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Chapter 1

Vector Space

Linear structure is one of the most basic structures in mathematics. The key object
for linear structure is vector space, characterised by the operations of addition and
scalar multiplication. The key relation between vector space is linear transformation,
characterised by preserving the two operations. The key example of vector space is
the Euclidean space, which is the model for all finite dimensional vector spaces.

The theory of linear algebra can be developed over any field, which is a “number
system” that allows the usual four arithmetic operations. In fact, a more general
theory (of modules) can be developed over any ring, which is a system that allows
addition, subtraction and multiplication (but not necessarily division). Since the
linear algebra of real vector spaces already reflects most of the true spirit of linear
algebra, we will concentrate on real vector spaces until Chapter 6.

1.1 Definition

1.1.1 Axioms of Vector Space

Definition 1.1.1. A (real) vector space is a set V', together with the operations of
addition and scalar multiplication

U+0:VxV =V, at: RxV =V,
such that the following are satisfied.
1. Commutativity: @ + v = ¥ + 4.
2. Additive associativity: (4@ + ¢) + @ = @ + (U +
3. Zero: There is an element 0 € V satisfying @ + 0 = @ = 0 + 4.
4. Negative: For any #, there is @ (to be denoted —), such that @+ = 0 = 7+

5. One: 14 = 4.
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6. Multiplicative associativity: (ab)u = a(bi).
7. Scalar distributivity: (a + b)ud = ai + bi.

8. Vector distributivity: a(u + v) = au + av.

Due to the additive associativity, we may write @ + ¢ + @ and even longer
expressions without ambiguity.

Example 1.1.1. The zero vector space {O} consists of a single element 0. This leaves
no choice for the two operations: 0+0 = () a0 = 0. It can be easily verified that
all eight axioms are satisfied.

Example 1.1.2. The Fuclidean space R™ is the set of n-tuples
= (x1,29,...,2,), x; ER.

The i-th number z; is the i-th coordinate of the vector. The Euclidean space is a
vector space with coordinate wise addition and scalar multiplication

("L‘hx%"'al‘n) + (yhyQa"')yn) = (ml +y1’l‘2 +y27"'7xn+yn)7
a(xy, Ta, ..., x,) = (axy1, axsy, . .., ax,).

Geometrically, we may express a vector in the Euclidean space as a dot or an
arrow from the origin 0 = (0,0,...,0) to the dot. Figure 1.1.1 shows that the
addition is described by parallelogram, and the scalar multiplication is described by
stretching and shrinking.

(11 Y1, 02 + Y2)

(17’1, T2)

—0.5(]}1, IQ)

—(y1,92)
Figure 1.1.1: Euclidean space R2.

For the purpose of calculation (especially when mixed with matrices), it is more
convenient to write a vector as a vertical n X 1 matrix, or the transpose (indicated
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by superscript T') of a horizontal 1 X n matrix

I
- L2
xTr = . = (:L‘l x2 . e xn)T_
T
Then the addition and scalar multiplication are
T h 1+ 51 ary
T2 Y2 T+ Y2 ) axsy
R e il R ) ,oafl | =

Example 1.1.3. Consider all polynomials of degree < n
P, = {ag + a1t + axt® + - - + a,t"}.
We know how to add two polynomials together
(ap + art + agt® + -+ + ant™) + (bo + byt + bot® + -+ - + bt")
=(ag + bo) + (a1 + b))t + (ag + bo)t* + - + (ay, + b,)t",
and how to multiplying a number to a polynomial
clag + art + agt® + - - - + ant™) = cag + cart + cagt? + - - + cat™.

We can then verify that all eight axioms are satisfied. Therefore P, is a vector space.
The coefficients of a polynomial provide a one-to-one correspondence

ag + ait + ast? + - + apt™ € P, < (ag,a1,as, ... ,a,) € R

Since the one-to-one correspondence preserves the addition and scalar multiplication,
it identifies the polynomial vector space P, with the Euclidean vector space R"*!.
Such identification is an isomorphism.

The rigorous treatment of isomorphism will appear in Section 2.2.2.

Example 1.1.4. An m x n matriz A is mn numbers arranged in m rows and n
columns. The number a;; in the i-th row and j-column of A is the (i, j)-entry of A.
We also denote the matrix by A = (a;;).

All m x n matrices form a vector space M,,y, with the obvious addition and
scalar multiplication. For example, in M3, we have

T11 T2 Y11 Y12 11ty T2 + Y12
Tor Tog | + | Yo1 Y22 | = | o1 +Yo1 Too+ Y22 |,
T31 T3z Y31 Ys2 T31 + Y31 T32 + Y32
T11 T12 ariy a2
a | Ta1 Tz | = | AT21 QT22

xr31 I32 arzy axss
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We also have an isomorphism that identifies matrices with Euclidean vectors

1 U
Ty Yo | € Msyo < (21, %9, X3, Y1, Y2,Y3) € RS.

xr3 Ys

Moreover, we have the general transpose isomorphism that identifies m x n matrices
with n X m matrices (see Example 2.2.12 for the general formula)

1 W
A = T2 Y2 € M3><2 <——> AT = (171 T2 «T3) € M2><3.
Uy Y2 Y3
T3 Ys

A special case is the isomorphism in Example 1.1.2

N T
T=| | EMpyr — T = (129 -+ x,) € Misn.

The addition, scalar multiplication, and transpose of matrices are defined in the
most “obvious” way. However, even simple definitions need to be justified. We can
directly verify the expected properties by using the given formulae. In Sections 2.1.4
and 4.3.1, we give conceptual justifications for addition, scalar multiplication, and
transpose.

Example 1.1.5. All infinite sequences (x,,)22 ; of real numbers form a vector space,
with the addition and scalar multiplications given by

(Tn) + Yn) = (T0 + Yn),  alzn) = (azy).

Example 1.1.6. All smooth functions form a vector space C*°, with the usual ad-
dition and scalar multiplication of functions. The vector space is not isomorphic to
the usual Euclidean space because it is “infinite dimensional”.

Exercise 1.1. Prove that (a + b)(Z + ¢) = aZ + by + bZ + ay in any vector space.

Exercise 1.2. Introduce the following addition and scalar multiplication in R?

(x1,22) + (y1,42) = (1 + Y2, 22+ y1), a(z,22) = (ax1, ax2).

Check which axioms of vector spaces are true, and which are false.

Exercise 1.3. Introduce the following addition and scalar multiplication in R?

(1, 22) + (y1,92) = (21 +v1,0), a(x1,x2) = (az1,0).

Check which axioms of vector spaces are true, and which are false.
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Exercise 1.4. Introduce the following addition and scalar multiplication in R?
(z1,22) + (Y1, 92) = (21 + ky1, 22 +1y2),  a(x1,22) = (ax1, axa).

Show that this makes R? into a vector space if and only if k =1 = 1.

Exercise 1.5. Show that all convergent sequences form a vector space.

Exercise 1.6. Show that all even smooth functions form a vector space.

Exercise 1.7. Explain that the transpose of matrix satisfies
(A+B)T = AT + BT, (aA)T =aAl, (AT = A.

Section 2.4.2 gives conceptual explanation of the equalities.

1.1.2 Proof by Axiom

We establish some basic properties of vector spaces. You can directly verify these
properties in the Euclidean space. For general vector spaces, however, we should
derive these properties from the axioms.

Proposition 1.1.2. The zero vector is unique.

Proof. Suppose 61 and 62 are two zero vectors. By applying the first equality in
Axiom 3 to @ = 0; and 0 = 02, we get 0, + 0, = 0. By applying the second equality
in Axiom 3 to 0 = ()1 and 1 = 02, we get 02 = 01 + 0s. Combining the two equalities,
Weget02—01+02—01 ]

3
<y
Il
=]

Proposition 1.1.3. Ifu+ v = u, the

By Axioms 2, we also have ¥+ @ = @, then ¥ = 0. Both properties are the
cancelation law.

Proof. Suppose @+ ¥ = @. By Axiom 3, there is @, such that & + @ = 0. We use @
instead of ¥’ in the axiom, because v is already used in the proposition. Then

T=047 (Axiom 3)
= (W +u) + v (choice of W)
=0+ (4 + ) (Axiom 2)
=w+d (assumption)
=0 (choice of )
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Proposition 1.1.4. a@ =0 if and only if a = 0 or @ = 0.

Proof. By Axioms 3, 7, 8, we have

0@+ 0@ = (04 0)Z = 0@, a0 + a0 = a(0 + 0) = a0.
Then by Proposition 1.1.3, we get 0@ = 0 and a0 = 0. This proves the if part of the
proposition.

The only if part means a@@ = 0 implies a = 0 or
aii =0 and a # 0 implying @ = 0. So we assume aii =
Axioms 5, 6 and a0 = 0 (just proved) to get

— (0. This is the same as
and a # 0, and then apply

u
0
i =1i = (a " a)id = a (adl) = a0 = 0. O

Exercise 1.8. Directly verify Propositions 1.1.2, 1.1.3, 1.1.4 in R™.

Exercise 1.9. Prove that the vector ¥ in Axiom 4 is unique, and is (—1)@. This justifies
the notation —.

Exercise 1.10. Prove that a@ = b7 if and only if @ = b or ¥ = 0.

Exercise 1.11. Prove the more general version of the cancelation law: @ + ¢ = 4 + ¥s
implies 171 = 172.

Exercise 1.12. We use Exercise 1.9 to define #—¢ = 1+ (—7). Prove the following properties

—

(-1)d =4, —(-@)=1d, —(@—7) =-a+7 —(G+7)=—d—7.

1.2 Linear Combination

1.2.1 Linear Combination Expression
Combining addition and scalar multiplication gives linear combination
CL1271 + a2172 + -+ angn-

If we start with a nonzero seed vector u, then all its linear combinations aw form
a straight line passing through the origin 0. If we start with two non-parallel vectors
@ and v, then all their linear combinations au + bt form a plane passing through the
origin 0. See Figure 1.2.1.

Exercise 1.13. What are all the linear combinations of two parallel vectors @ and ¢7
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Figure 1.2.1: Linear combination.

By the axioms of vector spaces, we can easily verify the following

Cl(aﬂ_fl + -+ Cbnﬁn) + CQ(bﬂ_fl + -+ bnﬁn)
= (clalﬁl + -+ clanUn) + (Cgbl'ﬁl + -+ Czbnﬁn>
= (c1a1 + coby)V) + - -+ + (cray + c2by,) V.

This show the linear combination of two linear combinations is still a linear combi-
nation. The fact can be easily extended to more linear combinations.

Proposition 1.2.1. A [linear combination of linear combinations is still a linear
combination.

Example 1.2.1. In R3, we try to express ¢ = (10,11, 12) as a linear combination of
the following vectors

0 =(1,2,3), vy=(4,5,6), u3=(7,8,9).

This means finding suitable coefficients x1, xs, x3, such that

10
U= 11 = .%’1171 + xQUQ -+ .773173
12
1 4 7 T —f- 4[)32 —|— 7ZE3
=z (2] +22| 5| +235|8] = | 221 + dzo + 823
3 6 9 3ZB1 +6$2+9£L’3

In other words, we try to solve the system of linear equations

r1 + 4z + Tx3 = 10,
2l‘1 + 51‘2 + 8$3 = 11,
3$1 + 6ZL’2 + 9.7}3 = 12.
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By the way, we see the advantage of expressing Euclidean vectors in the vertical way
in calculations.

To solve the system, we may eliminate x; in the second and third equations, by
using Ey — 2E; (multiply the first equation by —2 and add to the second equation)
and F3 — 3E; (multiply the first equation by —3 and add to the third equation).
The result of the two operations is

xr1 + 41’2 + 7$3 = 10,
— 31’2 — 6ZE3 = —9,
— 629 — 1223 = —18.

Then we use E3 — 2F, to get
r1 + 4xo + Txs = 10,

— 3[[2 — 6I3 = —9,
0=0.

The last equation is trivial, and we only need to solve the first two equations. We
may do —éEg (multiplying —% to the second equation) to get

r1 + 4z + Tx3 = 10,
T —I— 2373 = 3,
0=0.

From the second equation, we get x5 = 3 —2x3. Substituting into the first equation,
we get x17 = 10 — 4(3 — 2z3) — Tx3 = —2 + x3. The solution of the system is

r1=—2+1x3, xo=3—2x3, x3arbitrary.
We conclude that ¢ is a linear combination of v7, v, U3, and there are many linear
combination expressions, i.e., the expression is not unique.
Example 1.2.2. In P, we look for a, such that p(t) = 10 + 11t + at? is a linear
combination of the following polynomials,
pi(t) =142t +3t% po(t) =4+ 5t +6t%, ps(t) =7+ 8t + 9t
This means finding suitable coefficients x1, xs, x3, such that

10 + 11t + at® = 21 (1 + 2t + 3t%) + 22(4 + 5t + 6t%) + 23(7 + 8t + 9t2)
= (1‘1 + 4%‘2 + 7133) + (21’1 + 51’2 + 81’3)t + (31‘1 + 6(132 + 9I3)t2.

Comparing the coefficients of 1,¢,t2, we get a system of linear equations

Ty + 4xe + Tx3 = 10,
2I1 + 5ZE2 + 81‘3 = 11,
3.7}1 + 6.772 + 91‘3 = a.
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We use the same simplification process in Example 1.2.1 to simplify the system.
First we get
r1 + 4dxs + Txz = 10,
— 3x9 — b6x3 = -9,
— 6x9 — 12253 = a — 30.

Then we get
1 + 49 + Txs = 10,
— 319 — 63 = —9,
0=a—12.

If a # 12, then the last equation is a contradiction, and the system has no solution.
If a = 12, then we are back to Example 1.2.1, and the system has (non-unique)
solution.

We conclude p(t) is a linear combination of p; (), p2(t), ps(t) if and only if a = 12.

Exercise 1.14. Find the condition on a, such that the last vector can be expressed as a
linear combination of the previous ones.

1. (1,2,3),(4,5,6),(7,8,a), (10,11, 12).
2. (1,2,3),(7,8,a), (10,11,12).

3. 142t +3t2, 7+ 8t + at?,10 + 11t + 12¢2.

e~

t2 + 2t + 3,72 + 8t + a, 10t% + 11t + 12.
1 2\ /4 5 7 8 10 11
2 3)° 6)'\8 a) \11 12/
1 2 78 10 11
3 3)’\a a)’\12 12)/)°

1.2.2 Row Operation

ot
ot

&

Examples 1.2.1 and 1.2.2 show that the problem of expressing a vector as a linear
combination is equivalent to solving a system of linear equations. The shape of
the vector (Euclidean, or polynomial, or some other form) is not important for the
calculation. What is important is the coefficients in the vectors.

In general, to express a vector b € R™ as a linear combination of U1, Vg, ..., Uy €
R™, we use U; to form the columns of a matrix

13 Qa2 -+ Qip Qy;
Q21 Q22 -+  A2p Q24

A= (a,-j) == . . . = (?71 ’172 cee ﬁn), 171 = . . (121)

Am1 Am2 *°° Omnp Qmy
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We denote the linear combination by AZ¥

a1 a2 a1y

5 o . . 21 @22 Q2n,
AT = 20 + Tl + - -+ + Ty, = 21 ) + T2 . + 4z,

am1 Am2 G,

a11%1 + Q12T + - - - + A1 Ty

_ a1 + a22x2'+ cet Qop Xy ‘ (12.2)

Am1T1 + Q22 +- AmnTn
Then the linear combination expression
AF = 290, + Taly + - + BTy = b
means a system of linear equations

a1 + aipxs + -+ apT, = by,

o171 + ATy + -+ a,T, = by,

Am1T1 + Qp2X2 + + - + QppXy = bm

We call A the coefficient matriz of the system, and call b = (b1, b, ..., by) the right
side. The augmented matriz of the system is

ay a2 o A, by

- a1 Gog - Ao, by
(Ab) =

Am1 Qm2 - Amn bm

We have the correspondences

-,

equations <= rows of (A b),

variables <= columns of A.

A system of linear equations can be solved by the process of Gaussian elimina-
tion, as illustrated in Examples 1.2.1 and 1.2.2. The idea is to eliminate variables,
and thereby simplify equations. This is equivalent to the similar simplifications of
the augmented matrix (A 6) For example, the Gaussian elimination process in
Example 1.2.1 corresponds to the following operations on rows

14 7 10\ mom (1 4 7 10\ M2k /1 4 7 10
25 8 11| 828 [0 —3 —6 -9 52001 2 3
36 9 12 0 —6 —12 —18 000 0

In general, we may use three types of row operations, which do not change solutions
of a system of linear equations.
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e 1 <+ R;: exchange the i-th and j-th rows.
e cR;: multiply a number ¢ # 0 to the i-th row.

e 1}, + cR;: add the ¢ multiple of the j-th row to the i-th row.

In Example 1.2.1, we use the third operation to create zero coefficients (and therefore
simpler matrix). We use the second operation to simplify the coefficients (say, —3
is changed to 1). We may use the first operation to rearrange the equations from
the most complicated (i.e., longest) to the simplest (i.e., shortest). We did not use
this operation in the example because the arrangement is already from the most
complicated to the simplest.

Example 1.2.3. We rearrange the order of vectors as vy, v3, 77 in Example 1.2.1.
The corresponding row operations tell us how to express ¢ as a linear combination
of ¥y, U3, v;. We remark that the first row operation is also used.

4 7 1 ].0 Ro—Ry 4 7 1 ].0 R1—4R> 0 3 _3 6

508 2 11| Byl o1 B2 1 1
6 9 3 12 2 2 2 2 00 0 O
—1Ry 11 1 1 10 2 -1
fofe o1 -1 2 B2 (01 -1 2
00 0 O 00 0 O
The system is simplified to x5 + 221 = —1 and z3 — x; = 2. We get the general
solution
ro=—1—2x, x3=2-+1x, x arbitrary.

Exercise 1.15. Explain that row operations can always be reversed:

e The reverse of R; <+ R; is R; <+ R;.
e The reverse of cR; is ¢ ' R;.

e The reverse of R; 4+ cR; is R; — cR;.

Exercise 1.16. Explain that row operations do not change the solutions of the corresponding
system.

1.2.3 Row Echelon Form

We use three row operations to simplify a matrix. The simplest shape we can achieve
is called the row echelon form. For the matrices in Examples 1.2.1 and 1.2.3, the
row echelon form is

, %0, = can be any number. (1.2.3)

SO e
S e X
S * ¥
S *x ¥
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The entries indicated by e are called the pivots. The rows and columns containing
the pivots are pivot rows and pivot columns. In the row echelon form (1.2.3), the
pivot rows are the first and second, and the pivot columns are the first and second.
The following are all the 2 x 3 row echelon forms

GG Gos) 6o
(055) (o) (o)

In general, a row echelon form has the shape of upside down staircase (indicating
simpler and simpler linear equations), and the shape is characterised by the locations
of the pivots. The pivots are the leading nonzero entries in the rows. They appear
in the first several rows, and in later and later positions. The subsequent non-pivot
rows are completely zero. We note that each row has at most one pivot and each
column has at most one pivot. Therfore

number of pivot rows = number of pivots = number of pivot columns.

For an m x n matrix, the number above is no more than the number of rows and
columns
number of pivots < min{m,n}. (1.2.4)

Exercise 1.17. How can row operations improve the following shapes to become upside
down staircase?

0 e *x % ® *x *x x 0 e *x % 0O e *
1 0 0 0 0}. 2 o x x x|. 3 0 e x =x 4 0 O *
® x k% 0 0 0 0 ® x ¥ x o x

Then explain why the shape (1.2.3) cannot be further improved?
Exercise 1.18. Display all the 2 x 2 row echelon forms. How about 3 x 2 row echelon forms?
Exercise 1.19. How many m x n row echelon forms are there?

If a # 12 in Example 1.2.2, then the augmented matrix of the system has the
following row echelon form
® X x x
0 e *x x
000 e
The row (0 0 0 e) represents the equation 0 = e, a contradiction. Therefore the
system has no solution. We remark that the row (0 0 0 o) means the last column is
pivot.
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If a = 12, then we do not have the contradiction, and the system has solution.
Section 1.2.4 shows the existence of solution even more explicitly.
The discussion leads to the first part of the following.

Theorem 1.2.2. A system of linear equations Ax = b has solution if and only zfg
is not a piwot column of the augmented matriz (A b). The solution is unique if and
only if all columns of A are pivot.

1.2.4 Reduced Row Echelon Form

Although a row echelon form has the simplest shape, we may still simplify individual
entries in a row echelon form. First we may divide rows (using the second row
operation) by the nonzero numbers at the pivots, so that the pivots are occupied by
1. Then we use these 1 to eliminate (using the third row operation) all terms above
the pivots. The result is the simplest matriz one can get by row operations, called
the reduced row echelon form.

For the row echelon form (1.2.3), this means

o % x x 1 % x % 1 0 % =x
0O ¢ x x| — 10 1 % x] — [0 1 *x x
00 00 0000 0000
Here is one more example
® x x x % 1 * % * % * 1 = 0 0 % x
0 0 e x x| —|[0 01 % % x]—10010 * x*
00 0 e x 0001 % =« 0001 %
The corresponding systems of linear equations are also the simplest
Ty + cizwz = dy, 1 + C12%2 + c15w5 = dy,
Ty + Co3T3 = da, T3+ Cos5 = da,
0=0. T4 + C3505 = dg.

Then we can literally read off the solutions of the two systems. The general solution
of the first system is

Ir = d1 — C1373, Ty = d2 — C93X3, I3 arbitrary.

For the obvious reason, we call x3 a free variable, and x1, x5 non-free variables. The
general solution of the second system is

Ty =dy — 19Ty — C15%5, X3 = dy — C5T5, T4 = d3 — C35T5, Ta, T arbitrary.

Here x4, x5 are free, and z1, x3, x4 are not free.
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Exercise 1.20. Display all the 2 x 2, 2 x 3, 3 x 2 and 3 X 4 reduced row echelon forms.

Exercise 1.21. Given the reduced row echelon form of the augmented matrix of the system
of linear equations, find the general solution.

1 ap 0 b 7 1 0 ap ax b
1. 0 O 1 bg . ) 01 asz agq bz ’
0 0 0 O
(1 0 aq bl>
8. .
1 aj 0 b1 0 01 az b2
2 0 0 1 by O
00 00 0 g (0 L 0 a by
0 0 1 a9 b2
10 0 b 10 a b
3 1 0 b2 0 1 as b2
00 0 O
1 ayp az bl
4 0O 0 0 O 1 0 ap 0 ay by
00 0 O 1 |01 a0 ar b
’ 0 0 O 1 ag b3
1 ap a bl 0 0 0 0 0 0 0
5) 0O 0 0 0 O
0 0 0 0 O 1 0 aj 0 ag b1 0
19 01 a3 0 ag by O
6 1 aj 0 a9 bl ) 0 0 O 1 as b3 0
“\0 0 1 a3z by/)’ 00 0 0 0 0 O

Exercise 1.22. Given the general solution of the system of linear equations, find the reduced
row echelon form of the augmented matrix.

1. 1 = —x3, xo = 1 4+ x3; x3 arbitrary.

2. ©1 = —x3, To = 1 + x3; T3, x4 arbitrary.

3. x9 = —xy, x3 = 1 4+ x4; x1, x4 arbitrary.

4. x9 = —xy4, T3 = T4 — Ts; T1, T4, T5 arbitrary.

5. 1 =1 —x9 + 225, x3 = 1 + 225, x4 = —3 + x5; X2, x5 arbitrary.

6. x1 =14 229 4+ 324, 3 = 4 + bxg + 625; T2, x4, x5 arbitrary.

7. x1 =229 4+ 314 — T, T3 = bxy + 625 — 4dx6; T2, T4, T5, Te arbitrary.

We see that, if the system has solution (i.c., b is not pivot column of (A b)),
then the reduced row echelon form is equivalent to the general solution. Since the
solution is independent of the choice of the row operations, we know the reduced
row echelon form of a matrix is unique.
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We also see the following correspondence

variables in A7 = b H free ‘ non-free

columns in A non-pivot ‘ pivot

In particular, the uniqueness of solution means no freedom for the variables. By
the correspondence above, this means all columns of A are pivot. This explains the
second part of Theorem 1.2.2.

1.3 Basis

1.3.1 Basis and Coordinate

In Example 1.2.2, we see the linear combination problem for polynomials is equiv-
alent to the linear combination problem for Fuclidean vectors. In Example 1.1.3, the
equivalence is given by expressing polynomials as linear combinations of 1,¢,¢2, ..., t"
with unique coefficients. In general, we ask for the following.

Definition 1.3.1. A ordered set o = {4, 7,,...,,} of vectors in a vector space V
is a basis of V| if for any & € V| there exist unique x1, s, ..., x,, such that

T = 1‘1’171 —|'5L'2172 + - —|'5L'n17n

The coefficients z1, xs, ..., x, are the coordinates of T with respect to the (or-
dered) basis. The unique expression means that the a-coordinate map

eV = [Ty =(r1,29,...,2,) ER"
is well defined. The reverse map is given by the linear combination
(.171,]32,...,.Tn) € R" = 21U + x9Uy + - - - + 2,0, € V.

The two way maps identify (called isomorphism) the general vector space V with
the Euclidean space R™. Moreover, the following result shows that the coordinate
preserves linear combinations. Therefore we may use the coordinate to translate
linear algebra problems (such as linear combination expression) in a general vector
space to corresponding problems in an Euclidean space.

Proposition 1.3.2. [Z + §], = [7]a + [U]a, [aT]a = a]T]a.

Proof. Let [Z], = (21,22, ...,2,) and [§]a = (Y1,Y2, ..., ¥Yn). Then by the definition
of coordinates, we have

T =201 + TV + -+ + TpUp, Y = Y101 + Y2U2 + - + YpUn.
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Adding the two together, we have
T+ g= (21 +y)th + (22 +y)02 + - + (0 + Yn) Ty
By the definition of coordinates, this means

[5+?]]a = ($1+y1,x2+y2,...,xn+yn)
= (T, @2, @) + (Y1, 42, - Yn) = [Tla + [Yla-
The proof of [aZ], = a[Z], is similar. O
Example 1.3.1. The standard basis vector €; in R™ has the i-th coordinate 1 and
all other coordinates 0. For example, the standard basis vectors of R? are
gl = (17070)7 52: (0717())7 63: (07071)

By the equality
(.Z'l,CCQ, . ,l’n> = 1'151 + 33'252 4+ -+ :Uné'n,

any vector is a linear combination of the standard basis vectors. Moreover, the
equality shows that, if two expressions on the right are equal

T1€] + T2 + -+ + Tp€y = Y1€1 + Y22 + - + Ynly,
then the two vectors are also equal

(x17x27 s ,Z‘n) = (y17y27 s 7yn)

Of course this means exactly 1 = y1, 22 = ¥o,...,Tn = Yy, i.€., the uniqueness of
the coefficients. Therefore the standard basis vectors for the standard basis € =
{€1,8,,...,€,} of R". The equality can be interpreted as

[Z]e = 2.

If we change the order in the standard basis, then we should also change the
order of coordinates

[(1'17 T, x?))]{é'l,gz,é'g} - (.ﬁUl, T, x?))a
[(Q?l, T, x3)]{€2,€1,€3} = (Q?Q, T, x3)7

(21, 2, T3)](e5.00,00y = (@3, T2, 21).

Example 1.3.2. Any polynomial of degree < n is of the form
p(t) = ag + art + agt® + - + a,t".

The formula can be interpreted as that p(t) is a linear combination of monomials
1,t,#2,...,t". For the uniqueness of the linear combination, we consider the equality

ao 4 art + agt? + - 4 ant™ = by + byt + byt? + - - + byt™.



1.3. BASIS 23

The equality usually mean equal functions. In other words, if we substitute any
real number in place of ¢, the two sides have the same value. Taking ¢t = 0, we get
ag = bg. Dividing the remaining equality by ¢ # 0, we get

Ay + agt + -+ apt" = by + byt + -+ b t"t for t #£ 0.

Taking lim;_,o on both sides, we get a; = b;. Inductively, we find that a; = b; for
all 7. This shows the uniqueness of the linear combination. Therefore 1,¢,¢2, ... t"
form a basis of P,. We have

[ao + alt + a2t2 + -+ antn]{l,t,tQ,...,t"} = (a07 ai, @z, ... >an)-

Example 1.3.3. Consider the monomials 1,¢ — 1, (¢t — 1)? at t, = 1. Any quadratic
polynomial is a linear combination of 1,¢ — 1, (t — 1)?

ag + art + agt? = ag + ar[1 + (t — 1)] + ag[l + (t — 1)]?
= (ap + a1 + az) + (a1 + 2a2)(t — 1) + az(t — 1)

Moreover, if two linear combinations are equal
ap 4+ ay(t — 1) +ag(t — 1)* = by + by (t — 1) + bo(t — 1),
then substituting ¢ by ¢ + 1 gives the equality
ap + ait + ast® = by + byt + bot”.

This means ay = by, a1 = by, as = by, or the uniqueness of the linear combination
expression. Therefore 1,¢ — 1, (t — 1)? form a basis of P,. In general, 1,t — tg, (t —
to)?, ..., (t —to)" form a basis of P,.

Exercise 1.23. Show that the following 3 x 2 matrices form a basis of the vector space
Ms3xo.

10 00 00 0 1 00 00
0 0], 1 01, 0 0], 0 0], 0 1], 0 0
00 00 10 00 00 0 1
In general, how many matrices are in a basis of the vector space M, x, of m X n matrices?

Exercise 1.24. For an ordered basis a = {01, 2, ..., U, } is of V, explain that [7;], = €;.

Exercise 1.25. A permutationof {1,2,...,n} is a one-to-one correspondence w: {1,2,...,n} —

{1,2,...,n}. Let a = {#),s,...,9,} be a basis of V.
1. Show that 7(a) = {Ur(1), Ur(2)s - - - » Un(n) } 18 still a basis.

2. What is the relation between [7], and [#];(q)?



24 CHAPTER 1. VECTOR SPACE

1.3.2 Spanning Set

The definition of basis consists of two parts, the existence of linear combination
expression for all vectors, and the uniqueness of the expression. We study the two
properties separately. The existence is the following property.

Definition 1.3.3. A set of vectors aw = {¢}, 7, ..., 4, } in a vector space V spans V
if any vector in V' can be expressed as a linear combination of vy, 05, . . ., Uy,.
For V' = R™, we form the m x n matrix A = (¢} ¥y ---9,). Then the vectors

spanning V' means the system of linear equations
AT = 2,01 + ToU + -+ + Tl = b

has solution for all right side b.

Example 1.3.4. For @ = (a,b) and ¥ = (¢, d) to span R?, we need the system of two
linear equations to have solution for all p, g

ar +cy = p,
bxr + dy = q.
We multiply the first equation by b and the second equation by a, and then subtract

the two. We get
(be — ad)y = bp — aq.

If ad # be, then we can solve for y. We may further substitute y into the original
equations to get x. Therefore the system has solution for all p, q.

We conclude that (a,b) and (c,d) span R? in case ad # be. For example, by
1-4+#3-2, we know (1,2) and (3,4) span R?.

Exercise 1.26. Show that a linear combination of (1,2) and (2,4) is always of the form
(a,2a). Then explain that the two vectors do not span RZ.

Exercise 1.27. Explain that, if ad = be, then (a,b) and (c,d) do not span R2.
Example 1.3.5. The following vectors span R3
171 = (17273>7 172: (47576)7 273: (77879)7

if and only if (¥ Uy U3)% = b has solution for all b. We apply the same operations in
Example 1.2.1 to the augmented matrix

14Ty 14 70
36 9 by 00 0 U
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Although we may calculate the explicit formulae for b}, which are linear combinations
of by, by, bs, we do not need these. All we need to know is that, since by, by, b3 are
arbitrary, and the row operations can be reversed (see Exercise 1.15), the right side
b, b, b in the row echelon form are also arbitrary. In particular, it is possible to
have b5 # 0, and the system has no solution. Therefore the three vectors do not
span R3.

By the calculation in Example 1.2.2; if we change the third vector to 73 = (7, 8, a),
then the same row operations give

14T b 14 7 0
3 6 a by 0 0 a—9 b

If a # 9, then the last column is not pivot. By Theorem 1.2.2, the system always
has solution. Therefore (1,2,3),(4,5,6), (7,8,a) span R? if and only if a # 9.

Example 1.3.5 can be summarized as the following criterion for a set of vectors
to span the Euclidean space.

Proposition 1.3.4. Let o = {t},7,...,9,} C R™ and A = (V) ¥y --- ¥,). The
following are equivalent.
1. « spans R™.

2. A7 = b has solution for all beR™.

3. All rows of A are pivot. In other words, the row echelon form of A has no zero
row (00 --- 0).

Moreover, we have m < n in the above cases.

For the last property n > m, we note that all rows pivot implies the number of
pivots is m. Then by (1.2.4), we get m < min{m,n} < n.

Example 1.3.6. To find out whether (1,2,3),(4,5,6),(7,8,a),(10,11,b) span R3,
we apply the row operations in Example 1.2.1

0 7 10
1 2 3
a—9 b—12

1
1

1
2
3 b

O U W
Q 00 I

1 4
— 10 1
00

The row echelon form depends on the values of a and b. If a # 9, then the result is
already a row echelon form

® X X
* K% ¥

SO e
S e X
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If a =9, then the result is

o x x *
0 e x *
0 00 b—12

Then we have two possible row echelon forms

o x % x o x x %
0 e x x| forb=£12; 0 e x x| forb=12.
000 e 0000

By Proposition 1.3.4, the vectors (1,2,3), (4,5,6), (7,8, a), (10,11,b) span R? if and
only if a # 9, or a =9 and b # 12.

If we restrict the row operations to the first three columns, then we find that all
rows are pivot if and only if a # 9. Therefore the first three vectors span R? if and
only if a # 9.

We may also restrict the row operations to the first, second and fourth columns,
and find that all rows are pivot if and only if b # 12. This is the condition for
(1,2,3),(4,5,6), (10,11,b) to span R3.

Exercise 1.28. Find row echelon form and determine whether the column vectors span the
Euclidean space.

1 2 3 1 2 3 1 1 2 3 4 1 2 4 3

1 2 3 4 3. 12 1 2 5 345 6 . 3 4 6 5
13 41 31 2 3 |5 6 7 8 |5 6 a 7

4 1 2 7 8 9 10 78 b 9

1 2 3 4 1 2 3 1 2 3 4 1 2 3 4

5 2 3 4 1 n 2 31 6. 3 45 6 8. 3 4 5 6

3 41 2 31 2 56 7 a 5 6 7 8

4 1 2 3 1 2 3 78 9 b 7 8 a b

Exercise 1.29. If 1, s, ..., 7, span V, prove that ¢j, v, ..., U,, W span V.

The property means that any set bigger than a spanning set is also a spanning set.

Exercise 1.30. Suppose @ is a linear combination of ¥, ¥, . . ., U,. Prove that vy, vs, ..., Uy, W
span V if and only if ¥1, v, ..., ¥, span V.

The property means that, if one vector is a linear combination of the others, then we
may remove the vector without changing the spanning set property.

Exercise 1.31. Suppose v, Vs, ..., U, € V. If each of Wy, Ws, ..., wW,, is a linear combination
of U, o, ..., Uy, and Wy, Wo, ..., W, span V, prove that v, vs, ..., v, also span V.

Exercise 1.32. Prove that the following are equivalent for a set of vectors in V.

1. v1,...,U3y...,Uj,..., Uy span V.
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2. U1,...,0j,...,Uj,...,0, span V.
3. U1,...,CUj, ..., Uy, c# 0, span V.
4. 271,...,Ui+017j,...,17j,...,17nspanV.

Example 1.3.7. By the last part of Proposition 1.3.4, three vectors (1,0,v/2, 7),
(log2,e,100,—0.5), (v/3,e7",sin1,2.3) cannot span R*.

Exercise 1.33. Reinterpret the conclusion m < n in Proposition 1.3.4 in terms of the
existence of solutions of a system of linear equations.

Exercise 1.34. Explain that the vectors do not span the Euclidean space. Then interpret
the result in terms of systems of linear equations.

1. (10,-2,3,7,2),(0,8,—2,5,—4),(8,-9,3,6,5).

2. (10,-2,3,7,2),(0,8,—2,5,—4), (8, -9,3,6,5), (7, -9, 3, —5,6).

3. (0,-2,3,7,2),(0,8,—2,5,—4),(0,-9,3,6,5), (0, —5,4,2, -7), (0,4, —1, 3, —6).

4. (6,-2,3,7,2),(—4,8,—2,5,—4),(6,-9,3,6,5), (8, =5,4,2, —7), (=2,4, —1, 3, —6).

1.3.3 Linear Independence

Definition 1.3.5. A set of vectors 01, ¥, . .., ¥, are linearly independent if the coef-
ficients in linear combination are unique

a1771+a2172+- . +an17n = 61171+b2172+' . +bn17n — a1 = bl, [ bg, ey Qp = bn

The vectors are linearly dependent if they are not linearly independent.

For V' = R™, we form the matrix A = (¢} U5 ---%,). Then the linear indepen-
dence of the column vectors means the solution of the system of linear equations

Af:$1171+$2172+“'+$n27n:b

is unique. By Theorem 1.2.2, we have the following criterion for linear independence.

Proposition 1.3.6. Let a = {¥},0y,...,0,} C R™ and A = (v; vy --- ¥,). The
following are equivalent.

1. « is linearly independent.
2. The solution of Ax = b is unique.

3. All columns of A are pivot.
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Moreover, we have m > n in the above cases.

For the last property m > n, we note that all columns pivot implies the number
of pivots is n. Then by (1.2.4), we get n < min{m,n} < m.

Example 1.3.8. We try to find the condition on a, such that
01 =(1,2,3,4), vU,=1(5,6,7,8), u3=(9,10,11,a)

are linearly independent. We carry out the row operations

1 5 9 ggzgg 15 9
(#1 ) = 2 6 10| Re—R; 11 1
3 7 11 11 1
4 8 a 1 1 a—11
gligg 0 4 8 N 11 1
Ri—Ro 11 1 mor |0 4 8
0 0 0 0 0 a—12
0 0 a—12 0 0 0

We find all three columns are pivot if and only if a # 12. This is the condition for
the three vectors to be linearly independent.

Exercise 1.35. Determine the linear independence of the column vectors in Exercises 1.28.

Exercise 1.36. Prove that the following are equivalent.

1. %,...,%,...,7j,..., 0, are linearly independent.

2. U1,...,7j,...,0;, ..., U, are linearly independent.

3. U1,y...,C0;,...,Un, ¢ # 0, are linearly independent.

4. vq,...,0; + cUj,...,Uj,..., U, are linearly independent.

Example 1.3.9. By the last part of Proposition 1.3.6, four vectors (1,log2,/3),
(0,e,e71), (v/2,100,sin 1), (7, —0.5,2.3) in R? are linearly dependent.

Exercise 1.37. If n > m, what can you say about n vectors in R™?

Exercise 1.38. Reinterpret the conclusion m > n in Proposition 1.3.6 in terms of the
uniqueness of solutions of a system of linear equations.

Exercise 1.39. Explain that the vectors are linearly dependent. Then interpret the result
in terms of systems of linear equations.



1.3. BASIS 29

1. (1,2,3),(2,3,1),(3,1,2),(1,3,2),(3,2,1),(2,1,3).
2. (1,3,2,—4),(10,-2,3,7),(0,8,—2,5), (8, -9, 3,6), (7, -9, 3, —5).
3. (1,3,2,—4),(10,-2,3,7), (0,8, —2,5), (m, 3w, 2, —4).

4. (1,3,2,-4,0),(10,-2,3,7,0),(0,8,-2,5,0), (8,-9,3,6,0),(7,-9,3,—5,0).

The criterion for linear independence in Proposition 1.3.6 does not depend on
the right side. This means we only need to verify the uniqueness for the case b=0.
We call the corresponding system Ax = 0 homogeneous. The homogeneous system
always has the zero solution ¥ = 0. Therefore we only need to ask the uniqueness
of the solution of A7 = 0.

The relation between the uniqueness for Az = b and the uniqueness for A% = 0
holds in general vector space.

Proposition 1.3.7. A set of vectors vy, 0s, . .., U, is linearly independent if and only
of

a1171+a2172—|—---+an17n:6 = a1 =a=---=a,=0.
Proof. The property in the proposition is the special case of by = --- = b, = 0 in

the definition of linear independence. Conversely, if the special case holds, then

a1171+a2172+---—|—an27n:b1271+b2172+---+bn17n
—> (a1 — b))V + (a2 — ba)Ta + -+ + (@ — b,) T, =0
:>al—blzag—b2:-~:an—bn20. [l

Example 1.3.10. By Proposition 1.3.7, a single vector v is linearly independent if
and only if av = 0 implies a = 0. By Proposition 1.1.4, the property means exactly
7 # 0.

Example 1.3.11. To show that cost,sint, e’ are linearly independent, we only need
to verify that the equality 1 cost + xasint + z3et = 0 implies 1 = 29 = 3 = 0.

If the equality holds, then by evaluating at t =0, S

y 5, T, We get

oy

r1+ax3=0, x9+1x362 =0, —21+ 236" =0.

Adding the first and third equations together, we get x3(1 + €™) = 0. This implies
x3 = 0. Substituting z3 = 0 to the first and second equations, we get x1 = x5 = 0.

Example 1.3.12. To show ¢(t — 1),t(t — 2), (t — 1)(t — 2) are linearly independent,
we onsider

art(t —1) +ast(t —2) +as(t —1)(t —2) = 0.
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Since the equality holds for all ¢, we may take ¢ = 0 and get as(—1)(—2) = 0.
Therefore az = 0. Similarly, by taking ¢t = 1 and t = 2, we get as = 0 and a; = 0.

In general, suppose tg,t1,...,t, are distinct, and!
pilt) = [t =) = (t —to)(t = t1) -~ (t = ts) -~ (¢ — )
J#i

is the product of all ¢ — ¢, except t — ¢;. Then py(t), p(1(t),...,pn(t) are linearly
independent.

Exercise 1.40. For a # b, show that e® and €% are linearly independent. What about e®,
et and e°t?

Exercise 1.41. Prove that cost,sint, e’ do not span the vector space of all smooth functions,
by showing that the constant function 1 is not a linear combination of the three functions.

Hint: Take several values of ¢ in 1 cost + zosint + x3e! = 1 and then derive contra-
diction.

Exercise 1.42. Determine whether the given functions are linearly independent, and whether
f(z),g(t) can be expressed as linear combinations of given functions.

1. cos?t,sin®t. f(t) =1, g(t) =t.

2. cos?t,sin?t,1. f(t) = cos2t, g(t) = t.

3. Litel tel. f(t) = (L+t)el, g(t) = f'(¢).

4. cos?t,cos2t. f(t) =a, g(t) = a+sin’t.

The following result says that linear dependence means some vector is a “waste”.
The proof makes use of division by nonzero number.

Proposition 1.3.8. A set of vectors is linearly dependent if and only if one vector
1s a linear combination of the other vectors.

Proof. If ¥y, v5,...,7, are linearly dependent, then by Proposition 1.3.7, we have
a0y + ag¥y + - - -+ + a, v, = 0, with some a; # 0. Then we get
S ay ai—1 iy A,

Vi =——U1p — = Vi—1 — Vig1 — "= —Un.
a; a; a; a;

This shows that the i-th vector is a linear combination of the other vectors.
Conversely, if

U = a1y F o+ Q1 Vim1 + Qi1 Ui+ A Un,

IThe notation ? is the mathematical convention that the term ? is missing.
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then the left side is a linear combination with coefficients (0,...,0,1(),0,...,0),
and the right side has coeflicients (a1, ..., a;—1,00), @it1, ..., an). Since coefficients
are different, by definition, the vectors are linearly dependent. O]

Example 1.3.13. By Proposition 1.3.8, two vectors « and ¥ are linearly dependent if and
only if either # is a linear combination of ¥, or ¥/ is a linear combination of #. In other
words, the two vectors are parallel.

Two vectors are linearly independent if and only if they are not parallel.
Exercise 1.43. Prove that 1, ¥, . . ., Uy, W is linearly independent if and only if 1, ¥, . .., U,
are linearly independent, and  is not a linear combination of ¥, s, .. ., Uy.

The property implies that any subset of a linearly independent set is also linearly
independent. What does this tell you about linear dependence?

Exercise 1.44. Prove that ¥, 0, ..., U, is linearly dependent if and only if some ¥; is a
linear combination of the previous vectors v1, Vs, ..., U;_1.

1.3.4 Minimal Spanning Set

Basis has two aspects, span and linear independence. If we already know that some
vectors span a vector space, then we can achieve linear independence (and therefore
basis) by deleting “unnecessary” vectors.

Definition 1.3.9. A vector space is finite dimensional if it is spanned by finitely
many vectors.

Theorem 1.3.10. In a finite dimensional vector space, a set of vectors is a basis if
and only if it is a minimal spanning set. Moreover, any finite spanning set contains
a minimal spanning set and therefore a basis.

By a minimal spanning set o, we mean « spans V', and any subset strictly smaller
than o does not span V.

Proof. Suppose a = {¥},7s,...,0,} spans V. The set « is either linearly indepen-
dent, or linearly dependent.

If v is linearly independent, then it is a basis by definition. Moreover, by Proposi-
tion 1.3.8, we know 7j; is not a linear combination of ¥y, - -+ ,¥;_1,U;41 ..., U,. There-
fore after deleting v;, the remaining vectors oy, --- , ¥;_1, Vi1 - - ., U, do not span V.
This proves that « is a minimal spanning set.

If « is linearly dependent, then by Proposition 1.3.8, we may assume vj; is a linear
combination of

Oé/:Oé—{ﬁi} = {171,"' ,73;_1,172‘4_1...,17”}.
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By Proposition 1.2.1 (also see Exercise 1.30), linear combinations of « are also linear
combinations of o/. Therefore we get a strictly smaller spanning set o’. Then we may
ask whether o is linearly dependent. If the answer is yes, then o contains strictly
smaller spanning set. The process continues and, since « is finite, will stop after
finitely many steps. By the time we stop, we get a linearly independent spanning
set. By definition, this is a basis.

We proved that “independence =— minimal” and “dependence =— not
minimal”. This implies that “independence <= minimal”. Since a spanning set
is independent if and only if it is a basis, we get the first part of the theorem. Then
the second part is contained in the proof above in case « is linearly dependent. [

The intuition behind Theorem 1.3.10 is the following. Imagine that « is all the
people in a company, and V is all the things the company wants to do. Then «
spanning V' means that the company can do all the things it wants to do. However,
the company may not be efficient in the sense that if somebody’s duty can be fulfilled
by the others (the person is a linear combination of the others), then the company
can fire the person and still do all the things. By firing unnecessary persons one
after another, eventually everybody is indispensable (linearly independent). The
result is that the company can do everything, and is also the most efficient.

Example 1.3.14. By taking a = b = 10 in Example 1.3.6, we get the row operations

1 4 7 10 1 4 7 10
25 8 11| =10 =3 -6 -9
3 6 10 10 0o 0 1 =2

Since all rows are pivot, the four vectors (1,2, 3), (4,5,6),(7,8,10), (11,12, 10) span
R3. By restricting the row operations to the first three columns, the row echelon
form we get still has all rows being pivot. Therefore the spanning set can be reduced
to a strictly smaller spanning set (1,2, 3),(4,5,6), (7,8,10). Alternatively, we may
view the matrix as the augmented matrix of a system of linear equations. Then the
row operation implies that the fourth vector (10,11,10) is a linear combination of
the first three vectors. This means that the fourth vector is a waste, and we can
delete the fourth vector to get a strictly smaller spanning set.

Is the smaller spanning set (1,2,3),(4,5,6),(7,8,10) minimal? If we further
delete the third vector, then we are talking about the same row operation applied
to the first two columns. The row echelon form we get has only two pivot rows, and
third row is not pivot. Therefore (1,2,3),(4,5,6) do not span R3. One may also
delete the second or the first vector and do the similar investigation. In fact, by
Proposition 1.3.4, two vectors can never span R3.
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Exercise 1.45. Suppose we have row operations

o % % %k ok ok
(1717172,-..7176)_> 0 0 e x x x
O 0 0 ® X *
00000 e

Explain that the six vectors span R* and 1, #'3, ¥4, U form a minimal spanning set (and
therefore a basis).

Exercise 1.46. Show that the vectors span P3 and then find a minimal spanning set.
L1+t 1+t2 1+t + 2t + 3,82 + 3.

2. t4+ 22+ 33, —t — 202 =33, 1+ 22+ 33,1 —t, 1+t + 33,1 + ¢ + 22,

1.3.5 Maximal Independent Set

If we already know that some vectors are linearly independent, then we can achieve
the span property (and therefore basis) by adding “independent” vectors. Therefore
we have two ways of constructing basis

delete vectors add vectors

span vector space ——— basis <——— linearly independent

Using the analogy of company, linear independence means there is no waste.
What we need to achieve is to do all the things the company wants to do. If there is
a job that the existing employees cannot do, then we need to hire somebody who can
do the job. The new hire is linearly independent of the existing employees because
the person can do something the others cannot do. We keep adding new necessary
people until the company can do all the things, and therefore achieve the span.

Theorem 1.3.11. In a finite dimensional vector space, a set of vectors is a basis if
and only if it is a maximal linearly independent set. Moreover, any linearly inde-
pendent set can be extended to a maximal linearly independent set and therefore a
bastis.

By a maximal linearly independent set «, if « is linearly independent, and any
set strictly bigger than « is linearly dependent.

Proof. Suppose o« = {¥},7s,...,0,} is a linearly independent set in V. The set «
either spans V', or does not span V.

If a spans V, then it is a basis by definition. Moreover, any vector v € V is a
linear combination of a. By Proposition 1.3.8, adding v to @ makes the set linearly
dependent. Therefore « is a maximal linearly independent set.
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If a does not span V, then there is a vector ¥ € V which is not a linear com-
bination of a. If o/ = a U {v} = {¥, s, ..., ¥,, U} is linearly dependent, then by
Proposition 1.3.7, we have

a101 + asUo + - - - + a, v, + av = 0,

and some coefficients are nonzero. If ¢ = 0, then some of ay, as, ..., a, are nonzero.
By Proposition 1.3.7, this contradicts the linear independence of . If a # 0, then
we get
S .y
a a
contradicting the assumption that ¢ is not a linear combination of «. This proves
that o is a linearly independent set strictly bigger than a.

Now we may ask whether o/ spans V. If the answer is no, then we can enlarge o/
further by adding another vector that is not a linear combination of o’. The result
is again a bigger linearly independent set. The process continues, and must stop
after finitely many steps due to the finite dimension assumption (full justification by
Proposition 1.3.13). By the time we stop, we get a linearly independent spanning
set, which is a basis by definition.

We proved that “span V' = maximal” and “not span V' = not maximal”.
This implies that “span V' <= maximal”’. Since a linearly independent set spans
the vector space if and only if it is a basis, we get the first part of the theorem. Then
the second part is contained in the proof above in case « does not span V. O

Example 1.3.15. We take the transpose of the matrix in Example 1.3.14, and carry
out row operations (this is the column operations on the earlier matrix)

1 2 3\ m-mr /1 2 3 12 3 1 2 3
4 5 6| w33 3| B33 3| 5 (o -3 —6
7 8 10 33 4 "o o 1 "o o 1
11 12 10 330 00 -3 0 0 0

By Proposition 1.3.6, this shows that (1,4, 7,11), (2,5, 8,12), (3, 6, 10, 10) are linearly
independent. However, since the last row is not pivot (or the last part of Proposition
1.3.4), the three vectors do not span R*.

To enlarge the linearly independent set of three vectors, we try to add a vector
so that the same row operations produces (0,0,0,1). The vector can be obtained
by reversing the operations on (0, 0,0, 1)

Ro+Rq
R3+Ro R4+Ro> R4—3R3
R4+R3 R3+R2 Ro+3R

— o O O
— o O O
— O O O
_ o O O
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Then we have row operations

1 2 3 0 1 2 3 0
4 5 6 0 . 0 -3 —6 0
7 8 10 0 0 0 1 0]
11 12 10 1 0 0 0 1
This shows that (1,4,7,11),(2,5,8,12),(3,6, 10, 10), (0,0,0, 1) form a basis.

If we try a more interesting vector (4, 3,2, 1)

4 [ 4 Ri+R 4 Ri—3R 4
19| mixry | 15| Rmstme | 15 | rmaisms | 3
36 | ¢ 17 2 |° 2|
46 10 -5 1

then we find that (1,4,7,11),(2,5,8,12),(3,6,10,10), (4,19, 36,46) form a basis.

Exercise 1.47. For the column vectors in Exercise 1.28, find a linearly independent subset,
and then extend to a basis. Note that the linearly independent subset should be as big as
possible, to avoid the lazy choice such as picking the first column only.

Exercise 1.48. Explain that t2(t—1),¢(t? — 1),t? — 4 are linearly independent. Then extend
to a basis of Ps.

1.3.6 Dimension

Let V be a finite dimensional vector space. By Theorem 1.3.10, V' has a basis

a = {v}, 0, ..., 0,}. Then the coordinate with respect to « translates the linear
algebra of V' to the Euclidean space [|,: V <> R™

Let f = {wW), W, ..., W} be another basis of V. Then the a-coordinate translates
g into a basis [G], = {[Wi]a, [Wala,- -, [Wkla} of R™. Therefore [5], (a set of k

vectors) spans R and is also linearly independent. By the last parts of Propositions
1.3.4 and 1.3.6, we get k = n. This shows that the following concept is well defined.

Definition 1.3.12. The dimension of a (finite dimensional) vector space is the num-
ber of vectors in a basis.

We denote the dimension by dim V. By Examples 1.3.1, 1.3.2, and Exercise 1.23,
we have dimR"” = n, dim P, = n + 1, dim M,,,«, = mn.

If dimV = m, then V can be identified with the Euclidean space R™, and the
linear algebra in V' is the same as the linear algebra in R™. For example, we may
change R™ in Propositions 1.3.4 and 1.3.6 to any vector space V' of dimension m,
and get the following.

Proposition 1.3.13. Suppose V is a finite dimensional vector space.
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1. If n vectors span V', then dimV < n.

2. If n vectors in 'V are linearly independent, then dimV > n.

Continuation of the proof of Theorem 1.3.11. The proof of the theorem creates big-
ger and bigger linearly independent sets of vectors. By Proposition 1.3.13, however,
the set is no longer linearly independent when the number of vectors is > dim V.
This means that, if the set a we start with has n vectors, then the construction in
the proof stops after at most dim V' — n steps.

We note that the argument uses Theorem 1.3.10, for the existence of basis and
then the concept of dimension. What we want to prove is Theorem 1.3.11, which is
not used in the argument. O

Exercise 1.49. Explain that the vectors do not span the vector space.

1. 342t — wt? — 3t3, e + 100t + 2V/3t2, dnt — 15.2t% + t3.
5 3 8 2 8 4 7

"\4 9)°\6 5)°\5 0)°

5 (™ V3 V2 oo 3 100 sin2 o«
"\l 2n )7 \=10 2v2)  \=77 6 )J' \V2r 2sin2)°

Exercise 1.50. Explain that the vectors are linearly dependent.

1. 3+/2t — mt?, e+ 100t + 2v/3t2, 4rt — 15.2t%, /7 + 212,
5 3 8 2 8 1 0

“\4 9)°\6 5)°\=2 4)

5 (™ V3 V2 oo 3 100 sin2 o«
“\1 2n )7 \=10 2v2)  \=77 6 )’ \V2r 2sin2)°

Theorem 1.3.14. Suppose « is a collection of vectors in a finite dimensional vector
space V. Then any two of the following imply the third.

1. The number of vectors in « is dim V.
2. o spans V.

3. « 1s linearly independent.

To prove the theorem, we may translate into Euclidean space. Then by Propo-
sitions 1.3.4 and 1.3.6, we only need to prove the following properties about system
of linear equations.

Theorem 1.3.15. Suppose A is an m x n matriz. Then any two of the following
imply the third.
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1. m=n.
2. A% = b has solution for all b.

3. The solution of AX = b is unique.

Proof. 1f the second and third statement hold, then by Propositions 1.3.4 and 1.3.6,
we have m < n and m > n. Therefore the first statement holds.

Now we assume the first statement, and prove that the second and third are
equivalent. The first statement means A is an n X n matrix. By Proposition 1.3.4,
the second statement means all rows are pivot, i.e., the number of pivots is n. By
Proposition 1.3.6, the third statement means all columns are pivot, i.e., the number
of pivots is n. Therefore the two statements are the same. O]

Example 1.3.16. By Example 1.3.11, the three quadratic polynomials ¢(t —1), (¢t —
2), (t — 1)(t — 2) are linearly independent. By Theorem 1.3.14 and dim P, = 3, we
know the three vectors form a basis of P.

For the general discussion, see Example 2.2.13.

Exercise 1.51. Use Theorem 1.3.10 to give another proof of the first part of Proposition
1.3.13. Use Theorem 1.3.11 to give another proof of the second part of Proposition 1.3.13.

Exercise 1.52. Suppose the number of vectors in « is dim V. Explain the following are
equivalent.

1. a spans V.
2. «a is linearly independent.

3. « is a basis.

Exercise 1.53. Show that the vectors form a basis.
1. (1,1,0),(1,0,1),(0,1,1) in R3.
2. (1,-1,0),(1,0,—1),(0,1,—1) in R3.

3. (1,1,1,0),(1,1,0,1),(1,0,1,1),(0,1,1,1) in R%.

Exercise 1.54. Show that the vectors form a basis.

1. 14+t,1+t2t+t%in P.

11\ (1 1) (1 0) (0 1).
> (10) (o 2) (1) Q1)

Exercise 1.55. For which a do the vectors form a basis?
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1. (1,1,0),(1,0,1),(0,1,a) in R3.

2. (1,-1,0),(1,0,-1),(0,1,a) in R3.

3. (1,1,1,0),(1,1,0,1),(1,0,1,1),(0,1,1,a) in R4
Exercise 1.56. For which a do the vectors form a basis?

1. 14+t 1+t2t+at?in Ps.

11\ (1 1\ (1 0) (0 1.
2 (0 a) (o 1) GO0 e

Exercise 1.57. Show that (a,b), (¢,d) form a basis of R? if and only if ad # be. What is
the condition for a to be a basis of R'?

Exercise 1.58. If the columns of a matrix form a basis of the Euclidean space, what is the
reduced row echelon form of the matrix?

Exercise 1.59. Show that « is a basis if and only if g is a basis.

—

. o= {0,02}, B = {0 + U, U1 — Va}.

[\

. a = {1, V2, 03}, B = {U1 + U, U + U3, U2 + U3}.

w

. a = {U1,02,03}, B = {U1,01 + V2,01 + U2 + U3}.

4' a:{171717277?771}76:{1717171—'—6277171—*—62—’_+17n}

Exercise 1.60. Use Exercises 1.32 and 1.36 to prove that the following are equivalent.

1. {th,...,¥,...,0j,...,U,} is a basis.
2. {V1,...,Tj,...,U,...,Up} is & basis.
3. {vh,...,cl;, ..., Uy}, c#0, is a basis.
4. {01,..., Ui +cUj,...,Uj,...,U,} is a basis.

1.3.7 Calculation of Coordinate

In Examples 1.3.1 and 1.3.1, we see the coordinates with respect to simple bases are
quite easy to find. For the more complicated bases, it takes some serious calculation
to find the coordinates.

Example 1.3.17. We have a basis of R? (confirmed by later row operations)

a = {01, ) = {(1,—1,0), (1,0, 1), (1,1,1)}.
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The coordinate of a general vector ¥ = (z, 79, 73) € R3 with respect to « is the
unique solution of a system of linear equation, whose augmented matrix is

1 1 1 =
(171 ?72 ?73 b) = -1 0 1 i)
0 -1 1 xT3

Of course we can find the coordinate [Z], by carrying out the row operations on this
augmented matrix.

Alternatively, we may first try to find the a-coordinates of the standard basis
vectors €1, s, €3. Then the a-coordinate of a general vector is

(21, T2, 23)]a = [2161 + 2262 + 365]0 = T1[€1]a + T2[€2]a + T3]€5]a-

The coordinate [€;], is calculated by row operations on the augmented matrix
(v} ¥y U3 €;). Note that the three augmented matrices have the same coefficient
matrix part. Therefore we may combine the three calculations together by carry
out the following row operations

R3+R1+Ra2

1 1 1100\ Rom: (-1 0 1010
(hihtsér@me)=(-1 0 101 0] 22220 —11001
0 -1 1001 0 0 3111

_R1
/10 -1 0 =1 0\ m+rs (1 00 5 =5 3
SPofor 10 0 x| e fg g o L2 D
00 1 3 11 oot I

If we restrict the row operations to the first four columns (v; ¥ U5 €7), then the
reduced row echelon form is

o = O

100
(Iea)= (0 1 0
00 1

QO |0 | =00 | =

The fourth column of the reduced echelon form is the solution [€1], = (3,3, 3)
Similarly, we get [éb]o = (—2,3,3) (fifth column) and [€5], = (5,—3,3) (sixth
column).

By Proposition 1.3.2, the a-coordinate of a general vector in R3 is

[[;]a = 21[€1]a + 2[€2]a + x3]€3]a
1 2 1
AT O N EA TR LA
=x |5 | t+x| 5 | tas|—35]=5(! 1 -2]Z
i i 1
3 3 3 1 1 1
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In general, if o = {¥,¥y,...,7,} is a basis of R”, then all rows and all columns
of A= (U) ¥ ... ) are pivot. This means that the reduced row echelon form of
A is the identity matrix

1 0 - 0
o1 - 0

I = . - (gl 52 gn)
0 0 - 1

In other words, we have row operations changing A to I. Applying the same row
operations to the n x 2n matrix (A I), we get

(AI)— (I B).

Then columns of B are the coordinates [€;], of €; with respect to «, and the general
a-coordinate is given by
[f]a =B

81

Exercise 1.61. Find the coordinates of a general vector in Euclidean space with respect to

basis.
1. (0,1),(1,0). 5. (1,1,0),(1,0,1), (0,1, 1).
2. (1,2),(3,4). 6. (1,2,3),(0,1,2),(0,0,1).
3. (a,0),(0,b), a,b # 0. 7. (0,1,2),(0,0,1), (1,2, 3).
4. (cos,sin ), (—siné, cosh). 8. (—1,1,2),(0,1,1),(0,1,0).

Exercise 1.62. Determine whether vectors form a basis of R™. Moreover, find the coordi-
nates with respect to the basis.

1. €1 — €3, — €3, ..., Ep_1 — €n, €y — €1.

2. €1 — €y, €0 — €3, ..., En_1— €n, €1 + €2+ -+ &y.

3. €1+ €y, €+ €3, ..., Eh_1+ En, €n + €1.

4. €1+ €+ €3, € +€3+€y, ..., 1+ €y + €1, €y + €1+ .
5. €1,€1 + 2€5, €1 + 2€5 + 3é3, ..., €1+ 2€5 + - -+ + ney,.

Exercise 1.63. Determine whether polynomials form a basis of P,. Moreover, find the
coordinates with respect to the basis.

L1—t, t—¢2, .t = 1,

2. 14t t4+t%, .t 4 1.
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3.1, 14t 14+t2, ..., 1+t
4. 1, t—1,(t—1)% ..., (t—1"™

Exercise 1.64. Find the coordinates of a general vector with respect to the basis in Exercise
1.53.

Exercise 1.65. Suppose ad # be. Find the coordinate of a vector in R? with respect to the
basis (a,b), (¢,d) (see Exercise 1.57).

Exercise 1.66. Suppose there is an identification of a vector space V with Euclidean space
R™. In other words, there is a one-to-one correspondence F': V — R" preserving vector

space operations
F(d+7) = F(u) + F(V), F(au) = aF(4).

Let o; = F~1(&;) € V.
1. Prove that o = {0y, 7o, ..., ¥, } is a basis of V.

2. Prove that F(Z) = [Z]q.
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Chapter 2

Linear Transformation

Linear transformation is the relation between vector spaces. We discuss general
concepts about maps such as onto, one-to-one, and invertibility, and then specialise
these concepts to linear transformations. We also introduce matrices as the for-
mula for linear transformations. Then operations of linear transformations become
operations of matrices.

2.1 Linear Transformation and Matrix

Definition 2.1.1. A map L: V — W between vector spaces is a linear transforma-
tion if it preserves two operations in vector spaces

L@ +7) = L(@) + L(¥), L(ct) = cL(q).

