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Abstract

We provide an algebraic description of the perfect Ree-Tits generalized
octagons, i.e., an explicit embedding of octagons of this type in a 25-dimen-
sional projective space. The construction is derived from the interplay be-
tween the 52-dimensional module of the Chevalley algebra of type F4 over
a field of even characteristic and its 26-dimensional submodule. We de-
fine a quadratic duality operator that interchanges special sets of (totally)
isotropic elements in those modules and establish the points of the octagon
as absolute points of this duality. We introduce many algebraic operations
that can be used in the study of the generalized octagon. We also prove that
the Ree group acts as expected on points and pairs of points.
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1 Introduction and overview

Of all generalized polygons related to simple groups [5] the generalized oc-
tagons have probably been studied the least. Perhaps one of the reasons is the
fact that only a single (infinite) family of examples is known and that these
Ree-Tits octagons, and their embeddings in a projective space, are not easily
constructed.

The standard way to define a Ree-Tits octagon is as a coset geometry of a
Ree group. This group is itself constructed by ‘twisting’ the Chevalley group of
type F4 over a suitable field K of characteristic 2. Another construction tech-
nique makes use of a special coordinatization (introduced by H. Van Maldeghem
[5]) which is itself based on the properties of the Ree groups, in particular the
commutation relations displayed in [4].

What is missing for the Ree-Tits octagon, and exists for all other classical gen-
eralized polygons, is an explicit embedding into some projective?space. In Sec-
tion 10 of this text we shall construct such an embedding into a 25-dimensional
space, where the points (lines) of the Ree-Tits octagon are a subset of the points
(lines) of the projective space. We will provide explicit ‘formulae’ which can be
applied to the projective coordinates of a point to determine whether or not it
is a point of the octagon. And likewise, we shall provide a means to determine
from the projective coordinates of two points of the octagon, whether they are
collinear in the octagon, and more generally, what is their mutual distance.

These ‘formulae’ are not so elementary as in the case of the other generalized
polygons. For example, we shall prove that a point Ke belongs to the Ree-Tits
octagon if and only if both e? = 0 and ¢([e, W], e) = 0. The first expression is
shorthand for a system of 26 quadratic equations in 26 variables (the 26 coordi-
nates of €). The second expression corresponds to a system of 676 polynomials
of degree 3 in 26 variables, additionally involving a field automorphism o of K.
(For contrast, compare this to the formulae needed to define the points of the
split Cayley hexagon : a single quadratic equation in 7 variables suffices.)

This text looks at the octagon (and the metasymplectic space to which its
points and lines belong) from three different perspectives : groups, geometries
and algebras, concentrating on the latter.

We start with the well-known 52-dimensional Chevalley algebra F of type
F, and its 26-dimensional module W in the special case of characteristic 2.
In this particular case W is a subalgebra of F. (Many of the definitions and
propositions in the first few sections of this text can also be extended to fields
with different characteristics.)

W is isomorphic to the exceptional (quadratic) 26-dimensional Jordan alge-
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bra over the field K of which F is the algebra of derivations. (We have chosen to
work independently of this fact, primarily because Jordan algebras, especially
in characteristic 2, are not so easily accessible and we do not want to assume
prior knowledge of them in this paper.)

Not all elements of W and F are of the same interest to us. Instead we sin-
gle out a set of so-called isotropic elements of W and a set of totally isotropic
elements of F. These special elements allow us to attach geometrical meaning
to the algebras W and F : isotropic elements (or more correctly 1-dimensional
subspaces of isotropic elements) turn out to be points of the associated meta-
symplectic space, and totally isotropic elements correspond to symplecta.

Isotropic and totally isotropic elements also allow us to define a Chevalley
group FA4(K ) of type F4 and its action on W and F. For each isotropic element e
there is a corresponding group element xz(e) and each totally isotropic element
E corresponds to a group element z(E). The Chevalley group is generated by all
these elements. Not suprisingly the (non-zero) isotropic elements form a single
orbit under this action, and so do the (non-zero) totally isotropic elements.

To establish the various relations between different isotropic and totally iso-
tropic elements we need to define a large number of algebraic operations on
these elements. Some of these are new, others bear a direct relation to the op-
erators used in the construction of the 27-dimensional module of the Chevalley
algebra of type Eg [1, 3]. In many cases ours are specific versions of operators
that are more generally known, but were simplified for the special context of
this paper in order to make it more self-contained and intelligible.

These operations also have a geometric interpretation. For example, two
points e and f are collinear in the metasymplectic space if and only e - f = 0,
[e, f] =0and ex f = 0. Two symplecta F, F' have trivial intersection if and only
if [E, F] # 0. We regret that it was beyond the scope of this text to establish
these connections in more detail, at least in the case of the metasymplectic
space. We do give a more complete treatment for the octagon.

Because K has characteristic 2, not only W is a subalgebra of F, but it is
also an ideal and moreover isomorphic to its quotient Q = F/W. Many of
the operations defined on F turn out to be well-defined on Q and the algebra
isomorphism y is ‘compatible’ with many of them (e.g., [u(e), u(f)] = w([e, f])
and (u(e), u(f)) = e f).

We intend to use p to ‘twist’ both the Chevalley group and the metasymplec-
tic geometry. At least one hurdle needs to be overcome : in geometric terms
we would like to map points onto symplecta in such a way that (symmetric)
incidence is preserved. In algebraic terms this has two consequences. Isotropic
elements should be mapped to totally isotropic elements, and the algebraic op-
eration that indicates incidence should be preserved.
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The first problem is that totally isotropic elements belong to F and not to Q.
(However, it can be proved that no two totally isotropic elements can differ only
in an element of W, hence this is not really an issue). Secondly, and unfortu-
nately, the algebraic operation that we use to check incidence is an operation
on W x F and not on W x Q, and there seems no easy way to make it so.

It turns out that we need yet another new operation () to solve this problem
(defined by means of 1). This ‘duality’ operation () is quadratic and not linear
like 1, Q maps isotropic elements of W to totally isotropic elements of F (and
not of Q), and most importantly, Q transforms the ‘incidence operation’ into
something very much like it, sufficiently so for incidence to be preserved. (As
far as we are aware, this paper is the first to give an explicit algebraic definition
of a duality operation of this kind.)

Note that applying first Q and then p~! brings us ‘almost’ back to the orig-
inal : we only need an extra application of the Frobenius automorphism. Be-
cause of this supplementary automorphism we shall be forced in Section 7 to
introduce a Tits automorphism o (and restrict ourselves to fields for which such
o exists).

Essentially, the points of the octagon O can now be defined as ‘absolute’
elements of the duality Q). The last sections of this text simply prove that O
turns out to be what we expect of it. We use @ to define the Ree group %F4(K)
and prove that it has the desired properties : it is transitive on the points of
O and on all pairs of points at a given distance. The corresponding elations
and root groups have properties that make O a Moufang octagon. We also
indicate how the different operators that have been defined in the text can be
used in various ways to determine the distance between two given points and
to compute the coordinates of the points on the shortest path between them
(when they are not opposite).

We strongly regret that we had to restrict ourselves to the case of a field K
that is perfect. From section 7 onwards we frequently use the fact that the Tits
morphism ¢ has an inverse o~! and we occasionally have to extract a square
root of an element of K. We currently do not see how to avoid this.

Finally, a word on notation and proofs.

In this text we had to introduce several new operations and choose an ap-
propriate notation for them. For some, like the Lie bracket, it was obvious how
to do this, for others, there were some difficulties. In particular, it would have
been nice to choose the same notation for operations that later turn out to be
‘compatible’ with respect to . and (). Hence E - F' could have been preferred
to (F, F). However, although in general F, F stand for elements of F, they can
also belong to W which is a subspace of F, and then this notation would be
ambiguous. For the same reason we cannot call totally isotropic elements of F
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isotropic, although both notions are clearly dual with respect to Q. We hope
that the reader does not get too confused.

Many of the lemmas, propositions and theorems in this text have proofs that
are rather technical. In many cases these proofs can be (and have been) ver-
ified by computer using a symbolic computer algebra system. There is only
one proposition (Proposition 2.2) which we do not prove ‘by hand’ because this
would have taken numerous extra pages. Although the property itself is very
relevant to the rest of the text, we did not think that the proof would contribute
greatly to its understanding.

2 The Chevalley algebra of type F4

In this section we shall review some general properties of the Chevalley algebra
of type F,. We restrict ourselves to the case where the base field K has charac-
teristic 2. More information, also for the case of general characteristic, can be
found in [2].

Consider a root system ® of type F4. The elements of ® can be expressed as
4-tuples of real coordinates, in the following way :

1. There are 24 roots whose coordinates are permutations of 4-tuples of the
form (£+1,+1,0,0).

2. There are 16 roots with coordinates of the form (+1,+1, +1 +1).

3. There are 8 roots whose coordinates are permutations of 4-tuples of the
form (+1,0,0,0).

We will denote coordinate quadruples by a shorthand notation of the form 1000,
0110, +--+, where 1 stands for —1, + for 1 and - for —1.

Half of the roots have Euclidian length /2, and are called long roots (they
correspond to the first case above). The other half have length 1, and are called
short roots (the other two cases). We shall denote the sets of long (resp. short)
roots by &, (resp. ®g).

It is customary to express relations between the roots not in terms of the
Euclidian inner product r - s, but by means of the following binary product :

(r, s) def 75 D

r-r
This operator has the advantage that for r, s € ®, (r, s) is always an integer (in
fact (r,s) = 0,4+1,+2). However, (r,s) is linear only in the second argument,

and not in the first.
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The value of (r,s) is closely related to whether r + s, — s are roots and of
what kind, as summarised in the following tables :

When r,s € &y,

When r, s € &g
(r,s) = | if and only if
2 r=s
1 r—sée dg
0 bothr —s,7r+s € &,
-1 r+sedg
—2 r=-—s

(r,s) = | if and only if
2 r=3s
1 r—sedrp
0 r—s,r+s¢d
—1 r+sedp
-2 r=—5

When r € &g, s € oy,

<T7 S> =

if and only if

2
0
—2

r—sedg
r—s,r+s¢d
r+se dg

Whenr € &7, s € ®g

(r,s) = | if and only if
1 r—séedg
0 r—s,r+s¢d
-1 r+se dg

(2)

With the root system ® we may associate the dual root system ®* of roots r*

of the form

The element r

(s,7).

T*dZQf 2r
rer

* is called the co-root corresponding to r. Note that (r*, s*)

with r € ®.

The roots

def

- def def def
r = 1100, £ £ <

ro = 01107 r3 = 0010, 74 = ——+, 3)
called simple roots, form a so-called fundamental system. Every root of ® can
be written as a linear combination of simple roots, with integral coefficients. If
r = Q111 + Qory + asrs + aury, then

a1 = 2(r1,r) + 3(ra,r) + 2(rs,r) + 1{ry,r)
ag = 3(r1,ry + 6(ro,r) + 4(rs3, ) + 2(rq,r) @
ag = 4(ry,ry + 8(ra,r) + 6(rs,r) + 3(rq,r)
ay = 2(r1,r) + 4(ra,ry + 3(rs,r) + 2(ry,r)

With these notations the co-roots satisfy

when r € &g,
whenr € ®;.

)

i 20077 + 20015 +  asri; + oury,
= 1 1
a1r] + Qory + asry + sagry,
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From (4) it can be inferred that when r € ®, both o3 and o4 are even inte-
gers. Hence the coefficients that occur in (5) are integral. Indeed, the co-roots
r},...,r; form a fundamental system for the dual root system &*.

If we write r* = ajr] + - - - + o7 we obtain

af = 2(r,r) + 3(r,r2) + 4(r,r3) + 2(r,r4)
ay = 3(r,r1) + 6(r,r2) + 8(r,r3) + 4(r,r4) ©
al = 2(r,r) + 4(r,r2) + 6{r,r3) + 3(r,r4)
af = 1{r,r) 4+ 2(r,ra2) + 3(r,r3) + 2(r,r4)

To every root r we associate the reflection w, about the hyperplane orthogo-
naltor:
def
wy(r) = x — (r,x)r

It is a (defining) property of a root system that these reflections always map
roots onto roots. The finite group W generated by all reflections w, with r € ® is
the Weyl group of type F,. This group acts regularly on all fundamental systems
of roots in ® and it acts transitively on roots of the same type (short or long)
and on pairs of roots with the same type and inner product. In other words,
the 16 cases listed in (2) correspond exactly to the orbits of W on ordered pairs
(r, s) of roots.

The Chevalley algebra F of type F, over a field K is a 52-dimensional vector
space over K with a bilinear ‘Lie bracket’ operator [-,-]. F can be written as a
direct sum of the following form :

F=Ho @Ker.
red

The elements ¢,., one for every r € ®, are the root vectors of F, and H is the

Cartan subalgebra of dimension 4, generated by the elements A, def [er, e_,] for

re o,

Not all elements h,, »r € ® are linearly independent. In fact, the elements
h, can be expressed as linear combinations of the 4 elements A, ,...,h,,, in a
manner very similar to (5) :

h, = { 2a1 by, + 2000, + a3h7-3 +  agh,,, when r € ®g, )

alhrl + OLQhT2 + %Oéghra + %044}17«4, when r € (DL-

The coefficients should now be interpreted as elements of the base field K. (In
our particular case of characteristic 2 we could therefore have left out the terms
involving 2a; and 2a.) Note that, because the characteristic of K is small, it
may happen that h,. = h, although r # r'.
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The 4 elements h,, together with the 48 root vectors e, form a Chevalley basis
for F. As char K = 2, the Chevalley basis elements can be chosen to satisfy

[, his] =0,

les, hr] = [hr, €5] = (1, s)es,

ler,e—r] = hy, 8
ler, €] = €r4s, when r + s € ® and (r, s) # 0,

ler, es] =0, otherwise.

Note that in particular [e,, es] = 0 whenever (r, s) > 0, by (2).

The second equality in (8) needs some extra attention. First note that (r, s)
should be interpreted as an element of K, which is possible because (r,s) is
always an integer. Secondly, note that this equality holds for all » € & and not
only for simple roots r;, even though the h, are not linearly independent and
the equality is not linear in r.

We shall often need to express an element A € F as a linear combination of
Chevalley base elements. The corresponding coordinates shall be denoted by
Alr] for r € ® and A[i] for i = 1,2, 3, 4. More precisely, we have

4
A=Y Afrle, + > Alilh,. 9

red 1=

The values for h..[i] can be derived from (6) reduced modulo 2, since (7)
shows that the elements h, behave like the co-roots r* and hence that h,.[i] =
o mod 2.

hT'[l] = <T7 T2>7 hr[Q] = <T; Tl)a

he[3] = (r,r4), he[4] = (r,r3) + (r,r1)
In terms of coordinates (8) can be expressed as follows : let A, B,C € F with
C = [A, B], then

(10)

4

Clt] =Y Alr|Bls] + Y (ri,t)(A[t] Bli] + A[i)BJt]), fort e &,

r,s€d i=1
r+s=t,(r,s)#0
Cli) = Y Alr|Bl-rlha[i] fori=1,...,4.
red
(1D
Because char K = 2, the Lie bracket [-, -] is a symmetric bilinear operation on

F. We associate a quadratic operator -2 to this bilinear operator by choosing
values on the base vectors of F as follows :

e2 =0, h2 =h,,  forre®,i=1,....4 (12)
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and setting
(A+kB)> = A + k[A,B] + k*B?,  forevery ABcF,kc K. (13)

(Properties (12-13) uniquely determine the action of -2 on F.)
In terms of coordinates we have :

4

A2 = > APA[s| + > (ri, 1) Afi]Aft], forte @,

{r,s}C® =1
r4s=t,(r,s)#0 (14)
A2[i] = Al + > Al A[=r]h[i], fori=1,...,4.
{r,—r}Cc®

(The first sum in the first equation treats each pair exactly once. The sum in the
last equation consists of 24 terms, one for each pair {r, —r} of roots. Equations
(14) could serve as an alternative definition of -2.)

