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1. INTRODUCTION

These notes are the result of teaching Math 241 “Topics in Geometry” in the
Spring of 2006 at the University of Chicago. They are study of matrix groups and
some of the geometry attached to them. Of course “geometry” is not a technical
term, and in order to keep the prerequisites to a minimum the word is used in
an essentially combinatorial sense here — the “geometry” of projective space for
example is the poset of subspaces, not anything more advanced, such as the struc-
ture of a manifold or algebraic variety (though we describe things in enough detail
that a more knowledgeable student should easily be able to find such a structure
if they know the appropriate defintions).

We begin by studying isometries of R", focusing on the low dimensional cases
of n = 2,3. We then discuss the quaternions and explain the connection with
SO(R?). Motivated by this, we classify composition algebras over R, and define
the compact classical groups as matrix groups of R, C and H preserving the ap-
propriate Hermitian form. We then formulate a description of these groups as
subgroups of GL(C"), allowing us to obtain the noncompact analogs in terms of
bilinear forms, which make sense over any field. We then briefly study projective
spaces, which have a rich enough structure that in the next section we can use the
action of PGL,, on them to show that the projective special linear group is almost
always simple. We end with a brief discussion of bilinear forms and the symplectic
group.

The prerequisites are few: some basic linear algebra (the determinant is the
most sophisticated notion used), and elementary group theory. In the latter sec-
tions, knowledge of finite fields is used, but only the most basic facts. When work-
ing with groups over R, some basic notions of analysis are also mentioned (for
example the connectedness SO(R™) is discussed). That said, at various points we
attempt to make connections to more advanced topics, but these are for “cultural
enrichment” only.

Contents:

Isometries of R".

The Quaternions.
Composition Algebra.

The Classical Groups.
Projective Geometry.

The General Linear Group.
Bilinear Forms.

The Symplectic Group.
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2. ISOMETRIES OF R"

In this course we will study interactions between geometry and group theory.
Our goal in this section is to examine a simple example — a group of symmetries
of three dimensional Euclidean space. The symmetries we consider are the rigid
motions of space which fix a point (the origin 0). By a rigid motion, we mean a
transformation of space which preserves distance and orientation (we will return
shortly to what we mean by the term orientation).

To start with we will work in R™ for any n. Recall that the notions of distance
and angle in R™ can be given by the dot product:

n
(v,w) — v.w = Z VW,
i=1
where the distance ||v — w|| between v and w is just |[v — w|]? = (v — w).(v —
w). An isometry of R" is a bijection T: R® — R™ which preserves distances. A
basis {w1, w2, ...w,} of R™ of unit vectors which are mutually perpendicular is
called an orthonormal basis, thus in terms of the inner product {wy, ws, ..., wy,} is
an orthonormal basis if
1 ifi=g;
Wi W; = 03 = { 0 otherwise.
(indeed it follows automatically from this condition that the vectors form a basis of
R™, since the must be linearly independent). For the proof of the next proposition
we use the fact that, given any v € R" and orthonormal basis {w1, wa,...,w,}

we have
n

v = Z(v.wi)wi.
i=1
Proposition 2.1. Let T: R" — R™ be an isometry such that T(0) = 0. Then T is a
linear map.

Proof. By assumption we have |v—w| = ||T'(v)—T(w)| forall v, w € R". Expand-
ing this out in terms of the inner product, and using the fact that || 7'(u)|| = ||ul|,
and | T(v)|| = ||v||, since T(0) = 0), we find that 7'(u).T(v) = u.v, thatis, T
preserves the inner product.

Consider the standard basis of R", {ej,es,...,e,}. Then we know that the
vectors {T'(e1),T(ez),...,T(e,)} must also form an orthonormal basis of R". Set

Letv = \ie; + A\ges + ... + N\, e, be a vector in R™. Then \; = v.e;. Hence we
have T'(v).w; = T'(v).T(e;) = X;, and so since the {w; }1<i<, are an orthnormal
basis, we have

T(v) =Y (T(v)wi)wi =Y _ w; = »_\T(e;).
i=1 i=1 i=1
It follows that 7" is the linear map a: R” — R" given by a(e;) = w; and we are
done. O

The isometries of R™ form a group under composition: the composition of two
isometries is clearly an isometry, but it is slightly harder to see that any isometry
has an inverse. Given any v € R" we can define an isometry 7, called a transla-
tion, which sends w — w +v, (w € R"). The inverse of T}, is evidently T_,,. Given
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any isometry 7, we may compose it with the translation 7_, o) to obtain an isom-
etry o = T_, (o) o 7 fixing 0. But then ¢ is an isometry which is also a linear map.
Since any isometry must clearly be injective, and an injective linear map from R™
to itself is automatically a bijection by the rank-nullity theorem, we see that o is
a bijection, and so clearly v = T’,(o o o is also. Once we know that any isometry
is a bijection, it is easy to see that the inverse of an isometry is automatically an
isometry, and so the set of all isometries of R™ forms a group, Isom(R™).

Since we have shown that any isometry of R" fixing 0 is linear, it is worth ex-
plicitly singling out which linear maps are isometries:

Definition 2.2. Let O(R") be the group of isometries of R" fixing 0, so that O(R™) C
GL(R™). Since

1

UV Wl = [vI* = [Iwl]),

a linear map « is in O(R™) if and only if, for all v,w € R™ we have a(v).a(w) =
v.w. That is,

OR"™) ={a € GL(R") : a(v).a(w) = v.w,Vv,w € R"}.

Now the standard basis is orthonormal (i.e. e;.e; = §;;, 1 < i,j < n), so thatif A
is the matrix of o with respect to the standard basis this condition is equivalent to
the equation AA" = I, (where A’ denotes the transpose of A). O(R™) is called the
orthogonal group, and a matrix A satisfying AA* = I is called an orthogonal matrix.

€))] VW =

Remark 2.3. To attempt to have some way of distinguishing them from linear maps,
I will denote the group of n x n invertible matrices as GL,(R) and the group of
orthogonal matrices as O,,(R) efc. though the distinction is usually not terribly
important.

Remark 2.4. The set I'(R™) of all translations forms a subgroup of Isom(R"™). It is
isomorphic to R™ as an abelian group: it is straightforward to check that the map
v — T, defined above is an isomorphism. Moreover, it is not hard to see that I’
is a normal subgroup of Isom(R™) and that Isom(R") is the semidirect product of
I'(R™) and O(R™).

We now wish to introduce the notion of an orientation for a basis of R™. We start
with the cases of R? and R?, where we may use the vector product:

Definition 2.5. Define a product x: R? x R?® — R3 by
V X W = (vaw3 — U3W2, V3W1 — V1W3, V1 W2 — WaV1)

We list some basic properties of the vector product that are easy to check directly
from the definition.

Lemma 2.6. Let v, wu € R3 and \ € R. Then the vector product satisfies:
1) vxw=—-wXxv;
(2) (Vi+vVve) XW=v] XW+Vy XW,
B) (W) xw=vx(Aw)=AvxWw);
@) ||vx w||?+ [v.w|? = ||[v|]?|w|? and so ||v x w|| = ||v]|||w]| sin(6), where 6 is
the (acute) angle between the vectors v and w.
(5) v.(vxw)=0.
(6) If a € O(R?), and det(a) = 1, then a(v x w) = a(v) x a(w).
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(7) If e1, ey, €3 denote the standard basis vectors the we have e; X e;11 = e, where
we read the indices modulo 3.

Proof. Parts (1), (2), (3), (5) and (7) are routine calculations, while (4) is a straight-
forward, though somewhat more elaborate one. For part (6), note first that if
v, Vs, v3 € R3 and A is the 3 x 3 matrix with columns vy, v, v, then

det(A) = (v1 X va).v3.

Now given v, w € R3, the vectors a(v) x a(w) and a(v x w) are equal if and only
if (a(v) x a(w)).e = a(v x w).e for all e € R3 (as is easy to see by, say, picking an
orthonormal basis). The multiplicative property of the determinant shows that if
a has det(a) = 1, then (a(v1) X a(vsa)).a(vs) = (v1 X va).v3. Thus we have

(a(v) x a(w)).e = (v x w).a"(e)
=a(vxw)e,
where the second equality follows because a € O(R?). Thus (6) follows. O
Remark 2.7. Notice that (4) implies the quantity

|(V1 X V2).V3|

is the volume of the parallelepiped spanned by the vectors vi, va, v3, that is the
volume of the solid {x € R? : x = 3% \iv;, 0 < \; < 1}.

We may view R? as the plane inside R? spanned by {e;,e>}. Given a basis
v1,vo of R?, was say it is positively oriented if vi x v3 is a positive mulitple of
e3, and negatively oriented if it is a negative multiple of es (that it is a multiple of
e3 follows from part 6 of Lemma 2.6. It is easy to check (using part 7 of Lemma
2.6 for example) that this definition is equivalent to requiring that the angle going
from v, to vq is acute.

Notice that condition for v, vy to be positively oriented can be rewritten as
(vi1 X va).e3 > 0. Given an ordered basis (vi, vz, va) of R?, we say it is pos-
itively oriented if the scalar (vq x v2).vs is positive and negatively oriented if
(v1 X v2).vg < 0. (Note that the property 5 of Lemma 2.6 shows that the product
(v1 X vg).vs cannot be equal to zero if the vectors v, vq, vs are linearly indepen-
dent). It is easy to check (again using property 6 of Lemma 2.6) that this definition
agrees with the “right-hand rule” that you learn in physics.

The equality

det(A) = (v1 X va).v3
gives us a general definition for R™: given an ordered basis (v1,va, ..., v,) we say
it is positively or negatively oriented according to the sign of det(A) where A is
the matrix with columns vy, vs, ..., v,.

Definition 2.8. A linear map a € GL(R") is said to be orientation preserving if o
send any triple of positively (negatively) oriented vectors to a triple of positively
(negatively) oriented vectors. By the multiplicativity of the determinant, this is
equivalent to requiring that det(a) > 0.

Remark 2.9. 1t is a special feature of R? that one can define the vector product x
— notice that our general definition of an orientation for an ordered basis did not
use such a product on R™. Note also that x makes R? into a noncommutative,
nonunital, nonassociative algebra!
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The group of orientation preserving isometries of R™ is denoted SO(R"™). Equiv-
alently, we may define SO(R") to be

SOR") = {a € O(R") : det(a) = 1}.

Notice that if & € O(R"), then if A is the matrix of o with respect to the standard
basis, we have AA" = I, and hence det(A) det(A") = 1. Since det(A) = det(A?), it
follows that det(A) = det(a) = 1.
We now want to understand this group for small n. Consider first the case

n = 2. Let « € SO(R?). Then if A is the matrix of a with respect to the standard
basis {ej, 2} the columns of A have length 1 and are perpendicular. It is then easy
to see that this forces A to have the form

_( cos(f) Fsin(h)

- ( sin(f) =+ cos(f) )

where 6 € R. Checking the condition that A preserves the orientations we see that

A has the form

_( cos(f) —sin(6)

- ( sin(f)  cos(0) ) ’
which is the matrix of a rotation by 6 about the origin. (What are the linear isometries
which do not preserve orientations?). Thus in R?, the orientation preserving isome-
tries fixing 0 are just rotations about 0.

Now consider the case n = 3. A rotation in R? is a map which fixes a line through
the origin, and rotates R® about that line by some angle . Clearly a rotation is an
example of an orientation preserving isometry, and in fact in R? this is the only
example, as we will shortly see. We first make the following simple observation
about the eigenvalues of a linear isometry.

Lemma 2.10. If o« € O(R™) then every real eigenvalue A € R of « has is equal to 1 or
—1. Moreover distinct eigenspaces must be orthogonal.

Proof. Let A be the matrix of o with respect to the standard basis. Then (thinking
of v as a column vector) we have

Av.v) = (Av).v = (Av)w
= (Av)'v = v'Alv
=viA v =vi(Aly)
=2 (v.v).

Since v.v > 0 when v # 0 it follows that A = A~! as required. The moreover part
of the lemma may be proved in the same fashion. O

Remark 2.11. This lemma can be generalized to show that the eigenvalues of an
orthogonal matrix all have modulus 1.

Lemma 2.12. The group SO(R®) consists precisely of the set of rotations.

Proof. Let o € SO(R?) be an orientation preserving isometry. We must find a line
in R3 which is fixed by a. The characteristic polynomial of v is P(t) = det(a — tI).
Since P(0) = det(a) = 1 and P(t) — —oo as ¢ — oo, the intermediate value
theorem shows that P has a root in (0, c0), which by the previous lemma must
be 1. Therefore o has a fixed line, spanned by a length 1 eigenvector e say, (thus
ale) = e).
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We now claim that « is a rotation about that line. Let H be the plane perpendic-
ular to e,

H={x:x.e=0}

Since « is an isometry, and so preserves the dot product, « restricts to a map
from H to itself, which is again an isometry. By the discussion preceeding this
lemma, it follows that if we take a basis w1, wo of H which consists of perpendic-
ular unit vectors, then with respect to the basis {e, w1, wa } the matrix of « is given

by

1 0 0
0 cos(f) —sin(6)
0 sin(d) cos(9)

and « is a rotation as claimed.
O

Remark 2.13. It follows from the previous Lemma that the composition of two ro-
tations is again a rotation — think about how to see this directly. One can also
describe explicitly the elements of SO(R™) in a similar fashion, using the orthog-
onality of the eigenspaces. (This is however easiest to do using the unitary group
which we will define later.)

In this course we will be interested in groups analogous to SO(R?) and study
their structure, primarily as algebraic objects. However, first we investigate the
shape or topology of SO(R?). This makes sense to talk about, because SO(R") is a
subset of Hom(R"™,R") the vector space of linear maps from R" to itself, which is
a normed vector space under the operator norm. Thus SO(R™) is a metric space,
and indeed the group operation, coming from composition of linear maps is con-
tinuous (even smooth).

Lemma 2.14. The group SO(R™) (as a subspace of Hom(R™, R™)) is compact.

Proof. Because oo € SO(R™) is an isometry, we have ||a(v)| = ||v|| for all v € R™.
But then it follows from the definition of the operator norm that ||| = 1. Thus
SO(R™) C {a € GL(R") : ||a|| = 1}. Moreover, the conditions defining SO(R™)
are clearly closed, so that since L(R",R") is a finite dimensional vector space, it
follows SO(R™) is compact. O

We now give a heuristic argument for what SO(R?) “looks like”. We may repre-
sent any rotation by a vector in the set {v € R? : ||v|| < 7}, by letting the direction
of the vector give us the line to rotate about, and the length of the vector the an-
gle by which we rotate (rotating about the vector v using the righthand rule say).
Now the points in the open ball {v € R? : ||v|| < 7} all corresponds to distinct
rotations, but antipodal points on the boundary sphere {v € R? : ||v| = 7} give
the same rotation (the elements of order 2 in SO(IR?)), so that we can visualize the
group SO(R?) as the solid ball of radius = where we identify antipodal points on
the boundary. The problem with making this rigorous is that you have to show
that the map from SO(R?) to this quotient of the ball is continuous, which is some-
what tedious. We shall return to the question of the shape of SO(R?) after we have
discussed division algebras.
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Remark 2.15. There is a beautiful theory of groups which are also smooth com-
pact spaces (where the group operations of multiplication and taking inverses are
required to be smooth). The group SO(R?) is the simplest nonabelian example.

We next want to show a result which is closer to the central spirit of this course,
namely that the group SO(R?) is simple (i.e. the only normal subgroups are the
trivial group and SO(R?) itself). To do this we need some preparatory lemma. Let
52 denote the sphere of radius 1 around the origin 0 € R3. Given two pairs of
vectors (v, va) and (w1, wa) in R? we say they are equidistant pairs if [|[v; — va| =
w1 = ws.

Lemma 2.16. The action of SO(R?) on S? is transitive, and moreover is transitive on
equidistant pairs (whose points lie in S?).

Proof. To see that SO(R?) acts transitively on S?, consider points v,w € 52. We
may assume that v and w are distinct, in which case the define a plane in R3. Let u
be a vector in S? perpendicular to this plane. Then it is clear that there is a rotation
about the line through u which sends v to w as required.

For the second part, let (v, vs) and (w1, we) in R® be an equidistant pair. First
pick o € SO(R3) such that o(v;) = wy. Then we have

w1 —o(va)[| = llo(vi) = o(va)ll = [w1 — w2

, so that (w1, 0(v2)) and (wy, ws) are an equidistant pair. Thus we need to find
T € Stabgo(rs)(W1) such that 7(o(v2)) = wa. The stabilizer is exactly the subgroup
of rotations about the axis given by w;. Then the equidistant criterion is exactly
what is required. O

Theorem 2.17. The group SO(R?) is simple.

Proof. We show this using the previous lemma. The strategy is to show that a
normal subgroup must contain certain kinds of elements, and then show that these
elements in fact generate SO(R3). Suppose that 1 # K < SO(R?) is a normal
subgroup of SO(R?). Then pick o # 1 in K, so that there is a vector u € S? such
that o is the rotation about u by the angle 6, (0 < 6 < 7). Then if we pick w € S? is
the plane perpendicular to u, we have |w — o(w)| = 2sin(d). Now suppose that
k € Nis such that 0 < 7/k < 6. Then setting b = sin(n/k)/ sin(f) it follows that

z = bw + /1 — b2u has
|z —o(z)|| = bl|w — o(w)|| = 2sin(r/k).

Now let w; € S? be the vector perpendicular to u between w and o(w) such that
|lw1 — w| = 2sin(7/k). Then using the moreover part of the previous lemma, we
can find a 7 € SO(R?) such that 7(z) = w and 7(c(z)) = w;. Now since K is
normal, we have 0y = 707! € K, and 0 (w) = wy.

Repeating this argument with w; instead of w, we find 02 € K and wy =
o2(w1) such that wo € S? is perpendicular to u with ||wy; — wa| = 2sin(r/k),
and continuing in this way, we get 7,01,...,0;, € K and wi,wa,...,w; € R? all
perpendicular to u with o;(w;_1) = w; and ||w; — w;_1|| = 2sin(n/k). But then
p = Ok0k—1...010 has p(w) = —w. But then p € K is a rotation by =, that is,
a rotation of order 2 (why?), and so since K is normal, it contains all rotations of
order 2. But these generate SO(R?), so that K = SO(RR?) as required. O
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Exercise 2.18. Complete the proof by showing that any rotation in SO(R?) can be
written as the product of two elements of order 2.
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3. THE QUATERNIONS

3.1. Division algebras. We now wish to discuss division algebras — that is, fields
where we drop the condition that the multiplication is commutative — and in par-
ticular the quaternions, the first division algebra to be discovered. We start with
some general definitions.

