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ABSTRACT. Zassenhaus [17] constructed a decomposition for any el-
ement in the orthogonal group of a non-degenerate quadratic space
over a field of characteristic not 2 and used it to provide an alter-
native description of the spinor norm. This decomposition played a
central role in the study of question of the length of an element in
the commutator subgroup of the orthogonal group with respect to
the generating set of all elementary commutators of hyperplane re-
flections. See Hahn [6]. The current article develops the fundamental
properties of the Zassenhaus decomposition, e.g., those of uniqueness
and conjugacy, and applies them to sharpen and expand the analysis
of [6].
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1. INTRODUCTION. We begin with a discussion of the length question just
mentioned. For the moment, consider any group G along with a set of gen-
erators A (not containing the identity element of G) that satisfies A=1 = A.
Of all the factorizations of an element o € G as a product of elements from A
choose one that involves the smallest number of factors. This smallest number
is defined to be the length ¢(o) of . One very basic question - necessarily in
the context of specific examples - is this: are there parameters attached to o
from which ¢(o) can be read off?

A number of theorems have responded to this question. For G a Weyl group
- or more generally a Coxeter group - and A an appropriate set of hyperplane
reflections, see Humphreys [7]. Refer to Dyer [3] for a recent result in this
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166 ALEXANDER HAHN

context. For G a classical group and A a set of canonical elements coming from
the underlying geometry, see Hahn-O’Meara [5] for a comprehensive treatment
of the theorems of Dieudonné, Wall, and others. For G a classical group and
A a set of generators coming from a single conjugacy class of elements, see
Ellers-Malzan [2] and Kniippel [10]. In a related direction, interesting codes
have been constructed starting with G = SL(Z) and carefully selected A.
See Margulis [12, 13] and Rosenthal-Vontobel [16] for details. The connection
with the length problem is provided by the associated Cayley graph and its
diameter.

EXAMPLE 1. Let G be the symmetric group on {1,...,n} and let A be the
set of transpositions. Let k(o) be the the number of cycles of ¢ including the
trivial cycles. Then £(c) =n — k(o).

The fact that £(c) < n — k(o) follows from the decomposition of o into its
disjoint cycles. The other inequality is a consequence of the fact that k(o7) =
k(o) £ 1 for any transposition 7. A similar (but more complicated) argument
provides

EXAMPLE 2. Let G be the alternating group on {1,...,n} and let A be the
set of three cycles, or equivalently, the set of elementary commutators of trans-
positions. This time, let k(o) be the number of cycles of odd cardinality again
including the trivial cycles. Then n — k(o) is even and £(c) = 1(n — k(0)).
We now turn to the orthogonal group and begin by recalling some of the basics.
For the details, see [5], especially Sections 5.2A, 5.2B, Chapter 6 (all specialized
to the orthogonal case A = 0) and Section 8.2A.

Let V be a non-zero, non-degenerate, n—dimensional quadratic space with
symmetric bilinear form B over a field F' with char(F) # 2. Denote B(z,z)
by Q(z) and 3Q(z) by g(z). Check that B(z,y) = q(z +y) — a(z) — q(y).
Two vectors x and y are orthogonal if B(x,y) = 0. A non-zero vector z in
V' that is orthogonal to itself is isotropic and it is anisotropic otherwise. A
non-degenerate plane that contains isotropic vectors is a hyperbolic plane and
an orthogonal sum of hyperbolic planes is a hyperbolic space. If U and W are
orthogonal subspaces that intersect trivially, then U & W is denoted U L W.
The orthogonal complement of a subspace U of V is denoted by U, and the
radical of U is defined by Rad U = U N U*. If W is a complement of Rad U
in U, then W is non-degenerate and U = Rad U L W is a radical splitting of
U. Any two such complements of Rad U are isometric.

Let O,,(V') be the orthogonal group of V. For o € O, (V), let S be the subspace
S = (o0 —1y)V of V. This S is the space of o. Intuitively, this is where the
7action” of ¢ is. In particular, there is no action on the orthogonal complement
S+ of S; the fact is that S+ = {x € V | o(x) = x}. Clearly, o0 = 1y if and
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only if S = 0. It turns out that dim S is even if and only if o € O} (V), the
subgroup of O, (V) consisting of the elements of determinant 1. If n € O, (V)
commutes with o, then 7S = 5. We will "transfer” properties of S to . For
example, o is non-degenerate, degenerate, or totally degenerate, if S is non-
degenerate, degenerate, or totally degenerate, that is, if the radical Rad S of S
is, respectively, zero, non-zero, or S. In the same way, o is anisotropic if S is
anisotropic.

