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CHAPTER 1

Symmetric bilinear forms

Throughout, K will denote a field of characteristic # 2. We are mainly
interested in the cases K = R or C, and sometimes specialize to those two
cases.

1. Quadratic vector spaces

Suppose V is a finite-dimensional vector space over K. For any bilinear
form B: V x V — K, define a linear map

B:V - V* v B(v,-).

The bilinear form B is called symmetric if it satisfies B(v1,v2) = B(ve,v1)
for all v;,v; € V. Since dimV < oo this is equivalent to (B")* = B’.
The symmetric bilinear form B is uniquely determined by the associated
quadratic form, Qp(v) = B(v,v) by the polarization identity,

(1) B(v,w) = 3(Qp(v+w) — Qp(v) - Qp(w)).
The kernel (also called radical) of B is the subspace
ker(B) = {v € V| B(v,v1) =0 for all v; € V'},

i.e. the kernel of the linear map B’. The bilinear form B is called non-
degenerate if ker(B) = 0, i.e. if and only if B’ is an isomorphism. A vector
space V together with a non-degenerate symmetric bilinear form B will be
referred to as a quadratic vector space. Assume for the rest of this chapter
that (V) B) is a quadratic vector space.

DEFINITION 1.1. A vector v € V is called isotropic if B(v,v) = 0, and
non-isotropic if B(v,v) # 0.

For instance, if V= C" over K = C, with the standard bilinear form
B(z,w) = Y., zw;, then v = (1,7,0,...,0) is an isotropic vector. If
V = R? over K = R, with bilinear form B(x,y) = x1y1 — T2y2, then the set
of isotropic vectors z = (x1,x2) is given by the ‘light cone’ 1 = +x5.

The orthogonal group O(V') is the group

(2) O(V)={AeGL(V)| B(Av, Aw) = B(v,w) for all v,w € V}.

The subgroup of orthogonal transformations of determinant 1 is denoted
SO(V), and is called the special orthogonal group.
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2. ISOTROPIC SUBSPACES

For any subspace F' C V, the orthogonal or perpendicular subspace is
defined as
Ft ={veV|Bv,uv)=0forall v; € F}.
The image of B’(F+) C V* is the annihilator of F. From this one deduces
the dimension formula

(3) dim F + dim F+ = dim V/
and the identities
(FO =F, (ANB) =F+F, (Fi+R)" =FNF

for all F, Fy, F5, C V. For any subspace F' C V the restriction of B to F' has
kernel ker(B|pxr) = F N F*.

DEFINITION 1.2. A subspace F' C V is called a quadratic subspace if the
restriction of B to F is non-degenerate, that is F N F+ = 0.

Using (F1)t = F we see that F is quadratic < F* is quadratic <
FoFt=V.

As a simple application, one finds that any non-degenerate symmetric
bilinear form B on V can be 'diagonalized’. Let us call a basis €1, ..., ¢, of
V' an orthogonal basis if B(e;,e;) = 0 for all i # j.

PROPOSITION 1.3. Any quadratic vector space (V, B) admits an orthog-
onal basis €1,...,€e,. If K = C one can arrange that B(e€;, ;) = 1 for all i.
IfK=R or K =Q, one can arrange that B(e;, ;) = £1 for all i.

PRrROOF. The proof is by induction on n = dim V, the case dimV =1
being obvious. If n > 1 choose any non-isotropic vector ¢; € V. The span
of €1 is a quadratic subspace, hence so is span(el)l. By induction, there is
an orthogonal basis €3, ..., ¢, of span(e;)*. If K = C (resp. K = R,Q), one
can rescale the ¢; such that B(e;,€;) =1 (resp. B(e;,€;) = £1). O

We will denote by K™™ the vector space K" with bilinear form given
by B(e;,€j) = £d;5, with a + sign for i = 1,...,n and a — sign for i =
n+1,....,n+m. If m = 0 we simple write K® = K™°, and refer to the
bilinear form as standard. The Proposition above shows that for K = C,
and quadratic vector space (V,B) is isomorphic to C" with the standard
bilinear form, while for K = R it is isomorphic to some R™™. (Here n,m
are uniquely determined, although it is not entirely obvious at this point.)

2. Isotropic subspaces
Let (V, B) be a quadratic vector space.

DEFINITION 2.1. A subspace F' C V is called isotropic' if B|pyp = 0,
that is ' C F*.

1In some of the literature (e.g. C. Chevalley [?] or L. Grove [?]), a subspace is called
isotropic if it contains at least one non-zero isotropic vector, and totally isotropic if all of
its vectors are isotropic.



CHAPTER 1. SYMMETRIC BILINEAR FORMS

The polarization identity (1) shows that a subspace F' C V is isotropic
if and only if all of its vectors are isotropic. If F' C V is isotropic, then

(4) dim F < dim V/2
since dimV = dim F + dim F+ > 2dim F.

PROPOSITION 2.2. For isotropic subspaces F, F' the following three con-
ditions
(a) F + F' is quadratic,
(b) V=Fo(F)*
() V=FaoFt
are equivalent, and imply that dim F' = dim F’. Given an isotropic sub-
space ' C V one can always find an isotropic subspace F' satisfying these
conditions.

PROOF. We have
(F+FYN(F+F)Y-=(F+F)nFtnFE)*
= (F4+ (F'nFH)n(F)*t
= (FN(F)h) + (F'nFh.
Thus
- (F+F)N(F+F)Y =0 Fn(F)r ' =0and FFNFt=0
& FN(F)r =0, and F+ (F)* =V.

