt(M) is a nonabelian simple group. By
Theorem either H equals SAtp(M) or SAtp(M) contains the two normal
subgroups H; = {(Id,h,h) | h € H} and Hy = {(h,1d,h) | h € H }, both isomor-
phic to H. But in that case [Hy, Ho] = { (Id,Id,h) | h € H } is also isomorphic to
H within Atp(M), a clear contradiction.

We conclude that if MIt(M) is nonabelian simple, then TAtp(M) is triality
simple. In the first two cases of the theorem M is an abelian group, so Mlt(M)
is also abelian by Proposition In the last case of the theorem M itself is a
nonabelian simple group. But there Mlt(M) is isomorphic to M x M, being the
product of the left-regular and right-regular permutation representations of M.

We are left with case (3) of the theorem, and M is a nonassociative simple
Moufang loop. O

14.2. Short exact sequences

In many contexts a version of the fundamental First Isomorphism Theorem
reveals the image of a homomorphism as canonically isomorphic to a quotient by
its kernel. This is unavailable in arbitrary categories, but here we are able to use
kernel morphisms in Mouf* and TriGrp* effectively to relate short exact sequences
of Moufang loops and images of groups with triality.

(14.7). THEOREM. Let

1 N-—2“sQ .M 1
be a short exact sequence of Moufang loops. Then we have a short exact sequence
of groups

1 —— Kng —2 G —2 Gy 1
where §' = 0G* is a morphism of groups with triality that has kernel (as group

homomorphism) Ky o = (K$'?) = (KX9) for Ko = [Kn.q.10], a central quotient

of Kn, the kernel of 1y on Gy .

Proor. Apply the functor G* to the given exact sequence in Mouf* to find
the following sequence in UTriGrp*:

Sym(3) Gy = Gg = Gu Sym(3).

Here the first morphism can be taken to be the injection of Iy into Gy and the
last to be projection onto Iy;.
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As the original loop sequence is exact, any two consecutive morphisms in it
have trivial composition. This is respected by G*. In particular, a*§* is a trivial
morphism from Gy to Gj;. The morphism « is injective hence monic in Mouf* by
Theorem therefore a* is monic; and so at the group level its kernel is central
by Proposition Similarly surjective § is Z-surjective by Proposition
thus 0* is Z-surjective hence surjective by Proposition (See also Lemma
(11.2)])

The map a: N — @ is a kernel morphism for §: Q — M in Mouf* by Lemma,
Therefore a*: Gy — Gg is a kernel morphism for §*: Gg — Gy in
UTriGrp*. That is, for every v*: G — Gg with v** trivial, there is a unique
Vit G — Gy with v* =X a*:

| *
P
'7:;*: \
~

Gy =5 G —¥ G

Set &' = §*, and let the short exact sequence of groups

1 —— KN7Q of GQ il GM 1

define the normal subgroup Ky, g of Gg. As ¢* is a morphism, Ky g < ker mg.

Set Gy = <IgN’Q>, so that (Go, Do, mo,1g) is a group with triality for Dy =
Dg N Gy and m the restriction of mg to Gp. The injection v: Go — Gg is in
particular monic. As G = (IgN'Q> = [Kn,g,Igllg and kermg > Go N Kn,q, we
have ker my = [Kn g, Ig| = Ko.

Consider the universal group with triality G§ and the corresponding map
YV: GY — Gg, monic because its kernel is central in Gf. As v§* is trivial, so is
yVUs*. Therefore as above there is a unique map 8 = 7Y, with vY = qU.a* = Ba*,
where, since vV is monic, its initial factor 3 is also monic. (See the exercise on page

B

Gy 5 Go - Gy

Let G7 be the image of Gy under o*. As o*§* is trivial, the triality group G; is
contained in Gy. We let ¢ be the corresponding injection. Then we have most of
the diagram

.- Gn
// \
/ *\U |
/e
/
/ N\
/
/ GY
\
:Id U \\ (O‘*)ULU"YU:OL*
'I GN v \
| \
\

\
\

U

U
GO N
\ vy N
\ Bl \ \
\\ l{

* *

Sy Gy 2 Go X Gy

\
\
\
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The diagonal (a*)ViVyV from Gy to Gg takes In to Ig. It also has Ky in its
kernel, since yV§* is trivial. Therefore in fact (a*)V/U4V is equal to a*. As o* is
a kernel morphism for §*, uniqueness forces (a*)V.V3 from Gy to Gy to be the
identity morphism Idg, .

The identity Idg, = (a*)ViV8 is certainly surjective, so its final factor 3 is as
well. We have already noted that 3 is monic. Therefore by Proposition and
Corollary the morphism $ is an isomorphism of the groups G§ and Gy in
UTriGrp™.

If ¢ is the natural covering map from G§ to Gy, then 371( is a covering map
from Gy to Gy. In particular ker my = K is a central quotient of ker 7y = K, as
claimed.

As I normalizes Ko we have (K'?) = (K2*?), so it remains to prove Ky o =
(KSQ>. By definition Ky = [Kn,0,lg], so Ky, contains the normal subgroup
K, = <K§;Q> of Gg. For g € Gg,

K1 > K§ = [Kng,1)? = [Kn.q, I3)].-

Therefore K1 > [Kn,g, Gg] and Ky /K1 is central in Gg /K7. As G is universal,

Ky = Kn,g by Lemma |(4.12)|(e]), as desired. O

We have immediately a version in Doro’s context.

(14.8). COROLLARY. Let

1 N —“25Q -2 M 1

be a short exact sequence of Moufang loops. Then we have a short exact sequence
of groups

1 —— Kyg —25 Ko -2

Ky 1

where ¢ = 6G* is a morphism of groups admitting the triality I that has kernel
(as group homomorphism) Ky o = (KS{Q> for Ko = [Kn.,g,1g], a central quotient
of Kn, the kernel of 1y on Gy . O

Conversely, we have an expanded version of Doro’s [Dor78|, Corollary 1.1].

(14.9). THEOREM. Let (G, D,7) be a group with triality and K be a normal
subgroup that is contained in ker w. Then there is a short exact sequence of Moufang
loops

1 N —<25Q -2 M 1

and a related commutative diagram of groups

1 —— Kng —% Gg —— Gy 1
I
1 K G H 1

whose rows are exact and whose vertical maps have central kernels. Indeed, we may
take Q@ = GM* and M = HM* with x and p the associated covers by the universal
groups Gg = GM*G* and Gyr = HM*G*. The image of Kn g under X is [K,G].
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PRrROOF. Let H = G/K, a group with triality. By Theorem |(11.6)|the universal
groups GY and HY are naturally isomorphic to the groups GM*G* and HM*G*.

We have

1 K G H 1
[ e

1 N—2 50— M 1
[ e

1 — Kno —25 Go —2 Gy 1

p e
1 K %q 9 g 1

Here x and p are the appropriate covers, and we may take the maps «, o', and
o' to be injections. As o/¢’ is trivial, so is /6’y = o/xd”. Therefore o'y factors
through K as Aa’’. As o’ is injective and x has central kernel, so does .

It remains to prove K o5 = [K,G]. We already know K3 o < [K,G], so we
must show A takes Ky o onto [K,G]. By Lemma

[K,G] = (de |d,ec D, ec Kd).

As x is a cover, by Lemma/(6.3)|the map (d,)X = d describes a bijection (indeed
isogeny) between the elements d, of D¢ and the elements d of D. Suppose e € Kd
so that de is one of the chosen generators of [K, G]. Then

1H _ (de)auéu _ (de)é// _ d(s//eé// _ (dgg)é//(egg)é// _ d;gé//e%&// _ déx//“‘eéxlu _ (dilef(/)u.

That is, dfc/ ei/ is in the kernel of p and the two elements df(/ and ef(/ of Dy are
in the same coset of ker . As p is a cover, its kernel is central in Gy; so by
Lemma (4.12) we must have df( = ef(. Therefore 1g,, = di ei = (dyey)’, and
dyey € ker¢’ = Ky g. Then

(dyex) = (dyex ) = (dyex) X = (dyey )X = d¥eX = de.

Hence each of the chosen generators of [K,G] is in K j},,Q, and the map A\ takes
Kn,o onto [K,G] as desired. O

14.3. Solvable Moufang loops

Following the standard definition for groups, a Moufang loop @ is solvable
[Gla68| p. 397] if it possesses a finite series of subloops

1=Qo< - €Qi<Qin1 < -+ <Qn=Q
in which each @; is normal in ;11 with the quotient @Q;11/Q; an abelian groupﬂ

(14.10). THEOREM. Let @ be a Moufang loop whose universal group with trial-
ity Gg 1s solvable. Then Q) is solvable of derived length at most k, the derived length
of the base group ker mq/Z(Gq) = Kq/Z(Gg) of the adjoint group Gq/Z(Gq)..

IFor arbitrary loops a stronger definition of solvability is more appropriate; for a thorough
discussion of this, see Stanovsky and Vojtéchovsky [SVol4].
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Proor. The proof is by induction on k. When £ = 0 we have kermg =
Z(Gg) =1, hence @) =1 as needed.

Assume k > 1 and let K be the preimage of the last term in the derived series
of Ko/Z(Gg). Consider the commutative diagram of Theorem

1 —— KN7Q of GQ o GM 1
I
1 K Gg H 1

associated with the short exact sequence of Moufang loops

1 N-—250Q-22sM 1

for M = HM* and N the kernel of the loop homomorphism §. Here p is the
cover of H by Gy, hence H/Z(H) and Gpr/Z(Gypy) are isomorphic. In particular
ker wps/Z(Gar) has derived length less than k, so by induction M is solvable with
derived length at most k& — 1.

As o/, 1d, and the map from K to Gg are all injections, so is A.

Following Theorem where Ko = [Kn,g,Ig], the composition

Ky —%5 Ky —— Kyg —— K
has central kernel. Extend this by I and I, as appropriate, to
Gy L) GO —t KN7Q.IQ % K.IQ

where by the definition of K we have K’ < Z(Gg) and especially I centralizes K.
Then

GNL)Goi

(Ig"e) —2 (1K)

still has central kernel, so the adjoint group with triality Gy /Z2(Gy) = Gn/Z(GN)

(by Lemma |(4.12)|(e)) has abelian base group. Therefore by Theorem [(12.15)| the

multiplication group MIt(NN) is also an abelian group. But then by Proposition
(12.1)| the Moufang loop N is also an abelian group. Therefore the Moufang loop
Q itself is solvable of derived length at most k =1+ (k — 1), as required. O

(14.11). COROLLARY. Let Q be a Moufang loop whose multiplication group is
solvable. Then @ is solvable.

PRrOOF. This is an immediate consequence of Proposition|(12.18)[and Theorem
(14.10) O

Vesanen [Ves96| proved the corollary for arbitrary loops that are finite. We
also have its converse for finite Moufang loops.

(14.12). THEOREM. Let @ be a finite solvable Moufang loop. Then the groups
Gg and MIt(Q) are solvable.

PROOF. The proof is by induction on k, the derived length of Q. If £k = 0 then
@ =1, in which case Gg = Ig ~ Sym(3) and Mlt(Q) = 1, both solvable.

Now assume k > 1. Let N be a normal abelian subgroup of @ with M = Q/N
of derived length k — 1. Consider the associated short exact sequence of groups
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from Theorem

1 —— KN7Q of GQ o GM 1

As M has derived length k — 1, Gy is solvable by induction. Also Ky g =
(K$9) where Ko = [Kn.0,1o] is a normal subgroup of Ky that is a central

quotient of kermy. As N is an abelian group, by Proposition |[(12.1) the group
MIt(N) is solvable (indeed abelian). Therefore by Proposition |(12.18)| Gy and its
section K are both solvable. Now

Kng=(Ko®) = ([Kna: 1ol | 9 € Go) = ([Knq. 1j] | 9 € Go).

There are at most |@Q|? distinct conjugates I, gg in G, a finite number by assumption.
Therefore K ¢ is generated by finitely many Gg-conjugates of the solvable normal
subgroup K and so is solvable itself.

As Gp and Ky g are both solvable, G is solvable. Its section Mlt(Q) is then

also solvable; see again Proposition |(12.18)| O






e 1D

Some Related Categories and Objects

15.1. 3-nets

In the early 20" Century Hilbert, Reidermeister, Thomsen, Moufang, Bol and
others [Hil00), Rei29), [Tho29) [Mou35, [Bol37] studied quasigroups and loops in
the context of algebraic systems that might coordinatize geometries, in particular
3-nets, which are dual to Latin square designs. The algebraic properties of the
loops thus corresponded to certain geometric properties, in particular the closure
of certain geometric configurations. For instance, the projective planes that can
be coordinatized by a field are precisely those that satisfy Desargues’ Theorem
[VeY16].

A 3-net is a partial linear space that is dual to a Latin square design. That is,
a 3-net (S, P) is a point set S together with a set P of subsets of S called lines—
the line set being partitioned P = PR U P€ U P® into pairwise disjoint parallel
classes—and satisfying:

(i) every point | € S is contained in exactly one line from each
parallel class PR, PC, and P®;

(ii) if p,q are two lines not in the same parallel class, then they
intersect at a unique pointl € S.

We thus see that a 3-net is the same as a Latin square design (as in Chapter
3)) except that the roles of points and lines have been interchanged; that is, the two
concepts are dual to each other. Most of the early work in this area was done in
terms of nets; see [Bol37, [Tho29].

We can thus easily define the dual category 3Net of 3-nets and have the follow-
ing.

(15.1). THEOREM. The categories 3Net and LSD are isomorphic. O

Bol [Bol37] considered the existence of certain automorphisms for nets and
related these to coordinatization of the net by a Moufang loop. This study was
revived by Funk and Nagy [FulN93] who gave the automorphisms in question the
name Bol reflections. In fact, they are precisely the net automorphisms dual to
central automorphisms of Latin square designs. Accordingly we have the category
BRNet of Bol reflection 3-nets, those 3-nets that admit all possible Bol reflections.
The category isomorphism thus restricts to the appropriate subcategories.

115
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(15.2). THEOREM. The categories BRNet and CLSD are isomorphic. O

It is often convenient to choose a particular point [ € S of a Bol net as origin.
The corresponding pointed categories are 3Net™ and BRNet*.

(15.3). THEOREM.

(a) The categories 3Net* and LSD* are isomorphic.
(b) The categories BRNet* and CLSD* are isomorphic. O

15.2. Categories of conjugates

Many of the categories C that we have encountered can be meaningfully en-
larged to categories CT with the same object class but additional morphisms.

The most natural is the category LSD™ enlarging LSD. If (P, S) and (Py, Sp) are
two Latin square designs, thus objects of LSD and so also LSD™, then a morphism
¢ of Homygp+((P, S), (P, Sp)) is a map ¢: P — Py such that

leS — (ef.

Recall that for such a ¢ to be an LSD-morphism it must additionally have three
parts («, 3,7) for which

olpr = a: PR — PR, <p|pc:[3:PC—>POC, ¢lpe =7: P2 — PF.

As the fibers of (P, S) and (Py, Sp) are their equivalence classes under noncollinear-
ity, an arbitrary ¢ must map the fiber set of (P,.S) to that of (Py, Sp), but in doing
so it may induce a nontrivial permutation on the label set {R,C,E}, whereas a
LSD-morphism is required to act trivially. For instance, taking the transpose of a
Latin square corresponds to an LSD™-isomorphism but not an LSD-morphism.

In particular, we see that Aut gp+ (P, S) is the full automorphism group of the
Latin square design, whereas Aut sp(P,S) is a normal subgroup of index d, the
order of the subgroup of Sym(R,C,E) induced by the full automorphism group.
Indeed, LSD™ could be viewed as LSD with the isomorphism class of (P, S) enlarged
to contain 6/d of the LSD-classes. In particular, the isomorphism classes in CLSD
are left unchanged, although central automorphisms are now morphisms in CLSD™,
a full subcategory of LSD™.

Consider next the category TriGrp and the corresponding TriGrp™. Recall
that if (G, D,n) and (Gg, Do, my) are two groups with triality, then a morphism
f:(G,D,m) — (Go, Dy, ) is a group homomorphism f: G — Gq that addi-
tionally has Df C Dy and m = fm. This last condition says that the following
diagram commutes:

a—1L L q,

|k
Idgym:
Sym(3) —% Sym(3)
In TriGrp™ a morphism between these two groups will be a group homomorphism

f: G — Gy that has Df C Dg and for which the following diagram commutes

a—1L . q,

ﬂ I

Sym(3) —— Sym(3)
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where o may be an arbitrary automorphism of Sym(3). As was the case for CLSD™,
isomorphism classes are left unchanged since ¢ is an inner automorphism and can
always be induced by an element of G. (See related remarks on page in the
context of isogeny.)

It remains to consider the various extensions of Qgp and its subcategories. A
morphism in Qgp™ from (Q, ) to (R, o) is a triple of maps ¢ = (a1, ag, a3) from Q
to R together with a permutation o € Sym(3) such that

Qo Qoo

q1°q92 =43 = (s

— Q39

©qs = (30 ,
for q1,q2,q3 € Q. It is easiest to think of this as a two-step process
(Q’ ) i> (Ra*) i> (R7 O) )

where ¢ = (a1,a2,a3) is a homotopism from (Q,-) to (R,*) (and so a Qgp-
morphism) and the permutation ¢ is viewed as a special Qgp " -isomorphism given
by

1 *xTg =173 <= T10070790 =7T30.

In this case, (R, *) and (R, o) are called conjugates (or parastrophes) of each other.
We already saw a common example of conjugacy on page 21]in Section [3:1} If
o = (1,2)(3), then
1 *xT9 =13 <<= Treory=r3,

and (R, ) and (R, o) are opposite quasigroups.

15.3. Groups enveloping triality

It has become relatively common [GrZ06, IMik93), [NVo03| to weaken Doro’s
definition of a group K admitting the triality I by dropping the requirement that
[K,I] = K. This is not a serious change, since in any event [K,I,I] = [K,I] (see
Proposition below). Therefore this expanded idea of a group admitting
triality has Doro’s form at its heart.

In the context of our definition of a triality group (G, D,n) (or (G, D, I))
the corresponding change is to repeat definition nearly as is, dropping only
the requirement that the conjugacy class D generates G. We will say that the
group E envelopes triality if it satisfies this weakened version of and we
will write (F,D,n)) or (E,D,n,I)) as appropriate. In this event, the normal
subgroup G = (D) gives rise to groups with triality (G, D, 7|g) and (G, D, 7|, I)
as before, since elements of D are conjugate via the various Sym(3) subgroups that
they generate. We say that (E,D,m)) and (E,D,m,I)) envelope the groups with
triality (G, D, w|¢) and (G, D, w|g,I) or any triality groups isomorphic to them.
Furthermore, if M is a Moufang loop isomorphic to (G, D,7)M or (G, D, w, [)M*
(as appropriate), then we say that (E, D,n)) and (E, D,n,I)) envelope M.

(15.4). PROPOSITION. Let (E,D,7g)) be a group enveloping triality, and set

P =kerng, G= (D), and 7 = mg|c.

(a) (G,D,m) is a group with triality; E = PG; and Cg(D) = Cp(D) = Cg(QG) is
a normal subgroup of E with G N Cg(D) = Z(G).

(b) mg = 7|F is uniquely determined from P and (G, D, ) via (pg)™® = g8 = g™
forpe P and geG.

(¢) ForI a line of (G,D,n), we have E = P x I and kerw = [P,I] = [P,I,I].
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PROOF. All this is evident except for (d). We have kerm = G N P, hence
E=PG=PxI. AsG = (IF) = (IP) = [P,I] x I, we also have kerm = [P, I].
Furthermore modulo its normal subgroup [P, I, I], G is a group with triality that
is a central extension of [P, I|/[P,I,I] by I ~ Sym(3). Thus [P, I]/[P, I, 1] is trivial
by Lemma and [P, I] =[P, 1,1]. O

We now have the category ETriGrp whose object class consists of all groups
enveloping triality. A morphism f of Homewice ((E, D, 7)), (Eo, Do, o)) is again
a group homomorphism f: F — E, that additionally has Df C Dy and 7 = fm.
We similarly have the category ETriGrp* with objects (F,D,n,I)) for I a line
of ((D),D,n|(py). A morphism from (E,D,n,I) to (Ey, Do, o, lp) additionally
satisfies I/ = I,.

There is virtue in these new definitions. If (G, D,,I) is a group with triality,
and H is a subgroup of G that contains I, then H still might not be a group with
triality. On the other hand if (E, D,n,I)) is a group enveloping triality and H
is a subgroup containing I, then (H, D N H, 7|y, I)) also envelopes triality. Thus
the new concept can be helpful inductively. On the other hand, we have lost
some control. If (E, D,x)) is a group enveloping triality and A is any group, then
(A x E,{14} x D,7|**F)) also envelopes triality. In particular, each group with
triality has arbitrarily large enveloping groups. Thus within ETriGrp there is no
obvious counterpart to the subcategory UTriGrp of TriGrp.