An element o € O, (V) is an involution if 02 = 1. It is easy to see that o is
an involution if and only if Olg = —1g. In particular, involutions have the form

o0 = —1g 1 151 and are non-degenerate. Let v be an anisotropic vector and
define 7, in O, (V) by

7o(z) = 2 — B(z,v)q(v) v forall z€V .

Check that the space of 7, is F'v and that 7, o = —1py. So 7, is an involution.
These involutions are the hyperplane reflections or symmetries.

THEOREM 1. (Cartan-Scherk-Dieudonné) Let G be the group O, (V) and let
A be the set of hyperplane reflections. If o is not totally degenerate, then
£(o) = dim S. If o is totally degenerate, then (o) = dim S + 2.

Theorem 1 in combination with Examples 1 and 2 calls attention to the length
problem in the situation where G is the commutator subgroup Q,, (V) of O, (V)
and A the set of elementary commutators of symmetries. It seems surprising
that this question did not receive scrutiny until recently. John Hsia first called
attention to it in the case of a non-dyadic local field and it was solved in this
context in Hahn [6]. The answer is not simply a modification of the conclusion
of Theorem 1, as a comparison of Examples 1 and 2 might suggest. We will see
that, unlike Theorem 1, it depends critically on the arithmetic of the field F'

2. THE ZASSENHAUS DECOMPOSITION. An element o in O, (V) is unipotent
if its minimal polynomial has the form (X — 1)™ for some positive integer
m. A non-trivial unipotent element is degenerate and can, therefore, exist
only if V is isotropic. The elements with minimal polynomial (X — 1)? are
precisely the non-trivial totally degenerate elements. A degenerate element o
with dim S = 2 is an Eichler transformation. Let S be a degenerate plane and
put S = Fu L Fv with v € Rad S and v € S. Define £, , € O, (V) by

Yuo(x) =24 B(z,v)u — B(z,u)v — q(v)B(z,u)u forall zeV.
Then ¥, , is an Eichler transformation and all Eichler transformations have
this form. A totally degenerate Eichler transformation has minimal polynomial

(X —1)? and one that is not totally degenerate has minimal polynomial (X —1)3.
In particular, all Eichler transformations are unipotent.
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Let o be any element in O, (V). Consider the subspace
X={zecV|(o—-1y)z=0 some j}

of V. This unique largest space on which ¢ acts as a unipotent transformation
turns out to be non-degenerate. Let R = X*. Then R is non-degenerate and
X = R!. Notice that cR* = R*. So ¢R = R and hence o = O |ps uE Olp Put

=0, llgpand p=1px1 J_O"R. Then
o=p-p

with p unipotent and p non-degenerate with space R. This is the Zassenhaus
decomposition or splitting of o. Note that y and p commute.

To develop the essential properties of the Zassenhaus splitting, we need the
Wall form. Let o € O, (V). Define

(,)s:SxS—F

by the equation (cx — z,0y — y), = B(ox — z,y) for all ox — x and oy — y
in S. This is the Wall form on S. It is non-degenerate and bilinear, but it
is almost never symmetric. In fact, (, ), is symmetric if and only if o is an
involution, and in this case, (s,s'), = —2B(s,s') for all s,s" in S. Also, (, ),
is alternating if and only if o is totally degenerate.

The space S is now equipped with both the Wall form (, ), and the restriction
of B. When the focusis on (, )., then S is denoted by S,. Similarly, the space
Sy of o1 in O,(V) is written S,, when (, ),, is under consideration, and
analogously for 3. The spaces of orthogonal transformations u, p, ', p' and
so on, will be denoted by U, R,U’, R’ and so on, with appropriate subscripts
when the focus is on the Wall form.

The key facts are these. Let S; be a non-degenerate subspace of S,. Then
there is a unique o1 € O,(V) - the transformation belonging to S; - such
that S,, = S;. Let Sz be the right complement of S; in S,. Then Sy is
non-degenerate. If o, is the transformation belonging to S5, then o = o105.
Conversely, if o = 0109 with S; N S2 = 0, then S, = S,, L S,,. This means
that the Wall forms of both S,, and S,, are obtained by restricting the Wall
form (, ), and that (s1,82), = 0 for all s; € S; and s2 € Sy (but it is not
required that (s2,s1), = 0). For example, if 0 = up is the Zassenhaus splitting
of o, then because p and p commute,

S,=U, LR,=R, LU,.

Another important fact asserts that elements o and o7 in O, (V') are conjugate
in O, (V) if and only if the spaces S, and S,, are isometric.

To conclude this discussion of the Wall form, we note that the map
0:0(V) — F/F?
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defined by O(c) = (disc S,)F?, where disc S, is the discriminant of the space
S., provides one of the (equivalent) definitions of the spinor norm. Its kernel
is denoted by O), (V). All unipotent elements are in O} (V). It is clear that
0, (V) 2 0,(V) and it is a standard fact that if V' is isotropic, then O, (V) =
Q,(V). A formula useful for computations is

O(c) =O(p) =det (p— 1V)\R disc R,

where p is the non-degenerate component of the Zassenhaus decomposition of

* *
o and disc R € F/F? is the discriminant of the space R relative to the form
B.

