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I Introduction

The purpose of these notes is to introduce, at the undergraduate level, some basic notions
of mathematics. We present some of the main results, techniques and ideas from the theory
of groups, rings, fields, vector spaces, multilinear forms, Lie algebras, topological spaces,
metric spaces, manifolds, and algebraic varieties. The language, methods and spirit of
these areas penetrate most parts of mathematics, and are important in many branches of
the natural sciences. We consider it of utmost importance that the students encounter
these notions early in their studies.

Throughout we have used matrix groups to motivate the introduction of these concepts.
This is natural historically, as the study of matrix groups was one of the main forces behind
the development of the mentioned theories. Matrix groups also play an important part in
many branches of mathematics, as well as in other sciences, and in technical applications.
Another fascinating feature of the matrix groups is that they lead, in a natural way, to
the study of both algebraic and geometric objects. This unity of algebraic and geomet-
ric theories is deeply rooted in mathematics, and we have emphasized these connections
throughout the notes.

We have tried to keep the presentation alive by including interesting results about ma-
trix groups, mainly by trying to find algebraic and geometric invariants that can distinguish
the groups. On the other hand we have made an effort to keep the material elementary by
including only standard results from the generalizations of the teory of matrices to groups,
manifolds, algebraic varieties and Lie groups. We therefore have covered more material on
matrix groups than in most text on algebra, manifolds or Lie groups, but the notes contain
much less of the standard material in these fields than is normally included in more gen-
eral treatises. Hopefully we have found an equlibrium that make the notes enjoyable, and
useful, to undergraduate students. There is a vast flora of general textbooks in algebra and
geometry that cover the general material of these notes. During the preparation of these
notes we have found the books of [1], [2], [3], [5], [6], and [7], of the reference list, useful.

The prerequisites of the course consist of a standard course in linear algebra and cal-
culus. To appreciate these notes mathematical maturity and interest in mathematics is
important. We assume that the reader, with a few hints, can fill in details in proofs that
are similar to those of the basic courses of linear algebra and calculus. This should cause
no difficulties to a student mastering fully the first year courses, and we hope that it is a
challenge for the student to rethink earlier courses in a more general setting.
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1 Algebraic properties of matrix groups

1-1 Matrix groups

Let M,,(C) be the set of all n x n matrices A = (a;;), with complex coordinates a;;. The
tdentity matriz which has diagonal coordinates equal to 1 and the remaining coordinates
equal to 0 is denoted by I, and we shall denote the matrix with all coordinates zero by
0, irrespectively of what size it has. Given a matrix A = (a;;) in M, (C) and a complex
number a, we write aA = (aa;;) and we denote the determinant of a matrix A in M, (C)

by det A.
The transpose (aj;) of the matrix A = (a;;) is denoted by *A. We have that

det A = det A.

Multiplication of two matrices A = (a;;) and B = (b;;) in M,,(C) produces a matrix
AB = (>°,_ aigby). The multiplication can be considered as a map

M, (C) x M,,(C) — M,,(C)

from the set of ordered pairs (A, B) of matrices in M,,(C) to M,,(C), which sends (A, B)
to AB. We have the following multiplication rules

A=1,A=Al,
A(BC) = (AB)C,
AB) ='B'A,
for any three matrices A, B and C' of M,,(C). Moreover, we have that

det AB = det Adet B.

A matrix A in M,,(C) is called invertible, or non-singular, if there is a matrix B such
that
AB = BA =1,. (1-1.0.1)

The matrix B in the expression 1-1.0.1 is uniquely determined. It is called the inverse of
A and it is denoted by A~!. Since we have that

(A = (a7,
we can write ‘A7 = (YA)~! = {A™1), without ambiguity.
The subset of M,,(C) consisting of invertible matrices is denoted by Gl,(C), and called

the general linear group. Given two matrices A and B in Gl,,(C) we have that the product
AB has inverse B~'A~! that is

(AB)™' = B1A",

1



Hence the product AB is in Gl,(C). Moreover, we have that

v
det A-1°

The subset of Gl,,(C) consisting of matrices with determinant 1 is denoted by Sl,(C)
and called the special linear group. Given two matrices A and B in Sl,,(C), it follows from
the equation det AB = det Adet B that AB is in S1,,(C). Moreover, it follows from the
equation det A~! = (det A)~! that A~! is in SI,(C).

Fix a matrix S in M, (C). We shall denote by Gg(C) the subset of matrices A in
Gl,,(C) that satisfy the relation

det A =

'ASA = S.

Given two matrices A and B in Gg(C), we have that AB is in Gg(C). Indeed, we have
that
YAB)SAB = 'B'ASAB = 'B('ASA)B = 'BSB = .

Moreover, we have that A~! is in Gg(C). Indeed, when multiplying the relation S = ‘ASA
to the right by A~ and to the left by A™", we obtain the equation

tA7lsA = S,

When S is in Gl,(C) it follows from the equality det’AdetSdet A = detS that
(det A)> = 1. Hence det A = +1. In this case we denote the subset of matrices A in
Gs(C) that have determinant equal to 1 by SGg(C) . As in the case with Sl,,(C) we have
that if A and B are in SGg(C), then AB and A™! are both in SGg(C).

We have seen that all the sets Gl,,(C), S1,(C), Gs(C) and SGg(C) share the properties
that if A, B and C are elements of the set, then I,,, A~! and AB are also in the set. Clearly
we also have that A = Al, = LA, AA™' = A7'A = I, and A(BC) = (AB)C, because
these relations hold for all elements in Gl,,(C).

There are two special cases of the above that are particularly interesting. The first
one is obtained when S = I,. The corresponding groups Gg(C) and SGg(C) are de-
noted by O, (C) and SO, (C) and called the orthogonal group and special orthogonal group
respectively. They consist of the elements A in Gl,(C) and Sl,,(C), respectively, such that

"AA =1,

To introduce the second case it is convenient to use the following notation for matrices
Given matrices A, B, C' and D of sizes r x s, r x (n—s), (n—r) x s, and (n—r) X (n—s),
respectively, we denote by
A B
(@ 2)

the n x n block matrix with A, B, C' and D in the upper left, upper right, lower left, and
lower right corner, respectively.



Let J,, be the matrix in M,,(C) with 1 on the antidiagonal, that is the elements a;;
with 2 + 7 = m + 1 are 1, and the remaining coordinates 0. Take

S = (_?]m Jom) . (1-1.0.2)

The corresponding set Gg(C) is denoted by Sp,,,(C) and it is called the symplectic group.
When we write Sp,,(C), we always assume that n is even.

Remark 1-1.1. In the following it will be important to view the matrix groups O, (C),
SO, (C) and Sp,,(C) as automorphisms of bilinear forms. We shall return to such a view-
point in Sections 1-7 and 1-8. Here we shall indicate how it is done.
Define a map
(,):C"xC" —= C,
by
S11 .- S1in bl
(a1, ... an), (b1, ... bp)) = (a1 ... ay)
Spl ... Spn by,
The map (,) satisfies the following properties:
Given z, y and z in C", and a in C, we have that:

(1) (z+y,2) = (,2) + (y, 2),
(i) (z,y+2) = (x,9) + (2, 2).
(iii) (az,y) = (z,ay) = a{z,y).

We say that (,) is a bilinear form on C". A matrix A in Gl,(C) is an automorphism of
the form if
(Az, Ay) = (x,y), for all pairs x, y in C".

We have that Gg(C) consists of all automorphisms of the bilinear form (,) defined by S
(see Exercise 1-1.4).

Not all the groups given above are different. We have, for example that Sp,(C) = Sly(C)
(see Exercise 1-1.7). The main theme of these notes is to investigate in which sense they
are different. This is done by imposing algebraic and geometric structures on the groups
and by associating to these structures invariants that make it possible to distinguish them.

Exercises
1-1.1. Determine the groups Gl;(C), Sl;(C), O;(C) and SO;(C).
1-1.2. Show that the inclusions Sl,(C) C Gl,(C) and SO, (C) C O,(C) are proper.

1-1.3. Define the groups SSp,(C) and show that SSpy(C) = Spy(C).



1-1.4. Show that the group Gg(C) is the group of automorphisms of the form (,), defined by

S11 .. Sin Y1

(@1, n), (W1, syn)) = (@1 .0 @)
Snl .-+ Snn Yn

1-1.5. Given a matrix A in M,(C). Show that A is the unique matrix B such that (Az,y) =
(x, By) for all z and y in C™.

1-1.6. Determine all elements of O2(C) and SO2(C).
1-1.7. Show that Slo(C) = Spy(C).

1-2  Groups

We have in Section 1-1 given examples of sets whose elements can be multiplied and the
multiplication in all the sets enjoys similar algebraic properties. In this section we shall
formalize the essential properties of the multiplication.

A multiplication on a set S is a map

SxS—=S

from the Cartesian product S x S, that is the set of ordered pairs of elements of S, to S.
The image of the pair (a,b) we denote by ab.

Definition 1-2.1. A group is a set G together with a multiplication that satisfies the
following three properties:

(i) (Associativity) For any triple a, b, ¢ of elements of G, we have that

a(be) = (ab)ec.

(ii) (Identity) There is an element e in G such that

a=ae=ea
for all elements a of G.

(iii) (Inverse) For each element a of G there is an element b of G such that

e =ab = ba.
There is only one element in G having the same property (ii) as e. Indeed, if ¢’ was
another such element we have that
d=ce=ce.

Similarly, given a, there is only one element b in G having the property of (iii). Indeed, if
b’ was another such element we have that

b =be="0'(ab) = (ba)b=-eb=0.



Example 1-2.2. We saw in Section 1-1 that all the sets Gl,(C), O,(C), Sp,(C), S1,(C)
and SO,,(C) are groups.

There are many more natural groups than those in the previous example. Here follows
some well-known examples.

Example 1-2.3. The integers Z, the rational numbers Q, the real numbers R and the
complex numbers C are all groups under addition. In these cases we are used to denote
the multiplication by the symbol + and the identity by 0.

Example 1-2.4. The non-zero rational, real and complex numbers, Q*, R*, and C* are
groups under multiplication.

Example 1-2.5. Let S be a set. Denote by &g the set of all injective maps of S onto
itself. We define the product 7o of two maps 0: S — S and 7: S — S as the composite
map 7o: S — 5. With this multiplication Gg is a group. The identity is the map that
leaves all elements of S fixed, and the inverse of a map 7 is the map that sends 7(i) to i,
which exists because 7 is injective and onto. When S = {1,...,n} we write 65 = &,, and
we call &,, the symmetric group on n letters. It is a group with n! elements.

Definition 1-2.6. A group G is called abelian if ab = ba for all pairs of elements a, b of
(G, and we say that a and b commute.

Remark 1-2.7. In abelian groups we shall often, in accordance with Example 1-2.3, denote
the multiplication by + and the identity by 0.

Example 1-2.8. The groups of Examples 1-2.3 and 1-2.4 are abelian, while none of the
groups in 1-2.2 and 1-2.5 are abelian, when n > 2 (see Exercise 1-2.1).

Definition 1-2.9. A homomorphism from a group G to a group H is a map
¢.G—H

such that @(ab) = @(a)P(b), for all a,bin G. We can illustrate this rule by the commutative
diagram

GXG&)HXH

| |

G —— H
@

where the vertical maps are the multiplication maps on G and H respectively.

The homomorphism @ is called an isomorphism if it is surjective, that is all the elements
of H is the image of some element in GG, and injective, that is if a and b are different elements
in G then @(a) and &(b) are different elements in H.

The kernel of the homomorphism @ is the set

kerd ={a € ’ P(a) =en},

b}



and the image is the set

im®={a€H|a=®d0), forsomebeG}.

The kernel and the image of a homomorphism are groups (see Exercise 1-2.3).

Example 1-2.10. The map
det: Gl,(C) — C*

that sends a matrix to its determinant is a homomorphism because of the formula det AB =
det Adet B. The kernel of this map is Sl,(C) and the image is C*.

Example 1-2.11. The map
¢: G1,(C) — Sl

B(4) = ((detéél)—l 21)

given by

is a homomorphism. Clearly, @ is injective.

Example 1-2.12. The map C* — SO,(C), which sends ¢ to
( s+ t—lz gl'(t — t‘i))
—%(t—ti ) §(t+t7 ) ’
is a group homomorphism (see Exercise 1-2.4).

Example 1-2.13. Let
¢: 6, — Gl,(C)

be the map sending o to the matrix having coordinates 1 in the position (o(i),q), for
1 =1,...,n, and the remaining coordinates 0. It is clear that @ is injective.

Let e; = (0,...,1,...,0) be the 1 x n vector with coordinate 1 in the i’th position, for
1=1,...,n. We have that

Consequently we have that
B(1)B(0)'e; = B(T)'esy = 'erow) = P(T0)e;,

that is, @(7)®(0) = ¢(70). Thus @ is a group homomorphism.
The image of @ consists of matrices with determinant £1. We define the map

sign: 6,, — C*

signo = det @(0), for o € G,
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and obtain from Example 1-2.10 that
sign 7o = sign 7 sign g.

In other words, the map
sign: &,, — {£1},

into the group with two elements 1 and —1, under multiplication, is a group homomor-
phism.

Proposition 1-2.14. Let &: G — H be a homomorphism between the groups G and H,
with identity eq and ey, respectively. Then

(i) P(eq) = eq.
(ii) ®(a™t) = ®(a)™!, for all a in G.
Proof. We have that
erg = Pleq)Pleq) ™! = Plegeq)Pleq) ™ = Pleq)P(eq)Peq) ! = P(eq).
Moreover, we have that

P(at) = P(a)P(a)P(a)™! = P(a ta)P(a) ! = Pleq)P(a) ™! = exg®P(a) ™ = &(a) "

Proposition 1-2.15. A homomorphism ®: G — H of groups is injective if and only if the
kernel is {ec}. In other words, @ is injective if and only if (a) = ey implies that a = eg.

Proof. 1f & is injective then ¢(a) = ey implies a = eg, by the definition of injectivity, and
because (eq) = ey.
Conversely, assume that ®(a) = ey implies that a = eg. If &(a) = @(b), we have that

Dlab™) = P(a)@(b™") = P(a)P(b)™" = P(L)P(b) ' = ep.
Hence, ab™! = e and a = ab™'b = ecb = b. O

Definition 1-2.16. A subgroup H of a group G is a subset H of GG such that for all a and
bin H we have that ab and a~! are in H. A subgoup H of G is normal if bab~! is in H for
all bin G and a in H.

Remark 1-2.17. A subgroup H of G is itself a group. Indeed, the associative law (i) of
1-2.1 holds for all elements of G and thus for all elements of H. By definition the inverse
of every element of H is in H and if a is in H then aa™! = eq is in H, and is the identity
element in H too. When H is a subgroup of G we can consider the inclusion of H in G as
a map ¢: H — G, which sends an element to itself, that is ¢(a) = a, for all @ in H. This
map is then a group homomorphism, often called the inclusion map.

7



Exercises
1-2.1. Show that none of the groups Gl,(C), Sl,(C), Sp,,(C), &,, are abelian when n > 2.

1-2.2. Show that the composite map ¥®: F — H of two homomorphisms @: ' — G and
V. G — H is again a homomorphism.

1-2.3. Show that the kernel and image of a homomorphism &: G — H are subgroups of G and
H respectively. Moreover, show that the kernel is a normal subgroup of G.

1-2.4. Show that the map C* — SO(C), which sends ¢ to

( S+t i(t_t_l)) ’

=t Je )

is a group homomorphism.

1-3 Rings and fields

We have that Z, Q, R, C and M,,(C) are abelian groups under addition. They also have a
multiplication. The non-zero elements of Q, R and C form abelian groups with respect to
the multiplication, whereas the non-zero elements of Z and M,,(C) are not groups under
multiplication (see Exercise 1-3.1).

Definition 1-3.1. A ring is a set R with addition and a multiplication, such that R is an
abelian group under addition and such that all triples of elements a, b and ¢ of R satisfy
the following properties:

(i) (Distributivity) (a + b)c = ab+ be and a(b + ¢) = ab + ac.
(ii) (Identity) There is an element 1 in R such that al = la = a.
(iii) (Associativity) a(bc) = (ab)c.

Here a + b and ab are the sum and product of a and b. We shall denote by 0 — zero
— the identity of the addition. When ab = ba for all @ and b in R we say that R is
commutative. The ring R is called a skew field when the non-zero elements form a group
under multiplication, that is, when every non-zero element has a multiplicative inverse. A
commutative skew field is called a field.

A proper subset I of a ring R is called an ideal if it is an additive subgroup, and, if for
all @ in R and b in I, we have that ab is in I.

Remark 1-3.2. From the above axioms one easily verifies that the usual rules for com-
putation by numbers hold. We have, for example, 0a = (0 — 0)a = 0a — Oa = 0, and
—la+a=—-la+1la=(—1+1)a=0a =0, so that —la = —a.

Example 1-3.3. We have that Q, R and C are fields.



Example 1-3.4. We have that Fy = {0, 1}, where 1+1 = 0, is a field, as is F3 = {0, £1},
where 1 +1 = —1.

Example 1-3.5. We have that Z and M,,(C) are rings, but not fields.

Example 1-3.6. Let S be a set and R a ring. The set RY consisting of all maps from
S to R forms a ring. Indeed, let f and g be maps S — R. We define the sum f + ¢ by

(f+9)(z) = f(x) + g(x) and the product fg by (fg)(z) = f(x)g(x) (see Exercise 1-3.3).
The following example of rings is extremely important in algebra and geometry.

Example 1-3.7. (Polynomial and formal power series rings.) Let R be a commutative
ring. In the previous example we saw how the set RN of maps N — R form a ring, in a
natural way. In this example we shall give the ring a different multiplicative structure that
also makes it into a ring.

For each element a of R we let, by abuse of notation, a: N — R be the map defined by
a(0) = a and a(i) = 0 for i > 0. In this way we consider R as a subset of RN. Moreover,
we define maps

r;i: N— R, fori=0,1,...,

by x;(i) = 1 and z;(j) = 0, when i # j. Given elements ro,71,... of R we denote by

Z rix;: N— R
i=0
the map defined by (3.2, 7z;)(j) = r;. Clearly all maps f: N — R can be expressed

uniquely as f = Y77 f(i)z;. We can now define multiplication of elements f and g of RN
by

fg= Zf(i)xi Zg(l)% = Z(Z f(@)g(j))zs.

It is easy to check that this multiplication, together with the addition, gives a ring
structure on RN (Exercise 1-3.4). We note that with the given multiplication we have that

Ty =T "T1 = T4

Let x = x1. Every element can thus be uniquely written as a power series

F=>_fa
=0

and multiplication is similar to that for convergent power series. We denote the ring RN,
with the given multiplication, by R[[z]] and call it the ring of power series in the variable
x with coefficients in the ring R.

The subset of R[[z]] consisting of elements f = >"°, f(i)z* such that only a finite
number of coordinates f(i) are non-zero forms a ring under the addition and multiplication
induced by those on R[[z]]. This ring is denoted by R[z] and is called the ring of polynomials
in the variable x with coefficients in the ring R.

9



Remark 1-3.8. The advantage of defining polynomial and power series rings with coeffi-
cients in a ring is that the construction can be used inductively to define polynomial and
power series rings in several variables. Indeed, starting with R we have constructed a poly-
nomial ring R[z]. Then, starting with R[z1] we may construct a polynomial ring R[z;][z2],
which we denote by R[z1,xs]. In this way we can continue to construct polynomial rings
Rlzy,...,x,] in n variables. Similarly, we can define the power series ring R[[z1,. .., Z,]]
in n variables.

Definition 1-3.9. Let R and S be rings. A map &: R — S is a ring homomorphism if,
for all pairs a, b of R, we have that:

(i) ?(a+b) = D(a) + P(b).
(ii) @(ab) = P(a)P(b).
(iii) @(1) =1.
Remark 1-3.10. Since there need not be any inverses of the elements with respect to mul-

tiplication, we have to put ¢(1) = 1 as an axiom, while in a group it follows immediately
that a homomorphism has to map the identity element to the identity element.

The kernel of a ring homomorphism is the set ker @ = {a € R: ®(a) = 0}, that is, the
kernel of the map of additive groups. When R is a subset of S, the inclusion map is a ring
homomorphism and ab = ba for all @ in R and b in S, we call R a subalgebra of S and we
say that S is an algebra over R or an R-algebra.

Example 1-3.11. We have seen that Z C Q C R C C is a sequence of subrings, and that
the same is true for the sequence R C R[z] C R][z]]. In particular we have that R[z] and
R[[z]] are R-algebras.

Example 1-3.12. Let My(R) be the set of all 2 x 2 matrices with real coordinates. Let
®: C — My(R) be the map defined by

B(2) = bz + iy) = (’” y)

Then @ is an injective ring homomorphism (see Exercise 1-3.5).

Example 1-3.13. Let My (R) be the set of 4 x 4 matrices with real coordinates. Let

abb cdd
_ —b a —d c :
H = “ed 5% 1 abe,din R
—d—c b a
Moreover, let
0100 0 010 0001
- [ =100 0 (0 001} p_(00-10
t=\{ o000-1)J={(-1000])s"=\|0100]-
0010 0 —-100 1000
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Every element in H can be written uniquely in the form a + ib + jc + kd, for real numbers
a, b, c,d, where we write a instead of aly. Consequently the sum of two elements in H is
again in H. We have relations

ij =k, jk=14,ki=j, and i* = j* = k¥ = —1. (1-3.13.1)

From the relations 1-3.13.1 it follows that the product of two elements in H is again in H.
Consider C as the subset z + iy + 70 + k0 of H. Then C is a subring.

Every non-zero element a + ib + jc + kd of H has the inverse (a* + b* + ¢* + d*) ' (a —
ib— jc—kd). Hence H is a skew field called the quaternions. It is however, not a field (see
Exercise 1-3.6).

Example 1-3.14. We have a ring homomorphism H — Gly(C) defined by

a+ib+jc+kdr—>(a+lb C“d).

—c+id a—1b

This homomorphism sends the subset {a-+ib+jc+kd | a*+b*+c*+d? = 1} isomorphically
onto Spy(C).

Example 1-3.15. Let R be a ring. We can define a new ring R[e], sometimes called the
ring of dual numbers, as follows:

As a group RJe] is the set R x R with addition defined by (a,b) + (¢,d) = (a+c¢,b+d).
This clearly defines an additive group with zero (0,0). We define a multiplication on R x R
by (a,b)(c,d) = (ac,ac + bd). It is easily checked that R x R becomes a ring Rle| with
zero 0 = (0,0) and unit 1 = (1,0).We define the multiplication of an element a of R with
(b, ¢) by a(b,c) = (ab,ac). Write € = (0, 1). Every element in R¢], can be written uniquely
as (a,b) = a + be, and the multiplication is given by the multiplication of R and the rule
e? = 0.

Example 1-3.16. The kernel of a homomorphism S — R of rings is an ideal in S (see
Exercise 1-3.7).

Remark 1-3.17. Let K be a field. We write n for the sum 1+ ---+1 of the unit in K taken
n times. There are two possibilities:

(i) We have that none of the elements n are equal to 0 in K. For each pair of elements
m and n of K we can then define the elements m/n = mn~'. We can define a map
Q — K by sending m/n in Q to m/n in K. Clearly, this map is injective. In this
case we say that K has characteristic 0 and consider Q as a subfield of K.

(ii) There is an integer n such that n is 0 in K. Since —n = 0 if n = 0 in K we can
assume that n is positive. Let p be the smallest positive integer such that p = 0 in
K. Then p is a prime number because if p = ¢r we have that p = ¢r in K and hence
p = 0 implies that ¢ = 0 or r = 0, since K is a field. In this case we obtain a ring
homomorphism Z — K with kernel pZ. We say that K has characteristic p.
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Example 1-3.18. The group {0,1} with two elements, where 1 +1 = 0, is a field of
characteristic 2.

Exercises
1-3.1. Show that Z and M, (C) are not groups under multiplication.
1-3.2. Show that the only ideal of a field is (0).

1-3.3. Show that the set R® of Example 1-3.6 with the addition and multiplication given there
form a ring.

1-3.4. Show that the set RN with the addition and multiplication given in Example 1-3.7 form
a ring.

1-3.5. Show that the map @ of Example 1-3.12 is a ring homomorphism.

1-3.6. Show that the set H of Example 1-3.13 is a ring and that C is a subring via the inclusion
of that example.

1-3.7. Prove that the kernel of a ring homomorphism S — R is an ideal in S.

1-4 Matrix groups over arbitrary fields

Most of the theory of matrices that we shall need holds for matrices with coefficients in
arbitary fields and the techniques are independent of the field. In this section we shall
introduce some generalizations to arbitrary fields of the matrix groups of Section 1-1.

Fix a field K. Denote by M,,, ,(K) the set of m x n matrices with coordinates in K, and
let M,,(K) = M, ,,(K). The determinant of a matrix A = (a;;) in M,,(K) is the expression

det A = Z signU A1o(1) * * " Ano(n)-

0'6671

For a pair of matrices A, B of M,,(K) we have that

det(AB) = det Adet B

(see Exercise 1-4.1). Moreover, for each matrix A of M,,(K), there is an adjoint matriz B
such that
AB = BA = (det A)1,

(see Exercise 1-4.2). Consequently, when A is non-singular, that is det A # 0, then A has
the inverse (det A)~!'B. Hence, the matrices Gl,(K) in M,,(K) with non-zero determinant
form a group. Moreover, the subset Sl,,(K) of Gl,(K) consisting of matrices of determinant
1 form a subgroup. These groups are called the general linear group respectively the special
linear group over K.
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We have that, for a fixed matrix .S in M,,(K), the subset Gg(K) of matrices A in Gl,,(K)
such that
'ASA=S
form a subgroup of Gl,(K), as does the subset SGg(K) of matrices with determinant 1
(see Exercise 1-4.4). The particular cases when S = I,,, that is matrices that satisfy

YAA =1,

are denoted by O,(K) and SO, (K) and called the orthogonal group respectively special
orthogonal group over K.
Remark 1-4.1. As we indicated in 1-1.1 we shall, in Sections 1-7 and 1-8 interpret the
orthogonal and symplectic groups in terms of bilinear forms, and we shall see that there
are more groups which it is natural to call orthogonal.

Finally, let J,, be the matrix in M,,(K) with 1 on the antidiagonal, that is the elements
a;; with 4 4+ j =n + 1 are 1, and the remaining coordinates 0. Take

S:(f; %). (1-4.1.1)

The corresponding set Gg(K) is denoted by Sp,,, (K) and is called the symplectic group
over K.

Exercises
1-4.1. Show that, for a pair of matrices A, B of M,,(K), we have that
det(AB) = det Adet B.

1-4.2. For each matrix A of M, (K), the adjoint matriz B is defined by By; = (—1)"*7 det AU,
where A7) denotes the submatrix of A obtained by deleting the i’th row and the j’th column.
Show that B satisfies

AB = BA = (det A)1,.

1-4.3. Let a;1z1 + -+ ajnxy, = b;, for i = 1,...,n be a system of n equations in the n variables
Z1,...,Zy. Show that if the n x n matrix A = (a;;)i=1,.n,j=1,...n is invertible, then the equations
have a unique solution given by a; = (—1)1%‘3’?‘{, where A; is the matrix obtained from A by

substituting the column Y(by,...,b,) for the i’th column of A.

1-4.4. Show that, for a fixed matrix S in M, (K), the subset Gg(K) of matrices A in Gl,(K)
such that

fASA=S
form a subgroup of Gl,,(K), as does the subset SGg(K) of matrices with determinant 1.

1-4.5. Determine the 1-dimensional Lorentz group. That is, all matrices A in M, (R) such that
Ao 1) A=(")
1-4.6. Let K = R. Show that SO5(R) consists of the matrices ( %% %) Determine Oz(R.).

—sin @ cos O

1-4.7. Let K be the field with 2 elements. That is K = {0,1}, with 1 + 1 = 0. Determine
Gla(K), SIh(K), O2(K), SO2(K), and Spy(K). Which of these groups are isomorphic?

13



1-5 Generators for groups

Given a group G and elements {a;};c; of G. The intersection of all subgroups of G that
contain all the elements a; we denote by G’. The intersection of any family of sugroups of
a group G is again a subgroups of G (see Exercise 1-5.1). Consequently we have that G’
is a group. We call this group the group generated by the elements {a;};c; and say that
these elements are generators of the group G’'. The elements of G’ can be expressed in an
explicit way as follows:
Let G” be the set of all elements of the form

al*al - -ajm, (1-5.0.2)
for all m € N, all sequences (i1, ia, . . ., i, ) of elements in I and all sequences (dy, ds, . .., d,,)
of exponents +1. Clearly the set G” is a subgroup of G. Hence G” C G’. On the other
hand we have that all the element of G” have to be in any subgroup of G that contains all
a;. Consequently we have that G' = G”.

Example 1-5.1. The additive group Z is generated by the element 1, and the additive
group of Q is generated by all elements of the form 1/p", where n € N and p is a prime
number.

We shall, in the following, find generators for the groups of Section 1-4.

To find the generators for Gl,(K) and Sl,(K) we use a well known method of linear
algebra often called Gaussian elemination. We recall how this is done. Let Ej;(a), for
i,7=1,...,nand i # j be the matrices of Sl,,(K) that have 1’s on the diagonal, a € K in
the (4, j)-coordinate, and 0 in all other coordinates. We shall call the matrices E;;(a) the
elementary matrices. Clearly, det E;;(a) = 1, so E;j(a) is in S1,(K). For every matrix A
in M,,(K) we have that the matrix E;;(a)A is obtained from A by adding a times the j'th
row of A to the i’th and leaving the remaining coordinates unchanged. Similarly AE;;(a)
is obtained by adding a times the i’th colunm of A to the j’th and leaving the remaining
coordinates unchanged.

Proposition 1-5.2. The group S1,(K) is generated by the elementary matrices, and the
group Gl,(K) is generated by the elementary matrices and the matrices of the form

(["01 2) (1-5.2.1)

with a # 0 in K.

Proof. Let A be in Gl,(K). Not all the entries in the first column are zero. If a;; is not
zero for some i > 1, we multiply A to the left with Ey;(a;;* (1 — a1;)) and obtain a matrix
whose (1, 1) coordinate is 1. On the other hand, if a1 is the only non-zero entry in the
first column, we multiply A to the left with Es;(ajj (1 — a11))Ei2(1), and again obtain a
matrix whose (1, 1) coordinate is 1. We can now multiply the resulting matrix, to the right
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and to the left, with matrices of the form Fy;(a), respectively Fj (a), to obtain a matrix

of the form
1 0
O A/ 9

for some A’ in Gl,,_1(K). We can thus use induction on n to reduce the (n — 1) x (n — 1)
matrix in the lower right corner to a matrix of the form 1-5.2.1, using only elementary
matrices of the form E;;(a), with i,j > 1.

Thus multiplying the matrix A to the left and to the right with elementary matrices it
can be put in the form 1-5.2.1. Multiplying with the inverses of the elementary matrices
that appear we obtain the assertion of the proposition for Gl,(K). To prove it for Sl,(K)
we only have to observe that, since the elementary matrices are in Sl,(K), we have that
the resulting matrix 1-5.2.1 also must be in this group. Consequently, we must have that
a=1. 0

In order to find generators for the groups O, (K), SO, (K) and Sp,,(K) it is convenient
to introduce vector spaces over arbitrary fields and to view the elements of these groups
as automorphisms of bilinear forms. We shall do this in Sections 1-6 and 1-7.

Exercises
1-5.1. Show that the intersection of any family of subgroups of a group is again a subgroup.

1-5.2. Write any matrix (g 3) in Slp(K) as a product of elementary matrices.

1-6 Vector spaces

In order to fully understand the nature of the matrix groups that were introduced in
Section 1-4, they must be considered as automorphisms of bilinear forms on vector spaces.
We shall show how this is done in Section 1-8. In this section we shall recall the relevant
properties of vector spaces. The results we need and the methods used are the same for
all fields. Consequently we discuss vector spaces over arbitrary fields.

Fix a field K and Let V' be an abelian group. We shall denote the addition in K and
V' by + and the zero for the addition by 0. It will be clear from the context in which of
the abelian groups we do the addition.

Definition 1-6.1. The group V' is a vector space over K if there is a map
KxV -V,

such that we have, for each pair of elements a, b of K and x, y of V, the following four
properties hold:

(i) (a+b)x = ax + bz,

(ii) a(z +vy) = ax + ay,
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(iii) a(bx) = (ab)z,
(iv) lz =z,

where we denote by ax the image by the element (a,x). We call the elements of K scalars
and the elements of V' vectors.

Remark 1-6.2. From the properties (i)-(iv) we can deduce all the usual rules for manipu-
lation of numbers. For example we have that 0x = (0 + 0)z = Oz + O0z. Subtracting 0z on
both sides, we get that Ox = 0, where the zero to the left is in K, and the one to the right
is in V. Similarly, we have that a0 = a(0+ 0) = a0+ a0. Subtracting a0 on both sides, we
get that a0 = 0. Moreover, we have that —1z + 2 = —1lz + lo = (=14 1)z = 0, such that
—z = —lz. Thus —az = (a(—1))x = a(—1z) = a(—x).

The following definition gives the most important example of vector spaces.

Definition 1-6.3. The n’th Cartesian product K", considered as an abelian group via
coordinatewise addition, that is z +y = (a1, ...,a,) + (b1, ..., by) = (a1 + b1, ..., an + by),
is a vector space over K under the multiplication which sends a in K and = = (ay,...,a,)
to (aay,...,aa,). We will denote this vector space by ViZ, or sometimes just V™.

In particular the set M,, ,,(K) is a vector space over K. We shall often think of Vj¢ as
the set M,, 1, when we want to operate with an n x n-matrix on Vi by multiplication on
the left. It will be clear by the context whether the element is considered as an n-tuple or
as an n X 1 matrix.

Example 1-6.4. Let V and W be two vector spaces over K. We define a vector space,
called the direct sum of V and W, and denoted by V & W, as follows:

The set V@& W is the Cartesian product V x W. We add two elements (z,y) and (2/,y")
by the rule (x,y) + (2/,¢') = (x + 2/,y + ¢'), and multiply by an element a of K by the
rule a(z,y) = (ax,ay). It is clear that that V& W becomes a vector space. We write = +y
instead of (x,y).

Example 1-6.5. Let V and W be two vector spaces over K. We define a structure
as vector space, called the direct product of V- and W, on V x W by defining the sum
(x,y) + («',y') of two vectors to be (z 4+ 2’,y + ') and the scalar product a(z,y) of an
element of K with a vector to be (ax, ay).

Remark 1-6.6. As we have defined direct sum and direct product, above, there is nothing
but the notation that differs, but in principle they are different concepts and we shall
distinguish between them.

Definition 1-6.7. Let V' be a vector space over K. A set of vectors {x;};c; generates V
if all elements x in V' can be written in the form

T =015 + 0+ Ay,
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for some indices iy, . .., i, of I and elements ay, ..., a, of K. The vectors {z; };cs are linearly
independent over K if there is no relation of the form

aTiy, + 0+ apty, =0,

where 41, ...,7, in I, and a4, ..., a, are elements in K, that are not all zero.

The space V' is finitely generated if there is a set of generators with finitely many
elements. A set of generators consisting of linearly independent elements is called a basis
for V.

Example 1-6.8. The vectors (1,0,...,0),...,(0,...,0,1) form a basis for the space Vi,
called the standard basis.

The following is the main result about generators and linear independence in finitely
generated vector spaces:

Theorem 1-6.9. Let V' be a vector space that has generators x1,...,x,,. Then any set of
linearly independent elements contains at most m elements. Moreover, given a (possibly
empty) subset x;,,...,x; of T1,..., &y, consisting of linearly independent elements of V,
then it can be extended to a subset {xz;,,...,x;, } of {x1,...,xm} that is a basis of V.

Proof. First consider the case m = 1. Assume that yq,...,y, are linearly independent
vectors in V', where n > 1. Then we have that y; = a;z; and y, = asz; for two nonzero
elements a; and as of K. We obtain that asy; — a1y2 = asa1x1 — ajasx; = 0, which
contradicts the linear independence of y; and y,. Hence any set of linearly independent
vectors in V' contains at most one element.

Consequently, we can proceed by induction on m. Assume that the first part of the
theorem holds for m — 1. Let yy,...,y, be linearly independent vectors in V. We shall
show that n < m. Assume, to the contrary, that n > m. To obtain a contradiction we
only need to consider the vectors vy, ..., yms+1, that is, we consider the case n = m + 1.
Since the x; generate V' we have that

m
Yi = g iy,
j=1

fori=1,...,m+1 for some a;;. Since the y; are nonzero, there is an a;; which is nonzero,
for each 7. By, possibly, renumbering the x;, we may assume that a,,11,,, # 0. The vectors

m—1

o Ai;m _ Ajm for i = 1
Yi = Yi — Ym+1 = § (aij - am+1,j)xj7 ors=1,...,m
am+17m am+1,m

J=1

are in the vector space W spanned by xy, xs,...,z,,_1. Hence by the induction hypothesis
we have that any set of linearly independent vectors in W contains at most m —1 elements.

However, y{,y5, ..., y,, are linearly independent because, if > " b;y. = 0, for some b,
not all zero, we get that ", b;(y; — (@im/@m+1,m)Ym+1) = 0. This implies that > " | byy; —
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(O biim/ @mt1,m)Ym+1 = 0, which contradicts the linear independence of yi, ..., Ym+1.
Thus we have a contradiction to the assumption that n > m, which proves the first part
of the theorem.

For the second part, denote by W the vector space generated by the linearly independent
vectors z;,, ..., x;,.. If V.= W we have finished. If not, there is a vector z; _,, which is not
in WW. Then the vectors z;,,...,; ., are linearly independent, because if we have a linear
dependence a;x;, + - - -+ ar417;,,, = 0, then a,1 # 0, since the first r vectors are linearly
independent. Consequently, we obtain that z; ., = —(a1/a,41)z;, — -+ — (@ /Ar41) 75,
which contradicts the choise of z; ., outside of W. We have proved the second part of the
theorem. O

It follows from Theorem 1-6.9, that when V is finitely generated, the smallest number
of generators is equal to the largest number of linearly independent elements. This number
is called the dimension of V', and denoted dimg V' . It also follows from the theorem that
every finite dimensional vector space has a basis, and that all bases have the same number,
dimgk V, of elements (see Exercise 1-6.2).

Definition 1-6.10. Let V' and W be two vector spaces over K. A map
oV -W
is K-linear if, for a in K and all pairs =, y of V we have that:
(i) ¢(z +y) = D(x) + D(y).
(ii) ?(ax) = ad(x).
A linear map is an isomorphism if it is injective and surjective.

Example 1-6.11. Let V¥ and V3" be the vector spaces of Example 1-6.3, and let A = (a;;)
be an m x n matrix. The map A: Vig — Vi&, which sends (aq, ..., a,) to Aay, ..., a,) is
linear.

Let U, V and W be vector spaces over K and let &: U — V and ¥:V — W be
K-linear maps. Then the composite map ¥®: U — W is a linear map (see Exercise 1-6.3).

Definition 1-6.12. Let #: V' — W be a linear map between vector spaces over K. The
kernel of & is
kerd = {z €V | &(z) =0},

and the image is
im® = {&(z) |z eV},

Hence these concepts are the same as for maps of abelian groups.
When V is a subset of W and @ is the inclusion, we say that V is a subspace of W.
The image of a map @: V — W is a subspace of W and the kernel a subspace of V.
Given two subspaces U and V' of a space W. If every vector z in W can be written
uniquely as x + y, with z in U and y in V' we say that W is the direct sum of U and V/,
and write W =U @ V.
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Lemma 1-6.13. Let V be a finite dimensional vector space and let @:V — W a linear
map into a vector space W. Then ker @ and im @ are both finite dimensional and

dimg V = dimg ker @ + dimg im &.

In particular, if dimg V' = dimg W, then @ is injective, or surjective, if and only if it
18 an isomorphism.

Proof. See Exercise 1-6.4. O

1-6.14. We denote by Homg (V, W) the set of all linear maps between the vector spaces V/
and W. The sum of two linear maps @ and ¥ and the product of a linear map by a scalar
a are defined by

(D4 V) (z) = P(x) + ¥(x),

and
(a®)(x) = ad(x).

With these operations we have that Homg (V, W) is a vector space (see Exercise 1-6.5).

The case when W = K is particularly important. We denote by V the vector space
Homg (V, K) and we call this space the dual space of V.

We denote the space Homg (V, V') by M(V) and the subset consisting of isomorphisms
by GI(V'). We define the product of two elements ¢ and ¥ of GI(V') to be the composite
map V. With this product we have that GI(V') is a group. We call GI(V') the general
linear group of V.

1-6.15. Let {v;}ie; be a basis for V. A linear map @: V — W is uniquely determined
by its values @(v;) on the basis for i € I. Conversely, given vectors {w;};cr in W, then
there is a unique linear map ¥: V. — W such that ¥(v;) = w;, for i € I. We have, for
T = a1vy, + -+ ay;,, that ¥(x) = aqw;, + - - - + a,w;, (see Exercise 1-6.6).
In particular, let
;0 V—>K
be the linear map defined by v;(v;) = 1 and v;(v;) = 0, for i # j. The set {0;}ier is
linearly independent, and if V is finite dimensional, it spans V| and we say that {o; }ic;

is the dual basis of {vi}ier- In particular, when V is finite dimensional, we obtain that
dimg V = dimg V' (see Exercise 1-6.6).