Definition 3.1. Let k be a field. A k-algebra is a k-vector space A equipped with a
bilinear map m: A x A — A known as the multiplication, and a nonzero element
1 € A such that m(1,z) = m(z,1) = « for all z € A. (Of course, we will normally
write m(z,y) as zy).

A division algebra is a finite dimensional (as a k-vector space) algebra in which
there are no zero divisors, that is, if ab = 0 then one of a or b is equal to 0. If
A is associative, this is the same as requiring that each nonzero element z has a
multiplicative inverse, i.e. an element 2! such that zz=! = z7'2 = 1, as the
following lemma shows.

Lemma 3.2. A finite dimensional associative algebra A has no zero divisors if and only if
every nonzero element is invertible.

Proof. First suppose that every nonzero element is invertible. Then if we have
a,b € Asuch thatab =0, if a # 0, we have

0=a"'0=a""(ab) = (a ta)b=1.b=1b.

On the other hand, if A has no zero divisors, give any a € A, we can define a
linear map L,: A — Aby L,(z) = az. Since A has no zero divisors, L, has zero
kernel, and hence since A is finite dimensional, L,, is an isomorphism. Thus there
isab e Awith L,(b) = ab = 1. Similarly by considering the linear map of right
multiplication by a, we find a ¢ € A with ca = 1. But now

b=1.b=(ca).b=c.(ab) =cl=c,
and so b = cis a two-sided inverse of a as required. O

3.2. The quaternions. Consider the algebra of 2 x 2 matrices, M>(C). This is an
R-algebra (since it is even a C-algebra), but of course not a division algebra. How-

ever, if we define
H—{< = 1; ) cz,w € Chy

—w
then clearly H is closed under addition, and moreover a simple calculation shows
that it is also closed under multiplication. Since for z € H we have det(z) =
|22 + |w|* where z,w € C are as above, it is immediate that H is a division algebra,
known as the quaternions. Clearly it has dimension 4 as an R-vector space. Note
that H is not commutative.

Although M»(R) is an algebra over C, the quaternions are only an R-subspace
of M3(R), not a C-subspace, so they are not an algebra over C (at least not in
the obvious fashion). In fact there are no finite-dimensional associative division
algebras over C other than C itself (see the problem set).

By the multiplicativity of the determinant, if we set the norm of an element
z € Htobe ||z| = y/det(z) = /|22 + |w|? we see that ||zy|| = ||z|/||y||. Moreover
if we identify H with R* using the real and imaginary parts of z and w, this norm
is just the standard Euclidean norm. In particular, the norm comes from an inner
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product on H, which is also compatible with the multiplication, in the sense that
(az,ay) = ||a||*(z,y) — one can see this by observing that in R"” we have

1
(@,y) = 5 (llz+yl* = ll2]* = [lyl|*)-

=6 %) a=( %) #=(06)

It is easy to check that {1,4, j, k} is an orthonormal basis for H, so that the multi-
plication in the quaternions is completely determined by calculating the products
of the basis elements. These are

i2:j2:k2:_1;

Set

ij = —ji=k;
Jk = —kj =1;
ki = —ik = j.

These are the formulas originally used by Hamilton to defined H.
H has a conjugation, similar to complex conjugation: for z € H of the form
a+bi+cj+ dk weset £ = a — bi — c¢j — dk. Alternatively, on the level of matrices,

conjugation is the map
< z w > ( zZ —w )
e .
-w Z Wz

Since by the standard formula for the inverse of a matrix, the second form can be
written as x — ||z||?z 7}, it is clear that z +— 7 is an anti-involution of H, that is,
Z = r and Ty = y7.

We now wish to use the quaternions to study the groups SO(R?) and SO(R?).
The unit quaternions

U={zcH: |z =1}

form a group under multiplication, making the 3-sphere into a group. (This is the
quaternion analogue of the unit circle in the complex plane, which is also a group
under multiplication). Similarly, the non-zero quaternions H* form a group under
multiplication.

Notice that H* acts on H by conjugation:

x+— Ady(z) = ara™' = ||a| 2aza.

Since Ad,(x) = Ad,(Z) it follows that the imaginary quaternions
I={zecH:z=—x}

(or, alternatively, the quaternions which are orthogonal to 1), are preserved by H*.
Since I is a copy of R3, the restriction of the action of H* to I gives us a group
homomorphism

p: H* — GL(R?).

But now since [|Ad,(z)| = |laza™!|| = |la|/||z||[la™!|] = ||z|, the image of this
map lies in O(R?). We can also calculate the kernel of p: suppose that z € H*
satisfies p(z) = Id. Then zh = hx for all h € I, but since = clearly commutes with
1, it follows that x lies in the center of H. Writing out z in the basis {1, 4, j, k} and
letting h = 4, j, k in turn, it is easy to see that the center of the quaternions consists
of exactly the scalars R.



12 KEVIN MCGERTY

If we restrict to U, then the map ¢ = pjy: U — O(R?) is precisely 2-to-1: the
only scalars in U are {£1}. In fact the image is exactly SO(R?), indeed the next
lemma shows this directly by calculating the rotation that you obtain from a given
unit quaternion, and so SO(R?) = U/{+1}.

Lemma 3.3. Let u € U. Then we may write u = cos() + sin()v where v is a unit
quaternion in 1. The transformation p(u) is a rotation by 20 about v.

Proof. First suppose that u = cos(#)+isin(d), and let ¢ = xi+yj+ zk be an element
of I. Then we have

uqu = xi + u(y + zi)ju

= xi +u*(y + 21)7,
since ji = —ij. Hence p(u) preserves the i-axis, and rotates the plane perpendicu-
lar to ¢ by 26. If u is now an arbitrary unit quaternion, by conjugation by elements
in the planes spanned by {1,:},{1,;},{1,k} we may move it to a quaternion of
the above form (for example, first rotate using ¢ so that the coefficient of k& van-

ishes, then rotate with £ so that the coefficient of j vanishes), and so the general
statement follows. O

It follows from this that the image of U under p is the set of all rotations in
O(R?), which we have already seen is SO(R?). (Since the image is automatically a
group, this gives another proof that the set of rotations forms a group, and since
you can check that rotations generate SO(R?) directly, that SO(R?) is exactly this
group).

Remark 3.4. Here is a (sketch of a) topological proof that the image of p is SO(R?).
Since U is connected, the image must be contained in SO(RR?), thus we just need
to check surjectivity. Now the map p is clearly a smooth map from U to SO(R?),
and you can check that the derivative at the identity is invertible. Since, as we
saw above, the group acts transitively on itself by conjugation, this shows that the
derivative is everywhere invertible, and so by the inverse function theorem, the
image of p is open, and hence since U is compact, the image of p is both open and
closed, and thus is the connected component of I in O(R?).

This gives us another way of viewing SO(R?) as a topological space: it is the
space obtained from the 3-sphere by identifying antipodal points — this is called
real projective 3-space, and we will return to it when we study projective geometry.

Finally, I want to briefly show how you can use the quaternions to show that
PSO(R*) = SO(R?)/{=1} is isomorphic to SO(R?) x SO(R?) (and hence is not a
simple group). Consider the action of U x U on H via

(u1,uz)(h) = ulhugl

It is easy to see that this gives a map ¢: U x U — SO(R*). To see what the kernel
of this map is, suppose that ujhu; ' = h for all h € H. Letting h = 1 we see that
u; = ug, and moreover therefore u; is central in H. Thus from our calculation
of the center of H above we see that (u1,us2) lies in the kernel of 1 if and only if
(u1,u2) = £(1,1). Again one needs an argument to show that this homomorphism
is surjective (see the problem set), but once this is known the result follows easily
(the preimage of {1} C SO(R*) inU x Uis {(+1,£1) C U x U).



THE CLASSICAL GROUPS 13

4. COMPOSITION ALGEBRAS

For the field of real numbers R, division algebras are rare: they must have di-
mensions 1, 2,4 or 8 as R-vector spaces. To prove this fact is somewhat beyond the
means of this course, however we will instead be able to prove a somewhat weaker
result, first proved by Hurwitz, which shows that the only R-algebras which pos-
sess a compatible inner product are R, C, H and an 8-dimensional nonassociative
algebra known as the octonions.

Definition 4.1. Let V' be a vector space over a field k. A quadratic form on V is a
function N: V' — k such that

(1) N(Ww) = 2N (v);

(2) The function

(v,w) »vaw = N(v+w) — N(v) — N(w),
is a (clearly symmetric) bilinear form on V.
Notice that
v.v = N(2v) — N(v) — N(v) = 2N (v),

hence if char(k) # 2, then the quadratic form is determined by the associated
bilinear form, and vice versa. In fact, in this case it is more standard to set

(v,w) = 1(N(v—!—w) — N(v) — N(w),

2
and we will speak of (.,.) as the bilinear form attached to the quadratic form N.
R™ is of course an example of a vector space with a quadratic form N(v) = |jv||?,

induced by the standard inner product. Note that the definition of N makes sense
for any field k, whereas for ||.|| we must take a square root, and so some arithmetic
of the field k is necessary.

We can now define the class of algebras that we want to study.

Definition 4.2. We say that a division algebra A over k is a composition algebra, if
there is a nonzero quadratic form on A such that

N(zy) = N(z)N(y).

Thus C with |.|? and H with ||.||? are examples of composition algebras over R.
The goal of this section is to show that in fact there are only 4 such composition
algebras. We begin with some lemmas about composition algebras.

Lemma 4.3. Let A be a composition algebra over a field k. Then we have
N(z) = (z,z) #0, Vo € A,
hence the bilinear form (., .) attached to the quadratic form is nondegenerate, in the sense
that its radical
J={zx € A:(z,y) =0,Vy € A}
is exactly {0}.
Proof. First note that N(1) = N(1)N(1), so that either N(1) = 0 or N(1) = 1. In
the former case, N is identically zero, so that we must have N(1) = 1. Thus if
xz € A— {0} then z has a right inverse, that is thereis a y € A such that zy = 1.
1=N(1) = N(zy) = N(z)N(y),
and hence N(z) = (z,z) # 0. It follows easily that J = {0} as required. O
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We now derive some properties of the norm in the case where the composition
algebra is an R-algebra.

Lemma 4.4. Let A be a composition algebra over R. Then the norm N is positive definite,
that is, for all x € A we have N (z) > 0, with equality if and only if z = 0.

Proof. Let © € A be nonzero. Then since N(1) = 1 and N(z) # 0 by the proof
of Lemma 4.3, we need only show that N(z) > 0. Suppose that N(z) < 0. Then
consider y = A1 + x, so that

N(y) = A +2(\,2) + N(2).

Since the right-hand side is a quadratic of A which is positive for large A, and
negative for A = 0, it must vanish somewhere, say for A = c. But then N(c+z) =0
and we must have x = —¢, and so N(z) = N(—c) = ¢? > 0, a contradiction. O

A quadratic form over R which is positive definite in the sense of the previous
lemma is in fact (the square of) a Euclidean norm, as the next lemma shows.

Lemma 4.5. (Gramm-Schmidt) Let V be a real vector space with a positive definite
quadratic form N, and let {v1,va,...,v,} be a basis of V. Then there exists a basis
{w1,wa,...,wy,} of Asuch that

span(wy, wa, . .., w; } = span{vy, va, ..., v;}, Vi, 1 <1 <mn,
and (w;,v;) = 6;5. The basis {w1,ws, ..., wy} is said to be orthonormal.

Proof. We use induction on dim(V'). If dim(V') = 0 then there is nothing to prove.
Suppose the result is known for spaces of dimension n — 1. Then since the first

n — 1 vectors {v1,vs,...,v,_1} spans an (n — 1)-dimensional space, by induction
there exist vectors wy, wo, ... wy—1 satisfying (w;, w;) = 6;; forall4,j,1 < 4,5 <n
and such that span(ws, we, ..., w;} = span{vy,ve,...,v;},Vi,1 <i <n — 1. Now

since by Lemma 4.3 we know that (v, v,) # 0 we may let

n—1 ('U w )
! —1 ny Wy
w,, = (U, Up) Uy — — = wj.
= (vn,0n)
Since v,, is not in the span of {v1,va,...,v,—1}, and this is the same as the span

of {wr,wy,...w,_1} by induction, we see that w], # 0. Moreover it is easy to
check that w/, satisfies (w),,w;) = 0 for all j, 1 < j < n — 1. Since the span of
{w1,ws,...,v,} is clearly the same as the span of {ws,ws,...,w]} we can com-
plete the inductive step by setting w,, = N(w/,)~/?w!, (the square root is a real
number by Lemma 4.4). O

Remark 4.6. We record here a consequence of the above lemma which we will use
in the proof of Proposition 4.11. Suppose that V' is real vector space with a qua-
dratic form N. For any subspace W of V, we define W+ to be the subspace of
vectors {v € V : (v,w) = 0,Yw € W}. If N is positive definite, and W is a proper
subspace, then W+ = {0}. Indeed if we pick a basis of V which contains a basis
of W, Lemma 4.5 shows that we can obtain an orthonormal basis of V' which con-
tains an orthonormal basis of W. Any of the vectors in this basis which are not in
W clearly lie in W+ and so W+ # {0} as required. (In fact, it is clear from this
argument that dim(W+) = dim(V) — dim(W)).
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We will use this nondegeneracy all the time in our investigation of composition
algebras in the following manner: in order to show that two elements a,b € A are
equal, it is enough to show that (a,2) = (b, z) forall x € A.

Lemma 4.7. (1) (Scaling law) For x,y, z € A we have
(z2,y2) = N(2)(z,y) = (22, 2y).
(2) (Exchange law) For z,y, z,w € A we have
(zy, wz) = 2(z, w)(y, 2) — (22, wy)
Proof. For (1), consider the expansion of N ((z + y)z) in two ways. First we have
N((z+y)2) = (z +y)z (z +y)2) = (22,22) + 2(yz, 22) + (y2,92).

On the other hand, using the fact that the norm is multiplicative

N(z+y)N(z) = (N(z) +2(z,y) + N(y))N(2)

and so comparing the two expressions we find that (yz,zz) = (z,y)N(z). The
other side of the equality in the statement follows similarly.
For (2) replace z by (y + z) in the scaling law so as to obtain

(@(y +2),w(y + 2)) = N(y + 2)(2,w) = (N(y) + 2(y, 2) + N(2))(z, w)
While expanding directly we get
(@(y + 2), w(y + 2)) = (zy, wy) + (2y, wz) + (xz,wy) + (z2, w2).

Hence comparing the two expressions, and using the scaling law we get the result.
O

We now introduce a “conjugation” operation on A: the idea is to mimic the
conjugation of complex numbers. Thinking of complex conjugation as reflection
in the real axis, we define for x € A

z=2(l,z) —x
We can show that this operation behaves much as complex conjugation does.
Lemma 4.8. We have
(1) (zy,2) = (y, T2) and (zy, z) = (x, 27));
(2) Ty = yz;
3) z=um.
Proof. For the first part we note that by the exchange law
(zy, 2) = (wy,1.2) = 2(z,1)(y, 2) — (22,9)
= (y,2(z,1)z) — (y,22))
= (y,Z2).
The other case is proved similarly. Now consider for z,z € A
(x,2) = (x.1,2) = (1,Z2) = (Tz,1) = (2,Z) = (T, 2)

Since the inner product is nondegenerate, this implies that Z = z. Finally, to see
that Ty = ¢ note that

(2,7y) = (xy2,1) = (y2,7) = (2,y7)
Thus again by nondegeneracy, we must have T = §Z as required.
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Remark 4.9. Not that 7z = zZ = N(«x)1, because T = T = xZ, so that zz € k1.
Moreover

N(z) = (z,2) = (27,1),
so that zZ = N(x)1. The same argument shows that Zz = N (x)1.

Now we want to show that given these properties, in fact A is one of just four
possible real composition algebras. To do this we consider a “doubling” process
known as the Cayley-Dickson double.

Definition 4.10. Suppose that A is a composition algebra. Define a new algebra D
tobe A ® A, where the new multiplication is given by

[a,b][e,d] = [ac — db,cb + ad).
If N is the quadratic form attached to A, we equip D with a quadratic from Np by

setting Np([a,b]) = N(a)+ N(b), so that the two copies of A are othogonal to each
other. Note that the conjugation in D is given by

m = la, -]

Thus starting with any composition algebra, we may double it to obtain an
algebra with a quadratic form of twice the dimension (it is 7ot necessarily a com-
position algebra — we will see shortly precisely when it is).

Remarkably, we can use this doubling construction to show that R, C, H and O
are the only real composition algebras. The key is the following observation.

Proposition 4.11. Suppose A is a real composition algebra, and B is a proper subalgebra
of A. Then A contains the double of B.

Proof. Since B is a proper subalgebra of A, Remark 4.6 shows that the subspace of
A

Bt ={zxc A:(z,b)=0,Ybc B}
is nonzero. Choose ¢ € B+ with N (i) = 1 (to find such an e, we first pick some
nonzero f € B*,since N(f) > 0by Lemma 4.4 we may define e = N(f)~'/2f). We
claim that B + i B is isomorphic to the double of B. First note that for a,b,c,d € B
we have

(a+ib,c+id) = (a,c) + (a,id) + (ib, c) + (ib, id)
= (a,c) + (ad,i) + (i,cb) + N(i)(b, d)
= (a7 C) + (b’ d)7

since B is closed under multiplication and conjugation, and N (i) = 1. Thus B+iB
is an orthogonal direct sum. Moreover

a+ib=a+ib=a— b,
since ib = 2(1,ib) — ib = 2(b, i) — ib = —ib. Note that this implies in particular that
for all b € B we have ib = bi, since ib = bi = —bi. Finally we have
() (a +b)(c +id) = (ac + ib.c + a.id + ib.id)

we examine the last three terms of this expression separately, using the nondegen-
eracy of the inner product: let z € A be arbitrary. Then

(ib.c, z) = (ib, 2€) = (bi, 2¢) = 0 — (be.zi) = (be.i, z) = (i.cb, 2).
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Similarly we find that
(a.id, z) = (id,az) = 0 — (iz,ad) = (z,iad).
Also
(ib.id, z) = (ib, 2(—id)) = —2(1, 2)(b, id) + (i.id, zb)
= (i.id, zb) = (id, —i.2b)
= N(i)(d, —2b) = (—db, )
Combining these three equations, we find that Equation (2) becomes
(a+ib)(c+id) = (ac — db) + i(ad + cb),
hence B + iB is indeed isomorphic to the double of B.
O

It is now quite easy for us to conclude that the only normed division algebras
over R are R,C,H and O. It is easy to check that the double of R is C, and that
the double of C is H. Let O denote the double of H. Now suppose that A is a
normed division algebra. Since it contains a copy of R, it is either equal to R by the
previous proposition it contains the double of R. Then either A is equal to C or it
contains the double of C. Since A is finite dimensional, it follows that continuing
in this way we find A is obtained from R by successive doubling.