PROPOSITION 1. Let o = up be the Zassenhaus splitting of an element o €
O,(V). Then S=U L R, and

i) o isin 2,(V) if and only if both x and p are in Q, (V).

ii) An element in O, (V) commutes with o if and only if it commutes with
both p and p.

PrOOF: Recall that O, (V) has non-trivial unipotent elements only if V' is
isotropic. So any non-trivial unipotent element of O,, (V) is in O}, (V) = Q, (V).
This implies (i). As to (ii), observe that if n € O, (V) commutes with o, then
n stabilizes X = R*+. Son = Ui L Mg and it follows that n commutes with
both p and p. QED.

We next consider the question of the uniqueness of the Zassenhaus splitting. It
is not difficult to construct situations of the following sort: a non-degenerate
element ¢ and a non-trivial unipotent element py with Uy C S such that pg
commutes with ¢ and the space of py = Mala is S. In such a situation,
o = 1lyo = pgpo are two different ways of writing o as a commuting product of
a unipotent element and a non-degenerate element. We will see that such situ-
ations are in essence the only obstruction to the uniqueness of the Zassenhaus
splitting.

Let o = pp be the Zassenhaus splitting of o € O, (V). Suppose that o = p/p’
is any factorization of ¢ with g’ unipotent, p’ non-degenerate, and such that
i and p’ commute.

Denote by W the orthogonal complement W = R’~ of the space R’ of p. By
an application of Proposition 1 (ii), the elements p, i/, p, and p’ all commute
with each other. In particular, ¢ commutes with p’. So R’ = R’ and hence
oW = W. Therefore, o = g L i The fact that p’ = 1w, tells us
that Tl = ' - So ¢ is unipotent on W and hence W C R1t. Therefore,

R' =W+ D R. Let T be the orthogonal complement of R in R’. Because R’
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and R are both non-degenerate, R’ =T 1 R with T non-degenerate. Because
R is the largest space on which o is unipotent, T is the largest space on which

0|, is unipotent. So

Ol = (b, L1R)(A2 L p),)

is the Zassenhaus splitting of O |pr Notice that 17 L Plp = Pl and hence that
fpp L1r = ), Since ¢’ and p’ commute with with both p’ and p, it follows
that p/ and p’ stabilize the spaces R’, R, and therefore T. So

Plp =% = (MI\T)(p/\T) :

Therefore, p’ - is a product of two commuting unipotent transformations. So
o | is unipotent. If T where to be non-zero, then p’ would fix a non-zero vector
in T. But this is impossible, because p’ is non-degenerate with space R’. So
T = 0. Hence R' = R and W = R*. This means that MI\RL =0 = Mg
and hence that p' = g L ' - Because w = s k= Ol = Pl it follows
that p =1z L (@ ‘R)’l(p ‘R). Therefore the obstruction to the uniqueness of
the Zassenhaus splitting is as described earlier.

Notice that U’ "R = U' N R = 0 if and only if u/ k= 1z. In this case,
@' = pand p’ = p. If R is anisotropic, then O, (R) has no non-trivial unipotent
elements, and this condition is met. The following uniqueness criterion is a
special case of our discussion.

PrROPOSITION 2. (Uniqueness) Let ¢ = pp be the Zassenhaus splitting of
o € On(V). Suppose that ¢ = p'p’ where y/ is unipotent, p’ non-degenerate,
and S =U’ L R'. Then

p=p and p'=p.

ProPOSITION 3. (Conjugacy) Let o and o1 be elements in O, (V) and let
o = up and o1 = p1p1 be their Zassenhaus splittings. Then o is conjugate to
o if and only if p; is conjugate to p and p; is conjugate to p.

PRrROOF: If g7 is conjugate to o then by an application of Proposition 2, u; is
conjugate to p and p; is conjugate to p. As to the converse, observe first that
Se =U, L R, = R, L U, and similarly for S,,. If y; is conjugate to p and
p1 is conjugate to p, then U, is isometric to U, and R, is isometric to R,,.
Therefore S,, is isometric to S,, and hence o, is conjugate to o.  QED.

3. APPLICATION TO THE LENGTH PROBLEM. Our study of the length problem
for the group €, (V) and its set of generators

A = {1yTwTvTw|Tw and 7, non-commuting hyperplane reflections in O, (V)}
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will expand on the results of Hahn [6].