There is a counterpart to ATriGrp. We call the group (E,D, 7)) faithful if
Cg(D) = 1. Let AETriGrp be the full subcategory of ETriGrp consisting of the
faithful groups enveloping triality. Then by Proposition the intersection of
AETriGrp with TriGrp is precisely the adjoint subcategory ATriGrp. There is of
course a corresponding pointed category AETriGrp*.

Grishkov and Zavarnitsine [GrZ06] (following in part Mikheev [Mik93]) noted
the existence of faithful groups enveloping triality and possessing a “universal in-
jective” property:

(15.5). THEOREM.

(a) For every adjoint group with triality (G, D, ) there is a faithful enveloping
group (GAE, DAE 7AE) with the property:
If (Eo, Do, o)) faithfully envelopes (G, D, ) via the triality isomor-
phism f of ({(Do), Do, mo|(p,)) with (G,D,n), then f estends to a
morphism @ that is an injection of the faithful group (Eo, Do, o))
into (GAE, DAE 7AEY).
(b) For every adjoint group with triality (G, D,m,I) there is a faithful enveloping
group (GAE, DAE B TAEY) with the property:
If (Eo, Do, mo, Ip)) faithfully envelopes (G, D, 7, I) via the triality iso-
morphism f of ((Do), Do, mol(pyy, lo) with (G, D, n,I), then f extends
to a morphism @ that is an injection of the group (Fo, Do, 7o, Io)) into
((GAE,DAE, 7.‘.AE’IAE )
(¢) In (EI) and we may take GAF to be Aut((G, D, 7)C), the full automorphism
group of the Latin square design (G, D, n)C associated with (G, D, ). In this
case DA = D is the class of central automorphisms, TF = 7T|GAE, IAE =71,

and PAE = Aut sp((G, D, 7)C).
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PRrROOF. The first two parts follow from the third. Because of the definition of
the functor C, each transposition d of D plays two roles. It is an element of P, p ),
the point set of (G, D, n)C, but it also acts on D = P(g p,r) by conjugation as the
central automorphism of (G, D, 7)C with center the point d.

Suppose for (Eg, Do, mo,1p)) with Gy = (Dg) there is an isomorphism f of
(Go, Do, mol(pyys lo) with (G, D,n,I). Then for each g € Ey the map ¢g#: d
d’ 79/ defines an action of g on D = DAE = P, p,x)- If d and e are in D with
(d,e) aline of (G,D,,I), then (d,e)?” = (d9",e9”) is also a line of (G, D, n,I),
because (dffl,ef71> and <df71g,ef719> are lines of (Go, Do, mo|(py), lo). Therefore
g% takes lines of (G, D, 7)C to lines and so is an automorphism of the Latin square
design.

The map ¢: E — Aut((G, D, 7)C) given by g — g% is then easily a group
homomorphism with P? < Aut sp((G, D, 7)C). If g¥ = h¥, the element (gh™1)%
is trivial on D, and hence (df )" = d/ " for all d € D. Thus, as f is a bijection,
gh~! acts trivially by conjugation on Dy. That is, gh~! € Cg, (Do), a trivial group
as (Eo, Do, mo, Ip)) is faithful. We conclude that ¢ is an injection.

For each y € Gy, « € Dy, and 2/ = a € D,

oV’ = (@) = @) = ((af ) =af v =¥
Therefore ¢|p,y = f, and ¢ extends f to all of Ey. In particular Df =D = DAE,

the class of central automorphisms, and I§ = Ig =1=1TI"F (asin (]EI))
To complete the proof that ¢ is a morphism, we must show 7y = @7F, knowing
that mo|g, = fm. First, for p € Py = kermp and a € D,

-1

(a" )" = (af’lpf)w — (af’lzn)ﬂr — (af’lp)m — ((af’l)pyro =@ )™ =qa".
That is, P§ < PAE —ker 7B, Thus for # = pg € Ey with p € Py and ¢ € Gy,

E AE AE

A AE
2T = (pg)? = (0Pg)T = (97)" = (¢))T =g =™ = (pg)™ =™,

as desired. O

AE

Here in the statement “extends” and “injection” are not categorical concepts
(although using arguments similar to ones from earlier chapters we could render
them so).

The work of Grishkov and Zavarnitsine [GrZ06] is phrased in terms of the
expanded version of Doro’s groups admitting triality. Accordingly, if (E, D, 7, I)) is
in ETriGrp*, then we construct the object (P, I, ¢s) of the isomorphic category EDoro
with P = ker7 and ¢y = 7|;. We also have the isomorphic faithful subcategories
AETriGrp* and AEDoro. The corresponding faithful and universally injective object
(PAE TAE AR, discussed by Grishkov and Zavarnitsine [GrZ06], then has PAF =
Aut sp((G, D, m)C), the group of LSD-automorphisms of (G, D, n)C, and L‘},PE =
78| 1ae. If (G, D, 7)M (isomorphic to (G, D, 7)CS) is the Moufang loop M, then
the universal faithful enveloping kernel PAF is in turn isomorphic to the autotopism
group of M, Atp(M) = Autieop(M). See Section above and also [GrZo06),
Hal10].

15.4. Tits’ symmetric 7-geometries

This section is based upon §§3-4 of [Tit58]. A T -geometry is a tripartite graph
T with nonempty parts 7', 72, T2 and satisfying, for {4, 7, k} = {1,2,3}:



120 15. SOME RELATED CATEGORIES AND OBJECTS

for every nonadjacent pairp; € T* andpj € T7, there is a unique
pr € TF that is adjacent to both p; and Dj-

Incidence of p; and p; will be written as p; ~ p;.
In particular a T-geometry is connected of diameter at most 3. There are many
examples.

(15.6). EXAMPLE. (GATED T-GEOMETRIES) Let U be a tripartite graph with
parts Uy, Us, and Us and having the property:
if pi ~ pj ~ pr, for pi € Ui, pj € Uj, p € Uy and {i,j,k} =
{1,2,3}, then p; ~ pg.
This is the case precisely when any connected component that meets each U; non-
trivially is complete.
For each i let T" = U; U {c0;}, where co; is a new vertexr, a “gate.” For
{i,j,k} = {1,2,3} let the gate oco; be adjacent to every vertex of T7 and T*. The
tripartite graph T = T W T2 W T3 is then a T-geometry.

In particular any complete tripartite graph K, ., is a T-geometry [Tit58] §4.1].

(15.7). EXAMPLE. The 6-cycle Cg is a T -geometry, where the T* are the vari-
ous antipodal pairs of vertices.

Among the above examples of T-geometries, the complete tripartite graphs
Ky m,m and the cycle Cg have large automorphism groups.

Specifically, consider the subgroup Sym(3) of Aut(Cgs) whose three elements of
order 2 are the reflections of the 6-cycle that fix none of its vertices. If @ is one
such element, then a fixes T, switches 77 and T* (for an appropriate numbering
of the three parts of Cj), and has the following three properties:

(i) for allp; € T?, p; and p§ are adjacent;

(ii) if p; € T' is adjacent simultaneously to pj (€ T?) and P} (€ Tk), then p¢ = p;;
(iii) a? =1.
Of course for C§, the second property holds trivially.

Similarly, consider the complete graph K, ;. Here the wreath product
Sym(m)® x Sym(3) acts on the associated T-geometry with each involution a of the
wreathing quotient Sym(3) having the three properties above. In this example, the
first property is essentially trivial but the second is very strong, saying that a fixes
each vertex of the part it leaves invariant.

We call an automorphism a of the 7T-geometry T acting as in (i)-(iii) above a
symmetry of T. We denote by D; the set of symmetries of 7 that leave part 7°
fixed and switch 77 and 7*. Further set A = D;UD,UDs. In Aut(7) a conjugate
of a symmetry is again a symmetry, so A is a normal set of elements of order 2.

The automorphisms of D; induce the permutation (i)(j, k) on the parts of T.
Tits [Tit58, §3.2] calls T a symmetric T-geometry provided all permutations of
{1,2,3} are induced by Aut(7). Thus Cs and K, m m are symmetric.

We next have Tits’ “Fundamental Lemma” [Tit58] §3.3]:

(15.8). LEMMA. Let {i,j,k} ={1,2,3}. Ifa € D; and b € Dj, then

(a) aba = bab € Dy;
(b) (ab)® = 1.
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PROOF. As a conjugate of a symmetry is a symmetry, both a~'ba = aba and
bab are in Dy, inducing the permutation (k)(z, 7). It remains to prove

1 = (aba)(bab) = (ab)®.

, P;irst })e‘g P Eka. Then p ~ p® by (i), hence p® ~ pb?®. Similarly p®* ~
(p"®)® = p®*® as p°® € T*. That is,

ab bab ba
p~Dp ~Dp

and by symmetry
pba ~ paba ~ pab.

aba ab)?®

and p(
bab

If p® o p@, then by the defining axiom for T-spaces p’® = p =p.
On the other hand, if p®® ~ p® this would combine with p®® ~ pbeb = (pba)?
(from above) to give p? = (p)® = p® by (ii). That is, p®*® = p and by symmetry
pP® = p: again p**® = p®®® and p(“w = p. Therefore for p € T"* we always have
(ab)® _
p =P
This in turn implies that
3 4 3
(pab)(ab) _ p(ab) _ (p(ab) )ab _ pab

and

(ab)® _ ( (ab)3)(ab)2 :p(ab)2 ]

(p)( ) = p p
We conclude that (ab)? is trivial on 7% and additionally on (T%)2 U (7%)(@)” =
T?UTI. That is, (ab)® = 1, as desired. O

(15.9). COROLLARY. Let H < Aut(7) with D = H N A meeting at least two
of D1, Dy, and D3. Then T is symmetric, and (G, D, ) is a group with triality,
where G = (D) and 7 takes each symmetry of D; to the permutation (i)(j,k). O

The consequences of the previous lemma and corollary for 7 = K, . m, where
the full automorphism group is the wreath product Aut(7) = Sym(m)3 x Sym(3),
were detailed by Tits [Tit58, §4.1] and later (and independently) rediscovered by
Doro [Dor78] and Zara [Zar85|. This is the case n = 3 of Theorem above.

While symmetric 7T-geometries give rise to groups with triality, the converse
seems not to hold in general. For many groups with triality there are no obvious 7-
geometries upon which they act symmetrically. Nevertheless this approach gives a
nice proof in Theorembelow that Cartan’s triality group PQg (F) x Sym(3)

is a group with triality in our sense.

Tits has a second paper [Tit59] also devoted to triality. Although that paper is
probably more famous than [Tit58], it is less central here. It focuses on identifying
all conjugacy classes of elements of order 3 in the outer automorphism groups of
orthogonal groups of dimension 8, not just the special class that we study here.

15.5. Latin chamber systems covered by buildings

The work in this section is motivated by a result of Meierfrankenfeld, Stroth,
and Weiss [MSW13].

Let A = (V, A, ) be a graph with vertex set V and edge set A, additionally
provided with an edge-coloring ¢: A — I.

The graph A is a chamber system provided that, for each color i € I, the
subgraph with vertex set V and edge set ¢~1(i) is a disjoint union of complete
subgraphs containing at least two vertices each. The connected components of
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these monochromatic subgraphs are the panels of the chamber system. Chamber
systems were introduced by Tits in the fundamental paper [Tit81].

The vertices of the graph are the chambers of the chamber system. A gallery
is a path cg, c1,. .., cq in the chamber system. The gallery is simple if ¢; # cj41 for
0 < j < d, in which case d is its length. The type of a gallery is the corresponding
sequence of edge colors ¢(cocr), p(cica), ..., p(cjcit1), .-, p(ca—1cq).

The number of colors is the rank of the chamber system, and a chamber system
of rank 3 will be called, following [MSW13|, a Latin chamber system provided:

any two panels of different colors intersect in a unique chamber.

The color set I will be taken to be {R,C, E}.
We have immediately

(15.10). LEMMA.

(a) If (V, A, o) is a Latin chamber system, then (V,N) is a 3-net, where the line
set N is the set of panels and two lines are parallel when they have the same
color.

(b) If (S, P) is a 3-net, then (S, A, @) is a Latin chamber system, where the edges
of A are given by collinearity in the 3-net, an edge receiving as color the name
of the parallel class of the unique line containing it. O

The lemma actually describes an isomorphism between the categories 3Net of
3-nets and LCS of Latin chamber systems.

Latin chamber systems occur in [MISW13] as special sorts of chamber systems
with Coxeter diagram A; x A; x A;. A basic question to ask whenever considering
a chamber system with Coxeter diagram is whether or not its universal 2-cover is
a building. Proposition 4.2 of [MSW13]| effectively states:

(15.11). THEOREM. For a Latin chamber system, the following two statements
are equivalent:

(1) its universal 2-cover is a building;

(2) every loop that coordinatizes it, as 3-net, is a group.

The proof in [MSW13]| replaces (1) with the equivalent condition:

(R) whenever two simple galleries of the same reduced type are
homotopic, they coincide.
The equivalence of (1) and (R) for chamber systems with Coxeter diagrams is
Theorem 3 of [Tit81].

The diameter of a Latin chamber system is two. If a pair of galleries share a
panel, then their distance is at most one. If they do not, then any panel on one
intersects a panel on the other, and a minimal length gallery connecting the two
has length two.

In a chamber system with Coxeter diagram, galleries of reduced type are gener-
alizations of minimal galleries. The Coxeter group W with diagram A; x A; x A;
is elementary abelian of order 8 with presentation

(R,C,E|R*=C?*=E*=1,RC=CR,RE=ER, CE=EC).

The reduced types in this case are the words in the alphabet {R,C,E} that mini-
mally represent elements of the Coxeter group W, that is, that contain no repeated
letter. Thus simple galleries of reduced type have length at most three. The mini-
mal galleries are those with reduced type of length at most two.
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The empty type (word) of length 0 corresponds to the identity element of the
Coxeter group and the length 0 gallery from any chamber to itself. The types of
length 1 are the generators R, C, E of the Coxeter group, and a gallery with one of
these types moves from one chamber of a panel to another.

The six types of length two come in three pairs, corresponding to relations
in the Coxeter group: RC = CR, RE = ER, CE = EC. In a Latin chamber
system, for the gallery cg, c1, co of one of these types M N there is a corresponding
and uniquely determined gallery ¢y, ¢}, co with the same end chambers but of type
NM. For example, if we think of the chambers ¢y and ¢y as two cells of a Latin
square in different rows and different columns, then we can get from ¢y to ¢y via
c1, the cell in the row of ¢y that is also in the column of co; this is a gallery of type
RC. But there is also a unique gallery of type CR connecting ¢y and cg, namely,
the gallery that travels by way of ¢}, the cell in the same column as ¢y that is also
in the same row as cs.

Let

Co —> " Cj—1 %Cj LC]‘_;,J"' — Cq
be an arbitrary simple gallery whose subgallery c;_1,¢;, cj+1 has type MN. The
passage from this gallery to the corresponding gallery

N , M
Co—>"‘Cj,1—)Cj—>Cj+1°"—>Cd

is called an elementary homotopy. Two galleries are homotopi(ﬂ if it is possible to
pass from one to the other by a finite number of elementary homotopies. Homotopy
is then an equivalence relation on the set of all simple galleries. As elementary ho-
motopies only affect chambers in the interior of the gallery, two homotopic galleries
must have the same initial and terminal chambers.

The homotopy class of a gallery of length 0 or 1 contains only that gallery.
The discussion above shows that in Latin chamber systems, the homotopy class of
a gallery of type M N contains only two galleries—the original and the gallery of
type NM that results from an elementary homotopy—since the only elementary
homotopy available for the second gallery is the move back to the first.

Therefore in a Latin chamber system, two simple and homotopic galleries of the
same reduced type of length at most two are in fact the same. That is, condition
(R) is satisfied for the minimal galleries. A proof of Theorem will thus
depend upon the analysis of reduced galleries of length three.

IThe terminology here should not be confused with the similar sounding but unrelated con-
cept of ‘homotopism’ introduced in Chapter
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PROOF OF THEOREM [(15.11)]

We shall show that condition (R) is equivalent to the Reidermeister Quadrangle
Condition (QC) of Section for the associated 3-net and Latin square. Then
Theorem proves the theorem.

Recall from page [25] the Quadrangle Condition, which says that, whenever we
encounter the following pattern in a Latin square, we must have 4 = 5. Theorem
(3.14)| states that this is equivalent to the Latin square being the multiplication
table of a group.

u v w T
a 1 2
b 3 4
c 1 2
d 3 5

The Latin square is visually a good representation of the associated 3-net and Latin
chamber system. The cells of Latin square correspond to the points of the 3-net and
to the chambers of the Latin chamber system. The various rows then constitute the
lines of the parallel class labelled R and also the panels with color R. The columns
give the parallel class C and the panels colored C. Finally the entries in the cells
identify the lines of the diagonal parallel class E and the panels colored E.

In aid of our proof we add further labels to our Latin square, letting z be the
column with entry e;, = 5, then 6 the entry e,., and finally f the row with ey, = 6:

U v z w z
a 1 2 6
b 3 4 5
fl- 6
c 1 2
d 3 5
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The cells of the Latin square, hence points of the 3-net and chambers of the Latin
chamber system, are identified by triples (r, ¢, e), where r is the row index, ¢ is the
column index, and e is the entry.

We consider a sequence of elementary homotopies starting with an appropriate
gallery of type REC:

(a,u,1) —2— (a,v,2) —2 (¢, 2,2) —— (d, z,5)
(a,u,1) —E= (c,w,1) —2— (¢, 2,2) —— (d, z,5)
(a,u,1) =2 (c,w,1) == (d,w,3) —2— (d, z,5)
(a,u,1) —— (b,u,3) —2— (d,w,3) —2— (d,z,5)
(a,u,1) ——= (b,u,3) —2— (b, 2,5) —=— (d, z,5)

(a,u,1) —= (a,2,6) —— (b,2,5) —— (d,z,5)

(a,u,1) R, (a,z,6) £, (f,,6) SEISEN (d,z,5)

The first and last are homotopic, simple galleries of reduced type REC from
the chamber (a,u,1) to (d,z,5). If we assume condition (R) then they must be
equal. In that case (a,v,2) = (a,2,6), which gives v = z and 2 = 6. (Also
(¢,2z,2) = (f,z,6) hence ¢ = f.) Therefore (b,v,4) = (b,2,4) = (b,2,5), and
we conclude that 4 = 5. This shows that the condition (R) indeed implies the
Reidermeister Quadrangle Condition (QC).

Conversely, if we assume (QC), then we must have 4 = 5, hence in turn v = z,
2 =6, and f = c¢. Thus the eight cells labelled in the Latin square form the eight
corners of a cube in the 3-net and chamber system. (It is no coincidence that the
cube is exactly the thin chamber system corresponding to the Coxeter diagram
Al X A1 X Al)

Consider a gallery with initial chamber (a, u, 1) and terminal chamber (d, z,4) =
(d,z,5) and having as type one of the six permutations of REC. Any elementary
homotopy leaves us with a gallery all of whose chambers come from the eight of the
cube appearing in the (QC) configuration. That is, we cannot escape this cube
using elementary homotopies. But within it, there is a unique gallery with these
end chambers and having each of the six possible types. This together with the
remarks preceding this proof on minimal galleries shows that (QC) implies (R),
as desired. O
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An introduction to concrete triality

There are classical and well-studied relationships among duality of finite di-
mensional vector spaces, order 2 outer automorphisms of the general linear groups
(Lie type A,), and algebras with involution.

This chapter is an introduction to Part [d] which is devoted to discussion of
the more specialized relationships among Study’s triality of hyperbolic orthogonal
8-space, Cartan’s order 3 outer automorphisms of orthogonal groups (Lie type Dy),
and Moufang’s alternative algebras, such as the octonions of Cayley and Graves
and the split octonions of Zorn. This we have termed classical triality as the topic
is now over a hundred years old. An alternative would be concrete triality, as a
contrast to the abstract triality of Chapter [4]

16.1. Study’s triality

Quadratic forms are meant to model squared-length in Euclidean space. Thus
the map ¢q: V — F is a quadratic form on the finite dimensional F-space V'
provided

g(ax) = a?q(z),
for all @ € F and x € V, and the associated form h: V x V — F

h(z,y) = q(x +y) — q(x) — q(y)

is bilinear. An important and motivating example is the vector space Mats(F') of
2 x 2 matrices over F' with ¢ the determinant function.

For W C V, we define the F-subspace W+ = {z € V| h(z,w) =0, w € W }.
The form ¢ is nondegenerate if V- = 0. At the other extreme, a subspace is singular
if the restriction of ¢ (and so h) to S is identically 0. In nondegenerate (V,q), the
largest dimension a singular subspace can have is dim V/2. If nondegenerate V has
a singular subspace of exactly this dimension, then (V,q) is a hyperbolic space or
split, Mato(F') again providing an example.