If V=W, then we also call L a linear operator. If W = R, then we also call L a
linear functional.

Geometrically, the preservation of two operations means the preservation of par-
allelogram and scaling.

The collection of all linear transformations from V' to W is denoted Hom(V, W).
Here “Hom” refers to homomorphism, which means maps preserving algebraic struc-
tures.

Example 2.1.1. The identity map I(¢) = ¢: V — V is a linear operator. We also
denote by Iy to emphasise the vector space V.

The zero map O(%) = 0: V — W is a linear transformation.

Example 2.1.2. Proposition 1.3.2 means that the a-coordinate map is a linear trans-
formation.

43
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Example 2.1.3. The rotation Ry of the plane by angle 6 and the reflection (flipping)
Fy with respect to the direction of angle p are linear, because they clearly preserve
parallelogram and scaling.

Ry

Figure 2.1.1: Rotation by angle 6 and flipping with respect to angle p.

Example 2.1.4. The projection of R? to a plane R? passing through the origin is a
linear transformation. More generally, any (orthogonal) projection of R? to a plane
inside R? and passing through the origin is a linear operator.

A f RS

RZ

P(i)

Figure 2.1.2: Projection from R3 to R2.

Example 2.1.5. The evaluation of functions at several places is a linear transfor-
mation
L(f) = (£(0), f(1), f(2)): C* = R°.
In the reverse direction, the linear combination of several functions is a linear trans-
formation
L(zy, 79, 73) = 21 cost + zosint + xze’: R® — C*,

The idea is extended in Exercise 2.19.
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Example 2.1.6. In C, taking the derivative is a linear operator
frfC® = C™.
The integration is a linear operator
t
ft) — / f(rydr: C* — C*.
0
Multiplying a fixed function a(t) is also a linear operator
ft)—=a(t)f(t): C° — C=.
Exercise 2.1. Is the map a linear transformation?

1. (.%'1,.2132,.21?3) — (.%1,1'2 —i—xg): R3 — R2. 3. ($1,$2,1‘3) — (xg,acl,xg): R3 — R3.

2. (x1,22,73) — (21, T223): R3 — R2, 4. (w1,x9,23) — r1+202+323: R? = R,

Exercise 2.2. Is the map a linear transformation?

1 fes f2:C® = C™, 6. frs fl+2f: C®° = C™.

2. f(t) = f(t2): C® — C. 7. fe (F0)+ £(1), £(2)): C= — R2
3. f= [0 — C™. 8 f—= f(0)f(1): C>® = R.

4. f(t) = f(t—2): C® = C™. 9. fes [} f(t)dt: C® = R.

5. f(t) — f(2t): C° — C. 10. fs [J7f(T)dr: C — C™.

2.1.1 Linear Transformation of Linear Combination

A linear transformation L: V' — W preserves linear combination

L(x10) + woUy + -+ + 2, 0) = 21 L(0y) + 22 L(0s) + - - - + 2, L(0,) (2.1.1)
= T1W + ToWs + - -+ + Wy, w; = L(1}).
If v1,vs,...,1, span V, then any Z € V is a linear combination of ¥, s, ..., v,, and

the formula implies that a linear transformation is determined by its values on a
spanning set.

Proposition 2.1.2. If },75,...,7, span V, then two linear transformations L, K
on V' are equal if and only if L(v;) = K(v;) for each i.

Conversely, given assigned values w; = L(%;) on a spanning set, the following
says when the formula (2.1.1) gives a well defined linear transformation.
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Proposition 2.1.3. If v}, 75, ...,7, span a vector space V, and w,wWs,...,w, are
vectors in W, then (2.1.1) gives a well defined linear transformation L:V — W if
and only if

1Ty + Tols + - + Tyl =0 => 201 + 2o + - - - + 20, = 0.
Proof. The formula gives well defined map if and only if
TV + Tl + -+ + T Uy = Y101 + Yol + -+ + YnUy

implies
$1’U71 + $2U72 + -+ .ann = y1u71 + yng + -t ynzﬁn

Let z; = x; — y;. Then the condition becomes
21171+22172++2n17n:6

implying .
211171 + 221172 + -+ ann =0.

This is the condition in the proposition.
After showing L is well defined, we still need to verify that L is a linear trans-
formation. For

T =m0 + Tl + -+ + Ty, Y = Y101 + Yol + -+ + YnUp,
by (2.1.1), we have

L(Z4+9) = L((x1 + y1)0h + (x2 + y2)0o + -+ + (2 + Yn) V)
= (21 + y1)W1 + (T2 + yo)Wo + - - - + (25, + Y)W,
= (2 Wy + ToWa + - - + T, Wy) + (W1 + Yot + - - - + ypiy)
= L(Z) + L(Y).
We can similarly show L(cZ) = c¢L(Z). O

If ¥y, U5, ..., U, is a basis of V', then the condition of Proposition 2.1.3 is satisfied
(the first = 1is due to linear independence)

I1171+[E2172++5En17n:6 - I :ZEQZ"':ZL’n:O
— 2y + ToWy + - -+ + T, = 0.
This leads to the following result.
Proposition 2.1.4. If ¢},7,,..., 1, is a basis of V, then (2.1.1) gives one-to-one

correspondence between linear transformations L: V — W and the collections of n
vectors Wy = L(V)), Wa = L(Vy), ..., W, = L(¥,) in W.
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Example 2.1.7. The rotation Ry in Example 2.1.3 takes €5 = (1,0) to the vec-
tor (cos,sinf) of radius 1 and angle . It also takes é&; = (0,1) to the vector
(cos (04 %) ,sin (§ + 5)) = (—sin6, cos§) of radius 1 and angle 6 + Z. We get

Ry(e1) = (cos,sinf), Ry(ez) = (—sind,cosh).

Example 2.1.8. The derivative linear transformation P; — P, is determined by
the derivatives of the monomials 1/ = 0, ¢’ = 1, (1?)' = 2t, (£3) = 3t%. Tt is also
determined by the derivatives of another basis (see Example 1.3.3) of P;: 1" = 0,
(t—1)=1,(t-12* =20t—-1), ((t—1)3) =3 —1)>=~

Exercise 2.3. Suppose 91, Vs, ..., U, are vectors in V', and L is a linear transformation on
V. Prove the following.

1. If ¥, 4s,..., 9, are linearly dependent, then L(¥)), L(¥2),...,L(7,) are linearly de-
pendent.

2. If L(vy), L(¥2), ..., L(¥,) are linearly independent, then o7, %s, ..., %, are linearly
independent.

2.1.2 Linear Transformation between Euclidean Spaces

By Proposition 2.1.4, linear transformations L: R™ — W are in one-to-one corre-
spondence with the collections of n vectors in W

wy = L(ey), We = L(€y), ..., W, = L(€,).

In case W = R™ is also a Euclidean space, a linear transformation L: R" — R™
corresponds to the matriz of linear transformation

The formula for L is the left (1.2.2) of a system of linear equations

Example 2.1.9. The matrix of the identity operator I: R"™ — R" is the identity
matriz, still denoted by I (or I, to indicate the size)

10 --- 0
~ ~ B o B 01 --- 0
(I(er) I(ez) --- I(én)) = (1€ -+ €n) = | . . =15
00 --- 1
The zero transformation O = R"™ — R™ has the zero matriz
00 --- 0

O:Omxn: . . .



48 CHAPTER 2. LINEAR TRANSFORMATION

Example 2.1.10. By Example 2.1.7, we have the matrix of the rotation Ry in Ex-

ample 2.1.3
cosf —sin 9)

sinf cos6

(Ro(&1) Ro(&2)) = (

The reflection F, of R? with respect to the direction of angle p takes €; to the
vector of radius 1 and angle 2p, and also takes é5 to the vector of radius 1 and angle

2p — 5. Therefore the matrix of F, is
_ [cos2p sin2p
))  \sin2p —cos2p)"
Example 2.1.11. The projection in Example 2.1.4 takes the standard basis €; =
(1,0,0), & = (0,1,0), & = (0,0,1) of R® to (1,0), (0,1), (0,0) in R% The matrix

of the projection is
1 00
010/

Example 2.1.12. The linear transformation corresponding to the matrix

cos2p cos (2p —
sin2p sin (Zp —

IMIETSTE]

1 2 3 4
A=1|5 6 7 8
9 10 11 12

—_
—_
—_

18
il 1+ 229 + 323 + 41y
L l’z = 511 + 629 + 7$3 + 814 : R4 — Rg.
x‘”’ 921 + 1029 + 113 + 1224
4
We note that

142-04+3-04+4-0 1
L@)=| 5-1+6-0+7-0+8-0 | =[5
9-14+10-0411-0412-0 9

is the first column of A. Similarly, L(&,), L(€3), L(€,) are the second, third and
fourth columns of A.

Example 2.1.13. The orthogonal projection P of R? to the plane x +y + 2 = 0 is
a linear transformation. The columns of the matrix of P are the projections of the
standard basis vectors to the plane. These projections are not easy to see directly.
On the other hand, we can easily find the projections of some other vectors.

First, the vectors ¢ = (1,—1,0) and 05 = (1,0, —1) lie in the plane because they
satisfy x +y+ 2z = 0. Since the projection clearly preserves the vectors on the plane,
we get P(gl) = 171 and P(UQ) = ’(72.
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~

Figure 2.1.3: Projection to the plane x +y + 2z = 0.

Second, the vector v5 = (1,1, 1) is the coefficients of x+y+2z = 0, and is therefore
orthogonal to the plane. Since the projection kills vectors orthogonal to the plane,
we get P(73) = 0.

In Example 1.3.17, we found [¢}], = (3, 3,3). This implies

Example 2.1.14. For the basis ¥, 05, U3 in Example 2.1.13, suppose we know a
linear transformation L: R® — R* satisfies

L(171> - ’LUl == (1, 2, 3, 4), L(UQ) - 'LUQ == (5, 6, 7, 8), L('Ug) - ”LUg - (9, 10, 11, 12)

To find the matrix of L, we note that a linear transformation preserves column
operations. For example, we have L(U) + cta) = L(U}) + cL(th) = W + ciy. Now
suppose some column operations change (U U ¥3) to (&) €> €3). We apply the same
column operations to (W Wy wWs) and obtain (i Uy u3). Then we get L(€;) = i,
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and the matrix of L. Therefore we carry out column operations

1 1 1 1 1 3
-1 0 1 -1 0 O
Uy Uy U3 oot 8318; o -1 0
(lU1 &y wg) =11 5 9| ——=1]1 5 15
2 6 10 2 6 18
3 7 11 3 7 21
4 8 12 4 8 24
1 1 1 1 0 0 1 00
1e, 0 -1 0 0 -1 0 010
CacrCa 0 0 -1 Ca=Cn 0 0 -1 G2 0 01
—%5 1 5| =—"=15 -4 0|—=|540
6 2 6 6 —4 0 6 4 0
T 3 7 7T -4 0 740
8 4 8 8 —4 0 8 4 0
We conclude that the matrix of L is
5 40
6 4 0
740
8 4 0
In general, if v, ¥, . .., ¥, is a basis of R", and a linear transformation L: R" —
R™ satisfies L(¥;) = w;, then the matrix A of L is given by column operations
(65 B (1)
wWp We -+ Wy A

Exercise 2.4. Find the matrix of the linear operator of R? that sends (1,2) to (1,0) and
sends (3,4) to (0,1).

Exercise 2.5. Find the matrix of the linear operator of R? that reflects with respect to the
plane x +y + 2z = 0.

Exercise 2.6. Use the method in Example 2.1.14 to calculate Example 2.1.13 in another
way.

Exercise 2.7. Find the matrix of the linear transformation L: R?® — R* determined by
L(1,-1,0) =(1,2,3,4), L(1,0,—-1) = (2,3,4,1), L(1,1,1) = (3,4,1,2).

Exercise 2.8. Suppose a linear transformation L: R? — Pj satisfies L(1,—1,0) = 1+ 2t +
3t2+ 43 L(1,0,—1) =2+ 3t + 4¢3 + 3, L(1,1,1) = 3 + 4t + t* + 23, Find L(x,y, 2).
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2.1.3 Operation of Linear Transformation

The addition of two linear transformations L, K: V — W is
(L+ K)(V) = L(v)+ K(©): V> W.

The following shows that L 4+ K preserves the addition

(L+ K)(u4+7) = L(u+7) + K(d + 7) (definition of L + K)
= (L(u) + L(V)) + (K (u) + K(v)) (L and K preserve addition)
= L(u) + K(u) + L(v) + K(7) (Axioms 1 and 2)
=(L+ K)(@)+ (L + K)(?). (definition of L + K)

We can similarly verify (L 4+ K)(ct) = ¢(L + K)(u).
The scalar multiplication of a linear transformation is

(cL)() = cL(V): V — W.

We can similarly show that cL is a linear transformation.
Proposition 2.1.5. Hom(V, W) is a vector space.

Proof. The following proves L + K = K + L
(L+ K) (@) = L(4) + K(4) = K(4) + L(u) = (K + L)().

The first and third equalities are due to the definition of addition in Hom(V, W).
The second equality is due to Axiom 1 of vector space.

We can similarly prove the associativity (L + K) + M = L+ (K + M). The
zero vector in Hom(V, W) is the zero transformation O(#) = 0 in Example 2.1.1.
The negative of L € Hom(V, W) is K(U) = —L(¥). The other axioms can also be
verified, and are left as exercises. n

We can compose linear transformations K: U — V and L: V — W with match-
ing domain and range

(Lo K)(U) = L(K(¥)): U — W.
The composition preserves the addition
(Lo K)(ii + ) = L(K(i+ ) = L(K(@) + K (@)
— L(K (i) + LK (1)) = (L o K)(@) + (Lo K)(@).

The first and fourth equalities are due to the definition of composition. The second
and third equalities are due to the linearity of L and K. We can similarly verify
that the composition preserves the scalar multiplication. Therefore the composition
is a linear transformation.
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Example 2.1.15. The composition of two rotations is still a rotation: Ry, o Ry, =
R91+92'

Example 2.1.16. Consider the differential equation
A+ "+ (1 +t)f — f=t+2t%

The left is the addition of three transformations f + (1 + t2)f", f — (1 +t)f,
f—=—f.

Let D(f) = f' be the derivative linear transformation in Example 2.1.6. Let
M,(f) = af be the linear transformation of multiplying a function a(¢). Then
(1 + #?)f" is the composition D?* = M2 0 Do D, (1 +t)f" is the composition
My 0D, and f — —f is the linear transformation M_;. Therefore the left side of
the differential equation is the linear transformation

L=M,20DoD+ My 0D+ M_,.

The differential equation can be expressed as L(f(t)) = b(t) with b(t) = t+2t3 € C™.
In general, a linear differential equation of order n is

dnf dn—lf dn—2f df
ao(t)ﬁ —+ al(t)m —+ ag(t) dtn_2 + -+ (ln_1<t)E + an(t)f = b(t)
If the coefficient functions ag(t), a;(t),...,a,(t) are smooth, then the left side is a

linear transformation C'° — C®.

Exercise 2.9. Interpret the Newton-Leibniz formula f(¢) = f(0)+ fot f/(7)dr as an equality
of linear transformations.

Exercise 2.10. The trace of a square matrix A = (a;;) is the sum of its diagonal entries
trA =ay1 +age + -+ apn.

Explain that the trace is a linear functional on the vector space of M, «, of n X n matrices,
and trA” = trA.

Exercise 2.11. Fix a vector ¢ € V. Prove that the evaluation map L — L(?): Hom(V, W) —
W is a linear transformation.

Exercise 2.12. Let L: V — W be a linear transformation.
1. Prove that Lo (K1 + K3) = Lo K+ Lo Ky and Lo (cK) =c¢(LoK).

2. Explain that the first part means that the map L, = Lo-: Hom(U, V) — Hom(U, W)
is a linear transformation.

3. Prove that I, = I, (L+ K), = L. + Ky, (aL), = aL, and (Lo K), = L, o K,.
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4. Prove that L — L,: Hom(V, W) — Hom(Hom(U, V'), Hom(U, W)) is a linear trans-
formation.

Exercise 2.13. Let L: V. — W be a linear transformation.
1. Prove that L* = - o L: Hom(W,U) — Hom(V,U) is a linear transformation.
2. Prove that I* = I, (L + K)* = L* + K*, (cL)* = ¢L* and (Lo K)* = K* o L*,

3. Prove that L — L*: Hom(V, W) — Hom(Hom(W,U), Hom(V,U)) is a linear trans-
formation.

Exercise 2.14. Denote by Map(X,Y") all the maps from a set X to another set Y. For a
map f: X — Y and any set Z, define

f« = fo: Map(Z,X) = Map(Z,Y), f*=of:Map(Y,Z) — Map(X, Z).
Prove that (fog). = fiogs« and (fog)* = g* o f*. This shows that (Lo K), = L,o K, in
Exercise 2.12 and (Lo K)* = K*o L* in Exercise 2.13 do not require linear transformation.
2.1.4 Matrix Operation
In Section 2.1.2, we have the equivalence
L € Hom(R",R™) «— A € Myun, L(Z¥) =A%, A= (L(€) L(é) -+ L(&,)).

Any operation we can do on one side should be reflected on the other side.
Let L, K: R"™ — R™ be linear transformations, with respective matrices

a a2 ... QA1 bn b12 . bln

21 929 e Aop, b21 b22 e bgn
A= . . |, B=1 . .

m1 Am2 .. OGmp bml bm2 s bmn

Then the 7-th column of the matrix of L + K : R®" — R™ is

aq; by ay; + by,

ag; ba; ag; + ba;
(L+K)@) = D@ + K@) = | [+ =™

Ami bmz Ami + bmi

The addition of two matrices (of the same size) is the matrix of L + K

aj; +bn aig+bie ... ap, + by,
21 -+ b21 a92 —+ b22 e A9y, -+ bgn

A+ B =

Am1 + bml Am2 + bm? cee Qmp + bmn
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Similarly,the scalar multiplication cA of a matrix is the matrix of the linear trans-
formation cL

Ca11 cai2 ... Ca1p

Cao1 Caoo ... CAop
cA =

CQym1 CQpo ... CQmp

We emphasise that the formulae for A + B and cA are not because they are the
obvious thing to do, but because they reflect the concepts of L+ K and cL for linear
transformations.

Let L: R® — R™ and K: R¥ — R” be linear transformations, with respective
matrices

a1 aig ... Q1n bll b12 e blk

a921 929 Ce A9y, le b22 e bgk
A= | . |, B=| . . .

Am1 Am2 ... Omp bnl bn? ce bnk

To get the matrix of the composition L o K : R¥ — R™, we note that

Then the i-th column of the matrix of L o K is (see (1.2.1) and (1.2.2))
(Lo K)(&) = LIK(@)) = L(7) = A7

ailr a2 ... Qi by a11b1; + ajobo; + - - + apbyp;
Qo1 Q22 ... Q2g ba; a2101; + ageba; + - - - + agn by
aAm1 Am2 ... Amn bm, amlbli + a'm2bQi + -+ amnbni

We define the multiplication of two matrices (of matching size) to be the matrix of
LoK

C11  Ci12 Cik
Co1 Co9 e Col

AB = ) } ) o Cij = Qb+ -+ apn by
Cmi Cm2 ... Cmk

The 7j-entry of AB is obtained by multiplying the i-th row of A and the j-th column
of B. For example, we have

aip Qaig b b a11b11 + a12ba1  a11b12 + a12bee
11 012

Q21 A2 (b b ) = | a21b11 + agbar  a1b12 + azabas
21 029

asi  aso a31011 + asabor  azibia + asebas
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Example 2.1.17. The zero map O in Example 2.1.1 corresponds to the zero matrix
O in Example 2.1.9. Since O+ L=L=L+0,weget O+ A=A= A+ 0.

The identity map I in Example 2.1.1 corresponds to the identity matrix [ in
Example 2.1.9. Since [oL =L =Lol, weget [A=A= Al

Example 2.1.18. The composition of maps satisfies (L o K)o M = Lo (K o M).
The equality is also satisfied by linear transformations. Correspondingly, we get the
associativity (AB)C = A(BC) of the matrix multiplication.

It is very complicated to verify (AB)C = A(BC) by multiplying rows and
columns. The conceptual explanation makes such computation unnecessary.

Example 2.1.19. In Example 2.1.10, we obtained the matrix of rotation Ry. Then
the equality Ry, o Ry, = Rp, +4, in Example 2.1.15 corresponds to the multiplication
of matrices

<cos 0, —sin 91) (cos 0y —sin 92) _ <cos(91 +6y) —sin(0; + «92)>

sinf; cos6; sin@y,  cosbs sin(f; 4+ 02)  cos(61 + 02)

On the other hand, we calculate the left side by multiplying the rows of the first
matrix with the columns of the second matrix, and we get

cos 6] cos Oy —sinf, sinf, — cos b, sin B, — sin 0 cos O,
cos By sinfy +sinfy cosfy, cosBycosfy, —sinb;sinby, /-

By comparing the two sides, we get the familiar trigonometric identities

cos(fy + 03) = cos by cos fy — sin 6 sin by,

sin(f; + 63) = cos b, sin O, + sin 6, cos b;.

() ()

We try to find matrices X satisfying AX = I. Let X = (ay: 5}) Then the equality

(r+2y z4+2w\ . (10
AX_(390—|—4y 32+4w>_[_(0 1)'

This means two systems of linear equations

Example 2.1.20. Let

becomes

T+ 2y =1, z 4+ 2w =0,
3r+4y=0; 3z+4dw=1.

We can solve two systems simultaneously by the row operations

1210 1 2 1 0 10 -2 1
(A]>_(340 1)_><0 9 —3 1)%(0 13 —%)'



56 CHAPTER 2. LINEAR TRANSFORMATION

From the first three columns, we get + = —2 and y = % from the first, second and
fourth columns, we get z =1 and w = —%. Therefore

-2 1
2 2

In general, to solve AX = B, we may carry out the row operation on the matrix
(A B).

Exercise 2.15. Composing the reflection F), in Examples 2.1.3 and 2.1.10 with itself is the
identity. Explain that this means the trigonometric identity cos? 6 + sin®6 = 1.

Exercise 2.16. Geometrically, one can see the following compositions of rotations and
refelctions.

1. Rgo F), is a reflection. What is the angle of reflection?

2. F,0 Ry is a reflection. What is the angle of reflection?

3. I, oF),, is a rotation. What is the angle of rotation?
Interpret the geometrical observations as trigonometric identities.

Exercise 2.17. Use some examples (say rotations and reflections) to show that for two n xn
matrices, AB may not be equal to BA.

Exercise 2.18. Use the formula for matrix addition to show the commutativity A + B =
B+C and the associativity (A+B)+C = A+(B+C). Then give a conceptual explanation
to the properties without using calculation.

Exercise 2.19. Explain that the addition and scalar multiplication of matrices make the set
M.,y of m xn matrices into a vector space. Moreover, the matrix of linear transformation
gives an isomorophism (i.e., invertible linear transformation) Hom(R" , R™) — M, xp.

Exercise 2.20. Explain that Exercise 2.12 means that the matrix multiplication satisfies
A(B+C)=AB+ AC, A(cB) = ¢(AB), and the left multiplication X +— AX is a linear

transformation.

Exercise 2.21. Explain that Exercise 2.13 means that the matrix multiplication satisfies
(A+B)C = AC+ BC, (cA)B = ¢(AB), and the right multiplication X + X A is a linear
transformation.

Exercise 2.22. Let A be an m X n matrix and let B be a k£ x m matrix. For the trace
defined in Example 2.10, explain that trAX B is a linear functional for X € M, «.

Exercise 2.23. Let A be an m x n matrix and let B be an n X m matrix. Prove that the
trace defined in Example 2.10 satisfies trAB = trBA.
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Exercise 2.24. Add or multiply matrices, whenever you can.

Lt 2 , (0010 0 1
" \3 4) “\1 0 1) 5. (1 0
1

111

4 -2 10 1 6. |1 1 1
2 <—3 1)' 4'(010)' 111

Exercise 2.25.

Find the n-th power matrix A™ (i.e., multiply the matrix to itself n times).

1 <cos@ —sin6> aiz 0 0 O a b 0 0
" \sinf cosf )’ 3 0 aa 0 O 5 0 a b 0
10 0 a3 O 10 0 a b
0 0 0 ay 00 0 «a
0 a 0 O
4 0 0 a O
9 <cos0 sin9> 10 0 0 a
" \sinf —cosf)/’ 00 0 O
Exercise 2.26. Solve the matrix equations.
1(123>X:<7 8> 1 2 3 4
"\4 5 6 9 10)° 3.5 6| X=[|7 8
9 10 11 b
1 4 7 10
2 2 5|1 X=1(8 11
3 6 a b

Exercise 2.27

For the transpose of 2 x 2 matrices, verify that (AB)T = BT AT. (Section

2.4.2 gives conceptual reason for the equality.) Then use this to solve the matrix equations.

(-0 2 (5 x5 )60

_01 (1)> Find all the matrices X satisfying AX = X A. Gener-

alise your result to diagonal matrix

Exercise 2.28. Let A = <

ay 0 0

0 a9 0
A= . . :

0 O an
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2.1.5 Elementary Matrix and LU-Decomposition

The row operations can be interpreted as multiplying on the left by some special
matrices, called elementary matrices. In fact, the special matrix is obtained by ap-
plying the same row operation to the identity matrix I. For example, by exchanging
the 2nd and 4th rows, by multiplying ¢ to the 2nd row, and by adding ¢ multiples
of the 3rd row to the 1st row, we get respectively

1000 1000 10 ¢ 0
000 1 0 ¢ 00 0100
=19 01 0| POD=1g01 0| Ee@=]y010
0100 000 1 000 1
Then

1. T;;A exchanges i-th and j-th rows of A.
2. D;(c)A multiplies ¢ to the i-th row of A.
3. E;j(c)A adds the ¢ multiple of the j-th row to the i-th row.

Note that the elementary matrices can also be obtained by applying similar
column operations (already appeared in Exercises 1.32, 1.36, 1.60) to I. Then we
have

1. AT;; exchanges i-th and j-th columns of A.
2. AD;(a) multiplies a to the i-th column of A.
3. AE;;(a) adds the a multiple of the i-th column to the j-th column.

We know that any matrix can become (reduced) row echelon form after some row
operations. This means that multiplying the left of the matrix by some elementary
matrices gives a (reduced) row echelon form.

Example 2.1.21. We have

T24D2(C) = = D4(C>T24.

S O O
N O OO
o= O O
o O = O

The equality can be obtained in four ways:
1. Toyx: Exchange the 2nd and 4th rows of Dy(c).
2. X Dy(c): Multiplying ¢ to the 2nd column of Thy.
3. XTyy: Exchange the 2nd and 4th columns of Dy(c).
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4. Dy(c)x: Multiplying ¢ to the 4th row of Thy.

In general, we get T;;D;(c) = D;(c)T;;. We also have T;;D;(c) = D;(c)T;;. Moreover,
we have T;;Dy(c) = Dy(c)T;; for distinct i, j, k.

Example 2.1.22. The row operations in Example 7?7 can be interpreted as

1 0 0\ /1 0 0\ /1 00\ /1 00\ /14710
0 —5 0]Jf0o 1 0)JlO 1O0fJ|-210]|f25 811
0 0 1/\o —21/\-301/\0 01/\36 9 12
147 10

=012 3]|=U.

000 0

Here U is an upper triangle matrix. On the other hand, we used row operations cR;
and R; + cR; with 7 < 4. This means that all the elementary matrices are lower
triangular. The we move the elementary matrices to the right, and use D;(c)™! =
D;(c™!) and Ejj(c)™' = E;j(—c) to get

1 4 7 10
2 5 8 11
3 6 9 12
1 00 1 00 1 00 1 0 0 1 4 7 10
=12 10 010 010 0 -3 0 012 3
0 01 3 01 0 21 0 0 1 000 O
1 0 0 1 4 7 10
=12 -3 0 012 3]=LU.
3 —6 000 O
We may also move —3 to U (i.e., remove Dy(—3)) and get
1 4 7 10 1 00 1 4 7 10
258111 =1210 0 -3 -6 -9
3 6 9 12 3 21 0O 0 0 O

The example shows that, if we can use only R; + cR; with j < i to get a row
echelon form U of A, then we can write A = LU, where L is the combination of
the inverse of these R; + cR;, and is a lower triangular square matrix with nonzero
diagonals. This is the LU-decomposition of the matrix A.

Not every matrix has LU-decomposition. For example, if a;; = 0 in A, then we
need to first exchange rows to make the term nonzero

01 2 3 1 2 3 4\ Rre2m, /1 2 3 4
A=(1 2 3 4| BB (g 1 2 3| Bt (01 2 3| =U.
2345 23 4 5 0000
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This gives

PA = =LU.

O = O
— O O

1
0
0

o = O
W N —
NGO )
T = W
I
N O
_ o O
O O =
[enl T\
O N W
O W

—1

Here the left multiplication by P permutes rows. In general, every matrix has LU-
decomposition after suitable permutation of rows.

The LU-decomposition is useful for solving Ax = b. We may first solve Ly = b
to get ¥ and then solve UZ = 3. Since L is lower triangular, it is easy to get the
unique solution g by forward substitution. Since U is upper triangular, we can use
backward substituting to solve UZ = .

Exercise 2.29. Write down the 5 x 5 matrices: To4, Ta2, Da(c), Es5(c), Es3(c).

Exercise 2.30. What do you get by multiplying T13FE13(—2)D2(3) to the left of

W N =
S Ot~

7
8
9
What about multiplying on the right?

Exercise 2.31. Explain the following equalities

T5=1,
Di(a)D;(b) = Di(ab),
E;j(a)E;;(b) = Eij(a+ ),
)

Eij(a) = Ei(a) Exj (1) B (a) ™ By (1)~

Can you come up with some other equalities?

Exercise 2.32. Find the LU-decompositions of the matrices in Exercise 1.28 that do not
involve parameters.

Exercise 2.33. The LU-decompositions is derived from using row operations of third type
(and maybe also second type) to get a row echelon form. What do you get by using the
similar column operations.

2.2 Onto, One-to-one, and Inverse

Definition 2.2.1. Let f: X — Y be a map.

1. fis onto (or surjective) if for any y € Y, there is x € X, such that f(z) = y.
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2. f is one-to-one (or injective) if f(x) = f(x') implies z = ’.

3. fis a one-to-one correspondence (or bijective) if it is onto and one-to-one.

The onto property can be regarded as that the equation f(z) = y has solution
for all right side .

The one-to-one property also means that = # 2’ implies f(z) # f(«’). The
property can be regarded as that uniqueness of the solution of the equation f(x) = y.

Proposition 2.2.2. Let f: X — Y be a map.

1. f is onto if and only if f has right inverse: There is a map g: Y — X, such
that f o g =1idy.

2. f 1s one-to-one if and only if f has left inverse: There is a map g: Y — X,
such that go f = idx.

3. f is a one-to-one correspondence if and only if it has inverse: There is a map
g:Y — X, such that fog=1idy and go f = idx.

In the third statement, the map f is invertible, with inverse map g denoted
g=f"

Proof. If f o g = idy, then for any y € Y, we have f(g(y)) = y. In other words,
x = g(y) satisfies f(z) = y. Conversely, suppose f: X — Y is onto. We construct
amap ¢g: Y — X as follows. For any y € Y, by f onto, we can find some z € X
satisfying f(x) = y. We choose one such x (strictly speaking, this uses the Axiom
of Choice) and define g(y) = x. Then the map g satisfies (f o g)(y) = f(z) = v.

If go f =idy, then we have g(f(x)) = x. Therefore

fl@) = f(@') = g(f(2)) =g(f(2) = = =2,

Conversely, suppose f: X — Y is one-to-one. We fix an element zyg € X and
construct a map ¢g: Y — X as follows. For any y € Y, if y = f(x) for some z € X
(i.e., y lies in the image of f), then we define g(y) = x. If we cannot find such z,
then we define g(y) = x¢. Note that in the first case, if y = f(2') for another 2’ € X,
then by f one-to-one, we have 2’ = x. This shows that ¢ is well defined. For the
case y = f(x), our construction of g implies (g o f)(z) = g(f(x)) = x.

From the first and second parts, we know a map f is onto and one-to-one if and
only if there are maps ¢ and h, such that fog = id and ho f = id. Compared with
the definition of invertibility, for the third statement, we only need to show g = h.
This follows from g =idog=ho fog=hoid = h. [

Example 2.2.1. Consider the map (f =) Instructor: Courses — Professors.
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The map is onto means every professor teaches some course. The map ¢ in
Proposition 2.2.2 can take a professor (say me) to any one course (say linear algebra)
the professor teaches.

The map is one-to-one means any professor either teaches one course, or does not
teach any course. This also means that no professor teaches two or more courses.
If a professor (say me) teaches one course, then the map ¢ in Proposition 2.2.2
takes the professor to the unique course (say linear algebra) the professor teaches.
If a professor does not teach any course, then g may take the professor to any one
existing course.

Example 2.2.2. The identity map I(z) = z: X — X is always onto and one-to-one,
with 171 = I.

The zero map O(¥) = 0: V — W in Example 2.1.1 is onto if and only if W is
the zero vector space in Example 1.1.1. The zero map is one-to-one if and only if V
is the zero vector space.

The coordinate map in Section 1.3.7 is onto and one-to-one, with the linear
combination map as the inverse.

The rotation and flipping in Example 2.1.3 are invertible, with R, '= R_y and
E;yl=F.

Exercise 2.34. Prove that the composition of onto maps is onto.
Exercise 2.35. Prove that the composition of one-to-one maps is one-to-one.

Exercise 2.36. Prove that the composition of invertible maps is invertible. Moreover, we
have (f og)_1 = g_l o f_l,

Exercise 2.37. Prove that if f o g is onto, then f is onto. Prove that if g o f is one-to-one,
then f is one-to-one.

2.2.1 Onto and One-to-one for Linear Transformation

For a linear transformation L: V — W, we may regard the onto and one-to-one
properties as the existence and uniqueness of solutions of the equation L(¥) = b. For
the case V and W are Euclidean spaces, this becomes the existence and uniqueness
of solutions of the system of linear equations Ax = b. This can be determined by
the row echelon form of the matrix A.

Example 2.2.3. For the linear transformation in Example 2.1.12, we have the row
echelon form in Example ?7. Since there are non-pivot rows and non-pivot columns,
the linear transformation is not onto and not one-to-one.

More generally, by the row echelon form in Example 1.3.6, the linear transfor-
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mation

il 1+ 229 + 323 + 41y
2

L = ox1 + 61’2 + 71’3 + 81’4 : R4 — RS

i?’ 921 + 10z9 + axs + bxy
4

is onto if and only if a # 9, or a = 0 and b # 12. Moreover, the linear transformation
is never one-to-one.

Example 2.2.4. Consider the linear transformation

T r1 + 229 4+ 313
L To | = 9x1 + 6x9 + 71’3 : R3 — RS
I3 9331 + 10$2 + axs

By the row echelon form in Example 7?7, the linear transformation is onto if and
only if a # 9, and it is one-to-one if and only if a # 9. Therefore it is invertible if
and only if a # 9.

Exercise 2.38. Determine whether the linear transformation is onto or one-to-one.
1. L(z1,x2,x3,24) = (z1+420+T23+1024, 221 +529+8x3+ 1124, 321 +622+923+1224).
2. L(z1,x9,23,24) = (x1+402+ T3+ 1024, 221 + 522+ 8x3+ 1124, 321 +622+ax3+bxy).

3. L(z1,x2,x3,24) = (21 + 222 + 323 + 424, 321 + 422 + b3 + 624, 521 + 622 + T3 +
8x4, Tx1 + 82 + 923 + 1014)

4. L(.Cljl, x9,T3, :B4) = (:Bl + 229 + 323 + 424,321 + 429 + b3 + 624,521 + 620 + T3 +
azy, 7z, + 8z + 93 + bry).

5. L(z1,x2,23) = (21 + 529+ 923, 221 + 622 + 1023, 321 + 722 + 1123, 4281 4+ 822 + 1223).
6. L(x1,x2,23) = (x1 4 dxe + 923, 221 + 622 + 1023, 321 + 720 + 1123, 421 + 822 + Q73).

7. L(xy, 29, 23) = (z1 + (log 2)z2 + V323, exs + e w3, v/2x1 + 1002 + (sin 1)z3, T —
0.5x9 + 2.3x3).

8. L(z1,x9,x3,24) = (x1+ V2x3 4wy, (log 2)x1 + exa + 1003 — 0.524, V3zi ety +
(sin1)xs + 2.3x4).

Example 2.2.5. We claim that the evaluation L(f(t)) = (f(0), f(1), f(2)): C>® —
R? in Example 2.1.5 is onto. The idea is to find functions fi(t), fa(t), f3(t), such
that L(fi(t)) = €1, L(f2(t)) = €, L(f3(t)) = €3. Then any vector in R? is

(w1, 12, 3) = L(21 f1(t) + 23 f2(t) + 23 f3(1)).

It is not difficult to find a smooth function f(¢) satisfying f(0) = 1 and f(¢) = 0 for
|t] = 1. Then we may take fi(t) = f(?), f2(t) = f(t = 1), fs(t) = f(t —2).

The evaluation is not one-to-one because L(f(t — 3)) = (0,0,0) = L(0), and
f(t —3) is not a zero function.



64 CHAPTER 2. LINEAR TRANSFORMATION

Example 2.2.6. The derivation operator in Example 2.1.6 i 1s onto due to the Newton-
Leibniz formula. For any g € C*°, we have g = f’ for f(t) fo T)dT € C™. It is
not one-to-one because all the constant functions are mapped to the zero function.
The integration operator in Example 2.1.6 is not onto because any function
fo 7)dr must satisfy ¢g(0) = 0. The operator is one-to-one because taking
derlvatlve of fo filr)dr = [ fo(7)dr implies fi(t) = falt).
In fact, the Newton Leibniz formula says derivation o integration is the identity
map. Then by Proposition 2.2.2; the derivation is onto and the integration is one-
to-one.

Exercise 2.39. Show that the linear combination map L(z1,z2,3) = x1 cost + xosint +
zgel: R3 — C* in Example 2.1.5 is not onto and is one-to-one.

Exercise 2.40. Show that the multiplication map f(t) — a(t)f(t): C*° — C* in Example
2.1.6 is onto if and only if a(t) # 0 everywhere. Show that the map is one-to-one if a(t) =0
at only finitely many places.

Proposition 2.2.3. Suppose L: V — W s a linear transformation, and V,W are
finite dimensional. The following are equivalent.

1. L s onto.
2. L takes a spanning set of V' to a spanning set of W.

3. There is a linear transformation K : W — V satisfying Lo K = Iy .

From the proof below, we note that the equivalence of the first two statements
only needs V to be finite dimensional, and the equivalence of the first and third
statements only needs W to be finite dimensional.

Proof. Suppose 91, ¥, ..., 0, span V. Then

TeV = T¥=ux10] +x905+ - + 2,0,

The equality shows the first two statements are equivalent

—

L is onto <= L(Z) can be all the vectors in W
<~ L(¥), L(%),..., L(v,) span W.

By Proposition 2.2.2, we know the third statement implies the first. Conversely,
assume L is onto. For a basis Wy, Wy, ..., w,, of W, we can find v; € V satisfying
L(v;) = w;. By Proposition 2.1.4, there is a linear transformation K: W — V
satisfying K (w;) = v;. By (L o K)(w;) = L(K(w;)) = L(t;) = w; and Proposition
2.1.2, we get Lo K = [y. [
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Proposition 2.2.4. Suppose L:V — W is a linear transformation, and W is finite
dimensional. The following are equivalent.

1. L 1is one-to-one.

2. L takes a linearly independent set in V' to a linearly independent set in W.
3. L(0) = 0 implies T = 0.

4. There is a linear transformation K: W — V satisfying K o L = I.

From the proof below, we note that the equivalence of the first three statements
does not need W to be finite dimensional.

Proof. Suppose L is one-to-one and vectors vy, Ua, . .., U, in V are linearly indepen-
dent. The following shows that L(}), L(3), ..., L(%,) are linearly independent

21 L(01) + 2o L(Ta) + -+ + 2, L(0,) = y1 L(T1) + Yo L(Ta) + - -+ + yn L(7,)
— L(Iﬂ_ﬁ + l’zﬁg + -+ l’ngn) = L(ylgl + y2172 + 4 ynUn) (L 18 linear)
= 10 + XoUs + + -+ + XUy, = Y101 + YoUs + - -+ + yn¥, (L is one-to-one)

— T1 =Y, To=1"Yo, .., Tn =Yn. (U1,0s,...,0, are linearly independent)

Next we assume the second statement. If ¥ # 0, then by Proposition 7?7, the
single vector ¥ is linearly independent. By the assumption, the single vector L(7)
is also linearly independent. Again by Proposition ??, this means L(¥) # 0. This

proves 7 # 0 = L(¥) # 0, which is the same as L(7) =0 = ¢ =0.
The following proves that the third statement implies the first

L(#) = L) = LE—§) = L@) - L) =0 = #-§=0 = 7=7

This completes the proof that the first three statements are equivalent.

By Proposition 2.2.2, we know the fourth statement implies the first. It remains
to prove that the first three statements imply the fourth. This makes use of the
assumption that W is finite dimensional.

Suppose U1, Vs, ..., U, in V are linearly independent. By the second statement,
the vectors Wy = L(¥), Wy = L(¥),...,w, = L(#,) in W are also linearly indepen-
dent. By Proposition 1.3.13, we get n < dim W. Since dim W is finite, this implies
that V is also finite dimensional. Therefore V' has a basis, which we still denote
by {¥,7s,...,0,}. By Theorem 1.3.11, the corresponding linearly independent set
{W, Wy, ...,w,} can be extended to a basis {W;, W, . .., Wy, Wyi1, ..., W, } of W. By
Proposition 2.1.4, there is a linear transformation K: W — V satisfying K (w;) = 9;
for i < n and K(;) = 0 for n < i < m. By (K o L)(7;) = K(L(%)) = K(&) = 7,
for © < n and Proposition 2.1.2, we get K o L = Iy,.

U
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The following is comparable to Proposition 1.3.13. It reflects the intuition that, if
every professor teaches some course (see Example 2.2.1), then the number of courses
is more than the number of professors. On the other hand, if each professor teaches
at most one course, then the number of courses is less than the number of professors.

Proposition 2.2.5. Suppose L: V — W s a linear transformation between finite
dimensional vector spaces.

1. If L is onto, then dimV > dim W.

2. If L is one-to-one, then dimV < dim W.

Proof. Suppose a = {9}, Uy,...,7,} is a basis of V. We denote the image of the
basis by L(«) = {L(%), L(¥), ..., L(T,)}.

If L is onto, then by Proposition 2.2.3, L(«) spans W. By the first part of Propo-
sition 1.3.13, we get dimV =n > dim W. If L is one-to-one, then by Proposition
2.2.4, L(«) is linearly independent. By the second part of Proposition 1.3.13, we get
dimV =n <dimW. ]

The following is the linear transformation version of Theorem 1.3.14.

Theorem 2.2.6. Suppose L:V — W is a linear transformation between finite di-
mensional vector spaces. Then any two of the following imply the third.

e [ is onto.

e [ is one-to-one.

o dimV =dimW.

Let v, ¥s, ..., 1, be a basis of V. The equivalence follows from Theorem 1.3.14,
and applying the equivalence of the first two statements in Propositions 2.2.3 and
2.2.4.

Example 2.2.7. For the evaluation L(f(t)) = (f(0), f(1), f(2)): C* — R3 in
Example 2.1.5, we find the functions fi(t), fa(t), f3(t) in Example 2.2.5 satisfy-
ing L(f1(t)) = €1, L(f2(t)) = e, L(f3(t)) = €3. This means that K(x,zs,x3) =
x1 f1(t) + x3fo(t) + x3f3(t) satisfies L o K = I. This is actually the reason for L to
be onto in Example 2.2.5.

Example 2.2.8. The differential equation f”+(1+t%)f'+tf = b(t) in Example 2.1.16
can be interpreted as L(f(t)) = b(t) for a linear transformation L: C* — C*. If we
regard L as a linear transformation L: P, — P, (restricting L to polynomials),
then by Proposition 2.2.5, the restriction linear transformation is not onto. For
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example, we can find a polynomial b(t) of degree 5, such that f”+(1+t?) f'+tf = b(t)
cannot be solved for a polynomial f(t) of degree 4.

Exercise 2.41. Strictly speaking, the second statement of Proposition 2.2.3 can be about
one spanning set or all spanning sets of V. Show that the two versions are equivalent.
What about the second statement of Proposition 2.2.47

Exercise 2.42. Suppose « is a basis of V. Prove that a linear transformation L: V — W
is onto if and only if L(«) spans W, and L is one-to-one if and only if L(«) is linearly
independent.

Exercise 2.43. Prove that a linear transformation is onto if it takes a (not necessarily
spanning) set to a spanning set.

Exercise 2.44. Suppose L: V — W is an onto linear transformation. If V is finite dimen-
sional, prove that W is finite dimensional.

Exercise 2.45. Let A be an m x n matrix. Explain that a system of linear equations AZ = b
has solution for all b € R™ if and only if there is an n x m matrix B, such that AB = I,,,.
Moreover, the solution is unique if and only if there is M, such that BA = I,,.

Exercise 2.46. Suppose L o K and K are linear transformations. Prove that if K is onto,
then L is also a linear transformation.

Exercise 2.47. Suppose L o K and L are linear transformations. Prove that if L is one-to-
one, then K is also a linear transformation.

Exercise 2.48. Recall the induced maps f, and f* in Exercise 2.14. Prove that if f is onto,
then f, is onto and f* is one-to-one. Prove that if f is one-to-one, then f, is one-to-one
and f* is onto.

Exercise 2.49. Suppose L is an onto linear transformation. Prove that two linear transfor-
mations K and K’ are equal if and only if K o L = K’ o L. What does this tell you about
the linear transformation L*: Hom(V, W) — Hom(U, W) in Exercise 2.137

Exercise 2.50. Suppose L is a one-to-one linear transformation. Prove that two linear
transformations K and K’ are equal if and only if Lo K = Lo K'. What does this tell
you about the linear transformation L.: Hom(U, V) — Hom(U, W) in Exercise 2.127

2.2.2 Isomorphism

Definition 2.2.7. An invertible linear transformation is an isomorphism. If there
is an isomorphism between two vector spaces V and W, then we say V and W are
1somorphic, and denote V = W.
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The isomorphism can be used to translate the linear algebra in one vector space
to the linear algebra in another vector space.

Theorem 2.2.8. If a linear transformation L:V — W is an isomorphism, then
the inverse map L=': W — V s also a linear transformation. Moreover, suppose
U1, Vg, ..., U, are vectors in V.

1. U1,Ts, ..., 0, span V if and only if L(v), L(¥,), ..., L(T,) span W.

2. Uy, Uy, ..., 0, are linearly independent if and only if L(Uy), v, ..., L(T,) are
linearly independent.

3. Uy, Va,. .., U, form a basis of V if and only if L(V), Vs, ..., L(U,) form a basis
of W.

The linearity of L= follows from Exercise 2.46 or 2.47. The rest of the proposi-
tion follows from the second statements in Propositions 2.2.3 and 2.2.4.

Example 2.2.9. Given a basis a of V, we explained in Section 1.3.7 that the a-
coordinate map [|,: V — R™ has an inverse. Therefore the a-coordinate map is an
isomorphism.

Example 2.2.10. A linear transformation L: R — V gives a vector L(1) € V. This
is a linear map (see Exercise 2.11)

L € Hom(R,V) — L(1) € V.

Conversely, for any ¢ € V, we may construct a linear transformation L(z) =
xv: R — V. The construction gives a map

v eV (L(z) = 2v) € Hom(R, V).

We can verify that the two maps are inverse to each other. Therefore we get an
isomorphism Hom(R, V) = V.

Example 2.2.11. The matrix of linear transformation between Euclidean spaces
gives an invertible map

L € Hom(R",R™) «—3 A € My, A= (L) L&) - L(&)), L(&)= Af.

The vector space structure on Hom(R"™, R™) is given by Proposition 2.1.5. Then the
addition and scalar multiplication in M,,«, are defined for the purpose of making
the map into an isomorphism.
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Example 2.2.12. The transpose of matrices is an isomorphism

a1 alp ... QA1np ai;r Qo1 ... Am1

a921 ao29 ... Ao, 12 Q929 ... Am2
T

Am1 Am2 - .. Amn, A1y, A2y ... Amn

In fact, we have (AT)T = A, which means that the inverse of the transpose map is
the transpose map.

Example 2.2.13 (Lagrange interpolation). Let o, 11, ...,t, be n+1 distinct numbers.
Consider the general evaluation linear transformation (see Example 2.1.5)

LU®) = (Fto), f(t1)s- o (1): P — R
We claim that L is onto by finding polynomials p;(t) satisfying L(p;(t)) = €; (see

Example 2.2.5 and Exercise 2.43). Here we denote vectors in R"* by (xq, z1, . .., z,),
and denote the standard basis vectors by éy, €1, ..., €,.
Let
g(t) =t —to)(t —t2) -+ (t —1n).
Since tg, t1,...,t, are distinct, we have
g(to) = (to —t1)(to — t2) -+~ (to — tn) # 0, g(t1) = g(t2) = --- = g(t,) = 0.

This implies that, if we take
g(t) _ (E—t)(t—ts)--- (t —tn)

po(t) = =

gto)  (to—t)(to —ta)---(to — tn)’

then we have L(po(t)) = €. Similarly, we have Lagrange polynomials

o t=t) ) —ti) (=) t—t;
pi(t)_(to—tl)---(to—ti_l)(to—t;l)m(to—tn)_ H ti—t;’

0<j<n, j#i

satisfying L(p;(t)) = €.

Since L is onto and dim P, = dim R"*!, by Theorem 2.2.6, we conclude that L
is an isomorphism. The one-to-one property of L means that a polynomial f(¢) of
degree n is determined by its values xo = f(to),x1 = f(t1),...,xn = f(t,) at n 4+ 1
distinct places. The formula for f(¢) in terms of these values is given by the inverse
L71: R*" — P, called the Lagrange interpolation

f(t) =L Yag,21,...,2,) = Zx,;L_l((?,;) = inpi(t)
1=0 1=0
& t—t, < t—t;
=> = ] ti_tj:;f(ti) 11 —

=0  0<j<n, j#i 0<j<n, j#i '
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For example, a quadratic polynomial f(t) satisfying f(—1) =1, f(0) = 2, f(1) = 3
is uniquely given by

(t+1)(t—1) +3(t+1)t:2_1t_§t2.

(=1) - (=2) 1-(—1) 4.3 141

Exercise 2.51. Suppose dimV =dimW and L: V — W is a linear transformation. Prove
that the following are equivalent.

1. L is invertible.
2. L has left inverse: There is K: W — V', such that K o L = I.
3. L has right inverse: There is K: W — V, such that Lo K = 1.

Moreover, show that the two K in the second and third parts must be the same.
Exercise 2.52. Explain dim Hom(V, W) = dim V dim W'.

Exercise 2.53. Explain that the linear transformation

f€Purs (fto), f'(t), -, f™(t)) € R

is an isomorphism. What is the inverse isomorphism?

Exercise 2.54. Explain that the linear transformation (the right side has obvious vector
space structure)

Fe€C®= (f, f(ty) e C® xR

is an isomorphism. What is the inverse isomorphism?

2.2.3 Invertible Matrix

A matrix A is invertible if the corresponding linear transformation L(¥) = AZ is
invertible (i.e., an isomorphism), and the inverse matriz A=! is the matrix of the
inverse linear transformation L=!. By Theorem 2.2.6 (and Theorems 1.3.14 and
1.3.15), an invertible matrix must be a square matrix.

A linear transformation K is the inverse of L if Lo K = I and Ko L = 1.
Correspondingly, a matrix B is the inverse of A if AB = BA = [. Exercise 2.51
shows that, in case of equal dimension, L o K = [ is equivalent to K o L = I.
Correspondingly, for square matrices, AB = I is equivalent to BA = I.

Example 2.2.14. Since the inverse of the identity linear transformation is the iden-
tity, the inverse of the identity matrix is the identity matrix: I, = I,,.
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Example 2.2.15. The rotation Ry of the plane by angle # in Example 2.1.3 is in-
vertible, with the inverse R, ! = R_4 being the rotation by angle —f. Therefore the
matrix of R_g is the inverse of the matrix of Ry

cosf —sin@\ ' [ cosf sinf
sinf cosf ~ \—sinf cosf /)"
One can directly verify that the multiplication of the two matrices is the identity.

The flipping F), in Example 2.1.3 is also invertible, with the inverse F° l=F,

being the flipping itself. Therefore the matrix of F), is the inverse of itself (§ = 2p)

cosf sind \ _ (cosf sinb

sinff —cosf ~ \sinf —cosf)"
Exercise 2.55. Construct a 2 x 3 matrix A and a 3 x 2 matrix B satisfying AB = Is.
Explain that BA can never be I3.

Exercise 2.56. What are the inverses of elementary matrices?

Exercise 2.57. In the setting of Exercise 7?7, prove that any two of following imply the
third.

e (v is a basis.
e [ is a basis.
e A is invertible.

The exercise extends Exercise 77.
Exercise 2.58. Suppose A and B are invertible matrices. Prove that (AB)™! = B~1A~1.

Exercise 2.59. Prove that the trace defined in Example 2.10 satisfies trAXA~! = trX.

The following summarises many equivalent criteria for invertible matrix (and
there will be more).

Proposition 2.2.9. The following are equivalent for an n X n matriz A.
1. A is invertible.
2. A% = b has solution for all b e R
3. The solution of AT = b is unique.

4. The homogeneous system AZ = 0 has only trivial solution T = 0.
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5. AT =b has unique solution for all beR",
6. The columns of A span R™.
7. The columns of A are linearly independent.
8. The columns of A form a basis of R".
9. All rows of A are pivot.
10. All columns of A are pivot.
11. The reduced row echelon form of A is the identity matriz 1.

12. A is the product of elementary matrices.

Next we try to calculate the inverse matrix.

Let A be the matrix of an invertible linear transformation L: R™ — R™. Let
A7l = (W Wy - -+ W,) be the matrix of the inverse linear transformation L=*. Then
w; = L7'(¢;) = A7'e;. This implies Aw; = L(w;) = €;. Therefore the i-th column
of A=! is the solution of the system of linear equation AZ = €;. The solution can be
calculated by the reduced row echelon form of the augmented matrix

(A ) — (I ).

Here the row operations can reduce A to I by Proposition 2.2.9. Then the solution
of A¥ = € is exactly the last column of the reduced row echelon form (I ;).

Since the systems of liner equations A¥ = €}, A¥ = é3, ..., A¥ = €, have
the same coefficient matrix A, we may solve these equations simultaneously by
combining the row operations

(A= (A& & - &) = ([ W Wy - Wy) = (I A™Y).
We have already used the idea in Example 1.3.17.
Example 2.2.16. The row operations in Example 2.1.20 give
(1 2)1 B (—2 1 )
1) =y 1)

In general, we can directly verify that

1
a b 1 d —=b
(c d> _—ad—bc(—c a)’ ad # be.
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Example 2.2.17. The basis in Example 1.3.14 shows that the matrix

1 4 7
A=12 5 8
3 6 10
is invertible. Then we carry out the row operations
14 7 1 00 1 4 7 1 00
(A)=(25 8 01 0]—-1]0 -3 -6 -2 10
36 10 0 0 1 0 -6 —-11 -3 0 1
1471 0 0 10 -1 -2 32 0
(0122 —0]—=(01 2 2 -1 0
0011 -2 1 0 0 1 1 -2 1
2 2
1 00 —§ -3 1
- (0 10 —3 % -2
001 1 -2 1
Therefore .
1 4 7\ —% —% 1
25 8| =[-1 & o
3 6 10 1 -2 1

Example 2.2.18. The row operation in Example 1.3.17 shows that
1

11 1\ 1 1 =2 1
-1 0 1 =3 1 1 =2
0 -1 1 1 1 1

In terms of linear transformation, the result means that the linear transformation

21 T1+ Ty + 23
L To | = —T1 + T3 IR3—>R3
xr3 —To + X3

is invertible, and the inverse is

T 1 [T~ 2x9 + T3
L_l ol == |21 +2x9 — 2373 : Rg — R3.
X3 T1+ To + T3

Exercise 2.60. What is the inverse of 1 x 1 matrix (a)?
Exercise 2.61. Verify the formula for the inverse of 2 x 2 matrix in Example 2.2.16 by
multiplying the two matrices together. Moreover, show that the 2 x 2 matrix is not

invertible when ad = be.

Exercise 2.62. Find inverse matrix.
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01 0 1 1 10 b ¢ 1
1 0 0 1]. 4 1 1 01 7 1 0 0].
1 0 0 1 01 1 a 1 0
01 1 1
0 0 1 0 cC a b ].
1 00 b1 a O
1 0 0 O 8
2. 5. la 1 0]. a 01 0
0 0 01 b oo 1
010 0 1 0 0 O
1 a b c
1 1 0 6 01 a b
3. 11 0 1]. 0 0 1 a
01 1 0 0 0 1
Exercise 2.63. Find the inverse matrix.
111 --- 1 0 0 0 1
0 1 1 1 0 0 1 al
1. 1]0 0 1 1 3 0 O ay as
0 0 0 1 1 a; ap—2 Qp—1
1 a1 as -+ ap_1
0 1 ay -+ Ap—2
2. 0 0 I - an-3
0O 0 O 1

2.3 Matrix of General Linear Transformation

By using bases to identify general vector spaces with Euclidean spaces, we may
introduce the matrix of a general linear transformation with respect to bases.

2.3.1 Matrix with Respect to Bases
Let o = {¥},0s,...,0,} and B = {W,Ws,...,wW,,} be (ordered) bases of (finite
dimensional) vector spaces V' and W. Then a linear transformation L: V' — W can
be translated into a linear transformation Lg, between Euclidean spaces.
vV s w
b= | Laa(fl) =L@ for TE V.
R"» LBD‘; R"»

Please pay attention to the notation, that Lg, is the corresponding linear transfor-
mation from « to .
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The matriz [L|g, of L with respect to bases a and [ is the matrix of the linear
transformation Lg,, introduced in Section 2.1.2. To calculate this matrix, we apply
the translation above to a vector o; € o and use [U], = €;

Specifically, suppose a = {7, U} is a basis of V| and § = {w;, W, w3} is a basis
of W. A linear transformation L: V — W is determined by

L(v)) = an W + an Wy + azws,

L(vy) = a12W + agWs + azaws.

Then
a1 a12 ajp a2
[L(0)]g= |an |, [Lh)]s=|an|, [Llsa=|an ax
a3 as2 a3; Aa32

Note that the matrix [L]s, is obtained by combining all the coefficients in L(),
L(v) and then take the transpose.

Example 2.3.1. The orthogonal projection P of R3 to the plane v +y + 2 = 0 in
Example 2.1.13 preserves vectors on the plan and maps vectors orthogonal to the
plane to 0. Specifically, with respect to the basis

o = {7717172763}7 Ul = (17 _170)7 UQ = (]-7()’ _]->a 173 = (]-a ]-) 1)7

we have

This means that

1
[P]aa: 0
0

This is much simpler than the matrix with respect to the standard basis € that we
obtained in Example 2.1.13.
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Example 2.3.2. With respect to the standard monomial bases a = {1,¢,¢? 3}
and 8 = {1,t,t*} of Py and P, the matrix of the derivative linear transformation
D: P3 — P2 is

[D]ﬁoc = [(1),7 (t),r (tQ)/v (tg)/]{l,t,tQ} = [07 L, 2t, 3t2]{1,t,t2} =

o O O

1
0
0

S NN O
w o O

For example, the derivative (1 + 2t + 3t? + 413)" = 2 + 6t + 12t fits into

o O =
S NN O

12

=W N =

If we modify the basis 3 to v = {1, — 1, (¢t — 1)?} in Example 1.3.3, then

[D]'yoc = [07 1a Qta 3t2]{1,t 1,(t—1)2}
=[0,1,2(1+ (t = 1)), 31+ (t = 1))’ Jrs-1.0-12)
=1[0,1,24+2(t —1),3+6(t — 1) + 3(t — 1)*] (1 4-1,0-1)2)

0
=10
0

o O =
[eoll NV \V]

3
6
3

Example 2.3.3. The linear transformation in Example 2.1.16
L(f)=Q+)f" + A+ f = f: Py Py
satisfies
L(1)=-1, L(#)=1, L{#)=2+2t+3t*, L(*)=6t+ 3>+ 8t
Therefore

-1

0
[L]{1,t,t2,t3,t4}{1,t,t2,t3} = 0

0

o O O
S W NN
oo w o O

To solve the equation L(f) =t + 2t> in Example 2.1.16, we have row operations

-1 1200 -11 200 -112 00
0 0 2 6 1 _ 0 0110 . 0 0110
0 03 30 0 0 2 61 0 0041
0 00 8 2 0 00 8 2 0 00O0O
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This shows that L is not one-to-one and not onto. Moreover, the solution of the
differential equation is given by

1 1 1
, Gp=—a3=—3, G =2-7+a=3;+a.

=

as =
In other words, the solution is (¢ = a; is arbitrary)
f=tta+at - +i=c(1+t)+ 12 -2+

Example 2.3.4. With respect to the standard basis of Mo

02{51,52,53,54}:{<(1) 8> (8 (1)) ((1) 8)’ (8 (1))}’

the transpose linear transformation -7: Mo — Msyo has matrix

['T]UU = [UT]U = [Sla S37 527 54]{51752753,54} =

o O O
O = O O
O O = O
_ o O O

Moreover, the linear transformation A-: Msys — Masyo of left multiplying by A =
1 2 .
<3 4> has matrix

[A]oo = [Ao], = [ASy, ASy, AS3, AS4)(s1,9:,55,5:}

1020
010 2
0 3 0 4

Exercise 2.64. In Example 2.3.2, what is the matrix of the derivative linear transformation
if o is changed to {1,t+ 1, (t + 1)2}?

Exercise 2.65. Find the matrix of fg: P, — P3, with respect to the usual bases in P, and
P3;. What about flt Py, — P3?

Exercise 2.66. In Example 2.3.4, find the matrix of the right multiplication by A.

Proposition 2.3.1. The matriz of linear transformation has the following properties
oo =1, [L+ Kga = [L]pa + [K]ga; [cL]pa = c[L]pa;

[L o Klyo = [L],5[K]pa-
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Proof. The equality [[]ao = I is equivalent to that I, is the identity linear trans-
formation. This follows from

Alternatively, we have
oo = [0 = 1.
The equality [L+ K]go = [L]ga + [K]pa is equivalent to the equality (L+ K)go =
Lo+ Kp, for linear transformations, which we can verify by using Proposition 1.3.2
(L + K)pal[a) = [(L + K) (V)]s = [L(?7) + K ()]s
= [L(V)]s + [K (V)]s = Lga([T]a) + Kpa([U]a)-

Alternatively, we have (the second equality is true for individual vectors in «)

[L + Klga = [(L+ K)(a)]g = [L(a) + K(a)]s
= [L(@)]s + [K(2)]g = [Llga + [K]pa-

The verification of [cL]g, = ¢[L]gq is similar, and is omitted.
The equality [Lo K], = [L],s][K]ga is equivalent to (Lo K)o = L,z0 Kp,. This
follows from
(Lo K)ya([t]a) = [(L o K)(0)]y = [L(K(V))]
= LWB([ ( ]B) Wﬁ(Kﬁa([ﬁ]a)) = (Lvﬁ © Kﬁa)(['ﬁ]a)'

Alternatively, we have (the third equality is true for individual vectors in K («))
[LoKlya = [(LoK)(a)]y = [L(K(a))]y = [L]ys[K ()]s = [L],5[K]ga- 0

Example 2.3.5 (Vandermonde Matrix). Applying the evaluation linear transforma-
tion in Example 2.2.13 to the monomials, we get the matrix of the linear transfor-
mation

1oty 2 ... 2
It ti U A
[Lleqi,..imy = 1ty t5 ... 15
1 t, &2 ...