Let o € Q,(V) be arbitrary. Note that the typical element 7,7,7,7y in A is
equal to 7,7, (v) = ToTor Where Fv # Fv' and Q(v) = Q(v’). Conversely, any
such product is an element in A. It is a direct consequence of this fact and
Theorem 1, that

o) > %dim S.

We will therefore define o € Q,,(V) to be short if {(c) = +dim S and long if
{(o) > $dim S.

Our goal is the same as that of Theorem 1, namely the complete description of
the long elements of ,,(V) and the determination of their lengths.

Let 0 in 2,,(V) be an involution. By an application of the Wall form, o is short
if and only if S =W; L --- L W, with dim W; = 2 and disc W; = 1. Totally
degenerate elements are in Q, (V). It follows from Theorem 1 that they are
long. We now focus on the elements in Q,, (V) that are neither involutions nor
totally degenerate.

THEOREM 2. Let 0 € ©,,(V) be long with o neither totally degenerate nor an
involution. Let o = up be the Zassenhaus splitting of o. Then

i) The space of y satisfies U = RadU L T with T anisotropic. The element
pt is a product of 3(dim U) commuting Eichler transformations, exactly
dim T of which are not totally degenerate. In particular, (u — 1y)% = 0.

ii) The element p is long and its space R is anisotropic.

iii) (Splicing Condition) The space T' L R is anisotropic.
Finally, if V' is isotropic, then £(o) = %dim S + 1.
PROOF: In view of Hahn [6] and in particular Proposition 15, only the existence
of the factorization in (i) requires proof. By the same proposition, we know
that (u — 1y)U C Rad U. If T' = 0, then u is totally degenerate. By Hahn-
O’Meara [5], u is a product of §(dim U) totally degenerate commuting Eichler
transformations. So we may assume that T # 0. Let w; € T be non-zero.
If g, = wy, then wy is in the fixed space UL of p. But this implies that
wy; € UNU* = Rad U, a contradiction. So pw; — w; is a non-zero vector in
Rad U. Put pw; = wy + wy with u; € Rad U. Note that u(Fu; L Fw;) =
Fu; 1 Fw; and (because u is unipotent) that the restriction of p to this

plane has determinant 1. Let a; = B(w;,w;)”! and consider the Eichler
transformation ¥, o,w,. Check that X, o w, (u1) = w1 and Xy, aqw, (w1) =
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w1 + uy. Observe that ,uZ;llalwl‘ = 1(Fuy LFuwy)- By 8.2.16 of [5],
’ (FulJ_le)
i commutes with Eill,alwl' Put g = E;ll’alwlu. By general facts, U; C

(Fu; L Fwy) 4+ U C U. Because pu; fixes w; while p does not, the fixed
space Ui~ of p; strictly contains the fixed space UL of u. It follows that
dim U; = dim U — 2. Because p = Xy, ayuy - #1, U C (Fus L Fuwq) + Us.
By dimensions, U = (Fu; L Fw;) @ Uy. Since Xy, 0,0, commutes with g,
it commmutes with p;. Therefore, U = (Fu; L Fw;) L U;. Note that
Rad U = Fu; 1L Rad U;. Put U; = Rad U; L T;. Because

U:(FU1 1 Rad Ul)J_(le J_Tl)

is a radical splitting of U we know that F'w; L T} is isometric to T and hence
that T is anisotropic. The element 7 is unipotent because it is a product of
two commuting unipotent elements. An induction completes the proof. QED.

REMARK: By dimension considerations, the spaces of the Eichler transfor-
mations in Theorem 2 (i) are planes with trivial intersection. Because these
Eichler transformations commute, these planes are orthogonal. Observe also
that %dim U > dim T, and hence that dim Rad U > dim T.

The next two results will show that the limitations that Theorem 2 imposes
on the components p and p of the Zassenhaus splitting of a long element o are
considerable.

Let p(X) = axX* + -+ + a1 X + ap be a polynomial in F[X]. We call p(X)
symmetric if the two sequences of coefficients ag,...,a9 and ag,...,ar are
identical.

THEOREM 3. Let o € Q,(V) be long. Then the prime decomposition of the
minimal polynomial of ¢ has the form

(X =1)"pi(X) - pi(X)
where 0 < m < 3 and the p;(X) are distinct, monic, symmetric, and irreducible.

PrROOF: If ¢ is an involution or totally degenerate, this is clear. So assume that
Theorem 2 applies to 0. Consider p|_. Because R is anisotropic, any non-zero
subspace W of R is non-degenerate. It follows that R = W; L --- L W; where
each W; is invariant under p, but Ply, has no non-trivial invariant subspaces.
By applying the results of Huppert, e.g., Satz 2.4 of [8] and Satz 4.1 of [9],
(also see the references to Cikunov in Milnor [14]), we see that the minimal
polynomial of Pl is symmetric and irreducible.  QED.