Study [Stul2, [Stul3] noticed a fascinating property of (real) hyperbolic 8-
space. Let 7 be the graph whose vertices are the singular 1-spaces and singular
4-spaces. A singular 1-space is adjacent in T to each singular 4-space containing it
and to no other 1-spaces. Two singular 4-spaces are adjacent if their intersection
has dimension 3.
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Study observed (of course, in other terms) that this graph is tripartite (one
part consisting of all the 1-spaces) and that it admits an automorphism of order
3 that permutes the three parts of the graph transitively. This is Study’s triality,
valid over arbitrary fields F'.

16.2. Cartan’s triality

Cartan [Car25], motivated by Weinstein’s calculation [Wei23] of the auto-
morphism group of GL,,(R), discussed the automorphism groups of arbitrary Lie
groups. He observed that automorphisms are linear in nature unless related to
nontrivial graph automorphisms of the associated Dynkin diagram. (Recall that
Aut(R) = 1.) This brought him to the diagrams A; with [ > 2, D; with [ > 4,
and Eg. The first case is that handled by Weinstein with nontrivial graph auto-
morphisms induced by correlations of the underlying space, the transpose-inverse
giving an example. Similarly for Eg the outer automorphisms are induced by cor-
relations of the 27-space on which the group acts, preserving a cubic form. For D;
with [ > 5, the nontrivial graph automorphism group has order 2 and is induced
by orthogonal reflections.

This leaves D4. According to Cartan, “Ce cas est le plus interssant.” The
automorphism group of the Dy graph is Sym(3), with orthogonal reflections again
inducing an element of order 2. But Cartan also constructed automorphisms of
D4(R) = PQJ (R) inducing graph automorphisms of order 3.

In particular, Cartan discussed (rediscovered?) Study’s geometric observation
(without reference) and introduced the term “triality” to describe it (see page .
As PQF(R) certainly acts on Study’s graph 7, the automorphism group of that
graph contains Cartan’s triality group P (R)xSym(3), which also generalizes to
arbitrary fields F.

16.3. Composition algebras and the octonions

An F-algebra A is a vector space over F' that admits a bilinear (but not neces-
sarily associative) multiplication. A composition algebra is an algebra with identity
possessing a nondegenerate quadratic form ¢ admitting composition, which is to
say that

q(mn) = q(m)q(n)

for all m,n € A. In a composition algebra, an element is a unit if and only if g(m)
is nonzero. The units form a loop, and those units u with norm g(u) = 1 give a
normal subloop, as do the scalars. Composition algebras are alternative algebras,
and so their loops of units are Moufang loops.

In the earlier parts of this monograph, we used geometry (central Latin square
designs) to bridge the gap between Moufang loops (algebra) and groups with tri-
ality. In this part, things go a little differently. We use composition algebras,
particularly the split octonions, to connect Study’s geometric triality and Cartan’s
group theoretic triality. Both Study [Stul2) [Stul3] and Cartan [Car25] make use
of 8-dimensional algebras, Cartan explicitly referring to Cayley algebras.

Composition algebras of dimension 8 are the Cayley or octonion algebras, which
are of particular interest here. Historically, the first such algebra was that of the
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Cayley-Graves compact real octonionsﬂ [SpV00, p. 23]. For us, the most promi-
nent examples will instead be the split octonions (defined over arbitrary fields), as
exemplified by Zorn’s vector matrices [Zor31]. The Cayley-Graves octonions and
the real split octonions are the two real forms of the complex octonions, which must
be split.

16.4. Freudenthal’s triality

The trialities of Study and Cartan are largely concerned with hyperbolic space;
that is, with the split octonions. A version of algebraic triality that goes back at
least to the famous 1951 Utrecht notes of Freudenthal (finally published in 1985
[Fre51), [Vel85]) has the advantage of speaking to all octonion algebras O simulta-
neously.

In Chapter [20] we study Freudenthal’s version, which states that for every sim-
ilarlity g from the general orthogonal group GO(O) there are companions h,k €
GO(O) such that, either

zhyF = (zy)9  for all z,y € O

or

Myt = (yx)9 forall z,y € O.
Consideration of this version leads to an elementary presentation of the spinor norm
and the associated spin group in the special case of orthogonal spaces that support
octonion algebras.

16.5. Moufang loops from octonion algebras

The study of Moufang loops began with the study of alternative algebras, of
which octonion algebras provide the basic nonassociative examples.

Moufang [Mou33| and M. Hall [HII43), [HII49] proved that projective planes
in which the Little Theorem of Desargues holds are precisely those coordinatized by
alternative division algebras. Moufang [Mou35] then studied arbitrary alternative
rings, proving among other things that they satisfy the identical relation

(aB)(yar) = (a((By)e)
which we now know as the Moufang identity.

In [Mou35] Moufang initiated the subject of Moufang loops, which she called
“quasigroups,” proving her remarkable theorem that three elements of a Moufang
loop that associate in any order must generate an associative subloop—a group.

In our final Chapter [21] we study the Moufang loops that arise from the unit
loops in octonion algebras. All known simple nonassociative Moufang loops occur
as sections of such unit loops. Of special interest are the Paige loops [Pai56], which
come from the split octonions. By a theorem of Liebeck [Lie87], following on from
Doro’s original work [Dor78], every finite, nonassociative, simple Moufang loop is
a Paige loop.

n situations such as this, the word “compact” does not refer to algebra itself but to its
automorphism group, which is compact since the invariant form is positive definite.
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Orthogonal Spaces and Groups

Classical, concrete triality lives in the realm of orthogonal 8-space and the
groups and algebras associated with it.

17.1. Orthogonal geometry

Throughout this chapter F' will be a commutative field and V' will be a finite
dimensional vector space over F. For any subset W of V', we let (W) <V be the
F-subspace of V' spanned by W.

Let ¢: V — F be a quadratic form on the F-space V. That is,

g(ax) = a?q(z),
for all & € F and x € V, and the associated form h = hy: V x V — F, given by

h(z,y) = q(z +y) — q(z) — q(y),

is bilinear (and symmetric). For any subspace W of V, the restriction of ¢ to W
is a quadratic form on W. We call (V, q) an orthogonal space or a quadratic space.
The associated bilinear form h, will typically be abbreviated to h.

Always h(x,z) = 2¢g(z). So in characteristic other than 2, the bilinear form h
determines ¢. That is not the case in characteristic 2 where h(z, z) is always 0: h
is a symplectic form.

If K is an extension of F, then ¢ extends naturally to a quadratic form ¢/ on
the tensor product K @ V = V|X. Indeed for any totally ordered set (I, <) and
basis Z = {x; | i € I} of the E-space W, any map ¢qr: Z — E and Gram matrix
{h(z;,x;) € E|i < j} extends by “linearity” to a unique quadratic form ¢" on
w.

For W C V, we let W+ = {x € V| h(z,w) =0, w € W}, an F-subspace of V.
The form ¢ is nondegenerate if V- = 0.

(17.1). LEMMA. Let q be a quadratic form on the finite dimensional F-space
V' with associated bilinear form h.

(a) Foreachx €V, let A\p: V — F be given by y = h(x,y). Then \: V — V*
giwven by x — A\, is an homomorphism of F-vector spaces. It is an isomorphism
if and only if (V,q) is nondegenerate.

133
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(b) If (V,q) is nondegenerate then dimp U +dimp U+ = dimp V' for each subspace
U.

(¢) If (V,q) is nondegenerate and U NU+ =0, then V. = U & UL (which we may
write as U 1L UL ).

(d) (V,q) is nondegenerate if and only if (K ®r V,q|¥) is nondegenerate.

PROOF. The first part is routine, given the definitions. The rest then follows
directly. O

A subset S of V' is singular (or sometimes even totally singular) if the restriction
of ¢ to S is identically 0. If U is a singular subspace, then ¢ induces a quadratic
form on the quotient space U~ /U, nondegenerate if (V,q) is nondegenerate.

A vector that is not singular is nonsingular, and a space (V,q) in which all
nonzero vectors are nonsingular is an asingular space.

Let (V,qyv) and (W, qw ) be quadratic spaces over F. An isometry from (V, qv)
to (W, qw) is an invertible g € Homp(V, W) with

qw (v9) =qy(v), forallv e V.

Thus two quadratic F-spaces are essentially the same precisely when they are iso-
metric.

One dimensional quadratic spaces Fx are easy to describe: for all y = ax € Fx
we have ¢(y) = da? for the constant d = (). (Characteristic 2 quadratic 1-spaces
are always degenerate.) The structure of 2-dimensional spaces is crucial.

(17.2). PROPOSITION. Let (V,q) be a quadratic F-space of dimension 2.

(a) If 0 # = € V is singular with x*+ = V, then (V,q) is degenerate and, for
y €V \ Fx, we have q(Bx + vy) = ey? where e = q(y) is a constant.

(b) If 0 # x € V is singular with x+ # V, then (V,q) is nondegenerate and there
are exactly two 1-spaces in V' consisting of singular vectors. In this case, we
have a basis of singular vectors x and y with h(z,y) = 1, hence ¢(Bx+~y) = 5.
Especially, for each o € F there are z € V with q(2) = «.

(¢) If all nonzero vectors of V' are nonsingular, then there is a quadratic extension
K of F for which the extension q|* of ¢ to K@pV = V|X has nonzero singular
vectors and so falls under (a) or (b).

In this case (V,q) is isometric to K (as F-space) provided with the qua-
dratic form qi (k) = dkk, where the bar denotes Galois conjugation in K over
F and d € F is fized and nonzero. If K is separable over F then (V,q) is non-
degenerate; if K is inseparable over F (which forces charF = 2) then V. = V+.

PROOF. (a) This is immediate from the remarks about spaces of dimension 1.

(b) As q(z) = 0, h(z,z) = 0; so for w ¢ (z) = x+ we have h(z,w) # 0. If
necessary, replace w by a scalar multiple so that h(z,w) = 1. Consider y = Sz +w.
Then

h(z,y) = h(z,w) =1, and q(y) = q(Bzx) + q(w) + h(Bz,w) = qg(w) + 3.

Therefore § = —q(w) gives a second 1-space (y) of singular vectors and all other
nonzero vectors are nonsingular. Finally

q(Bx +vy) = q(Bx) + q(vy) + h(Bz,vy) =0+ 0+ fy = Bv.
In particular ¢(az 4+ y) = .
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(¢) Choose a basis {u,v} of V with g(u) = d, q(v) = f, and h(u,v) = e. Then
q(Bu++v) = dB?+efBvy+ f+2. As there are no singular vectors in V, the polynomial
dz? + ez + f is irreducible of degree 2 in F[z] but has a root « in the quadratic
extension K = F(a) of F.

When we identify V' with the F-space K via the linear isomorphism given by
u+— 1 and v = —a, so that fu + yv — 8 — ay = k, we find

qx (k) = q(Bu +yv) =
dB* +efy+ f7* = d(B — a) (B — ay) = d(B — ) (B — ay) = dkk .
The space (V|¥,¢|®) contains the singular 1-space spanned by au + v and so

comes under (a) or (b). We have V|¥ = K(au+v)®Kv with h|% (cu+tv, autv) = 0.
We calculate

h|K(au +v,—v) = q\K(au +v—v)— q|K(au +v) — q|K(—v)
= oqfu) 0 — g()

=do® - f
=da® - f — (do® 4 ea + f)
=—ea—2f.

As dz? + ez + f is irreducible of degree 2 in F[z], necessarily d # 0 # f € F. But
a ¢ F| so the quantity —ea — 2 is zero if and only if e = 0 and char(F') = 2. This
is in turn the case if and only if the polynomial and K are both inseparable over
F.

Thus if K is separable over I then (V| ¢|®) is nondegenerate as in (b), and
(V,q) is also nondegenerate by Lemma d). If K is inseparable over F, then
VIE = K(au +v) L Ko with h|% (v,v) = h(v,v) = 2¢(v) = 0. Thus h|¥ and h as
well are identically 0, and V = V+. O

In part @ of the proposition, V' is a hyperbolic 2-space. The basis pair {z,y}
of singular vectors z and y with h(z,y) = 1 is a hyperbolic pair. The hyperbolic
pairs in V are precisely the pairs {371z, By} for nonzero 3 in F.

(17.3). CorROLLARY. If(V,q) is a nondegenerate quadratic space of dimension
2 over the algebraically closed field F, then (V,q) is hyperbolic.

ProOF. Nondegeneracy puts us in (b) or (c¢) of the proposition, while algebraic
closure implies that no quadratic extension K as in (c¢) exists. O

(17.4). CorOLLARY. If(V,q) is a nondegenerate quadratic space of dimension
at least 3 over the finite field F,., then V contains nonzero singular vectors.

PrROOF. Choose = and y in V with A(z,y) # 0, and set H = (z,y). If
H contains singular vectors, then we are done. Otherwise, by the proposition
nondegenerate H is a copy of F,» with quadratic form g(x) = dxk'*" for nonzero d €
F,. The map & — ' is a surjective homomorphism from the cyclic multiplicative
subgroup of F,2 of order 72 — 1 to the order » — 1 multiplicative subgroup of its
subfield F,.. In particular for 0 # z € H*, there is a w € H with q(w) = —¢q(2); so
w 4+ z is a nonzero singular vector. O



136 17. ORTHOGONAL SPACES AND GROUPS

17.2. Hyperbolic orthogonal spaces

The orthogonal space (V,q) admits the hyperbolic basis H = {..., fi,gi,...}
(1 <i < m) provided for all 4, 5,1

q(fi) = q(g;) = h(fs, fi) = h(gj.91) =0, h(fi,g;) = s ;-

Especially the dimension 2m of V is even and ¢ is nondegenerate. The integer m
is the index of the form.

A hyperbolic 2-space of course provides an example, but so does the 4-dimen-
sional F-space Maty(F') of 2 X 2 matrices over F' with ¢ the determinant function
There the four matrix units form a hyperbolic basis (up to sign).

If (V, q) has a hyperbolic basis, then we say that ¢ and V" are split or hyperbolic.

(17.5). PROPOSITION. If q is a nondegenerate quadratic form on the F-space
V' of finite dimension, then the following are equivalent:

(1) V' has a hyperbolic basis.

(2) V is a perpendicular direct sum of hyperbolic 2-spaces.

(3) Every mazimal singular subspace has dimension dimg (V') /2.

(4) There are maximal singular subspaces M and N with V. =M @& N.

(5) There is a singular subspace of dimension at least dimp (V') /2.

(6) For any basis x of the totally singular subspace X, V has a hyperbolic basis
containing x.

ProoF. (1) and (2) are clearly equivalent, and both are consequences of (6).
(5) is a consequence of all the others. If the hyperbolic basis of (1) is the one given
above, then the spaces M = (..., f;...)and N = (..., g;,...) are maximal singular
with V =M @ N, as in (4).

Also (6) implies (3) as every singular subspace spanned by a subset of a
hyperbolic basis is contained in such a maximal singular subspace of dimension

It remains to prove that (5) implies (6), which we do by induction on dim(V)
with Proposition providing the initial step. (The case of dimension 1 being
trivial since nondegenerate 1-spaces contain no nonzero singular vectors.) If M is
a singular subspace of dimension at least dim(V)/2 and z is singular, then z+ N M
contains a hyperplane of M and singular (z, z- N M) has dimension at least that
of M. Thus, if necessary replacing M or enlarging y, we may assume that M Ny
is nonempty. Let 2 € M N x. Then, for any y in (x \ {#})* but not its hyperplane
X+, the 2-space (z,y) is hyperbolic by Proposition Nondegenerate (x,y)*
contains M Ny+ and y \ {z}. By induction x \ {z} embeds in a hyperbolic basis
of (x,y)*, and therefore  is in a hyperbolic basis of V. O

(17.6). COROLLARY. The two finite dimensional hyperbolic spaces (V,qy) and
(W, qw) over F are isometric if and only if they have the same dimension.

PROOF. Both spaces have hyperbolic bases, and it is possible to map one of
these to the other by an invertible linear transformation if and only if they have
the same cardinality. O

(17.7). ProposSITION. If (V,q) is a nondegenerate quadratic space of dimen-
sion 2m over the algebraically closed field F, then (V,q) is hyperbolic and unique
up to isometry (indeed similarity).
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PRrROOF. This follows by induction from the previous corollary and Corollary
(17.3)] O

As arbitrary F' can be tensored up to an algebraically closed field, the propo-
sition provides a tool for reducing general questions to the hyperbolic case.

(17.8). PROPOSITION. Let the quadratic form q be hyperbolic on the F-space
V' of dimension 2m.

(a) Ewvery singular (m — 1)-space is contained in ezxactly two singular m-spaces.

(b) Let W be a mazimal singular subspace, and let S be a singular subspace not
contained in W. Then for every s € S\ W there is a unique mazimal singular
subspace T with s € T and WNT of dimension m—1. The space T is (s, s-NW),
and dimp(SNT) =14+ dimp(SNW).

PROOF. (a) If U has codimension 1 in a maximal singular subspace, then U+ /U
is a hyperbolic 2-space; so (a) follows from Proposition [(17.2)]

(b) As s ¢ W, st N W is a hyperplane of W and T = (s,st N W) is a
singular m-space. It is unique since any T as described must contain s, whence
TNW <stnw.

The hyperplane TNW = st N W of T contains S N W, so the dimension of
SNT is equal to that of SN W or exceeds it by 1. But s € T\ W. O

(17.9). PROPOSITION. Let the quadratic form q be hyperbolic on the F-space
V' of dimension 2m.

The graph (M, ~) on the set M of maximal singular subspaces, with two such
adjacent when their intersection has codimension 1 in each, is connected and bi-
partite of diameter m. In this graph, the distance between two mazximal singular
subspaces M and N equals the codimension of M N N in each.

PrROOF. We first claim that, for all S € M and T; ~ T in M, we have
|dim(SNTy) —dim(SNT)|=1.

Let U = T1 N'T5 of codimension 1 in each, and set R = SNU. If necessary passing
to R+/R, we may assume R = 0 in proving the claim. Then U+ has dimension
m+1 and so intersects S nontrivially. Therefore T' = (U, UL+ N S) is totally singular
of dimension m. By the previous proposition, T is equal to exactly one of T7 or T5.
Thus

{dim(S N Ty),dim(S N Ty)} = {0,1},

giving the claim.

Let d(M, N) be the distance between M, N in (M, ~). Again by the previous
proposition, d(M, N) < m — dim(M N N). In particular the graph is connected.

To prove d(M,N) = m — dim(M N N), we induct on d(M, N). The result is
true by definition for d(M, N) = 0,1. Suppose d(M, N) = d, and choose a T € M
with T ~ N and d(T, M) = d — 1. Then by induction d — 1 = m — dim(M N T).
By the preceding paragraph and the claim d < m —dim(M NN)=(d—-1)£1 <d,
as desired.

It remains to prove (M, ~) bipartite. Otherwise, there is a minimal cycle C of
odd length, say 2k + 1. But for S € C, the two vertices T} and T, at distance k
from S in C are adjacent with dim(S N7Ty) — dim(S N T») = 0, contradicting the
earlier claim. O
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17.3. Oriflamme geometries

Let (V,q) be a hyperbolic orthogonal space of dimension 2m. Consider the
graph (I', ~) whose vertices are the nonzero singular spaces of V. Two singular
spaces are incident (that is, adjacent in I') precisely when

one is properly contained in the other or they both have dimen-
ston m and intersect in a (m — 1)-space.

This graph is (m + 1)-partite by Proposition|(17.9)|above, with the collection M of
m-spaces falling into two parts M” and M* while the remaining singular subspaces
provide a part Sy for each dimension 1 < k <m — 1.

The associated oriflamme geometry or D,,-geometry is this graph with the
part S,,—1 (the vertices of dimension m — 1) removed. We can recover the graph
(T, ~) from its oriflamme geometry, since by Propositionthere is a bijection
between the spaces of S,,,—1 and the edges between M?” and M* in which a singular
(m — 1)-space is incident precisely with the endpoints of its edge and the spaces of
smaller dimension incident to both of those endpoints.

By Corollary a D,,,-geometry over F' is uniquely determined up to iso-
morphism by m and F'

17.4. Orthogonal groups
Let g be a quadratic form on V. An isometry of (V,q) is a g € GL(V) with
q(v9) =q(v), forallv e V.

The full isometry group of (V,q) is then O(V, q), the orthogonal group. A similarity
of (V,q) is a g € GL(V) with

q(v?) = pgq(v), forallv eV,

for some nonzero constant multiplier py, € F. The full similarity group of (V,q) is
GO(V, q), the general orthogonal group.

An isometry g is precisely a similarity with py = 1. Indeed the map p: g — pg4
is a homomorphism from GO(V,q) to F with kernel O(V,¢). Each nonzero scalar
transformations ol is a similarity with multiplier o2, but only 41 are isometries.
The scalars subgroups are central, and we write PO(V,q) for the projective or-
thogonal group O(V,q)/{x£I} and PGO(V,q) for the projective similarity group
GO(V,q)/F*1I.

Similarly, a similarity of the associated bilinear form h = hy is a g € GL(V)
with

h(v?, w?) = pgh(v,w),

for all v,w € V and some nonzero constant u, € F. An isometry g of h is then a
similarity with pg, = 1.