Remark 1-6.16. Let vy, ..., v, be a basis for V. Then we obtain a canonical isomorphism
vV - Vg
defined by ¥ (ayv; + - - -+ a,v,) = (aq, ..., a,). Hence every finite dimensional vector space

is isomorphic to some space V¥ . This explains the importance of the spaces VE.
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1-6.17. Let vy,...,v, be a basis for the vector spaces V, and wq,...,w,, a basis for the
vector space W. A linear map @: V' — W determines uniquely a matrix A = (ay;) in
M. (K) by the formula

&(v;) = aywy + -+ + apiw,y,, fori=1,... n.

Conversely, every matrix in M,, ,(K) determines uniquely a linear map V' — W, by the
same formula. That is, we have a bijective correspondence

Homk (V, W) — M, »(K). (1-6.17.1)

The map 1-6.17.1 is an isomorphism of vector spaces. Let ©: W — VE' be the isomorphism
corresponding to the basis wy, ..., w,,. Then, if A is the matrix corresponding to a linear
map @: V — W, we have the commutative diagram

v 2. w

wl l@ (1-6.17.2)

o1
n m
VK VK )

where the lower map ©P¥ ! is given by the matrix A. That is, it sends Y(ay, ..., a,) to
Alay, ..., a,).

Remark 1-6.18. When we relate the linear maps to their expression as matrices with respect
to given bases the notation becomes confusing. Indeed, it is natural to consider the vectors
of Vi¢ as n x l-matrices. However, if &: Vi — Vi is a linear map, and A its associated

matrix with respect to the standard bases, we have that @(ay,...,a,) = (b1,...,by,), if and
only if A¥ay,...,a,) =Yb,...,b,). Hence, to use the functional notation, and avoid the
more monstrous (by,...,by,) = (AYay,...,a,)) = (a1,...,a,)'A, we transpose the vectors

of V. The above is one argument for using the notation (x)f for the value of a function
f at an element x. Another reason is that the latter notation looks better when we take
composition of functions.

Let B and C be the invertible matrices that represent ¥ respectively @ with respect
to the given bases of V' and W, respectively, and the standard basis of V. Then & is
expressed by CAB~! with respect to eq,...,e, and fi,..., fm. In particular, when V = W
and e; = f; we have that @ is expressed by BAB™!. Consequently det A is independent of
the choise of basis for V and we can define det @ to be det A = det(BAB™).

Definition 1-6.19. The subset of GI(V') consisting of linear maps with determinant 1 is
clearly a subgroup. This group is called the special linear group of V and is denoted by
SI(V).

Exercises
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1-6.1. Show that in example 1-6.11 we have that ker A consists of all solutions (a1, ..., a,) to the
equations a;1x1 + -+ ajpxy =0, for ¢ = 1,...,n, in the n variables x1,...,x,, and the image is
the subspace of ViZ generated by the columns {(ay;, ..., an;) of A, for j =1,...,n.

1-6.2. Let V be a finite dimensional vector space over K. Prove that V has a basis and that the
following numbers are equal

(a) The smallest number of generators of V.
(b) The largest number of linearly independent elements in V.
(¢) The number of elements of any basis of V.

1-6.3. Prove that if U, V and W are vector spaces over K and that ®: U - V and ¥: V — W
are K linear maps. Then the composite map ¥®: U — W is a linear map.

1-6.4. Let V be a finite dimensional vector space and let @: V' — W a linear map into a vector

space W.
(a) Prove that ker @ and im @ are both finite dimensional and that dimg V' = dimk ker @ +
dimg im &.
(b) Prove that if dimg V' = dimg W, then @ is injective, or surjective, if and only if it is an
isomorphism.

1-6.5. Show that Homg (V, W) is a vector spaces with the addition and scalar multiplication
given in 1-6.14

1-6.6. Let V be a finite dimensional vector space with basis {v; };cr and let W be another vector
space.
(a) Show that any linear map @: V. — W is uniquely determined by the images ®(v;), for
1e1.
(b) Given elements w; € W for all ¢ € I. Show that there is a uniqe linear map ®: V — W
such that @(v;) = w;, for all i € I.
(¢) Show that dimk V = dimg V.

1-6.7. Let V and W be vector spaces and {vi,ve,...,v,} and {wy,wa,...,wy}, bases for V
respectively W. Show that there is a bijective map

Homg (V, W) — M n(K),

which is also an isomorphism of vector spaces.

1-7 Bilinear forms
Let V' be a finite dimensional vector space over a field K.

Definition 1-7.1. Let Vi, V5 and W be vector spaces. A bilinear map from the Cartesian
product (see Example 1-6.5) V; x V; to W is a map

P:Vix Vo =W,

such that, for each scalar a of K, and vectors x1,y; in V; and x4, 35 in V5, we have that:
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(i) (1 + Y1, 22) = P(a1, 22) + P(y1, T2),
(ii) P21, 22 + yo) = P21, 22) + P21, Y2),
(i) P(azy,xq) = (21, ax2) = aP(x1, x9).
A bilinear form on a vector space is a bilinear map
(,): VxV =K.

It is symmetric if (x,y) = (y,x) for all vectors x and y and it is alternating if (z,z) = 0
for all vectors x. Let S be a subset of V. A vector x of V' is orthogonal to S if (x,y) =0
for all vectors y in S. We write

St={zeV|(z,y)=0, foralye S}

Remark 1-7.2. An easier way to phrase that a form V; x Vo, — W is bilinear, is that,
for each vector x; in V; and xs in V5 we have that the maps @(x,z5): V; — W and
&(xq,%): Vo — W, sending y; to &(y1,x2), respectively ys to @(xq1,y,), all are linear.
Similarly, one can define multilinear maps

S Vix.---xV,—>W,

as maps @(xy,...,%,...,2,): V; — W, all are linear.

Given a bilinear form, we obtain a linear map
oV -V,

which send z in V' to the map @(z): V — K defined by @(z)(y) = (x,y). The kernel of ¢
is V.

Definition 1-7.3. We say that the form is non-degenerate if @ is injective, that is, if
V+ =0, or equivalently, if (z,y) = 0 for all y € V implies that z = 0.

Since dimgk V = dimg V' by Paragraph 1-6.15, we have that @ is injective if and only
if it is an isomorphism. Assume that the form is non-degenerate. Fix y in V. If we have
that (z,y) = 0 for all x in V we have that ¢(z)(y) = 0 for all z in V. However, since ¢
is surjective, it then follows that a(y) = 0 for all linear maps a: V' — K. Consequently
y =0 (see 1-7.1). We have proved that for a non-degenerate form (x,y) =0 for all z in V
implies that y = 0. Consequently, the condition to be non-degenerate is symmetric in the
two arguments. That is, when the form is non-degenerate the map

!P:V—>V,

which send y in V' to the map ¥(y): V — K, that sends z to ¥(y)(z) = (z,y), is an
isomorphism.
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Lemma 1-7.4. Let V' be vector space with a non-degenerate form, and let W be a subspace.
Then we have that
dimg V = dimg W + dimg W.

Proof. Let W be a subspace of V. Then we have a canonical map V — W, sending a
map a: V — K to the map a|y: W — K. This map is surjective, as is easily seen by
choosing a basis for W and extending it to a basis of V', see theorem 1-6.9 and Paragraph
1-6.17. Composing the isomorphism &, associated to the bilinear form with this surjection,
we obtain a map V — W with kernel W+. Consequently the lemma follows from Lemma
1-6.13. O

Lemma 1-7.5. Let V' be vector space with a non-degenerate form, and let W be a subspace.
IfWNW= =0 then we have that V. =W ® W+ and the form (,) induces a non-degenerate
form on W+.

Proof. If U = W + W+, we have that U = W @ W+ since W N W+ = 0. It follows
from Lemma 1-7.4 that dimg V = dimg W + dimg W+. Hence U is a subspace of V of
dimension dimg V. Consequently U = V' and we have proved the second assertion of the
lemma. U

Definition 1-7.6. Let V be a vector space with a non-degenerate bilinear form. Given a
linear map a: V — V. For each y in V' we obtain a linear map V' — K which sends z in
V to (a(z),y). Since the linear map ¥: V — V associated to the form is surjective, there
is a vector 3" in V' such that (a(x),y) = (x,y’), for all z in V. The map

V-V
that sends y to ¢ is clearly linear. It is called the adjoint of «.

It is clear from the definition that, given two maps « and 3 of Homg (V, V') and a scalar
a of K, we have the formulas

()" = q, (a+B) =a" + [, (ac)* = aa”.
Definition 1-7.7. Two bilinear forms (,)s and (,), on V are equivalent if there is an
isomorphism «: V' — V such that
<Oé($), Oé(y)>f = <$7 y>g7
for all pairs x, y of V.

1-7.8. Given a bilinear form (,) on V. Fix a basis e;,...,e, of V. Let S = (¢;;) be the
n X n matrix with (4, j)’th coordinate ¢;; = (e;, e;). Then, for © = a;e; + - - - + a,e, and
y =bie; + -+ -+ bye, we have that

C11 ... Cin b1 n
(r,y) = (a1, .,a0) | 5 o0 : :t$syzzaicijbj-

Cphl1 --- Cpn bn ig=1
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If follows, in particular, that the form is non-degenerate if and only if the matrix S is
non-singular.

Given a linear map a: V' — V, let A = (a;;) be the corresponding linear map as in
Paragraph 1-6.17. The adjoint map a* corresponds to the matrix S—1AS.

We have that the bilinear form is symmetric if and only if S is symmetric, that is
S =1tS, and it is alternating, or anti-symmetric, if and only if S = —!S.

Let f1,..., f, be another basis for V and let T be the matrix associated to the bilinear
form, with respect to this basis. Moreover, let A: V' — V be the non-singular matrix
defined by 'e; = A'f, for i = 1,...,n. Then, for all u and v in V we have that (z,y) =
Sy = {(Au)S(Av) = W'ASAv. where © = Au and y = Av. Consequently we have that

T ='ASA.

Exercises

1-7.1. Let V be a vector space and y a vector of V. Show that if a(y) = 0 for all « in V, we
have that y = 0.

1-8 The orthogonal and symplectic groups

Let V be a vector space over K, with a non-degenerate bilinear form (,). In the case of a
symmetric bilinear form we will always assume that 2 is an invertible element of the field
K, i.e., that the characteristic of K is not equal to 2.

Lemma 1-8.1. Assume that the form is symmetric. Then there is an element x of V' such

that (x,z) # 0.

Proof. Suppose that (x,z) = 0 for all x in V. Since the form is symmetric we have that
(y+z,y+2) =(y,y)+ 2y, 2) + (2, 2) for y, z in V. Since 2 is invertible, we can rearrange
this into (y,2z) = ((y + z,y + 2) — (y,y) — (2,2))/2, which is zero by the assumption
that (z,z) = 0 for all  in V. However, this means that (,) is totally degenerate, which
contradicts the assumption made in the beginning of the section that the form should be
non-degenerate. Hence there must be an element = in V' with (x,x) # 0. O

Proposition 1-8.2. Assume that the form is symmetric. Then there is a basis for V with
respect to which the associated matriz ' is diagonal.
Moreover, this basis can be chosen so that it includes any given non-zero vector x.

Proof. 1t follows from Lemma 1-8.1 that there is an element = of V' such that (z,x) # 0.
Let e; = x and let W = Ke;. Then W is a subspace of V. Thus we have that WNW+ =0
and it follows from Lemma 1-7.5 that V = W@ WL. Moreover, we have that the restriction
of the bilinear form to W+ is non-degenerate. We can therefore use induction on dimg V'
to conclude that there is a basis es, ..., e, of W+ such that {(e;,e;) = 0 and (e;, ;) # 0,
for i,j = 2,...n and i # j. By definition, we also have that (e;,e;) =0 fori =2,... n.
Consequently, we have proved the proposition. O

lsee Paragraph 1-7.8
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Remark 1-8.3. Another way of phrasing the assertion of the proposition is that there is a
basis ey, ..., e, of V such that (e;,e;) = ¢; and (e;,e;) =0, for i, =1,...n, and ¢ # j.
We can choose e; to be any x with (z,z) # 0.
We can also say that there are non-zero elements ¢y, ..., ¢, in K, such that, if we write
x=(ay,...,a,) and y = (by,...,b,), with respect to this basis, we have that

(x,y) = arbicy + -+ - + apbucy.

Definition 1-8.4. A basis with the properties of Proposition 1-8.2 is called an orthogonal
basis. When ¢; = 1, for ¢« = 1,...,n, the basis is orthonormal. A linear map a: V — V
such that (a(z),a(y)) = (x,y), for all pairs z, y of V, is called orthogonal. The set of
all orthogonal linear maps is denoted by O(V/ (,)). The subset consisting of linear maps
with determinant 1 is denoted by SO(V, (,)). As in section 1-1 we see that O(V(,)) is
a subgroup of GI(V'), and that SO(V,(,)) is a subgroup of SI(V). We call the groups
O(V,(,)) and SO(V, (,)) the orthogonal group, respectively the special orthogonal group of

()

Remark 1-8.5. When the field K contains square roots of all its elements we can, given
an orthogonal basis e;, replace e; with \/Ei_lei. We then get an orthonormal basis. In
this case, we consequently have that all bilinear forms are equivalent to the form (z,y) =
aiby + - - - + a,b,. This explains the choise of terminology in sections 1-1 and 1-4.

Proposition 1-8.6. Assume that the form is alternating. We then have that n = 2m is
even and there is a basis ey, . .., e, for V, with respect to which the associated matriz (see

Paragraph 1-7.8) is of the form
0 Jn
= (1),

where Jy, be the matriz in M,,(C) with 1 on the antidiagonal, that is the elements a;; with
1+ j=m++1 are 1, and the remaining coordinates 0.
Moreover, this basis can be chosen so that it contains any given non-zero vector x.

Proof. If n = 1 there is no non-degenerate form. So assume that n > 1. Let e; be an
arbitrary non-zero vector. Since the form is non-degenerate there is a vector v such that
(e1,v) # 0. Let e, = ﬁv. Then (e, e,) = 1. Let W = Ke; + Ke,, be the subspace
of V spanned by e; and e,. Then W N W+ = 0. It follows from Lemma 1-7.4 that
dimg (W @ W) = dimg V. Consequently we have that V = W @ W, It follows from
Lemma 1-7.5 that the restriction of the bilinear form to W+ is non-degenerate. We can

now use induction to conclude that dimg W+ and thus dimg V' are even, and that there

is a basis es, ..., e,_1 such that (e;,e,41-;) =1, for i = 2,...,m and all other (e;, e;) = 0.
However, (e1,e;) = 0 = (e, e;), for i = 2,...,;n— 1. Thus we have a basis ej,...,e, as
asserted in the proposition. O
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Remark 1-8.7. The proposition says that there is a basis {ej, e, ..., e,} such that

ey = d b iiti=nl,
SR 0, otherwise

With respect to this basis, we have that

m

(z,y) = Z(aibn+1—i — Qpy1-ibi).

=1

It follows from the proposition that all non-degenerate alternating bilinear forms on a
vector space are equivalent.

Definition 1-8.8. A basis with the properties of Proposition 1-8.6 is called a symplectic
basis. A linear map a: V — V such that (a(x),a(y)) = (z,y), for all pairs z, y of V| is
called symplectic. The set of all symplectic linear maps is denoted by Sp(V, (,)). Asin 1-1
we see that Sp(V (,)) is a subgroup of GI(V'), We call the group Sp(V, (,)) the symplectic

group, of (,).

1-9 Generators of the orthogonal and symplectic groups

Let V' be a vector space with a fixed non-degenerate bilinear form.

Definition 1-9.1. Assume that 2 = 1 + 1 is non-zero in K and that (,) is symmetric. A
linear map a: V' — V that fixes all the vectors in a subspace H of V' of codimension 1,
that is dimg H = dimg V' — 1, and is such that a(z) = —z for some non-zero vector x of
V', is called a reflection of V. Given an element x in V such that (z,z) # 0. The map
sz V — V defined by

(y,z)
=y -2
Sz (y) Yy <I, I’) €,
is clearly linear.
Remark 1-9.2. Let e; = x and let {ej, eq,...,€e,} be an orthogonal basis with respect to

(,). Then we have that s,(aje; + ases + -+ - + ane,) = —aje; + ages + - -+ + aye,, and the
matrix representing s, in this basis is given by

-1 0
0 [nfl '
Thus the determinant of s, is —1.
There are also reflections that are not of the form s, for any x € V.

The maps of the form s, are reflections. Indeed, let W = Kuz. It follows from Lemma
1-7.4 that we have that dimg W+ =n — 1. For y € W+ we have that s,(y) = y and we
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have that s,(z) = —z. In particular s2 is the identity map. Moreover, the maps s, are
orthogonal because

. . <y7x>1‘2— <Z,I'>x
<3:v(y)78$(2)>_<y 2<x,a:> ’ 2<x,x> >

= (y,2) — 221 ii (,2) — 22533 (y, z) (1-9.2.1)

{y,2){2,2),
(x, )2 (z,2)

Since det s, = —1, we have that s, € O(V) \ SO(V).

+4 = (y, 2).

Lemma 1-9.3. Let x and y be two elements of V' such that (x,z) = (y,y) # 0. Then there
1s a linear map, which takes x to y and which is a product of at most 2 reflections of the
form s,.

Proof. Assume that (z,y) # (z,x) = (y,y). Then (z — y,x — y) = 2({(z,x — y)) =
2((z,z)—(x,y)) # 0. Take z = x—y. Then (z,z) # 0 and s,(x) = x—QM(x—y) =y,

(z—y,2—y
since 2-&C=Y _ — 1,
(a:—y,a:—y)
On the other hand, if (x,y) = (x,x), we have that (—z,y) # (z,z) and we take s.s,,
with z = —x — . O

Proposition 1-9.4. The orthogonal group O(V') is generated by the reflections of the form
sy with (x,x) # 0, and the subgroup SO(V) is generated by the products ss,.

Proof. 1t follows from Lemma 1-8.1 that there is an element x of V' such that (x,z) # 0.
Consequently, it follows from Lemma 1-7.5 that, if W = Kz, we have that V =W @ W+,
and that the bilinear form induces a non-degenerate bilinear form on W+,

Let a be an element of O(V'). Then (a(x), a(x)) = (x,z) # 0. It follows from Lemma
1-9.3 that there is a product [ of at most 2 reflections of the form s, such that g(z) = a(z).
Consequently 3~ 1o induces a linear map 8~ 1ay 1 of W+. We now use induction on dimg V
to write 3 laly . as a product of reflections of the form s, on W+ for z in W+. However,
the reflection s, considered as a reflection on W+ is the restriction of s, considered as a
reflection on V. Hence 7' and thus a can be written as a product of reflections of the

form s,. We have proved the first part of the proposition. Since det s, = —1 we have that
such a product is in SO(V) if and only if it contains an even number of factors. Hence the
second assertion of the proposition holds. O

Definition 1-9.5. Assume that the bilinear form is alternating. Let x be a non-zero vector
in V and @ an element of K. We define a map ¥: V — V by ¥(y) = y + a({z,y)x. It is
clear that ¥ is a linear map. The linear maps of this form are called transvections.

Remark 1-9.6. We have that each transvection is in Sp(V'). Indeed, by the last assertion
of Proposition 1-8.6 we can choose a symplectic basis ey, ..., e, for the bilinear form with
x = e;. Then we have that ¥(e;) = e; for i # n and ¥(e,) = e, + ae;. Hence det ¥ = 1.
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Lemma 1-9.7. Let (,) be a non-degenerate alternating form on V. Then for every pair
x,y of non-zero vectors of V there is a product of at most 2 transvections that sends x to

Y.

Proof. For every pair z,y of elements of V such that (z,y) # 0 the transvection associated
to the vector  — y and the element a defined by a(x,y) = 1 will satisfy ¥(z) = y. Indeed,
U(x)=z+alz—y,z)(x—y) =z —alz,y)r + a{z,y)y.

Assume that = # y. By what we just saw it suffices to find an element z such that
(r,2) # 0 and (y, z) # 0. If (z)* = (y)* we can take z to be any element outside (x)=*.
On the other hand if (z)* # (y)* we take u € (z)*\ (y)* and v’ € (y)* \ (x)*, and let
z=u+u. O

Lemma 1-9.8. Let (,) be a non-degenerate alternating form on V' and let x,y,x',y" be
vectors in 'V such that (x,y) = 1 and (z',y') = 1. Then there is a product of at most 4
transvections that sends x to x' and y to y'.

Proof. By Lemma 1-9.7 we can find two transvections, whose product @ sends z to z’. Let
&(y) =y". Then 1 = (2/,y') = (x,y) = (2/,y"). Consequently it suffices to find two more
transvections that send y” to y' and that fix 2’. If (/,y") # 0, we let ¥(2) = z + a(y” —
v, 2)(y" — ). Then we have that ¥(y") = ¢/, by the same calculations as above, and we
have that ¥ (2') = 2/, because (y’—y',2’) = 1—1 = 0. On the other hand, when (¢, y") = 0,
we have that 1 = (2/,y") = (o', 2" +y") = (2, y') and (y", 2" +y") #0 # (¥, 2" + y"), so
we can first tranform (2/,y”) to (2/, 2" + 3”) and then the latter pair to (2, ). O

Proposition 1-9.9. The symplectic group Sp(V') is generated by transvections.
In particular we have that the symplectic group is contained in SI(V).

Proof. Choose a basis ey, €],...,en, e, of V such that (e;,e}) =1, for i = 1,...,m, and
all other products of basis elements are 0. Let @ be an element in the symplectic group
and write ®(e;) = €; and &(e;) = €. We have seen above that we can find a product ¥ of
transvections that sends the pair (e, €}) to (€1, &;). Then ¥~ is the identity on the space
generated by (e, €}). Thus ¥~'® acts on the orthogonal complement of (ey, €}), which is
generated by the remaining basis vectors. Hence we can use induction on the dimension
of V' to conclude that @ can be written as a product of transvections.

The last part of the proposition follows from Remark 1-9.6. O

Exercises

1-9.1. Write the linear map Vé — V(% corresponding to the matrix (fb 3), where a® +b% =1,

as a product of reflections, with respect to the bilinear form corresponding to the matrix (§9).
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1-10 The center of the matrix groups

Definition 1-10.1. Let G be a group. The set C of elements of G that commutes with
all elements of GG, that is

Z(G)={a € G: ab=ba,for all b € G}
is called the center of GG.

It is clear that Z(G) is a normal subgroup of G and that isomorphic groups have
isomorphic centers.

Proposition 1-10.2. The center of Gl,(K) consists of all scalar matrices, that is all
matrices of the form al, for some non-zero element a of K. The center of S1,,(K) consists
of all matrices of the form al,, with o™ = 1.

Proof. 1t is clear that the matrices of the form al,, are in the center of Gl,,(K). Moreover,
we have that the center of Sl,(K) is the intersection of the center of Gl,(K) with S, (K).
Indeed, every element A of Gl,(K) is of the form (det Al,)(det A~')A, where (det A1) A
is in Sl,,(K). In particular, the last assertion of the proposition follows from the first.

Let A in Gl,(K) be in the center. Then A must commute with the elementary matrices
E;j(a). However, the equality AE;;(1) = E;;(1)A implies that a;; + a;; = a;; + a;; and that
a; = a;; + aj;. Consequently we have that aj;; = 0 and a;; = a;;, when 7 # j, and we have
proved the proposition. O

We shall next determine the center of the orthogonal groups.

Lemma 1-10.3. Let V' be a vector space of dimension at least 3 over a field K where

240, and let (,) be a symmetric non-degenerate form. If ¥ is an element in O(V') that

commutes with every element of SO(V'). Then ¥ commutes with every element of O(V).
In particular we have that Z(SO(V)) = Z(O(V)) N SO(V).

Proof. Let x be a vector in V such that (z,x) # 0. It follows from the last assertion of
Proposition 1-8.2 that we can find an orthogonal basis e, ..., e, such that e; = x.

Let Wy and W5 be the spaces generated by e,,e; and ey, e respectively. Since n > 3,
we have that W, and W5 are different, and we clearly have that W; N Wy, = Ke; = K.
Denote by s; the reflection s, of Definition 1-9.1.

We have that &(W;) C W;, for i = 1,2. Indeed, we have that —W(e;) = ¥ (s159e1) =
s15¥(e1) = s1(¥(ey) — QM@) = U(e) — olfle)er) p _ glle)en) Consequently,

(e2,e2) (e1,e1) (e2,e2)
Ulep) = %Sfi’sﬂel - <g'<(:2172’2e>2>62. Similarly it follows that ¥(es) € Ws. A similar argument,
with indices n, 1 instead of 1,2 gives that ¥ (W) C W;. We obtain that ¥(W; N W,) C
W1 N W,. Consequently we have that ¥ (z) = ax, for some a € K.
Since x was an arbitrary vector with (z,z) # 0, we have that ¥(y) = a,y, for some
element a, in K for all y in V' such that (y,y) # 0. In particular we have that ¥(e;) = a;e;,

fort=1,...,n. It is now easy to check that ¥s, and s,¥ take the same value on all the
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vectors ey, ..., e,, and hence ¥s, = s, ¥. It follows from Proposition 1-9.4 that ¥ commutes
with all the generators of O(V'), and consequently, with all the elements of O(V'). We have
proved the first part of the lemma. The second part follows immediately from the first. [

Proposition 1-10.4. Let V' be a vector space over a field K with more than 3 elements,
where 2 # 0, and let {,) be a symmetric non-degenerate form. Then we have that

(1) Z(0(V)) ={I, =1}
(i) Z(SO(V)) ={I,—1I} if dimk V' > 2 and dimk V' is even.
(ii) Z(SO(V)) ={I} if dimg V' > 2 and dimk V' is odd.

Proof. Let n = dimk V' and let @ be an element in the center of O(V). It follows from
Proposition 1-9.4 that ¢ commutes with all reflections of the form s,, where (x,z) # 0.
For all y in V' we have that

B(y) — 2 Ei iim = s.(y) = 5:2(y) = P(y) - Q%x

Consequently, we have that (y,x)®@(z) = (®(y),z)z. In particular we must have that
d(x) = a,z, for some a, € K. We get that a?(z,z) = (a,z,a,z) = (®(z), P(x)) = (z, ).
Consequently, we have that a, = £1. It follows from proposition 1-8.2 that we have an
orthogonal basis ey, ..., e, for (,). Then ®(e;) = a;e;, with a; = £1. We shall show that
all the a;’s are equal. To this end we consider (e; + ae;j,e; + ae;) = (e;, e;) + a*(ej, e;),
for all @ € K. Since K has more than 3 elements we can find an a # 0 such that
(e;, i) + a*(ej,e;) # 0. We then have that ae; + aaje; = P(e; + aej) = b(e; + ae;) for
some b € K. Consequently, we have that a; = a;, for all ¢ and j, and we have proved the
first part of the proposition. The assertions for SO(V) follow from the first part of the
proposition and from Lemma 1-10.3. O

Proposition 1-10.5. The center of Sp(V') is {I,—1I}.

Proof. Let @ be in the center of Sp(V'). It follows from proposition 1-9.9 that ¢ commutes
with all transvections. Let ¥ be the transvection corresponding to = in V and a in K.
Then, for all y in V', we have that &(y)+a(y, x)P(x) = P¥(y) = VP(y) = P(y)+(P(y), x)x.
Let z be another vector in V. We obtain, in the same way, that ¢(z) = a.z and ¢(x+ z) =
Ay (x+2). Consequently we have that a,z+a,z = ®(x+ 2) = a,4.(x+2z). Consequently,
a, = a, and there is an element @ in K such that @(z) = ax for all  in V. Choose y
such that (y,z) # 0. We see that ¢(x) = ax, for some a in K. Moreover, we have that
a*(x,y) = (ax,ay) = (P(x),P(y)) = (x,y), so that a = +1. Hence, we have proved the
proposition. U

Example 1-10.6. We have proved the following assertions:
(i) Z(GL,(C))=C*=C\0, foralln.
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I

SL,(C)) =2 Z/nZ, for all n (see Example 3-5.2).
)

0,(C)) = {£1}, for all n.

)) = {41}, when n >4 is even.
(v 2(C)

(vi Sp,(C)) =2 {£1}, for all even n.

Hence S1,,(C), for n > 3, SO,(C), for n odd and GI,,(C), are neither isomorphic as
groups, nor isomomorphic, as groups to any of the other groups. We can however, not rule
out isomorphisms between the remaining groups. The purpose of the next chapter is to
give all the groups a geometric structure, and to introduce invariants of this structure that
permits us to rule out isomorphism with respect to the geometric structure. It is however,
first when we take both the algebraic and geometric structure into account in the next
chapter that the theory is seen in its natural context.

) Z(
) Z(

(iv) Z(SO,(C
) Z(S0,(C)) = {1}, when n >3 is odd.
) 4

Exercises

1-10.1. Let K = F3, i.e., the field with three elements {0,1,2} where 1+1 =2and 1+1+1=0.
(a) Show that if (,) is the form given by ((a1,b1), (az,b2)) = aiaz — biba, we have that
O(VE, (,)) consists of 4 elements and is commutative.
(b) Show that if (,) is the form given by ((ai,b1),(a2,b2)) = ajaz + biby, we have that
O(VE, (,)) consists of 8 elements and is non-commutative.
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2 The exponential function and the geometry of ma-
trix groups

2-1 Norms and metrics on matrix groups

Throughout this chapter the field K will be the real or complex numbers, unless we ex-
plicitly state otherwise.

All the matrix groups that we introduced in chapter 1 were subsets of the n x n matrices
M,,(K). In this section we shall show how to give M,,(K) a geometric structure, as a metric
space. This structure is inherited by the matrix groups.

Definition 2-1.1. Given a vector z = (ay, ..., a,) in V. We define the norm ||z|| of z by
2] = € maxa,],

where |a| is the usual norm of a in K and C'is some fixed positive real number.

Remark 2-1.2. We have that V3 and K are canonically isomorphic as vector spaces. Under
this isomorphism the norm ||| on Vi correspond to the norm || on K.

Proposition 2-1.3. For all vectors x and y of K", and elements a of K, the following
three properties hold:

(i) ||z|| > 0, and ||z|| = 0 if and only if x =0,
(i) ||azx| = lal||z]],
(i) ||z +yl| < |l=| + [yl

Proof. The properties of the proposition hold for the norm || on K (see Remark 2-1.2).
Consequently, all the properties follow immediately from Definition 2-1.1 of a norm on
VK- O

Remark 2-1.4. We can consider M,,(K) as a vector space VK”2 of dimension n?, where
addition of vectors is the addition of matrices. In the definition of the norm on M,,(K) we
shall choose C' = n, and in all other cases we choose C' = 1, unless the opposite is explicitly
stated.

Next we shall see how the norm behaves with respect to the product on M, (K).

Proposition 2-1.5. Let X and Y be matrices in M, (K). We have that

XY < XY
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Proof. Let X = (a;;) and Y = (b;;). Then we obtain that

n n
IXY || = nmax(} " aibi;) < nmax(Y  |ai||bij])
- -
< nnmax(lag||by;|) < n? max |a;;| max [by;| = [ XYY

O

It is possible to give V¢ several different, but related, norms (see Exercise 2-1.3). Con-
sequently it is convenient to give a more general definition of a norm, valid for all vector
spaces.

Definition 2-1.6. Let V' be a vector space. A norm on V is a function
I-1: V=R,
such that for all x and y of V' and all @ in K we have that
(i) ||z]| > 0 and ||z|| = 0 if and only if x = 0,
(i) llazll = [alllz]],
(i) [z +yll < llzll + lyll-
We call the the pair (V|| -||) a normed space.

Example 2-1.7. Choose a basis e = (ey,...,e,) for the vector space V. We obtain a
canonical isomorphism
Ue: V — Vg
(see Paragraph 1-6.15). The norm || - || on V¢ of Definition 2-1.1 induces a norm || - || on
V by
[zl = [1¥e ()]

Choose another basis f = (f1,..., fn) of V. We get another norm || - ||; of V, which is
closely related to || - |l. More precisely, there are two positive constants C and Cy such
that

Collzlly < [lzfle < Chlllls-

Indeed, let f; = > 77 ajjej, for i = 1,...,n. For each vector x = 37", fi of V' we obtain
that

n n n n
lzlle = 1Y Jaifill = 1) aiaeslle = max(|| > aza)
=1 =1 j=1 J =1
n

< mJaX(Z laillllas; 1) < nmax(flaill) max(flas{l) = nll=|; max(fai;|)-
=1

We can choose C; = nmax(||a;;||). Similarly, we find Cs.
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From a norm on a vector space we can define a distance function on the space.

Definition 2-1.8. Let (V|| - ||) be a normed vector space. Define, for each pair of vectors
x and y of V| the distance d(z,y) between x and y to be

d(z,y) = ||z =yl

Proposition 2-1.9. Let (V. ||||) be a normed vector space. For all vectors x, y and z of V
the following three properties hold for the distance function of Definition 2-1.8:

(i) d(z,y) > 0 and d(x,y) = 0 if and only if x =y,
(i) d(z,y) = d(y,z),
(1i1) d(z,z) < d(x,y) + d(y, z).

Proof. The properties (i) and (ii) follow immediately from properties (i) and (ii) of Defi-
nition 2-1.6. For property (iii) we use property (iii) of Definition 2-1.6 to obtain d(z, z) =
le =zl =lle —y+y—zll <lle =yl +lly — 2l = d(z,y) + d(y, 2). O

Sets with a distance function enjoying the properties of the proposition appear every-
where in mathematics. It is therefore advantageous to axiomatize their properties.

Definition 2-1.10. Let X be a set. A metric on X is a function
d: X xX —=R
such that, for any triple x, y, z of points of X, we have
(i) d(z,y) > 0 and d(z,y) = 0 if and only if z =y,
(i) d(z,y) = d(y, z),
(i) d(z,z) <d(z,y)+d(y, 2).
The pair (X, d) is called a metric space

Remark 2-1.11. For every subset Y of a metric space (X, dy), we have a distance function
dy onY defined by dy(z,y) = dx(x,y), for all z and y in Y. It is clear that Y, with this
distance function, is a metric space. We say that (Y, dy) is a metric subspace of (X, dx).

Definition 2-1.12. Let r be a positive real number and z a point in X. A ball B(xz,r), of
radius r with center z, is the set

{ye X:d(z,y) <r}.

We say that a subset U of X is open if, for every point z in U, there is a positive real
number 7 such that the ball B(x,r) is contained in U (see Exercise 2-1.4).
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Remark 2-1.13. We have that every ball B(z,r) is open. Indeed, let y be in B(x,r). Put
s =r —d(x,y). Then the ball B(y,s) is contained in B(x,r), because, for z € B(y, s) we
have that d(z, z) < d(z,y) + d(y,z) < d(z,y) + s =r.

The metric on V3¢ is defined by d((ay, ..., a,), (b1,...,b,)) = max;|a; — b;|. Hence a
ball B(z,r) with center x and radius r is, in this case, geometrically a cube centered at x
and with side length 2. We see that, if a subset U of V{ is open with respect to the norm
given by one constant C, then it is open with respect to the norm defined by all other
positive constants.

Metrics on a vector space that are associated to the norms on a vector space given by
different choices of bases, as in Example 2-1.7, also give the same open sets.

The definition of a continuous map from calculus carries immediately over to metric
spaces.

Definition 2-1.14. A map ¢: X — Y, from a metric space (X,dy) to a metric space
(Y,dy), is continuous if, for each point x of X and any positive real number ¢, there is a
positive real number 6, such that the image of B(z,d) by @ is contained in B(®(z),¢). A
continuous map between metric spaces that is bijective and whose inverse is also continuous
is called a homeomorphism of the metric spaces.

We next give a very convenient criterion for a map to be continuous. The criterion
easily lends itself to generalizations (see Section 3-3).

Proposition 2-1.15. Let &: X — Y be a map between metric spaces (X, dx) and (Y, dy).
We have that @ is continuous if and only if, for every open subset V of Y, the inverse
image (V) is open in X.

Proof. Assume first that @ is continuous. Let V be open in Y. We shall show that
U = & (V) is open in X. Choose x in U. Since V is open, we can find a positive
number ¢ such that B(®(z),¢) is in V, and since @ is continuous, we can find a positive
integer 0 such that ®(B(z,d)) C B(®(x),e). That is, the ball B(z, ) is contained in U.
Consequently, every z in U is contained in a ball in U. Hence U is open.

Conversely, assume that the inverse image by & of every open subset of Y is open
in X. Let x be in X and let ¢ be a positive real number. Then B(®(z),¢) is open in
Y. Consequently, the set U = & }(B(&P(x),e) is open in X. We can therefore find a
positive real number § such that B(z,d) is contained in U. Consequently, we have that
&(B(z,0)) CP(U) = B(P(x),e). That is, ¢ is continuous. O

Remark 2-1.16. Many properties of continuous maps follow directly from Proposition 2-
1.15. For example, it is clear that the composite ¥® of two continuous maps ¢: X — Y
and ¥: Y — Z is continuous.

Example 2-1.17. The map
det: M,,(K) - K
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is given by the polynomial

det(xij) = Z Sign(a>x10(1) * Tno(n),

of degree n in the variables z;;, where 4,7 = 1,...,n. The symbol signo is 1 or —1
according to whether ¢ is an even or odd permutation (see Example 1-2.13). In particular
the determinant is a continuous map (see Exercise 2-1.5). For each matrix A in Gl,,(K) we
have that det A # 0. Let ¢ = | det A|. Then there is a positive real number § such that the
ball B(A, ) in V" maps into the ball B(det A, ¢) in K. The latter ball does not contain
0. In other words we can find a ball around A that is contained in Gl,(K). Hence Gl,(K)
is an open subset of the space M, (K).

Example 2-1.18. We have that the determinant induces a continuous map
det: O,(K) — {£1}.

The inverse image of 1 by this map is SO,,(K). Since the point 1 is open in {£1} we have
that SO, (K) is an open subset of O, (K).

Exercises
2-1.1. Let X be a set. Define a function
d: X x X —=R

by d(xz,y) = 1 if x # y and d(z,x) = 0. Show that (X.d) is a metric space, and describe the open
sets of X.

2-1.2. Let (X1,d1), ..., (X, dn) be metric spaces.

(i) Show that the Cartesian product X = X; X --- x X,;, with the function d: X x X — R
defined by

d((xlv s 7xm)7 (ylv s aym)) = dl(mlvyl) et dm(mmyym),
is a metric space.

(il) When X7 = --- = X,;, and d;, for ¢ = 1,...,m is the metric of the previous problem, the
metric is called the Hamming metric on X. Show that d((z1,...,2m), (Y1, --,Ym)) is the
number of indices ¢ such that x; # y;.

(iii) When X; = --- = X,,, = K, where K is the real or complex numbers, we have that
X = VK', and we call the metric, the taxi metric. Show that the open sets for the taxi
metric are the same as the open sets in the metric on VE* associated to the norm on Vi¢*
defined in the lecture notes.
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2-1.3. Let X = K" and, for z in X let

)| = ]z + - + |z

Show that this defines a norm on X.
Hint: Consider the sesquilinear product

(,): C"x C" - C,

defined by
<x7y> - legl +---+ $ngn7

where x = (z1,...,2,) and y = (y1,...,y,) and g; is the complex conjugate of y;.
For all points x, y and z of C™ we have that

(i
(ii
(iii

(v

(z,y + 2) = (z,y) + (z, 2)
(x+y,2) = (2,2) + (y,2)
a(z,y) = (az,y) = (z,ay)
(z,y) = (y, ).

Then ||z|| = v/(z,z) and we have Schwartz inequality,

)
)
)
i)

Iz )| < Nl (lllyl],

with equality if and only if z = ay for some a € K.

In order to prove the Schwartz inequality we square the expression and prove that (x,y)?
llz||?[|ly||?. If [[y]|* = 0, the inequality clearly holds, so you can assume that ||y||? > 0. We have
that

n

S llylPe; = (@ vy = > Ul — (= 9)9)(ly1*2; - @ v)y))
j=1

J=1

n
= llyll* (> = llyl|*{ Z%yg Iyl1* >~ @5y; + I, ) 17 ]|

j=1
4
= llyl*l=]1* = 1yl H<967y>||2 = Iyl Iz, ) IZ + Ny 1Pl ) 12
= Iy gl l* = Iz, »)11%)-

Since the first term is nonnegative and [|y||? > 0, you obtain the inequality ||(x,%)||* < ||z|/?|ly|*.
The first term is zero if and only if z = TI ||2> , hence equlity holds if and only if x = ay for some a.

2-1.4. Let (X,d) be a metric space. Show that the collection & = {U; }ier of open sets satisfies
the following three properties:

(i) The empty set and X are in U.

(i) If {U;j};jes is a collection of sets from U, then the union Uje;U; is a set in U.
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(ili) If {U;};ex is a finite collection of sets from U, then the intersection NjcxU; is a set in U.

2-1.5. Show that if f and g are continuous functions K" — K, then cg, f + g, and fg are
continuous for each ¢ in K. Consequently, all polynomial functions are continuous.

2-1.6. Given a polynomial function f: K" — K. Show that the points where f is zero can not
contain a ball B(a,¢), for a € K™ and € > 0.
Hint: Solve the problem for n = 1 and use induction on n.

2-2 The exponential map

We saw in Section 2-1 that we have a norm on the space M,,(K), which satisfies the property
of Proposition 2-1.5. We shall use the associated metric (see Definition 2-1.8) to define an
exponential and a logarithmic function on M, (K).

The fundamental notions of calculus carry over to any metric space virtually without
any change.