Note that h? = h,. for all » € ® (and not only when r = r; is a simple root).

Proposition 2.1. Let X, A € F, then
[1X, A, A] = [X, A%]. (15)

Proof. The Jacobi identity proves that [[X, A], B] + [[X, B], A] = [X,[A, B]],
hence by (13) it is sufficient to prove (15) when A is a Chevalley base element.

Let r € ®. We express [ X, e,] in terms of coordinates of X :

[X,er] = Z Xlslerys + X[—r]h + ZX[i]<TivT>era
sed %
r4+se®, (r,s)#0
We have (r,r+s) = (r,7) + (r,s) = 2+ (r,s) > 0, and hence [e, s, e,;] = 0. Also
[hr,e;] = 0and [e,,e,] = 0, and therefore [[X,e,],e.] =0 = [X, 2.

Similarly, [ X, h,] = > .4 X[s](r, S>es,2SO (X, hel he] = D0 co X[8](r s)es,

which is the same as [ X, h,.] because (r, s)* = (r, s) in characteristic 2. O
Let W denote the subspace of F generated by the elements h.., e, restricted
to the short roots r € ®g :

wWE T P Ke,, (16)
redg

where I is the subspace of H generated by all i, with r € ®g. In other words :
A € W if and only if its coordinates satisfy A[r] = 0, for all » € &, and
A[l] = A[2] = 0. Hence W has dimension 26.
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It follows from (8) that [W,F] < W and hence that W is an ideal and a
subalgebra of F. Also note that W2 < W by (12).

Below we repeat (8) for the special case that both r, s € &g. These could be
considered the defining relations for W :

[hr, hs] =0,

[hr,es] = (r,s)es,

ler, e—r] = hn, (a7
ler,es] =0, whenr +s#0,r+s ¢ ®g,

[er,es] = erys, whenr + s € ®g.

As before, [e,, e5] = 0 whenever (r, s) > 0.

It turns out (although we do not need this here) that W can be extended
to a 27-dimensional module of the Chevalley algebra of type Eg. There is a
well-known construction of this module [3] that uses a bilinear operator x and
a related quadratic operator #. These operators are closely related (but not
identical) to the Lie bracket and the square operator we use here.

When restricted to r,s € ®g the product (r,s) is bilinear, symmetric and
integral. This allows us to define the following symmetric bilinear dot product
on W, with values in K :

def { 1 when r = —s,

er - € = .

0 otherwise. (18)
er hs=hs e, 20,
hy - hy def (r,s), forr,s € ®g.

(This dot product is related to the product (-,-) used in the construction of
the 27-dimensional Eg-module mentioned above.)

Consider a € W. In terms of coordinates with respect to the Chevalley base
elements we find

a-e.=a[-r], a-h,=ald], a-h, =a[3],
and hence, for general a,b € W :

a-b= Z a[r)b[—r] + a[3]b[4] + a[4]b[3]. (19

redg

Note that a - a = 0 for all a € W. The dot product is also nondegenerate on W,
in other words, if a - x = 0 for all x € W, then necessarily a = 0.
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Let A€ F, r, s € &g. Then we easily compute the following :

S (s, Y Ald), when r = —s,
ler, Al -es = ¢ Al—r — 5], when (r,s) =0 or —1,
0, otherwise. 20)
[hs, A] - e, = (s,r)A[—T],
ler, A] - hs = (s,7)A[—T],
[hr, Al -hs =0
It follows that [W, A] = 0 for A € F only when A = 0.
As an immediate consequence of (20) we find
[a,C]-a=0, [a,C]-b=[b,C] -a, fora,be W andC €F. 21

When C' = ¢ belongs to W we may interchange the roles of a and ¢ in the above,
to obtain
[a,b] -c=1[b,c]-a=]cal-b, forall a,b,c € W. (22)

Taking the dot product of d with the Jacobi identity [[a, b], c|+[[b, c], a]+][[c, a], b] =
0, and applying (22) yields

[a,b] - [e,d] + [a,c] - [b,d] + [a,d] - [b,¢] =0, forall a,b,c,de W. (23)

To the symmetric bilinear dot product we associate a quadratic norm function
N(-) as follows :

N(e,) ¥ 0, Nh,)¥1, forreds,i=34. (24)
with
N(a+kb) = N(a)+ka-b+k*N(b), fora,be W, kcK. (25)
In terms of coordinates :
N(a) = Z a[rlal—r] + a[3])* + a[3]a[4] + a[4]*. (26)

{r,—r}Cc®s

where the sum is taken such that every pair {r, —r} occurs exactly once. Note
that N(h,) = 1 for all » € &5 (and not only when r = r; is a simple root).

The following is a basic structural ‘axiom’ for the algebra W :

Proposition 2.2. Let a € W, then

(a*)? = N(a)a® + (a® - a)a 27
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Sketch of the proof. The fastest way to prove this proposition is by means of
a computer. When expressed in terms of coordinates (27) can be interpreted as
a set of 26 polynomial identities of the fourth degree in 26 different coordinate
variables alr], a[i], with r € ®g, i = 3,4. These identities can then be verified
by computer.

Without the use of a computer, a technical proof consists of proving (27)
and its corollaries (28-31) in the special case that a, b, ¢, d are Chevalley base
elements. There are however many very different cases to consider.

Finally, note that (27) is a consequence of a similar identity (a*)* = D(a)a
which is known [1, 3] to hold in the 27-dimensional Eg-module over K of which
W is a subspace of co-dimension 1. O

From (27) we may derive many other identities. For example, substituting
a + kb for a and grouping the terms according to the degree in k, one obtains,
for every a,b € W :

[[a,b],a*] = (a-b)a* + N(a)[a,b] + (a* - b)a + (a® - a)b (28)
[a, 0] + [a®,b%] = N(a)b® + (a - b)[a,b] + N(b)a® + (a® - b)b+ (a-b*)a  (29)

Substituting b + ¢ for b in the above, yields, for a,b,c € W,

[[a.b], [a, c]] + [a?, [b.c]] = N(a)[b,c] + (a - b)la, ] + (a - ¢)[a, b
+(b-c)a® + (a® - b)e + (a® - )b+ ([a,b] - ¢)a  (30)

and finally, substituting a + d for a, gives, for a,b,c,d € W,

[la, 0], [e,d]] + [la,c],[b,d]] + [[a,d],[b,c]]
—(a-Bled + (@-Albd + (@ dlbd + (b-ard) + (-d)ard
+ (c-d)[a,b] + ([a,b] - c)d + ([b,c]-d)a + ([c,d]-a)b + (|d,a]-b)c (31)

Lemma 2.3. Let H : &g — K satisfy

H(r+s)=H(r)+ H(s) (32)
forallr,s € ®g such that r+s € ®g. Then there exist four constants Hy, ..., Hy €
K with the property

4
H(r)=Y (ry,r)H;,  forallr € ®s. (33)

i=1

Proof. Consider the 5 roots sg = ++++, s; = 1000, s5 = 0100, s3 = 0010 and
= 0001. Note that every short root of the form (+1,+1 +1 +1) can be



Algebraic structure of the perfect Ree-Tits octagons 79

written as so + S;, So + Si + S5, So + Si + S5 + Si O 8¢ + S1 + S2 + s3 + 54, With
1,7,k € {1,...,4}. Also 1000 is the sum of +--- and ++++ and likewise for 0100,
0010 and 0001.

By (32) we may conclude that for every r € &g, H(r) can be written as
a linear combination of H(sp),..., H(s4). However, these five values are not
independent. Indeed, we have

r = -+ = ((s0 + 1) + 82) + 83,

s = ++-- = ((s0 + 83) + 54),

r+s = 0010 = s3,
and hence H(’I") = H(So) + H(Sl) + H(SQ) + H(Sg), H(S) = H(So) + H(Sg) +
H(s4), and H(r + s) = H(s3). Therefore (32) implies H(s1) + H(s2) + H(s3) +
H(S4) = 0.

We have
so = 11 +2rg +3rg 41y
$1 = TN -T2 T3
S92 = —Te T3 B4
S3 = —T3
S4 = —T1 —27‘2 —37“3 —27“4.
Setting

Hy ' H(so)+H(s), Ho < H(s1)+H(ss), Hy " H(s0)+H (s4), Hys < H(s3),

we also easily verify that

H(so) = H> +Hy +H;

H(Sl) = HQ +H1 +H4

H(ss) = H, +H, (35)
H(s3) = Hy

H(S4) = H2 —|—H4

Comparing (34) and (35) and using the fact that (r;,r;) is even unless {7, j} =
{1,2} or {3, 4}, we see that (33) is satisfied for r = s, ..., s4. The lemma then
follows because (33) is linear in 7. O

Proposition 2.4. Let 7 € Hom(W, W) be a linear transformation that satisfies
7(a?) = [r(a), d], foralla e W, (36)
or equivalently
7(a?) - b= 71(a) - [a,b], foralla,be W, 37)

then there exists a unique element T € F such that 7(a) = [a, T for every a € W.
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Proof Let r,s,t,u € ®g. We shall compute 7(e,.) - e5. Setting a = e, h, and
b = es, hs in (37) we easily obtain that 7 must satisfy

7(er) - hy =0,

7(er) e, =0,

T(er)-es =0, when (r,s) =1, (38)
T(hy) - es =0, when (r, s) # +1,

T(hy) - hs = 0.

(The third identity is obtained by setting b = e,_s.)
Substituting ¢ for b and a + b for @ in (37) we find that 7 must satisfy

7([a,b]) - ¢ = 7(a) - [b,c] + 7(b) - [a, ], forall a,b,c € W. (39
Setting a = e,., b = h,, and ¢ = e, in this equation, we find
7(hu) - [er, 5] = (u,r + 5)7(er) - €,

Hence, when (r, t) = 1 we may take ¢t = r+s and find 7(h,,) - e; = (u, t)7(e,) - es.
Because we can always find u such that (u,t) = 1 we see that 7(e,.) - e; only de-
pends on the value of ¢ = r + s. We shall denote this value by 7_,). Combining
this with the fourth identity of (38) we obtain :

T(er) - es = T(—r_s), when (r,s) = —1,

0
T(hs) ey = <S77“>T(,T) (4 )

(For the second equation we have renamed the variables u,t to s,r, respec-
tively.)

Now consider t € @&y and r,s,7',s’ € &g witht = r +s = 7" + s but
{r,s} # {r',s'}. We have (r,t) = (r,r +s) = (r,r) + (r,s) = 2 and hence
also (r,t) = (r,r'y + (r,s’) = 2. This implies (r,r’) = (r,s’) = 1 and therefore
r —r € ®g. Setting a =e,, b =e,_, and ¢ = ey in (39), we find

T(er) ey =71(er) - [epr—p, 5] + T(€rr—y) « [E€r,€5/] = T(ef) - €5.

It follows that the value of 7(e,.) - es depends only on ¢ = r + s. As before, we
shall denote this value by T{_) (but now ¢ is a long root), obtaining

T(er) - es = T(—r—s), when (r, s) = 0. 41
Setting a = e,, b =¢eg, ¢ = e_, in (39) we find

T(er) - hs = 7([er, €5)) - e—s + T([er, €—s]) - €5,
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and by distinguishing different cases according to the value of (r, s), we obtain
T(er) - hs = (s,7)T(_p) (42)

Finally, consider r, s € ®g such that (r,s) = —1 and set a = e,, b = e, and
c=e_,_, to obtain

T(erqs) €—r—s =T(er) €_r +7(e5) - €_s.
We may now apply Lemma 2.3 with H(r) et 7(e,) - e, to prove that there exist

constants Hy, ..., Hy such that

4

T(er) e_p = Z(ri,r>Hi. (43)

i=1

Comparing equations (38-43) with (20) we see that 7 behaves exactly like the
elements 7' € F with coordinates T'[r] = T{, and T[i] = H;. O

Corollary 2.5. Let b,c € W be such that b-c = 0 and [b, ¢| = 0. Then there exists
a unique element b x ¢ € F such that

[a,bxc] =[[a,b],c] + (a-b)c+ (a-c)b, foralla € W. (44)

Proof. We apply Proposition 2.4 to the map which maps a onto the right hand
side of (44). We verify (36) :

[[a%,0], c] + (a® - b)e + (a® - )b + [[a, ], ], a] + (a - b)[a, c] + (a - ) a, V]
= [la,],al,c] + [[a,b], c], a] + (a* - b)e + (a” - )b + (a - b)[a, ] + (a- c)[a, b
= [[a,0], [a, c]] + (a® - b)e + (a® - )b + (a- b)[a, ] + (a - ¢)[a, D],

applying the Jacobi identity to the first two terms. By (30) this reduces to

[a®,[b,c]] + N(a)[b,c] + (b- ¢)a® + ([a,b] - ¢)a

which is zero, as [b,¢] = 0 and b - ¢ = 0. (Note that, by (22), the last term is also
equal to (a - [b, c])a.) O

It should be noted that the *-product is only partially defined on W x W.
(Its definition could be extended to all possible b,c € W if we would allow its
value to belong to a Chevalley algebra larger than F, of type Es. However, we
do not need this for this text.)

We realize that the reader might perceive the introduction of * as the defi-
nition of ‘yet another operator’. However, it will play an important role in the
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definition of totally isotropic elements (in the next section) and in this way help
to provide a geometric interpretation of the algebraic theory which is being
developed.

The following lemma provides some simple examples of products of this kind.

Lemma 2.6. Let r, s € &g be such that (r,s) = 0. Thenr + s € &1, and

er * €5 = €ryg, (er+e_s)x(es+er)=e€rps+e_r_s—+ hrys. (45)
When r, s € ®g such that (r,s) =1 then e, x e; = 0.
Proof. Writet =r + s.

1. Let u € ®g. Then [ey, e, * e5] = [[eu,er],€s] + (€n - €r)es + (en - €s)ey is
non-zero only in the following cases :

— When u = —r and then it is equal to [h,, es] + €5 = (1, s)es + €5 = es.
— When u = —s and then it is equal to e,..
— When u # s, (u,r) = —1 and then it is equal to [e,+, 5], which is

eu+t provided that (u + 7, s) = —1

By (2) t + u € ®g if and only if —2 = (u,t) = (u,r) + (u, s) if and only
ifu=—-r,u=—sor(ur) = (u,s) = —1. In other words, [e,, e, * €]
is non-zero exactly for those u € ®g for which ¢ + u € ®g, and then the
value is e, 4+. This is exactly the same behavior as that of e;.

Likewise [hy, e, *x es] = (u,r)[e,,es] = 0 and also [h,,e;] = 0, for all
u € Pg.

2. Consider the expression
[[eu; er]; 677«] + (eu : 67«)6,7« + (eu : 677«)67«. (46)
The value of this expression is non-zero in the following cases :

— When u = —r and then it is equal to [h,,e_,] + e_, = e_,.
— When u = r and then it is equal to e,..

— When (u,r) = —1 and then it is equal to [ey4r, e—r] = €y
We may obtain a similar result for the expression
[[em 6,5], 65] + (eu . 65)675 + (eu : 675)657 47

and combining these results we obtain the following value for the sum of
(46) and (47) : it is equal to e, in those cases where u = r, —r, s, —s or
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when either (u,r) = —1 or (u, —s) = —1 (but not both), and otherwise the
value is 0. As in the first part of this proof, the identity (u,t) = (u,r)+(u, s)
may be used to show that these conditions are equivalent to (u,t) = £2
or (t,u) = £1. Hence the value for the sum of (46) and (47) is (¢, u)e, =
[ht,e,]. In combination with the first part of the lemma, this proves the
right hand identity in (45). (We leave it to the reader to verify the identity
when applied to h,, instead of e,,.)