But why does the list of division algebras stop, as opposed to there being one
for each power of 2? The answer is that the doubling procedure produces a new
algebra equipped with a quadratic form, but it is not necessarily a composition
algebra. Our next proposition shows that the double of a composition algebra A is
a division algebra if and only if the algebra A is associative.

Proposition 4.12. If A is the double of a composition algebra B, then A is a composition
algebra if and only if B is associative.

Proof. Let B be a subalgebra such that A = B + ig A. Then we must have
N(a+igb)N(c+igd) = N(ac— db) + ip(ch+ ad)).

Expanding we find that this is equivalent to requiring that

N(a)N(c)+N(a)N(d)+N ()N (c)+N(b)N(d) = (ac—db, ac—db)+(cb+ad, cb+ad)

and using the multiplicativity of the norm again and the fact that N(a) = N(a),
we find that the right hand side is

N(a)N(c) — 2(ac,db) + N(d)N(b) + N(c)N(b) + 2(cb,ad) + N(a)N(d)
Hence the norm on A is compatible with the multiplication if and only if
(ac,db) = (cb,ad)
forall a,b,c,d € B. But this holds if and only if
((ac).b,d) = (a.(cb),d), Va,b,c,d € B.

By nondegeneracy of the bilinear form, this last equation is equivalent to the as-
sociativity of B, as required. Finally, to see that A is a division algebra, note that
since B is a division algebra, Lemma 4.4 shows that the norm on B is positive
definite. It follows directly from the definition of the double that the norm on A is
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positive definite. We use this to show that A has no zero divisors. Indeed suppose
that zy = 0. Then since the multiplication is compatible with the norm, we have

0= N(0) = N(zy) = N(z)N(y),
and so N(z) = 0 or N(y) = 0, which is equivalent to requiring that = or y is

Zero. O

In precisely the same fashion we can show the following;:

Lemma 4.13. Let D be the double of composition algebra A, and assume that D is a
composition algebra. Then D is associative if and only if A is commutative and associative.

Proof. Write D = A +i4A. Clearly the composition algebra A must be associative.
Moreover, since the formula for multiplication in D shows that i 4.(ab) = (iab).a,
we see that if D is associative, then A must be commutative. To see that this con-
dition is sufficient, we must check the equation

(a+iab)(c+iad).(e+iaf) = (a+iab).(c+iad)(e+iaf),
holds. Expanding the left side we get:

((ac — db) +ia(cb+ad))(e +iaf) = ((ac — db)e — f(bc + da))

+iale(ch+ ad) + (ca — bd) f)
while expanding the right hand side we get

(a+iab)((ce — fd) +ialed —cf)) = (a(ce — fd) — (ed — cf)b)
4 ia((ce — fd)b+ aled — ef))

Comparing the two expressions we find that we must have

ac.e — db.e — f.bé — f.da = a.ce — a.fd — ed.b+¢f.b
and

e.cb+ e.ad + ca.f —bd.f = ce.b — fd.b+ a.ed — a.cf
But it follows immediately from the fact A is commutative that these equations
hold, and so we are done. O

Finally, note the following:

Lemma 4.14. If A is the double of a composition algebra B, then A is commutative and
associative if and only if B is commutative, associative, and has trivial conjugation.

Proof. Clearly, if A = B+igpB, then B must be commutative and associative.
Now since igb = bip, it follows that the conjugation on B must be trivial if A is
commutative. For the converse note that for A to be commutative we must have

(a+ipb)(c+ipd) = (c+ipd)(a+igb),
that is,
(ac — db) +ip(cb+ ad) = (ca — bd) + ig(ad + eb)

but this clearly holds if B is commutative with trivial conjugation. O
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Applying the lemmas to the case of a real composition algebra, we find that C is
commutative, associative, but has a nontrivial conjugation. Thus its double, H, is
associative but not commutative. Therefore doubling again, we get a composition
algebra, known as the octonions @ which is not associative. Since the double of O
will not be a composition algebra, there can be no other composition algebras over
R.

Remark 4.15. If we take the double of O, we obtain an algebra S known as the
sedenions. It is not a composition algebra, since O is not associative, thus it may
have zero divisors. On the other hand, every element has an inverse, since you
can check thatif z € S then 2z = N(x) € R so that Z/N(z) is a two-sided inverse
of x (since = ). In fact it turns out that S does possess zero divisors.
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5. THE CLASSICAL GROUPS

5.1. Compact classical groups. .

In the first section, we defined the groups O(R™) by considering the linear trans-
formations which preserved distance. We now want to define analogous groups
for the other real division algebras we have constructed. This is straight-forward
provided the algebras are associative, so for the moment we exclude the octonions
Let D be one of R, C or H.

The first thing to observe is that one can do linear algebra over D just as we do
for a field, provided we are careful about left and right. (Indeed if you know about
rings and modules, a left D-vector space is just a left D-module, and similarly
a right D-vector space is a right D-module. The important point is that all the
results about the existence of bases efc. continue to hold in the case where DD is
noncommutative. From now on when we say vector space, we tacitly assume it to
be a left vector space.

As an example, we show that any finitely generated vector space V' over D has
a basis. Recall that a basis is a generating set which is linearly independent (recall
that this means that whenever we have A\jvy + Ava + ... + A\pvp = 0 then \; =
A2 = ... = A\, = 0). Suppose that {v1,vs,...,v;} is a generating set. Then if they
are linearly independent we are done, . Otherwise there is a linear dependence,

A1U2 + AgUg 4+ ...+ A = 0,

where not all the ); are zero. But then suppose j is such that A; # 0. Then we have
v = Z#j()gl)\i)ui, and it is clear that the vectors {vi,va,...vj_1,vj41,..., 0k}
already span V. Continuing in this way we must find a basis as required.

A linear transformation of a ID-vector space is just a map of D-modules (that is,
it is compatible with the addition of vectors, and multiplication by the scalars in
D). An isomorphism of D-vector spaces is a bijective linear transformation. Just as
for fields, it is automatic that the inverse is a linear map. Thus if V' is a D-module
we obtain a group GL(V) of invertible D-linear maps from V to itself. Let D" be
the vector space of n-tuples of elements of D thought of as a left D-vector space.
Just as for a field, we may attach a matrix to a linear map. The subtlety here is
that, in order for the matrix to correspond to a linear map of (left) vector spaces,
we need to multiply on the right, that is, the linear map associated to a matrix
A is given by x — x A (thus we are thinking of D™ as the space of row vectors).
Using this correspondence, we may identify the group GL(D") with the (opposite
of the) group GL, (D) of invertible n x n matrices with entries in D, where the
group operation is given by matrix multiplication. Note that it is here that there
is a problem with the octonions — matrix multiplication over the octonions is not
associative.

For the real vector spaces R" we also had a notion of distance. Since D has a
norm, we can also obtain a distance on D" in an obvious way: let N: D" — R be
given by

n n
N(z) =Y N(x;) = _ Zimi,
i=1 i=1
where = (21,%2,...,2,) € D" (and then the distance is given by N(z)'/2).

Unlike in the case D = R, this distance is not associated to a quadratic form over D,
but rather over a form twisted by the conjugation on D: for z = (21, 22,...,2n) €
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D", letz = (z1, 22, ..., 2n), and let, for z,y € D™

n
=1

then N(z) = (z,x) > 0, but now whereas (., .) is compatible with the addition in
both variables, its behavior with respect to scalar multiplication is not symmetric
in the variables: instead we have

Ma,y) = Aa,y);  (2,0y) = (2,9)A, 2,y €D
The form (, ., ) is called a skew or Hermitian form on D™. We can then set
I(D") = {¢ € GL(D") : (¢(z), ¢(y)) = (2,y), Yo,y € D"}.

(in fact, one can show that this is equivalent to requiring that N (¢(z)) = N(z) for
all z € D™.) In the case D = R, we recover the orthogonal groups O(R"). In the
case D = C we obtain the unitary groups U(C™), while in the case D = H we obtain
the (compact) symplectic groups Sp(H™). Collectively these groups are known as the
classical groups. In the first two cases, the determinant gives us a natural normal
subgroup, SO(R™), and SU(C™), the special orthogonal and special unitary groups
respectively (in the case of Sp(H"), since H is noncommutative, we do not have a
well-defined determinant).

Just as for the orthogonal groups, we may also give a more explicit description
of these group in terms of their image in GL,, (D). For this, we use an involution
on matrices. Let M, ,,,(D) denote the space of n x m matrices with entries in D.
Then t: M, (D) — M,, (D) is the linear map given by (a;;) — (a;;). Similarly
we have a map : M, ., (D) — M, (D) given by (a;;) — (a;;). Then and ¢ both
square to give the identity, and commute with each other. Their composition is
therefore also of order 2, and we denote it A — A*. We have the following lemma:

Lemma 5.1. For A € M,, ,,(H) and B € M,, ,(ID) we have
(AB)" = B*A" € M,, ,(D).

Proof. Let A = (a;;) and B = (bj;). The ik-th entries of (AB) is then }7% | a;;bjx,
and hence the ik-th entry of (AB)* is

D aribii =Y bjiak; = » (B%)ij(A)jp-
j=1 j=1 j=1
which is just the ik-th entry of B*A* as required. O

It follows immediately from this lemma that the map A — A* restricts to a map
on GL,, (D). Its connection with the group I(D") is given by the following lemma.

Lemma 5.2. Let A € GL, (D). Then we have
(z,yA) = (zA*,y)

and
(x4, y) = (z,yA").
Moreover the image of I(D™) in GL,,(D) is exactly the set

{A€GL,(D): AA* =TI}
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Proof. Sinceitis clear that (A*)* = A, itis enough to show the first of the equalities.
It is easy to check that (zA)! = A*z'. Hence we have

(z,y4) = z.(yA)'

To see the moreover part, note that,
(z,y) = (zA,yA) = (xA. A" y), Vr,y € D",

For1l <i <n,lete; = (0,...,1,0,...,0) (Where the 1 is in the i-th place). Then
{ei}1<i<n is a D-basis of D™ and (e;, ;) = d;;. Hence the entries of the matrix A.A*
are exactly the numbers (e;A.A*, e;) = 0;; so it follows that A preserves the form
if and only if A.A* = I.

g

Remark 5.3. If you know what a manifold is (if not, then very briefly it is a smooth
space which locally looks like R™ for some n) each of the classical groups is an
example of a compact manifold which is a group (and the group operations are
smooth). It turns out that if you abstractly define a smooth compact group (known
as a compact Lie group) then the families SO, (R), SU,,(C) and Sp,, (H) and their
product are almost the only possibilities — there are exactly five “exceptional” sim-
ple compact Lie groups which are not of this type. These can all be related in some
way to the octonions, though we cannot give all the details here.

Since the matrices over the octonions are nonassociative, we cannot use them to
construct groups. Nevertheless there other ways of constructing groups from an
algebra. For example, we have seen that the automorphisms of the Hamiltonians
are isomorphic to the group SO(R?), and one can similarly ask about the group of
automorphisms of the octonions. This turns out to be the smallest example of an
exceptional compact Lie group (known as G).

We now consider the octonions more explicitly: Suppose that we wish to find a
multiplication table for them similiar to Hamilton’s original rules for multiplying
{1,4,7,k}. One approach is to recall how the octonions are constructed by dou-
bling. We start by picking e; orthogonal to 1. This yields a copy of the double of
R (that is, C) in O. We then pick es € ©@ which is perpendicular to each of {1, e; }.
Then {1, e, e} generate a copy of the quaternions, with R-basis {1, e1, ez, e1€2}.
Finally if we pick e3 perpendicular to each of {1, e, 2, e1e2} we find that O has an
R-basis given by {1, e1, e2, e1e2, €3, e1€3, eaes3, e1e2e3} and the multiplication of any
pair of elements of this basis is easy to determine from the rule for multiplication
in a Cayley-Dickson double. We call a triple of unit vectors (eq, ez, e3) of this form
a basic triple. Note also that this multiplication table is independent of the choices
made for e, e, e3, just as for the quaternions, the doubling construction shows
that any two unit vectors perpendicular to 1 can be used as”i” and “;”.

We now use this to study the group of automorphisms of Q. Pick a particular
choice of basic triple (¢1, ¢z, ¢3). It is clear from our discussion that if (eq, ez, e3) is
any other basic triple, then the map ¢; — e; extends to a unique automorphism of
0, and conversely, any automorphism sends (c1, ¢z, ¢3) to a basic triple. It follows
that, once the choice of basic triple (c1, ¢z, ¢3) is made, the automorphisms of O
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are in bijection with the space of basic triples in O, indeed the bijection sends « &
Aut(0) to (a(c1), afcz), afcs)). Indeed the map is even a homeomorphism.

But what does the space of basic triples look like? Well, e; can be chosen to
be any point on the unit sphere in the imaginary octonions, which is a 6-sphere.
Similarly, e; can be any point in the unit sphere of the 6-dimensional R-vector
space perpendicular to 1 and e;, and thus ey is any point in a 5-sphere. Finally
e3 is a unit vector in the 4-dimensional vector space perpendicular to 1,e;, e and
e1e2, hence e3 lies on a 3-sphere. This picture of the set of basic triples suggests
that they are a space of dimension 6 + 5 + 3 = 14, and thus we expect that Aut(O)
is 14-dimensional. (Any reasonable rigorous definition of dimension will declare
a space like the space of basic triples to be 14-dimensional, so what is missing here
is just a precise definition).

In the problem set you are asked to calculate a dimension for the classical
groups. It is straightforward to check from this that none of the classical group
have dimension 14, and so the automorphism group of O must indeed be a differ-
ent group (once you are prepared to believe that it is simple).

5.2. Classical groups over arbitrary fields. We now wish to construct similar fam-
ilies of groups over an arbitrary field k. The strategy of considering division alge-
bras over k is doomed to failure, because, as is shown in the problem sets, there
are no nontrivial division algebras over an algebraically closed field. Indeed, the
case where k is a finite field, which will concern us for some time, also does not
permit any interesting associative division algebras either, as a beautiful theorem
of Wedderburn shows. We need some preliminary definitions. Given any ring R,
and x € R we write

Cr(z) ={y € R: 2y = yx}
for the centralizer of x. It is a subring of R. The center Z(R) of R is the intersection
of all the subrings C'r(x) as z runs over the elements of R, thus

Z(R)={x € R:xy =yx,Yy € R}.

A skew field is a ring in which every nonzero element is invertible (that is, a field
where the multiplication is not necessarily commutative). Note that given a skew
field D, its center Z (D) is a field, and D is an associative division algebra over its
center. Thus as discussed in the last section, much of the theory of fields extends
to skew-fields: in particular, we have a notion of vector space over a skew-field,
and such spaces have a well defined dimension. If k C K then we can define
[K : k] = dimg(K), the dimension of K as a k-vector space. Thus if k; C ko C ks
then we may consider ky and ks as vector spaces over ki, and ks as a vector space
over k. It is easy to check that, just as for fields we have

(3) [kg : kl] == [kQ : kl][kg : kg]

The final ingredients we need before we can prove Wedderburn’s theorem are
the cyclotomic polynomials. The polynomial " — 1 € C[t] can be factored as

t"—1=]Jt-9

where ¢ runs over the n-th roots of unity {e?™**/"}o<;.,,. We say ¢ is a primitive
n-th root of unity if e = 1 and €* # 1 for all k < n, and define the n-th cyclotomic
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polynomial to be
o,()= J[ t-e).
€ primitive
Thus ®,,(¢) € C[t] and has leading coefficient equal to 1. We show ®,,(t) € Z[t]
using induction. For n = 1, clearly ®4(¢) =t — 1. But now since

" —1=2,(t)f(t)

where f(t) is a product of ®4(t) over the positive integers d dividing n, we see that
by induction f(¢) € Z[t] and f(¢) has leading coefficient 1. But the the expression
®,(t) = (t" — 1)/ f(t) immediately implies that ®,(¢t) € Z[t] also. Finally, observe
that @, (t) divides (t" — 1)/(t? — 1) for any proper divisor d of n, by the same
argument.

Theorem 5.4. (Wedderburn): A finite skew field is a field.

Proof. Let D be a division ring with finite many elements. For each z € D we
have Cp(x) is a subring of D, and Z(D) is a field. Since D is finite, Z(D) is finite,
say with ¢ elements. Since each Cp(z) is a vector space over Z(D), we may write
|Cp(x)| = q% for some integer d, € N. Let n = d;. Using Equation 3 we see that
d, divides n for all z € D.

Now consider the group of nonzero elements of D under multiplication. It is a
finite group, and is the disjoint union of its conjugacy classes. Since the conjugacy
class of an element has size one if and only if that element lies in the center of D,
we see that

ID*|=¢"=1=(qg— 1)+ (¢"—1)/(¢" - 1),
d|n
where d runs over the dimensions of the centralizers of elements in distinct conju-
gacy classes of size greater than 1. We claim that such an equation can only hold if
n = 1, and hence D = Z(D) as required. To see this, we use the remark on cyclo-
tomic polynomials above. Since ®,,(t) divides (t* — 1)/(t? — 1) for all d a proper
divisor of n, setting ¢ = ¢ implies that ®,(¢) divides ¢ — 1, since it divides all the
other terms in the above equality. But now since ¢ € Nis at least 2, and any € € C
a primitive n-th root of unity lies on the unit circle in the complex plane, clearly
lg —e] > ¢ — 1, unless n = 1. But then |®,,(¢)| > ¢ — 1 contradicting the fact that
®,,(q) divides ¢ — 1, and so we must have n = 1 as required. O

To find analogues of our classical groups which will make sense over an arbi-
trary field, we start by expressing the classical groups as subgroups of GL,,(C).
We may define two involutions on GL,,(C). Let §: GL(C) — GL,(C) be given
by setting #(A) for A = (a;;) to be (@;;), the matrix whose entries are the com-
plex conjugates of the entries of A, and let x: GL,,(C) — GL,(C) be given by
A K(A) = (A7 = (A1) It follows immediately that the orthogonal groups
may be written as

O(R") ={A e GL,(C): k(A) = A,0(A) = A}.
We also have
U(C) ={A e GL,(C): k(A) =0(A)}

Finally, and most interestingly, we have the symplectic groups. If {e,ez,...,¢,}
denotes the standard basis of H", and we view C as a subring of H via z — Re(z) +
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Im(z)i, then H™ becomes a complex vector space with basis

{e1,€2,...,en,j€1,7€2,...,jen}.