PROPOSITION 4. Let i be the Witt index of V. Let o € £,,(V) be a unipotent
element with minimal polynomial (X — 1)™.
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i) If V is hyperbolic, then m < 2 — 1.
ii) If V is not hyperbolic, then m < 2i + 1.

In either case, there exist unipotent elements such that equality holds.

ProOOF: The inequalities follow by induction on ¢. The case ¢ = 0 is the
anisotropic case, where we already know that 1y is the only unipotent element.
So assume that ¢ > 1. Now refer to case (2) of the proof of Theorem 2.4 of
[4] and in particular to the unipotent element 7 = oy € Q,,_2(X). Let k be
the degree of the minimal polynomial of 7. Notice that V = Z 1 X with Z
a hyperbolic plane. So the Witt index of X is ¢ — 1. Applying the induction
hypothesis to 7, provides the inequality £ < 2(i — 1) = 1 = 2 — 3 if X is
hyperbolic and k < 2(i — 1) +1 = 2i — 1 if not. It follows from the way o and
7 are related that m < k + 2. This completes the proof of the inequalities.
The construction of the required elements also follows inductively. If V is a
hyperbolic plane, then 1y is the only unipotent element and it satisfies the
equality trivially. Note next that a hyperbolic space of Witt index ¢ contains a
non-degenerate space of Witt index ¢ — 1 that is not hyperbolic. This implies
that it suffices to carry out the construction of the required unipotent element
in case (ii). So suppose that V' is not hyperbolic with Witt index i. To get the
induction off the ground, take ¢ = 1. Let 0 = X,, , be a non-degenerate Eichler
transformation. Then m = 3 = 2¢ + 1 as required. It is also easy to check
that (o — 1y/)2V = Fu. Because V is spanned by isotropic vectors, there is an
isotropic vector w in V such that (0 — 1y)?w = u. Because i = 1, it follows
that B(o (o — 1y )*w,w) = B(u,w) # 0.

Suppose that ¢ > 2 and let V. = H 1 W with H a hyperbolic plane. Note
that W is not hyperbolic and that it has Witt index ¢ — 1. For the induction
hypothesis, assume that 7 is a unipotent element in €,,_o(W) and that the
minimal polynomial of 7 is (X — 1)* with & = 2(i — 1) + 1 = 2i — 1. Assume
further that (7 — 1yy7)* ='W is a line spanned by (7 — 1y)*~!w with w isotropic
and B(7(1 — 1)*lw,w) # 0. Put H = Fu ® Fv with u and v isotropic and
B(u,v) = 1. To complete the proof, we will show that o =X, ., - (1g L 7)isa
unipotent element in Q,, (V) that satisfies all the properties of 7 with k + 2 in
place of k. jFrom the defining equation of ¥,, ,, we see that cu—u = 0,0v—v =
w, and that

ox —x =71 — 2+ B(rz,w)u forall z € W.
This formula and an induction shows that
(0 —1yYa=(r—1w)a+ Br(r — 1w) 'z,w)u forall x €W and j>1.
We claim that ¢ has minimal polynomial (X — 1)¥*2 that (¢ — 1y)**!V is

spanned by (0—1y)¥*1v, and that B(o(o—1y)*T1v,v) # 0. To see this, observe
first that (o — 1y)** 'z = 0 for all z € W. Because (o — 1y )u = 0, it follows
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that (o — 1y)**1V is spanned by (o0 — 1y)¥T1v. Recall that (o — 1y )v = w.
Therefore,

(0 — 1v)k+11) = (O’ — 1v)kw
= (- lw)kw+B(T(T— lw)kflw,w)u
B(r(1 — 1w)* tw,w)u #0 .

Because ou = u, we see that (0 — 1y/)**2y = 0 and hence that o has min-
imal polynomial (X — 1)k¥*2. Finally, B(c(c — 1y)**lv,v) = B(B(r(r —
1w w, w)u,v) = B(1(1 — 1y )*tw, w)B(u,v) # 0. The proof is complete.
QED.

The elements of Theorem 2 can be constructed as follows: Start with a long
anisotropic p in €, (V). Choose a subspace U = Rad U L T in R such that
T 1 R is anisotropic and dim Rad U > dim T'. Split U into an orthogonal sum
of degenerate planes. For each plane choose an Eichler transformation that has
the plane as its space. Let pu be the product of these Eichler transformations and
set o = pup. This - by its uniqueness property - is the Zassenhaus decomposition
of 0. Therefore, the description of the long elements of €2,,(V') has been reduced
to the following two problems:

A. Classify all long anisotropic elements p in Q,(V) and compute their
lengths in the case of an anisotropic V.

B. Determine which of the elements in Theorem 2 are actually long.

Notice that the conjugates of a long element in £,(V) are long elements
of Q,(V). If the long element is anisotropic, then the conjugates are also
anisotropic. Thus, the problem of classifying long elements calls for the classi-
fication of their conjugacy classes.