This shows (a)<(b), and similarly (a)<(c). Property (b) shows dimV =
dim F + (dim F’)* = dim F +dim V —dim F’, hence dim F' = dim F’. Given
an isotropic subspace F', we find an isotropic subspace F’ satisfying (c) as
follows. Choose any complement W to F'*, so that

V=F-aw

Thus V = F-+ W and 0 = F-NW. Taking orthogonals, this is equivalent
to0=FNW,and V =F + W, that is

V=Faowk

Let S: W — F C F* be the projection along W+. Then w — S(w) € W+
for all w € W. The subspace

F' ={w—3S(w)| we W}

(being the graph of a map W — F*1) is again a complement to F*, and
since for all w €

B(w — 1S(w),w — $S(w)) = B(w,w — S(w)) + 1B(S(w), S(w)) =0

(the first term vanishes since w — S(w) € W+, the second term vanishes
since S(w) € F is isotropic) it follows that F’ is isotropic. O
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3. SPLIT BILINEAR FORMS

An isotropic subspace is called mazimal isotropic if it is not properly
contained in another isotropic subspace. Put differently, an isotropic sub-
space F' is maximal isotropic if and only if it contains all v € F* with
B(v,v) = 0.

PROPOSITION 2.3. Suppose F, F' are maximal isotropic. Then
(a) the kernel of the restriction of B to F + F' equals F N F'. (In
particular, F' + F' is quadratic if and only if FNF' =0.)
(b) The images of F, F' in the quadratic vector space (F+F")/(FNF")
are mazximal isotropic.
(¢) dim F = dim F"’.

PROOF. Since F' is maximal isotropic, it contains all isotropic vectors of
FL and in particular it contains F- N F’. Thus

FrnF =FnF
Similarly F N (F')* = FN F’ since F’ is maximal isotropic. The calculation
(5) hence shows
(F+FYNn(F+F)Y-=FnF,

proving (a). Let W = (F 4+ F')/(F N F’') with the bilinear form By in-
duced from B, and 7: F + F' — W the quotient map. Clearly, By is non-
degenerate, and 7(F), w(F") are isotropic. Hence the sum W = 7(F)+m(F")
is a direct sum, and the two subspaces are maximal isotropic of dimension
T dimW. It follows that dim F' = dim7(F) + dim(F N F') = dim7(F') +
dim(F N F’) = dim F". O

DEFINITION 2.4. The Witt index of a non-degenerate symmetric bilinear
form B is the dimension of a maximal isotropic subspace.

By (4), the maximal Witt index is £ dim V if dim V is even, and §(dim V —
1) if dim V' is odd.

3. Split bilinear forms

DEFINITION 3.1. The non-degenerate symmetric bilinear form B on an
even-dimensional vector space V' is called split if its Witt index is % dimV. In
this case, maximal isotropic subspaces are also called Lagrangian subspaces.

Equivalently, the Lagrangian subspaces are characterized by the prop-
erty
F=F*
Split bilinear forms are easily classified:

PROPOSITION 3.2. Let (V,B) be a quadratic vector space with a split

bilinear form. Then there exists a basis ey, ..., ek, f1,..., fx of V in which
the bilinear form is given as follows:
(6) Blei ej) =0, Blei, f;) = bij, B(fi, f5) = 0.
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CHAPTER 1. SYMMETRIC BILINEAR FORMS

PROOF. Choose a pair of complementary Lagrangian subspaces, F, F".
Since B defines a non-degenerate pairing between F' and F’, it defines an
isomorphism, F’ = F*. Choose a basis e1, ..., e, and let fi,..., fr be the
dual basis of F’ under this identification. Then B(e;, fj) = 0;; by definition
of dual basis, and B(e;,e;) = B(fi, fj) = 0 since F, F’ are Lagrangian. [

Our basis ey, ..., e, f1,..., fr for a quadratic vector space (V, B) with
split bilinear form is not orthogonal. However, it may be replaced by an
orthogonal basis

c=ei+yfi, G&=e— 3/
In the new basis, the bilinear form reads,
(7) B(Gi,Ej) = 52’]’7 B(Gi,gj) = O, B(gz,gj) = _52']"

Put differently, Proposition 3.2 (and its proof) say that any quadratic
vector space with split bilinear form is isometric to a vector space

V=F'@&F,
where the bilinear form is given by the pairing:

B((/%U)’ (/levl)) = <//7’U> + <:uvvl>'

The corresponding orthogonal group will be discussed in Section 77 below.
At this point we will only need the following fact:

LEMMA 3.3. Let V = F* @ F, with the split bilinear form B given by
the pairing. Then the subgroup O(V)p C O(V) fizing F pointwise consists
of transformations of the form

Ap: (p,v) = (1, v+ Dp)

where D: F* — F is skew-adjoint: D* = —D. In particular, O(V)p C
SO(V).

PROOF. A linear transformation A € GL(V) fixes F' pointwise if and
only if it is of the form

A(p,v) = (Sp, v+ Dp)

for some linear maps D: F* — Fand S: F’* — F*. Suppose A is orthogonal.
Then

0= B(A(:uv 0)7 A(O,’L))) - B((M70)7 (07U)) = <S:u - M7U>
forall v € F, p € F*; hence S = I. Furthermore
0= B(A(N7O)7A(/J’,7O)) - B((,u, 0)7 (//70)) = (K, DN,> + (M,7DM>7

so that D = —D*. Conversely, it is straightforward to check that transfor-
mations of the form A = Ap are orthogonal. O
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4. E.CARTAN-DIEUDONNE’S THEOREM

4. E.Cartan-Dieudonné’s Theorem

Throughout this Section, we assume that (V, B) is a quadratic vector
space. The following simple result will be frequently used.