Clearly an isometry (or similarity) of ¢ gives one of h. In characteristic 2 the
converse is not true in general.

For the linear transformation t on V, we set [V,t] = VI~ and Cy(t) = {v €
Vivt=v}.

(17.10). LEMMA. Let t be an isometry of the nondegenerate quadratic space
(V,q). Then [V,1] = Cy (t)".
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PRrROOF. For all v € V' and fixed w,

h(v'™tw) = h('w) - h(v,w)
= h('w) - h(v",wh)
= h(v'w'™h).
As g and h are nondegenerate and ¢ invertible, w € [V, #]* if and only if w € Cyy(t).

O

(17.11). PROPOSITION. Let (V,q) be a nondegenerate quadratic space over F'.
(a) Let t be an isometry with dimp[V,t] = 1. Then there is a nonsingular x € V
with [V t] = (z) and
t:v v —q(z) " h(v, o).
(b) Conversely, for every nonsingular x € V' the map
Sp: v v—q(@) h(v,z)z.

is an isometry of order 2 of the quadratic form q on'V (and so also of h) with
[V,sz] = (). If the characteristic of F is not 2, then the symmetry s, is the
reflection in the hyperplane z+ = Cy (s;).

(¢) sz =sy if and only if y = ax for some nonzero a € F.

(d) If g is an isometry of (V,q), then g~ s, g = Sz0.

(e) For W <V, Ws= =W if and only if t € W or W < z+.

PRrROOF. Consider an arbitrary linear transformation ¢t: V. — V with [V,t] =
(x), for some nonzero x € V. The kernel of the map v — v'~! is then Cy (¢), a
hyperplane of V. The image of v is (v™)z, for some linear functional 7 on V' with
ker 7 = Cy (¢).

By the previous lemma, for ¢ to have any chance at all of being an isometry, we
must have Cy () = z*; so we may assume v” = Bh(v, x) for some nonzero constant
B, and

t: v v+ Bh(v,x)x.

Now t is an isometry of (V, ¢) if and only if ¢(v*) = ¢(v) for all v € V. We calculate

q(v') — q(v) = q(v + Bh(v,2)x) — q
= q(v) + q(Bh(v, 2)x) + h(v, Bh(v, )z) = ¢(v)
= %h(v, )*q(x) + Bh(v, 2)h(v, z)
= Bh(v,z)*(Bq(x) +1).

This is 0 whenever v € 2+, but for v ¢ x* this is 0 if and only if B¢(x)+1 = 0. That
is, t is an isometry if and only if 3 = —¢q(x)~!; especially, x must be nonsingular.
We have t = s,, and

2% =z —q(z) " h(z, 2)e = — q(z) " (g(2x) — g(x) — g(x))z
=z —q(x)" (2¢(2))z = —x.
In particular, for arbitrary v € V with v =0" € F,

v

2

V5= Sg —1)(sz +1)

= (ya)* T = (ya)*> + vz = —(yz) + 72 = 0.

That is, the isometry s, has order 2. Furthermore, we see that in characteristic

other than 2 the element s, is precisely reflection in the hyperplane z=.

— o
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If s, = s,, then certainly
Fax=1[V,s;] = [V,sy| = Fy

and y = ax, for some constant o, nonzero as s, # 1y. On the other hand, if y = ax
then

q(y) " h(v,y)y = q(ax) " h(v, az)ax = o *a’q(z) " h(v, )z

and s, = sy.

For any isometries f and g we have [V, f]9 = [V9, f9] = [V, f9]. If f = s, then
[V, s2] has dimension 1, and the only possibility is s = s,4.

Finally, if s,-invariant W is not in z+ = Cy(s,), then 0 # W1 < Fz of
dimension 1, hence z € W. The converse is easy. O

The isometry s, is a symmetry of (V,q).

(17.12). PROPOSITION. Let (V,q) be a hyperbolic space over of finite dimen-
siton 2m over F'.

(a) The group GO(V,q) induces automorphisms of the bipartite graph (M, ~) (of
Proposition whose vertex set M consists of all singular m-subspaces,
two such adjacent provided their intersection has codimension 1 in each.

(b) If s, is a symmetry of O(V,q) and M € M is a singular m-space, then M ~
Ms=. In particular symmetries switch the two parts, so O(V,q) and GO(V,q)
have normal subgroups of index 2 that globally fix the two parts of the bipartition.

(¢) For m > 2, the kernel of the action of GO(V,q) on (M, ~) consists of the
scalars.

PROOF. Part (a) is clear. M = M* for every maximal singular space, so
't N M is a hyperplane of M that is equal to M N M3=. Thus M ~ M3, giving
(b).
For (c) first note that every singular 1-space is the intersection of those singular
m-spaces containing it, so GO(V, q) acts on the set of all singular 1-spaces. The
kernel of the action on (M, ~) then fixes each 1-space. Easy and familiar linear
algebra next says that an element g of this kernel is scalar on each maximal singular
subspace. As m > 2 and (M, ~) is connected, the scalar in question is the same
for all maximal singular subspaces; and g is scalar on all of V. O

The subgroup of index 2 within O(V,¢) found in the theorem will be writ-
ten as SO(V,q) and is the special orthogonal group. At this stage this definition
only applies to hyperbolic spaces (V,¢q). The groups induced on (M, ~) are the
corresponding matrix groups modulo their scalar subgroups and are the projective
groups, respectively, PGO(V, ¢) and PO(V, q) (both already seen) and the new pro-
jective special orthogonal group PSO(V,q), which is SO(V,q)/{£I}. Again, this
last is presently only defined in the hyperbolic case

As we saw in Corollary a finite dimensional hyperbolic space is char-
acterized up to isometry by its dimension 2m and defining field F. Therefore in
the hyperbolic case, the groups defined above may be, and often will be, written
as GO3 (F), O3, .(F), SO3. (F), PGO3 (F), POJ (F), and PSOj  (F), these
parameters determining the groups up to isomorphism.

1But see Sectionm
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17.5. Chevalley groups D, (F)

In the previous section we investigated isometries ¢ with [V,¢] = V(¢ — 1) of
dimension 1, because they are “small”’—they are close to being the identity. Propo-
sition showcases one difficulty with the resulting orthogonal symmetries—
they are not in the derived subgroup of the group they generate. Especially they
do not sit as “low down” in the group as they might. A related issue is that they
are associated with the nonsingular parts of the associated geometry whereas the
oriflamme D,,-geometry is constructed out of singular pieces. These failings were
forced on us by our quest for an isometry ¢t with [V, ¢] of dimension 1.

We now investigate isometries g with L = [V, g] of dimension 2. There are
three cases to consider, depending upon the dimension of the intersection of L with
L+ = Cy(g) (by Lemma. If that dimension is 0, then L is nondegenerate,
V = L @ L*, and the appropriate isometries are those from O(L, q|z) extended to
all of V by Id |-

In the remaining two cases, there is (at least) a 1-space (u) < L N L*. Then g
must globally stabilize the series (u) < (u)* < L, acting trivially on the 1-spaces
(u) and L/(u)*. For singular u, the isometries g that additionally are trivial on the
quotient (u)L/(u) are the Siegel elements of O(V,q). These are the correct “low,
small” elements to study [Tay92] when investigating the normal structure of the
orthogonal group in the presence of nonzero singular Vectorsﬂ

In the happiest situation, when L is totally singular (and, in particular, con-
tained in L*), there is a basis u, v of L with

g: x— x+ h(z,v)u— h(x,v)v.

This element g is a long root element of O(V,q).
Elementary calculation shows that long root elements enjoy, and indeed are
characterized by, the following properties:

(17.13). PROPOSITION. Consider the nondegenerate quadratic space (V,q).

(a) The isometry g is a long root element if and only if V(g — 1) = L is totally
singular of dimension 2 and V(g —1)? = 0.

(b) The set Ry, of all long root elements g with [V, g] = L together with the identity
is a subgroup of O(V,q) isomorphic to (F,+).

(c) The elements of Ry, act trivially on L*. For each singular x € V' \ L, there is
a unique 1-space (y) in x+NL, and Ry, stabilizes and is reqular on the 1-spaces

of (z,y) \ (y)- m

The subgroups Ry, are the long root subgroups. For hyperbolic forms (at least)
they sit in SO(V,¢) by the last part of the lemma. We also use the language
of long root elements and long root subgroups for their (isomorphic) images in
the corresponding projective groups. Especially, within the projective hyperbolic
orthogonal groups PSOQLm(F ) the subgroup generated by all long root subgroups
is the Chevalley group D,,(F), and we take this as our definition of D,,(F) (see
[Ree57]).

2The asingular case is much more varied and difficult.
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17.6. Orthogonal groups in dimension 8

We present some important results about orthogonal groups and geometries in
dimension 8, the proofs of which we either postpone or do not provide at all.

(17.14). THEOREM. (CARTAN) Let (V,q) be a nondegenerate, finite dimen-
sional quadratic space that is asingular. Then O(V,q) is generated by its symme-
tries. O

This result has a famous extension, the Cartan-Dieudonné Theorem, which says
that almost all orthogonal groups are generated by their symmetries; see [Asc00,
(22.7)] and [Tay92| Cor. 11.42]. We need one further special case:

(17.15). THEOREM. Let (V,q) be hyperbolic of dimension 8. Then O(V,q) =
OfF (F) is generated by its symmetries. O

The spinor norm on SOg (F) is the homomorphism with image F* /(F*)? that

is given by
[Is: — [T at)@E=)?.

By Theorem [(17.15), every element of SOF (F) can be factored as [[;s,,. Such
factorizations will not be unique, so it is unclear whether or not the spinor norm as
described is a well-defined homomorphism. This is the case even more generally. A
proof requires work and will be given later (Theorem in the cases of interest
to us.

The group QF (F) is defined to be the kernel of the spinor norm, with central
quotient PQg (F). But for the moment?| the first part of the next theorem can be
thought of as giving the definition of Qg (F').

(17.16). THEOREM.
(a) QF (F) = OF (F)', the derived subgroup, which is perfect.
(b) PQZ (F) = PSOZ (F)' is simple.
(c) PQI(F) = Dy(F), the subgroup generated by the long root subgroups.

PrOOF. (a) Taylor [Tay92, 11.51] proves that the kernel of the spinor norm
on SOF (F) is equal to the derived group Oy (F)’. He also shows in [Tay92} 11.47]
that this derived group is perfect.

(b) The group POZ (F) = PQZ (F) is simple by [Tay92, Theorem 11.48].

(c) By |[Tay92, Theorem 11.46] the derived group Og (F)’ is generated by the
Siegel elements of OF (F). In particular, the group Dy(F), generated by the long
root subgroups, is a nontrivial normal subgroup of POZ (F) contained in POZ (F)'.
As this latter group is simple we must have PQ{ (F) = POZ (F)' = Dy(F). (Ree
[Ree57, §6] proved Dy(F) = POZ (F)" in the Chevalley context.) m

3and often in the literature: [Asc00, p. 89], [Tay92 p. 136]
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Study’s and Cartan’s Triality

Study’s triality [Stul2), [Stul3] is that of hyperbolic 8-space; see Theorem
below. Cartan’s triality group [Car25| is then the corresponding group

PQF (F) x Sym(3) = Dy(F) x Sym(3);
see Theorem |(18.13)| below.

We will use the approach of Tits [Tit58| to prove that Cartan’s triality group
is a group with triality in our sense. This group was the motivating example for
Doro [Dor78]| in introducing this terminology.

18.1. Triality geometries and Study’s triality

Let (V, q) be a hyperbolic quadratic space of dimension 8 over the field F'.

Recall from Section [I7.3] that the associated oriflamme Dy-geometry is the 4-
partite graph D, with parts the singular 1-spaces Sy, the singular 2-spaces So, and
the two classes M* and M?” of singular 4-spaces (as in Proposition , with
adjacency being given by containment except that M € M? is adjacent to N € M”
precisely when M N N has dimension 3.

The associated triality graph T(V,q) is the induced tripartite subgraph 7 =
TYUT2UT? of Dy, with parts Tt =Sy, T2 = M, and 73 = MP.

(18.1). THEOREM. Let {i,j,k} = {1,2,3}. For every nonincident pair p; € T*
and p; € T7, there is a unique py € T* that is incident to both p; and Dj-

PROOF. There are two distinct cases: {3,j} = {1,2} and {i,j} = {2, 3}.

The case {i,j} = {1,2} is contained in Proposition [[17.8)[b) with p; = S,
po=U, and p3 =T = (S,S+ NU).

The case {i,j} = {2,3} comes from Proposition as pe and p3 are not
incident, their intersection must have dimension 1—the unique singular 1-space
p1 = pa Np3 € T incident to both ps and ps. O

(18.2). COROLLARY. The graph T is a T-geometry in the sense of Section

(254

Proor. This is immediate from Theorem |(18.1)] O

We shall see in Theorem [(18.7)| below that 7 is furthermore a symmetric 7-
geometry, again in the sense of Section [15.4

143
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We first observe that, as with the associated oriflamme D4-geometry, the triality
graph is determined uniquely up to isomorphism by F, again by Corollary |(17.6)|

(18.3). LEMMA.

(a) For each singular 2-space L € Sy, let Ty, be the subgraph of T of those singular
1-spaces and 4-spaces incident to L. Then T, is a complete tripartite subgraph
of T, with each part of cardinality |K|+ 1 (a projective line).

(b) If T is a complete tripartite (or bipartite) subgraph of T meeting at least two
parts of T in at least two vertices, then there is a unique singular 2-space L € So
with T C Ty,.

PrROOF. The singular 1-spaces incident to L are certainly incident to any
singular subspace containing it. Now let M € T, N T2 and N € T, N T3 M NN
has odd codimension in each (see Proposition [(17.9)[b)) and dimension at least 2.
Thus dim(M N N) = 3, and M and N are incident in 7. This proves 77 to be
complete tripartite. For (a) it remains to show that each 7, N7 (for i = 1,2,3)
has the structure of a projective line over K. This is clear for ¢ = 0. Consider
a singular 3-space H containing L. This represents an arbitrary singular 1-space
in the quotient orthogonal geometry L* /L, split of dimension 4. By Proposition
(17.9){(a), this is contained in exactly two maximal 4-spaces, one in 72 and the
other in 73. Thus each 7, N T?, for i = 2,3, induces a partition of the singular
1-spaces of the geometry L+ /L into singular 2-spaces. As M/L runs through the
1-spaces of (71 N T?)/L, the 2-space N/L € (T, N T3)/L meets each in exactly
one singular 1-space. Projectively, we have the two transverse rulings of the Klein
quadric associated with L+ /L.

For (b), first suppose distinct (z), (y) € TN T' and distinct M, M’ € T NT>.
Then (z), (y) are contained in M; so they span a singular 2-space L, which in turn
is incident to any 4-space incident to both (z) and (y), including all those of T'. By
the previous paragraph M N M’ = L; so any singular 1-space of T, being incident
to both M and M’, must also belong to L. Thus T' C T, as desired. The case in
which 7 is known to meet both 72 and 72 in sets of size at least 2 is similar. This
completes (b). O

(18.4). PROPOSITION.

(a) Define a new set of vertices, L, whose elements are the mazimal complete tri-
partite subgraphs Ty, of T, and connect each new vertex Ty, to the vertices of Tr,
in T. Then the new 4-partite graph T U L is isomorphic to Dy via the identity
on T and the correspondence L < Tr.

(b) The automorphism groups of the 4-partite graph Dy and the tripartite graph T
leave the various parts fized globally and are isomorphic under the restriction
of an automorphism of Dy to the vertices of its subgraph T .

PROOF. Part (a) is immediate from the lemma.

(b) First consider 7 and Aut(7). If two distinct vertices of T* are collinear
(that is, both adjacent in Dy to a vertex L of Sp), then as in Lemma they lie
in the complete tripartite subgraph 77, of 7. If two distinct vertices of 7 are not
collinear, then they have no common neighbors in 7 (indeed in D,). On the other
hand, two nonadjacent vertices of 7 not together in one of the 7* have exactly one
common neighbor by Theorem Therefore Aut(7T) respects the tripartition
of T into the 7% By (a) each automorphism of 7 extends to an automorphism of
Dy.
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Now examine D4 and Aut(Dy4). For every vertex L € Sa, the neighborhood
of L in Dy is the complete tripartite graph 7. No vertex of Dy not in Sy has a
complete multipartite neighborhood in D, (for instance, because its neighborhood
in S, is very large). Therefore Aut(D,) globally fixes the part Sy, and thus every
automorphism of Dy acts on T = Dy \ S2. If two automorphisms g and h of Dy
have the same restriction to 77, then gh~! fixes each vertex of each 7°. In this case,
every maximal tripartite subgraph of 7 is fixed, hence every subgraph 7y, is fixed
and so every vertex of Sy is fixed. That is, gh~' = 1 and g = h. O

In the next chapter we extensively study the algebra of the octonions. During
this, an algebraic proof of the following Theorem [(18.5)(b) will emerge and be
stated as Theorem[(19.29)] Thus here we sketch a geometric proof of the equivalent
Theorem [(18.5)((a). This proof is due to Cameron [Cam92] with modifications due
to Shult (personal communication).

(18.5). THEOREM.

(a) (STUDY’S TRIALITY) The automorphism group of the oriflamme Dy-geometry
permutes the three parts S1, MP, and M?> transitively.

(b) The automorphism group of the graph T permutes the three parts T*, T2, and
T2 transitively.

Proor. These two statements are equivalent by Proposition We pro-
ceed in a series of steps.

(i) For each i € {1,2,3}, the vertices of T* will be called i-points. For each
L € 8y let the i-line L* be T, NT*, and set L' ={L" | L € L}. Then (T, L)
is a partial linear space (as defined in Section . We say that two i-points
are collinear if they are together in an i-line. That is, two distinct i-points
are collinear when they are in a common singular 2-space for i = 1 and when
they intersect in a singular 2-space for i € {2,3}.

PROOF. The only thing that needs proving is that (7%, £?) is a partial
linear space. For i = 1 this is clear, since L’ consists precisely of the |F| + 1
singular 1-spaces of the singular 2-space L. For ¢ = 2,3, this is also true as
then L consists of the |F|+1 singular 4-spaces from 7 that pairwise intersect
in the singular 2-space L. O

(ii) There is no i-point collinear with all other i-points. For each i-line L, the
i-point p is collinear either with all i-points of L' or with a unique i-point of
L*. That is, each partial linear space (T*, L") is a nondegenerate polar space.
(See [Shulll p. 168].)

Proor. As (V,q) is nondegenerate and hyperbolic, the first sentence is
immediate. When i=1 the second sentence is also clear, as the singular 2-space
L is either inside the hyperplane p or intersects it in a singular 1-space.

Now suppose i € {2,3} so that p is a singular 4-space and L° is the
set of all singular 4-spaces that contain the singular 2-space L and meet p
in a subspace of dimension 0, 2, or 4. Choose a ¢ in L? that meets p in a
subspace of minimum dimension. If this dimension is anything but 0, then p
is collinear with all the i-points of L?, as desired. Assume then that p and ¢
intersect trivially, and so V =p @ ¢ with L < ¢ < L*. Thus L* Np = M, a
second singular 2-space. Therefore r = M & L is the unique singular 4-space
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(iii)
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containing L and meeting p in a subspace of dimension 2. That is, r is the
unique i-point of L* that is collinear with p. O

The residue in Dy of each i-point p (that is, the neighborhood of p) is isomor-
phic to Az o(F'), the Ag-incidence geometry of 1-spaces, 2-spaces, and 3-spaces
of F*, with the 2-spaces of F* being in bijection with L, (the neighborhood of
pin L). The 1-spaces and 3-spaces are in bijection with those mazimal linear
subspaces of (T*, L") on p.

Proor. This is clear for ¢ € {2,3}. For ¢ = 1 the residue is a Ds-
oriflamme geometry. The graphs Az and D3 are the same, and in this case
the result is well-known. O

With {1,2,3} = {i,j,k}, the partial linear spaces (T, L%) and (T7,L7) are
isomorphic.

Proor. This is the heart of the argument. By (iii) each polar space
(T, L") is “hyperbolic of rank 4 over the field F.” As such, it is uniquely
determined up to isomorphism, this being a special case of a far-reaching
theorem of Tits on buildings. We sketch direct arguments of Cameron and
Shult that handle the specific case of interest here.

By symmetry we may assume i =1, j =2, and k = 3.

Cameron [Cam92 Prop. 7.4.2 and 8.5.1] sketches an argument based
upon the following simple observation: for two singular 4-spaces A and B in
T* with trivial intersection, we have V = A® B. The geometries (7%, £*) and
(7T7,L7) can then be identified relative to this sum.

For the i-point a within A the space (a,a’ N B) is a j-point incident to
B. Conversely, any j-point meeting B in a 3-space must meet A in a 1-space
or 3-space, hence a 1-space—an i-point. Similarly there is a bijection between
i-points incident to B and j-points incident to A.