This is called the Vandermonde matriz. Example 2.2.13 tells us that the matrix
is invertible if and only if all ¢; are distinct. Moreover, the Lagrangian interpola-
tion is the formula for L=!, and shows that the i-th column of the inverse of the
Vandermonde matrix is the coefficients in the polynomial

(t—tr)- - (= tima)(t —tigr) -~ (E — 1)

L_l(gi) = (tO _ tl) e (tO — ti—l)(to — ti+1) T (tO - tn)‘
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For example, for n = 2, we have

(t —t1)(t —t2) }  (tity, —ty — 3, 1)
(to—t)(to —t2) [ 2y (to —t1)(to — )

[L7H(@0)] ey = [

and
1 2 —1 t1to tot2 tot1
to 1y (to—t1)(to—t2) (ti—to)(ti—t2) (t2—to)(ta—t1)
1t t2 _ —t1—t2 —to—t2 —to—t1
1 1 —

(to—t1)(to—t2)  (t1—to)(t1—t2)  (t2—to)(t2—t1)
1 1 1

(to—t1)(to—t2)  (ti—to)(ti—t2) (t2—to)(t2—t1)

1ty t3

Exercise 2.67. In Example 2.3.2, directly verify [D] o = [I],8[D]ga-

Exercise 2.68. Prove that (cL)gy = cLgq and (L o K)yq = L,3Kg,. This implies the
equalities [cL]gy = c[L]go and [L o K],o = [L],3[K]gq in Proposition 2.3.1.

Exercise 2.69. Prove that L is invertible if and only if [L]g, is invertible. Moreover, we
have [L™ 1,5 = [L]Eal

Exercise 2.70. Find the matrix of the linear transformation in Exercise 2.53 with respect
to the standard basis in P, and R™t!. Also find the inverse matrix.

Exercise 2.71. The left multiplication in Example 2.3.4 is an isomorphism. Find the matrix
of the inverse.

2.3.2 Change of Basis

The matrix [L]g, depends on the choice of (ordered) bases o and 5. If o and '
are also bases, then by Proposition 2.3.1, the matrix of L with respect to the new
choice is

[Llprar = [L o Lollga = [I]gp[L]gall]ac-

This shows that the matrix of linear transformation is modified by multiplying
matrices [[]aa, [{]ps of the identity operator with respect to various bases. Such
matrices are the matrices for the change of basis, and is simply the coordinates of
vectors in one basis with respect to the other basis

oo = [I(a)]a =[]0
Proposition 2.3.1 implies the following properties.

Proposition 2.3.2. The matriz for the change of basis has the following properties

oo =1, s =as  Uha = Ulll]a-
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Example 2.3.6. Let € be the standard basis of R”, and let a = {v},5,...,0,} be
another basis. Then the matrix for changing from « to € is

In general, the matrix for changing from « to ( is
g0 = selllea = g Hea = [B] 0] = (B) " (a).
For example, the matrix for changing from the basis in Example 2.2.17
a=1{(1,2,3),(4,5,6),(7,8,10)}
to the basis in Examples 1.3.17, 2.2.18 and 2.3.1
g ={(1,-1,0),(1,0,-1),(1,1,1)}

18
—1

1 1 1 1 4 7 1 1 -2 1 14 7 1 0 0 1
-1 0 1 2 5 8| = 3 1 1 =2 2 5 8| = 3 -3 =3 =5
0 -1 1 3 6 10 11 1 3 6 10 6 15 25

Example 2.3.7. Consider the basis ay = {(cos8,sin ), (—sin b, cos §)} of unit length
vectors on the plane at angles 6 and 6 + 7. The matrix for the change of basis from
ap, to ay, is obtained from the ay,-coordinates of vectors in ap, . Since oy, is obtained
from oy, by rotating 6 = 6, — 0, the coordinates are the same as the e-coordinates
of vectors in ay. This means

7l ~ [cos@ —sinB\  [cos(6y —0) —sin(6 —6s)
0221 \sinf cosf ) \sin(6; —0y) cos(6y —6) )
This is consistent with the formula in Example 2.3.6

_ 0, —sinf -1 0. —sinh
[]]04920‘91 = (a92) 1(0[91) = (COS ? - 2) (COS ! St 1) .

sinfy  cosf, sinf; cosb;

Example 2.3.8. The matrix for the change from the basis o = {1,¢,12,t3} of P3 to
another basis 8 = {1,t —1,(t — 1)% (t — 1)3} is

[I]Ba = [1,t, 7527tg]{1,15—1,(:5—1)2,(15—1)3}
=[L1+({t—1),1+2(t—1)+(t— 1)
14+3(t—1)+30— 1)+ (t — 1)’ sm1,0-1)2,0-1)%)
11 1

o O O
O =N =

1 3
0 3
0 1
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The inverse of this matrix is

[HOCB = [17t - 1’ (t - 1)27 (t - 1)3]{1,1571527#7’}
=[1,=14+t1 =2+ -1+ 3t = 3> + "] 1205

1 -1 1 -1
o1 —2 3
“looo0o 1 -3

00 0 1

We can also use the method outlined before Example 2.2.16 to calculate the inverse.
But the method above is simpler.
The equality

t+1)P =143t +32+2=(t—1)+2°=8+12t — 1) +6(t — 1)+ (t — 1)
gives coordinates
[(t+1)%a=(1,3,3,1), [(t+1)%]s=(8,12,6,1).

The two coordinates are related by the matrices for the change of basis

8 1 111 1 1 1 -1 1 -1 8
121 (01 2 3 3 31 |0 1 -2 3 12
6] |00 13 317 3 (o 0 1 -3 6
1 0 001 1 1 0 0 0 1 1

Exercise 2.72. Use matrices for the change of basis in Example 2.3.8 to find the matrix
[L]1,4,62,63 443 {1,0—1,(t=1)2,(t—1)3} of the linear transformation L in Example 2.3.3.

Exercise 2.73. If the basis in the source vector space V' is changed by one of three operations
in Exercise 1.60, how is the matrix of linear transformation changed? What about the
similar change in the target vector space W?

2.3.3 Similar Matrix

For a linear operator L: V' — V', we usually choose the same basis « for the domain
V and the range V. The matrix of the linear operator with respect to the basis « is
[L]oao- The matrices with respect to different bases are related by

[L1s = UsalLlaaTas = [[os[Llaalllas = [[]galLlaal{]50-

We say the two matrices A = [L],o and B = [L]gs are similar in the sense that they
are related by
B =P AP = QAQ ™,

where P (matrix for changing from 3 to «) is an invertible matrix with P~! = Q
(matrix for changing from « to f3).
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Example 2.3.9. In Example 2.3.1, we showed that the matrix of the orthogonal
projection P in Example 2.1.13 with respect to @ = {(1,—1,0), (1,0, —1),(1,1,1)}
is very simple

1 00
[Plaa =10 1 0
000
On the other hand, by Examples 2.3.6 and 2.2.18, we have
1 1 1 1 1 -2 1
Nw=[a]c=|-1 0 1], [ = 1 L
0 -1 1 1 1 1

Then we get the usual matrix of P (with respect the the standard basis ¢)

[‘P]ee = [Hea[P]aa[]]_l

(%

-1

1 1 1 1 00 1 1 1 1 2 -1 -1
=|1-1 0 1 010 -1 0 1 =3 -1 2 -1
0 -1 1 000 0 -1 1 -1 -1 2

The matrix is the same as the one obtained in Example 2.1.13 by another method.

Example 2.3.10. Consider the linear operator L(f(t)) = tf'(t) + f(t): P — Ps.
Applying the operator to the bases a = {1,¢,¢ 3}, we get

L(1)=1, L(t)=2t, L(*) =3t* L(t*) =4t

Therefore
1 00O
02 00
00 30
0 0 0 4
Consider another basis = {1,t— 1, (t — 1)?, (¢t — 1)*} of P». By Example 2.3.8
we have
1 1 11 1 -1 1 -1
01 2 3 o 1 -2 3
Hoa=1o o 1 3| Wes=|g o 1 _3
0001 0O O 0 1
Therefore
[Llgs = [{]pa[Llaall]ap
1 1 11 1 0 0 0 1 -1 1 -1 1 1 00
101 2 3 02 00 0O 1 -2 3| 10220
10 0 1 3 00 30 o 0 1 =31 |00 3 3
0 0 01 00 0 4 0 0 0 1 0 0 0 4
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We can verify the result by directly applying L(f) = (¢f(t))’ to vectors in

L(1)

L(t = 1)
L((t-1)%)
L((t = 1)%)

Exercise 2.74. Explain that if A is similar to B, then B is similar to A.

1,

[(t—1) 4+ (-1 =14+2(t—1),
[(t—1)2+(t—-1)7°) =2(t—1)+3(t—1)%
[(t =12+t —1DY =3(t—1)* +4(t — 1)°.

Exercise 2.75. Explain that if A is similar to B, and B is similar to C, then A is similar
to C.

Exercise 2.76. Find the matrix of the linear operator of R? that sends #; = (1,2) and
Uy = (3,4) to 29 and 3v,. What about sending ¥y, U2 to ¥, ¥17

Exercise 2.77. Find the matrix of the reflection of R? with respect to the plane z+y+2z = 0.

Exercise 2.78. Find the matrix of the linear operator of R? that circularly sends the basis
vectors in Example 2.1.13 to each other

(1,-1,0) — (1,0,—1) — (1,1,1) — (1,—1,0).

2.4 Dual

2.4.1 Dual Space

A function on a vector space V is a map [: V — R. If the map is a linear transfor-
mation

(@ +7) = @) +1(7), I(cd) = cl(@),

then we call the map a linear functional. All the linear functionals on a vector space
V form a vector space, called the dual space

V* = Hom(V, R).
An ordered bases o = {¥;, ¥y, ..., 7, } of V gives an isomorphism
eV «— l(a) = (I(0)), 1(T),..., (1)) = (a1, as, . ..,a,) € R". (2.4.1)

The 1 x n matrix on the right is the matrix [I(«)]; = [l]1o of I with respect to the
basis « of V' and the basis 1 of R. The formula for [ is then given by (2.1.1)

l(f) =121+ QX2 + -+ - + apTy, [f]a - (xla T2, .. 71:%)' (242)



84 CHAPTER 2. LINEAR TRANSFORMATION

The isomorphism also tells us

dimV* = dim V.
Under the isomorphism (2.4.1), the standard basis € of R™ corresponds to a basis
of = {u},05,..., 0} of V¥ called the dual basis. The correspondence means
Ui (@) = (07 (11), 7} (D), ..., 5 (W) = &,
or

m) == {1
, 1 #7.

By (2.4.2), this also means that ¢ is the i-th a-coordinate

(2

—k

U (Z) = x;, T =00(Z)0) + 05(Z)Vs + -+ - + U (Z) T
Therefore the dual basis is the collection of individual a-coordinates
[T = (07(2), 53(Z), ..., 0, () = ™ (2).
By taking [ to be o], we get the following.

Proposition 2.4.1. Suppose V' is a finite dimensional vector space, and ¥,y € V.
Then Z = v if and only if 1(Z) = I(y) for alll € V*.

We may also interpret (2.4.1) and (2.4.2) as
(V) = a;, 1= 1U(00)0] + U(02)T5 + -+ - + 1(0,)0y,.

This gives the a*-coordinates of [

Example 2.4.1. The dual basis of the standard basis of Euclidean space is given by
e (T1, 9, ..., Ty) = T;.
The isomorphism (2.4.1) is given by
l(x1,m9,...,2,) = a1T2 + a2 + -+ + apx, € (R")" «— (a1, a9,...,a,) € R™.

Example 2.4.2. We want to calculate the dual basis of the basis a = {7y, U, U3} =
{(1,-1,0),(1,0,—1),(1,1,1)} in Example ??. The dual basis vector

—nk
0y (21, 29, x3) = a121 + asxs + azrs
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is characterised by

1:1_)’}{(171):&1—&2, 0:171“(172):&1—@3, 02171*(173):&1+a2+a3.
This is a system of linear equations with vectors in « as rows, and €7 as the right
side. We get the similar systems for the other dual basis vectors v5, v, with €5, €5
as the right sides. Similar to Example 1.3.17, we may solve the three systems at the
same time by carrying out the row operations

ot 1 -1 0 100 100 5 3 3
W oé é é|=(1 0 -1010f—=(f(010 -2 % 3
ol 1 1 1 001 001 3 -2 3

This gives the dual basis

5 (21 — 229 + x3),
Uy (1, 2o, 23) = 3 (21 + 20 — 23),
%($1+$C2+$3).

17{(331,332,953) =

6;(%17 T, SE3) =

We note that the right half of the matrix obtained by the row operations is the
transpose of the right half of the corresponding matrix in Example 1.3.17. This will
be explained by the equality (AT)~! = (A=H)T.

Example 2.4.3. For any number a, the evaluation E,(p(t)) = p(a) at a is a linear
functional on P, (and on all the other function spaces). We argue that the three
evaluations Fjy, F/y, E5 form a basis of the dual space Pj.

The key idea already appeared in Example 1.3.12. We argued that p;(t) =
t(t—1), po(t) =t(t —2), p3 = (t — 1)(t — 2) form a basis of P, because their values
at 0, 1,2 almost form the standard basis of R3

EO(pbPZ:pS) = (07072)7 El(Pl:P2>P3) = (07 _170)7 EQ(p17p27p3) = (27070)

This can be interpreted as the linear transformation £ = (Fy, Ey, Ey): P, — R?
takeing a = {%pg, —Pa, %pl} to the standard basis of R?. Since the standard basis
is linearly independent, the set « is also linearly independent (Exercise 2.3). Since
dim P, = 3 is the number of vectors in «, by Theorem 1.3.14, « is a basis of P.
Moreover, the linear transformation E shows that {Ey, 4, Es} is the dual basis of
.

Exercise 2.79. If we permute the standard basis of the Euclidean space, how is the dual
basis changed?

Exercise 2.80. How is the dual basis changed if we change a basis {U1,...,%;,...,0j,..., U}
to the following bases? (see Exercise 1.60)
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L {1y ey By Ty, T,
2. {H,...,C?}},...,ﬁn},c%o.
3. {171,...,171'+Cl7j,...,27j,...717n}.

Exercise 2.81. Find the dual basis of a basis {(a,b), (c,d)} of R?,
Exercise 2.82. Find the dual basis of the basis {(1,2,3), (4,5,6), (7,8,10)} of R3.
Exercise 2.83. Find the dual basis of the basis {1 —¢,1 — 2,1+t + t*} of P».

Exercise 2.84. Find the dual basis of the basis {1,¢,t?} of P,. Moreover, express the dual
basis in the form I(p(t)) = fol p(t)A(t)dt for suitable A(t) € Ps.

Exercise 2.85. Find the basis of P, such that the dual basis is the evaluations at three
distinct places t1, t2,t3. Moreover, extend your result to F,.

Exercise 2.86. Find the basis of P,, such that the dual basis is the three derivatives at 0:
p(t) — p(0), p(t) — p'(0), p(t) — p”(0). Extend to the derivatives up to n-order for P,,
and at a place a other than 0.

2.4.2 Dual Linear Transformation
A linear transformation L: V' — W induces the dual linear transformation
L*(l)=lo L: W* = V*  (L*(1))(¥) = l(L(7)).

This is the special case U = R of Exercise 2.13 (and therefore justifies that L* is
a linear transformation). The following shows that the dual linear transformation
corresponds to the transpose of matrix.

Proposition 2.4.2. Suppose o, 5 are bases of V,W , and o*, 3* are the corresponding
dual bases of V*, W*. Then
[L7asg+ = [L]ga-
Proof. For 1 <i<m=dimW and 1 < j <n =dimV, denote (notice ji for L*)
o = {77177727"'7Un}7 ﬁ: {wlaw%"'au_jm}v [L],Ba = (aij)a [L*]a*ﬁ* == (a;>
Then (recall the 3 x 2 matrix of L before Example 2.3.1)
L(V}) = a1ty + agjily + - -+ + W, L7(07) = af;0] + a3 05 + - -+ + ag,; Uy,

Applying the linear functional w; to the first equality, and applying the second
equality to 7}, we get

i (L(0))) = ag,  (L7(;))(V)) = aj;.

Jt
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By the definition of L*, we have (L*(u}))(v;) = i (L(7;)). Therefore a;; = aj;.
This means [L]§, = [L*]axp--
By Exercise 2.13, the dual linear transformation has the following properties
I'=I, (L+K)"=L"+K* (cL)"=cL*, (LoK)" =K olL".

In fact, by Exercise 2.14, the composition property does not require linear transfor-
mation. By Proposition 2.4.2, we get properties of the transpose of matrix

=1, (A+B"=A"+B" (cA)! =cA’, (AB)' = BTAT.

Exercise 2.87. Directly verify that L*(I): W* — V* is a linear transformation: L*(I+k) =
L*(1) + L*(k), L*(cl) = cL*(1).

Exercise 2.88. Directly verify that the dual linear transformation has the claimed proper-
ties: I*() =1, (L + K)*(I) = L*(1) + K*(I), (cL)*(l) = cL*(1), (Lo K)*(I) = K*(L*(l)).

By the last statements of Propositions 2.2.3 and 2.2.4, we know that Lo K =T
implies L is onto and K is one-to-one. Applying the dual switches the order into
K* o L* = I. This suggests that K* is onto and L* is one-to-one, and almost gives
the proof of the following result.

Proposition 2.4.3. Suppose L: V — W s a linear transformation between finite
dimensional vector spaces.

1. If L is onto, then L* 1s one-to-one.

2. If L is one-to-one, then L* is onto.

Proof. Suppose L is onto, and [,k € V* satisfy L*(l) = L*(k). Then I(L(V)) =
L*(1)(v) = L*(k)(¥) = k(L(V)) for all v € V. Since L is onto, every vector of W is
of the form L(¥) for some ¢ € V. Therefore the equality means [(w) = k(&) for all
w € W. This is the definition of [ = k, and proves the first statement.

The following proves the second statement

L is one-to-one = KoL =1 (Proposition 2.2.4)
= L'oK*"=1 (LoK)*=K*oL")
= L" is onto. (Proposition 2.2.3)
In fact, we may also use the similar idea to prove the first statement. O

Exercise 2.89. Let A be an m x n matrix. What is the relation between the existence and
the uniqueness of solutions of the following two systems of linear equations?

1. AZ = b: m equations in n variables.
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2. ATjj = & n equations in m variables.

Exercise 2.90. By Proposition 2.4.3, what can you say about the pivots of the row echelon
forms of a matrix A and its transpose A”? Note that row operation on A7 can also be
regarded as column operation on A.

Exercise 2.91. Do we really need to assume finite dimension in Proposition 2.4.37

2.4.3 Double Dual

Any vector ¢ € V induces a function on the dual space V*
v (1) = (V).

As the special case W = R of Exercise 2.11, the function o™ is a linear functional
on V*. Therefore 7" is a vector in the double dual V** = (V*)* of the dual space
V*. Moreover, we have the natural double dual map

TeEV =T e V™.
The following shows that (04 w)** = v** + &**

(U + @)™ (1) = (T + W) = (V) + I(F) = 7 (1) + 7" (1) = (T + &) (1).
We can similarly show (cv)** = cv™*.
transformation.

Proposition 2.4.1 can be interpreted as v**(l) = w**(I) for all [ implying v = 0.
Therefore the double dual map V' — V** is one-to-one. By using dim V* = dim V'
twice, we know dim V** = dim V. Then by Theorem 2.2.6, we conclude that the
double dual map is an isomorphism.

Therefore the double dual map is a linear

Proposition 2.4.4. The double dual of a finite dimensional vector space is naturally
isomorphic to itself.

A linear transformation L: V — W induces a linear transformation L*: W* —
V*, which further induces the double dual linear transformation

L™ V™ — W,
Let us compare with the natural isomorphism in Proposition 2.4.4

v Lo ow
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The following calculation shows that L** can be identified with L under the natural
isomorphism (7 € V and [ € W*)

L=(@)(1) = v (L7(1) = (L*(1)(0) = U(L(0)) = (L(v))™(1)-

Therefore like Proposition 2.4.4, the double dual L* of a linear transformation L is
naturally identified with the linear transformation L itself.

Let A = [L]g, be the matrix of a linear transformation. Then by Proposition
2.4.2; we have AT = [L*],p+, and (A7) = [L**]gerqe (Exercise 2.92 implicitly
used). This shows that the natural identification of L** and L is an elaborately way
of explaining (AT)T = A.

Combining the natural identification of L** and L with Proposition 2.4.3 gives
the following more complete result.

Theorem 2.4.5. Suppose L:V — W is a linear transformation between finite di-
mensional vector spaces.
1. L is onto if and only if L* is one-to-one.

2. L 1is one-to-one if and only if L* is onto.
Exercise 2.92. For a basis o = {01, 72, ..., ¥, } of V, the notation o™ =
has two possible meanings.

1. (a*)*: First get dual basis o* of V*. Then get the dual of the dual basis (a*)* of
(V*)*.

2. a™: The image under the natural transformation V' — V**.

Explain that the two meanings are the same.

2.4.4 Dual Pairing

A function b: V x W — R is bilinear if it is linear in V and also linear in W

—

1, 'Uj) + l’gb(
) 1171) + y2b<6

_»27117)7
, .

Wa)

b(:t:1171 + 5132172, Uj) = .le(U
b(V, 1y + yoa) = y1b(V

Let a = {01, ¥, ..., 0} and 8 = {wW, Wy, ..., W, } be bases of V and W. Then
the bilinear property imples

b(21T) + Ta¥s + -+ 4 T Uy, Y1W1 + Yol + - -+ + YptWy) = Z 23y;b(7;, ;).
1<i<m
1<j<n

Denote the matriz of bilinear function with respect to the bases

[blag = (bij),  bij = b(Ui, ;).
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Then we have
b(F, ) = Y bijwiy; = [F)L[blaslis.
,J

We can define the linear combination of bilinear functions in the obvious way

(01 by + co 52)(57 37) = bl(fa 37) + bz(fa 37)

This makes all the bilinear functions on V' x W into a vector space. It is also easy
to see that

[Cl bl + Co bg]ag =C [bl]aﬂ + Cg[bg}ag.
Therefore the vector space of bilinear functions is isomorphic to the vector space of
m X n matrices, m = dimV, n = dim V.
For a bilinear function b(Z, ) on V' x W, the linearity in V' gives a map

JEW = b(-,§) € V*.

Then the linearity in W implies that the map is a linear transformation. Conversely,
a linear transformation L: W — V* gives a bilinear function

b(Z,9) = L(§)(T).

Here L(y) is a linear functional on V and can be applied to #. This gives an
isomorphism between the vector space of all bilinear functions on V' x W and the
vector space Hom (W, V™).

Due to the symmetry in V' and W, we also have the isomorphism between the
vector space of all bilinear functions on V' x W and the vector space Hom(V, W*).
One direction is given by

TeV = K(¥)=ba-)e W
The converse is given by

K € Hom(V,W*) — b(Z, ) = K (%)(7).

Example 2.4.4. The evaluation pairing
e(Z,l) =1(Z): VxV*"=R

is a bilinear function. The corresponding linear transformation in Hom(V*, V*) is
the identity. The corresponding linear transformation in Hom(V, (V*)*) is the double
dual map v — U**.

Let « and 3 be bases of V' and V*. Then [e],s = I if and only if § is the dual
basis of a.

Exercise 2.93. Explain that two bilinear functions on V' x W are equal if and only if they
are equal on two spanning sets of V and W.
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Exercise 2.94. How is the matrix of a bilinear function changed when the bases are changed?

Exercise 2.95. Prove that L € Hom(W,V*) and K € Hom(V,W*) give the same bilinear
function on V' x W if and only if K = L*, subject to the isomorphism in Proposition 2.4.4.

Exercise 2.96. A bilinear function b on V' x W corresponds to L € Hom(W,V*) and K €
Hom(V,W*). Let «a,f be bases of V,W, and a*, 3* be the dual bases. How are the
matrices [b]ag, [L]g*a, [K]axp related?

Exercise 2.97. For a bilinear function b(%,w) on V' x W, b*(w,¥) = b(¥,w) is a bilinear
function on W x V. Let «, 8 be bases of V,W. How are the matrices [blas and [b']3,
related? Moreover, the linear functions b and b' correspond to four linear transformations.
How are these linear transformations related?

Exercise 2.98. Let b(Z,y) be a bilinear function on V- x W. Let L: U — V be a linear
transformation.

1. Explain that b(L(2), %) is a bilinear function on U x W.
2. Given bases for U, V, W, how are the matrices of b(Z, %) and b(L(Z2), %) related?

3. The two bilinear functions correspond to four linear transformations. How are these
linear transformations related?

Finally, please study the same problem for b(Z, L(%)).

Definition 2.4.6. A bilinear function b: V xW — Ris a dual pairing if both induced
linear transformations V' — W* and W — V* are isomorphisms.

By Exercise 2.95, the two linear transformations can be regarded as dual to
each other. Therefore we only need one of them to be isomorphic. Moreover, by
Proposition 2.4.5, the dual pairing is equivalent to both V. — W* and W — V*
being onto, and is also equivalent to both being one-to-one.

The evaluation pairing in Example 2.4.4 is a basic example of dual pairing. Using
the same idea, a basis a = {¥}, ¥, ..., 7, } of V and a basis = {w, Wy, ...,w,} of
W are dual bases with respect to the dual pairing b if

b(Ul,w]) = 61’]’7 or [b]a[g =1.

This is equivalent to that the corresponding V' — W* maps the basis a of V' to the
dual basis g* of W*, and is also equivalent to that the corresponding W — V* maps
the basis 8 of W to the dual basis a* of V*. The dual bases with respect to the

bilinear function also give

-+ b(Z, W, ) U, for any ¥ € V,
-+ b(Uy, )W, for any vy € W.
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Exercise 2.99. Prove that a bilinear function is a dual pairing if and only if its matrix with
respect to some bases is invertible.



Chapter 3

Subspace

As human civilisation became more sophisticated, they found it necessary to extend
their number systems. The ancient Greeks found that the rational numbers Q was
not sufficient for describing lengths in geometry, and the problem was solved later
by the Arabs who extended the rational numbers to the real numbers R. Then the
Italians found it useful to take the square root of —1 in their search for the roots
of cubic equations, and the idea led to the extension of real numbers to complex
numbers C.

In extending the number system, we still wish to preserve the key features of the
old system. This means that the inclusions Q C R C C are compatible with the four
arithmetic operations. In other words, 24+ 3 = 5 is an equality of rational numbers,
and is also an equality of real (or complex) numbers. In this sense, we may call Q
a sub-number system of R and C.

3.1 Definition

3.1.1 Subspace

Definition 3.1.1. A subset H of a vector space V is a subspace if it satisfies
u,v€ H, a,be R = au+bv € H.

Using the addition and scalar multiplication of V', the subset H is also a vector
space. One should imagine that a subspace is a flat and infinite (with the only
exception of the trivial subspace) subset passing through the origin.

The smallest subspace is the trivial subspace {6} The biggest subspace is the
whole space V' itself. Polynomials of degree < 3 is a subspace of polynomials of
degree < 5. All polynomials is a subspace of all functions. Although R?® can be
identified with a subspace of R® (in many different ways), R? is not a subspace of
RS,

93
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Proposition 3.1.2. If H is a subspace of a finite dimensional vector space V', then
dim H < dim V. Moreover, H =V if and only if dim H = dim V.

Proof. Let o = {¥;,15,...,9,} be a basis of H. Then « is a linearly independent
set in V. By Proposition 1.3.13, we have dimH = n < dimV. Moreover, if
n = dim H = dim V, then by Theorem 1.3.14, the linear independence of a implies
that a also spans V. Since o spans H, we get H = V. O

Exercise 3.1. Determine whether the subset is a subspace of R2.

1. {(z,0): x € R}. 3. {(z,y): 2z — 3y = 0}. 5. {(z,y): zy = 0}.

2. {(z,y): x+y =0} 4. {(z,y): 22 — 3y = 1}. 6. {(z,y): z,y € Q}.

Exercise 3.2. Determine whether the subset is a subspace of R3.

1. {(z,0,2): z,z € R}.
2. {(z,y,2): c+y+2=0}.
3. {(z,y,2): e +y+2=1}
4. {(z,y,2z): z+y+2=0,2+2y+ 3z =0}.
Exercise 3.3. Determine whether the subset is a subspace of P,.
1. even polynomials. 3. polynomials satisfying f(0) =
2. polynomials satisfying f(1) = 0. 4. polynomials satisfying f/(0) = f(1).

Exercise 3.4. Determine whether the subset is a subspace of C'*.

1. odd functions.

2. functions satisfying f” + f = 0.

3. functions satisfying f” + f = 1.

4. functions satisfying f/(0) = f(1).

5. functions satisfying lim;_,~ f(t) =

6. functions satisfying limy_, f(t) =

7. functions such that lim; o f(t) diverges.

8. functions satisfying f() t)dt = 0.

Exercise 3.5. Determine whether the subset is a subspace of the space of all sequences (z,).
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1. x, converges. 3. The series Y x, converges.

2. x, diverges. 4. The series Y | x, absolutely converges.
Exercise 3.6. If H is a subspace of V' and V is a subspace of H, what can you conclude?

Exercise 3.7. Prove that H is a subspace if and only if 0 € H and ai + ¥ € H for any
a€Rand 4,7 € H.

Exercise 3.8. Suppose H is a subspace of V, and 7 € V. Prove that v+ H = {17+f_£: he H}
is still a subspace if and only if ¥ € H.

Exercise 3.9. Suppose H is a subspace of V. Prove that the inclusion z(ﬁ) =h: H—Vis
a one-to-one linear transformation.

For any linear transformation L: V' — W, the restriction L|g = Loi: H — W is still
a linear transformation.

Exercise 3.10. Suppose H and H' are subspaces of V.
1. Prove that the sum H + H' = {h+ h': h € H, i’ € H'} is a subspace.
2. Prove that the intersection H N H' is a subspace.

When is the union H U H' a subspace?

3.1.2 Span

The span of a set of vectors is the collection of all linear combinations

Spana = Span{#, Vs, ..., Uy}
= {1'1’171 + XoUy + -+ + TpUy: x; € R}
= Rv; + Ry + - - + Raj,.

This is a subspace because by Proposition 1.2.1, a linear combination of linear

combinations is still a linear combination.
The span of a nonzero vector

Span{v} = {zv: x € R} =Rv

is the straight line in the direction of the vector. The span of two non-parallel vectors
is the 2-dimensional plane containing the origin and the two vectors (or containing
the parallelogram formed by the two vectors, see Figure 1.2.1). If two vectors are
parallel, then the span is reduced to a line in the direction of the two vectors.

Exercise 3.11. Prove that Spana is the smallest subspace containing c.
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Exercise 3.12. Prove that o C 8 implies Spana C Spanp.
Exercise 3.13. Prove that ¢ is a linear combination of ¥, ¥, ..., ¥, if and only if
Rv7 + Ry + - - - + Ry, + RU = Ry + Rip + - - - + R,

Exercise 3.14. Prove that if one vector is a linear combination of the other vectors, then
deleting the vector does not change the span.

Exercise 3.15. Prove that Spana C Spang if and only if vectors in « are linear combinations

of vectors in 3. In particular, Spana = Spanf if and only if vectors in « are linear
combinations of vectors in 3, and vectors in 3 are linear combinations of vectors in .

By the definition, the subspace Spana is already spanned by a. By Theorem
1.3.10, we get a basis of Spana by finding a maximal linearly independent set in «.

Example 3.1.1. To find a basis for the span of
v =(1,2,3), vhy=1(4,5,6), v3=(7,8,9), uy=(10,11,12),

we consider the row operations in Example 77

1 4 7 10 1 4 7 10
3 6 9 12 000 O

If we restrict the row operations to the first two columns, then we find that o7, v5 are
linearly independent. If we restrict the row operations to the first three columns,
then we see that adding v3 gives linearly dependent set v, U5, U3, because the third
column is not pivot. By the same reason, ¥, s, 74 are also linearly dependent.
Therefore v, 75 form a maximal linearly independent set among vy, vy, U3, Uy. By
Theorem 1.3.10, v7, U5 form a basis of Rv; + Rty 4+ Rui; + Ry,

In general, given 7, ¥, ..., 7, € R™, we carry out row operations on the matrix
(U} Uy -+ 1,). Then the pivot columns in (¢ ¥y - - ) form a basis of Rt + Rv, +
-+ ++R4,. In particular, the dimension of the span is the number of pivots after row
operations on (¥ ¥y -+ Ty,).

Exercise 3.16. Show that {07,v3} and {07, 7s} are also bases in Example 3.1.1.

Exercise 3.17. Find a basis of the span.
1. (1,2,3,4),(2,3,4,5),(3,4,5,6).

2. (1,5,9), (2,6,10), (3,7,11), (4,8, 12).
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3' (1717070)7(1707]‘70)7(]"0707]‘)7(0’]"]‘70)7(0’1’0’1)7(070’]"]‘)'
4 11 10 10 0 1 01 0 0
“\0 0/°\1 0/°\0 1)’\1 0/7\0 1/)°\1 1)°
5. 1—t,t—t3, 113,43 —t2,t — 10,
By Exercise 1.32, the span has the following property.

Proposition 3.1.3. The following operations do not change the span.

1. {171,...7?7},...,?7]',...717”}—>{171,...,?7]',...717},...7?7”}.
2. {171,...7?7},...,?771}—){171,...,0271',...,17”},C%O.
3. {171,...,?7},...,?7]‘,...,27”}—){171,...,?7}+Cl7j,...,l7j,...,l7n}.

For vectors in a Euclidean space, the operations in Proposition 3.1.3 are column
operations on the matrix (07 U5 --- ©,). The proposition basically says that column
operations do not change the span. We can take advantage of the proposition to
find another way of calculating a basis of Spana.

Example 3.1.2. For the four vectors in Example 3.1.1, we carry out column opera-
tions on the matrix (0; Uy 3 Uy)

Cy—Cs Ca—Cs
1 4 7 10\ cs-¢c. (1 3 3 3 C?fc@ 110 0\ aa-c (1 0 0 0
25 8 11| 2% (233 3] 25 (2100] 2% (1100
3 6 9 12 33 3 3 3100 12 00
The result is a column echelon form. By Proposition 3.1.3, we get

7~

R#) + Rv, + R + Ry = R(1,1,1) + R(0,1,2) +
=R(1,1,1) +R(0,1,2).

(0,0,0) + R(0,0,0)

The two pivot columns (1,1, 1),(0,1,2) of the column echelon form are always lin-
early independent, and therefore form a basis of Rv; + Ry + Ruiy + Ruy.

Example 3.1.3. By taking the transpose of the row operation in Example 3.1.1, we
get the column operation

1 2 3 1 0 0 1 00
4 5 6 4 -3 —6 4 10
7 8 9 7 —6 —12 7 20
10 11 12 10 -9 -18 10 3 0

We find that (1,4,7,10),(0,1,2,3) form a basis of R(1,4,7,10) + R(2,5,8,11) +
R(3,6,9,12).
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In general, given v, vs,...,0, € R™, we carry out column operations on the
matrix (¢; Uy --- ¥,) and get a column echelon form. Then the pivot columns in
the column echelon form (not the columns in the original matrix (¢} ¥y --- ¥,)) is
a basis of Rt}; + Rty + - -+ + Rv,. In particular, the dimension of the span is the
number of pivots after column operations on (¢} U5 --- ¥,). This is also the same
as the number of pivots after row operations on the transpose (] ¥ - -+ ¥,)7.

Comparing the dimension of the span obtained by two ways of calculating the
span, we conclude that applying row operations to A and A7 give the same number
of pivots.

Exercise 3.18. Explain how Proposition 3.1.3 follows from Exercise 1.32.
Exercise 3.19. List all the 2 x 3 column echelon forms.

Exercise 3.20. Explain that the nonzero columns in a column echelon form are linearly
independent.

Exercise 3.21. Explain that, if the columns of an n x n matrix is a basis of R", then the
rows of the matrix is also a basis of R™.

Exercise 3.22. Use column operations to find a basis of the span in Exercise 3.17.

3.1.3 Calculation of Extension to Basis

The column echelon form can also be used to extend linearly independent vectors
to a basis. By the proof of Theorem 1.3.11, this can be achieved by finding vectors
not in the span.

Example 3.1.4. In Example 1.3.15, we use row operations to find that the vectors
7 = (1,4,7,11),0, = (2,5,8,12), 03 = (3,6,10,10) in R* are linearly independent.
We may also use column operations to get

1 2 3 1 0 0 1 0 0
G|t 0 6|4 3 0 4 =3 0
78 10 7 -6 —11 7 -6 1
11 12 10 11 -10 —23 11 —10 —3

This shows that (1,4,7,11), (0, —3,—6,—10), (0,0, 1, —3) form a basis of Rt} +Ru,+
Rvs. In particular, the span has dimension 3. By Theorem 1.3.14, we find that
U1, Ug, U3 are also linearly independent.

It is obvious that (1,4,7,11),(0,—-3,—6,—10),(0,0,1,—-3),e, = (0,0,0,1) form
a basis of R%. In fact, the same column operations (applied to the first three columns
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only) gives

1 2 3 0 1 0 0 0 1 0 0 O
(§1 &) = 4 5 6 0 _ 4 -3 -6 0 4 -3 0 0
7 8 10 0 7 —6 —-11 0 7 -6 1 O
11 12 10 1 11 —-10 =23 1 11 —-10 =3 1

Then , Uy, U3, €4 and (1,4,7,11),(0,—-3,—6,—10),(0,0,1,—-3),(0,0,0,1) span the
same vector space, which is R*. By Theorem 1.3.14, adding €, gives a basis ¥, , T», U3, €4
of R*.

In Example 1.3.15, we extended v7, U5, U3 to a basis by a different method. The
reader should compare the two methods.

Example 3.1.4 suggests the following practical way of extending a linearly inde-
pendent set in R™ to a basis of R™. Suppose column operations on three linearly
independent vectors v, ¥, U3 € R give

*x *x & O O
*x @ O O O

* ¥ ¥ X @

We may add u; = (0, e, %, %, %) and @y = (0,0,0,0, e) to create pivots in the second
and the fifth columns

e 00O 0O e 0O 0O

col op on * 00 o 0 exchange *x o« 0 0 O

(V) Uo Us iy W) 23k 1y 0 0 % 0f —L5 |x % o 0 0
* x o x 0 ¥ x x o (

¥ k % x @ ¥ % * x @

Then #,, Ts, U3, @1, Uz form a basis of R5.

Exercise 3.23. Extend the basis you find in Exercise 3.22 to a basis of the whole vector
space.

3.2 Range and Kernel

A linear transformation L: V' — W induces two subspaces. The range (or image) is
RanL = L(V) ={L(¥): all v € V} C W.
To verify this is a subspace, we have

W' e L(V) = = L(¥), @ = L(¥') for some 0,0" € V
= W+w' = L0)+ L@ = LW+ 7)€ L(V).
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The verification for the scalar multiplication is similar.
The kernel is the preimage of the zero vector

KerL = L7'(0) = {#: ¥ € V and L(¥) =0} C V.

To verify this is a subspace, we have

The verification for the scalar multiplication is similar.

Exercise 3.24. Prove that Ran(Lo K) C RanL. Moreover, if K is onto, then Ran(Lo K) =
Ranl.

Exercise 3.25. Prove that Ker(L o K) D KerK. Moreover, if L is one-to-one, then Ker(L o
K) = KerK.

Exercise 3.26. Suppose L: V — W is a linear transformation, and H C V is a subspace.
Prove that L(H) = {L(¥): all ¥ € H} is a subspace.

Exercise 3.27. Suppose L: V — W is a linear transformation, and H C W is a subspace.
Prove that L™Y(H) = {# € V: L(¥) € H} is a subspace.

Exercise 3.28. Prove that L(H) NKerK = L(H N Ker(K o L)).

3.2.1 Range
The range is actually defined for any map f: X — Y

Ranf = f(X)={f(z): allz € X} C Y.

For the map Instructor: Courses — Professors, the range is all the professors who
teach some courses.

The map is onto if and only if f(X) =Y. This suggests that we may consider
the same map with smaller target

f: X = f(X), flx)=[(x).

For the Instructor map, this means Instructor: Courses — Teaching Professors. The
advantage of the modification is the following.

Proposition 3.2.1. For any map f: X — Y, the corresponding map f: X — f(X)
has the following properties.
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1. f 18 onto.

2. f is one-to-one if and only if f is one-to-one.
Exercise 3.29. Prove Proposition 3.2.1.

Exercise 3.30. Prove that Ran(f o g) C Ranf. Moreover, if g is onto, then Ran(f o g) =
Ranf.

Specialising to a linear transformation L: V — W, if a = {#}, 05, ..., ¥,} spans
V', then any vector of V' is a linear combination of «, and L is given by (2.1.1) for
all vectors in V. This implies that the range subspace is a span

RanL = L(V') = SpanL(«).

If L: R® — R™ is actually a linear transformation of Euclidean spaces, with m x n
matrix A, then the interpretation above shows that the range of L is the span of
the column vectors of A, called the column space

RanL = ColA C R™.

Of course we can also consider the span of the rows of A and get the row space.
The row and column spaces are clearly related by the transpose of the matrix

RowA = ColAT ¢ R™.

By Proposition 2.4.2 and the natural identification between (R™)* and R™ in Example
2.4.1, the row space corresponds to the range space of the dual linear transformation
L*.

Example 3.2.1. The derivative of a polynomial of degree n is a polynomial of degree
n — 1. Therefore we have linear transformation D(f) = f’: P, — P, for m > n — 1, and
RanD = P,_1 C P,,. The linear transformation is onto if and only if m =n — 1.

Example 3.2.2. Consider the linear transformation L(f) = f”+ (1 +t2)f' +tf: P3 — P,
in Example 2.3.3. The row operations in the earlier example shows that

L(1)=t, L(t)=1+2t L{t*) =2+2t+3t3 L) =6t + 3t* + 4t

form a basis of RanL. Alternatively, we can carry out the column operations

0120 01 0 O 01 0 O 10 0 O
1 0 26 10 0 O 10 0 O 01 0 O
0203 —-102 —-43|—-102 —-40]—=120 -4 0
0030 00 3 0 00 3 % 00 3 9
0 0 0 4 00 0 4 00 0 4 0 0 0 16

This shows that 1 + 2t%,¢, —4t% + 3t3,9¢3 + 16t* form a basis of RanL. It is also easy to
see that adding t* gives a basis of P;.
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Example 3.2.3. Consider the linear transformation L(A) = A + AT: M,xn — Mpyxn.
Since (A 4+ AT)T = AT + (AT)T = AT + A= A+ AT any X = A+ AT € RanlL satisfies

XT = X. Such matrices are called symmetric because they are of the form (for n = 3, for

example)
a1l aiz ais a d e
X= a2 ap axs]|=|d b f
a3 a3 @33 e [ c

Conversely, if X = X7, then for A = %X , we have
1 1 1 1
LA =A+AT =X+ X' =X+ _X=X.
(4) + 2 + 2 2 + 2

This shows that any symmetric matrix lies in RanL. Therefore the range of L consists of
all the symmetric matrices. A basis of 3 X 3 symmetric matrices is given by

a d e 0 0 0 00 0 00
d b fl=a 0 0)J+b|0 1 Of4+c{O 0 O
e f ¢ 0 0 0 00 0 01

1
0
0
010 00 1 000
+d<100~|—6000+f001
000 100 010

Exercise 3.31. Explain that AZ = b has solution if and only if b € ColA.

Exercise 3.32. Suppose L: V — W is a linear transformation.

1. Prove the modified linear transformation (see Proposition 3.2.1) L: V — L(V) is
an onto linear transformation.

2. Let i: L(V) — W be the inclusion linear transformation in Exercise 3.9. Show that
L=1iolL.

Exercise 3.33. Suppose L: V — W is a linear transformation. Prove that L is one-to-one
if and only if L: V' — L(V) is an isomorphism.

Exercise 3.34. Show that the range of the linear transformation L(A) = A— AT : My, x,, —
My« consists of matrices X satisfying X7 = —X. These are called skew-symmetric
matrices.

Exercise 3.35. Find the dimensions of the subspaces of symmetric and skew-symmetric
matrices.

3.2.2 Rank

The span of a set of vectors, the range of a linear transformation, and the column
space of a matrix are different presentations of the same concept. Their size, which
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is their dimension, is the rank
ranka = dim Spanc, rankl = dim Ranl, rankA = dim ColA.

By the calculation of basis of span subspace in Section 3.1.1, the rank of a matrix
A is the number of pivots in the row echelon form, as well as in the column echelon
form. Since column operation on A is the same as row operation on A”, we have

rankA” = rankA.
By Proposition 2.4.2, this means

rank” = rankL.

Since the number of pivots of an m x n matrix is always no more than m and n,
we have
rankA,,«, < min{m,n}.

If the equality holds, then the matrix has full rank. This means either rankA,,«, = m
(all rows are pivot), or rankA,, ., = n (all columns are pivot). By Propositions 1.3.4,
7?7 and 2.2.9, we have the following.

Proposition 3.2.2. Let A be an mxn matriz. ThenrankA < min{m,n}. Moreover,
1. AT =b has solution for all b if and only if rankA = m.
2. The solution of Ax = b is unique if and only if rankA = n.

3. A is invertible if and only if rankA =m = n.

The following is the same result for set of vectors. The first statement actu-
ally follows from Proposition 3.1.2, and the second statement may be obtained by
applying Theorem 1.3.14 to V' = Spana.

Proposition 3.2.3. Let a be a set of n vectors in V. Then ranka < min{n,dim V'},
Moreover,

1. a spans V if and only if ranka = dim V.
2. « is linearly independent if ranka = n.

3. « is a basis of V if and only if ranka = dim V' = n.

The following is the same result for linear transformation. The first statement
actually follows from Proposition 3.1.2, and the second statement may be obtained
by applying Theorem 2.2.6 to L: V' — RanlL in Exercises 3.32 and 3.33.
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Proposition 3.2.4. Let L: V — W be a linear transformation. Then rankl <
min{dim V, dim W}. Moreover,

1. L is onto if and only if rankL = dim W.
2. L 1s one-to-one if and only if rankL = dim V.

3. L 1is invertible if and only if rankL = dimV = dim W.
Exercise 3.36. What is the rank of the vector set in Exercise 3.177
Exercise 3.37. If a set of vectors is enlarged, how is the rank changed?

Exercise 3.38. Suppose the columns of an m x n matrix A are linearly independent. Prove
that there are n rows of A that are also linearly independent. Similarly, if the rows of A
are linearly independent, then there are n columns of A that are also linearly independent.

Exercise 3.39. Directly prove Proposition 3.2.3.

Exercise 3.40. Consider a composition U 5V EW. Let Llg@wy: K(U) — W be the
restriction of L to the subspace K (U).

1. Prove Ran(L o K') = RanL|g ) C RanL.

2. Prove rank(L o K) < min{rankZ, rankK}.

3. Prove rank(L o K') = rankL when K is onto.

4. Prove rank(L o K) = rankK when L is one-to-one.

5. Translate the second part into a fact about matrices.

3.2.3 Kernel

By the third part of Proposition 2.2.4, we know that a linear transformation L is
one-to-one if and only if KerL = {0}. In contrast, the linear transformation is onto
if and only if RanL is the whole target space.

For a linear transformation L(¥) = AZ: R® — R™ between Euclidean spaces,
the kernel is all the solutions of the homogeneous system of linear equations, called
the null space

NulA = KerL = {7: all 7 € R" satisfying A7 = 0}.

The uniqueness of solution means NulA = {6} In contrast, the existence of solution
(for all right side) means ColA = R™.
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Example 3.2.4. To find the null space of

1 4 7 10
A=12 5 8 11,
36 9 12

we use the row operation in Example 7?7 and continue to get the reduced row echelon
form

1 4 7 10 10 -1 -2
A—J101 2 3] —1[01 2 3
000 O 00 0 O

As pointed out in Section 1.2.4, this is the same as the general solution of the
homogeneous system AZ = 0. We express the solution in vector form

X1 T3 +2£C4 1 2

N I —2w3 = 314 =x -2 +x -3 = X301 + x40
T3 T3 3 1 4 0 301 402.
Ty Ty 0 1

Since x3, r4 can be arbitrary (because they are free variables), this shows that NulA
is spanned by v; = (1,—-2,1,0),7s = (2,—3,0,1). The following further shows that
U1, Up are linearly independent

T3V + TyUy = 0 <= the solution =0

— coordinates of the solution x3 = x4 = 0.

In general, the solution of a homogeneous system Ax = 0is T = 10y +Cola+- -+
CLUg, Where cq,ca, ..., ¢ are all the free variables. Since free variables can be arbi-
trarily and independently chosen, the null space NulA is spanned by oy, Us, ..., U.
Moreover, the argument in the example also shows that the vectors are always lin-
early independent. Therefore v, U5, ..., v} form a basis of NulA.

The nullity dim NulA of a matrix is the dimension of the null space. The calcu-
lation of the null space shows that the nullity is the number of non-pivot columns
(corresponding to free variables) of A. Since rankA = dim ColA is the number of
pivot columns (corresponding to non-free variables) of A, we conclude that

dim NulA + rankA = number of columns of A.

Translated into linear transformations, this means the following.

Theorem 3.2.5. If L: V — W is a linear transformation, then dim Ker L +rankl =
dim V.

Example 3.2.5. For the linear transformation L(f) = f”: P; — P, we have

KerL={f € Ps: f"=0} ={a+0t: a,b R}
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The monomials 1,¢ form a basis of the kernel, and dim KerL = 2. Since L(P5) = P
is onto, we have rankl = dim L(Ps) = dim P; = 4. Then

dim KerL + rankL =2 +4 = 6 = dim Fs.

This confirms Theorem 3.2.5.

Example 3.2.6. Consider the linear transformation
L(f) =0+ "+ (1+t)f = f: Py — P

in Examples 2.1.16 and 2.3.3. The row operations in Example 2.3.3 show that
rankl = 3. Therefore dim Ker, = dim P; — rankL = 1. Since we already know
L(1+t) =0, we conclude that KerL = R(1 + ).

Example 3.2.7. By Exercise 2.20, the left multiplication by an m x n matrix A is
a linear transformation

LA(X) =AX: Mnxk — mek-

Let X = (&) &y -+ @). Then AX = (AZ; AZy --- AZy). Therefore Y € RanlL, if
and only if all columns of Y lie in ColA, and X € KerL 4 if and only if all columns
of X lie in NulA.

Let a = {0y, 0s,..., 0.} be a basis of ColA (r = rankA). Then for the special
case k = 2, the following is a basis of RanL 4

-

(771 0)7 (6771)7 (772 6)7 (6172>’ T (177" 6)7 (6777’>

Therefore dimRanlL4 = 2r = 2dim ColA. Similarly, we have dim KerL4 = 2r =
2 dim Nul A.

In general, we have

dim RanL 4 = k dim ColA = krankA,

dimKerL 4 = kdim NulA = k(n — rankA).
Example 3.2.8. In Example 3.2.3, we saw the range of linear transformation L(A) =
A+ AT M, — M,y is exactly all symmetric matrices. The kernel of the linear

transformation consists those A satisfying A+ AT = O, or AT = —A. These are the
skew-symmetric matrices. See Exercises 3.34 and 3.35. We have

1
rank = dim{symmetric matrices} =1+2+---4+n = §n(n +1),
and

1 1
dim{skew-symmetric matrices} = dim M, ,, —rankL = n* — §n(n +1) = §n(n —1).
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Exercise 3.41. Use Theorem 3.2.5 to show that L: V — W is one-to-one if and only if
rankL = dim V' (the second statement of Proposition 3.2.4).

Exercise 3.42. An m x n matrix A induces four subspaces ColA, RowA, Nul4, NulA”.
1. Which are subspaces of R”? Which are subspaces of R"?
2. Which basis can you calculate by using row operations on A?
3. Which basis can you calculate by using column operations on A?

4. What are the dimensions in terms of the rank of A?

Exercise 3.43. Find a basis of the kernel of the linear transformation given by the matrix
(some appeared in Exercise 1.28).

1 2 3 4 1 2 3 1 2 31
13456 3234 5. 12 3 1 2
15 6 7 8 13 4 1| 1 2 3
7 8 9 10 4 1 2
1 35 7 1 2 3
22468 1 2 3 4 6231
13 5 7 9 4. 12 3 4 1 131 2
4 6 8 10 3 41 2 1 2 3

Exercise 3.44. Find the rank and nullity.
1. L(xy,xe,x3,24) = (1 + T2, T2 + T3, T3 + T4, T4 + X1).
2. L(x1,2z2,x3,24) = (x1 + T2 + 3,2 + T3 + x4, 23 + T4 + T1,24 + T1 + X2).
3. L(x1,29,23,24) = (X1 — X2, X1 — T3, — Xg, T — T3, To — Ty, T3 — T4).
4. L(xz1,22,...,2p) = (T — Tj)1<i<j<n.

5. L(xl, To,. .. ,xn) = (561 + xj)1§i<j§n.

Exercise 3.45. Find the rank and nullity.
1. L(f) =f"+ (1+ t2)f/ +tf: Py — Py.
2. L(f)=f"+(+t3)f +tf: P3 — Ps.

3. L(f)=f"+ (1 +8)f +tf: Py = Ppy1.

Exercise 3.46. Find the dimensions of the range and the kernel of right multiplication by
an m X n matrix A

RA(X) = XA: kam — kan-
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3.2.4 General Solution of Linear Equation

Let L: V — W be a lincar transformation, and b € W. Then L(z) = b has solution
(i.e., there is & € V satisfying the equation) if and only if b € RanL.
Now assume b € RanZ, and we try to find the collection of all solutions (i.e., the

preimage of b)
L7'(b)={Z e V: L(Z) = b}.

The assumption b € RanL means that there is one &, € V satisfying L(Zy) = b.
Then by the linearity of L, we have

L(F)=b < L(F—7)=b—b=0 < ¥— 7 € KerL.

We conclude that

-,

L7Y(b) = & + KerL = {Z, + : L(¥) = 0}.

In terms of system of linear equations, this means that the solution of AT = b (in
case b € ColA) is of the form Zy + ¥, where & is one special solution, and ¢ € NulA
is any solution of the homogeneous system AZ = 0.

Geometrically, the kernel is a subspace. The collection of all solutions is obtained
by shifting the subspace by one special solution .

We note the range (and ) manifests the existence, while the kernel manifests
the variations in the solution. In particular, the uniqueness of solution means no
variation, or the triviality of the kernel.

Example 3.2.9. The system of linear equations

r1+ 4wy + Trs + 102y = 1,
2[)31 + 5%2 + 8[L‘3 + 11£L'4 = 1,
31’1 + 6£C2 -+ 9%3 -+ 121’4 = 1,

has an obvious solution 7y = %(—1, 1,0,0). In Example 3.2.4, we found that o] =
(1,—-2,1,0) and 9 = (2,—3,0,1) form a basis of the kernel. Therefore the general
solution is (cy, co are arbitrary)

-1 1 2 —3+ o+ 20
o o . N 1 1 -2 -3 L_9¢ -3¢
T = Xy + C1U1 + CoUgy — § 0 + C1 1 + Co 0 = 3 Cll 2
0 0 1 Ca

Geometrically, the solutions is the plane Span{(1,—2,1,0),(1,—2,1,0)} shifted by
= 1(=1,1,0,0).
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We may also use another obvious solution %(O, —1,1,0) and get an alternative
formula for the general solution

0 1 2 c1 + 2¢9
U It R 2 I I IO Bt Bl R
311 1 21 o %—i—cl
0 1 Co

Example 3.2.10. For the linear transformation in Examples 2.1.16 and 2.3.3
L(f) =@+ f"+ (1 +t)f' = f: Py — P,

we know from Example 3.2.6 that the kernel is spanned by 1 + t. Moreover, by
L(1), L(t?), L(t3) in Example 2.3.3, we also know L(2—t>+13) = 4t +8t2. Therefore
i(2—t2+t3) is a special solution of the differential equation in Example 2.1.16. Then
we get the general solution in Example 2.3.3

=32+ +c(1+1).

Example 3.2.11. The general solution of the linear differential equation f’ = sint
is
f=—cost+ C.

Here fy = —cost is one special solution, and the arbitrary constants C' form the
kernel of the derivative linear transform

Ker(f — f)={C: C € R} =RI1.

Similarly, f” = sint has a special solution f; = —sint. Moreover, we have (see
Example 3.2.5)
Ker(f — f")={C+ Dt: C,D € R}.

Therefore the general solution of f” =sint is f = —sint + C' + Dt.

Example 3.2.12. The left side of a linear differential equation of order n (see Ex-
ample 2.1.15)

d" qr—1 dn—2 d

is a linear transformation C*° — C*°. A fundamental theorem in the theory of
differential equations says that dim KerL = n. Therefore to solve the differential
equation, we need to find one special function fy satisfying L(fy) = b(t) and n
linearly independent functions fi, fo, ..., f, satisfying L(f;) = 0. Then the general
solution is

f=ftafitcfot+ - +cufn
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Take the second order differential equation f”+ f = e! as an example. We try the
special solution fo = ae’ and find (ae’)” +ae' = 2ae’ = €' implying a = 5. Therefore
fo= %et is a solution. Moreover, we know that both f; = cost and f, = sint satisfy
the homogeneous equation f” + f = 0. By Example 1.3.11, f; and f5 are linearly
independent. This leads to the general solution of the differential equation

f =3¢ +ecicost+epsint, ¢, €R.

Exercise 3.47. Find a basis of the kernel of L(f) = f”+3f' —4f by trying functions of the
form f(t) = e*. Then find general solution.

Lof"+3f +4f =1+t 3. f"+3f +4f = cost + 2sint.

2. f"+3f —Af =e. A fIH3f vAf =1+t 4

3.3 Sum of Subspace

The sum of subspaces generalises the span. The direct sum of subspaces generalises
the linear independence. Subspace, sum, and direct sum are the deeper linear algebra
concepts that replace vector, span, and linear independence.

3.3.1 Sum and Direct Sum
Definition 3.3.1. The sum of subspaces Hy, Hs, ..., H, C V is

Hi+Ho4 -+ Hy={h1+ho+ -+ hy: h; € H}.
The sum is direct if
B+ hy+ -+ hg=h, +Ry+ -+ Ry, hi,h, € He = h; = k..
We indicate the direct sum by writing Hy & Hy & - - - & Hy.

If H; = R7;, then the sum is the span of o = {@, s, ..., ¥ }. If T # 0, then the
direct sum means that « is linearly independent.

Example 3.3.1. Let P°¥" be all the even polynomials in P, and P23 be all the odd
polynomials in F,. Then P, = PV" @ P,‘;dd.

Example 3.3.2. For £ = 1, we have the sum H; of single vector space H;. The
single sum is always direct.
For H, + H, to be direct, we require

ﬁl+ﬁgzﬁa+ﬁé - Elzﬁ&, Egzﬁé
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Let 7] = hy — ﬁ/l € H, and 0, = Eg — FL’Q € H,. Then the condition becomes
U 4+0,=0 = 0, =0,=0.

The equality on the left means v; = —5, which is a vector in H; N Hy. Therefore
the condition above means exactly H; N Hy = {0}. This is the criterion for the sum
H, + H, to be direct.

Example 3.3.3 (Abstract Direct Sum). Let V' and W be vector spaces. Construct a
vector space V @ W to be the set V- x W = {(v,%): v € V, & € W}, together with
addition and scalar multiplication

(171,151) + (272,1172) = (171 + 172,1171 + ’LUQ), a(U, ’LU) = ((117, avﬂ)

It is easy to verify that V@& W is a vector space. Moreover, V and W are isomorphic
to the following subspaces of V& W

VeEVa0={@0y):vcV}, W=0aW=/{0y,d): ¥cW}

—

Since any vector in V @& W can be uniquely expressed as (7, @) = (7, Oy ) + (O, @),
we find that V @ W is the direct sum of two subspaces

Ve W ={(@0y): deVia{0yd): deW}

This is the reason why V & W is called abstract direct sum.
The construction allows us to write R™@R"™ = R™". Note that strictly speaking,
R™ and R™ are not subspaces of R™*". The equality means

1. R™ is isomorphic to the subspace of vectors in R™*" with the last n coordinates
vanishing.

2. R"™ is isomorphic to the subspace of vectors in R™*" with the first m coordi-
nates vanishing.

3. R™*™ is the direct sum of these two subspaces.

Exercise 3.48. Prove that

Hy+ Hy = Hy+ Hy, (Hy+ H2) + Hy = Hy + Ha + Hy = Hy + (Hy + H3).
Exercise 3.49. Prove that an intersection H; N Ha N --- N H} of subspaces is a subspace.
Exercise 3.50. Prove that H; + Ho + - - - + Hy is the smallest subspace containing all H;.

Exercise 3.51. Prove that Spana + Spanf = Span(a U 3).
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Exercise 3.52. Prove that Span(anf) C (Spana) N (SpanS). Show that the two sides may
or may not equal.

Exercise 3.53. We may regard a subspace H as a sum of single subspace. Explain that the
single sum is always direct.

Exercise 3.54. If a sum is direct, prove that the sum of a selection of subspaces is also
direct.

Exercise 3.55. Prove that a sum Hy+ Ho+- - -+ Hy, is direct if and only if the sum expression
for 0 is unique

I
=
e

I
=1

ﬁ1+52+...+ﬁk:67 ﬁiEHi — }_1'1:}_;2:...
The generalises Proposition 1.3.7.

Exercise 3.56. Prove that a sum of subspaces is not direct if and only if a nonzero vector
in one subspace is a sum of vectors from other subspaces. This generalises Proposition
1.3.8.

Exercise 3.57. Show that M, «, is the direct sum of the subspace of symmetric matrices
(see Example 3.2.3) and the subspace of skew-symmetric matrices (see Exercise 3.34). In
other words, any square matrix is the sum of a unique symmetric matrix and a unique
skew-symmetric matrix.

Exercise 3.58. Let H, H' be subspaces of V. We have the sum H + H' C V and we
also have the abstract direct sum H & H' from Example 3.3.3. Prove that L(h,h') =
h+h':H®H — H+ H'is an onto linear transformation, and KerL is isomorphic to
HnH.

Exercise 3.59. Use Exercise 3.58 to prove dim(H + H') = dim H + dim H' — dim(H N H').

In general, a sum of sums of subspaces is a sum. For example, we have
(Hy+ Hs) + Hs+ (Hy + Hs) = Hy + Hy + Hs + Hy + Hs.

We will show that the sum on the right is direct if and only if Hy + Hs, Hs, Hy+ Hs,
(Hy + Hy) + Hs + (Hy + Hj;) are direct sums.
To state the general result, we consider n sums

H; = +;H;; :+§;1Hij =Hn+Hp+ -+ Hy,, i=12...n

Then we consider the sum

H = +,(+;H;j) = +}-\H; = Hi + Hy + - -- + H,,
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and consider the further splitting of the sum

H = +i;H;j = Hiy + Hig + -+ + Hig) + Hay + Hop + -+ - + Hop,
4+ +Hn1+Hn2+"'+ann'

Proposition 3.3.2. The sum +;;H;; is direct if and only if the sum +;(+;H;;) is
direct and the sum +;H;; is direct for each i.

Proof. Suppose H = +;;H;; is a direct sum. To prove that H = +;H; = +;(+;H,;)
is direct, we consider a vector h = Z h; = h1 + h2 + -+ h,, h; € H;, in the sum.
By H; = +;H;;, we have hi Z hw = Ry hyg 4+ hik;, hij € H;;. Then
h = Zij hij. Since H = +;;H;; is direct, we find that hij are uniquely determined
by h. This implies that h; are also uniquely determined by h. This proves that
H = +,H; is direct.

Next we further prove that H; = +;H;; is also direct. We consider a vector
h = z hZJ — By + By e hlk , hZJ € HZJ, in the sum. By taking hw =0 for
all i' # i, we form the double sum h = Z h” Since H = —h]Hm is direct, all hpj,
p=idorp=71, are umquely determined by h. In particular, hll, hZQ, e hlk are

uniquely determlned by h. This proves that H; = +;H;; is direct.
Conversely, suppose the sum +;(+;H;;) is direct and the sum +;H;; is direct

for each ¢. To prove that H = +;;H;; is direct, we consider a vector h = > i hij,
hij € H;j, in the sum. We have h = > . h; for h; = Zj hij € +;H;;. Since
H = +,(+;H;;) is direct, we find that h; are uniquely determined by h. Since
H,; = +;H;; is direct, we also find that hw are uniquely determined by h Therefore
all hZ] are uniquely determined by h. This proves that +;;H;; is direct. O

For the special case H;; is spanned by single non-zero vector, the equality
+i(+,H;j) = +i;H;; means that, if o; spans H;, then the union a = oy UapU- - - Uy,
spans the sum H = Hy + Hy + - - -+ Hy. If «; is a basis of H;, then by Propositions
1.3.13, 3.3.2 and Theorem 1.3.14, we get the following.