4. LocAL FIELDS. The study of the arithmetic theory of quadratic forms
flows classically via the progression

C, R, finite fields, local fields, and global fields

from the easy situations to the hard ones. The theory over local fields makes
use of that over finite fields (via the residue class field) and the theory over
global fields - in characteristic zero these are the finite extensions of @Q - is
based via local/global principles on the theory over local fields and C and R.

The benefit of hindsight, namely that the length problem that is being consid-
ered depends on the arithmetic of the field, suggests that its analysis should

proceed along the same path. Theorem 4 below is a routine application of
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Theorem 1. See Hahn [6] for the details. Observe that it applies at once to
C, R, and finite fields.

THEOREM 4. Suppose that card F'//F? < 2. Then the totally degenerate ele-
ments o are the only long elements in ,,(V'), and for these ¢(¢) = 1 dim S+ 1.

Let’s turn next to the case of a local field. RT be the set of positive real
numbers. A local field is a field F' that has a valuation

| |: F— RTU{0}

*
which satisfies the strong triangle inequality and with respect to which |F| is
discrete and F' is complete. Let

o ={acF|la] <1}

be the wvaluation ring of F and p = {a € F | |a| < 1} its unique maximal
ideal. As part of the definition of local field, the residue class field o/p is
assumed to be finite. We continue the assumption that char F' £ 2. Denote
by u = {e € 0| |¢| = 1} the group of invertible elements of 0. Because the
maximal ideal p is principal, p = om for some 7 € 0. Any such 7 is a prime
element in 0. Note that |7| is the largest value such that |7| < 1.

We refer to O’Meara [15] for the notation and the basic properties of local
fields, their quadratic forms and orthogonal groups. Two important facts about
quadratic forms over local fields are these: any non-degenerate quadratic space
of dimension five or more is isotropic, and there is, up to isometry, a unique
anisotropic four dimensional quadratic space.

It will be necessary to distinguish non-dyadic local fields from dyadic local
fields. The local field F' is non-dyadic if 2 is invertible in o and dyadic if not.
So F is non-dyadic if |2| = 1 and dyadic if |2| < 1. If V is the unique 4-
dimensional anisotropic quadratic space, then Q4(V) has index two in O4(V)
if F is non-dyadic, and Q4(V) = O4(V) if F is dyadic.

Consider a long element o € €, (V) that is neither totally degenerate nor
an involution and return to the properties of the Zassenhaus decomposition
o = up provided by Theorem 2. The fact that p is long implies that dim R > 4.
Therefore,

4<dim R<dim (T L R) <4.
So T = 0, and p is totally degenerate. In reference to Theorem 3, it follows

that the bound on m is 0 < m < 2. Also, dim R = 4 and R is the unique
4-dimensional anisotropic space over F. What else can be said about p?
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PROPOSITION 5. Let p in 2,(V) be anisotropic with dim R = 4. Then Plp €
O}(R), and

i) If F is non-dyadic, then p is long if and only if n > 5 and Plp € O}(R) —
Q4(R) .

ii) If F is dyadic, then p is long if and only if Pl € O} (R) = Q4(R) is long.

This initial answer to Question A is proved in [6]. Suppose that F' is non-dyadic.
Then Proposition 5 together with Theorem 2 tell us that ¢(o) = $dim S+1 for
any long element o. Proposition 5 also provides a complete answer to Question
B. See Theorem 3 of [6]. It asserts that the long elements in £2,,(V') that are not
involutions and not totally degenerate are those of Theorem 2, namely they are
precisely the elements with Zassenhaus decomposition o = pp, where p = 1y
or p is totally degenerate and p satisfies (i) above. If F is dyadic, then Question
B is as yet not resolved. However, it is known that /(o) = 2dim S + 1 for all

-2
long elements o.

Let V be the anisotropic 4-dimensional space over F. In view of Proposition 5
we will analyze the elements o in O}(V) that satisfy

(A) oin O4(V) — Qu(V) if F is non-dyadic, and
(B) o along element in O} (V) = Qu(V) if F is dyadic.

Is there a criterion that pinpoints when an element in O} (V) satisfies (A) or
(B)? A theorem of Milnor [14] tells us where to look.

THEOREM 5. Let V be an n-dimensional, non-degenerate quadratic space over
a local field F. Let m(X) be a monic, irreducible polynomial in F[X] and let
deg m(X) = k. Assume that m(X) is neither X — 1 nor X + 1.

i) m(X) is the minimal polynomial of an element of O,, (V) if and only if & is
even and divides n, m(X) is symmetric, and disc V = (m(1)m(—1))% F2.

ii) Given such a polynomial m(X) there is precisely one conjugacy class of
elements in O, (V') with minimal polynomial m(X).