LEMMA 4.1. For any A € O(V), the orthogonal of the space of A-fixed
vectors equals the range of A — I:

ran(A — I) = ker(A — I)*.

Proor. For any L € End(V), the transpose L' relative to B satisfies
ran(L) = ker(LT)+. We apply this to L = A — I, and observe that ker(A" —
I) = ker(A —1I) since a vector is fixed under A if and only if it is fixed under
AT = A1 O

DEFINITION 4.2. An orthogonal transformation R € O(V) is called a
reflection if its fixed point set ker(R — I) has codimension 1.

Equivalently, ran(R — I) = ker(R — I)* is 1-dimensional. If v € V is a
non-isotropic vector, then the formula
B(v,w)
B(v,v) v

defines a reflection, since ran(R, — I) = span(v) is 1-dimensional.

Ry(w) =w—2

PROPOSITION 4.3. Any reflection R is of the form R,, where the non-
isotropic vector v is unique up to a non-zero scalar.

PROOF. Suppose R is a reflection, and consider the 1-dimensional sub-
space F' =ran(R — I). We claim that F is a quadratic subspace of V. Once
this is established, we obtain R = R, for any non-zero v € F, since R, then
acts as —1 on F and as +1 on F+. To prove the claim, suppose on the
contrary that F' is not quadratic. Since dim F' = 1 it is then isotropic. Let
F’ be an isotropic subspace such that F' + F’ is quadratic. Since R fixes
(F + F)t ¢ F+ = ker(R — I), it may be regarded as a reflection of F + F,
This reduces the problem to the case dimV = 2, with ¥ C V maximal
isotropic and R € O(V)p. As we had seen, O(V)p is identified with the
group of skew-symmetric maps F* — F, but for dim F' = 1 this group is
trivial. Hence R is the identity, contradicting dimran(R — I) = 1. O

Some easy properties of reflections are,
(1) det(R) = —1,
(2) R2=1,
(3) if v is non-isotropic, AR,A™! = Ry, for all A € O(V),
(4) distinct reflections R; # Re commute if and only if the lines ran(R; —
I) and ran(Ry — I) are orthogonal.

The last Property may be seen as follows: suppose Ri Ry = RoR; and apply
to v1 € ran(Ry — I). Then R;(Rov1) = —Rav;, which implies that Rov; is a
multiple of vy; in fact Rovy = £wy since Ry is orthogonal. Since Rovy = —vy
would imply that Ry = Ry, we must have Rovy = v1, or vy € ker(Rg — I).
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CHAPTER 1. SYMMETRIC BILINEAR FORMS

For any A € O(V), let [(A) denote the smallest number [ such that
A = R;---R; where R; € O(V) are reflections. We put [(I) = 0, and
for the time being we put I(A) = oo if A cannot be written as such a
product. (The Cartan-Dieudonne theorem below states that [(A) < oo

always.) The following properties are easily obtained from the definition,
for all A, g, A1, Az € O(V),

(AT =1(A),
l(gAg™") = 1(4),
[1[(A1) — 1(A2)| < 1(A1A2) <1(A1) +1(A2),
det(A) = (—1)'A

A little less obvious is the following estimate.

PROPOSITION 4.4. There is a lower bound
dim(ran(A — 1)) < I(A)
for any A€ O(V).

PRrROOF. Let n(A) = dim(ran(A — I)). If A1, Ay € O(V), we have
ker(A1As — I) D ker(A1 Ay —I) Nker(Ay —I) = ker(Ag — I) Nker(A; — 1)
Taking orthogonals,

ran(A; Ay —I) Cran(Ay — I) +ran(A; — 1)
which shows
n(A1As) < n(A;) +n(Asz).
Thus, if A = Ry --- R; is a product of [ = [(A) reflections, we have
n(A) <n(Ry) +...+n(R) =1(A). O
The following upper bound for [(A) is much more tricky:

THEOREM 4.5 (E.Cartan-Dieudonné). Any orthogonal transformation
A € O(V) can be written as a product of [(A) < dim V' reflections.

PrOOF. By induction, we may assume that the Theorem is true for
quadratic vector spaces of dimension < dimV — 1. We will consider three
cases.

Case 1: ker(A — I) is non-isotropic. Choose any non-isotropic vector
v € ker(A — I). Then A fixes the span of v and restricts to an orthogonal
transformation A; of Vi = span(v)*. Using the induction hypothesis, we
obtain

8) I(A) = I(4;) < dimV — 1.

Case 2: ran(A — I) is non-isotropic. We claim:

(C) There exists a non-isotropic element w € V such that v = (A—TI)w
is non-isotropic.



4. E.CARTAN-DIEUDONNE’S THEOREM

Given v, w as in (C), we may argue as follows. Since v = (A — I)w, and
hence (A + I)w € span(v)*, we have

R,(A-—Tw=—-(A-DHw, Ry(A+DHw=(A+1w.

Adding and dividing by 2 we find R,Aw = w. Since w is non-isotropic,
this shows that the kernel of R, A — I is non-isotropic. Equation (8) applied
to the orthogonal transformation R,A shows [(R,A) < dimV — 1. Hence
[(A) < dim V. It remains to prove the claim (C). Suppose it is false, so that
we have:

(=C) The transformation A — I takes the set of non-isotropic elements
into the set of isotropic elements.