On the other hand, any j-point not incident to A or B must meet both
in l-spaces, that is, i-points ag and by, say. Then the i-line L = {ag,bp) is
incident to ag and by and the |F'| — 1 distinct é-points of L not incident to A or
B. But L is also a j-line and in (77, £7) is incident to the j-points (L, L+ N A)
and (L, L+ N B) and to |F| — 1 additional j-points incident to neither A nor
B. At this stage we have seen all i-points and all j-points and have come
close (up to factors |F'| — 1) to establishing a bijection between them. Using
(ii) and (iii) we can define this bijection precisely and then recognize it as the
desired isomorphism of (7%, £%) and (77, £%).

Of course, the preceding paragraphs present a sketch of a sketch within
our sketch, and some readers may feel unsatisfied! We can alternatively quote
a Theorem of Tits—proven by elementary methods relatively early (Theorem
7.5.13) in Shult’s delightful book [Shull]—that says two nondegenerate polar
spaces of rank at least 3 with isomorphic point cones are isomorphic via a map
that takes the chosen point of the first to that of the second. By definition, in
a polar space the cone of a point is the subspace of all points collinear with it.
Therefore the isomorphism of i-cones and j-cones is a refinement of (iii); and,
after verification of the isomorphism, Tits’ theorem applies to give us (iv). O



18.2. CARTAN’S TRIALITY 147

(v) There is an automorphism of Dy that takes T* to T7. That is, the automor-
phism group is transitive on the set {T, T2, T3}, as desired for the theorem.
PROOF. This is similar to Proposition For {a,b,c} = {1,2,3},

Step (iii) allows us to reconstruct from the polar space (7°¢, L) the two classes

of maximal linear, indeed projective, subspaces 7% and T° (equivalence de-

termined by even intersection codimension) and their incidences in a unique

fashion.
Therefore the isomorphism of (7%, £?) and (77, £7) from the previous step
extends to an automorphism of Dy. O

In Theorem [(19.29)| and Proposition [(19.30)| below we shall construct a sub-

group of the automorphism group of the oriflamme geometry and the graph 7 that
is isomorphic to Sym(3) and acts as such on the set {71, 72 T3}. The existence
of such subgroups is also an easy consequence of the fact that 7 is a symmetric

T-geometry, proven in Theorem |(18.7)|

(18.6). THEOREM. Leti=1 and {j,k} = {2,3}. For each nonsingular n, the
automorphism g induced by the symmetry s, of O(V,q) has the following properties.
(a) g fizes T* and and each p; of T7 is incident to p?, which belongs to T*.

(b) If pi € T* is incident to both p; € T? and p? € TF, then p! = p;.
(c) g =1.

PROOF. Part (a) is contained in Proposition [(17.12)} Part (c) holds as all
symmetries have order 2 by Proposition |(17.11)]

For (b), if the singular 1-space p; is incident to the incident pair of singular
4-spaces pe and ps = p5°, then it is in the hyperplane ps Nps of each. But pa Np3 =
paNnt =p3Nnt, sop <ntis fixed by g =s,. O

(18.7). THEOREM. The graph T is a symmetric T -geometry in the sense of
Section . Let D be the conjugacy class of Aut(T) that contains the symmetries
Sn of Theorem and set G = (D). Let m be the homomorphism from G to
the group Sym(3) induced on the three parts of T and taking each symmetry of D;
to the permutation (i)(j,k). Then the triple (G, D, ) is a group with triality.

PrOOF. This follows from Corollary |(15.9) and results of this section, specifi-
cally Corollary Theorem and Theorem O

18.2. Cartan’s triality

As in the previous section, (V,q) is a hyperbolic quadratic space of dimension
8 over the field F. Its tripartite triality graph 7 = T(V,q) has parts 7' = Sy,
T2 = M*, and T2 = MP”. The associated Dy-graph is Dy = T U Ss.

As the isomorphism type of T (V, q) is uniquely determined by the field, we may
write T (F) in its place.

(18.8). THEOREM. Dy4(F) < PGOZ (F) < Aut(T(F)) < Aut(D4(F)).

A large part of the theorem comes quickly. As seen in Proposition the
group GO(V, q) acts on T (F), permuting the singular 1-spaces of 7! = &; and the
maximal singular 4-spaces of T2 U T2, preserving adjacency with kernel consisting
of the scalars. Thus PGOy (F) < Aut(7(F)), and PGOj (F) contains the normal
subgroup D4 (F') generated by long root subgroups. To prove the remainder of the
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theorem, we show that Dy(F') is normal in Aut(7 (F)) with trivial centralizer. In
doing this, we will make use of the isomorphism of Proposition a), identifying
the graph Dy = TUSs with the graph TUL, where L is the set of maximal tripartite
subgraphs of 7 (with at least two parts of size greater than 1), £ being in bijection
with S via T, <> L.

In fact, Aut(7(F)) and Aut(Dy(F')) are always equal. All we lack for a proof
is that Aut(D4(F)) stabilizes the class of long root subgroups in D4(F’). To prove
this would take us a bit far afield. One proof makes use of Chow and Dieudonné’s
[Cho49, Die51] determination of the automorphism group of the polar space
(T, L) from our proof of Theorem

Let T € £ be a maximal complete tripartite subgraph of 7. For each vertex
x of T, let 1 denote the set of all vertices adjacent to . Then T is the union
of all t* for t € T. Especially T C T". An element of Aut(7(F)) will be called a
root element for 7T if it fixes each vertex of TT. For fixed T, the root elements for
T form a subgroup, the root subgroup, Ry of Aut(7 (F)).

We have immediately:

(18.9). LEMMA. LetT € L.

(a) If S € L with Rg = Ry then S =T.

(b) As T meets each of T* nontrivially, Ry fizes each of the parts T* globally.

(c) For each g € Aut(T(F)) we have R = Rrq. Especially (Rp | T € L) is a
normal subgroup of Aut(T (F')). O

(18.10). PROPOSITION. LetT € L.

(a) For each v € T*\TT There is a unique vertexr t = t, € T*NT at distance 2
from v, and there is a unique member S =S, of L containing v and t.

(b) Letve T\T*, and lett =t, € T' and S =S, € L be as found in (a). The
root group Ry fizes (SNTY)\ {t} globally.

ProOOF. We often do calculations in the orthogonal space (V, q)E|

(a) Let L € Sy with T = 7. First take v € 71\ TT. If v were perpendicular
to all L, then (v, L) would be in one of the 4-spaces of T', hence v would be in T,
against assumption. Therefore the hyperplane v of V meets L in a unique 1-space
t. Especially U = (v,t) € Sa, and S = Ty is the unique member of £ containing v
and t.

If instead v is a 4-space in T?, for i # 1, then v ¢ T is equivalent to vN L = 0.
Thus K = L* Nwisa2-spaceand t = K L € T' NT with S = Tk.

(b) Let M and N be two distinct 4-spaces of SNT2. Ast € U= M NN we
have M, N € TT, so M and N are fixed by each g € Ry. But then

vWe(MNNY=MNN=U,
hence v9 € (SNTH)\ {t}, as claimed. O
(18.11). PROPOSITION. For each T € L, the root group Rr is semiregular on
TI\TH.
PROOF. As in the previous proposition, let v € 71\ TF. There are a unique

t € T'NT at distance 2 from v and a unique S € £ containing v and ¢. Let L € S,
with T'= Tr.

IThis is why we focus on the easily accessible 71, even though by Study’s Triality all the 7
are equivalent.
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Let g € Ry with v9 = v. We must prove that g is the identity.

We first claim that g fixes each vertex of v*. Let M € TinoT. If M € T+, then
g fixes it by the definition of the root subgroup Rr. So we may assume M ¢ T'F.
Choose r € TNT! with r # t. Then r and v are not perpendicular, so M = v ® Q
for Q@ = v N M. The singular 4-space N = r ® Q € T3~ is thus adjacent to M
(as they meet in Q), in TT (as it contains r), and not adjacent to v (again, as it
contains r). Therefore M is the unique vertex of the T-geometry T adjacent to
both v and N. As g fixes v and N € T'", it also fixes M. This gives the claim.

As every singular 2-space is the intersection of all the singular 4-spaces con-
taining it, for any singular 2-space U on v, the root element g fixes U\ {v} globally.

We next show that g fixes each vertex of 71. This is the case for 7 NTT by
definition. Suppose that p € 71\ TT with v and p perpendicular, but U = (v, p)
not containing t. Then U is fixed globally by g as is (p,t,) N T+ = S, N T* (by
the previous proposition), so g fixes p = U N (S, N T'). Especially, when p and
t = t, are perpendicular (which does happen), the element g fixes each vertex of
(p,t) = S, N T'. Reversing the roles of v and p, we also see from this case that
each vertex of SNT! is fixed by g. Every vertex of 71\ T" not perpendicular to ¢
is perpendicular to one of the vertices of (SN T?1)\ {t}, so all such are fixed by g.
Exchanging ¢ for another element of TN 7T*, we find that g is trivial on all 71\ TF
and so on 7.

Next, if M € T2 U T3, then

(MHYTNT ' =(MT)YNT =M NTHY =MTnT",
hence M9 = M. That is, g trivial on all 7, and g = 1 as desired. O

(18.12). LEMMA. ForT € L, let L € Sy be given by T = Tr. Then Ry =
Ry, < PGO{ (F), the long root subgroup for L.

Proor. By Proposition C), the long root subgroup Ry induces a sub-
group of the root group Rz that is transitive on (S,NT1)\{t,} for each v € T\T+.

Let h € Ry, then for v € T1\ TF we have w = v" € S, \ {t,} by Proposition
b). Choose r € Ry, with v" = w, and set g = hr~* € Rp. Then

hr~! r=1

v =w =w" =wv.
By Proposition [(18.11)| we find g = 1 hence h = r. O

PROOF OF THEOREM |(18.8)]

As discussed directly after the statement of the theorem, here we need only
prove that Dy(F') is normal in Aut (7 (F')) with trivial centralizer.
By Lemmas [(18.9)| and [(18.12)| the group

<RT|TE£>:<RL|LESQ>:D4(F)

is normal in Aut(7(F)).

If z centralizes this subgroup, then for all 7' € £ we have Ry = R5 = Rr-.
Therefore T'=T% for all T' € L, and z is trivial on £. But every vertex of 7T is the
intersection of the members of £ containing it, so z is trivial on 7. That is, z = 1.

O

(18.13). THEOREM. (CARTAN’S TRIALITY) For the field F', the group Dy(F) =
PQJ (F) admits as outer automorphism the group Sym(3) with its elements of order
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3 not induced by semilinear automorphisms of F®. The split extension
PO (F) x Sym(3) = D4(F) x Sym(3)

is a group with triality, with m equal to projection onto Sym(3) and D the conjugacy
class containing the transpositions of Sym(3).

PrOOF. Following Theorem let E be the conjugacy class of Aut(7(F))
containing those automorphisms induced by the symmetries s, of O(V,q). Set
G = (FE), and let m be the homomorphism from G to the group Sym(3) induced on
the three parts of 7 (F'), so that the triple (G, E, ) is a group with triality, as in
Theorem

For d,e € FE with

S ={(d,e) ~(d,e)" = Sym(3),
by Theorem in Aut(7(F)) the group S normalizes simple D4(F) = PQg (F)
(using Theorem |(17.16))). The element de of order 3 takes S; = 7! to either 72 or
T3, in both cases consisting of totally singular 4-spaces, and so is not induced by a
semilinear automorphism of the underlying space F%.

The subset D of F that is the conjugacy class of d and e in the semidirect
product remains a class of 3-transpositions with projection map the restriction of
the original 7. As Dy(F) = PQg (F) is simple, the class generates the full semidirect
product, which is thus a group with triality. O
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Composition Algebras

Composition algebras are beautiful objects whose loops of units provide im-
portant examples of Moufang loops. They also form a bridge between Study’s and
Cartan’s triality. In particular a central motivation for this chapter is Theorem
which provides our algebraic proof of of Study’s triality—Theorem

Here we are mainly interested in properties of the composition algebras of di-
mension 8, the octonion algebras, although a short detour in our arguments provides
a proof of Hurwitz’ Theorem on the dimensions of arbitrary composition algebras.

Much of the material in this chapter comes from [Hal00]. Those notes were
motivated by and drew a great deal from an early version [BuC97] of Chapter 5 of
[Coh13|. In turn, the final version of that chapter incorporates material that was
introduced in the notes.

19.1. Composition algebras

An algebra over the field F' is a F-vector space A combined with a bilinear
product m: A x A — A. The algebra admits composition with respect to the
quadratic form ¢: A — F provided

q(z)q(y) = q(zy) ,

for all x,y € A. A composition algebra is an algebra admitting composition with
respect to a nondegenerate quadratic form ¢. We follow [SpV00] in requiring our
composition algebras A to have a multiplicative identity element 1 = 14. In this
case q(1) = q(1)? = 1 since ¢ is nondegenerate. The opposite of a composition is
also a composition algebra.

An immediate consequence of the composition law is that an invertible element
of A, a unit of A, must be by nonsingular. In composition algebras the converse
is also true (see Corollary below). Therefore if all nonzero elements of a
composition algebra A are nonsingular, then all nonzero elements are invertible and
A is a division algebra. If A is not a division algebra, then ¢ is actually hyperbolic
(Lemma . In this case, the composition algebra is called split.

151
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Moufang [Mou35| studied alternative algebras, of which composition algebras
are examples. She proved (see Theorem below) that alternative hence com-
position algebras satisfy the Moufang identities. Therefore their loops of units
provide interesting examples of Moufang loops.

We now give some examples of composition algebras. (Indeed, in the split case,
these are the only examples; see Theorems [(19.21) and [(19.22) below.)

19.1.1. Composition algebras of dimension 1, 2, and 4. A composition
algebra of dimension 1 is just a field with g¢(z) = 22 and is not split. (As ¢ is
required to be nondegenerate, the field cannot have characteristic 2.)

A composition algebra of dimension 4 is usually called a quaternion algebra.
The canonical example of a split composition F-algebra of dimension 4 is the asso-
ciative algebra Mato(F') of all 2 x 2 matrices over F' with ¢(z) = det(x):

a b

det[c d

} =ab—cd.

The diagonal matrices of Mats(F) give a nondegenerate split subalgebra of
dimension 2. This is of course isomorphic to F & F with (a,d)(x,w) = (ax,dw)
and ¢((a,d)) = ad. (An example of a nonsplit composition algebra of dimension 2
over F' is a separable quadratic extensions K of F' proved with the Galois norm:

¢(a) = aa; see Theorem [(19.21)])

Additionally the scalar matrices give a subalgebra F'1 of dimension 1.

19.1.2. Spilt composition algebras of dimension 8. Composition alge-
bras of dimension 8 are called octonion algebmsﬂ The originals is the real, compact
algebra O due to Graves (1843, unpublished) and Cayley (1845) [SpV00, p. 23].
A version of its construction can be found at the end of Section [[9.4l

A specific split octonion algebra Oct™(F) is provided by Zorn’s vector matrices

[Zor3] ]
o2 ]

with a,d € F and l_;, ¢ € F3. Multiplication is given by

a b r Y _ ar+b-7 a§+w5 n _‘0 cxZz
¢ d zZ w xC+dZ  C-y+dw -bxy 0

[STIRS]

using the standard dot (inner) and cross (outer, exterior, vector) products of 3-
vectors. The associated quadratic form is the norm (or determinant)

qim)=ad—b-¢.
For any ¢ with ¢'- ¥ = k # 0 the subalgebra of all

_ a bo
M=\ k% d

is a copy of the quaternion algebra Maty(F).
Zorn (and others) gave a slightly different version of these matrices, replac-
ing the entry ¢ with its negative. This gives the more symmetrical norm form

13With this terminology we follow [SpV00]. Composition algebras with an identity element
and having dimension 8 are often called Cayley algebras.
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q(m) = ad + b - & but makes the connection with standard matrix multiplication
and determinants less clear.

(19.1). THEOREM. Oct™(F) with the notation and operations defined above is
a split octonion algebra.

PROOF. The set is closed under addition and multiplication with identity

element
1 0
0 1 |-

The dot and cross products are bilinear, so we do have an F-algebra. The map ¢
is a quadratic form on the F-space Oct™(F), easily seen to be nondegenerate (for
instance, only 0 is perpendicular to each of the eight matrix units) and so hyperbolic
since, for instance, the elements

m = [
form a singular 4-space.
It remains to check (following [BuC97, [Cohl13]) that the form admits com-
position. This is not difficult and depends upon certain identities involving the dot
and cross products:

[SYRES]
o oy
| I

-

b)-(@xd)=(a-&)(b-d)—(@-d)(b- ). O
Especially, as found in Theorem below, the loop of units of Oct™(F) is
a Moufang loop.

19.2. General structure

Essentially by definition, for an arbitrary F-algebra A the translation maps
L(a): ¢ —~ax and R(a): z+— za
yield linear transformations—the left and right adjoint maps. When a € F, the
maps L(a) and R(a) are just scalar multiplication by a on the F-space A.
For the rest of this section we will assume that A is a composition F-algebra

with associated norm g: A — F. In this case, the translations have additional
structure.

(19.2). LEMMA. For all a,z € A, the composition law can be written as
() = g(a)q(x) = q(z")).

Especially, in the language of Section[17.4), for nonsingular a the invertible trans-
lation maps L(a) and R(a) are similarities g with scaling factor pg = q(a). O

The remarks of the lemma extend to the associated bilinear form A(:,-).

(19.3). LEMMA. For all a,x,y € A,

(a) h(za,ya) = h(az,ay) = q(a)h(z, y).
(b) Al y)h(w,2) = hlzz, yw) + hzw, yz).
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PROOF. (a)
h(azx,ay) = qlax + ay) — q(ax) — q(ay)
= q(a)q(z +y) — q(a)q(z) — q(a)a(y)
=q(a)h(z,y).
(b) We use the previous part in calculating
0=q(z+y)gw+2) —q((z+y)(w+2))
= h(z,y)h(w, z) — h(zz,yw) + h(zw, yz) . O

(19.4). LEMMA. If K is an extension field for F, then the algebra K @p A
also is a composition algebra with respect to the induced quadratic form.

a)
a)

PROOF. The multiplication and forms on A admit unique extension to K @ A
by bilinearity. To show that the induced form admits composition, we must prove
the extended law

gty aim)g(3oTh aj2i) = q((O2in ) cuma) (3052 @jz4))
where the o; form an F-basis for K and z;,2; € A.
Consider first the situation with only two summands:
q(ax + By)q(aw + Bz) = q((ax + By)(aw + B2)),
for all z,y,w, z € A and o, § € K. By the composition law and the previous lemma,
we have
q(ozx + By)g(aw + Bz) — q((ax + By)(aw + B2))
= ap(h(z,y)h(w, z) — h(zz,yw) — h(zw,yz)).

By Lemma|(19.3)|the righthand side is 0, and we have the desired composition law

in this special case
The general case then takes a similiar shape and follows from composition and

multiple applications of Lemma O

As an immediate corollary of Proposition and Lemma|(19.4)] we have

(19.5). COROLLARY. If A has dimension at least 2 over F then, by tensoring
with an appropriate separable quadratic extension K, we get a composition algebra
K ®p A containing nonzero singular elements. O

We define the operation of conjugation on A by
x = —z" = —x + h(z,1)1,

where s; is a symmetry of the quadratic F-space (4, ¢), as found in Proposition
For instance, in the split quaternion algebra of 2 x 2 matrices we have the
familiar

IR

This formula then carries over to Zorn’s representation of the split octonions.

2The most important case of the lemma is that where K is a quadratic extension of F' and
the special case of composition is all that is needed.
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(19.6). LEMMA.
(a) z==x
(b) q(x) = q(Z) and h(z,y) = h(Z,7)
PROOF. These are direct consequences of £ = —x'. O

(19.7). PROPOSITION.

(a) Z(zy) = q(x)y = (yx)Z. In particular Tx = q(x)1 = xZ.
(b) f(yZ) +¥(xz) = h(z, y)z and (2y)T + (22)y = h(z, y)z.
(¢) Ty +yx = h(z,y)l and yz + xy = h(z,y)l.
(d) h(z,vy) = h(ve,y) and h(z,yv) = h(zv,y).

PROOF. In each case, we only prove the first identity. We first prove (d):

h(x,vy) = h(z, (h(1,v) —v)y)
= h(z,y)h(1,v) — h(z,vy)
(z,9)(q 1+v)—q(1) q(v)) — h(z,vy)
E(l +v)z, (1 +0)y) — h(z,y) — h(ve,vy) — h(z,vy)

v, y) -

|
;“bb

Next, from (d)

for all z. Therefore by nondegeneracy z(xy) = q(z)y, giving (a).
We linearize (a) to get (b):

@+ 9)((x+y)2) = q(z +y)z
2(xz) +y(y2) + 2(yz) + y(22) = ()2 + q(y)z + h(z,y)z
Z(yz) +y(zz) = h(z,y)z.

