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PREFACE

This collection of exercises is designed to provide a framework for discussion in a junior level
linear algebra class such as the one I have conducted fairly regularly at Portland State University.
There is no assigned text. Students are free to choose their own sources of information. Stu-
dents are encouraged to find books, papers, and web sites whose writing style they find congenial,
whose emphasis matches their interests, and whose price fits their budgets. The short introduc-
tory background section in these exercises, which precede each assignment, are intended only to fix
notation and provide “official” definitions and statements of important theorems for the exercises
and problems which follow.

There are a number of excellent online texts which are available free of charge. Among the best
are Linear Algebra [7] by Jim Hefferon,

http://joshua.smcvt.edu/linearalgebra
and A First Course in Linear Algebra [2] by Robert A. Beezer,
http://linear.ups.edu/download/fcla-electric-2.00.pdf
Another very useful online resource is Przemyslaw Bogacki’s Linear Algebra Toolkit [3].
http://www.math.odu.edu/ bogacki/lat
And, of course, many topics in linear algebra are discussed with varying degrees of thoroughness
in the Wikipedia [12]
http://en.wikipedia.org
and Eric Weisstein’s Mathworld [11].
http://mathworld.wolfram.com

Among the dozens and dozens of linear algebra books that have appeared, two that were written
before “dumbing down” of textbooks became fashionable are especially notable, in my opinion,
for the clarity of their authors’ mathematical vision: Paul Halmos’s Finite-Dimensional Vector
Spaces [6] and Hoffman and Kunze’s Linear Algebra [8]. Some students, especially mathematically
inclined ones, love these books, but others find them hard to read. If you are trying seriously
to learn the subject, give them a look when you have the chance. Another excellent traditional
text is Linear Algebra: An Introductory Approach [5] by Charles W. Curits. And for those more
interested in applications both Elementary Linear Algebra: Applications Version [1] by Howard
Anton and Chris Rorres and Linear Algebra and its Applications [10] by Gilbert Strang are loaded
with applications.

If you are a student and find the level at which many of the current beginning linear algebra
texts are written depressingly pedestrian and the endless routine computations irritating, you might
examine some of the more advanced texts. Two excellent ones are Steven Roman’s Advanced Linear
Algebra [9] and William C. Brown’s A Second Course in Linear Algebra [4].

Concerning the material in these notes, I make no claims of originality. While I have dreamed
up many of the items included here, there are many others which are standard linear algebra
exercises that can be traced back, in one form or another, through generations of linear algebra
texts, making any serious attempt at proper attribution quite futile. If anyone feels slighted, please
contact me.

There will surely be errors. I will be delighted to receive corrections, suggestions, or criticism
at

vii
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erdman@pdx.edu
I have placed the the IATEX source files on my web page so that those who wish to use these exer-
cises for homework assignments, examinations, or any other noncommercial purpose can download
the material and, without having to retype everything, edit it and supplement it as they wish.



Part 1

MATRICES AND LINEAR EQUATIONS






CHAPTER 1

SYSTEMS OF LINEAR EQUATIONS

1.1. Background

Topics: systems of linear equations; Gaussian elimination (Gauss’ method), elementary row op-
erations, leading variables, free variables, echelon form, matrix, augmented matrix, Gauss-Jordan
reduction, reduced echelon form.

1.1.1. Definition. We will say that an operation (sometimes called scaling) which multiplies a row
of a matrix (or an equation) by a nonzero constant is a ROW OPERATION OF TYPE I. An operation
(sometimes called swapping) that interchanges two rows of a matrix (or two equations) is a ROW
OPERATION OF TYPE II. And an operation (sometimes called pivoting) that adds a multiple of one
row of a matrix to another row (or adds a multiple of one equation to another) is a ROW OPERATION
OF TYPE III.



1. SYSTEMS OF LINEAR EQUATIONS

1.2. Exercises

(1) Suppose that L; and Lo are lines in the plane, that the z-intercepts of L; and Lo are 5
and —1, respectively, and that the respective y-intercepts are 5 and 1. Then L; and Lo
intersect at the point ( __ ) .

(2) Consider the following system of equations.
w+z+y+2==06
w +y+z=4 (%)
w +y =2

(a) List the leading variables .
(b) List the free variables

(c) The general solution of (%) (expressed in terms of the free variables) is

G ) -

(d) Suppose that a fourth equation —2w + y = 5 is included in the system (x). What is
the solution of the resulting system? Answer: ( ).

(e) Suppose that instead of the equation in part (d), the equation —2w — 2y = —3 is

included in the system (x). Then what can you say about the solution(s) of the
resulting system? Answer:

) )

) )

(3) Consider the following system of equations:
T+ y+ z2=2
z+3y+3z2=0 (%)
z+ 3y+ 62 =3

(a) Use Gaussian elimination to put the augmented coefficient matrix into row echelon

111 a
form. The result willbe [0 1 1 b| wherea = , b= ,and ¢ =
0 01 ¢
(b) Use Gauss-Jordan reduction to put the augmented coefficient matrix in reduced row
10 0 d
echelon form. The result will be {0 1 0 e| where d = , e = , and
001 f
f=__.
(¢) The solutions of () are x = LY = ,and z =

(4) Consider the following system of equations.

0.003000x + 59.14y = 59.17
5.291x — 6.130y = 46.78.

(a) Using only row operation III and back substitution find the exact solution of the
system. Answer: z = LY = .

(b) Same as (a), but after performing each arithmetic operation round off your answer to
four significant figures. Answer: z = , Y =
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(5) Find the values of k for which the system of equations

x+ky=1
{ kr+y=1
has (a) no solution. Answer:
(b) exactly one solution. Answer:
(c) infinitely many solutions. Answer:
(d) When there is exactly one solution, it is = and y =

(6) Consider the following two systems of equations.

T+ y+ z2=6
T+2y+22=11 (1)
20 +3y —4z =3

and
T+ y+ 2="7
r+2y+2z=10 (2)
2+ 3y —4z=3

Solve both systems simultaneously by applying Gauss-Jordan reduction to an appro-
priate 3 x 5 matrix.

(a) The resulting row echelon form of this 3 x 5 matrix is

(b) The resulting reduced row echelon form is

(¢) The solution for (1) is ( , , ) and the solution for (2) is ( , ,

(7) Consider the following system of equations:

r— y—3z=3
2x + 2=0
20+ Tz =c

(a) For what values of ¢ does the system have a solution? Answer: ¢ =

(b) For the value of ¢ you found in (a) describe the solution set geometrically as a subset
of R3. Answer:

(c) What does part (a) say about the planes z —y —3z =3,2x4+2 =0, and 2y + 7z =4
in R3? Answer: .