3. When (r, s) = 1 we find that [e,, e, *e5] = [[ew, €], €s]+(eu-€r)es+(eyu-es)er
is always zero except possibly in the following cases :

— When u = —r, but then it is equal to [h,,es] + 5 = (r, s)es + es = 0.

— When u = —s, but then it is equal to [e,—_g, e5] + e, = e, + €, = 0.
- When (u,r) = —1 and then it is equal to [ey,, €], which again is 0,
for now (s,u +r) = (s,u) + (s,r) = (s,u) + 1 > 0. O

Lemma 2.7. Let b,c € W be such that [b,c] =0, b-c¢= 0. Let a € W. Then
1. bxb=107
2. bxc=-cxb,
3. [b,bxc] =0 and hence [a,b*c]-b=0,
4. [[a,b*c],b] = [[a,b],b* ] = [[a,b?], ] = [[a, c?],b],
5. [a, (bx¢)?] = [[a,b?], ¢*] = [[a, c?], b?].

Proof. The first four statements are immediate consequences of the definition
and the fact that b- b = 0 for all b € W. For the last statement, we find

[a, (b*c)?] = [[a,b*c],b*c]
= [[[a,b* ], b],c] + ([a, b * c] - b)e + ([a,b* ] - )b = [[a,b?], c?],

using the first statements of the lemma. O

Lemma 2.8. Let b,c € W, A € F be such that [b,c] = [b,[c,A]] =0, b-¢c =
b-[c, Al = 0 and hence [c, [b, A]] = 0 and c - [b, A] = 0. Then

[A,bxc] = [b, A] x ¢+ [c, A] * D. (48)
Proof Consider x € W. Then

[z, [b, A] x c] + [z, [e, A] x b] = [[z, ], [b, A]] + (z - ¢)[b, A] + (z - [b, A])e +
[[x,0],[c, A]] + (x - b)[c, A] + (x - [¢, A])D.
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Also

[z,[0*c, A]] = [[z,bx ], A] + [[z, A], b * ]
= [[[z, 0], ], A] + (z - b)[c, A] + (z - ¢)[b, A] +
[z, A, b], c] + ([x, 4] - b)e + ([x, 4] - ¢)b.

Finally, several applications of the Jacobi identity yield

([, 6], [e, A]] + [[[=, 0], ], A] + [[[, A], b], ] + [[z, c], [b, A]]
= [[[z, 0], A, c] + [[[z, A], b], ] + [[z, ], [b, A]]
- [[[bv A],QZ],C] + HI’,CL [b7 A” = [Hbv A],c],x] =0.

Adding these results, we find that [z, [A,b* c]] = [z, [b, A] * ] + [, [¢, 4] * b], for
allz e W. O

3 Isotropic and totally isotropic elements

An element a € W shall be called isotropic if and only if a® = 0. The elements e,
with r € &g serve as typical examples of isotropic elements. Another example
is provided by the element e,. +e_,. + h,.. Also e, + e is isotropic when r, s € &g
and (r,s) =0 or 1.

A subspace S of W is called totally isotropic when all its elements are iso-
tropic. By (13) this means that S is totally isotropic if and only if every base
ai,...,aq of S satisfies a? = [a;,a;] =0, for 1 <i,j <d.

Clearly Ke is totally isotropic if and only if ¢ = 0, and Ke + K f is totally
isotropic if and only if €2 = 2 = [e, f] = 0.

The one-dimensional totally isotropic subspaces Ke will later serve as points
of a geometry (which is metasymplectic [5], although we shall not expand on
this) and the operators defined on W, when applied to these points, will enable
us to distinguish between various relations of pairs of such points (for example,
Ke and K f shall turn out to be collinear, or equal, if and only if e - f = 0,
[e, f]=0and ex f =0).

The following lemma lists some simple properties of isotropic elements of
W.

Lemma 3.1. Let e be an isotropic element of W. Then

2. la,e]* = (a-e)la,e] + (a® -e)eforalla € W,
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3. [l[a,€],b], €] = [[a, €], [b,e]] = (a-e)b,e] + (b-e)la,e] + ([a,b] - €)e, for all
a,beW.

4. exla,e] = (a-e)e, foralla € W.
Proof. 1. Applying (28) to a = e, we find that N(e)[e,b] = 0 for all b € W.
Hence N(e)e = 0, and therefore N(e) = 0.
2,3. These follow immediately from (29, 30) and the above.

4. Note that e - [a,e] = 0 and [e, [a, €]] = [a,€?] = 0, hence e * [a, €] is well-
defined. Now, for every b € W we have

[b,ex [a, e]] = [[b, €], [a, e]] + (b- [a, e])e + (b- €)[a, e] = (a - e)[b, €],
by the previous statement. O

An element £ € F of the form E = e x f for some e, f € W such that
e2=le,f]=f*=0ande- f =0, shall be called totally isotropic. We shall call
{e, f} a defining pair for E. (A defining pair need not be unique.)

The base elements e, with r € &, are typical examples of totally isotropic
elements. Indeed, we may always find s, ¢ € ® g such that r = s+t and (s,t) = 0,
and then e, = e, * e;. By (45) also the element e, +e_,. + h, is totally isotropic.

(In terms of metasymplectic spaces, when E = e * f is totally isotropic and
non-zero, the one-dimensional subspace K E corresponds to a symplecton, the
unique symplecton incident with both Ke and K f.)

Lemma 3.2. Let E be a totally isotropic element of F with defining pair {e, f}.
Let a,b € W. Then

1. [e, E]=[E, f] =0,

[a,E]- f=e-[E,a] =0,

[[a, E], f] = [e; [E, a]] = 0,

E? =0.

[a, E] % f = (a- f)E and, by symmetry, e x [F,a] = (e - a)F,
[a, E]? = 0 and hence [[a, E], [b, E]] = 0.

N([a, E]) = 0 and hence [a, E] - [b, E] = 0.

© N & 9 A~ LN

[a, E] % [b, E] = (Ja, E] - b)E.

Proof 1-4. These statements are immediate applications of Lemma 2.7.
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5. As a consequence of statements 2 and 3 of this lemma, the *-products are
well-defined. We have

la, ]« f = la,ex fl« f =[[a, €], f]x [+ (a-e)f x f+(a- flex [,

where again each term on the right hand side is well-defined. Now, fx* f =
0 by Lemma 2.7, hence it remains to be proved that [[a, €], f] * f = 0.

Write b for [a, ] and let z € W. Then

[z, [0, f1% f] = [z, b, f1], f1+ (- P)b, f1+ (@ - b, f]).f = (0 f)lz, f]

by application of Lemma 3.1-3. Hence [b, f] * f = (b- f)f = 0, because
b-f=lael-f=le f]-a=0.
6. We have

[a, EJ?

(lla. el f1+ (a- fle+ (a-e)f)?
= lla,e], fI? + (a- f)*e* + (a-e)*f?

+ (a- llla el fl,e] + (a - e)[lla, €], f1, [l + (a- e)(a- f)le, f]
= [la.e], f1?
= (la.el- Hla, f1+ (a,e]*- ))f = ([a,e]* - ))f

by Lemma 3.1-2. Also, by the same lemma,
[a,e]*- f=(a-e)la,e] - f+ (a® - €)(e- f) = 0.

7. Follows from the above and from Lemma 3.1-1.

8. Set e’ = [a,FE] and E' = €’ « f. Then by the above E' = (a - f)E. Set
f' = [b,E'] and E” = €' x f’. Then by the above E” = (b-¢e)E' =
(a- f)([a, E] - b)E. Also ¢’ « ' = (a- f)[a, E] * [b, E].

It follows that the result holds whenever a- f # 0, and because the identity
is linear in a, it will also hold when a - f = 0. O

Statement 6 of this lemma justifies the name ‘totally isotropic’ for E : it
proves that [W, F] is a totally isotropic subspace of W.

Lemma 3.3. Let E be a totally isotropic element of F with defining pair {e, f}.

Let A € F. Define

(B, A) e, 4] 1. (49)

Then

1. [le, A], E] = (E, A)e, and
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2. [[[a, E], A], E] = [[a, E], |A, E]] = (E, A)[a, E], for every a € W.
3. [E,A]? = (A, E)[E, Al + (A%, E)E.
Proof. 1. We find

[le, Al, E] = [le; Al,e x f] = [lle, Al, e}, fT+ (le; A - e + ([e, A] - ) f
= ([ e, f1+ (e, A] - fle = (B, Aje.

2. Apply this result to ¢’ = [a, E] and E' = ¢’ x f. By Lemma 3.2 we have
E' = (a- f)E. We find

(a- llla, B), A}, E] = [[¢', A, E'] = ([¢/, A] - /)¢’ = ([¢/, A] - f)[a, E].

Also
[e/aA]'f:[[aaE]aA]'f H ex ]7A]
= [lla,e], /1 Al - f + (a- f)([e; A] - f) + (a - e)(f, A] - f)
= [lla,e], AL, f]- f + [lla, e], [f, Al - f + (a- f)([e; A] - f)
=[/,[f. Al - [a,e] + (a- f)([e, A] - f) = (a- f)([e; A] - )

Hence, whenever « - f # 0, we have [[[a, E], A, E] = ([e, 4] - f)[a, E], and
because this identity is linear in q, it will also hold when a - f = 0.

3. Take a € W. We find

[CL, [E’ A]Q] = [[a7 [EvA]L [E7 AH

= [lla, [E, A]], E], A] + [[[a, [E, A]], A], E]
= [lla, E], A, E], A] + [[a, A], E], E], A]
+ [l[a, E, A}, A], E] + [la, A], E], A], E]
= (A, B)l[a, E], A] + (A%, E)[a, E] + (A, E)[[a, 4], E]
= (A, B)a, [E, A]] + (A%, E)[a, E),
and this is true for any a € W. O

Note that statement 2 of this lemma proves that the value of (E, A) is inde-
pendent of the choice of the defining pair.

Lemma 3.4. The operation (F, A) as defined in (49) can be extended in a unique
way to a bilinear operator (-,-) defined over all elements of F.

This operator is symmetric and satisfies

(F, W) =(W,F) =0, (50)
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€ryCp) =1, whenr € &,

€r,€s) =0 whenr,s € ®p, r # —s
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hypyhg) =(r,s), whenrsec dy

Proof Note that by definition (F, A) is linear in its second argument. We need
to prove that it can be ‘made’ linear in its first argument : in other words, if a
linear combination ), k; F; of totally isotropic elements F; turns out to be zero,
then ). k;(E;, A) = 0 should be zero for every A € F.

Because e, and e, + e_, + h, are totally isotropic for every r € ®;, A can
always be written as a a linear combination of totally isotropic elements and
elements of W. Hence it is sufficient to prove the linearization property above
in the case that A is totally isotropic and in the case that A belongs to W.

When A is totally isotropic, we claim that (E, A) = (A, E). Indeed, let {e, f}
be a defining pair for F and {¢’, f'} for A, then

(B, A) =le;e’ = f'] - f=le.e’] f]- f+ (e f)e - f)+(e-e)f-f)
=le. ] [f, fT+ (e f)Ee - £+ (e-e)f - ),

and this identity remains unchanged when interchanging e with ¢’ and f with
f.

So in this case,
D kB, A) = k(A E) = (A, kE;) =0,

as (-, -) is known to be linear in its second argument.

When A belongs to W, we have (E, A) = [e, A] - f = [e, f] - A =0, by (21).
Hence ), k;(E;, A) is trivially zero.

This proves that (-,-) can be extended to a bilinear operator that is fully
defined over F. We shall now establish that the formulae (50) and (51) are
the only ones possible. Because every element of F can be written as a linear
combination of an element of W and elements of the form e,., h,., with r € &,
this will prove that the bilinear product is unique.

Consider the special case E = e, with r € &1. By (45) we may write e, =
es * e; With s,t € ®g such that s + ¢ = r. By (49) and (20) we have (e,, A) =
les, A] - e, = A[—s — t] = A[—r]. This proves (e,, hs;) = 0 and (e,,es) = 0 for
every s € @, except the case {(e,,e_,) = 1.

As a second special case, consider F = e,. + e_,. + h,.. With s, ¢ as before, we
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find

(er+e_r+hp, Ay =les+e_t, Al - (et +e_s)
= Al-s—t]+ Z(ri, s)Ali] + Z(ri, t)Ali] + Als + 1]

i=1 i=1

I
=
ES
+

M-

(ri, r)Ald] + Alr]

Hence (h,, A) = Zf:1<ri,r)A[z'] and then (h,,e;) = 0 and (h,, ;) = (rj,7),
and hence (h,, hs) = (s, 7). O

This lemma also provides us with a tool to compute (A, B) in terms of coor-
dinates :
(A,B) = > Alr|B[—r] + A[1]B[2] + B[2]A[1]. (52)
redy
Every totally isotropic element F satisfies E? = 0, but this is not a sufficient
condition. Indeed

Lemma 3.5. W — {0} does not contain any totally isotropic elements.

Proof. Let e € W be a totally isotropic element of F. Then e¢? = 0 and [a,¢]?> = 0
for all @ € W. By Lemma 3.1-2 we then have (a - €)[a, e] = 0 for every a € W.
Hence [a,e] = 0 whenever a - ¢ # 0, and because the condition is linear in q,
also when a - e = 0. So [W, e] = 0 and hence e = 0. O

4 Automorphisms

A nonsingular semi-linear transformation g : W — W : a — a9 shall be called
an automorphism of W if it satisfies

(a2)g = (ag)27 foralla € W. (53)

As an immediate consequence of (13) we find that also [a9, b9] = [a, b]9. More-
over

Lemma 4.1. Let g be an automorphism of W which is semi-linear with corre-
sponding field automorphism o. Then

N(a%) = N(a)°, foralla e W,

(54)
ad - b9 = (a-b)° forall a,be W.
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Proof. Note that the second equation follows from the first, by (25).

Let a € W. Write b = a9. Applying g to equation (27) we obtain

(v*)* = N(a)7b* + (a® - a)7D,
because g is a semi-linear operation. But also by (27) we have (b?)? = N(b)b? +
(b2 - b)b. Hence
(N(b) — N(a)?)b* = ((a® - a)? — b* - b)b. (55)

When a and a? are linearly independent, and hence b and b? are linearly inde-
pendent, this implies N (b) = N(a)? (and (a? - a)? = b* - b).

When a? = ka for some k € K — {0}, and hence b*> = k°b, we find that

a®-a = b?-b = 0. Hence the right hand side of (55) is zero, and again N(b) =
N(a)?, provided b* # 0 (and hence a? # 0).

Finally, when a? = 0, we have N(a) = 0, by Lemma 3.1, but then also 4> = 0
and N(b) = 0. O

Lemma 4.2. Every automorphism g of W can be extended in a unique way to a
nonsingular semi-linear transformation of F that satisfies

(A%)9 = (A9)?, forall AeF, (56)
and then
[A, B]Y = [A9Y, BY], forall A,B € F, 57)
(a*b)9 = a9 xbI, forall a,b e W.

Proof. Note that (57) is an immediate consequence of (56). Also, if such an
extension exists, it should satisfy

[a% A9 = [a, A,  forallae W, A € F. (58)

Consider the linear transformation 74 that maps « € W onto [a? ', A]9. We
shall verify that 74 satisfies the conditions of Proposition 2.4. Indeed, write
b=ad ', then

Ta(a®) = [(a2)9 ", A)7 = [b, A9 = [[b, A],b]9 = [[b, A]?,b%] = [r(a),a].
As a consequence, we may define AY to be the unique element of F for which
[a,A9] = 74(a) = [a9 ', A)9, for all a € W. Note that this definition of A9
satisfies (58).