Part (c) is the special case z = 1 of (b). O

The first part of the proposition immediately gives:

(19.8). COROLLARY. The following are equivalent:

(1) x is nonsingular.
(2) z is invertible.
(3) « has inverse q(x)"1z.
(4) R(z) is invertible.
(5) L(x) 4s invertible.
When all these hold, q(z) 1% is a 2-sided inverse and we have the “inverse property”
identities:
e M ay) = a(zty) =y = (o) = (ya
for all y. O

(19.9). COROLLARY.
(a) 22 — h(x, 1)z + q(x) = 0.
(b) 77 = gz.
(c) (ALTERNATIVE LAW) z(zy) = 2%y and (zy)y = xy>.
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PROOF. By definition Zx = (—z + h(z,1)1)x = —22 + h(x, 1)z, so (a) follows
directly from Proposition |(19.7)(a).
For (b), we use Proposition [(19.7)(d) many times:

hzy,z) = h(l,(zy)z) = h(z,zy)
= h(zy,x) = (g, zx)
= h(yz,z2)

for all z. Therefore, by nondegeneracy, Ty = yz.

(¢) By Proposition

z(zy) = q(x)y
(-2 + h(z,1))(zy) = q(z)y
—z(zy) = q(z)y — h(z, 1)zy
(zy)

So we have the right alternative identity z(zy) = 22y, and the left alternative
identity follows in the opposite algebra. O

(19.10). COROLLARY.  For nonscalar x, the 2-space F1 & Fx is always a
commutative and associative subalgebra. FEspecially it is a composition subalgebra
of dimension 2 when nondegenerate. O

19.3. Hurwitz’ Theorem in a restricted version

We now additionally assume that A is a finite dimensional composition algebra
over F' with respect to nondegenerate g.

(19.11). LEMMA.  If z is a nonzero singular vector in A, then there exist
singular vectors y with h(xz,y) # 0. Furthermore, for any such pair {z,y}, always
A =2APyA = Ax ® Ay with each xA and Ax mazximal singular. In particular,
(4, q) is hyperbolic.

PRrOOF. For all singular z, the subspaces xA and Ax are both singular since
q(zA) =0 = q(Ax).

By Proposition any nondegenerate 2-subspace containing x contains a
hyperbolic pair {z,y}. Especially x 4 y is nonsingular. Thus by Corollary [(19.8)|

A=A — (4 ) A<zA+yA< A.

That is, A = xA+yA . As ¢ is nondegenerate zANyA = 0, and both are maximal
singular. Therefore A = xA @ yA, and ¢ is hyperbolic by Proposition

A similar argument proves the claims for Az and Ay. (Here and elsewhere,
lefthanded and righthanded versions of a result can be proven by similar arguments
or seen to be equivalent using Corollary [(19.9)(b). Equally well, the opposite of
a composition algebra is again a composition algebra. In any event, we may only
give one version.) O

From now on we will assume that the set S of nonzero singular vectors is not
empty. By the lemma (A, q) is hyperbolic. As before S is the set of singular 1-
spaces of A, and M is the set of all maximal singular subspaces of A. Let m be
the dimension of each member of M, so that A has F-dimension 2m.



19.3. HURWITZ’ THEOREM IN A RESTRICTED VERSION 157

(19.12). LEMMA.

(a) If z € S, then the image of L(x) is xA and its kernel is TA.
(b) If x € S, then the image of R(x) is Ax and its kernel is AZ.

PRrROOF. Certainly the image of L(x) is #A. By Proposition a) the m-
space TA is contained in the kernel of L(z), which has dimension 2m —m = m.
O

(19.13). LEMMA. Assumem > 2. Let x,y € S.
(a) If vy =0, then zAN Ay = x(y*) = (x1)y of codimension 1 in each.
(b) zA # Ay.

ProoF. By Proposition b), for all a € A,

z(ay) + a(zy) = h(z,a)y,
and by Lemma
zANAy =kerL(z)N Ay.

(a) If zy = 0 then Z(ay) = h(z,a)y. Thus AN Ay = (z1)y and also z+ >
ker R(y) = Aj. As 2 has codimension 1 in A, the codimension of (z+)y in Ay =
imR(y) is 1.

(b) If zA = Ay then a(xy) = h(z,a)y, so A(zy) < (y) has dimension at most
1. By Corollaryand Lemma for nonzero w the linear transformation
R(w) has rank m or 2m. As we are assuming m > 2, this forces zy = 0 and so
contradicts (a). O

(19.14). LEMMA. Assume m > 2.

(a) Letx be singular and U a mazimal singular subspace with t ANU of codimension
1 in each. Then there is a singular y with xy = 0, U = Ay, and xANU =
AN Ay =a(yh) = (zH)y.

(b) Let x be singular and U a mazimal singular subspace with AxNU of codimension
1 in each. Then there is a singular y with yxr = 0, U = yA, and Az NU =
yAN Az = y(zt) = (y1)z.

PrOOF. We only prove (a). Let Uy = U Nz A, of codimension 1 in each. Let
W be the preimage of Uy under L(x), so that W has codimension 1 in A. By
Lemma ker(L(z)) = ZA is contained in W. As W has codimension 1 in
A, there is a y, uniquely determined up to scalar multiple, with W = y*, hence
Up = WH®) = 2W = x(y*). Furthermore, (y) = W+ C (zA)* = ZA, hence y € S.
Also 0 = zy € x(zA), by Proposition [(19.7)] or Lemma [(19.12)]

By the previous paragraph and Lemma |(19.13), we have

TANAy=z(yt) =Uy=zANU.
Therefore Ay = U by Proposition [(17.8)(a). O

(19.15). PROPOSITION. Assume m > 2. For every mazimal singular subspace
U, there is a singular x with U equal to one of tA or Ax. The two parts of the
incidence graph (M, ~) on the set M of mazimal singular subspaces are MP =
{Az|z € 8} and M* = {zA|z € S}.

PRrROOF. Consider the two sets of maximal singular subspaces {Az |z € S}

and {zA|z € S}. They are disjoint by Lemma [(19.13)] By Lemma [(19.14)| every

edge on yA in the incidence graph (M, ~) goes to {Az |z € S}, and every edge
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of (M, ~) on Ay goes to {xA |z € S}. By Proposition (M, ~) is bipartite

and connected, so these sets are the two parts of the bipartition. O

(19.16). LEMMA. Assume m > 3. Let x,y € S be with (x) # (y).
(a) If h(z,y) = 0 then AN yA has codimension 2 in each and Ax N Ay has

codimension 2 in each.
(b) zA # yA and Az # Ay.

PRrROOF. Let Uj be singular of dimension m —1 (> 2) and containing (z,y). By

Lemma [(19.14)| and Proposition |(19.15)| there are w,z € S with Uy = wA N Az.
As (x,y) C Az, we have £z = yZ = 0 by Lemma [(19.12)] Therefore A N AZ and
(19.13)

yAN Az both have dimension m — 1 by Lemma [(19.13)} This implies that zANyA
has dimension at least m — 2. The dimension of zA N yA cannot be m — 1 by
Lemmas [(19.13)| and [(19.14)} so (a) will follow from (b).

If xA = yA, then h(z,y) = 0; so in proving (b) we may make use of the previous
paragraph. By Lemma again tAN Az = yAN Az equals the m — 1 space
(z1)z = (y1)z. Its preimage under R(Z) is then #+ = yt. This forces (z) = (y),
which is not the case.

Starting again with wz = wy = 0, we find the rest of the lemma. O

(19.17). COROLLARY.  Assume m > 3. Then the map (z) — Ax gives a
bijection of Sy and MP and () — xA gives a bijection of Sy and M™.

Proor. This follows from Lemmas|(19.13)|and|(19.16)|and Proposition|(19.15)|
O

We now can prove Hurwitz’ Theorem (in the split, finite dimensional case).

(19.18). THEOREM. (HURWITZ® THEOREM—RESTRICTED VERSION) A finite
dimensional, split composition algebra A has dimension 2, 4, or 8.

PrROOF. Since ¢ is hyperbolic, the dimension 2m is even. We must prove that
mis 1, 2, or 4. Assume that m is at least 3. Consider the part M* = {zA |z € S}
of the graph (M, ~) and distances within it.

By Propositions [(17.9)| and [(19.15)} the distance from zA to yA in (M, ~) is
even and equal to the codimension of zA NyA in each. Every even number in the
range 0 to m must be realized, since (M, ~ ) is connected of diameter m. But by
Lemmas|(19.11){and |(19.16)} the only distances realized within M* = {zA |z € S}
are 0 (when (z) = (y)), 2 (when h(z,y) = 0 but (x) # (y)), and m (when h(z,y) #
0). This forces m to be even and 2 > m — 2 (> 1). That is, m = 4. O

19.4. Doubling and Hurwitz’ Theorem in its general version
The fundamental result is

(19.19). PROPOSITION. Let B be a composition subalgebra of a composition
algebra. Chooset € B+ with q(t) = —y #0. Then A= B+Bt = B&Bt =B | Bt
is a composition subalgebra of dimension twice that of B and with multiplication
given by

(1w vt)(z + yt) = (uz -+ ¥v) + (yu + v2)t
foru,v,x,y € B. If B is split, then A is split.
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PROOF. See Springer and Veldkamp [SpV00| Proposition 1.5.1].

For w,z € B, we have by Proposition d), h(w, zt) = h(wz,t) = 0.
Therefore A = B+ Bt is the perpendicular direct sum of nondegenerate B and Bt.
As v # 0, Bt has dimension equal to that of B (by Corollary and is itself
nondegenerate by similarity. Therefore A is nondegenerate.

It remains to prove that A satisfies the stated multiplication rule. For w,z € B
and r, s € Bt we have the fundamental identities:

(1) r =
(ii) zr =rz;
(14i) (wz)r = z(wr);
() (wr)s = (rs)w.
The first is clear, since h(r,1) = 0. For the second, we start with Proposition
(19.7)|(b):

(wz)r + (wr)z = h(F,z)w =0
hence (wz)r = —(wr)z = (wr)z by (#). Specializing to w = 1 gives (7). We then
in turn have (wz)r = (wr)z = z(wr) by (i), and this is (#ii).

For (iv), we again use Proposition [(19.7)|(b):

(rs)w + (rw)s = h(w, s)r =0
Hence (rs)w = —(rw)§ = (rw)s = (wr)s by (¢) and (i).

Therefore
(u+ 0t)(@ + yt) = uz + ulyt) + (vt)z + (vt) () ;
= ux + (yu)t + (vt) + (t(yt))v by (i), (i), (iv) ;
=ux + (yu)t + (v@T)t — (¢(ty))v by (1), (1), (i) ;
=uz + (yu)t + (vZ)t — (q(t)y)v by |(19.7)(a);
= (uz +vjv) + (yu + v2)t;
as desired. O

(19.20). COROLLARY. Let 8 be an automorphism of B, and let t1 and to in
Bt with q(t;) = q(ta) # 0. Then there is a unique automorphism o of A with
alp =0 and a(ty) = ta. O

(19.21). THEOREM. Let C be a composition algebra over F'.

(a) If dimp C =1 then C = F with q(u) = u?.

(b) If dimp C > 1 then C contains composition subalgebras of dimension 2, which
can be chosen split if C is split.

(¢) If C is split of dimension 2, then C' is isomorphic to the commutative, associa-
tive algebra F & F' with hyperbolic form q((u,v)) = uv.

(d) If C is nonsplit of dimension 2, then there is a separable quadratic extension
K of F and C is isomorphic, as F'-composition algebra, to K provided with the
quadratic form q(a) = aa, where the bar denotes Galois conjugation in K over
F.

(e) If C is split of dimension 4 over F, then it is isomorphic to the associative
algebra Maty(F') with q the usual determinant function.

(f) If C is split of dimension 8 over F, then it is unique up to isomorphism and
contains split composition subalgebras of dimension 4.

ProoF. The first part is clear. For C' of dimension greater than 1 each 2-
subspace F' @ Fz is a subalgebra by Corollary |(19.10)l If C is split, then there are
singular x in C'\ 1+. For each of these, F'1® Fx is a split composition subalgebra by



160 19. COMPOSITION ALGEBRAS

Proposition|(17.2){b). If C' is nonsplit, then by Proposition|(17.2)|(c) the subalgebra

F1 @ Fx is nondegenerate for all nonscalar x € C'\ 1+.

Let C have dimension 2. By Corollary for b € C'\ F1 we have C =
F[b] ~ F[2]/(2% — h(b,1)z + q(b)). Therefore as F-algebra C' can be identified with
F @ F or K = F(b), a quadratic field extension of F. In the second case C = K is
a nonsplit division algebra.

If Cis F @ F, then (1,0)
singular 1-spaces in C. As (1,

h((170)7 (07 1)) = Q((lﬂ 1)) - q((170)> - Q((Ov 1)) =1-0-0=1.

(0,1) = 0; so C is split and the two summands are
0)+(0,1) =(1,1) =1,

That is, z = (1,0) and y = (0, 1) form a hyperbolic pair in C. Furthermore
q((u,v)) = q((u,0)) + ¢((0,v)) + h((u,0), (0,v)) =04 0+ uvl = uv.

In particular split C' of dimension 2 is uniquely determined up to isomorphism, as
described under (c).

Next suppose nonsplit C' is K = F(b), a quadratic field extension of F'. As C'is
nondegenerate, the polynomial 22 — h(b, 1)z + ¢(b) and field K are both separable
over F' by Proposition In particular @ # @ and conjugation in the compo-
sition algebra C' induces the nonidentity element of the Galois group of K over F.
By Proposition |(19.7)[(a) we have aa = ¢(a) for all a € C.

Let C be split of dimension 4 or 8. By (b) it contains a hyperbolic subalge-
bra H = F1@® Fz. As C itself is split hyperbolic, H contains nonsingular vectors
with all possible values by Proposition Therefore by Proposition and
Corollary it has a 4-dimensional split subalgebra Cy4, unique up to isomor-
phism. As Mato(F') with ¢ the determinant function is visibly a split composition
algebra of dimension 4, we are done with (e).

If C' has dimension 8, then again Cj contains nonsingular vectors with all

possible values. Proposition [(19.19)| and Corollary [(19.20)| tell us that the algebra

C = Cy is uniquely determined up to isomorphism. O

We now prove the general version of Hurwitz’ theorem.

(19.22). THEOREM. (HURWITZ’ THEOREM—GENERAL VERSION) A compo-
sition algebra has dimension 1, 2, 4, or 8 over the field F.

PRrROOF. Assume C does not have dimension 1, 2, 4, or 8. By Corollary
and Lemma, we may assume that the composition algebra is split (if neces-
sary, replacing F' by a quadratic extension).

By Proposition and Theorem the algebra C' contains a composi-
tion subalgebra of dimension 8 that is proper and split. Then one more application
of Proposition yields a split composition (sub)algebra of dimension 16. This
contradicts our restricted version of Hurwitz’ Theorem, Theorem O

Proposition has an important converse: “Dickson’s doubling construc-
tion.” If B is an arbitrary F-algebra with identity and admitting composition with
respect to the form ¢p, and if v is a arbitrary nonzero element of F, then this for-
mula turns A = B® Bt into a F-algebra with identity that may admit composition
with respect to the quadratic form ga(x + yt) = ¢p(z) — v¢p(y). Conjugation is
given by = + yt =T — yt.
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For a split composition algebra, every possible value « is attained by g on
each nondegenerate split subspace. A standard uniqueness, existence, nonexistence
proof for split composition algebras uses this construction:

(1) start from F' = A; itself, commutative and associative with the conjuga-
tion map trivial (in characteristic 2, must start with As);

(2) the double of Ay is Ay, a uniquely determined composition algebra of
dimension 2, which is commutative and associative but has nontrivial
conjugation;

(3) Ay has unique double Ay, a composition algebra of dimension 4, associa-
tive but no longer commutative;

(4) A4 doubles to a unique algebra Ag of dimension 8, which still admits
composition but is now neither commutative nor associative;

(5) finally, from Ag the double A4 of dimension 16 no longer admits compo-
sition.

We have all that is needed for a formal proof, but see Springer and Veldkamp
[SpV00, Proposition 1.5.3] for the details.
The doubling construction can be expressed nicely in 2 X 2 matrix form:

u v T oy | uxr + yyv Yyu + vT
Y@ Yy x| | yxv+yuy vy + Tu

The selection v = —1 then gives the usual matrix construction of the complex
numbers C from the reals R and Hamilton’s quaternion division algebra H from the
complexes, finishing with the Cayley-Graves division algebra O of real, compact
octonions.

On the other hand, starting again with A = R but instead choosing v = 1 leads
us to the unique real, split composition algebras R @ R, Maty(R), and Oct™(R).

From the matrix version, we easily see that when the algebra B is commutative
and conjugation is trivial, the resulting A is commutative. As long as B is commu-
tative, the product on A is just the regular matrix product and so is associative.
Less obvious but still true is that for associative B admitting composition, the
algebra A admits composition with respect to the “determinant” form zz — ygy.

19.5. Commuting and associating

Hamilton found that a crucial step in going from the complex numbers to the
quaternions was giving up on commutativity. Similarly Graves (and Cayley) real-
ized that moving to the next level, the octonions, required sacrificing associativity.
To what extent are these higher dimensional composition algebras commutative
and associative?

By Corollary C) a composition algebra is an alternative algebra, so the
following is contained in results of Moufang [Mou35]. In all composition algebras
the Moufang identities are easy to verify and hold for all elements, not just the
units of the algebra.

(19.23). THEOREM. In the composition algebra C, we have the Moufang
identities

(za)(bz) = (z(ab))x, ((za)z)b=z(a(xd)), ((ax)b)r = a(z(br)),
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for all a,b,x € C. FEspecially, by setting a = 1 in either the first or third of the
Moufang identities, we get the flexible identity

(xb)x = x(bx) .

PRrROOF. We only prove the first Moufang identity; the others follow similarly.
Our proof follows [SpVO00, Prop. 1.4.1]. For arbitrary z € V, we use parts of

Lemma and Proposition to calculate
h((z(ab))x—(za)(bz), z) = h((z(ab))x, z) — h((za)(bzx), 2)

= h(z(ab), 2Z) — h(za, z(zb))
= h(z, 2)h(ab, &) — h(xZ, z(ab)) — (h(z, 2)h(a, Tb) — h(x(zb), za))
= h(z(xb), za) — h(zZ, z(ab))
= q(x)(h(b, za) — h(Z,ab))
= q(x)(h(2b,a) — h(zb, a))
=0
As g and h are nondegenerate, this gives (z(ab))x = (xa)(bx), as desired. O

At times we use the flexible identity implicitly to write xbx in place of (zb)x
or z(bx).

In sympathy with our definitions for quasigroups and loops (on page , we
define nuclei for composition algebras. Given subsets S and T of the algebra C,
the right associator for S in T, written Nuc/.(S), is the set of all z € T with

(ab)z = a(bz) for all a,be S.

For instance, with M the Moufang loop of units in C, we have Nuch,(M) =
Nuc”(M), the right nucleus of the loop M. The right nucleus of the algebra C
is Nucf,(C) = Nuc”(C), the right associator for C in C.

Similarly the left associator for S in T is the set Nucy(S) of all € T with

(zb)e = z(be) for all bc € S,
The left nucleus of C' is then Nucy,(C) = Nuc*(C). Also the middle associator for
S in T is the set Nuc/.(S) of all y € T with
(ay)c = a(yc) for all a,c € S,
the middle nucleus being Nucl,(C) = Nuc”(C). The associator for S in T is then
Nucr(S) = Nucy(S) N Nuck(S) N Nuc (S)

with the nucleus of C being Nuce(C) = Nuc(C).
In a similar vein, the centralizer of S in T', written Cr(S) consists of all ¢t € T'
with
st=ts forall s € §.
The centralizer of C' is then C(C) = C(C). Finally, the center of C' is the inter-
section of its centralizer and nucleus: Z(C) = C(C) N Nuc(C).

(19.24). PROPOSITION. Let C' be a composition algebra over F.

(a) The centralizer C(C) of C is an F-subspace of C.
(b) The various nuclei Nuc*(C) and center Z(C) of C are F-subalgebras of C.
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(c) If K is an extension field of F, then C(C) = C N C(C|¥) and Nuc*(C) =
C N Nuc*(C[¥).

ProOOF. Commutativity is tested by the commutator ¢(x,y) = xy — yx and
associativity by the associator a(z,y, z) = (zy)z — z(yz), both F-multilinear. Thus
the centralizer and nuclei can be characterized in terms of these vanishing appro-
priately on an F-basis. In particular the centralizer C(C') and nuclei Nuc*(C) are
F-subspaces of C' and sit within those of C|% = K @p C, for all extensions K of
F.

We must check that the nuclei are closed under multiplication and so are sub-
algebras. Consider, for instance u,v € Nuc”(C). We have, for all a,c € C:

(a(uv))e = ((au)v)c as u € Nuc"(C);

= (au)(vc) as v € Nuc"(C);

= a(u(vc)) as u € Nuc"(C);

= a((uv)c) as v € Nuc(C).
That is, uv € Nuc’(C), as desired. Within the associative subalgebra Nuc(C), a
product of centralizing elements is centralizing. O

(19.25). PROPOSITION.