1. SYSTEMS OF LINEAR EQUATIONS

(8) Consider the following system of linear equations ( where by, ..., bs are constants).
u+2v— w— 2x+ 3y =b
rT— y+22="0b
2u+4v — 2w — dx + Ty — 4z = b3
—r+ y—2z2=10
3u+6v—3w— b6x+ Ty + 8z = b5

(a) Inthe process of Gaussian elimination the leading variables of this system are
and the free variables are

(b) What condition(s) must the constants by, ...,bs satisfy so that the system is consis-
tent? Answer:

(¢) Do the numbers by = 1, by = —3, bg = 2, by = bs = 3 satisfy the condition(s) you
listed in (b)? . If so, find the general solution to the system as a function
of the free variables. Answer:

(9) Consider the following homogeneous system of linear equations (where a and b are nonzero

constants).
T+ 2y =0
ar+8y+3z2=0
by+52z=0

(a) Find a value for a which will make it necessary during Gaussian elimination to inter-
change rows in the coefficient matrix. Answer: a =

(b) Suppose that a does not have the value you found in part (a). Find a value for b so
that the system has a nontrivial solution.

Answer: b= £ + %a where ¢ = and d = .

(c) Suppose that a does not have the value you found in part (a) and that b = 100.
Suppose further that a is chosen so that the solution to the system is not unique.
The general solution to the system (in terms of the free variable) is (1 z,— % z,z)
where o = and 8 =
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1.3. Problems

(1) Give a geometric description of a single linear equation in three variables.

Then give a geometric description of the solution set of a system of 3 linear equations in
3 variables if the system

(a) is inconsistent.

(b) is consistent and has no free variables.

(c) is consistent and has exactly one free variable.

d) is consistent and has two free variables.

(
(2) Consider the following system of equations:
—mix +y = by
—Mmox + Yy = bo

(a) Prove that if m; # mag, then (x) has exactly one solution. What is it?
(b) Suppose that m; = mg. Then under what conditions will (%) be consistent?
(c) Restate the results of (a) and (b) in geometrical language.
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1.4. Answers to Odd-Numbered Exercises

(1) 2,3
(3) (a) 2,-1,1
(b) 3, -2,1
(c) 3,-2,1
(5) (a) k=-1
(b) k#-1,1
(c) k T 1 .
W R
(7) (a) =6
(b) a line
(c) They have no points in common.
9) (a) 4
(b) 40, —10
(¢) 10, 20



CHAPTER 2

ARITHMETIC OF MATRICES

2.1. Background

Topics: addition, scalar multiplication, and multiplication of matrices, inverse of a nonsingular
matrix.

2.1.1. Definition. Two square matrices A and B of the same size are said to COMMUTE if AB =
BA.

2.1.2. Definition. If A and B are square matrices of the same size, then the COMMUTATOR (or
LIE BRACKET) of A and B, denoted by [A, B], is defined by

[A,B] = AB — BA.

2.1.3. Notation. If A is an m x n matrix (that is, a matrix with m rows and n columns), then the
element in the i*" row and the j*® column is denoted by a;;. The matrix A itself may be denoted
by [aiﬂ;‘il?ﬂ or, more simply, by [a;;]. In light of this notation it is reasonable to refer to the
index 4 in the expression a;; as the ROW INDEX and to call j the COLUMN INDEX. When we speak
of the “value of a matrix A at (i, ),” we mean the entry in the i'" row and j*® column of A. Thus,
for example,

Ot g W
)

is a 4 x 2 matrix and ag; = 7.
2.1.4. Definition. A matrix A = [a;j] iS UPPER TRIANGULAR if a;; = 0 whenever i > j.

2.1.5. Definition. The TRACE of a square matrix A, denoted by tr A, is the sum of the diagonal
entries of the matrix. That is, if A = [a;;] is an n x n matrix, then

n
trA = Z ajj-
Jj=1

2.1.6. Definition. The TRANSPOSE of an n X n matrix A = [aij] is the matrix A? = [aji] obtained
by interchanging the rows and columns of A. The matrix A is SYMMETRIC if A! = A.

2.1.7. Proposition. If A is an m x n matriz and B is an n X p matrixz, then (AB)! = BtA".



2. ARITHMETIC OF MATRICES

2.2. Exercises

1 0 -1 2 1 2
03 1 -1 3 —1 3 =2 0 5
(1) Let A= 9 4 0 3 , B= 0 _Q,andC—[1 0 _3 4].
-3 1 -1 2 4 1
(a) Does the matrix D = ABC exist? If so, then d3y =
(b) Does the matrix F = BAC exist? If so, then egy =
(¢) Does the matrix F' = BC'A exist? If so, then fy3 =
(d) Does the matrix G = ACB exist? If so, then g31 =
(e) Does the matrix H = C AB exist? If so, then ho; =
(f) Does the matrix J = CBA exist? If so, then ji3 =
11 1 0
(2) Let A= |2 ?|, B= [O J, and C = AB. Evaluate the following.
2 2 o
(a) A3T = (b) B® =
(C) B138 — (d) c4 =

Note: If M is a matrix MP is the product of p copies of M.

1 1/3

(3) Let A= [c d } . Find numbers ¢ and d such that A% = —1I.

Answer: ¢ = and d =
(4) Let A and B be symmetric n x n-matrices. Then [A, B] = [B, X], where X =

(5) Let A, B, and C be n x n matrices. Then [A, B]C' + B[A,C] = [X,Y], where X =
and Y =

(6) Let A= [i 123} . Find numbers ¢ and d such that A% = 0. Answer: ¢ = and
d=____
1 3 2
(7) Consider the matrix [ 6 2| where a is a real number.
09 5
(a) For what value of a will a row interchange be required during Gaussian elimination?
Answer: a =
(b) For what value of a is the matrix singular? Answer: a =
1 0 -1 2 1 2
0 3 1 -1 3 —1 3 =2 0 5
(8) Let A = 5 4 0 3 , B= 0 _2,0—[1 0 _3 4],and
-3 1 -1 2 4 1
M = 3A3 — 5(BC)%. Then myy = and my; =

(9) If A is an n x n matrix and it satisfies the equation A3 — 442 + 34 — 51, = 0, then A is
nonsingular
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and its inverse is

(10) Let A, B, and C be n x n matrices. Then [[A, B],C]|+ [[B, C], A] +[[C, 4], B] = X, where

X =

(11) Let A, B, and C be n x n matrices. Then [4,C]+ [B,C] = [X,Y], where X =

and
Y=__
1 0 0 O
1100
(12) Find the inverse of |$ ; 10 . Answer:
G
3 3 3 1
(13) The matrix
1L 11
2 3 14
11 1 1
2 1
H=|i 1 11
3 4 5 6
11 1 1
1 5 6 7

is the 4 x 4 HILBERT MATRIX. Use Gauss-Jordan elimination to compute X = H~!. Then
Ky is (exactly) . Now, create a new matrix H' by replacing each entry in H
by its approximation to 3 decimal places. (For example, replace % by 0.167.) Use Gauss-
Jordan elimination again to find the inverse K’ of H'. Then K}, is

(14) Suppose that A and B are symmetric n x n matrices. In this exercise we prove that AB
is symmetric if and only if A commutes with B. Below are portions of the proof. Fill in
the missing steps and the missing reasons. Choose reasons from the following list.