Definition 2-2.1. Let (X, d) be a metric space. A sequence 1, s, ... of elements in X
converges to an element x of X if, for every positive real number ¢, there is an integer m
such that d(z,z;) < e, when ¢ > m.

A sequence x1,T9,... is a Cauchy sequence if, for every positive real number &, there
is an integer m such that d(x;,x;) < e, when 7,7 > m.

The space X is complete if every Cauchy sequence in X converges.

When X is a vector space and the metric comes from a norm, we say that the series
r1+ x9 + - -+ converges if the sequence {yn =21+ + xn}n=1,2,,,, converges.

As in calculus, we have that every convergent sequence in a metric space is a Cauchy
sequence (see Exercise 2-2.2).

Proposition 2-2.2. The space Vi, with the norm of Definition 2-1.1, is complete.

Proof. Let x; = (a1, ...,a;) be a Cauchy sequence in Vi¢. Given e there is an integer m
such that ||z; — x| = maxy |ax — ajk| < €, when i, j > m. Consequently, the sequences
a1k, Ao, - .. are Cauchy in K, for £ = 1,...,n. Since K is complete we have that these
sequences converge to elements ag,...,a,. It is clear that x;,zs,... converges to z =
(ay,...,ap). O

2-2.3. For X in M, (K) and m =0,1,..., let exp,,(X) be the matrix
(X) = ]+1X+1X2 + Lxm
e oL X
Pm (TR ml

The sequence {exp,,(X)}m=o1.. is a Cauchy sequence in M, (K) because, for ¢ > p, we
have that

1
[l expy (X) — exp, (X)|| = ||( 1)) XPH 4t anH

1 1
IIXp“H+-~-+EHXqH <

1
— X[+ =1 X
SR X q!H I

PESY!
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and the term to the right can be made arbitrary small with big p because the sequence
{1+ 51X+ - + S X"} m=o,,... converges to exp(|| X)), where exp(z) is the usual
exponential function on K.

Definition 2-2.4. For X in M, (K) we define exp(X) to be the limit of the sequence
expy(X), expy (X), . ...

Example 2-2.5. Let X = (% }). Then we have that X% = —[,, X? = - X, X* = [,

. We see that exp(yX) = I+ 1yX + 54° — 3:9°X + 55" + . ... Consequently, we have
that exp(yX) = (%Y, tmy) - Let @: C — My(R) be the map given by &(x +iy) = (5, 1)
(see Example 1-3.12). Then we have that @ exp(iy) = exp(P(iy)). In the last formula the
exponential function on the left is the usual exponential function for complex numbers and

the one to the left the exponential function for matrices.

Remark 2-2.6. The exponential function defines a continuous map exp: M, (K) — M, (K).
Indeed, we have seen that | exp,,(X)| < exp(||X||). Let B(Z,r) be a ball in M, (K),
and choose Y in M, (K) such that || Z|| + r < ||Y||. Then, for any X in B(Z,r), we
have that || X| < | X = Z||+ ||Z]] < r+ ||Z]] < ||Y]]. Consequently, we have that
| exp,,(X)|| < exp(]|X]|) < exp(]|Z]]), for all X in B(Z,r). It follows that the series
expo(X), exp;(X), ..., converges uniformly on B(Z,r) (see Exercise 2-2.3 (iii)). The func-
tions exp,,: M, (K) — M, (K) are given by polynomials, hence they are continuous. Since
they converge uniformly their limit exp is therefore continuous on B(Z,r). Consequently,
exp is continuous everywhere. In Section 2-4 we shall show that the exponential function
is analytic. Hence, in particular, it is differentiable with an analytic derivative.

Example 2-2.7. Let X = (% }). Then X2 =1,, X3 = - X, X* = [,, .... We obtain,
for each ¢ in K that exptX = I, + jtX — 5t*[, — 5t°X + --- . Consequently, we have
that exptX = (¢, 5nt) We see that we get a homomorphism of groups K — SO, (K),

—sint cost
which gives an one to one correspondence between a neighborhood of I in SO,(K) and

small neighborhoods of points of K.

The exponential map in M,,(K) has the usual properties of the exponential function in
K.

Proposition 2-2.8. The following properties hold for the exponential function:

(1) exp(0) =
(1i) exp(X +Y) = exp(X)exp(Y), if XY =Y X,

(v) exp('X) = (exp(X)),

(
(
(7i) exp(—X)exp(X) = I,. Consequently exp(X) is in Gl,(K).
(
(YIXY) =Y lexp(X)Y, for all invertible matrices Y.

(v) exp
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ap - 0

exp(a1) - 0
(vi) ]sz(; ) is diagonal, thenexp(X)z( Do )

0 - an 0 expian)

Proof. Assertion (i) is obvious. To prove assertion (ii) we observe that, if XY = Y X, then
(X +Y) =370, (5) XY/, We obtain that
o 1 , .
X+Y)=1L+(X+Y . —X'y™
exp,,(X +Y) +(X+Y)+ +;z!(m—z)!

On the other hand, we have that

1 . 1 1
exp,, (X) exp,,(Y) = (In+ﬁX—i—~--+mX )(In+ﬂY+---+mY )
1

1 1 . m—1 1 . 1

=1I,+ 1!(X+Y)+---+m!X + (m—l)!X Y+---+m!Y —i—m!gm(X,Y),
where ¢,,(X,Y") consists of sums of products of the form ijYp*j with p > m. Con-
sequently ||g,(X,Y)[| = || expy, (X +Y) —exp,(X +Y)||. Since the sequence {exp,,(X +
Y) =01, converges to exp(X + Y'), we have that the sequence {g,(X,Y)}m—o1.. con-
verges to zero, and we have proved assertion (ii).

Assertion (iii) follows from assertion (i) and assertion (ii) with ¥ = —X. We have that
assertion (iv) follows from the formulas {(X™) = (*X)™, for m = 1,2, ..., and assertion (v)
from the formulas (Y 7! XY)" =Y 1X™Y and Y 'XY + Y 1ZY =Y 1(X + Z)Y.

Assertion (vi) follows from the definition of the exponential function. O

Example 2-2.9. Although the exponential function for matrices has features similar to
those of the usual exponential function, and, in fact, generalizes the latter, it can look
quite different. For example, we have that

<O:By) <1xy+%xz>
ex 00z == .
PAGES 00 1

For upper triangular matrices with zeroes on the diagonal the exponential function exp(X)
is, indeed, always a polynomial in X (see Exercise 2-2.4).

By direct calculation it is easy to check that, if X = (§§) and Y = (', '), then
exp(X) = (&£°7'), and exp(Y) = (¢, '=¢"). We have that XY # Y X and exp(X +Y) =
(83), whereas exp(X)exp(Y) = (§ % V).

2-2.10. For A in M,,(K), and m =1,2,..., let log,,(A) be the matrix
1 1
log,,,(A) = (A= 1) = 5(A=Ln)" + -+ (=1)" " —(A = L,)™.
Assume that ||A — I]] < 1. Then the sequence log;(A),logy(A),... is a Cauchy sequence.
Indeed, we have that for ¢ > p

lHog,(4) ~log, (A)] = (=1 = (4 = LP* -+ (<1)°

1 1
< ——||A=LPTt -+ =|[(A = 1))
_p—i—lH | qH( )l

(A= L)l
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and the term to the right can be made arbitrary small with big p because the sequence
{JA=L| + 3|A—L|?+- -4 = [|A— L] }m=1,,.. converges, when ||A— I, || < 1, where
log is the usual logarithmic function on K.

Definition 2-2.11. Given A in M,,(K). We define log(A) to be the limit of the sequence
log,(A),logy(A), ..., when the sequence converges.

Proposition 2-2.12. The following properties hold for the logarithmic function:
(i) log(I,) = 0,
(i) log(*A) = "(log(A)),

(1ii) We have that log(A) is defined if and only if log(B~*AB) is defined, where B is
invertible, and we have that log(B~*AB) = B~!log(A)B.

a ... O

log(a1) ... 0
(iv) If A= < SRS ) is diagonal, then log(A) = A .
0 .. an 0 log(an)
(iv) log(A)log(B) = log(B)log(A), when AB = BA, and log(A), log(B) and log(AB)
are defined.

Proof. All the assertions are easily proved by methods similar to those used in the proof
of Proposition 2-2.8. For the last assertion we note that when AB = B A the partial sums
log,,(A)log,,(B) and log,,(B)log,,(A) are actually equal. O

Remark 2-2.13. The logarithmic defines a continuous map log: B(l,,1) — M, (K). This
follows from the inequality ||-LX™| < L[| X||™, since the sequence log(l — z) = —(z +
s+ ---) converges for |z] < 1 (see Exercise 2-2.3). In Section 2-4 we shall show that the
logarithmic function is analytic. Hence, in particular, it is differentiable with an analytic
derivative.

Most of the properties of the usual exponential and logarithmic functions hold for the
more general functions on matrices. These properties can be proved by similar, but more
complicated, methods to those used in analysis. The formal manipulations of series can
however be quite complicated. We shall instead choose to deduce the properties of the
exponential and logarithmic functions for the matrices from those of calculus by geometric
methods. The idea is that such deductions are immediate for diagonalizable matrices and
that, since the functions are continuous, there are sufficiently many diagonalizable matrices
for the properties to hold for all matrices.

Exercises
2-2.1. Determine the matrices exp (§ 1), and exp (] 1).

2-2.2. Show that in a metric space every convergent sequence is a Cauchy sequence.
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2-2.3. Let X be a set, S a subset, and (Y, dy) a metric space. A sequence fo, f1,... of functions
fm: S — Y converges uniformly to a function f: S — Y if, for every positive real number € there
is an integer m such that dy (f(z), fp(z)) < €, for p > m and all x € S. A sequence fo, f1,...
satisfies the Cauchy criterion if, for every positive real number ¢, there is an integer m such that
dy (fp(z), fy(x)) <€, for p,g >m, and all z in S.

(i) Show that a sequence fo, f1,... of functions f,,: S — Y that converges to a function
f: S — Y, satisfy the Cauchy criterion.

(ii) Assume that (Y,dy) is complete. Show that a sequence fy, f1,... of functions f,,,: S — Y
that satisfies the Cauchy criterion converges to a function f: S — Y.

(iii) Let fo, f1,... be a sequence of functions f,: S — Y such that ||fn(z)| < am, for m =
0,1,..., where Y °_an, is a convergent sequence. Show that the sequence {sn,(z) =
fo(z) + -+ fim(x)}m=0,1,.. converges uniformly.

(iv) Let (X,dx) be a metric space and let fo, f1,... be a sequence of continuous functions
fm: X — Y. If the sequence converges uniformly to a function f: X — Y, then f is
continuous.

2-2.4. Let X be an upper triangular matrix with zeroes on the diagonal. Show that the equality

exp(X) =1, + 54X+ + ﬁxwl holds.

2-3 Diagonalization of matrices and the exponential and loga-
rithmic functions

The easiest way to prove the properties of the exponential and logarithmic functions for
matrices is to deduce them from the corresponding properties of the usual exponential and
logarithmic functions. From properties (v) and (vi) of Proposition 2-2.8 and properties
(iii) and (iv) of Proposition 2-2.12 it follows that the properties of the usual exponential
and logarithmic functions are inherited by the diagonalizable matrices. Then we use that
the exponential and logarithmic functions are continuous and that there are diagonalizable
matrices sufficiently near all matrices, to the deduce the desired properties for all matrices.

Definition 2-3.1. A subset S of a metric space (X,d) is dense, if every ball B(x,¢) in
X contains an element in S. Equivalently, S is dense if every nonempty open set in X
contains an element of S.

Lemma 2-3.2. Let (X,dx) and (Y,dy) be metric spaces, and T a dense subset of X.
Moreover, let f and g be continuous functions from X to Y. If f(x) = g(z) for all z in T,
then f(x) = g(x), for all x in X.

Proof. Assume that the lemma does not hold. Then there is a point  in X such that
f(x) # g(z). Let € = dy(f(x),g(x)). The balls By = B(f(z),5) and By = B(g(z),5) do
not intersect, and the sets U; = f~!(B;) and Uy = g~ !(By) are open in X and contain .
Since T is dense we have a point y in T contained in Uy NUs. We have that z = f(y) = g(y)
and consequently, z is contained in both B; and B,. This is impossible since By and Bs
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are disjoint. Consequently there is no point x such that f(z) # g(x), and we have proved
the lemma. O

Definition 2-3.3. We say that a matrix X in M, (K) is diagonalizable if there is an
invertible matrix B such that B~'X B is diagonal.

Proposition 2-3.4. Given a matriz X in M,,(C). Then there exists a matriz Y, complex
numbers d; and e;, for 1 =1,...,n, with the e; all different, and a real positive number
such that, for all nonzero t € C with |t| < e, we have that X + tY is diagonalizable and
with diagonal matriz whose (i,1) th coordinate is d; + te;, fori=1,... n.

Proof. The proposition clearly holds when n = 1. We shall proceed by induction on n.
Assume that the proposition holds for n — 1. Choose an eigenvalue d; of X and a nonzero
eigenvector x; for d;. That is, we have Xx; = dyx;. It follows from Theorem 1-6.9 that

we can choose a basis z1, ..., z, of Vig. With respect to this basis the matrix X takes the
form X = (94 ¢ ), where a = (a12,...,a1,) and where X is an (n — 1) X (n — 1) matrix.
By the induction hypothesis there is a matrix Y, elements d; and e; of C, fori = 2,... n,

where the e; are all different, and an &; such that, for all nonzero |t| < e; there is a matrix
C\(t) such that X; +tY; = C1(¢)Dy(t)Cy1 ()™, where Dy (t) is the (n—1) x (n—1) diagonal
matrix with (i — 1,7 — 1)’th entry d; +te; for i = 2,...,n. The equality can also be written

(X) +tY1)Cy(t) = CL(£)Di(b). (2-3.4.1)

Let
X=(42).Y=(35).00=(560) DO = ("4 oly) -

where ¢(t) = (c1a(t),...,cin(t)), for some elements cy;(t) of K. Note that det C'(t) =
det Cy(¢) for all t # 0 such that |t| < e1, so that the matrix C(¢) is invertible for any choise
of the elements cy;(t) of K. Let X(t) = X +tY. We shall determine the numbers c¢y;(t)
and e; such that the equation

X(t)C(t) = C(t)D(t), (2-3.4.2)
holds. We have that

_ (di+t 1 oe(t) \ _ [ ditter (di+ter)c(t)+a’(t)
XOCW) = ("5 ) (660 ) = (" haiian? ).

where a/(t) = (31, aricia(t), ..., >y @1iCin(t)). On the other hand we have that

(1 @) di+ter 0 _ [ ditt '(t)
C(t)D(t) = <0 cl(t)> ( Yo Dl(t)> - ( 1 0el Cl(i)Dl(t)> ’

where ¢ (t) = ((da + tea)cia(t), . .., (dn + tey)cin(t)). Since the Equation 2-3.4.1 holds the
Equality 2-3.4.2 holds exactly when

(dl —+ tel)cli(t) =+ a12€2i(t) 4+ -4 alncm-(t) = (dz -+ tei)cli(t), (2-343)
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for i = 2,...,n. Choose e; different from all the e,, ..., e,. Then each equation d; + te; =
d; +te; has exactly one solution t = —(d; —d;)/(e; —e1), and we can choose an £ < & such
that for a nonzero ¢ with |¢| < & we have that (d; — dy) + t(e; — e1) # 0. Then

1
(dZ — dl) + t(ei - 61)

cu(t) = (a12¢2i(t) + -+ + a1ncni(t)), fori=2,...n

solve the equations 2-3.4.3, and we have proved the proposition. O

Corollary 2-3.5. The subset of M,,(C) consisting of diagonalizable matrices is dense in
M, (C).

Proof. Given an element X of M, (C). If follows from the proposition that we can find
diagonalizable matrices X + tY for sufficiently small nonzero ¢. We have that || X +tY —

X|I = |t]]]Y]|. Consequently we can find diagonalizable matrices in every ball with center
X. O

Theorem 2-3.6. Let U be the ball B(I,,,1) in Gl,(K) and let V = log(U). The following
five properties hold:

(i) logexp X = X, for all X € M,,(K) such that logexp X is defined.
(ii) explog A = A, for all A € Gl,(K) such that log A is defined.
(iii) detexp X = exptr X, for all X € M,,(K), where tr(a;;) = > i, ai.

(iv) The exponential map exp: M, (K) — Gl,(K) induces a homeomorphism V. — U.
The inverse map is log |y .

(v) log(AB) =log A+log B, for all matrices A and B in U such that AB € U, and such
that AB = BA.

Proof. To prove assertion (i) we first note that logexp X and X are continuous maps from
V to M,,(C). It follows from Proposition 2-3.4 that the diagonalizable matrices are dense
in V. Consequently, it follows from Lemma 2-3.2 that it suffices to prove the assertion
when X is a diagonalizable matrix. From Proposition 2-2.8 (v) and Proposition 2-2.12 (iii)
it follows that Y ~!(logexp X)Y = log(Y !(exp X)Y) = logexp(Y ' XY). Consequently
it suffices to prove assertion (i) for diagonal matrices. It follows from 2-2.8 (v) and 2-2.12
(iv) that

ar - 0 expay - 0 logexpai - 0 ar - 0
logexp<:‘. :>zlog( : .. >= : - : =<:~. >
0 - an 0 exp;an 0 loge).ipan 0 - an

Hence we have proved the first assertion.
To prove assertion (ii) we use that explog A and A are continuous functions from U to
M,.(C). Reasoning as in the proof of assertion (i) we see that it suffices to prove assertion
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(ii) for diagonal matrices. The verification of the assertion for diagonal matrices is similar
to the one we used in the proof for diagonal matrices in assertion (i).

To prove assertion (iii) we use that detexp X and exptr X are continuous functions
from M,,(C) to M,,(C). We have that det(Y ' XY) = det X and tr(Y 'XY) = tr X, for
all invertible Y (see Exercise 2-3.1). It follows, as in the proofs of assertions (i) and (ii)
that it suffices to prove assertion (iii) for diagonal matrices. However,

a; - O expaj - 0
detexp(; o ):det( Do ):exp(a1)~-~exp(an),

0 - an 0 ©o exXpan
and
a - 0
exp tr ( SN ) =exp(a; + -+ a,) = exp(ay) - - -exp(a,).
0 - an
Hence we have proved assertion (iii).
Assertion (iv) follows from assertions (i) and (ii) since exp and log are continuous.
Finally, to prove assertion (v), we give A and B in U, such that AB is in U. It
follows from assertion (iv) that we can find X and Y in M,,(K) such that A = exp X, and
B = expY. Consequently it follows from assertion (iv) that X = log A and Y = log B.
From Proposition 2-2.12 (v) that XY = log Alog B = log Blog A = Y X. Consequently it
follows from Proposition 2-2.8 (ii) it follows that exp(X 4+ Y) = exp(X) exp(Y’). Hence it
follows from assertion (i) that log(AB) = log(exp X expY) = log(exp(X +Y)) =X +Y =
log A + log B, and we have proved the last assertion. O

Part (iv) of Theorem 2-3.6 is a particular case of a much more general result that we
shall prove in Chapter 3. We shall next show that a similar assertion to Theorem 2-3.6
(iv) holds for the matrix groups Gl,(K), Sl,(K), and Gg(K), when S is invertible. First
we shall introduce the relevant subspaces of M,,(K).

Definition 2-3.7. Let gl (K) = M, (K). We let
1,(K) = {X € g, (K) | tr X = 0},

where as usual the trace tr X of a matrix X = (a;;) is defined by tr X =" | a;;.
Let S be a matrix in M, (K). We let

gs(K) = {X € gl (K)|'’XS + SX = 0}.

In the special cases when S = I,,, or S is the matrix of Display 1-4.1.1 we denote gs(K)
by s0,(K) respectively sp,,(K).

Remark 2-3.8. All the sets sl,,(K) and gs(K) are subspaces of gl (K). We also note that
50,(K) is a subspace of sl,(K) because tr‘A = tr A, so that 2tr A = 0, and we always
assume that 2 is invertible in K when we treat the orthogonal groups.
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Proposition 2-3.9. Assume that S is invertible. We have that the exponential map
exp: M, (K) — Gl,(K)

mduces maps
exp: sl,(K) — SL,(K),

and

exp: gs — Gs(K).

Let G be any of the groups Gl,(K), S1,,(K) or Gs(K). Then there is a neighborhood U of
I, in G, on which log is defined, such that exp induces an homeomorphism log(U) — U.
The inverse of exp |iogwy 15 given by log|y.

In particular we have maps

exp: s0, — O,(K),

exp: s0,, — SO, (K),

and

exp: sp,,(K) — Sp,, (K),

and if G is one of the groups O,(K), SO, (K) or Sp,(
such that these maps induce a homeomorphism log(U)

K), there is an open subset U of G,
— U with inverse 10g |iog(1r) -

Proof. We have already proved the assertions of the proposition for Gl,(K). To prove
them for Sl,(K) we take X in sl,. It follows from assertion (iii) Theorem 2-3.6 that
detexp X = exptrX = exp0 = 1. Consequently, we have that exp X is in Sl,(K),
as asserted.

To prove the second assertion about Sl,(K) we take A in U N Sl,(K). It follows
from assertion (iii) of Theorem 2-3.6 that, when det A = 1, we have that exptrlog A =
det explog A = det A = 1. Consequently, we have that trlog A = 0. For the last assertion
we may, in the complex case, have to shrink U in order to make sure that |trlog A| < 2.
We have shown that exp induces a bijective map sl,,(K)Nlog(U) — SL,(K)NU. Both this
map and its inverse, induced by the logarithm , are induced by continuous maps, and the
metric on Sl,(K) and s[,(K) are induced by the metrics on Gl,(K) respectively gl,(K).
Consequently, the induced map and its inverse are continuous and therefore homeomor-
phisms.

Let X be in gg(K). That is, we have ‘XS + SX = 0. Since S is assumed to be
invertible, the latter equation can be written S~*XS + X = 0. Since S™'XS = —X we
have that S™''X'S and X commute. Hence we can use assertion (ii) of Proposition 2-2.8 to
obtain equalities I,, = exp(S™1XS + X) = exp(S7'XS)exp X = S H(exp'X)Sexp X =
S~lexp X Sexp X. Consequently ‘exp XSexp X = S. That is, exp X is in Gg(K), as
asserted.

To prove the second assertion about Gg(K) we take A in Gg(K). Then 'ASA = S
or equivalently, S™1ASA = [,. Consequently we have that log((S™''AS)A) = 0. We
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have that S~'AS is the inverse matrix of A, and hence that S~''AS and A commute.
Since the map of Gl,(K) that sends A to ‘A is continuous, as is the map that sends A to
S™LAS, we can choose U such that log is defined on S™AS. Tt follows from assertion (v)
of Theorem 2-3.6 that log((S™1AS)A) = log(S~1AS) + log A = S~ (log’A)S + log A =
S~Hog AS + log A. We have proved that S~'log AS + log A = 0. Multiply to the left
with S. We get log AS + Slog A = 0. That is log A is in gg(K). We have proved that
exp induces a bijective map gg(K) Nexp 1 (U) — Gg(K)NU. A similar argument to that
used for Sl,,(K) proves that this bijection is a homeomorphism. Hence we have proved the
second assertion of the proposition forGg(K).

All that remains is to note that SO,,(K) is an open subset of O, (K) containing ,. O

Exercises

2-3.1. Show that for all matrices X and Y in M, (K), where Y is invertible, we have that
tr(Y1XY) = tr X.

2-4 Analytic functions

We shall, in this section, introduce analytic functions and study their basic properties. The
exponential and logarithmic functions are analytic and we shall see how the properties of
the matrix groups that were discussed in Section 2-2 can then be reinterpreted as asserting
that the matrix groups are analytic manifolds.

2-4.1. Let Z be the set of n-tuples i = (i1, .. .,14,) of nonnegative integers i;, and let R denote

the set of n-tuples r = (rq,...,r,) of positive real numbers r;. For each r = (ry,...,r,)
and each n-tuple of variables © = (z1,...,2,), we write 7' = 7' - - -7 and o' = '} - - - gin.
Moreover, we write |i| =iy + - - - + 14, and for j in 7 we write (Z) = (Zi) e (Z:)

For any two n-tuples of real numbers r = (r1,...,7,) and s = (s1,...,5,), we write
r<sifr;<s;fori=1...,nand for z = (z1,29,...,2,) in K", we denote by |z| the
n-tuple (|x1], |x2|, ..., |Ta])-

We shall, in the following, use polydiscs instead of balls. As we shall see, these are
equivalent as far as topological and metric properties, like openness and analyticity, is
concerned. However, for analytic functions polydiscs are notationally more convenient
than balls.

Definition 2-4.2. Let r be in R and z in K". The open polydisc P(z,r) around z with
radius r is the set
{ye K": |z —y| <r}.

Remark 2-4.3. Given a polydisc P(xz,r), and let € = min; ;. Then we have that B(z,¢€) C
P(z,r), where B(x,€) is the ball in K™ with respect to the norm of Definition 2-1.1, with
C' = 1. Conversely, given a ball B(z, €) we have that P(x,r) C B(z,€), with r = (¢,...,€).
It follows that every polydisc is open and conversely that every ball can be covered by
polydiscs. Hence a set is open if and only if it can be covered by polydiscs.
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Definition 2-4.4. We say that a formal power series (see Exercise 1-3.4 and Example 1-
3.7)
Z cr',
i€T
with coefficients in K converges in the polydisc P(0, ) if the sequence
S = Z e
li|<m

converges for all 7’ < r. It follows that s,(z) = Z\i\ <n c;x® converges uniformly in P(0,77)
(see Exercise 2-2.3). In particular the series defines a continuous function

f(z) = Z c;xt
i€l
in P(0,7).

2-4.5. We note that the function f(z) is zero for all  where it is defined, if and only if
c¢i = 0, for all i« € Z. Indeed, this is clear for n = 1 and follows in the general case by
induction on n.

Let ' <7 and let C =3, |e;|r". Then
ler’'| < C foralli e T.
Conversely, given a formal power series ), , c; 7', such that
‘Ciw S 07

for some C, then Y, ;¢;z" converges uniformly in P(0,7') for all 7 < r. In particular
> ez cix’ converges in P(0,7). Indeed, we have that

) -T,i T/i n r
. 4 — gt < R _ _Z —1‘
Z|cz|r Z|cz|r — < (JZ - CH(l n-)
i€l i€ €L =1
Definition 2-4.6. Let U be an open subset of K”. A function
g:U—-K

is analytic in U if, for each z in U, there is an r in R and a formal power series f(z) =
> ez cia” which is convergent in P(0,7), such that

g(x+h) = f(h) forall h € P(0,r)such that x + h € U.

A function
g = (917“‘79771): U_>Km

is analytic, if all the functions g; are analytic.
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Example 2-4.7. All maps ¢: K" — K™ which are given by polynomials, that is ¢(z) =
(fi(x),..., fm(x)), where the f; are polynomials in n variables, are analytic.

Example 2-4.8. It follows from the estimates of of Paragraphs 2-2.3 and 2-2.10, and the
definitions of the exponential and logarithmic functions in Definitions 2-2.4 and 2-2.11,
that the exponential and logarithmic functions are analytic.

Proposition 2-4.9. Let f(x) =3, 7 c;a' be a formal power series which is convergent in
P(0,7). We have that

(i) D'f =3, ¢;(9)a?~" is convergent in P(0,r).
(ii) For x in P(0,r) the series Y, ; D' f(x)h' converges in P(0,r — |zl).

(iii) We have that
flx+h)= ZD’ z)h' for h € P(0,r — |z]).

ieT
In particular we have that f is analytic in P(0,r).
Proof. Let x € P(0,7). Choose an r’ such that |z| <’ < r and let s = r —7". We have
that | N
i j—ipi
(x + h) —% (Z)x h'.

Hence, we obtain that
flx+h)= ch (Z( )xﬂ ’h”) for h € P(0,s).
JET 1<j
For |h| < ' < s we have that
S Sk ])e w1 < S kel () = Sl oy <o 40
JET i<j JET i<j JET

The last inequality of Formula 2-4.9.1 holds since f converges in P(0,r) and " + s < r.
Assertions (i) and (ii) follow from the above inequality. Moreover, it follows from the
inequality 2-4.9.1 that we can rearrange the sum in the above expression for f(z + h).

Consequently
s =3 (Lo (1)o ) = S oscom
i€ i<j i€
and we have proved the proposition. O
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2-4.10. Let V be an open subset in K? and ¢g: V — K" an analytic function such that
g(V) C U. Then the composite function fg: V — K™ of g with f: U — K™, is analytic.
Indeed, it suffices to consider a neighborhood of 0 in K?, and we can assume that ¢g(0) = 0,
and f(0) = 0, and that m = 1. Let f(z) = > . ;¢x" be a convergent series in P(0, s),
for some s in R and g = (g1, .., 9n), With gx(y) = > ;7 dk;9’, be an n-tuple of series
that are convergent in P(0,r) for some r in R, and where J are p-tuples of positive real
numbers. Choose r’ < r such that

Z \dyq|r"" < %k for k=1,... n.
ieJ
Then, for h € P(0,r), we have that
. " S\ ¢
S 16l ldullbl s ldallbl ) < 3 el (5) < oo
i€l JET JET i€l
Consequently, we have that
Z CZ(Z dl,jyj, ceey Z dmjyj)i (2-4101)
i€l jeJ JjeJ
converges in P(0,7'), and the series 2-4.10.1 represents fg(y).
Definition 2-4.11. Let U be an open subset of K™ and let
f:U—K"
be a function. If there exists a linear map A : K" — K™ such that

i W@+ h) = fz) — AR|| _
Inll—0 7]l

0,

where ||h|| = max; |h;|, we say that f is differentiable at x. Clearly, A is unique if it
exists, and we write f'(z) = A and call f'(z) the derivative of f at x. We say that f is
differentiable in U if it is differentiable at each point of U.

Remark 2-4.12. Usually the linear map f'(x) is represented by an m x n matrix with respect
to the standard bases of K™ and K™ and the distinction between the matrix and the map
is often suppressed in notation. The matrix f'(x) is referred to as the Jacobian of the map

f.
When f = (f1,..., fm) we have that f is differentiable, if and only if all the f; are

differentiable, and we have that f' = (f{,..., f..).

Proposition 2-4.13. Let f: U — K be an analytic function defined on an open subset U
of K", and let f(z) =, ;c;x’. Then f(x) is differentiable in U and the derivative f'(x)

is an analytic function f': U — K given by

fll)h=> Dif(x)hi= > ¢ (Z) IZiht for all h € KT,

lil=1 Jzi,lil=1

with the notation of Proposition 2-4.9.
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Proof. 1t follows from Proposition 2-4.9 (iii) that f(z +h) — f(z) — 30—, D' f(x)h" is an
analytic function of h in P(0,7) whose terms in h of order 0 and 1 vanish. Consequently

we have that , ,
If @@+ h) = f(@) = 2oy D F (@)W

lim 0,
Ill—0 Il
that is f'(z)h = 3 ,_, D'f(x)h’. Tt follows from Proposition 2-4.9 that f'(z) is analytic.

O

Remark 2-4.14. Let m = 1 and let f be analytic. For i = 1,...,n we let %(x) be the
(1,4)’th component of the 1 x n matrix A. It follows from Proposition 2-4.13 that

af

S (@) = DO £ (),

where the 1 in the exponent of D is in the ¢’th place. Consequently, we have that

oy (9F of

For any m and with f = (f1,..., fin) we obtain that f'(x) is the m x n matrix f'(x) =
& fi
(%),

When ¢g: V. — K" is an analytic function from an open subset V' in K?, Formula

2-4.10.1 shows that for z in V' we have that

(f9)'(x) = f'(9(x))g'(x) (2-4.14.1)

Example 2-4.15. We have that the derivative exp’(X) of the exponential function at X
is equal to exp(X). Indeed, it follows from Example 2-4.8 and Proposition 2-4.13, that
both exp’(X) and exp(X) are analytic, hence continuous. Consequently, it follows from
Lemma 2-3.2 that is suffices to show the equality on diagonalizable matrices. However,
we have that (Y 1exp(X)Y) (X) =Y (exp)(X)Y (see Exercise 2-4.2), for all invertible
Y. It follows from assertion (v) of Proposition 2-2.8 that it suffices to prove the equality
exp’(X) = exp(X) for diagonal matrices. The latter equality follows from the sequence of
equalities:

x1 - 0 / expzy 0
()= ()
0 $'n 0 exl;ln
exp’ z1 - 0 exp Ty - 0 1 - 0
=<: . : )Z(: - :):eXp(:-.:).
0 - exp an 0 - expan 0 - an

Remark 2-4.16. Let G be one of the groups Gl,(K), Sl,(K) or Gs(K), for some invert-
ible S. It follows from Proposition 2-3.9 that for each matrix group G there is an open
neighborhood U of the identity, and an open subset V' of some vector space, such that the

!/
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exponential function induces an isomorphism exp: V' — U, with inverse log |7. Let A be an
element in G. There is a map A\a: G — G, called left translation, defined by A4(B) = AB.
The left translations are given by polynomials, hence they are analytic. The left translation
A4 induces a homeomorphism A 4| : U — A4(U) onto the open neighborhood A4 (U) of A,
with inverse A 4-1. Consequently, for each A, we have a homeomorphism ¢ 4: V' — U4 onto
some neighborhood of A. Clearly, if we have another such homeomorphism ¢g, such that
UaNUg # 0, we have that the map ¢, (Us NUg) — @5 (Us N Ug) induced by w5 4, is
an analytic map. We summarize these properties by saying that G is an analytic manifold.

Exercises

2-4.1. Let X = (}1). For every positive real number ¢, find a matrix ¥ in M, (C) such that YV’
is diagonizable and [|Y — X|| < e. Can you find a matrix ¥ in M,,(R) which is diagonizable and
such that ||Y — X|| < €, when € is some small positive real number?

2-4.2. Let X be a matrix of the form X(z) = (fi;(x)), where the functions f;;: Vg — K are
analytic, and let Y be an invertible matrix with coefficients in K. Show that the the derivative
(Y71XY) of the function Y 'XY: V@2 — M, (K), which takes z to Y !X (z)Y, is equal to
Y-1X/(2)Y

2-5 Tangent spaces of matrix groups

We shall, in this section, determine the tangent spaces of all the matrix groups that we
have encountered so far.

Definition 2-5.1. A curve in Vi is an analytic map v: B(a,r) — Vi, from some ball
B(a,r) in K. The it tangent of the curve v at y(a) is the vector v'(a).

Let v: B(a,r) — M,(K) be a curve and let G be one of the matrix groups Gl,(K),
S1,(K), or Gg(K), for some invertible S. We say that v is acurve in G if y(B(a,r)) is in
G and if y(a) = I,,.

The tangent space Ty, (G) of G is the set of the tangent vector at a for all curves
v: B(a,r) — M,(K) in G.

Remark 2-5.2. Since SO, (K) is an open subset of O, (K) containing I,,, we have that
SO, (K) and O,,(K) have the same tangent space.

Example 2-5.3. Given a matrix X, the derivative exp’(tX) of the curve v(t): K — M,,(K)
that is defined by v(t) = exp(tX) is equal to X exptX (see Exercise 2-5.3). When X is in
gl,,(K), sl,(K) or gs(K), for some S, it follows from Proposition 2-3.9 that v has image
contained in Gl,(K), Sl,,(K) or Gs(K), respectively.

In particular, the tangent spaces of Gl,(K), Sl,(K), O,(K), SO,(K) and Sp, (K)
contain the vector spaces gl,,(K), sl,(K), so,(K), so,(K), and sp,,(K), respectively.

We shall next show that the inclusions of spaces of Example 2-5.3 are equalities.
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Proposition 2-5.4. The tangent spaces at I,, of the matriz groups Gl,(K), Sl,(K) or
Gs(K), where S is an invertible matriz, are the vector spaces gl,(K), sl,(K), and gs(K)
respectively.

In particular, the tangent spaces of O, (K), SO,(K) and Sp,,(K) are so,(K), s0,(K),
and sp,,(K) respectively.

Proof. Let G be one of the groups Gl,,(K), Sl,(K), or Gg(K), and let y: B(a,r) — M, (K)
be a curve from a ball B(a,r) in K, such that v(a) = I,,. It follows from Exercise 2-5.3
that is suffices to show that, when the image of v is in G, the derivative 7/(a) is in gl (K),
s0,(K) or gs(K), respectively.

For Gl,(K) this is evident since the tangent space is the whole of gl (K) = M, (K). If
the image of 7 is in Sl,,(K), we have that det~y(¢) = 1 for all ¢ in B(a,r). We differentiate
the last equality and obtain that 0 = (detv)'(a) = tr(7')(a) (see Exercise 2-5.1), that is,
7' (a) is in sl,(K).

Let v be in Gg(K). That is, we have (¢t)Sv(t) = S, for all ¢ in B(a,r). We have
that /(¢£)Sy(t) + y(¢)Sv'(t) = 0, for all ¢ in B(a,r) (see Exercise 2-5.2). Consequently,
we have that 7/(0)S7(0) + v(0)S+/(0) = ¥/ (0)ST,, + '1,,5v'(0) = 4/(0)S +'S+/(0), and we
have proved the last part of the proposition.

For the last part of the proposition it suffices to note that it follows from Remark 2-5.2
that SO, (K) and O, (K) have the same tangent space. O

Definition 2-5.5. Let G be one of the groups Gl,(K), Sl,,(K), or Gg(K), where S is
invertible. The dimension dim G is the dimension of the vector space Ty, (G).

Proposition 2-5.6. The dimensions of the matriz groups are:
dim Gl,(K) = n?, dimSl,(K) = n? — 1, dimO,(K) = dimSO,(K) = @, and
dim Sp,, (K) = "%t

Proof. We shall use the description of the tangent spaces of Proposition 2-5.4.

The dimension of gl,,(K) = M, (K) is clearly n?>. That the dimension of the space
sl,,(K) of matrices with trace zero is n* — 1 follows from Exercise 2-5.4. The spaces O,,(K)
and SO, (K) have the same tangent space s0,,(K) consisting of skew-symmetric matrices.
It follows from Exercise 2-5.5 that this dimension is %

The space sp,,(K) consists of invertible matrices X such that ‘XS + SX = 0, where
S is the matrix of the form 1-4.1.1. We have that the map M, (K) — M, (K) that sends
a matrix X to SX is an isomorphism (see Exercise 2-5.6). The latter map sends sp,,(K)
isomorphically onto the space of symmetric matrices. Indeed, we have that XS 4+ SX =
—IX'S + SX = SX — {(SX). However, the space of symmetric matrices has dimension

@ (see Exercise 2-5.7). O

We summarize the results of Sections 2-5 and 1-10 in Table 1:

Exercises
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Group n  Center Dim.
GL,(C) | arb.  K* n?
SI,(C) | arb. Z/nZ n*-1
0.(C) | arb.  {x1} b
)
)
)

2
SO,(C) | even {£1} 2l
SO,(C) | odd 1 D
Sp,(C) | arb.  {x1} 2t

Table 1: The classical groups over the complex numbers

2-5.1. Given an n x n matrix X (z) = (fij(x)), where the coordinates are analytic functions
fij: B(b,s) — K on a ball B(b,s) in Vi'. We obtain an analytic function det: B(b,s) — K.

Show that
n fu(@) . fi(@) . fin(2)
(det X)'(x) = Zdet < : : : ) .

i=1 fat(@) o fhi(@) o fan(e)
Assume that X (0) = [,,. Show that (det X)'(0) = >_"_ | f1.(0) = tr(X’)(0).

=1 Ji

2-5.2. Let X (t) = (fi;(t)) and Y () = (g;;(t)) be functions B(a,r) — M, (K) given by analytic
functions f;; and g;; on a ball B(a,r) in K. Show that (XY)'(t) = X' ()Y (t) + X (t)Y(¢).

2-5.3. Let X be a matrix in M,,(K). Show that the tangent of the curve v: K — M, (K) given
by v(t) = exp(tX) at t is X exp(tX).

2-5.4. Show that the vector space of matrices in M,,(K) with trace zero, that is with the sum of
the diagonal elements equal to zero, has dimension n? — 1.

2-5.5. Show that the vector space of matrices in M,,(K) consisting of skew-symmetric matrices
n(n—1)
—
2-5.6. Fix a matrix B in Gl,(K). Show that the map M, (K) — M, (K) that sends a matrix X

to the matrix BX is an isomorphism of vector spaces.

has dimension

2-5.7. Show that the subset of M,,(K) consisting of symmetric matrices is a vector space of

. . 1
dimension % .

2-5.8. Which of the groups Gl,(K), S1,,(K), 0,(K), SO, (K), and Sp,,(K), can be distinguished
by the table of this section.

2-5.9. Determine the the dimension and a basis of the tangent space gs(R) of the Lorentz group

defined by the matrix S = (I"O* ! Pl )
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2-6 Lie algebras of the matrix groups

Remark 2-6.1. In addition to the usual matrix multiplication on the space of matrices
M,,(K) we have a map
[.]: M (K) x M, (K) — M, (K)

defined by [A, B] = AB — BA. It is easy to check (see 2-6.1) that [,] is an alternating
bilinear map which satisfies the Jacobi Identity

[A,[B,C]] + [C,[A, B]] + [B,[C, A]] =0, for all A, B,C € M, (K)

We summarize these properties by saying that M, (K) is a Lie algebra. When M, (K) is
considered as a Lie algebra we shall denote it by gl,(K). A subspace V of M,,(K) such
that [A,B] € V, for all A and B in V, is called a Lie subalgebra of M,,(K). Clearly the
Jacobi Identity holds for all elements in V. Hence V is itself a Lie algebra.