Let v = (A — I)w be a non-isotropic element in ran(A — I). By (—=C)
the element w is isotropic. The orthogonal space span(w)* is non-isotropic
for dimensional reasons, hence there exists a non-isotropic element wy with
B(w,w;) =0. Then wy, w+ w;, w—w; are all non-isotropic, and by (=C')
their images

v=A-Dw, v+v1=A-(w+wy), v—vy=(A—-1)(w—w)
are isotropic. But then the polarization identity

Qe(v) =3(Qpv+v1)+Qpv—v1)) —Qp(v1) =0

shows that v is isotropic, a contradiction. This proves (C').

Case 3: Both ker(A — I) and ran(A — I) are isotropic. Since these
two subspaces are orthogonal, it follows that they are equal, and are both
Lagrangian. This reduces the problem to the case V. = F* @ F, where
F = ker(A —I), that is A € O(V)p. In particular det(4) = 1. Let R,
be any reflection, then 41 = R,A € O(V) has det(A;) = —1. Hence
ker(A; — I) and ran(A; — I) cannot be both isotropic, and by the first two
cases [(A1) < dimV = 2dim F. But since det(A;) = —1, I(A;) must be
odd, hence [(A;) < dim V and therefore [(A) < dim V. O

REMARK 4.6. Our proof of Cartan-Dieudonne’s theorem is a small mod-
ification of Artin’s proof in [?]. If char(K) = 2, the statement of the Cartan-
Dieudonne theorem is still true, except in some very special cases. See
Chevalley [?, page 83].

EXAMPLE 4.7. Let dim F = 2, and V = F* @ F with bilinear form given
by the pairing. Suppose A € O(V)p, so that A(u,v) = (1, v + Du) where
D: F* — F is skew-adjoint: D* = —D. Assuming D # 0 we will show how
to write A as a product of four reflections. Choose a basis ey, es of F', with
dual basis f1, fo of F*, such that D has the normal form Df; = ey, Dfs =
—e1. Let @ € GL(F) be the diagonal transformation,

Qe1) = 2e1,Q(e2) = ez
10



CHAPTER 1. SYMMETRIC BILINEAR FORMS

g:<(QB)‘1 g)

Then g is a product of two reflections, for example g = R'R where

_ (01 r_
R-(I O),R—gR.

On the other hand, using QD(Q*)~! = 2D we see
-1 I 0\ I 0\ o
949" = < @) 1)~ \ap 1 )=
or A= gAg~'A~!. Since ¢ = R'R we obtain the desired presentation of A
as a product of 4 reflections:

A=RR(ARATY)(AR'A™Y).

and put

5. Witt’s Theorem

The following result is of fundamental importance in the theory of qua-
dratic forms.

THEOREM 5.1 (Witt’s Theorem). Suppose F,F are subspaces of a qua-
dratic vector space (V, B), such that there exists an isometric isomorphism
¢: F — F, i.e. B(op(v),d(w)) = B(v,w) for allv,w € F. Then ¢ extends
to an orthogonal transformation A € O(V).

PrOOF. By induction, we may assume that the Theorem is true for
quadratic vector spaces of dimension < dimV — 1. We will consider two
cases.

Case 1: F' is non-isotropic. Let v € F' be a non-isotropic vector, and
let o = ¢(v). Then Qp(v) = Qp(0) # 0, and v+ v and v — v are orthogonal.
The polarization identity Qz(v) +Qp(V) = $(Qp(v+9)+Qp(v—17)) show
that are not both isotropic; say w = v + ¥ is non-isotropic. The reflection
R, satisfies

Ru(v+7) = —(v+8), Re(v—7)=0v—0.

Adding, and dividing by 2 we find that R,,(v) = —0. Let Q@ = Ry R,. Then
@ is an orthogonal transformation with Q(v) = 0 = ¢(v).
Replacing F' with F' = Q(F), v with v = Q(v) and ¢ with ¢’ = poQ7 1,

we may thus assume that F'N F' contains a non-isotropic vector v such that
o(v) =wv. Let

Vi = span(v)l, FF=FnV, (E=FnW
and ¢ : Fy — F the restriction of ¢. By induction, there exists an orthogo-
nal transformation A; € O(V}) extending ¢1. Let A € O(V) with A(v) = v
and Aly; = Ap; then A extends ¢.

Case 2: F'is isotropic. Let F ! be an isotropic complement to F L and
let I’ be an isotropic complement to F'-. The pairing given by B identifies

11



6. ORTHOGONAL GROUPS FORK =R,C

F'~ F* and F = FN *. The isomorphism ¢: F — F extends to an isometry
Yv: FOF — F@F', given by (¢~1)* on F' = F*. By Case 1 above, 9
extends further to an orthogonal transformation of V. O

Some direct consequences are:

(1) O(V) acts transitively on the set of isotropic subspaces of any given
dimension.

(2) If F, F are isometric, then so are F-, FL. Indeed, any orthogonal
extension of an isometry ¢: F — F restricts to an isometry of their
orthogonals.

(3) Suppose F' C V is a subspace isometric to K", with standard bilin-
ear form B(e;, €;) = d;5, and F' is maximal relative to this property.
If F/ C V is isometric to K", then there exists an orthogonal trans-
formation A € O(V) with F' C A(F). In particular, the dimension
of such a subspace F' is an invariant of (V, B).

A subspace W C V of a quadratic vector space is called anisotropic if
it does not contain isotropic vectors other than 0. In particular, W is a
quadratic subspace.

PROPOSITION 5.2 (Witt decomposition). Any quadratic vector space
(V,B) admits a decomposition V. = F & F' & W where F,F' are maxi-
mal isotropic, W is anisotropic, and W+ = FQ F'. If V = [} © F] @ W,
is another such decomposition, then there exists A € O(V) with A(F) =
F, A(F")=F|, AW)=W;.