Milnor’s result no longer holds when m(X) is reducible. Any Eichler transfor-
mation that is not totally degenerate has minimal polynomial (X — 1)® and
provides an example showing that (i) no longer holds. The nontrivial totally
degenerate elements - all of which have minimal polynomial (X — 1)? - show
that (ii) fails. Let g and p; be totally degenerate elements. Then p is conjugate
to pq if and only if their respective spaces U and U; have the same dimension.
This follows from the conjugacy criterion given by the Wall form and the fact
U, and U,, are both alternating.
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Let 0 € O} (V) and let m(X) be its minimal polynomial. Milnor’s theorem sug-
gests that it should be possible to look at m(X) and decide whether o satisfies
condition (A) or (B) or not. In reference to Theorem 3, we are interested in
precise information about the product p;(X)---pg(X). In the discussion that
follows, only the arithmetic aspects of the proofs will be provided.

PROPOSITION 6. Let V' be anisotropic with dim V' = 4 and let o € O4(V).
Then o satisfies (A) or (B) if and only if o satisfies the long criterion:

Qoz —2) = —B2Q(z) for all z €V and some B, € F.

Suppose that m(X) has a factor of the form X — a. So oz = ax for some
non-zero r in V. Because x is anisotropic, a = £1. Since ox = x violates the
long criterion, we must have oo = —x. So a = —1. Therefore, X + 1 is the
only possible monic linear factor of m(X). If (X + 1)? is a factor of m(X),
then —o is a non-trivial unipotent element on some subspace of V. But this is
impossible, because V is anisotropic.

1. Suppose deg m(X) = 1. This implies that m(X) = X + 1 and hence that
o = —1ly. Because disc V = 1, —1y € O}(V). Check that o = —1y

satisfies the long criterion precisely when —1 € F2.

2. Suppose deg m(X) = 2. Observe that m(X) must be irreducible. By
Theorem 5, m(X) = X? — cX + 1 for some ¢ € F. Notice that ¢ #
£2. Every line of V' contains a plane that is invariant under o. Let

*
W be any such plane. By Theorem 5, disc W = —(c — 2)(c + 2)F2.
Because V' is anisotropic, W is not a hyperbolic plane, and therefore,

*
(c—2)(c+2) ¢ F2. Again by Theorem 5, there is precisely one conjugacy
class of such elements o for a given c¢. A spinor norm computation shows
* *

that ©(c) = (¢ —2)?F? = F?. So any ¢ with minimal polynomial of this
form is in O4(V). It turns out that o satisfies the long criterion if and

only if ¢ — 2 € F?.

3. Suppose deg m(X) = 3. By Theorem 5, m(X) is reducible. It follows
that m(X) = (X + 1)(X? — cX + 1) with X? — ¢X + 1 irreducible.
Again, ¢ # £2. Let p1(X) = X + 1 and pa(X) = X2 —cX + 1. Put
U = pa(0)V and W = p;1(0)V. Observe that U and W are planes that
are invariant under o, that V. = U L W, that Tl = —1y, and that

Tl has minimal polynomial X2 — c¢X 4+ 1. As in the previous case,

disc W = —(c —2)(c+2)F? and (¢ —2)(c+2) ¢ F?. By Theorem 63:20
of [15], there are two isometry classes of anisotropic planes of a given
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discriminant. An application of Theorem 5 implies that there are two
conjugacy classes of o for a given ¢. By a spinor norm computation,

O(o) = —(c —2)F% So o € O4(V) if and only —(c —2) € F? and
—(c+2) ¢ F?. The analysis of the long criterion for o € O}(V) will

follow shortly. We will see that if it holds, then —1 € F? and ¢ — 2 € 4u?.
This implies in turn that ¢ € 2u. If F' is non-dyadic, the converse is true.

Namely, —1 € F? and ¢ — 2 € u? together imply the long criterion.

4. Suppose deg m(X) = 4. In this case, either
m(X) = (X% —cX +1)(X%—dX +1) with distinct irreducible factors,

or
m(X) = X* —cX? —dX? — cX + 1 is irreducible.

The first case is very similar to case (3). The second seems complicated
and is as yet not completely understood.

We now return to case (3) and to the analysis of the long criterion. Let U and
W denote the non-zero elements of U and W and let

C=QW)/Q(U).

The set C' is closed under multiplication by squares and hence under taking
inverses.

Assume that the long criterion holds. Applying it to U and W we get that

(1) —1 and ¢—2 are bothin FZ.