Example 2-6.2. The tangent spaces gl,,(K), sl,,(K), and gs(K), when S is invertible, of
Gl,.(K), S1,(K), and Gg(K) respectively, are all Lie subalgebras of gl,,(K).

In particular, the tangent spaces s0,(K), s0,,(K), and sp, (K) of O,(K), SO, (K), and
Sp,,(K) respectively, are Lie subalgebras of gl, (K).

It follows from Exercise 2-6.2 that sl,(K) is a Lie subalgebra of gl,,(K). That g¢(K)
is a Lie subalgebra of gl,(K) follows from the calculation [A, B]S + SYB,A] = (AB —
BA)S+SY(AB — BA) = ABS— BAS+ S'B'A—S'A'B = AS'B— BS'A+ S'B'A— S'A'B =
S'A'B — S'B'A + S'B'A — S'A'B = 0.

Exercises
2-6.1. Show that the Properties (i)-(v) of Remark 2-6.1 hold for M,,(K).
2-6.2. Show that the subspace of matrices of M,,(K) with trace zero is a Lie algebra.
2-6.3. Let V = K3 and define [,] as the cross product from linear algebra, i.e.,
(1,91, 21), (T2, y2, 22)] = (Y122 — 2192, 2172 — T122, T1Y2 — Y1T2).
Show that V becomes a Lie algebra with this product.

2-6.4. Show that the tangent space so3(K) as a Lie algebra is isomorphic to the Lie algebra of
the previous problem.

2-6.5. In quantum mechanics, we have the Pauli spin matrices
1:((1](1))7 UI:((l](l))v Uy:((i)_()i) and UZ:((I)—OI)’
(i) Show that the set {1,0,,0y,0.} spans the Lie algebra gl,(C).

(ii) Show that the set {o,,0y,0.} spans a three dimensional sub Lie algebra of gly(C) which
is identical to sly(C).

(iii) Show that the Lie algebra of (ii) is isomorphic to the Lie algebras of the previous two
problems.
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2-7 One parameter subgroups of matrix groups

One parameter groups play an important part in the theory of Lie groups of Section 4. In
this section we determine the one parameter subgroups for matrix groups.

Definition 2-7.1. Let G be one of the matrix groups Gl,(K), Sl,(K) or Gg(K), when
S is invertible. A one parameter subgroup of the matrix groups G is a curve v: K — G,
which is also a group homomorphism. That is v(t + u) = v(t)y(u), for all ¢t and u in K.

Example 2-7.2. Let X be a matrix in 77, (G). It follows from Example 2-5.3 that v: K —
G defined by v(t) = exp(tX) is a curve in G. Since tX and sX commute, it follows from
Proposition 2-2.8 (ii), that ~ is a one parameter group.

We shall show that all one parameter groups of the matrix groups are of the form of
Example 2-7.2.

Proposition 2-7.3. Let G be one of the matriz groups Gl,,(K), S1,,(K) or Gs(K), for some
invertible matriz S. Then all one parameter groups of G are of the form ~y(t) = exp(tX),
for some X in gl,,(K), sl,(K) or gs(K), respectively.

Proof. Let v: K — G be a one parameter group. It follows from Proposition 2-3.9 and
Example 2-4.8 that there is a neighborhood U of [, in GG such that the logarithm induces an
analytic function log: U — M,,(K). We obtain an analytic map log~y: B(a,r) — M, (K),
on some ball B(a,r) in K, and logy(a) = log(l,) = 0. For all t and u in B(a,r), such that
t + w is in B(a,r) we have that

log y(t +u) —logy(t) — (log)'(t)'u = log(vy(t)y(u)) — log(v(t)) — (log~)'(t)'u
= log(7(t)) + log(y(u)) — log(v(t)) — (log)'(t)'u = log y(u) — (logy)'(t)"u.

Consequently, we have that

— _ ! t, - ! t,
lim [logy(t + u) lom(t) (logy) ()" _ lim [ log y(u) H (hogv) @l _
u|— u u|— u

That is, we have (log~v)'(0) = (log~)'(t). Hence (log~)'(t) is constant equal to X =
(log7)'(0) on some ball B(a,e). We thus have that log(t) = tX. Using the exponential
function on logy(t) = tX, and Theorem 2-3.6 (i), we obtain that v(¢) = exp(tX), for all ¢
in the ball B(a,¢). It follows that v(t) = exp(tX) for all ¢. Indeed, given an element ¢ of
K. Choose an integer n such that ¢ is in B(a,¢). Then we obtain that (t) = v(2t) =
Y(24)" = exp(+tX)" = exp(2tX) = exp(tX), which we wanted to prove. O

n
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3 The geometry of matrix groups

In Chapter 2 we saw how the matrix groups can be made into analytic manifolds via the
exponential map. In the first part of this chapter we shall consider the manifold structure
from a different point of view. The main technique in this chapter will be the Implicit
Function Theorem for analytic functions. The approach is more general than that of
Chapter 2 and shows that all analytic sets with a group structure are manifolds.

In the second half of the present chapter we shall study manifolds, and in particular
their tangent spaces. The point is much more general than that of Section 2-5 and we shall
reconsider the results of that section from the more general point of view.

In the final sections of the chapter we consider connectedness and compactness of the
matrix groups.

Unless explicitly stated otherwise, the field K will be the real or the complex numbers
throughout this chapter.

3-1 The Inverse Function Theorem

We shall in this section prove the Inverse Function Theorem and show how several versions
of the Implicit Function Theorem is deduced from the inverse function theorem. Most of
these results are probably known for the differentiable case from a course in calculus of
several variables. The reason why we give proofs is that the analytic case, although easier,
is less standard in calculus books.

Theorem 3-1.1. (Inverse Function Theorem) Let W be an open subset of K™ and ®: W —
K" an analytic function. Given a point y in W such that &'(y) is invertible. Then there

exists an open neighborhood U of y in W and an open set V in K" such that @ is injective
on U and &(U) = V. Moreover the inverse function ®1: V — K", defined by

o (P(x) =z, forallzeU,
s analytic on V.

Proof. We may assume that y = &(y) = 0 and, following ¢ with the analytic, linear,
function @'(0): K" — K", we may assume that

D (x) = — Z i’ = 3 — @1 (2), for k=1,2,...,n.

[i]>1

Moreover, we may replace @(x) by C®(x/C') for some positive real number C', and assume
that |c;| < 1 for all ¢ in Z.
Suppose that the analytic function ¥ = (¥, ¥, ..., ¥,), given by

Wily) = > diitf

el
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is an inverse function to @. Then ¥ must satisfy the equation

Ue(y) = serduiy’ = yx +ox(U(y)) N
=Y + Z\i\>1 Cki(z‘jbo dyjy’ ) - (Z\j|>0 dyy? )", fork=1,...,n.

(3-1.1.1)
Comparing coefficients on both sides of the equation we see that dj(o,..1,..0) is 1 when the
1in (0,...,1,...,0) is in the k'th coordinate, and 0 otherwise. Moreover, we see that dj;

is a linear combination with positive integral coefficients of monomials in the d,,; and the
Cmi With |i| < |j|. By induction on |i| we obtain that

dij = Pij(Cmi), (3-1.1.2)

where Py; is a polynomial with positive integral coefficients that depend only on ¢,,;, with
li| < |j]. In particular we have that each ¥ is uniquely determined if it exist. The problem
is to show that the formal power series determined by the solutions of the equation 3-1.1.2
converges. To this end, assume that we can find real positive power series @, = >, 7 CriT’,
for kK =1,...,n, which converge in some polydisc around 0 in K" and which is such that
the unique power series ¥, = Yoier dp;z’ determined by the equation

dy; = Pri(Cmj),

for k =1,...,n, and hence satisfy

ily) = g+ a((y),  fork=1,....n,
converge in some polydisc around 0 and satisfy the conditions
lexil < Crs, for all £ and «.
Then we have that
|diil = 1Pri(cmi)l < Prillemgl) < Pri(Cmj) = dii;

since Py; has positive integral coefficients. Consequently ¥, is dominated by ¥, and thus
converges for k =1,...,n. It remains to find such series ¢y, for k =1,2,... n.
Assume that n = 1. We have that, for any positive real number p, the series

[e.°]

#) = > (o) = 12

i=2 1—pz

2

will satisfy the conditions. Indeed, it converges and satisfies |c;| < ¢;, since |¢;| < 1. We
must show that the corresponding ¥® converges. However,

(P (y))?

P (y) =y + T—piw(y)
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Solving the latter equation we obtain that

s _ L+yp) — /(L +yp)” —4(° + )y
2 P*+p

Y

which converges in a polydisc around 0.
Let n > 1 and put

(o)
_ - (T1 4 -+ xp)?
a:——E 1+t x,) = , fork=1,2,....n
QO/C() iz?( 1 n) 1_(1.1 _+xn)

Then @y, converges in a neighborhood of 0 and we have that |cg| < ¢; for all k and i, since
lcks] < 1. Observe that @;(x) — @p(x) = x; — xy, for k # j. Hence, if we can find the

average of 1, ..., x,, from &, (x),...,®,(r), we can determine the inverse function ¥. In
fact we have that

1 n B 1 n n
EZ%@) = ﬁzxk — gt <Z$k> = Zﬂﬁk; — o™ ( Za?k;)
k=1 k=1 k=1
Hence we get that 2 0 o =¥ (L1377 &, (2)), that is,
1~ - o [ 1
= W(y) =v™ <— yk) :
We can now find ¥ by
} 1 _ _ 1A
%(Z/)ZEZ(W() 1 EZQ‘/ Z(yk_yj +w ( Zy]>a

J#k j=1 J#k

for k =1,2,...,n, all of which converges.

We have proved that there is a polydisc P(0,r) around 0, and an analytic function
v: P(0,s) — K" where P(0,s) C ¢(P(0,r)) which is an inverse to ®|p( . The open sets
V = P(0,s) and U = ¢~ }(V) satisfy the conditions of the theorem. O

Theorem 3-1.2. (Implicit Function Theorem — Dual Form) Let #: V — K™ be an
analytic map where V' is open in K™. Suppose that x is a point in V' where &'(x) has rank
n. Then there exist an open set U in K™ and an analytic function ¥: U — K™ such
that

(i) (U) is an open neighborhood of ¢(x) in K™t".
(i) ¥ is injective with an analytic inverse ¥=': ¥(U) — U.

(iii) There is an n-dimensional linear subspace W in K™ such that ¥ gives a bijection

between the sets (V)N (U) and W NU.
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Proof. By a change of coordinates we may assume that the lower n x n-minor of &'(a)
is non-zero. Hence we can write @ as (91,®s), where @;: V — K™ and ¢5: V — K"
with rank @)(a) = n. Define the analytic map ¥: K™ x V. — K™ by ¥(z,y) = (¢ +
D1(y), P2(y)), for x € K™, y € V. Then we have that

L, 9 (a))
v'(0,a) =" .}
o= (5 Z
is invertible and it follows from the Inverse Function Theorem 3-1.1 that there is an analytic
inverse G : U — K™ x K" =2 K™ defined on some neighborhood U’ of ¥(a). Let
U = v~ YU’). Since we have that &(y) = ¥(0,y) for all y € V, such that (0,y) € U,

we get that &(V)N¥(U) = (W NU), where W is the n-dimensional subspace {(z,y) €
K" x K" | z = 0} of K"+, 0

Theorem 3-1.3. (Implicit Function Theorem) Let U be an open subset of K™ and let
&: U — K™ be an analytic function. Suppose that x € U is a point where ®(x) = 0 and

that @' () has rank m. Then there exist an open neighborhood V of x in U and an analytic
function W: V — K™ such that

(i) (V) is open set in K™*".
(ii) W is injective with an analytic inverse W= : ¥ (V) — V.

(i11) There is an n-dimensional linear subspace W of K™ such that ¥ gives a bijection
between the sets VN P71(0) and W N& (V).

Proof. By a change of coordinates, we may assume that the leftmost m x m-minor of ¢'(z)
is non-zero. Let m; and my be the projections of K"t = K™ x K" onto its two factors and
let W be the kernel of 7. Define ¥(y) = (®(y), m(y)), for all y € U. Then ¥ is analytic

and
W (x) = (@'(g)ﬂl fp/(i)m) |

In particular ¥’(z) is invertible and we can use the Inverse Function Theorem 3-1.1 to find
an open subset V' containing x and an analytic inverse function ¥~': ¥(V) — V. It is
clear that ¥(x) € W if and only if ¢(z) = 0. O

Remark 3-1.4. We have stated the Implicit Function Theorem 3-1.3 in a slightly different
way from what i usually done in that we keep the embedding of the set of zeroes of @ into
K™ through the analytic map ¥. Usually, only the restriction of ¥ to the subspace W
is mentioned in the Implicit Function Theorem. Of course the usual form follows from the
one given above.
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3-2 Matrix groups in affine space

In this section we shall show how the Implicit Function Theorem can be used to induce a
structure as manifolds on groups that are defined as the zeroes of analytic functions.

We have seen in Example 2-1.17 that Gl,,(K) is open in M,,(K). However, the subgroups
S1,(K), Gs(K), and Gg(K), for a matrix S are not open sets in Gl,(K). Quite to the
contrary they are zeroes of polynomials in the variables x;; which are the matrix entries
(see Exercise 2-1.6). We have that Sl,,(K) is the subset of Gl,,(K) which consists of the
zeroes of the polynomial

The set Gs(K) is the zeroes of the n? quadratic equations in the variables x;; obtained by
equating the n? coordinates on both sides of

(7ij)S" (i) = S.

Finally, SGg(K) is the subset of Gl,(K) which is the intersection of Gg(K) with the
matrices satisfying Equation 3-2.0.1.

On the other hand we have that Gl,(K) itself can be considered as the zeroes of
polynomials in the space M,,;1(K). Indeed we have seen in Example 1-2.11 that we have
an injection @: Gl,(K) — Sl,.+1(K). As we just saw Sl,,;1(K) is the zeroes of a polynomial
of degree n 4 1 in the variables z;;, for 4,7 = 1,...,n + 1, and clearly im @ is given, in
Sl,+1(K) by the relations xzy; = x;; =0 fori=2,...,n+ 1.

3-2.1 Zeroes of analytic functions in affine space

We will now study the more general problem of a subset Z € K" which is given as the
common zeroes of some set of analytic functions defined on K™. The main result is that
in such a set we can always find points around which Z locally looks exactly as some open
set in K™, for some m.

Definition 3-2.1. A subset Z of K" is an analytic set if there is a set of analytic functions
{fitiez such that Z = {z € K" | fi(z) =0, foralliecZ}. For an analytic set Z we
define the ideal of analytic functions vanishing on Z by

I(Z) ={f: K" — K| f is analytic and f(z) =0, forallz e Z}.

Furthermore, at each point x € Z, we define the normal space by

N2 ={ (5@ @, ) 'fGI(Z)}-

Ory " Oy

Remark 3-2.2. 1t is clear that the normal space N,(Z) is a linear subspace of K™ whose
dimension may vary over Z. Let Z, be the set of points x € Z where dimk(N,(Z)) < r.
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Then Z, is given by the points x € Z where all the determinants

Ofiy 0fi

8:17j1 e 8$jr+1

o, . ok

8:17j1 e 8$jr+1
are zero, for iy,4s, ... 4,41 € Z and j1,J2,...,Jrs1 € {1,2,...,n}. These determinants are
analytic functions and hence the set Z, is an analytic set. In particular Z, is closed for
all integers r = 0,1,...,n, which implies that dimg N,(Z) takes its maximal value on an

open subset of Z.

Theorem 3-2.3. Let Z be an analytic set and let x € Z be a point where dimg N,(Z)
attains its maximal value m. Then there exists a neighborhood U of x in K™ and an anlytic
bijection @ : V. — U where V is open in K" such that

(i) &1 U — V is analytic.
(ii)) ZNU =@V NW), where W is a linear subspace of K™ of dimension n — m.

ii) If y is another point where dimx N, (Z) =m, and ¥ : V' — U’ is the corresponding
Yy
analytic function, then the function

vle o UNU) v (UNT),
is analytic as well as its restriction to W N &1 (U NT').

Proof. We first prove the theorem for the special case where m = 0. Then we have that
N, (Z) is zero-dimensional for all points z € Z and it follows that for any analytic function
fin I(Z), we have that 0f/Ox;(x) = 0, for all i = 1,2,...,n and all z € Z. This means
that the analytic functions df /0x;, for i =1,2,..., n, are in I(Z). Inductively, we get that
all partial derivatives D'f of f are in I(Z). However, around each point x € Z, we can
write f as the convergent power series f(z+h) =>,.; D' f(x)h*, which is now identically
zero. Hence there is a neighborhood of z in K" contained in Z which shows that Z is open.
On the other hand, we have that Z is closed, since it is the intersections of the closed sets
f7Y0), for f € I(Z). We know that the only subsets of K™ which are both open and
closed are () and K™. Hence all the assertions of the theorem are fullfilled.
If m > 0, we can pick a subset {f1, fa, ..., fm} of I(Z) such that the vectors

(0f;/0x1(x), 0f;i)0xa(x),. .., 0f |0x,(x)),

fori=1,2,...,m, span N,(Z).

Let Z' be the common zeroes of fi, fo,..., frn. Then we have by the Implicit Function
Theorem 3-1.3 that there is a neighborhood U of x in K" and a bijective analytic map
¢ : V — U with analytic inverse such that 2’ NU = &(V N W), where V is open in K"
and W C K" is a vector space of dimension n — m.
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If we restrict our attention to the set W N &~1(Z NU), we see that this set is the
intersection of an analytic set in W by V. The functions f;® : V N W — K are identically
zero. Hence all their partial derivatives are zero. Let g be an analytic function defined on
W and vanishing on ¢~*(Z N U). Since we know that all the partial derivatives of g&~*
are in the span of (0f;/0xy(x),df;/0xa(x),...,0f/0x,(x)), for i = 1,2,...,m, it follows
that all partial derivatives of g must vanish on all of W N&~1(Z N U). Hence we use the
case m = 0 to conclude that Z’ = Z and the two first assertions of the theorem follows.

For the third assertion, we note that the composition of analytic functions are analytic,
as well as the restriction to linear subspaces. O

Corollary 3-2.4. Let G be one of the groups Gl,(K), SI,,(K), Gs(K) or SGs(K), for a
matriz S. Then, for each A in G there exists an open neighborhood U of A in M, (K),
an open set V in some affine space K™, depending only on the group, and an injective
analytic map @: V — U, whose image is VN G.

Moreover, if W : V' — U’ is another such map, then W=1¢: o=H(UNU") — ¢~ 1({UNU")
18 analytic.

Proof. By the theorem, we can find one point B of G with the properties given in the
corollary. For any other point, A in G, we can compose the analytic maps into G to a
neighborhood of B by the analytic map Asp-1: M,(K) — M, (K) defined by Ayp-1 X =
AB7'X. This map has an analytic inverse and maps a neighborhood of B in G to a
neighborhood of A in G. O

Exercises

3-2.1. Write down the quadratic polynomials in z;; that define O, (K) in Gl,,(K) and Sp,(K) in
GL(K).

3-2.2. Use Exercise 1-4.6 to find directly maps R' — SOy(R) that give bijections from open sets
of R! to some U N SO5(R), where U is open in My(R).

3-3 'Topolgical spaces

In Proposition 2-3.9 Section 3-2 we saw that the groups Gl,(K), Sl,(K), Gg(K), and
SGs(K), for any invertible matrix S, and thus O, (K), SO, (K), Sp,,(K), in a natural way,
can be covered by subsets that are homeomorphic to open subsets in K", for some n.
Like we used the algebraic structure of these groups to motivate the abstract structure
of groups, we shall use the geometric structures to motivate the geometric structures,
topology, manifold, and algebraic variety.

Definition 3-3.1. topological space is a set X together with a collection of subsets U =
{U;}ier of X satisfying the following three properties:

(i) The empty set and X are in U.
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(ii) If {U;}ies is a collection of sets from ¢/, then the union (J,., U; is a set in U.

(iii) If {U;}iek is a finite collection of sets from U, then the intersection (1, . U; is a set
in .

The sets of the form U; will be called open and their complement X \ U; will be called
closed.
Let x be a point of X, we call an open subset of X that contain x a neighborhood of x.

Example 3-3.2. In Section 3-2 we have already seen one of the most important topologies
on the space X = K”. Indeed, the subsets of K" that are unions of balls, form the open
sets of a topology (see Exercise 2-1.4). We call this topology on K", the metric topology
(compare Exercise 2-1.10).

Example 3-3.3. Let X and Y be topological spaces given by open subsets {U; };c; respec-
tively {V;};es. On the Cartesian product the collection of sets consisting of all unions of the
sets in {U; x V}} (i j)erxs defines a topology, called the product topology (see Exercise 3-3.4).

Example 3-3.4. The metric topology on the set K" is the product, n times, of the metric
topology on K.

Definition 3-3.5. Let X and Y be topological spaces. A map @: X — Y is continuous if,
for every open subset V of Y, we have that @~!(V/) is open in X. We say that a continuous
map is a homeomorphism if it is bijective, and the inverse is also continuous.

Example 3-3.6. We saw in Exercise 2-1.15 that, when K is the real or the complex num-
bers, the definition coincides with the usual definition of continuous maps from analysis.

Example 3-3.7. The analytic map @: K" — K" is continuous in the metric topology.
Indeed, it suffices to show that the inverse image of a polydisc P(a,r) in K™ is open in
K", that is, there is a polydisc around every point b in the inverse image that is contained
in the inverse image. Let ® = (®y,...,®,,). Then & *(P(a,r)) = (i, &; ' (P(ai, 1))
Consequently, it suffices to prove that the map is continuous when m = 1. With m = 1
and @ = @1, let b in K™ a point such that ®(b) = a. It follows from Definition 2-4.11 that
we have ®(a+z) = @(a) + P (a)x +r(x), for x in some polydisc P(0, s) in K", where r(x)
@l

llz]]
can make ||@(a + x) — ®(a)|| as small as we like, and @ is continuous.

is analytic in the polydisc, and where lim,_. = 0. Hence, by choosing ||z|| small we

Example 3-3.8. Let @: [0,27) — {2z € C: |z| = 1} be the map defined by &(z) = €™.
Then @ is continuous and bijective. However, it is not a homeomorphism because the image
of the open subset [0, 7) of [0,27) is the upper half circle plus the point (1,0). Hence, the
inverse map is not continuous.

Definition 3-3.9. Let Y be a subset of a topological space X and {U; };c; the open subsets
of X. Then the sets {Y N U,;};cr are the open sets of a topology of Y which we call the
induced topology.
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Example 3-3.10. We saw in Corollary 3-2.4 that the matrix groups Gl,(K), Sl,(K),
Gs(K), and SGg(K), for all invertible matrices S considered as subsets of M, (K), are
covered by sets that are in bijective correspondence, via analytic maps, with balls in affine
spaces. We also saw that these sets can be taken to be the intersection of the group with
a ball in M,,(K). Consequently, these subsets are open sets in the the topology induced by
the metric topology on M, (K), and given a point = in one of the groups G and an open
set U of G in the induced topology, then there is an open subset V of U, obtained as in
Corollary 3-2.4, such that z € V C U.

Exercises

3-3.1. A topological space X is Hausdorff, if, given two points x and y of X, there are open
neighborhoods of z and y that do not intersect. Show that every metric topology is Hausdorff.

3-3.2. Let X = K”. Show that the two metrics, associated by Exercise 2-1.10 to the norms of
Definition 2-1.6 and Exercise 2-1.3, define the same topology on X.

3-3.3. Let X be a set. Show that the family of all finite subsets of X, together with X itself and
the empty set, are the closed sets of a topology. We call this topology the finite topology. Show
that the finite topology is not Hausdorff.

3-3.4. Let X and Y be topological spaces given by open subsets {U; }ics respectively {V;} cs.
Show that the collection of sets consisting of all unions of the sets in {U; x Vj}; jyerxs defines a
topology on the Cartesian product.

3-3.5. Let X = Z and for a € Z\ {0} and b € Z define X, = {ax + b | v € Z}. Let U consist
of all unions of sets of the form X ;.

(i) Show that U is a topology on X.

(ii) Show that all the sets X, for a,b € Z, are both open and closed.
(iii) Let P C Z be the set of prime numbers. Show that {J,cp Xpo = X \ {1, -1}
(iv) Show that {—1,1} is not open, and that this implies that P is infinite.

3-3.6. Let S =K x K\ {(0,0)}, and say that (x,y) = (2/,v') if 2y = 2'y. Define the projective
line Pl by S/ =. Let &,¥ : K — Pk be defined by &(z) = (x,1) and ¥(z) = (1,z), forall z € K
and let U = im® and V = imW¥. Let U be the subsets W of Py such &1 (W) and ¥~ 1(W) are
open.

(i) Show that U is a topology on Pk and that @, ¥ are homeomorphisms.

(ii) Show that {(U,K,®),(V,K,¥)} is an atlas on P, which defines P} as an analytic man-
ifold.

(iii) Show that P is isomorphic to SO2(R) as an analytic manifold.
(iv) Show that the ring (’)P%3 (P&) of analytic functions on Pg consists entirely of constant

functions. (Hint: Use Liouville’s Theorem.)
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3-4 Manifolds

In Remark 2-4.16 we summarized certain properties of the matrix groups under the term
manifold. The same properties that we used were also stated in Corollary 3-2.4. In this
section we introduce manifolds and show how Remark 2-4.16 and Corollary 3-2.4 are rein-
terpreted in the language of manifolds.

Definition 3-4.1. Let X be a topological space. A chart of X consists of an open set U
of X, an open subset V in K" for some n with the metric topology, and a homeomorphism
¢:V — U. A family of charts {(®;, Vi, U;) }ier is called an atlas if the open sets {U; }ier
cover X and if the map &;'®;: &;'(U; N U;) — &, (U; N Uj;) is analytic, when U; N Uj is
non-empty.

Here, and in the following, we write, for simplicity, @;1@ for the map

;M winv;) @i |¢;1(UmUj)'

The set where @;1452- is defined will be clear from the context.

A topological space M together with an atlas of equal-dimensional charts is called an
analytic manifold. It is often convenient to include in the atlas all the homeomorphisms
@:V — U, from an open subset in K" to an open subset in X, such that, for all x € U
and some U; in the chart that contains z, we have that @; '@ is analytic on &~1(U N Uj;).
The condition then holds for all charts containing . Such a maximal chart is called an
analytic structure.

For each open subset U of M the charts &;: &; (U N U;) — U N U; define a structure
as manifold on U, called the itinduced structure.

3-4.2. The number n that appear in the definition of a manifold is uniquely determined by
the analytic structure, in the sense that if @: V' — M is a homeomorphism of an open set
in K™ to an open subset of M, such that for all x in U and some member U; of a chart that
contains x, we have that @; '@ is analytic on @~*(U N U;), then m = n. Indeed, it follows
from Equation 2-4.14.1 that (&;'®)(x) = (&) (P(x))®'(x) is the identity map on K".
Hence the linear maps @;(®(z)) and ¢'(z) are both invertible and we have that m = n.

Definition 3-4.3. The number n appearing in Definition 3-4.1 is called the dimension of
M and denoted by dim M.

Example 3-4.4. The space K" is a manifold. A chart is K" itself with the identity map.

Example 3-4.5. Clearly Corollary 3-2.4 states that the topological spaces Gl,,(K), Sl,,(K),
Gs(K), and SGg(K), and in particular, we have that O, (K), SO, (K), Sp,,(K) are analytic
manifolds.

Example 3-4.6. The homeomorphism R? — C sending (a, b) to a+ bi defines a structure
on C as a real manifold of dimension 2. Similarly the map R* — H sending (a, b, c, d) to
a+1b+ jc+ kd (see Example 1-3.13) defines a structure of a real manifold of dimension 4
on the quaternions H.
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Example 3-4.7. Let M and N be manifolds defined by charts {(®;, U;)}icr respectively
{(¥;,V))}jes. We give the Cartesian product M x N product topology (see Example 3-
3.3). The maps ¢; x ¥;: U; x V; — M x N clearly are homeomorphisms of topological
spaces. Moreover, these maps define a chart on M x N because if ® x ¥: U x V —
M x N is another one of these homeomorphisms, then the map (; x ¥;)(® x ¥)~! on
(Ui X V3) N (@ x 0) (B x W)(U x V) = (UNG; ' S(U) x (V; & " @(V)) is given by the
analytic map ;@' x W;@~!. In this way M x N becomes a manifold which we call the
product manifold.

Definition 3-4.8. Let M be an analytic manifold and U an open subset. A function
f: U — K is analytic if for every x in U and some chart @;: V; — U;, where x is contained
in U;, we have that the map f&; is analytic on @; (U N U;). The condition then holds for
all such charts. We denote by Oy, (U) the set of all analytic functions on U.

Remark 3-4.9. The set Oy (U) is clearly a ring, and for an open subset V' of M contained
in U there is a natural ring homomorphism pyy: Op(U) — Oy (V) sending a function f
to its restriction f|y. The following two fundamental properties hold:

(i) If f € O (U) and there is an open cover {U,};er of U such that pyp,(f) = 0, for all
1 € I, we have that f = 0.

(ii) If {U;}ier is an open covering of U and { f; }:ies is a collection of functions f; € Oy (U;)
such that py, v,nv, (fi) = pu;vinu; (f;), for all 4 and j, there is a function f € Oy (U)
such that pyp,(f) = fi, for all i € 1.

We summarize these properties by saying that Oy, is a sheaf on M.

Definition 3-4.10. Let N and M be analytic manifolds and #: N — M a continuous
map. We say that @ is analytic if, for every open subset U of M and every analytic
functionf: U — K on U, we have that f@ is analytic on @~ !(U). When & has an analytic
inverse, we say that @ is an isomorphism of manifolds.

Remark 3-4.11. It follows immediately from the definition that if ¥: P — N is another
analytic map of manifolds, then the composite ¥@: P — M is also analytic.

Let X be a topological space and U an open subset. We denote by Cx(U) the ring
of all continuous functions U — K. A continuous map @: N — M of topological spaces
induces, for all open subsets U of M, a ring homomorphism Cy;(U) — Cn(f~*(U)), which
sends a function f: U — K to the composite f@: &1 (U) — K. When M and N are
analytic manifolds, the map f@ is analytic, by definition, if and only if it induces a map
D*(U): Oy (U) — On(@7YU)), on the subrings of analytic functions. Clearly @*(U) is a
ring homomorphism and, when V' is an open subset of U we have that

Ou(U) = oy(@ (W)
pU,vl lpdi—l(U),qS—l(V) (3-4.11.1)

on(V) 2 on @1 (v))

is commutative.
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Remark 3-4.12. When M and N are open subsets of K" respectively K", with the induced
manifold structures, we have that a map #: N — M is an analytic map of manifolds if and
only if it is an analytic map of open subsets of K™ and K", in the sense of Definition 2-4.6.
Indeed, the two notions clearly coincide when M = K, and since composition of analytic
functions in the sense of Definition 2-4.6 is again analytic in the same sense, we have that if
a function is analytic as in Definition 2-4.6, it is an analytic map of manifolds. Conversely,
let M C K™ and & = (&q,...,P,,) is an analytic map of manifolds. The coordinate
functions z;: M — K defined by z;(ay, ..., an) = a; are clearly analytic according to both
definitions. Hence x;@ = &, is analytic, for i = 1,...,m. Consequently @ is analytic in the
sense of Definition 2-4.6.

Example 3-4.13. It follows from Corollary 3-2.4 that the inclusion map of the matrix
groups Gl,(K), Sl,(K), Gs(K), and SGg(K), and hence in particular, O, (K), SO, (K),
Sp,,(K) into M,,(K) are analytic.

Example 3-4.14. The group homomorphisms of Examples 1-2.10, 1-2.11, and 1-2.12 are
all analytic.

Example 3-4.15. Let M and N be manifolds. Then the maps m: M x N — M and
mo: M x N — N, from the product manifold onto the factors are analytic maps. We call
m and 7y the projection onto the first, respectively second, factor.

Exercises

3-4.1. Let X = R, and for each open set U € X, let Ox (U) be the set of all functions f : U — R,
such that for all x € U, there exist two polynomials g and h and a neighborhood V of x in U,
with the property that for all y € V

o) = {g(y% ify<e,
h(y) ify>x.
Hence Ox (X) consists of all piecewise polynomial functions on X.
(i) Show that Ox is a sheaf of rings on X.
(ii) Determine the ring of germs Ox, for z € X.

(iii) Determine the tangent space T5(X), i.e., the vector space of derivations D : Ox, — R,
with respect to the augmentation map ¢ : Ox, — R, sending f to f(x).

(iv) Determine the set of vector fields Z on X, i.e, the set of derivations Zy : Ox(U) — Ox (U),
with respect to the identity map Ox (U) — Ox (U), that commute with the restriction maps

puv : Ox(U) — Ox (V).

(v) Determine the set of left-invariant vector fields on X, if the group operation on X is
addition.

(vi) Determine the set of left-invariant vector fields on X \ {0}, if the group operation on X\ {0}
is multiplication.
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3-5 Equivalence relations and applications

Equivalence relations are fundamental in all parts of mathematics. Here we shall define
equivalence relations and give some important examples. The reason that we introduce
the material at this point is that the ring of germs of analytic functions at a point, which
is defined in example 3-5.4, is very convenient for the treatment of tangent spaces in
section 3-6.

Definition 3-5.1. A partition of a set S is a family of disjoint subsets {S;}ic; of S that
cover S. That is

s=Js.

i€l

and

A relation on the set S is a subset T of S x S. If (z,y) is in T we write x = y and say that
x and y are related. We say that the relation = is an equivalence relation if the following
three properties hold, for all x, y and z in S:

(i) (reflexivity) =z = x,
(ii) (symmetry) if x =y, then y = z,
(iii) (transitivity) if x =y and y = z, then x = z.

Given a partition {S;};c; of a set S, we obtain an equivalence relation on S by defining
x to be related to y if  and y lie in the same subset S; for some i. Conversely, given an
equivalence relation = on a set S we obtain a partition {S;};cr of S as follows:

For each z in S let S, = {y € S: y = x} be the set of all elements in S related to x.
Then we have that x € S, and S, = S, if and only if z = y. Let I = S/ = be the set
whose elements are the different sets S,. For z in S we write [z] for the element of S/ =
corresponding to the set S,. Then [z] = [y] if and only if x = y, and each i in S/ = is of
the form [z] for some = in S. For i in S/ = we let S; be the set S, for any z such that
i = [z].

Given a multiplication on S, that is, a map

SxS—=5,

and denote by zy the image of (x,y) by this map. If, for all elements z, y and z of S such
that = y, we have that rz = yz and zx = zy, we obtain a multiplication

(5/=)x(5/=) =5/ =,

defined by [z][y] = [zy]. Indeed, if [x] = [2/] and [y] = [¢/], we have that zy = 2’y = 2'v/,
and consequently that [zy] = [2'y/].
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Example 3-5.2. Let GG be a group and H a subgroup. Define a relation on G by a = b if
ab~! € H. This is an equivalence relation. Indeed, it is reflexive because aa=! = e € H,
symmetric because, if ab™' € H, then ba™! = (ab™')™' € H, and transitive because if
ab™' € H and bc™! € H, then ac™? = ab~!(bc™') € H. We write G/H = G/ =. If H is
a normal subgroup of G, we have that G/H has a multiplication. Indeed, if a = b, then
ca = cb and ac = be, because ca(ch)™t = cab™lc¢™' € G and ac(be)™t = ab™! € G. Tt is
easily checked that, with this multiplication, G/H is a group with unit [e]. Moreover, the
canonical map
G — G/H,

that sends a to [a] is a group homomorphism with kernel H. We call the group G/H the
residue group of G with respect to H (see Exercise 3-5.4).

Let R be a commutative ring and I C R an ideal (see Definition 1-3.1). Let R/I be
the residue group. The multiplication on R induces a multiplication

R/I x R/I — R/I

on R/I, which sends ([a], [b]) to [ab]. With this multiplication R/I becomes a ring, and

the map
R— R/I

is a ring homomorphism with kernel 1. We call R/I the residue ring of R with respect to
I (see Exercise 3-5.5).

The best known case of a residue ring is the residue Z/nZ of Z with respect to the
ideal nZ = {m € Z: n|m} (see Exercises 3-5.1 and 3-5.2).

Example 3-5.3. Let S = K""!\ (0). Defining (aq, . .., a,) and (b, . .., b,) to be related, if
there is a non-zero element a of K such that a; = ab;, for ¢« = 0, ..., n, we obtain a relation
on S. This relation clearly is an equivalence relation. The set (K" \ (0))/ = is denoted
P"(K), and is called the projective space of dimension n over K. We have a canonical map

@: K"\ {0} — P"(K).

The sets U in P"(K) such that #~(U) is open in the metric topology on K™"*! are the
open sets in a topology on P"(K). By definition, the map & is continuous with respect to
this topology and the metric topology on K".

For i = 0,...,n we denote by H; the subset of P"(K) consisting of points of the form
[(ag,...,ai-1,0,a;11,...,a,)]. Then H; is closed in the topology. Let U; = P"(K) \ H;.
Then the sets U;, for i = 0,...n, form an open covering of P"(K). Let

¢;: K" — P"(K)
be the map defined by &;(ay,...,a,) = [(a1,...,a,.1,1,a;,...,a,)]. Then &; is a homeo-
morphism of K" onto the open subset U; of P"(K). We have that the map @;1452- is defined
on the set @; ' (U;NU;) and is given by@;léi(al, o) = (%, A A G where
aj # 0 because D;(a1, ..., a,) is in U; N U;. We see that (U]Z-,@i), for 4 :]O, - ,n] define a
chart on P"(K), which makes P"(K) into a manifold over K of dimension n.
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Example 3-5.4. Let M be a manifold and = a point of M. Let S be the set consisting
of pairs (U, f), where U is an open neighborhood of z and f an analytic function on
U. We give a relation on S by defining (U, f) to be related to (V, g) if there is an open
neighborhood W of z, contained in U NV such that f|y = g|lw. Clearly this relation is
an equivalence relation. The residual set S/ = is denoted by Oy .. The elements of Oy,
can be added and multiplied by the rules [(U, f)] + [(V,g)] = [(UNV,(f + ¢)|lvnv)] and
(U, H(V.g)] = [(UNV.(fg)lunv)]. Clearly Ox , becomes a ring with this addition and
multiplication, zero being the element [(A/,0)] and the unity the element [(M, 1)].
For every open neighborhood U of x we obtain a ring homomorphism

Ou(U) — Oy

sending f to [(U, f)]. The ring Oy, is called the ring of germs of analytic functions at .
We also have a ring homomorphism

OM,:B - K7

sending f to f(x). This map is called the augmentation map at x.
Given an analytic map @: N — M of analytic manifolds, we have a natural ring
homomorphism
45;1 OM,@($) - ON,x

defined by @3[(U, )] = [(27'(U), fP)].

Exercises

3-5.1. Show that the ring Z/nZ has n elements.

3-5.2. Show that Z/nZ is a field if and only if n is a prime number.

3-5.3. Show that R/I is a field, if and only if I is not contained in any other ideal.

3-5.4. Let H be an invariant subgroup of a group G. Show that the product [a][b] = [ab] is well
defined for all a and b in G/H and that G/H with this product is a group. Also, show that the
map G — G/H that sends a to [a] is a groups homomorphism.

3-5.5. Let R be a commutative ring and I C R an ideal. Show that the multiplication on R
induces a multiplication
R/I x R/I — R/I

on R/I, which sends ([a], [b]) to [ab]. Moreover, show that with this multiplication R/I becomes
a ring, and the map
R— R/I

is a ring homomorphism with kernel I.
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3-6 Tangent spaces

In this section we shall introduce the tangent space of an analytic manifold. We start by
studying the tangent vectors to curves in K" in order to motivate the definitions.

3-6.1. Let v: U — K" be an analytic map on a ball U of K. The image of such a map is
a curve (see Definition 2-5.1). Let ¢ € U. Then the curve passes through y = y(c). The
tangent to the curve at ¢ is the derivative 7/(c) of v at ¢ (see Definition 2-4.11 and Remark
2-4.14). Each vector v of V¢ is the derivative of the curve v: K — K" through y, defined

by v(t) = y + tv.
Given a curve v: U — K", with tangent v = 7/(c) at ¢. We obtain a map

-D’U: OKn7y — K

which send an element [(V, f)] to the derivative (fv)'(c) at ¢ of the composite map fv: UN
v (V) — K. If follows from the Formula 2-4.14.1 that

Do(f) = ') = 50, ().

=1

In particular, the function D, depends only on the tangent vector v = +/(¢). Let [(W, g)] be
another element of Okn ,. From the derivation rules for analytic functions in one variable,
applied to fy|yaw and gv|ynw, we obtain that the function D, is a K-linear map and that

Dy(fg) = f(y)Dug + g(y) Do f.

Definition 3-6.2. Let K be any field, and let R and S be K-algebras. Given a ring
homomorphism ¢: .S — R, which is the identity on K. Such a map is called a K-algebra
homomorphism. A linear map

D:S— R

such that
D(ab) = ¢(a)Db + ¢(b)Da,

for all elements a and b of S, is called a derivation with respect to ¢.