ProoF. To construct such a decomposition, let F' be a maximal isotropic
subspace, and F' an isotropic complement to F-. Then F @& F’ is quadratic,
hence so is W = (F & F /)L. Since F' is maximal isotropic, the subspace
W cannot contain isotropic vectors other than 0. Hence W is anisotropic.
Given another such decomposition V = F; ® F] ®W1, choose an isomorphism
F = F;. As we had seen (e.g. in the proof of Witt’s Theorem), this extends
canonically to an isometry ¢: F & F' — Fy ® F|. Witt’s Theorem gives an
extension of ¢ to an orthogonal transformation A € O(V). It is automatic
that A takes W = (F @ F')* to W = (Fy @ F])*. O

ExAMPLE 5.3. If K = R, the bilinear form on the anisotropic part of the
Witt decomposition is either positive definite (i.e. @p(v) > 0 for non-zero
v € W) or negative definite (i.e. Qp(v) < 0 for non-zero v € W). By
Proposition 1.3, any quadratic vector space (V,B) over R is isometric to
R™™ for some n, m. The Witt decomposition shows that n,m are uniquely
determined by B. Indeed min(n,m) is the Witt index of B, while the sign
of n — m is given by the sign of Qg on the anisotropic part.

6. Orthogonal groups for K=R,C

In this Section we discuss the structure of the orthogonal group O(V')
for quadratic vector spaces over K =R or C.

12



CHAPTER 1. SYMMETRIC BILINEAR FORMS

Being a closed subgroup of GL(V'), the orthogonal group O(V) is a Lie
group. (If K = C it is an algebraic Lie group since the defining equations are
polynomial.) Recall that for a Lie subgroup G C GL(V'), the corresponding
Lie algebra g is the subspace of all £ € End(V') with the property exp(t§) € G
for all ¢t € K (using the exponential map of matrices). We have:

PROPOSITION 6.1. The Lie algebra of O(V') is given by
o(V)={A € End(V)| B(Av,w)+ B(v,Aw) =0 for all v,w € V'},
with bracket given by commutator.

PROOF. Suppose A € o(V), so that exp(tA) € O(V) for all t. Taking
the t-derivative of B(exp(tA)v,exp(tA)w) = B(v,w) we obtain B(Av,w) +
B(v, Aw) = 0 for all v,w € V. Conversely, given A € gl(V) with B(Av,w)+
B(v, Aw) = 0 for all v,w € V we have

o tk+l

B(exp(tA)v,exp(tA)w) = il —— B(ARv, Alw)
k,l=0
oo k
= Z Z A (Aiv, AF=iy)
k=0 =0

~

oo L k .
> < ) (A'v, AF)
k=0 =0

)

_ ki;o %B(’L),Ak’w) zk:(—l)i <I:>

1=0

=

= B(v,w)
since Zf:o(—l)i(lz) = k.0 O

Thus A € o(V) if and only if B0 A: V — V* is a skew-adjoint map. In

particular
dimg o(V) = N(IN —1)/2
where N =dim V.

Let us now first discuss the case K = R. We have shown that any
quadratic vector space (V, B) over R is isometric to R™™, for unique n,m.
The corresponding orthogonal group will be denoted O(n,m), the special
orthogonal group SO(n,m), and its identity component SOg(n,m). The
dimension of O(n, m) coincides with the dimension of its Lie algebra o(n, m),
N(N —1)/2 where N =n+ m. If m = 0 we will write O(n) = O(n,0) and
SO(n) = SO(n,0). These groups are compact, since they are closed subsets
of the unit ball in Mat(n,R).

LEMMA 6.2. The groups SO(n) are connected for all n > 1, and have
fundamental group m(SO(n)) = Zg for n > 3.

13



6. ORTHOGONAL GROUPS FORK =R,C

PROOF. The defining action of SO(n) on R™ restricts to a transitive
action on the unit sphere S"~!, with stabilizer at (0, ...,0,1) equal to SO(n—
1). Hence, for n > 2 the Lie group SO(n) is the total space of a principal
fiber bundle over S"~!, with fiber SO(n — 1). This shows by induction that
SO(n) is connected. The long exact sequence of homotopy groups

s = (S = 1 (SO(n — 1)) — 7 (SO(n)) — m(S™71)
shows furthermore that the map 71 (SO(n — 1)) — 71(SO(n)) is an isomor-

phism for n > 3 (since m2(S™"!) = 0 in that case). But m(SO(3)) = Zo,
since SO(3) is diffeomorphic to RP(3) = S3/Zy (see below). O

The groups SO(3) and SO(4) have a well-known relation with the group
SU(2) of complex 2 x 2-matrices X satisfying XT = X~! and det X = 1.
Recall that the center of SU(2) is Zo = {+I, —I}.

PROPOSITION 6.3. There are isomorphisms of Lie groups,
SO(3) = SU(2)/Z,, SO(4) = (SU(2) x SU(2))/Zs

where in the second equality the quotient is by the diagonal subgroup Zs C
Zg X ZQ.

Proor. Consider the algebra of quaternions H = C? = R*,

H:{X:< “ T),z,we(@}.
-w Z

1
For any X € H let || X|| = (|z|*> + |w|?)2. Note that XTX = X XT = || X|>T
for all X € H. Define a symmetric R-bilinear form on H by

B(X1,X2) = 3 tr(X] X»).