Let ¢: C*" — H" be the unique C-linear map sending the standard basis of C?"
to this basis. Then ¢ induces an algebra map ¢*: End(H") — End(C*") from the
H-linear maps of H" to the C-linear maps of C*"given by a +— ¢! o a0 ¢ (here
End denotes the space of linear maps from a vector space to itself). Clearly ¢* is
an embedding. We want to compute the image of Sp(H") under this map. To do
this we first calculate the way our identification of C*" and H" interacts with the
structure of these spaces. Let J € GL(C?") be the matrix given by

=(n )
and let —: C* — C" be the map (z1, 22, ..., 2n) > (21, 22, .. . , Zn ).
Lemma 5.5. Under the identification ¢p: C* — H" given by
(21,29, « vy 2y W1, Way ooy Wy) > (21 +W1J, 22 + Waj, ..oy 25 + WpJ)
multiplication by j becomes the map
(21,22, -« s Zn, W1, Wa, . .., Wy) > (—W1, —Wa, ..., —Wn, 21,22, -, Zn)-

or more compactly, we may write this as v — Jv. Moreover, if {.,.)c denotes the complex
Hermitian form on C*" and (., .)y denotes the quaternionic Hermitian form on H", we
have

(v, w)e = C({6(v), p(w))m),
where C': H — C is the R-linear map given x + yi + zj + wk — x + yi.

Proof. The first part follows from the fact that if w € C C H then jw = wj. For
the second part, let v = (v1,v2) and w = (w1, w2) where vy, ve, wq,wy € C™. Then
observe that

(v1 + v, w1 + waf)m = (v1, w1)m + j(va, wi)m + (v1, wa)uj + (v2, w2)m,
and hence
C((v1 + v2j, w1 + w2j)) = (v, w1)m + (v2, w2)m
= (v1,w1)c + (v2, wa)c
= (v, w)¢
as required. O

Now the image of GL(H") in GL5, (C) under the map induced by ¢ consists
of the invertible complex matrices A which are compatible with multiplication
by elements of H. But since H = C @ Cjy, this is equivalent to requiring that A
commutes with multiplication by j € H. The previous lemma shows that this is
just the condition that JAv = A(Jv) for allv € C?", thatis, AJ = JO(A).

Next we wish to calculate the image of Sp(H") in GLy,(C). For this we use
the second part of the above lemma. Indeed if o preserves (.,.), then clearly
it preserves (.,.)c, so that ¢*(Sp(H")) C U(C?"). However, even more is true:
the fact that « is H-linear implies that « preserves (.,.)g if and only if ¢*(«) pre-
serves (.,.)c. To see this, we just have to note that « preserves (., .) if and only if
it preserves the norm N (see the problem set), but N(z) = C(N(z)), so if ¢*(a)
preserves (.,.)c = C({., .)c then «a preserves N.
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Thus we have shown that the image of Sp(H") under ¢* (identifying GL(C?")
with GL,,, (C)), is

{A € GL3,(C) : k(A) =6(A), AT = JO(A)}
Now we may rewrite this as
Sp(H™) = {A € GL2,(C) : AJA" = J,x(A) = 6(A)}

In order to obtain groups which are defined any field (not using any properties
of the field C like complex conjugation) we simply loosen our conditions, drop-
ping the conditions involving . Thus we obtain three families of groups:

o The general linear group: GL,,(C) = {A € M,,(C) : A is invertible}.
e The orthogonal groups: O,,(C) = {4 € GL,,(C) : A.A* =I,,}.
e The symplectic groups: Sp,, (C) = {A € GLy,(C) : AJA" = J}.

These groups make sense over any field k, and we calll the groups that arise the
classical groups over k, denoted GL,,(k), O, (k) and Sp,, (k). Note that in the case of
the first two families the map given by the determinant A — det(A) has as kernel
a subgroup denoted SL,, (k) and SO, (k) respectively (the special linear and special
orthogonal groups respectively).

Remark 5.6. Notice that the compact groups are all simply the intersection of the
above groups with the unitary group. One can use this observation to show that
over C we do not really lose anything by removing the condition involving 6: each
compact classical groups we started with is a maximal compact subgroup of the
classical groups over C. In the case of GL,,(C), for example, any compact subgroup
of GL,,(C) is conjugate to a subgroup of U,,(C). The proof of this statement is
essentially a glorification of the proof of Lemma 4.5.

Let us consider the three families of groups we have constructed more closely.
The general linear groups are clearly just the full group of automorphisms of a
vector space of dimension n over the field. The orthogonal groups are, similarly
to the case of R", the group of linear transformations which preserve the bilinear
form on k™ given by

n
(.’L’, y) = Z TilYi,
Jj=1

where © = (z1,22,...,2,) and y = (y1,Y2,-..,Yn). The last family however is
somewhat new: it corresponds to the linear automorphisms of a 2n-dimensional
vector space k?" which are compatible with a bilinear form given by

(z,y) =" Jy
where J is the (2n) x (2n) matrix given above. Since J* = —.J we see that this form
is skew-symmetric in the sense that
(.’I}, y) = _(ya {E)

Thus these families of groups lead us to consider vector spaces over a field k which
come equipped with the additional structure of a bilinear form that is either sym-
metric or skew-symmetric.
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6. PROJECTIVE GEOMETRY

We now switch gears somewhat and study the geometry of lines in a vector
space. This will give us an object that the first of our classical groups, the gen-
eral linear group GL, (k), acts upon, thus it will allow us to better understand the
structure of this group.

Definition 6.1. Let V be a vector space of dimension n + 1. Then P(V') the projec-
tive space of V is the set of lines in V' (i.e. one-dimensional subspaces of V). We
say that such a projective space has dimension 7.

Example 6.2. Over the real numbers, the n-dimensional projective space is de-
noted RP". Since any line in R""! intersects the unit sphere S™ = {z € R"*! :
|lz|]| = 1} in exactly two points (which are antipodal to each other), we may pic-
ture RP" as the space obtained from S™ by identifying opposite points. In the
case n = 1, it is clear identifying opposite points on a circle yields another cir-
cle, while in the case n = 3, our discussion of SO(R?) showed that, as a space,
SO(R3) = RP3. To picture RP?, one can also imagine the upper hemisphere with
antipodal points on the equator identified. This perspective reveals that a large
piece of RP? looks like R? (since an open ball is homeomorphic to R™). We will
see below that this is a general phenomenon.

A one dimensional projective space is called a projective line, while a two-
dimensional projective space is called a projective plane. Given a vector in V'\{0},
it spans a line in V, and hence there is a natural map from V\{0} — P(V'), which
we denote v — [v]. Clearly [v] = [w] if and only if v = Aw for some A € k\{0}.
It is easy to check that v ~ w if v = Aw, for some X\ € k\{0} gives an equivalence
relation on V\{0}, and thus P(V') = V\{0}/ ~. Given a point p in P(V) (i.e. a line
in V) we say that v is a representative vector for p if [v] = p.

We use this idea to introduce coordinates in projective space. Let {vg, v1,...,v5)}
be a basis of V. Suppose that p € P(V) is a point in projective space and take a
representative vector v. Then v can be written uniquely as

n
v = E I’jl)j.

7=0
By convention, if the basis {vg,v1,...,v,} is understood, we write p = [z : 21 :
: ). Since v # 0 there is some x; which is nonzero (and moreover, the set
{k : z1, # 0} is independent of the choice of representative). Let A; = {[z¢ : x1 :
: 2y] € P(V) @ 2; # 0}, a subset of P(V), the I-th affine chart for P(V). Then we
may identify A; with k™ via

[o:ay o i xn] = (Xo/Thy ooy X1 /Ty Tt 1 [Tl -+, T [T
Notice that P(V) = |J;",A;. Moreover, if p ¢ Ao, then p is a line in the n-
dimensional vector space W spanned by {v1, v, ..., v,}, and hence we see that

P(V) =Ag UP(W),
that is, P(V) is the union of k™ and a projective space of one smaller dimension.

Exercise 6.3. Many points lie in more than one Aj, and hence have different coor-
dinates depending on which affine chart we look at them in. What is the relation
between the different coordinates?
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Example 6.4. We use the quaternions to identify CP! with the two-sphere S2. We
may think of H as a copy of C? = C & Cj. Then the nonzero vectors are just the
nonzero elements of H, which we denote by H*, moreover, the equivalence classes
of the relation ~ above are now exactly the left cosets of C* C H*, and so CP! is
just C*\H*.

But why does this help us see that CP* is a 2-sphere? Let I be the purely imagi-
nary quaternions, so that since I = R* as a real vector space, the purely imaginary
quaternions of unit length are a 2-sphere, 5?. Now H* acts on S? by conjuga-
tion, moreover, the action of H* is transitive, (since we know that the image of
H* in GL(R?) is all of SO(R?)) hence S? = H* /Stabyx (i), the quotient of H* by
the stabilizer of i € S2. But now this stablizer is exactly C*, the nonzero complex
numbers (viewing C C H in the standard way). Thus we have identified S? with
the quotient H* /C*, and hence CP*!

Definition 6.5. A line in projective space P(V) is the set of lines in V' contained in a
2-plane. A k-dimensional subspace of a projective space is a subset consisting of the
lines in V' which are contained in a k + 1-dimensional vector subspace of V. The
set of k-dimensional subspaces of V, the Grassmannians of k-subspaces, is denoted
Gri(V) or Gri_q1(P(V)) (thinking of them as (k — 1)-dimensional subspaces of
P(V)). A projective geometry is a projective space equipped with collection of all
subspaces. We call a vector subspace of V' a hyperplane if it has dimension dim (V') —
1. Notice that subspaces are partially ordered by inclusion. We say that a flag of
length £ in P(V) is a sequence Fy C Fy C ... C Fj of subspaces. Notice that
dim(P(V)) is the maximal length of a flag in P(V).

Lemma 6.6. IfIP(V') is a projective space, then any two distinct points determine a unique
line. Moreover, in a projective plane, any two lines intersect in a point.

Proof. Let p, q be distinct points in V, and let v and w be representative vectors
in V. Then since p and ¢ are distinct, v, w are linearly independent. The 2-plane
they span gives the unique line through p and ¢. If P(V) is two dimensional, then
a line in P(V') corresponds to a 2-dimensional subspace in V. For any two lines
01,05 C P(V), let W7 and W3, be the planes in V' they correspond to. Then

d1m(W1 N Wg) = dlm(Wl) + dlm(Wg) - dim(W1 + WQ)) =4 - d1m(W1 + WQ) =1
unless W7 = W, in which case the lines ¢; and ¢, are equal. [l

We now wish to define maps between projective spaces. In fact it turns out that
it is easier to only define the notion of an isomorphism between projective spaces:
Suppose that V and W are vector spaces, and 7 is any invertible linear map from V'
to W. Then clearly T" induces a map between the subspaces of V' and the subspaces
of W given by U +— T'(U). Since T has zero kernel, dim(7'(U)) = dim(U), and so
in particular, T' gives a map from P(V') to P(W).

Definition 6.7. Given vector spaces V, W, a projective transformation from P(V') to
P(W) is the map 7 induced by a linear isomorphism 7": V' — W. We write 7 = [T7].

Remark 6.8. One could also make a more abstract definition by letting a projec-
tive transformation be a bijection ¢: P(V) — P(W) which takes collinear points
in P(V) to collinear points in P(W). This gives a slightly larger class of transfor-
mations, which can nevertheless be completely described, by what is known as
the Fundamental Theorem of Projective Geometry. We will not use this larger class of
transformations.
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Notice that if S = AT for some A € k, then T" and S induce the same projective
transformation. In fact this is the only time that two linear isomorphism induce
the same projective transformation.

Lemma 6.9. (Vandermonde determinant): Suppose that A1, Mg, ..., Ay, € k, and that A
is the matrix

1 A |
D D T
AP AR At

Then det(A) = [[,5;(Ai — A;). In particular, A'is invertible if all the \; are distinct.

Proof. Let P(A1, Az, ..., Ap) be this determinant thought of as a function of the
A;s. Then from the standard formula for the determinant we see that P is a sum of
homogeneous terms of degree 1+2+...+ (m —1) = m(m—1)/2 (each term in the
expression for the determinant contains one entry from each row, and the entries
in row ¢ have degree i), i.e. P is a homogeneous polynomial of degree m(m —1)/2.
Now since the determinant vanishes whenever two columns of a matrix are equal,
it follows that P is divisible by (\; — A;) for every pair i, j with 1 < j < i < m.
But now since a polynomial ring in m variables is a unique factorization domain,
it follows that the product [ ], ;(A; — A;) divides P. Since this product clearly has
degree (') it follows that the two expressions are equal up to a constant. Finally
comparing the coefficient of AoA3 ... A7 ~! we see that they are in factequal. O

Lemma 6.10. Let V' be a vector space over k, and let a: V' — 'V be a linear map. Let V)
be

{veV:al) =},
then the sum o, V\ is direct.

Proof. Suppose that vq,vs,. .., vy are k vectors in eigenspaces Vy,, Va,, ..., Vi, re-
spectively, where all the scalars A, A2, ..., A, are distinct. But then if we have
v1 +vg + ... v, = 0, it follows that

Afvr + Ajve + ...+ Afvg =0,

for all s > 0. But since the A;s are all distinct, the previous lemma shows that the
matrix (A ') 1<, j<i is invertible, and so the above equations hold only if v; = 0
for all 7. Thus the sum is direct as claimed. |

Lemma 6.11. If S and T are isomorphism from V to W, then S and T induce the same
projective transformation if and only if S = AT for some X\ # 0.

Proof. By considering A = TS we are reduced to showing that if A: V — V is
a linear map such that [V] is the identity map, then A is a scalar multiple of the
identity. Since [A(v)] = [v] for each vector v € V, it follows that every vector is
an eigenvector. Thus V' is the union of its eigenspaces, V' = ( J,,¢, V. But then the
previous lemma implies that V = @, ., V), and these both happen only if V' = V),
for some A € k, that is, if A is a scalar multiple of the identity as claimed. O

Example 6.12. A geometric example of a projective transformation is given as fol-
lows. Take two lines P(Us),P(Us) in a projective plane P(V'), and let p be a point
not on either lines. Then the map which takes a point ¢ € P(U;) to the intersection
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of P(Us;) with the line through p and ¢ is a projective transformation from P(U;) to
P(Us).

Definition 6.13. Let P(V') be an n-dimensional projective space. We say that n + 2
points in P(V') are in general position if each subset of n+1 points has representative
vectors which are linearly independent.

Lemma 6.14. If ag, as, . .., ant+1 are in general position in P(V') and by, ba, . .., byt
are in general position in P(W), then there is a unique projective transformation from
7: P(V) — P(W) such that T(a;) = b;.

Proof. Choose arbitrary representative vectors vg, v, ...v,+1 € V for the points
ag,az, . . ., 0n41. By the general position assumption, the first n 41 of these vectors
form a basis of V. Thus we may write

n
Un41 = E )\1’01
=0

Now if some A; = 0, then the vectors {vg, ..., v—1,Vit1, ..., Unt1} are not linearly
independent, contradicting the general position assumption, hence we must have
Ai # 0foralli. (0 < i < n). Replacing v; by A;v;, it follows that we may choose
our representative vectors vg, v1, ..., v, SO that

n
Un+1 = § Vs
=0

Notice moreover, that the choice of such representatives is unique up to simulta-

neous scaling. We may similarly find representative vectors wo, w1, . .., wy, for the
points by, b1, ..., b, in P(W) such that wy, wy, ..., wy41 satisfy w1 = > or o w;.
Hence the linear map T': V' — W defined by T'(v;) = w; for i =0, 1,. .., n satisfies
[T)(a;) = b; forall i (0 < i < n+ 1), and [T] is unique as required. O

Remark 6.15. We call the group of projective transformations PGL(V'), the projec-
tive general linear group. The previous lemma shows that we may identify it with
GL(V)/Z(GL(V)) where Z(GL(V)) is the center of GL(V) — the group of scalar
matrices (check this). Suppose now that P is a projective line, then n + 2 = 3 and so
there is a projective transformation 7 taking any three distinct points to any other
three points. Fixing any triple of points we see that we can realize any permuta-
tion of these three points as a projective linear transformation. In the case where
k = IF5, then a projective line has exactly three points, and so this is the entire
group of projective linear transformations.

Theorem 6.16. (Desargues) Let A, B,C, A’, B', C' be points in a projective space P(V")
such that the lines AA’, BB’ and CC' are distinct and concurrent. Then the three points
of intersection ABN A'B’, BC'N B'C" and AC N A’C" are all collinear.

Proof. Let P be the point on all the lines AA’, BB’ and CC’. Since P, A, A" are
distinct points on a projective line, they are in general position, and so using the
proof of the previous lemma, we may find representative vectors a, a’, p such that
p = a + a/. Similarly we can find representative vectors b,b’, ¢, ¢’ for B, B',C, C’
such that

p=b+1V; p=c+c.
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It follows thata +a’ = b+ b andsoa — b=V — ¢’ = ¢, and similarly
b—c=c -t =ad"; c—a=d - ="b".

Thus it follows that a” + b’ +c¢" =b—c+c—a+a—b = 0, and so the three
vectors a”,b”, " are linearly dependent, and thus lie in a two-dimensional sub-
space of V. It follows that the three points A”, B”, C" represented by these vectors
lie on the corresponding line in P(V'). (It is easy to check that these points are the
intersections described in the statement of the theorem. O

Remark 6.17. It is possible to define a projective space abstractly, using axioms sim-
ilar to Euclid’s: A projective space is a set (consisting of “points”) with a collection
of subsets (called “lines”) such that:

Any two distinct points lie on unique line.

There is at least one line, and not all points lie on that line.

A line contains at least three points.

If A, B,C, D and F are five points such that B, C'and D are collinear, A4, C
and E are collinear, but A, B and C' are not collinear, then there is a point
F collinear with D and F and with A and B.

(The last of these axioms is attempting to say when points lie on the same plane
without having to use the word “plane”). We say that a subset of a projective space
is a subspace if whenever it contains distinct points A and B, it contains the line
through them (thus it is another projective space). A chain of nested subspaces
(Fo C Fi C ... Fy) in a projective space is called a flag of length k. The dimension
of a projective space is then the maximal length of a flag. It can be shown that
if the projective space has dimension at least 3, then it is P(V) for some finite
dimensional vector space over a skew-field.

Finally we discuss duality in the context of projective geometry. Given a finite
dimensional vector space V over a field k recall that its dual space is the vector space
V* = Hom(V, k). Given any basis v1,vs,...,v, of V, we may define a dual basis
v}, vs,..., v of V* by setting v} (v;) = d;;. It is clear from this that V and V* are
vector spaces of the same dimension, however there is no natural isomorphism
between them. We can however give a natural identification of subspaces.

Definition 6.18. Let U C V be a subspace of V. Then set U° C V*, the annihilator
of U to be the set

{peV*:¢(u)=0,Yue U}

It is easy to check that U° is a subspace of V/*. Notice that taking annihilators
reverses containment on subspaces: if U; C U, then UY D U3. Moreover we have
the following easy result.