3-6.3. With this terminology D, is a derivation on Ok~ ,, with respect to the augmentation
map.
Conversely, given a K-linear map

D: OKn’y — K,

which is a derivation for the augmentation map. There is a unique vector v such that
D = D,. Indeed, let z; be the coordinate functions in Okn , defined by (K", z;), where
zi(as, ..., a,) = a; —y;. Given [(U, f)] in Okn , it follows from Remark 2-4.14 that

y)+2%( +ZZ$Z x)gi;(2), for all  in U,
i=1 v

=1 j=1
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where the g;; are analytic functions on U. Since D is a derivation with respect to the
augmentation map, we obtatin that D(1) = D(1-1) = 1D(1) 4+ 1D(1), which implies that
D(1) = 0. Moreover, D(x;;9:;) = x(y)9i;(y) D (i) +2i(y) gi;(y) D(w;) +:(y) 2 (y) D(gi5) =
0. Thus we get that

pf =3 2L )i = D,t,

where v = (D(xy), D(xg),...,D(x,)) is the tangent vector of the curve v: K — K",
defined by ~(t) = y + tv.

From the above considerations it is natural to make the following definition:

Definition 3-6.4. Let M be a manifold, and z a point of M. The tangent space T, (M)
of M at z is the space of derivation Oy, — K, with respect to the augmentation map.

Example 3-6.5. Let y be a point of K”. Then it follows from Paragraph 3-6.3 that T;,(K")

is a vector space of dimension n and a basis is given by the derivations Dy, D, ..., D,
defined by

DZ(ZEJ) = 045, for 1 S Z,] S n,
where x1,29,...,7, are the coordinate functions in Okn , with respect to the standard

basis of K™. We sometimes write D; = 0/0x;.

Example 3-6.6. Let N be a manifold and U an open subset with the induced topology.
Then clearly U is a manifold and Op, = Op,, for all z in U. Hence we have that
T.(U) = T,(N).

3-6.7. The advantage of Definition 3-6.4 to that of Section 2-5 is that it is independent of
choice of charts. On the other hand, the advantage of the considerations of Section 2-5 is
that they give an explicit description of the tangent space as vectors in the space K™. In
particular, it follows from the above description that T, (M) is a vector space of dimension
equal to dim M. To be more precise, let @: V' — M be a chart with V' open in K" and let
U = ®(V). Then, for y =@ '(x) € V, we have an isomorphism of rings

45;: OM,:B - OV,¢*1($)7
(see Example 3-5.4), and consequently an isomorphism
T@—l(gg)(‘/) — TgC(M)

of tangent spaces. We have a basis of T, (M) consisting of the derivations D;, which are
the images of the derivations 0/0x;: Okn, — K. Hence, for [(W, f)] in Oy, we get that
Di(f) = 0f®/0x;(y). Note that the basis Dy, Ds, ..., D, depends on the chart (V,®).
On the other hand, when we have chosen one chart, it will give a natural basis for the
tangent space in all points of this chart. We often write D; = 0/0z;, as mentioned in
Example 3-6.5, when having specified a chart.
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3-6.8. Given an analytic map ¢: N — M of manifolds. For each z in N we have a ring
homomorphism
P, Opa(z) — Ona,

(see Example 3-5.4). Hence we obtain a map
T,9: To(N) — T (M),

that sends a derivative D of Oy ,, with respect to the augmentation map on Oy, to the
derivative D@}, of Oy e(,), with respect to the augmentation on Oy (). Clearly, the map
T,® is a K-linear map. Moreover, if : P — N is an analytic map and x is a point of P,
we have that Ty, T,V = T,PV.

Definition 3-6.9. A curve in a manifold M is an analytic map v: B(a,r) — M, for a ball
in K. The tangent 7/(a) of the curve in v(a) is the image T,7v(d/dt) of the standard basis
d/dt of T,(K) = Vg by the map T,7v: T,(K) — T, @) (M).

Remark 3-6.10. It follows from the definition of Paragraph 3-6.8 that, give a chart ®: U —
M such that v(a) € ®(U), and &1y (t) = (71(t),...,7.(t)) in a neighborhood of a, then

To-1 ()12 (V1(a), - .., 7p(a) = 9/ (a).

Consequently, the definition of the tangent to a curve of a manifold corresponds, via a
chart, to the tangent to the corresponding curve of K", as given in Paragraph 3-6.1 and
Definition 2-5.1.

Definition 3-6.11. Let M and N be manifolds, where N is a subset of M. We say that
N is a submanifold of M if the inclusion map of N in M is analytic and if the resulting
map T, N — T, M of Paragraph 3-6.8 is injective, for all x in N.

Example 3-6.12. It follows from Example 3-4.13 that the groups Gl,,(K), S1,,(K), Gs(K),
and SGg(K), and thus O, (K), SO, (K), Sp,,(K) are submanifolds of M,,(K).

Example 3-6.13. Let M and N be manifolds. Then M x N with the product topology
is a manifold (see Example 3-4.7). For each point y in N we have a closed subset M x {y}
of M x N, and we have an isomorphism @,: M — M x {y} that sends a point x of M to
(x,y). This map defines a structure of manifold on M x {y}, and it is clear that, with this
structure, we have that M x {y} is a submanifold of M x N.

The inclusion @, induces a map 1,9, : T, M — T, (M x N). Moreover, the composite
map of @, with the projection m: M x N — M onto the second factor is the identity on
M. The map T, ym is therefore the inverse map to T,®,. Let ¥,: N — M x N be the
map defined by ¥, (y) = (z,y) for all y in N. We obtain a map:

T,8, x T,0,: T,M & TyN — Tiy, (M x N),
from the direct sum of the spaces T, M and T, N (see Example 1-6.4) and a reverse map:

T(Ly)’/ﬁ X T(%y)ﬂ'g: T(x,y)(M X N) — T, M & TyN,

74



which sends (D, D’) to T(g )71 (D) + T (54 m2(D’). It is clear that the two maps are inverses
to each other. Consequently, there is a canonical isomorphism

Tiayy (M x N) — T, M & T,N
of vector spaces.

Example 3-6.14. Let N be the subset {(a* a*): a € K} of K? and let N have the
topology induced by the metric topology on K?. The map f: K — N defined by f(a) =
(a% a®) defines a chart, and atlas on N. Hence N is a manifold. The inclusion map is
clearly analytic. However, N is not a submanifold, because the map on tangent spaces
Tyi: To(K) — Tig2,%(K?), sends the basis vector D to the vector (2aDy,3a*D,), where
{D}, {Dy, Dy} are the bases on the tangent spaces corresponding to the standard bases
on K and K2. However, this map is zero at a = 0.

Lemma 3-6.15. Let M and N be manifolds of dimenssions m andn. Suppose that N C M
and that the inclusion map is analytic. Then N is a submanifold of M if and only if around
each point x of N, there is a chart ®: U — M such that ®~*(N) is the intersection of U
by a linear subspace W € K™ of dimension n and ®|w: W NU — N is a chart of N.

Proof. 1t is clear that, if the condition of the lemma holds, then the map of tangent spaces
is injective, indeed the map is equal to the inclusion map of W into K™.

Conversely, assume that N is a submanifold of M. Fix z in N and choose charts
Y: V' — N and p: U — M, such that V' C U’. It follows from Paragraph 3-6.7 that
we have isomorphisms Ty-1)V — T, N and Tyy-1yU — T, M. Consequently the map
o 1.V — U gives an injective map Ty-1(,)V — Tpy-1()U. The latter map is the same
as (p~ 1) (x). Tt follows from Theorem 3-1.2 that the condition of the lemma holds. [

Proposition 3-6.16. Let N be a submanifold of M, then N is locally closed in M, that
18, for each x in N there is a neighborhood U of x in M such that N N U is closed in M.

Proof. Since a linear subspace W of K™ is closed in K™, it follows from Lemma 3-6.15
that N is locally closed in M. O

Proposition 3-6.17. Let N be a submanifold of M, then the map Opp — Ong 1S sur-
jective, for all points x in N.

Proof. Let x be a point of N. Since N is a submanifold of M, it follows from Lemma 3-6.15
that we can find a chart @: U — M around z such that #~'(N) N U is the intersection of
a linear space W with U and such that @|y is a chart for N around x. Thus it suffices
to show that any analytic function f defined on W N U can be extended to an analytic
function on all of U. This can be done by composing f with some linear projection of K™
onto W. Since all linear maps are analytic, this compsition will be analytic on U. 0
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3-7 The tangent spaces of zeroes of analytic functions

We shall, in this section, give an easy method to compute the tangent spaces of subsets of
K" defined as the zeroes of analytic functions, and use the method to compute the tangent
spaces of the matrix groups.

Let Z be a submanifold of K" which is the set of zeroes of analytic functions {f;}ics.
Since Z is a submanifold we know that in each point x of Z, there is an injective map
T.7 — T,K". We want to explore in what way the linear space T,Z is a subspace of
T,K".

Let D: Okn, — K be an element of 7, K™ which is also an element of 7,,Z. For any f
in I(Z) we have that f — 0 via the map Okn , — Oz, and we must have that Df = 0.
Thus we get

T,Z C{D e T,K" | Df =0, forall fel(Z)}. (3-7.0.1)

We know from Example 3-6.5 that T, K™ is the set of derivations > | a;0/0z;, where
a1, 0, ..., a, € K. Thus the set {D € T, K" | Df =0, forall f € I(Z)} can be written
as
(S0 [£02-
'Oz

a; =
—1 aZ’Z

1=

i=1

0, forall fe I(Z)},

which we can also describe as N,(Z)%. On the other hand, we know from Theorem 3-2.3
that the dimension of Z is n — dimk N,(Z). Thus dimg 7,(Z) = dimg N,(Z)*, which
proves that the inclusion of (3-7.0.1) is an equality.

The observation that the tangent space of a manifold N, defined as the zeroes of
analytic functions, depends on the the linear terms of the analytic functions only, can
be conveniently expressed by the, so called, epsilon calculus. This calculus disregards,
in a natural way, all terms of degree higher than 1. To explain the calculus we notice
that the ring of dual numbers of K (see Example 1-3.15), has a norm, which makes it
possible for us to talk about analytic functions f: U — KJe| defined on open subsets U
of K[e]". Let f: U — K be an analytic function defined in a neighborhood U of a point
r € K" Then we can extend f to an analytic function f: V — K|e], where V is open in
K{e]", by using the same power series. Suppose f is given by f(z + h) = Y, ., ¢;h’, for
small h. Then we define f by f(z 4+ hy + hoe) = >, ci(h1 + hee)'. Since we have that
(h1 + hee)' = Rt + > ljl=1 hi 7 hje is a sum with n + 1 terms for each 7, we can change the
order of summation to get

flathi+he) =) chi+ed Y (;) hi 7 h)

i€T li|=1 i€eT
= fle+mh)+e> D f(x+h)hi
lj]=1

Equality 3-7.0.1 can now be expressed as

T,Z)={veK"| fly+ev)— fly) =0, forall feI(Z)}.
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3-7.1 The tangent spaces of the complex matrix groups

A disadvantage of the formula 3-7.0.1 is that we need full knowledge of 1(Z), the ideal of
analytic functions vanishing on Z, which is not so easily acquired. In most cases Z is given
by a set of analytic functions { f; };c; and we do not know whether these functions actually
generate [(Z) or not.

We will now show how we in the complex analytic case can compute the tangent spaces
of our matrix groups by the method described above. The treatment will not be self-
contained, since we need results from the theory of several complex variables which would
take too much space here. We refer to Griffiths—Harris [4] for these reults.

First we need some concepts from algebra, which also will be utterly important in the
study of algebraic varieties in Chapter 5.

Definition 3-7.1. A ring R where no non-zero element is a zero-divisor is called an integral
domain or sometimes just domain. In an integral domain, we say that an element f is
irreducible if in any factorization f = gh, either g or h is invertible. An integral domain
R is a unique factorization domain if every non-zero element f can be uniquely — up to
invertible elements — written as a product of irreducible elements.

Example 3-7.2. The integers Z is the standard model of a domain. The irreducible
elements are 1 and +p, where p is prime number. It is also a unique factorization
domain, since we have unique prime factorization of all positive integers. An example of a
domain which does not have unique factorization has to be somewhat more complicated;
R = {a+0biv5|a,b € Z} is an example, since 6 have two different factorizations, 2 -3 and
(1 +iv/5)(1 — iv/5), into irreducible elements. (It is a domain, since it is a subring of the
complex numbers.)

We will now quote two results from the theory of several complex variables without
proof.

Theorem 3-7.3. The local ring Ocn , of analytic functions defined in neighborhood of a
point x is a unique factorization domain.

Theorem 3-7.4. (Weak Nullstellensatz) If h € Ogn , vanishes on the zeroes of an irre-
ducible function f € Ocn 5, then h = fg for some g € Ocn ;.

Remark 3-7.5. Observe that this is not true for real analytic functions, since for example
2% +y? is an irreducible analytic function defined around the origin in R?, while neither
nor y is divisible by 22 + y2, though they both vanish at the origin, which is the zero set
of 22 + y2.

From these two theorems, we can prove the following fundamental theorem for the
zeroes of analytic functions which basically states that the set of zeroes of an analytic
function on C" cannot have dimension less than n — 1. This is not true for real analytic
functions, as the remark above shows.
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Theorem 3-7.6. (Dimension Theorem) Let f : C* — C be an analytic function and let
Z be the set of zeroes of f. Then we have that

dimg N, Z <1, for all points x in Z.

Proof. By Theorem 3-7.3 there is a factorization of f as a product of irreducible functions
f = fifa+-- fm. Since the zero set of a power of an analytic function equals the zero set
of the function itself, we may assume that the functions fi, fo,..., f,, are distinct and do
not divide each other. Let h be any function in I(Z). Since h vanishes on the zero set
of fifo--- fmm, it must vanish on the zero set of each f;. Thus Theorem 3-7.4 says that f;
divides h for ¢ = 1,2,...,m, but since the f;’s does not divide each other, we conclude
that h = fifs- - fng = fg, for some analytic function g. Now if D € T, C™ is a derivation,
where © € Z, we have that

Dh = f(z)Dg + g(x)Df = g(x)Df.

Thus the vector (0f/0z1,0f/0xs,...,0f/0x,) spans N, Z, whose dimension thereby is at
most 1. U

Corollary 3-7.7. Let fi, fo,..., fn be analytic functions on C™ and let Z be the subset of
C" where they vanish. Then we have that dimc N,Z < N, for any point x in Z.

Proof. Let Z, be the zero set of f;. By the theorem we have that dimc N,Z; < 1, for
x € Z. By Theorem 3-2.3, we can parametrize the Z; around any point x € Z where
dim¢ N, Z is maximal, by an open subset of C™ or C"~!. The analytic functions fo, ..., fx
define analytic functions on this set and the corollary follows by induction. O

If the maximum in the corollary is attained, we say that Z is a complete intersection.
In particular, if we have that

{DeT,C"|Dfi=0, fori=1,2,... N} (3-7.7.1)

has dimension n — N, we get that dimc 7,72 < n — N, while by the corollary, dimg N,Z <
N. These two inequalities together imply that we have equality, and Z is a complete
intersection. Thus 3-7.7.1 gives an expression for the tangent space T, 7.

We shall now see that the ordinary complex matrix groups are complete intersections
in the affine space of matrices.

Example 3-7.8. The group Sl,,(C) is a subset of M,,(C) = C", defined by the polynomial
equation f(z;;) = det(x;;) —1 = 0. We now consider the space of derivations D €
T;, M,,(C) such that Df = 0, which by the epsilon calculus equals

{(A € M,,(C) | det(I, + cA) — det I, = 0}.

A short calculation shows that det(I,, +cA) =1+ etr A, where tr A is the trace of A, i.e.,
the sum of the diagonal elements of A (see Exercise 3-7.2). Since the trace is a non-zero
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linear equation in the entries of A, the subspace of matrices of trace zero has dimension
n? — 1. Thus we have that Sl,,(C) is a complete intersection in M, (C). Consequently, we
have that

Ty, (S1,(C)) = {(a;;) € M,,(C) | tr A = 0}.

That is, T7, (S1,,(C)) consists of all matrices whose trace is equal to zero. In particular we
have that the tangent space, and hence Sl,,,(C) both have dimension n* — 1 (see Exercise
2.5.4).

Example 3-7.9. The group O,(C) is the subset of M,(C) = C" defined by the n?
polynomials, in n? variables, that are the coefficients in the matrix ‘XX — I, However,
these polynomials are not independent, since XX — I, is a symmetric matrix. Thus there
are only n(n + 1)/2 different entries, f;;(X), for 1 < ¢ < j < n. The space of derivations
D €Ty, 0,(C) such that Df;; =0, for all 1 <i < j < n can by epsilon calculus be written
as

{A e M,(C) | (I, + Ae) (I, + Ae) — I,, = 0}.

We have that (I, + Ae)(I,, + Ae) — I,, = (1, +'Ae)(I, + Ae) — I, = I, + '"Ae + Ae — I,, =
(*fA+ A)e. Consequently, the space we are looking at is

T}, (04(C)) = {A € M, (C) | A+ A = 0}.

That is, the set of all skew-symmetric matrices. This space has dimension n(n — 1)/2 (see
Exercise 2-5.5). In particular, we have that n(n — 1)/2 + n(n + 1)/2 = n?, and O,(C)
is a complete intersection in M,,(C). The tangent space, T, O,(C) is equal to the set of
skew-symmetric matrices.

The subspace SO,,(C) is defined in M, (C) by the same equations as O,(C) plus the
equation det(z; ;) —1 = 0. This is not a complete intersection, since at any point of O,,(C),
the determinant is either 1 or —1. Thus, if x € SO,,(C), then all points in a neighborhood
of z in O, (C) is in SO, (C), and the new equation will not contribute N, SO,,(C). Thus the
tangent space of SO,,(C) is equal to the tangent space of O, (C) at any point of SO,,(C).

Example 3-7.10. The symplectic group Sp,,(C) is the subset of M,,(C) of common zeroes
of the n? polynomials in n? variables that are the coefficients in the matrix XS'X — S.
These are not independent, since X S'X — S is skew-symmetric and we have, in fact, only
n(n — 1)/2 different equations f;;(X), for 1 < ¢ < j < n. We consider the space of
derivations D € T I,LC"2 such that Df;; = 0, for all 1 < i < j < n, and obtain by epsilon
calculus the form

{A € M,(C) | (I, + Ae)S(I, + Ae) = S}.

We have that (1, + A2)S(I, + Ae) — S = S + 'ASe + SAe — S. Consequently, we have
that this space is equal to

{A € M,(C)) | 'AS + SA = 0}.

However ‘AS + SA = SA —'A'S = SA — {SA). Consequently, the isomorphism of vector
spaces M,(C) — M, (C), which sends a matrix A to SA (see Exercise 2-5.6), maps this
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space isomorphically onto the subspace of M, (C) consisting of symmetric matrices. In
particular, this space has dimension n(n + 1)/2 = n? — n(n — 1)/2, which shows that
Sp,,(C) is a complete intersection in M,,(C). The tangent space T}, Sp,,(C) has dimension
n(n 4+ 1)/2 (see Exercise 2-5.7).

Exercises
3-7.1. Prove that for any integer d, the set Z[Vd] = {a + bv/d|a,b € Z} is an integral domain.

3-7.2. Show that det(l, +cA) =14 > " | Aje.

3-8 Connectedness

As we observed in Sections 1-10 and 3-6 we can not yet distinguish O, (K) from SO, (K).
There is however, an important topological invariant, connectedness, that distinguishes
O, (K) from the other matrix groups.

Definition 3-8.1. Let X be a topological space. An arch in X is a continuous map
v:[0,1] — X from the closed unit interval, with the metric topology, to X. We call v(0)
and y(1) the beginning, respectively end, of the arch.

Remark 3-8.2. If we have two arches, given by, v: [0,1] — X and 6[0,1] — X such that
v(1) = 6(0), then the map e: [0,1] — X defined by £(a) = v(2a), when a € [0, 3], and
e(a) = 0(2a — 1), when a € [3,1], gives an arch which begins in 7(0) and ends in §(1).
Thus the property that x and y can be connected by an arch yields an equivalence relation
on X.

Definition 3-8.3. A topological space X is archwise connected if, for every pair of points
x, y of X, there is an arch which begins in  and ends in y.

The space X is connected if it can not be written as the union of two disjoint non-empty
open sets. That is, there does not exist open sets U and V' of X such that X = U UV and
unv =4.

A subset Y of X which is connected in the induced topology, and not contained in any
other connected subset is called a connected component (see Exercise 3-8.4).

Remark 3-8.4. The assertion that X is connected can be expressed in many different ways,
like X is not the union of two disjoint non-empty closed sets, the complement of an non-
empty open set can not be open, or, the complement of a non-empty closed set can not be
closed.

Example 3-8.5. The unit interval [0, 1] is connected (see Exercise 3-8.1).

Example 3-8.6. The space K" is archwise connected in the metric topology. Indeed, any
two points can be joined by a straight line.
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Example 3-8.7. When the field K is infinite, the space K" is connected in the Zariski
topology (see Exercise 3-3.1). On the other hand, when K is finite, all subsets are open,
and K" is not connected.

Lemma 3-8.8. Let X be a topological space. Then X can be written uniquely as a union
X = {Xi}icr, where the X; are the connected components. We have that X; N X; = 0,
when 1 # j.

Proof. Let {Y;},ecs be an ordered set of connected subsets in X, that is Y; C Y or Y CY;
for all j, 5" in J. Then we have that ey Yj is connected, because a disjoint presentation
of the union must give a disjoint presentation of at least one of the Y;. Given a point x in
X, and let {Y};cs be the family of all connected subsets of X that contain z. We obtain
that every point is contained in a connected component of X. Consequently we have that
X is the union of connected components. Two components can not intersect, because
then the union would be connected. Similarly, we see that a composition into connected
components is unique. [

Lemma 3-8.9. An archwise connected topological space is connected.

Proof. Assume that X is archwise connected. If X = U UV, where U and V are open,
non-empty, disjoint sets such that X = U UV we choose points x and y in U respectively
V. There is an arch given by v: [0,1] — X, beginning in x and ending in y. Then [0, 1]
is the union of the two non-empty open sets v~ 1(U) and v~ 1(V), and v 1 (U) N~y 1(V) =
v HUNV) = 0. However, this is impossible, since [0, 1] is connected (see Example 3-8.5).
Hence X is connected. H

Lemma 3-8.10. A connected manifold is archwise connected.

Proof. Let M be a connected manifold. For each point x of M, denote by U, the set of
points that are the ends of arches in M that begin at x. We have that U, is open, because,
if y is in U,, then there is a chart f: B(0,7) — M, from a ball in K™, such that f(0) = y.
Clearly the ball is archwise connected. Consequently we have that f(B(0,r)) is archwise
connected (see Remark 3-8.2), and hence is contained in U,. Hence U, is open. Fix z in
M. 1t U, is not all of M, then, for every point y in M outside of U,, the set U, is disjoint
from U, by Remark 3-8.2. Consequently the complement of U, is open, which contradicts
the connectivity of M. We thus have that M = U,, and hence is archwise connected. [J

Lemma 3-8.11. Let f: X — Y be a continuous map of topological spaces. If X is con-
nected, then f(X) is connected.

Proof. Assume that Y can be written Y = U UV where U and V' are non-empty open sets
such that f(X) N f~Y(U) and f(X) N f~1(V) are disjoint. Then X = f~HU) U f~(V)
expresses X as a union of disjoint open sets. Since X is connected we must have that
f(X) C U or f(X) C V. Consequently f(X) is connected, and we have proved the
lemma. ]
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Proposition 3-8.12. The groups Gl,(C), S1,(C) and Sl,,(R) are connected in the metric
topologies, whereas Gl,(R) consists of two connected components.

Proof. 1f follows from Proposition 1-5.2 that every element A of Gl,(K) can be written in
the form A = E;, ;,(a1) - - - E;, ;. (an)E(a), where E(a) is the matrix 1-5.2.1 and a = det A.
Thus we can construct an arch v: [0, 1] — Gl,(K) from E(a) to A by

v(t) = By j,(tay) - - B, (ta,) E(a), for t € [0, 1].

If A € S1,(K), we have that a = 1, which proves that any point of Sl,,(K) can be connected
by an arch to I,, and Sl,,(K) is connected. If K = C, we can find an arch v : [0, 1] — GL,(C)
from E(a) to I, since C\ {0} is connected. Thus Gl,(C) is connected. For Gl,(R), we
can connect F(a) by an arch to E(—1) or I,, = FE(1), depending on the sign of detA. On
the other hand det™'(1) and det™'(—1) are disjoint open sets of Gl,(R) whose union is
Gl,(R). Thus Gl,(R) consists of two connected components. O

Proposition 3-8.13. The group SO, (K) is connected and O,(K) is not connected with
respect to the metric topology.

Proof. We have that det™'(1)Udet™'(—1) gives a partition of O,,(K) into two disjoint open
sets. Hence O, (K) is not connected.

It follows from Proposition 1-9.4 that SO,,(K) is generated by products of two reflections
of the form s,, where (z,z) # 0. Let A = [] 54,5, be an element of SO,,(K). If we can show
that the set {z € V"(K) | (z,2) # 0} is connected, we can find archs 7;: [0,1] — V"(K)
from x; to y;, for all i. Thus we can define an arch «: [0, 1] — SO, (K) by v(t) = [] 5+, Sy,
which goes from A to I, and SO, (K) is connected.

It remains to prove that X = {z € V*(K) | (z,z) # 0} is connected. For K = R, we
have that X = V"™(R) \ {0}, which is connected for n > 1. The case n = 1 is trivial, since
SO;(K) = {1}. For K = C, we can take a complex line through any two points z,y € X.
On this line, there are at most two points not in X, but the complex line minus two points
is still connected. Hence we can find an arch between x and y in X. O

Proposition 3-8.14. The group Sp,,(K) is connected.

Proof. 1t follows from Proposition 1-9.9 that every element of Sp,,(K) can be written as
a product of transvections 7(x,a), where 7(z,a)(y) = y + a{x, y)x. From Remark 3-8.2 it
follows that it suffices to find an arch y: [0, 1] — Sp,,(K) such that v(0) = [,, and (1) = 7.
However, we can define such an arch by v(t) = 7(x, ta), for ¢t € [0, 1]. O]

Example 3-8.15. We collect the information we have about the matrix groups in the
Table 2:

As we observed in Section 1-10 the size of the center alone suffices to distinguish Gl,,(C)
from the remaining groups. Moreover, for n > 2, the same is true for Sl,(C), and, when n
is odd for SO, (C). Hence none of these sets are isomorphic as groups. The group O, (C)
is the only one that is not connected and can not be homeomorphic, as topological space,
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Group n  Center Dimension Connected
GL,(C) | arth. K* n? yes
SI,(C) | artb. Z/nZ n?—1 yes
0,(C) | arh. {£1} n=l) 1o
SO,(C) | even {£1} "("271) yes
SO,(C) | odd 1 n(n—d) yes
Sp,(C) | arb.  {£1} LGRS yes

Table 2: The classical groups over the complex numbers

to any of the other groups. Finally, SO, (C), for n even can not be equal to Sp,,(C) as
manifolds for n even, since then they must have the same dimension and then we must have
that n(2n+ 1) = m(2m — 1), for some integers m and n. This implies that 2(m —n) = —1,
which is impossible. Consequently we can distinguish the matrix groups over C. We see
that we have used notions from group theory, topology, and from the theory of manifolds
to separate the groups. It is therefore natural to introduce structures that take both the
algebraic and geometric structures into account. We shall do this in Chapter 4.

In the case when the field K is the real numbers, the center of Sl,(R) is also £I,.
In this case we can, as above distinguish all groups except Sl,(R) and Sp,,,(R), when
n? — 1 =224 “and Sl,(R) and SOs,, (R), when n? — 1 = 222771 (see Exercise 3-8.3).
The possibility that Sl,(R) can be isomorphic to SO,,(R) can be ruled out by introducing
compactness, which is a topological invariant. We shall see how this is done in the Section 3-
9.

Exercises
3-8.1. Show that the unit interval [0,1] is connected.

3-8.2. Let SO2(R, S) be the special orthogonal group with respect to the form S = ((1) _01) . Show
that SO3(R, S) = {(% 2) ca,beRa? -2 = 1}, and that SO3(R,.S) is not connected.

3-8.3. Determine all positive integers m and n such that
2m(2m + 1)
5 .

3-8.4. Prove that X is connected if and only if X is not the union of two disjoint non-empty
closed sets, or, if and only if the complement of an non-empty open set can not be open, or, if
and only if the complement of a non-empty closed set can not be closed.

n?—1=
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3-9 Compact topological spaces

Definition 3-9.1. Let X be a topological space. A subset S of X is compact if, for every
family of open sets {U;}icr that cover S, that is, such that S = J,.; Us, there is a finite
subset U;,,...,U;, , for some n, that cover S.

Proposition 3-9.2. A subset of R" is compact if and only if it is closed and bounded.

Proof. Assume that S is compact. First we show that S is bounded. Every point x in S
is contained in a ball B(z, 1) of radius 1. We have that the family J,.q B(x,1) covers S.
Hence, there is a finite subcover B(z1,1),..., B(z,,1). The union of this finite family of
bounded sets is clearly bounded. Hence S is bounded. We next show that S is closed.
Let y be a point of R"™ not in S. For every x € S there are balls B(y,¢,) and B(x,¢,)
such that B(y,e,) N B(x,e,) = 0. The sets {B(x,£,)}ses cover S. Hence there is a finite
subcover B(z1,€4,),. .., B(¥m,€s,,). We have that U = (*, B(y, €,,) is an open subset
containing y such that U N B(z;, €,,) = 0, for i = 1,..., m. Consequently UNS = (). Since
every point of R™ that is not in S has a neighborhood that does not intersect S, we have
that S is closed.

Assume that S is a closed and bounded subset of R"™. Let {U;};c; be an open covering
of S. Assume that S can not be covered by a finite subfamily of this covering. Since S
is bounded we have that S is contained in a box of the form By = {z € R": |z;| < §} of
side-length a, for some a. Divide By into 2" boxes, By1, Bia» of side-length . Since S can
not be covered by a finite number of the U; the same is true for at least one of the sets,
say By = By; NS. We subdivide B; into 2" boxes Byy, ..., Bogn of side-length 7. Since
By NS can not be covered by a finite number of the open sets U; the same is true for at
least one of the, say By = Bsj,. We continue this reasoning and obtain a sequence of boxes
By D By D By D - -+, where B; has side-length Z;, and such that B; NS can not be covered
by a finite number of the U;.

Let, for j = 1,...,m, the j'th side of B; be [a;;, b;;]. Then ay; < agj < --- < by; < by,
and b;; — a;; = 5;. Let b; be the greatest lower bound for the set by; > by; > ---. Then
a;; < b; < b, for all i. Consequently, the point (by,...,b,) is in N, B;. We have
that b € U, for some [. Since the side of B; is 3;, we can find a j such that B; C U;. In
particular B; can be covered by a finite number, in fact one, of the sets U;. This contradicts
the assumption that S can not be covered by a finite number of the U;, and we have finished
the proof. O

Example 3-9.3. The groups Gl,(R) and Sl,,(R) are not compact, for n > 1. Indeed, they
contain the matrices E; j(a) for all i # j, and consequently are not bounded.

Example 3-9.4. Both of the groups O, (R) and SO, (R) are compact. Indeed, they are
defined as the zeroes of the n? polynomials that are the coefficients of the matrix identity
X'X =1, and SO, (R) is the zero also of the polynomial det X — 1. Hence the groups are
closed. However, the relations z% + ---+ 22 =1, for i = 1,...,n, which are obtained by
considering the diagonal entries of the matrix relation, show that the points of O, (R), and
thus those of SO, (R), are contained in the unit cube in R".
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Group n  Center Dimension Connected Compact
GlL,(R) | arb. K* n? no no
SL,(R) | arb. {£1} n?—1 yes no
O.(R) | arb. {%1} "("271) no yes
SO, (R) | even {£1} @ yes yes
SO,(R) | odd {1} "("271) yes yes
Sp,(R) | arb.  {£1} % yes no

Table 3: The classical groups over the real numbers

Example 3-9.5. The group Sp,(R) is not compact. Indeed, it contains the element
E; n+1-j(a), for all 4, and hence is not bounded.

Example 3-9.6. We can now return to the case of matrix groups over the real numbers
as we mentioned in Example 3-8.15. Over the real numbers we get a table:
In this case we can, as above distinguish all groups except Sl,(R) and Sp,,,(R), when

n? —1 =2t (oo Exercise 3-8.3).

Exercises

3-9.1. Let O2(R, (,)) be the orthogonal group over the real numbers with respect to the form
Lp4ly L1
defined by the matrix (§ Y ). Show that O2(R,(,)) contains the matrices <21(i:—t1)) fﬁ;f;),
2 t/ 2 t
and that Oz(R, (,)) is not compact.
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4 Lie groups

4-1 Lie groups

We used matrix groups to motivate the definition of groups in Chapter 1 and the definition
of manifolds in Chapter 3. In our attempts to distinguish the matrix groups we were led
to introduce algebraic invariants, like the center of a group and the dimension of a vector
space, and geometric invariants, like connectedness and compactness of topological spaces,
and the dimension of manifolds. The most natural and powerful approach is obtained when
the algebraic and geometric viewpoints are put together. In this chapter we shall show
how this is done.

Definition 4-1.1. Let G be a manifold which is also a group and let G x G be the product
manifold (see Example3-4.7). We say that G is a Lie group when the product map

GxG— G,
which sends (a, b) to ab, and the inverse map
G— G,
which sends a to a™!, are analytic.

Remark 4-1.2. We note that the inverse map is an analytic isomorphism. In fact, it is its
own inverse.

Example 4-1.3. The manifolds Gl,(K), S1,(K), Gg(K), and SLg(K), and hence, in
particular, O, (K), SO, (K), Sp, (K) are all Lie groups (see Example 3-4.5). Indeed the
multiplication map is given by polynomials, and the inverse is given by a rational function
with denominator the determinant det(.X;;) of a n x n matrix with variables as coefficients.

Example 4-1.4. The manifold K with addition as group operation is a Lie group.

Example 4-1.5. Let H be a Lie group, and G a submanifold of H, which is also a subgroup
of H. Then G is also a Lie group. Indeed, the multiplication map G x G — G and the
inverse map GG — G of GG are the composite of the inclusions G x G C H x H and G C H,
with the multiplication, respectively inverse, on H. Since the inclusion maps are analytic,
by the definition of submanifolds, the multiplication and inverse on GG are analytic.

Definition 4-1.6. Let G and H be Lie groups. We say that G is a Lie subgroup of H if
it is a submanifold, and the inclusion map is also a group homomorphism.

The most remarkable feature of a Lie group is that the structure is the same in the
neighborhood of each of its points. To make this precise we introduce the left translations.

Definition 4-1.7. Let GG be a group and a an element of G. The map
M: G — G
defined by A, (b) = ab is called a left translation by a.
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Remark 4-1.8. When G is a Lie group the left translations are analytic. Indeed A, is the
composite of the inclusion a x G — G x G with the multiplication G x G — G, and both the
latter maps are analytic. The map A, is also an isomorphism of the manifold G, because
it has the analytic inverse A\,-1.

Given two points a and b of a Lie group G. Then the map Ay,—1 is an isomorphism of
the manifold G, which sends a to b. We obtain, for each open set U of (G, an isomorphism
of rings

(Mpa_)v: Oc (A1 (U)) = Oc(U)
which sends an analytic function f: A\p-1(U) — K to the function fAy,-1: U — K, which
sends ¢ to f(ba"'c). In particular, we obtain an isomorphism

(M=) Ocp — Oga
of rings. Consequently, we have an isomorphism of vector spaces
T pe-1: T,G — T,G,

sending a derivation D in T,G to the derivation in 7,G which maps a function f of Og,
to D(f)\ba—l).

Definition 4-1.9. Let G and H be Lie groups. A homomorphism of Lie groups is a map
¢: G — H which is an analytic map of manifolds and a homomorphism of groups. We say
that a homomorphism of Lie groups is an isomorphism if it has an inverse map, which is
a homomorphism of Lie groups.

Example 4-1.10. The maps of Examples 1-2.10, 1-2.11, 1-2.12, and the inclusion of all the
groups Gl,(K), Sl,(K), Gs(K), and SGg(K), and hence, in particular, O, (K), SO, (K),
Sp,,(K) into Gl,(K), are all homomorphisms of Lie groups.

Remark 4-1.11. Let a and b be two points of a Lie group G. Then we have that Ay, = A\ \p.
Moreover, given a map ¢: G — H of Lie groups. For each point a of G we have that
PNy = Ap(a)®, 1.e., the diagram

G 2 G
¢l lﬁp (4-1.11.1)
H— H

Ad(a)

is commutative.

4-2 Lie algebras

We noticed in Example 2-6.2 that the tangent spaces of the matrix groups Gl,(K), Sl,(K),
Gg(K), and SGg(K), and hence, in particular O, (K), SO, (K), Sp,,(K) are Lie subalgebras
of M,,(K) in the sense defined in Remark 2-6.1. In this section we give the general Definition
of Lie algebras and in section 4-4 we show that the tangent space of any Lie group has a
natural structure as a Lie algebra.
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Definition 4-2.1. Let v be a vector space with a bilinear form
[, ]:ox0o—0

(see 1-7.1). We say that v is a Lie algebra if the following two conditions hold for all
vectors X, Y and Z of v:

(i) [X,X]=0,
(i) [X, [V, 2]+ [Z, [X, Y[ + [V, [Z, X]] = 0.

A subalgebra v of a Lie algebra to is a subspace such that [X, Y] is in v, for all X and
Y of v.

Remark 4-2.2. Let v be a Lie subalgebra of ro. Then the product [,] on to induces, by
definition, a product [,] on v. With this product we have that v is a Lie algebra. Indeed,
this product is bilinear and satisfies the two properties of the definition 4-2.1 of Lie algebras
because it does so for all elements of tv.

Example 4-2.3. The spaces gl,,(K), s(,(K), s0,(K), and sp,,(K) of example 2-6.2 are all
Lie subalgebras of the Lie algebra gl,(K) of remark 2-6.1.

Example 4-2.4. Let A be an algebra over K, and denote by Derg (A, A) the vector space
of K derivation on A (see definition 3-6.2). Given derivations X and Y, we let [ X, Y] denote
the map (XY —Y X): A — A. We have that [X,Y] is, in fact, a K derivation. Indeed, for
all e and bin A, we have that XY (ab)—Y X (ab) = X (aYb+bY a)—Y (aXb+bXa) = XaY b+
aXYb+XbYa+bXYa—YaXb—aY Xb—YbXa—bY Xa = (a(XY-YX)b+b(XY -Y X)a).
With this product Derg (A, A) becomes a Lie algebra. Indeed the first axiom is obvious,
and the second a long, but easy, calculation.

Definition 4-2.5. Let g and h be Lie algebras and ¢: g — h a linear map. We say that
¢ is a Lie algebra homomorphism if | X,Y] = [pX, Y], for all X and Y of g.

4-3 Vector fields

In order to define a structure of Lie algebra on the tangent space of a Lie group we shall
introduce vector fields on manifolds. Intuitively a vector field on a manifold M consists of
a tangent vector X (z) for every point z of M, such that the vectors depend analytically
on the points. More precisely, for every analytic function f: U — K defined on an open
set U, the function on U sending x to X (z)f should be analytic.

Definition 4-3.1. A vector field on a manifold M consists of a derivation
XUZ OM(U) — OM(U),

on the ring Oy, (U), for all open subsets U of M, such that, if V' is an open subset of U,
then

puvXu = Xypuy,

where the py v are the restriction maps of Remark 3-4.9.
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Remark 4-3.2. A collection of maps ¢y : Oy (U) — Op(U), one for each open subset U of
M, such that pyvyu = ¢vpuy, for all open subsets V' of U, is called a map of the sheaf
Ou.

4-3.3. Given two vector fields X and Y on a manifold M. We define the sum X + Y of
X and Y by (X +Y)y = Xy + Yy, and the product aX of a scalar a of K with X by
(aX)y = aXy, for all open sets U of M. It is clear that the vector fields on M, with these
operations, become a vector space over K.

4-3.4. Fix a point x of M, and let X be a vector field on M. The maps Xy : Oy (U) —
On(U), for all open subsets U of M that contain x, define a K derivation

Xyt OM,x - OM,:c
on the ring Oyr,. The composite of X, with the augmentation map Oy, — K is a K
derivation

X(z): Ope — K,
for the augmentation map. We consequently obtain, for each point x in M, a map

eva: 0(M) — T, M,
which clearly is a K linear map. By the definition of X (x) we have that

X(@)f =X [(z),

for all functions f that are analytic in a neighborhood of z.

4-3.5. Given two vector fields X and Y on a manifold M. For all open subsets U of M
the composite (XY )y = XyYy of Xy and Yy defines a linear map Oy (U) — Opn(U),
such that pyy(XY)y = (XY)vpuv, for all open subsets V' of U. That is, we obtain a
map XY of sheaves. This map is however, not a derivation. On the other hand the map
(XY =Y X)y: Oy (U) — Oy (U) is a derivation. Indeed, we saw in Example 4-2.4 that
Derg (Op(U),0p(U)) is a Lie algebra under the operation [A, B] = AB — BA, and Xy
and Yy lie in Derg (O (U), Op(U)). Hence, the maps (XY — Y X)y, for all open sets U
of M, define a vector field. We shall denote this vector field by [X,Y]. Since the subset
of Derg(On(U),On(U)) consisting of derivations of the form X, where X is a vector
field on M, form a Lie subalgebra, it follows that the space of vector fields on M is a Lie
algebra with product [, ].

Definition 4-3.6. We denote the Lie algebra of vector fields on a manifold M by v(M).