Put —1 =42 and ¢ — 2 = s? and let t = —2is~!. Applying the long criterion to
the vectors x = u + w with u € U and w € W, tells us that

1+ ~t2

€ F?2 forall veC.
1+~ 7

(i)
Conversely, the long criterion is equivalent to the combination of (i) and (ii).

We assume that (i) and (ii) hold and consider the consequences for the constant
c. We show first that ¢ € u. It follows from the discussion in paragraph 63.C of
O’Meara [15] that C' contains a prime element 7. Therefore C' contains 7 for
any odd 7 either positive or negative. Put ¢t = é7* with 6 € u. Taking vy =«
we get,

L4t 146221
1+~ 1+7
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If ¥ < 0, then 2k +1 < 0, and % = |n|?**! by the Principle of
Domination. Because 2k + 1 is odd, the element above cannot be a square.
This contradicts (ii). If & > 0, a similar contradiction is obtained by taking
~v =1, Therefore, k = 0 and ¢ € u as required. Let ¢ = —it~! € u. Because
s = 2¢, we get

c—2=4¢2.

Therefore, ¢ — 2 € 4u? as asserted earlier. Note that ¢ = 2(2e2 +1). If F is
dyadic, then by domination, ¢ € 2u. This is also true in the non-dyadic case. If
¢ & u, then ¢ € p. But this would imply by Hensel’s Lemma that X% — cX + 1
is reducible.

*
We now explore the converse. Assume both —1 € F? and ¢ — 2 € 4u?. Does
o € 04(V) with such a c satisfy the long criterion, or equivalently, conditions
(i) and (ii)? Condition (i) holds trivially, so the focus is on (ii). Put ¢c—2 = 42
with € € u. Set s = 2¢ and t = —2is~! = —ie~!. Notice that ¢ € u. Because C

is closed under taking inverses, (ii) is equivalent to 1 + Lol ¢ F2 for all v in

14
C. Check that t? — 1 = 74;352 = f%g = f‘jfgf . So the question is this: Is it
the case that
2 *
(ii) ELLEY
4e2(1 +7)

for all vy € C?

The first step toward the answer is the observation that {|1+~| | v € C} is
bounded below by |4|. For suppose that |1 + «| < |47| for some v € C. Then

1+ v = 4an for some a € 0. But this means that —y = 1 — 4am € F? by the
Local Square Theorem. Because C'is closed under multiplication by squares,
—~ € C. But this implies that the intersection Q(U) N Q(W) is not empty.

This would mean that V contains a plane of discriminant F?2 = —F?, i.e., a
hyperbolic plane. This is not possible because V' is anisotropic. Now assume
that |c + 2| < |4|>. Given the bound just established, |ﬁ1—2-w)| < |4] for all
v € C. Therefore by another application of the Local Square Theorem,

c+2 %
- ———— € F
4e2(1 4 7)

for all v in C.

We conclude the discussion of the converse by assuming that F' is non-dyadic.
In this case (iii) is satisfied for any ¢ (such that ¢c—2 € 4u?). Because |4| = 1, we
already know that (iii) holds when c+2 € p. Since ¢+2 € o, only the case c+2 €
u remains. Instead of (iii), we will verify the equivalent condition (ii). Recall
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from the beginning of the analysis of case (3) that disc W = —(c — 2)(c+ 2)F?
and —(c+2) ¢ F2. Sodisc W = —(c+2)F? and, by an application of Example
63:15 of [15], C = muF?. Let v = néa? € C with § € u and o € F be arbitrary.

If |o] <1, then |y| < 1. So 1+~ and 1 + 2y are both in F? by the Local
Square Theorem. Therefore (ii) holds. Suppose |a| > 1. Now |y| > 1 and the
Local Square Theorem tells us that 1+~ and 1 +¢~2y~! are both squares.
So % is a square. Therefore 1fjf is a square as well and (ii) holds in
this case also. The proof of the converse in the non-dyadic case is complete.

The dyadic situation is much more delicate and is not completely settled.

5. GLOBAL FIELDS. Let F be a global field, let V' be a non-degenerate
quadratic space over F', and consider the group €, (V). Not much is known
about the length question in this situation, but it is clear that local-global
considerations are relevant. Let p be a prime - Archimedean or not - and
consider the completion Vj,. The first indication is the theorem that tells us
that ¢ € Q,(V) if and only if o, € Q,(V,) for all p. Another is the fact
(analogous to what was observed in the local case) that the analysis of the
anisotropic long elements in €, (V) reduces to the 4-dimensional anisotropic
long elements. This is true not only in the situation where F' is a function field
or a totally complex number field (in these situations there are no anisotropic
spaces of dimension 5 or more) but in general. More precisely, if o is an
anisotropic long element, then

O =W "WEo1,

where all w; are elementary commutators of hyperplane reflections, the space
S=W1®---®&Wr® S5, and o7 is long with dim S; = 4.
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