Proposition 3.3.3. If Hi, H,, ..., H; are finite dimensional subspaces, then
dim(Hy, + Hy + -+ - + Hy) < dim Hy 4+ dim Hy + - - - 4+ dim Hy.

Moreover, the sum is direct if and only if the equality holds.

Exercise 3.60. Suppose q; are linearly independent. Prove that the sum Spanaj +Spanas+
-+ =+ Spanqy, is direct if and only if oy U g U - -+ U @y, is linearly independent.

Exercise 3.61. Suppose «; is a basis of H;. Prove that aq Uag U --- U «y, is a basis of
H,+ Hy+ ---+ H, if and only if the sum Hy + Hs + --- 4+ H, is direct.
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3.3.2 Projection

A direct sum V = H & H' induces a map by picking the first term in the unique
expression

P@)=h, if0=h+H, heH, heH.

The direct sum implies that P is a well defined linear transformation satisfying
P? = P. See Exercise 3.62.

Definition 3.3.4. A linear operator P: V — V is a projection if P> = P.

Conversely, given any projection P, we have v = P(¢)) + (I — P)(v). By P(I —
P) (%) = (P — P?)(¥) = 0, we have P(¥) € RanP and (I — P)(%) € KerP. Therefore
V = RanP + KerP. On the other hand, if v = h+ R with h € RanP and ' € KerP,
then i = P() for some @ € V, and

P(7) = P(h) 4+ P(h')
— P(h) (h' € KerP)
= P2(i) (h = P(i))
— P() (P*=P)
= .

This shows that h is unique. Therefore the decomposition 7 = h+H is also unique,
and we have a direct sum

V = RanP & KerP.

We conclude that there is a one-to-one correspondence between projections of V'
and decompositions of V' into direct sums of two subspaces.

Example 3.3.4. With respect to the direct sum P, = P¢¥"@ P4 in Example 3.3.1,
the projection to even polynomials is given by f(¢) — 3(f(t) + f(—1)).

Example 3.3.5. In C'*°, we consider subspaces
H = R1 = {constant functions}, H'={f: f(0) =0}.

Since any function f(t) = f(0)+ (f(t) — f(0)) with f(0) € H and f(t) — f(0) € H’,
we have C*° = H + H'. Since H N H' consists of zero function only, we have direct
sum C* = H@® H'. Moreover, the projection to H is f(t) — f(0) and the projection

to H' is f(t) = F(t) — f(0).

Exercise 3.62. Given a direct sum V = H & H’, verify that P(%) = h is well defined, is a
linear operator, and satisfies P2 = P.
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Exercise 3.63. Directly verify that the matrix A of the orthogonal projection in Example
2.1.13 satisfies A2 = A.

Exercise 3.64. For the orthogonal projection P in Example 2.1.13, explain that I — P is
also a projection. What is the subspace corresponding to I — P?

Exercise 3.65. If P is a projection, prove that () = I — P is also a projection satisfying
P+Q=1, PQ=QP=0.
Moreover, P and () induce the same direct sum decomposition
V=H&H', H=RanP =KerQ, H' =RanQ = KerP,

with the only exception that the order of H and H’ are switched.

Exercise 3.66. Find the formula for the projections given by the direct sum in Exercise
3.57
My, = {symmetric matrix} & {skew-symmetric matrix}.

Exercise 3.67. Consider subspaces in C*
H = R1 @ Rt = {polynomials of degree < 1}, H' = {f: f(0) = f(1) =0}.

Show that we have a direct sum C*° = H & H’, and find the corresponding projections.
Moreover, generalise to higher order polynomials and evaluation at more points (and not
necessarily including 0 or 1).

Suppose we have a direct sum

The direct sum V = H; & ($;£H;) corresponds to a projection P;: V. — H; C V.
It is easy to see that the unique decomposition

U=hyi+hy+-+hy, hi€H,
gives (and is given by) hi = P;(¥). The interpretation immediately implies
Pi+Pyt-+P,=1 PP =0 forij

Conversely, given linear operators P; satisfying the above, we get P, = Pl = P,P, +
P,Py + -+ + P,P, = P?. Therefore P, is a projection. Moreover, if

U=hi+hy+ -+ by, ﬁi:Pi(U_ji) € H; = RanF,,
then
Py(0) = P,P(%)) + PPy(w) + - - - + PiPy(y) = PX(w;) = Pi(@;) = .

This implies the uniqueness of Ei, and we get a direct sum.
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Proposition 3.3.5. There is a one-to-one correspondence between decomposition of
a vector space V into a direct sum of subspaces and collection of projections P;
satisfying

P+P+---+PF,=1 PP =0 fori#j.

Example 3.3.6. The basis in Examples 1.3.17 and 2.1.13
171 = (17_1a0)7 172: (1707_1)7 173 = (17171)7

gives a direct sum R?® = Ro; @ R, @ Re3. Then we have three projections P, Py, Ps
corresponding to three 1-dimensional subspaces

—, —, —,

g: .171171 + ZEQUQ + IL‘3’173 — Pl(b) = ZL‘lﬁl, PQ(b) = £E2?72, P3(b> == l’3273.

The calculation of the projections becomes the calculation of the formﬂulae of x1, 19, 13
in terms of b. In other words, we need to solve the equation AZ¥ = b for the matrix
A in Example 2.2.18. The solution is

T . 1 1 -2 1 bl
T :A—lbz§ 1 1 =2 b
T3 1 1 1 b3
Therefore
Pi(b) = (b — 2by + b3)(1, —1,0),
Pg(g) - %(bl + b2 - 263)(1,0, —1),
Py(B) = L(by + by + by)(1,1,1).

The matrices of the projections are

1 -2 1 11 =2 111
Pl=1(-1 2 —1], [Bl=:l0 0 o, [R=1[1 11
0 0 0 -1 -1 2 111

We also note that the projection to the subspace Rv; @& Rv; in the direct sum
R3 = Rv|, @ Rl & Rz is Py + P (see Exercise 3.68)

-

g: (1‘1171 + 1'2172) + 373173 — 1'1171 + $2172 = Pl( ) + Pg(b)
The matrix of the projection is [P] + [P], which can also be calculated as follows
2 -1 -1

Pl+Pl=1-[Al=1[-1 2 -1
-1 -1 2
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Exercise 3.68. Suppose the direct sum V = Hy & Hy @ Hz corresponds to the projections
Py, Py, P3. Prove that the projection to H; & Hj in the direct sum V = (Hy @ Hs) @ Hj
is P + Ps.
Exercise 3.69. For the direct sum given by the basis in Example 2.2.17
R? = R(1,2,3) ®R(4,5,6) ®R(7,8,10),

find the projections to the three lines. Then find the projection to the plane R(1,2,3) ®
R(4,5,6).
Exercise 3.70. For the direct sum given by modifying the basis in Example 2.1.13

R? = R(1,—1,0) ® R(1,0,—1) & R(1,0,0),
find the projection to the plane R(1,—1,0) ® R(1,0,—-1).
Exercise 3.71. In Example 3.1.4, a set of linearly independent vectors 7, s, U3 is extended

to a basis by adding ¢, = (0,0,0,1). Find the projections related to the direct sum
R* = Span{ffl, Vs, 173} ® Rey.

Exercise 3.72. We know the rank of

1 4 7 10
A=12 5 8 11
3 6 9 12

is 2, and A€, Aéy are linearly independent. Show that we have a direct sum R* =
NulA @ Span{éy, €}. Moreover, find the projections corresponding to the direct sum.

Exercise 3.73. The basis t(t — 1),t(t — 2),(t — 1)(t — 2) in Example 1.3.12 gives a direct
sum P, = Span{t(t — 1),t(t —2)} ® R(t — 1)(t — 2). Find the corresponding projections.

3.3.3 Blocks of Linear Transformation

The matrix of linear transformation can be interpreted in terms of direct sum. For
example, suppose L: V — W is a linear transformation. Suppose a = {¥}, Vs, U3}
and § = {w, Wy} are bases of V and W. Then the matrix of
L: VIRﬁl EBR’UQEBR?T&; — W :R’lﬁl@RU_jg

means

L(v1) = anw + ags,

= (22 92 9. i) ot o
Q21 Q22 G23 . . .
L(Ug) = a13W1 + aA23W2.

Let Pi: W — W be the projection to Rw;. Then P;Ll|gg,(20;) = aypzw;. This
means that a;s is the 1 x 1 matrix of the linear transformation L1y = P L|gg, : Rty —
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Ru;. Similarly, a;; is the 1 x 1 matrix of the linear transformation L;;: Rv; — R
obtained by restricting L to the direct sum components, and we may write

I = Lll L12 L13
L21 L22 L23 ‘

In general, a linear transformation L: Vi@ Vo ®---dV, > W dWod---dW,,
has the block matrix

Liw Ly ... L,
L L ... Lo,

L=| " . Ly=PLly,: V> Wi C W
Lml Lm2 Lmn

Similar to the vertical expression of vectors in Euclidean spaces, we should write

w1 L11 L12 e Lln U1
Wo L21 L22 e LQn (%)

- . . 9
Wm Lml Lm2 o Lmn (%9

which means
Wi = L (V1) 4+ Lig(Ua) 4« -+ 4 L (U,)

and

—

L(Uy 4+ Uy + -« -+ Uy) = Wy + Wy + -+ + Wy,

Example 3.3.7. The linear transformation L: R* — R3 given by the matrix

)=

W DN ==
S Ot i~
© 0
— =
N = O

can be decomposed as

I Ly Lo R'OR® > R?@ R,
Loy Lo

with matrices
Ll =(3) ad=(3 5 11)0 Enl=G. Lul=6 9 1)

Example 3.3.8. Suppose a projection P: V — V corresponds to a direct sum V' =

H & H'. Then
I o
)

with respect to the direct sum.
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Example 3.3.9. The direct sum L = Ly & Lo & --- & L, of linear transformations
L;: V; — W, is the diagonal block matriz

L, O ... O
O Ly ... O
o 0 ... L,

given by
LUy + U4+ 0,) = L1(01) + Lo(ty) + -+ -+ L,(¥,), T €V;, Li(¥h) € W;.

For example, the identity on Vi & --- @ V,, is the direct sum of identities

I, O ... O
O I, ... O
O O ... I,

Exercise 3.74. What is the block matrix for switching the factors in a direct sum VW —
W e v?

The operations of block matrices are similar to the usual matrices, as long as the

direct sums match. For example, for linear transformations Vi ®Vo® Vs LK, WieWs,
we have

Ly Lip Ly n K Ko Kis _ Ly + Ky Lig+ Ko Lis+ K3
Loy Loy Lo Ko Ki Ko Loy + Koy Log+ Koy Loz + Koz )’

a Liy Lip Ly _ alyy alip alqs
Loy Loy Lo aloy aLgy algs)”

For the composition of linear tranformations U; @ U, LN Vie Vs, L Wy Wy Wi,
we have

Ly Ly Ko K LK+ LigKyy L Kio + LKy
Loy Lo (K; KZ) = | Lo1 K11 + Loo K91 Lot Ko + Log Koo
L3y Lso L31 K11+ Laa Koy Lg1 Ko + Lga Ko

Example 3.3.10. We have

(0 7) (6 5)=(6"3%)

In particular, this implies
I L\ (I -L
O 1 - \O I )
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. : . . L M L O O L
Exercise 3.75. For invertible L and K, find the inverses of <O K) , <M K> , <K M> .

Exercise 3.76. Find the n-th power of

A L O O
O AN L 0
O O M O
J = : )
O O O ... L
O O O ... A

Exercise 3.77. Use block matrix to explain that

Hom(Vi & Vo & --- @ V,,, W) = Hom(V;, W) & Hom(Va, W) & - - - @ Hom(V,,, W),
Hom(V, Wy @ Wy & --- & W,,) = Hom(V, W7) @ Hom(V, W5) @ - - - & Hom(V, W,,).

3.4 Quotient Space

Let H be a subspace of V. The quotient space V/H measures the “difference”
between H and V. This is achieved by ignoring the differences in H. When the
difference between H and V is realised as a subspace of V', the subspace is the direct
summand of H in V.

3.4.1 Construction of the Quotient

Given a subspace H C V| we regard two vectors in V' to be equivalent if they differ

by a vector in H
U~ <= U—we H.
The equivalence relation has the following three properties.
1. Reflexivity: v ~ .
2. Symmetry: v ~ W = W ~ 7.
3. Transitivity: @ ~ v and U ~ W = U ~ 0.

The reflexivity follows from @ — @ = 0 € H. The symmetry follows from @ — @ =
— (U — W) € H. The transitivity follows from « — @ = (4 — v) + (¢ — @) € H.
The equivalence class of a vector ¥ is all the vectors equivalent to

v={i:i—veHy={C+h:he H =7+ H.

For example, Section 3.2.4 shows that all the solutions of a linear equation L(¥) = b
form an equivalence class with respect to H = KerlL.
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Definition 3.4.1. Let H be a subspace of V. The quotient space is the collection of
all equivalence classes (by difference lying in H)

V=V/H={t+H: 7€V},
together with the addition and scalar multiplication
(W+H)+ 0+ H)=(u+70)+H, a(i+H)=aui+ H.
Moreover, the following natural map is the quotient map

(V) =v=0+H:V = V.

The operations in the quotient space can also be written as « + v = u + v and
ayu = au.
The following shows that the addition is well defined

U~td, U~ = u—u',v-70 € H
= (U+0)— (W' +0)=@W—-u)+@W—-v")eH
= U+v~u +7.

We can similarly show that the scalar multiplication is also well defined.

We still need to verify the axioms for vector spaces. The commutativity and
associativity of the addition in V follow from the commutativity and associativity
of the addition in V. The zero vector 0 = 0 + H = H. The negative vector
—(U+ H) = —U+ H. The axioms for the scalar multiplications can be similarly
verified.

Proposition 3.4.2. The quotient map 7: V. — V is an onto linear transformation
with kernel H.

Proof. The onto property of 7 is tautology. The linearity of m follows from the
definition of the vector space operations in V. In fact, we can say that the operations
in V' are defined for the purpose of making 7 a linear transformation. Moreover, the
kernel of 7 consists of ¢ satisfying ¥ ~ 0, which means v =9v —0 € H. n
Proposition 3.4.2 and Theorem 3.2.5 imply
dim V/H = rankr = dim V' — dim Kerm = dim V' — dim H.
Example 3.4.1. Let V=R? and H =Ré); =R x 0= {(2,0): z € R}. Then

(a,b) + H={(a+z,b): x e R ={(z,b): x € R}
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are all the horizontal lines. See Figure 3.4.1. These horizontal lines are in one-to-one
correspondence with the y-coordinate

(a,b) + H € R*/H < b cR.

This identifies the quotient space R?/H with R. The identification is a linear trans-
formation because it simply picks the second coordinate. Therefore we have an
isomorphism R?/H = R of vector spaces.

(a,b) + H (a,b)

R? R

Figure 3.4.1: Quotient space R?/R x 0.

Exercise 3.78. For subsets X, Y of a vector space V', define
X+Y={u+v:ueX,veY}, aX={au:ueX}.
Verify the following properties similar to some axioms of vector space.
. X+Y =Y+ X.
2. X+Y)+Z=X+ (Y +2).
3. {0} +X =X =X +{0}.
4. 1X = X.
5. (ab)X = a(bX).

6. a(X+Y)=aX+aY.

Exercise 3.79. Prove that a subset H of a vector space is a subspace if and only if H+ H = H
and aH = H for a # 0.

Exercise 3.80. A subset A of a vector space is an affine subspace if aA + (1 —a)A = A for
any a € R.

1. Prove that sum of two affine subspaces is an affine subspace.



3.4. QUOTIENT SPACE 123

2. Prove that a finite subset is an affine subspace if and only if it is a single vector.
3. Prove that an affine subspace A is a vector subspace if and only if 0 € A.

4. Prove that A is an affine subspace if and only if A = ¢+ H for a vector ¥ and a
subspace H.

Exercise 3.81. An equivalence relation on a set X is a collection of ordered pairs x ~ y
(regarded as elements in X x X)) satisfying the reflexivity, symmetry, and transitivity. The
equivalence class of x € X is

r={yeX:y~z}CX.
Prove the following.
1. For any x,y € X, either T =g or 2Ny = (.
2. X = Ugex .

If we choose one element from each equivalence class, and let I be the set of all such
elements, then the two properties imply X = U,c;% is a decomposition of X into a
disjoint union of non-empty subsets.

Exercise 3.82. Suppose X = U;erX; is a partition (i.e., disjoint union of non-empty sub-
sets). Define x ~ y <= 1z and y are in the same subset X;. Prove that z ~ y is an
equivalence relation, and the equivalence classes are exactly X;.

Exercise 3.83. Let f: X — Y be a map. Define 2 ~ 2/ <= f(z) = f(2/). Prove that
x ~ ' is an equivalence relation, and the equivalence classes are exactly the preimages
fYHy) ={zr € X: f(z) =y} for y € f(X) (otherwise the preimage is empty).

3.4.2 Universal Property

The quotient map 7: V — V is a linear transformation constructed for the purpose
of ignoring (or vanishing on) H. The map is universal because it can be used to
construct all linear transformations on V' that vanish on H.

Theorem 3.4.3. Suppose H is a subspace of V, and m: V. — V = V/H is the
quotient map. Then a linear transformation L:V — W satisfies L(Fl) =0 for all
heH (i.e., H C KerL) if and only if it is the composition L = L o w for a linear
transformation L: V — W.

The linear transformation L can be described by the following commutative di-
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V\L/W

V/H

agram.

Proof. If L = Lo, then H C KerL by
he H = n(h) =0 = L(h) = L(n(h)) = L(0) = 0.
Conversely, if H C KerL, then the following shows that L(v) = L(¥) is well defined
Ui=0 <= i—0e€H = L&) — L({¥) = L(i —7) =0 < L(&) = L(7).
The following shows that L preserves addition
L(i+v) = L(u+v) = L(@ + v) = L(&0) + L(¥) = L(u) + L(v).

Similarly, we can prove that L preserves scalar multiplication. The following shows

that L=Lom B B B
L(v) = L(v) = L(7w(V)) = (L o ) (V). O

For any linear transformation L: V — W, we may take H = KerL in Proposition

3.4.3 and get

1% L W

) k /,one—to—one

V/KerL

Here the one-to-one property of L follows from

L(1) =0 <= 7€ KerL <= 7 =0+ KerL = KerL = 0.

If we further know that L is onto, then we get the following property.

Proposition 3.4.4. If a linear transformation L: V — W is onto, then L: V /KerL =
W is an isomorphism.

Example 3.4.2. The picking of the second coordinate (z,y) € R* — y € R is an
onto linear transformation with kernel H = Ré; = R x 0. By Proposition 3.4.4, we
get R?/H = R. This is the isomorphism in Example 3.4.1.

In general, if H = R¥ x 0 is the subspace of R” such that the last k coordinates
vanish, then R"/H = R"~* by picking the first n — k coordinates.
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Example 3.4.3. The linear functional {(z,y,2) = 2 +y + z: R® — R is onto, and
its kernel H = {(z,y,2): x +y + 2 = 0} is the plane in Example 2.1.13. Therefore
[: R®/H — R is an isomorphism. The equivalence classes are the planes

(a,0,0)+ H={(a+z,y,2): v +y+z2=0}={(z,y,2): 2 +y+2=a} =1"a)

parallel to H.

Example 3.4.4. The orthogonal projection P of R? in Example 2.1.13 is onto the
range H = {(z,y,2): © +y + z = 0}. The geometrical meaning of P shows that
KerP = R(1,1,1) is the line in direction (1,1,1) and passing through the origin.
Then by Proposition 3.4.2, we have R3/R(1,1,1) = H. Note that the vectors in the
quotient space R3/R(1,1,1) are defined as all the lines in direction (1,1, 1) (but not
necessarily passing through the origin). The isomorphism identifies the collection of
such lines with the plane H.

Example 3.4.5. The derivative map D(f) = f': C°° — C* is onto, and the kernel
is all the constant functions KerD = {C': C' € R} = R. This induces an isomorphism
C>/R = C*.

The second order derivative map Ds(f) = f”: C*° — C vanishes on constant

functions. By Theorem 3.4.3, we have Dy = D, o D. Of course we know Dy = D
and D, = D?.

Exercise 3.84. Prove that the map L in Theorem 3.4.3 is one-to-one if and only if H =
KerL.

Exercise 3.85. Use Exercise 3.58, Proposition 3.4.4 and dim V/H = dim V —dim H to prove
Proposition 77.

Exercise 3.86. Show that the linear transformation by the matrix is onto. Then explain
the implication in terms of quotient space.

L (1 -1 0 ap -1 0 - 0
“\1 0 -1/ aa 0 —1 -~ 0

5 1 4 7 10 . : :
. 9 5 8 11 . an O 0 —1

Exercise 3.87. Explain that the quotient space M, /{symmetric spaces} is isomorphic to
the vector space of all skew-symmetric matrices.

Exercise 3.88. Show that
H={feC™: f(0)=0}

is a subspace of C*°, and C*°/H = R.
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Exercise 3.89. Let k <n and t1,t9,...,t; be distinct. Let
H=(t—t))(t—ty) - (t —tp)Py = {(t —t1)(t —t2)--- (t —tg)f(1): f € Pa_p}.

Show that H is a subspace of P, and the evaluations at i, to, ..., t; gives an isomorphism
between P,/H and R*.

Exercise 3.90. Show that
H={feC>: f(0)=f/(0)=0}
is a subspace of C*°, and C*°/H = R?.

Exercise 3.91. For fixed tg, the map
f€C™ s (f(to), f'(to), -, [F)(t0)) € R

can be regarded as the n-th order Taylor expansion at ¢y. Prove that the Taylor expansion
is an onto linear transformation. Find the kernel of the linear transformation and interpret
your result in terms of quotient space.

Exercise 3.92. Suppose ~ is an equivalence relation on a set X. Define the quotient set
X = X/ ~ to be the collection of equivalence classes.

1. Prove that the quotient map m(x) = Z: X — X is onto.

2. Prove that a map f: X — Y satisfies x ~ 2/ implying f(z) = f(2) if and only if it
is the composition of a map f: X — Y with the quotient map.

N

X/ ~

3.4.3 Direct Summand

Definition 3.4.5. A direct summand of a subspace H in the whole space V is a
subspace H' satisfying V = H & H'.

A direct summand fills the gap between H and V, similar to that 3 fills the gap
between 2 and 5 by 5 = 2 4+ 3. The following shows that a direct summand also
“internalises” the quotient space.

Proposition 3.4.6. A subspace H' is a direct summand of H in V' if and only if the
composition H C'V — V/H is an isomorphism.
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Proof. The proposition is the consequence of the following two claims and the k& = 2
case of Proposition 3.3.3 (see the remark after the earlier proposition)

1. V = H + H' if and only if the composition H C V — V/H is onto.
2. The kernel of the composition H' C V — V/H is HN H'.

For the first claim, we note that H' C V' — V/H is onto means that for any
7 €V, there is h' € H', such that 7+ H = I’ + H, or ¥ — h’ € H. Therefore onto
means any v € V' can be expressed as h+ K for some h € H and k' € H'. This is
exactly V.= H + H'.

For the second claim, we note that the kernel of the composition is

{(WeH: n(h)=0={WecH:NecKar=H}=HNH O

Example 3.4.6. A direct summand of H = Re¢; = R x 0 in R? is a 1-dimensional
subspace H' = R#, such that R? = R&; @ R7. In other words, €; and ¥ form a basis
of R?. The condition means exactly that the second coordinate of ¥ is nonzero.
Therefore, by multiplying a non-zero scalar to ¥ (which does not change H'), we
may assume H' = R(a,1). Since different a gives different line R(a, 1), this gives a
one-to-one correspondence

{direct summand R(a,1) of R x 0 in R*} +— a € R.

R? R

Figure 3.4.2: Direct summands of R x 0 in R2.

Example 3.4.7. By Example 3.4.5, the derivative induces an isomorphism C*° /R =
O™, where R is the subspace of all constant functions. By Proposition 3.4.6, a direct
summand of constant functions R in C'*° is then a subspace H C C*°, such that
Dly: f € H— f' € C* is an isomorphism. For any fixed ¢y, we may choose

H(ty) = {f € C: f(to) = 0}.

For any g € C*, we have f(t) = ft'; g(T)dr satisfying f' = ¢g and f(ty) = 0. This
shows that D|y is onto. Since f' = 0 and f(to) = 0 implies f = 0, we also know
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that the kernel of D|g is trivial. Therefore D|g is an isomorphism, and H(ty) is a
direct summand.

Exercise 3.93. What is the dimension of a direct summand?
Exercise 3.94. Describe all the direct summands of R¥ x 0 in R”.

Exercise 3.95. Is it true that any direct summand of R in C* is H(¢p) in Example 3.4.7
for some tg?

Exercise 3.96. Suppose « is a basis of H and aU 3 is a basis of V. Prove that 3 spans a
direct summand of H in V. Moreover, all the direct summands are obtained in this way.

A direct summand is comparable to an extension of a linearly independent set to a
basis of the whole space.

Exercise 3.97. Prove that direct summands of a subspace H in V' are in one-to-one corre-
spondence with projections P of V satisfying P(V) = H.

Exercise 3.98. A splitting of a linear transformation L: V — W is a linear transformation
K: W — V satisfying Lo K = I. Let H = KerL.

1. Prove that L has a splitting if and only if L is onto. By Proposition 3.4.4, L induces
an isomorphism L: V/H = W.

2. Prove that K is a splitting of L if and only if K (W) is a direct summand of H in
V.

3. Prove that splittings of L are in one-to-one correspondence with direct summands
of HinV.

Exercise 3.99. Suppose K is a splitting of L. Prove that KoL is a projection. Then discuss
the relation between two interpretations of direct summands in Exercises 3.97 and 3.98.

Exercise 3.100. Suppose H' and H” are two direct summands of H in V. Prove that there
is a self isomorphism L: V — V, such that L(H) = H and L(H') = H”. Moreover, prove
that it is possible to further require that L satisfies the following, and such L is unique.

1. L fixes H: L(h) = h for all h € H.

2. L is natural: b’ + H = L(h') + H for all i’ € H'.
Exercise 3.101. Suppose V = H & H'. Prove that
A€ Hom(H', H) — H" = {(A(K),h): i € H'}

is a one-to-one correspondence to all direct summands H” of H in V. This extends
Example 3.4.6.
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Suppose H' and H” are direct summands of H in V. Then by Proposition 3.4.6,
both natural linear transformations H' C V. — V/H and H" C V — V/H are
isomorphisms. Combining the two isomorphisms, we find that H’ and H” are nat-
urally isomorphic. Since the direct summand is unique up to natural isomorphism,
we denote the direct summand by V & H.

Exercise 3.102. Prove that H+ H' = (Ho (HNH') e (HNH')® (H' ©(HNH')). Then
prove that
dim(H + H') + dim(H N H') = dim H + dim H'.
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Chapter 4

Inner Product

The inner product introduces geometry (such as length, angle, area, volume, etc.)
into a vector space. Orthogonality can be introduced in an inner product space,
as the most linearly independent (or direct sum) scenario. Moreover, we have the
related concepts of orthogonal projection and orthogonal complement. The inner
product also induces natural isomorphism between a vector space and its dual space.

4.1 Inner Product

4.1.1 Definition

Definition 4.1.1. An inner product on a real vector space V is a function
(W,0): VxV =R,

such that the following are satisfied.

1. Bilinearity: (aii + bii', &) = a(ii,0) + b(@, 0), (i, at + b¥) = alii, T) + b, 7).

2. Symmetry: (¥, 4) = (u, V).
3. Positivity: (@, @) > 0 and (@, @) = 0 if and only if @ = 0.
An inner product space is a vector space equipped with an inner product.

Example 4.1.1. The dot product on the Euclidean space is

(1,22, .. @n) - (Y1,Y2s - -y Un) = T1Y1 + ToYo + - - + TpYn.

If we use the convention of expressing Euclidean vectors as vertical n x 1 matrices,

then we have

T-y=14y.

131
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This is especially convenient when the dot product is combined with matrices. For
example, for matrices A = (0; Uy -+ Up) and B = (w, Wy --- ), where all
column vectors are in the same Euclidean space R¥, we have (AT is m x k, and B
is k x n)

T — — — — — —
(% V1 - W1 V1 -Wa2 ... V1 * Wy
T — — — — — —
T Uy N . Vg W1 V2 W2 ... 7Vg-Wp
A B = . (wl w2 DR wn) f—
—T — - — - — -
(Y, Um W1 Ump W2 ... Uy Wy
In particular, we have
Uy - T
Uy - T
ATy = ,
U+ @

Example 4.1.2. The dot product is not the only inner product on the Euclidean
space. For example, if all a; > 0, then the following is also an inner product

(Z,7) = a1m1y1 + aaTaya + ++* + AnTpYn.

For general discussion of inner products on Euclidean spaces, see Section 4.1.3.

Example 4.1.3. On the vector space P, of polynomials of degree < n, we may
introduce the inner product

(f.9) = /O f()g(t)dt.

This is also an inner product on the vector space C[0, 1] of all continuous functions
on [0, 1], or the vector space of continuous periodic functions on R of period 1.

More generally, if K(t) > 0, then (f, g) = fol f(t)g(t)K(t)dt is an inner product.

Example 4.1.4. On the vector space M,,x, of m X n matrices, we use the trace
introduced in Exercise 2.10 to define

iJ

By Exercises 2.10 and 2.22, the symmetry and bilinear conditions are satisfied. By
(A,B) = Y, a;; > 0, the positivity condition is satisfied. Therefore trA” B is an
inner product on M, .

In fact, if we use the usual isomorphism between M,, ., and R™", the inner
product is translated into the dot product on the Euclidean space.
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Exercise 4.1. Suppose (, )1 and (, )2 are two inner products on V. Prove that for any
a,b>0,a(, )1 +0b(, )2 is also an inner product.

Exercise 4.2. Prove that @ satisfies (i, 7) = 0 for all 7 if and only if @ = 0.

Exercise 4.3. Prove that 07 = ¥ if and only if (i@, 01) = (i, U2) for all @. In other words,
two vectors are equal if and only if their inner products with all vectors are equal.

Exercise 4.4. Let W be an inner product space. Prove that two linear transformations
L,K:V — W are equal if and only if (@, L(¥)) = (W, K(¥)) for all ¥ € V and @ € W.

Exercise 4.5. Prove that two matrices A and B are equal if and only if #- Ay = Z- By (i.e.,
7T Ay = 7 Byj) for all Z and /.

Exercise 4.6. Use the formula for the product of matrices in Example 4.1.1 to show that
(AB)T = BT AT,

Exercise 4.7. Show that (f,g) = f(0)g(0) + f(1)g(1) + ---+ f(n)g(n) is an inner product
on P,.

4.1.2 Geometry

The usual Euclidean length is given by the Pythagorian theorem

|7 = /23 + - +a2 = Vi T

In general, the length (or norm) with respect to an inner product is

1] = /(@ 7).

We may take the square root because of the positivity property.

Inspired by the geometry in R?, we define the angle § between two nonzero
vectors u, U by

U, v
cosf = %
[l ]

Two vectors are orthogonal if the angle between them is %7?. Since cos %71’ =0, we
define @ and ¥ to be orthogonal, and denote @ L ¥, if (@, ) = 0.

For the definition of angle to make sense, however, we need the following result.

Proposition 4.1.2 (Cauchy-Schwarz Inequality). |(@,v)| < ||| ||7]]-

Proof. For any real number ¢, we have

0 < (@6 + t0, @ + t0) = (i, @) + 2t{, T) + t*(¥, V).
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For the quadratic function of ¢ to be always non-negative, the coefficients must
satisfy

((@,0))* < (4, 0)(7, 7).
This is the same as |(@, )| < ||| ||7]]. O

Knowing the angle, we may compute the area of the parallelogram spanned by
the two vectors

Area(u, v) = ||d]| ||| sin 6

= ||| ||*||\/1— “ g ||*||) = VlalP|al? - (@)

Again, we can take the square root due to the Cauchy-Schwarz inequality.

Proposition 4.1.3. The vector length has the following properties.
1. Positivity: ||@|| > 0, and ||| = 0 if and only if i@ = 0.
2. Scaling: ||at]] = |al ||d]|.

3. Triangle inequality: ||d + o] < ||| + ||7]].

The first two properties are easy to verify, and the triangle inequality is a con-
sequence of the Cauchy-Schwarz inequality

—

+ U, u

+

v)

u, i) + (U, v) + (U, d) + (U, V)

< llal* + @ 19 + 191 flal + 121
= (Il + 191"

i+ 7)* = (@ +
= {

By the scaling property in Proposition 4.1.3, if @ # 0, then by dividing the
length, we get a unit length vector (i.e., length 1)

=

U=

Note that « indicates the direction of the vector v by “forgetting” its length. In
fact, all the directions in the inner product space form the unit sphere

=i

Si={ueV:|u|=1}={ueV:ud-u=1}.

Any nonzero vector has unique polar decomposition

— —

v=ra, r=I|J|>0,|dl =1
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Example 4.1.5. With respect to the dot product, the lengths of (1,1, 1) and (1,2, 3)
are

L) = VT P+ =V3, [(1,23)] = VP + 2+ 8 = V4.
Their polar decompositions are

_ 1 1 1 _ 1 2 3
(L1 = V355 75 vm) (12:3) = VI, G )

1

'S
'S

The angle between the two vectors is given by
l-1+1-2+1-3 6
1L L D23 V42

Therefore the angle is arccos \ﬁ = 0.12347 = 22.2077°.

cosf =

Example 4.1.6. Consider the triangle with vertices @ = (

(2,1,3). The area is half of the parallelogram spanned by @ = b—
v=c—ad=(1,2,3)

1 3
VI T DRI 23— (L L1 (L2 8)F = 5v3 14— 6 = \@
Example 4.1.7. By the inner product in Example 4.1.3, the lengths of 1 and ¢ are

1 1 1
1=H/ﬁ=L t:ﬂ/ﬂﬁ:—<
1] i 121l i 7

Therefore 1 has unit length, and ¢ has polar decomposition t = (\/_ t). The angle

SI

between 1 and t is given by

R

cosf) = 42— = —
[

Therefore the angle is lﬂ Moreover, the area of the parallelogram spanned by 1

and t is
| W o [ ([la) =L

Exercise 4.8. Show that the area of the triangle with vertices at (0,0), (a,b), (¢,d) is

3/ lad — bel.

Exercise 4.9. In Example 4.1.6, we calculated the area of the triangle by subtracting a@. By
the obvious symmetry, we can also calculate the area by subtracting b or ¢ Please verify
that the alternative calculations give the same results. Can you provide an argument for
the general case.
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Exercise 4.10. Prove that the distance d(i,v) = ||@ — ¥|| in an inner product space has the
following properties.

1. Positivity: d(u,v) > 0, and d(u, ¥) = 0 if and only if @ = .
2. Symmetry: d(@, V) = d(U, Q).
3. Triangle inequality: d(@,w) < d(@, V) + d(U, ).

Exercise 4.11. Show that the area of the parallelogram spanned by two vectors is zero if
and only if the two vectors are parallel.

Exercise 4.12. Prove the polarisation identity
I L L. _ L
(@, 9) = 3 (1@ + 1° = 17 = a%) = S (la+ o) — [|a]* - [|9]]%).

Exercise 4.13. Prove that two inner products (-,-); and (-, )2 are equal if and only if they
induce the same length: (Z,%); = (&, Z)s.

Exercise 4.14. Prove the parallelogram identity

1%+ 91* + @ — al|* = 2(al* + |91

Exercise 4.15. Find the length of vectors and the angle between vectors.
1. (1,0), (1,1). 3. (1,2,3), (2,3,4). 5. (0,1,2,3), (4,5,6,7).

2. (1,0,1), (1,1,0). 4. (1,0,1,0), (0,1,0,1). 6. (1,1,1,1), (1,—1,1,—1).

Exercise 4.16. Find the area of the triangle with the given vertices.

1. (1,0), (0,1), (1,1). 4. (1,1,0), (1,0,1), (0,1,1).
2. (1,0,0), (0,1,0), (0,0,1). 5. (1,0,1,0), (0,1,0,1), (1,0,0,1).
3. (1,2,3), (2,3,4), (3,4,5). 6. (0,1,2,3), (4,5,6,7), (8,9,10,11).

Exercise 4.17. Find the length of vectors and the angle between vectors.
1. (1,0,1,0,...), (0,1,0,1,...). 3. (1,1,1,1,...), (1,-1,1,—-1,...).

2. (1,2,3,...,n), (n,n—1,n—2,...,1). 4. (1,1,1,1,...), (1,2,3,4,...).

Exercise 4.18. Redo Exercises 4.15, 4.16, 4.17 with respect to the inner product

(Z,7) = x1y1 + 222y2 + - - - + NTRYn.

Exercise 4.19. Find the area of the triangle with given vertices, with respect to the inner
product in Example 4.1.3.
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1. 1,t, 2 3. 1, at, bt

2. 0, sint, cost. 4. 1—t, t—t2 2 — 1.
Exercise 4.20. Redo Exercise 4.19 with respect to the inner product
1
(9) = | tgoi
0

Exercise 4.21. Redo Exercise 4.19 with respect to the inner product

1
(f.g) = /_ gt

4.1.3 Positive Definite Matrix

An inner product (-, -) on a finite dimensional vector space V' is a bilinear function.
Let a = {¢},75,...,7U,} be a basis of V. Then as explained in Section 2.4.4, the
bilinear function is given by a matrix

@113 a2 -+ Aip
. _, 21 Q22 -+  Q2n N
(@9 = [{5AWa, A= ] | e = (0T,
Ap1 Apo - Ann

For the special case V' = R" and « is the standard basis, the general inner product
may be compared with the dot product
(@)= agymm;=3TAf=F-Af, a; = (&,8).
1<i,j<n
The symmetry property means that the matrix is symmetric
AT = A

y o Qij = Qi

The positivity property is more subtle.

Definition 4.1.4. A matrix A is positive definite if it is a symmetric matrix, and
FLAZ > 0 for any 7 # 0.

Given a basis of V, the inner products on V are in one-to-one correspondence
with positive definite matrices.

Example 4.1.8. A diagonal matrix

aq 0o ... 0

A — 0 as ... 0
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is positive definite if and only if all a; > 0. See Example 4.1.2.

Example 4.1.9. For A = @ (21>, we have

FT AT = 2% + 4wy29 + axd = (z1 + 229)? + (a — 4)22.

Therefore A is positive definite if and only if a > 4.

a

Exercise 4.22. Prove that (b

l;) is positive definite if and only if @ > 0 and ac > b.

Exercise 4.23. For symmetric matrices A and B, prove that ( 0 g) is positive definite
if and only if A and B are positive definite.

Exercise 4.24. Suppose A and B are positive definite, and a,b > 0. Prove that aA + bB is
positive definite.

Exercise 4.25. Prove that positive matrices are invertible.

Exercise 4.26. If A is positive definite and P is invertible, prove that PT AP is positive
definite.

Exercise 4.27. If A is invertible, prove that AT A is positive definite. The converse is
actually also true.

Exercise 4.28. Suppose A is symmetric and ¢(Z) = & - AZ. Prove the polarisation identity

1 1

z- Ay =@ +9) - (@~ 9)) = 5@+ 7)) - q(y))-

Exercise 4.29. Prove that two symmetric matrices A and B are equal if and only if ©- A% =
Z - BZ for all Z.

In general, we may determine the positive definite property of a symmetric matrix
A = (a;;) by the process of completing the square similar to Example 4.1.9. Suppose
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ay; # 0, then we gather all the terms involving x; and get

T A= 2
T AT = apx] + 20120129 + - - - + 201,217, + E AT
2<i,j<n

1 1
= an le + 221 - — (@112 + - - + A1p1p) + - (@12712 + - F A1nT15)°
a1 a1

1
— —(a12x12 + -+ alnxln)z + Z Qi T

a
H 2<i,j<n
a a 2
12 1n /
= Q11 [Il + —Zpo+ -+ —xln} + E aijxixj.
au an 2<ij<n

Here the matrix dd
I ro_ 1915
A= (aij)a Qg = Qjj — )

a1

is obtained by “symmetric row and column operations”

a1; a2 - Aip aj; iz -+ Qip
; / /
o1 Qo2 -+ Qop Ri—sill Ry 0 Qoo Gy, aj; ok
A= : : : - : : —\o &
i /
anl an2 .« e ann 0 an2 P ann
ay 0 - 0
a4 / R /
Ci—a71 0 ay Qop, anp O
— . . . = i -
L : O A
/ /
0 an2 U ann

In fact, the row operations are already sufficient for getting A’. We find that

a a

ST A2 2 2IT Al=1 12 in 7

T AT = b+ AT, oy = SB1+&—9312+' : '+a—$1n, b =ay, @' = (22,...,7,),
11 11

and the process of completing the square can continue until we get
FTAZ = by +boys + -+ byy, v = buw + bi(ir1)Tiv1 + -+ + binTp.

Then #T AZ is positive definite if and only if all b; > 0.

Example 4.1.10. By the row operations

1 2 3 1 2 3 1 2 3
A=12 2 4] - |0 -2 -2 = |0 =2 =2,
3 45 0 -2 —4 0 0 =2

we get TAT = y? — 2y2 — 212 after completing the square. The matrix A is therefore
not positive definite.
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By the row operations

1 2 3 1 2 3 1 2 3
B=125 4|—=(0 1 -2]—=101 =-2],
3 4 15 0 -2 6 00 2

the matrix B is positive definite. The corresponding inner product is
(Z,7) = 21y1 + 5x2y2 + 1523y3 + 2(21y2 + Toy1) + 3(21ys + w3y1) + 4(22ys + 2312).

Example 4.1.11. For

1 3 1
A=[3 13 9],
1 9 14

we gather together all the terms involving x and complete the square

FTAZ = 2% + 13y% + 142° 4 62y + 222 + 18y2
= [2? + 223y + 2) + (3y + 2)?] + 13y + 142* + 18yz — (3y + 2)?
= (x4 3y +2)* + 4y + 1322 + 12y2.

The remaining terms involve only y and z. Gathering all the terms involving y and
completing the square, we get 4y? + 1322 + 12yz = (2y + 32)? + 422 and

TTAT = (2 4+ 3y + 2)* + (2y + 32)% + (22)? = u® + v* + w?,

for
U r+3y+ =z 1 31 T
y=|v | = 2y + 3z =10 2 3 vy,
w 2z 0 0 2 z
or
1 31
u=Px, P=1[0 2 3
0 0 2

In particular, the matrix is positive definite.
The process of completing the square corresponds to the row operations

1 3 1 1 3 1 1 31
A=13 13 9] —=-(0 4 6] =10 4 6
1 9 14 0 6 13 0 0 4

The result of the completing the square can also be interpreted as
7' AZ = i'i = (P?)" (P7) = i* PT P

By Exercise 4.29, this means A = PTP.
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If P is an invertible matrix, and ¢ = PZ, then completing the square means
TP AT = biy? + boy? + -+ + by = ' Dij = 2" PT DP7,

where D is diagonal

by 0 0
0 by 0
0 0 b,

By Exercise 4.29, the equality 77 A7 = #7 PT DP# means A = PTDP.

Exercise 4.30. Prove that all the diagonal terms in a positive definite matrix must be
positive.

Exercise 4.31. For any n x n matrix A and 1 <1y < iy < --- < i < n, let A(iy,i2,...,10)
be the k x k submatrix obtained by selecting the i)-rows and i,-columns, 1 < p,q < k. If
A is positive definite, prove that A(iy, 2, ...,1) is also positive definite. This generalizes
Exercise 4.30.

Exercise 4.32. Determine whether the matrix is positive definite.

111 1 -1 1 1 -1 -1
.11 2 2. 2. | -1 2 -=2]. 3. 1-1 2 =2
1 2 3 1 -2 3 -1 -2 3
1 a 1 0
Exercise 4.33. Find the condition for < a> and | 1 a 1] to be positive definite, and
0 1 a

generalise to n X n matrix.

4.2 Orthogonality

In Section 3.3, we learned that the essence of linear algebra is not individual vectors,
but subspaces. The essence of span is sum of subspace, and the essence of linear
independence is that the sum is direct. Similarly, the essence of orthogonal vectors
is orthogonal subspaces.

4.2.1 Orthogonal Sum

Two vectors are orthogonal if their inner product is 0. Therefore we may define the
orthogonality of two subspaces.

Definition 4.2.1. Two spaces H and H' are orthogonal and denoted H 1 H’', if
(u,v) =0forall e H and v € H'.
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Clearly, v 1L ¢ if and only if Ru 1L Rv. We note that @ and ¢ are linearly
dependent if the angle between them is 0 (or 7). Although the two vectors become
linearly independent when the angle is slightly away from 0, we still feel they are
almost dependent. In fact, we feel they are more and more independent when the
angle gets bigger and bigger. We feel the greatest independence when the angle is
%7‘[‘. This motivates the following result.

Theorem 4.2.2. [f subspaces Hy, Hs, ..., H, are pairwise orthogonal, then H, +
Hy+---+ H, is a direct sum.

To emphasis the orthogonality between subspaces in a direct sum, we express
the orthogonal (direct) sum as Hy 1. Hy L --- 1 Hy. Similarly, if

V:HlJ_HQJ_J_Hk,
W=H; LH,1---1 H,
and L: V — W satisfies L(H;) C H/, then we have linear transformations L;: H; —

H! and denote the direct sum of linear transformations (see Example 3.3.9) as an
orthogonal sum

Proof. Suppose ﬁl € H, satisfies El + Eg 4+ -+ an = (0. Then by the pairwise
orthogonality, we have

- =

By the positivity of the inner product, this implies h; = 0. O]
Example 4.2.1. We have the direct sum P, = P¢¥* @ P°%4 in Example 3.3.1. Moreover,

the two subspaces are orthogonal with respect to the inner product in Exercise 4.21.
Therefore we have P, = Pven | podd,

Exercise 4.34. What is the subspace orthogonal to itself?

Exercise 4.35. Prove that Hy+Hy+---+H,, L H{+H)+---+H], if and only if H; L HJ’ for
all i and j. What does this tell you about Rt} + Rt +- - - +R¥,, L Ry +Rady+- - - + R, ?

Exercise 4.36. Show that Hy + Hy + H3s + H4 + Hs is an orthogonal sum if and only if
H, + Hy + Hs, Hy + Hs, (Hy + Ha + Hs) + (Hy4 + Hj) are orthogonal sums. In general,
extend Proposition 3.3.2.

In case H; = Ruj;, the pairwise orthogonal property in Theorem 4.2.2 means
U1, Vs, ..., U are pairwise orthogonal, i.e., U; - U; = 0 whenever ¢ # j. We call



4.2. ORTHOGONALITY 143

a = {Uy, ¥y, ..., 0} an orthogonal set. Then Theorem 4.2.2 says that an orthogonal
set of nonzero vectors is linearly independent.

If « is an orthogonal set of k& nonzero vectors, and k£ = dim V', then « is a basis
of V, called an orthogonal basis.

If all vectors in an orthogonal set have unit length, i.e., we have

) {0, i # .
Uj = 0ij = .
L, 1=y,

then we have an orthonormal set. If the number of vectors in an orthonormal set is
dim V', then we have an orthonormal basis.

An orthogonal set of nonzero vectors can be changed to an orthonormal set by
dividing the vector lengths.

Example 4.2.2. The vectors ¢ = (2,2, —1) and #, = (2, —1,2) are orthogonal (with
respect to the dot product). To get an orthogonal basis of R?, we need to add one
vector U3 = (x,y, z) satisfying

U3 U =20 +2y—2=0, U3-U=20—1y+22=0.
The solution is y = z = —2x. Taking z = —1, or ¥5 = (—1,2,2), we get an
orthogonal basis {(2 -1),(2,-1,2),(-1,2,2)}. By dividing the length ||7;] =
||| = ||Us]| = 3, we get an orthonormal basis {5(2,2,—1),3(2,—1,2),3(—1,2,2)}.
Example 4.2.3. By the inner product in Example 4.1.3, we have

(t,t—a>:/01t(t—a)dt !

— 5@.
Therefore ¢ is orthogonal to t — a if and only if a =

! 1 1
el =) [ = == el = / t—— t=3
V3 3

we get an orthonormal basis {v/3t, 3t — 2} of P.

OOIM OJl =

Exercise 4.37. For an orthogonal set {7}, ¥, ..., Uy}, prove the Pythagorean identity

|91+ T2 + -+ Gl = 50 + ([T + -+ [T

Exercise 4.38. Show that an orthonormal basis in R? is either {(cos #,sin ), (—sin, cos6)}
or {(cos@,sinf), (sinf, — cosh)}.

Exercise 4.39. Find an orthonormal basis of R™ with the inner product in Exercise 4.18.

Exercise 4.40. For P, with the inner product in Example 4.1.3, find an orthogonal basis of
P; of the form ag, by + bit, co + cit + cot?>. Then convert to an orthonormal basis.
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4.2.2 Orthogonal Complement

By Exercise 4.35, if H is orthogonal to H{ and H), then H is orthogonal to H| + HJ,.
This suggests there is a maximal subspace orthogonal to H. This maximal subspace
is given below.

Definition 4.2.3. The orthogonal complement of a subspace H of an inner product
space V is
H* = {#: (,h) =0forall h € H}.

The following shows that H= is indeed a subspace
7,0 € HY < (7,h) = (@,h) =0 for all h € H
— (a¥ 4 b, h) = a(¥, k) + b{(w, ) = 0 for all h € H
— av+ b € H*.
Proposition 4.2.4. The orthogonal complement has the following properties.

1. H C H' implies H- > H'*.

2. (Hi+Hy+ -+ H)*=HfNHyN---NHL

3. HC(HH)*L.

4. IfV=H 1 H', then H = H* and H = (H')*.
Proof. We only prove the fourth statement. The other properties are left as exercise.
Assume V. = H 1 H’'. By the definition of orthogonal subspaces, we have

EI’ C H*. Conversely, ¥ € H* can be written as ¥ = = h+ I’ with & € H and
h' € H'. Then we have

0= (Z,h) = (h,h) + (K, h) = (h,h).
Here the first equality is due to & € H*, heH , and the third equality is due to

K € H- h € H. The overall equality implies h = 0. Therefore # = h' € H'. This
proves H+ C H'. H

Exercise 4.41. Prove the first three statements in Proposition 4.2.4.

The following can be obtained from Exercise 4.35 and gives a practical way of
computing the orthogonal complement.

Proposition 4.2.5. The orthogonal complement of Rvy + Ruy + - - - + Ruy, is all the
vector orthogonal to vy, s, . .., Ug.
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Consider an m X n matrix A = (v) Uy -+ ¥,), U; € R™. By Proposition 4.2.5,
the orthogonal complement of the column space ColA consists of vectors & € R™
satisfying v - ¥ = vy - & = --- = U, - £ = 0. By the formula in Example 4.1.1, this
means A% = 0, or the null space of A”. Therefore we get

(ColA)*+ = NulAT.
Taking transpose, we also get
(RowA)* = NulA.

Example 4.2.4. The orthogonal complement of the line H = R(1,1,1) consists of
vectors (r,vy, z) € R? satisfying (1,1,1) - (x,y,2) = z +y + 2z = 0. This is the plane
in Example 2.1.13. In general, the solutions of ayx1 + asxs + - - - + a2, = 0 is the
hyperplane orthogonal to the line R(aq, aq, ..., ap).

For another example, Example 3.2.4 shows that the orthogonal complement of
R(1,4,7,10) + R(2,5,8,11) + R(3,6,9,12) is R(1, —2,0,0) + R(2, —3,0, 1).

Example 4.2.5. We try to calculate the orthogonal complement of P; (span of 1
and t) in P3 with respect to the inner product in Example 4.1.3. A polynomial

f = ag + art + ast? + ast? is in the orthogonal complement if and only if
! ) 5 1 1 1
<1, f> = / (ao + a1t + aot” + ast )dt = ag + 5&1 + 5&2 + Z(Ig = O,
0
! ) 5 1 1 1 1
<t, f> = / t(a() + alt + CLQt + agt )dt = 5(10 + §CL1 + ZCLQ + 50,3 = 0.
0

We find two linearly independent solutions 2 — 9t + 10¢> and 1 — 18t? + 20t3, which
form a basis of the orthogonal complement.

Exercise 4.42. Find the orthogonal complement of the span of (1,4,7,10), (2,5,8,11),
(3,6,9,12) with respect to the inner product ((x1,ze,xs,z4), (Y1,Y2,¥3,94)) = T1y1 +
2x9y2 + 3x3y3 + 4x4yy.

Exercise 4.43. Find the orthogonal complement of P; in Pj respect to the inner products
in Exercises 4.7, 4.20, 4.21.

Exercise 4.44. Find all vectors orthogonal to the given vectors.
1. (1,4,7), (2,5,8), (3,6,9). 3. (1,2,3,4), (2,3,4,1), (3,4,1,2).
2. (1,2,3), (4,5,6), (7,8,9). 4. (1,0,1,0), (0,1,0,1), (1,0,0,1).

Exercise 4.45. Redo Exercise 4.44 with respect to the inner product in Exercise 4.18.

Exercise 4.46. Find all polynomials of degree 2 orthogonal to the given functions, with
respect to the inner product in Example 4.1.3.
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1. 1, t. 2. 1,t, 1+t 3. sint, cost. 4. 1,t, t2.

Exercise 4.47. Redo Exercise 4.46 with respect to the inner product in Exercises 4.20, 4.21.

4.2.3 Orthogonal Projection

In Section 3.3.2, a direct sum V = H & H’ is associated with a projection

P(h+R)=h, heH, heH.
The projection depends on the choice of the direct summand H’ of H in V.

If V.= H L H’', then the projection is an orthogonal projection. We will prove
that, if H is finite dimensional, then V = H 1 H*, and H' must be H+. Therefore
the orthogonal projection depends only on H, and we denote it by proj,Z. Since
we have not yet proved V = H | H*, we define the orthogonal projection without
using the result.

Definition 4.2.6. The orthogonal projection of ¥ € V onto a subspace H C V is the
vector h € H satisfying ¥ —h L H.

Figure 4.2.1: Orthogonal projection.

For the uniqueness of h (i.e., proj Hx is not amblguous) we note that #—h L H
and 7 —h' L H imply ' — h = (;E—h) (x—h’) L H. Then by &' — h € H, we get
K —h=0.

Proposition 4.2.7. Orthogonal projection onto H exists if and only if V = H 1. H*.
Moreover, we have (H+)* = H.

The orthogonal sum V = H | H~ implies that the orthogonal projection is the
projection associated to a direct sum, and is therefore a linear transformation.

Proof. Suppose the orthogonal projection onto H exists. Let the orthogonal pro-
jection of € V be h € H. Then i/ = £ — h € H*, and we have ¥ = h + I’ with
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h € H and ' € H-. This proves V = H + H*. Since the sum H + H* is always
an orthogonal sum, we get V = H 1 H*.

Suppose V = H | H*. Then the projection P: V — H assocated to the direct
sum satisfies 7 — P(%) € H*. By definition, P(Z) is the orthogonal projection onto
H. On the other hand, we may also apply the fourth statement in Proposition 4.2.4
to H' = H* to get (H+)+ = H.

It remains to prove that (HY)* = H implies V = H | H*. O

The following gives the formula of the orthogonal projection in case H has a
finite orthogonal basis.

Proposition 4.2.8. If « = {0}, ¥, ..., Uk} is an orthogonal basis of a subspace H C
V', then the orthogonal projection of ¥ on H is
.o, Tt Tl T
projy = =——=v1 + s——=v% + -+ —= U
V1 -1 Vo * Vg k" Uk

If the basis is orthonormal, then

In Section 4.2.4, we will prove that any finite dimensional subspace has an orthog-
onal basis. Then the formula in the proposition shows the existence of orthogonal
projection.

We also note that, if ¥ € H = Spana, then ¥ = proj, %, and we get

L, Ty, T T-T
rT=5——F=U+——FV+ "+ —=U.
V101 Vg - U2 Vg * Uk

Proof. Let h be the formula in the proposition. We need to Verify_j’ —h 1l H. By
Proposition 4.2.5 (and Exercise 4.35), we only need to show (Z — h) - ¢; = 0. The
following proves h - v; = T - v;.

: k- Uk
v, L, T . v,
==V Vi + 5—=V2:U; + + 5= U Y
U101 2 U2 Vg * Vg
f./&)‘i—» — — —
= ViUV =&+ V;. ]

Example 4.2.6. In Example 2.1.13, we found the formula for the orthogonal pro-
jection onto the subspace H C R3 given by x +y + 2 = 0. Now we find the formula
again by using Proposition 4.2.8. To get an orthogonal basis of H, we start with
v = (1,—1,0) € H. Since dim H = 2, we only need to find vy = (z,y,2) € H
satisfying ¢ - v = 0. This means

r+y+2=0, z—y=0.
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The solution is x = y, z = —2y, with y arbitrary. By choosing y = 1, we get an
orthogonal basis 5 = (1,—1,0), o = (1,1,—2) of H. Then by Proposition 4.2.8,
we get

oi ;1 Ty — X2 1 T+ Tg — 21‘3
pr J{x+y+z:0} 2 — -
S R T R I I

2331 — X9 — X3
= = - + 21‘2 — I3
3
—T] — o+ 2(133

Example 4.2.7 (Fourier series). The inner product in Example 4.3.3 is defined for
all continuous (in fact square integrable on [0, 27] is enough) periodic functions on
R of period 27. For integers m # n, we have

1 2m
(cosmt,cosnt) = — / cos mt cos ntdt
2 Jo

1 2
= — (cos(m + n)t + cos(m — n)t)dt
4 J,
1 (sin(m+n)t N sin(m —n)t\" 0
4 m+n m-n ),
We may similarly find (sinmt,sinnt) = 0 for m # n and (cosmt,sinnt) = 0.
Therefore the vectors (1 = cos 0t)
1,cost,sint, cos 2t,sin 2t, ..., cosnt,sinnt, . ..
form an orthogonal set.
We can also easily find the lengths || cosnt| = ||sinnt| = \% for n # 0 and
|I1|| = 1. If we pretend Proposition 4.2.8 works for infinite sum, then for a periodic

function f(t) of period 27, we may expect
f(t) =ap+ ajcost + by sint + as cos 2t + by sin 2t + - - - + a,, cosnt + b, sinnt + - - - |

with

=01 =5 [ sy
1

a, = 2(f(t),cosnt) = - " f(t) cosntdt,
0
27
b, = 2(f(t),sinnt) = % f(t) sinntdt.
0

This is the Fourier series.
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4.2.4 Gram-Schmidt Process

The following gives an inductive process for turning a basis of a subspace to an
orthogonal basis of the subspace. In particular, it implies the existence of orthogonal
basis for finite dimensional subspace. By dividing the vector length, we may even
get orthonormal basis.

Proposition 4.2.9. Suppose o = {4, 7,,...,0,} is a linearly independent set in
an inner product space. Then there is an orthogonal set f = {W, Wy, ..., W,} of
nonzero vectors satisfying

In particular, any finite dimensional inner product space has an orthonormal basis.

Proof. We start with w; = v; and get Rw; = R¢;. Then we inductively assume
1171, 1172, . ,’lﬁi are constructed, and Rwl + RQBQ + -4 R’lﬁz = Rﬁl + R’UQ + - +R1_);
is satisfied. We denote the subspace by H; and take

Wit1 = Vip1 — PYO) g, Vit 1-

Since « is linearly independent, we have @1 & H;. Therefore w41 # 0. Moreover,
by the definition of orthogonal projection, we get w;,; L H;. This means w;,; L
Wy, Wiy L W, ..., W1 L w;. Therefore we get an orthogonal basis at the end. [

Example 4.2.8. In Example 2.1.13, the subspace H of R? given by the equation
x+y+2z = 0 has basis ;) = (1,—1,0), th = (1,0, —1). Then we derive an orthogonal
basis of H

u_jl = _’1 = (1a _1a0>a
I A A 14040 1

=7, — = (1,0,-1) — ———(1,-1,0) = =(1,1, -2
Wy V2 <2171,U71>w1 ( s Uy ) 1+1+0< ) ) ) 2( 5 )7
_’2:2_2:(1,1,—2)

Here we simplify the choice of vectors by suitable scalar multiplication, which does
not change orthogonal basis. The orthogonal basis we get is the same as the one
used in Example 4.2.6.

Example 4.2.9. In Example 1.3.14, the vectors 0; = (1,2,3), o = (4,5,6), U3 =
(7,8,10) form a basis of R3. We apply the Gram-Schmidt process to get an orthog-
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onal basis of R3.

ih = = (1,2,3),
(T, ) 4410+ 18 3

U = Uy — U = (4,5,6) — 1,2,3)=—=(4,1,—2
2 2 <QE1,U71>w1 (77) 1+4+9<77> 7(77 )7
Wy = (4,1, =2),
&= (12377{916 B @3’122)@6
’ ’ <w1,w1> ' <w2,w2> ?
7+ 16+ 30 28 +8 — 20 1
=(7,810)— ——(1,2,3) — —(4,1,-2) = ——(1,—-2,1
(1.8.10) - S8 000 ) - BEEZ D1 0 = 10,2,
U3 = (1,-2,1).

Example 4.2.10. The natural basis {1,¢,¢?} of P, is not orthogonal with respect to
the inner product in Example 4.1.3. We improve the basis to become orthogonal

flz]-a
Ji 12dt 2’
1,9 1,9 1
t= - 1dt t“(t— =) dt
f3:t2—f01 5 1—f01 ( 122) (t—%):ﬁ—ml.
foldt fo (t_i) dt 6

By rescaling, we find that 1,2t — 1,6t2 — 6t + 1 is an orthogonal basis of P;.
We may use the orthogonal basis 1,2t — 1 of P; to calculate the orthogonal
projection of P3 to P

1 2 1 2
t2dt 1 — 2t)t2dt 11 1
projp,t* = f[{ 1 fol( ) (1—2t)=-1—=(1-2t) = —— +1,
Jo 12dt [ (1 —2t)%dt 3 2 6
. [Fe3dt - [)(1—2t)t3dt 1 9 . 9
=20 1+ 2 1—2t)=-1— —(1—-2t) = —= + —t.
Projp + ( ) 1 20( ) - + n

[i1zdt [ - 2t)2dt

Combined with projp 1 =1 and projp t =, we get

= |y — a9 — —aQ a a —aQ .
0 6 2 5 3 ! 2 10 3

Example 4.2.11. With respect to the inner product in Exercise 4.21, even and odd
polynomials are always orthogonal. Therefore to find an orthogonal basis of P; with
respect to this inner product, we may apply the Gram-Schmidt process to 1,¢? and

. 1 1 9
projp, (ag + ait + agt® + ast®) = ag + ait + as (—— + t) + ag (—— + —t)
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t,t% separately, and then simply combine the results together. Specifically, we have

1 9 1
t2_f—1t '1dt1:t2_fot2'1dt1:t2 1
[ 12at [ 12dt 3
1 ,3 1
3_f—1t'tdt _3_f0t3'tdt _3_§
0=t =t T t=t t.
[ t2dt J, t2dt 5

Therefore 1,¢,¢* — 5,¢* — 2¢ form an orthogonal basis of Ps. By

1 1 2)
/ 1%2dt =2, / t2dt = =,
1 . 3
! 1\? 8 ! 3\? 8
2 - — 3 _ < —
/_1 (t 3) « 325 /—1 <t 5t) “ 527

we divide the edge lengths and get an orthonormal basis

! \/gt &(3#—1), w(5t3—3t).

V2 V2B VT

Exercise 4.48. Find an orthogonal basis of the subspace in Example 4.2.8 by starting with
U5 and then use 7.

Exercise 4.49. Find an orthogonal basis of the subspace in Example 4.2.8 with respect
to the inner product ((z1,z2,%3), (y1,Y2,y3)) = T1y1 + 2x2y2 + 3x3y3. Then extend the
orthogonal basis to an orthogonal basis of R3.

Exercise 4.50. Apply the Gram-Schmidt process to 1,t,t?> with respect to the inner prod-
ucts in Exercises 4.7 and 4.20.

Exercise 4.51. Use the orthogonal basis in Example 4.2.3 to calculate the orthogonal pro-
jection in Example 4.2.10.