The identification H = R* takes this to the standard bilinear form on R*
since B(X,X) = 3||X|[*tr(I) = ||X|[|?>. The unit sphere S C H, charac-
terized by ||X||> = 1 is the group SU(2) = {X| XT = X1, det(X) = 1}.
Define an action of SU(2) x SU(2) on H by

(X1,X2)- X = X1 XX, 1.

This action preserves the bilinear form on H = R?*, and hence defines a
homomorphism SU(2) x SU(2) — SO(4). The kernel of this homomorphism
is the finite subgroup {+(I,1)} = Z;. (Indeed, X; XX, ' = X for all X
implies in particular X; = XX, X! for all invertible X. But this is only
possible if X; = Xy = £].) Since dimSO(4) = 6 = 2dimSU(2), and
since SO(4) is connected, this homomorphism must be onto. Thus SO(4) =
(SU(2) x SU@))/{(L, 1)}

Similarly, identify R? 2 {X € H| tr(X) = 0} = span(/)*. The conjuga-
tion action of SU(2) on H preserves this subspace; hence we obtain a group
homomorphism SU(2) — SO(3). The kernel of this homomorphism is Zy =
{£I} C SU(2). Since SO(3) is connected and dim SO(3) = 3 = dim SU(2),
it follows that SO(3) = SU(2)/{+£I}. O
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To study the more general groups SO(n,m) and O(n,m), we recall the
polar decomposition of matrices. Let
Sym(k) = {A| AT = A} C gl(k,R)

be the space of real symmetric k x k-matrices, and Sym™ (k) its subspace
of positive definite matrices. As is well-known, the exponential map for
matrices restricts to a diffeomorphism,

exp: Sym(k) — Sym™(k),
with inverse log: Sym™ (k) — Sym(k). Furthermore, the map
O(k) x Sym(k) — GL(k,R), (O, X) s Oe*
is a diffeomorphism. The inverse map
GL(k,R) — O(k) x Sym(k), + (A|A[7",log|A]),

where |A| = (AT A)'/2, is called the polar decomposition for GL(k,R). We
will need the following simple observation:

LEMMA 6.4. Suppose X € Sym(k) is non-zero. Then the closed subgroup
of GL(k,R) generated by eX is non-compact.

PROOF. Replacing X with —X if necessary, we may assume |[eX|| > 1.
But then |[e"¥|| = ||eX||™ goes to oo for n — oo. O

This shows that O(k) is a maximal compact subgroup of GL(k,R). The
polar decomposition for GL(k,R) restricts to a polar decomposition for any
closed subgroup G that is invariant under the involution A — AT. Let

K =GnO(k,R), P=GNSym"(k), p=gnSym(k).

The diffeomorphism exp: Sym(k) — Sym™ (k) restricts to a diffeomorphism
exp: p — P, with inverse the restriction of log. Hence the polar decompo-
sition for GL(k, R) restricts to a diffeomorphism

Kxp—G

whose inverse is called the polar decomposition of G. (It is a special case
of a Cartan decomposition.) Using Lemma 6.4, we see that K is a maximal
compact subgroup of G. Since p is just a vector space, K is a deformation
retract of G.

We will now apply these considerations to G = O(n,m). Let By be the
standard bilinear form on R"™  and define the endomorphism 7 by

B(v,w) = By(Tv,w).

Thus 7 acts as the identity on R"” &0 and as minus the identity 0 R"™, and
an endomorphism of R"™ commutes with 7 if and only if it preserves the
direct sum decomposition R"*™ = R"™ @ R™. A matrix A € Mat(n + m,R)
lies in O(n, m) if and only if AT7A = 7, where T denotes as before the usual
transpose of matrices, i.e. the transpose relative to By (not relative to B).
Similarly X € o(n,m) if and only if X "7 + 7X = 0.

15
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REMARK 6.5. In block form we have

(L0
o0 -In

For A € Mat(n 4+ m,R) in block form

(22)

we have A € O(n,m) if and only if
(10) a'la=I+c'e, d'd=T+b"b, a'b=c"d.
Similarly, for X € Mat(n + m,R), written in block form

(11) X:<‘f;§>

we have X € o(n,m) if and only if
(12) ol =—a, BT =74, 6" = -4

Since O(n,m) is invariant under A +— A", (and likewise for the spe-
cial orthogonal group and its identity component) the polar decomposition
applies. We find:

PROPOSITION 6.6. Relative to the polar decomposition of GL(n+m,R),
the maximal subgroups of

G = O(n,m), SO(n,m), SOy(n,m),
are, respectively,
K =0(n) x O(m), S(O(n) x O(m)), SO(n) x SO(m).

(Here S(O(n) x O(m)) are elements of (O(n) x O(m)) of determinant 1.)
In oll of these cases, the space p in the Cartan decomposition is given by

matrices of the form
o 0 =z
p= z' 0

where x is an arbitrary n X m-matriz.

PrOOF. We start with G = O(n,m). Elements in K = G N O(n +m)
are characterized by AT74A = 7 and ATA = I. The two conditions give
AT = TA, so that A is a block diagonal element of O(n + m). Hence
A € O(n) xO(m) C O(n,m). This shows K = O(n) x O(m). Elements X €
p = o(n,m)NSym(n+m) satisfy X '7+7X = 0and X' = X, hence they are
symmetric block off-diagonal matrices. This proves our characterization of p,
and proves the polar decomposition for O(n,m). The polar decompositions
for SO(n,m) is an immediate consequence, and the polar decomposition
for SOg(n,m) follows since SO(n) x SO(m) is the identity component of

S(O(n) x O(m)). 0
16
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COROLLARY 6.7. Unless n = 0 or m = 0 the group O(n,m) has four
connected components and SO(n,m) has two connected components.