It remains to be proved that (56) is satisfied for all A € F. It is sufficient to
prove that [a, (42)9] = [a, (A9)?] for all « € W. Again write b = a9 , then

[CL, (A2)g] = [ba A2]g = [[b7 A]7 A]g = [[a’ Ag]7 Ag]a
by (58). O
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A nonsingular semi-linear transformation g of F that satisfies (56) shall be
called an automorphism of F. The lemma above proves that there is a 1-1 rela-
tion between g and its restriction to W (which is an automorphism of W). We
shall therefore often drop the distinction between both types of automorphism.

The lemma also shows that to prove that two automorphisms are equal over
F, it is sufficient to prove that they are equal over W.

Every automorphism o of the field K can be extended to an automorphism
of F simply by letting it act on the coordinates with respect to the Chevalley
basis. An automorphism of this kind shall be called a field automorphism.

The following proposition provides another type of automorphism.
Proposition 4.3. Let e be an isotropic element of W. Define the linear map
2(e)  FoF: A A% Y A4 (e Al +ex[A €] (59)
Then x(e) is an automorphism of F. Its restriction to W satisfies
a®® =a+le,a]l + (a-ee, foralla e W. (60)
For k, k' € K we have x(ke)x(k'e) = z((k + k")e) and in particular z(e)? = 1.

Proof. We first verify (56).
(Am(e))2
=(A+[e, Al +ex[A€])?
=A%+ [e, A? + (ex [A,e])? + [A, [e, Al + [A, e x [A, €] + [[e, A, e * [A, €]]
Set b = [e, A] and ¢ = e and apply Lemma 2.7 to find that [[e, A],e * [A,e]] =0
and (ex[A,e])? =0. As [b, [c, A]] = 0 and b [¢, A] = 0 we may apply Lemma 2.8
to obtain
[Aex[Ae]] = [[A, [Ae]le] +[[A €], Al s e+ [e, A]  [e, A] = [e, A%] x e + [e, A]”.
Combining these results, we find
(Az(e))Q — A2 + [G,AQ] + (AQ)e _ (AQ)z(e).
By Lemma 3.1-4, (59) reduces to (60) when restricted to W.
For the final statement it is sufficient to prove that q(*e)=(k'e) — gz((k+F)e)
for all a € W. By (60) we have
(am(ke))m(k’e) _ (a + k[e,a} + k2 (6 . a)e)m(k’e)
=a+kle,a] + k*(e-a)e + k'[e,a] + k(e - a)e
=a+ (k+K)e a]l+ (k+k)(e-a)e.

Note that z(e)? = 1 implies that x(e) is nonsingular. O
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The group generated by all z(e) with e an isotropic element of W shall de
denoted by F4(K) and is called a Chevalley group of type F,. Note that this is a
subgroup of the general linear group of F.

Proposition 4.4. Let E be a totally isotropic element of F. Define the linear map
2(E):F>F: A A*B) Y AL B A+ (A E)E. 61)

Then x(F) is an automorphism of F. Its restriction to W satisfies
a®P) =a+a,E], fordllaecW. (62)
For k, k' € K we have x(kE)x(k'E) = z((k + k¥')E) and in particular z(E)? = 1.

Proof. We first verify (56).

= (A+[E Al + (A E)E)?
=A%+ +[E, A]2 + (A, E) 2p? 4 (A, [E, A]l + (A, E)[A, E] + (A, EM[A, E], E|
= A? 4+ [E,A)? + [E,A?] + (A, E)[A, E]
= A2+ [B, A% + (A%, E)E,

by Lemma 3.3. And this is the same as (4%(¥))2, By (50) , (61) reduces to (62)
when restricted to W.

For the final statement it is sufficient to prove that a®*E)z(*' E) — qz((k+k")E)
for all « € W. By (60) we have
(@) = (a4 k], a]) ")
=a+k[E,a] +K'[E,a] + kk'[E,[E,a]] = a + (k + k') [E, a].
Note that x(E)? = 1 implies that 2(E) is nonsingular. O

In the special case of elements ke, with k € K, r € &g or r € &1, we use the

def

notation z,(k) = xz(ke,). The following identities can easily be verified

e ™ = e_, + kh, + ke,

2B — o when (r, s) > 0,

e ) — el keris, when (r, s) = —1, (63)
e ) — el ke, is + ke s, when (r,s) = =2, s # —r,

R = hy 4 (s,r)ke,

It can be proved that the set of all elements z,.(k) with k € K, r € ® generate
the group F4( ). This is often taken as the definition of F4( ) (cf. [2]).

When g, h are group elements, we shall write g" def -1 gh. We have
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Lemma 4.5. Let e be an isotropic element of W, E a totally isotropic element of
F and g an automorphism of F. Then

z(e)?d = x(e9), z(E)9 = z(E9). (64)

Proof. Let A € F. We have
(A9 = (A+[e, Al + [e, A] ¥ €)9 = AI 4 [e9, AI] + [e9, AI] % €9 = (A9)*()
hence z(e)g = gx(e9). The second equation is proved in a similar way. O

Proposition 4.6. Let e, f be isotropic elements of W such thate- f = 0. Let E, F’
be totally isotropic elements of F such that (E, F) = 0. Then

z(e)z(f) = z(f)z(e)z([e, f1),
z(e)x(E) = x(E)x(e)x([e, E])x(e  [e, E]), (65)
z(E)z(F) = o(F)z(E)z([E, F]).
If moreover [e, f] = 0 then
z(e* f) = z(e)z(f)z(e + f). (66)

Proof. First consider the case [e, f] = 0. Note that in that case f*(¢) = f+e, f]+
(e- f)e = f. For a € W we find

a? D) = (a+[f,a] + (@ ))f)™
= a®(© 4 [f*©) ¢*O] 4 (- f)f7©
=atlea+(a et [fa+[fle.al+ (@ o) fl+(a f)f
=a+le,a+[f,a + [[o.e], f]+ (a-€)e + (a- [,

and then
q®(Nz(e)z(exf) — e(fzle) 4 [ar(f)x(e)7 ex f].

Using Lemma 2.7 to discard most of the resulting terms, we find
[a® DA e x ] = [a, e+ f]
and we finally obtain

a*Ne@zlexf) — g 4 le al + [f,al + (a-e)f + (a- fle+ (a-e)e+ (a- f)f
=atlet fia+ (et fia) (et f) = a" T,

Rearranging terms yields (66).
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Now, by Lemma 4.5, we have

w(f)z(e)z(f) = w(e")) = z(e + [e. f] + (e f)f) = z(e + [e, f]).

Ase-[e, f] =0 and e, [e, f]] = 0, we may apply (66) to see that z(e + [e, f]) =
xz(e)x([e, f])x(e * [e, f]) = z(e)x([e, f]), the first equation of (65).

Similarly,
z(E)z(e)z(E) = z(e + [¢, B]) = x(e)z([e, E])z(e * [e, E]),
because ¢ - [e, E] = 0 and [e, [e, E]] = 0. This yields the second identity of (65).
Finally, for a € W we find
a2 E) = (a + (o, FI)""™) = a+ [a, F] + [a, E] + [[a, F], E]
and then
aw(F)z(E)a:(F)
=a+[a, Fl+ [a, E] + [[a, F], E] + [a, F] + [a, E], F| + [[[a, F], E], F
=a+ [a,E]+ [a,[E, F]],
for [[[a, F|, E], F| = (E, F)[a, F] = 0, by Lemma 3.3-2. Similarly
a"FIUEFD = (0 4 [a, B))"1PFD = 4 + [a, E] + [a, [E, F]] + [[a, E], [E, F]].
And again [[a, E|, [E, F]] = (E, F)[a, E] = 0, by Lemma 3.3-2. O
This proposition does not apply when e - f # 0 or (E, F)) # 0. In the special
casee- f =1and (F, F) = 1 we may consider the elements

n(e, /) = wle)a(fle) = ale+  + e, ), )
def _
n(E,F) = z(FE)x(F)x(FE)=z(F+ F + |E, F])

We leave it to the reader to verify that these elements have the following inter-
esting property :

enlef) — f fn(ewf) = e, E(EF) F, FEF) _ B (68)
In the special case of elements ke, with k € K,k # 0, r € ®, we write n,.(k) def
n(ke,, k~te_.). Also of interest are the elements h,.(k) def ny(k)n.(1).
The following identities can easily be verified
ny(1) _
€s = Cuw,(s)» (69)

Wy = hy, (5, foralls € ®.
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and
e}sh(k) _ k(r,s>es, 70)
h?r(k) = hg, forall s € ®.

Note that the group generated by all n,.(1), » € ® acts on the root spaces Ke, in

the same way as the Weyl group W acts on the roots s € . If w € W we shall
denote the corresponding element of F,(K) by n(w). We have

n(w)

€s = €w(s)s

hs = hw(s), for all s € ®.

The elements n(e, f) and n(E, F') prove useful in the following

Theorem 4.7. The group I/:Z(K ) acts transitively on the isotropic elements of W —
{0} and on the totally isotropic elements of F — {0}.

Proof. 1. Because the Weyl group acts transitively on the short roots, we may
use elements n,.(1) to map e, onto e; whenever r, s € ®g. If an isotropic
element f has a coordinate f[r] # 0, then we may use n(f,e_,/f[r]) to
map f onto f[r|e, and then we may use h,(f[r]) with (s,r) = —1 to map
this further onto e,.. Hence, it is sufficient to prove that f # 0 always has
at least one coordinate f[r] different from 0.

If this were not the case, then f € I and hence f = f[3]h,, + f[4]h,,. Then
? = fI3)%hr, + f[4)*h+,, and this must be 0 because f is isotropic. Hence
fI3] = f[4] = 0 and therefore f = 0.

2. We can use the same argument on totally isotropic elements F' in F — {0}.
It remains to be proved that we can always find r € ®, such that F[r] # 0.

Assume the contrary : let F € W + H. Setting F? = 0 and computing
coordinates, we easily prove that F[1] = F[2] = 0. Hence F' must be an
element of W and hence ' = 0 by Lemma 3.5. O

It is also possible to determine all orbits of FA4(K ) on pairs of isotropic or
totally isotropic elements, but as was already mentioned in the introduction,
this would lead us too far. In fact, the algebraic framework which we have
established so far can serve as a valuable tool in the construction of the meta-
symplectic space associated with W, F and F,(K). This is done using essentially
the same techniques as we will use in Sections 8-10 of this text to construct the
Ree-Tits octagon.

Lemma 4.8. Let E € F—{0} be totally isotropic. Then [W, E] is a totally isotropic
subspace of W with the following properties :
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1. dim[W,E] = 6.

2. Ifv,w € [W,E], then v*w € K E and the bilinear form v « w/E makes
[W, E] into a symplectic space.

3. Every element e of [W, E] can be written as e = [w, E] such that w is an
isotropic element of W.

4. Let e # 0. Then e belongs to [W, E] if and only if E has a defining pair
containing e.

5. An element e € W belongs to [W, E] if and only if [[e, W], E] = 0.

Proof. By Theorem 4.7 we only need to prove this for a single non-zero isotropic

element of W, say F = ¢

1.

1100°

It is easily verified that in this case [W, E] is generated by the following
six elements :

e . (72)

e
+=+=7 T4——+

(&

€1000" ©0100" “4-++> “4--=

. It can be inferred from the inner products of the corresponding roots that

e * f = 0 is zero for any pair of elements of (72) except for the following

(& * e =€ * e

€1000 * €0100 = Cmtt F Camm T Chmpn F 6y T €100 = 0 (73)

The value of uxv/E is then equal to uyve+ugvy +uzvs +usvs+usve+uevs,
when u;, v; are the coordinates of u, v with respect to the basis listed in
(72).

. The element « with coordinates w1, ..., us can be written as [w, E] with

w = u160100 + uQeiOOO + uze_, . + uge_, __ + use_, . _ + uee_, _ -

Note that w belongs to [W, €14 OO] and therefore is isotropic.

. If e has a non-zero coordinate with respect to the base above, say e; # 0,

then {e, 60100/61} is a defining pair for F, by (73).

Conversely, applying Lemma 3.3-1 we find e = [w, E] with w = [e, €110 O].

. Clearly, if e = [w, E] then [[e, W], E] = [[[w, E], W], E] = 0, by Lemma

3.3-2 and (50).
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Conversely, [[e, W], E] = 0 if and only if [[[e, W], E] - W = 0 and this is
equivalent to [W, E] - [e, W] = e [[W, E], W] = 0. The space [[W, E], W]
is the sum of the spaces [e,, W] where e, is one of the six base vectors
from (72), and from this we may compute that [E, W] is generated by I
together with all vectors e, where s € @5 except when s is in the following
list :

1000, 0100, —+==, —+++, —+—+, —++-. 74)

Note that for each root s in this list e_, is one of the six base vectors of
[W, E]. Hence e - [[W, E], W] =0 if and only if e € [W, E]. O

5 The quotient algebra Q

Just like W is a subalgebra of F related to the short roots, there is another well-
known subalgebra of F related to the long roots. This is the Chevalley algebra
of type D4 which we denote by D :

DEHo P Ke,.
redy,

This algebra has dimension 28. The defining relations for D can be derived from
(8) for the special case that both r, s € ®, :

[hr,hs] =0,

[hr,es] = (r s)es,

ferse ] = by, (75)
ler,es] =0, whenr+s#0,r+s¢ oy,

[er,es] = erys, whenr 4 s € ®y.

Note that also D? < D.

The similarity between (17) and (75) suggests that by somehow mapping
short roots to long roots in a way that preserves their properties we could es-
tablish an isomorphism between W and D. Because dim'W # dim D this is

not immediately possible. However, D contains I as an ideal, and the quotient

Q “'p /I ~ F/W is another Lie algebra of dimension 26.

Consider the following linear transformation ~ on the 4-dimensional real vec-
tor space generated by @ :

Yiri T, =214, Toro Ty =2r3, T3> TS =T, T4 T] =T1

This map satisfies v(r) - y(s) = 2r - s and has the property that it maps the root
system & onto its dual ®*.
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We use ~ to define a map = on ® that interchanges short and long roots :

5 def (r)* = ~(r), when r € &g,
— YT L), whenr e @
It can easily be proved that (7,5) = (s,r).
Lemma 5.1. Let w be an element of the Weyl group W. Definew : & — & : z —
— def —/—=
w(x) = w(T). Then
Wy = Wr, forallr € , (76)
and hence W = W.

Proof. Consider x € ®,r € ®. We have w,(z) = w,(Z). Note that W preserves
the length of a root, and that = interchanges short and long roots. It follows
that w,.(Z) = 37(w,(v(z)). Hence

W) = 39 (1(2)) = 37(0@) — 1A @)r)
= 39(1(@) = 5@
()
] v(rﬁrv;(:i» 77
RERGE
= &~ 230, 22)7(r)

=T — <’Y(T),I>’Y(T) = W~ (1) (x),
and because the reflection operator w.,)(z) does not change when we multiply
~(r) by a scalar, this is equal to wx(x). O

We may use the map ~ to construct an isomorphism between W and Q =~
F/W. Define a linear transformation x : W — Q as follows :

uler) o W, w(hy) e W, for every r € ®g.
That p is an isomorphism of Lie algebras is an immediate consequence of (17),
(75) and the properties of v. We only need to prove that it is well-defined, for it
potentially may occur that h, = h, although r # s. However, it is easily verified
that in that case also h7 = hs mod W.
Many of the operations on F are also well-defined on Q. For A, B € F we

easily prove

[A+ W, B+ W] =[A,B|+W

(A+W)2 =A?+W

(A+W,B+W) =(A,B)
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For a,b € W, we find
[1(a), u(d)] = p([a, b)),
1(a)? = p(a?), (78)
(u(a), u(b)) = a-b.