Exercise 4.52. Find the orthogonal projection of general polynomial onto P; with respect
to the inner product in Example 4.1.3. What about the inner products in Exercises 4.7,
4.20, 4.217

4.2.5 Property of Orthogonal Projection

Proposition 4.2.9 implies that any finite dimensional subspace H of an inner product
space V' has orthogonal basis. Then Proposition 4.2.8 implies that the orthogonal
projection onto H exists. Further, Proposition 4.2.7 shows that (H+)* = H.

In Section 4.2.2, for a matrix A, we have

(ColA)* = NulA”,  (RowA)*™ = NulA.
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Applying (HH)* = H, we get
(Nuld)* = RowA, (NulA”)* = ColA.

We remark that the equality (NulAT): = ColA means that AZ = b has solution if
and only if b is orthogonal to all the solutions of the equation ATZ = 0. Similarly,
the equality (RowA)* = NulA means that AZ = 0 if and only if Z is orthogonal to all
b such that ATZ = b has solution. These are called the complementarity principles.

Example 4.2.12. By Example 4.2.4 and (H+)!t = H, the orthogonal complement
of R(1,-2,0,0) + R(2,-3,0,1) is R(1,4,7,10) + R(2,5,8,11) + R(3,6,9, 12).

Similarly, in Example 4.2.5, the orthogonal complement of R(2 — 9¢ + 10¢3) +
R(1 — 18¢% + 20t3) in Py is P;.

By Section 3.3.2, the orthogonal sum V = H | H* implies (see Exercise 3.65)

T = projy & + projy.L .
In fact, if subspaces H;y, Hs are orthogonal, then by Proposition 4.2.4, we have
V=H 1LHy | (H |LH)"=H | Hy | (H{NH;).
By Exercise 3.68, we get
prOjHlLHz = prOjHl + projHQ‘
Example 4.2.13. We wish to calculate the matrix of the orthogonal projection to
the subspace of R™ of dimension n — 1
H={(z1,29,...,2,): a121 + agxo + - -+ + apx, = 0}.

It would be complicated to find an orthogonal basis of H, like what we did in
Example 4.2.6. Instead, we take advantage of the fact that

H = (Ra)*, @@= (a1, as,...,ay).
Moreover, we may assume ||@|| = 1 by dividing the length, then
proj{a1z1+a2w2+~-~+anzn=0}f =7— prOjR[if =T - (alml + agTg + -+ anxﬂ)a

1 — a1 + asry + - - - + A, Ty)
Ty — ag(a1my + agwy + - - - + apty,)

Ty — apa1x1 + asxo + -+ - + apxy)

2
l1—af —aaz -+ —aia,
—aqay 1 — a% cee =gy |

= . . . ZX.
— — 1 — g2

an a1 anpdo - a,,

For a = \/Lg(l, 1,1), we get the same matrix as the earlier examples.
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Example 4.2.14. Let

1 4 7 10
A=12 5 8 11
3 6 9 12
In Example 3.2.4, we get a basis (1,—2,1,0),(2,—3,0,1) for the null space NulA.

The two vectors are not orthogonal. By

(2,-3,0,1) - (1,-2,1,0)
(1,—2,1,0) - (1,-2,1,0)

we get an orthogonal basis (1,—2,1,0), (2, —1,—4,3) of NulA. Then

(2,-3,0,1) —

1
(1,-2,1,0) = 5(2, —1,-4,3),

1 2
. L T —2x9+x3 | =2 +2x1—x2—4x3+3x4 -1
ro r= —-——"
PrOJNula 1+4+1 |1 A+1+16+9 —4
0 3
3 4 -1 2

D T G Y
“10l-1 =2 7 4"
2 -1 —4 3

By RowA = (NulA)+, we also get

7T -4 1 =2
Drojpona® = & — projyani=— | * 3 2 1z
RowA JNulA 10 1 2 3 4 .

-2 1 4 7

Example 4.2.15. In Example 4.2.1, we have orthogonal sum decomposition
Pn — Psven D Pgdd

with respect to the inner product in Exercise 4.21. By Example 4.2.11, we have
further orthogonal sum decompositions

Pyt =R1OR( — 1), Py =ReoR(t® - ).
This gives two orthogonal projections
Pgi™(ao + ast®) = Pg™ ((ao + 3a2) + az(t® — §)) = ap + 3a2: Py — R1
Pl art + ast®) = Pl (a1 + 2as)t + as(t® — 2t)) = (a1 + 2as)t: Py — Re.
Then the orthogonal projection to P, = R1 & Rt is

Projrier: (@0 + art + ast® + ast®) = P (ap + ast?®) + Pge(art + ast?)

= ag + %az + (a1 + %ag)t.

The idea of the example is extended in Exercise 4.53.
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Exercise 4.53. Suppose V = H; L Hy | --- L Hy, is an orthogonal sum. Suppose H] C H;
is a subspace, and P;: H; — H/ are the orthogonal projections inside subspaces. Prove
that

Projp; gyt 1w, = PO P ® - @ B

Exercise 4.54. Suppose Hi, Ho, ..., Hy are pairwise orthogonal subspaces. Prove that

projHlLHgL“'LHk = prOjHl + prOjHQ + e + prOij'
Then use the orthogonal projection to a line

)

ey
£

<7
(d,

Projrg = u

I~
&

to derive the formula in Proposition 4.2.8.

Exercise 4.55. Prove that I = projg+projy if and only if H' is the orthogonal complement
of H.

Exercise 4.56. Find the orthogonal projection the subspace z+1+2z = 0 in R? with respect
to the inner product ((z1,x2,x3), (y1,y2,y3)) = T1y1 + 222y2 + 323Yys3.

Exercise 4.57. Directly find the orthogonal projection to the row space in Example 4.2.14.

4.3 Adjoint

The inner product gives a dual paring of an inner product space with itself, making
the space self-dual. Then dual linear transformation can be interpreted as linear
transformations of the original vector spaces. This is the adjoint. We may use
adjoint to describe isometric linear transformations, which can also be described by
orthonormal basis.

4.3.1 Adjoint

The inner product fits into Definition 2.4.6 of the dual pairing. The symmetric prop-
erty of inner product implies that the two linear transformations in the definition
are the same.

Proposition 4.3.1. Suppose V is a finite dimensional inner product space. Then
the inner product induces an isomorphism

T (L 0): V2V

Proof. Since dimV* = dim V', to show that ¢ — (-,¥) is an isomorphism, it is
sufficient to argue the one-to-one property, or the triviality of the kernel. A vector
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U'is in this kernel means that (¥, v) = 0 for all Z. By taking ¥ = ¥ and applying the
positivity property of the inner product, we get v = 0. n

A linear transformation L: V — W between vector spaces has the dual trans-
formation L*: W* — V*. If V and W are finite dimensional inner product spaces,
then we may use Proposition 4.3.1 to identify L* with a linear transformation from
W to V, which we still denote by L*.

AN v (@B —=— (-, L*(@))y

,u_j>
<7>WTg %T<7>V T T
w

w E, v — ()
If we start with @/ € W, then the definition means L*((-,W)w) = (-, L*(W))y.
Applying the equality to - = v € V| we get the following definition.

Definition 4.3.2. Suppose L: V — W is a linear transformation between two inner
product spaces. Then the adjoint of L is the linear transformation L*: W — V
satisfying

(L(0), W) = (v, L*(wf)) forall v eV, weW.

Since the proof of Proposition 4.3.1 makes use of finite dimension, we know the
adjoint exists for finite dimensional inner product spaces.

Example 4.3.1. In Example 4.1.1, the dot product on the Euclidean space is ¥ -y =
1. Then for L(¥) = Av, we have
L(0) - @ = (AD) ' = 0T AT = v+ AT,

Therefore L*(w) = ATw.

Example 4.3.2. Consider the vector space of polynomials with inner product in
Example 4.1.3. The adjoint D*: P, 1 — P, of the derivative linear transformation
D(f) = f': P, — P,_; is characterised by

/%HﬁWﬂﬁi/EWQﬂﬁ:/vﬁ1ﬁﬁz—ﬂﬂ 0<p<n 0<qg<n-—1.
0 0 0 p+q
For fixed ¢, let D*(t?) = xg + 21t + --- + x,t". Then we get a system of linear
equations
1 1 1 D
p+1xo+p+2x1+---+mxn:m,

The solution is quite non-trivial. For n = 2, we have

2
(1+9)(2+q)

0<p<n.

D*(t7) = (11 — 2¢ +6(17 + q)t — 90t*), ¢=0,1.
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Example 4.3.3. Let V be the vector space of all smooth periodic functions on R of
period 27, with inner product

1 2w

<fag>:% o

f(t)g(t)dt

The derivative operator D(f) = f': V. — V takes periodic functions to periodic
functions. By the integration by parts and period 27, we have

(D(f).0) = 5 / Pt = fem(er) = F0)9(0) = 5- [ f0g 0t
=L [ s 0= (5. D(o))

_%
This implies D* = —D.

The same argument can be applied to the vector space of all smooth functions
f on R satisfying limy_ f™(¢) = 0 for all n > 0, with inner product

(f,g) = / " Fg(de

We still get D* = —D.
Exercise 4.58. Prove that a linear operator L: V — V satisfies

(L(@), V) + (L(V),u) = (L(4 + V), d + U) — (L(1), u) — (L(V), V).
Then prove that (L(?), ) = 0 for all ¢ if and only if L + L* = 0.

Exercise 4.59. Calculate the adjoint of the derivative linear transformation D(f) = f': P, —
P,,_1 with respect to the inner products in Exercises 4.7, 4.20, 4.21.

Exercise 4.60. Prove that (Ly L Ly L --- L Ly)* =L} L L L --- L L*. What if the
subspaces are not orthogonal?

Since the adjoint is only the “translation” of the dual via the inner product,
properties of the dual can be translated into properties of the adjoint

I'=1, (L+K)"=L"+K* (al)*=al*, (LoK) =K*olL* (L") =L.

All properties can be directly verified by definition. See Exercise 4.61.
Example 4.3.1 and (ColA)* = NulAT suggest

(RanL)*™ = KerL*.
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The following is a direct argument for the equality

7 € (RanL)* <= (,7) =0 for all & € RanL C W
— (L(V),¥) =0forall v e V
— (U, L*(¥)) =0forall v e V
— L@ =0forallveV
< 7€ Kerl"

Substituting L* in place of L, we get (RanL*)* = KerL. Then we may use (H*+)+ =
H to get

(RanL)® = NulL*, (RanL*)* = NulL, (KerL): = RanL*, (KerL*)® = RanL.
Exercise 4.61. Use the definition of adjoint to directly prove its properties.

Exercise 4.62. Prove that

Exercise 4.63. Prove that KerL = KerL*L and rankl = rankL*L.

Exercise 4.64. Prove that the following are equivalent.
1. L is one-to-one.
2. L* is onto.

3. L*L is invertible.

Exercise 4.65. Prove that an operator P on an inner product space is the orthogonal
projection to a subspace if and only if P2 = P = P*.

Exercise 4.66. Prove that there is a one-to-one correspondence between the decomposition
of an inner product space into an orthogonal sum of subspaces and collection of orthogonal
projections P; satisfying

P+P+ -+ P =1, RPj:OfOFZ#]

This is the orthogonal sum analogue of Proposition 3.3.5.

4.3.2 Adjoint Basis

Let o = {¥}, ¥, ...,7,} be a basis of V. Then we have the dual basis o* of the dual
space V*. Using the isomorphism in Proposition 4.3.1, we may identify o* with a
basis § = {wWy, W, ..., w,} of V. This means

<76> = {<'77~U1>’ <',1172>, ceey <7U_jn>} =a" = {1_)?71_);7 s 7172}
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By the definition of dual basis in V* and applying the above to - = v;, this means

(v, ) = U7 (T;) = i
Therefore the dual basis is the specialisation of the dual basis in Section 2.4.4 when
the inner product is used as the dual pairing.
We call 8 the adjoint basis of a with respect to the inner product, and even
denote 8 = a*, w; = vj. However, we need to be clear that the same notation is
used for two meanings:

1. The dual basis of « is a basis of V*. The concept is independent of the inner
product.

2. The adjoint basis of a (with respect to an inner product) is a basis of V. The
concept depends on the inner product.

The two meanings are related by the isomorphism in Proposition 4.3.1.

In the second sense, a natural question is whether the dual 3 is the same as the
original . In other words, whether « is a self-adjoint basis with respect to the inner
product. Using the characterisation (7, w;) = d;;, we get the following.

Proposition 4.3.3. A basis a of an inner product space is self-adjoint, in the sense
that o = (-, ), if and only if « is an orthonormal basis.

Let o and 8 be bases of V and W. Then Proposition 2.4.2 gives the equality
[L*]a+g+ = [L]§, for the dual linear transformation and dual basis. Since the dual
bases of V* W* are translated into the adjoint basis of V, W under the isomorphism
in Proposition 4.3.1, and both are still denoted a*, 5*, the equality is also true for
the adjoint linear transformation L* and adjoint bases a*,5*. In particular, by
Proposition 4.3.3, we have the following.

Proposition 4.3.4. Suppose L: V — W 1is a linear transformation of inner product
spaces, and L*: W — V is the adjoint. If o and B are orthonormal bases, then

[L*]ag = [L]fa-
Example 4.3.4. For the basis of R? in Examples 1.3.17 and 2.1.13
7=(1,-1,0), @ =(1,0,-1), @ =(1,1,1),

we would like to find the adjoint basis 0, W, ws of R® with respect to the dot
product. Let X = (0; 0, 03) and Y = (w; Wy ws), then the condition 7; - @; = J;;
means X7Y = I. By Example 2.2.18, we have

V=(XNH"=-[-2
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This gives

@ o= 1(1,-2,1), = 1(1,1,-2), @ =1(1,1,1).
Example 4.3.5. For the basis a = {1,t,t*} of P, we would like to find the adjoint
basis o = {po(t), p1(t), p2(t)} with respect to the inner product in Example 4.1.3.
Note that for p(t) = ag + a1t + ast?, we have

f; p(t)dt ap + 301 + 3as 1 2 1
(a,p(t)) = | [, tp(t)dt | = %ao + za1 + %(D = % % % [p()] {1,123
o p(t)dt 3o + 701 + 502 3 15

Then the adjoint basis means («, po(t)) = €1, (o, p1(t)) = €, (e, p2(t)) = €3. This
is the same as

WM [ =
NIV I
U= [ =00 | =

—

—

]

o

~—~

~+

N—

=

]

[y

—

~

S~—

—

]

1\

—

~

N—

—

N—

~

Therefore
-1

9 =36 30
=|-36 192 —180
30 —180 180

(o] [p2 ()] [P2(D)]) =

?

WM = =
S =00 [ =0 | =
U= [ =00 =

and we get the adjoint basis

po(t) =9 — 36t + 302, pi(t) = —36 + 192t — 180>, py(t) = 30 — 180 + 180¢2.
Exercise 4.67. Find the adjoint basis of (a,b), (c, d) with respect to the dot product on R2.

Exercise 4.68. Find the adjoint basis of (1,2,3), (4,5,6), (7,8,10) with respect to the dot
product on R3.

Exercise 4.69. If the inner product on R? is given by (Z, %) = z1y1 + 2x2y2 + 323y3, what
would be the adjoint basis in Example 4.3.47

Exercise 4.70. If the inner product on P, is given by Exercise 4.21, what would be the
adjoint basis in Example 4.3.57

Exercise 4.71. Suppose o = {1, 02,...,7,} is a basis of R™ and A is positive definite.
What is the adjoint basis of a with respect to the inner product (Z,%) = &7 Ay?

Exercise 4.72. Prove that if 8 is the adjoint basis of o with respect to an inner product,
then « is the adjoint basis of § with respect to the same inner product.

Exercise 4.73. The adjoint basis can be introduced in another way. For a basis « of V', we
have a basis (-,«) of V*. Then the basis (-, &) corresponds to a basis 8 of V under the
isomorphism in Proposition 4.3.1. Prove that 3 is also the adjoint basis of a.
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Exercise 4.74. Prove that rankl = rankL*.

4.3.3 Isometry

A linear transformations preserves addition and scalar multiplication. Naturally, we
wish a linear transformation between inner product spaces to additionally preserve
the inner product.

Definition 4.3.5. A linear transformation L: V' — W between inner product spaces
is an isometry if it preserves the inner product

(L(@), L(0))w = (@,7)y for all 4,7 € V.

If the isometry is also invertible, then it is an isometric isomorphism. In case V = W,
the isometric isomorphism is also called an orthogonal operator.

An isometry preserves all the concepts defined by inner product, such as the
length, the angle, the orthogonality, the area, and the distance

I1L(a@) = L(@)|| = [[L(@ = )| = [la — 7.

Conversely, a linear transformation preserving the length (or distance) must be an
isometry. See Exercise 4.77.
A linear transformation L between finite dimensional inner product spaces is an
isometry if
(i, 0) = (L(1), L(v)) = (4, L"L(7)).

By Exercise 4.4, this means that L*L = [ is the identity.
An isometry is always one-to-one by the following argument

UF T = |li -0 #0 = [[L(@) - L@O)| #0 = L(@) # L(?).

By Theorem 2.2.6, for finite dimensional spaces, an isometry is an isomorphism if
and only if dim V' = dim W. In this case, by L*L = I, we get L~! = L*.
The following is the isometric version of Proposition 2.1.3.

Proposition 4.3.6. Suppose vy, s, ..., 0, span a vector space V', and wh,Ws, . .., W,
are vectors in W. Then L(U;) = w; (see (2.1.1)) gives a well defined isometry
L:V — W if and only if

<17i7 17]> = <1171, u_ij> fO’I” all ’L,j

Proof. By the definition, the equality (7;, ;) = (w;, @;) is satisfied if L is an isom-
etry. Conversely, suppose the equality is satisfied, then using the bilinearity of the
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inner product, we have
(2101 + 2T + + -+ + Ty, Y101 + Yoy + -+ + YnTy)
=Yy (T, 1) = Y wayy (i, )
ij ij
:<$17ﬂl + $21172 + -+ {L'nu_fn, y1u71 + yzu_fQ + 4 ynwn)
By taking z; = y;, this implies
H$1171 + 232172 + -+ .Qin?_fn” = HSL’ﬂEl + $21172 + -+ Inll_jnH

By # =0 <= ||Z] =0, the condition in Proposition 2.1.3 for L being well defined
is satisfied. Moreover, the equality above means (7, y) = (L(Z), L(¥)), i.e., L is an
isometry. 0

Applying Proposition 4.3.6 to the a-coordinate of a finite dimensional vector
space, we find that [-],: V' — R"™ is an isometric isomorphism between V' and the
Euclidean space (with dot product) if and only if « is an orthonormal basis. Since
Proposition 4.2.9 says that any finite dimensional inner product space has an or-
thonormal basis, we get the following.

Theorem 4.3.7. Any finite dimensional inner product space is isometrically iso-
morphic to the Fuclidean space with dot product.

Example 4.3.6. The inner product in Exercise 4.18 is

(Z,9) = 2191 + 2ays + -+ - + N2 Y0 = 191 + (V222)(V202) + - + (Vna,) (Viyn).

This shows that L(x1,2s,...,2,) = (21,V2%9,...,y/nx,) is an isometric isomor-
phism from this inner product to the dot product.

Example 4.3.7. In Example 4.2.3, we get an orthonormal basis {v/3t, 3t — 2} of P,
with respect to the inner product in Example 4.1.3. Then

L(xy,20) = 21(V3t) + 22 (3t — 2) = =225 + (V321 + 322)t: R? — P,

is an isometric isomorphism.

Example 4.3.8. In Exercise 4.77, we will show that a linear transformation is an
isometry if and only if it preserves length. For example, the length in P, with respect
to the inner product in Example 4.1.3 is given by

1 2 2
1 1 1
llag + aqt]|* = /0 (ap + ait)*dt = ag + apa; + gaf = (ao + §a1) + <_2\/§a1) .
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Since the right side is the square of the Euclidean length of (ag + %al, ﬁgal) € R?,
we find that

L(CLO + alt) (CLO + CLl, 2\/»04) P1 — Rz
is an isometric isomorphism between P; with the inner product in Example 4.1.3
and R? with the dot product.

Example 4.3.9. The map ¢t — 2t — 1: [0,1] — [—1,1] is a linear change of variable
between two intervals. We have

/_11 ft)g(t)dt = /01 f2t—1)g(2t —1)d(2t — 1) = 2/01 f(2t —1)g(2t — 1)dt.

This implies that L(f(t)) = V2f(2t —1): P, — P, is an isometric isomorphism
between the inner product in Exercise 4.21 and the inner product in Example 4.1.3.
We may apply the isometric isomorphism to the orthonormal basis in Example 4.2.11
to get an orthonormal basis of P3 with respect to the inner product in Example 4.1.3

L(&)=v2h =1,

1
( ) V2B (2t — 1) = V3(2t — 1),
L (%5(3152 - 1)) = VaR2(3(2t — 1) — 1) = S(61* — 6t + 1),

L (%5(55” - 3t)> = V222

S

(5(2t —1)° = 3(2t — 1)) = J=(2t — 1)(10¢* — 10t + 1).
Exercise 4.75. Prove that a composition of isometries is an isometry.

Exercise 4.76. Prove that the inverse of an isometric isomorphism is also an isometric
isomorphism.

Exercise 4.77. Use the polarisation identity in Exercise 4.12 to prove that a linear trans-
formation L is an isometry if and only if it preserves the length: || L(9)| = ||7]].

Exercise 4.78. Use Exercise 4.38 to prove that an orthogonal operator on R? is either a
rotation or a flipping. What about an orthogonal operator on R!?

Exercise 4.79. In Example 4.1.2, we know that ((x1,x2), (y1,¥y2)) = 11 + 221y2 + 2x2y1 +
axoyo is an inner product on R? for a > 4. Find an isometric isomorphism between R?
with this inner product and R2.

Exercise 4.80. Find an isometric isomorphism between R? and P, with the inner product
in Example 4.1.3, by two ways.

1. Similar to Example 4.3.8, calculate the length of ag 4 ait + aot?, and then complete
the square.
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2. Similar to Example 4.3.9, find an orthogonal set of the form 1,¢, a + t? with respect
to the inner product in Exercise 4.21, divide the length, and then translate to the
inner product in Example 4.1.3.

Exercise 4.81. Prove that a linear transformation L: V — W is an isometry if and only if
L takes an orthonormal bases of V' to an orthonormal set of W.

Exercise 4.82. For an orthonormal basis {7}, Ua, ..., U, }, prove Parsival’s identity
<f737> = <f’ 171><Ul)37> + <f’ 172><1727g> +oeeet <fa Un><17n7g>

Exercise 4.83. Suppose L: V — W is an isometric isomorphism, and /3 is the adjoint basis
of a basis a of V. Explain that L(f3) is the adjoint basis of L(«). Then use the isometric
isomorphism in Example 4.3.9 to relate Example 4.3.5 and Exercise 4.70.

Exercise 4.84. A linear transformation is conformal if it preserves the angle. Prove that a
linear transformation is conformal if and only if it is a scalar multiple of an isometry.

Let a and 8 be orthonormal bases of V' and W. Then the isometric isomorphisms
[Jo: V =2 R™ and [-]5: W = R™ translates an isometry L: V' — W to an isometry
Lgo: R" — R™. The columns of the matrix Q) = [L]ga = [Lga] is the isometric image
of the standard basis of R", and is therefore an orthonormal set in R™. The property
means Q7@ = I, which is consistent with L*L = I interpretation of isometry. In
case m = n, L becomes an isomorphism, and () is described by the following concept.

Definition 4.3.8. An orthogonal matrix is a square matrix ) satisfying Q7Q = I.

Orthogonal matrices are exactly the matrices of isometric isomorphisms with
respect to orthonormal bases. We have Q= = Q7, corresponding to L= = L*.
Note that QQT = I means that the rows of Q also form an orthonormal basis.

Example 4.3.10. The orthogonal basis of R? in Example 4.2.2 gives an orthogonal
matrix

Q= 2 -1 2|, Q=1

The inverse of the matrix is simply the transpose
2 2 -1

leQT:% 2 -1 2
-1 2 2

Exercise 4.85. Find all the 2 x 2 orthogonal matrices.
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Exercise 4.86. Find an orthogonal matrix such that the first two columns are parallel to
(1,—1,0), (1,a,1). Then find the inverse of the orthogonal matrix.

Exercise 4.87. Find an orthogonal matrix such that the first three columns are parallel to
(1,0,1,0), (0,1,0,1), (1,—1,1,—1). Then find the inverse of the orthogonal matrix.

Exercise 4.88. Prove that the transpose, inverse and multiplication of orthogonal matrices
are orthogonal matrices.

Exercise 4.89. Suppose « is an orthonormal basis. Prove that another basis g is orthonor-
mal if and only if [I]g, is an orthogonal matrix.

4.3.4 QR-Decomposition
In Proposition 4.2.9, we apply the Gram-Schmidt process to a basis a to get an

orthogonal basis 5. The span property means that the two bases are related in
“triangular” way, with a; # 0
Uy = a1 W,

Uy = Q12W1 + Ao2Wo,

Up = Q1pW1 + G2, Wo + +* + + Qpp Wy,

The vectors w; can also be expressed in ¥; in similar triangular way. The relation
can be rephrased in the matrix form, called Q) R-decomposition

11 Qa2 -+ Q1n

oo . o . 0 axp -+ az

A=QR, A=Wt 1), Q= (W - w,), R=| . ,
0 0 - apn

If we make 5 to become orthonormal (by dividing length), then the columns of @
are orthonormal. The expression A = QR, with Q7Q = I and R upper triangular,
is called the QR-decomposition of A. Any m x n matrix A of rank n has QR-
decomposition.

For the calculation, we first use the Gram-Schmidt process to get ). Then
QTA=QTQR=1R=R.

Example 4.3.11. After dividing the vector length, the @) R-decomposition for the
Gram-Schmidt process in Example 4.2.8 has

1 1
1o A
A=|-1 0|, Q=" %
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Then
L _1 L1 V2 oL
reama= (77 ) (o) (7 0).
V6 V6 VB 0 -1 V2
and we get the () R-decomposition
1 1
1 1 1 1 2 6
1 0 |= 1 1 1 % = —\/i \/f V2 \/%
- I 0o L)~ V2 VG 0 V3
0 1 0 -2 2 0 _% V2

For the Gram-Schmidt process in Example 4.2.9, we have

1 4 1
LT T OE A
A=125 81, @=\7a 7 ~%
3 6 10 Y5 Yo 1
Vi Va6
Therefore
1 2 3 32 53
vioviovg | (14T Vi n s
_QTA_LL_L 258_0i_£
= =|\va va v = NIRRTl
SRR T 3 6 10 o 0 =+
VY V6

Exercise 4.90. In Example 2.1.13, the basis in Example 4.2.8 is extended to a basis of

1 1 1
R3, and we get the invertible matrix (1 0 1) in Example 1.3.17. Find the QR-
0 -1 1

decomposition of this matrix.

1 4 1 47
Exercise 4.91. Use Example 4.2.9 to find the Q R-decompositionfor [ 2 5] and |2 5 8.

3 6 3 6 9
Then make a general observation.

The @ R-decomposition is related to the least square solution. Here is the prob-
lem: For a system of linear equations A7 = b to have solution, we need b e ColA. If
b ¢ ColA, then we may settle with the best approximate solution, in the sense that
the Euclidean distance ||AZ — b|| is the smallest possible.

Let h = pI‘OJCOlAb Then AZ,h € ColA, so that A7 — h € ColA and b—h €
(ColA)* are orthogonal. Then we have

|AZ = BI* = ||AZ — Al + [|b = AII* > |6 — >

This shows that the best approximate solution is the solution of A7 = h. This is
characterised by AZ —b 1 ColA. In other words, for any ¢, we have

0= (AT —b)-Af=AT(AZ—b) -7
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Figure 4.3.1: Least square method.

Since this should hold for all 7, we get ATAZ = ATb.

We conclude that the least square solution of A7 = b is the same as the solution
of ATAZ = ATb. In general, the solution is not unique. In fact, by Exercise 4.63, we
have NulATA = NulA. In case the solution of AZ = 0 is unique, i.e., the columns
of A are linearly independent, then the square matrix A’ A is invertible, and we get
the unique least square solution

7= (ATA)TATh,

Note that the linearly independence of the columns of A implies A = QR. Then
ATA = RTQTQR = RTR, and the solution becomes

7= (R"R)'R"Q"b = R7'Q"b.

Since R is upper triangle, it is very easy to calculate R~'. Therefore R1QTh is
easier than (AT A)~1ATD.



Chapter 5

Determinant

Determinant first appeared as the numerical criterion that “determines” whether a
system of linear equations has a unique solution. More properties of the determinant
were discovered later, especially its relation to geometry. We will define determinant
by axioms, derive the calculation technique from the axioms, and then discuss the
geometric meaning.

5.1 Algebra

Definition 5.1.1. The determinant of n x n matrices A is the function det A satis-
fying the following properties.

1. Multilinear: The function is linear in each column vector
det(--- au+bv ---) =adet(--- 4 ---)+bdet(--- T --+).

2. Alternating: Exchanging two columns introduces a negative sign

—

det(... U... ﬁ..):_det( ’L_["' v )

3. Normal: The determinant of the identity matrix is 1

det I =det(e} €5 -+ €,) = 1.

For a multilinear function D, taking @ = ¥ in the alternating property gives
D(-+ @ @) =0.
Conversely, if D satisfies the equality above, then
OZD(... U+v --- g+g...)
= D( ) A D T T )
A D( TG ) A Dl T T )
=D( G T ) E D T ).

£

We recover the alternating property.

167
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5.1.1 Multilinear and Alternating Function

A multilinear and alternating function D of 2 x 2 matrices is given by

11 Q12 — — — —
D = D(a11€1 + 2165  12€1 + a2€5)
Q21 Q22

= D(€) €1)aa12 + D(€1 €3)ar1as + D(€ €))agara + D(€ €2)ag an
= Oa1a12 + D(éi 52)%1@22 - D(éi 52)6121&12 + 0agyage

= D(€) €3)(ar1a22 — azaiz).
A multilinear and alternating function D of 3 x 3 matrices is given by

D(a11€1 + a21€5 + a31€5  a12€1 + 2265 + A32€3 1361 + A23€> + a33€3)
= D(gl € 53)6111@22@33 + D(52 €3 51)a21a32a13 + D(é’;; €1 52)G31G12G23

+ D(€) €3 €3)ar1as2a3 + D(€3 €5 €1)asiazza13 + D(€; €] €3)asn arzass
= D(51 € 53)(%1@22@33 + G21a32013 + A31012023 — Q11032023 — 31022013 — CL21CL126L33)~
Here in the first equality, we used the alternating property that D(e; €; €;) = 0
whenever two of 7, j, k are equal. In the second equality, we exchange (i.e., switching

two indices) distinct 4,7,k (which must be a rearrangement of 1,2,3) to get the
usual order 1,2, 3. For example, we have

D(gg 51 52) = —D(€1 53 52) == D(€1 52 53)
In general, a multilinear and alternating function D of n x n matrices A = (x;;)
is
D(A) = D(eréy -+ &) Z E0i10552 **  Qipyn,s
where the sum runs over all the rearrangements (or permutations) (iy, s, .. .,4,) of

(1,2,...,n). Moreover, the £ sign, usually denoted by sign(iy, is,...,4,), is deter-
mined in the following way.

e If it takes even number of exchanges to get from (i, i, ...,4,) to (1,2,...,n),
then sign(iq,is,...,4,) = L.

e If it takes odd number of exchanges to get from (iy,s,...,7,) to (1,2,...,n),
then sign(iy, i, ...,1,) = —1.

The argument above can be carried out on any vector space, by replacing the
standard basis of R” by an (ordered) basis of V.

Theorem 5.1.2. Multilinear and alternating functions of n vectors in a vector space
of dimension n are unique up to multiplying constants. Specifically, in terms of the
coordinates with respect to a basis o, such a function D is given by

D(U17/027"‘7Un> =cC E Slgn(zla7/27'"7Zn)ai11ai22”'ainn7

(1,82, 50n)



5.1. ALGEBRA 169

where

[l = (a1, a2j, - - - Qng)-
In case the constant ¢ = D(«) = 1, the formula in the theorem is the determinant.
Exercise 5.1. What is the determinant of a 1 x 1 matrix?

Exercise 5.2. How many terms are in the explicit formula for the determinant of n x n
matrices?

Exercise 5.3. Show that any alternating and bilinear function on 2 x 3 matrices is zero.
Can you generalise this observation?

Exercise 5.4. Find explicit formula for an alternating and bilinear function on 3x 2 matrices.

Theorem 5.1.2 is a very useful tool for deriving properties of the determinant.
The following is a typical example.

Proposition 5.1.3. det AB = det Adet B.

Proof. For fixed A, we consider the function D(B) = det AB. Since AB is obtained
by multiplying A to the columns of B, D(B) is multilinear and alternating in the
columns of B. By Theorem 5.1.2, we get D(B) = cdet B. To determine the constant
¢, we let B to be the identity matrix and get det A = D(I) = cdet I = ¢. Therefore
det AB = D(B) = cdet B = det Adet B. O

Exercise 5.5. Prove that det A=! = L. More generally, we have det A" = (det A)" for
any integer n.

Exercise 5.6. Use the explicit formula for the determinant to verify det AB = det Adet B
for 2 x 2 matrices.

5.1.2 Column Operation

The explicit formula in Theorem 5.1.2 is too complicated to be a practical way of
calculating the determinant. Since matrices can be simplified by row and column
operations, it is useful to know how the determinant is changed by the operations.

The alternating property means that the column operation C; <+ C; introduces
a negative sign
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The multilinear property implies that the column operation ¢ C; multiplies the de-
terminant by the scalar

det(... Cﬁ...):cdet(... 'L_[; )

Combining the multilinear and alternating properties, the column operation C;+c C;
preserves the determinant

:det(---ﬁ---ﬁ'- )
Example 5.1.1. By column operations, we have
1 4 7\ c-acy 1 0 0 C3—2Cs 1 0 0
det [2 5 8] & det [2 =3 —6 | =X —3det (2 1 0
3 6 a 3 —6 a—21 3 2 a—9
- 10 0\ ¢ 100
9% 3a—9)det [2 1 0] 2% 3(a—9)det [0 1 0
3 21 0 01
= —3(a—9).

The column operations can simplify a matrix to a column echelon form, which
is a lower triangular matriz. By column operations, the determinant of a lower
triangular matrix is the product of diagonal entries

a 0 --- 0 10 --- 0
* Az - 0 *x 1 --- 0
* * Qp, k k.. 1
10 0
01 0

:ala’2"'a/ndet 3 A . = a1ag - -+ ay.
00 - 1

The argument above assumes all a; # 0. If some a; = 0, then the last column in
the column echelon form is the zero vector 0. By the linearity of the determinant in
the last column, the determinant is 0. This shows that the equality always holds.
We also note that the argument for lower triangular matrices also applies to upper
triangular matrices

ay x  cc- * ap 0o --- 0

0 ay -+ x x ay -+ 0
det | . |l =aq1a0 - a,, = det
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Example 5.1.2. We subtract the first column from the later columns and get

a a a -~ a ai
az by ay -+ ap %
as * b3 ce as as
det
ap—1 * * e bn—l Ap—1
an * * e * bn
ay 0 0 0 0
a9 bQ — a9 0 0 0
as * b3 — asg 0 0
= det
Ap—1 * * T bn—l — Gp—1 0
a/n sk k “ .. k bn — an

= ay(by — az)(bs —as) ... (b, — ay,).

A square matrix is invertible if and only if all the diagonal entries in the column
echelon form are pivots, i.e.; all a; # 0. This proves the following.

Theorem 5.1.4. A square matrix is invertible if and only if its determinant is
nonzero.

In terms of a system of linear equations with equal number of equations and
variables, this means that whether AZ = b has unique solution is “determined” by
det A # 0.

5.1.3 Row Operation

To find out the effect of row operations on the determinant, we use the idea for the
proof of Proposition 5.1.3. The key is that a row operation preserves the multilinear
and alternating property. In other words, suppose A — A is a row operation, then
det A is still a multilinear and alternating function of A.

By Theorem 5.1.2, therefore, we have det A = adet A for a constant a. The
constant a can be calculated from the special case that A = I is the identity ma-
trix. In Section 2.1.5, we see that I = Tj;, D;(c), Ey;(c) respectively for the three
row operations. Then we may use column operations to get a = det] = —1,¢,1
respectively for the three operations. We conclude that the effect of row operations
on the determinant is the same as the effect of column operations. By the same idea
of proving rankA” = rankA, we get the following result.

Proposition 5.1.5. det AT = det A.
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A consequence of the proposition is that the determinant is also multilinear and
alternating in the row vectors.

Proof. A column operation A — B is equivalent to a row operation AT — BT.
The discussion above shows that det B = adet A if and only if det BT = adet AT
Therefore det A = det AT if and only if det B = det BT.

If A is invertible, then we may apply a sequence of column operations to reduce
A to I. The transpose of these column operations is a sequence of row operations
that reduces AT to I = I. Since det I = det I”, by what we proved above, we get
det A = det AT

If A is not invertible, then A” is also not invertible. By Theorem 5.1.4, we get
det AT = 0 = det A. O

Example 5.1.3. We calculate the determinant in Example 5.1.1 by mixing row and
column operations

1 4 7\ R3;-R. 1 4 7 C3—Ch 1 3 3
det [2 5 8] Z=rqet (11 1 | &% det|1 0 0
3 6 a 1 1 a-—38 1 0 a—9
Qo 3 3 1
O _det |0 a—9 1| =-3-(a—9)-1=—3(a—09).
0 0 1

Note that the negative sign after the third equality is due to odd number of ex-
changes.

Exercise 5.7. Prove that any orthogonal matrix has determinant +1.

Exercise 5.8. Prove that the determinant is the unique function that is multilinear and
alternating on the row vectors, and satisfies det I = 1.

Exercise 5.9. Suppose A and B are square matrices. Suppose O is the zero matrix. Use
the multilinear and alternating property on columns of A and rows of B to prove

A % A O
det<0 B>—detAdetB—det<* B)'

Exercise 5.10. Suppose A is an m xn matrix. Use Exercise 3.38 to prove that, if rankA = n,
then there is an n x n submatrix B inside A, such that det B # 0. Similarly, if rankA = m,
then there is an m x m submatrix B inside A, such that det B # 0.

Exercise 5.11. Suppose A is an m X n matrix. Prove that if columns of A are linearly
dependent, then for any n x n submatrix B, we have det B = 0. Similarly, if rows of A
are linearly dependent, then any m x m submatrix inside A has vanishing determinant.
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Exercise 5.12. Let r = rankA.
1. Prove that there is an r x r submatrix B of A, such that det B # 0.
2. Prove that if s > r, then any s x s submatrix of A has vanishing determinant.

We conclude that the rank r is the biggest number such that there is an r X r submatrix
with non-vanishing determinent.

5.1.4 Cofactor Expansion

The first column of an n x n matrix A = (a;;) = () Uy -+ ¥,) is
a1
. 21 - - -
1= ) = apie1 + ag ez + -+ anréy.
an1

By the linearity of det A in the first column, we get
det A = (IHDl(A) + a21D2(A) + -+ CLnan(A),
where

Di(A) = det(€; T -+ ¥,)

aip ot Qi 0 ap -+ an
0 A(i—1)2 *°  Q@G-1)n 0 A(;—1)2 A(i—1)n
=det |1 ap e Qin =det |1 0 0
0 agr2 + Aitn 0 agy1)2 Ay 1)n
0 An2 Ann 0 an2 Ann
1 0 0
12 A1n
= (—1)i+1 det | O a(i,l)g (Z(Zfl)n
0 ags1)2 A(i+1)n
0 Ap2 e Qpn

= (—]_)i_l det <C1) 21) = (—]_)i_l det Ail-

Here the third equality is by the third type column operations, the fourth equality
is by the first type row operations. The (n — 1) x (n — 1) matrix A;; is obtained by
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deleting the i-th row and the 1st column of A. The last equality is due to the fact
that det (1) AO ) is multilinear and alternating in columns of A;;. We conclude
il

the cofactor expansion formula
det A = ail det A11 — 921 det Agl + -+ (—1)n_1an1 det Anl-

For a 3 x 3 matrix, this means

@11 a2 13 a a a a a a
22 (23 12 413 12 413
det a21 Q929 Q923 = ai1 det — a9 det +as det .
a3z Q33 a3z Q33 Q22 Q23
a31 Q32 a3z

We may carry out the same argument with respect to the ¢-th column instead
of the first one. Let A;; be the matrix obtained by deleting the i-th row and j-th
column from A. Then we get the cofactor expansions along the i-th column

det A = (—1)1*ia1i det Ali + (—1)271'@21' det AQZ' + e+ (-1)”71'@7”' det Anz
By det AT = det A, we also have the cofactor expansion along the i-th row
det A = (—1)i_1ai1 det Ail + (—1)i_2ai2 det AiQ + -+ (—1)7;_”(11‘” det Azn

The combination of the row operation, column operation, and cofactor expansion
gives an effective way of calculating the determinants.

Example 5.1.4. Cofactor expansion is the most convenient along rows or columns
with only one nonzero entry.

t—1 2 4 t—5 2 4
det | 2 t—4 2 | &= get 0 t—4 2
4 9 t—1 —t+5 2 t—1

t—5 2 4
Bt qet | 0 t—4 2
0 4 t+3

cofactor Cy (t . 5) det <t —4 2 )

4 t+3
= (t—5)(t* —t — 20) = (t — 5)*(t + 4).

Example 5.1.5. We calculate the determinant of the 4 x 4 Vandermonde matrix in
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Example 2.3.5

1ty 2 Ca—taCs 1 0 0 0

dot | L t, 23 é%ﬁd% 1t —ty ti(ty —to) t3(t1 —to)
1ty 83 t3 1ty —ty tata —to) t3(ty —to)
1

ty —to ti(ty —to) t3(t1 — to
=det |ty —tg to(te —to) ta(ta —to

2
1
2
2
ty t2 3 1ty —to ts(ts —to) t3(ts3 —to)
)
)
t3 —to t3(ts —to) t3(t3 —to)

(tl—tQ)Rl

(tzfto)gQ Lt t%

(b~ to)(t2 — )t — to) et [ 1ty 2
1 t3 12

The second equality uses the cofactor expansion along the first row. We find that
the calculation is reduced to the determinant of a 3 x 3 Vandermonde matrix. In
general, by induction, we have

1 tg t3 -+ 7
1oty 2 -0 7
BN 3
1 t, t2 -
Exercise 5.13. Calculate the determinant.
2 1 -3 01 2 3 2 0 0 1
1 -1 2 1 9 1 2 30 3 0 1 3 0
3 -2 1 12 3 0 1] l-2 0 -1 2
301 2 0 3 1 2
Exercise 5.14. Calculate the determinant
t—3 -1 3 t—2 1 1 -1
1 1 t—>5 3 . 3 1 t—2 -1 1
6 -6 t+2 1 -1 t-2 1
-1 1 1 t—2
t 2 3
2 1 t-—-1 1
-2 -2 t-5

Exercise 5.15. Calculate the determinant.

a b c 1ty 3 t§

L(bca) 5 1t 2t}
c a b 1t 2t

1ty t3 4
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w
T Wy

Exercise 5.16. Calculate the determinant.

t o --- 0 0 ag bp a1 a1 -+ a1 @
-1 t s 0 0 aq as b2 as - a2 a9
1 0 -1 .- 0 0 as 2. det | @3 as bg e a3 as
0 o --- =1 t Ap—2 an Qn Gp -+ Gp bp
o 0 -+ 0 -1 t+4+ap-

Exercise 5.17. The Vandermonde matrix comes from the evaluation of polynomials f(t) of
degree n at n+ 1 distinct points. If two points tg,t; are merged to the same point ¢y, then
the evaluations f(tg) and f(¢1) should be replaced by f(tg) and f’(¢g). The idea leads to
the “derivative” Vandermonde matrix such as

1ty 3 3 - ot
0 1 2tp 32 - nty!
1ty 3 85 - 8
1 t, 2 ¢ ... "

Find the determinant of the matrix. What about the general case of evaluations at
t1,to . .., t, with multiplicities my, mo, . .., my (i.e., taking values f(t;), f'(t;), ..., f™ =D (t;))
satisfying mqy + mo +--- +myp = n?

Exercise 5.18. Use cofactor expansion to explain the determinant of upper and lower tri-
angular matrices.

5.1.5 Cramer’s Rule

The cofactor expansion suggests the adjugate matrixz of a square matrix A

det All —det A21 L (_1)71—1 det Anl

—det A det A oo (=1)"2det A4,

adj(A) — | 12 '22 (1) | 2
(=)t det Ay, (—1)2"det Ay, -+ (=1)"""det A,,

The ij-entry of the matrix multiplication A adj(A) is
cij = (=1 ta; det Ay + (=1)2azdet Ajg + -+ + (=1)7"ay, det Aj,.

The cofactor expansion of det A along the j-th row shows that the diagonal entries
c;j = det A. In case i # j, we compare with the cofactor expansion of det A along the
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J-th row, and find that ¢;; is the determinant of the matrix B obtained by replacing
the j-th row (aj1,ajo,...,a;,) of A by the i-th row (a;1, a2, . .., a;). Since both the
i-th and the j-th rows of B are the same as the i-th row of A, by the alternating
property of the determinant in the row vectors, we conclude that the off-diagonal
entry ¢;; = 0. For the 3 x 3 case, the argument is (a;; = ay;, the hat "is added to
indicate along which row the cofactor expansion is made)

Cl2 = _dll det A21 + &12 det A22 — &13 det A23

A Q12 Aa13 A a11 a3 A a11 a2
= —ai1 det + Q12 det — a13 det
a3z 33 a31 a33 a31 32
@11 a2 13

= det dll &12 dlg = 0.
asr @az2 ass

The calculation of A adj(A) gives
A adj(A) = (det A)I.
In case A is invertible, this gives an explicit formula for the inverse

1
~det A

A consequence of the formula is the following explicit formula for the solution of

Az =b.

adj(A).

Proposition 5.1.6 (Cramer’s Rule). If A = (¥, ¥y --- T,) is an invertible matriz,
then the solution of AZ = b is given by
0
€T; =
det A

Proof. In case A is invertible, the solution of Ax = b is

F=A1=

Then x; is the i-th coordinate

1
€Tr; =
det A
and (—1)'(det Ay;)by+ (—1)?7 (det Ag;)by+- - -+ (—1)""*(det Ay;)b, is the cofactor
(@)
expansion of the determinant of the matrix (¢, --- b --- #,) obtained by replacing
the i-th column of A by b. m

[(—l)l_l(det Ali)bl + (—1)2_1(det Agi)bg + -4 (—1)”_’(det Am)bn};
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For the system of three equations in three variables, the Cramer’s rule is

by a2 ais ai; by a3 a; a2 by
det bg 29 Q923 det 21 b2 923 det 921 Q929 bg
bs asy as3 as; by ass as; asy b
€T = , Lo = , L3 =
aix; aiz a3 a1 aiz2 A3 11 aiz2 A3
det 21 929 a23 det a921 Q929 Q923 det 91 Q929 Q923
a31 azz2 33 a31 dasz2 G33 a3; asz2 G33

Cramer’s rule is not a practical way of calculating the solution for two reasons. The
first is that it only applies to the case A is invertible (and in particular the number
of equations is the same as the number of variables). The second is that the row
operation is much more efficient method for finding solutions.

5.2 Geometry

The determinant of a real square matrix is a real number. The number is determined
by its absolute value (magnitude) and its sign. The absolute value is the volume
of the parallelotope spanned by the column vectors of the matrix. The sign is
determined by the orientation of the Euclidean space.

5.2.1 Volume

The parallelogram spanned by (a,b) and (c,d) may be divided into five pieces
A, B,B',C,C’. The center piece A is a rectangle. The triangle B has the same
area (due to same base and height) as the dotted triangle below A. The triangle B’
is identical to B. Therefore the areas of B and B’ together is the area of the dotted
rectangle below A. By the same reason, the areas of C' and C” together is the area
of the dotted rectangle on the left of A. The area of the parallelogram is then the
sum of the areas of the rectangle A, the dotted rectangle below A, and the dotted
rectangle on the left of A. This sum and is clearly

a ¢
ad—bc:det(b d)'

Strictly speaking, the picture used for the argument assumes that (a, b) and (c, d)
are in the first quadrant, and the first vector is “below” the second vector. One may
try other possible positions of the two vectors and find that the area (which is always
> 0) is always the determinant up to a sign. Alternatively, we may also use the
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Figure 5.2.1: Area of parallelogram.

formula for the area in Section 4.1.1

Area((a,b), (¢, d)) = V/[[(a,)[2l(c, D) = ((a, ) - (c,d))?
= /(a2 + b?)(c® + d?) — (ac + bd)?
= /(a2c? 4 a2d? + b2c? 4 b2d?) — (a2c? + 2abed + b2d?)
= Va2d? + b2c® — 2abed = |ad — bel.

—

Proposition 5.2.1. The absolute value of the determinant of A = (Uy Uy --- ) is
the volume of the parallelotope spanned by column vectors

P(A) = {20 + 29Ty + - -+ + 200, 0 < 2 < 1},

Proof. We show that a column operation has the same effect on the volume vol(A)
of P(A) and on | det A|. We illustrate the idea by only looking at the operations on
the first two columns.

The operation C < Cj is

A=W T )= A= (T @y ---).
The operation does not change the parallelotope. Therefore P(A) = P(A), and we
get vol(A) = vol(A). This is the same as |det A| = | — det A| = | det A|.
The operation C7; — aCs is

A=W T )= A= (ath Ty ).

The operation stretches the parallelotope by factor of |a| in the ¢ direction, and

keeps all the other directions fixed. Therefore the volume of P(A) is [a| times the
volume of P(A), and we get vol(A) = |a|vol(A). This is the same as |det A| =
|adet A| = |a|| det A|.

The operation C; — C 4+ aCs is

A:(Ulﬁg )HA:(171+CL172172 )
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The operation moves v; vertex of the parallelotope along the direction of v, and
keeps all the other directions fixed. Therefore P(A) and P(A) have the same base

along the subspace Span{®s, ..., #,} (the (n —1)-dimensional parallelotope spanned
by ¥,...,7,) and the same height (from the tips of ¥} + av, or ¥} to the base
Span{¥s, ..., #,}). This implies that the operation preserves the volume, and we

get vol(A) = vol(A). This is the same as | det A| = |det A.

If A is invertible, then the column operation reduces A to the identity matrix
I. The volume of P(I) is 1 and we also have det [ = 1. If A is not invertible, then
P(A) is degenerate and has volume 0. We also have det A = 0 by Proposition 5.1.4.
This completes the proof. n

Example 5.2.1. The volume of the tetrahedron is % of the corresponding parallelo-
tope. For example, the volume of the tetrahedron with vertices vy = (1,1,1), 9] =
(1,2,3),7, = (2,3,1),73 = (3,1,2) is

1 1 01 2 1 0 1 2
6| det(ﬁl — '170,172 — 170,’173 — ’170)| = 6 det {1 2 0 = 6 det | 1 2 0
2 01 0 —4 1
1 1 1
= — |—det =—|-9 ==
s (L)oo
In general, the volume of the simplex with vertices vy, U1, s, . . ., Uy, is
1 S L L L
E]det(vl—vo Ug — Uy -+ Up—0p)l|

5.2.2 Orientation

The line R has two orientations: positive and negative. The positive orientation
is represented by a positive number (such as 1), and the negative orientation is
represented by a negative number (such as —1).

The plane R? has two orientations: counterclockwise, and clockwise. The coun-
terclockwise orientation is represented by an ordered pair of directions, such that
going from the first to the second direction is counterclockwise. The clockwise orien-
tation is also represented by an ordered pair of directions, such that going from the
first to the second direction is clockwise. For example, {é7, €} is counterclockwise,
and {és, €1} is clockwise.

The space R® has two orientations: right hand, and left hand. The left hand
orientation is represented by an ordered triple of directions, such that going from
the first to the second and then the third follows the right hand rule. The left
hand orientation is also represented by an ordered triple of directions, such that
going from the first to the second and then the third follows the left hand rule. For
example, {€7, &, €3} is right hand, and {é5, &1, €3} is left hand.
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How can we introduce orientation in a general vector space? For example, the
line H = R(1,-2,3) is a 1-dimensional subspace of R®. The line has two direc-
tions represented by (1,—2,3) and —(1,—2,3) = (—1,2,—3). However, there is no
preference as to which direction is positive and which is negative. Moreover, both
(1,-2,3) and 2(1,-2,3) = (2,—4,6) represent the same directions. In fact, all
vectors representing the same direction as (1, —2,3) form the set

o(1,-2,3) = {c(1,-2,3): ¢ > 0}.

We note that any vector ¢(1,—-2,3) € o(1,—23) can be continuously deformed to
(1,—2,3) in H without passing through the zero vector

()= (1 —t)e+1)(1,-2,3) € H, #(t)#0forall0<t<1,

7(0) = ¢(1,-2,3), (1) =(1,-2,3).
Similarly, the set

0(-1,2,-3) = {c(=1,2,=3): ¢ > 0} = {c(1,-2,3): ¢ < 0}

consists of all the vectors in H that can be continuously deformed to (—1,2, —3) in
H without passing through the zero vector.

Suppose dim V = 1. If we fix a nonzero vector ¢ € V — 0, then the two directions
of V' are represented by the disjoint sets

o5 = {ct: ¢ >0}, o_yg={—cl:c>0}={cV: c<0}.

Any two vectors in oz can be continuously deformed to each other without passing
through the zero vector, and the same can be said about o_;z. Moreover, we have
ogUbo_z =V — 0. An orientation of V is a choice of one of the two sets.

Suppose dim V' = 2. An orientation of V is represented by a choice of ordered
basis a = {v}, v }. Another choice = {u;,w,} represents the same orientation if
« can be continuously deformed to § through bases (i.e., without passing through
linearly dependent pair of vectors). For the special case of V' = R?, it is intuitively
clear that, if going from 7 to ¥ is counterclockwise, then going from w; to ws must
also be counterclockwise. The same intuition applies to the clockwise direction.

Let o = {0y, ¥, ...,0,} and 8 = {wW, Wy, ..., w,} be ordered bases of a vector
space V. We say « and [ are compatibly oriented if there is

a(t) = {v(t), va(t),...,0,(t)}, te]0,1],
such that
1. «(t) is continuous, i.e., each #;(t) is a continuous function of t.

2. «a(t) is a basis for each t.
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3. a(0) = a and (1) = p.

In other words, o and [ are connected by a continuous family of ordered bases.

We can imagine «(t) to be a “movie” that starts from « and ends at 8. If a(t)
connects a to 3, then the reverse movie o(1 — ¢) connects f§ to a. If a(t) connects
a to 8, and B(t) connects 5 to v, then we may stitch the two movies together and
get a movie

{04(215), for t € [0, 1],
1

that connects o to . This shows that the compatible orientation is an equivalence
relation.
In R!, a basis is a nonzero number. Any positive number can be deformed
(through nonzero numbers) to 1, and any negative number can be deformed to —1.
In R?, a basis is a pair of non-parallel vectors. Any such pair can be deformed
(through non-parallel pairs) to {€}, &} or {1, —é>}, and {é7, €;} cannot be deformed
to {€1, —é>} without passing through parallel pair.

Proposition 5.2.2. Two ordered bases a, 3 are compatibly oriented if and only if
det [[]ga > 0.

Proof. Suppose «, f are compatibly oriented. Then there is a continuous family
a(t) of ordered bases connecting the two. The function f(t) = det[]op)a is a
continuous function satisfying f(0) = det[/]oo = 1 and f(¢) # 0 for all ¢ € [0, 1].
By the intermediate value theorem, f never changes sign. Therefore det[/]z, =
det[I]aya = f(1) > 0. This proves the necessity.

For the sufficiency, suppose det[/]z, > 0. We study the effect of the operations
on sets of vectors in Proposition 3.1.3 on the orientation. We describe the operations
on ¢ and v, which are regarded as ¢; and v;. The other vectors in the set are fixed
and are omitted in the formula.

1. The sets {, v} and {¥, —u} are connected by the “90° rotation” (the quotation
mark indicates that we only pretend {u, v} to be orthonormal)

o(t) = {cos i + sin Zv, — sin 4 + cos Tv}.

Therefore the first operation plus a sign change preserves the orientation.
Combining two such rotations also shows that {u, v} and {—u, —0} are con-
nected by “180° rotation”, and are therefore compatibly oriented.

2. For any ¢ > 0, U and ¢ are connected by «(t) = ((1 —t)c+t)v. Therefore the
second operation with positive scalar preserves the orientation.

3. The sets {u, U} and {u+ ct, U} are connected by the sliding a(t) = {@+tcv, U}.
Therefore the third operation preserves the orientation.
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By these operations, any ordered basis can be modified to become certain “reduced
column echelon set”. If V' = R", then the “reduced column echelon set” is either
{€1,6,...,€,_1,6,} or {€1,€,...,6,_1,—€,}. In general, we use the f-coordinate
isomorphism V = R"™ to translate into a Euclidean space. Then we can use a
sequence of operations above to modify « to either § = {w, W, ..., W, 1,w,} or
B = {w, Wy, ..., W,_1,—w,}. Correspondingly, we have a continuous family «(t)
of ordered bases connecting a to [ or (.

By the just proved necessity, we have det[I],1)e > 0. On the other hand, the
assumption det[I]|g, > 0 implies det[I]g, = det[I|gpdet[l]pa = —det[I]go < O.
Therefore «(1) # /', and we must have a(1) = §. This proves that a and  are
compatibly oriented. O

Proposition 5.2.2 shows that the orientation compatibility gives exactly two
equivalence classes. We denote the equivalence class represented by a by

0o = {f: a, B compatibly oriented} = {§: det[I]z, > 0}.
We also denote the other equivalence class by
—0qo = {f: @, f incompatibly oriented} = {3: det[/]z, < 0}.

In general, the set of all ordered bases is the disjoint union oUo’ of two equivalence
classes. The choice of o or o specifies an orientation of the vector space. In other
words, an oriented vector space is a vector space equipped with a preferred choice
of the equivalence class. An ordered basis a of an oriented vector space is positively
oriented if o belongs to the preferred equivalence class, and is otherwise negatively
oriented.

The standard (positive) orientation of R™ is the equivalence class represented by
the standard basis {€7,é5,...,€,_1,€,}. The standard negative orientation is then
represented by {€1, &, ..., €, 1, —€,}.

Proposition 5.2.3. Let A be an n x n invertible matriz. Then det A > 0 if and only
if the columns of A form a positively oriented basis of R™, and det A < 0 if and only
if the columns of A form a negatively oriented basis of R™.

5.2.3 Determinant of Linear Operator

A linear transformation L: V — W has matrix [L]s, with respect to bases «, 5 of
V,W. For the matrix to be square, we need dim V' = dim W. Then we can certainly
define det[L]s, to be the “determinant with respect to the bases”. The problem is
that det[L]s, depends on the choice of a, .

If L: V — V is a linear operator, then we usually choose o = 8 and consider
det[L]aa. If we choose another basis o’ of V, then L]y = P7'[L]aoP, where
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P = [I]ao is the matrix between the two bases. Further by Proposition 5.1.3, we
have
det(P '[L]aaP) = (det P) "' (det[L]as)(det P) = det[L]aa.

Therefore the determinant of a linear operator is well defined.

Exercise 5.19. Prove that det(L o K) = det Ldet K, det L™! = .2—, det L* = det L.

Exercise 5.20. Prove that det(al) = a¥™V det L.

In another case, suppose L: V — W is a linear transformation between oriented
inner product spaces. Then we may consider [L]s, for positively oriented orthonor-
mal bases o and . If o/ and /8’ are other orthonormal bases, then [/],. and [I]gs
are orthogonal matrices, and we have det[I],r = £1 and det[I|gs = £1. If we
further know that o’ and 3’ are positively oriented, then these determinants are
positive, and we get

det[L]gla/ = det[[]g/g det[L]ga det[l]w/ =1 det[L]ga 1= det[L]ga.

This shows that the determinant of a linear transformation between oriented inner
product spaces is well defined.

The two cases of well defined determinant of linear transformations suggest a
common and deeper concept of determinant for linear transformations between vec-
tor spaces of the same dimension. The concept will be clarified in the theory of
exterior algebra.

5.2.4 Geometric Axiom for Determinant

An n x n invertible matrix A gives an (n + k) x (n + k) invertible matrix (é ?) :

called stabilisation of A. The parallelotope P (é ?) is the “orthogonal product”

of P(A) in R" and P(I) in R*. Moreover, P(I) is the unit cube and should have
volume 1. Therefore we expect the stabilisation property for the determinant

A O
det (O [> = det A.

The other property we expect from the geometry is the multiplication property for
invertible n x n matrices A and B

det AB = det Adet B.

Theorem 5.2.4. The determinant of invertible matrices is the unique function sat-
isfying the stabilisation property, the multiplication property, and D(a) = a.
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Proof. Let D be a function with the properties in the theorem. By taking A =
B = I in the multiplication property, we get D(I) = 1. By taking B = A~! in the
multiplication property, we get D(A™!) = D(A)™!.

A row operation of third type is obtained by multiplying an elementary matrix
E;;(c) to the left. The following shows that E1s(c) = Fi3(c)Ese(1)E13(c) ' Esa(1)~

—1 -1

1 ¢ 0 1 0 ¢ 1 00 1 0 ¢ 1 00
01 0J=1(010 010 010 010
0 01 0 01 011 0 0 1 011

By thinking of the matrix multiplication as happing only to the i-th, j-th and k-th
columns and rows, the equality shows that E;;(c) = Ei(c)Ex;(1)Eix(c) ' Ey; (1)1
Then by the multiplication property, we have (at least for n x n matrices, n > 3)

D(E;j(c)) = D(Ei(c)) D(Ey;(1)) D(Ey(c))™ D(Eg;(1))~" = 1.

By the multiplication property again, we have D(E;;(c)A) = D(A). In other words,
row operations of third type do not change D.

Next we argue that row operations of third type can change any invertible matrix
to a diagonal one. The key is the following “skew row exchange” operation similar
to the row operation of the first type

—

(5) Ri—Rs (c—i — b) Ro+R: ((i’ — l;) Ri—Ro (—E)
) 2 (LT 2R (DY) 2= ().
b b a a

Since the operation is a combination of three row operations of third type, it does
not change D.

An invertible n X n matrix A can be reduced to I by row operations. In more
detail, we may first use row operation of first type to move a nonzero entry in the
first column of A into the 1l-entry position, so that the 11-entry is nonzero. Of
course this can also be achieved by “skew row exchange”, with the cost of adding
“—7 sign. In other words, we may use row operations of third type to make the
11-entry nonzero. Then we may use more row operations of third type to make the
other entries in the first column into 0. Therefore we may use row operations of

only the third type to get
aq *
A— ( 0 Al) ,

where A; is an invertible (n—1) x (n—1) matrix. Then we repeat the process for A;.
This means using row operations of third type to make the 22-entry nonzero, and
all the other entries in the second column into 0. Inductively, we use row operations
of third type to get a diagonal matrix

ap 0 - 0

A 0 gy - 0
AsA=| . |, a0
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Since row operations of only the third type are used, we have D(A) = D(A) and
det A = det A.

For a diagonal matrix, we have a sequence of row operations of third type (the
last — is a combination of three row operations of third type)

606002

By repreatedly using this, we may use row operations of third type to get

( ) = a1z ...0ayp.
O
1

Then we get D(A) = D(A) = D< ) and det A = det A = det <0 1)‘ By the

a

O
stabilisation property, we get D(A) = D(a) = a. We also know det A = det(a) =
This completes the proof that D = det. ]

a O

Behind the theorem is the algebraic K-theory of real numbers. The theory
deals with the problem of invertible matrices that are equivalent up to stabilisation
and third type operations. The proof of the theorem shows that, for real number
matrices, every invertible matrix is equivalent to the diagonal matrix with diagonal
entries a,1,1,...,1.



Chapter 6

General Linear Algebra

A vector space is characterised by addition V' x V' — V and scalar multiplication
RxV — V. The addition is an internal operation, and the scalar multiplication uses
R which is external to V. Therefore the concept of vector space can be understood
in two steps. First we single out the internal structure of addition.