We next describe the space P = exp(p).

PROPOSITION 6.8. The space P = exp(p) C G consists of matrices

r= {< (HZ@W (I+bbTb)1/2 >}

where b ranges over all n X m-matrices. In fact,

| (I +bb")1/2 b (0 =z
08 pT T+bT0)2 )=\ 2" o

where x and b are related as follows,

(13) b Sinh(:ET:ET)a;, _ arsinh((bbT)1/2)
T (bbT)1/2
Note that 2z (resp. bb") need not be invertible. The quotient Sinh(xTxT)

xrxr
is to be interpreted as f(xa ") where f(z) is the entire holomorphic function
%, and f(zx") is given in terms of the spectral theorem or equivalently
in terms of the power series expansion of f.

0 =z

PROOF. Let X = < T 0

>. By induction on k,

2% _ < (xg:OT)k (xTOx)’f > | X2 < a:(x(T)a;)k (;mg)k:p > .

This gives
cosh(zzT) Smbzzl),
eXP(X) = sin}f(x—r:p)) @z T )
x=——= cosh(z'x)
which is exactly the form of elements in P with b = sz(imfﬂx The equation
cosh(zzT) = (14bb7)Y/2 gives sinh(za") = (bb")'/2. Plugging this into the
formula for b, we obtain the second equation in (13). O

'z

For later reference, we mention one more simple fact about the orthog-
onal and special orthogonal groups. Let Zy be the center of GL(n + m,R)
consisting of £1.

PROPOSITION 6.9. For all n,m, the center of the group O(n,m) is Zs.
Ezcept in the cases (n,m) = (0,2),(2,0), the center of SO(n,m) is Zy if —I
lies in SO(n,m), and is trivial otherwise. The statement for the identity
component is similar.

The proof is left as an exercise. (Note that the elements of the center
of G commute in particular with the diagonal elements of G. In the case of
hand, one uses this fact to argue that the central elements are themselves
diagonal, and finally that they are multiples of the identity.)

17



7. LAGRANGIAN GRASSMANNIANS

The discussion above carries over to K = C, with only minor modi-
fications. It is enough to consider the case V = C", with the standard
symmetric bilinear form. Again, our starting point is the polar decomposi-
tion, but now for complex matrices. Let Herm(n) = {A| AT = A} be the
space of Hermitian n x n matrices, and Herm™(n) the subset of positive
definite matrices. The exponential map gives a diffeomorphism

Herm(n) — Herm™ (n), X — e*.
This is used to show that the map
U(n) x Herm(n) — GL(n,C), (U, X) — Ue*
is a diffeomorphism; the inverse map takes A to (Ae™X,X) with X =
%log(ATA). The polar decomposition of GL(n,C) gives rise to polar de-
compositions of any closed subgroup G C GL(n,C) that is invariant under
the involution f. In particular, this applies to O(n,C) and SO(n,C). In-
deed, if A € O(n,C), the matrix ATA lies in O(n,C) N Herm(n), and hence
its logarithm X = 1 log(A"A) lies in o(n,C) N Herm(n). But clearly,
O(n,C)NU(n) = O(n,R),
SO(n,C)NU(n) = SO(n,R)
while
o(n,C) NHerm(n) = v—1o(n,R).
Hence, the maps (U, X) + UeX restrict to polar decompositions
O(n,R) x vV—1o(n,R) — O(n,C),
SO(n,R) x v—1o0(n,R) — SO(n,C),
which shows that the algebraic topology of the complex orthogonal and spe-
cial orthogonal group coincides with that of its real counterparts. Arguing
as in the real case, the center of O(n,C) is given by {+I,—I} while the

center of SO(n,C) is trivial for n odd and {+I,—I} for n even, provided
n > 3.

7. Lagrangian Grassmannians

If (V,B) is a quadratic vector space with split bilinear form, denote
by Lag(V) the set of Lagrangian subspaces. Recall that any such V is
isomorphic to K™" where dimV = 2n. For K = R we have the following
result.

THEOREM 7.1. Let V' = R™" with the standard basis satisfying (7). Then
the mazimal compact subgroup O(n) x O(n) of O(n,n) acts transitively on
the space Lag(R™™) of Lagrangian subspaces, with stabilizer at

(14) Lo =span{e; + €1,...,€6, + €}
the diagonal subgroup O(n)a. Thus
Lag(R™") = O(n) x O(n)/ O(n)a = O(n).
18
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In particular, it is a compact space with two connected components.

PRrOOF. Let By be the standard positive definite bilinear form on the
vector space R™" = R?" with corresponding orthogonal group O(2n). In-
troduce an involution 7 € O(2n), by

B(v,w) = By(Tv,w).

That is 7¢; = €;, 7¢; = —¢&;. Then the maximal compact subgroup O(n) x
O(n) consists of all those transformations A € O(n,n) which commute with
7. At the same time, O(n) x O(n) is characterized as the orthogonal trans-
formations in O(2n) commuting with 7.

The +1 eigenspaces V4 of 7 are both anisotropic, i.e. they do not contain
any isotropic vectors. Hence, for any L C R™" is Lagrangian, then 7(L) is
transverse to L:

Lnr(L)=(LNVy) @ (LNV.) = 0.