(a) A composition algebra of dimension 1 or 2 is always commutative and associa-
tive.

(b) A composition algebra C of dimension 4 over F is always associative and its
center Z(C) is its subalgebra F1.

ProOF. The first part is clear from Theorem |(19.21)

Assume C' has dimension 4. By Corollary the previous proposition,
there is an extension K of F' (separable of degree at most 2) with the nucleus and
center of C inside the nucleus and center, respectively, of the split algebra C|X.
By Theorem this algebra is isomorphic to Matq(K), associative with center
equal to its dimension 1 subalgebra of scalar matrices. O

(19.26). PROPOSITION. In the octonion algebra O the F-subspace
M={meO|z(my)— (xm)y € F1, foralz,yc O}
is equal to F'1, the subspace of central scalars.

PrOOF. The set M is an F-subspace of O and contains F'1. As in the previous

proposition, Corollary [(19.5)|and Proposition|(19.24)allow us to reduce to the case
of split octonions. We need only consider Zorn’s vector matrices

a b
¢ d
with a,d € F and l_;, ¢ € F3; see Section [19.1.2
It is enough to show that if the vector matrix

= f b _|a b | d 0
c 0 ¢ d 0 d
belongs to M, then m = 0. Let
51:(1,0,0),52:(0,1,0),53:(0,0,1),g:(bl,bg,bg),5:(01,02,03).
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For {i,j,k} = {1,2,3}

Assuming m € M, we must have f = 0 and &= 0. Furthermore
0 0 0 5][0 07)_
€& 0 0 0]|lé& O
o 0]1[0 b 0 0
& 010 0 e 0
B 0 0
| bjes —bie; 0]
and b = 0 as well. Thus m = 0, as desired. O

(19.27). THEOREM.  An octonion algebra O over F has C(O) = Z(0) =
Nuc”(C) = Nuc(0) = F1.

ProOOF. Again, using Corollary and Proposition [(19.24)| we reduce to

the case of split octonions, realized as vector matrices as before.
The only vector matrices that commute with all diagonal matrices are the
diagonal matrices themselves. Of these, the only ones that commute with the

matrices
0 ¢
0 0

are the scalar matrices, which commute with everything. We conclude C(O) = F1.

The middle nucleus of O is contained in the subspace M of the previous propo-
sition. Therefore by that proposition the middle nucleus and the nucleus are equal
to F'1. Then also Z(0O) = C(O) N Nuc(O) = F1. O

It is no surprise that additional calculation along the same lines shows that
Z(0) is equal to each of the nuclei of O.

19.6. Algebraic triality for the split octonions

We return to the notation of Section [19.3] although here we restrict our at-
tention to the triality case of the split octonions A with 2m = 8. The associated
triality graph is 7 = 7' W 72w T3 where 7' = S, T2 = M?, and 72 = M”. By
Corollary this is a T-geometry.
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(7) gA ~ AZ.

PrOOF. By Lemma ZA is the kernel of L(z), so y € ZA if and only if
xy = 0. Similarly () € Ay = ker(R(y)) if and only if zy = 0. Also () € Ax if
and only if gz = 0 if and only if zy = 0 by Corollary b), and similarly for
(z) € yA.

By Lemmas [(19.13)} [(19.14), and [(19.16)| the intersection zA N Ay has codi-
mension 1 in each if and only if xy = 0, and similarly yA N AZ has codimension 1
in each if and only if gz = 0. O

Define on 7 the map 7, for all (z) € T
() > 1A 15 Az 5 (2) .

The map 7 is well-defined by Corollary [(19.17)l The following theorem gives us the
promised algebraic proof of Theorem |(18.5)(b)

(19.29). THEOREM. The map T is an automorphism of T of order 3, a triality
automorphism—transitive on the set {T', T2, T>}.

PrROOF. We have 7 acting on pairs:
((y),24) == (§A, A7) — (A7, (2)) — ({y),7A).

By the lemma, any one of these is an edge of T if and only if zy = 0, in which case
they are all edges. Therefore 7 is an automorphism of the graph 7. O

Let x be the permutation of T determined by the conjugation map in A:
k({(z)) = (Z); k(zA) = AT; k(Ax) =ZTA.

(19.30). PROPOSITION. K is an automorphism of T of order 2 that inverts
the triality automorphism T.

PrOOF. We have on pairs
((y),TA) <= ((7), Az) and (§A, AZ) <> (Ay,zA).
Again by Lemma any of these pairs is an edge if and only if xy = 0, in
which case all are edges. Furthermore
(x) = (z) > rA 2 Az,
and so forth, leading to
(x) 8 Az T8 zA T8 (2)

Therefore k7K = 771

By Proposition |(17.11)| the map  arises naturally, induced by the negative of
the orthogonal symmetry s; on A.
The following will be of use later.

, as claimed. O

(19.31). PROPOSITION. Let X € T" and z be an invertible (that is, nonsingu-
lar) element of A. Then both Xz = X®(*) and 2X = X“*) belong to T°.

PROOF. Let y be singular. Then ¢(yz) = q(zy) = q(y)q(z) = 0, so the result
holds for 7 = 1.

We need only consider the case i = 2. As y is singular and z is invertible, both
(yA)z and z(yA) are singular 4-spaces. We must determine their classes. Let a
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be arbitrary in A so that (ya)z is an arbitrary element of (yA)z. We make use of

Proposition [(19.7)|

That is, (yA)z = (yz)A € T?2. Similarly
z(ya) = —y(za) + h(z,

whence 2(yA) = wA € T? for singular
w=—g+q(2) h(z,y)z = -7

by Proposition |(17.11) O
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Freudenthal’s Triality

One common version of triality for the octonion algebra O goes back at least
to Freudenthal [Fre51]. It states that for each g € GO(O) there are h, k € GO(O)

such that either

zMyF = (zy)? for all z,y € O

or
zhyF = (yx)? forall z,y € O.

In Theorem we present this as a statement about the existence of certain
autotopisms and anti-autotopisms.

One good aspect of this treatment is that the split and division octonion alge-
bras are handled simultaneously. Tits [Tit58l §4.3] also discusses descent and the
division algebras as forms of the split algebras.

20.1. Some calculations

It is reasonably clear that the concepts of autotopism and anti-autotopism,
defined initially for quasigroups @ in Section have natural interpretations for
A any algebra. The triple of permutations (¢4, c_, co)+ € Sym(A)3 is an autotopism
of A provided

¢y’ = (zy) forall z,y € A
and (cy,c_,co)— is an anti-autotopism of A provided
2y’ = (yx)° forall x,y € A
These again form a group AAtp(A) under the multiplication
(a+,a—,a0)a - (b+,b_,b0)g = (agbs,a_gb_,aobo)as,
within which the autotopisms form a normal subgroup Atp(A) of index at most 2.

The following lemma will be used without reference.

(20.1). LEMMA. Let (A, q) be a composition algebra. If (94, 9—,9). € AAtp(A)
and o, B,y € F* with a8 =, then (ag+, B9—,79)c € AAtp(A). O

Recall from Theorem |(19.23)[ that the flexible identity (ab)a = a(ba) allows us
to write aba unambiguously in the next lemma.

167
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(20.2). LEMMA. Let a be a nonsingular element of the composition algebra
(A,q). For each x € O:

(a) 2% = —q(a)"taza. Especially 51 = —7.
(b) 2% = q(a)laza.

PROOF. Part (a) immediately gives (b). By Proposition [(19.7){c)

% =2 —q(a) " h(z,a)a

=z — q(a) Y (za + az)

=z —q(a)"'(za)a — q(a) "' (aZ)a
— 2 — g(a)q(a)z — a(a) ! (aB)a
= —q(a)"taza O

(20.3). PROPOSITION.  Let a be a nonsingular element of the composition
algebra (A, q).

(a) (—q(a)~tsyL(a), s1R(a), sq)— € AAtp(A)\Atp(A). Especially (—s1,s1,81)_ €
AAtp( ) \ Atp(4).
(b) (q(a)~'L(a), e )(a)1 $18q) € Atp(A).

L(a
(¢) (L(a)R(a), L(a)) € Atp(A).
(d) (R(a)™", R(a)L(a), R(a)) € Atp(A).

PROOF. (a) By the previous lemma and the Moufang identity
(zy)** = —q(a)~ aTga

(b) (a(a)™' L(a), R(a),5184)+
= (=1,—1,1) 4 (—s1,81,81)_(—q(a) "t s1 L(a),s1 R(a),s,)_ .
(¢) By Corollary and a Moufang identity from Theorem |(19.23)| with

z=aty:
((az)a )Z = a(z(az))
(az)a)(a™"y) = a(z(a(a™"y))
((az)a)(a™'y) = a(zy )
PMO Ry L) ™" _ (g)Lla
and (d) is (c) in the opposite algebra A°P. O

20.2. Freudenthal’s triality
For the octonion algebra O we denote its loop of units GOct(O), the general

octonion loop. By Corollary it consists of the nonsingular vectors in O and
(19.23)

is a Moufang loop by Theorem |(1
Recall from Lemma that for a € GOct(O) the linear transformations
L(a) and R(a) are similarities of the octonion algebra (O, ¢) with multiplier ¢(a).

(20.4). PROPOSITION. Let O be an octonion algebra.
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(a) O(0) = {(sp|be GOct(0)).

(b) GO(O) = (L(a), sp | a,b € GOct(O) ) = (R(a), sp | a,b € GOct(O) ).

(c) The image of the homomorphism p: GO(O) — F* given by g — pg is ¢(O)*,
the multiplicative group of all nonzero values taken by the form q.

PROOF. (a) As O is a composition algebra, it is either asingular or split by
Lemma [(19.11)). Therefore by the Cartan-Dieudonné Theorem, in one of the ver-
sions |(17.14)| and |(17.15)| we have O(O) = (sp | b € GOct(0) ).

(b) Let g € GO(O) and set 19 = a=* € GOct(0). Then also gR(a),gL(a) €
GO(O) with

19R@) — (1R — g 1g —
and
19000) — (g )Mo — g1 — 1,
so in fact gR(a),gL(a) € O(0O). As g was chosen arbitrarily in GO(O), (a) yields
GO(0) = (L(a), sy | a,b € GOct(0) ) = (R(a), s | a,b € GOct(O) ).
(c) follows immediately from (b). O

The next theorem presents the fundamental existence and uniqueness properties
that constitute Freudenthal’s version of triality.

(20.5). THEOREM. (FREUDENTHAL’S TRIALITY) Let O be an octonion algebra
and g € GO(0).
(a) There exist a sign € € {£} and permutations gi,g— from Sym(O) such that
(9+4+9-+9)e is in AAtp(O).
(b) If (9+,9-,9)e and (hy,h_,g)s both belong to AAtp(O), then & = € = ¢, is
uniquely determined. Furthermore g4,g9— € GO(O), and there is a scalar 8 €
F* with hy =Yg, and h_ = Bg_.
PROOF. (a) By Proposition [(20.4)(b)
GO(0) = (L(a), sp | a,b € GOct(0)) = (R(a), sp | a,b € GOct(0) ).
Part (a) then follows by Proposition [(20.3)a,c,d). Note that the permutations g,
and g_ given by the proposition belong to GO(O).

(b) As just observed, there are examples with g4, g— € GO(O); so we only need
to prove the uniqueness claims.
Suppose that (94, 9-,9)c and (hy, h_, g)s are both in AAtp(O). Then AAtp(O)

also contains
(g+,g_,g)€_1(h+, h—7g)5 = (k‘l-‘r’ k—’ 1)65 s
for appropriate ki, k_ € Sym(O). That is, for all z,y € O

" yF- equals zyifed =+ and yzifed = —.
Set a = 1%+ and b = 1%*-. Then
1=1-1=1F1% = ab,
hence a,b € GOct(O) with a=! = b. Also
x =21k =2Fp and y=1FyF = ayh-,

so that ky = R(b)™! = R(b™!) and k_ = L(a)~! = L(a™!) (where we have used
Corollary |(19.8))).



170 20. FREUDENTHAL’S TRIALITY

That is,
(xb~1)(by) equals 2y always or ya always, as appropriate.

First suppose €5 = —, so that (xb~1!)(by) = yx always. With o = b this says that
yb = by for all y € O, so b is in the centralizer of O. By Theorem the
element b is a central scalar in O. But then xy = (xb~1)(by) = yx always, and O is
commutative, a contradiction. We conclude that the case e = —, which is to say
€ # 0, does not occur. Therefore § = € = ¢, is uniquely determined by g.

When €§ = +, set z = 2b~! so that zb = z. For all z,y we have

z(by) = ((20)b~")(by) = (2b)y .
That is, b is in the middle nucleus of O, which is the set of central scalars again by
Theorem |(19.27)l Thus b= 8 € F* and a = 71, as claimed. O

Similar arguments extend the uniqueness property to say that if any one of the
entries in (h, k, g). € AAtp(O) belongs ot GO(O) then the other two do as well and
are determined up to appropriate scalars.

Let the special general orthogonal group SGO(O) be the normal subgroup of
GO(O) consisting of all all g € GO(O) with ¢, = +. Additionally let the special
orthogonal gmuﬂ SO(O) be the intersection O(0O) N SGO(O).

(20.6). PROPOSITION.

(a) SGO(O) = (L(a), s1sp | a,b € GOct(0)) = (R(a), s1sp | a,b € GOct(O)) has
indez 2 in GO(O) with GO(O) = (s) SGO(O) for each b € GOct(O).

(b) SGO(0) = (L(a),R(a) | a € GOct(0) ).

(¢) SO(O) = (s18p | b € GOct(0)) has indez 2 in O(0) with O(O) = {s)SO(O)
for each b € GOct(0).

(d) For (9+,9-,9)c € AAtp(O) with g € SGO(O), we have ¢, = + and g4,9- €
SGO(0).

PROOF. (a) By the previous theorem, the map g +— €41 is a well-defined homo-
morphism from GO(O) to the cyclic group of order 2. By Proposition (a) the
anti-autotopism (—q(a)~'s; L(a), s1 R(a), sq)— is in AAtp(A) \ Atp(A4). There-
fore this homomorphism is surjective with kernel SGO(O) of index 2 in GO(O),
and GO(0O) = (s) SGO(O) for each b € GOct(O). Part (a) then follows from
Propositions [(20.3)|(c,d) and [(20.4)(b) as s, 55 = (5154) " (s1 8-

(b) By Lemma |(20.2)(b)

s18. = ¢(a)”" L(a) R(a) = L(g(a) ") L(a) R(a),

so this follows from (a).

1Up to now we have only defined the special orthogonal group SO (V, ¢) for hyperbolic spaces.
Again here we only define it under specialized circumstances—there is a supported octonion
algebra. General definitions do exist. In characteristic other than 2 it can be (and often is)
defined as the group of orthogonal transformations having determinant 1. Every orthogonal
transformation has determinant +1, and symmetries have determinant —1.

Every nondegenerate quadratic space can be embedded in a hyperbolic space, so the products
of even numbers of symmetries always form a normal subgroup of index 2 in the group generated by
all symmetries (even in characteristic 2). By the Cartan-Dieudonné Theorem in its full generality,
this group is almost always the full orthogonal group; so SO(V,q) = (sasp | g¢(a) # 0 # q(b)),
as in the third part of the proposition, is a reasonable definition that can also be found in the
literature.
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(¢) Propositions [(20.4)|(a) gives O(O) = (sp | b € GOct(0) ), hence SO(0) =
(s18p | b € GOct(O) ) has index 2.

(d) By Proposition|(20.3)|(b-d) this holds for g € {s1 sy, L(a), R(a)}. Therefore
by (a) it holds for all SGO(O). O

Define the Freudenthal group of O to be
Frd(0) = { (g+,9-,9)c € AAtp(0) | g € GO(0) },

as in the theorem. We then have the special Freudenthal group

SFrd(0) = { (9+:9-+9)+ € Atp(0) | g € SGO(0) } = Frd(0) NSGO(0)?.
The results in this section and projection onto the final coordinate then immediately
yield two short exact sequences for group central extensions:

(20.7). THEOREM.
(a) 1 —— F* —— Frd(0O) —— GO(0) —— 1.

(b) 1 —— F* —— SFrd(O) —— SGO(0) —— 1. O

20.3. The spin kernel and spin group

The spinor norm and spin group can be defined for any (nondegenerate) orthog-
onal space, but this would necessitate the introduction of the Clifford algebra (as
in [Asc00]) or other machinery (for instance, as in [Tay92]) which we otherwise do
not need. Here we only treat the spaces and groups associated with octonion alge-
bras, making heavy use of the composition algebra structure. For us this treatment
is sufficient, convenient, and elegant.

(20.8). PROPOSITION. Let O be an octonion algebra. For each g € SGO(O)
choose (g4+,9—,9) € SFrd(O). Then for each € € {£} the map o.: SGO(O) —
F*/(F*)? given by

0e(9) = g, (F)?
is well-defined and gives a homomorphism from SGO(O) to the elementary abelian
2-group F* /(F*)2.

The image of o is q(O)* (F*)2. Especially o, is surjective if O is split.

PRrROOF. By Theorem [(20.5)| the elements g. are well-defined up to a scalar 5.
But if g(x9) = pg q(v) for all z € O, then

g(aP9) = g(Bea®) = B2q(%) = B2hgq(v)
for all z € O. Thus pg.4 = B2uy. and oc(Bege) = 0c(ge); as a map, o, is well-
defined.

Consider (9+,9-,9)+, (hy,h_,h);+ € SFrd(O) with product

(9+h+:9-h—,gh)+ = ((gh)+, (gh)—, gh)+ € Atp(O).

Because p is a homomorphism,
oe(gh) = pgn), (F*)?
= g, pin, (F*)?
= pg. (F)? pn, (F*)?
= oc(g)oe(h).
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Therefore o, is indeed a homomorphism.
By Proposition its image is ¢(O)* (F*)2. As hyperbolic forms realize all
possible values (by Proposition |(17.2)[(b)), this is surjective for split O. O

We defined the spinor norm for hyperbolic 8-space in Section although
we did not verify our claims about it. Now we both define it for arbitrary octonion
algebras and prove that it has the desired properties.

(20.9). THEOREM. Let O be an octonion algebra. On the group SO(O) =
(s18p | b€ GOct(O)), the spinor norm o given by

o: Hsm — Hq(xi)(FX)27

is a well-defined homomorphism from SO(O) to F* /(F*)?. Indeed, o is the restric-
tion to SO(O) of both of the homomorphisms o4 and o_ from Proposition |(20.8)
The image of o is q(O)*(F*)2. Especially, o is surjective if O is split.

PROOF. From Proposition [(20.3)(b), for nonsingular x € O
(¢(x)"'L(z), R(z), s15.) € Atp(O).
Therefore
0 (s18:) =0_(5182) = 0(s18,) = q(x)(F*)?,

as required.
Let g € SO(O) and let g = [~ s,, be one of its factorizations. Here m = 2k

is even by Proposition |(20.6){ a,c), so we have
k
g = H(bl S$2j—1)_1(sl SI2J')
j=1

and then

) = o T[5en ) tGo oua))
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qwa;j—1)(F*)2q(ae;) (F7)?

Il
z?r

1

<.
I

q(z:)(F*)* = a(g).

A

«
I
—

We conclude that o is well-defined since o4 and o_ are. Furthermore, for g,h €
S0(0),
o(gh) = oc(gh) = oc(g)oe(h) = o(g)a(h),
and o is a homomorphism.
Finally o(s1 ;) = q(z)(F*)?, so the image of o is ¢(O)*(F*)2. This is all of
F*/(F*)? for split and hyperbolic (O, q), again by Proposition (b) O

The spin kernel (or reduced orthogonal group) is €(O), the kernel of the spinor
norm on SO(0). When O is split, the isomorphism class is uniquely determined
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by the field F' and we may write Q7 (O) or even QF (F) (as seen in Section [17.6)).
The center is {+1d} (see below) and the corresponding central quotients are the
respective projective groups PQ(0), PQT(0), and PQZ (F) (= D4(F)).

For g € Q(0O), consider a corresponding (g4+,9—,g)+ € Atp(O). Then by
Theorem [(20.5)|in fact (g4, 9—,g)+ belongs to SFrd(O) and

figy g = g = 1 and pg (F*)* = o(g) = (F*)>.

Therefore there is a § € F with pg, = 72 and p,_ = 5% For hy = fBg; and
h_ =B 1g_ we find

(hy,h_,g) € Atp(0O) N SO(0)® = SFrd(0) N SO(0)*.

Define the spin group Spin(O) to be the group SFrd(0) N SO(0)® (= Atp(O) N
SO(0)%). In the split case, this is Sping(F).

(20.10). THEOREM. Let O be an octonion algebra. Then the projection w onto
the third coordinate gives an exact sequence

1 —— {£Id} —— Spin(0) —— Q(0) —— 1.