Lemma 6.19. Let V' be a finite dimensional vector space over k and let U C V be a
subspace of V.. Then

dim(U) + dim(U?) = dim(V).
Proof. Pick a basis {u1,us,...,uxs} of U, and extend it to a basis {u1, ug, ..., u,} of

V. Let {u],u,...,u}} be the dual basis. It is easy to check that ¢ € V* lies in U°
if and only if ¢ € span{uj,u; o, --,u;,}. The result follows. O
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Given a linear map o: V' — W between vector spaces, there is a natural map

ao*: W* — V* given by

a*(9)(v) = ¢(a(v)), VveV.
If v is an isomorphism, it is easy to check that if U is a subspace of V and «(U) =
S C W, then a*(S°) = U°.

Although there is not a natural isomorphism between V' and V*, if we dualize
again and consider V** = (V*)*, then in fact there is a natural map S: V" — V**
given by

S(v)(¢) = ¢(v).
It is immediate that S is linear, and moreover it is injective. Hence if V' is finite
dimensional, S is an isomorphism.

Given a pointin P(V'), thatis, a line in V, the annihilator of this line is a subspace
of dimension dim(V') — 1 in V*, i.e. a hyperplane in V*. Similarly, given a point
p € P(V*), its annijhilator in V** = V is a hyperplane in V, thus we see that the set
of hyperplanes in V' can naturally be identified with a projective space.

The most concrete consequence of duality in projective geometry is seen in the
case of a projective plane P(V'). Then V has dimension 3, and so duality gives a
correspondence between points of P(V) and lines in P(V*), and similarly a cor-
respondence between lines in P(V') and points in P(V*). Thus we see that the
statement that any two points lie on a unique line by duality implies that any two
lines intersect in a point, and so the two statements of Lemma 6.6 are the duals
of each other — we need only have proved one of them for the case of a projective
plane.

As a more elaborate example, consider Desargues’ theorem. The dual theorem
says that if we have six lines Iy, ls, 3,1}, 5, I such that the intersections p; = {1 N
I}, p2 = la N5 and p3 = I3 N I§ are distinct collinear points, then if p;; = {; N l; and
pi; = i N1, the lines [;; given by p;;, p}; for 1 < i < j < 3 are concurrent. This can
be thought of as the converse to Desargues’ theorem.

Finally we use duality to understand a very natural space: the space of all lines
(not necessarily through the origin) in a real plane. We know from our discussions
above that this space corresponds to the lines in RP?, with the “line at infinity” re-
moved. By duality, this is the same space as RP? with a point removed. What does
this space look like? If we use the model of the 2-sphere S? with antipodal point
identified, we see that the space is just the sphere minus the poles with antipodal
points identified. To make this more explicit, we can use spherical coordinates:

(0, ¢) — (cos(0) cos(¢), sin(f) cos(¢), sin(¢)), 6 € [0,27] x (0,7).

When we remove the poles, the range of values for 6 and ¢ are 0 < 6 < 27,
0 < ¢ < 7, and the antipodal map corresponds to the map

(0,0) = (0 +m7—0).
(where the first component must be read modulo 27). But then we may identify
the space of lines in R? with pairs (6, ¢) € [0, 7] x (0,7) where we identify (0, ¢)
with (7, m — ¢). Drawing a picture of a square with the appropriate identifications,
we immediately see that this space is a Mobius band.
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7. THE GENERAL LINEAR GROUP

Recall that given a vector space V' over a field k the group GL(V) is the set of
invertible linear transformations of V. By picking a basis of V, we may identify
GL(V) with the group of invertible n x n matrices, where n = dim(V).

The determinant function gives a homomorphism det: GL(V) — k*. The ker-
nel of det is the special linear group (over R these are the volume preserving linear
transformations). The centers of these groups are easy to compute:

Z(GL(V)) = {AT: X ek*};  Z(SL(V)) ={A[: A" =1}

(where n = dim(V') as above). Thus the quotient PGL(V') of GL(V') by its center
is the group of projective transformations, which contains the group PSL(V') of
projective special linear transformations. We want to study these groups over a
finite field, k = F,,, where ¢ = |F,]|.

Lemma 7.1. (1) |GL(F2)| = q"™=V/2TTr_ (g% = 1).

(2) [SL(Fy)| = ¢"" V2 Ty (" — 1),
(3) |PSL(F™)| = |SL(F™)|/g.c.d(n,q — 1).

Proof. The last two parts are immediate from the first. To obtain the first part, we
count the number of invertible n x n matrices over IF,. Note that such a matrix is
inveritble if and only if its columns are linearly independent. The first column can
thus be any nonzero vector, that is one of ¢ — 1 vectors. The second column can
be any vector not on the line spanned by the first column, and therefore is one of
¢" —qgq vectors. Continuing in this way, we see that the k-th vector can be any vector
not lying in the span of the first & — 1 vectors, which are linearly independent and
so span a (k — 1) dimensional subspace. Hence there are ¢" — ¢*~! choices. Thus
we see that in total there are
n n
[[@ ¢ =g - 1)
i=1

i=1

invertible n x n matrices as required. O

Notice that GL(V') has two natural subgroups — Z(GL(V')) and SL(V). In order
to obtain a group which does not obviously possess a nontrivial normal subgroup,
we must pass to the quotient of the group SL(V) by its center, PSL(V). We will
now show that this group is in fact simple in almost all cases. To do this we need
to gather a collection of elements of GL(V') which we can understand explicitly.

Definition 7.2. Let p € GL(V). Let x(t) be the minimal polynomial of p, that is the
polynomial of smallest degree in k[t] such that x(p) = 0. We say that p is semisimple
if the polynomials x(¢) and x'(¢) (the derivative of x) are relatively prime. If k is
algebraically closed then this is equivalent to requiring that there is a basis of V'
consisting of eigenvalues of p. p is said to be unipotent if there is some m > 0 such
that (p — 1) = 0.

Definition 7.3. Consider a transformation 7 € GL(V') which fixes every element
of a hyperplane H C V. If we pick v € V\ H and define ¢: V — k by

pAw+h) =X VAekheH.
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Thus H = ker(¢) and for all w € V we have w — ¢(w)v € H. Thus we have
7(w — ¢(w)v) = w — ¢(w)v, and hence
T(w) = w + d(w)u.

where v = 7(v) — v. Thus we may specify any inveritble linear map which fixes a
hyperplane by giving ¢ € V* and u € V, such that ¢(u) # —1. Write 7, ¢ for the
map obtained by using u € V, ¢ € V* in the above formula. If ¢(u) = 0 then we
say that ¢ is a transvection. If ¢(u) ¢ {0,—1} then we say that 7, 4 is a dilatation.
Thus a transvection is a linear map 7 fixing a hyperplane H such that 7(v) —v € H
forall v € V. Note that (7 — 1)? = 0, and so in particular, 7 is unipotent. It follows
that a linear map fixing a hyperplane is either semisimple, in which case it is a
dilatation, or unipotent, in which case it is a transvection.

We record the following obvious properties of transvections.

Lemma 7.4. Let 7, 4 be a transvection. Then we have the following.
1) Tau,p = Tu,aps
(2) Tu,pr14+¢2 = Tu,p1 © Tu,dar
B) Tustuz,d = Tur 6 © Tu, i
(4) gTu,69™" = Tyu),g=() for all g € GL(V).
Proof. The first property holds for any 7, 4. For the second, observe that

Tepr,u O T¢2,u(w) = T¢1,u(w + o1 (w)u)
=w + ¢2(w + d1(w)u)u
=w+ (p1 + ¢2)(w)u,

since ¢2(u) = 0. The third property follows in a similar way. Finally we have

9Tus9 (W) = gTug(g™  (w))
=g(g~ " (w) + o9~ (w))u)
=w+ g"(¢)(w)g(u)
= Tg*(¢),9(w) (W)
O

Notice that if 7 = 74, is a transvection, then we have a homomorphism of
groups e, : k — SL(V) given by a +— 7, 4. We call the images of these homomor-
phisms unipotent one-parameter subgroups. It should be pointed out that if v and
¢ are put into bases of V' and V* which are dual to each other, then the matrix
of t, 4 is very simple: it has 1s on the main diagonal and all but one of the off-
diagonal entries equal to zero. It is easy to see from this that any transvection has
determinant 1, and so 7,4 € SL(V) for all u € V, ¢ € V* such that ¢(u) ¢ {0, —1}.

Lemma 7.5. If dim(V) = n > 2 then all transvections are conjugate in GL(V'). If
dim(V) > 3, they are all conjugate in SL(V). When n = 2, the conjugacy classes of
transvections in SL(V') are in bijection with k* /(k*)2.

Proof. Let 1 and 72 be two transvections in SL(V'), and let W; and W5 be the hyper-
planes fixed by 7 and 7 respectively. Choose v; € V\W; and let w; = 7;(v;) —v; €
W;, for i = 1,2. Then define g € SL(V') by picking a basis {w1,u1,ug, ..., un—_2} of
Wi and a basis {wa, r1,72,...,7h—2} of W5 and letting g(w1) = wa, g(vi) = vg, and
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g(u;) =r;for1 <i<n-—3,and g(u,—2) = ar,_o where a is chosen so det(g) = 1.
It then readily follows that g9~ " = 7.

If n = 2 then we may still use this procedure to obtain a ¢ € GL(V') conjugating
71 to 72, but we cannot guarantee that ¢ € SL(V'). Thus we need to think about
the case of SL(V') where dim(V') = 2 separately. Fix a basis {e1, e2} of V with dual
basis {e},e5}, and let 7, = ¢, 4¢; for a € k*. Suppose that 7, 4 is any transvection.
Pick g € SL(V) with g(u) = e1. Then g7y 49" = 7¢, 4+(4) (by Lemma 7.4), and
so, since g*(¢)(e1) = ¢(u) = 0, we see that g*(¢) = Aeb for some A € k*, that is
9Tu,69~ " = Tx. Hence we are reduced to finding which of the 7, are conjugate. But
if g € SL(V) is such that g7,g~! = 7, it follows that the matrix of g with respect to
the basis {e1, e2} has the form

Ap
(o)

and hence b = Ma. It follows that 7, and 7, are conjugate if and only if a and
b differ by a square in k*. Thus the conjugacy classes of transvections in SL(V)
are in bijection with the set k* /(k*)?. In the case where k is finite, it is easy to
see that k*/(k*)? has two elements, so that there are two conjugacy classes of
transvections. U

Proposition 7.6. (1) Given any two linearly independent vectors v,w € V there is
a transvection T taking v to w.
(2) Given two distinct hyperplanes W1, Wy and a vector v such that v ¢ W1 U Wa,
there is a transvection T fixing v taking Wi to W.
(3) The set of transvections generates SL(V).

Proof. For (1), since {v, w} are linearly independent, so are {u, v} where u = v—w,

and thus we can extend this set to a basis {u, v, w;,wa,...,w;} of V. Then define
7:V — V by setting 7(u) = u, 7(w;) = w; forall i, (1 <i < k), and 7(v) = w. Then
clearly 7 fixes a hyperplane H = span{u,w;,ws,...,w}and 7(v) —v =u € H so

that 7 is a transvection.

For the second part, since W7 + W5 must be all of V' (unless dim(V) = 1, in
which case the statement is trivial), we may find w; € W; and ws € W, such that
v = wy — wy. Since v ¢ Wi, Wy we cannot have w; or ws € Wi N Ws. It follows
that we may define 7: V' — V by setting 7)1, qw, to be the identity, 7(v) = v,
and 7(wy) = ws. Since 7 fixes the hyperplane spanned by Wy N W, and v, and
T(w1) — wy = v, it follows that 7 is a transvection as required.

Finally, to show that the set of transvections generates SL(V') we use induction
on dim(V). Let p € SL(V), let {ey, ea,... e, } be abasis of V, and let v; = p(e;) (1 <
i <mn). If pler) = ey, let p1 = p. Otherwise, if p(e1) and e; are linearly dependent,
apply a transvection 71 so that p(e1) and 71 (p(e1) are linearly independent, and
set p' = 7o p. Then since p’(e;) and e; are linearly independent, we may find a
transvection 72 such that 72p'(e1) = ey, using part (1). In this case, set p; = 720/, so
that P1 (61) = e.

Let Wy = span{eq, es,...e,}, and let Wy = span{pi(ez), p1(v3),...,p1(en)}. If
Wy # Ws, then by part (2) we may find a transvection 75 such that 73(W1) = W,
and 73(e1) = e1. Replacing p; by po = 73p1 we see that p, preserves the hyperplane
W1, and pa(e1) = ep. It follows that (p2);w, € SL(W1), and thus by induction
(p1)w, is a product of transvections, (p1)jw, = 0102...0%. Defining o;(e1) = e1,
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we can extend the o; to transvections on V/, so that p» = o 'o; !, ...t p2 is the
identity on V since it fixes e; and W, which together span V. Hence p2, and
therefore p is a product of transvections, and we see that SL(V) is generated by
transvections as required. O

Remark 7.7. Since multiplication by a transvection corresponds to an elementary
row operation on matrices (choosing an appropriate basis), the previous proposi-
tion is essentially a “geometric” way of proving that every invertible matrix can
be reduced to the identity matrix by row operations.

Corollary 7.8. Suppose that dim(V') > 2 or dim(V) = 2 and |k| > 3, then the group
SL(V') is equal to its own derived subgroup.

Proof. Let G = SL(V), and let G’ be its derived group. Let 7, 4 be a transvection.
Since all transvections are conjugate, we can find a g € SL(V) so that g7, 497! =
Tu,p» Where ¥(u) = 0 but ¢ # ¢ (such a ¢ exists and is nonzero provided dim(V') >

3 or |k| > 2). But then using Lemma 7.4 we see that
969 ' Tog = Tump—p € G’

Since G’ is normal, and 7, 44 € G’, the conjugacy class of all transvections lies in
G'. But since these generate G, it follows that G’ = G as required.

Again the case when dim(V') = 2 needs separate attention. We claim that SLy (k)
is equal to its own derived subgroup whenever |k| > 3. We use the notation of the
proof of Lemma 7.5 above. Notice that if

(X0
g= 0 /\—1 )
1 1

then g7,9~! = 7, where b = A\?q, and so for a € k, we have g7,g7 7,1 = Th24_4.
Now the equation a(A\?> — 1) = b can be solved for any b € k* with a, A € k*
provided |k| > 3. Therefore if k has more than 3 elements, the derived subgroup
of SL(V) contains every 7,, and , and hence since it is a normal subgroup, all

transvections. Thus SL(k?) is also its own derived group provided |k| > 3. O

Finally, we prove that SL(V') is a simple group. We use a preparatory lemma on
the action of PSL(V) on P(V).

Lemma 7.9. The group PSL(V') acts 2-transitively on P(V'). Hence the stabilzer of a
point in P(V') is a maximal subgroup of PSL(V').

Proof. We showed before that the group of projective transformations acts transi-
tively on (n+ 1)-tuples of points of P(V') in general position. Any two points p;, p»
can be completed to a set of points in general position {p1,p2,...,pnt1}, and so
given two pairs of points (p1,p2) and (¢1,¢2) we may complete them to sets of
points {p1,p2, ..., Pnt+1} and {q1, g2, - - . , ¢n+1} in general position. Thus there is a
unique projective transformation 7 taking p; to ¢;. Let T" be a linear transformation
such that [T'] = 7, and suppose that det(T") = a € k. Pick a representative vector
for p; say v, we may define S € GL(V') to be the identity on the lines pa, ps3, . . . , Dn,
and let S(v;) = a~'v,. Then det(S) = a1, and hence ST has det(T'S) = 1, while
[TS](p;) = ¢ for each i, (1 < i < n). This shows that the action is 2-transitive as
required.

To see that this implies the stablizers are maximal subgroups, suppose that P =
Stabpgy (1 (¢) for some ¢ € P(V'), and let P < K < PSL(V). Since P C K, we may
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take k ¢ P, so that k(¢) # (. Then if g € PSL(V)\P, by 2-transitivity there is a
g’ € PSL(V) such that ¢’(¢) = ¢ and ¢'(g(¢)) = k(¢). But then ¢’ € P, and since
k~'g’g € P we have g € K, and so since g was arbitrary, K = G as claimed. (]

Theorem 7.10. (L.E.Dickson). Suppose that n = dim(V') > 2, and |k| > 3ifn = 2.
Then the group PSL(V) is simple.

Proof. Letv € V — {0}, and set P = Stab([v]), the stabilizer of the line through v.
Suppose that K <t PSL(V) is a normal subgroup. We consider two cases: either
KCPorK ¢ P.

In the first case, we have K[v] = [v], and so since K is normal, K ([v]) = [v] for
all [v] € P(V), (since PSL(V) acts 2-transitively and so certainly transitively, on
P(V). As the action of PSL(V') on P(V) is faithful, it follows that K = {1}. In the
second case, since the previous lemma shows that P is maximal, we must have
PK = PSL(V). But then if = denotes the quotient map 7: PSL(V) — PSL(V)/K,
we must have 7(P) = PSL(V)/K. Now let

N={rePSL(V):7=[re,¢],0 € V', ¢(e1) =0}.

Then by Lemma 7.4, N is an abelian normal subgroup of P, and moreover every
projective transvection (i.e. image of a transvection in PSL(V)) is conjugate to one
in N. Thus the conjugates of IV generate PSL(V') by Proposition 7.6, and hence the
conjugates of 7(N) generate m(PSL(V)). But since 7(PSL(V)) = n(P) and N < P,
7(N) < w(P), and so in fact 7(N) = «(P). Hence PSL(V) = KN. But then the
derived group of PSL(V) is contained in K N’, and since N is abelian, it follows
that N’ is trivial, and so the derived group is contained in K (indeed you can check
that in general if K < KN then (K N)' C KN'). But by Corollary 7.8 we know that
PSL(V) is its own derived group, hence K = PSL(V), and PSL(V) is simple as
claimed. O

In fact the groups PSL(FF%) and PSL(F3) are genuine exceptions — they are not
simple groups. We have already seen that PSL(F3) = S3 a solvable group, so it
only remains to show that PSL(F2) is not simple. But P(F3) has 4 elements, so the
action of PSL(F%) on P(F3) gives an injective homomorphism from PSL(F3) to S,
the symmetric group on 4 letters. By our formulas for the orders of linear groups,
we know |[PSL(F%)| = (3.8/2) = 12, and so we must have PSL(F3) = A4, which
is solvable. Notice that PSL(F3) = PGL(F3) is the group of projective transforma-
tions of the projective plane over F. This is the smallest possible projective plane,
having 7 = 2% —1 points (this is true even in the sense of abstract projective planes).
This group has 168 elements, and it is isomorphic to PSL(F%)

Definition 7.11. Let B be the set of all complete flags in k", that is
B={0=FCF C...C F,=V):F,subspacesof V}
(it follows automatically that dim(F;) = 1).