(The last identity is obtained by comparing (18) and (50)).

6 The operator Q(-)

It turns out that p is not the best candidate for a duality operator which would
enable us to ‘twist’ I/:Z(K ) and obtain a meaningful definition of the Ree-Tits
octagon. Such an operator should map isotropic elements onto totally isotropic
elements (points onto symplecta) in such a way that (symmetric) incidence is
preserved. (Ke and K E are ‘incident’ if and only if e € [W, E].) Unfortunately
Q does not (yet) have a notion of total isotropicity, and moreover, there is no
obvious way to associate u([W, E]) with u~!(E), or for that matter, to give a
useful definition of [W, E] when F € Q.

Instead, in this section we shall introduce a duality operator @)(-) with images
in F (and not Q). This operator is quadratic (and not linear like p) and is
defined only on isotropic elements. (There seems to be no elegant way to extend
it to all of W.)

Let e be an isotropic element of W, let w € W and A, B € F. Then [e, w] -
e, Al = w - [e, [e, A]] = 0 by (21). Hence the value of [e, A+ W] - [e, B+ W] is
well-defined.

Proposition 6.1. Let e be an isotropic element of W. Then there is a unique
element Q(e) of F satisfying

[a,Q(e)] - b =[e, u(a)] - [e, u(b)], foralla,be W. (79)

We have
u([a, Q(e)]) = [e, p(a)] * e mod W, foralla € W. (80)

Proof. Consider the unique linear map 7. € Hom(W, W) that satisfies 7.(a)-b =
le, (a)] - [e, pu(b)], for all a,b € W. It is sufficient to prove that 7. satisfies the
conditions of proposition 2.4. Indeed, let A = u(a), B = u(b), then several
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applications of (21) and (22) yield

7e(a) - [a, 0] = [e; p(a)] - [e; u((a, b])]
= [e, A] - [e,[A, B]]
= [e, A - [[e, A], B] + [e, A] - [[e, B], 4]
= [e; A] - [le, B], 4]
[

and this is equal to 7.(a?) - b.
Finally, applying (78), we find

(u[a; Q(e)], u(b)) = la, Q(e)] - b = [e- u(a)] - [e, u(b)] = ([e, u(a)] * e, u(b)),

and as any element of Q can be written as pu(b) for some b € W, we obtain
(80). O

Proposition 6.2. Let e, f € W such that e? = f? = 0. Then
1. Q(e) is totally isotropic (or zero).
2. Ife- f =0, then Q([e, f]) = [Q(e), Q(f]-
3. If [e, f]= 0 then Q(e + f) = Qe) + Q(f) + (e * f).
4. If A € F is totally isotropic and a = u~*(A), then Q([e, A]) = a * [Q(e), a].

Proof. Leta,b,c,d € W. For ease of notation we introduce the following abbre-
viations :
def def

EXQe), F= Q) « “ [a,Q)], y = . QE)].
We choose A, B,C, D, X,Y € F be such that
A = p(a), B=u(b), C=p(c), D= p(d) mod W,

and
X =pux)=le,Alxe, Y = u(y) = [e, B] * e mod W.

We shall also abbreviate [u, E]-v to E,,, for general u,v € W. Note that [e, X] =
[e,Y] =0and

[6, [Ca X]] = [[670]7)(} + H&X],C] = [[670]’6 * [e’A]] = ([6’0] : [67‘4])67
and hence
[e,[C, X]] = Eqce, [e,[D, X]] = Eqqe, le,[C,Y]] = Epce, le,[D,Y]] = Epqe.
Also [[e, A}, Y] = [[e, B], X] = Eue.
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1. We compute

([c, [a, Q(e)]], [b, Q(e)]] - d

= lle.z],y]-d =[c,2] - [d,y] =z - [¢, [d, ]

= e, A] - [e, u([c, [d, y]])]

=[e,A] - [e,[C,[D, Y]]]

=[e, A]-[C, e, [D, Y]]} + [e, A] - [[e, C], [D, Y]]

= [e,A]-[C, e, [D, Y]]l + [e, A] - [[le; C1, Y], D] + [e, A] - [[[e, €1, D], Y.
Now,

This proves
[[Cv .1'], y] -d = Eachd + EbcEad + EabEcd- (81)

Adding to this expression the expression obtained by interchanging the
roles of @ and b (and hence those of = and y) yields [¢, [z,y]] - d = 0, for all
¢,d € W. Hence [z,y] = 0.

Setting @ = b in (81) we get [¢,2?] - d = 0, for all ¢,d € W. Therefore
22 = 0 and by symmetry y2 = 0.

Also

z-y=la,Q)]-y=le,4] - [le, Y] =¢e-[[e,A],Y] = Ege-e = 0.
This proves that =  y is well-defined. We find

[,z xy]-d={[[c,z],y]-d+ (c-y)(x-d) + (c-2)(y - d)
= [[Cv I], y] -d + EbcEad + Eachd;

and by (81) we find that this is equal to E,,E.q = Eulc, Q(e)] - d, for all
¢,d € W. Hence z xy = ([a,Q(e)] - b)Q(e). If Q(e) # 0 we may always
find a, b such that [a, Q(e)] - b = 1, and then Q(e) = x x y. This proves that
Q(e) is totally isotropic with defining pair {x,y}.

2. Let e f = 0. By Lemma 3.1-2 we have [e, f]> = 0 and therefore [e, f] is
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isotropic and Q(le, f]) is well-defined. We compute

(la, E], F] - b= [z,Q(f)] - b= [f, X] - [, B]
frexle, All-[f, B

=
= [le, f1,[e, Al - [f, B + (le; A] - f)(e - [f, B])

= [If; Bl;[e, Al] - [e, f] + (le; A - f)(e - [f, B])
= [[lf, Bl,el, A - [e, f1 + ([, B, Al €] - [e, f] + (e, A] - f)(e - [f, B])
= [[lf, Bl,el, Al - le, f1 + [[f, Bl A] - [es f1,e] + ([e; A] - f)(e - [f, B])
= [[[f, Bl,e], A] - [e, ]+ (le; A - f)(e - [f, B])

and hence, adding the same formula with the roles of e and f inter-
changed,

[a, [E, F]] = [[[f, B, e], A] -
B

This is true for all a,b € W, hence [Q(e), Q(f)] = Q([e, f]).

. Note that e+ f is isotropic and hence Q(e+ f) is well-defined. Leta,b € W.

Applying the definition of Q(-), we find

[a,Q(e+ f)] -0 —[a,Q(e)] - b — [a,Q(f)] - b

e+ f,Al-le+ f, Bl —le, Al - [e, B] = [f, Al - [}, B]
e, Al - [f, Bl + [e, B] - [, A]

=[If,B], Al -e+e-[[B,[f, Al

=e-[f,[A B]] = (ex [,[A B])

=n"(exf)[a,0] = [a,n" (ex f)] - D.

This is true for all a,b € W, hence Q(e + f) — Q(e) — Q(f) = p~ (e x f).

= |
= |

. Let¢,d € W. Then

[Ca Q([&A])] d= [[6714]7 C] ’ [[e’A]vD] (82)
Also

[c,ax[a,Qe)]] - d=[c,axx]-d

[Cva’] ' [I7d] + (Cl’)(ad) +(ca)(xd)
[[Q,C],d] 'I+Eaca'd+Eada~C
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Now

[[avc]vd] =16 [[AvCLDH : [e’A]
e-[le, AL [D,[A,C]]] (83)
=ée: [[[G,A], D]v [Av C” te: [[[67"4}7 [Av C]]vD]

Because A is totally isotropic, we may apply Lemma 3.3-2 to reduce the
second term of this result to
e [[[G,AL [AvCHvD] =e- <A’ C>[[€’A]7D]

8
= (a-c)e,D] - [e,A] = Ezqa - c. (84)

The first term in the result of (83) can be simplified as follows :

e-[lle, A], D], [A,Cl] = [e, [A, C1) - [[e, A], D]
= [le,C], A] - [[e, A], D] + [[e, 4], C] - [[e, A], D]
= [e,C] - [[[e, A], D], A] + [[e, A], C] - [[e, 4], D]
= aca'd+[[ } ] [[67ALD]
Adding (84) yields the same result as (82). O

Lemma 6.3. Let e be an isotropic element of W. Then the coordinates of Q = Q(e)
are given by

Q[t] = e[t]*, whent € @, Q[t] = Z elule[v], when t € g,
{uv}CPs
u+v:f

(85)

Proof Letr,s € &g. We have

le, er] = Z e[u]ertu, le, es] = Z e[v]eztv,
ucedg vEDg
(Tuy=—1 (5v)y=—1

and hence, by (79),

ler, Q(e)] - es = [e,er] - [e, e5] = Zle[u]e[v],
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where the sum ranges over all pairs u,v € ®g such that (7,u) = (5,v) = —1
and u +v + 7 4+ 5 = 0. We consider different cases, according to the value of

(r,s) = (F,3).

1. (r,s) = (7,5) = 0 and then t = —r — s € ®;. Without loss of general-
ity (because of the transitivity properties of the Weyl group W) we may
choose 7 = 1100, s = 0011. The following table lists the corresponding

values of u,v € ®g for which (7, u) = (5,v) = —1.

uw | 1000 0100 -——- ———+ ——4- ——++

v | 0010 0001 —---- +4--= —+-— ++-—-
Of these, the only pair satisfying u + v +7+s=0isu =v = ----, i.e,,
u=v=—-1F+53).

This is equivalent to the condition © = v = t. Applying (20) then yields
the left hand formula for Q[¢].

2. (r,s) = (¥,5) = —land thent = —r — s € 5. Choose 7 = 1100, s = 1010
(and hence t = —7 — 5 = 0110), yielding the following table of values for
U,V -

w | 1000 0100 —-—= ———# ——4— ——t+
v | 1000 0010 +--- +4-— A-—F  ++—+

Of these, there are three pairs (u, v) satisfyingu +v+7+35=0:
(-===,+==4), (-——+,+---), (0100,0010),

and taken together with the corresponding pairs (v, u) we find exactly the
six pairs of short roots that add up to the long root . This yields the right
hand formula for Q[t].

3. When s = —r the conditions are satisfied whenever v = —v and (7, u) =
—1. We find
ler,Q(e)] - e—r = Z e[ule[—u].
uedg
(Tuy=—1

We shall abbreviate this expression to Q(,y. By (20) Q) is also equal to
>_i{ri, M) QI

Because (r3,r;) = 0, except when j = 4 (and then it equals 1), we find
Q(ry) = Q[4], and likewise Q[3] = Q,), giving the values listed in (85).
Finally, take r, s such that r+s =t € ®1. Then Q) +Qs) = >_, (s, ) Qli].
By choosing ¢ = r; and r, we may use this equality to obtain values for

Q2] and QI1].
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By the above, we have

Qury +Qs) = Zle[u]e[—%

u

where the sum ranges over all {u, —u} such that either (7, +u) = £1 or
(5,+u) = +1, but not both. Note that 7 + 5 = 2¢, and hence 2(t,u) =
2(u, ty = {u,7) + (u,s), and therefore (t,u) = (¥, u) + (5, u). It follows that
the sum ranges exactly over all {u, —u} for which (¢, +u) = +1. Hence

Qn+Qw= 3 cllelul= 3 (whelulel—a. (86)
ueds {u,—u}C®s
(u,t)=—1

Now, ¢? = 0 and in particular €?[3] = ¢?[4] = 0. Using (14) this translates
to

0=e[3]* + Z (u, rq)efule[—u],

{u,—u}CPg
and similarly for e[4]2.

Comparing this result with (86) applied to ¢t = r; and ¢ = r2, we obtain
the formulae for Q[1] and Q[2]. O

Let r,s € ;. We may use (85) to compute the following example values of

Q(e) :

Qler) =ér,

Qler +ey) =er+e3, when (r,s) =1, 87)
Qe +es) =er+es+ e, when (r, s) =0,

Qler +e_r+hy) =er+e 7+ hr,

We extend the Frobenius morphism & — k" % 12 over K to F by applying
it to the coordinates with respect to the Chevalley basis. When K is a perfect
field this map is nonsingular and then -°® is a field automorphism of F.

The three left hand equations of (85) imply
Q(e) = pu(e™P) mod W, for isotropic e € W. (88)
Proposition 6.4. Let e, f € W be such that e? = f? = 0. Then

1. (Q(e), Q(f)) = (e~ f)*.
2. Q([e. QNN = f" +[Q(e), f7P].



106 Coolsaet

3. [e,Q(f)] = 0 if and only if [f, Q(e)] = 0.
4. ¢ € [W,Q(f)] if and only if fr°" € [W,Q(e)].
Proof. 1. Using (78) and (88) we obtain
(Q(e), QUE)) = (u(e"®), p(fP)) = €oP - frb = (e f)FP = (e f)*.

2. Apply Proposition 6.2-4 to A = Q(f) and then a = £, by (88).

3. By the above, [Q(e), fi°P] = 0 clearly implies Q([e, Q(f)]) = 0 and hence
[e, Q(f)] = 0. Substituting f°P for e and e for f in this result, we obtain
that [Q(f), ] = 0 implies [f"°", Q(e)] = 0.

4. Let a € W be such that e = [w,Q(f)]. By Lemma 4.8 we can always
choose w to be isotropic. Then by the above {ff°P [ffroP Q(w)]} is a
defining pair for Q(e), and then by the same lemma f°b € [W,¢]. The
converse can be obtained by substituting ff°P for e and e for f in this
result. O

Proposition 6.5. Let g be an automorphism of W (and F). Define g ef pugp L.
Then g is an automorphism of W (and F).

When e is an isotropic element of W, we have
w(e) =2(Qe)),  =(Qe)) = x(e™). (89)

Proof. We check the definition of automorphism. Let « € W and choose A € F
such that A = p(a) mod W. Then g maps a? onto

pH(A%)) = pmH((A7)%) = (nH(A7)7,

and hence (a?)? = (a9)2. Also note that g—1 = pg~'u~! is the inverse of g,
hence g is nonsingular.

Let e be as stated. Then z(e) maps a onto = !(A + e * [A,¢]). (Note that
[A,e] =0 mod W.) And this is equal to a + [a, Q(e)], by (80). Similarly z(Q(e))
maps a to = (A +[A,Q(e)]) = a + [a, e™P], by (88). O

As a particular case of (89) we find

r k)=
@ (k) wo(k),  whenre dy. (90)

{x;(kQ), when r € &g,
Note that by definition gh = g h for any two automorphisms ¢ and h of W.

Also (89) implies .
g=g""  forgeFy(K), (91)
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and hence I/:Z(K )= I/:Z(K ) when K is a perfect field. In that case the map g — g
is an automorphism of the group F,(K) (called a graph automorphism).