Definition 6.0.1. An abelian group is a set V| together with the operation of addi-
tion

utv:VxV—=V,

such that the following are satisfied.
1. Commutativity: u 4+ v = v + u.
2. Associativity: (u+v) +w =u+ (v+ w).
3. Zero: There is an element 0 € V satisfying u + 0 = v = 0 + w.

4. Negative: For any u, there is v, such that u +v=0=v + u.

For the external structure, we may use scalars other than real numbers R, so that
most linear algebra theory remain true. For example, if we use rational numbers Q
in place of R in Definition 1.1.1 of vector spaces, then all the chapters so far remain
valid, with taking square roots (in inner product space) as the only exception. A
much more useful scalar is the complex numbers C, for which all chapters remain
valid, except a more suitable version of the complex inner product needs to be
developed.

Further extension of the scalar could abandon the requirement that nonzero
scalars can be divided. This leads to the useful concept of modules over rings.

187
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6.1 Complex Linear Algebra

6.1.1 Complex Number

A complex number is of the form a + b, with a,b € R and ¢ = \/—1 satisfying
i> = —1. A complex number has the real and imaginary parts

Re(a +ib) = a, Im(a+ ib) =b.
The addition and multiplications of complex numbers are

(a+1b) + (c+1id) = (a+c) +i(b+d),
(a +ib)(c+ id) = (ac — bd) + i(ad + bc).
It can be easily verified that the operations satisfy the usual properties (such as

commutativity, associativity, distributivity) of arithmetic operations. In particular,
the subtraction is

(a+ib) — (c+1id) = (a —c) +i(b— d),
and the division is

a+ib  (a+ib)(c—id)  (ac+ bd)+i(—ad+ bc)
c+id  (c+id)(c—id) 2 + d?

All complex numbers C can be identified with the Euclidean space R?, with the
real part as the first coordinate and the imaginary part as the second coordinate.
The corresponding real vector has length r and angle 6 (i.e., polar coordinates), and
we have

a+ib=rcosl+irsinf = re.

The first equality is simple trigonometry, and the second equality uses the expansion
(the theoretical explanation is the complex analytic continuation of the exponential
function of real numbers)

. 1 1 1
Ze f— —_— ) —_— ) 2 .« .. — ) n .« ..
e —1+1!19+2!(29) + —l—n!(z@) +
_ Ly 14 ~ Log 15
= (1—59 +4f +) +z<6—§6 + 50+
= cosf + isinf.
The complex exponential has the usual properties of the real exponential (because

of complex analytic continuation), and we can easily get the multiplication and
division of complex numbers

(re?) (') = 'O+ re _ _ Lie-o)
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The polar viewpoint easily shows that multiplying re?® means stretching by r and
rotating by 6.

The complex conjugation a + bi = a — bi is an automorphism (self-isomorphism)
of C. This means that the conjugation preserves the four arithmetic operations

- - z
ANt 2=+ 2, =22, D17 = 212, (2_1) =—_.
2
Geometrically, the conjugation means flipping with respect to the z-axis. This gives
the conjugation in polar coordinates

reif = re ",

The length can also be expressed in terms of the conjugation
zz=a*+b =1 |z]=r=+z2z

This suggests that the positivity of the inner product can be extended to complex
vector spaces, as long as we modify the inner product by using the complex conju-
gation.

A major difference between R and C is that the polynomial ¢* + 1 has no root
in R but has a pair of roots £¢ in C. In fact, complex numbers has the following so
called algebraically closed property.

Theorem 6.1.1 (Fundamental Theorem of Algebra). Any non-constant complex poly-
nomaial has roots.

The real number R is not algebraically closed.

6.1.2 Complex Vector Space

By replacing R with C in the definition of vector spaces, we get the defintion of
complex vector spaces.

Definition 6.1.2. A (complex) vector space is a set V', together with the operations
of addition and scalar multiplication

U+0: VXV =V, ai:CxV =V,
such that the following are satisfied.
1. Commutativity: « + v = v + 4.
2. Associativity for addition: (4 + v) + @ = 4 + (v + ).

3. Zero: There is an element 0 € V satisfying @+ 0 = @ = 0 + @.
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4. Negative: For any @, there is ¥ (to be denoted —), such that @+ = 0 = 7+4.
5. One: 14 = 4.
6. Associativity for scalar multiplication: (ab)d = a(bu).

7. Distributivity in the scalar: (a + b)d = atl + b.

8. Distributivity in the vector: a(u + ¥) = at + av.
The complex Euclidean space C™ has the usual addition and scalar multiplication

(X1, 22, T0) + (Y1, Y2, Yn) = (T1 + Y1, T2 + Y2, .-+, T+ Yn),
a(xy,xe, ..., x,) = (axy,axy, ..., ax,).

All the material in the chapters on vector space, linear transformation, subspace
remain valid for complex vector spaces. The key is that complex numbers has four
arithmetic operations like real numbers, and all the properties of the arithmetic op-
erations remain valid. The most important is the division that is used in cancelation
and proof of results such as Proposition 1.3.8.

The conjugate vector space V of a complex vector space V is the same set V with
the same addition, but with scalar multiplication modified by conjugation

@\|
it

av =

Here ¥ is the vector ¥ € V regarded as a vector in V. Then a¥ is the scalar
multiplication in V. On the right side is the vector ai’ € V regarded as a vector in
V. The definition means that multiplying a in V is the same as multiplying @ in V.
For example, the scalar multiplication in the conjugate Euclidean space C" is

a(xy, o, ..., x,) = (axy1, 4y, . .., aT,).

Let o = {@),7y,...,7,} be a basis of V. Let & = {v},0,...,0,} be the same
set considered as being inside V. Then & is a basis of V' (see Exercise 6.2). The
“identity map” V — V is

evV.

Sl

U= X101 + x9Us + -+ + 2,0, €V = T10] + Totlp + -+ - + TpU, =
Note that the scalar multiplication on the right is in V. This means
[la = [V,

Exercise 6.1. Prove that a complex subspace of V is also a complex subspace of V. More-
over, sum and direct sum of subspaces in V and V are the same.

Exercise 6.2. Suppose « is a set of vectors in V, and & is the corresponding set in V.
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1. Prove that a and & span the same subspace.

2. Prove that « is linearly independent in V' if and only if & is linearly independent in

V.

If we restrict the scalars to real numbers, then a complex vector space becomes a
real vector space. For example, the complex vector space C becomes the real vector
space R?, with z = z + iy € C identified with (z,y) € R?. In general, C" becomes
R?", and dimg V = 2dim¢ V for any complex vector space V.

Conversely, for a real vector space V' to be the restriction (of complex scalars to
real scalars) of a complex vector space, we need to add the scalar multiplication by
i. This is a special real linear operator J: V — V satisfying J? = —I. Given such
an operator, we define the complex multiplication by

(a + b))V = av + bJ (V).
Then we can verify all the axioms of the complex vector space. For example,

(a+1ib)((c + 1d)V) = (a + ib)(cU + dJ(V))

= a(ct+ dJ(V)) + bJ (cv + dJ (V))
act + adJ (V) + beJ (V) + bdJ?(v)
= (ac — bd)V + (ad + be)J (V),
((ac — bd) + i(ad + bc) )V
= (ac — bd)v' + (ad + bc) J (V).

((a -+ ib)(c + id))T

Therefore the operator J is a complex structure on the real vector space.

Proposition 6.1.3. A complex vector space is a real vector space equipped with a
linear operator J satisfying J* = —1I.

Exercise 6.3. Prove that R has no complex structure. In other words, there is no real linear
operator J: R — R satisfying J? = —1.

Exercise 6.4. Suppose J is a complex structure on a real vector space V, and v € V is
nonzero. Prove that v, J(¢) are linearly independent.

Exercise 6.5. Suppose J is a complex structure on a real vector space V. Suppose 07,
J(th), U2, J(V2), ..., Uk, J(Ug) are linearly independent. Prove that if ¥ is not in the span
of these vectors, then vy, J(01), v, J(U2), . . ., Uk, J (Uk), U, J(¥) is still linearly independent.

Exercise 6.6. Suppose J is a complex structure on a real vector space V. Prove that
there is a set a = {01, 72, ..., Uy}, and we get J(a) = {J(01), J(V2),...,J(¥,)}, such that
aUJ(«) is a real basis of V. Moreover, prove that « is a complex basis of V' (with complex
structure given by J) if and only if o U J(«) is a real basis of V.
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Exercise 6.7. If a real vector space has an operator J satisfying J? = —I, prove that the
real dimension of the space is even.

6.1.3 Complex Linear Transformation
A map L: V — W of complex vector spaces is (complez) linear if
L(d+ v) = L(d) + L(V), L(a¥) = aL(7).
It is conjugate linear if
L(d+ v) = L(u) + L(¥), L(a?¥) = aL(?).
Using the conjugate vector space, the following are equivalent
1. L: V — W is conjugate linear.
2. L: V — W is linear.
3. L: V — W is linear.

We have the vector space Hom(V, W) of linear transformations, and also the vector
space Hom(V, W) of conjugate linear transformations. They are related by

Hom(V, W) = Hom(V, W) = Hom(V, W).
A conjugate linear transformation L: C* — C™ is given by a matrix

L(f) = L(:Elé’l —f- Iggg “+ .- —f- Ingn>
=T, L(6)) + 72 L(&) + - - + T, L(€,) = AT

The matrix of L is
If we regard L as a linear transformation L: C" — C™, then the formula becomes
L(7) = AT = A%, or A = [L]e.. If we regard L as L: C" — C™, then the formula
becomes L(¥) = AZ, or A = [L].

In general, the matrix of a conjugate linear transformation L: V — W is

[Llga = [L()]g, [L(D)]s = [L]palt],-

Then the matrices of the two associated linear transformations are

[L:V — W]Ba = [L]ﬁa, [L:V — W]sa = [L]sa-

We see that conjugation on the target adds conjugation to the matrix, and the
conjugation on the source preserves the matrix.
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Due to two types of linear transformations, there are two dual spaces
V* = Hom(V,C), V*=Hom(V,C)= Hom(V,C)= Hom(V,C).

We note that Hom(V,C) means the dual space (V)* of the conjugate space V.
Moreover, we have a conjugate linear isomorphism (i.e., invertible conjugate linear
transformation)

W(Z) € VF = I(Z) = 1(Z) € V7,
which can also be regarded as a usual linear isomorphism between the conjugate V*
of the dual space V* and the dual V* of the conjugate space V. In this sense, there
is no ambiguity about the notation V*.
A basis a = {#,,...,7,} of V has corresponding conjugate basis & of V
and dual basis a* of V*. Both further have the same corresponding basis a* =
{0y, 05,...,0°} of V*, given by

5?(1‘1171 + :L'QI_)'Q _I_ cte + xnﬁn) = jl — {);k(f)

We can use this to justify the matrices of linear transformations

[Llga = [L(a)lg = B*(L(a)) = B*(L(e)) = [L(a)]5 = [L]q,
[Lga = [L(@)]p = [L(@)]s = [L]ga-

In the second line, L in L(a) means L: V — W, and L in L(a) means L: V — W.
Therefore they are the same in W.

A conjugate linear transformation L: V — W induces a conjugate linear trans-
formation L*: V* — W*. We have (aL)* = aL*, which means that the map

Hom(V, W) — Hom(W*,V*)
is a linear transformation. Then the equivalent viewpoints
Hom(V, W) — Hom(W*,V*) = Hom(W*, V*)
are conjugate linear, which means (aL)* = aL*.
Exercise 6.8. What is V? What is V*? What is Hom(V, W)? What is Hom(V, W)?

Exercise 6.9. We have Hom(V, W) = Hom(V, W)? What is the relation between [L]3, and
[L]Ba?

Exercise 6.10. What is the composition of a (conjugate) linear transformation with another
(conjugate) linear transformation? Interpret this as induced (conjugate) linear transfor-
mations L., L* and repeat Exercises 2.12, 2.13.
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6.1.4 Complexification and Conjugation

For any real vector space W, we may construct its complezification V.= W @& iW.
Here W is a copy of W in which a vector @ € W is denoted iw. Then V becomes
a complex vector space by

(W + 1y) + (W + idy) = (Wy + W) + i(Wa + W),
(CL + ’lb) (u71 + ZU_}2) = (awl - b?ﬁg) + z(bu71 + CL’IEQ).

A typical example is C" = R™ @ iR".

Conversely, we may ask whether a complex vector space V' is the complexification
of a real vector space W. This is the same as finding a real subspace W C V (i.e.,
w,v € W and a,b € R implying ati 4+ b € W), such that V =W @ iW. By Exercise
6.6, for any (finite dimensional) complex vector space V', such W is exactly the real
span

Span®a = {@1T), + 29Ty + - - - + 2,0, : 7; € R}

of a complex basis a = {3, ¥, ..., 0,} of V. For example, if we take the standard
basis € of V = C", then we get W = Span®e = R". This makes C" into the
complexification of R™.

Due to the many possible choices of complex basis «, the subspace W is not
unique. For example, V = C" is also the complexification of W = iR™ (real span of
ie = {i€),i€y,...,1€,}). Next we show that such W are in one-to-one correspondence
with conjugation operators on V.

A conjugation of a complex vector space is a conjugate linear operator C': V. — V
satisfying C? = I. Any finite dimensional vector space V has isomorphism V = C".
Then we may translate the conjugation in C"

(217227---7Zn) = (21,22,...,2’”)

to get a conjugation on V.
ItV =W @ iW, then

C (W + iy) = Wy — iy
is a conjugation on V. Conversely, if C' is a conjugation on W, then we introduce
W = ReV = {w: C(wW) = w}.
For @ = i € iW, we have C(@) = C(iwf) = iC(W) = —iwd = —, and we get
iW =1ImV = {ud: C(u) = —u}.
Moreover, any v € V has unique decomposition

U=y + iy, W =T+ C@E)EW, @ =1iF-C®H)eiW.

N
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This gives the direct sum V =W & W = ReV & ImV.
For a given complexification V =W @ iW, or equivalently a conjugation C', we
will not use C' and instead denote the conjugation by
2171+iw2:w1—i1172, wl,wgew
A complex subspace H C V has the corresponding conjugate subspace
1{[: {5 176 H} == {1171 —7;11721 131,1@ S VV, U71 +ZU72 € H}

Note that we also use H to denote the conjugate space of H. For the given conju-
gation on V', the two notations are naturally isomorphic.

Example 6.1.1. Let C': C — C be a conjugation. Then we have a fixed complex
number ¢ = C(1), and C(z) = C(z1) = zC(1) = cz. The formula satisfies the first
two properties of the conjugation. Moreover, we have C?(z2) = C(cz) = ccz = |c|?2.
Therefore the third condition means |c| = 1. We find that conjugations on C are in
one-to-one correspondence with points ¢ = e on the unit circle.

For C'(z) = €z, we have (the real part with respect to c)

RegC = {z: P2 =2} = {ref: e =¢*, r >0}

= {re”: 2p =0 mod 27, r > 0} = Re'?.

This is the real line of angle g. The imaginary part

0 ERy) 04
ImyC = iRe'2 = e2Re’2 = Re' 2

0+

is the real line of angle =5*, and is orthogonal to Re,C.

Exercise 6.11. Suppose V =W @ iW is a complexification. What is the conjugation with
respect to the complexification V =iW @ W?

Exercise 6.12. Suppose V = W @ ¢W is a complexification, and a« C W is a set of real
vectors.

1. Prove that SpanCa is the complexification of Span®a.
2. Prove that « is R-linearly independent if and only if it is C-linearly independent.

3. Prove that « is an R-basis of W if and only if it is a C-basis of V.

Exercise 6.13. For a complex subspace H of a complexification V = W @ iW, prove that
H = H if and only if H = U @ iU for a real subspace U of W.

Exercise 6.14. Suppose V is a complex vector space with conjugation. Suppose « is a set
of vectors, and & is the set of conjugations of vectors in «.
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1. Prove that Spana = Spanc.
2. Prove that « is linearly independent if and only if & is linearly independent.

3. Prove that « is a basis of V' if and only if & is a basis of V.

Exercise 6.15. Prove that
RanA = RanA, NulA = Nul4, rankA = rankA.

Consider a linear transformation between complexifications of real vector spaces
V and W
L: V@iV —-WaiW.

We have R-linear transformations Ly, Ly: V' — W (which may be denoted ReL and

ImL) given by
L(V) = L1(V) +iLs(V), UEeV,

and the whole L is determined by Lq, Lo
L(vy 4 ity) = L(v1) + i L(0y)
= Ly (0h) 4+ iLo(V1) + i(L1(V2) + iL2(72))
— Ll(ﬁl) - Lz(ﬁg) —|— Z(L2(171> —|— Ll(ﬁg))
This means that, in the block form, we have (using iV = V and iWW = W)

L= M'J&:V@OW—HV@@W
Ly L

Let a and  be R-bases of V' and W. Then we have real matrices [L;]g, and
[Ls]sa. We note that « and [ are also C-bases of V @iV and W & W, and

[L]goa = [L1]pa + i[La]pa-
We also note that

L(®) = L(0): V&iV - W & iW

is a linear transformation, and

L(7) = Ly(7) — iLy(5), TeV.

Therefore

[Lga = [Ln]pa = i[L2]ga = [L]q-

Exercise 6.16. Prove that a complex linear transformation L: V@iV —-WaoiW satisfies

L(W) C W if and only if it preserves the conjugation: L(¢) = L(¥) (this is the same as

L=1L).

Exercise 6.17. Suppose V = W @ W = W’ @ iW' are two complexifications. What can
you say about the real and imaginary parts of the identity I: W & W — W' @ iW'?
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6.1.5 Conjugate Pair of Subspaces

We study a complex subspace H of a complixification V' = W & iW satisfying
V = H & H, where H is the conjugation subspace.
The complex subspace H has a complex basis

a = {Uy —iw, Uy — i, ..., Uy — Wy}, U;,w; €W
Then & = {uy + W, Uy + iy, . . ., Uy, + i, } is a complex basis of H, and v U &v is
a (complex) basis of V = H @ H. We introduce
ﬁ:{u17u27"'7um}7 BT:{wlanW"awm}-

Since vectors in o U & and vectors in 8 U BT are (complex) linear combinations of
each other, and the two sets have the same number of vectors, we find that S U 1 is
also a complex basis of V. Since the vectors in B U ' are in W, the set is actually
a (real) bases of the real subspace W.

We introduce real subspaces

E =SpanB, E'=Spans’, W=FEgE"
We also introduce a real isomorphism by taking ; to ;

tE=E il =

Because u; — mj = U; —1W; € aw C H, the isomorphism has the property that

U
@ — it € H for any 7 € E.

Proposition 6.1.4. Suppose V =W @ iW = H @ H for a real vector space W and
a complex subspace H. Then there are real subspaces E,ET and an isomorphism
@ <> ' between E and E', such that

W=Ea&E'! H={(i,+ad)+i(idy—adl): @, i, € E}.

Conwversely, any complex subspace H constructed in this way satisfies V = H © H.

We note that F and E' are not unique. For example, given a basis o of H, the
following is also a basis of H

Oé/ = {’l(ﬁl — ’iwl),ﬁQ — Z’U_)’Q, R ,’L_I:m — zzUm}
= {W + 1ty Uy — Wo, ..., Up — iWy}.
Therefore we may also choose
E =R, +Rily + -+ + Rit,, E"=R(—1;) + Ry + - - - + Radiyp,

yO

in our construction and take @l = —, u; = w; for j > 2.
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Proof. First we need to show that our construction gives the formula of H in the
proposition. For any i, 4 € E, we have

E(ul,u2) =1 + u2 + ity — uT) = U — zu1 + (s — zuz) € H.

Conversely, we want to show that any /& € H is of the form H(ﬁl, Uz). We have the
decomposition

\+abeW, e W, i, i, € E.

=~
Il
<y
_|_
~.
&
S
Il
1

Then
W@ — 1y + @) = —i(h — (i, 1)) € H.

However, we also know @ — @iy + @l € W. By

TeHNW = =0 H — v HnH = {0},
we conclude @ — @, + @, = 0, and
h= i+ il = iy + @y + iy — @) = h(iy, d).

Now we show the converse, that H constructed in the proposition is a complex
subspace satisfying V = H @ H. First, since E and E' are real subspaces, H is
closed under addition and scalar multiplication by real numbers. To show H is a
complex subspace, therefore, it is sufficient to prove heH implies ih € H. This
follows from

(@ + @) + ity — @) = —o + T} +i(Ty + @) = h(—is, @)

Next we prove W C H + H, which implies iW C H+ H and V = W +iW C
H+ H. For 4 € E, we have

U=

il =

This shows that £ C H and ET_C H, and therefore W = E + E' C H. B

Finally, we prove that H + H is a direct sum by showing that H N H = {0}. A
vector in the intersection is of the form h(ify, @) = h(wh,wh). By V = E@® ET @
iE @ iET, the equality gives

- S —t -1 - - —t
Uy = Wy, Uy = Wy, Ug = — W2, —Uyp = Wy.

Since T is an isomorphism, ﬁg = w2 and —u uﬂ imply iy = Wy and —i; = w;.

Then it is easy to show that all component vectors vanish. O]



6.1. COMPLEX LINEAR ALGEBRA 199

Exercise 6.18. Prove that E in Proposition 6.1.4 uniquely determines ET by

E'={@WeW:d—iwe H for some @ € E}.

In the setup of Proposition 6.1.4, we consider a linear operator L: V — V
satisfying L(W) C W and L(H) C H. The condition L(W) C W means L is a real
operator with respect to the complex conjugation structure on V. The property is
equivalent to L commuting with the conjugation operation (see Exercise 6.16). The
condition L(H) C H means that H is an invariant subspace of L.

By L(H) C H and the description of H in Proposition 6.1.4, there are linear
transformations Ly, Ly: E — FE defined by

L(@) —iL(d") = L(@ — ia') = (Ly(@) + Lo(@)") + i(Lo(@0) — Ly(@)Y), @ € E.
By V =W @iW and L(@), L(u') € L(W) C W, we get

L(i6) = Ly (@) + Ly(@0)', L(d") = —Lo(@) + Ly (@),

L) = () + Gl = (2 ) (3)

In other words, with respect to the direct sum W = E @ E' and using £ = ET, the
restriction L|y : W — W has the block matrix form

(L1 —Ls
v (2 )

6.1.6 Complex Inner Product

or

The complex dot product between Z,y € C" cannot be x1y; + Toys + -+ + TuYn
because complex numbers do not satisfy 2% + 23 + -+ + 22 > 0. The correct dot
product that has the positivity property is

(:C17x27-.-7xn)-(y17y2.._’yn) :xlgl—i—..._i_xngn:fTi

More generally, a bilinear function b on V' x V satisfies b(iv,i0) = i2b(v,v) =
—b(v, V). Therefore the bilinearity is contradictory to the positivity.

Definition 6.1.5. A (Hermitian) inner product on a complex vector space V is a
function

(u,vy: VxV = C,

such that the following are satisfied.

1. Sesquilinearity: (au+bd, v) = a(u, V) +b(@, V), (€, av+b0) = a(@, v)+b{d, 7).
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2. Conjugate symmetry: (v, ) = (i, v).
3. Positivity: (@, @) > 0 and (@, @) = 0 if and only if 7 = 0.

The sesquilinear (sesqui is Latin for “one and half”) property is the linearity in
the first vector and the conjugate linearity in the second vector. Using the conjugate
vector space ¥, this means that the function is bilinear on V' x V.

The length of a vector is still ||7]|| = /(¥,¥). Due to the complex value of the
inner product, the angle between nonzero vectors is not defined, and the area is not
defined. The Cauchy-Schwarz inequality (Proposition 4.1.2) still holds, so that the
length still has the three properties in Proposition 4.1.3.

Exercise 6.19. Suppose a function b(#, ¥) is linear in @ and is conjugate symmetric. Prove
that b(w, ¥) is conjugate linear in v.

Exercise 6.20. Prove the complex version of the Cauchy-Schwarz inequality.

Exercise 6.21. Prove the polarisation identity in the complex inner product space (compare
Exercise 4.12)

I R T e e
(@, 9) = g (la+0* = ||@ = 71* + ifla + iv)|* — difl7 — iv]*).

Exercise 6.22. Prove the parallelogram identity in the complex inner product space (com-
pare Exercise 4.14)

@ + 9% + [|@ — ¥)|* = 2([|@)|* + 7))

Exercise 6.23. Prove that (@, )y = (¥, %)y is a complex inner product on the conjugate
space V. The “identity map” V' — V is a conjugate linear isomorphism that preserves the
length, but changes the inner product by conjugation.

The orthogonality @ L @' is still defined by (i, ¥) = 0, and hence the concepts of
orthogonal set, orthonormal set, orthonormal basis, orthogonal complement, orthog-
onal projection, etc. Due to conjugate linearity in the second variable, one needs
to be careful with the order of vectors in formula. For example, the formula for the
coefficient in Proposition 7?7 must have ¥ as the first vector in inner product. The
same happens to the formula for orthogonal projection.

The Gram-Schmidt process still works, with the formula for the real Gram-
Schmidt process still valid. Consequently, any finite dimensional complex inner
product space is isometrically isomorphic to the complex Euclidean space with dot
product.

The inner product induces a linear isomorphism

TeEV i (¥,) eV
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and a conjugate linear isomorphism
veV = (,U) eV

A basis is self-dual if it is mapped to its dual basis. Under either isomorphism, a
basis is self-dual if and only if it is orthonormal.

A linear transformation L: V' — W has dual linear transformation L*: W* —
V*. Using the conjugate linear isomorphisms induced by the inner product, the dual
L* is translated into the adjoint L*: W — V

e L*(dual) e
<-,w>T% e%m (L(V), W) = (v, L*(w)).
W L*(adjoint) %

The combination of two conjugate linear isomorphisms still leaves the adjoint L* a
complex linear transformation.
The adjoint satisfies

I'=I1, (L+K)"=L"+K* (alL)"=aL*, (LoK)"=K'oL* (L") =L.
In particular, the adjoint is a conjugate linear isomorphism
L+— L*: Hom(V, W) = Hom(W, V).
The conjugate linearity can be verified directly
(0, (aL)*(w)) = (aL(0), @) = a(L(v), ) = a{v, L (@)) = (0, al”(@)).

Let o = {¥h,0s,...,0,} and § = {W,Ws,...,W,} be bases of V and W. By
Proposition 2.3.1, we have

(L5 W* = V¥ g = [L]ga.

If we further know that a and § are orthonormal, then o« C V' is taken to o* C V*
and o C W is taken to 8* C W. The calculation in Section 6.1.3 shows that the
composition with the conjugate linear isomorphism W = W* does not change the
matrix, but the composition with the conjugate linear isomorphism V' = V* adds
complex conjugation to the matrix. Therefore we get

* * * * — [T — *
[L*: W — V]ap = [L*: W* = V¥ —[L]ﬂa—[L]Ba.
Here we denote the conjugate transpose of a matrix by A* = A7,
For the special case of complex Euclidean spaces with dot products and the

standard bases, the matrix for the adjoint can be verified directly

Q*B*

AT = (AR) Y = ATy = T Ay = 7 - A
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A linear transformation L: V' — W is an isometry (i.e., preserves the inner
product) if and only if L*L = I. In case dim V' = dim W, this implies L is invertible,
L'=L* and LL* = 1I.

In terms of matrix, a square complex matrix U is called a unitary matriz if it
satisfies U*U = I. A real unitary matrix is an orthogonal matrix. A unitary matrix
is always invertible with U~! = U*. Unitary matrices are precisely the matrices of
isometric isomorphisms with respect to orthonormal bases.

Exercise 6.24. Prove
(RanL)t = KerL*, (RanL*)* =KerL, (KerL): =RanL*, (KerL*): = RanlL.

Exercise 6.25. Prove that the formula in Exercise 4.58 extends to linear operator L on
complex inner product space

(L(@), V) + (L(V),u) = (L(4+ V), d + U) — (L(u), ) — (L(V), V).
Then prove that the following are equivalent
1. (L(V),?) is real for all v.
2. (L(@), ) + (L(?V), W) is real for all «, v.
3. L=1L".

Exercise 6.26. Prove that (L(¥), ) is imaginery for all ¢ if an donly if L* = —L.

Exercise 6.27. Define the adjoint L*: W — V of a conjugate linear transformation L: V —
W by (L(v), W) = (¥, L*()). Prove that L* is conjugate linear, and find the matrix of L*
with respect to orthonormal bases.

Exercise 6.28. Prove that the following are equivalent for a linear transformation L: V —
Ww.

1. L is an isometry.

2. L preserves length.

3. L takes an orthonormal basis to an orthonormal set.
4. L*L =1.

5. The matrix A of L with respect to orthonormal bases of V' and W satisfies A*A = I.

Exercise 6.29. Prove that the columns of a complex matrix A form an orthogonal set with
respect to the dot product if and only if A*A is diagonal. Moreover, the columns form an
orthonormal set if and only if A*A = I.

Exercise 6.30. Prove that P is an orthogonal projection if and only if P? = P = P*.
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Suppose W is a real vector space with real inner product. Then we may extend
the inner product to the complexification V = W @ ¢WW in the unique way

(Uy + itly, W + iwWy) = (Uy, W) + (U, Wa) + i(Us, W) — i(Uy, Wa).
In particular, the length satisfies the Pythagorean theorem
[y + iadiy || = (| || + [Jad .
The other property is that ¥ = @ + i and ¥ = @ — i are orthogonal if and only if
0 = (@ + i, & — iw) = ||i]|* — ||&||* + 2i(d, ).
This means that
[all = @l (@) =0.

In other words, w, w is the scalar multiple of an orthonormal pair.

Conversely, we may restrict the inner product of a complexification V- = W &iW
to the real subspace W. If the restriction always takes the real value, then it is an
inner product on W, and the inner product on V' is the complexification of the inner
product on W.

Problem: What is the condition for the restriction of inner product to be real?

Exercise 6.31. Suppose Hi, Hs are subspaces of real inner product space V. Prove that
H®iHy, Hy®1H, are orthogonal subspaces in V @iV if and only if Hy, Hy are orthogonal
subspaces of V.

6.2 Field and Polynomial

6.2.1 Field

The scalars is external to vector spaces. In the theory of vector spaces we developed
so far, only the four arithmetic operations of the scalars are used until the introduc-
tion of inner product. If we regard any system with four arithmetic operations as
“generalised numbers”, then the similar linear algebra theory without inner product
can be developed over such generalised numbers.

Definition 6.2.1. A field is a set with arithmetic operations +, —, X, + satisfying
the usual properties.

In fact, only two operations +, x are required in a field, and —, =+ are regarded
as the “opposite” or “inverse” of the two operations. Here are the axioms for + and
.

1. Commutativity: a +b = b+ a, ab = ba.
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2. Associativity: (a +0b0)+c=a+ (b+¢), (ab)c = a(bc).
3. Distributivity: a(b+ ¢) = ab+ ac.
4. Unit: There are 0,1, such that a +0=a =0+ a, al = a = la.

5. Inverse: For any a, there is b, such that a +b = 0 = b 4+ a. For any a # 0,
there is ¢, such that ac = 1 = ca.

The real numbers R, the complex numbers C and the rational numbers QQ are
examples of fields.

Example 6.2.1. The field of v/2-rational numbers is Q[v/2] = {a + bv/2: a,b € Q}.
The four arithmetic operations are

(a+bV2) + (c+dV2) = (a+c)+ (b+d)V?2,
(a+0v2) — (c+dV2) = (a—c) + (b — d)V2,
(a4 bV2)(c + dV?2) = (ac + 2bd) + (ad + be)V2,
a~|—b\/_ (a+b\/_)(c—d\/_) _ac—2bd+—ad+bc\/§.
c+dv2  (c+dV2)(c—dv2) A—=2d =2

The field is a subfield of R, just like a subspace.
In general, for any integer p with no square factors, we have the field of ,/p-
rational numbers Q[,/p] = {a + by/p: a,b € Q}, with

(a+by/p) + (c+dyp) = (a+c)+ (b+ d)/p,
(a+ by/p)(c+ dy/p) = (ac+ pbd) + (ad + be)+/p.

Example 6.2.2. We have the field of V2 and /3 rational numbers
QV2,V3] ={a+bvV2+ V34 dV6: a,b,c,d € Q}.

The field can be understood as similar to (Q[v/2])[v/3], where Q[v/2] plays the role
of Q in Q[v/3]. In particular, we know how to divide numbers in this field. They
key is the reciprocal

1 B (a4 bv2) — (c+dvV2)V3
a+b/2+cv/3+dv6  [(a+bv2) + (c+dv2)V3][(a+ bv2) — (¢ + dv2)V/3]
~ (a+0v2) — (c+dV2)V3
(e +0v2)2 = 3(c+dv2)?

The rest of the division calculation is in Q[v/2].
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Example 6.2.3. For any integer p with no cubic factors, we have the field of ¢/p

Ql/p) = {a+byp+cy/p*: a,b,c € Q}.
We know how to do 4, —, + in Q[y/p] and only need to explain how to divide.

The formula for the reciprocal of x = a 4 by/p + cy/p* # 0 is not as easy as
in Q[/p]. In fact, we only explain the existence of the reciprocal. The idea is

that Q[¢/p] is a Q-vector space spanned by 1, /p, v/p*. Therefore the four vectors
1,z,2% 2% are Q-linearly dependent (we only used linear algebra theory prior to
inner product)

ap + a1z + axx® + azx® =0, a; € Q.
If ag # 0, then the equality implies

1 ay + asx + asz?

X Qo

If 2o = 0, then we get a; + asz + azx? = 0 and ask whether a; # 0. The precess
goes on and eventually gives the formula for % in all cases.

Example 6.2.4. The field of integers modulo a prime number 5 is the set of mod 5
congruence classes

For example,
2={2+5k:keZ}={..,—-8,-3,2,7,12,...}

is the set of all integers n such that n — 2 is divisible by 5. In particular, 7 = 0
means n is divisible by 5.
The addition and multiplication are the obvious operations. For example

344=3+4=7=2, 3.-4=3-4=12=2.
The two operations satisfy the usual properties. The addition has the obvious
opposite operation of subtraction. For example 3 —4 =3 — 4= —1 =4.
The division is a bit more complicated. This means that, for any € Z; = Z5—0,
we need to find i € Zs satisfying z - j = 1. Then we have j = 7. To find 7, we
consider the following map

Z5%Z5, Y — Ty =Y.

Since Z # 0 means that z is not divisible by 5, the following shows the map is
one-to-one

=72 = x(y—2) =1y —12=T§—TZ =0
— x(y — z) divisible by 5
=—> y — z divisible by 5
— §==z
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Here the third = is due to z not divisible by 5 and 5 being a prime number. Now
since both sides of the map 7 — Ty are finite sets of the same size, the one-to-one
property implies the onto property. In particular, we have 7y = 1 for some 7.

In general, for any prime number p, we have the field

F,={0,1,2,...,p—1}.
We use F instead of Z to emphasise field.

Exercise 6.32. A homomorphism of fields is a nonzero map between two fields preserving
the arithmetic operations. Prove that a homomorphism of fields is always one-to-one.

Exercise 6.33. Prove that the conjugation a+bv/2 +— a—by/2 is a homomorphism of Q[v/2]
to itself. Moreover, this is the only non-trivial self-homomorphism of Q[v/2].

Exercise 6.34. Find all the self-homomorphism of Q[v/2,v/3].

Exercise 6.35. Show that it makes sense to introduce the field F5[y/2]. When would you
have difficulty introducing F,[v/n]? Here p is a prime number and 1 <n < p.

Exercise 6.36. Prove that (z + y)? = 2P + ¢” in [F,. In particular, z — 2P is a self-
homomorphism of F,. In fact, this is a self-homomorphism of any field of characteristic
D.

Given a field F, we consider the natural map Z — T that takes n to n =
1+14---+4+ 1, where 1 is the unit element of F. The map preserves addition and
multiplication. If the map is injective, then we have a copy of Z inside F. By using
the division in F, we get Q C F. In this case, we say F has characteristic 0.

If the map is not injective, we let p is the smallest natural number that is mapped
to 0 (if —p is mapped to 0, then p is mapped to 0). If p = pips has two integral
factors, then p;ps = 0 in a field F implies p; = 0 or p; = 0. Therefore p is a prime
number, and F, C F. We say F has characteristic p.

6.2.2 Vector Space over Field

By changing R in Definition 1.1.1 to a field F, we get the definition of a vector
space over a field. Chapters 1, 2, 3 and Section 5.1 remain valid over any field.
The part of linear algebra related to geometric measurement may not extend to any
field. This includes inner product space, and the geometric aspect of determinant.
Another minor exception is expressing any matrix as the sum of a symmetric and a
skew-symmetric matrix. Since dividing 2 is used, the fact is no longer true over a
field of characteristic 2.

If one field is contained in another field F C E, then we say F is a subfield of E,
and E is a field extension of F. For example, Q is a subfield of Q[v/2], and Q[v/2] is
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a subfield of Q[v/2,/3]. Moreover, both Q[v/2] and Q[v/2, /3] are field extensions
of Q.

Suppose F C E is a field extension. Then for a,b € F and u,v € E, we have
au+bv € E. This makes [E into a vector space over F. For example, Q[v/2] has basis
1,v/2 over Q, and Q[\/i, \/g] has basis 1, v/2,v/3, V6 over Q. Therefore we have the
Q-dimensions

dimg Q[v2] = 2, dimg Q[v2, V3] = 4.
Since any element in Q[v/2, v/3] has expression

a+0V2+ V3 +dvV6 = (a+bV2) + (c+ dV2)V3

for unique “coefficients” a + bv/2, ¢+ dv2 € Q[ﬂ], we find that 1,v/3 is a basis of
the vector space Q[v/2, v/3] over the field Q[v/2]

Usually we use more convenient notation [E: F] for dimp E. Then
Qv2: Q=2 [QV2v3: Q=4 [QV2V3]:QV2]=2
Proposition 6.2.2. Suppose three fields satisfy Fy C Fo C F3. Then

[]F3Z Fl] = []ng IFQHFQZ Fl]

Proof. Suppose vy, vs,...,v,, € F3 is a basis of F3 as Fy-vector space. Suppose
wy, ws, ..., w, € Fy is a basis of Fy as Fi-vector space.
Any element x € F3 is a linear combination

T =y101 + Y2+ + YmUm, Y € Fo.
The elements y; of Fy are also linear combinations
Yi = zinw + ZipWa + -+ ZinWy, 2y € Fr.

Then we get
xr = Zylvz = Z (Z z,-jwj> V; = Z ZZ']'U)]"UZ'.
i i j ij
This is a linear combination of w;v; € Fs with z;; € [F; as coefficients. Therefore all
w;v; span F3 as an [Fy-vector space.

Next we show that wj;v; are Fi-linearly independent. Consider the equality of
linear combinations in F3 with [Fi-coefficients

— / /
E Zij WiV = E zijwjvi, Zijs Zij € Fl.
ij

ij
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Let y; = >, zijw; and y; = > . zj;w;. Then y;,y; € F, and the above becomes an
equality of linear combinations in 3 with Fy-coefficients

Zyivz‘ = Z%{% Yi, y; € Fy.

Since vy, vq, ..., U, is a basis of 3 as Fo-vector space, the Fo-coefficients are equal.
The equality y; = ¥} is then an equality of linear combinations in Fy with ;-
coefficients
Z zijwj = Z zgjwj, Zij; le'j & Fl.
J J

Since wy, wy, . . ., wy is a basis of Fy as [F1-vector space, we get z;; = z;;. This proves
the linear independence of all w;v;.

Therefore the mn vectors wyvq, wivs, ..., w,v,, form a basis of 3 as [F;-vector
space, and we get [F3: Fi] = mn = [F3: Fs][Fy: Fy]. O

6.2.3 Polynomial over Field
We denote all the polynomials over a field F by

Flt] = {f(t) = ao + a1t + axt® + - - + a,t": a; € F}.

The polynomial has degree n if a,, # 0, and is monic if a,, = 1.

We have +, —, x operations in F[t] but not <. In fact, F[t] is very similar to the
integers Z. Both belong to the concept of integral domain, which is a set R with
two operations +, X satisfying the following.

1. Commutativity: a +b = b+ a, ab = ba.

2. Associativity: (a +b) +c¢=a+ (b+¢), (ab)c = a(be).

3. Distributivity: a(b+ ¢) = ab + ac.

4. Unit: There are 0,1, such that a + 0 =a =0+ a, al = a = la.
5. Negative: For any a, there is b, such that a +b=0= b+ a.

6. No zero divisor: ab = 0 implies a = 0 or b = 0.

The first four axioms are the same as field. The only modification is that the
existence of the multiplicative inverse (allowing <+ operation) is replaced by the
no zero divisor condition. The condition is equivalent to the cancelation property:
ab=acanda#0 = b=c.

Due to the cancelation property, we may construct the field rational numbers as
the quotients of integers

Q={%:a,beZ,b#0}.
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Similarly, we have the field of rational functions

F(t) = {ZG: f(1),9(t) € F(t), g(t) # O}.

In general, an integral domain can be regarded as a system with +, —, X that can
be embedded into a field.

Integers and polynomials are special kind of integral domain, in that they have
certain division process. For an integer a and a nonzero integer b, there are unique
integers ¢ and r, such that

a=qgb+r, 0<r<]|bl.

We say the division of a by the divisor b has quotient ¢ and remainder r. When the
remainder r = 0, we say b divides a or is a factor of a, and we denote b|a.
Polynomials over a field have the similar division process. For example, we have
(z+1)(z—-1*2*—2+1) =2 22" + 2% + 2 — 22+ 1,
(x+ 13z —1) =2 +22° — 22 — 1.

The following calculation

z—4

1:4—1—2:63—2:6—1) =2t 43 +2—20+1
— 5 — 2zt +222 41

— 4zt 4234+ 32%2 —x+1

At + 823 —8r—4

92°% + 322 — 9z — 3
shows that
2 =2t Pt - 20+ 1= (v —4)(2* +22° — 22— 1) +92° + 32> — 9z — 3.

In general, we have the following.

Proposition 6.2.3. Suppose f(t),g(t) are polynomials over a field F. If g(t) # 0,
then there are unique polynomials q(t) and r(t), such that

f@t) = q(t)g(t) +r(t), degr(t) < degq(t).

Again, the division of f(t) by the divisor g(¢) has quotient ¢(¢) and remainder
r(t). If r(t) =0, the g(t) divides (is a factor of) f(t), and we denote g(t)|f(t).

Definition 6.2.4. A Fuclidean domain is integral domain R, with a function d: R —
0 — non-negative integers, such that the following division process happens: For
any a,b € R, b # 0, there are unique ¢,r € R, such that

a=gb+r, r=0ord(r)<db).
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We may take d(a) = |a| for R = Z and d(f(t)) = deg f(t) for R = F[t]. All
discussion of the rest of this section applies to Euclidean domain.

An integer d € Z is a common divisor of a and b if d|a and d|b. We say d is a
greatest common divisor, and denote d = ged(a, b), if

cla and clb <= c|d.

As defined, the greatest common divisor is unique up to + sign. We usually prefer
choosing the positive one. Moreover, it is easy to extend the concept of greatest
common divisor to more than two integers.

The greatest common divisor can be calculated by the following Euclidean algo-
rithm. The algorithm is based on the fact that, if @ = gb + r, then c|la and c|b is
equivalent to c|b and c|r. For example, by 96 = 2 x 42 + 12, we have ¢|96 and c|42
<= |42 and ¢|12. The process repeats until we get complete division (i.e., zero
remainder).

|96 and ¢|42 <= ¢|42 and c|12 by 96 = 2 x 42 + 12
<= (|12 and |6 by 42 =3 x 12+ 6
<= ¢|6 and |0 by 12=2x6+0
<= ¢|6.

We conclude 6 = ged(96, 42).

The Euclidean algorithm is based on the division process, and is therefore valid in
any Euclidean domain. In particular, this proves the existence of greatest common
divisor in any Fuclidean domain. For polynomials over a field, the following divisions

2’ =22t + 2t + 2t - 204+ 1= (v —4)(z" +22° — 22 — 1) + 3(32° + 2* — 32 — 1),
et +20° 20 —1=108z+5)3a* + 2> =3z — 1) + 3(2° — 1),
32° +2° —3r—1=(Bo+1)(2* - 1)

imply

ged(a® — 22t + 2 + 2% — 22 + 1, 2% + 22 — 22 — 1)
=ged(z? 4+ 22° — 22 — 1,32% + 22 — 32 — 1)
=ged(32® + 22 —3r — 1,2° — 1)

=ged(z® — 1,0)

=2 —1.

We note that, for polynomials, the greatest common divisor is unique up to
multiplying a nonzero element in the field. Therefore we may ignore field coefficients
such as 3 and g in the calculation above. In particular, we usually choose a monic
polynomial as the preferred greatest common divisor.

The algorithm can be applied to more than two polynomials. Among several
polynomials, we may always choose the polynomial of smallest degree to divide the
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other polynomials. We gather this divisor polynomial and replace all the other poly-
nomials by the remainders. Then we repeat the process. This proves the existence
of the greatest common divisor among several polynomials.

Proposition 6.2.5. Suppose fi(t), fo(t), ..., fx(t) € F[t] are nonzero polynomials.
Then there is a unique monic polynomial d(t), such that g(t) divides every one of

f1(t), fa(t), ..., fu(t) if and only if g(t) divides d(t).

The Euclidean algorithm can also be used to express the greatest common divisor
as a combination of the original numbers or polynomials. For example, we have

6=42—-3x12=42—-3x (96 — 2 x 42)
=-3x96+(1+3x2)x42=-3x96+7 x 42.

Similarly,

?—1=2a"+22" - 20— 1) - 132 + 5)(32° + 2 — 32 — 1)

= 9(2* 4 22° —2:17—1)

L3z +5)[(z° — 22* +x3+x2—2x+1)—(x—4)(m4+2x3—2:c—1)]
=(—irx—2)(2® - 22" +2° +2* — 220+ 1)

+ (32° — Zo 4+ B)(a* + 22° — 20 - 1).

| 1o o

This also extends to more than two polynomials.

(t), fk( ) € F[t] are nonzero polynomials.
)s .- ug(t), such that
(

Duy (t) + fa(t)ug(t) + -+ - + fe(t)ur(t).

Proposition 6.2.6. Suppose fi(t), fa
Then there are polynomials uy (t), ua(t

ged(fi(t), fa(t), ..., fi(t) = f1

The polynomials are coprime if their greatest common divisor is 1. In other

words, the only polynomials dividing every one of fi(t), fo(t), ..., fi(t) are nonzero
elements of the field. In this case, we can find polynomials wy (%), ua(t), .. ., ux(%)
satisfying

AOu(t) + foa(Bua(t) + -+ + frlt)ur(t) = 1.

6.2.4 Unique Factorisation

We know any nonzero integer is a unique product of prime numbers. We analyse
the detailed reason behind this fact, and justify the similar property for polynomials
over a field.

An element a of an integral domain R is called invertible if there is b, such that
ab = 1 = ba. We may further argue that b is unique and denote b = a=*. The
set of invertibles is denoted R*. We have Z* = {1,—1}. For any field F, we have
F* =TF — 0, and F[t]* = F*.
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Definition 6.2.7. Let p be a nonzero and non-invertible element in an integral
domain R.

1. pis irreducible if p = ab implies either a or b is invertible.
2. pis prime if p|ab implies p|a or p|b.

The concept of irreducible is used to construct factorisation. The concept of
prime is used to justify the uniqueness of factorisation. It happens that the two
concepts are equivalent in a Euclidean domain, such as Z and F[t].

First, we construct factorisation. We start with a nonzero integer a and ask
whether a = be for some b, ¢ # £1. If not, then a is irreducible. If yes, then |b| < |a
and we further ask the same question for b in place of a. Since |b| < |a| in each step,
the precess eventually stops, and we get an irreducible factor p of a. Now we repeat
the precess with % € 7Z in place of a, and find another irreducible factor ¢ of %, and
so on. Since \%] < |a|, the precess eventually stops, and we express a as a product of
irreducibles. The expression is a = £p{"py™® ... p"*, where p; are distinct positive
irreducible numbers, and m; are natural numbers.

Second, we argue about the uniqueness of factorisation. Therefore we assume

Pty plt = ¢ qy? ... q". Suppose we also know that the irreducibles p;, ¢; are
also primes. Then p;|¢i¢y? ... ¢" implies p; divides some ¢;. In other words, we
have ¢; = ¢p;. Since ¢; is irreducible, and p; is not invertible, we find ¢ = +1 to
be invertible. Since we choose pi,q; > 0, we get ¢ = 1. Without loss of generality,
therefore, we may assume P, = ¢;. Then we get pi" ~'py ...p{™ = q* " '¢5* ... q",
and we may use induction to prove the uniqueness of factorisation.

Finally, we compare irreducible and prime. In fact, the second step above as-
sumed that any irreducible p is also a prime. To see this, we assume plab and p 1 a,
and wish to prove p|b. If b divides p and a, then by p irreducible, we have b = +1
or £p. Since b = £p 1 a, we have b = +1. Therefore the greatest common divisor
of p and a is 1. By the Euclidean algorithm, we have pu 4+ av = 1 for some integers
u,v. Then p divides b = pbu + abv.

We note that the proof of irreducible implying prime uses the Euclidean algo-
rithm, and is therefore valid in any Euclidean domain. Conversely, assume a prime
p = ab. Then p|a or p|b. If p|a, then a = pc for some integer ¢. Then p = ab = pch,
and we get cb = 1. This implies that b is invertible, and proves that any prime
is irreducible. We note that the key to the proof is the cancelation of p from the
equality p = pcb. The cancelation holds in any integral domain.

With the degree of polynomial in place of the absolute value, the argument above

for the integers Z is also valid for the polynomials F[t] over a field.

Proposition 6.2.8. For any nonzero polynomial f(t) € Ft], there are ¢ € F*,
unique monic irreducible polynomials p1(t),pa(t),...,pr(t), and natural numbers
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mi,Ma, ..., my, such that
F@&) =cepr(t)™pa(t)™ ... pr(t)™*.

The unique factorisation can be used to obtain the greatest common divisor. For
example, we have

ged(96,42) = ged(2° - 3,2 -3 - 7) = omint®1}  gmin{Ll} gmin{01} _ 9.3 _ g
and

ged(z® — 22 + 2 + 2% — 20 + 1,2 + 22° — 20 — 1)
=ged((z +1)(x —1D*(2* =2+ 1), (x +1)*(z - 1))
=(z+D(xz—-1)=z"—1

Exercise 6.37. The Fundamental Theorem of Algebra (Theorem 6.1.1) says that any non-
constant complex polynomial has root. Use this to show that complex irreducible polyno-
mials are linear functions.

Exercise 6.38. Show that if a complex number r is a root of a real polynomial, then the
complex conjugate 7 is also a root of the polynomial. Then use this to explain real
irreducible polynomials are the following

e Linear: a + bt, with a,b € R and b # 0.

e Quadratic: a + bt + ct?, with a,b,c € R and the discriminant > — 4ac < 0.

6.2.5 Field Extension

The complex field is obtained from the attempt of solving the equations at?+bt+c =
0 for a,b,c € R. This can be achieved by adding the solution of > + 1 = 0 to R.
The field Q[v/2] is obtained from the attempt of solving the polynomial equation
t2 — 2 = 0, when the only known numbers are the rational numbers Q.

In general, let F C C be a number field (a subfield of complex numbers). Then F
has characteristic 0 and contains at least all the rationals Q. For a complex number
r € C, we wish to extend F to a bigger field containing r. The bigger field should
at least contain all the polynomials of r with coefficient in F

Flr] = {f(r): f(t) € F[t]} = {ag + arr + agr® +--- + a,r™: r; € F}.

For any polynomials f(t), g(t) € F[t], we have f(r)+g(r), f(r)g(r) € F[r]. Therefore
F[r| is an integral domain. It remains to introduce division.
We need to consider two possibilities:

1. ris algebraic over F: f(r) =0 for some f(t) € F[t].
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2. ris transcendental over F: If f(t) € F[t] is nonzero, then f(r) # 0.

A number is transcendental if it is not the root of a nonzero polynomial. This
means that 1,772, ... 7" are linearly independent over F for any n, so that F|r]
is an infinite dimensional vector space over F. An example is e = 2.71828--- over
F = Q. In this case, the map

ft)— f(r): F[t] = Flr] c C
is injective. As a consequence, we conclude that the map on rational functions

@) f(r) .

is also injective. In particular, the smallest field extension of IF' containing r is F(7),
which is strictly bigger than F[r].

A number is algebraic if 1,7,72,...,7" are linearly dependent for sufficiently
large n. Suppose n is the smallest number, such that 1,r,72,...,r" are linearly
dependent over F. Then we have a monic polynomial m(t) € F[t] of degree n, such
that m(r) = 0. Moreover, since n is the smallest number, we know 1,7, 7% ... r"!
are linearly independent over F. This means that

s(t) € F[t], s(r) =0, degr <n = s(t) =0.

Now suppose f(t) € F[t] satisfies f(r) = 0. We have f(t) = q(t)m(t) + s(t) with
degs < deg f =mn. Then 0 = f(r) = q(r)m(r) + s(r) = s(r). By the property about
s(t) above, we have s(t) = 0. Therefore we get

f(r) =0 = m()|f ().

Due to this property, we say m(t) is the minimal polynomial of the algebraic number
r.

The number y/—1 is algebraic over R, with minimal polynomial t*> + 1. If an
integer a # 0,1, —1 has no square factor, then y/a is algebraic over Q, with minimal
polynomial t2 —a. Moreover, {/2 is algebraic over Q, with minimal polynomial #*—2.

Examples 6.2.1, 6.2.2, 6.2.3 suggest that for algebraic r, F[r| admits division,
and is therefore already the smallest field extension containing r.

Theorem 6.2.9. Suppose r is algebraic over a field F. Suppose m(t) € F[t] is the
minimal polynomial of r, and degm(t) = n. Then F[r] is a field, and [F[r] : F] = n.

Proof. Let

m(t) = ap + ait +agt? + - -+ a, "' +t", a; €F.

Then m(r) = 0 implies that 7" is a linear combination of 1,r,72, ..., r"!

" = —ag — air — agr® — -+ — ap_yr" L
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This implies that 7"*! is also a linear combination of 1,r,r%, ..., r*!
r" = —agr —ar? —aor® — - — o™ —ay 1"
= —agr —a1r® —agr® — - — ap_or™!

+ CLnfl(CLO +air + CLQT’2 + -+ (Zn,ﬂ"nil)
=0+ by +bor? + -+ b, 7™, b €F.

k

Inductively, we know r* is a linear combination of 1,r,72%,...,r""!. Therefore

Flr] = {co+ arr + cor? + -+ cpor™ ' ¢ € F}

Moreover, since 1,7,72,...,r" ! are linearly independent, we get dimg F[r] = n.

It remains to show F[r] is a field. It is sufficient to argue that any nonzero x € F[r]
has inverse in F[r]. We may use the argument in Example 6.2.3. Specifically, since
dimp F[r] = n, the n + 1 vectors 1,z,2%,..., 2" in F[r] must be linearly dependent.
Therefore there is a polynomial f(t) € F[t] of degree < n, such that f(z) = 0.
Without loss of generality, we may further assume that f(x) is a monic polynomial,
and has the smallest degree among all polynomials satisfying f(z) = 0 (i.e., f(¢) is
the minimal polynomial of ). Let

f) =bo+bit +bat> + -+ bt tF k<

If by = 0, then f(r) = 0 implies by + bor + - -+ + bp_17%"2 4 rk=1 = 0, contradicting
the smallest degree assumption. Then f(x) = 0 implies that
1 by + bor + -+ + by rF 2 4 phl

g _ [l
x bo

Exercise 6.39. Suppose E is a finite dimensional field extension of F. Prove that a number
is algebraic over | if and only if it is algebraic over F. How are the degrees of minimal
polynomials over respective fields related?

Exercise 6.40. Suppose a and b are algebraic over F. Prove that a+b,a —b,a x b,a+ b are
also algebraic over F.

Exercise 6.41. Explain [Q[v/2] : Q] = 3 and [Q[v/5] : Q] = 4. Then explain [Q[V/2, V5] :
Q] = 12.

Exercise 6.42. Suppose E is a field extension of F, such that [E : F] is a prime number. If
r € E —F, prove that E = F[r].

6.2.6 Trisection of Angle

A classical Greek problem is to use ruler and compass to divide any angle into three
equal parts. For example, when the angle is %71’ (60 degrees), this means drawing an
angle of $m (20 degrees).

Here is the precise meaning of construction by ruler and compass:
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1. We start with two points on the plane. The two points are considered as
constructed.

2. If two points are constructed, then the straight line passing through the two
points is constructed.

3. If two points are constructed, then the circle centered at one point and passing
through the other point is constructed.

4. The intersection of two constructed lines or circles is constructed.

Denote all the constructed points, lines and circles by C. We present some basic
constructions.

e Given a line [ and a point p in C, the line passing through p and perpendicular
to lisin C.

e Given a line [ and a point p in C, the line passing through p and parallel to [
is in C.

e Given a line [ and three points p, x, y in C, such that p € [. Then there are two
points on [, such that the distance to p is the same as the distance between a
and y. The two points are constructed.

Figure 6.2.6 gives the constructions. The first construction depends on whether p is
on [. The numbers indicate the order of constructions.

b

§

2 3

Figure 6.2.1: Basic constructions.

Now we parameterise the construction by complex numbers. We set the two
points we start with are 0 and 1. The construction of perpendicular line shows that
a complex number can be constructed if and only if the real and imaginary parts can
be constructed. Therefore we only need to consider the set Cr of all the points on
the real line that can be constructed. The numbers in Cr are constructible numbers.
The trisection problem of the angle %7‘(‘ is the same as whether cos %7‘(‘ is in Cg.
Proposition 6.2.10. The constructible numbers Cg is a field. Moreover, if a € Cg
is positive, then \/a € Cg.
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a NG
0 1 a ab 1 a

Figure 6.2.2: Constructible numbers is a field, and is closed under square root.

The proposition is proved by Figure 6.2.6.

The constructible numbers can be considered as a field extension of Q. From
this viewpoint, we start with Q. Then each ruler and compass construction adds
new constructible numbers one by one. Each addition givens a field extension. Then
finitely many constructions gives a finite sequence of real number field extensions
@CF1CF2C...CFk.

Suppose we get a field F after certain number of steps. The next constructible
number is obtained from the intersection of two lines or circles based on the numbers
in F. In other words, a line is az + by = ¢ with a,b,c € F, and a circle is (z — a)? +
(y — b)? = ¢ with a,b,c € F. The intersection of two such lines a;z + b1y = ¢; and
asx + boy = ¢ is obtained by solving the system of two equations. The solution
is obtained by arithmetic operations of the coefficients, and therefore still lies in
F. The intersection of a;x + byy = ¢; and (x — a2)? + (y — b2)? = 3 is reduced to
quadratic equations of single variables with coefficients in . Therefore the solution
is in IF or F[y/a] for some positive a € F. The intersection of (z —a1)*+ (y—b1)? = ¢}
and (z — a2)* + (y — be)? = 3 also gives a number in F or F[\/a]. This proves the
following.

Proposition 6.2.11. If a is a constructible number, then there is a sequence of field
extensions Q =Fy C Fy CFy C ... C Fy, such that Fipq = F;[\/a;) for some a; € T,
and a € Fy,.

Propositions 6.2.10 and 6.2.11 are complementary, and actually gives necessary
and sufficient condition for a real number to be constructible. Now we are ready to
tackle the trisection problem.

Theorem 6.2.12. cos %7‘(‘ 1s not constructible by ruler and compass.

Proof. By cos %7‘(‘ = % and cos 36 = 4cos® — 3cosf, we find that r = cos %W is a
root of f(t) = 83 —6t—1. If f(¢) is not irreducible, then it has a linear factor at +b.
We may arrange to have a,b to be coprime integers. The linear factor means that
f(=%) =0, which is the same as a(6b—a) = 8b*. Since a, b are coprime, we have a|8.
This implies b|(6b — a), or bla. By the coprime assumption again, we have b = +1,

and a(£6 — a) = 8. Then it is easy to see that no integer a satisfies a(£6 — a) = 8.
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Therefore f(t) is irreducible. By Theorem 6.2.9, we get [Q[r] : Q] = 3. On the
other hand, if r is constructible, then r € [, for a sequence of field extensions in
Proposition 6.2.11. This implies Q[r] C Fy.

By applying Proposition 6.2.2 to Q C Q[r] C Fy, we find that

[Fr: Q] = [F : Q[r]] [Q[r] : Q] = 3[Fy : Q[r]]

is divisible by 3. On the other hand, applying Theorem 6.2.9 to ;11 = F;[\/a,], we
get [F;.1 : F;] = 2. Then we apply Proposition 6.2.2toQ =Fy CF; CFy C ... C Fy
to get

[Fr: Q] = [Fr: Frq] -+ [Fa: Fy][Fy : Fy] = 2%,

Since 3 does not divide 2%, we get a contradiction. O]



Chapter 7

Spectral Theory

The famous Fibonacci numbers 0,1,1,2,3,5,8,13,21, 34, 55,89, 144, ... is defined
through the recursive relation

Fo=0, Fi=1 F,=F,1+F, .

Given a specific number, say 100, we can certainly calculate Fiog by repeatedly
applying the recursive relation. However, it is not obvious what the general formula
for F}, should be.

The difficulty for finding the general formula is essentially due to the lack of
understanding of the structure of the recursion process. The Fibonacci numbers
is a linear system because it is governed by a linear equation F, = F,,_1 + F,_».
Many differential equations such as Newton’s second law F' = mZ” are also linear.
Understanding the structure of linear operators inherent in linear systems helps us
solving problems about the system.

7.1 Eigenspace

We illustrate how understanding the geometric structure of a linear operator helps
solving problems.

Example 7.1.1. Suppose a pair of numbers z,,, vy, is defined through the recursive
relation

ro=1, Y =0, Tp=Tn 1 —=Yn-1, Yn= Tp-1+ Yn-1.
To find the general formula for x, and y,, we rewrite the recursive relation as a
linear transformation

() (1 1. s L (1 .
Tp = Un — 1 1 Tp—1 = Alp-1, Ty = 0 = €1.

A:\/ﬁ(cos;r —smz)7

Since
: T
Sin 2 COS 1

219
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the linear operator is the rotation by 7 and scalar multiplication by V2. Therefore
¥, is obtained by rotating €; by n7 and has length (v/2)". We conclude that

nm

n n .,
Tp =22 C08", Y, =22sin" .

For example, we have (zg;, ysi) = (2%, 0) and (Zgpps, Ysprs) = (—2+11/2, 24+11/2),

Example 7.1.2. Suppose a linear system is obtained by repeatedly applying the

matrix
13 —4
(8,
To find A™, we note that

()=o) 4= (3)

This means that, with respect to the basis ¥, = (1,2),02 = (—2,1), the linear
operator simply multiplies 5 in the ¢; direction and multiplies 15 in the ¢ direction.
The understanding immediately implies A"v; = 5"9; and A", = 15™0;. Then we
may apply A" to the other vectors by expressing as linear combinations of vy, 0.
For example, by (0,1) = %?71 + %?72, we get

n O _2 n— 1 n—»_2n—' 1 n7 _ gn—1 2_23n
A <1>—3A’U1+5A02—g5U1+515v2_5 <4+3n>'

Exercise 7.1. In Example 7.1.1, what do you get if you start with zog = 0 and yg = 17

Exercise 7.2. In Example 7.1.2, find the matrix A"™.

7.1.1 Invariant Subspace

We have better understanding of a linear operator L on V if it decomposes with
respect to a direct sum V = H; ® Hy - -- & Hy,

T=hi+ho+ - +hy = L(0) = Li(hy) + La(ha) + - - - + Ly (h,).

In block notation, this means

L:Ll@LQ@@Ln: )
O Ly

The linear operator in Example 7.1.2 is decomposed into multiplying 5 and 15 with
respect to the direct sum R? = R(1,2) ® R(-2,1).
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In the decomposition above, we have

This leads to the following concept.

Definition 7.1.1._’For a linear operator L: V — V', a subspace H C V is invariant
ifthe H = L(h) € H.

The zero space {6} and the whole space V' are trivial examples of invariant
subspaces. We wish to express V' as a direct sum of invariant subspaces.

It is easy to see that a 1-dimensional subspace RZ is invariant if and only if
L(¥) = A for some scalar A. In this case, we say A is an eigenvalue and ¥ is an
etgenvector.