Given a complete flag F, let B = B(F,) be the stablizer of F, in GL(V'). For any
basis {v1, v2, . .., v, } we may associate a flag F, by setting F; = span{v1, v,...,v;}.
It is easy to check that the stabilzer of the flag associated to the standard basis in
this way (sometimes called the standard flag) is exactly the set of of linear maps o

whose matrices are upper triangular, that is, if A = (a;;) is the matrix associated
to o, then a;; = 0 for all j > ¢. The groups which arise in this way are called
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Borel subgroups of GL(k™). Since GL(k™) acts transitively on bases of k”, the Borel
subgroups are all conjugate.

Given abasis {v1, v, ..., v, } wemay also associate a smaller subgroup of GL(k™).
Let T = {g € GL(k") : g(v;) = Av;, some X € R}, thatis, T is the subgroup of
matrices which preserve the lines spanned by the basis vectors. Clearly, T" is an
Abelian subgroup of GL(k™). The group T is called a torus in GL(k™), and the
torus attached to the standard basis is known as the standard torus. As for Borel
subgroups, the tori in GL(k™) are all conjugate.

Lemma 7.12. Let N be the normalizer of T the standard torus in GL,,(k), and assume
that |k| > 2. Then N is subgroup of monomial matrices, that is, if A € N, then each row
and each column of A contain exactly one nonzero entry. Moreover, N/T is isomorphic to
Sy, the symmetric group on n letters.

Proof. Letn € N. Fixi, 1 < i < n, and choose ¢ € T such that t(e;) = Ae; where
A # 1,and t(e;) = e; forall j # i. Then ¢’ = ntn~! fixes a hyperplane and has
n(e;) as an eigenvector with eigenvalue A. Since t' € T, each e; is an eigenvector
of ¢/, hence we must have n(e;) = p;e; for some p; € k, and some j, 1 < j < n.
Leto: {1,2,...,n} — {1,2,...,n} be the map given by n(e;) = p;e,(;). Then since
n € GL, (k) o must be an injection, it follows that o is a bijection, that is, o € S,,.
Hence N consists of monomial matrices as claimed. For p € S,,, let w, € GL(k™) be
the linear map given by w,(e;) = e, ;) Thus if we let s € T be the diagonal matrix
with diagonal entries 11;, we have shown n = w,s.

Let W be the image of the homomorphism p + w,. We have shown that N =
WT, and clearly T' is normal in N so that N/T = W =S, as required. O

The group N/T is called the Weyl group of GL(k™), and is denoted W. We now
use W to analyze the double cosets of B the standard Borel in GL(k™). Let U be
the subgroup of B consisting of the unipotent elements, in other words it is the
subgroup of element of B with 1s on the main diagonal. Let U~ be the subgroup
of GL(k™) consisting on lower triangular matrices with 1s on the main diagonal.
Finally. let U,, = U N wU~w™ L

Proposition 7.13. (Bruhat Decomposition): Any g € GL(k™) can be written as a product
nwb where w € U, w € W and b € B. Moreover w is uniquely determined, and if we
insist that u € U, then b and u are also.

Proof. Given a matrix g € GL(k™), right multiplication by elements of B corre-
spond to column operations on the matrix of g, where we can add to a column
multiples of any column to its right. We may therefore use these column opera-
tions to transform a matrix into the form

O = % %
S O = %
_— o O %
O O O

that is, the matrix has column vectors ¢’ (1 < i < n) such that:
(1) Each ¢’ endsina 1, say in row 7(¢), followed by zeros. _
(2) The entries to the right of the 1 in a column are all zero, i.e. ¢ 0 = 0 for
Jj>i.
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It is clear that we can obtain a unique matrix of this form (known as reduced echelon
form) starting with any matrix, recursively working from left to right through the
columns. Since the column operations used define an element of B, we may write
our reduced echelon form matrix as gb. Moreover the function 7: {1,2,...,n} —
{1,2,...,n} n(i) is clearly a bijection. If we multiply gb on the right by w, !, we
obtain a matrix u of the form

o O =
[anll R
—_ O O %

*
1
0
0 0
Thus we obtain the product g = vw,b~!, where u € U,, = U Nw, (U™ )w;'. This

last condition simply translates the conditions of reduced echelon form, which can
be expressed in the from (gb)w, ' € U and w_!(gb) € U~. O

Remark 7.14. This last result gives us two ways of computing the number of el-
ements in B: There are clearly |GL, (F,)|/|B(F,)| complete flags, since GL,,(F,)
acts transitively on B. Since B(F,) has (¢ — 1)"¢"("~1)/2 elements, we find that B
has [T\~ ,(¢" — 1)/(¢ — 1) elements. On the other hand, by the previous proposi-
tion, each coset g B has a unique representative of the form uw where w € W and
u € U NwU~w™!, thus another way to count the number of complete flags is to
count how many of these representatives there are. But U N wU ~w™! clearly has
¢') elements, where

Hwr) =U(m) = {(5,7) : 1 <i<j<n,7(i)>n(5)},
is the number of descents of 7. It follows that

3 I(m

[l =->

i=1 TESy
as both expression count the number of elements of B(FF,). Since this equality
holds for any prime-power, it is an identity of polynomials in an indeterminate g.

Finally, the decomposition B = | |, .y, UwwB expresses B as a disjoint union of

pieces isomorphic to k!(*) for any field k, not just a finite field. If k is R or C this
can be used to compute topological invariants of 5, such as its cohomology.

Corollary 7.15. Let B be the standard Borel subgroup, W is the Weyl group, and T is
the standard torus.
(1) We have GL(V') = BW B. The double cosets are indexed by W, and hence there
are n! of them.
(2) B =TU, where U, the subgroup of unipotent elements of B, is the derived group
of B, a normal subgroup of B.
(3) N =TW, where T is a normal subgroup of N.

Proof. The first part is immediate from the previous proposition. The second part
follows by an easy computation, while the third has already been observed. = [

We now define the notion of a BN-pair, first introduced by Jacques Tits.

Definition 7.16. Let G be a group, and B, N subgroups such that

(1) B, N generate G.
(2) T = BN N is anormal subgroup of N.
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(3) W = N/T is a finite group generated by a finite set S of involutions {s; :
iel}.
(4) For each w € W we may pick representatives v € IN. Then we must have
(@) $Bw C BwBUBswB forany s € Sand w € W.
(b) sBs # Bforany s € S.

Proposition 7.17. Let G = GL(V'), B the standard Borel subgroup, and N the normal-
izer of T the standard torus. The (B, N) is a BN-pair for GL(V).

Proof. The first condition follows from the fact the identity GL(V) = BW B, since
W is a quotient of N. Clearly the intersection of B and N is T, the standard torus,
which is by definition normal in NV, so it remains to check the third and fourth
condition. For the third, we have seen that W is isomorphic to the symmetric
group on n letters. If we set s; = (4,7 + 1), the transposition which interchanges ¢
and i+ 1 fixing everything else, then it is easy to check that S = {s; : 1 < i <n—1}
generates W (identified with S,,) and clearly each s; is an involution. Let I denote
the set {1,2,...,n — 1}, so that I indexes the generators in the set S.

Thus it remains to check the last axiom for a BN-pair. For this we define root
subgroups X;; where 1 < i # j < n. These are the unipotent one-parameter
subgroups given by pairs of elements of the standard basis:

Xij = {Tei,ae; ra € k}

Thus each X;; is a subgroup of GL(V') which is isomorphic to k, and moreover
Xij cUifi < jand Xij c U ifi> j. Set X, = Xi,i+1 and X_; = XiJrLZ',
and write Xj;(a) (or Xi(a) if j = i + 1, efc.) for 7¢, qc:. For eachi € I'let U; =
{u € U : ef(u(e;+1)) = 0}. We claim first that U = U, X;. To see this, note that if
u € U, then if v € F; (the i-th term in the standard flag) we have u(v) —v € F;_;,
thus in particular u(e;41) = e;41 + qu Aje; for some A; € k. Then consider
u' = uX;(—X;). Then we have -

u’(ei+1) = U(6i+1 — /\16l)

=¢€i+1 + Z )\jej — )\iu(ei)
J<t
= €i4+1 + Z /\jej + )\i(u(ei) — 61'),
j<i
which clearly lies in e;41 + F;_1, we have e} (v/(e;41)) = 0, and so v’ € U;. Since
u = u' X;(\;) we have established U = U, X;.

We are now ready to verify the last of the BN-pair axioms. Clearly (a) and (b)
are independent of the choice of representatives w, we are free to chose them as
we please. For w € W = §,,, let ¥ be the corresponding element of W C N, so
that w1 = w. Then we have U; = U N §;U;. Since $;us; = $;us; Lis automatically
unipotent, it is enough to find when it lies in B. To see this, note thatif j # 4,7 + 1,
then slusl(ej) = sl(u(e])) € Fj. Slmllarly dSiUSi(UiJrl) = slu(el) S FiJrl. Flnally,

siusi(e;) = $i(uleirr)) € ef (u(eirr))eir1 + Fi,
and so $;us$; € U if and only if u € U; as claimed. Note that since $; is an involution
this also implies that U; = 5;U; ;.

Next note that wX;ji~! = X, (;)w(;) by the formula for the conjugate of a
transvection in Lemma 7.4, and so in particular $;X;3$; = X_;. It now follows
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that $,U = $,U; X; = (5,U;$;)$,X; = U;$;X;. Hence since T is normalized by N,
and B = TU we have
@) 6B = §;TU = T4,U = TU;5,X; C Bé;X;.
It follows that if @ € W, then we have

$:Bib C Bé; Xyt = B Xoy1(i) w1 (i.01)-
Therefore, if w € W has w™'(i) < w™'(i + 1) we have X,—1(;),»—1(s+1) C B, and

so §;Biwr C B$;wB. In other words, if [(w™ts;) > I(w™!) (or, taking inverses,
I(siw) > l(w), since l(w) = {(w™1)), then

On the other hand, it is easy to calculate directly that X_; C BU Bs; B —indeed
in GLo (k) this reduces to the fact that, if A # 0, then

1 0\ [ =xt 1 01 1 At
A1) 0 A 1 0 0 1 ’
Hence by (4) we have
(6) $;Bs; C Bs; X;8;, = BX_; C BUBSs;B,

and clearly X_; C $;B$;, so that $,B3; is not contained in B.
Finally, if w=* (i) > w™(i+1), thenw’ = $;whasw'~! = w™'s; and so w'=1 (i) <
w'~1(i 4+ 1). Thus using (5) and (6) we see thaty

$;Bw = $;B$;w’ C Buw' U B$;Buw' C Bu' U B$;w'B C B$;wB U BwB
Thus the final BN-pair axiom is established. O
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8. BILINEAR FORMS

We now study bilinear forms on a finite dimensional vector space — our descrip-
tion of classical groups over an arbitrary field showed that they were all the iso-
morphisms of a vector space which respect a certain bilinear pairing on the space,
thus a better understanding of such pairings will be useful in understanding these
groups.

Definition 8.1. Let V' be a vector space over a field k. A bilinear form on V is a
function B: V x V — k such that for all v, v1, v, w, w1, ws € V, A1, Ao € k we have

(1) B()\l’Ul + /\21}2,11)) = )\18(1}1,11)) + /\QB(’UQ,’LU),'
(2) B(v, w1 + Aawa) = A\ B(v,w1) + A2 B(v, wa).

Thus B is a linear function of each of its variables. We say that B is symmetric if
B(v,w) = B(w, v), and skew-symmetric if B(v,w) = —B(w,v), (Y v, w € V). Denote
the space of bilinear forms by Bil(V).

Example 8.2. Euclidean space, R" equipped with the dot product, is the basic ex-
ample of a vector space equipped with a bilinear form. However, we will see that
this example is quite special due to the fact that the real numbers are an ordered
field. Nevertheless, it can be useful to think of B as giving some notion of “dis-
tance” in V, and thus allowing us to speak of isometries of V.

Example 8.3. In multivariable calculus, the derivative of a function f: R” — R is
a function Df: R" — Homg(R", R), from R" to the space of linear maps from R"
to R (i.e. at each point in R", the derivative gives a linear map R™ — R). It follows
that the second derivative, if it exists, should be a map from

D?(f): R™ — Homg(R",Hom(R", R)).

In other words, for each z € R"™ we get a linear map D?(f)(x) from R" to Homg (R™, R).
Thus for each z € R", D?(f)(z) gives us a function B, : R" x R” — R, from pairs
of vectors v, v2 € R™ to R, given by setting

By (v1,v2) = D*(f)(@)(v1)(v2).

You can then check that B is a bilinear form on R”. Moreover, symmetry of mixed
partial derivatives can be neatly expressed in this form as the fact that B, (vy,v2) =
Bx (1}2 , U1 ) .

Just as with linear maps, a bilinear form is determined by its action on a basis
of V.

Lemma 8.4. Let {v1,vs,...,v,} bea basis of V, and suppose that v, w € V. If we write
v=>" Nvgand w = Y77, jijv;, then

Blv,w) = > Ny B(vs,, ).
1<j1,52<n

In matrix notation, if we let D = (B(vi,v;))} =, and v, w have coordinates \, ju € k",
then B(v,w) = X Dp.



THE CLASSICAL GROUPS 43

Proof. The proof is immediate: We have

B(v,w) = B(Z Ajr Vg w) = Z Ajr B(vjy, w)

ji=1 ji=1
n n n n
= E :)‘le(ij E szvjz): E :)‘j1 E :usz(Ujl?sz)
ji=1 jo=1 ji=1 J2=2
n
= ) Mg Bug,, ).
J1,J2=1
as required. O

We call D the matrix of B with respect to the basis {v1,vs,...,v,}. If Ais the

change of basis matrix from the basis {v1, v, . . ., v, } to another basis {w1, ws, ..., wy},
and D is the matrix of the bilinear form B with respect to {vy,vs, ..., v, }, itis easy
to see that the matrix of B with respect to the basis {wq,ws,...,w,} is given by

A'DA. We say that two matrices D, and D which are related by Dy, = A*D; A for
some invertible matrix A are congruent (it is easy to check directly that this gives
an equivalence relation).

Lemma 8.5. Suppose that char(k) # 2. Then any bilinear form can be written as the sum
of a symmetric and a skew-symmetric form.

Proof. Let By(v,w) = £(B(v,w) + B(w,v)) and B, = 1(B(v,w) — B(w,v)), then

clearly B = B, + B,, and B; is symmetric, while B, is skew-symmetric. ([l

Remark 8.6. We say that a bilinear form B is alternating if for all v € V we have
B(v,v) = 0. Considering B(v + w, v + w) we see that an alternating form is skew-
symmetric, and conversely if char(k) # 2, then a skew-symmetric form is alternat-
ing (since B(v,v) = —B(v,v)). In characteristic 2 the alternating bilinear forms are
the ones we will need.

Formalizing the idea in the above example on the second derivative, we make
the following definition. Given B € Bil(V') we may define linear maps Lg: V —
V*and Rp: V — V¥, by setting

Lp(v)(w) = B(v,w), Rp(v)(w) = B(w,v).

The kernel of Lp is called the left radical of B, while the kernel of Rp is called the
right radical of B. A bilinear form is said to be nondegenerate if its left and right
radicals are zero. (In the case of a symmetric or skew-symmetric form notice that
the left and right radical are equal, hence we may refer just to the radical of such a
form). We may use duality to see that in fact the left radical is zero if and only if
the right radical is zero.

Lemma 8.7. Let B € Bil(V'). Then ker(Rp) = {0} if and only if ker(Lp) = {0}.

Proof. Recall that S: V' — V** is the natural isomorphism between V' and V*.
Then Lp: V — V* has dual map Ly : V** — V*. We claim that Rp = L;; 0 S. To
see this, let v € V, then

Lp(S(v))(w) = S(v)(Lp(w)) = B(w,v) = Rp(v)(w)
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Since S is an isomorphism, it follows that ker(Rp) = {0} if and only if ker(L};) =
{0}. To finish the proof, we need only observe that if a: V' — W is a linear map,
and o* is its dual, then ker(a*) = im(«)°. O

Clearly B is nondegenerate if and only if det(D) # 0, where D is the matrix of
B with respect to some (and hence any) basis. Since det(A'DA) = det(A)? det(D),
we see that while we cannot assign a determinant to B3, we can assign a discrimi-
nant to B. This is simply det(D) € k*/(k*)? if B is nondegenerate, and 0 other-
wise.

Given two vector spaces Vi, V2 equipped with bilinear forms By, By, there is a
natural notion of isomorphism ¢: V; — V5: we require that ¢ is a linear isomor-
phism such that By (¢(v), ¢(w)) = By (v, w). We say that such a ¢ is an isometry.
Given a vector space with a bilinear form, we may then consider the group of
isometries from the vector space to itself. The classical groups we have defined
can all be expressed as groups of this from, (rather degenerately in the case of
GL(V'), where one can take the bilinear form to be zero).

It is natural therefore to try and classify bilinear forms on a vector space up
to isometry. Since any such form can be written as the sum of a symmetric and
an alternating form (except in characteristic 2), we may first try and classify these
forms. It turns out that the classification of symmetric forms depends on the nature
of the field k in a way that the classification of alternating forms does not.

From now on we will restrict ourselves to the case of symmetric and alternating
bilinear forms. In this case we see that the maps Lg and Rp are either equal, or
Lp = —Rp. Recall that a subspace W of V' has a subspace of V*, it annhilator
W?, naturally attached to it. When we equip V' with a bilinear form, we may use
the map Lp or Rp to associate a subspace W+ in V to W°, simply by taking the
preimage of W° in V under the map Lp: Concretely we have:

Wt ={veV:Bww) =0\YweW}

In the case of W C R? with the bilinear form given by the dot product, this is
the set of vectors perpendicular to W. It follows immediately from our dimension
formula for annihilators that, if B is nondegenerate we have

dim(W) + dim(W+) = dim(V).

In general (W)L > W, and hence in the case of a nondegenerate form (using the
above dimension formula for W+ instead of W) we find that (W+)+ = W. Given
subspaces Uy, U, of V' we say they are orthogonal if B(u1,us) = 0 for all uy € Uy
and up € Us (equivalently, Uy, Us are orthogonal if U; C UsH). We say that a sum
of subspaces ., V; is orthogonal if the V; are pairwise orthogonal.

In the setting of a general (symmetric or skew-symmetric) bilinear form, it is
not necessarily the case that W N W+ = {0}. Indeed, if B is skew-symmetric, and
v € V, then we have

B(v,v) = —B(v,v),
and so if char(k) # 2 then B(v,v) = 0 for allv € V. Hence if L C V is a one-
dimensional vector subspace, then L is always contained in L*.