(H1) Hypothesis that A and B are symmetric.
(H2) Hypothesis that AB is symmetric.
(H3) Hypothesis that A commutes with B.
(D1) Definition of commutes.
(D2) Definition of symmetric.

(T) Proposition 2.1.7.

PROOF. Suppose that AB is symmetric. Then

AB = (reason: (H2) and )
= B'A! (reason: )
= (reason: (D2) and )
So A commutes with B (reason: ).
Conversely, suppose that A commutes with B. Then

(AB)! = (reason: (T))
= BA (reason: and )
= (reason: and )

Thus AB is symmetric (reason: ). O
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(1)

(4)
()

2. ARITHMETIC OF MATRICES

2.3. Problems

Let A be a square matrix. Prove that if A2 is invertible, then so is A.
Hint. Our assumption is that there exists a matrix B such that

A’B=BA%*=1.
We want to show that there exists a matrix C such that
AC=CA=1.

Now to start with, you ought to find it fairly easy to show that there are matrices L and
R such that

LA=AR=1. (%)
A matrix L is a LEFT INVERSE of the matrix A if LA = I; and R is a RIGHT INVERSE
of Aif AR = I. Thus the problem boils down to determining whether A can have a left
inverse and a right inverse that are different. (Clearly, if it turns out that they must be

the same, then the C' we are seeking is their common value.) So try to prove that if (x)
holds, then L = R.

Anton speaks French and German; Geraldine speaks English, French and Italian; James
speaks English, Italian, and Spanish; Lauren speaks all the languages the others speak
except French; and no one speaks any other language. Make a matrix A = [aij] with
rows representing the four people mentioned and columns representing the languages they
speak. Put a;; = 1 if person 7 speaks language j and a;; = 0 otherwise. Explain the
significance of the matrices AA* and A'A.

Portland Fast Foods (PFF), which produces 138 food products all made from 87 basic
ingredients, wants to set up a simple data structure from which they can quickly extract
answers to the following questions:

(a) How many ingredients does a given product contain?

(b) A given pair of ingredients are used together in how many products?

(¢) How many ingredients do two given products have in common?

(d) In how many products is a given ingredient used?

In particular, PFF wants to set up a single table in such a way that:
(i) the answer to any of the above questions can be extracted easily and quickly (matrix
arithmetic permitted, of course); and
(ii) if one of the 87 ingredients is added to or deleted from a product, only a single entry
in the table needs to be changed.

Is this possible? Explain.
Prove proposition 2.1.7.

Let A and B be 2 x 2 matrices.
(a) Prove that if the trace of A is 0, then A? is a scalar multiple of the identity matrix.
(b) Prove that the square of the commutator of A and B commutes with every 2 x 2
matrix C. Hint. What can you say about the trace of [A4, B]?
(c) Prove that the commutator of A and B can never be a nonzero multiple of the identity
matrix.



2.3. PROBLEMS 13

(6) The matrices that represent rotations of the xy-plane are

[cos 6 —sin 0]

A9) = sinf  cos@

(a) Let x be the vector (—1,1), § = 37/4, and y be A(f) acting on x (that is, y = A()x").
Make a sketch showing x, y, and 6.

(b) Verify that A(61)A(f2) = A(01 + 62). Discuss what this means geometrically.

(c) What is the product of A(f) times A(—6)? Discuss what this means geometrically.

(d) Two sheets of graph paper are attached at the origin and rotated in such a way that
the point (1,0) on the upper sheet lies directly over the point (—5/13,12/13) on the
lower sheet. What point on the lower sheet lies directly below (6,4) on the upper

one?
(7) Let
0 a a® a3 a
00 a a® a
A=10 0 0 a a
0 0 0 0 a

00 0 0 O
The goal of this problem is to develop a “calculus” for the matrix A. To start, recall

(or look up) the power series expansion for Now see if this formula works for

the matrix A by first computing (I — A)~! directly and then computing the power series
expansion substituting A for z. (Explain why there are no convergence difficulties for the
series when we use this particular matrix A.) Next try to define In(I + A) and e by
means of appropriate series. Do you get what you expect when you compute eln+4)? Do
formulas like ee? = €24 hold? What about other familiar properties of the exponential
and logarithmic functions?

Try some trigonometry with A. Use series to define sin, cos, tan, arctan, and so on. Do
things like tan(arctan(A)) produce the expected results? Check some of the more obvious
trigonometric identities. (What do you get for sin? A + cos? A — I? Is cos(2A) the same
as cos? A — sin? A?)

A relationship between the exponential and trigonometric functions is given by the
famous formula e = cosx + isinz. Does this hold for A?

Do you think there are other matrices for which the same results might hold? Which
ones?

(8) (a) Give an example of two symmetric matrices whose product is not symmetric.
Hint. Matrices containing only 0’s and 1’s will suffice.
(b) Now suppose that A and B are symmetric nxn matrices. Prove that AB is symmetric
if and only if A commutes with B.
Hint. To prove that a statement P holds “if and only if” a statement Q holds you must
first show that P implies Q and then show that Q implies P. In the current problem, there
are 4 conditions to be considered:
(i) A*=A (A is symmetric),
(ii) Bt =B (B is symmetric),
(iii) (AB)! = AB  (AB is symmetric), and
(iv) AB=BA (A commutes with B).
Recall also the fact given in
(v) theorem 2.1.7.
The first task is to derive (iv) from (i), (ii), (iii), and (v). Then try to derive (iii) from (i),

(ii), (iv), and (v).



14

2. ARITHMETIC OF MATRICES

2.4. Answers to Odd-Numbered Exercises

(9) %(A2 —4A + 31,)

(11) A+ B, C
(13) 2800, —1329.909



CHAPTER 3

ELEMENTARY MATRICES; DETERMINANTS

3.1. Background

Topics: elementary (reduction) matrices, determinants.