Remark 4-3.7. Given a homomorphism &: M — N of analytic manifolds. For each point
x of M we have maps

emg: O(M) =T, M, T,9: T,M — TpyN, and eyoe): 0(N) — TowN.

There is no natural map from v(M) to v(N). However, we can relate vector fields on M
and N in the following way:

Let X and Y be vector fields on M respectively N and let let f be a function which is
analytic in an open subset V of N. Then the following is equivalent:
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(i) ToPen X = ena(w)Y, for x in @71(V),

(i) X(f®)= (Y )2 on &7(V),

(iv

)

(ii) enreX(9P) = eno)Y f, for z in d7H(V),
1)
)

X(z)f® =Y (P(x))f, for all z in &~1(V).

Lemma 4-3.8. Let &: M — N be an analytic map of manifolds. Given vector fields X;
on M, and Y; on N, fori=1,2. Assume that T, Pepr . X; = ena)Yi, for all x in M, and
fori=,1,2. Then we have that

TxfpﬁM,x[Xb XQ] = EN,®(x) [Yb Yz]

Proof. 1t follows from Remark 4-3.7 that the condition of the lemma is equivalent to
asserting that we, for every function f that is analytic in a neighborhood of a point @(x),
have that X (f®) = (Y f)®, in a neighborhood of x. The proof now consists in unraveling
the definitions involved as follows:

Toberal X, Xalf = (X1, Xal fB(x) = (X, Xo) ()(2) — (XoX1) (f)(2)
— X,(X,(J9))(2) - Xo(X, (/) (a)
= X, (a))®)(x) ~ Xa((V2])P) (@)
= VY2 (8(2) — VaVu (B(2)) = [V, Vil (B(2)) = exauli, Vo

(4-3.8.1)
O

4-4 The Lie algebra of a Lie group

In this section we shall show that the tangent space of a Lie group has a structure of a Lie
algebra, and that a homomorphism of Lie groups induces a homomorphism of Lie algebras.

Definition 4-4.1. Let GG be a Lie group. We shall say that a vector field X on G is left
wmwvariant if, for every point a of G and every analytic function f: U — K on an open
subset U of G, we have that

(X)Aa = X(fXa)

on the open subset a 'U of G. That is, for all b in G such that ab € U, we have that
(X f)(ab) = X(fAa)(b). Here A, is the left translation of Definition 4-1.7.

4-4.2. The left invariant vector fields on a Lie group G form a Lie subalgebra of v(G).
Indeed, if X and Y are left invariant vector fields on GG, we have that

[X,Y]f(ab) = XY f(ab) =YX f(ab) = X((Y f)Aa)(b) — ((Xf)Aa>(b) (4-4.2.1)
= X(Y(fA)(b) = V(X (fAa))(b) = [X, Y](f ) (D). -

Hence we have that [X, Y] is left invariant.
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Definition 4-4.3. The Lie algebra of left invariant vector fields on G is called the Lie
algebra of G and is denoted by g. The map eg.: v(G) — T.(G) of Paragraph 4-3.4 induces
a map

Aot g — T.(G).

Remark 4-4.4. Let G be a Lie group and let ¢: U — G be a chart. The multiplication map
G x G — (@ is continuous. Consequently, we can choose charts¢: V — G and y: W — W,
such that x(0) = e, and such that the multiplication induces as map

w:VxWw —U.

Choose coordinates x = (x1,...,2,), ¥y = (Y1,--.,Yn), and z = (z1,...,2,) in U, V, and
W respectively. We write u(x,y) = (u1(x,y), ..., oz, y)).
Given a tangent D in T.(G), we can write

0

0
D =T,x(ci5— 37),

0z

for some c¢q,...,c, in K. For each analytic function f: U — K and a in V we obtain
equations

FITOEIE St LIRS 3) g

=1 =1 j5=1

'+C7’Z

Oy,
) azz (a’ O)

The map pu(y, z) is analytic in y and z. Consequently, we have that ¥;;(y) = Ok (y,0) is

0z;
analytic, and we have an expression

a0 =303 ey ), (1-4.41)

i=1 j=1

with ¥;;(y) analytic.

Lemma 4-4.5. Let G be a Lie group and D a tangent vector in T.G. For each analytic
map f: U — K, on an open subset U of G, the function Xy: U — K, defined by Xy(a) =
D(f\.), is analytic. The map

XUZ Og(U) — Og(U),
obtained in this way, for each open subset U of G, define a left invariant vector field on G.

Proof. We have that D(f\,) depends only on the value of the function fA, near the unit e
of G. Choose charts and coordinates as in Remark 4-4.4. We obtain from Equation 4-4.4.1

Xf{a) = D(fA) = Dlfuta,2) = 23 ety(@)?T P a)
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with the ¥;;(a) analytic in a. We obtain that D(fu(a, z)) = D(f\,) is an analytic function
of a and we have proved the first part of the lemma.

It is clear, from the definition of the functions Xy and the restriction functions py v,
that pyyv Xy = Xvpyyv. Consequently, the second assertion of the lemma holds.

It remains to prove that X is left invariant. Let f: U — K be analytic and let a be
in G. We must prove that (X f)\, = X(f)\,) on a *U. Let b be in a~'U. We have that
(X)) = (XF)(ab) = D(fAm) = D(fAuds) = D((FA)hs) = X(FA)(b). Hence, X is
left invariant. 0

Remark 4-4.6. Lemma 4-4.5 asserts that, to a derivation D in T,G, we can associate a left
invariant vector field X. In this way we obtain a map dg: T.G — g. This map is clearly
linear.

Choose charts and coordinates as in Remark 4-4.4. Let X be the left invariant vector
field associated to D = Tox(cla%l + o+ cn%). In particular, we have that X f(a) =
D(f)\,), for all analytic functions f: U — K, and all a € V. The Equation 4-4.4.1 can be

rewritten as
n n a
X=) Zci%-(a)a—,
Lj

i=1 j=1

where this expression means that X f(¢(a)) = 272, Y20, ¢i¥(a) 65’; 2) for all analytic
functions f: U — G and all a € U.

Proposition 4-4.7. The map eg.: v(G) — T.(G) of Paragraph 4-3.4 induces an isomor-
phism of K vector spaces
cq: 9 — T.(Q).

The inverse of e is the map dg: T.(G) — g defined in Remark 4-4.6.

Proof. 1t suffices to show that ¢; and the map s defined in Remark 4-4.6 are inverse
maps.

Let D be a vector in T.G, and let X be the vector field associated to D in remark 4-4.6.
For f in Og, we have that X (e)f = X f(e) = D(fA.) = Df.

Conversely, let X be a vector field on G, and let D = X (e). Let Y be the vector field
associated to D in remark 4-4.6. For all analytic functions f: U — K defined on an open
subset U of G, and for all points a of G we have that X f(a) = (X f)\u(e) = X (fA)(e) =
X(e)(fAa) = D(fAa) =Y f(a). Hence, we have proved the proposition. O

Remark 4-4.8. Tt follows from Proposition 4-4.7 that we can use the map ds: v(G) — T.G
to give the space T.G a structure as a Lie group.

Definition 4-4.9. Let G and H be Lie groups with Lie algebras g and h. Moreover, let
®: G — H be a homomorphism of Lie groups. Then we have a map

[(@):g—h

defined by [(®) = 6, T.®6¢. If ¥: F — G is another map of Lie groups we clearly have
that (V@) = (V) (D).
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Proposition 4-4.10. Let &: G — H be a homomorphism of Lie groups. The map
[(2):g—b
of the corresponding Lie algebras is a Lie algebra homomorphism.

Proof. Tt is clear that [(®) is a map of vector spaces. To show that it is a map of Lie
algebras, let X;, for i = 1,2, be left invariant vector fields on G and let Y; = [(?)X;.
Since the maps d¢ and 0y are induced by the maps eg . and ey of Paragraph 4-3.4 and
Remark 4-3.7, we have that the proposition follows from Lemma 4-3.8, once we can show
that T.®0¢X; = dpY;. However, we have that T.®05X; = dy(P)X; = d5Y;, and we have
finished the proof. O

4-5 One parameter subgroups of Lie groups

In this section we shall construct one parameter subgroups of any Lie group and thus
generalize the construction of one parameter subgroups of the matrix groups given in
Section 2-7. For the construction we need a well known result about differential equations,
which is proved for differentiable functions in any beginning course in differential equations,
or in advanced calculus courses. We shall start by giving a proof of the result because we
shall use it in the less frequently presented case of analytic functions.

Proposition 4-5.1. Forp = 1,...,n, we give analytic functions f,: U — K defined on
an open subset U of K™. The differential equation

g;/n(t) = fp(gl(t)> ce agn(t))

in the functions gi,...,gn in the variable t, with initial conditions ¢,(0) = a,, for p =
1,...,n, with a, € K, has a unique solution gi(t),..., g.(t), for t in a neighborhood V' of
0 i K, and the functions g, are analytic on V.

Proof. Write
fo(@) = Z Cpixi, forp=1,...,n.

icT
Let

gp(t) = deqtq, forp=1,...,n
q=0

be formal power series. If they shall satisfy the differential equation of the proposition, we
must have that

q=1 q=0 q=0

1€
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Hence there are unique polynomials Q,(¢pi, dig, - ., dng), for |i| < m and ¢ < m, with
positive integers as coefficients, such that

1
dpm = EQm(cpi,dlq, coydyg), forp=1,... n.

By induction on m, starting with the initial condition d,y = a,, we obtain that the dp,,
are uniquely determined such that the formal series g;(t), ..., g,(t) satisfy the differential
equation of the proposition.

It remains to prove that the formal series g1, ..., g, define analytic functions.
Assume that we have real numbers ¢,;, for p=1,...,n and ¢ € Z, such that
‘Cpi‘ S Epia

for all p and 7, and such that the functions

fp(x) :Zépixig forp=1,...,n

€T

are analytic. As we saw above, we can find unique formal series
[o.¢]
Gp(t) = Z dpqt’
q=o0

that solve the differential equation

g, (t) = fp(gu1(t), - gnlt)). (4-5.1.1)

If the functions gy, . .., g, were analytic, the same would be true for gy, ..., g,. Indeed, we
have inequalities

1
‘dpm‘ = E‘Qm(cpw digs - - -, dnq)‘
1 1 -
< EQm(‘Cpi" ‘dlq’> cee ’dnq‘) < ﬁQm(Cpi’ digy -+, dnq) = Apm.-

Hence, to prove the proposition, it suffices to construct analytic functions

fp(x) = Z Epixi
i€T

such that |cy| < ¢, for all p and 4, and such that the corresponding solutions g, ..., gy
of Equation 4-5.1.1 are analytic.

To construct the fp we note that the functions f, are analytic on some neighborhood
of 0 in K”. Consequently there are positive constants C' and r such that

Z eyl < C.

1€
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Let

~ C
Cpi ,
P T

We have that [y |rlil < 37, 7 |elr!! < € = ¢/l Consequently, we have that |c,| < ¢y,
for all p and 7. Moreover, we have that

folz) = ;epixi _ (]; (;)’ _ W

Hence fi,..., f, are anlytic. Moreover, the power series

alt) = glt) = r (1 - (1= nct) ) ,

is analytic and satifies the differential equation 4-5.1.1, that is
C
G-y

Indeed, we have that

and

O

Definition 4-5.2. A one parameter subgroup of a Lie group G is an analytic mapping
~v: K — G, which is also a group homomorphism. The tangent of a one parameter subgroup
is the tangent +/(0) of the corresponding curve at the unit element, as defined in 3-6.9.

Remark 4-5.3. Let G be a Lie group and let v: T" — G be an analytic map from an open
subset 1" of K containing 0. Choose a chart ¢: U — G such that v(T) C p(U). As in
Remark 4-4.4 we choose charts ¢: V — G and x: W — W, such that x(0) = e, and such
that the multiplication induces as map

pw:VxW —U.

Moreover, we let © = (z1,...,2,), ¥ = (Y1,---,Yn), and z = (21,...,2,) be coordinates
in U,V, and W respectively. Write u(z,y) = (pui(z,y),. .., pus(z,y)) and let o=ty =

(’717 s a’}/n)
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), for all s and ¢ in T, that is, we have

Assume that we have (s +t) = ~vy(s)y(t
t). We differentiate the latter equation with

i (71(8), - ym(8), M(t), - Wm(t) = (s +
respect to t at t = 0, and obtain

dvi, |~ Ou d%
dt (S) - pa ayZ (V1(8)7 cee 7771( Z Wz] Cz, (4—531)

with ¢; = %(O).
Fix a basis for T,(G). It follows from Proposition 4-5.1 that, given ¢y, ..., ¢,, the curve
v: T — G is determined uniquely neighborhood 0 in K by the condition that +/(0) =

(¢1,...,¢p) in the fixed basis of T,(G).

Proposition 4-5.4. Let G be a Lie group and D a tangent of G at the identity e. Then

there is a unique one parameter subgroup v: K — G of G whose tangent v'(0) at 0 is equal
to D.

Proof. 1t follows from Remark 4-5.3 that a one parameter subgroup of GG, with derivative
D at 0, is uniquely determined in a neighborhood of 0 in K.

Choose charts and coordinates of G as in Remark 4-5.3. Let v, (t), . .., 7,(f) be solutions,
in a neighborhood T of 0 in K, of the differential equation 4-5.3.1 with derivative (cq, ..., ¢c,)

at 0. Let v(t) = o(11(t), - .., 7a(t)).
We shall show that the curve uniquely can be extended to a one parameter subgroup

of G.

First we shall show that v(s 4+ ¢) = v(s)v(¢), for s and ¢ in some neighborhood of 0
in K. We have an equation y;(zy, z) = p;(x,yz). Differentiating the latter equation with
respect to z; at z = 0 we get

o " O, 2
b (ry) = a—’:?(a:y,()) =y a—’gj}i( “’“ Z@m ). (45.4.1)

On the other hand, differentiating p;(y(s),v(¢)) with respect to ¢, we obtain

Lot Z T (51,1 (8)) D ZZ a‘“ ()P (1(D)cs.

ayk k=1 i=1

It follows from the latter equation and Equation 4-5.4.1, with z = (s) and y = (), that

dc/ljf] Z% (t)ei = Z@z‘j(u(v(s)ﬁ(t)))ci.

We also have that



since y(t) and thus (s + t) satisfies the differential equation 4-5.3.1. Hence we have
thaty; (y(s),v(t)) and v;(s+t) satisty the same differential equation 4-5.3.1, and for ¢t = 0
we have that p(y(s),v(0)) = v(s). It follows from the uniqueness part of Proposition 4-5.1
that we must have that v(s)y(t) = v(s+1), for s and ¢ in some neighborhood S of 0 in K.
We can now extend the curve v: S — G uniquely to a one parameter subgroup v: K —
G of G. First we note that any extension is unique. Indeed, given ¢ in K. Then #t is in
S for some positive integer m. Then we have that (t) = y(2t) = v(=t)", such that ()
determines ~y(t). To extend v to K we use the same method. Given ¢ in K, we choose a
positive integer p such that }%t is in S. If ¢ is another such integer we obtain that

1 p_ q p_ 1 - q B 1 q
y(=t)] =v(—=t) =v(—=t)pg=~v|—t)g=~v|-1] ,
4 Pq Pq Pq q

since pit and qit both are in S. It follows that we can define uniquely ~(¢) by ~(t) =

v(%t)p, for any positive integer p such that }%t is in S. We can thus extend the curve to a
curve 7: K — (G and the extension is analytic because division by p is analytic in K, and
taking p’th power is analytic in G.

Finally, we have that v is a group homomorphism because, for any s and ¢ in K, we
choose a positive integer p such that %Ds, %t and %(s +t) are in S. Then we have that

s =7 (2e+0) = (3) 5 (1) =m0

We have proved that v is a one parameter subgroup of G and that the condition that
7' (0) = (c1, - . ., ¢,) in the given coordinates of T,(G) determines  uniquely. Thus we have
proved the proposition. O

Example 4-5.5. Let G be one of the matrix groups Gl,(K), Sl,(K), Gs(K), or SGg(K).
Then we have identified, in 2-5, the tangent space of G with a subspace g of M,,(K). Given
D in g, it follows from assertion (ii) of 2-2.8 and from 2-4.8 and that v(¢) = exp(tD) is
an one parameter subgroup of G, and from Example 2-4.15 that the tangent ~/(0) is D.
Consequently, exp(tD) is the unique one parameter subgroup of G with tangent D.

4-6 The exponential function for Lie groups

We shall next construct an exponential function for Lie groups, generalizing the exponential
function for matrix groups defined in Section 2-2.

4-6.1. For Lie groups there is a Taylor expansion of analytic functions generalizing the
usual Taylor expansion in analysis. We shall in this paragraph deduce the expansion on
Lie groups from that of analysis.

Let G be a Lie group and X a vector field on G. To X there correspond a unique one
parameter subgroup 7: K — G og G with tangent X(e), that is 7/(0) = X(e). Choose a
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chart ¢: U — G of G such that ¢(0) = e and choose coordinates © = (z1,...,x,) in U. In
this chart we can write

0 0
X(e) =Toyp (018—371 +"‘Cna—xn) )

for some elements ¢y, ..., ¢, of K. Given an analytic function f: ¢(U) — K. For each
point x of U it follows from Remark 4-4.6that

Xflp(x)) = Z Z Cszg(ﬂU)aT(I), (4-6.1.1)
i=1 j=1 j
where ¥;;(z) = giyj(x, 0), and where (p1,. .., u,) represent the multiplication of G in the

chart. Write

(1) = (n(t), -, m(t))
in a neighborhood of 0 in K. We have that v;(s +t) = p;(v(s),7(t)) for s and ¢ in a
neighborhood of 0 in K. Differentiation of the latter expression with respect to t, at 0,

gives
n

s = 30 P ). 0 0) = YTl )

dt dt

1=

Consequently, we have that

d(f~ ~A(fe), - ~~Ofy), - .

I (1) = 5 W oty = 55 29 (o (o))
j=1 L i=1 j=1 i

Comparing the latter formula with Formula 4-6.1.1 we get that

WD 4y = x ). (16.1.2)

R S )]

where the first equality is obtained by differentiation Equation 4-6.1.2 and the second by
applying Equation 4-6.1.2 to X f. Iterating we obtain that

d'(f7)
dt?
Taylor expansion of the function fv: V' — K in one variable defined in a neighborhood of
0 in K gives

We obtain that

(t) = X"f(y(t), fori=1,2,....

Ld 1 d?
fr(t) = fr(0) + ﬂ%(o) + o C(ZZ;V) 0) + - .
We obtain that
F1(1) = (&) + X F )i+ o X2 f() 4= (Jr%tX P lexs ) £

which is the Taylor expansion of f on G, and converges in a neighborhood of 0 in K.
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Definition 4-6.2. To every left invariant vector field X on a Lie group G we have asso-
ciated, in Proposition 4-5.4, a unique one parameter subgroup v: K — G of G. We write
v(t) = exp(tX) and define a map exp: g — G for the space of left invariant vector fields
by exp(X) = 7(1). The map exp is called the exponential function of G.

Example 4-6.3. Let G be one of the matrix groups Gl,(K), Sl,,(K), Gs(K), or SGg(K).
It follows from 4-5.5 that that the exponential function sends a vector D in the tangent
space g og G to exp(D), where exp is the exponential function of Section 2-2. Hence, in
the case of the matrix groups the exponential function, as defined in this section, is the
same as the exponential map as defined in 2-2.

Example 4-6.4. Let V be a vector space. We choose a basis vy, ..., v, of V and consider
V' as a normed space, isomorphic to K", via this basis (see 2-1.7). Then V is a Lie group
with respect to the addition of V', and the isomorphism ¢: K® — V' defined by the basis is

a chart. The tangent space of V' at 0 is has, via this chart, a basis ¢y, ..., 9, corresponding
to 6%1, - %, where x4, ..., x, are coordinates on K. Let D = a6+ - -+a,d, The map

v: K — V that sends t to (tajv,+- - -+ta,v,) is a one parameter subgroup whose derivative
at 01s ajv;+- - -+a,v,. Consequently, we have that exp(a,6;+- - -+a,0,) = a1v1+- - -+a,v,,
and we can identify V' with its tangent space at 0, via the exponential map.

4-6.5. By the Taylor expansion we obtain, for each analytic function f: U — K, an ex-
pression

Fexp(tX) = ((1 +lix e lexey. ~)f) (¢).

1! 2!
4-6.6. Choose, as in Paragraph 4-6.1, a chart ¢: U — G of G and coordinates x1, ..., x, of
U. We define a norm on the space T.(G) via the basis 8%1, ce % of To(U) (see Example

2-1.7). Denote the coordinates of To(U) with respect to this basis by ug, .. ., u,. The space
g obtains a norm via the isomorphism eg: g — T.(G) of Proposition 4-4.7. It follows from
Example 2-1.7 that the analytic structure on g is independent of the choice of basis. we
shall next show that the map exp: g — G is analytic with respect to this analytic structure
of g.

Proposition 4-6.7. The exponential map defines an analytic map
exp: g — G.

Moreover, the map Ty exp: To(g) — To(G) is an isomorphism. More precisely, if we identify
the tangent space of g at 0 with g, as in Example 4-6.4, we have that the map of left
imvariant vector fields associated to exp is the identity map.

Proof. We shall use the same notation as in Paragraph 4-6.1. We have that the vector
Top <u16%1 4ot un%> of T, (@) corresponds to the left invariant vecotr field

n n 9

i=1 j=1 J

99



Taylors formula applied to the analytic functions z;p! gives

2(t) = ~

1 _
- SIP GO GRS

(Xoe et + 5

We obtain formulas

(X))o (p(z)) = Z u Wi ()

and

X%z N (p(2) = X(Xajo " ZZ“Z i aXxPJgJ

ox
=1 j=1 k

DD NAE) SEITTALED 9) 9 SULACAC!

=1 k=1 i=1 k=1 [=1

Iterating these calculations to obtain expressions for X*(z;¢0~1)(p(x)), we see that ;(t) is
a power series in tuy, ..., tu,, and we have that it converges in a neighborhood of 0 in K,
for fixed uq,...,u,.

Fix ¢ = (¢1,...,¢,) such that the series 7;(t) converges for [t|C, for some positive
constant C.. Let € be the smallest nonzero |¢;|, for i = 1,...,n. We shall show that
there is an open neighborhood U, of ¢ in Ty(U) such that, for all u € U., we have that
7(t) converges of ¢ < % To show this we may, by changing the coordinate system, which
does not affect the analytic structure of Ty(U), assume that all the ¢; are nonzero. Let
€ = min; |¢;|). Then, for u in U, = B(c,¢€), we have that |u;| < |u; — ¢ + |ei| < 2]eq.
Consequently, we have that [tu;] < |2t¢;| and y(¢) converges at 2tc, when [t| < 1C..
Let X = {u € To(U)||u;| < 1}. Then X is closed and bounded and thus compact by
Proposition 3-9.2. The sets U. for ¢ € X cover X and we can find a finite subcover
Ueyy.o.yU,, . foreach ¢ = 1,...,m there is a corresponding positive constant C; such that
7v;(t) converges for u € U, and for || < C;. Let C' = min;{C;}. then we have that ~;(t)
converges for all u € B(0,1) and all ¢ such that [¢| < C. Consequently ~;(t) is an analytic
function of u = (uy, ..., u,) in some neighborhood of 0 in U. The same argument applied
to Y1, ..., 7n shows that 7 is analytic in a neighborhood of 0 in g.

To prove the last assertion of the Proposition we differentiate v;(1), with respect to

U, ..., u, at 0. Since X'(x;0 ' (p(x)) is a polynomial of degree i in uy, ..., u,, we have
that

M Xz~ (9~ (e)) 9

0—m(0) = T, (0) = Bu; zl:“ly—’lj (e) = ui®;(0).

However, we have that ®(0) = g—’:;((), 0), where the v; are the variables corresponding to
the second coordinate of the p;, and the maps 11(0,v), ..., 11,(0,v) correspond to multipli-
cation by e and is thus the identity map. Consequently, we have that (¥;;(0)) is the n x n
identity matrix. We obtain that

Ny
8—ui(o) = I,
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as we wanted to prove.
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5 Algebraic varieties

In this chapter we shall show that there is a beautiful geometric theory for matrix groups
over an arbitrary field, that is similar to the one for analytic manifolds presented in Chapter
3. To compensate for the lack of a norm on the fields, and the ensuing lack of exponential
function, the inverse function theorem, and other techniques depending on the access to
analytic functions, we shall make extensive use of the machinery of commutative algebra.

5-1 Affine varieties

We saw in Section 3-2 that the matrix groups are the zeroes of polynomials in some space
M,,(K). The central objects of study of algebraic geometry are the zeroes of polynomials.
It is therefore natural to consider the matrix groups from the point of view of algebraic ge-
ometry. In this section we shall introduce algebraic sets that form the underlying geometric
objects of the theory.

5-1.1. We fix a field K, and an inclusion K C K into an algebraically closed field K, that
is, a field such _that every pol}gomial A T™ + Q™ + -+ ap in a variable x with
coefficients in K has a zero in K (see Exercise 5-1.3).

Remark 5-1.2. The reason why we introduce a second field is that we want to assure that
all polynomials have zeroes. For example the polynomial 22+ 1 does not have a zero in the
real numbers R, but it has zeroes in the algebraically closed field of complex numbers C,
containing R. The question of zeroes of analytic function never came up in the analytic
theory of Chapter 3, where the underlying sets are manifolds, and thus locally look like
K". Given a field K we can always find an algebraically closed field containing K (see
Exercises ).

Definition 5-1.3. We denote by K[zy,...,z,] the polynomial ring in the independent
variables 21, s, . .., x, with coefficients in K. The cartesian product K= we denote by
Af, and we call A% the n dimensional affine space over K, or simply the affine n space.

We say that a subset X of Az is an affine variety if there exists an ideal I in
K|z, .., 2,], such that X is the set of common zeroes of the polynomials f of I. That is

X =V({)={(a1,...,a,) € Ag|f(ar,...,a,) =0 forall fel}.

We do not need all the polynomials in an ideal to define an affine variety. It suffices
to consider certain families of polynomials that generate the ideal in a sense that we shall
explain next. Later, in Corollary 5-1.17, we shall see that it suffices to consider a finite
number of polynomials.

Definition 5-1.4. Let R be aring and I and ideal in R. A subset {a; };e7 is called a set of
generators for I if I is the smallest ideal containing the elements a;, for ¢ € Z. Equivalently,
I is generated by the set {a;};e7 if I consists of the sums bya;, + - - - + bpa;,,, for all finite
subsets {i1,...,in} of Z, and elements by, ..., b, in R (see Exercise 5-1.7).
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Remark 5-1.5. Let I be an ideal in K[z, ..., z,] generated by polynomials { f;}icz. Then
X = V(1) is the common zeroes V({ fi}iez) of the polynomials f;, for i € Z. Indeed, if a
point x is a common zero for the polynomials in 7, then it is a zero for the polynomials f;.
Conversely, if x is a common zero for the polynomials f;, for all = € Z, then x is a zero for
all polynomials in I, because all polynomials in I are of the form ¢, f;, + -+ gmfi,,, for
some indices iy, ..., i, of Z, and polynomials gy, ..., g, of K[zy,..., z,].

Example 5-1.6. As we remarked in Section 3-2 the set Sl,(K) is the affine variety of
M, (K) = A”K2 where the polynomial det(z;;) — 1 is zero. The set Gg(K) is the zeroes of
the n? quadratic equations in the variables z;; obtained by equating the n? coordinates
on both sides of (z;;)Sx;;) = S. Finally, SGg(K) is the subset of Gl,(K) which is the
intersection of Gg(K) with the matrices where the polynomial det(z;;) — 1 vanishes. On
the other hand we have that Gl,(K) itself can be considered as the zeroes of polynomials
in the affine space A(E”H)Q. Indeed, we saw in Example 1-2.11 that we have an injection
¢: Gl,(K) — Sl,;1(K). As we just saw Sl,,.+1(K) is the zeroes of a polynomial of degree
n+1 in the variables z;;, for i,j = 1,...,n+1, and clearly im ¢ is given in Sl,.+1 (K) by the
relations xy; = x;; = 0, for i = 2,...,n+ 1. Hence all the matrix groups Gl,(K), Sl,(K)
or Gg(K), for some invertible matrix S, are affine varieties.

Example 5-1.7. Let X and Y be affine varieties in A respectively Az. Then the subset
X XY is an affine variety in AL X AZ. Indeed, let I and J, be ideals in the rings
Kl[z,...,x,] respectively K|yi,...,ym] such that X = V(I) respectively Y = V(J) in
Az respectively Az Then X X Y is the affine variety in A%’L” = Ag X Ag defined
by the smallest ideal in K[x1,...,2Z,, Y1, .., Ym| containing I and J. This ideal consists
of all polynomials of the form af + bg, where f and g are in [ respectively J, and «a
and b are in K[xq,...,Zn,Y1,...,Ym]. Indeed, it is clear that all the polynomials of this
form are zero on X x Y. Conversely, if (a1,...,a,,01,...,by,) in A%*” is not in X x Y,
then there is a polynomial f in I, or a polynomial ¢ in J, such that f(aq,...,a,) # 0 or
g(b1,...,by) # 0. Consequently, the point (a,...,an,,b1,...,by,) is not in the common
zeroes of the polynomials of the form af + bg.

Lemma 5-1.8. The affine varieties in Az have the following three properties:
(i) The empty set and A are affine varieties.

(ii) Given a family {X;}ier of affine varieties. Then the intersection Mz X; is an affine
variety.

(11i) Given a finite family Xy, ..., X,, of affine varieties. Then the union X1 U---U X,,
s an affine variety.

Proof. To prove the first assertion is suffices to observe that the common zeroes of the
polynomials 1 and 0 is () respectively Az

Let X; = V(1;), for i € Z, where I; is an ideal of K[z1,...,x,]. Moreover, let I be the
smallest ideal in K[z, ..., z,] that contains all the ideals /;. That is, [ is the ideal generated
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by the polynomials in the ideals I;, and hence consists of all sums f;, +- - -+ f;,, for all finite
subset {71,...,in} of Z, and with f;, € I;,. Tt is clear that V(I) = NiezV(I;) = Nicz Xi.
We have proved the second assertion.

To prove the third assertion we let X; = V(I;) for some ideal I; in K|xq,...,z,].
Let I be the ideal in Kzy,...,x,] generated by the elements in the set {fi--- fi.|fi €
I;, fori=1,...,m}. We have an inclusion U, X; = U™ V(I;) € V(I). To prove the
opposite inclusion we take a point x in A%\U?;l]/(fi) Then there exists, fori=1,...,ma
polynomial f; € I; such that f;(x) # 0. We have that (f;--- fin)(x) = fi(z) - fm(z) #0,
and thus o ¢ V(I). Hence we that V(I) C U, X;, and we have proved the third assertion
of the lemma. O

Remark 5-1.9. The properties of Lemma 5-1.8 can be interpreted as stating that the affine
variety of Ag form the closed sets of a topology (see Definition 3-3.1).

Definition 5-1.10. The topology on A whose open sets are the complements of the affine
varieties is called the Zariski topology. For each subset X of Af the topology induced on
X is called the Zariski topology on X.

When X is an affine variety in Az we call the open subsets of X in the Zariski topology,
quast affine varieties.

Example 5-1.11. The closed sets for the Zariski topology on AlK = K consists of the
common zeroes of polynomials in one variable with coefficients in the field K. In the ring
K[z] all ideals can be generated by one element (see Exercise 5-1.2) In particular, every
closed set different from K is finite, and consists of the zeroes of one polynomial in K[z].

Take K and K to be R respectively C. Then i is not a closed subset of C because every
polynomial in R[z] that has i as a root also has —i as a root. However, the set {i, —i} is
closed in C, beeing the zeroes of the polynomial 2 + 1.

Example 5-1.12. In the Zariski topology on Az X Az the sets of the form U x V', where
U and V' are open in Ag respectively Az are open in Ax X Ax. Indeed, it suffices to
show that the sets U x Ax and Ag X V are open since U X V' is the intersection of these
two sets. Let X be the complements of U in Afz. Then X x AL is the zero of the ideal
I'in K[zy,...,2Zn, Y1, ..., Ym), consisting of elements of the form ¢, fy - - - + g, f, with f, in
Z(X). Indeed, on the one hand X x Af is a subsets of the zeroes of I, and on the other
had if (z,y) is not in X x AZ, then z is not in X and there is an f; such that fi(z) # 0,
and where V() is contained in X x AZ. Hence X x A% is closed in AZ x A%, and the
complement U X AL is open. Similarly we show that A% x V' is open. It follows that the
open sets in the product topology are open in the topology on AZ X Af.

The Zariski topology on the product A X Af is however, not the product topology
of the topologies on Az and Ag as defined in Example 3-3.3. Indeed, for example when
m =n = 1 the diagonal of Ax x Ag is closed. However, the closed sets on AL are finite,
or the whole space (see Exercise 5-1.11). Hence the proper closed sets can only contain a
finite number of points of one of the coordinates.
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Some open sets, often called principal, are particularly important for the Zariski topol-
ogy.

Definition 5-1.13. Let f be a polynomial in K[z1,...,2,]. The set V(f) = {z €
AZ|f(x) = 0}, where f vanishes, is a closed subset of A%. For each affine variety X
of A% we denote by X the open subset X \ V(f) of X.

Lemma 5-1.14. Let X be an affine variety in Ag and let U be an open subset of X. For
each point x of U there is a polynomial f in K|xq, ..., x,] such that v € Xy, and Xy C U.

Proof. We have that X \ U is a closed subset of Az Consequently there is an ideal I of
K|z, ..., x,] such that X \ U = V(I). Since x € U there is a polynomial f in I such that
f(x) # 0. Then x € Xy, by the definition of X ;. Since f € I, we have that V(1) C V(f).
Hence X \ U C X NV(f), or equivalently, X; C U O

It is interesting, and useful, to notice that every affine variety is the common zeroes
of a finite number of polynomials. Before we prove this important fact we shall introduce
some terminology.

Definition 5-1.15. We say that a ring R is noetherian if every ideal in R is finitely
generated. That is, given an ideal I of R, then there is a finite set of elements a4, ..., a,,
such that I is the smallest ideal of R containing a4, ..., a,. Equivalently, the elements of
I consists of all elements of the form a,b; + - - - + a,,b,,, for all elements by, ..., b, of R.

Proposition 5-1.16. Let R be a noetherian ring. Then the ring R[z| of polynomials in
the variable x with coefficients in R is also noetherian.

Proof. Let J be an ideal of R[z], and let I be the subset of R consisting of all elements a
in R, such that az™ + a,,_,2™ ! + -+ + ag is in J, for some nonnegative integer m and
some elements aq, ..., a,_1 in R. We have that [ is an ideal of R. Indeed, if a € I, then
ba € I, for all b € R, because there is a polynomial f(x) = a2? + a, 12771 + -+ + qp in
J, and then bf (z) = baa? + ba, 12?1 + -+ - 4 bag is in J. Moreover, if b is in [ then a + b
is in I because some g(x) = baf + b, 2P~ ' + -+ + by is in J. Assume that ¢ > p. Then
fl@)—21Pg(z) = (a+b)a+(ap-1+bg—1)29 4+ -+ (a0 +bg—p) TP +by—p_1 797"+ -+ by
is in J, and thus a + b € I. A similar argument shows that a + b is in I when p < q.

In a similar way we show that the sets I; consisting of the coefficient of x? of all
polynomials of J of degree at most i, is an ideal, for ¢ = 0,1,....

We have that R is noetherian, by assumption, so all the ideals I, and I; are finitely
generated. Choose generators as,...,a, for I, and b;, ..., b, for I;, for ¢ = 0,1,....
Moreover, we choose polynomials in R[z] whose highest nonzero coefficient is ay, ..., an,
respectively. Multiplying with an appropriate power of x we can assume that all the
polynomials have the same degree. Hence we can choose polynomials f;(z) = a;a? +
Qi1 2?1 + -+ + ay, for i = 1,...,m. Moreover, we choose polynomials f;(z) = b;;z" +
biji—nyx ' 4+ byoin J, fori=0,1,... and j =1,...,m,.

We shall show that the polynomials S = {f1,..., fm} U{fi,,-- -, fim;, [t =0,...,p—1},
generate J. It is clear that all polynomials in J of degree 0 is in the ideal generated by
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the polynomials in S. We proceed by induction on the degree of the polynomials of J.
Assume that all polynomials of degree strictly less than ¢ in J lie in the ideal generated
by the elements of S. Let f(z) = bax?+ by_12? '+ -+ + by be in J. Assume that ¢ > p.
We have that b € I. Hence b = ciaq + -+ + ¢pa,, for some cq,...,¢, in R. Then
g(x) = f(x) — @ P fi(x) — - — cuax?Pf,(z) is in J and is of degree strictly less than
q. Hence g(x) is in the ideal generated by the elements of S by the induction assumption.
Since f(z) = c1fi(x) 4+ -+ cmfm(z) + g(x), we have proved that all polynomials of degree
at least equal to p are in the ideal generated by the elements in S.

When ¢ < p we reason in a similar way, using bg1, . . ., bgm, and fe1, ..., fgm,, to write
f(z) as a sum of an element in J of degree strictly less than p and an element that is in
the ideal generated by the elements {f;,}. By induction we obtain, in this case, that all
polynomials in J of degree less than p are in the ideal generated by S, and we have proved
the proposition. O

Corollary 5-1.17. (The Hilbert basis theorem) The ring K[z, ..., x,] is noetherian.

Proof. The field K has only the ideals (0) and K (see Exercise 1-3.2), and consequently
is noetherian. It follows from the Proposition, by induction on n, that K[zy,...,x,] is
noetherian. 0

5-1.18. The Zariski topology is different, in many important respects, from metric topolo-
gies. We shall next show that the quasi affine varieties are compact and that they have a
unique decomposition into particular, irreducible, closed sets.

Proposition 5-1.19. All quasi affine varieties are compact topological spaces.

Proof. Let X be an algebraic subset of A, and let U be an open subset of X, and
choose an open subset V' of A% such that VN X = U. Given a covering U = UjezU;
of U by open subsets U;. Choose open subsets V; of A”K such that U; = X NV,. Then
V= (V\X)UUez(V;NV) is a covering of V by open sets of AL If we can find a finite
subcover V;, NV,...,V, NV, V\ X, then U,,..., U, is an open cover of U. Consequently
it suffices to show that every open subset V' of A is compact.

It follows from Lemma 5-1.14 that it suffices to prove that every covering

V=JAp);

1€

of V' by principal open sets (A”ﬁ) , has a finite subcover. Let I be the ideal generated by
the the elements f;, for i« € Z. It follows from Corollary 5-1.17 that I is generated by a
finite number of elements gi, . .., g,,. Since (A%);, C V, we have that V(f;) 2 Ax\V, for
all i € Z. Consequently, we have, for all g € I, that V(g) 2 X \ U, that is (A%), C V.
Moreover, since the (A, cover V, we have that for each z € V' there is an f; such that
fi(x) # 0. Consequently, there is a g; such that g;(x) # 0. Hence we have that the sets
(Af)g, fori=1,...,m, cover V, and we have proved the proposition. a
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Corollary 5-1.20. Fvery sequence U O X1 DO X5 D --- of closed subsets of a quasi affine
variety U is stationary, that is, for some positive integer m we have that X, = X001 = -+ -.

Proof. Let X = N, X;. Then X is a closed subset of U and V = U \ X is a quasi
affine variety. Let U; = U \ X;. Then we have a covering V' = U} ,U; of V' by open
sets U;, where Uy C Uy C --- C V. By Proposition 5-1.19 we can find a finite subcover
Ui,...,U;.. Let m = max{iy,...,i.}. Then U,, = U1 = --- =V, and we have that
Xp=Xp1=-=X. O

Definition 5-1.21. A topological space X is called noetherian if every sequence of closed
subspaces X D X; D X, D --- is stationary, that is, for some positive integer m we have
that X,, = X401 = ---. We say that a topological space X is irreducible if it can not be
written as a union of two proper closed subsets.

Remark 5-1.22. A topological space is noetherian if and only if every family {X;};cz of
closed sets has a minimal element, that is, an element that is not properly contained in
any other member of the family. Indeed, if every family has a minimal element, a chain
X DXy D Xy D --- has a minimal element X,,. Then X,, = X,,,,; = ---. Conversely, if
X is noetherian and { X };c7, then we can construct, by induction on m, a sequence of sets
X;, O X;, D--- DX, by taking X;, arbitrary, and given X; , we choose X; ., to be a
proper subset contained in the family, if X is not minimal. Since the space is assumed
to be noetherian we must end up with a minimal element of the family.

m )

Remark 5-1.23. A space X is clearly irreducible if and only if two nonempty open sets
of X always intersect. Consequently, if X is irreducible, then all open subsets of X are
irreducible.

Lemma 5-1.24. Let X be a noetherian topological space. Then we can write X as a union
X=X1U---UX,,, where Xq,...,X,, are irreducible closed subsets of X, and no two of
these sets are contained in each other. The sets X1, ..., X,, are unique, up to order.

Proof. We shall show that the family {Y;};c; of closed subsets of X for which the lemma
does not hold is empty. If not, it has a minimal element Y} since X is noetherian. Then Y;
can not be irreducible and hence must be the union of two proper closed subsets. Each of
these can, by the minimality of Y}, be written as a finite union of irreducible closed subsets,
and hence, so can Y}, which is impossible. Hence the family must be empty, and hence
X can be written as a finite union of closed irreducible subsets. Cancelling the biggest
of the sets when two of the ireeducible sets are contained in each other we arrive at a
decomposition of the type described in the first part of the lemma.