This is a central extension. More precisely {((—1d, —1d,1d), (—Id,Id, — Id)) is the
center of Spin(O) with image the center {£1d} of Q(O).

PrROOF. Above we saw that for every g € Q(O) there is an (hy,h_,g) €
Spin(O). On the other hand, if (h4,h_, g) € Spin(O), then o(g) = oc(h,) is trivial;
so g € Q(0). Therefore projection is a surjective homomorphism. The kernel
consists of all (ki,k_,Id) with k. € SO(O). By Theorem this is precisely
the central subgroup {£(—1Id, —Id,Id)}. The central subgroup {£(—1d,Id,—1Id)}
of Spin(F') then has image the scalar subgroup {£1Id} of Q(O). Indeed, this is its

full center (say, by Proposition |(21.3)(a) below). O

Some care must be take with context for the spin group. In the literature one
can find statements to the effect that the spin group is a double cover of the special
orthogonal group. As the theorem suggests, this holds only when the spinor norm
is the trivial map. This is often not the case (for instance, when F' is a finite field
of odd characteristic) but does occur in certain important circumstances. If the
field F is algebraically closed, as in the context of algebraic groups, then F? = F
and the spinor norm must be trivial. Similarly, in the theory of Lie groups we may
implicitly be restricted to the real field R and the standard Euclidean form, where
the nonzero value set is equal to Rt = (R*)? and the spinor norm is again trivial.






oo 21

The Loop of Units in an Octonion Algebra

In the matrix algebra Mato(F') the group of units is GLo(F'). It has scalar
center F*I and dually a determinant homomorphism with kernel SLy(F). The
determinant of the scalars gives all squares, and the center meets SLo(F') in {£1}.
We have the projective quotients PGLy(F') and PSLy(F), the latter almost always
simple. In view of Zorn’s vector matrices, an octonion algebra O, particularly if
split, might be viewed as a generalization of Maty(F). Various similar loop sections
exist within the Moufang loop of units of O. In the split case their analysis goes
well. But just as the division rings that are forms of Maty(F') are more exotic, so
the structure and properties of division algebras O are more elusive.

21.1. Loop sections of octonion algebras

We discuss the appropriate generalizations of the center and the determinant.

The composition algebra (A, g) over the field F' will usually be written A with
the form ¢ and field F' implicit. An octonion algebra O over F may at times be
denoted Oct(F). Especially Oct™(F) is a split octonion algebra over F. Theorem
tells us that an algebra Oct(F) is uniquely determined up to isomorphism.
A particular model for Oct(F) is that of Zorn’s vector matrices, discussed at length
in Section [9.1.21

By Corollary an element m of Oct(F) is invertible if and only if ¢(m) #
0. Recall that the corresponding loop of units, the general octonion loop or unit
octonion loop, is denoted GOct(O) or GOct(F') and is a nonassociative Moufang
loop by Theorem In the split case we write GOct™ (F) for the loop of units
in Oct™(F). In the nonsplit case GOct(O) = O\ {0}, so that O is a division algebra.

Since ¢ admits composition, it is a loop homomorphism from GOct(O) to F*.
Its kernel, denoted SOct(O) or SOct(F'), is the normal subloop consisting of all
units having norm 1. This is the special octonion loop or norm 1 octonion loop.
In the split case GOct™(F) this is SOct™(F) and the map to F* is surjective by
Proposition [(I7.2)|(b).

The utility of results like the following was first observed by P. Vojtéchovsky;
see [N'Vo03], Theorem 7.1].
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(21.1). PROPOSITION.  The composition algebra A is spanned by its subloop
of elements with norm 1 unless it is isomorphic to one of the split algebras Fo B Fqy
or Fg ) Fg.

ProoF. This is trivial if the dimension is 1.

Consider the split case. For F'@® F with form ¢((a,b)) = ab, the norm 1 loop is
the subgroup S = {(a,a™1) | a € F* }. It contains 1 = (1,1), so S spans A unless
F*={a€ F|a=a"1}, that is, unless F is Fy or F5. In those two cases the full
algebra is not spanned by S.

In dimension 4, the split algebra Mato(F) is always spanned by the four norm

1 matrices
10 11 10 0 -1
ER{ R R R e

In dimension 8, the split algebra A is Maty(F) L Mato(F)t as in Proposition
We may choose ¢ with ¢(t) = 1 by Proposition as ¢ is hyperbolic
on A. Since Maty(F) is spanned by elements of norm 1, so is Maty(F)t and finally
A as well.

We may now assume that our composition algebra A is nonsplit; that is, is
a division algebra. In particular, for every nonscalar x € A\ 1%, the subspace
F1&® Fz is a nonsplit composition subalgebra by Proposition and Corollary
All such subalgebras generate A, so we are reduced to consideration of
2-dimensional nonsplit composition algebras.

By Theorem there is a separable quadratic extension K of F' such
A is isomorphic as composition algebra to K provided with the quadratic norm
q(a) = aa”, where v acts as Galois conjugation in K over F. As 1-17 = 1, the
claim that K is spanned by its norm 1 elements is equivalent to the claim that
not all norm 1 elements are in the fixed subfield F. Assume the opposite, for a
contradiction.

For a € K* the commutator a 'a” has norm 1 and so belongs to F* by
assumption. Each norm aa” is fixed by v and so also belongs to F. We conclude
that all (nonzero) squares a?> = aa”(a"'a?)~! belong to F. Let a € K\ F. We
then have b = a? € F and also (a + 1) = a®> + 2a + 1 € F. Therefore 2a € F.
As a ¢ F, this can only happen in characteristic 2. In that case, a is a root of the
inseparable polynomial z? + b € F[z]. This is a contradiction, since K is separable
over F. O

For each (g94+,9-,90)c € Frd(O), the permutations gs from Sym(O) in fact
belong to GO(O) by Theorem In particular for nonsingular a the image
a% is also nonsingular. That is, the elements of Frd(O) in their action on O3
leave GOct(O)? invariant and indeed induce autotopisms or anti-autotopisms of
GOct(0). We can therefore consider the homomorphism given by restriction from
O to the invariant GOct(O). The proposition immediately gives:

(21.2). COROLLARY. The restriction map Frd(O) — AAtp(GO(0)) is an
injective homomorphism. O

(21.3). PROPOSITION. Let O be an octonion algebra over F.
(a) If g € SO(O) takes each x € SOct(O) to £z, then g is a scalar from {+£1d}.

(b) If g € GO(O) leaves invariant each 1-space Fx with q(x) # 0, then g is a scalar
from F>* 1d.
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PROOF. As O is spanned by SOct(O) (Proposition [(21.1)), it is enough in
both parts to prove that the function «: SOct(O) — F, given by 29 = a,z, is a
constant function a, = a. For F' = Fy we must have o, = 1, and ¢ is the identity;
we are done. For F' = FF3, the only possible scalars «, are +1, so the element g
has order 2 (or 1), and the hypotheses say that every z € SOct(O) is in one of
the eigenspaces Co(g) and [0, g]. But | SOct(O)| = 2160 while 3¢ — 1 = 728 and
37 — 1 = 2186, so easily the only possibilities are O = Co(g) or O = [0, gl; that is,
g is a scalar as claimed. Thus in proving (a) and (b) we may assume |F| > 4.

(a) Here a, = £1. In particular we may assume that charF # 2.

By Lemma the space O is the perpendicular direct sum of its two
eigenspaces Co(g) and [O, g]. By hypothesis every element of SOct(O) belongs to
one or the other eigenspace. We may assume (for a contradiction) that both are
nontrivial.

By Proposition [(21.1)] there are z € Co(g) and y € [0, g] with ¢(z) = q(y) = 1.
Choose nonzero a,b € F with a> = 1 + b* (always possible as |F| > 4). Then
v =1 + by has q(v) = 1+ b2 = . Thus a~!v is in SOct(O) but in neither of the
eigenspaces Co(g) and [0, g], the desired contradiction.

(b) As before o from GOct(O) to F* is given by 29 = a,x. By Proposition
(17.2)| if a 2-subspace of O contains nonsingular vectors then it has at most two
singular 1-spaces, so it contains a basis x,y of nonsingular vectors such that x + y
is also nonsingular (as |F'| > 4). But then

94yl = (v +y)! = azr+ QAyY = O‘ac+y(x +y) = Qgy® + Qpiyyy,

SO Oty = Oz4y = 0y. Thus o is constant on each 2-space containing nonsingular
vectors. Applied to the subalgebras F'1 & Fx, this shows that the map « is a
constant on GOct(O). Therefore g is a scalar linear transformation by Proposition

O

(21.4). THEOREM.
(a) Nuc(GOct(F)) = C(GOct(F)) = Z(GOct(F)) = F*1.
(b) Nuc(SOct(F)) = C(SOct(F)) = Z(SOct(F)) = {£1}.

ProOOF. By Proposition the nucleus of GOct(F) and that of SOct(F')
are nuclear in Oct(F'), so they consist of central scalars by Theorem This is
similarly true for the centralizer of GOct(F'). In particular the nonzero scalar sub-
group F*1 of GOct(F') is equal to the normal central subgroup Nuc(GOct(F)) =
C(GOct(F)) = Z(GOct(F)).

For the scalar b we have ¢(b) = b%q(1) = b2. Especially the only scalars of norm
1 are £1, and thus Nuc(SOct(F)) = C(SOct(F)) = Z(SOct(F)) is the normal,
central, scalar subgroup {1} of order 1 or 2. O

The quotient loop GOct(F'))/F*1 is PGOct(F'), the projective general octonion
loop, especially PGOct™t(F) in the split case. Similarly the quotient SOct(F)/{=%1}
is the projective special octonion loop PSOct(F). In particular we have PSOctt(F),
usually called a Paige loop since Paige [Pai56] first studied these loops carefully,
proving that they are simple Moufang loopsE| Alternative notation is PGOct(O)
and PSOct(O).

INotation for the Paige loops varies. For instance, they are M(F) in [Dor78], M*(F) in
[NVo03|, and PSLL(F') in [Gag06].
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(21.5). THEOREM. The loops PGOct(F) and PSOct(F) have trivial nucleus.

PROOF. Let n be a preimage in GOct(O) of an element of the nucleus of L,
one of these loops. Then by Proposition it belongs to the subspace

M={meO]|z(my)— (zm)y € F1, forall z,y € O}

of Proposition [(19.26)| By that proposition n is a central scalar and so has trivial
image in the loop L. O

(21.6). THEOREM. The norm map q: GOct(O) — F* is a surjective homo-
morphism in Loop”™. Therefore there is a surjective homomorphisms in TriGrp* from
the universal group with triality GOct(O)G = Ggoct(o) to (F* x F*) x Sym(3).

ProoOF. By Lemma the universal group with triality G = Ggoct (o) has
as quotient in TriGrp”* the universal group H = Gpx for the Mouf*-image F'*. By
Corollary this last group has quotient (F* x F*) x Sym(3). O

21.2. Octonion multiplication and triality groups

Let O be an octonion algebra over F. In this section for the loops L among
GOct(0), PGOct(0), SOct(0), and PSOct(O) we approach the multiplication
group MIt(L) and the associated universal group with triality G. The results
are not definitive. Especially, the identification of the center Z(Gy) is difficult for
any Moufang loop; we do not address that here. We would be happy to find each
corresponding adjoint group with triality TAtp(L), defined by

TAtp(L) = G, /Z(G) = LTA = SAtp(L) x Sym(3)

or its base, the special autotopism group SAtp(L). Even with that we are not
entirely successful.

There is, however, some good news. By Theorem the multiplication
group MIt(L) is a quotient of SAtp(L) by an A isomorphic to a subgroup of the
nucleus of L. In the previous section we have proven that each L has a relatively
elementary nucleus. Indeed PGOct(O) and PSOct(O) have trivial nuclei, so for
these two loops Mlt(L) = SAtp(L).

(21.7). THEOREM. For the octonion algebra O, the multiplication group of its
loop of units GOct(O) is the special general orthogonal group SGO(O).

PROOF. We found in Proposition b) that within GO(O) the linear trans-
formation group (L(a),R(a) | a € GOct(0) ) is SGO(O). By Proposition|(21.1)[this
action is faithful when restricted to GOct(O). We conclude that Mlt(O) = SGO(0).

O

(21.8). COROLLARY. MIt(PGOct(F)) = SAtp(PGOct(F)) = PSGO(0).
PrOOF. As PGOct(F') has trivial nucleus (by Theorem [(21.5)) we have
MIt(PGOct(F)) = SAtp(PGOct(F))

by Theorem |(12.15)} Let N = F*1, the nucleus of GOct(F). Each translation
L(z) and R(y) of Mlt(GOct(F)) induces the translation L(Nz) and R(Ny) on
PGOct(F) = GOct(F)/N. Accordingly

L(z) — L(Nz) R(y) — R(Ny)



21.2. OCTONION MULTIPLICATION AND TRIALITY GROUPS 179

gives a surjective homomorphism from MIt(GOct(F')) onto Mlt(PGOct(F)). The
kernel of this homomorphism is induced by linear transformations from SGO(O) =
MIt(GOct(F)) that leave each 1-space of GOct(F') invariant. Therefore by Propo-
sition b) the kernel consists of the scalar subgroup F*1 and

Mlt(PGOct(F)) = SGO(0)/F*1 =PSGO(0),
as claimed. O

(21.9). THEOREM. The group admitting triality SAtp(GOct(O)) is equal to
SFrd(0), identified with its image in Atp(GOct(O)) via Corollary|(21.2), Especially
there is a short exact sequence

1 —— F* — 5 SAtp(GOct(0)) —— SGO(0) —— 1.

Proor. By the previous theorem and Proposition
SAtp(GOct(0)) < {(9+,9-,9) € Atp(GOct(0)) | g € SGO(O) } = SFrd(0),

with both SAtp(GOct(0)) and SFrd(O) projecting in the last coordinate to Mlt(O) =
SGO(O). Therefore

SFrd(0O) = SAtp(GOct(0))M ,
where M = {(f, f~%,1d) | f € F* } is the kernel of projection in SFrd(O) onto its
third coordinate. Indeed it is that same kernel in all Atp(O) by Theorem
Now within Atp(GOct(O)) we see that M < SAtp(F*1) < SAtp(GOct(O)). Thus
SFrd(O) = SAtp(GOct(0)) and the short exact sequence

1l —— F* —— SFrd(O) —— SGO(0) —— 1.
of Theorem |(20.7)| becomes that of the theorem. O

In view of Theorem it is tempting to think that for the subloop SOct(O)
the corresponding group admitting triality is Atp(SOct(0))NSO(0)* = Spin(O) so
that the multiplication group would be Q(O). We shall see in the next section that
this does happen in the split case, but we cannot prove it in general. The difficulty
arises because earlier we were able to use the Cartan-Dieudonné Theorem to prove
(8184 | g(a) #0) =S0O(O) hence (L(a),R(a) | g(a) #0) = SGO(O), whereas now
we only have (s1s, | gla) =1) < (L(a),R(a) | g(a) =1) < Q(O0).

Define the normal subgroup Q(O) of O(O) to be the subgroup generated by all
products s; s, for g(a) = 1, equivalently q(a) € (F*)2. The spinor norm is trivial
on each element s; s,, so we have Q1(0) < Q(0).

(21.10). THEOREM. Let O be an octonion algebra. The multiplication group
of SOct(0) is is a nonscalar normal subgroup of Q(O) that contains Q*(O).

Proor. By Proposition the embedding of
MIt(SOct(0)) = (L(a), R(a) | g(a) =1)
in MIt(GOct(0)) and MIt(O) is an injection.

The similarities L(a) and R(a) are isometries when ¢(a) = 1 and so belong to
SO(0) = 0(0)NSGO(O) by Proposition Therefore by Proposition
SAtp(SOct(0)) < Atp(0) N'SO(0)* which is Spin(O) (Theorem . From
the third coordinate of this, we learn that Mlt(SOct(O)) is a normal subgroup of
Q(0), clearly nonscalar by Proposition
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By Lemma [(20.2)[b), for all x € O and ¢(a) =1

%1% = g(a) " tara = aza = @) Rla)

so the normal subgroup Q!(0) of O(O) is contained in Mlt(SOct(0)). O

By Theorem [(21.4)[(b) the loop SOct(O) has nucleus {£1}, and the subgroup
{£1d} of scalars in ©Q(O) is in the kernel of the natural map from Mlt(SOct(O)) to

MIt(PSOct(O)). Indeed by Proposition [(21.3){a) it is equal to that kernel and to
the center of Q(O) (see Theorem

Let PQ(O) and PQ(O) be the images of Q(O) and 2(0) in PSO(O). The
remarks of the previous paragraph give

(21.11). COROLLARY. Let O be an octonion algebra. Then MIt(PSOct(O)) =
SAtp(PSO(0)) is a nontrivial normal subgroup of PQ(O) that contains PQ(O).
O

21.3. The split octonions

In the case of the split octonions O over F' we can provide complete results in
the cases that were not resolved in the previous section. It is no surprise that we
encounter Cartan’s group with triality again.

Nagy and Vojtéchovsky [N'Vo03] calculated the multiplication groups of the
special split octonion loops SOct™ (F) and the Paige loops PSOct™(F). They ob-
served that these results are “folklore” but are rarely (if ever, before [N'Vo03])
provided with a complete proof. At least for finite Paige loops, the results are
already implicit in Doro’s paper [Dor78].

(21.12). THEOREM.

(a) MIt(SOct™(F)) = QF (F).
(b) SAtp(SOct™ (F)) = Sping(F).
(c) TAtp(SOct™(F)) = Sping(F) x Sym(3).

Proor. From Theorem we have the nonscalar subgroup Q!(O) con-
tained in Mlt(SOct(0)), both normal in Q(0) = Qf (F). By Theorem this
last group is quasisimple. Therefore

Q'(0) = MIt(SOct(0)) = Qf (F),

as claimed under (a).

As in proof of Theorem Proposition |(12.11)| yields

SAtp(SOct ™ (0)) < Atp(0) NSO(0)” = Sping(F)
with the projection of SAtp(SOct™(O)) onto each coordinate equal to QF (F) =
MIt(SOct™ (F)) by (a). Especially (—Id, —Id,1d) € SAtp(SOct™(0)), so
SAtp(SOct™(0)) = ((—1d, — 1d,1d)) SAtp(SOct T (0)) = Sping(F),

as in (b). Part (c) follows directly. O

(21.13). THEOREM.
(a) MIt(PSOct™(F)) = SAtp(PSOct™(F)) = PQJ (F).
(b) TAtp(PSOctt(F)) = PQZ (F) x Sym(3).

PRrROOF. From Theorem |(21.11)| we have the nontrivial subgroup PQ!(O) con-
hl?.lG

tained in Mlt(PSOct(0)), both normal in PQ(O) = PQ{ (F). By Theorem
this last group is simple. O
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21.4. Simple Moufang loops

It is fitting that we finish this lengthy monograph by returning to Paige’s early
and fundamental paper [Pai56]. Its main result is:

(21.14). THEOREM. For every field F, the Moufang loop PSOctt(F) is simple.

PrOOF. By Theorem |(21.13)| MIt(PSOct(F)) = PQg (F), which is simple by
Theorem [(17.16)! The result follows from Corollary |(14.6)| O

A converse to Paige’s theorem has been conjectured, namely that all nonas-
sociative simple Moufang loops are isomorphic to PSOct(O) for some octonion
algebra O. Liebeck [Lie87] proved this for finite Moufang loops and Hall [Hal07b]
for locally finite Moufang loops (that is, Moufang loops in which every finite sub-
set generates a finite subloop). Under these hypotheses only the split case occurs
(Corollary , so the nonassociative simple Moufang loops encountered are
Paige loops.

(21.15). THEOREM. (L1EBECK [Lie87| (HaLL [Hal07b])) A (locally) finite
simple Moufang loop is either associative—and so is a simple group—or is isomor-
phic to a Paige loop PSOct™(F) over a (locally) finite field F. O

Following Doro’s plan [Dor78] and Theorem [(14.5)|(3), Liebeck searched the list
of nonabelian finite simple groups H, looking for triality simple groups H x Sym(3).
He proved that the only examples are PQF (F) x Sym(3) over finite fields F. The
associated loops are then the Paige loops PSOct™(F).

Two additional observations of Paige [Pai56] are consequences of Corollary
(14.6)l They point up the distinction between the uniformity of the split case, as
seen in Paige’s Theorem and the sensitivity of the nonsplit case to the
arithmetic of the underlying field.

(21.16). COROLLARY.

(a) Let O be the real compact octonions (the original Cayley-Graves octonions).
Then MIt(PSOct(Q)) = PQ(O) = PSO(0) is simple (as is well-known), and
in particular PSOct(Q) is simple.

(b) Let O; denote the real compact octonions tensored up to the field R((t)) of
Laurent series. Then MIt(PSOct(Qy)) is not simple [Died8|, and in particular
PSOct(Oy) is not simple. O
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