Example 7.1.3. Both Rv; and Rv; in Example 7.1.2 are invariant subspaces of the
matrix A. In fact, U7 is an eigenvector of A of eigenvalue 5, and 75 is an eigenvector
of A of eigenvalue 15.
Are there any other eigenvector? If av; + bu; is an eigenvector of eigenvalue A,
then
A(aﬁl + bl_))g) = 5(1271 + 15b172 = )\(a171 + bgg) = )\a171 + /\b’UQ

Since ¥, U are linearly independent, we get A\a = 5a and \b = 15b. This implies
either a = 0 or b = 0. Therefore there are no other eigenvectors except non-zero
multiples of ¢, ¥. In other words, Rv; and Rv; are the only 1-dimensional invariant
subspaces.

Example 7.1.4. Consider the derivative operator D: C*° — C*. If f € P, C C*°,
then D(f) € P,_1. Therefore the polynomial subspaces P, are D-invariant.

Example 7.1.5. Let L be a linear operator on V. Then for any ¥ € V, the subspace
H =R + RL(¥) + RL* (@) + - - -

is L-invariant, called the L-cyclic subspace generated by v.

If 7, L(v), L*(¥), . .., L"(¥) are linearly dependent for some n (this happens when
V is finite dimensional, as we can take any n > dim V'), then we let k& be the smallest
number, such that o = {¥, L(7), L?(7), ..., L* *(¥)} is linearly independent. This
implies L* (%) is a linear combination of a. In other words, we have

LF(®) + ap1 L1 (0) + ara LF72(0) + - + a1 L(T) + ag? = 0.

This further implies that L"(¥) is a linear combination of a for any n > k. The
minimality of k£ implies that « is linearly independent. Therefore « is a basis of the
cyclic subspace H.
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. 1 1 . . . .
Exercise 7.3. Show that (0 1) has only one 1-dimensional invariant subspace.

Exercise 7.4. For the derivative operator D: C*° — (C*, find the smallest invariant sub-
space containing t", and the smallest invariant subspace containing sin ¢.

Exercise 7.5. Show that if a rotation of R? has a 1-dimensional invariant subspace, then
the rotation is either I or —1.

Exercise 7.6. Prove that RanlL is L-invariant. What about KerL?

Exercise 7.7. Suppose LK = K L. Prove that RanK and KerK are L-invariant.

Exercise 7.8. Suppose H is an invariant subspace of L and K. Prove that H is an invariant
subspace of L + K,aL, Lo K. In particular, H is an invariant subspace of any polynomial

f(L) = anL™ + ap 1 L" ' + -+ a1 L +apl of L.

Exercise 7.9. Suppose v, 7s,...,U, span H. Prove that H is L-invariant if and only if
L(v;) € H.

Exercise 7.10. Prove that sum and intersection of L-invariant subspaces are still L-invariant.

Exercise 7.11. Suppose L is a linear operator on a complex vector space with conjugation.
If H is an invariant subspace of L, prove that H is an invariant subspace of L.

Exercise 7.12. What is the relation between the invariant subspaces of K~!LK and L?

Exercise 7.13. Suppose V = H & H’'. Prove that H is an invariant subspace of a linear
operator L on V if and only if the block form of L with respect to the direct sum is

(L1 x
(5 1)
What about H’ being an invariant subspace of L?

Exercise 7.14. Prove that the L-cyclic subspace generated by ¥ is the smallest invariant
subspace containing v.

Exercise 7.15. For the cyclic subspace H in Example 7.1.5, we have the smallest number
k, such that o = {#, L(¥), L(7), ..., L*~1(¥)} is linearly independent. Let

fO) =t" + apt"  fapot" P+ art +ag,  f(L)(T) =0.
We also note that L|z is a linear operator on the subspace H.

1. Prove that f(L)(h) =0 for all h € H. This means f(L|z) = O.
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2. If f(t) = g(t)h(t), prove that Kerg(L|g) D Ranh(L|g) # {0}.

Exercise 7.16. In Example 7.1.5, show that the matrix of the restriction of L to the cyclic
subspace H with respect to the basis « is

00 --- 00 —ag

10 -+ 00 —a

01 --- 00 —ao
[L|H]aa = . . .

0 0 1 0 —ap_o

0 0 1 —QE_1

7.1.2 Eigenspace

The simplest direct sum decomposition L = L1 @ Ly @ --- P L, is that L multiplies
a scalar \; on each H; (this may or may not exist)

T=hi+hy+-+hg, T € H = L(T) = Aih1 + Aaha + - - + M.
In other words, we have
L=MIBX D - P NI,

where [ is the identity operator on subspaces. If A\; are distinct, then the equality
means exactly H; = Ker(L — A\;I), so that

V = Ker(L — MI) ®Ker(L — A\I) @ - - - @ Ker(L — M\ I).

We note that, for finite dimensional V', the subspace H; # {6} if and only if L — \;1
is not invertible. This means L(¥) = AU for some nonzero .

Definition 7.1.2. A number ) is an eigenvalue of a linear operator L: V — V if
L — M is not invertible. The associated kernel subspace is the eigenspace

Ker(L — \I) = {v: L(¥) = \v}.

For finite dimensional V', the non-invertiblity of L — AI is equivalent to that
the eigenspace Ker(L — AI) # {0}. Any nonzero vector in the eigenspace is an
eigenvector.

Example 7.1.6. For the orthogonal projection P of R? to the plane x +y+ 2 = 0 in
Example 2.1.13, the plane is the eigenspace of eigenvelue 1, and the line R(1,1,1)
orthogonal to the plane is the eigenspace of eigenvelue 0. The fact is used in the
example (and Example 2.3.9) to get the matrix of P.
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Example 7.1.7. By Exercise 3.65, a projection P on V' induces
V =RanP @ Ran(l — P) = Ker(I — P) @ KerP = Ker(P —1-1) @ Ker(P —0-1).

Therefore P has eigenvalues 1 and 0, with respective eigenspaces RanP and Ran(/ —
P).

Example 7.1.8. The transpose operation of square matrices has eigevalues 1 and —1,
with symmetric matrices and skew-symmetric matrices as respective eigenspaces.

Example 7.1.9. Consider the derivative linear transformation D(f) = f’ on the
space of all real valued smooth functions f(¢) on R. The eigenspace of eigenvalue A
consists of all functions f satisfying f’ = Af. This means exactly f(t) = ce? is a
constant multiple of the exponential function e*. Therefore any real number \ is
an eigenvalue, and the eigenspace Ker(D — \I) = Re*t.

Example 7.1.10. We may also consider the derivative linear transformation on the
space V' of all complex valued smooth functions f(¢) on R of period 27. In this
case, the eigenspace KerC(D — M) still consists of ce’, but ¢ and A can be complex
numbers. For the function to have period 27, we further need e*?*" = ¢*? = 1. This
means A = in € iZ. Therefore the (relabeled) eigenspaces are Ker™(D—inl) = Ce'™,
The “eigenspace decomposition” V' = @, Ce™™ essentially means Fourier series. More
details will be given in Example 7.2.2.

Exercise 7.17. Prove that 0 is the eigenvalue of a linear operator if and only if the linear
operator is not invertible.

Exercise 7.18. Suppose L=MI DXl D --- DA lonV =H & Hy®--- P Hy, and \; are
distinct. Prove that Aj, Ag, ..., A are all the eigenvalues of L, and any invariant subspace
of L is of the form Wy @ Wy & --- @ Wy, with W; C H;.

Exercise 7.19. Suppose L is a linear operator on a complex vector space with conjugation.
Prove that L(¥) = A\ implies L(¥) = A\¥. In particular, if H = Ker(L—A\I) is an eigenspace
of L, then the conjugate subspace H = Ker(L — AI) is an eigenspace of L.

Exercise 7.20. What is the relation between the eigenvalues and eigenspaces of K 'LK
and L7

For any polynomial f(t) = a,t™ + a,_1t" ' + -+ + a1t + ao € F[t], we define
f(L) = apL" 4+ ap L™ " 4 -+ a1 L+ aol.
All polynomials of L form
F[L) ={f(L): f is a polynomial}.
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This is a commutative algebra in the sense that
Ky, Ky € F[L] = a1 K+ axK>y € F[L], K\ Ky, = K2 K, € F[L].
If L(h) = Ak, then we easily get L'(h) = A‘h, and
FL)(R) = anL™(R) + a1 L™ (k) + - - - + a1 L(R) + aol (R)
= A" A Ay A N A - a4 agh = FA)(R).

Therefore we have the following result, which implies that a simplest direct sum
decomposition for L is also simplest for all polynomials of L.

Proposition 7.1.3. If L is multiplying \ on a subspace H and f(t) is a polynomial,
then f(L) is multiplying f(\) on H.

The maximal subspace on which L is multiplying A is the eigenspace Ker(L—\I).
The following shows that, in order to get the simplest direct sum decomposition, it
is sufficient to show that V is a sum of eigenspaces.

Proposition 7.1.4. The sum of eigenspaces with distinct eigenvalues is a direct sum.

Proof. Suppose L is multiplying A\; on H;, and \; are distinct. Suppose
hy+hy+---+hy=0, h;ecH,.

Inspired by Example 2.2.13, we take
f) = (=)t = Ag) -+ (t = M)

By Proposition 7.1.3, we have f(L)(ﬁz) = f()\z)ﬁZ for h; € H;. Applying f(L) to the
equality 0 = hy 4 hg + - - + hy, and using f(\g) = --- = f(\) = 0, we get

0= f@)(El + 52 + Ek) = f()‘l)ﬁl + f(>\2)}22 +oeee f()\k)ﬁk = f()‘l)ﬁh

By f(\) # 0, we get hy = 0. By taking f to be the other similar polynomials, we
get all h; = 0. O

The following is a very useful property about eigenspaces when there are two
commuting operators.

Proposition 7.1.5. Suppose L and K are linear operators on' V. If LK = KL, then
any eigenspace of L is an invariant subspace of K.

Proof. If v € Ker(L — AI), then L(¥) = Av. This implies L(K (7)) = K(L(V)) =
K (\U) = AK (7). Therefore K () € Ker(L — \I). O
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Exercise 7.21. Suppose L=XMI® X I B --- DA\l onV =H S Hy®---P Hy. Prove that

and
(L—=XMI)(L—XI)...(L—XI)=0.
Exercise 7.22. Suppose L =11 ® Lo ®---® Ly and K = K1 ® Ko & - - - ® K}, with respect
to the same direct sum decomposition V = Hy @& Ho ® --- @® Hy.
1. Prove that LK = KL if and only if L;K; = K;L; for all 1.
2. Prove that if L; = \;1 for all 4, then LK = K L.

The second statement is the converse of Proposition 7.1.5.

Exercise 7.23. Suppose a linear operator satisfies L? + 3L + 2 = O. What can you say
about the eigenvalues of L?

Exercise 7.24. A linear operator L is nilpotent if it satisfies L™ = O for some n. Show
that the derivative operator from P, to itself is nilpotent. What are the eigenvalues of
nilpotent operators?

Exercise 7.25. Prove that f(K 'LK)= K~!f(L)K for any polynomial f.

7.1.3 Characteristic Polynomial

By Proposition 5.1.4, A is an eigenvalue of a linear operator L on a finite dimensional
vector space if and only if det(L — A\I) = 0. This is the same as det(A] — L) = 0.

Definition 7.1.6. The characteristic polynomial of a linear operator L is det(t]—L).

The characteristic polynomial can be calculated as (n is the dimension of the
vector space)

det(tl — A) =t" — o t" '+ oot 24 -+ (=1)" Lo, 1t + (—1)"0,

for the matrix A of L with respect to a basis. The characteristic polynomials of
P7'AP and A are the same.

Exercise 7.26. Prove that the eigenvalues of an upper or lower triangular matrix are the
diagonal entries.

Exercise 7.27. Suppose L and Lo are linear operators. Prove that the characteristic poly-

nomial of Lo = is det(tI—L1) det(tI—Lg). Prove that the same is true for Li O .
O L2 * L2
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Exercise 7.28. What is the characteristic polynomial of the derivative operator on P,?

Exercise 7.29. What is the characteristic polynomial of the transpose operation on n x n
matrices?

a

Exercise 7.30. For 2 x 2 matrix A = (c b>, show that

d
det(tI — A) =t> — (trA)t +det A, trA=a+d, detA=ad— bc

Exercise 7.31. Prove that 0, = det A, and

ail] a2 - A1n
a1 a2 - a2n

op=tr| . . ) =a11tag+ -+ apy.
anl Aap2 -  Qpp

Exercise 7.32. Let I = (¢} & --- &,) and A = (¥ ¥y --- ¥,). Then the term (—1)""to,_1t
in det(tl — A) is

(—1)" Loy 1t = Z det(—ay -+ t& -+ — Tp)
1<i<j<n
= Z (1) tdet(vy --- & - Ty),
1<i<j<n

where the i-th columns of A is replaced by té;. Using the argument similar to the cofactor
expansion to show that

op—1 = det A1; +det Agg + --- +det A,,,,.

Exercise 7.33. For an n x n matrix A and 1 <1y <ig < -+ < i < n, let A(iy,i9,...,1k)
be the k x k submatrix of A of the i1, 19, ...,4; rows and i1, 79, ..., 9, columns. Prove that
o) = Z det A(i1,42,. .., 0%).

1< <t << <n
Exercise 7.34. Suppose L=MI® X I D --- DN lonV = H ®Hy®---D Hy. Prove that
det(t] — L) = (t — M) W™ (8 — Ag) P 2 (p — )i i,
Then verify directly that the polynomial f(t) = det(t] — L) satisfies f(L) = O.

Exercise 7.35. Show that the characteristic polynomial of the matrix in Example 7.16 (for
the restriction of a linear operator to a cyclic subspace) is t" + A1t L+ 4 art + ap.

Proposition 7.1.7. If H is an invariant subspace of a linear operator L on V,
then the characteristic polynomial det(tI — L|y) of the restriction L|g divides the
characteristic polynomial det(tI — L) of L.
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Proof. Let H' be a direct summand of H: V = H & H'. Since H is L-invariant, we

have (see Exercise 7.13)
_ (Lla *
r= (" p)

Here the linear operator L' is the H'-component of the restriction of L on H’. Then
by Exercise 7.27, we have

det(tl — L) = det ( 0 Ny

> = det(t] — L|g)det(tI — L'). O

Theorem 7.1.8 (Cayley-Hamilton Theorem). Let f(t) = det(t] — L) be the charac-
teristic polynomial of a linear operator L. Then f(L) = O.

By Exercise 7.30, for 2 x 2 matrix, the theorem says

(¢ 3)2_<a+d>(g (5 0= (5 5).

One can imagine that a direct computational proof would be very complicated.

Proof. For any vector U, construct the cyclic subspace in Example 7.1.5
H = Rv + RL(¥) + RL*(7) + - - - .

The subspace is L-invariant and has a basis a = {¥, L(¢), L*(?), . .., L*~*(¥) }. More-
over, the fact that L*(%) is a linear combination of «

Lk(ﬁ) = —ak_lLk_l(’l_f) - ak_ng_Q(ﬁ) — = CL1L(17) — CL027

means that ¢(t) = t* + ap_1t" 1 + ap_ot* 2 4 - - + ayt + ag satisfies g(L)(7) = 0.

By Exercises 7.16 and 7.35, the characteristic polynomial det(t] — L| ) is exactly
the polynomial ¢(t) above. By Proposition 7.1.7, we know f(t) = h(t)g(t) for a
polynomial h(t). Then

F(L)(@) = h(L)(g(L)(@)) = h(L)(0) = 0.
Since this is proved for all ¥, we get f(L) = O. O

Example 7.1.11. The characteristic polynomial of the matrix in Example 2.2.18 is

t—1 -1 -1
det | 1t =1 |=tlt—-1>*-14+@t—-1)+(t—-1)=¢>—2"+3t-3,
0 1 t—1

By Cayley-Hamilton Theorem, this implies
A* =247 +3A-31=0.
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This is the same as A(A% — 2A + 31) = 3I and gives

1
A—1=§(A —2A+3I)
] 1 1 1 100
=3 —20—2—101+3010
-1 0 0 -1 1 001
1_
1
:§11—2
11 1

The result is the same as Example 2.2.18, but the calculation is more complicated.

7.1.4 Diagonalisation

We saw that the simplest case for a linear operator L on V is that V is the direct
sum of eigenspaces of L. If we take a basis of each eigenspace, then the union of
such bases is a basis of V' consisting of eigenvectors of L. Therefore the simplest
case is that L has a basis of eigenvectors.

Let a = {0y, ¥, . .., U, } be a basis of eigenvectors, with corresponding eigenvalues
di,ds,...,d,. The numbers d; are the eigenvalues \; repeated dim Ker(L — A1)
times. The equalities L(v;) = d;v; mean that the matrix of L with respect to the
basis « is diagonal

d1 @)
da

[L]aa = . =D.
O d,
For this reason, we describe the simplest case for a linear operator as follows.

Definition 7.1.9. A linear operator is diagonalisable if it has a basis of eigenvectors.

Suppose L is a linear operator on F", with corresponding matrix A. If L has a
basis « of eigenvectors, then for the standard basis €, we have

A= [Le = [e[Llaa[l]ac = PDP™', P =a]. = (8, T - 7).

We call the formula A = PDP~! a diagonalisation of A. A diagonalisation is the
same as a basis of eigenvectors (which form the columns of P).
The following is a special diagonalisable case.

Proposition 7.1.10. If a linear operator on an n-dimensional vector space has n
distinct eigenvalues, then the linear operator is diagonalisable.
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Proof. The condition means det(t/—L) = (t—\1)(t—X2) - - - (t—\,,), with \; distinct.
In this case, we pick one eigenvector v; for each eigenvalue )\;. By Proposition
7.1.4, the eigenvectors ¥y, Vs, ..., U, are linearly independent. Since the space has
dimension n, the eigenvectors form a basis. This proves the proposition. O

To find diagonalisation, we may first solve det(t/ — L) = 0 to find eigenvalues
A. Then we solve (L — M)Z = 0 to find (a basis of) the eigenspace Ker(L — AI).
The number dim Ker(L — AI) is the geometric multiplicity of A\, and the operator is
diagonalisable if and only if the sum of geometric multiplicities is the dimension of
the whole space.

Example 7.1.12. For the matrix in Example 7.1.2, we have
t—13 4
det(tI — A) = det ( 4 - 7)
=({t—13)(t—7) =16 =t*— 20t + 75 = (t — 5)(t — 15).

This gives two possible eigenvalues 5 and 15.
The eigenspace Ker(A — 57) is the solutions of

L (13-5 -4\, (8 —4\. -
(A—SI)J;—(_4 7_5>x—(_4 2)1:-0.
The solution is Ker(A — 57) = R(1,2). The geometric multiplicity is 1.
The eigenspace Ker(A — 151) is the solutions of

L (13-15 -4\ . (-2 —4\. -
(A—15I)x—( 4 7_15)x—(_4 _S)x—O.

The solution is Ker(A — 15/) = R(2, —1). The geometric multiplicity is 1.
The sum of geometric multiplicities is 2 = dimR?. Therefore the matrix is
diagonalisable, with basis of eigenvectors {(1,2), (2,—1)}. The corresponding diag-

onalisation is .
13 -4\ (1 2 5 0 1 2\
-4 7)) \2 -1 0 15 2 -1 '

If A= PDP! then A" = PD"P~'. It is easy to see that D" simply means
taking the n-th power of the diagonal entries. Therefore

13 —4\" /1 2\ /5" 0)\/1 2\

—4 7)) “\2 =1)\o 157)\2 -1
_L(ro2N (5 0N (12 (1443 2-2.3
“5l2 —1)\o 15n)\2 —1) 7 2-2.3" 443 )

By using Taylor expansion, we also have f(A) = Pf(D)P~!, where the function f
is applied to each diagonal entry of D. For example, we have

L5 Z (; _21) (605 e(1)5) (; _21)—1'
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Example 7.1.13. For the matrix in Example 7.1.1, we have

t—1 1

det(tI — A) :det( 1 t—1

) =t—-1>2*+1=(t—1-i)(t—1+1i).
This gives two possible eigenvalues A = 1 4+ i, A = 1 —i. We need to view the real
matrix A as an operator on the complex vector space C? because they are complex
eigenvalues.

The eigenspace Ker(A — AI) is the solutions of

(A—(1+i)D)7= (1_(11“> 1_(_11+Z.)>f: (_li j)f:ﬁ.

The solution is Ker®(A — AI) = C(1, —i). The geometric multiplicity is 1.

Since A is a real matrix, by Example 7.19, Ker®(A — X ) = C(1, —i) = C(1,4) is
also a complex eigenspace of A, with the same geometric multiplicity 1.

The sum of geometric multiplicities is 2 = dimc C?. Therefore the matrix is
diagonalisable, with basis of eigenvectors {(1, —1), (1,7)}. The corresponding diago-

nalisation is .
1 -1\ (1 1 1+14 0 1 1\
1 1) \—i 1 0 1—1 —1 1 '

Example 7.1.14. By Example 5.1.4, we have

1 -2 —4
A=1-2 4 2|, det(tI —A) = (t—5)*t+4).
—4 -2 1

We get eigenvalues 5 and —4, and

-4 -2 -4 5 —2 —4
A-bl=|-2 -1 =2, A+4l=|-2 9 =2
—4 -2 —4 -4 =2 5

The eigenspaces are Ker(A — 51) = R(—1,2,0) ® R(—1,0,1) and Ker(A + 41) =
R(2,1,2). We get a basis of eigenvectors {(—1,2,0),(—1,0,1),(2,1,2)}, with the
corresponding diagonalisation

1 -2 —4 -1 -1 2 5 0 0 -1 -1 2
-2 4 =2]1=12 0 1 05 0 2 0 1
-4 =2 1 0 1 2 00 —4 0 1 2
Example 7.1.15. For the matrix
3 1 =3
A=1|-1 5 =31,
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we have
t—3 -1 3 t—4 -1 3
det(t] — A) = det 1 t-5 3 =det |t—4 t—-5 3
6 —6 t+2 0 -6 t+2
t—4 -1 3
=det| 0 t—4 0 |=(t—-4)>*(t+2).
0 -6 t+2

We get eigenvalues 4 and —2, and

~1 1 -3 5 1 -3
A—4l=|-11 -3|, A+21=|-1 7 -3
—6 6 —6 6 6 0

The eigenspaces are Ker(A—41) = R(1,1,0) and Ker(A+27) = R(1, 1, 2), with geo-
metric multiplicities 1 and 1. Since 1+1 < dimR?, there is no basis of eigenvectors.
The matrix is not diagonalisable.

Example 7.1.16. By Proposition 7.1.10, the matrix

1 0 0
V2 2 0

™ sinl e

has three distinct eigenvalues 1,2,e, and is therefore diagonalisable. The actual
diagonalisation is quite complicated to calculate.

Exercise 7.36. Find eigenspaces and determine whether this is a basis of eigenvectors.
Express the diagonalisable matrix as PDP~!.

L (01 1 00 3 1 -3
“\1 o) 4. [2 4 o]. 7. 1 -1 5 —3].
3 5 6 —6 6 —2
5 (0 1 00 1 1 1 1 1
-1 0/ 5. o 1 0. g |1 -1 -1 1
1 00 S S T TR |
1 2 3 3 1 0 b=
3. 10 4 5. 6. | -4 -1 o0 |.
00 6 4 -8 -2

Exercise 7.37. Suppose a matrix has the following eigenvalues and eigenvectors. Find the
matrix.

1. (1,1,0), Ay = 1; (1,0,—1), Ao = 2; (1,1,2), A = 3.
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2. (1,1,0),\, = 2; (1,0,—1), A0 = 2; (1,1,2), A3 = —1.
3. (1,1,0),\ =1; (1,0,—1), Ao = 1; (1,1,2), A3 = 1.

4. (1,1,1),A1 = 1; (1,0,1), A2 = 2; (0, —1,2), A3 = 3.

Exercise 7.38. Let A = ¢0", where ¥ is a nonzero vector regarded as a vertical matrix.
1. Find the eigenspaces of A.
2. Find the eigenspaces of al + bA.

3. Find the eigenspaces of the matrix

b a ... a
a b ... a
a a ... b

Exercise 7.39. Describe all 2 x 2 matrices satisfying A2 = I.

Exercise 7.40. What are diagonalisable nilpotent operators? Then use Exercise 7.24 to
explain that the derivative operator on P, is not diagonalisable.

Exercise 7.41. Is the transpose of n X n matrix diagonalisable?

Exercise 7.42. Suppose H is an invariant subspace of a linear operator L. Prove that if L
is diagonalisable, then the restriction operator L|z is also diagonalisable.

Exercise 7.43. Prove that L, & Lo is diagonalisable if and only if L1 and Lo are diagonal-
isable.

Exercise 7.44. Prove that two diagonalisable matrices are similar if and only if they have
the same characteristic polynomial.

Exercise 7.45. Suppose two real matrices A, B are complex diagonalisable, and have the
same characteristic polynomial. Is it true that B = PAP~! for a real matrix P?

Exercise 7.46. Suppose det(t] — L) = (t — A1)™ (¢t — A2)"2 -+ - (t — \g)™, with \; distinct.
The number n; is the algebraic multiplicity of ;. Denote the geometric multiplicity by
gi = dim Ker(L — \;1).

1. By taking H = Ker(L — A\;I) in Proposition 7.1.7, prove that g; < n;.
2. Explain that g; > 1.

3. Prove that L is diagonalisable if and only if ¢g; = n;.
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Example 7.1.17. To find the general formula for the Fibonacci numbers, we intro-
duce

. [ F, L (0 . Fuu \_ . . (01
Tp = (Fn—f—l)’ To = (1)7 Tp+1 = (Fn+1+Fn) _Axna A= (1 1)

Then the n-th Fibonacci number F), is the first coordinate of 7,, = A™Z).
The characteristic polynomial det(t] — A) = t* —t — 1 has two roots

1++5 1-+v5
5 T

(-1 (-5
A_)\1]—<1 1_)\1)—< 1 1_2\/57

we get the eigenspace Ker(A— M\ 1) = R(1, 1+2\/5). If we substitute v/5 by —v/5, then

we get the second eigenspace Ker(A — A1) = R(1, %5) To find Z,,, we decompose
To according to the basis of eigenvectors

e () () 5 ()

The two coefficients can be obtained by solving a system of linear equations. Then

' 1 A ( : > : 4 < : ) 1 M < : ) 1 A ( 1 )
T, =— - — N = — - — _ .
\/5 1+2\/3 \/5 1 2\/5 \/3 1 1+2\/§ \/5 211 2\/5

Picking the first coordinate, we get

A =

1o a1 v e
Fn:%(AI—AQ)_W[(Hﬁ) (1 \/5)].

Exercise 7.47. Find the general formula for the Fibonacci numbers that start with Fy = 1,
F=0.

Exercise 7.48. Given the recursive relations and initial values. Find the general formula.
1. zp =2p-1+ 2Yn—1, Yn = 22p—1 + 3Yn—1, xo = 1, yo = 0.
2. Tn =Tp1+2Un—1, Yn = 21 + 3Yn—1, ©0 = 0, yo = 1.
3. Tn =xpn—1+2Yn—1, Yn = 2&n—1 + 3Yn—1, o = a, Yo = b.

4. xy = Tp_1+ 3Yn—1—32p—1, Yo = —3Tp_1 + 7yn—1 —3zpn—1, 2n = —6xp_1 +6yp_1 —
2zp-1, w0 = a, Yo = b, z, = c.
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Exercise 7.49. Consider recursive relation x, = an_1Tn_1 + @p—2Tn_o + -+ + a1x1 + apxg.
Prove that if the polynomial t” — a,_1t" "' — a,,_ot" "2 — ... — a1t — ag has distinct roots
AL, A2, ...y A, then

Ty = AT + Ay + - -+ + cp .

Here the coefficients ¢y, co, . . . , ¢, may be calculated from the initial values zg, z1, ..., Tn_1.
Then apply the result to the Fibonacci numbers.

Exercise 7.50. Consider the recursive relation x,, = @y, 1Zp_1+apn_92Tn_o+- - -+ai1x1+apgxg.
Prove that if the polynomial " —a,,_1t" ' —a, _ot" 2 —--—ait—ag = (t—X1)(t—X2) ... (t—
An—1)?, and A; are distinct (i.e., A,—1 is the only double root), then

Ty = CIA] + a5 + -+ cna o+ (cne1 + cnAn) Al

Can you imagine the general formula in case t" — A1t ' —ap_ot" 2 — - —ait —ag =
(t — )\1)”1 (t — )\2)”2 - (t — /\k)nk7

7.1.5 Complex Eigenvalue of Real Operator

In Example 7.1.13, the real matrix is diagonalised by using complex matrices. We
wish to know what this means in terms of only real matrices.

An eigenvalue X of a real matrix A can be real (A € R) or not real (A € C —R).
In case X is not real, the conjugate \ is another distinct eigenvalue.

Suppose A € R. Then the we have the real eigenspace KerR(A — AI). It is easy
to see that the complex eigenspace

KerC(A — )\I) = {?71 + Uy 171,172 € Rn, A(Q_ﬁ + 2172) = /\(171 + 1172)}

= {?71 + 2'1723 ?71,?72 < Rn, A?71 = )\171, AUQ = )\?72}

is the complexification Ker™(A — X\I) @ iKer® (A — A1) of the real eigenspace. If we
choose a real basis a = {7}, ¥y, . .., U, } of Ker™(A — AI), then

A’Uj = )\’Uj.

Suppose A € C — R. By Exercise 7.19, we have a pair of complex eigenspaces
H = Ker®(A — M) and H = Ker®(A — X) in C". By Proposition 7.1.4, the sum
H + H is direct. Let v = {if) — iy, tly — iy, . . . , Uy, — 10, }, @, W; € R", be a basis
of H. Then & = {iy +ity, @y +itWy, . . ., Uy, + iy, } is a basis of H. By the direct sum
H @ H, the union aUd is a basis of H® H. The set 3 = {uy, W1, tlo, Wa, . . . , Uy, Wy +
of real vectors and the set & U & can be expressed as each other’s complex linear
combinations. Since the two sets have the same number of vectors, the real set (3 is
also a complex basis of H @ H. In particular, 3 is a linearly independent set (over
real or over complex, see Exercise 6.12). Therefore (3 is the basis of a real subspace
Span®g c R™.
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The vectors in 5 appear in pairs @, @;. If A\ = p+iv, p, v € R, then A(u; —iw,;) =
A(i; — i) means
Aﬁj = /Lﬁ] + ij,

ij

—I/ﬁj + /Ml_jj
This means that the restriction of A to the 2-dimensional subspace Ru; @ Ruwj; has
matrix
4 _(w —v\ _ (cosf —sinf g
[A|RUj@R’wj] - (V /,L ) =T (Slne COSG ) ) )\ =Tre.

In other words, the restriction of the linear transformation is the rotation by # and
scalar multiplication by r. We remark that the rotation does not mean there is an
inner product. In fact, the concepts of eigenvalue, eigenspace and eigenvector do
not require inner product. The rotation only means that, if we “pretend” {u;, w,}
to be an orthonormal basis (which may not be the case with respect to the usual
dot product, see Example 7.1.18), then the linear transformation is the rotation by
0 and scalar multiplication by r.
The pairs in 3 give a pair of real subspaces that form Span®g = E @ Ef

E =Ri; +Riy + - - - + Rii,p,
E' =Ry + Ry + - - - + 10,,,.

Moreover, we have isomorphism t: E = ET given by ﬁ; = w;. Then we have

_(pl —vI
A’E‘EBET - (V_[ MI ) .
The discussion extends to complex eigenvalue of real linear operator on complex

vector space with conjugation. See Section 6.1.5.
In Example 7.1.13, we have

AN=1+i=+2, @—iw=(1,—i),

and
E=TR(1,0), E'=R(0,1), (1,0)" =(0,1).

Proposition 7.1.11. Suppose a real square matriz A is complex diagonalisable, with
complex basis of eigenvectors

— — -t o . St
ey Ujy ey U — WUy, U + U,y
and corresponding eigenvalues

..,dj,...,ak—i—ibk,ak—ibk,....
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Then
d; O
A=PDP', P=(--0 --- gkgz ..), D=
Qe —bk
O bk (053

In more conceptual language, which is applicable to a complex diagonalisable
real linear operator L on a real vector space V', the result is

- il —uvil ol  —uvol pgl —vgl
L=MI® N @A,J@(Vl] mI)@(vﬂ 1] D@ vl gl )

with respect to direct sum decomposition
V=HoH& 0HOFEOE)®(E,GE)® -©(E,E,).

Here E® E actually means the direct sum E@ ET of two different subspaces, together
with an isomorphism { that identifies the two subspaces.

Example 7.1.18. Consider

1 =2 4
A=12 2 1|, det(tI—A) =(t—-3)(t+9).
0 3 0
We find Ker(A — 3I) = R(1,1,1). For the conjugate pair of eigenvalues 3i, —3i, we
have
1-3¢ =2 4
A—3l = 2 2—-31 -1
0 3 —31

For complex vector Z € Ker(A—3iT), the last equation tells us x5 = ix3. Substituting
into the second equation, we get

Therefore x; = —(1 + 2'):103, and we get Ker(A — 3il) = C(—1 —14,4,1). This gives
= (—=1,0,1), @' = , and

I -1 —1+z 3 0 1 —1—i —14+4\ "
A=1|1 0 3 1 —i
1 00 — 11 1
1 — 30 0 1 -1 1\"'
— |1 0 —1 00 3|11 0o -1
1t 1 0o/ \o3 o 1 1 0
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Geometrically, the operator fixes (1,1,1), “rotate” {(—1,0,1),(1,—1,0)} by 90°,
and then multiply the whole space by 3.

Example 7.1.19. Consider the linear operator L on R? that flips @ = (1,1,1) to
its negative and rotate the plane H = (R@)* = {x +y + 2z = 0} by 90°. Here the
rotation of H is compatible with the normal direction @ of H by the right hand rule.
In Example 4.2.8, we obtained an orthogonal basis v = (1, —1,0),d = (1,1, —2)
of H. By
1 1 1
det(Vwu)=det [ -1 1 1] =6>0,
0 -2 1

the rotation from v’ to w is compatible with ¢, and we have

— —

L (W) =M L (”“’TO = —q&, L(@) = -

This means

L(V30) =@, L) =—V30, L) =—i.

Therefore the matrix of L is (taking P = (v/37 @ @)

11
-3 1 1|1 0 o0
0 -2 1/ \0 0 -1
. -1 V3-1 V3-
=3 V3-1 -1 —/3-1
—V3-1 V3-1 1

V3 0 -1 0 V3 o1 1\ !
1 1
1
1

From the meaning of the linear operator, we also know that the 4-th power of the
matrix is the identity.

Exercise 7.51. Let v = (1,1,1,1), W = (1,1,—1,—1). Let H = R¥@® R&. Find the matrix.
1. Rotate H by 45° in the direction of @ to . Flip H+.
2. Rotate H by 45° in the direction of & to #. Flip H= .
3. Rotate H by 45° in the direction of ¥ to . Identity on H= .

4. Rotate H by 45° in the direction of ¥ to 1. Rotate H+ by 90°. The orientation of
R?* given by the two rotations is the positive orientation.

5. Orthogonal projection to H, then rotate H by 45° in the direction of ¥ to .
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7.2 Orthogonal Diagonalisation

7.2.1 Normal Operator

Let V' be a complex vector space with (Hermitian) inner product (, ). The simplest
case for a linear operator L on V is an orthogonal sum

L=XMNI1XNI1- 1M,

with respect to
V=H 1H, 1 ---1 H,.

This means that L has an orthonormal basis of eigenvectors, or orthogonally diago-
nalisable. )
By Exercise 4.60 and (A)* = AI, the simplest case implies

L¥ =M1 LI L - L.

Then we get L*L = LL*.

Definition 7.2.1. A linear operator L on an inner product space is normal if L*L =
LL*.

The discussion before the definition proves the necessity of the following result.
The sufficiency will follow from the much more general Theorem 7.2.4.

Theorem 7.2.2. A linear operator on a complex inner product space is orthogonally
diagonalisable if and only if it is normal.

The adjoint of a complex matrix A is A* = AT (with respect to the standard
complex dot product). Therefore a normal matrix means A*A = AA*. The theorem
says that A is normal if and only if A = UDU~! = UDU* for a diagonal matrix D
and a unitary matrix U. This is the unitary diagonalisation of A.

Exercise 7.52. Prove that L; L Lo is orthogonally diagonalisable if and only if L; and Lo
are orthogonally diagonalisable.

Exercise 7.53. Prove the following are equivalent.
1. L is normal.

2. L* is normal.

w

L@)|| = ||L* ()| for all .

4. In the decomposition L = L1 + Lo, L] = L1, L5 = —L9, we have L1Ly = LoLy.
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Exercise 7.54. Suppose L is a normal operator on V.
1. Use Exercise 4.63 to prove that KerL = KerL*.
2. Prove that Ker(L — \I) = Ker(L* — \I).

3. Prove that eigenspaces of L with distinct eigenvalues are orthogonal.

Exercise 7.55. Suppose L is a normal operator on V.
1. Use Exercises 6.24 and 7.54 to prove that RanL = RanL*.
2. Prove that V = KerL | RanlL.
3. Prove that RanL* = RanL and KerL* = KerL.
4. Prove that RanL/(L*)* = RanL and KerL/(L*)* = KerL.

Now we apply Theorem 7.2.2 to a real linear operator L of real inner product
space V. The normal property means L*L = LL*, or the corresponding matrix
A with respect to an orthonormal basis satisfies ATA = AAT. By applying the
proposition to the natural extension of L to the complexification V @iV, we get the
diagonalisation as described in Proposition 7.1.11 and the subsequent remark. The
new concern here is the orthogonality. The vectors ..., 7;,... are real eigenvectors
with real eigenvalues, and can be chosen to be orthonormal. The pair of vectors
Uy, — Z'UL, U + mf,i are eigenvectors corresponding to a conjugate pair of non-real
eigenvalues. Since the two conjugate eigenvalues are distinct, by the third part of
Exercise 7.54, the two vectors are orthogonal with respect to the complex inner
product. As argued earlier in Section 6.1.6, this means that we may also choose the

vectors . . ., Uy, ﬁL, ... to be orthonormal. Therefore we get
. b=y (el
L=M\I_1 J_/\pIJ_(Vll le)l J'(z/q[ ol )

with respect to
V=Hl.---1H,L(E,LE)L ---1L(E,LE,).
Here £ 1 E means the direct sum E 1 E' of two orthogonal subspaces, together

with an isometric isomorphism { that identifies the two subspaces.

7.2.2 Commutative x-Algebra

In Propositions 7.1.3 and 7.1.5, we already saw the simultaneous diagonalisation of
several linear operators. If a linear operator L on an inner product space is normal,
then we may consider the collection of polynomials of L and L*

C[L,L*] = {Z a;;L'L* : i, j non-negative integers}.
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By L*L = LL*, we have (L'L*)(L*L*) = L*kL** We also have (L'L*)* =
LIL*". Therefore C[L, L*] is an example of the following concept.

Definition 7.2.3. A collection A of linear operators on an inner product space is a
commutative x-algebra if the following are satisfied.

1. Algebra: L, K € A implies aLL + bK, LK € A.
2. Closed under adjoint: L € A implies L* € A.

3. Commutative: L, K € A implies LK = KL.

The definition allows us to consider more general situation. For example, if L, K
are operators, such that L, L*, K, K* are mutually commutative. Then the collection
C[L, L*, K, K*] of polynomials of L, L*, K, K* is also a commutative x-algebra. We
may then get orthonormal basis of eigenvectors for both L and K.

An eigenvector of A is the eigenvector of every linear operator in A.

Theorem 7.2.4. A commutative x-algebra of linear operators on a finite dimensional
inner product space is orthogonally diagonalisable.

The proof of the theorem is based on Proposition 7.1.5 and the following result.
Both do not require normal operator.

Lemma 7.2.5. If H is L-invariant, then H+ is L*-invariant.

Proof. Let ¢ € H*. For any h € H, we have L(E) € H, and therefore

-

(hy L (@) = (L(R), 5) = 0.
Since this holds for all & € H, we get L*(7) € H*. O

Proof of Theorem 7.2.J. 1f every operator in A is a constant multiple on the whole
V, then any basis is a basis of eigenvectors for A. So we assume an operator L € A
is not a constant multiple. By the fundamental theorem of algebra (Theorem 6.1.1),
the characteristic polynomial of L has a root and gives an eigenvalue A. Since L is
not a constant multiple, the corresponding eigenspace H = Ker(L — AI) is neither
zero nor V.

Since any K € A satisfies K. = LK, by Proposition 7.1.5, H is K-invariant.
Then by Lemma 7.2.5, H+ is K*-invariant. Since we also have K* € A, the conclu-
sion remains true if K is replaced by K*. By (K*)* = K, we find that H* is also
K-invariant.

Since both H and H* are K-invariant for every K € A, we may restrict A to
the two subspaces and get two sets of operators Ay and Ay of the respective inner
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product spaces H and H+. Moreover, both Ay and AL are still commutative
x-algebras.

Since H is neither zero nor V, both H and H* have strictly smaller dimension
than V. By induction on the dimension of underlying space, both Ay and AL are
orthogonally diagonalisable. This implies that A is orthogonally diagonalisable (see
Exercise 7.52).

It remains to justify the beginning of the induction, which is when dimV = 1.
Since every linear operator is a constant multiple in this case, the conclusion follows
trivially. O]

Theorem 7.2.4 can be greatly extended. The infinite dimensional version of the
theorem is the theory of commutative C*-algebra.

Exercise 7.56. Suppose H is an invariant subspace of a normal operator L. Use Exercise
7.18 and orthogonal diagonalisation to prove that both H and H* are invariant subspaces
of L and L*.

Exercise 7.57. Suppose H is an invariant subspace of a normal operator L. Suppose P is
the orthogonal projection to H.

1. Prove that H is an invariant subspace of L if and only if (I — P)LP = O.
2. For X = PL(I — P), prove that trXX* = 0.

3. Prove that H' is an invariant subspace of a normal operator L.

This gives an alternative proof of Exercise 7.56 without using the diagonalisation.

7.2.3 Hermitian Operator
An operator L is Hermitian if L = L*. This means
(L(V),w) = (v, L(w)) for all v, .

Therefore we also say that L is self adjoint. Hermitian operators are normal.

Proposition 7.2.6. A linear operator on a complex inner product space is Hermitian
iof and only if it is orthogonally diagonalisable and all the eigenvalues are real.

A matrix A is Hermitian if A* = A, and we get A = UDU~! = UDU* for a real
diagonal matrix D and a unitary matrix U.

Proof. By Theorem 7.2.2, we only need to show that a normal operator is Hermitian
if and only if all the eigenvalues are real. Let L(v) = AU, ¥ # 0. Then

(L(0),v) = (A0, 0) = \(U, 1),
(@, L(7)) = (7, \0) = \(7,7).
By L = L*, the left are equal. Then by (7, %) # 0, we get A = . O

U
v
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(2 1+
A_(l—i 3)

is Hermitian, with characteristic polynomial

Example 7.2.1. The matrix

det (_tl_fz _tl__;) =(t—2)t—3)—(P+1*) =" —5bt+4=(t—1)(t—4).

B 1 1+ (=2 1+
A_I_(1+i 2 > A_4I_(1—z' —1)’
we get Ker(A—1) = C(1+4,—1) and Ker(A—4I) = C(1,1—1). By ||(1+14,—1)| =
\/§ZH(1,1—Z’)H,W€get

C?*=C(1+4,-1) LC(1,1 -9) =Cz(1+4,-1) LCx(1,1-14), A=114

By

and the unitary diagonalisation

. 14 1 1+ 1\ !
( 2 . 1+z) _ T% Zg (1 O) 731 Tg '
1— 7 3 —Tg % O 4 —75 %

Example 7.2.2 (Fourier Series). We extend Example 4.3.3 to the vector space V' of
complex valued smooth periodic functions f(t) of period 27, and we also extend the
inner product

=

1 2

(fi9) =15 i F(t)g(t)dt.

By the calculation in Example 4.3.3, the derivative operator D(f) = f’ on V satisfies
D* = —D. This implies that the operator L = ¢D is Hermitian.

As pointed out earlier, Theorems 7.2.2, 7.2.4 and Proposition 7.2.6 can be ex-
tended to infinite dimensional spaces (Hilbert spaces, to be more precise). This
suggests that the operator L = iD should have an orthogonal basis of eigenvectors
with real eigenvalues. Indeed we have found in Example 7.1.10 that the eigenvalues
of L are precisely integers n, and the eigenspace Ker(nl — L) = Ce™. Moreover (by
Exercise 7.54, for example), the eigenspaces are always orthogonal. The following is
a direct verification of the orthonormal property

. ) 1 [ . — L __pilm=mt2r — () if £,
<ezmt, eznt> - / ezmtefzntdt — 217r1(m—n) |0 . 7£
2 Jq 5-2m =1, it m=n.

The diagonalisation means that any periodic function of period 27 should be ex-
pressed as

—+00

+o00
ft) = Z cne™ = ¢y + Z(cnei”t +c_pe” ™) = ag + Z(an cosnt + b, sinnt).

nez n=1 n=1
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Here we use

e™ = cosnt +isinnt, a, =c,+Cc_p, by =Cn— C_p.

We conclude that the Fourier series grows naturally out of the diagonalisation of the
derivative operator. If we apply the same kind of thinking to the derivative operator
on the second vector space in Example 4.3.3 and use the eigenvectors in Example
7.1.9, then we get the Fourier transformation.

Exercise 7.58. Prove that a Hermitian operator L satisfies

(L(iD), 0) = (L@@ + &), i + ) — (L(@ — ), @ — &)
L (i + i0), @ + i) — i (L(d@ — i7), @ — iD)).

Exercise 7.59. Prove that L is Hermitian if and only if (L(?¥), V) = (¥, L(?)) for all v.
Exercise 7.60. Prove that L is Hermitian if and only if (L(¥),7) is real for all /.
Exercise 7.61. Prove that the determinant of a Hermitian operator is real.

Next we apply Proposition 7.2.6 to a real linear operator L of a real inner product
space. The self-adjoint property means L* = L, or the corresponding matrix with
respect to an orthonormal basis is symmetric. Since all the eigenvalues are real, the
complex eigenspaces are complexifications of real eigenspaces. The orthogonality
between complex eigenspaces is then the same as the orthogonality between real
eigenspaces. Therefore we conclude

L=MILXI L -1 XI, X\ER.

Proposition 7.2.7. A real matriz is symmetric if and only if it is (real) orthogonally
diagonalisable. In other words, we have A = UDU~Y = UDU?T for a real diagonal
matriz D and an orthogonal matriz U.

Example 7.2.3. Even without calculation, we know the symmetric matrix in Exam-
ples 7.1.12 and 7.1.2 has orthogonal diagonalisation. From the earlier calculation,
we have orthogonal decomposition

R* =R=(1,2) LRZ(2,-1), A=5115

1
1 1 1
7 ) (5 0) (75 7 )
-1 0 15 2 _ 1 ‘
5 V5 V5

and orthogonal diagonalisation

(45

Sl
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Example 7.2.4. The symmetric matrix in Example 7.1.14 has an orthogonal diag-
onalisation. The basis of eigenvectors in the earlier example is not orthogonal. We
may apply the Gram-Schmidt process to get an orthogonal basis of Ker(A — 5I)

Uy = (—1,0,1) = £8(=1,2,0) = £(—4,-2,5).

Together with the basis U3 = (2,1, 2) of Ker(A + 47), we get an orthogonal basis of
eigenvectors. By further dividing the length, we get orthogonal diagonalisation

-1

1 _ 4 2 1 _ 4 2
/5 5 3 5 0 0 75 3§/g 3
A= 2 2 1 05 0 2 2 1
NG 3v/5 3 V5 3v/5 3
AR

Example 7.2.5. The matrix

1 V2 T
V2 2 sinl

m sinl e

is numerically too complicated to calculate the eigenvalues and eigenspaces. Yet we
still know that the matrix is orthogonally diagonalisable.

Exercise 7.62. Find orthogonal diagonalisation.
1 0 1 5 (@ b -1 2 0 0 2 4
"\l 0/ “\b a)’ 3. 0 2]. 4. 12 -3 2
2 1

Exercise 7.63. Suppose a 3 x 3 real symmetric matrix has eigenvalues 1, 2, 3. Suppose
(1,1,0) is an eigenvector with eigenvalue 1. Suppose (1,—1,0) is an eigenvector with
eigenvalue 2. Find the matrix.

Exercise 7.64. Suppose A and B are real symmetric matrices satisfying det(t/ — A) =
det(tI — B). Prove that A and B are similar.

Exercise 7.65. What can you say about a real symmetric matrix A satisfying 43 = O.
What about satisfying A? = I?

Exercise 7.66 (Legendre Polynomial). The Legendre polynomials P,, are obtained by applying
the Gram-Schmidt process to the polynomials 1,¢,2, ... with respect to the inner product
(f,q) = fil f(t)g(t)dt. The following steps show that

1 a
T gnpl din

[(# = 1)"].
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1. Prove [(1 —t*)P.) +n(n+1)P, = 0.

o0 n L
2. Prove ) ° Pa™ = Vi—2tztaz?’

3. Prove Bonnet’s recursion formula (n+ 1)P,+1 = (2n+ 1)tP, — nP,_1.

4. Prove that f_ll P, P,dt = 22(5:';; [eigenvectors of hermitian operator used]

An operator L is skew-Hermitian if L = —L*. This means
(L(7), W)y = —(¥, L(w)) for all ¥,.

Skew-Hermitian operators are normal.

Note that L is skew-Hermitian if and only if ¢L is Hermitian. By Proposition
7.2.6, therefore, L is skew-Hermitian if and only if it is orthogonally diagonalisable
and all the eigenvalues are imaginary.

Now we apply to a real linear operator L of a real inner product space. The skew-
self-adjoint property means L* = —L, or the corresponding matrix with respect to
an orthonormal basis is skew-symmetric. The eigenvalues of L are either 0 or a pair
+i\ with A > 0. Therefore we get

L:OL)\l((]) _OI)LAQG _])L---qu(? —01)7

with respect to

Exercise 7.67. For any linear operator L, prove that L = L + Lo for unique Hermitian
L1 and skew Hermitian L. Moreover, L is normal if and only if L; and Ly commute. In
fact, the algebras C[L, L*] and C[L1, Lo] are equal.

Exercise 7.68. What can you say about the determinant of a skew-Hermitian operator?
What about a skew-symmetric real operator?

Exercise 7.69. Suppose A and B are real skew-symmetric matrices satisfying det(t/ — A) =
det(tI — B). Prove that A and B are similar.

Exercise 7.70. What can you say about a real skew-symmetric matrix A satisfying A% = O.
What about satisfying A2 = —I?

7.2.4 Unitary Operator

An operator U is unitary if it is an isometric isomorphism. The isometry means
U*U = I. Then the isomorphism means U~! = U*. Therefore we have U*U = I =
UU~*, and unitary operators are normal.
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Proposition 7.2.8. A linear operator on a complex inner product space is unitary if
and only if it is orthogonally diagonalisable and all the eigenvalues satisfy |A| = 1.

The equality |A] = 1 follows directly from ||U(?)|| = ||v]]. Conversely, it is easy
to see that, if |\;| = 1, then U = A\ I L X\of L --- L A,I preserves length and is
therefore unitary.

Now we may apply Proposition 7.2.8 to an orthogonal operator U of a real inner
product space V. The real eigevalues are 1, —1, and complex eigenvalues appear as
conjugate pairs e* = cos§ & isin §. Therefore we get

U=11-I1Ryl LRyl 1 LRyl Ry= (0089 —Sme)’

sinf  cosé
with respect to
V:HJFJ_H,J_(ElJ_El)J_(EQJ_EQ)J_J_(EqJ_Eq)

The decomposition implies the following understanding of orthogonal operators.

Proposition 7.2.9. Any orthogonal operator on a real inner product space is the
orthogonal sum of identity, flipping, and rotations (on planes).

A real matrix A is orthogonal if and only if ATA = I = AAT. The proposition
implies that this is equivalent to A = UDU~! = UDU? for an orthogonal matrix U
and

cosf@ —sinf
O sinff  cosf

Note that an orthogonal operator has determinant det U = (—1)4m#-_ Therefore
U preserves orientation (i.e., det U = 1) if and only if dim H_ is even. This means
that the —1 entries in the diagonal can be grouped into pairs and form rotations by

180°
-1 0\ [cosm —sinm
0 —1) \sinm cosm )~
Therefore an orientation preserving orthogonal operator is an orthogonal sum of

identities and rotations. For example, an orientation preserving orthogonal operator
on R? is always a rotation around a fixed axis.
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Example 7.2.6. Let L: R® — R? be an orthogonal operator. If all eigenvalues of L
are real, then L is one of the following.

1. L = &1, the identity or the antipodal.

2. L fixes a line and is antipodal on the plane orthogonal to the line.

3. L flips a line and is identity on the plane orthogonal to the line.
If L has non-real eigenvalue, then L is one of the following.

1. L fixes a line and is rotation on the plane orthogonal to the line.

2. L flips a line and is rotation on the plane orthogonal to the line.
Exercise 7.71. Describe all the orthogonal operators of R2.
Exercise 7.72. Describe all the orientation preserving orthogonal operators of R*.

Exercise 7.73. Suppose an orthogonal operator exchanges (1,1,1,1) and (1,1,—1,—1), and
fixes (1, —1,1,—1). What can the orthogonal operator be?

7.3 Canonical Form

Example 7.1.15 shows that not every linear operator diagonalises. We still wish to
understand the structure of general linear operators by decomposing into the direct
sum of blocks of some standard shape. If the decomposition is unique in some way,
then it is canonical. The canonical form can be used to answer the question whether
two general square matrices are similar.

The most famous canonical form is the Jordan canonical form, for linear oper-
ators whose characteristic polynomial completely factorises. This always happens
over complex numbers. Over general fields, we always have the rational canonical
form.

7.3.1 Generalised Eigenspace

We study the structure of a linear operator L by thinking of the algebra F[L] of
polynomials of L over the base field F. We will take advantage of the division of
polynomials and the consequences of division algorithm in Section 6.2.3.

Let d(t) be the greatest common divisor of polynomials fi(t), fa(t), ..., fx(%).
Then we have polynomials u;(t), us(t),. .., ug(t), such that

d(t) = fr(t)ur(t) + fa()ua(t) + - - + fe(t)ux(t).
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Applying the equality to a linear operator L, we get
d(L) = fi(L)ui(L) + fo(L)ua(L) + - + fr(L)u(L),

Therefore

—

AL)(@) = (L) (@) = - = fil(L)(@) =0 = d(L)(7) =0,

and
Rand(L) C Ranf,(L) + Ranfs(L) + - - - + Ranfi(L).

In fact, since f;(t) = d(t)g;(t) for some polynomial ¢;(t), we also have
Ranf;(L) = Rand(L)g;(L) C Rand(L).
Therefore we conclude
Rand(L) = Ranf;(L) + Ranfs(L) + - - - + Ranfi(L).

For the special case that the polynomials are coprime, we have d(t) = 1, d(L) = I,
Rand(L) =V, and therefore the following,.

Lemma 7.3.1. Suppose L is a linear operator on 'V, and fi(t), f2(t),. .., fx(t) are
coprime. Then

V =Ranf;(L) + Ranfs(L) + - - - + Ranfi(L).

Moreover, fi(L)(¥) = fo(L)(#) = - = fr(L)(¥) = 0 implies 7 = 0.

Recall that any monic polynomial is a unique product of monic irreducible poly-
nomials

f@) =pi(®)" pa(t)™ -+ pr(®)™,  pi(t), p2(t),- .., px(t) distinct.

For example, by the Fundamental Theorem of Algebra (Theorem 6.1.1), the irre-
ducible polynomials over C are t — A. Therefore we have

F@&)=(E=X)"(t—X)™ - (t—=Xp)™,  Ap, Agy ..., A € C distinct.
The irreducible polynomials over R are t — X and 2 + at + b. Therefore we have
) = (E=A)" (t=X2)"™ - - - (t=Xg)™ (P +art+b1)™ (P +agt-+bg)™ - - (P +agt+b)™.

Here > + at + b has a conjugate pair of complex roots A = u + v, A = pu — iv,
i, v € R. We will use specialised irreducible polynomials over C and R only in the
last moment. Therefore most part of our theory applies to any field.
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Suppose L is a linear operator on a finite dimensional F-vector space V. We
consider the annilator

AnnL = {g(t) € F[t]: g(L) = O},

which is all the polynomials vanishing on L. The Cayley-Hamilton Theorem (Theo-
rem 7.1.8) says such polynomials exist. Moreover, if g;(L) = O and go(L) = O, and
d(t) is the greatest common divisor of g;(t) and go(t), then the discussion before
Lemma 7.3.1 says d(L) = O. Therefore there is a unique monic polynomial m(t)
satisfying

AnnL = m(t)F[t] = {m(t)q(t): q(t) € F[t]}.

Definition 7.3.2. The minimal polynomial m(t) of a linear operator L is the monic
polynomial with the property that g(L) = O if and only if m(t) divides g(t).

Suppose the characteristic polynomial of L is factorised into distinct irreducible
polynomials

f(t) =det(tl — L) = p1(t)" po(t)™ - - - pr(t)"*.
Then the minimal polynomial divides f(t¢), and we have (m; > 1 is proved in Exercise

7.75)
m(L) = pr(t)™ pa ()2 -+ pe(O)™, 1 <m; <n,.

Example 7.3.1. The characteristic polynomial in the matrix in Example 7.1.15 is
(t —4)%*(t +2). The minimal polynomial is either (t —4)(t +2) or (t —4)%*(t +2). By

-1 1 -3 5 1 =3 12 %
(A—4D(A+2)=|-1 1 -3 -1 7 3| =% *x x| #£0,
—6 6 —6 —6 6 0 * ok %k

the polynomial (t—4)(¢+2) is not minimal. The minimal polynomial is (t—4)%(t+2).

In fact, Example 7.1.15 shows that A is not diagonalisable. Then we may also
use the subsequent Exercise 7.74 to see that the minimal polynomial cannot be
(t—4)(t+2).

Proposition 7.3.3. Suppose L is a linear operator, and f(t) = p1(t)" po(t)"2 - - - pp(t)™*
for distinct irreducible polynomials py(t), pa(t), ..., pe(t). If f(L) = O, then

V =Kerpi(L)™ & Kerpy(L)"* & - - - & Ker py(L)"*.

For the case F = C is the complex numbers, we have p;(L) = L — \;I. The
kernel Ker(L — X\;1)™ contains the eigenspace, and is called a generalised eigenspace.
Therefore the proposition generalises Proposition 7.1.4.
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Proof. Let

fit) = == =pi(O)"™ -+ pica (O)" piga (£)" -+ pr(D)™ = le(t)m~
i

Then fi(t), fo(t), ..., fr(t) are coprime. By Lemma 7.3.1, we have
V = Ranfi(L) + Ranfy(L) + - - - + Ranfi(L).
By pi(L)™ f;(L)(¥) = f(L) = O, we have Ranf;(L) C Kerp;(L)". Therefore
V =Kerp(L)™ + Kerpa(L)"* + - - - + Ker pp(L)"™*.
To show the sum is direct, we consider
Ui+ 0O+ +0,=0, 0 €Kerp(L)™.
We will prove that f;(L)(7;) = 0 for all 4, j. Then by Lemma 7.3.1 and the fact that

f1(t), fa(t), ..., fu(t) are coprime, we get all v; = 0.
For i # j, let

fij(t) = — f(t) fzglj _ le(t)"l.

pi(t)p; ()" p; iy

Then B
fi(L)(@) = fi;(L)pi(L)"(7;) = 0.
This proves f;(L)(%;) = 0 for all i # j. Applying f;(L) to 0 = @ + T + - - - + T, we
get
0= fi(L)(@) + fiL)(@) + - - + fi( L) (@) = fi(L)(@).

This proves that we also have f;(L)(%;) = 0 for i = j. Therefore we indeed have

£ (L)(#;) =0 for all 4, j. O
Example 7.3.2. For the matrix in Example 7.1.15, we have Ker(A+2I) = R(1, 1, 2)
and
1 -1 3\° 1 -1 1
(A—4?=1{1 -1 3] =181 -1 1|,
6 —6 6 2 -2 1

Ker(A —4I)* = R(1,1,0) ® R(1,0, —1).
Then we have the direct sum decomposition

R? = Ker(A — 41)* @ Ker(A + 21) = (R(1,1,0) @ R(1,0,-1)) ® R(1,1,2).
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Exercise 7.74. Prove that a linear operator is diagonalisable if and only if the minimal
polynomial completely factorises and has no repeated root: m(t) = (t—A1)(t— X)) - (t —
Ak)s Ay A2, ..., A distinet.

Exercise 7.75. Suppose det(t] — L) = p1(t)" p2(t)™? - - - pr(t)™, where pi(t), p2(t), ...,
pr(t) are distinct irreducible polynomials. Suppose m(L) = p1 ()™ pa(t)™2 - - - pi(t)™* is
the minimal polynomial of L.

1. Prove that Kerp;(t)™ # {0}. Hint: First use Exercise 7.15 to prove the case of
cyclic subspace. Then induct.

2. Prove that m; > 0.
3. Prove that eigenvalues are exactly roots of the minimal polynomial. In other words,

the minimal polynomial and the characteristic polynomial have the same roots.

Exercise 7.76. Suppose p1(t)™ pa(t)™2 - pp(t)™* is the minimal polynomial of L. Prove
that Ker p;(t)™+! = Kerp;(t)™ 2 Ker p;(t)™ .

Exercise 7.77. Prove that the minimal polynomial of the linear operator on the cyclic
subspace in Example 7.1.5 is t5* + ap_ 1t + ap_ot" 2 + - 4 art + ao.

Exercise 7.78. Find minimal polynomial. Determine whether the matrix is diagonalisable.

1 1 2 3 -1 0 3 -1 0 0 00
" \3 4) 2.10 2 0]. 3.10 2 0]. 4. 11 0 0
1 -1 2 0 -1 2 2 30

Exercise 7.79. Describe all 3 x 3 matrices satisfying A?> = I. What about A3 = A?
Exercise 7.80. Find the minimal polynomial of the derivative operator on P,.

Exercise 7.81. Find the minimal polynomial of the transpose of n x n matrix.

7.3.2 Nilpotent Operator
By Proposition 7.1.5, the subspace H = Kerp;(L)™ in Proposition 7.3.3 is L-

invariant. Therefore it remains to study the restriction L|y of L to H. Since
pi(L|g)™ = O, the operator T' = p;(L|y) has the following property.

Definition 7.3.4. A linear operator 7' is nilpotent if T™ = O for some n.

We may regard applying a linear operator as “hitting” vectors. A nilpotent
operator means that every vector is killed by hitting sufficiently many times.

Exercise 7.82. Prove that the only eigenvalue of a nilpotent operator is 0.
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Exercise 7.83. Consider the matrix that shifts the coordinates by one position

0 0] T 0
A= 1 - 3 | — x9
0 : :

O 1 0 Ln Tn—1

Show that A” = O and A"~ # O.

Exercise 7.84. Show that any matrix of the following form is nilpotent

00 0 0 0 = *
* 0 0 0 0 0 *
* 0 0 0 0 0 =
* * 0 00 00

Let T be a nilpotent operator on V. Let m be the smallest number such that
T™ = O. This means that all vectors are killed after hitting m times. We may then
ask more refined question on how vectors are killed:

1. What is the exact number 7 of hits needed to kill a vector v7 This means
T'(v) =0 and T () # 0.

2. A vector may be the result of prior hits. This means that the vector is T7(%).

If ¢ needs exactly ¢ hits to get killed, then T(¢) needs exactly ¢ — j hits to

get killed.

The second question leads to the search for “fresh” vectors that have no history of
prior hits, i.e., not of the form 7'(¢). This means that we find a direct summand F
(for fresh) of T'(V)

V=FaT(V).

We expect vectors in T'(V') to be obtained by applying T repeatedly to the fresh
vectors in F'.

Now we ask the first question on F', which is the exact number of hits needed to
kill vectors. We start with vectors that must be hit maximal number of times. In
other words, they cannot be killed by m — 1 hits. This means we take F;, to be a
direct summand of the subspace KerT™ ! of vectors that are killed by fewer than
m hits

V =F,®KeT™ .