Let e, f be isotropic elements of W. From Proposition 6.4 it follows that
e- f = 1if and only if (Q(e), Q(f)) = 1. Hence n(Q(e), Q(f)) is well-defined
whenever n(e, f) is. Proposition 6.5 then implies

In particular

T k2 ) h @ >
() = n7(k*) when r € &g 92)
nr(k), whenr € &,
and then
h#(k2), h dg,
(k) = (k%) when r € &g 93)
h=(k), when r € @y
Using Lemma 5.1 the case & = 1 of (92) can easily be generalized to
n(w) = n(w), for all w € W. (94)

Proposition 6.6. Let e be an isotropic element of W. Let g be an automorphism
of W (and F). Then B
Q(e?) = Q(e)’. (95)

Proof Leta,be W, g€ FA4(K) We have

[a7, Q(e)?] - b7 =

7 Octagonality

From now on we shall require that K has a Tits automorphism, i.e., a field
automorphism o with the property

(k7)° = k?, foreveryk € K. (96)

Note that we require o to have an inverse ¢!, and consequently, that K is a
perfect field.
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For finite fields a Tits automorphism exists if and only if the order of the field
is an odd power 2> +! of 2, and then k* % k>,

As with the Frobenius automorphism, we shall extend o to F by setting e ef
er, he def 1, for r € ®. We have Afrob — (A%)? for every A € F. As before,
when g is an automorphism of W, we shall write ¢° = 0~ 1go. Note that 7 = o
and hence g = g”. By Lemma 4.5 we have z(e)? = z(e?) and z(F)? = z(E°),
when e (resp. E) is isotropic (resp. totally isotropic).

For a,e € W such that e is isotropic we define the operator ¢(-, -) as follows :

ef o
ala,e) < [a, Q). 97)
We write ¢(W,e) for the set of elements ¢(a,e) with a € W, i.e., ¢(W,e) =
(W, Q(e” ).
(This is the last operator which we shall need to introduce in this text. It
serves an important purpose in the definition of the Ree group and the Ree-

Tits octagon and, as shall be shown in Theorem 10.1, also has an interesting
geometric interpretation.)

An element e € W shall be called semi-octagonal if and only if it is isotropic
and g(e,e) = 0. An element e € W shall be called octagonal if and only if
it is isotropic and e € ¢(W,e), or equivalently (by Lemma 4.8) if and only if
q([e, W], e) = 0. All octagonal elements are semi-octagonal, but not conversely.

Proposition 7.1. Let e, f be isotropic elements of W. Then

L Qlale, /)7 ) = f xalf.e),

2. q(e, f)=0ifand only if q(f,e) = 0,

3. ecq(W, f)ifandonly if f € ¢q(W,e),
4

. q(e, e) is octagonal and e € ¢(W, g(e, e)).

Proof Statements 1-3 are immediate consequences of Proposition 6.4 with fo
substituted for f. Setting f = e in the first statement of this proposition, we see
that {e, ¢(e,e)} is a defining pair for Q(q(e,e)"il). Hence both e and ¢(e, e)
belong to [W, Q(q(e,e)° )] and therefore g(e, e) is octagonal. O

To study the (semi-)octagonal elements of W, we first look at elements of the
form e, with » € W. Table 1 lists the 24 short roots r € ®g, the corresponding
long roots 7 and the value of r + 7 when it belongs to ®.



Algebraic structure of the perfect Ree-Tits octagons 109

(r,7) =1 (r,7) =0 (r,7) = -1

T T T T T T rT+T
0100 | 0110 +++— | 1100 1000 | 1001 || 0001
0100 | oifo ++-+ | 0011 1000 | 10071 || 0001
0001 | 1001 +-++ | 0011 0010 | 0110 || 0100
0001 | 1001 +-—— | 1100 0010 | 0110 || 0100
++++ | 0101 —+++ | 1100 ++-— | 1010 || —++-
+--+ | 0101 -+-- | 0011 +-+- | 1010 || -—--
-++- | 0101 -—+- | 0011 —+=+ | 1010 || ++++
--—-| 07101 --—+ | 1100 -—++ | 1010 || +--+

Table 1: Short roots r € &g and the corresponding long roots 7.

The leftmost list corresponds to octagonal elements e,., the middle list corre-
sponds to those e, that are semi-octagonal but not octagonal and for the right-
most list elements are not even semi-octagonal. In the last case the third column
corresponds to the value of g(e,, e,.).

Lemma 7.2. Consider Weyl group elements w,w’ of the form w = w,wr, where
r € ®g such that (r,7) = 0, and v’ = (wsws)? with s € ®g such that (s,5) = 1.

Then w = w and W' = w'. The elements of this form generate a subgroup W’ of
W which is isomorphic to the dihedral group of order 16. This group has 3 orbits
on &g which correspond to the three lists of 8 roots given in Table 1.

Proof. When (r,7) = 0 the Weyl group elements w, and wy commute. Then
W = W, Wy = Wy Wy = Wrly = W.

When (s,5) = 1 we have v’ = (wsws)?
s —35=73—2s, hence w = ws_2sWs = WsWsW5_25Ws = WsWy g, = WsWs_2545 =

= wgu)s Wg = Wy, (5)Ws = Ws—35Ws.- Also

Ws

wswWs_s. But also w' = (wsws)? = wsw?s = wsws_s.

For example, with s = 0100 we obtain w’ which maps roots (z,y, z,t) to
(z, —y, —2z,t). With r = +++- we obtain w, which maps (z, y, z, ) to %(fz +y—
z+te—y—z+t,—x—y+z+t,x+y+ z+1t). Weleave it to the reader to
compute W’ and prove that it has the stated properties. O

8 The Ree group 2F,(K)

Proposition 8.1. Let g be an automorphism of W satisfying g = ¢°, i.e.,

(@) = (a°),  forallac W. (98)
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Let e, f be isotropic elements of W. Then
1. q(e?, f9) = q(e, f)?
2. e q(W, f)ifand only if e9 € ¢(W, f9).

Therefore g maps octagonal elements of W onto octagonal elements of W and
semi-octagonal elements onto semi-octagonal elements.

Proof. We have q(e?, %) = [¢%,Q(f)" "] = [, Q)77 "] = [¢%.Q(f)" ]
q(e, )9 by (95), proving the first statement. Also, if e € ¢(W, f), then e?
q(W, f)9 = q(W, f9), by the above.

Om |l

A first example of an element g that satisfies (98) is given by n,, where w is
a Weyl group element such that w = w. Examples of such w are provided by
Lemma 7.2.

Also, when h € F,(K) is such that h° and & commute, then g = hho
satisfies (98). Indeed

" =hh? =hTh = (hhe )7 = g7

G=hho"' =hho

For example, consider i = h,.(k) as in (70), with r € ®g. Then h = hy(k?)
commutes with h?, and therefore i,.(k) def hr(k)h=(k?) satisfies (98). We have
ei}r(k) —_ k(r,s)k(?,s>oes7

. 99
pir(R) hs, for all s € ®. 9

If g(e,e) = 0 then z(e”) and z(Q(e)) commute and y(e) = z(Q(e” ))x(e) =
z(e)z(Q(e” ")) satisfies (98). This is generalized in the following

Lemma 8.2. Let e be an isotropic element of W. Define

y(e) £ 2(@Q(e” )r(e)alale.e)). (100)
Then y(e) satisfies (98).
Proof. Write f = g(e, e). Note that Q(f) = e” * f? by Proposition 7.1-1. Then

z(e”)x(Q(e)) = 2(Q(e))x(e”)z([e”, Qe)])z(e” * [¢7, Q(e)])

(101)
(Q(e))a(e”)z(f7)2(Q(f))-

T
T
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We have
y(e) = 2(Q(e ")) z(e) x(f)
= z(e”)z(Q(e))z(Q(f)), by (89)
= z(Q(e))z(e”)z(f7)2x(Q(f))x(Q(f)), by (101)
= z(Q(e))z(e”)z(f7) = y(e)”

The group generated by all elements n,, with W = w, all elements i,.(k) and
all elements y(e) as defined in (100) shall be denoted by 2F,(K). This is a so-
called Ree group or twisted Chevalley group of type 2F,4. For further details we
refer to [2].

Fork € K, r € &g, we write

27 (k7)z, (k), when (r,7) # —1,

(102)
(k) (k)27 (k1H9), when (r,7) = —1.

def
yr(k) = y(ker) = {
It can be prgyed that the set of all elements y,.(k) with k € K, r € &g generate
the group 2F4(K). This is often taken as the definition of 2F,(K) (cf. [2]).

Lemma 8.3. Let e be an isotropic element of W, let k1, ks € K. Then

y(kre)y(koe) = y(kTk2 q(e, €))y((k1 + k2)e). (103)
In particular y(e)? = 1 when e is semi-octagonal, and y(e)* = 1 when it is not.

Proof Write d = g(e,e), D = Q(d° ') and E = Q(e° ). Note that [d,e] =
[d, E] = 0 and [e, E] = d. By Proposition 7.1-1 d is octagonal, implying [d, D] =
0, and d x e = D, implying [e, D] = 0. From (65) it then follows that z(d)
commutes with z(e), (D) and z(F), while x(D) commutes with z(d) and z(e).
From this we obtain

y(kire)y(kee) = x(k{ E)x(k1e)x (ki k] d)x (kS E)x(kee)x(kakS d)
= x(ky E)x(k1e)x(k] E)x(koe)x (ki k] d)x(kakS d).

Also by (65) we find z(e)x(F) = z(E)x(e)x([e, E])x(e * [e, E]) which is equal to
2(E)x(e)x(d)z(D). Hence z(kie)x(k§E) = x(k§E)x(kie)x(k1kSd)x(k?kS D).
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This yields

y(kre)y(kze)

= 2(k§ E)a(k§ B)x(kie)x (ki kS d)x(kiks D)x(koe)x (ki k d)x (ko kS d)
= 2((ky + ko) E)x((ky + ko)e)x (k1 kS + k1k{d + kok§d)x(k?kS D)
=y((k1 + ko)e)x((k1 + k2)1+0 + k1kg + kik7d + kak§ d)z(k:fng)
= y((k1 + ka)e)a(kok{ d)z(kk3 D)
= y((k1 + k2)e)y(k2k d)

where we use Propositions 4.3 and 4.4 to simplify the products of the form
z(ke)x(k'e) and x(kE)x(k'E). O

Lemma 8.4. Let e be an octagonal (isotropic) element of W. Let g € 2I/:Z(K).
Then

y(e?) = yle)?. (104)

Proof. We have y(¢%) = z(Q(e?)" “")a(e?). Using (98) we obtain Q(e9)° = =
Q)T = Q(e e)”” "9 and hence y(e9) = 2(Q(e” )9)z(e9), which by (64) is
equal to 2(Q(e” )9z (e)? = y(e)?. O

The remainder of this section shall be devoted to show transitivity of 2FA4(K )
on the set of octagonal elements of W. In order to do this we shall make use of a
‘reduction process’ which can be summarized as follows : we choose an element
of the form y;(k) to map a given a« € W onto ¢’ € W with the property that
a’ has one more coordinate that is ‘known’ to be zero. Successive reductions
reduce the number of non-zero coordinates of ¢ while staying in the same orbit
of FA4(K ), until the final image of « has a sufficiently simple structure.

In general, when it is known that a[r] # 0 for some r € &g, we choose
s € ®g such that (r,s) = 1 and then apply an element of the form y, (k) with
t = s —r. From (63) and (102) it follows that the coordinate of the image a’ of
a at position s is now equal to a/[s] = a[s] + ka[r]. Hence, setting k = a[s]/a[r]
we obtain a/[s] = 0. When (r, s) = 0 we obtain a similar effect when we use ¢
such that t = s — r. Now a/[s] = a[s] + k%a[r] and we take k = (a[s]/a[r])?

This transformation does however also affect other coordinates a[s] of a, and
when performing successive reductions, we should make sure that earlier anni-
hilations are not ‘undone’ by later actions.

Consider how the action of z,.(k) affects coordinates als| of a, with s € ®g.
(Coordinates «[3] and a[4] will turn out not to be important). It follows from
(63) that only those coordinates are affected that satisfy (r, s) > 0. As a conse-
quence, the action of y,.(k) will only affect those coordinates for which (r, s) > 0



Algebraic structure of the perfect Ree-Tits octagons 113

or (T,s) > 0. (When (r,7) = —1, the extra condition (r + 7, s) does not impose
an additional constraint.)

Let us now use these techniques to determine the various orbits of 2I/:Z(K ) on
the (non-zero) octagonal elements of W. Consider such an element a. Because
a is isotropic (and # 0) it cannot belong to I (cf. the proof of Theorem 4.7).
Hence a has at least one non-zero coordinate a[r] for r € ®g.

We shall first prove that we can choose » = 0100. Indeed, if a has coordinate
a[r] # 0 for some r such that (r,7) = 1, then by Lemma 7.2 there exists w € W
such that n(w) € ?F4(K) and »* = 0100. In that case a’ = a™") is in the
same orbit as ¢ and a'[0100] # 0. We may therefore use o’ instead of a in the
subsequent argument.

If a[r] = 0 for all r satisfying (r,7) = 1 but @ has a non-zero coordinate
for some r € &g with (r,7) = 0, then we proceed as follows. Using the same
argument as above we may assume that r = -+--. We then apply y (1) to

create a non-zero coordinate at position 0100. A similar technique can be used
when (r,7) = —1, taking r = ++-- and applying y_____ (1).

Henceforth we may assume that a[r] = a[0100] # 0. We proceed in several
stages.

Stage 1. Apply the reductions y; (k) in the top part of Table 2 (and in the order
given) to annihilate subsequent coordinates af[s].

s t t t+1
++++ | 0011 +-++
—+++ | 1010 --++ +--+

+++- | 1010 +-+- -—-—-
—++- | 0011 -——+-
++-+ | 0101 +——+

-+-+ | 1100 --—-+
++-— | 1100 +---
-+-- | 0101 ----

0010 | 0110 0010 0100
00oio | 0110 0100

Table 2: Reductions used in the proof of Theorem 8.5.

We have listed s, t, t and ¢ + ¢ (when it belongs to ®5) for each step. The
table is ordered in such a way that each group element y;(k) does not affect
coordinates a[s] for each s from the previous rows. We leave it to the reader
to verify that indeed (s,t) < 0 and (s,#) < 0 in each of these cases. Note that
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(r,s) = 1and t = s — r for all entries (in the top part), hence (r,t) = —1 and
therefore y; (k) never ‘accidentally’ makes a[r] zero.

After applying the stated reductions, we end up with an image b of a for
which b[r] # 0 and b[s] = 0 whenever (r,s) = 1. Now, for such s we compute
b*[s] using (14). Note that u + v = s implies (r,u) + (r,v) = 1 and hence either
uw=r,v=ror(ru) = 1 (and then b[u] = 0) or (r,v) = 1 (and b[v] = 0).
Hence b%[s] = b[r]b[s — 7], and because b is isotropic and b[r] # 0, we find that
b[s —r] = 0. When s runs through all short roots that satisfy (r,s) = 1, v =s—r
runs through all short roots that satisfy (r,v) = —1.

In other words, the eight remaining roots s for which a coordinate is (possi-
bly) non-zero, are the 8 short roots s satisfying (r, s) = —2, 0 or 2, which for our
particular choice of r, correspond to the roots with integral coordinates, i.e., the
cyclic permutations of 1000 and 1000.

Note that roots s, s’ of this form satisfy (s,s’) = —2, 0 or 2 and that also
(rs,s) = —2, 0 or 2 for each s. This implies b[4] = 0, whenever b2 = 0.

As a final step we may use the reductions in the bottom part of Table 2 to
annihilate two more coordinates. (Note that this time s = r + 7).

Stage 2. Let e denote the image of a obtained at this point. We now have to
consider several cases.

1. Assume that ¢[0001] # 0. Then we use _ _
the transformations on the right, this s bt i+t
time with » = 0001 and s = 7 + ¢, to | 1000 | 1001 1000 0001
end up with a an element of the follow- 1000 | 1001 0001
ing form :

e=k

+ kge + ]{336 + k4€ + ]{35}74«3,

10100 0100 0001 0001

with k1 # 0 and k3 # 0. We easily compute that e? = 0 implies k2 =
k1ko + ksky.