We shall show that the decomposition is unique. Assume that we have two decomposi-
tions X = X;U---UX, =Y U---UY,. Then X; = (X;NY;)U---U(X;NY,). Since X is
irreducible we have that, either the intersection X; N'Y; is equal to X;, or it is empty. At
least one of the intersections must be equal to X;. Then we have that X; C Y, for some
index (7). Reasoning in a similar way for Y,;), we obtain that Y, C Xj, for some index
J. But then we have that X; C Y, C Xj. Consequently i = k and X; = Y, ;). Since the
latter relation must hold for all 4, the second part of the lemma has been proved. O
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Definition 5-1.25. Let R be a ring. an ideal I of R is prime if, given two elements a and
b of R, not in I, then the product ab is not in I.

Proposition 5-1.26. Let X be an affine variety in Ag. Then X is irreducible if and only
iof the ideal

I(X)=Af e Klxy,...,z)|f(ar,...,a,) =0, forall (ay,...,a,) € X}
(see 5-3.2) of polynomials vanishing on X is a prime ideal in K[z1,. .., ,].

Proof. 1t follows from Lemma 5-1.14 that it suffices to prove that any two open principal
subsets intersect. Note that for f in K[z,...,x,] we have that X; N X # 0 if and only
if f is not in Z(X), because, for (aj,...,a,) in Xy N X, we have that f(ai,...,a,) # 0
and g(aq,...,a,) =0, for all g in Z(X). Given polynomials f and g in K[zy,...,x,], not
in Z(X), we have that fg is not in Z(X) if and only if XN # (. Clearly, we have that
Xpg= XN Xy 80 XpyNX #0if and only if (X;NX)N(X,NX) # 0. Consequently, we
have that fg¢ is not in Z(X) if and only if (XN X) and (X, N X) meet. We have proved
the proposition. O

Example 5-1.27. Since K is infinte (see Excercise 5-1.5) the only polynomial that vanishes
on A is the zero polynomial. Consequently, we have that Z(X') = 0, and Az is irreducible.

Remark 5-1.28. The above results illustrate the difference between the Zariski topology
and the metric topology on AR and Ag. In the Zariski topology all open sets are compact
and two open subsets always meet. In the metric topology, no open sets are compact (see
Proposition 3-9.2), and the space is Hausdorff (see Exercise 3-3.1), so two distinct points
always have open neighbourhoods that do not intersect.

Exercises

5-1.1. Let KJz]| be the ring of polynomials in the variable z with coefficients in K. Given
two polynomials f(x) and g(z) in K[z]. Show that there are polynomials ¢(x) and r(z) with
degr(xz) < deg f(x), such that g(x) = q(z)f(z) + r(x).

5-1.2. Show that every ideal I in the ring K[z] of polynomials in the variable = with coefficients
in K can be generated by one element. Hint: Use Exercise 5-1.1 to prove that every polynomial
of lowest degree in I will generate I.

5-1.3. Let K[z] be the ring of polynomials in the variable x with coefficients in K. Given a
polynomial f(z). Show that an element a of K is a root of f(x), that is f(a) = 0, if and only if

f(@) = (z = a)g(2).

5-1.4. Let K[z] be the ring of polynomials in one variable z with coefficients in K. We say that a
polynomial f(z) divides a polynomial g(x) if there is a polynomial ¢(x) such that g(z) = q(z) f(z).
A polynomial is irreducible if it can not be divided by a nonconstant polynomial of lower degree
than itself. Two polynomials are relatively prime if they have no common divisors except the
constants, that is, the elements of K.
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(i) Use Exercise 5-1.2 to show that if f(z) and g(z) are relatively prime polynomials in K[z],
then K[z] is the smallest ideal that contains f(z) and g(x).

(ii) Show that if f(x) and g(z) are polynomials, and f(x) is irreducible, then, either f(z) and
g(x) are relatively prime, or f(z) divides g(z).

(iii) Let f(x), g(z), and h(z) be polynomials in K[z], with f(z) irreducible. Use assertion (i)
and (ii) to show that, if f(x) divides g(z)h(z), but does not divide g(x), then f(z) divides
h(z).

(iv) Show that every polynomial f(z) can be written as a product f(z) = f1(z) - fm(z), where
the polynomials f;(z) are irreducible (not necessarily disinct), and use (iv) to show that
the f;(x) are unique, up to order and multiplication with a constant.

(v) Show that there are infinitely many irreducible polynomials in K[z] that can not be obtained
from each other by multiplication by elements of K. Hint: Assume that there is a finite
number of irreducible polynomials fi(x), ..., fm(2) up to multiplication by constants. Show
that each irreducible factor of (f1(z)--- fm(x)) + 1 is relatively prime to fi(x),..., fm(z).

5-1.5. (i) Show that a field K is algebraically closed if and only if all irreducible polynomials
(see Exercise 5-1.4) in one variable x with coefficients in K are of degree 1.

(ii) Use Exercise 5-1.4 (v) to show that an algebraically closed field has infinitely many elements.

5-1.6. Let K[z] be the ring of polynomials in one variable x with coefficients in K. Let f(z) be
a polynomial and I = (f(z)) the smallest ideal in K][z| containing f(x). Show that the residue
ring K[z]/I is a field, if and only if f(z) is irreducible. Hint: Use Exercise 5-1.4 (i).

5-1.7. Let R be a ring and I and ideal in R. Show that a subset {a;};cz of R generates I if
and only if I consists of the sums bya;, + - -+ + by,a;,,, for all finite subsets {iy,... i, } of Z, and
elements by,...,b, in R.

5-2 Irreducibility of the matrix groups

Recall that a topological space is irreducible if two nonempty open subsets always intersect
(see Remark 5-1.23). Hence irreducible spaces are connected. For prevarieties it is therefore
more interesting to check irreducibility than to check connectedness. In this section we
shall determine which of the matrix groups that are irreducible.

Lemma 5-2.1. Let Y be a topological space. Assume that for every pair of points x and
y of Y there is an irreducible topological space X and a continous map f: X — Y, such
that f(X) contains x and y. Then'Y is irreducible.

Proof. To prove the lemma, let U and V' be open subsets of Y such that UNV = (). Choose
xinU and y in V, and let f: X — Y be a map such that z and y are in f(X). We then
have that f~*(U) and f~(V) are nonempty open sets of X that do not intersect. This
contradicts the irreducibility of X. Consequently we have that Y is connected. O
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Proposition 5-2.2. We have that Gl,,(K) and Sl,(K) are irreducible.

Proof. 1f follows from Proposition 1-5.2 that every element A of Gl,,(K) can be written in
the form A = E;, ;,(a1)---E(a) - - - E;, ;,(an), where E(a) is the matrix 1-5.2.1. We obtain
a continous map f: K" x (K\ 0) — Gl,,(K) sending the point (ai,...,a,,a) to the matrix
Ei j(a1)---E(a)---E;, ;,(ay). Clearly f(0) = I, and f(a,...,a,,a) = A. We have that
K™ x K\ 0 is an open subset see 5-1.12) of an irreducible set (see 5-1.27. Hence K™ x K\ 0
is irreducible (see 5-1.23). It follows from Lemma 5-2.1 that Gl,(K) is open. In the case of
the groups Sl,(K) we have that « = 1 and we can use the map f: K" — Sl,,(K) sending
the point (aq,...,a,) to the matrix E;, j,(a1)--- E;, j,(a,). We conclude, as above, that
S, (K) is irreducible. O

Proposition 5-2.3. Let K be a field such that 2 # 0 we have that SO, (K) is irreducible
and O, (K) is not irreducible.

Proof. The determinant gives a surjective map det O, (K) — {£1}. Since {£1} is not
irreducible it follows from Lemma 5-2.1 that O,,(K) is not irreducible.

Every element A in SO, (K) can be written in the form A = s,, 5, - - - 54,,.5y,,, for some
m, with (z;,zx) # 0 # (y;,y;). Consider K™" as the space consisting of m vectors in
K™, that is as points (ai11,...,@1my .-, Qm1,.-.,Gmn). Let U; be the open set in K™"
consisting of points x = (a;1,...,a;,) such that (z,z) # 0. Then N*,U; is open and it is
nonempty because K has infinitely many elements (see Problem 3-3.1). We define a map
v: N2 U — SO,(K) by v(21, -+, Zm) = S2,52, * * * Sa,, Sz, Clearly the map is continuous
and we have that v(xq,...,2,) = I, and ¥(y1,...,ym) = A. Since N7*,U; is an open
subset of K™ it is follows from Problem 5-1.27 and Remark 5-1.23 that it is irreducible.
It follows from Lemma 5-2.1 that SO,,(K) is irreducible. O

Proposition 5-2.4. We have that Sp,,(K) is irreducible.

Proof. We can write every element A in Sp,(K) as A = 7(z1,a1) - - - 7(y, @), for some
m. The map f: K" — Sp, (K) which is defined by f(b1,...,bn) = 7(x1,b1) ... T(Tm, bim)
maps (0,...,0) to I,, and (ay,...,a,) to A. It follows from Lemma 5-2.1 that Sp, (K) is
irreducible. O

5-3 Regular functions

The only natural functions on affine varieties are functions induced by polynomials or
quotients of polynomials. We shall, in this section, define polynomial functions on affine
varieties and their quotients.

Definition 5-3.1. Let X be an affine variety in Ag. Denote by
I(X) ={f € Kz1,...,z,)|f(x) =0, forall z € X},

the set of polynomials in K[z1, ..., x,] that vanish on X.
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5-3.2. Since the sum of two polynomials that both vanish on X, and the product of a
polynomial that vanish on X with an arbitrary polynomial, vanish on X, we have that
Z(X) is an ideal. This ideal has the property that, if f is a polynomial in Kz, ..., z,]
such that f™ is in Z(X), for some positive integer m, then f is in Klzy,...,z,]. Indeed,
if f(z)™ =0, for all x in X, then f(z) =0, for all x in X. We say that the ideal Z(X) is
radical.

Definition 5-3.3. Let R be a ring. For each ideal I of R we let /I = {a € R|a™ €
I, for some positive integer m}. We call VT the radical of I, and we say that the ideal T
is radical if VI =1.

Remark 5-3.4. The radical of an ideal I contains I, and is itself an ideal. Indeed, if a
is in VI, then a™ is in I for some positive integer m. Hence, for all b in I, we have
that b™a™ = (ba)™ is in I. Consequently ba is in v/I. Moreover, if a and b are in /T,
then a? and b? are in I for some positive integers p and ¢q. Let m = p+ ¢ — 1. Then
(a+b)y™ =37, ("Ma'b "t Fori=0,...,m, we have that, either i > p or m —i > ¢, and
consequently each term (7')a’d™ " is in I. Hence (a+b)™ is in I, and we have that a + b
is in V/T.

We note that if I is a proper ideal of R, that is, if it is different from R, then /T is
proper. Indeed, the element 1 can not be in /1.

5-3.5. Given a polynomial f in Klz1,...,z,]. We obtain a function
or: Klzy, ... 2, = K,
given by ¢¢(z) = f(x). By restriction we obtain a function
vflx: X — L.

Given another polynomial ¢ in K[z, ..., z,]. By the definition of the ideal Z(X'), we have
that ¢r|x = ¢4|x if and only if f — g is in Z(X). It is therefore natural to consider the
residue ring Kxy, ..., 2,]/Z(X) of K[zy,...,xz,] by the ideal Z(X) (see Example 3-5.2) to
be the ring of polynomial functions on X.

Definition 5-3.6. Let X be an algebraic variety in Af. We denote the residue ring
Klzy,...,2,]/Z(X) by K[X] , and call K[X] the coordinate ring of X. Given an element
f of K[X]. We saw in Paragraph 5-3.5 that all the polynomials F' in Klxzy,...,x,] whose
residue is f take the same value F(x) at each point z of X. The common value we
denote by f(z). We say that f is the function induced by F, and define X to be the set
{z € X|f(x) # 0}, or equivalently X; = Xp.

Example 5-3.7. The coordinate ring K[A%] of the affine variety AL is equal to the
polynomial ring K[z, ...,z,]. Indeed, the only polynomial that is zero on A% is 0 (see
Excercise 5-1.27).
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Definition 5-3.8. Let U be a quasi affine variety in A%. A function
0:U—K
is reqular if there, for every point x in U, exists a neighbourhood V' of x contained in U and

polynomials f(z1,...,2,) and g(z1,...,2,) in K[zi,...,z,] such that g(ay,...,a,) # 0

and p(ay,...,a,) = H, for all (a,...,a,) in V.

Let V be a quasi affine variety in Az A map
o:U—-V
is a regular map if there are regular functions ¢y, ..., ¢, on U such that

D(ay,...,an) = (p1(ar,...,an), ..., om(ar, ... a,)),

for all (ay,...,a,) in U.
Example 5-3.9. Let U and V' be quasi affine varieties in A respectively Az, and let
fi(z1, ..o xn), .oy fm(x1, ..., 2,) be polynomials in K[z, ..., z,]. The map
D:U — A¥
defined by

D(ay,...,an) = (p1(ay,...,an),...,om(as, ..., a,))

is regular. If ®(ay,...,a,) is in V, for all (ai,...,a,) in U, we have that @ induces a
regular map

@‘UU—>V

Since the multiplication map Gl,,(K) x Gl,,(K) — GI,,(K), is given by polynomials, it is
a regular map. Here Gl,(K) x Gl,(K) is the product quasi affine variety in A”K2 X A%Q,
given in Example 5-1.12. It follows that the product maps of all the matrix groups Gl,(K),
S1,(K), Gs(K), or SGg(K), for some invertible matrix S, are regular maps.

Example 5-3.10. The inverse map Gl,(K) — Gl,,(K) which sends a matrix A to A™! is
regular. Indeed, we have that A= = ﬁB , where B is the adjoint matrix (see Section 1-4
and Exercise 1-4.2). Every coordinate of A™! is a polynomial in the variables z;; divided
by the polynomial det(z;;), which is nonzero on all points of Gl,(K). Consequently, the
inverse map on Gl,,(K) is regular. It follows that the inverse map is regular for the matrix

groups Gl,,(K), S1,(K), Gs(K), or SGg(K), for some invertible matrix S.

Example 5-3.11. Given an element f(xy,...,z,) in the polynomial ring K[x1, ..., z,],
and let X be an affine algebraic variety in Az. The map

P Xy — V(A —zp f(1, .0, 20)),
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defined by ®(ay,...,a,) = (ay,...,an, m), from the principal set Xy to the zeroes
in A”KJrl of the polynomial 1 — x,, 1 f(x1,...,2,) in K[z1,...,2,.1], is regular, and given

by the polynomials 1, .. The map

1
<y T,y F@izn)
UV =z f(or,. . 20)) = Xy,

given by ¥(ay,...,a,41) = (a1,...,a,) is also regular. The regular maps ¢ and ¥ are
inverses.

Lemma 5-3.12. A reqular map between quasi affine varieties is continous.

Proof. Let U and V' be quasi affine varieties in A respectively A%, where V' is an open
subset of an affine variety Y, and let ¢: U — V be a regular map. It follows from
Lemma 5-1.14 that it suffices to prove that &~*(Y;) is open in U, for all polynomials
9(y1, ..., Ym) in the m variables yy, . .., y,, with coordinates in K, such that Y} is contained
in U. Let z be a point of Y,. Since @ is regular there are open neighbourhoods U; of x
in U and polynomials f;, ¢; in K[zy,...,z,], such that g;(ai,...,a,) # 0, and such that

D(ay,...,a,) = <f(a1""’a") fm(al""’a”)), for all (ay,...,a,) in W, = N, U;. Write

gl(‘“"'w”‘")’ ) gm(al,...,an)
fx1,...,20) =g <%, e %) For a sufficiently big integer d we have that

My, .. xn) = (g1, xn) - g1, 2) (1, x)
is a polynomial in xy,...,x,. We have that

(@|Wz)_1(}/g) =W,nN {(ab SR 7an)‘f(a17 .- ‘7an) 7é 0}
=W, {(ar,...,a,)|h(a,...,a,) #0} =W, NX}.

Hence @7!(Y,) contains an open subset W, N X}, of each x, and hence it is open. O

The most fundamental result about regular functions is that the ring of regular functions
on an affine algebraic set is canonically isomorphic to the coordinate ring. In order to prove
this result we shall need the Hilbert Nullstellensatz. The algebraic prerequisites that we
need to prove the Hilbert Nullstellensatz are quite extensive, and we have devoted the
next section to the prerequisites, and to a proof of a generalized version of the Hilbert
Nullstellensatz.

5-4 The Hilbert Nullstellensatz

5-4.1. In Section 5-1 we associated an affine variety V(I) of AL to every ideal I in
Kl[zy,...,x,], and in Section 5-3 we saw how we, conversely, can associate a radical ideal
Z(X) to every affine variety of A%. For every affine variety we have that

VI(X) = X.
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Indeed, the inclusion X C VZ(X) is clear. To prove the opposite inclusion we take a
point x of X. Since X is an affine variety there is an ideal I of K|xy,...,z,] such that
X = V(). Clearly, we have that I C Z(X) and since z ¢ X, there is a polynomial
f in Kxy,...,2,] such that f(z) # 0. Hence there is a polynomial f in Z(X) such
that f(z) # 0. Consequently, = is not in VZ(X), and we have proved that the inclusion
VI(X) C X holds.

For every ideal I of K[z1,...,x,] it is clear that we have an inclusion

VI CIV(I).

The Hilbert Nullstellensats asserts that the opposite inclusion holds. In particular we must
have that, if I is a proper ideal in K[zy,...,z,], then V(I) is not empty. Indeed, if V(1)
were empty, then ZV(I) must be the whole of K[zy,...,z,]. However, if I is a proper
ideal, then so is v/T (see Remark 5-3.4).

The Hilbert Nullstellensats states that, if f(xy,...,z,) is a polynomial in the ring

K|z, ..., x,] which vanishes on the common zeroes of a finite family of polynomials
fi(zr, e, x), fa(T, oy o )y ooy (1, Ty o ),
then there is a positive integer d and polynomials ¢4, ..., g, such that

fl=gifi+ + gmfm

Indeed, let the ideal I of the original statement of the Hilbert Nullstellensatz be generated
by the polynomials fi,..., f.

The Hilbert Nullstellensats is a fundamental result in algebraic geometry and has many
uses. We shall therefore present a proof of a very useful generalization. Before we start
the proof we need some algebraic preliminaries.

Definition 5-4.2. Let R be a ring. We say that a ring S is an R algebra if R is a subring
of S. A homomorphism ®: S — T of R algebras is a ring homomorphism which is the
identity on R.

Given an R algebra S and elements aq,...,a, of S. Then there is a unique R algebra
homomorphism

D Rlzy,...,x,] — S,

from the ring of polynomials in the variables xy,...,z, with coefficients in R, such that
&(x;) = a;, for i = 1,...,n. We have that &(f(x1,...,2,)) = f(a1,...,a,), for all polyno-
mials f(xy,...,2,) of R[zy,...,x,].

The image of @ is an R subalgebra of S that we denote by Rlay,...,a,]. We call
Rlay, ..., a,] the R algebra generated by the elements ay, ..., a,. When S = Rlay, ..., a,),

we say that S is finitely generated, and that the elements a4, ..., a, are generators of the
R algebra S. By definition Rlay,...,a,] consists of all elements of the form f(ay,...,a,),
where f is a polynomial in R[xq,...,z,], and it is clearly the smallest R subalgebra of S
containing the elements aq, ..., a,.
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Let S be an R algebra which is an integral domain (see Definition 5-5.13). We say that
an element a of S is algebraic over R if there is a nonzero polynomial f(z) = a,x™+- - -+ay,
in the variable x with coefficients in R, such that f(a) = 0. An element of S which is not
algebraic is called transcendental.

Remark 5-4.3. We note that an element a of an R algebra S which is an integral domain
is trancendental if and only if the surjection @: R[z] — R[a] is an isomorphism. Indeed,
the nonzero elements of the kernel of @ consists of the nonzero polynomials f(x) such that
f(a) = 0. To determine the kernel of @ when a is algebraic we choose a nonzero polynomial
f(x) =bx™ + by _12™ 1 + - -+ + by of smallest possible degree m such that f(a) = 0. Then
the kernel of @ is equal to

{g(z) € R[z]|b%g(z) = q(z)f(x), where d € Z, with d > 0,and ¢(z) € R[xz]}.

Indeed, if b?g(x) = q(x)f(z) we have that bg(a) = q(a)f(a) = 0, and hence that g(a) =
0. Conversely, assume that g(a) = 0. It follows from the following Lemma 5-4.4 that
bg(x) = q(z)f(z) + r(x), for some nonnegative integer d and polynomials ¢(z) and r(z)
with degr(z) < deg f(x). We obtain that r(a) = bg(a) — q(a) f(a) = 0. However, we have
chosen f to be a nonzero polynomial of lowest degree such that f(a) = 0. It follows that
r(x) =0 in R[z], and consequently b?g(x) = q(x) f(z).

Lemma 5-4.4. Let R be an integral domain and R[z| the ring of polynomials in one
variable x with coefficients in R. Let f(x) = bx™ +b,,_12™ 1+ - +by be a polynomial with
b # 0. For every polynomial g(z) of R[x] there is a nonnegative integer d and polynomials
q(z) and r(x), with degr < deg f, such that

blg(z) = q(x) f(z) +r(z).

Proof. The assertion of the Lemma holds for all polynomials g such that degg < deg f.
Indeed, we can then take d = 0, ¢ = 0 and » = g. We shall prove the lemma by induction on
the degree of g. Assume that the assertion of the lemma holds for all polynomials of degree
strictly less than p for some integer p > deg f = m. Let g(x) = cxP+c, 12771+ -+¢o. We
have that h(z) = bg(z) — ca?~™ f(z) is of degree less than p. By the induction assumption,
we can find an integer d and polynomials ¢; and r such that b¢h(x) = q(z)f(z) + r(z),
with degr < deg f. Consequently we have that v g(z) = bh(z) + cbaP~™f(z) =
(q1(z) + cb?zP~™) f(x) + r(z), and we have proved that the assertion of the lemma holds
for g(z). O

Proposition 5-4.5. Let R be a ring and S an R algebra which is an integral domain, and
let a be an element of S. Moreover, let T' be an integral domain and p: R — T a ring
homomorphism. Finally, let ¢ be an element of T'. The following two assertions hold:

(i) Assume that a is transcendental over R. Then there ezists a unique ring homomor-
phism : Rla] — T such that ¥(a) = ¢, and ¢¥|g = .

115



(ii) Assume that a is algebraic and let f(z) = bx™ + by,_1x™ ' +- -+ by be a polynomial
of lowest possible degree in the variable x with coefficients in R such that f(a) = 0.
If o(b) # 0 and o(b)c™ + p(by_1)c™ ™t + -+« + @(bg) = 0, there erists a unique
homomorphism 1 : Rla] — T such that {(a) = ¢ and Y|r = .

Proof. Let 1: R[a] — T be a ring homomorphism such that ¢ (a) = ¢, and ¥|g = ¢. For
every element g(a) = c,a? + - - - 4 ¢o of R[a] we have that ¢(g(a)) = ¢¥(cpa? + -+ - + o) =
D) + -+ Pco) = D)@ + -+ Plco) = Pe)bla)f ++ -+ pleo) = Plep)e? +
-+ v(cp). Hence 1) is uniquely determined by the conditions that i(a) = ¢, and ¢|gr = ¢.

Assume that a is transcendental. Then every element of R[a] has an expression g(a) =
cpaP 4+ - -+ co, where p, and ¢y, . . ., ¢, are uniquely determined. Hence we can define a map
¥ Rlal — T by ¢¥(g(a)) = ¢(cp)? + - - -+ ¢p(co). Clearly, 9 is a ring homomorphism such
that ¥ (a) = ¢, and ¥|g = ¢. Hence we have proved the first assertion of the proposition
when a is trancendental.

Assume that a is algebraic. Then every element of R[a] can be written in the form
g(a) = cpa? + --- + co, for some polynomial g(z) = ¢,2? + --- 4 ¢ in the variable x
with coefficients in R. Let h(z) = dyz?+ --- + dp. It follows from Remark 5-4.3 that
g(a) = h(a) if and only if b%(g(x) — h(x)) = q(x) f(z), for some nonnegative integer d, and
some polynomial ¢(x) in R[x]. Hence, if b¢(e, 2" +- - -+eo) = p(z) f(z), for some nonegative
integer e and some polynomial p(z) = fsx®+-- -+ fo implies that ¢(e,)c" 4+ - -+ p(eg) = 0,
we can define a map ¢: Rla] — T by ¢¥(e,a” + -+ €9) = p(e,)c" + -+ -+ ¢(eg). Assume
that b°(e,x" +- - -+eg) = s(x) f(x). We use ¢ on the coefficients of the monomials x* in the
latter expression, and substitute e for z. Then we obtain that ¢(b)*(¢(e,)c"+- - -+¢(eg)) =
(e(fs)e® + -+ o(fo)) ()™ + (bm-1)c™ ™" + -+ (b)) = 0. Since p(b) # 0, and T is
an integral domain by assumption, we obtain that ¢(e,)c” +-- -+ @(eg) = 0. Thus we have
proved that we can define a map ¢: R[a] — T by ¥(e.a”"+---+eg) = p(e.)c" +- -+ p(eo).
We clearly have that v is a ring homomorphism, that ¢(a) = ¢, and that ¥|g = ¢. O

Lemma 5-4.6. Let S be an R algebra which is an integral domain. Given an element a of
S which is algebraic over R and let f(x) = bx™ + by, 1™ 1 + -+ + by be a polynomial of
smallest possible degree m such that f(a) = 0. For all polynomials g(x) such that g(a) # 0
there exists polynomials p(x) and q(x) such that

p(@)f(z) + q(x)g9(z) = c,
where ¢ is a non zero element c of R.

Proof. Let r(x) be a nonzero polynomial of the lowest possible degree such that p(z)f(x)+
q(z)g(xz) = r(x) for some polynomials p(z) and ¢(z), and such that r(a) # 0. Such a
polynomial exists since it follows from Lemma 5-4.4 that we can find a non negative integer
d, and polynomials s(z) and g(z) such that degs < deg f and such that —q(x)f(z) +
a%g(x) = s(x). Here s(a) = —q(a) f(a) + a%g(a) = ag(a) # 0.

We shall show that r(z), in fact, has degree 0. Assume that degr > 1, and write
r(z) = cx?+ cp1xt + -+ ¢p, with ¢ # 0 and ¢ > 1. Tt follows from Lemma 5-4.4 that
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we can write cf(x) = ¢ (x)r(x) + r1(x), for some nonnegative integer d and polynomials
¢1(x) and 7 (x), with degr < degr. We have that ri(a) # 0 because, if 7 (a) = 0, then
0 = c?f(a) = qi(a)r(a) + ri(a) = qi(a)r(a), and hence either ¢;(a) = 0 or r(a) = 0.
However, since deg f > degr > 1, both ¢;(x) and r(x) have lower degree than f and can
not be zero at a because f(z) is chosen of mininal degree such that f(a) = 0. We have
that

r(z) = ctf(z) — q()r(z) = f(x) — q(@)pla) f(2) — ¢ (x)g(x)g(z)
= (¢~ a(@)p(@)) f(2) — ar(@)al)g(x).

The last equation, together with the observation that r1(a) # 0 contradicts the minimality
of the degree of r(z). Hence we can not have that degr > 1, and we have proved the
lemma. O

Theorem 5-4.7. Let R be a ring and S an R algebra which is an integral domain. More-
over let ay,...,a, be elements in S, and b be a nonzero element of Rlay,...,a,]. Then
there is an element a in R such that, for every ring homomorphism ¢: R — K such that
¢(a) # 0 there is a ring homomorphism v: Rlai,...,a,] — K such that ¢(b) # 0, and
such that ¥|g = .

Proof. We shall prove the theorem by induction on the number n of generators ag, ..., a,
of Rlay,...,a,-1]. Let R" = Rlay,...,a,]. Then R'[a,] = Rlay,...,a,]. We shall first
prove the theorem with R and R'[a,], for R and S. In particular we prove the theorem
for the case n = 1.

Assume first that a, is transcentdental over R'. Then b = d'a? + f,_1al™ '+ -+ fo,
for some elements a', f,_1,..., fo of R. For every homorphism ¢’: R" — K such that
¢'(a') # 0, we choose an element ¢ of K such that ¢'(a’)c? +¢'(fy_1)P "+ +¢'(fo) # 0.
This is possible because K is infinite (see Exercise 5-1.5), so that there are elements of
K that are not roots in the polynomial ¢'(a’)a? + ¢'(f,_1)aP~L + -+ + ¢'(fo). It follows
from the first assertion of Proposition 5-4.5 that there is a unique ring homomorphism
¥: R'[a,] — K such that ¥(a,) = c. We have that ¢(b) = ¢(a'a? + f,_1a2™  + -+ fo) =
(@@ (fy )@ 4+ 0 (fo) = ¢ (@)P+@ (fy )P T4+ 10! (fo) # 0, and
Y|r = ¢', and we have proved the case n = 1 of the theorem when a,, is transcentdental.

Assume that a,, is algebraic over R'. Let f(z) = cz™+b,, 12" '+ - -+by be a polynomial
in = with coefficients in R’ of lowest degree m such that f(a,,) = 0. There is a polynomial
g(z) = cpaP+- - -+c¢o such that b = g(a,) # 0. It follows from Lemma 5-4.6 that we can find
polynomials p(z) and ¢(z) in R'[x] such that p(z)f(x) + q¢(x)g(z) = d is a nonzero element
of R'. Let @’ = cd, and let ¢': R — K be a ring homomorphism such that ¢’(a’) # 0.
Then ¢'(c) # 0. Since K is algebraically closed we can find a root e in K of the polynomial
o)™ + @ (by_1)x™  + -« + ¢ (bg). Tt follows from part two of Proposition 5-4.5 that
there is a ring homomorphism v¢: R'[a,] — R’ such that ¥(a,) = e, and ¢¥|p = ¢’. We
have that ((a,))¥(g(n)) = (a(a)g(0n)) = (a(an)g(an)+p(an) f (@) = ¥(d) = (d),
which is not zero because ¢'(a’) = ¢'(cd) # 0. Hence we have that ¢(g(a,)) # 0 and we
have proved the case n = 1 of the theorem when a,, is algebraic.

117



We have proved the theorem in the case n = 1 and proceed by induction on n. Assume
that the theorem holds for an algebra with n — 1 generators. We use the induction as-
sumption on the R algebra R’ = R[ay,...,a,_1] and the element o’ of R[ay,...,a, 1], used
above. By the theorem we can find an element a of R such that every ring homomorphism
¢: R — K such that ¢(a) # 0 can be extended to a ring homomorphsim ¢’: R’ — K such
that ¢'(a’) # 0, and such that ¢'|r = ¢. However, we have from the case n = 1 above
that there is a ring homorphism : R|ay, ..., a,] — R such that ¢(b) # 0, and such that
Y |r = ¢'. We have that |r = ¢'|r = ¢, and we have proved the theorem. O

The Hilbert Nullstellensatz is a direct consequence of Theorem 5-4.7. In order to deduce
the Hilbert Nullstellensatz from the Theorem it is however, convenient to use another
characterization of the radical of an ideal, that illustrates why the radical is an ideal.

Lemma 5-4.8. Let R be a ring and let I be an ideal of R. The radical of I is the
intersection of all prime ideals in R that contain I.

Proof. Let P be a prime ideal containing I. If a is in v/ we have that a™ is in I, and
hence in P, for some positive integer m. Since P is prime it follows that either a or a™!
is in P. By descending induction on m it follows that a is in P. Consequently, the radical
of I is contained in the intersection of the primes containing I.

Conversely, let a be an element of R that is not contained in the radical of /. We shall
show that there is a prime ideal containing I, but not a. Let {I;};c7 be the family of ideals
in R that contain I and that do not contain any power 1,a,a?, ... of a. Given any chain
of ideals {I;};c 7, that is a subset of the family {I;};ez, such that I; C I; or I; C I, for all 4
and j in J. We have that U;c 7I; is an ideal that contain I and does not contain any power
of a. Since every chain contains a maximal element the family {I;};c7 contains a maximal
element J (see Remark 5-4.9). We shall show that J is a prime ideal. Given elements b
and ¢ of R that are not in J. The smallest ideals (b, J) and (¢, J) that contain b and J,
respectively ¢ and J must contain a power of a, by the maximality of .J. Consequently,
b +i = aP and ¢ + j = a9, for some elements b’ and ¢’ of R and i and j of J. We take
the product of these expressions and obtain that 'c’be + ci + bb'j + ij = aPt9. Since
cdi+bb'j +ij is in J, we obtain that, if bc were in J, then a?*? would be in .J, contrary
to the assumption. Consequently, we have that bc is not in J, and J is prime. Thus, for
every element a in R not contained in the radical of I we have a prime ideal J containing
I, but not a. Hence the intersection of all prime ideals containing I is contained in the
radical. O

Remark 5-4.9. In the proof or Lemma 5-4.8 we used Zorn’s Lemma stating that, if every
chain in a family {/;};ez of sets has a maximal element, then the family itself has maximal
elements. For noetherian rings we can avoid the use of Zorn’s Lemma by noting that a ring
R is noetherian, if and only if, every sequence I1,C I, C --- of ideals is stationary, that is
I, = I,+1 = ---, for some positive integer m. To prove this equvialence we first assume
that R is noetherian and consider a sequence [; C I, C --- of ideals. Let I = U2,. Then I
is an ideal, and thus generated by a finite number of elements ay, ..., a,. Clearly we must
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have that all the generators must be in one of the ideals in the sequence, say I,,. Then we

have that I, = I,,.1 = --- = I, and the sequence is stationary. Conversely, assume that
every sequence is stationary. Given an ideal I of R and let {a;};c7 be a set of generators.
Choose ideals I} C I C - -, where I, is generated by a;,, ..., a;,, by induction as follows.

We take I; to be the ideal generated by one of the generators a;,. Assume that we have
chosen I,,, then, if I, # I, we choose a generator a;, , that is not in I, and let I, be the
ideal generate by a;,, -+ ,a;, . Since, the chain must stop, by assumption, we must have
that I = I,,,, for some m, and thus [ is generated by a;,,...,q;

m*

Theorem 5-4.10. (The Hilbert Nullstellensatz)Let I be a proper ideal in the polynomial
ring K[z, ..., z,]. Then VI =1TV(I).

Proof. We observed in Paragraph 5-4.1 that /I C ZV(I). To prove that the opposite
inclusion holds, we take an element a not in v/7 and shall find a point z in V(I) such that
a(x) # 0. From the alternative description of the radical of Lemma 5-4.8 we can find a
prime ideal P of K[zy,...,x,] which contains I and does not contain a. We have that
the K algebra S = K|xy,...,x,]/P is an integral domain (see Exercise 5-5.1). Let g be
the image of a in S by the residue map x: K|zy,...,2,] — S. Then g # 0. It follows
from Theorem 5-4.7 with K = R and ¢ being the inclusion K C K, that there is a K
algebra homomorphism v: § — K such that 1(g) # 0. Let a; be the image of x; by
the composite ¢: K[z1,...,z,] — K of the residue map y and 1, for i = 1,...,n. Then
(a1,...,a,) is a point in A% For each polynomial f(zy,...,2,) =3, iy iy T -
in Klz1,...,2,] we have that of(z1,...,22) = >4, 4 iy q,al-aln = fay,. .., ap).
When f(xq,...,2,) is in I we have that it is in P, and hence that x(f(zy,...,2,)) = 0.
Consequently we have that {(f) = 0, that is f(ay,...,a,) = 0, or equivalently, (a1, ...,a,)
is a zero for f. Hence we have that (ay,...,a,) is in V(). However, ¥(g) # 0, so
alay,...,an) = Cla(xy, ..., x,)) = ¥x(a(zy,...,z,)) = ¥(g) # 0. Hence, we have found a
point x = (ai,...,a,) in A% which is a zero for I, and such that a(z) # 0, and we have
proved the theorem. O

5-5 Prevarieties

A manifold is a topological space that locally looks like an open subset of K", for some n.
Analogously we define, in this section, prevarieties as topological spaces that locally look
like quasi affine varieties.

Definition 5-5.1. Let X be a topological space. An algebraic chart of X consists of an
open set U of X, an open quasi affine variety V' in some affine space Az, and a homeomor-
phism ¢: V' — U of topological spaces. A family of algebraic charts {(¢;, V;, U;) }ier is called
an algebraic atlas if the open sets {U; }ier cover X and if the map ¢ '¢;: o] "(U; N U;) —
©;(U; N U;) is regular, when U; N U; is nonempty, for all indices ¢ and j in Z. Here, and in
the following, we write, for simplicity, goj_lgoi for the map (p;](U; N U;) sl 1 (U N U;).
The set where gp;lgpi is defined will be clear from the context.
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A compact topological space X together with an algebraic atlas is called an algebraic
prevariety, or simply a prevariety. It is often convenient to include in the atlas all the
homeomorphisms ¢: V' — U, from an open quasi affine set in some Af to an open subset
in X, such that, for all x € U and some Uj; in the chart that contain x, the homeomorphism
¢ ' is regular on ¢~ (UNU;). The condition then holds for all charts containing 2. Such
a maximal chart is called an algebraic structure.

For each open subset U of X the charts ¢;: ¢; (U NU;) — U N U define a structure
as an algebraic prevariety on U, called the induced structure.

Example 5-5.2. The quasi affine varieties are themselves algebraic prevarieties with the
identity map as a chart. In particular, all the matrix groups Gl,(K), S1,(K), Gg(K), or
SGs(K) for some invertible matrix S, are algebraic prevarieties (see Example 5-1.6).

Example 5-5.3. Let S = K"™!\ (0). Defining (ag,...,a,) and (by,...,b,) to be related,
if there is an a of K such that a; = ab;, for i = 0,...,n, we obtain a relation on S. This
relation clearly is an equivalence relation. The set (K™t \ (0))/ = is denoted P"(K), and
is called the projective space of dimension n over K. We have a canonical map

$: K" — P"(K).

The sets U in P"(K) such that #71(U) is open in the Zariski topology on K"*!  are
the open sets in a topology on P"(K). By definition, the map @ is continuous with respect
to this topology and the Zariski topology on K.

For i = 0,...,n we denote by H; the subset of P"(K) consisting of points of the form
[(ag,-.-yai-1,0,a:41,...,a,)]. Then H; is closed in the topology. Let U; = P"(K) \ H;.
Then the sets U;, for i = 0,...n, form an open covering of P"(K). Let

i K" — P"(K)

be the map defined by ¢;(as,...,a,) = [(a1,...,a;-1,1,a;,...,a,)]. Then @; is a homeo-
morphism of K" onto the open subset U; of P"(K). We have that the map gpj_lgpi is defined

on the set ¢; '(U; N U;) and is given by gpj’lgpi(al, Ce Q) = (g—;, . agl,a;—jl, o Z—?),
where a; # 0 because g;(a1,...,a,) is in U; N U;. Hence the map is regular. We see that

(Ui, i), for © = 0,...,n, define an algebraic chart on P"(K), which makes P"(K) into a
prevariety.

Remark 5-5.4. Since every quasi affine variety is compact by Paragraph 5-1.19, we have
that X is a prevariety if and only if there is an atlas consisting of a finite number of charts.
Hence the condition that a prevariety is compact is not a serious restriction.

Note that an algebraic variety is covered by quasi affine subsets of some space Az.
Such a quasi algebraic subset will also be quasi algebraic in any space Az such that Ag
is contained in Az as a closed subset. Hence the numbers n that appear in the definition
of an algebraic variety are not determined by the algebraic variety. We shall later define
the dimension of an algebraic variety.
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Definition 5-5.5. Let X be an algebraic variety and U an open subset. A function
f: U — K is regular if for every z in U and some chart ¢;: V; — U;, where z is contained
in U;, we have that the map @yp; ' is regular on ;' (U N U;). The condition then holds for
all such charts. We denote by Ox(U) the set of all regular functions on U.

Remark 5-5.6. The set Ox(U) is clearly a ring, and for an open subset V' of X contained
in U there is a natural ring homomorphism pyyv: Ox(U) — Ox(V) sending a function f
to its restriction f|V. The following two fundamental properties hold:

(i) If f € Ox(U) and there is an open cover {U, };cr of U such that pyp,(f) = 0, for all
1 € I, we have that f = 0.

(ii) If {U;}ier is an open covering of U and { f; }ic; is a collection of functions f; € Ox (U;)
such that py, v,nv, (fi) = pu,v.nv, (f;), for all @ and j, there is a function f € Ox(U)
such that pyp,(f) = fi, for all i € 1.

Consequently Oy is a sheaf on X (see Remark 3-4.9).

Example 5-5.7. Let X be a prevariety and x a point of X. Let S be the set consisting
of pairs (U, f), where U is an open neighbourhood of x and f a regular function on U.
We give a relation on S by defining (U, f) to be related to (V,g) if there is an open
neighbourhood W of x, contained in U NV such that f|W = g|W. Clearly this relation is
an equivalence relation. The residual set S/ = is denoted by Ox .. The elements of Ox
can be added and multiplied by the rules [(U, f)] +[(V,9)] = [(UNV,(f +g)|U NV)] and
(U, HI(V,9)] = [(UNV,(fg)|lUNV)]. Clearly Ox,, becomes a ring with this addition and
multiplication, zero being the element [(X,0)] and the unity the element [(X,1)].
For every open neighbourhood U of x we obtain a ring homomorphism

OX(U) - Ox,x,

sending (U, f) to [(U, f)]. The ring Ox , is called the ring of germs of regular functions at
x. We also have a ring homomorphism

OX,I - Ka

sending [(U, f)] to f(x). This map is called the augmentation map at z.