The following definition says that we often regard the effect of multiplying a matrix M on the
left by another matrix A as the action of A on M.

3.1.1. Definition. We say that the matrix A ACTS ON the matrix M to produce the matrix NV if

N = AM. For example the matrix [g (1) acts on any 2 x 2 matrix by interchanging (swapping)
its rows because O Ljja bf e d
1S Tow Bl ol e dl T |a b

3.1.2. Notation. We adopt the following notation for elementary matrices which implement type I
row operations. Let A be a matrix having n rows. For any real number r # 0 denote by M;(r) the
n x n matrix which acts on A by multiplying its j*" row by r. (See exercise 1.)

3.1.3. Notation. We use the following notation for elementary matrices which implement type 11
row operations. (See definition 1.1.1.) Let A be a matrix having n rows. Denote by P;; the n x n
matrix which acts on A by interchanging its i*" and ;" rows. (See exercise 2.)

3.1.4. Notation. And we use the following notation for elementary matrices which implement
type III row operations. (See definition 1.1.1.) Let A be a matrix having n rows. For any real
number r denote by E;;(r) the n x n matrix which acts on A by adding r times the j*® row of A
to the i*® row. (See exercise 3.)

3.1.5. Definition. If a matrix B can be produced from a matrix A by a sequence of elementary
row operations, then A and B are ROW EQUIVALENT.

Some Facts about Determinants

3.1.6. Proposition. Let n € N and M,,x,, be the collection of all n x n matrices. There is exactly
one function
det: M, ,xn, > R: A+ det A

which satisfies

(a) det I, = 1.

(b) If A € My, xp, and A’ is the matriz obtained by interchanging two rows of A, then det A" =
—det A.

(¢) If A € Myxn, ¢c € R, and A’ is the matriz obtained by multiplying each element in one
row of A by the number c, then det A’ = cdet A.

(d) If A € Mysn, ¢ € R, and A’ is the matriz obtained from A by multiplying one row of A
by ¢ and adding it to another row of A (that is, choose i and j between 1 and n with i # j
and replace aji by a;, + cay for 1 <k < n), then det A’ = det A.

15
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3.1.7. Definition. The unique function det: M,,x,, — R described above is the n X n DETERMI-
NANT FUNCTION.

3.1.8. Proposition. If A = [a] for a € R (that is, if A € Mix1), then det A = a; if A € Maya,
then
det A = aj1a92 — a12a9] .

3.1.9. Proposition. If A, B € M,,x, then det(AB) = (det A)(det B).

3.1.10. Proposition. If A € M,,xy, then det A' = det A. (An obvious corollary of this: in
conditions (b), (c), and (d) of proposition 3.1.6 the word “columns” may be substituted for the
word “rows”.

3.1.11. Definition. Let A be an n X n matrix. The MINOR of the element a,, denoted by Mj;, is
the determinant of the (n — 1) x (n — 1) matrix which results from the deletion of the j*" row and
k' column of A. The COFACTOR of the element aji, denoted by Cjy, is defined by

Cjk = (—1)j+ijk.
3.1.12. Proposition. If A € M, x, and 1 < j <n, then

det A = Z ajijk.
k=1

This is the (LAPLACE) EXPANSION of the determinant along the j* row.

In light of 3.1.10, it is clear that expansion along columns works as well as expansion along
rows. That is,

n
det A = Zajkcjk
j=1
for any k between 1 and n. This is the (LAPLACE) EXPANSION of the determinant along the k't

column.

3.1.13. Proposition. An n x n matriz A is invertible if and only if det A # 0. If A is invertible,
then

A7l = (det A)"1C?
where C' = [Cjk] is the matriz of cofactors of elements of A.
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3.2. Exercises

(1) Let A be a matrix with 4 rows. The matrix Msz(4) which multiplies the 3" row of A by 4

is . (See 3.1.2.)

(2) Let A be a matrix with 4 rows. The matrix Py4 which interchanges the 2"4 and 4" rows

of Ais . (See 3.1.3.)

(3) Let A be a matrix with 4 rows. The matrix Eo3(—2) which adds —2 times the 3' row of

A to the 2" row is . (See 3.1.4.)

(4) Let A be the 4 x 4 elementary matrix E43(—6). Then All = and
A7 =

(5) Let B be the elementary 4 x 4 matrix Pyy. Then B~ = and
BlO —

(6) Let C be the elementary 4 x 4 matrix Mz(—2). Then C* = and
C—3 =

1 2 3
(7) Let A = _02 _11 (1) and B = P23E34(—2)M3(—2)E42(1)P14A. Then 1)23 =

-1 2 =3
and b32 =

(8) We apply Gaussian elimination (using type III elementary row operations only) to put a
4 x 4 matrix A into upper triangular form. The result is

1 2 -2 0
0 -1 0 1
Es3(3)Es2(2)E31(1)Ear (—2)A = 0 0 -2 9
0 0 0 10

Then the determinant of A is
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(9) The system of equations:

20432 =17
T+ y— z= -2
—x+ y—=52=0
is solved by applying Gauss-Jordan reduction to the augmented coefficient matrix
0o 2 3 7
A=1]11 1 —1 —=2|. Give the names of the elementary 3 x 3 matrices Xq,...
-1 1 -5 0
which implement the following reduction.
N 11—1—2X’11—1—2'X'11—1—2
A—5 10 2 3 7| =102 3 71 3 02 3 7
-1 1 -5 0 0 2 -6 -2 0 0 -9 9]
. 11 -1 -2 X'11—1—2X'11—1—2'
—s |0 2 3 7 5 |0 2 0 4 ‘5101 0 2
0 0 1 1 00 1 1] 00 1 1]
110 -1 1 0 0 -3
X, o1 o 2| 25 o1 o0 2
0 01 1 0 01 1
Answer: X; = , Xo = , X3 = , Xy = ,
Xe=_ = ,Xe=_  ,X7=_  ,Xg=_ .
(10) Solve the following equation for x:
(3 -4 7 0 6 -2]
2 0 1 8 0 0
3 4 -8 31 2
det 97 6 5 0 0 3 =0. Answer: x = _
3 « 0 21 -1
10 -1 3 4 0]
0 01

(11) Let A= |0 2 4]|. Find A~! using the technique of augmenting A by the identity matrix

1 2 3

I and performing Gauss-Jordan reduction on the augmented matrix. The reduction can
be accomplished by the application of five elementary 3 x 3 matrices. Find elementary

matrices X1, X2, and X3 such that A™! = X3F3(—3)XoMs(1/2) X1 1.