We shall now express the fact that e is semi-octagonal in terms of &1, . . . , k5.
We use (85) to compute

_ 1.2 2 2 2
Qle) = kiegy10 T k2€0110 T F3€1001 T F1€1001

+ klkge + k1k4€_ _ + k2k3€+__+ + k2k4€____

++++

+ k2hey + kikohe, + kskaho, .

++

When e is semi-octagonal, we have g(e, ¢) = 0 and hence

0=dle.e)7 egg10 = [¢7 Q)] eop10r
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which by (20) is equal to
kS Q(e)[0110] + k5 Q(e)[0110] + kS Q(e)[0011] + kJQ(e)[0011] = kT k3.

Because ki # 0, this implies k2 = 0.

Similarly, computing q(e, )" - e, ., we find k{k? = 0 and hence k; = 0,
soe=kieqy o0+ Fs€o001-
Finally, because e is octagonal, we must have ¢([e,e, __],e) = 0. This

expression evaluates to ksk{e = 0, contradicting the assumptions

++++
k1 = €[0100] # 0 and k3 = €[0001] # 0.

2. Assume e[0001] # 0. By Lemma 7.2 the group W’ contains an element
w that interchanges 0001 and 0001 and leaves 0100 invariant. The corre-
sponding element n(w) € 2F4(K) then reduces this to the previous case.

3. If €[0001] = ¢[0001] = 0 we have an element of the form

e=k + koe + kse + ke~

1000 + Ksltra:

19100 0100 1000

with k; # 0. Again we easily compute that e? = 0 implies k2 = k1ko+kska.
Now

_ 1.2 2 2 2
Qle) = kiegy10 T k2¢0110 T #3¢1001 T F1€1001

+ klkge_ + + k1k4€+ _ + kgkge___+ + k2k4€+___

+ ++

+ k2hyy + k2hey + kakaho,
and
o _ 1.01.2 o . Lo 2
Q(ea 6) : 60010 - kl k2 ) (J(e, 6) 60001 kS k3 )
o . _ 1.01.2
q(e,e) €001 = ¥4 ki

As e is semi-octagonal, this implies e = kje (and hence e is octago-

0100
nal).

Stage 3. Finally we apply an element is(k) with the property (0100, s) = —1

and (0100,3) = 0. By (99) this element is mapped onto e 0100" We may take

s = -—+- (and 5 = 0011).

This proves that every non-zero octagonal element can be mapped onto the
same element by a suitable transformation of the group %F4(K).This completes
the proof of
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Theorem 8.5. The group 2EZ(K ) acts transitively on the non-zero octagonal ele-
ments of W.

9 Pairs of octagonal elements

The proof technique of Theorem 8.5 can be extended to provide more informa-
tion on the orbit structure of QEZ(K ) on pairs of (non-zero) octagonal elements.
The main result shall be stated in Theorem 9.5. The proof of that theorem is
subdivided into several lemmas.

Lemma 9.1. Let k € K — {0}. Then 2I/:Z(K) acts transitively on all ordered pairs
(e, f) of octagonal (isotropic) elements e, f € W such thate - f = k.

Proof By Theorem 8.5 we may choose e = e without loss of generality.

0100
From e - f # 0 it follows that the coordinate f[0100] is non-zero. We shall again
apply the reductions y;(k) of Table 2 to map f onto an element of the form

k1eq100° This time however, we are only allowed to use group elements y;(k)

that leave e invariant.

From (102) it follows that y;(k) leaves e, invariant (with » € ®g) whenever
(r,t) > 0 and (r,t) > 0. It is now easily verified that all reductions y;(k) from
the table indeed satisfy (¢,0100) > 0 and (¢,0100) > 0. Note that the argument
of Stage 2 of Theorem 8.5 can again be applied to prove that the octagonality

of f implies that Stage 1 will result in an element of the form kieq100° (The

reductions used in that argument need not leave e untouched.)

Finally, because the group 2I/:Z(K ) leaves the dot product invariant, we must
have k; = k. (Note that Stage 3 of Theorem 8.5 cannot be applied in this
case.) O

Lemma 9.2. The group QFZ(K ) acts transitively on all ordered pairs (e, f) of
octagonal (isotropic) elements e, f € W such that e f = 0 and [e, f] # 0.

Proof This proof will use the same techniques as the proofs of Theorem 8.5
and Lemma 9.1. By Theorem 8.5 we may choose ¢ = e__ without loss of

generality.

The main argument of this proof will rely on the assumption that the coordi-
nate f[0100] is non-zero. We shall therefore first prove that it is always possible
to map f onto f’ such that f/[0100] = 0, by means of element of 2I/:Z(K) that
leaves e = ¢ invariant.



Algebraic structure of the perfect Ree-Tits octagons 117

From [e, f] = [e , f] # 0 we easily deduce that either f[3] + f[4] # 0 or

at least one of the coordinates f[r] # 0, with » = 1000, 0100, 0010, 0001, —+++,
+—tt =+ OF +H+-,

Below we give a list of group elements y;(1) which can be used to map f
onto f’ with the required properties, whenever f[r] # 0 for one of the given r

r s t t t+t
1000 | +++- | 0101 —++-
0100 none needed
0010 | +++- | 1010 ++-- —++-
0001 | 0100 | 0101 —++-
—+++ | 0100 | 1010 ++-- —++-
+=++ | +++- | 0101 —++-
++=+ | 0100 | 0101 —++-
+++= | 0100 | 1010 --++

For example, the last row of the table tells us that, when f[0100] = 0 but
fl+++-] # 0, we may apply y__,,(1) to create a non-zero coordinate at po-

sition 0100. Similarly, the first row of the table indicates that when f[0100] =
fl#++-] = 0 but f[1000] # 0 we may first apply y__, (1) to obtain an image

with a non-zero coordinate at position +++-, bringing us back to the first exam-
ple. We leave it to the reader to verify that each of the listed group elements
indeed leaves e = e____ invariant.

Only the case where f[r] = 0 for each r in the table, remains. It turns out
that now f? = 0 implies f[3] + f[4] = 0, contradicting [e, f] = 0. Indeed, we
may use (14) to compute f2[3] + f2[4] = f[3]* + f[4]* = (f[3] + f[4])*.

Henceforth we may assume that the coordinate f[0100] is non-zero. We can

map f onto k:eo 100 using the reductions y.(k) of Table 2, except the first re-

duction (which corresponds to s = ++++). We have no need for this reduction
because e- f = e____ - f = 0 implies f[++++] = 0. It is easily verified that

all other reductions in the table satisfy (¢,----) > 0 and ({,----) > 0 and
therefore leave e invariant.

This proves that f can be mapped onto an element of the form ke 0100° We

get rid of the scalar k by applying i5(k) with s = -——++ and 5 = 1010. Indeed
(-=++,0100) = —1, (1010,0100) =0, (-—++----)=0, (1010,----) =0,

and hence i4(k) leaves e invariant and maps ke O

0100 © ¢0100°
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Lemma 9.3. The group QFZ(K ) acts transitively on all ordered pairs (e, f) of
octagonal (isotropic) elements e, f € W such thate - f = 0, [e, f] = 0 and

ex f 0.

Proof. This proof will use the same techniques as the proofs of the previous

lemmas in this section. Without loss of generality we may choose e = ¢ 0001"

As in the proof of Lemma 9.1 we first need to prove that f can be mapped
onto an element f’ for which f/[0100] is non-zero, using only group elements
from 2I/:Z(K ) that leave e invariant. (In this case this turns out to be slightly
more complicated.)

Because [e, f] = 0 and e- f = 0, we must have f[r] = 0 whenever (0001, r) =
—1 or —2. By Lemma 3.1-4, f cannot belong to the set

5« {la,e] |a € W,a-e=0}.

It is easily computed that S is precisely the subspace of W generated by all e,
such that (0001, r) = 2 or 1. Therefore either f[3] # 0, f[4] # 0 or f[r] = 0 for
one of the 6 short roots r for which (0001,r) = 0. We list these roots below,
together with the group elements y;(1) which can be used to map f onto f’
with the required properties, whenever f[r] # 0. These group elements leave
e invariant. We refer to the proof of Lemma 9.2 for an explanation of how this
table should be interpreted.

r s t t t+t
0100 none needed
0010 | 0100 | 0110 0010 0100
1000 | 0100 | 1100 —+++
0100 | 0100 | 0110 0100
0010 | 0100 | 0110 0100

Unfortunately, the short root » = 1000 cannot be handled in the same way. This
means that we still need to treat the situation where f[r] = 0 for all roots r
listed above, while f[1000] # 0, f[3] # 0 or f[4] # 0.

Expanding f2[3] = f2[4] = 0 for this case results in f[3] = f[4] = 0. Likewise,
FPA+++] = f++-+] = f2[+-++] = f2[+--+] = 0 lead to f[-+++] = f[-+++] =
f[-+++] = f[-+++] =0, and hence f must be of the following form
+ k(;e

f:::k161000‘+—k260001 + kse +—k4e+__+ + kse

++++ +—++ +4+-+"
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We may compute

1.2 2 2 2 2 2
Q(f) = kieggoq T k2¢1001 T K3€0101 T Ki€oT01 T F5€0011 T F5€0011

+ (klkg + k3k4 + k5k6)60001,

and from this result we obtain that ¢(f, ) = [f?, Q(f)] is equal to ki’k%eoom.

Hence f cannot be (semi-)octagonal when k; = f[1000] # 0.

Henceforth we may assume that f[0100] # 0. We again apply the reductions
of Table 2 except those that do not leave e invariant, i.e., those corresponding
to s = +++-, —++-, ++-- and -+--. Luckily, the corresponding coordinates f|s]
are already zero, because [e, f] = 0.

This proves that we can map f onto an element of the form e 0100° We use

is(k® ") with s = 0010 and 5 = 0110 to get rid of the final scalar k. Indeed,
(0010,0100) =0, (0110,0100) = —1, (0010,0001) =0, (0110,0001) = 0,

. 0-71 . .
and hence i5(k” ) leaves e invariant and maps ke 0100 MO €44 00- O

Lemma 9.4. The group 2EZ(K ) acts transitively on all ordered pairs (e, f) of
octagonal (isotropic) elements e, f such thate- f =0, [e, f] =0, ex f = 0, but

f ¢ Ke.

Proof. This proof will use the same techniques as the proofs of the other lemmas

in this section. Without loss of generality we may choose e = €y

From the proof of the previous lemma we know that f must have f[3] =
fl4] = 0 and f[r] = 0, whenever (r, ++++) > 0, and because f ¢ Ke it follows
that at least one coordinate f[r] # 0 with (r, ++++) = 1. These are the same
roots r as in the proof of Lemma 9.2, and in fact we can use the same trans-
formations as in that lemma to ensure that we may choose » = 0100. (The
transformations of Lemma 9.2 happen to also leave ++++ invariant, not entirely
by coincidence.)

We may now apply the following reductions to f (taken from Table 2) in
order to annihilate three of its coordinates :

s t t t+1
++++ | 0011 +-++
—+++ | 1010 --++ +--+
++-+ | 0101 +--+
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This reduces f to the form

F=Fkre1000 Fk2¢g100 + F3€o010 T H1€o001 T H5CH gy T R6C 4y

We compute

_ 1.2 2 2 2 2 2
Qf) = kieggoq +h2egq10 T R3q170 T Fi€1001 T R5€0011 T K5€1100

+k1k2€_++++k31k4€ + kokse + kokye +k3k4€++_

0001 0100 ++++

+ (k1ks + kske)e_

+
+-+"

Now, as f is octagonal, we have 0 = [[f7,a], Q(f)] - b= [f7,a] - [Q(f), ] for all

a,be W. Settinga=e__,_andb=e_,__ we obtain
[fe, e__+_] =kie, . +kie _+kie .,
[Q(f),e,, =k, ,+ kikaeg, oo + k1kae, .,
o — .02
and therefore [f?,e___ |- [Q(f),e,, _|=kTki.
Likewise,
o _ 1012
[f ,€+___] ! [Q(f)? 6__++] - k3 k35

[fO', €_++_] ' [Q(f)? 60001] = kgkga

[fO', €+__+] : [Q(f)? 60100] = kgkga

proving that k; = ks = k5 = k¢ = 0 when f is octagonal. Hence we are left with
= k260100 + k460001, with k2 # 0. In the proof of Theorem 8.5 (Stage 2)

it was already shown that an element of this form can only be octagonal when
ks = 0.

In a final step we get rid of the constant k- by applying i,(ke) with s = ——++
and 5 = 1010, the same element we used in the proof of Lemma 9.2. O

We combine Lemmas 9.1-9.4 into the following

Theorem 9.5. The following is an exhaustive list of all orbits of 2EZ(K ) on ordered
pairs (e, f) of non-zero octagonal (isotropic) elements e, f € W.

1. Foreach k € K — {0} an orbit with representative (60100, keoioo)'
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2. An orbit with representative (60100, e ).

3. An orbit with representative (60100, 60001)'

4. An orbit with representative (60100, € pprs)

5. For each k € K — {0} an orbit with representative (60100, 1%0100)'

The following table lists several properties of the corresponding pairs (e, f).

Case 1 Case 2 Case 3 Case 4 Case 5
e-f k 0 0 0 0
le, f] not isotr. | semi-oct.} 0 0 0
q(e, f) isotr: 1 £ 0, oct. 0 0 0
f €le, F] no no yes yes yes
e, W] - f £0 £0 0 0 0
e+ f not isotr. | not isotr. | semi-oct.t | octag. octag.
pHexf) undef. undef. =0, oct. 0 0
f€le, W] no no no yes yes
feqW,e) no no no yes yes
le,F] - f £0 £0 £0 0 0
feKe no no no no f=ke
DTN G B R e R

T semi-octagonal, but not octagonal 1 isotropic, but not semi-octagonal

Proof. Only the table of properties remains to be checked. Note that all prop-
erties are ‘invariant’ for ?F4(K), for example, when g € ?F,(K), then [e, f]9 =
[€9, 9], q(e, f)9 = q(e9, f9), etc. The only invariant which has not yet been
proved elsewhere in this text is = !(e * f)° . We find

Pl (e £ = (e x £)9)

using (98) and the definition of g.

1 - _—1

=u Y ex )7 = puNex )79,

As a consequence it is sufficient to check all listed properties only for a single
(representative) pair in each orbit. We shall discuss the most difficult cases here
and leave the rest to be verified by the reader.
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Table 3 lists the relevant values for f = e, and Q(f) = e and the six cor-
responding base elements ey, , ..., es, of ¢(W, f). The last row corresponds to
f = e. From this table we easily derive the results for ¢(W,e) N ¢(W, f). Note

r T S1 S9 S3 S4 S5 Sg
0100 | 0110 | 0100 0010 +--+ +-——= -———+ ———-
-——— | 0101 | 0100 0001 +-+- +-——= -——4- ———-

0001 | 1001 | 1000 0001 +--+ +-++ ++-+ ++++
++++ | 0101 | 0100 0001 ++++ ++—+ —+++ —+—+
0100 | 0110 | 0100 0010 ++++ +++— —+++ —++-

Table 3: Auxiliary table for the proof of Theorem 9.5

that in the third case the intersection is generated by the single element € i

Inthatcase ex f = ¢ and indeed p~ (e * f)°

T bt

0100 24/ = €o001
shown in the proof of Theorem 8.5 (Stage 2) that e + f is semi-octagonal but
not octagonal. When f =e, . we obtain Qe + f) = Q(60100 +e

€110 T €0101> and then [e oo +e Qe+ f)] = (e + f)7, proving that
e + f is octagonal. O

0101

Consider the value of e + f. Whene = e it was already

) =

10 The Ree-Tits octagon

Because scalar multiples of octagonal elements are again octagonal, it is natural
to define a new geometry O whose points are the one dimensional subspaces
Ke of F (i.e., the points of the 25-dimensional projective space associated with
‘W) for which e is octagonal (and isotropic).