Remark 5-5.8. Let U be an open neighbourhood of . Then we have that the natural
restriction map

OX,x - OU,x
is an isomorphism.

Given a map @: Y — X of prevarieties, we have a natural ring homomorphism
@;2 OX,f(:c) — Oy,x

definied by @3[(U, g)] = [(7'(V), g@)].
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Definition 5-5.9. Let X and Y be prevarieties and @: Y — X a continous map. We say
that @ is a morphism if, for every open subset U of X and every regular function f: U — K
on U, we have that f@ is analytic on ¢~ '(U). When & has an inverse, which is also a
morphism, we say that @ is an isomorphism of prevarieties.

Remark 5-5.10. It follows immediately from the definition that if ¥: Z — Y is another
morphism of prevarieties, then ®¥: Z — X is also a morphism.

Let X be a topological space and U an open subset. We denote by Cx(U) the ring og
all continous functions U — K. It follows from Lemma 5-3.12 that, if X is an prevariety,
the ring Ox(U) is a subring of Cx(U), for all open subsets U of X. A continous map
@:Y — X of topological spaces induces, for all open subsets U of X, a ring homomorphism
Cx(U) — Cy(@1(U)), which sends a function g: U — K to the composite g&: &~1(U) —
K. When X and Y are prevarieties, this map is a morphism if and only if it induces a
map &*(U): Ox(U) — Oy (&~ 1(U)), on the subrings of regular functions. Clearly &*(U)
is a ring homomorphism and, when V' is an open subset of U, we have that &*(V)pyv =
pdf'—l(U),dS—l(V)@*(U)'

Remark 5-5.11. When U and V' are quasi affine varieties a map ¢: V — U is a morphism if
and only if it is regular. Indeed, if @ is regular, then, for every regular function f: V — K
we have that f&: U — K is regular. Consequently @ is a morphism. Conversely, let
@:V — U be a morphism, and assume that V' is a quasi affine variety in Az. Then

the restriction to U of the coordinate functions z;: A”K — K, that sends (ay,...,a,) to
a;, is regular. Hence, the composite map z;|y: V — K is regular. Let f; = (z4]y)®, for
i=1,...,n. We have that f;(by,...,b,) = (x;|y)®(by,...,b,). Consequently we have that
Dby, ... bm) = (filbr, ..., bn)y ..oy fu(br, ..., b)), and @ is regular.

Example 5-5.12. Let X be an affine algebraic variety Az, and let f(z1,...,2,) be a
polynomial in K[z, ..., z,]. We saw in Example 5-3.11 that the map

P Xf — V(l _xn—f—lf(xl?“‘?xn))

defined by @(ay,...,a,) = (a1,...,an, m) is an isomorphism of the quasi affine
variety Xy of Az, with the affine variety V(1 — zpq1f(21,...,2,)) of A"KH.

In particular it follows from Lemma 5-1.14 that a prevariety can be covered by open
subsets that are affine varieties.

A fundamental result, that we shall prove next, is that there is a natural isomorphism
between the coordinate ring of an affine variety, and the ring of regular functions on the
variety. Although it is not necessary for the proof, or for the apparent generalization given
below, it is extremely convenient to introduce the language of localization of a ring with
respct to multiplicatively closed subsets.

Definition 5-5.13. Let R be a ring. We call a subset S multiplicatively closed, if ab is in
S, for all pairs of elements a,bin S. Let S be a multiplicatively closed subset and let R x S
be the set of pairs (a,b), with @ in R and b in S. We say that two pairs (a,b) and (c, d)
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in R x S are related, if ead = ebc, for some element e of S. This relation is an equivalence
relation. Indeed, it is clearly reflexive and symmetric. To prove that it is transitive, let
(f,g) be an element related to (¢, d). Then there is an element h of S such that hfd = heg.
We obtain that hedag = hebcg = hedbf, where h, e and d, and thus hed, are contained
in S. Consequently, (a,b) is related to (f,g). We denote by S™'R the set of equivalence
classes. The class in S™'R of the pair (a,b) in R x S we denote by %.

We define addition and multiplication of elements in S~'R by the formulas:

a c_ad—i—bc ac ac

and —— = —.
b d bd bd bd

It is easily checked that these operations are well defined, that is, they are independent of

the representative we chose of each equivalence class, and that S~'R, with these operations

become a ring with 0 and 1 given by %, respectively <, for any a in S. Moreover, we have

a natural ring homomorphism

R — S7R,
ab

which sends a to ¢, for any b in S. The homomorphism is not always injective. For
example, if the zero element is in S, then S™'R = 0, because (a, b) is equivalent to (0,0),
for all @ in R and b in S. We call the ring S~ R the localization of R with respect to the
multiplicatively closed subset S.

Let a be an element of R, and let S = {1,a,a? ...}. Clearly S is multiplicatively
closed. In this case we let ST'R = R,. The map R — R, is injective if and only if there
does not exist a nozero element b in R such that ab = 0, for some positive integer m. It
follows, by descending induction on m, that the condition holds if and only if there is no
element b of R such that ab = 0.

Let P be a prime ideal of R. By the definition of a prime ideal, the set S = R\ P is
multiplicatively closed. We let S™1R = Rp.

An element a of R is a zero divisor if there is a nonzero element b of R such that ab = 0.
A ring R such that 0 is the only zero divisor is called an integral domain.

Let S be the set of non zero divisors of R. Then S is multiplicatively closed. Indeed,
if @ and b are not zero divisors, and c is a nonzero element such that abc = 0, then, either
bc = 0, in which case b is a zero divisor, or be # 0, and then a(bc) = 0, in which case a is a
zero divisor. Hence ab is not a zero divisor. We denote the resulting ring S™'R by K(R)
and call K(R) the total quotient ring of R. The map

R — K(R)
is injective because, if a is an element that maps to 7 = 0, then there is a nonzero divisor
b such that ba = 0. Consequently, a = 0. When R is an integral domain, then K(R) is a

field. Indeed, the inverse of a nonzero element ¢ of K(R) is 2.

Definition 5-5.14. Let X be an affine variety. For every nonzero element f in the coor-
dinate ring K[X] we have a natural map

K[X]; — Ox(Xy),
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which sends a quotient = in K[X]; to the function X, — K, which sends the point z to
.
For each point z of X we have a K algebra homomorphism

K[X] — K,
which sends an element f to f(x). We call this map the augmentation at z. Let
Mxo ={f € K[X]|f(z) = 0}

be the kernel of the augmentation at x. It is clear that Mx , is a prime ideal. It is also
maximal, because if I were an ideal strictly containing M x , then it follows from Hilberts
Nullstellensatz that I has a zero, this zero must then be x. Thus I must be the radical of
My, and thus I = My ,, since My, is prime.
We have a natural map
K[X]Mx,m - OX,xa

which sends a quotient g in K[X]x,, to the class of the function X; — K that sends a

- fz)
point z to MR

Proposition 5-5.15. Let X be an affine variety. For every element f in K[X], and point
x of X the maps K[X]; — Ox(Xy), and K[X]|yy, — Oxa, are isomorphisms.

Proof. We first show that the map K[X]; — Ox(X}) is injective. Assume that a quotient
= maps to zero in Ox (Xy). Then g(z) = 0 for z in X;. However, then fg(z) = 0 for all
in X. That is fg = 0 in K[X]. Hence ¢ =0 in K[X];. The proof that K[X]x,, — Ox.
is injective is similar.

We next show that the map K[X]; — Ox(Xy) is surjective. Let X be a closed subset
of A%, and let s be an element in Ox(Xy). By definition there is an open covering
X = UiezU; of Xy by open sets U;, and polynomials f; and g; in K[z1, ..., x,] such that
gi(z) # 0, and s(x) = %, for z in U;. It follows from Lemma 5-1.14 that, refining the
covering if necessary, we may assume that U; = X}, , for some h; in K[xq, ..., z,]. Since the
sets U; = X, cover Xy we have that, if f(z) # 0, for some z in X, there is an index ¢ in Z
such that h;(x) # 0, or equvalently g;(z)h;(x) # 0. That is, if (g;h;)(x) = 0, for all ¢ in Z,
then f(xz) = 0. It follows from the Hilbert Nullstellensatz, applied to the ideal generated
by the elements g;h;, that there is a finite subset iy,...,4, of Z, elements kq,...,k, of
K[z, ..., z,], and a nonnegative integer m, such that

"= gihik+ -+ gi i K
Let
g = fuhiki+ -+ fi,hy k.
For each point  in X there is an index j such that h; (x) # 0. We obtain that
4@ (@)
9i; (@) 9i, ()

9(x) g ()R, (2)ky (2) + -+ +

Gip ()i, () Rir ().
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Indeed, on the one hand, if  is in Xj, , then s(z) = @ = @ such that
Zj Zk
fi]’ (‘I)
7 (@)% (@)hi, (x)ku(2) = fi, (2)hs (2) ki (),

and, on the other hand, if = is not in X, , then h;, (x) = 0, such that

fij (.T)

fi(@)hi () ki (z) =0 = 0 (@)

gir (€) hiy () k().

Consequently we have that

fi; (@) fi; (@)
g(z) == 9i, (@) hiy () k1 () + -+ - 4 gi, () by () k(7)) = L f" ().
(®) = 220 (0 )b 0 (@ (k) = 40
We have proved that 9{,52) = s(x), for all x in X, and consequently, that the map K[X]; —

Ox(Xy) is surjective.

To show that the map K[X]u,, — Ox, is surjective it suffices to observe that an
element of Ox ., comes from an element of Ox(X/), for some neighbourhood Xy of x.
However, the latter element comes from an element of K[X];, by what we just proved, and
the last element clearly maps onto the first by the map K[X]yy, — Ox - O

Remark 5-5.16. We note that with f = 1 we obtain, from Proposition 5-5.15, a natural
isomorphism K[X] — Ox(X), for all affine varieties X. Given a morphism @: Y — X, the

map Ox(X) — Oy(Y) on regular functions, give a natural homomorphism ¢*: K[ X| —
K[Y] of K algebras.

The next result gives the fundamental connection between algebra and geometry on
which algebraic geometry rests.

Proposition 5-5.17. Let X be an affine variety and Y a variety. The correspondence
that to a morphism
oY - X

associates the K algebra homomorphism
o*: K[X]| — Ox(Y),

obtained by composing the isomorphism K[X] — Ox(X) of Proposition 5-5.15 with the
map Ox(X) — Oy (Y), gives a bijection between the morphisms from'Y to X and the K
algebra homomorhpisms from K[X] to Oy (Y).

In particular we have that X and Y are isomorphic affine varieties if and only if K[X]
and K[Y] are isomorphic K algebras.
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Proof. Given a K algebra homomorphism
U: K[X] — Oy(Y).
We shall define a morphism

P Y — X,
such that @* = ¥. To this end we cover Y by open affine varieties {Y;};c7. Assume that X
is an affine variety in AZ and that Y; is an affine variety in AZ. Let p,: K[z1,...,7,] —

K[X], and py,: K[y1,...,ym] — K[Yi] be the residue maps. Moreover let ¢;: K[X] —
K[Y;] be the composite of ¢ with the map Oy (Y) — Oy (Y;) = Oy, (Y;), and the inverse of
the isomorphism K[Y;] — Oy, (Y;).

Choose polynomials g1 (Y1, -, Ym), - Gn(Y1s - - - Ym) in K[v1, . .., 4] such that

%PX% = png](yla s 7ym)a

for 7 =1,...,n. Then we have an equality
Vipx (1) (b1 -, bm) = gi(br, -+ - bm),
for j =1,...,m, and all (by,...,b,) in Y;. Since ¢;px is a K algebra homomorphism we

obtain that
Vipx (f(z1,. .. 20)) = f(px(x1), ... Ypx(zn)),

for all polynomials f(z1,...,x,) in K[z1,...,z,]. Hence we have that

@Z)Z,Ox(f)(bl, N bn) = f(gl(bla ceey bm), e ,gn(bl, ceey bm)), (5-5171)
for all (by,...,by) in Y;. In particular, for all f in Z(X), and all (b, ..., b,,) in Y;, we have

f(gl(bla .. .,bm), N 7gn(b1> .. ,bm)) = 0

Hence (g1(b1,---,bm), .-y gn(b1, ..., b)) is in X for all (by,...,b,) in Y;. Consequently,
we can define a morphism

by @Z‘(bl, ey bm) = (gl, (bl, ey bm), ce ,gn(bl, ey bm)), for all (bl, cey bm) in }/z It follows
from Equation 5-5.17.1 that, for all (by,...,b,,) in Y;, and f in K[zq,...,z,], we have

Gipx (f) by, bm) = filby, - bm) = ¥ px (f).

Consequently, we have that ¥; = &7. Moreover, the map associated to & is &;.

Given two open affine varieties ¥; and Y; of Y, and let W be an affine variety that is an
open subset of Y;NY;. The composite of the map ¢: K[X] — K][Y;] and ¢, : K[X] — K][Y]]
with the map K[Y;] — K[W], respectively K[Y;] — K[W], obtained from Oy, — Oy, (X) =
Ox(X), respectively Oy, (Y;) — Oy, (X) = Ow (W), are the same. Consequently, the
construction gives maps ¢; and @; that conicide on W. It follows that the maps @;: Y; — X,
for all ¢ in Z, induce a map @: Y — X, such that @|y, = &;, for all i. It is clear that ¢* = ¥
and that the map associated to @ is &*. Hence we have a natural bijection between the
algebraic maps from Y to X and the K algebra homomorphisms K[X] — Oy (Y), which
associates @* to . O
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Exercises

5-5.1. Let R be a ring. Show that an ideal I of R is prime if and only if the residue ring R/I is
an integral domain.

5-5.2. Show that the total quotient ring K(Z) of the integers is canonically isomorphic to the
rational numbers.

5-5.3. Show that the total quotient ring K (K|z1,...,x,]) of the polynomial ring Klz1,...,zy]
f@1,mn)

is the field of rational functions, that is, the field of all quotients STz

Klzi,...,x,], with g # 0.

of polynomials in

5-6 Subvarieties

In Sections 5-1 and 5-3 we defined affine varieties, coordinate rings and regular fuctions
with respect to a fixed imbedding into an affine space. We proved that the coordinate ring,
and regular functions, are independent of the imbedding. In this section we go one step
further to liberate the consepts from the ambient spaces.

Definition 5-6.1. Let X and Y be prevarieties and assume that Y is a closed subset of
X. We say that Y is a closed sub prevariety of X if the inclusion map is a morphism, and
if, for each point x of Y, we have that the map

OX,x - OY,x

of germs of regular functions at z, is surjective. When X is an affine variety we say that
Y is a subvariety.

Example 5-6.2. Let X be an affine variety in Az, and Y a closed subset of X. Then Y is
an affine variety as a closed subset of A, and the inclusion map of ¥ in X is a morphism.
We have an inclusion Z(X) C Z(Y') of ideals in K[zy,...,z,] and thus a surjection

¢: K[X] — K[Y].
For each point x of Y we have a map

(1031: KI:X:IMX;E - K[Y]MY,I

defined by goy(§ = %. This map is well defined because, if g(z) =# 0, then ¢(g)(x) =

g(x) # 0, and it is surjective because ¢ is surjective. It follows from Proposition 5-5.15
that the map Ox, — Oy, is surjective. Hence Y is a closed subvariety of X. It follows
from Example 5-1.6 that the matrix groups Sl,,(K), Gs(K), and SGg(K), for all invertible
S, are closed subvarieties of the affine variety Gl,(K).
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Example 5-6.3. Let Y be a closed subset of a prevariety X. For each open affine subva-
riety U of X we have, by Example 5-6.2 that U NY is a subvarity of X with coordinate
ring equal to K[U]/I, where [ is the ideal of elements f in K[U] such that f(z) = 0, for
x in UNY. Hence we can cover Y by algebraic charts of the type U NY, where U is an
affine variety in X. These charts constitute an atlas on Y. Indeed, let ¢;: V; — U;, for
1 = 1,2, be two charts on X, and let W be an open affine subvariety of X, containing x and
contained in U; N Uy. Then ¢, ', defines an isomorphism v: ¢ (W) — @5 (W) which
induces a homomorphism ¢; ' (W NY) — o, (W NY). Consequently, the homomorphism
Vv K[py ' (W)] — Kyt (W)] induces a bijection between the ideal of functions vanishing
on the closed set @, '(W NY) of ¢, (W) with the ideal of functions vanishing on the
closed subset ;' (W NY) of ¢;*(W). Hence 9* induces an isomorphism of coordinate
rings K[y (W NY)] — Koy (W NY)]. Tt follows from Proposition 5-6.2 that the corre-
sponding morphism ;' (W NY) — ¢, '(W NY) is an isomorphism of affine varieties. It
follows that the map ¢; /(U1 NY) — @5 (U, NY) is an ismomorphism. Consequently the
charts defined by 1|,y and o|y,ny are part of an atlas. Hence the same is true for any
two of the charts we have defined on Y, and Y is a prevariety.

We saw in Example 5-6.2 that, for all affine subsets U of X, the map UNY — U is a
morphism and the map

Ovz — Ouny,e

5

of germs of regular functions at z is surjective for all points x of U N'Y. However, the
regular functions of a variety at a point is the same as that for an open neighbourhood of
the point. Hence the map

OX,x - OY,x

is also surjective, and Y is a closed sub prevariety of X.

Proposition 5-6.4. Let X and Y be prevarieties. Assume that Y is a closed subset of
X and that the inclusion makes Y into a closed sub prevariety of X. Then the inclusion
map induces an isomorphism between the prevariety Y and the prevariety induced, as in
FExcercise 5-6.3, on the closed subset underlying Y .

Proof. Denote by Z the prevariety induced on the underlying closed set of Y in Excercise
5-6.3. It suffices to consider the structures on open subsets of X, so we may assume that
X is an affine variety. We then have a surjection K[X| — K[Z] of coordinate rings given
by the induced structure on Z as in Excample 5-6.3. Corresponding to the map ¥ — X
it follows from Proposition 5-5.17 that we have a map of rings K — Oy (Y). Since the
prevarieties Y and Z have the same underlying set the kernel of the maps K[X] — K[X]
and K[X] — Oy (Y) are the same, and equal the elements f of K[X] that vanishonY = Z.
Consequently the map K[X]| — K[Z] gives rise to an injective map

v K[Z] — Oy (Y),

and hence it follows form Proposition 5-5.17 that the inclusion map ¢: Y — Z is a mor-
phism of prevarieties. It follows from Proposition 5-5.17 that the inclusion map induces an
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isomorphism if and only if the map # is an isomorphism. Hence it suffices to prove that 1
is surjective. The composite map

OX,x - OZ,x - OY,x

is surjective, for all x in Y = Z, by assumption. Hence the right hand map is also
surjective. This map is also an injection, for if a class [(U, f)] is mapped to zero, then
fu(x) = f(x) =0, for all x in a nieghbourhood of z in Y, or, which is the same because ¢
is a homeomorphism, in a neighbourhood of x in Z. The same reasoning shows that the
map Oz(W) — Oy (W) is injective, for all open sets W of Y = Z.

Let g be an element of Oy (Y). for all z in Y there is a unique element s, in Oy, that
maps to the class g, of g in Oy,. We have that s, is the class of a regular function fy
defined on a neighbourhood V of x in Z. The function fi¢ on the neighbourhood V of =
considered in Y maps to g, in Oy,. Consequently, we have that g and fy¢ are equel in a
neighbourhood W of z in Y. Hence fy = fy|w maps to g|w by the map

Since the latter map is injective we have that fi is uniquely defined. Hence the elements
fw, for each point z in X, define a function f on Oz(Z) = K[Z], that maps to g, and we
have proved the proposition. O

5-6.5. A topological space can have several structures as a prevariety. We shall show that
a morphism @: Y — X of prevarieties which is a homeomorphism of topological spaces is
not necessrily an isomorphism of prevarieties.

Example 5-6.6. Let K = K and assume that 2 = 0 in K. Let ¢: Al — AL be the
map defined by @(a) = a*®. This map is clearly a morphism. As the field K contains
square roots of all of its elements it is onto, and it is injective because, if @(a) = &(b),
then 0 = a* — b* = (a — b)?, since 2 = 0, and hence a = b. The map is a homeomorphism
because, it sends finite sets to finite sets, and the open sets are the complements of finite
sets (see Example 5-1.11. However, it is not an isomorphism because the corresponding
map of coordinate rings K[z;] — K|x;] sends 1 to 27, and therefore is not surjective.

5-7 The tangent space of prevarieties

The tangent spaces of prevarieties are introduced in analogy with those for manifolds.
They have similar properties and can be computed in the same way as those for manifolds.

Let X be a prevariety and x a point of X. We have an augmentation map from the
ring of germs of regular functions at x to K, that sends a class [(U, f)] to f(z). Similarly,
when X is an affine variety we have an augmentation map K[X] — K that sends f to

f(z).

Definition 5-7.1. The tangent space T, (X) of the prevariety X at the point x is the space
of derivations

d: OX,x — K,
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for the augmentation map at x.

Remark 5-7.2. The tangent space is a vector space over K, where addition § + € of two
derivations 0 and ¢ is given by (6 +¢)f = df + ef, and multiplication ad with an element
a of K is given by (ad)f = ad(f).

Let U be an open subset of X containing z. The restriction Ox, — Oy, is an
isomorphism. Consequently we have an isomorphism 7,.(U) — T,(X).

Let #: Y — X be a morphism of prevarieties. From the natural map
¢Z: O‘des(y) - OYvy
we obtain a map
T,9: T,(Y) — Tpu)(X),

for all y in Y, which sends the derivative 6: Oy, — K to the derivative d®: Ox.oy) — K.
When Y is a closed sub prevariety of X we have, by definition, that @} is a surjection.
Hence, if ¢ = 0 we have that ¢ = 0, and thus 7,,® is injective.

Before we show how to compute the tangent spaces of prevarieties we shall give some
of the fundamental properties of derivations.

Recall (see 3-6.2) that given K algebras R and S, and a K algebra homomorphism
p: R — S, we say that a K linear map

0: R— S
is a derivation with respect to ¢ if if
d(ab) = p(a)db+ ¢(b)db, (5-7.2.1)

for all @ and b in R. The set Der, (R, S) of all derivations is a vector over K, with addition
d + € of two derivatieves 0 and € given by (0 + €)a = da + £a, and multiplication ad by an
element a of K given by (ad)f = adf.

Let T be a third K algebra, and ¢: S — T another K algebra homomorphism. Then
we have a linear map

Dery(S,T) — Dery,(R,T),

which send a derivative §: S — T, for ¢, to the derivative dp: R — T, for 1»p. When ¢ is
surjective we have that the map

Der ¢: Dery(S,T) — Dery,(R,T)
is injective, because, if o = 0, then 6 = 0. Moreover, if ¢ is surjective, then
Dery(S,T) = {§ € Dery,(R,T)|6a =0, for all a € ker ¢}.

Indeed, if ¢ in Dery(S,T) then da = dp(a) = 0, for all a in ker p. Conversely, if ¢ in
Dery,(R,T) and éa = 0, for all a in ker ¢, we can define a derivation €: S — T for ¢ by
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eb = da, for any a such that p(a) = b. Indeed, if p(a;) = ¢(az) = b, then a; — ay is in
ker ¢, so 6(a; — ay) = da; — dag = 0, and consequently da; = das.

If ay,...,a,, are generators for ker ¢ we have that da; = 0, fori = 1, ..., m. Conversely,
if da; = 0, fori = 1,...,m, and a = byay + - -+ + bya,, is in ker p, we have that da =
©(ay)0by + -+ - + ©(a,)0by, + 9(b1)dar + - - - + @(bp)da,, = 0, since p(a;) = 0 and da; = 0.
Consequently, we have that

Dery(S,T) = {6 € Dery,(R,T)|6a; =0, fori=1,...,m}.

Let Klaq,...,a,] be the K algebra generated by the elements ay,...,a,, and let
¢: Klay,...,a,] — R be a K algebra homomorphism, to a K algebra R. A derivation

d: Klay,...,a,) = R

is uniquely determined by the elements day, ..., da,. Indeed, since ¢ is K linear, we only
have to show that §(aj' - - - ai) is determined by these elements for all monomials aj! - - - ai.
However, by repeated use of the derivation rule 5-7.2.1 we obtain that

o(at---air) =Y isplar) -+ pla;) 7t plan) ™ Sa;.

ij>1
We denote by % the map
0
: K Y * n R7
ox; o1 ] =
defined by
9 i ~ i ij— i
o (@) = djelan) - p(ag) T plan)
Lj
if 7; > 1, and 0 otherwise. The reference to ¢ is omitted because it will be clear from

the context. It is clear that 6‘2_ is a derivation. Moreover, we see that for any derivation

§: Klay, ..., a,] — R we have that

uf =3 da st
of ; g

for all f in K[zy,...,z,], where ¢: Klzy,...,2,] — Klay,...,a,] is the surjective K
algebra homomorphism defined by ¢ (x;) = a;, fori =1,...,n.
For the polynomial ring K[zy,...,z,] we obtain that all derivations § can be written

uniquely in the form

= 0
0= 0x;—.
Then ) is surjective. We have that
i + +5b i
o0xy "o,
af

|b; € R, and blg—ﬂi + - -bna—xn,for all f € ker p}.

Der,(Klay, ..., a,], R) = {b
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In particular, if (cy,...,¢,) is a point of A% such that f(ci,...,c,) = 0, for all f in
ker p1p, we have the augmentation map ¢: K[z1,...,2,] — K sending f(z1,...,2,)

to f(c1,...,¢,), and a homomorphism 7n: Klay,...,a,] — K, which sends the element
Uf(zy,...,z,) to fer, ..., c,). We obtain that

= 0 0 —
Derg(Klay, ..., a,], K) = {51% + oo 4 by—1|b € K, and
1

o0x,,
af of
9 T

(617 7Cn) + + naxn

(c1,...,¢cn) =0, for all f € ker pi}.
Lemma 5-7.3. Let ¢: R — K be a K algebra homomorphism, and S a multiplicatively
closed subset of R, such that_cp(a) # 0, for all a in S. There exists a unique K algebra
homomorphism 1: ST'R — K such that (%) = ¢(a), for all a € R.

Let 5: R — K be a derivation for p. Then there is a unique derivation ¢: ST'R — K,
for 1 such that £(}) = é(a), for all a € R.

Proof. We can define a map ¢: S'R — K by ¢($) = (b), for all a E Rand b € S.
Indeed, since b € S, we have, by assumption, that ¢(b) # 0, and, if § = &, thereisace S,
such that cab/ = ca’b. Hence o(c)p(a)p(b) = p(c)p(a’)p(b) in K, with ¢(c) # 0. Thus

ela) _ 2l@)  (Clearly we have that ¢ is a K algebra homomorphism, and, by definition,

so(bzl o)
¥(1) = ¢(a). o
Similarly, we can define a derivatione: S™'R — Kby (%) = Sf(‘z) w(;))g 0b, for alla € K,

/

and b € S. Indeed, since b € S we have that o(b) # 0, by assumption, and if § = &,
there is a ¢ € S such that cab/ = ca’b. We obtain that gp(ca)éb’ + p(ct')da + go(ab’)(Sc =
w(ca’)ob + p(cb)oa’ + p(a’b)dc. We divide by p(c)p(b)p(b) and obtain

ela) o da p(a)dc  @(a')ob da’ w(a')de
o) o) o) T p)ele)  pW)eld) o) | pb)e(c)

we get £(3) = 5(‘;—:) It is clear that ¢ is a derivation. O

Since £
o)

Proposition 5-7.4. Let X be an affine variety and x a point of X. Denote by ¢, : K[X] —
K the augmentation map. Then we have a canonical isomorphism

Der,,, (K[X],K) — T,(X).

Proof. Tt follows from Proposition 5-5.15 that we have an isomorphism K[X|r¢,, — Ox,
where My, is the kernel of ¢,. The proposition is therefore a consequence of Lemma
5-7.3. O

Example 5-7.5. It follows from Proposition 5-7.4 that, for z in A%, we have that T, (A%)
is canonically isomophic to the n dimensional vector space of derivations K[z1, ..., x,] —
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K, for the augmentation map ¢, : K[zy,...,z,] — K. As we saw in Remark 5-7.2 we have
a basis of this vector space consisting of the derivation

0 — .
3xi:K[$1"”’In]—>K’ fori=1,...n,

bz - . .
where 522 is 1 for i = j and 0 otherwise.

Example 5-7.6. Let X be the subvariety V(23 — 27 — 27) of AZ. The kernel of the map
K(xy, 5] — K[X] is the ideal generated by f = 22 — 22 — 23. Indeed, the kernel Z(X)
contains f, and since, by Hilberts Nullstellensatz, we have that every g in Z(X) can be
written as g? = hf, for some positive integer d and polynomial h in K[z, z5]. Since f can
not be written as a product of two polynomials of positive degree less than 3 it is possible
to show that we can take d = 1.

For x = (a1, a) in A2 we have that T, (X) is the subspace of the vector space with basis
3or and 8%2 consisting of derivations such that alaixl —|—a26%2f = 2@% — 2“%9%1 — Bafa%l =
0. If x = (a1, as) # (0,0), this space has dimension one, spanned by 8%1 when ay # 0, and

9

by 8%2 if as = 0.
On the other hand, when = = (0,0), we have that T,.(X) two dimensional and thus
equal to T,(AZ).

We see from Example 5-7.6 that the tangent space to a prevariety can have different
dimension in different points. A prevariety is therefore not a good analogue of manifolds.
We shall later introduce smooth manifolds that will have properties similar to those of
manifolds.

5-8 Tangent spaces for zeroes of polynomials

We shall in this section present the epsilon calculus for prevarieties. The treatment is
analogous to that for manifolds in Section 3-7.

Let X be an affine variety in Ag. Choose generators fi, ..., f for the ideal Z(X). We
saw in Section 5-7 that, for all points x in X, the tangent space T,(X) is isomorphic to
the subspace of the n dimensional space T, (AZ) with basis

K
0 K] ] =K, fori=1
Kz, 2, = K, fori=1,...n,
(9% 1, ’
consisting of vectors § = ala%l +- an% such that §(f;) =0fori=1,...,m.

Lemma 5-8.1. Let x be a point of an affine variety X, and let p,: K[X] — K be the
evaluation map. The map

Y DerK(K[X],K) — Hom¢I(K[X],K[€]),

such that p(8)(f) = f(x)+0fe is a bijection from the derivaties for the evaluation map, to
the K algebra homomorphisms ¢: K[X] — Kle], into the ring Kle] of dual numbers that
are of the form ((f) = f(x) + dce, for some map 6. K[X] — K.
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Proof. Given a derivation §: K[X] — K, for the evaluation at x. The map ¢: K[X] — K]¢]
defined by ((f) = f(z) + dfe is clearly K linear, and it is a K algebra homomorphism
because ¢(gf) = (fg)(x) +0(fg)e = f(x)g(x) + (f(x)dog + g(x)df)e = (f(x) + 6 fe)(g(x) +

dge) = ¢(f)¢(g).
Conversely, given a K algebra homomorphism (: K[X] — KJe] such that ((f) =

f(z) + 6:(f)e. Then the map &.: K[X] — K is K linear and it is a derivation because
f(@)g(z) + 6tc(fg)e = C(fg) = C(f)C(g) = (f(z) + dcfe)(g(x) + dcge) = f(x)g(x) +
(Jg()()sfscg + g(z)ocge) = f(x)g(x) + (f(x)dcg + g(x)ocf)e, and thus 6c(fg) = f(x)deg +
g(x)oc f O

A K algebra homomorphism ¢: K[x1,...,z,] — K[e] such that ¢(f) = f(z) + d,f¢
is completely determined by the values p(z;) = a; + bie, for i = 1,...,n, where z =
(a1,...,a,) and v = (by,...,b,) are in AL, as we have seen in Remark 5-7.2. Then
o(f) = f(x + ev). It follows from the binomial formula that

(a1 + 8[)1)“ s (an + €bn)2n
. . . a1 . . Ozt - - ain)

:azll...a/;_‘_ g Zjazll...aj] ...aj;lbj:azll...a;_i_ g b]— n .

ij;ﬁl 7j=1

Hence we obtain, for all f in K[zy,...,z,]| that
flz+ev) = f(x) + ijf.

It follows from Remark 5-7.2 that
T.(X) ={v € Ag|f(x +ev) = f(z), for feI(X)}.

Example 5-8.2. We have that T}, (Gl,(K)) = T}, (M, (K)), and thus 77, (Gl,(K)) = A”KQ.

Example 5-8.3. We have already seen, in Example 3-6.6, that the tangent space of Gl,,(K)
at I, is equal to M, (K). To find the tangent space of Sl,(K) at I,, we use that Sl,(K) is
the subset of Gl,(K) defined by the polynomial det(z; ;) of degree n in the n? variables
z;j, fori,j =1,...,n. Consequently, the tangent space 77, (S1,(K)) of S, (K) at the unity
I, is equal to
{AeM,(K): det(l, +cA) —det I, = 0}.

A short calculation shows that det(l, +cA) =1+ )" | a; ;& (see Problem 3-7.2). Conse-
quently, we have that

Ty, (SL(K)) = {(a:;) € My ( Za“ —

That is, T}, (S1,(K)) consists of all matrices of trace equal to zero. In particular we have
that the tangent space, and hence Sl,(K) both have dimension n? — 1 (see Problem 2-5.4).
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Example 5-8.4. Assume that 2 # 0 in K. The group O,(K) is the subset of Gl,(K)
defined by the n? polynomials, in n? variables, that are the coefficients in the matrix
X'X — I,,. Consequently, the tangent space T7, (0, (K)) is equal to

{AeM,(K): (I, + Ae)(I, + Ae) — I,, = 0}.

We have that (I, + Ae){(I, + Ae) — I, = (I, + Ae)("[,, +'"Ae) — I, = I, + Ae+"Ac — I,, =
(A+"'A)e. Consequently,

1, (0n(K)) = {A € My(K): A+'A = 0}.

That is, 77, (0,(K)) consists of all skewsymmetric matrices. In particular, we have that
the tangent space, and hence O,,(K) both have dimension @ (see Exercise 2-5.5).
The subspace SO,,(K) is defined in M,,(K) by the same equations as O,,(K) plus the
equation det(z; ;) —1 = 0. As in Example 3-7.8 we see that this gives the condition that
the matrices of T}, (SO, (K)) have trace 0. Since 2 # 0, we have that all antisymmetric
matrices have 0 on the diagonal. In particular they have trace zero. Consequently, we have

that 77, (SO, (K)) = T7,(0,(K)), and the dimension of SO, (K) is @

Example 5-8.5. The symplectic group Sp,,(K) is the subset of M,,(K) of common zeroes
of the n? polynomials in n? variables that are the coefficients in the matrix X S'X —S. We
obtain that the tangent space 77, (Sp,,(K)) of Sp,,(K) in I, is

{A e M,(K): (I, + Ae)S(I,, + Ae) = S}.
We have that (I, + Ae)SY(I,, + Ae) — S = S+ ASe + S'Ae — S. Consequently, we have that
11, (Sp,(K)) = {A € M,,(K)): AS + S'A =0}.

However AS + S'A = AS —'S'"A = AS — '(AS). Consequently, the isomorphism of vec-
tor spaces M,,(K) — M, (K), which sends a matrix A to AS (see Problem 2-5.6), maps
17, (Sp,, (K)) isomorphically onto the subspace of M,,(K) consisting of symmetric matrices.

In particular the tangent space, and the space Sp,,(K), both have dimension n(nt1) (see

2
Problem 2-5.7).

In the above Examples 5-8.3, 5-8.4, and 5-8.5 we can only prove that the tangent spaces
of the matrix groups are contained in the corresponding Lie algebras. To prove that the
tangent spaces are equal to the Lie algebras we shall introduce the dimension of an affine
variety.
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augmentation, 124
augmentation map, 121
chain of ideals, 118
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divides, 108

epsilon calculus, 133
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principal, 105, 113 automorphisms of bilinear forms, 8
projective space, 120

proper ideal, 111 ball, 34

quast affine varieties, 104 basis, 17

radical, 111 bilinear form, 3, 22

reqular, 112, 121 bilinear map, 21

reqular map, 112 block matriz, 2

relatively prime, 108 Cartesian product, 4, 16, 64, 65, 67

ring of germs, 121 Cauchy criterion, 42

root, 108 Cauchy sequence, 38
set of generators, 102 center. 29

sheaf, 121 . characteristic, 11, 24
skewsymmetric, 135 chart. 66. 75
stationary, 107, 118 close;l 5@7; 64

sub prevariety, 127
subvariety, 127
tangent space, 129
total quotient ring, 123
trace, 134
transcendental, 115
zero divisor, 123

codimension, 26
commutative, §
commutative diagram, 5, 20, 87
commutative ring, 70
commute, 5

compact, 57

compact set, 84

abelian, 5 complete, 38

adjoint, 23 complete intersection, 78
connected, 57, 80
connected component, 80
continuous, 35
continuous function, 64

adjoint matriz, 12, 13
algebra, 10

algebra homomorphism, 72
algebraic variety, 63

alternating, 22, 24, 25 convergent series, 38
analytic, 39, 67 converges, 38, 48
analytic function, 47, 48, 67 cover, 69, 84
analytic isomorphism, 86 curve, _52; 72, 74
analytic manifold, 47, 52, 57, 66, 72 curve 1 group, 52
analytic set, 61 dense, /2

analytic structure, 66 derivation, 72, 88

anti-symmetric, 24

derivative, 50
antidiagonal, 3, 13, 25

determinant, 12

arch, SO diagonalizable, 41-43
archwise connected, 80 differentiable function, 50
Associativity, 4, 8 dimension, 18, 53, 66
atlas, 66, 75 direct product, 16
augmentation map, 71, 73 direct sum, 16, 18
automorphism, 3 disjoint, 69
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distance, 3/
Distributivity, 8
domain, 77
dual basis, 19
dual space, 19

elementary matrices, 1/
epsilon calculus, 76
equivalence relation, 69
equivalent, 23

exponential function, 39, 97
exponential map, 38, 57, 99

factors, 68

field, 8

finite topology, 65
finitely generated, 17
functional notation, 20

Gaussian elemination, 14
general linear group, 1, 12, 19
generate, 16

generators, 14

germs of analytic functions, 69
greatest lower bound, 84

group, 4
group generated by, 14

Hamming metric, 36
Hausdorff, 65
homeomorphism, 35, 64
homomorphism, 5, 87

homomorphism of R algebras, 11/

tdeal, 8, 11, 70

tdeal of analytic functions vanishing on Z,

61
Identity, 4, 8
tdentity matriz, 1

mmage, 6, 18

Implicit Function Theorem, 57, 60

Implicit Function Theorem — Dual Form,
59

incluston map, 7

induced structure, 66
induced topology, 64
mjective, 5

integral domain, 77
Inverse, 4

mwverse, 1

Inverse Function Theorem, 57
mverse map, 86

ivertible, 1

wrreducible, 77
isomorphism, 5, 18, 67, 87

Jacobi Identity, 55
Jacobian, 50

kernel, 5, 10, 18

left invariant, 90

left translation, 52, 86, 90
Lie algebra, 55, 88, 90

Lie algebra homomorphism, 88
Lie algebra of a Lie group, 91
Lie group, 86

Lie subalgebra, 55, 88

Lie subgroup, 86

linear, 18

linearly independent, 17
locally closed, 75

logarithmic function, 41

manifold, 63
manifold structure, 57
maps of sheafs, 89
metric, 34

metric space, 34
metric subspace, 34
metric topology, 64
multilinear, 22
multiplication, 4, 69

neighborhood, 64
non-degenerate, 22
non-singular, 1
norm, 32, 33
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normal, 7 skew field, 8

normal space, 61 skew-symmetric, 53, 54, 79
normal subgroup, 70 special linear group, 2, 12, 20
normed space, 33 special orthogonal group, 2, 13, 25

standard bases, 20

one parameter subgroup, 56, 93, 95 standard basis. 17

open polydisc, 47 subalgebra, 10
open set, 34, 04 subgroup, 7, 70

ordered pair, 1 submanifold, 74
orthogonal, 22, 25 subspace, 18

orthogonal basis, 25 surjective, 5
orthogonal group, 2, 13, 25, 27 symmetric, 22, 24, 53
orthonormal, 25 symmetric group, 5
symmetry, 69
symplectic, 26
symplectic basis, 26

partition, 69
polydiscs, 47
power series, 9 .
product manifold, 67, 68, 86 symplectic group, 3, 15, 26, 28
product map, 86 tangent, 72, 74, 95

proc?ucz% topology, 64, 67 tangent of curve, 52
projection, 68 tangent space, 52, 72, 13
projective space, 70 taxi metric, 36

Taylor expansion, 97

quaternions, 11 .
topological space, 63

reflection, 26 topology, 63

reflexivity, 69 trace, 45, 54, 55, 78
relation, 69 transitivity, 69

residue group, 70 transpose, 1

residue ring, 70 transvection, 27, 28
restriction map, 88 ,

ring, 8 uniform convergence, 42

ring homomorphism, 10 unique factorization domain, 77

ring of dual numbers, 11, 76 vector. 16
ring of germs, 69, 71 vector field, 88
ring of polynomials, 9 vector space, 15
ring of power series, 9

Zariski topology, 81
scalar, 16

scalar matrix, 29
Schwartz inequality, 37
series, 38

sesquilinear product, 37

sheaf, 67
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