(a) The required matrices are X; = Py; where i = , Xo = Eji(—2) where j =

and k = , and X3 = Fya(r) where r =

(b) And then A~! =

1t t2
2

(2) det [, | | = (- a) where a(t) = and p —
B2t 1
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(13) Evaluate each of the following determinants.

[6 9 39 49
5 7 32 37
(a) det 34 4 4|7 .
11 1
1 0 1 1
1 -1 2 0
(b) det 9 -1 3 1|7——
4 17 0 =5
(13 3 -8 6
0 0 -4 0
(c) det 1 0 7 _9=——
13 0 2 0
5 4 -2 3
|5 7 =1 8
(14) Let M be the matrix 57 6 100
5 7 1 9
(a) The determinant of M can be expressed as the constant 5 times the determinant of
3 1 5
the single 3 x 3 matrix |3
3

(b) The determinant of this 3 x 3 matrix can be expressed as the constant 3 times the

determinant of the single 2 x 2 matrix B 2 } .

(¢) The determinant of this 2 x 2 matrix is

(d) Thus the determinant of M is :

1 25 7 10
1236 7
(15) Find the determinant of the matrix {1 1 3 5 5 [. Answer:
11 2 4 5
1111 1
(16) Find the determinants of the following matrices.
—-73 78 24 —73 78 24
A=192 66 25 and B=1]92 66 25
—-80 37 10 —-80 37 10.01
Hint. Use a calculator (thoughtfully). Answer: det A = and det B =

(17) Find the determinant of the following matrix.

583

283 5 w 347.86 x 10!
3136 56 5 cos(2.7402)
6776 121 11 5
2464 44 4 2

Hint. Do not use a calculator. Answer:
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0o -3 0 1
0 0 L1
(18) Let A= |, 2 2|, We find A~! using elementary row operations to convert the
3 0 -5 0
11

4 x 8 matrix {A : 14} to the matrix [[4 AL }

Give the names of the elementary 4 x 4 matrices X1,...,X1; which implement the
following Gauss-Jordan reduction and fill in the missing matrix entries.

0 -3 0 51000 1 o 5 3
1 1 1 1
oo 4+ 2ito1o0o0 x oo i 1
1 1 1 1
1o -2 o:to0010 0 -1oo
1 0o 4 1 io0oo0 o0 1 0o -1+ o 1 1
Loy Lo bd
1 1 1 1
0 o -% _1 0 0 —§ —3
0 —3 0 5 . 00 5 5 .
10} 3 ' 104 } '
—_— —_—
o0 -3 -1 001 1
oo 1 3 ] 0 0 5 3 1
104 4 ' 104 1} '
X |01 0 -1 x; |01 0 -1
_— —_—
001 % 001 0
000 1 ] 00 0 % 1
104 3} ' 10} 4 '
Xxs |01 0 -1 X |01 0 0
_— —_—
001 0010
0 0 0 1 ] 0 0 0 1 i
1030 1000
X {01 0 0 Xu_ (0100
0010 0010
0 0 0 1 l 0 0 0 1 1
Answer: X7 = , Xo = , X3 = s Xa=_
X5— 7X6— ;X7: )XS_
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(19) Suppose that A is a square matrix with determinant 7. Then
(a) det(PogA) = _
(b) det(Eas(—4)A)=__ .
() det(My(2)4) =

21
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3. ELEMENTARY MATRICES; DETERMINANTS

3.3. Problems

For this problem assume that we know the following: If X is an m X m matrix, if Y is

an m X n matrix and if 0 and I are zero and identity matrices of appropriate sizes, then

X Y
det [0 I] = det X.
Let A be an m x n matrix and B be an n X m matrix. Prove carefully that
0 A

det [—B I

] =det AB.

-B I||B 1

Let A and B be n X n-matrices. Your good friend Fred R. Dimm believes that

A
B

He offers the following argument to support this claim:

A B
B A} = det(A? — B?)

Hint. Consider the product [ 0 A] [I O] .

det [ ﬂ _ det(A + B) det(A — B).

det [

= det[(A + B)(A — B)]
= det(A + B)det(A— B).
(a) Comment (helpfully) on his “proof”. In particular, explain carefully why each of

the three steps in his “proof” is correct or incorrect. (That is, provide a proof or a
counterexample to each step.)

(b) Is the result he is trying to prove actually true?

s . 1 B A+B 0
Hint: Consider the product [0 A—B] [ 0 I]'

Let = be a fixed real number which is not an integer multiple of w. For each natural
number n let A, = [ajk] be the n x n-matrix defined by
0, for |[j — k| > 1
ajr = 4 1, for |j—k| =1
2cosx, forj=k.
sin(n + 1)z
sinx
Dpyo —2Dpyqcosx+ D, =0.

Show that det A,, = . Hint. For each integer n let D,, = det A,, and prove that

(Use mathematical induction.)
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3.4. Answers to Odd-Numbered Exercises

1 000
01 00
(1)0040
0 0 0 1
1 0 0 0
01 -2 0
(3)0010
00 0 1
[1 0 0 0 1 000
(5)0001 01 00
00 1 0[’]00 10
0100 00 0 1

(7) -8, -1
(9) Pra, E31(1), Esa(—1), M3(—3), Eaz(—3), Ma(3), E13(1), E1a(—1)

(11) (a) 3,2, 3, —2
1 -1






CHAPTER 4

VECTOR GEOMETRY IN R"

4.1. Background

Topics: inner (dot) products, cross products, lines and planes in 3-space, norm of a vector, angle
between vectors.

4.1.1. Notation. There are many more or less standard notations for the inner product (or dot
product) of two vectors x and y. The two that we will use interchangeably in these exercises are
x -y and (x,y).

4.1.2. Definition. If x is a vector in R”, then the NORM (or LENGTH) of x is defined by

x| = v (x,x).
4.1.3. Definition. Let x and y be nonzero vectors in R™. Then £(x,y), the ANGLE between x
and y, is defined by
(x,y)
[1x[[ Iyl
4.1.4. Theorem (Cauchy-Schwarz inequality). If x and y are vectors in R™, then

£(x,y) = arccos

1oyl < iyl
(We will often refer to this just as the Schwarz inequality.)