Let Ke, K f € O be such that Ke # K f. As an immediate consequence of
the properties listed in Theorem 9.5, we find that the following are equivalent :
Every 1-dimensional subspace K (kie + ko f) of Ke+ K f belongs to O.
feqW,e).
fele,W].

[e,F]-f=0.
dim ¢(W,e) Ng(W, f) = 3.
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ec-f=0,le,fl]=0andex f=0.

Two different points Ke, K f of O that satisfy one of these statements shall
be called collinear. In this case, the 2-dimensional subspace Ke + K f of O is
called a line of O.

We shall also introduce the following terminology, borrowed from [5]. Let
Ke, K f be different points of O.

e If Ke, K f are not collinear, and [e, f] = 0, then Ke and K f are said to be
cohyperlinear.

o Ifle,fl]#0and e- f =0, then Ke and K f are said to be almost opposite.
e Ife- f #0, then Ke and K f are said to be opposite.

The next and most important theorem of this text proves that the point-line
geometry O satisfies the axioms of a generalized octagon, where ‘collinear’,
‘cohyperlinear’, ‘almost opposite’ and ‘opposite’ correspond to distance 2, 4, 6
and 8 in the incidence graph of O.

Theorem 10.1. Let Ke, K f be different points of O.

1. If Ke and K f are collinear then every point of the line Ke + K f belongs to
O. Apart from the points of Ke+ K f there are no other points of O collinear
to both Ke and K f.

2. If Ke and K f are cohyperlinear, then there is a unique point of O that is
collinear to both Ke and K f. This point is Kp~'(ex f)° . In the incidence
graph of O, Ke and K f are at mutual distance 4.

3. If Ke and K f are almost opposite then there are no points of O that are
collinear to both Ke and K f. There is a unique point of O that is collinear
to Ke and cohyperlinear to K f. This point is Kq(f,e). In the incidence
graph of O, Ke and K f are at mutual distance 6.

4. If Ke and K f are opposite, then there are no points of O that are collinear
to both Ke and K f, or that are collinear to Ke and cohyperlinear to K f
(or vice versa). Every line of O through K f contains exactly one point of O
that is almost opposite to Ke. In the incidence graph of O, Ke and K f are
at mutual distance 8.

These are the only possible relations between different points of O.

Proof. The different cases of this theorem correspond to 4 different cases of
Theorem 9.5, but numbered the other way round. (The fifth case of Theorem
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9.5 occurs when Ke = K f.) Without loss of generality we may set e = ¢ 0100

and set f to one of the representatives listed in Theorem 9.5.

1. (Case 4 of Theorem 9.5.) We take f = € pryr

to both Ke and K f then d € ¢(W,e) N ¢(W, f). Using Table 3 we easily
derive that d must be of the form

If Kd is a point collinear

d= ke + koe + kse

0100 ++++ —++4’

and then
_ 1.2 2 2
Q(d) = kieyy10 T k2g101 T K3€1400"

From this we compute

[[d’ 60100]5 Q(d07 )] = [klh’TS +k2€+_+++k3€__++, Q(d07 )] = ]Cgkg€++++

and hence k3 = 0 when d is octagonal, i.e, d € Ke + K f.

2. (Case 3 of Theorem 9.5.) A point collinear to both Ke and K f must
belong to the intersection ¢(W,e) N ¢(W, f), which by Theorem 9.5 is
exactly Kp~1(e + f)° . Note also that u= (e * f)° ' is octagonal by the
same theorem.

3. (Case 2 of Theorem 9.5.) We have ¢(W,e) N ¢(W, f) = {0}, hence there
are no points collinear to both Ke and K f.

Wetake f =e___ . If Kd € Ois collinear to e and cohyperlinear to f, we

must have d € ¢(W,e) and [d, f] = 0. From Table 3 it easily follows that
deKe_, _. Also q(f,e) =

e C0110] = i

4. (Case 1 of Theorem 9.5.) We have ¢(W,e) N ¢(W, f) = {0}, hence there
are no points collinear to both Ke and K f.
Take f = €06100"
to K f, we must have d € ¢(W, e) and [d, f] = 0. Table 3 than proves that

de Ke 0010’ but then d is not even semi-octagonal.

As before, if Kd € O is collinear to K e and cohyperlinear

Finally, consider the hyperplane of elements w € W such that e - w = 0.
Because f does not belong to this hyperplane, every line of O through f
intersects this hyperplane in a single point Kw € O. By definition e-w = 0,
hence Kw is either almost opposite to Ke, cohyperlinear to Ke, collinear
to Ke or equal to Ke. The last possibility is easily ruled out, and the
second and third possibility have been disproved above. O
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The following theorem provides some insight into the ‘local structure’ of O.

Theorem 10.2. Let Ke be a point of O. Then the points of O collinear with
Ke form a cone with vertex Ke and a Suguki-Tits ovoid as a base. The semi-
octagonal elements of q(W,e) form a 5-dimensional subspace which is generated
by the elements of this cone.

Proof. By Theorem 9.5 all points collinear with Ke must lie in (W, ). We may
sete=€y401 without loss of generality. Then f € ¢(W,e) is of the form

f = ke + koe

1000 + kse

+ 1{34€+__+ + kse + kge

0001 ++++ +—++ ++-+’

with kq,..., ks € K.

In the proof of Lemma 9.3 we have already established that f is semi-octa-
gonal if and only if £y = 0, and then

_ 1.2 2 2 2 2 2
Q(f) = ke 01 T h3€0101 T Ki€o101 T K5€0011 T F6€0011 T #+€0001

with k* = \/ ksks + kske.

To find out in what cases f is octagonal we establish a set of generators
for the 6-dimensional space ¢(W, f). Proposition 2.4 already shows that e =

€0010 belongs to this space because f € ¢(W,e). Now, consider the following

elements of ¢(W, f) :

def

vy = Q(GOOOT )= kge1ooo + k§60100 + kZeOIOO

+ES o010 T F6 0010 t F o001
U1 f Q(G_H___v )= kZe+__+ + kge++++ + kfe_H___'_ ’
vy & e, f)=kfe  , +the, , +hle _,,
U3 & ale, o f)=kie, ., +ke . +kle ..
V4 def q(e+_+_7 f)=k§ T k5€ + T kfe+_++ ?
v def q(e_+__,f) =kie___, +kge_,, , tkle_ , ..
ve qle____ f)=hkSe_,_ , +kge__,, +hkIe___, .
v o ‘1(6__,__,__7 )= kze__++ + kge_+_+ + kf6_+++ ’

def ( )

=kge_, ,, T ke ___, +kle__ . -
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Note that vy, ..., v, belong to the space generated by ¢ and

e e
4+ -4 T4+

€y Similarly, vs,...,vs belong to the space generated by e

e

—+++7 T4

. and e___,

Not all of these vectors are linearly independent. For example, we see that
kSv1 = kJva+kgvs and k§vs = kZva+kJv4, and hence, when k3 # 0 the vectors
v1,...,vs4 generate a space of dimension 2. This is also the case when k4 # 0,
ks # 0 or kg # 0, and with a similar argument we can prove that also vs, . .., vs
generate a space of dimension 2. We may conclude that, unless f € Ke, the
elements e, v, . .., vg generate ¢(W, f).

To determine which of the elements f ¢ Ke is octagonal, i.e., whether f €
q(W, f), we need to consider two different cases :

Case 1. Assume k3 # 0. By the above we must have that

f=hee,,, thae,__, thse ., thse, . Theegggg
is a linear combination of e 0001 and
P g g g
ve=kie,, , thkle, _, thge, oo
b4 = kge, . thie ., thkle .,

This yields no condition on ks, proving that the resulting solutions form a cone

with vertex Ke = Ke 0001" We obtain the following conditions on ks, ..., kg :
kak§ + kek{ + ksk? =0, ksk3 + kekg + ksk = 0.

Applying ¢ to these equations, and expanding k2, yields :

kK2 + kksky + kkske + kSk2 =0,  kZk2 + kJkZ + kS ksky + kI kske = 0.

These equations are not independent and will be satisfied if and only if

ky = k3 ' 7Ok + k3 Ykske + ky k. (105)
Case 2. Let k3 = 0. We find that kee , | + kae __ _ + kse __ , now must
belong to the space generated by
v=kle . thie,__, ke .,
vg = kfe+__+ + kge+_++
vs=hie, . thie e Thie o,
vy = k:ge+__+ + kfe+_++
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with k2 = kskg. This is equivalent to
ks = ks = k¢ = 0. (106)

(105) and (106) together describe the well-known parameter equation of the
Suzuki-Tits ovoid in a 3-dimensional projective space (cf. [5]). O

We end this section by establishing the two types of root groups for O.

Proposition 10.3. Let Ke, K f be points of O that are almost opposite. Then
y([e, f]) fixes all elements (points and lines) on the shortest path joining Ke and
K f and all elements incident to (at least) one of those elements.

__Let L be any line of O through Ke and not on this path. Then the subgroup of
2Fy(K) of all y(k e, f]) with k € K acts transitively on the points of L different
from Ke.

Proof By Lemma 8.4 and Theorem 9.5 we may choose e = €0001 and f =

e____withoutloss of generality. Then [e, f] is the semi-octagonal elemente
and Q([e7 f] ) = elioo'

The points on the shortest path joining Ke and K f are Ke' and K f’ with
e =q(f,e)= e,__,and f'=qle, f) = €0100 and they are easily seen to be left

invariant by y([e, f]). Hence also the lines on that path are left invariant, and
all points on those lines.

Consider a line M through Ke'. M lies entirely inside the space ¢(W,e’) =
(W, €010 1] which is generated by the following vectors :
€0100" “0001" “4—++> Comp? Coppr oy

It is easily seen that each of these vectors is left invariant by y(]e, f]), hence so
is M. (By symmetry, the same holds for lines through f’.)

Finally, let L be a line through Ke, not equal to Ke + Ke'. From the proof
of Theorem 10.2 we know that L lies on the cone with vertex Ke and a base

belonging to the 4-dimensional space generatedbye . ,e . ,e . .,e . ..

Of these four vectors, the only one not left invariant by y(k [e, f]) ise_ ,  which

mapstoe . .+ k60001 =€ it ke.

Now consider a point K¢ of L. Using the notation of the proof of Theorem
10.2 we assign ‘coordinates’ ko, ..., ks to the element g. It is easily seen that
the case k3 = 0 occurs only when g € Ke + Ke'. Because kj is the ‘coordinate’
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that corresponds to e we find that g is mapped by y(k [e, f]) to g + kkse,

++++°
which lies on the same line L. Also, when k runs through K, the image of ¢
encounters all points of the line L, except e.

Note that the elements y(k [e, f]) form a subgroup isomorphic to the additive
group of K, by Lemma 8.3. O

The elements y([e, f]) of the proposition above are called point-elations of
O and the group of elements y(k [e, f]) is a root group [5]. In [2, Proposition
13.6.3] this root group is listed as of ‘type (v)’.

Proposition 10.4. Let Ke, K f be opposite points of O and let K g be a point of O
at distance 4 of both Ke and K f. Then

1. The subset of elements c of (W, g) that satisfy [c,e] = [¢, f] = 0is a 2-
dimensional subspace of the form Kg + Kd where d is isotropic but not
semi-octagonal and g = q(d, d).

2. Let k, k', 0,0’ € K. Then
y(kg)y(Ld)y(K'g)y(l'd) = y((k + & +£70") g)y((£ + £')d), (107)

which makes X %' {y(kg)y(¢d) | k,£ € K} a subgroup of 2EZ(K).

3. X fixes all points and lines on the unique path of length 8 joining Ke to Kg
and then to K f.

4. X fixes all lines incident with any of the three ‘middle’ points of that path
(i.e. Kg and the two points collinear to K g).

5. X acts transitively on the set of lines through K e which are not on this path.
Proof. We shall first prove the proposition for the special case e = ¢ 0001’ f=
N . .
€0001 €0100" Then Q(¢9° ) = €0110 and it is easily computed that
statement 1 of this proposition is satisfied by d = e

and g =

0010°
By (102) we have

y(kg) = z(k eOiiO)z(k60100>’ y(ld) = (¢ eoilo)x(feooio)x(ﬁ eOiOO)'

From this we compute d¥(*9) = d and hence, using (104),

y(ld)y(k'g) = y(k' g)y(Ld)* ¥ D) = y(K g)y(td" ™ 9) = y(K'g)y(td).  (108)
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Also, by (103),

y(kg)y(k'g) = y((k +&)g), y(ld)y(l'd) =y g)y((t+£)d).  (109)

Combining (108) and (109) yields (107).

The three ‘middle’ points on the unique path of length 8 joining Ke to Kg

to K f correspondtoe, __, €0100 and e . For each of these three vectors

er, the following table lists the generators e, es,, ..., es, of the corresponding
5-dimensional subspace of semi-octagonal elements of (W, e;.). (These results
were obtained by applying an appropriate element of W' to the example com-
puted in the proof of Theorem 10.2.)

T S1 S92 S3 Sq
+-=-+ | 0001 0100 =---+ +—++
0100 | +-—+ =-=== +-—— -———+
-——- | 0100 0001 --+- +--—-

Note that each of the listed vectors e,, e, is left invariant by x(eoﬁo),

x( and z(e and hence also by y(kg)y(¢d), except for

€110 *(€0100) 0070)"
e,_,,ande____.Inthe these two cases we find

y(kg)y(ed) _ y(kg)y(ed) _
€y =e,_,,tle,__, e =e__,_tle____.
This proves statements 3 and 4.

Now consider the line L joining Ke with Ke_, . The vector e = ¢ 0001 18

left invariant by y(kg)y(¢d), while €, 444 is mapped to

QVBaY(ed) _ y(kd) o u(ed) g v(ed)

++++ ++++ +——+ +—++
. o 2 po o

TChtts + £6++—+ + e Crt+ + 08 Cr—+ tk Cr—+ + k6+—++ + k£e+__+
_ 2

=€, ..t (K + kL +¢ 6”)e+__++ (k+££")e+_+++£e++_+.

In terms of the ‘coordinates’ of the proof of Theorem 10.2 the resulting image
has k3 = 1, kg = k% + kl + (?(°, ks = k + £¢° and k¢ = {. So, when (k, () runs
through K x K, the images of L range over all lines through Ke, except the line
joining eand e ____ (which corresponds to k3 = 0). This proves statement 5.

We still need to prove that the proposition also holds for general e, f and g
in the stated configuration. Denote by Ke' (resp. K f’) the unique points of O
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collinear to Ke and Kg (resp. K f and Kg). By Lemma 8.4 and Theorem 9.5

we may choose ¢/ = €0001 and f = e without loss of generality (¢’ and

[ are almost opposite). This implies g = e,__, and fl=ce The special

0100°
case used in the first part of this proof can now be applied to show that the
line through Ke and Ke can be chosen to be the line connecting Ke

+—

0001

and Ke__ . Proposition 10.3 then further allows us to choose Ke = Ke

Finally, an appropriate element of W’ enables us to map the sequence of points
e, e, g, f', f thus obtained, to the sequence ¢

0001

++++"

0001” “+--+ “0700° “----> 0001
of the first part of this proof. O

The group X defined in this proposition is again a root group and the ele-
ments y(kg)y(¢d) are called line-elations of O. When ¢ = 0 these are the central
elations with center Kg. In [2, Proposition 13.6.3] X is listed as of ‘type (vi)’.

Propositions 10.3 and 10.4 imply that O is a Moufang polygon [5] and there-
fore none other than the classical Ree-Tits generalized octagon O(K, o).
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