Next we try to find fresh vectors that are killed by exactly m — 1 hits. This means
we exclude the subspace KerT™ 2 of vectors that are killed by fewer than m — 1
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hits. We also should exclude T'(F,,), which are killed by exactly m — 1 hits but are
not fresh. Therefore we take F,,_; to be a direct summand

KerT™ ' = F,,_, ® (T'(F,,) + KerT™?).
Continuing with the similar idea, we inductively take F; to be a direct summand
KerT' = F; @ (T(Fyy1) + T*(Fiyo) + - + T Y(F,) + KerT' ).
We claim that the sums in the construction above are actually direct
KerT' = F, @ T(Fy1) @ T*(Fyyn) @ --- @ T™(F,,) ® KerT" .

The first such statement is V = F,,, @ KerT™"!. Since this is constructed to be true,
we may inductively assume

KerT™' = F 1 @ T(Fiys) @ T*(Fiy3) @ --- @ T™ " YF,,) @ KerT".

Then we only need to prove that the sum T'(Fj 1) + T?*(Fyo) + -+ + T™(E,,) +
KerT"! is direct. Let

T(Ui1) + T?*(Vige) + -+ T (0,) € KerT'™', @ € Fj fori < j <m.
We need to prove that all 79-/(#;) = 0. Note that the above means

Uip1 + T (Tiga) + -+ T H1,) € KerT".

By the inductive assumption on the direct sum for KerT"™, we get all 797""1(7;) =
0. This implies all 797%(7;) = 0.
Combining all direct sums for KerT"?, we get

V =F, ®KeT™!
=F,®F,,©T(F,) ®KerT™?
=F,0F, 1®T(F,)®F, 2®T(F,1)®T*F,) ®KerT™?

= @0§j<i§mTj(Fi)-
We also claim that applying T repeatedly gives isomorphisms
F2T(F)2TYHE) 2. - 2T7(F).

This means that the (automatically) onto map 77: F; — TY(F}) is also one-to-one
for j < 4. In other words, we have F; N KerT? = {6} This is a consequence of the
direct sum F; @ KerT*™! (as part of the construction of F}), and KerT? C KerT" ™.
We summarise the direct sum decomposition into the following.
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K,, F,
Km—l Fm—l T(Fm)
Km—Q Fm—2 T(Fm—1> TQ(Fm)

l(:vg .F:12 T(Fg) TZ(F4) s Tm72(Fm>
K | R TR TAE) - TEn) T Y(E,)
V [P T(F)  TUE) - TAEF)  TE)

The first column adds up to become the subspace
F=F,®oF, 19 --- O
of all fresh vectors. The i-column is then the subspace
TYF) = T E,) @ T (Fpt) @ - - - & TH(E)

obtained by hitting fresh vectors ¢ — 1 times. The k-th row adds up to become the
subspace of vectors killed by exactly k hits

Kp=F, ®T(Fpy1) @ T*(Fryo) ® - © T (F,).
The subspace of vectors killed by k hits is then
KeT" =Ky @ KerT"F ' = K, @ Ky @ - @ K.
The whole space is the direct sum of all terms
V=FeT(F)eT*(F)& - &T"'(F)=K,® K, 18K, 2® & K.

We also note that all the diagonal spaces are isomorphic, and we have the diag-
onal sum

Gi=FoT(F)eT*F)e--- 0T (F)2FoFoFe --oF,.
This is T-invariant, and the restriction of 7" on Gj is simply the “right shift”
T (@, Uy, s, ..., i) = (0,01, Ta, ..., Ti1), T € G

In block form, we have

@) @)
I O
Tlg, = r . , T=Tlg,®Ta,®--dTa,.
S
0] I O

The size of the block is i x 7. However, it is possible to have some G; = {0}.
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Example 7.3.3. Continuing the discussion of the matrix in Example 7.1.15. We have
the nilpotent operator T'= A — 41 on V = Ker(A — 4I)? = R(1,1,0) ® R(1,0, —1).
In Example 7.3.2, we get Ker(A —47) = R(1,1,0) and the filtration

V = Ker(A —4I)? =R(1,1,0) ® R(1,0, —1) D Ker(A — 4I) = R(1,1,0) D {0}.

We may choose the fresh 5 = R(1,0,—1) between the two kernels. Then T'(F3) is
the span of
T(1,0,—1) = (A — 4I)(1,0, —1) = (2,2,0).

This suggests us to revise the basis of V' to
Ker(A —41)*> =R(1,0,—1) @ R((A — 4I)(1,0,-1)) = R(1,0, —1) @ R(2,2,0).

The matrices of T and A|Ker( A—ary2 With respect to the basis are

[T] = ([1) 8) o [Alker(a—anz] = [T +41 = (11 2) :

We also have Ker(A + 27) = R(1,1,2). With respect to the basis

a={(1,0,-1),(2,2,0),(1,1,2)},

we have
4 0 0
o [A|Ker(A—4I)2] O o
[A]Oéa - O A == ]. 4 O s
and .
1 21 4 0 O 1 2 1\
A= 0 2 1 1 4 0 0 21
-1 0 2 0 0 -2 -1 0 2

We remark that there is no need to introduce Fy because T'(F3) already fills up
Ker(A —41). If Ker(A — 41) # T(F3), then we need to find the direct summand F}
of T(F,) in Ker(A —41).

Example 7.3.4. The derivative operator D(f) = f': P, — P, satisfies D"*! = O.
In fact, we know KerD? = P,_; is the subspace of polynomials of degree < i.
Note that Fj,;; is the direct summand of KerD" = P,_; in KerD"*! = P,. This

means F, 1 = Rf(t), for a polynomial f(t) of degree n. For example, we may choose
t tn—1

f =% (another good choice is f = (=" Then we have D(f) = £~ and

n! - (n—1)D?

P,_1 =RD(f) ® P,_s, or KerD" = D(F,;1) © KerD" ',

Therefore F, = {0}. Next, we have D?(f) = %, and (note D(F,) = {0})

P,_o =RD*(f)® P,_3, or KerD" ' = D(F,) @ D*(F,41) ® KerD" 2.
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Therefore F,,_; = {6} In general, we have
Foo =RE D'(F, ) =RY, F,=F,=-=F ={0},

and
P,=Fun® D(Fn-i-l) S DQ(Fn—H) PR Dn(Fn—i-l)'

The equality means that a polynomial of degree < n equals its n-th order Taylor
expansion at 0. If we use f = (t_n‘!l)n, then the equality means that the polynomial
equals its n-th order Taylor expansion at a.

If we use the basis f, D(f), D*(f),..., D"(f), then the matrix of D with respect

to the basis is

00 --- 00
10 --- 00
01 --- 00
D= | -
0 0 00
0 0 - 10

Exercise 7.85. What is Ker7T2? What is RanT'?

7.3.3 Jordan Canonical Form

In this section, we assume the characteristic polynomial f(¢t) = det(t/ — L) com-
pletely factorises. This means p;(t) =t — \; in the earlier discussions, and the direct
sum in Proposition 7.3.3 becomes

V=VieV,d - -dV V,=Ker(L—NI)".
Correspondingly, we have

where 1) = L|y, — NI satisfies T} = O and is therefore a nilpotent operator on Vj.
Suppose my is the smallest number such that 7} = O. Then we have further
direct sum decomposition

_ J Pi
Vi = @o<jcicm T} (Fi) = @r<i<m, Iy

Here FY" is the direct sum of i copies of Fy, and Tj is the “right shift” on F}*. This
means

NI O
I NI
Ly, =T+ M = B1<i<m, I

i
O I NI

X1
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The identity I in the block is on the subspace Fj;.
To explicitly write down the matrix of the linear operator, we may take a basis
«;; of the subspace F;; C V; C V. Then

_ ]
o = Ur<i<k Yogj<icm, 17 (cir)

is a basis of V. Each

U € ag = Ui<i<k Ut<i<m, Qi

belongs to some «;;. The basis vector generates an L-invariant subspace (actually
T;-cyclic subspace, see Example 7.1.5)

R7 & RT;(V) @ - - & RT;(0).

The matrix of the restriction of L with respect to the basis is called a Jordan block

Al O
1N
J = 1
DY
O 1 N

The matrix of the whole L is a direct sum of the Jordan blocks, one for each vector
in op.

Theorem 7.3.5 (Jordan Canonical Form). Suppose the characteristic polynomial of
a linear operator completely factorises. Then there is a basis, such that the matriz
of the linear operator is a direct sum of Jordan blocks.

Exercise 7.86. Find the Jordan canonical form of the matrix in Example 7.78.

Exercise 7.87. In terms of Jordan canonical form, what is the condition for diagonalisabil-
ity?

Exercise 7.88. Prove that for complex matrices, A and A’ are similar.

Exercise 7.89. Compute the powers of a Jordan block. Then compute the exponential of
a Jordan block.

Exercise 7.90. Prove that the geometric multiplicity dim Ker(L — \;I) is the number of
Jordan blocks with eigenvalue ;.

Exercise 7.91. Prove that the minimal polynomial m(t) = (t—A1)™ (t—X2)™2 - - - (t—Ag)™*,
where m; is the smallest number such that Ker(L — A\ I)™ = Ker(L — M\ 1)"™ 1,



7.3. CANONICAL FORM 259

Exercise 7.92. By applying the complex Jordan canonical form, show that any real linear
operator is a direct sum of following two kinds of real Jordan canonical forms

a —b O
b a O
1 0 a -0
d O 1 a
1 d
1 0
1 ;
1
d
o) 1 d a —b
b a O
1 0 a =0
O 1 b a

7.3.4 Rational Canonical Form

In general, the characteristic polynomial f(¢) = det(t/ — L) may not completely
factorise. We need to study the restriction of L to the invariant subspace Ker p;(L)".

We assume L is a linear operator on V', p(t) is an (monic) irreducible polynomial
of degree d, and T' = p(L) is nilpotent. Let m be the smallest number satisfying
T™ = p(L)™ = O. In Section 7.3.2, we construct fresh subspaces F,, Fi,_1,..., F}
inductively by direct summands

KerT' = F; & W; @ KerT" !, (7.3.1)

where .
Wi =T(Fii1) ®T*(Fiye) @ --- @ T™ (F). (7.3.2)

Moreover, for fixed 7, we have direct sum and isomorphism

Go<jei T’ (Fy) = K0 T(F) © T*(F) @ --- @ T (F)
~*LoFRoFo --oF=F. (7.3.3)

For any polynomial f(¢), by repeatedly dividing the quotient, we have
f@)=rot) +ri(t)pt) + r2(t)p(t)* + -+, degr;(t) < degp(t) = d.
By T'=p(L) and T* = O on Fj}, for any v € F}, we have
FL)(@) = ro(L)(¥) + T(ry(L)(D)) + T*(r2(L)(0)) + -+ + T (rima (L) (9))-

For this to be compatible with the direct sum (7.3.3) above, we wish to have all
r;(L)(0) € F;. Then by the isomorphism in (7.3.3), we may regard

FL) (@) = (ro(L)(0), ri(L)(@), r2(L)(D), - .. rima (L)(V)) € F.
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Note that for degr(t) < d, we have
r(L)(T) = ag¥ + a1 L(7) + aa L*(T) + - - - 4 ag_1 L 1(D).

Therefore our wish can be interpreted as finding a suitable “home” E; for .

Lemma 7.3.6. There are subspaces E;, such that we have direct sums

F,={r(L)(v): v € E;, degr(t) < d}
=B, o L(E)® LA (E)®-- & L7Y(E),

and they satisfy (7.3.1) and (7.3.2).

Proof. For any v € V', denote
C(¥) = R + RL(¥) + RL*(@) + -« + RLY(¥) = {r(L)(¥): degr(t) < d}.

We first prove that the sum is direct. Suppose 7(L)(7) = 0, with degr(t) < d. We
also have p(L)™(7) = T™ (%) = 0. Since p(t) is irreducible and degr(t) < degp(t),
we know 7(t) and p(t)™ are coprime. Therefore by Lemma 7.3.1, we get 7 = 0. The
implication 7(L)(7) = 0 = ¥ = 0 means that the sum that defines C(7) is direct.

Now we construct F,,, F,,_1, ..., E; inductively. First we assume FE) has been
constructed for i < k < m. To construct £;, we pick a vector ¥ between W;GKerT 1
and KerT", and ask whether C(0) + W, @ KerT""! is the whole KerT". If the answer
is yes, then we take E; = R¥, and F; = E; + L(E;) + L*(E;) +- - -+ L“Y(E;) = C(9)
satisfies KerT® = F;, + W, @ KerT?~!. Of course we need to prove the direct sum. If
the answer is no, then we pick a vector @ between C(7) + W; @ KerT"~! and KerT",
and ask whether C'(w)+C(0)+W,;®KerT~! is the whole KerT". In general, we make
the additional inductive assumption that we already find ¥}, ¥, ..., € KerT", and
the following is a direct sum

H=Cth)®Cth)® - &C{) e W,®KerT" .

Let w € KerT® — H. We need to prove that C(w) + H is a direct sum.

The key here is that H is L-invariant. By TL = p(L)L = Lp(L) = LT, KerT*™!
is already L-invariant. For W, by (7.3.2), we consider applying L to T* (F). By
the inductive assumption, we have

Fy, = By + L(Ey) + L*(Ey) + - + LY (Ey),
L(F}) C L(Ey) + L*(Ey) + -+ + LY (Ey) + LY(Ey,).

Therefore by L(T*"1(Fy)) = T**(L(F},)), it is sufficient to prove that T*~*(L4(E})) C
H. Since p(t) is a monic polynomial of degree d, we have p(t) = r(t) + t? with
degr(t) < d. Then for any v € E}, we have

L(¥) = =r(L)(0) + p(L)(0) = —r(L)(0) + T(0) € Fy, + T(Fy).
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By T+ 4(F},) Cc W; and T*(T(F},)) C KerT" !, we find that T*~¢(L4(%)) C H. For
the case v'is one of ¥, Us, ..., 7], we have the similar argument
L(C(7)) € C(0) + RLY%), LY0) = —r(L)(¥) + T(¥) € C(¥) + KerT" ™ C H.

Now we argue the direct sum C'(W)@H. Suppose r(L)(w) € H, with degr(t) < d.
Like the beginning of the proof, if 7(t) # 0, then we know r(¢) and p(t)™ are coprime.
Therefore we have s(t)r(t) +q(t)p(t)"™ = 1 for some polynomials s(t) and ¢(¢). Then
by p(L) =T and T™ = O, we have

w = s(L)r(L)(w) + q(L)p(L)"™ (@) = s(L)r(L)(w).

Since r(L)(w) € H, and H is L-invariant, we get s(L)r(L)(w) € H. However, we
have w ¢ H. The contradiction implies that r(¢) = 0. This proves the direct sum.
So we may keep adding C'(w) to H until H = KerT"®. Then we let

E;, =Rv, ® Ry @ - - @ Ry,
F,=E ®LE)® L (E)®- - & L7(E)
= Bo<jed, 1<1<1, RL (7))
=C() @ C(t) & - & C(1,),
and get
KerT" = F; ® W; ® KerT" ™
=EaT(Fiy) @T*(Fiy) @ - ©T™(F,,) © KerT . O
By Lemma 7.3.6, the whole space is a direct sum (I = j — 1)
V = @1cicm(F; & T(Fiaa) ® T (Fiya) @ - & T" 7 (F))
= Pi<i<m Di<j<m, 0<k<d Tj_iLk(Ej)
= O1<jem Bosi<y, 0sked T'LHE)) = Brjem B}
The last isomorphism is given by T'L*(E;) = p(L)'L*(E;) & E; for all 0 < [ < j

and 0 < k < d. In other words, any ¢ € E; gives dj copies in the decomposition
above

v, L(v), ..., L% YD),
T(0), TL(V), ..., TL*Y(7),

974D, TP L(D), ..., TV LLN(D).

The operator L shifts each row to the right, and is the following on the last vector
of each row

L(T'LY(9)) = T'LY(¥) =
— Tl+1(17) .

T'(p(L)(7) — ag¥ — a1 L(&) — - - - — ap_1 L' (7))
CLQTZ<17) — CllTlL(U) — = CLd_lTlLd_1<17).
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Therefore we get the block form of L on @y« o<k<dT'LF(E;) = Ej@dj

0 —CLoI
I 0] —(11[
I —ak,1[
I 0O —agl
I O —a1[
Ligea = T —ap I

I —ak,1[
The identity is over F;, and the whole L has decomposition

L = L|E'$2dm %, L|E$df{n_1) DH---P L|E§9d

The discussion so far is only about one irreducible factor in the minimal poly-
nomial of a general linear operator. In general, the minimal polynomial of a linear
operator L is py(t)™ pa(t)™* - - pr(t)™ for distinct monic irreducible polynomials
p1(t), p2(t), ..., pe(t). Then we have a direct sum

V =Kerp (L)™ & Kerpy(L)™ @ - - - & Ker pp(L)™*,
and the corresponding decomposition

L= L‘Kerm(L)ml ® L‘Kerm(L)m2 b---D L|Kerpk(L)’"k'
Then T; = p;(L) satisfies T, = O on Ker p;(L)™, and we have

Llkerpizyme = Ll geains @ Ll pgangn) @ -+ & Ll pga,, - di = degpi(t).

i(m;—1

Each L|, eq; is given by the block matrix above.
iJ



Chapter 8

Tensor

8.1 Bilinear

8.1.1 Bilinear Map

Let U, V,W be vector spaces. A map B: V x W — U is bilinear if it is linear in U
and linear in V

—

In case U = F, the bilinear map is a bilinear function b(Z, ¥)
The bilinear property extends to

B(x10) 4+ o0 + « - + XU, 1101 + Yol + -+ - + yptWy) = E x3y; B(U;, ;).
1<i<m
1<j<n

If @« = {01,0,...,0,} and B = {w,wWs,...,W,} are bases of V and W, then the
formula above shows that bilinear maps B are in one-to-one correspondence with
the collection of values B(t;, ;) on bases. These values form an m x n “matrix”

[Blag = (Byj), By = B(U;, ).
In case U = F, we denote b;; = b(t;,w;), and get

b(,9) = Zbiﬂ?iyj = [ L [blasld]s-

We may define linear combination of bilinear maps V' x W — U is obvious way.
This makes all the bilinear maps into a vector space Bilinear(V x W,U). On the
other hand, we may regard a bilinear map as a linear transformation

U+ B(7,-): V. — Hom(W,U).

263
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We may also regard a bilinear map as another linear transformation
W — B(-,w): W — Hom(V,U).

The three viewpoints are equivalent. This means we have an isomorphism of vector
spaces

Hom(V, Hom(W, U)) = Bilinear(V x W, U) = Hom(W, Hom(V, U)).

Example 8.1.1. In a real inner product space, the inner product is a bilinear func-
tion (-,-): V. x V — R. The complex inner product is not bilinear because it is
conjugate linear in the second vector. The matrix of the inner product with respect
to an orthonormal basis « is [(-, )]aa = 1.

Example 8.1.2. Recall the dual space V* = Hom(V,F) of linear functionals on an
[F-vector space V. The evaluation pairing

b(Z, ) =1(Z): VxV*"=TF

is a bilinear function. The corresponding map for the second vector V* — Hom(V, )
is the identity. The corresponding map for the first vector V' — Hom(V* F) = V**
is U 0™, 0 (1) = (7).

Example 8.1.3. The cross product in R?

(w1, 02, 73) X (Y1,¥Y2,Y3) = (Tays — T3Y2, T3y1 — T1Y3, T1Y2 — TaY1)
is a bilinear map, with €; x €;) = %€, when i, j, k are distinct, and €; x €; = 0. The

sign =+ is given by the orientation of the basis {€;, €}, €;}. The cross product also
has the alternating property & x §y = —¢ X 7.

Example 8.1.4. Composiiton of linear transform. Product of matrix.

Exercise 8.1. For matching linear transformations L, show that the compositions B(L(?), @),
B(U, L(wW)), L(B(¥,%)) are still linear transformations.

Exercise 8.2. Show that a bilinear map B: V x W — U; @ U, is given by two bilinear maps
B1:VxW —=U;and By: VxW — Uy. What if V or W is a direct sum?

Exercise 8.3. Show that a map B: V x W — F" is bilinear if and only if each coordinate
b;: V xW — F of B is a bilinear function.

Exercise 8.4. For a linear functional (1, z2, 23) = a121 + asws + agxs, what is the bilinear
function I(Z x §)7
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8.1.2 Bilinear Function

A bilinear function b: V' x W — F is determined by its values b;; = b(¢;, w;) on
bases o = {¥y,...,U,} and B = {,...,@,} of V and W

b(Z,y) = sz‘sz‘% = [AB[Js  [Fa= (21, ,2m), [Fls= W1, Yn)-

Here the matriz of bilinear function is

B = [blap = (b1}, @;));;-

4,j=1"

By b(Z,9) = [Z]2[b]asly]s and [T]or = [I]aralT]a, we get the change of matrix caused
by the change of bases
Blars = o [blaslT]se-
A bilinear function induces a linear transformation
L(¥) =b(v,-): V — W™,
Conversely, a linear transformation L: V' — W* gives a bilinear function b(v, @) =
L(@)(@).
If W is a real inner product space, then we have the induced isomorphism W* =

W by Proposition 4.3.1. Combined with the linear transformation above, we get a
linear transformation, still denoted L

L:V>W"2W, U b(U,)=(L(¥),).
This means
b(v, W) = (L(v),w) forallveV, weW.

Therefore real bilinear functions b: V x W — R are in one-to-one correspondence
with linear transformations L: V — W.
Similarly, the bilinear function also corresponds to a linear transformation

L*(@) = b(-,@): W — V™.

The reason for the notation L* is that the linear transformation is W = W** X5 V=,
or the dual linear transformation up to the natural double dual isomorphism of W.
If we additionally know that V' is a real inner product space, then we may combine
W — V* with the isomorphism V* = V by Proposition 4.3.1, to get the following
linear transformation, still denoted L*

LW SV 2V, @ b(,d@) = (-, L*(w)).

This means
b(v, W) = (v, L*(wf)) forall v €V, w e W.
If both V and W are real inner product spaces, then we have

b(7,47) = (L (), @) = (7, L* (7).
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Exercise 8.5. What are the matrices of bilinear functions b(L(7), @), b(¥, L(W)), I(B(¥, @))?

Example 8.1.5. An inner product (-,-): V x V' — R is a dual pairing. The induced
isomorphism

VeV G (@)

makes V' into a self dual vector space. In a self dual vector space, it makes sense to
ask for self dual basis. For inner product, a basis « is self dual if

(U5, Uj) = 0ij.
This means exactly that the basis is orthonormal.

Example 8.1.6. The evaluation pairing in Example 8.1.2 is a dual pairing. For a
basis a of V', the dual basis with respect to the evaluation pairing is the dual basis
a* in Section 2.4.1.

Example 8.1.7. The function space is infinite dimensional. Its dual space needs to

consider the topology, which means that the dual space consists of only continuous
linear functionals. For the vector space of power p integrable functions

b
LPa,b) = {f(t): / Pt < o), p>1.

the continuous linear functionals on L?|[a, b] are of the form

I(f) = / F(t)g(t)dt,

where the function g() satisfies

b
1
/ g(o)ltde < oo, =1

This shows that the dual space LP[a, b]* of all continuous linear functionals on LP[a, 0]

is L[a,b]. In particular, the Hilbert space L*[a,b] of square integrable functions is
self dual.

8.1.3 Quadratic Form

A quadratic form on a vector space V' is ¢(Z) = b(Z, Z), where b is some bilinear
function on V' x V. Since replacing b with the symmetric bilinear function 3 (b(Z, §) +
b(y, 7)) gives the same ¢, we will always take b to be symmetric
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Then (the symmetric) b can be recovered from ¢ by polarisation

1 1

b(7,y) = —(¢(¥+¥) — q(¥ — ¥)) = 5 (q(T+

1 5 ) — q(%) — q(9))-

<y

The discussion assumes that 2 is invertible in the base field . If this is not the
case, then there is a subtle difference between quadratic forms and symmetric forms.
The subsequent discussion always assumes that 2 is invertible.

The matrix of ¢ with respect to a basis a = {71, ...,v,} is the matrix of b with
respect to the basis, and is symmetric

Then the quadratic form can be expressed in terms of the a-coordinate [Z], =
(X1, ..., )
q(7) = [f]Z[Q]a[f]a = Z buxlz +2 Z bijxix;.

1<i<n 1<i<j<n

For another basis 3, we have
[dls = Uosldlall]as = PTBP, P = [I]as.
In particular, the rank of a quadratic form is well defined
rank ¢ = rank[g|,.

Exercise 8.6. Prove that a function is a quadratic form if and only if it is homogeneous of
second order

¢(ci) = 2q(),

and satisfies the parallelogram identity
a(Z+9) +q(T — ) = 2¢(Z) + 2¢().

Similar to the diagonalisation of linear operators, we may ask about the canonical
forms of quadratic forms. The goal is to eliminate the cross terms b;jx;x;, i # j,
by choosing a different basis. Then the quadratic form consists of only the square
terms

q(T) = biai + - + byl

We may get the canonical form by the method of completing the square. The
method is a version of Gaussian elimination, and can be applied to any base field F
in which 2 is invertible.

In terms of matrix, this means that we want to express a symmetric matrix B
as PTDP for diagonal D and invertible P.
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Example 8.1.8. For ¢(x,y,2) = 2% + 13y* + 142% + 62y + 222 + 18yz, we gather
together all the terms involving x and complete the square

q = 2%+ 6xy + 22z + 13y* + 1427 + 18y2
= [2* + 223y + 2) + (3y + 2)?] + 13y + 142* + 18yz — (3y + 2)?
= (x4 3y +2)* +4y* + 132 + 129z

The remaining terms involve only y and z. Gathering all the terms involving y and
completing the square, we get 4y? + 1322 + 12yz = (2y + 32)? + 422 and

g=(z+3y+2)*+ 2y +32)* + (22)* = u* + v* + w?.

In terms of matrix, the process gives

1 3 1 131\ /1 00\ /1 31
313 9]=1]0 2 3 010|023
1 9 14 00 2 001/ \o o0 2

Geometrically, the original variables x,y, z are the coordinates with respect to the
standard basis €. The new variables u,v,w are the coordinates with respect to a
new basis a. The two coordinates are related by

U x4+ 3y+=z 1 31 T 1 31
v | = 2y+3z | =10 2 3 yl, Hae=10 2 3
w 2z 0 0 2 z 0 0 2

Then the basis « is the columns of the matrix

Example 8.1.9. The cross terms in the quadratic form q(x,y, 2) = 2 + 4y + 2% —
dry — 8rz — 4yz can be eliminated as follows
q=[2? — 222y + 42) + (2y + 42)?] + 4y* + 2° — dyz — (2y + 42)?
= (x — 2y — 42)* — 152% — 20y=
2 2, 4
= (v — 2y —42)? — 15[z% + dyz + (2y)]
= (v -2y —42)* + 2y — 15(2 + 2y)*.

2 2

+15 (3y)

Since we do not have y? term after the first step, we use 22 term to complete the
square in the second step.

We also note that the division by 3 is used. If we cannot divide by 3, then this
means 3 = 0 in the field F. This implies —2 =1, -4 =—4, —15=0, =20 =1 in F,
and we get

q= (v —2y—42)* — 152> = 20yz = (z +y — 2)* + y2.
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We may further eliminate the cross terms by introducing y = u +v, 2 = u — v, so
that

g=(r+y—2°+u’ =0’ =(z+y—2)°+iy+2)7°—ily—2)7°

Example 8.1.10. The quadratic form ¢ = zy + yz has no square term. We may
eliminate the cross terms by introducing = v+ v, y = v — v, so that ¢ = u? — v+
uz —vz. Then we complete the square and get

2 2
g=(u—32)" —(v+32) =1z +y—2)° -tz —y+2)>°
Example 8.1.11. The cross terms in the quadratic form

q = 4r7 + 1923 — 4

—4x129 + 4123 — 81204 + 1022235 + 162974 + 122374
can be eliminated as follows

q = 4[x? — 3129 + 1103 — 20124) + 1925 — 423 + 102975 4+ 162924 + 127314
2
=4 [35% + 21 (—%xz + %.733 — £E4> + (—%xz + %Z’g - x4) }

+ 19x§ — 4@21 + 10x9x3 + 162924 + 122324 — 4 (—%.%'2 + %Ig — x4)2
=14 (xl — %xg + %373 — x4)2 + 18 [:17% + %ZEQI?, + %l’gl‘4] — :L‘% — 8@21 + 162374
= (2I1 — T2 + r3 — 21‘4)2 + ]_8 |:JJ% + 2?[72 (%I’g + %1'4) + (%1’3 + %I’4)2]

— x5 — 8} + 16z324 — 18 ($23 + %x4)2
= (201 — 29 + 13 — 224)* + 18 (xg + %Ig + %x4)2 — 3(23 — dw314) — 1027
= (201 — 2o + w3 — 224)% + 2(3wy + 23 + 14)°

— 3[22 + 2w5(—2x4) + (—224)?] — 1022 4 3(—224)?
= (2%1 — T2+ X3 — 21’4)2 + 2(31’2 + x5+ 134)2 — 3(I3 - 21’4)2 + 2[[‘421
= yi + 25 — 3y + 2u;.

The new variables y1, y2, y3, y4 are the coordinates with respect to the basis of the
columns of

-1
211 =T (4} -E -
o3 1 1| [0l 1
00 1 -2 “|o0 1 2
0 0 0 1 00 0 1

Example 8.1.12. For the quadratic form ¢(z,y, z) = 2? +iy*+ 322 +2(1 +1)xy +4dy=
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over complex numbers C, the following eliminates the cross terms

= [»*

+2(1 +d)ay ((i + 1)y)? + iy + 32° + dyz — (i + 1)%?
= (x4 (1 +4)y)* —iy* + 32 + 4yz

= (z+ (L+14)y)* —i [y° + diyz + (2i2)*] + 32% 4 i(20)%27

= (x4 (1 +1)y)? —ily + 2i2)* + (3 — 40)2”

We may further use (pick one of two possible complex square roots)

Vei=Vet— et o VBodi= 2P =2,

a2

to get
. 2
g=(r+ (1 +i)y)*+ <1—\;§y +V2(1+ Z)Z) +((2 —1)2)%
In terms of matrix, the process gives

T

1 144 0 1 1+ 0 100\ /1 L+i 0
I+i @ 2 =10 2 V2(1+9) 01 0](0 % v21+9)
0 2 3 0 0 2 —i 001/ \o o0 2—i

The new variables = + (1 + 1)y, 1—\/_§y +v2(1 +1)z, (2 — i)z are the coordinates with
respect to some new basis. By the row operation

1 1+ 0 100\ 1y (1140 0 1 0 0
1—i V2 . 1+

0 S V2(1+i) 0 10 vpedl SRS B L)

0 0 2—i 00 1/ o 0 10 0 2

1 1+ 01 0 0 R(I)R1001\/§z‘*65+2@
Ro—2iR 1+ 2+4i 1—(1+2 i —244i
——= 0 1 00 F 0100 F ],

o 0 10 0 2 0010 0 2

the new basis is the last three columns of last matrix above.

Exercise 8.7. Eliminate the cross terms.

1. 22 + 4xy — 5y°.

N

222 + dxy.

3. 4x% +4x1290 + 5x%.

4. 2% + 2% + 22 4 22y — 222

5. —2u? — v? — 6w? — duw + 2vw.

6. x% + 37:2& + 2x129 + 22123 + 22124 + 27324,
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Exercise 8.8. Eliminate the cross terms in the quadratic form z? + 2y? + 22 + 2zy — 222
by first completing a square for terms involving z, then completing for terms involving .

Next we study the process of completing the square in general. Let ¢(¥) = &7 BT
for ¥ € R™ and a symmetric n x n matrix B. The leading principal minors of B are
the determinants of the square submatrices formed by the entries in the first k£ rows
and first k£ columns of B

bll b12 613
> s d3:det b21 b22 1)23 S ey dn:detB
b31 b32 b33

bll b12

dy = byy, dy = det
1 11, G2 € (621 by

If d; # 0 (this means by; is invertible in F), then eliminating all the cross terms
involving x; gives

Q( ) = bll (Z’l -+ 23:112 (blng + -+ bln.flﬁn) + %(blgiﬁg + e+ blnxn)2>
+ bggl’z R bnnmi + 2b23$2$3 + 2[)241'21’4 + -+ 2b(n—1)n$nflxn
~ b L (biawa + -+ - + bipxy,)”
2
— dl (l'l + b12$2 “+ -+ %—T{[‘n> —+ QQ(fQ)

Here ¢ is a quadratic form not involving x;. In other words, it is a quadratic form
of the truncated vector ¥s = (zg,...,2,). The symmetric coefficient matrix By
for g is obtained as follows. For all 2 < ¢ < n, we apply the column operation
R, — b“ LRy to B to eliminate all the entries in the first column below the first entry

d
bi11. The result is a matrix ( 61 g ) . In fact, we may further apply the similar row
2

. . . . (d1 O . .
operations C; — 2’111 C7 and get a symmetric matrix ( 61 B ) Since the operations
2

do not change the determinant of the matrix (and all the leading principal minors),
the principal minors dgz)’ ey dg_)l of By are related to the principal minors of B by
di+1 == dldgz)

The discussion sets up an inductive argument. To facilitate the argument, we
40
denote B; = B, d( ) = = d;, and get d( ) = ﬁ)l If dy,...,d; are all nonzero, then we

may complete the squares in k steps and obtain
9(Z) = dV (21 4 cromy + - + 1) + dP (22 + Coss + - + Conn)’
k —
+o Tt dg )<Ik + Cht )Tt 1 T+ F Crn®n)” + Qa1 (Tin)-

(1)
The calculation of the coefficients is inspired by d§2) = Zﬁ;
1

d(z d(z 1) B dgi—Q) B B dl(l) B dz
AT T T
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d
Moreover, the coefficient of 27, in g1 is dgkﬂ) = %
Proposition 8.1.1 (Lagrange-Beltrami Identity). Suppose ¢(Z) = 77 B¥ is a quadratic
form of rank r, over a field in which 2 # 0. If all the leading principal minors
dyi,...,d, of the symmetric coefficient matriz B are nonzero, then there is an upper
triangular change of variables

Yi :xi+ci(i+1)$i+1+"'+Cm$n, 1= 17-"77.7
such that
doy d
= d 2 —'— 202 + P + r 2.
q 1y1 d1y2 dr_lyr

Examples 8.1.9 and 8.1.10 shows that the nonzero condition on leading principal
minors may not always be satisfied. Still, the examples show that it is always
possible to eliminate cross terms after a suitable change of variable.

Proposition 8.1.2. Any quadratic form of rank r and over a field in which 2 # 0

can be expressed as

q="bix}+ - +ba’

after a suitable change of variable.

In terms of matrix, this means that any symmetric matrix B can be written as
B = PTDP, where P is invertible and B is a diagonal matrix with exactly r nonzero
entries. For F = C, we may further get the unique canonical form by replacing z;

q=a7+---+a2, r=rankgq.
Two quadratic forms ¢ and ¢’ are equivalent if ¢'(Z) = q(L(%)) for some invertible

linear transformation. In terms of symmetric matrices, this means that S and PTSP
are equivalent. The unique canonical form above implies the following.

Theorem 8.1.3. Two complex quadratic forms are equivalent if and only if they
have the same rank.

For F = R, we may replace z; with v/b;x; in case b; > 0 and with /—b;z; in case
b; < 0. The canonical form we get is (after rearranging the order of z; if needed)

_ 2 2 2 2
q=oy+ T Ty~ I

Theorem &8.2.4 discusses this canonical form.
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8.2 Hermitian

8.2.1 Sesquilinear Function

The complex inner product is not bilinear. It is a sesquilinear function (defined for
complex vector spaces V' and W) in the following sense

$(x101 + xols, W) = x18(Vh, W) + x25(Vh, W),
v,

(U, Y1y + yota) = Y15(V, 1) + Yas(¥, ).
The sesquilinear function can be regarded as a bilinear function s: V' x W — C,
where W is the conjugate vector space of W.

A sesquilinear function is determined by its values s;; = s(0;, W;) on bases o =

{U1,...,U,} and B = {,...,@,} of V and W

ZSU TiY; = [?7]5, ['f]a = (21, .. 71'771)? [g]ﬁ = (yb s Yn)-

Here the matriz of sesquilinear function is
S = [slap = (s(¥;,0;)); 121

By s(,y) = [f]g[s]agﬁﬁ and [7]o = [I]ava|T]a, we get the change of matrix caused
by the change of bases o
[slorer = [Taw [8lasl ] 5r-

A sesquilinear function s: V' x W — C induces a linear transformation
L(%) = s(7,-): V — W* = Hom(W, C) = Hom(W, C).

Here W* is the conjugate dual space consisting of conjugate linear functionals. We
have a one-to-one correspondence between sesquilinear functions s and linear trans-
formations L.

If we also know that W is a complex (Hermitian) inner product space, then
we have a linear isomorphism @ +— {(i7,-): W = W*, similar to Proposition 4.3.1.
Combined with the linear transformation above, we get a linear transformation, still
denoted L

L:V =W 2W, o s(7,-)=(L©),).

This means
s(U, W) = (L(V),w) forallveV, weW.

Therefore sesquilinear functions s: V' x W — C are in one-to-one correspondence
with linear transformations L: V' — W.
The sesquilinear function also induces a conjugate linear transformation

L* (W) = s(-,W): W — V* = Hom(V, C),
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The correspondence s — L* is again one-to-one if V' and W have finite dimensions.
If we also know V' is a complex inner product space, then we have a conjugate linear
isomorphism @' +— (-, 7): V = V* similar to Proposition 4.3.1. Combined with the
conjugate linear transformation above, we get a linear transformation, still denoted
L*

LW —=V*"2V, @ s(,w) =, LW)).
This means

s(vU,w) = (v, L*(W)) forallv eV, o e W.

Therefore sesquilinear functions s: V' x W — C are in one-to-one correspondence
with linear transformations L*: W — V.
If both V and W are complex inner product spaces, then we have

s(U, W) = (L(7), W) = (U, L*(w)).

Exercise 8.9. Suppose s(Z,¥) is sesquilinear. Prove that s(7, Z) is also sesquilinear. What
are the linear transformations induced by s(7,Z)? How are the matrices of the two
sesquilinear functions related?

A sesquilinear function is a conjugate dual pairing if both L: V — W* and
L*: W — V* are isomorphisms. In fact, one isomorphism implies the other. This is
also the same as both are one-to-one, or both are onto.

The basic examples of conjugate dual pairing are the complex inner product and
the evaluation pairing

s(Z,1) =1(Z): V x V* = C.

A basis a = {¥},...,0,} of V and a basis § = {Wy,...,d,} of W are dual bases
with respect to the dual pairing if

S(@,’Lﬁj) = 51']', or [S]aﬁ =1.
We may express any & € V' in terms of «

s(Z, ) Uy 4 $(Z, W)Uy + - - - + s(T, W,

81
I

and express any ¢ € W in terms of /3

y = (01, Y)W + s(V2, §)Wa + - - - + 8(Uy, Y)Wy,

For the inner product, a basis is self dual if and only if it is an orthonormal
basis. For the evaluation pairing, the dual basis o* = {¢},..., v} C V* of a =
{,...,0,} CV is given by

T(E) = T, [Ta = (@1,.. ., 10).

Exercise 8.10. Suppose a sesquilinear form s: V x W — C is a dual pairing. Suppose «
and (8 are bases of V and W. Prove that the following are equivalent.
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1. a and B are dual bases with respect to s.

2. L takes o to B* (conjugate dual basis of W*).

3. L* takes 5 to a* (dual basis of V*).
Exercise 8.11. Prove that if o and § are dual bases with respect to dual pairing s(Z, %),
then 8 and « are dual bases with respect to s(7, 7).

Exercise 8.12. Suppose « and 8 are dual bases with respect to a sesquilinear dual pairing
s: V x W — C. What is the relation between matrices [s]os, [L]g*a, [L*]a*s?

8.2.2 Hermitian Form

A sesquilinear function s: V' x V' — C is Hermitian if it satisfies

s(Z,9) = s(¥, 7).
A typical example is the complex inner product. If we take ¥ = ¢, then we get a
Hermaitian form

q(7) = s(Z, 7).
Conversely, the Hermitian sesquilinear function s can be recovered from ¢ by polar-
isation (see Exercise 6.21)

—

(¢(Z+9) — q(& — ) +iq(Z + i7) — iq(Z — i7))).

PN

s(Z,9) =

Proposition 8.2.1. A sesquilinear function s(,y) is Hermitian if and only if s(Z, T)
15 always a real number.

Exercise 6.25 is a similar result.

Proof. 1f s is Hermitian, then s(Z, §) = s(¥, ¥) implies s(Z, Z) = s(Z, ¥), which means
s(Z, ¥) is a real number.

Conversely, suppose s(¥, Z) is always a real number. We want to show s(Z, ) =
s(y, Z), which is the same as s(Z, ) + s(¥/, ©) is real and s(Z, i) — s(¢, ¥) is imaginary.
This follows from

S(fa y) + S(guf = S(f—i_ _‘7‘7_:)_‘_ ?j) - S(fa 'f) - S(ﬁv Zj)
is(Z,y) — is(y, ) = s(iT + ¢, 1% + y) — s(i,iZ) — s(Y, y). O
In terms of the matrix S = [¢]o, = [S]aa With respect to a basis « of V, the

Hermitian property means that S* = S, or S is a Hermitian matrix. For another
basis (3, we have

lals = Uagldlalll,g = P*SP, P =[I],.
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Suppose V' is an inner product space. Then the Hermitian form is given by a
linear operator L by ¢(&) = (L(¥),Z). By Proposition 8.2.1, we know ¢(Z) is a real

—

number, and therefore ¢(Z) = (L(Z),Z) = (Z, L(¥)). By polarisation, we get

(L(%),y) = (¥, L(y)) for all &, 7.

This means that Hermitian forms are in one-to-one correspondence with self-adjoint
operators.

By Propositions 7.2.6 and 7.2.7, L has an orthonormal basis a = {9,...,,}
of eigenvectors, with eigenvalues di, ..., d,. Then we have (L(%;), ;) = (d;¥;, U;) =
d;0;;. This means

is diagonal, and the expression of ¢ in a-coordinate has no cross terms
q(7) = dyx1 @y + -+ + dpw, T = dy|zy [P+ 4 dp| 7]

Let A\pnax = maxd; and Ay, = mind; be the maximal and minimal eigenvalues
of L. Then the formula above implies (||Z]|* = |z1|* + -+ 4 |2,|* by orthonormal
basis)

Auin[| 2] < q(Z) = (L(Z), T) < Anax | 7.
Moreover, the right equality is reached if and only if x; = 0 whenever d; # Apax.
Since @ g, \Rv; = Ker(L—\I), the right equality is reached exactly on the eigenspace
Ker(L — ApaxI). Similarly, the left equality is reached exactly on the eigenspace
Ker(L — Aind).

Proposition 8.2.2. For self-adjoint operator L on an inner product space, the maz-
imal and minimal eigenvalues of L are max gz =1 (L(Z), T) and minz - (L(Z), ).

Proof. We provide an alternative proof by using the Lagrange multiplier. We try
to find the maximum of the function ¢(¥) = (L(Z),Z) = (&, L(¥)) subject to the
constraint ¢(7) = (Z,7) = ||Z]|* = 1. By

q(Zo + AZ) = (L(Zy + AZ), Ty + AZ)

{
= (L(0), o) + (L(0), AT) + (L(AT), To) + (L(AT), AT)
= q(Zo) + (L(70), AT) + (AT, L(Z0)) + o([[AZ]]),

we get (the “multi-derivative” is a linear functional)
q'(Zo) = (L(Z), ) + (-, L(T)).

By the similar reason, we have
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If the maximum of ¢ subject to the constraint ¢ = 1 happens at 7y, then we have
q'(Zo) = (L(Zo), ") + (-, L(Zo)) = (AT, ") + (-, AZo) = Ag'(Z0)

for a real number \. Let ¥ = L(Zy) — A%y. Then the equality means (v, )+ (-, 7) = 0.
Taking the variable - to be ¥, we get 2||¢]|> = 0, or ¥ = 0. This proves that
L(Zy) = A¥y. Moreover, the maximum is

Ig:‘lllale q(7) = q(Zo) = (L(Zo), To) = (Ao, Top) = Ag(Zo) = .

For any other eigenvalue p, we have L(7) = pud for a unit length vector Z and get
p= (T, T) = (ui, ) = (L(T), T) = q(¥) < q(Lo) = A.
This proves that A is the maximum eigenvalue. O

Example 8.2.1. In Example 7.2.1, we have the orthogonal diagonalisation of a Her-

mitian matrix
, . -1
. 1+i 1 1+i 1
2 N _ (i Em (P (v %
1—i 3 ~% 5 )\0 4)\-5% Z
3 V3 V3 V3
=i _ L\* =i _ 1
_ (ﬁ ﬁ) (1 0) (ﬁ ﬁ)
R B 0 4) |2 -
V3 V3B V3 V3B
In terms of Hermitian form, this means

L+ (14|

2
207 + (1+ )25 + (1 — §)yZ + 3yj = ‘%((1 —z’):z:—y)‘ +4

Example 8.2.2. In Example 7.2.4, we found an orthogonal diagonalisation of the
symmetric matrix in Example 7.1.14

1 -2 —4 - x 0 50 0\ ([~ # O
92 4 2| =|_-4 _2 5 05 0 _4 2 W5
4 2 1 o S oo )\ B8

3 3 3 3 3 3

Here we use U~! = UT for orthogonal matrix. In terms of Hermitian form, this
means

rT + 4dyy + 22 — 22y — 2yr — 4wz — 4z — 2yzZ — 22y

2
ol —afgo e 3ol

2
4 2
5‘ 3\/5:[; 3\/5y

_ 1 2
=15 —75x+75y
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In terms of quadratic form, this means
22 + 4y + 22 — doy — Sxz — dyz
2
_ 1 2 4 V5
—5(—75x—|—75y) +5(—W527—3\/»y+ ) 4(x+3y+ Z) .
We remark that the quadratic form is also diagonalised by completing the square in

Example 8.1.9.

Exercise 8.13. Prove that a linear operator on a complex inner product space is self-adjoint
if and only if (L(¥),Z) is always a real number. Compare with Proposition 7.2.6.

8.2.3 Completing the Square
In Examples 8.2.1 and 8.2.2, we use orthogonal diagonalisation of Hermitian opera-
tors to eliminate the cross terms in Hermitian forms. We may also use the method
of completing the square similar to the quadratic forms.
Example 8.2.3. For the Hermitian form in Example 8.2.1, we have

202 + (1 +4)zy + (1 — 0)yz + 3yy

—2[:13:v+m—y+ yx—l—lzzyIQZy] J1—if? z\ Do 4 3y

= ‘x + %y‘ + 2Jy)?.

Example 8.2.4. We complete squares
2T —yy+ 222+ (1 +i)zy + (1 — i)yx + 3iyz — 3izy
- [ajx + (L +i)zg+ (1—i)yT+ (1— i)ym}
— Yy + 22% + 3iyz — 3izy — |1 — i]*yy
= |z 4 (1 —49)y|* — 3yy + 222 + 3iyz — 3izy
= |z 4+ (1 —i)y|* — 3 [yy — iyz + 12§ + iziz] + 222 + 3|22
= |z 4+ (1 —9)y|* = 3|y +1iz|* + 5|z|%

In terms of Hermitian matrix, this means

*

1 1+¢ 0 1 1—-42 0 1 0 0 1 1—-2 0
1—¢ -1 3| =10 1 ¢ 0 =3 0 0 1
0 =31 2 o 0 1 0 0 5 0 0 1

The new variables x + (1 — i)y, y + iz, z are the coordinates with respect to the basis

of the columns of the inverse matrix
-1

1 1—-4 0 1 -1+ 1+
0 1 =10 1 —1
0 0 1 0 0 1
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The Lagrange-Beltrami Identity (Proposition 8.1.1) remains valid for Hermitian
forms. We note that, by Exercise 7.61, all the principal minors of a Hermitian matrix
are real.

Proposition 8.2.3 (Lagrange-Beltrami ldentity). Suppose q(%) = 27S% is a Hermi-
tian form of rank r. If all the leading principal minors dy,...,d, of the Hermitian
coefficient matrixz S are nonzero, then there is an upper triangular change of vari-
ables
Yi = T + Cii41)Tit1 + - F Cinlp, 1=1,...,1,

such that

dy
dr‘fl

do
q=d1|y1!2+d—1|y2!2+---+ v, |7

8.2.4 Signature

For Hermitian forms (including real quadratic forms), we may use either orthogonal
diagonalisation or completing the square to reduce the form to

4(@) = difer + -+ d

Here d; are real numbers, and r is the rank of ¢. By replacing z; with /|d;|z; and
rearranging the orders of the variables, we may further get the canonical form of
the Hermitian form

(@) = [or]” + o =z F = = o]

Here s is the number of d; > 0, and r—s is the number of d; < 0. From the viewpoint
of orthogonal diagonalisation, we have ¢(Z¥) = (L(¥),Z) for a self-adjoint operator
L. Then s is the number of positive eigenvalues of L, and r — s is the number of
negative eigenvalues of L.

We know the rank r is unique. The following says that s is also unique. Therefore

the canonical form of the Hermitian form is unique.
Theorem 8.2.4 (Sylvester's Law). After eliminating the cross terms in a quadratic
form, the number of positive coefficients and the number of negative coefficients are

independent of the elimination process.

Proof. Suppose

q(@) = a1 [P+ o = v = = o
=yl 4l =yl = =
in terms of the coordinates with respect to bases a = {#},...,7,} and basis § =

(@, ... @)
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We claim that oy, ..., Us, Wiiq, ..., W, are linearly independent. Suppose
21U+ o+ BTy + Y1 Wi + -+ Yty = 0.

Then
TV + -+ 25U = Y1 Wit1 — 00 T YWy

Applying ¢ to both sides, we get

o R e A ] e [ e
This implies 1 = -+ = 2z, = 0 and Yy 1 W1 + -+ + YW, = 0. Since [ is a basis,
we get yp1 = -+ =y, = 0. This completes the proof of the claim.

The claim implies s+ (n—t) < n, or s < t. By symmetry, we also have t <s. [J

The number s — t is called the signature of the quadratic form. The Hermi-
tian (quadratic) forms in Examples 8.1.8, 8.1.9, 8.1.10, 8.1.11, 8.2.1 have signatures
3,1,0,2,2.

If all the leading principal minors are nonzero, then the Lagrange-Beltrami Iden-
tity gives a way of calculating the signature by comparing the signs of leading
principal minors.

An immediate consequence of Sylvester’s Law is the following analogue of Propo-
sition 8.1.3.

Theorem 8.2.5. Two Hermitian quadratic forms are equivalent if and only if they
have the same rank and signature.

8.2.5 Positive Definite

Definition 8.2.6. Let ¢(7) be a Hermitian form.

—_

. q is positive definite if ¢(Z) > 0 for any & # 0.

[\

. q is negative definite if q(¥) < 0 for any & # 0.

w

. q is positive semi-definite if q(Z) > 0 for any Z # 0.

S

. q is negative semi-definite if ¢(Z) < 0 for any & # 0.

t

. q is indefinite if the values of ¢ can be positive and can also be negative.

The type of Hermitian form can be easily determined by its canonical form. Let
s,r,n be the signature, rank, and dimension. Then we have the following correspon-
dence

+ ‘ — ‘ semi + ‘ semi — ‘ indef
= Tr =

s n‘—zs:r:n‘ s=r ‘—s:r‘s#r,—s;ﬁr
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The Lagrange-Beltrami Identity (Proposition 8.2.3) gives another criterion.

Proposition 8.2.7 (Sylvester's Criterion). Suppose q(¥) = Z7.ST is a Hermitian form
of rank r and dimension n. Suppose all the leading principal minors dy, ... ,d, of S
are monzero.

1. q is positive semi-definite if and only if dy,ds, ..., d, are all positive. If we
further have r = n, then q is positive definite.

2. q 1is negative semi-definite if and only if dy, —ds, ..., (—1)"d, are all positive.
If we further have r = n, then q is negative definite.

3. Otherwise q is indefinite.

If some dy,...,d, are zero, then ¢ cannot be positive or negative definite. The
criterion for the other possibilities is a little more complicated®.

Exercise 8.14. Suppose a Hermitian form has not square term |z1|? (i.e., the coefficient
s11 = 0). Prove that the form is indefinite.

Exercise 8.15. Prove that if a quadratic form q(%) is positive definite, then (&) > c||Z|?
for any # and a constant ¢ > 0. What is the maximum of such ¢?

Exercise 8.16. Suppose ¢ and ¢’ are positive definite, and a,b > 0. Prove that aq + bq’ is
positive definite.

The types of quadratic forms can be applied to self-adjoint operators L, by
considering the Hermitian form (L(Z),Z). For example, L is positive definite if
(L(Z),Z) > 0 for all ## 0.

Using the orthogonal diagonalisation to eliminate cross terms in (L(Z), Z), the
type of L can be determined by its eigenvalues \;.

+ ‘ — ‘ semi + ‘ semi — ‘ indef
all)\i>0‘all)\i<0‘all)\iZO‘all)\ig()‘some/\i>0,some)\j<0

Exercise 8.17. Prove that positive definite and negative operators are invertible.

Exercise 8.18. Suppose L and K are positive definite, and a,b > 0. Prove that aL + bL is
positive definite.

Exercise 8.19. Suppose L is positive definite. Prove that L™ is positive definite.

1Sylvester’s Minorant Criterion, Lagrange-Beltrami Identity, and Nonnegative Definiteness, by
Sudhir R. Ghorpade, Balmohan V. Limaye, in The Mathematics Student. Special Centenary
Volume (2007), 123-130
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Exercise 8.20. For any self-adjoint operator L, prove that L? — L + I is positive definite.
What is the condition on a, b such that L? 4+ aL + bl is always positive definite?

Exercise 8.21. Prove that for any linear operator L, L*L is self-adjoint and positive semi-
definite. Moreover, if L is one-to-one, then L*L is positive definite.

A positive semi-definite operator has decomposition
L=MI1---1LX\I, X\ >0.

Then we may construct the operator /Al L --- L v/ AiI, which satisfies the fol-
lowing definition.

Definition 8.2.8. Suppose L is a positive semi-definite operator. The square root
operator v/L is the positive semi-definite operator K satisfying K2 = L and KL =
LK.

By applying Theorem 7.2.4 to the commutative x-algebra (the s-operation is
trivial) generated by L and K, we find that L and K have simultaneous orthogonal
decompositions

L=XMILl- -1 NI, K=plLl- Ll

Then K% = L means p? = \;. Therefore \/A;T L --- L /A1 is the unique operator
satisfying the definition.

Suppose L: V — W is an one-to-one linear transformation between inner prod-
uct spaces. Then L*L is a positive definite operator, and A = v/ L*L is also a positive
definite operator. Since positive definite operators are invertible, we may introduce
a linear transformation U = LA=': V — W. Then

UU=A"'L*LA ' = A1A?2A ' = I

Therefore U is an isometry. The decomposition L = U A is comparable to the polar
decomposition of complex numbers

z=¢€%, r=|z| =2z,

and is therefore called the polar decomposition of L.

8.3 Multilinear

tensor of two
tensor of many
exterior algebra
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8.4 Invariant of Linear Operator

The quantities we use to describe the structure of linear operators should depend
only on the linear operator itself. Suppose we define such a quantity f(A) by the
matrix A of the linear operator with respect to a basis. Since a change of basis
changes A to P"'AP, we need to require f(PAP™') = f(A). In other words, f is a
similarity invariant. Examples of invariants are the rank, the determinant and the
trace (see Exercise 8.22)

a1 Qa2 - Qip
Q21 Qg2 -+ Aoy

tr . . . =ai; +ax+- -+ apn.
An1 Ap2 - Ann

Exercise 8.22. Prove that trAB = trBA. Then use this to show that trPAP~! = trA.

The characteristic polynomial det(t/ — L) is an invariant of L. It is a monic
polynomial of degree n = dim V' and can be completely decomposed using complex
roots

det(tI — L) =t" — o t" '+ opt" 2 — oo+ (=1)" Lo, 1t + (—1)"0n
= =A)"{E=A)" - (E=A)™, nitnet+tn=n
=({t—d)(t—dg) - (t —dp).

Here Ai, Ao, ..., Ay are all the distinct eigenvalues, and n; is the algebraic multiplicity
of A\;. Moreover, dy,ds,...,d, are all the eigenvalues repeated in their multiplici-
ties (i.e., \; repeated n; times, Ay repeated ny times, etc.). The (unordered) set
{di,ds,...,d,} of all roots of the characteristic polynomial is the spectrum of L.

The polynomial is the same as the coefficients oy, 05, ...,0,. The “polynomial”
01,09, . ..,0, determines the spectrum {dy,ds, ...,d,} by “finding the roots”. Con-
versely, the spectrum determines the polynomial by Vieta’s formula

O — Z dudizdlk

1<i1 <2< <1 <N
Two special cases are the trace
0'1:d1+d2+"'+dn:tI'L,

and the determinant
Op = d1d2 s dn =det L.

The general formula of o; in terms of L is given in Exercise 7.33.
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8.4.1 Symmetric Function

Suppose a function f(A) of square matrices A is an invariant of linear operators. If
A is diagonalisable, then

dy O
A=PDP', D= ., f(A) = f(PDP") = f(D).
O d,

Therefore f(A) is actually a function of the spectrum {d;,ds,...,d,}. Note that
the order does not affect the value because exchanging the order of d; is the same
of exchanging columns of P. This shows that the invariant is really a function
f(dy,dy, ..., d,) satisfying

fdiy,diy, ... d;) = f(d1,da, ..., dy)

for any permutation (i1, is,...,7,) of (1,2,...,n). These are symmetric functions.

The functions oy, 09, ...,0, given by Vieta’s formula are symmetric. Since the
spectrum (i.e., unordered set of possibly repeated numbers) {d;,ds,...,d,} is the
same as the “polynomial” o, 09,...,0,, symmetric functions are the same as func-
tions of o1, 09,...,0,

f(dth, P ,dn) = g(O’l,O'Q, Ce ,O'n).

For this reason, we call 01,09, ...,0, elementary symmetric functions.
For example, d3 + dj + d3 is clearly symmetric, and we have

A3 +ds +di = (dy + da + d3)* — 3(dy + da + d3)(dydy + dyds + dods) + 3dydads

= Ui’ — 30105 + 303.
We note that o1, 09,...,0, are defined for n variables, and

O'k(dl,dg,...,dn) = O'k(dl,dg,...,dn,o,...,O), k S n.

Theorem 8.4.1. Any symmetric polynomial f(dy,ds, ..., d,) is a unique polynomial
g(o1,09,...,0,) of the elementary symmetric polynomials.

Proof. We prove by induction on n. If n = 1, then f(d;) is a polynomial of the
only symmetric polynomial o; = d;. Suppose the theorem is proved for n — 1.
Then f(dl, do,...,dy_1) = f(dy,ds,...,d,_1,0) is a symmetric polynomial of n — 1
variables. By induction, we have f(dl, dy...,dn1)=g(61,09,...,0,1) for a poly-
nomial g and elementary symmetric polynomials ¢, 09, ...,0,_1 of dy,ds, ..., d,_1.
Now consider

h(d17d2"' 7dn> = f(d17d2“'7dn) _§(0-170-27"'70-n—1)7
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where 01,09,...,0,_1 are the elementary symmetric polynomials of dy,ds,...,d,.
The polynomial h(dy,ds,...,d,) is still symmetric. By oy(dy,ds, ... ,d,—1,0) =
5'k(d1, dg, Ce ,dnfl), we have

h(d17d2, oo 7dn_1,0) - f(d17d2, “e . 7dn_170) - §(5175-27 “e . 76-71—1) - O.

This means that all the monomial terms of h(dy,ds,...,d,) have a d, factor. By
symmetry, all the monomial terms of h(d;, ds, ..., d,) also have a d; factor for every
j. Therefore all the monomial terms of h(dy,ds, ..., d,) have o, = dids - - - d,, factor.
This implies that

h(dl,dg, Ce 7dn> = Onk(dl,dg, Ce ,dn),

for a symmetric polynomial k(dy,ds,...,d,). Since k(di,ds,...,d,) has strictly
lower total degree than f, a double induction on the total degree of h can be used.
This means that we may assume k(dy,ds,...,d,) = l}(al, 09, ...,0,) for a polyno-
mial k. Then we get

f(dl,dg, e ,dn) = g(O’l,O'Q, Ce ,O'nfl) + O'nk'(O'l,O'Q, e ,O'n).

For the uniqueness, we need to prove that, if g(oy,09,...,0,) = 0 as a poly-
nomial of dy,ds,...,d,, then ¢ = 0 as a polynomial of o,09,...,0,. Again we
induct on n. By taking d,, = 0, we have 7, = o,(dy,dy...,d,_1,0) = 0 and
9(61,62,...,0,-1,0) = 0 as a polynomial of dy,ds,...,d,_1. Then by induction,
we get ¢(61,09,...,0,-1,0) = 0 as a polynomial of &1,69,...,5,-1. This implies
that g(o1,09,...,0,-1,0) = 0 as a polynomial of o1, 09, ..., 0,1 and further implies
that g(oy,09,...,04-1,0,) = oph(01,09,...,0,_1,0,) for some polynomial h. Since
o, # 0 as a polynomial of dy,ds,...,d,, the assumption g(o1,09,...,0,) = 0 as
a polynomial of dy,d; ..., d, implies that h(oy,09,...,0,) = 0 as a polynomial of
dy,dy ...,d,. Since h has strictly lower degree than g, a further double induction on
the degree of g implies that h = 0 as a polynomial of 01,09, ...,0,. O

Exercise 8.23 (Newton's Identity). Consider the symmetric polynomial
sp=df +d5 - +d.
Explain that for i = 1,2,...,n, we have
dl — o d  oad!E— - (1) o, di 4+ (—1)"0, = 0.
Then use the equalities to derive
Sp = O18p-1+ 028p_o — -+ (—=1)"o, 181 + (=1)"no, = 0.

This gives a recursive relation for expressing s, as a polynomial of o1, 09, ..., 0,.
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The discussion so far assumes the linear operator is diagonalisable. To extend
the result to general not necessarily diagonalisable linear operators, we establish the
fact that any linear operator is a limit of diagonalisable linear operators.

First we note that if det(AI — L) has no repeated roots, and n = dim V', then we
have n distinct eigenvalues and corresponding eigenvectors. By Proposition 7.1.4,
these eigenvectors are linearly independent and therefore must be a basis of V. We
conclude the following.

Proposition 8.4.2. Any complex linear operator is the limit of a sequence of diago-
nalisable linear operators.

Proof. By Proposition 7.1.10, the proposition is the consequence of the claim that
any complex linear operator is approximated by a linear operator such that the
characteristic polynomial has no repeated root. We will prove the claim by inducting
on the dimension of the vector space. The claim is clearly true for linear operators
on 1-dimensional vector space.

By the fundamental theorem of algebra (Theorem 6.1.1), any linear operator L
has an eigenvalue A\. Let H = Ker(Al — L) be the corresponding eigenspace. Then
we have V = H @ H' for some subspace H'. In the blocked form, we have

. VAR . . ! !
L_(O K), I:H->H K:H > H.

By induction on dimension, K is approximated by an operator K’, such that det(¢/—
K') has no repeated root. Moreover, we may approximate Al by the diagonal matrix

A1
T = , r=dmH,
Ar

such that \; are very close to A, are distinct, and are not roots of det(t/ — K’). Then

(T *
“=(o )

approximates L, and by Exercise 7.27, has det(t] — L") = (t—X1) - - - (t—A,.) det(t] —
K'). By our setup, the characteristic polynomial of L' has no repeated root. O]

Since polynomials are continuous, by using Proposition 8.4.2 and taking the
limit, we may extend Theorem 8.4.1 to all linear operators.

Theorem 8.4.3. Polynomial invariants of linear operators are exactly polynomial
functions of the coefficients of the characteristic polynomial.
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A key ingredient in the proof of the theorem is the continuity. The theorem
cannot be applied to invariants such as the rank because it is not continuous

I (a O) 1 ifa 7é 0,
ran =
0 0 0 ifa=0.

Exercise 8.24. Identify the traces of powers L* of linear operators with the symmetric
functions s, in Exercises 8.23. Then use Theorem 8.4.3 and Newton’s identity to show
that polynomial invariants of linear operators are exactly polynomials of trL*, k = 1,2,. ...
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