4.1.5. Definition. If x = (x1,22,23) and y = (y1,%2,93) are vectors in R3, then their CROSS
PRODUCT, denoted by x X y, is the vector (x2ys — 23y2, T3y1 — T1Y3, T1Y2 — T2Y1)-

25
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4.2. Exercises
(1) The angle between the vectors (1,0, —1,3) and (1,/3,3, —3) in R* is a7 where a =

(2) Find the angle § between the vectors x = (3,-1,1,0,2,1) and y = (2,-1,0,v2,2,1)
in RS, Answer: 6 =

(3) If ay,...,a, > 0, then
. - > .
(o)) =
7j=1 k=1

The proof of this is obvious from the Cauchy-Schwarz inequality when we choose the
vectors x and y as follows:

X = and y =

(4) Find all real numbers « such that the angle between the vectors 2i + 2j + (o — 2)k and
2i + (o —2)j + 2k is 5. Answer: o = and .

(5) Which of the angles (if any) of triangle ABC, with A = (1,-2,0), B = (2,1, —2), and
C = (6,—1,—-3), is a right angle? Answer: the angle at vertex

(6) The hydrogen atoms of a methane molecule (CHy4) are located at (0,0,0), (1,1,0), (0,1,1),
and (1,0, 1) while the carbon atom is at (3, 3, 3). Find the cosine of the angle § between
two rays starting at the carbon atom and going to different hydrogen atoms.

Answer: cosf =
(7) Ifa, b, ¢, d, e, f € R, then
lad + be + cf| < Va2 + b2 + 2/ + e + f2.

The proof of this inequality is obvious since this is just the Cauchy-Schwarz inequality
where z = ( , , )and y = ( , , ).

(8) The volume of the parallelepiped generated by the three vectors i + 2j — k, j + k, and
3i—j+2kis_ .
(9) The equations of the line containing the points (3, —1,4) and (7,9, 10) are
r—3 y—j z—k
2 b ¢
whereb=___ |, c¢c= ,j = ,and k =

(10) The equations of the line containing the points (5,2, —1) and (9, —4, 1) are
r—h y—2 z—k

a -3 c
where a = , C = , h = ,and k =

(11) Find the equations of the line containing the point (1,0, —1) which is parallel to the line
r—4 2y—3 3z-7

2 5 6
Answer:$_h:y_jzz+1wherea: , b= ,h= ,and j =
a b 4
(12) The equation of the plane containing the points (0,—1,1), (1,0,2), and (3,0, 1) is x4+ by +
cz = d where b = ,Cc= ,and d =
(13) The equation of the plane which passes through the points (0,—1,—1), (5,0,1), and
(4,—1,0) is ax + by + cz = 1 where a = , b= ,and ¢ =

(14) The angle between the planes 4z + 4z — 16 = 0 and —2z + 2y — 13 = 0 is %W where
a = and b =
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(15) Suppose that u € R? is a vector which lies in the first quadrant of the zy-plane and has
length 3 and that v € R? is a vector that lies along the positive z-axis and has length 5.

Then

() fuxvl =

(b) the z-coordinate of u x v is 0 (choose <, >, or =);

(c) the y-coordinate of u x v is 0 (choose <, >, or =); and
(d) the z-coordinate of u x v is 0 (choose <, >, or =).

(16) Suppose that u and v are vectors in R” both of length 21/2 and that the length of u — v
is also 2v/2. Then |[u+v| = and the angle between u and v is
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4.3. Problems
(1) Show that if a, b, ¢ > 0, then (3a + 2b+ 1¢)® < $a? + 12 + 12,
(2) Show that if a1, ..., an, wi, ..., wy, >0and > 7, wy =1, then

n 2 n
(Zakwk> < Zakak.
k=1 k=1

oo
(3) Prove that if (aj,as,...) is a sequence of real numbers such that the series ZakQ con-
o0
k=1

verges, then the series Z 7 Ok converges absolutely.
k=1
You may find the following steps helpful in organizing your solution.

(i) First of all, make sure that you recall the difference between a sequence of numbers
o0

(c1,c2,...) and an infinite series Z k.
k=1
(ii) The key to this problem is an important theorem from third term Calculus:
A nondecreasing sequence of real numbers converges if and only if it is bounded. (*)
(Make sure that you know the meanings of all the terms used here.)
oo
(iii) The hypothesis of the result we are trying to prove is that the series Z aj? converges.

What, exactly, does this mean? k=1
n

(iv) For each natural number n let b, = ZakQ. Rephrase (iii) in terms of the se-
k=1
quence (by,).
(v) Is the sequence (b,) nondecreasing?
(vi) What, then, does (x) say about the sequence (b,)?

n

(vii) For each natural number n let ¢, = Z 72 What do we know about the sequence

k=1
(cn) from third term Calculus? What does (x) say about the sequence (cy,)?
o0

(viii) The conclusion we are trying to prove is that the series Z 70k converges absolutely.

What does this mean? N k=1

(ix) For each natural number n let s, = Z %|ak|. Rephrase (viii) in terms of the se-
quence (sy). k=1
(x) Explain how for each n we may regard the number s, as the dot product of two
vectors in R”.
(xi) Apply the Cauchy-Schwarz inequality to the dot product in (x). Use (vi) and (vii) to
establish that the sequence (s;) is bounded above.
(xii) Use (%) one last time—keeping in mind what you said in (ix).
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4.4. Answers to Odd-Numbered Exercises
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VECTOR SPACES






CHAPTER 5

VECTOR SPACES

5.1. Background

Topics: real and complex vector spaces, vectors, scalars.

In the following definition F may be taken to be an arbitrary field. For this collection of
exercises, however, we will be interested in only two cases, F = R (the field of real numbers) and
F = C (the field of complex numbers).

5.1.1. Definition. A VECTOR SPACE is a set V together with operations of addition and scalar
multiplication which satisfy the following axioms:
(1) ifx,y eV, then x+y e V;
(2) (x+y)+z=x+(y+z) for every x, y, z € V (associativity);
(3) there exists 0 € V such that x + 0 = x for every x € V (existence of additive identity);
(4) for every x € V there exists —x € V such that x + (—x) = 0 (existence of additive
inverses);
(5) x+y =y +xfor every x, y € V (commutativity);
(6) if @ € F and x € V, then ax € V;
(7) a(x+y) =ax+ ay for every a € F and every x, y € V;
(8) (v + B)x = ax + Bx for every «, f € F and every x € V;
(9) (aB)x = a(px) for every o, § € F and every x € V; and
(10) 1x =x for every x € V.

When F = R we speak of V' as a REAL VECTOR, SPACE and when F = C we call it a COMPLEX
VECTOR SPACE.