We now classify all skew-symmetric bilinear forms on a vector space. Consider
first the case of a two dimensional vector space H with an alternating form B.
Either we have B = 0, or there are vectors vy, v, such that B(vi, v2) # 0. Replacing
v9 by v2/ B(v1,v2) we may assume that B(vi,v2) = 1. Since B(vi, v1) = B(va, v2) =
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0 it follows that {vq,v2} is a basis of H, and B is completely determined by its
values on {v1, v2}. Thus we see that there is exactly one nonzero skew-symmetric
bilinear form on a 2-dimensional vector space, up to isomorphism. The general
case is very similar, as the next proposition shows.

Proposition 8.8. Let V' be a vector space over k, with an alternating bilinear form B.
Then there are 2-planes Hy, Hy, ..., Hy, C V such that By, is nondegenerate for each i,
(1<i<k)and

V:Hl EBHQEB...EBHI@@R(B),

an orthogonal direct sum, where R(B) is the radical of B.

Proof. We use induction on dim(V'). When V' = {0} there is nothing to prove, so
suppose V' # 0. If B = 0 then V = R and we are done. Otherwise we may find
v1 € V such that there is a vo € V with B(v1,v2) = 1 (since B is nondegenerate,
there is a w € V such that B(vi,w) # 0, thus we may set v, = w/B(v1,w)). Since
B(v1,v1) = 0, we see that {v1, v2} are linearly independent. Let H; = span{v1, v2}.
Then we have V = V' & H;, a direct sum of orthogonal subspaces, where V' =
Hi- ={v eV :B(v,v1) = B(v,v3) = 0}. To se this take v € V, and set

v = v+ B(v,v1)va — B(v,v2)v1

then v’ clearly liesin V’, and so V' = H; + V. Since B, y, is nondegenerate, we also
have V' N H; = {0}, and so the sum is direct as claimed. Now V' has dimension
dim(V) — 2, and so by induction we have

Vi=Hi ®Hy®...® H, ® R(Bjy)

where B|y, is nondegenerate, and R(B|y) is the radical of B)y/. Since V = V'®© H
is an orthogonal direct sum, and B is nondegenerate on H, it follows that R(B|y)
is in fact also the radical of B on all of V, and so we have

V:H@Hl@HQ@@Hk@R(B)

as required. O

Since we have already observed that nonzero alternating forms on a two di-
mensional vector space are unique up to isomorphism, it follows there is, up to
isomorphism, a unique nondegenerate alternating form on an even dimensional
vector space (and none on an odd dimensional space). We call a nondegenerate
alternating bilinear form a symplectic form, and a vector space with such a form
a symplectic vector space. A symplectic basis of a symplectic vector space V is
given by choosing a decomposition of V' into 2-planes H; (1 < i < n) as in the
previous proposition, and then picking a basis {e;, f;} for each 2-plane such that
B(e;, fi) = 1. Thus a symplectic basis is characterized by the properties:

Bles, fj) = i3 Blei,e;) =0;  B(fi, fj) = 0.
A 2-plane H C V such that V = H @ H* as in the proposition is called a hyperbolic

2-plane, and a basis of such a plane {e, f} which satisfies B(e, f) = 1 is called a
hyperbolic pair.

Remark 8.9. We end this section with a few remarks about symmetric forms. Here
the nature of the field k must enter into the classification of forms up to isometry. If
k is algebraically closed, then there is a unique nondegenerate symmetric bilinear
form in each dimension - this is proved by finding an ”orthonormal basis” for
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the form. However if the field is arbitrary the answer is more complicated — for
example over the real numbers, the nondegenerate forms on an n-dimensional
vector space are classified, up to isometry, by the integer

k = max{dim(W) : W a subspace of V, Bjyy = 0}.

For example, all positive definite symmetric bilinear forms are isometric, and these
are the ones for which k = 0.

Our classical groups over arbitrary fields were the isometries of a vector space
equipped with a bilinear form — symmetric in the case of the orthogonal groups,
and alternating in the case of the symplectic groups. We have now seen that in the
alternating case, this was the only nondegenerate alternating form (up to isome-
try), but in the symmetric case, depending on the field we may have other ”or-
thogonal” groups to consider. We will not be able to examine this in the present
course.
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9. THE SYMPLECTIC GROUP

In this section we analyze the symplectic group in the spirit of our analysis of
the general linear group. Let V be a vector space over k equipped with a nonde-
generate alternating bilinear form, B: V x V' — k. Thus the dimension of V is
2n for some integer n. The symplectic group is the group of linear isomorphisms
preserving the form B:

Sp(V) ={a € GL(V) : B(a(v), a(w)) = B(v,w), forallv,w € V}.
Picking a symplectic basis {e;, f; : 1 < i < n}, we may identify B with the

matrix
o I,
(58 )

and then Sp(V') becomes identified with the matrix group
Sp,,, (k) = {4 € GLa, (k) : A'JA = J}

The existence of symplectic bases also allows us to compute the order of Sp(V)
over a finite field. Indeed the set of symplectic bases of V' is a set on which Sp(V)
clearly acts transitively, and the stablizer of an element is trivial (such an action is
called a free action). Hence the set of symplectic bases and the elements of Sp(V)
are in bijection. When k = [, a finite field, we may count the number of symplectic
bases as follows: To construct a symplectic basis one first chooses a hyperbolic pair
in V. There are clearly

(@ =)@ == =" (" = 1)

such pairs. To extend this pair to a symplectic basis, we must choose another
hyperbolic pair in the subspace orthogonal to the hyperbolic pair, and continue
until we have exhausted V. Thus we see that

|SP(V)| _ q(2n71)+(2n73)+...+1 H(q2i _ 1) _ an H(qu _ 1).
i=1 i=1
Notice that in the case of GL(V') (and also in the case of the orthogonal group)
one can obtain a natural normal subgroup using the determinant. It turns out
however, that in the case of the symplectic group, Sp(V) is a subgroup of SL(V).
The simplest case of this is the following.

Lemma 9.1. Let dim(V) = 2. Then Sp(V') = SL(V).

Proof. This can easily be checked if you pick a basis of V' and use matrices. How-
ever we give also a coordinate free proof. Recall that for any vector space V' there
is a unique (up to scaling) alternating multilinear function

D:VxVx...xV—=k

(where there are n = dim(V') copies of V), and the determinant of a matrix is the
value of D on the columns of this matrix. More naturally, given any linear map «
we can form a new alternating multilinear map o*(D) from D and « by setting

a*(D)(v1,v2,...,v,) = D(a(v1), a(va), ..., a(v,)).

Since D is unique up to scalar, we must have a*(D) = AD for some A € k. Then
det(a) is exactly this scalar. The lemma follows by observing that in the case
dim (V') = 2, the form B must be a nonzero multiple of D. O
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Our first strategy is to find a set of elements of Sp(V') which will play the role
of transvections. Conveniently we may simply use the transvections which lie in
Sp(V)!

Lemma 9.2. A transvection in GL(V') lies in Sp(V') if and only if it has the form 1, 4
where ¢(v) = aB(v,u) for some a € k.

Proof. We need to calculate when 7, 4 preserves B. But
B(Tu,6(0); Tu,p (W) = B(v + ¢(v)u, w + ¢p(w)u)
= B(v,w) + ¢(w)B(v, u) + ¢(v) B(u, w).
Therefore 7,4 € Sp(V) if and only if
¢(w)B(v,u) = ¢(v)B(w,u), Yv,we V.

Now pick w € V such that B(u,w) = 1. Then we find that ¢(v) = ¢(w)B(v,u),
and so setting a = ¢(w) we are done. O

We use the notation 7, , for the transvection v — v + aB(v, u)u. Let 7 denote
the subgroup of Sp(V') generated by transvections. Our goal, of course, is to show
that in fact this group is all of Sp(V').

Lemma 9.3. The group T acts transitively on V — {0}. Indeed T acts transitively on the
set of hyperbolic pairs.

Proof. Suppose thatv,w € V. If B(v,w) # 0, thensetu = w —vand a = B(v,w)™*
so that

Tua(v) = v +aB(v,u)u = v + B(v,w) ' B(v,w)(w — v) = w.

If B(v,w) = 0, then we may find ¢ € V* such that ¢(v) and ¢(w) # 0. Then setting
u = R3'(¢) we have B(v,u) # 0 and B(v,w) # 0. Then by what has already
been established, there are symplectic transvections 7, 7, taking v to u and w to u
respectively. Then 7, o 7y takes v to w as required.

For the second part, suppose that {e1, f1} and {es, f>} are hyperbolic pairs. Us-
ing the first part, we may assume that ¢; = e; = e say, and so we need only find an
element of 7 fixing e taking f; to fo. Now B(f1, f2) # 0 we may take u = fo — f1
and a = B(f1, f2) ! so that

Tu,a(fl) = fi+aB(fi,uw)u = fo

and 7, 4(e) = e since B(e, f1) = Ble, f2) = 0. If B(f1, f2) = 0, then consider the
pair (e,e + f1). It is also a hyperbolic pair, and B(f1,e + f1) = —1, so that by
the above there is a symplectic transvection 73 taking the pair (e, f1) to the pair
(e,e + f1). Similarly (f2,e + f1) = —1 so that there is a transvection 74 taking
(e,e+ f1) to (e, f2). Then 74 o 75 takes (e, f1) to (e, fa). O

This is enough for us to be able to show that in fact the symplectic transvections
generate Sp(V).

Lemma 9.4. The group T coincides with Sp(V').

Proof. We show this by induction on dim(V). If dim(V') = 2, then SL(V) = Sp(V),
and since we know transvections generate SL(V'), we are done. Now suppose that
dim(V) > 2. Let g € Sp(V), and pick a symplectic basis {e;, f; : 1 < i < n} for
V. Thus {g(e1),g(f1)} are a hyperbolic pair. By the previous lemma we know
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that there is an element h of 7 such that h(e;) = g(e1) and h(f1) = g(f1). Thus
g = h~!g fixes the hyperbolic pair {e1, f1}. Thus ¢’ fixes the subspace orthogo-
nal to H; = span{es, f1}, that is the span of the vectors {e;, f; : ¢ > 2}, and is
the identity on H;. But then By is a nondegenerate alternating form, and gl’ e

reserves B, so by induction, ¢/, is a product of symplectic transvections. Ex-
P y |H P ymp

tending these by letting them act trivially on H;, we see that ¢’ is a product of
symplectic transvections, and hence g is also. Thus Sp(V') = T as required. O

Corollary 9.5. The group Sp(V') is a subgroup of SL(V).

Proof. This follows immediately from the fact that any symplectic transvection lies
in SL(V). O

Remark 9.6. Morally, this is the “wrong” proof. A better proof is given in the ex-
ercises. The corollary is not, however, completely obvious - if you translate the
statement into one about matrices, it say that a matrix A satisfying A*JA = J
must have det(A) = 1. It is easy to see that det(A) = £1 from the multiplicativity
of the determinant and the fact that det(A?) = det(A), but it is not clear from this
why A must have determinant 1.

Lemma 9.7. The center of Sp(V') is precisely the group {+1}.

Proof. Notice that if g € Sp(V), then g7,..9*(v) = Ty(u),a- 1t follows that if g €
Z(Sp(V')) we must have g(u) = Au, where B(v, \u)u = B(v,u)u for allv € V,
which holds only if A = 1, that is, if and only if A = +1. O

We set PSp(V') = Sp(V')/{£1}. Our goal is to show that this group is simple in
almost all cases, just as PSL(V') was simple in almost all cases.

Lemma 9.8. Suppose that |k| > 3, then the group Sp(V) is its own derived subgroup.

Proof. The n = 2 case follows from the case of SL(V'), so we may assume that
dim(V) > 4. As for SL(V), we need only express a symplectic transvection as a
commutator, since the derived group will then contain all the conjugates of that
transvection, that is, all symplectic transvections. Now fixu € V — {0} and a € k*.
Since Sp(V) is transitive on V' — {0}, we may pick g € Sp(V') such that g(u) = Au,
for any A € k*. Then g7y, 09~ = Thu,a = Tu.r24. Thus

[gv Tu,a] = Tu,(A\2=1)a-
Then the equation b = (A\? — 1)a can be solved for any b € k* whenever |k| > 3,

and hence the derived group of Sp(V') contains all symplectic transvections are
required. O

It remains to understand the cases when |k| = 2 or 3. For dim(V) = 2, we
already know Sp (V') is its not its own derived group in these cases. For dim(V) > 4
however, one can show that Sp(V) is its own derived group if k| = 3, and if
dim(V) > 6 then Sp(V) is its own derived group for all k. To see these claims
requires specific computations to produce a transvection as a commutator. The
conclusion is that Sp(V') is its own derived group unless dim(V) = 2 and k = F,
or F3, or dim(V) = 4 and k = F5. This last case is in fact an exception, as we will
see later.

In order to establish the simplicity of the group PSp(V') we follow the strategy
we used for PSL(V'). We already know that Sp(V') acts transitively on V' — {0}, so
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that clearly PSp(V) acts faithfully and transitively on P(V'). If P is the stabilizer
in PSp(V') of a point p € P(V), then we would like to know that for any normal
subgroup K <1 PSp(V') we have either K C P or K P = PSp(V'). For the projective
special linear group, we used the fact that PSL(V') acts 2-transitively on P(V) to
conclude that the corresponding stablizer is a maximal subgroup of PSL(V'). The
action of PSp(V) is unfortunately not 2-transitive (why?) so we need some more
subtle argument.

There are a number of possibilities — the stabilizer P is in fact a maximal sub-
group, as can be seen by developing the machinery of BN-pairs for Sp(V). We
choose a shorter root however, for which we need some definitions. The idea is
to find a weaker notion than 2-transitivity which will suffice to show that K P =
Sp(V) in the case where K <1 PSp(V') is not contained in P = Stabpg, v (p).

Definition 9.9. Let X be a transitive G-set. A block in X is a proper subset B C X
such that |B| > 2 and for each g € G either g.B = B or g.BN B = (). If X has no
blocks we say the G-action is primitive.

Remark 9.10. It is not hard to check that if the action of G on X is 2-transitive, then
it is primitive.

Lemma 9.11. Suppose that G acts primitively on X, and that K <G is a normal subgroup
not contained in the kernel of the action of G on X. Then K acts transitively on X.
Moreover, if a € X, then G = K.Stabg(a).

Proof. We show the contrapositive. Suppose that X does not act transitively. Then
let B be an K-orbit in X of size greater than 1 (such an orbit exists by the as-
sumption that K is not in the kernel of the action). We claim that B is a block.
Indeed suppose that g € G. Then if + € B, we have B = K.z, and so g.B =
g.(K.x) = (9Kg 1)g.z. Since K is normal this shows that g.B = K.(gz), and
hence g.B is an K-orbit in X. Since distinct orbits are disjoint, it follows that B
is a block, and hence the action of G is not primitive. For the moreover part, fix
a € X, and let g € G. Then there is an k& € K such that k.a = g.a. It follows that
g =k(k™'g) € K.Stabg(a) as required.

O

We are now able to prove the simplicity of PSp(V') in the cases where it is equal
to its own derived group. What we need to do is to show that PSp(V) acts primi-
tively on P(V).

Lemma 9.12. PSp(V') acts primitively on P(V).

Proof. Let B be a block for the action of PSp(V'), and suppose that [v], [w] are two
distinct elements of B. Suppose that B(v,w) = 0. Then pick u € V such that
B(u,v) # 0 and B(u,w) # 0 (see the proof of Lemma 9.3). Then 7, 1(u) = u +
B(u,v)vand 7, 1 (w) = w, hence since B is a block, [u+ B(u,v)v] € B. Thus setting
u1 = u+ B(u,v)v, we have [v], [u1] € B such that B(v,u1) = B(v,u) # 0. We may
rescale so that {v,u;} are a hyperbolic pair, and since Sp(V') acts transitively on
such pairs, it follows that B contains all [p] € P(V') such that B(v,p) # 0. Now
if u € V has B(v,u) = 0, as before we may find a v such that B(u,u') # 0 and
B(v,u) # 0. Then we have v/ € B and hence (using what we have done for «’
instead of v) it follows u € B. Thus B = P(V) as required. O
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Theorem 9.13. Let V' be a symplectic vector space over k such that either dim(V') > 6,
or dim(V') = 4 and |k| > 2, or k > 3 and dim(V') = 2. Then PSp(V') is a simple group.

Proof. Let K <1 PSp(V) be a normal subgroup of PSp(V). Then pick [v] € P(V),
and let P = Stabpg,(v)([v]). Then if K C P, it follows that K fixes [v]. Since K is
normal and the action of PSp(V') is transitive on P(V) it follows that K fixes P(V)
pointwise. Since the action of PSp(V') is faithful, this implies that K = {1}.

On the other hand, if K ¢ P then since K is normal and the action of PSp(V)
on P(V) is primitive, we have PSp(V) = K P. But then if 7: PSp(V) — PSp(V')/K
is the quotient map, we have 7(P) = n(PSp(V')). Butif welet N = {7, 4, : a € k},
then N < P, and by the proof of Lemma 9.7 the union of the conjugates of N,
being (the image in PSp(V') of ) the set of transvections in Sp(V') generate PSp(V).
It follows that 7(P) = m(N), and so KN = PSp(V). But N is abelian, so taking
the derived subgroups of both sides (and using the assumptions of the theorem so
that PSp(V) is its own derived subgroup) we find K = PSp(V) as claimed. O

The cases excluded by the hypotheses of the theorem are in fact not simple:
When dim(V) = 2 these are PSLy(F3) and PSLy(F3), which have already estab-
lished are S3 and A4 respectively. The only group that remains to examine is
Sp,(IF2). It turns out that this group is just Ss, the symmetric group on 6 letters.

To see this we show a more general result.

Lemma 9.14. Let X be a set and let P(X) be the power set of X, i.e. the set of subsets of
X. For P,Q € P(X) we define

P+Q=(PUQ)—(PNQ), PQ=PnQ.
Under these operation, P(X) is a ring, and indeed an Fo-algebra. Moreover if we set
B(P,Q) =|P.Q| mod 2,
then B is a nondegenerate symmetric form on P(X).

Proof. We must check the axioms for a ring. To see that P(X) is an abelian group,
note that () is an identity for +, and P + P = {}, so every element has an inverse.
Clearly, + is commutative, and for associativity of + one should draw a Venn
diagram. It follows that P(X) is an abelian group and so a Z-module. Since 2P =
0 for each P € P(X), it is in fact a Z/2Z-module, i.e. an Fy-vector space. The
multiplication is clearly commutative and associative, and it is easy to check that
it distributes over addition. This also readily establishes that B is bilinear. That B
is nondegenerate is also immediate. O

Remark 9.15. Another way to think of this lemma is to order the elements of X and
assign a binary string to each subset — with a 1 if the element of X is in the subset
and a 0 if it isn’t. This gives a bijection between P(X) and F3, and the vector space
structures match up. The bilinear form is just the “dot product” in this setting.