For any L, we may choose a basis v1,...,v, that is orthonormal relative
to By. Then vy,...,v,7(v1),...,7(v,) is a Bp-orthonormal basis of R™".
If L' is another Lagrangian subspace, with By-orthonormal basis v}, ..., v],
then the orthogonal transformation A € O(2n) given by

Av; =}, Ar(v)) =71(v)), i=1,...,n

commutes with 7, hence A € O(n) x O(n). This shows that O(n) x O(n)
acts transitively on Lag(R™™). For the Lagrangian subspace (14), with
v; = %(el +¢;), the stabilizer of Ly under the action of O(n) x O(n) consists

of those transformations A € O(n) x O(n) for which v],...,v], is again a
By-orthonormal basis of Ly. But this is just the diagonal subgroup O(n)a C
O(n) x O(n). Finally, since the multiplication map
(O(n) x {1}) x O(n)a — O(n) x O(n)

is a bijection, the quotient is just O(n). O

Theorem 7.1 does not, as it stands, hold for other fields K. Indeed, for
V = K™ the group O(n,K) x O(n,K) takes (14) to a Lagrangian subspace
transverse to V, = K" @ 0, V_ = 0 ¢ K", and any Lagrangian subspace
transverse to V., V_ is of this form. However, there may be other Lagrangian
subspaces: E.g. if K = C and n = 2, the span of ¢ + v —1¢3 and €1 + v —169
is a Lagrangian subspace that is not transverse to V. Nonetheless, there is
a good description of the space Lag in the complex case K = C.

THEOREM 7.2. Let V. = C?™ with the standard bilinear form. The ac-
tion of the maximal compact subgroup O(2m) C O(2m,C) on Lag(V) is
transitive, with stabilizer at the Lagrangian subspace

Lo =span{e; — vV—1lepmi1, -y €m — V—1léam}
the unitary group U(m). That is, Lag(C*™) is a homogeneous space
Lag(C*™) = O(2m)/ U(m);
19
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In particular, it is a compact and has two connected components.

PROOF. Let 7: v — T be complex conjugation in V = C?™, so that
(v,w) = B(T,w) is the standard Hermitian inner product on C?™. Then
7 € O(4m,R) is a real orthogonal transformation of C?™ =2 R™. Let Vi C
C?™ be the £1 eigenspaces of 7; thus V, = R?™ (viewed as a real subspace)
and V_ = v/—1R?"™. Note that V4 do not contain non-zero isotropic vectors.
Hence, for L € Lag(V) we have LN 7(L) # 0, and hence V = L @ 7(L)
is a direct sum. Let v1,...,v, be a basis of L that is orthonormal for
the Hermitian inner product. Then vy,...,v,,01,...,0, is an orthonormal
basis of V. Given another Lagrangian subspace L’ with orthonormal basis

v1,,...,v), the unitary transformation A € U(2m) with Av; = v} and

yn
Av; = U, commutes with 7, hence it is contained in O(2m) C U(2m). This
shows that O(2m) acts transitively. Note that any unitary transformation
U: L — L' between Lagrangian subspaces extends uniquely to an element A
of the maximal compact subgroup O(2m) C O(2m, C), where Av = Uw for
v € L and Atv = 7Uv for 7v € 7L. In particular, the stabilizer in O(2m)

of Ly is the unitary group U(Lg) = U(n). O

REMARK 7.3. The orbit of Ly under O(m,C) x O(m,C) is open and
dense in Lag(C?™), and as in the real case is identified with O(m, C). Thus,
Lag(C?™) is a smooth compactification of the complex Lie group O(m, C).

Theorem 7.2 has a well-known geometric interpretation. View C?™ as
the complexification of R?™. Recall that an orthogonal complex structure on
R?™ is an automorphism J € O(2m) with J? = —I. We denote by Jy the
standard complex structure.

Let J(2m) denote the space of all orthogonal complex structures. It car-
ries a transitive action of O(2m), with stabilizer at Jy equal to U(m). Hence
the space of orthogonal complex structures is identified with the complex
Lagrangian Grassmannian:

J(2m) = O(2m)/U(m) = Lag(C*™).
Explicitly, this correspondence takes J € J(2m) to its ++/—1 eigenspace
L =ker(J — v—11I).

This has complex dimension m since C>™ = L @ L, and it is isotropic since
v € L implies

B(v,v) = B(Jv, Jv) = B(vV—1v,vV/—1v) = —B(v,v).

Any Lagrangian subspace L determines J, as follows: Given w € R?", we
may uniquely write w = v + v where v € L. Define a linear map J by
Jw := —2Im(v). Then v = w — /—1Jw. Since L is Lagrangian, we have

0= B(v,v) = Blw — vV—-1Jw,w — v—1Jw)
= B(w,w) — B(Jw, Jw) — 2/—1B(w, Jw),
20
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which shows that J € O(2m) and that B(w, Jw) = 0 for all w. Multiplying
the definition of J by v/—1, we get

vV=1lv=+v—-1w+ Jw

which shows that J(Jw) = —w. Hence J is an orthogonal complex structure.

REMARK 7.4. There are parallel results in symplectic geometry, for vec-
tor spaces V with a non-degenerate skew-symmetric linear form w. If K = R,
any such V is identified with R?” = C™ with the standard symplectic form,
Lo =R"™ C C" is a Lagrangian subspace, and the action of U(n) C Sp(V,w)
on Ly identifies

Lag, (R*") 2 U(n)/ O(n)

For the space Lag(V) of complex Lagrangian Grassmannian subspaces of
the complex symplectic vector space C?" = H" one has

Lag,, (C*") 2 Sp(n) /U (n)

where Sp(n) is the compact symplectic group (i.e. the quaternionic unitary
group). See e.g. [?, p.67].
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