5.1.2. Definition. An n x n-matrix is NONSINGULAR if its determinant is not zero.

33



34

(1)

5. VECTOR SPACES

5.2. Exercises
Let V be the set of all real numbers. Define an operation of “addition” by
xHy = the maximum of z and y
for all x,y € V. Define an operation of “scalar multiplication” by
allz =ax

forallo e Rand x € V.
Under the operations H and [] the set V is not a vector space. The vector space
axioms (see 5.1.1 (1)—(10) ) which fail to hold are , , , and

Let V' be the set of all real numbers x such that > 0. Define an operation of “addition”
by

cHy=ay+1
for all x, y € V. Define an operation of “scalar multiplication” by

alz =a’x

forall c e Rand xz € V.

Under the operations H and [] the set V' (is/is not) a vector space. If it is
not, list all the vector space axioms (see 5.1.1 (1)—(10) ) which fail to hold. Answer: The
axioms which are not satisfied are

Let V be R2, the set of all ordered pairs (x,y) of real numbers. Define an operation of
“addition” by

(w,v) B (z,y) = (u+z+1Lv+y+1)
for all (u,v) and (z,y) in V. Define an operation of “scalar multiplication” by

ald(z,y) = (az, ay)

for all « € R and (z,y) € V.
Under the operations H and [] the set V' is not a vector space. The vector space
axioms (see 5.1.1 (1)—(10) ) which fail to hold are and

Let V be R2, the set of all ordered pairs (x,%) of real numbers. Define an operation of
“addition” by

(u,v) B (z,y) = (u+=,0)
for all (u,v) and (x,y) in V. Define an operation of “scalar multiplication” by

ald(z,y) = (az, ay)

for all @ € R and (z,y) € V.
Under the operations H and [ the set V is not a vector space. The vector space
axioms (see 5.1.1 (1)—(10) ) which fail to hold are , , and

Let V be the set of all n x n matrices of real numbers. Define an operation of “addition”
by
AHB= %(AB—i—BA)

for all A, B € V. Define an operation of “scalar multiplication” by
aldA=0

forallo e Rand Ae V.
Under the operations H and [] the set V' is not a vector space. The vector space
axioms (see 5.1.1 (1)—(10) ) which fail to hold are , , and
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(6) Below are portions of proofs of four results about vector spaces which establish the fact
that multiplying a vector x by the scalar —1 produces —x, the additive inverse of z. Fill
in the missing steps and the missing reasons. Choose reasons from the following list.

(H) Hypothesis
(1)-(10) Vector space axioms, see 5.1.1
(PA) Proposition A
(PB) Proposition B
(PC) Proposition C
(RN) Property of the Real Numbers

5.2.1. Proposition (A). A vector x in a vector space V' has at most one additive inverse.
That is, if y and z are vectors in 'V such that x +y =0 and x +z = 0, then y = z.

PROOF. Suppose that x +y =0 and x + z = 0. Then

y = (reason: )
=y+(x+2z) (reason: )
= (reason: (2))
=(x+y)+z (reason: )

= (reason: (H))
= (reason: (5))

).

=z (reason:

O

5.2.2. Proposition (B). If x € V where V is a vector space and x + x = x, then x = 0.

ProOOF. If x € V and x 4+ x = x, then

x=x+0 (reason: )
= (reason: (4))
= (x+x) + (—x) (reason: )
= (reason: (H))
=0 (reason: ).

5.2.3. Proposition (C). If = is a vector in a vector space V, then 0x = 0.
Proor. If x € V, then
0x=(0+0)x (reason: )
= (reason: (8))
Thus 0x = 0 (reason: ). O
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5.2.4. Proposition (D). If z is a vector in a vector space V, then (—1)x is —x, the
additive inverse of X.

PRrROOF. If x € V, then

x+(—1)-x= (reason: (10))
=(1+(-1))-x (reason: )
=0-x (reason: __ )
=0 (reason: ).
It then follows immediately from that (—1) - x = —x. O

In this exercise we prove that multiplying the zero vector by an arbitrary scalar produces
the zero vector. For each step of the proof give the appropriate reason. Choose reasons
from the following list.

(1)—(10) Vector space axioms 5.1.1.

(PB) Proposition 5.2.2

(RN) Property of the Real Numbers
5.2.5. Proposition (E). If 0 is the zero vector in a vector space and « is a scalar, then
a-0=0.

PROOF. Let 0 be the zero vector of some vector space. Then for every scalar o
a-0=a-(0+0) reason:
=a-0+a-0 reason:

It then follows immediately from that -0 = 0. O

In this exercise we prove that the product of a scalar and a vector is zero if and only if
either the scalar or the vector is zero. After each step of the proof give the appropriate
reason. Choose reasons from the following list.

(H) Hypothesis.
(1)-(10)  Vector space axioms 5.1.1.
(PC),(PE) Propositions 5.2.3 and 5.2.5, respectively.
(RN)  Property of the Real Numbers.
5.2.6. Proposition. Suppose that x is a vector and « is a scalar. Then ax = 0 if and
only if a =0 orx=0.

Proor. We have already shown in and that if a =0 or x =0,
then ax = 0.

To prove the converse we suppose that ax = 0 and that « # 0; and we prove that
x = 0. This conclusion results from the following easy calculation:

x=1-x reason:

1
—a-x reasons: and

a

(- x) reason:

-0 reason:

CQ|—Q |~

reason: . O
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5.3. Problems

(1) Prove that if V' is a vector space, then its additive identity is unique. That is, show that
if 0 and 0 are vectors in V such that x +0=xforallz € V and x+0=xforallz € V,
then 0 = 0.

(2) Let V be the set of all real numbers x such that > 0. Define an operation of “addition”
by
cHy =2ay
for all x,y € V. Define an operation of “scalar multiplication” by
allx =2z°
foralla e Rand x € V.
Prove that under the operations H and [ the set V' is a vector space.

(3) With the usual operations of addition and scalar multiplication the set of all n x n matrices
of real numbers is a vector space: in particular, all the vector space axioms (see 5.1.1 (1)
(10) ) are satisfied. Explain clearly why the set of all nonsingular n x n matrices of real
numbers is not a vector space under these same operations.
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5. VECTOR SPACES

5.4. Answers to Odd-Numbered Exercises



CHAPTER 6

SUBSPACES

6.1. Background

Topics: subspaces of a vector space

6.1.1. Definition. A nonempty subset of M of a vector space V is a SUBSPACE of V if it is closed
under addition and scalar multiplication. (That is: if x and y belong to M, so does x + y; and if
x belongs to M and a € R, then ax belongs to M.