Now suppose that X is a set with 2m elements. Let L be the span of the set
X itself, so that L ¢ L+, which is just the set £ of subsets of X with an even
number of elements. Then the space L' /L inherits a nondegenerate form, which
is alternating, since B(P, P) = 0 for any set with an even number of elements.
Since it is clearly nondegenerate, this gives a realization of the symplectic vector
space of dimension 2m — 2 over ;. The symmetric group S, acts on X, and
this induces an action of Sy, on P(X) as an Fs-algebra, hence in particular the
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action preserves the form B. It follows that Ss,, acts by symplectic isometries on
&/L, and so we obtain an embedding Ss,, — Sp(€). In the case when m = 6, it
is easy to compute the orders of these groups and hence obtain the isomorphism
Sp,(F2) = Sg as required.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO.



MATH 241: TOPICS IN GEOMETRY. PROBLEM SET 1.

KEVIN MCGERTY

(1) Describe the group of isometries of R? as explicitly as you can.
(2) A reflection in O(R?) is an element of order two. Show that every element
of O(R?) can be written as a product of at most two reflections.
(3) Show that any element of SO(IR?) can be written as a product of elements
of order 2.
(4) The object of this exercise is to classify up to conjugacy, all finite subgroups
of SO(R3):
(@) Let I' < SO(R?) be a finite subgroup. Let S = {v € R3 : ||v|| =
1,0(v) = viorsome o € I' — {1}}, so that S is a finite set of vectors.
Show that I' acts on S.
(b) Consider the orbits of the action of I" on S, labelled say O1, Os, .. ., Ok.
Let n; = |Stab(x)| for some = € O;. Using the fact thateach o € I'— {1}
fixes exactly two elements of .S, show that

2 1
2 = ;(1 o ).

(c) Find all possible positive integer solutions |T'|, (n;)1<;<x with |T'|,n; >
2 to the equation in the previous part.

(d) By considering platonic solids (the cube, tetrahedron, dodecahedron,
etc.) show that all of the solutions you obtained actually come from a
subgroup I'.

(e) (You can be more informal here.) Classify the finite subgroups of SO(R?).

(5) Find the orders of the conjugacy classes in the group of rotational sym-
metries of the icosahedron (your arguments here do not need to be very
formal). Hence show that this group is simple.

due Wedneday, January 20.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO.
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(1) (a) Let v € R™. The reflection defined by v is the linear map o, : R — R”
given by
2w.v

oy(w) =w —

Show that o, € O(R™).

(b) Show by induction on n that any element of O(R™) can be written as
a product of at most n reflections.

(c) Show directly that the product of two reflections in O(R?) is a rotation.
Conclude that SO(R?) consists of rotations. More generally, show that
SO(R™) is generated by “rotations” (that is, elements which fix a (n —
2)-plane, and act as a rotation on the 2-plane orthogonal to that plane).

(2) Let P,Q, R be three planes in R? passing through the origin, no two of
which are equal. Intersecting with S? = {v € R3 : ||v|| = 1} they yield
a spherical triangle. If the angles of the triangle are «, (3, v, show that the
composition of rotations about the lines given by the vertices p, ¢, r by an-
gles 2a, 23, 2 is the identity map. (The angle between two planes is the angle
between their normal vectors. Notice that this gives an explicit description of
which rotation you get by composing two rotations).

(3) Let K = Q(v/5) be quadratic extension of Q containing v/5. Show that
O = Z[3(1 + V/5)], the subring of K generated by 7, is spanned (as a Z-
module) by 1 and 7 = 1(1++/5) (if you know about such things, show that
O is the ring of integers of K). Clearly the O-span of the elements 1, ¢, j, k
in H form a subring in H. Denote this ring by He. Find the elements of the
set

v.v

J={zeHp: |z| =2}
Let J = {z € H : 2z € J}. This is a finite subset of U the unit quaternions,
and the product of any two has norm 1, but might not lie in Ho (the issue is
that if z,y € J then zy does not necessarily lie in 2J). Show however that
there is a subset of .J containing 120 vectors which forms a group under
multiplication, and thus is finite subgroup of H. What has this got to do
with the icosahedron?

(4) Let A be a finite dimensional associative division algebra over C. By con-
sidering the linear maps L,: A — A given by L,(z) = ax, show that
A=C.

due Wedneday, April 12.
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(1) Let ¢ be the map
¢: U x U — SO(R?)

given by identifying R* with H and letting ¢(u1,us) be the map sending
g € H to uiquy ! (a connectedness argument shows that the image of ¢ is
contained in SO(R*). Show that ¢ is surjective.

Hint: Here is one possible method. Use the fact that the conjugation action of
U on the imaginary quaternions 1 is the action of SO(R®) on 1 = R? to show that
you can move any positively oriented orthonormal basis of H to {1,4, j, k} by the
action of U x U.

(2) Let A be a composition algebra over k. Show that the norm of the algebra
is determined by the algebra structure as follows: for a € A, the operation
of left multiplication by «, that is the linear map = +— az, has a minimal
polynomial. Show that this polynomial is:

t? —2(1,a)t + N(a) € K[t]

whenever a € A is not a scalar. Deduce that if e € A has norm 1 and is
orthogonal to 1, then e? = —1.
(3) The automorphism group of an algebra A over a field k is defined to be

Aut(4) = {¢ € GLk(4) : ¢(ab) = ¢(a)p(b)}
(with the group operation given by composition), that is, Aut(A) is the
set of linear maps of the vector space A which are compatible with the
multiplication. Show that the automorphism group of the quaternions,
Aut(H) is isomorphic to SO(R?).

(4) Show that the group SO, (R) is connected (and path connected). (It is a
compact subset of the vector space of n x n matrices over R, so it is a
metric space, and hence it makes sense to ask if it is connected, you may
wish to use results from the previous problem set).

due Wedneday, April 19.
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(1) Show that for D = C or H the norm determines the Hermitian form.

(Hint: consider the expression 2(z,y) = N(z +y) — N(z) — N(y) that
we used in studying composition algebras. It shows that the norm and
bilinear form determine each other in this case. Try and find corresponding
expressions for the Hermitian form).

The next few questions uses basic notions of analysis in R"™. A curve in a real
vector space V equipped with a Euclidean norm is a continuous map ~ :
(a,b) — V. For a point ¢ € (a,b) we say that v is differentiable at c if the

limit
i Y@ = ()
t—c t—c
exists. We denote the limit by v/(c).

(2) For a subset A C V, we say that v: (a,b) — V liesin A if v(t) € A for
allt € (a,b). If V has a continuous multiplication V' x V' — V (say if
it is the space M,,(R) of all n x n matrices, with the norm given by the
sum of the squares of the entries — see (3a) below), and A is closed under
multiplication, we can define the product of two curves 7,72 lying in A to
be the curve in A given by setting

(72)(8) = 71 (H)72(t)

(@) If v1 and v, are both differentiable at ¢ € (a, b) show that their product
7172 is also differentiable at ¢, and that

(m72)'(€) = m(e)72(c) + 71 (e)r2(c).

(b) Lety: (—a,a) — O,(R) = {A € M,,(R) : A.A* = I} be a differentiable
curve (i.e. it is differentiable at all ¢ € (—a, a)) such that y(0) = I the
identity matrix. Show that the derivative of v at 0 is skew-symmetric,
that is show that 4/(0) = —+/(0)*.

(3) Let A be a matrix in M,,(R), and suppose that ||A|| < 1 (here the norm || A]|
is just the square root of the sum of the squares of the entries of the matrix).

(a) Show using the Cauchy-Schwarz inequality that || AB|| < || A]/|| B

(b) Show that the series

— 1
exp(A) = Z HA"
n=0
converges absolutely (where A° is understood to be the identity ma-
trix I) — (quote whatever results about uniform convergence that you

need). Show moreover that, given A € M, (R) that the function p4: R —

Date: April, 2006.
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M, (R) givenby ¢t — exp(tA) is differentiable, with derivative D(¢4)(t) =
Aexp(tA).
(4) Show that for A € M, (R) the map p4: R — M,(R) intertwines addi-
tion in R and multiplication in M, (R), in the sense that ¢ 4(¢t; + t2) =
wa(t1)palts). (Hint: Compute the derivative of the function

t — exp(tA) exp((c —t)A)
where c € R.)
Deduce that exp is in fact a map exp: M, (R) — GL,(R), i.e. exp(A) is
invertible for all A € M, (R).
(5) Suppose that G C GL,,(R) is a subgroup of GL,,(R). The Lie algebra Lie(G)
attached to G is the set
{B € M,,(R) : B=+'(0) for some curve v: (—a,a) — M, (R) in G with v(0) = I}
Show that in the case G = O, (R),
Lie(G) = {B € M,(R) : B = —B'}

(in question (2) you have already established one inclusion here, so the content of
this question is to show that every skew-symmetric matrix arises as ' (0) for some
curve in Oy, (R)).

(6) In the same way, we can attach to U,,(C) and Sp(H) a Lie algebra. Indeed

Lie(U,(C)) ={A e M,(C): A+ A" =0}
Lie(Sp,,(H)) = {A € M, (H) : A+ A* = 0}.
In each of the cases, the Lie algebra is a vector space over R (although not
a vector space over C or H). Compute the dimension of the Lie algebras as
real vector spaces. Check moreover that if L is one of the Lie algebras, and
A,B € L, then [A, B] = AB — BA € L also. (This gives L a product, which
however is not associative or commutative).

due Wedneday, April 26.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO.
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(1) Show that the projection from a point map is a projective transformation
(see the notes for the definition of the projection from a point map).

(2) Consider the two sphere S? C R? and the complex plane embedded as the
set {(z,y,2) € R® : 2 = 0}. We may define a bijection tx: S? — {N} — C
as follows: Take the point P € S? — {N} and consider the line from N to
P. Let tn(P) be the point of intersection of this line with the (x, y)-plane.
In the same way define a map tg: S? — {S} — C. Show that, under the
identification of S? with CP?!, these give the affine coordinates Ag, A; of
cprl.

(3) Analgebra A is said to be alternative if the subalgebra generate by any pair
x,y € Ais associative. Show that A is alternative if and only if for every
pair z,y € Awe have

w.(ry) = (wx)y,  x(yy) = (zy)y.
Show that the octonions are an alternative algebra.

(4) Let V the the vector space of dimension n over the finite field F,. How
many complete flags are there in P(V)? (A complete flag is a sequence of
projective subspaces Fy C Fy C ... C F,_1 = P(V) of P(V) such that

(5) Suppose that V is a vector space over C. We say that a map a: P(V) —
P(V) is an automorphism if « is a bijection and for all subspaces P(U) of
P(V) the image of P(U) is a subspace of the same dimension. Let Aut(P(V))
denote the group of automorphisms of P(V). Is Aut(P(V) = PSL(V)? Is
PSL(V') of finite index in Aut(P(V))?

due Wedneday, May 10.
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(1) Let V be an (n + 1)-dimensional vector space over k. Show that in the case
of k = R and V has the standard Euclidean norm, the condition that an
(n+1)-tuple (vo, va, . .., Unt1) is in general position (i.e. any (n+1)-element
subset is a basis of V) defines a dense open subset of V"2 = V xV x...xV

(2) Let V be a vector space over k, and let G = PGL(V). The set Gry(V)
of k-dimensional subspaces of V' is acted on transitively by G. Let X =
Gr (V) xGrg(V). Then X is acted on by G diagonally, that is for (U, Us) €
X

9(U1,U2) = (g(U1), g(U2)).
What are the orbits of G on X?
(3) Let k = F, be a finite field with ¢ elements. How many conjugacy classes
of transvections are there in SLy(FF;)?
(4) Let P! be the projective line for k, that is, the set of lines in k?. Then PSL; (k)
actson X = P! x P! x P! x P! diagonally:

g(l1l2,13,1a) = (g9(l), 9(I2), 9(ls), g(l4))-
This action is not transitive: Viewing P! as k U {co} we may define a point
c(p1,p2, p3, pa) in P! attached to a 4-tuple of distinct points (p1, p2, p3, p4) €

X with homogeneous coordinates p; = [z;, w;] by setting c¢(p1, p2, p3, pa) to
be

[(leg — wlzg)(23w4 — 24w3) : (21w4 — wlz4)(Z3w2 — Zg’wg)] c ]Pl
Show that ¢ is constant on orbits of PSLy (k). Use ¢ to describe the orbits of
PSLy (k) on X.

(5) Let P be the projective plane for F5. Thus |P| has 6 elements. The group
PGL;(Fs5) acts on P, giving a homomorphism
¢Z PGL2(F5) — S@,
from PGL4(F5) to the symmetric group on 6 symbols. Show that PGLy (F5) =
S5, and hence we may view ¢ as a homomorphism S5 — Ss. Let K be the
image of ¢. Show that ¢ has exactly 6 conjugates, and hence this gives an
action of Sg on the 6 conjugates, and hence a homomorphism «:: S¢ — Sg.
Show that a is an automorphism which is not given by conjugation by
an element of Sg (such an automorphism is called an outer automorphism).
due Wedneday, May 17.

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF CHICAGO.
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The first three questions establish carefully the last axiom for a BN-pair for
GL, (k). Let {eq, ea, ..., e, } be the standard basis of k”, with dual basis {e}, e, ..., ek }.
Let B be the standard Borel, U the group of unipotent upper triangular matrices,
and N the group of monomial matrices.

(1) LetU; = {f € U : ¢} (f(ei+1)) = 0} and for i # j set X; ; to be the unipotent
one-parameter subgroup of transvections 7, Aes (A € k). Set X; = X, 41,
and X_; = i+1,ie Show that U = U, X;, that U; = nZUn;l N U and
niXini_l = X_;, where n; is the element of N which takes e; to —e; 11, €;41
to e; and fixes every other basis element.

(2) Suppose that n € N has its nonzero entries in the positions (7 (j), j) where
7 € Sp. Show that nX; jn~" = X, (;) »(;) and n; B C Bn; X;. For X; write
X for Xy n@iq1). I w(i) < 7(i 4 1), show that X ;) C B and deduce
that n;Bn C Bn;nB.

(3) Show that X_; C B U Bn;B and by applying the previous question to n;n
in place of n deduce that when 7 (i) > m(¢ + 1) we have

n;Bn C (Bn;nB) U (BnB).

(4) Show that if F = [F» where p is a prime, then U is a Sylow p-subgroup of
SL(V).

(5) Let F; = span{es,eq,...,e;} be the span of the first 7 standard basis vec-
tors. Use the properties of the BN-pair for GL(V) to show that if P is a
subgroup of GL(V') containing the standard Borel B, then there is a se-
quence (1 < 41 < iy < ... < i < n) such that P is the stabilizer of the
flag

(F, CF, C... CFy).
(Hint: You should try to attach a subgroup of W to P).

due Wedneday, May 24.
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Let V be a vector space over k, and let A*(V) be the space of alternating k-
multilinear functions on V, so that the elements of A*(V) are functions A: V' x
V x ... xV — k (with k copies of V') which are linear in each variable, and are
alternating, so A(v1,vs, ..., v;) = 0 if at least two of the v; are equal. Thus A%(V)
is the vector space of alternating bilinear forms, and A}(V) = V*. If dim(V) = n,
then it is known that A™ (V') is one dimensional. If we pick a basis ej, e, .. ., e, of

V, write
n
v; = E A€k,
k=1

and set
D(’U1, V2, ..., Un) = Z s(a)alolagg(g) - Qno(n)-
gESy

(thatis, D is the determinant of the matrix with columns given by the coordinates
of the v;), then the function D is an alternating n-multilinear function on V/, and
given any A € A"(R"™) we have A = A(ey, ea,...,e,)D. (You should assume this
fact for the purposes of this question).

Given a linear map a: V' — V, we can define a*: A?"(V) — A?"(V) by setting

a*(A)(v1,v9,...,v2,) = Ala(vr), a(va), . .., a(vay,)).

The a* is a linear map on A™(V'), and so since this space is one-dimensional, o* is
simply multiplication by a scalar. This scalar is det(c).

(1) Now suppose that V has dimension 2m, and assume that char(k) = 0 (this

last assumption can removed) and suppose that B is a nondegenerate al-
ternating bilinear function on V. Consider the function

BAm(Ula V2, ... 7v2m) = Z 5(U)B(UU(1)a UU(Q))B(’UU(?))a Uo’(4)) s B(UO'(Qn—l)v UU(Qm))'
o€Tom

where
Tom = {0 € Som 1 0(2i — 1) < 0(2i),1 € {1,2,...,m}},

and (o) € {£1} is the sign of the permutation 0. Show that B is a
nonzero alternating 2n-multilinear function. Deduce that if « preserves B,
then a has determinant 1.

(2) Suppose that V is four dimensional. The space A?(V) is is then 6 dimen-
sional (since it is isomorphic to the space of skew-symmetric matrices,
which clearly is 6 dimensional). We want to define a correspondence be-
tween the space Gry (V) of lines P(V') (or two-planes in V') and a subset of
P(A%(V)*) (that is, the projective space of the dual of A%(V)).
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To do this, note if P is a 2-plane in V, then if we pick a basis {v1, v2} of
P we can define ¢,, ., a linear map A?(V) — k by sending B € A%(V) to
B(v1,v2). Then ¢,, », is of course not determined by P, but it is up to a
scalar multiple (why?) thus we get a map
K: Gro(V) — P(A%(V)%).

(a) Show that K is injective.

(b) We want to calculate the image of K in P(A%(V)*). To do this, let us
make everything explicit: Let {e1, e2, e3, €4} be a basis of V, so that we
can identify A?(V') with 4 x 4 skew-symmetric matrices over k. Then
for 1 <14 < j < 4, the matrices M;; with zeros everywhere except a 1
in the (7, j)-th entry and a —1 in the (j, ¢)-the entry clearly form a basis
for A%(V). Let N;; be the dual basis of this basis, (it is easy to see that
N;;(B) = B(ei,e;) for B € A*(V)), so that we have homogeneous co-
ordinates P(A?(V)*) homogeneous coordinates . Given P € Gry(V),
show that if K(P) = [z12: 213 : 214 : Za3 : 224 : 234, then

212234 — 213224 + 214223 = 0.

(with some more work you can show that points satisfying this equation are
exactly the image of Gra(V'))
(3) Is the action of SO(R?) on S? = {x € R? : ||z| = 1} primitive?
due Wedneday, May 24.
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