6.1.2. Notation. We use the notation M < V to indicate that M is a subspace of a vector space V.

6.1.3. Notation. Here are some frequently encountered families of functions:
F = Fla,b] ={f: f is a real valued function on the interval [a, b]} (
P = Pla,b] = {p: p is a polynomial function on [a, b]} (
P4y = Pafa,b] = {p € P: the degree of p is less than 4} (
Q4 = Qufa,b] = {p € P: the degree of p is equal to 4} (6.1.4
C =Cla,b] = {f € F: f is continuous} (
D = Dla,b] = {f € F: f is differentiable} (
K = Kla,b] ={f € F: f is a constant function} (
B = Bla,b] = {f € F: f is bounded} (
J =TJla,b] = {f € F: f is integrable} (6.1.9
(A function f € F is BOUNDED if there exists a number M > 0 such that |f(z)| < M for all z in
[a,b]. It is (RIEMANN) INTEGRABLE if it is bounded and f; f(z) dz exists.)

6.1.4. Definition. If A and B are subsets of a vector space then the suMm of A and B, denoted by
A+ B, is defined by
A+B:={a+b:ac Aand b€ B}.

6.1.5. Definition. Let M and N be subspaces of a vector space V. If MNN = {0} and M+N =V,
then V is the (INTERNAL) DIRECT SUM of M and N. In this case we write

V=M®N.

In this case the subspaces M and N are COMPLEMENTARY and each is the COMPLEMENT of the
other.

39
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6.2. Exercises

(1) One of the following is a subspace of R3. Which one?

The set of points (z,y,2) in R? such that
(a) z+2y—3z=4.
r—1 y+2 =z

(b) =5 3 4
(¢c)x+y+z=0andx—y+2z=1.
(d) 2 =—zand z = 2.
(e) 22 +y% = 2.

z y—3
6 5="~5
Answer: (___ ) is a subspace of R3.

(2) The smallest subspace of R3 containing the vectors (2, —3,—3) and (0, 3,2) is the plane
whose equation is ax + by 4+ 6z = 0 where a = and b=

(3) The smallest subspace of R3 containing the vectors (0,—3,6) and (0,1, —2) is the line
whose equations are £ = a and z = by where a = and b=

(4) Let R* denote the vector space of all sequences of real numbers. (Addition and scalar
multiplication are defined coordinatewise.) In each of the following a subset of R> is
described. Write yes if the set is a subspace of R® and no if it is not.

(a) Sequences that have infinitely many zeros (for example, (1,1,0,1,1,0,1,1,0,...)).
Answer:

(b) Sequences which are eventually zero. (A sequence (zy) is eventually zero if there is
an index ng such that z, = 0 whenever n > ng.) Answer:

(c) Sequences that are absolutely summable. (A sequence (z) is absolutely summable if
Y opeqlak| < 00.) Answer:

(d) Bounded sequences. (A sequence (xy) is bounded if there is a positive number M such
that |zx| < M for every k.) Answer:

(e) Decreasing sequences. (A sequence (xy) is decreasing if x, 41 < x, for each n.)
Answer:

(f) Convergent sequences. Answer:

(g) Arithmetic progressions. (A sequence (zy) is arithmetic if it is of the form (a,a + k,
a+ 2k,a+ 3k, ...) for some constant k.) Answer:

h) Geometric progressions. (A sequence (xy) is geometric if it is of the form (a, ka, k%a, k3a, . . .
( prog q g ;

for some constant k.) Answer:

(5) Let M and N be subspaces of a vector space V. Consider the following subsets of V.
(a) M N N. (A vector v belongs to M N N if it belongs to both M and N.)
(b) M UN. (A vector v belongs to M U N if it belongs to either M or N.)
(¢) M+ N. (A vector v belongs to M + N if there are vectors m € M and n € N such
that v.=m + n.)
(d) M — N. (A vector v belongs to M — N if there are vectors m € M and n € N such
that v =m — n.)

Which of (a)-(d) are subspaces of V?

Answer:
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(6) For a fixed interval [a,b], which sets of functions in the list 6.1.3 are vector subspaces of

which?
Answer:

= = = = = = =

(7) Let M be the plane x +y + z = 0 and N be the line 2 = y = z in R3. The purpose of
this exercise is to confirm that R® = M @ N. This requires establishing three things: (i)
M and N are subspaces of R? (which is very easy and which we omit); (ii) R* = M + N;
and (iii) M N N = {0}.
(a) To show that R? = M + N we need R* C M + N and M + N C R3. Since M C R?
and N C R3, it is clear that M + N C R3. So all that is required is to show that
R3 C M + N. That is, given a vector X = (21,2, 23) in R® we must find vectors
m = (mi,m2,m3) in M and n = (n;,n2,n3) in N such that x = m + n. Find two
such vectors.

1
Answer:m:§( ; ; )
1
dn=— .
and n 3( , , )

(b) The last thing to verify is that M N N = {0}; that is, that the only vector M and N
have in common is the zero vector. Suppose that a vector x = (x1, 2, z3) belongs to
both M and N. Since x € M it must satisfy the equation

T+ 29 + 23 = 0. (1)
since x € N it must satisfy the equations

T1 = X9 and (2)

Tro = X3. (3)

Solve the system of equations (1)—(3).

Answer: x = ( , , ) -

(8) Let C = C[—1, 1] be the vector space of all continuous real valued functions on the interval
[—1,1]. A function f in C is EVEN if f(—x) = f(z) for all z € [—1,1]; it is oDD if f(—x) =
—f(z) for all z € [-1,1]. Let C, = {f € C: fisodd } and C. = {f € C: fiseven }. To
show that C = C, ® C. we need to show 3 things.

(i) C, and C, are subspaces of C. This is quite simple: let’s do just one part of the proof.
We will show that C, is closed under addition. After each step of the following proof
indicate the justification for that step. Make your choices from the following list.

(A) Arithmetic of real numbers.
(DA) Definition of addition of functions.
(DE) Definition of “even function.”
(DO) Definition of “odd function.”
)

(H) Hypothesis (that is, our assumptions or suppositions).
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ProOOF. Let f, g € C,. Then
(f+9)(—z) = f(—=

flx
=—(f(z) + g(x)) reason:
=—(f+g)(x). reason:

g(—x) reason:

)+
)+ (—g(x)) reason: and

Thus f + g € C,. reason . O

(ii) Co,NCe = {0} (where 0 is the constant function on [—1, 1] whose value is zero). Again
choose from the reasons listed in part (i) to justify the given proof.

PROOF. Suppose f € C, NCe. Then for each x € [—1, 1]
f(z) = f(—x) reason:

= —f(x). reason:

Thus f(z) = 0 for every x € [—1,1]; that is, f = 0. reason: : O

(iii) C = Cy + Ce. To verify this we must show that every continuous function f on [—1, 1]
can be written as the sum of an odd function j and an even function k. It turns
out that the functions j and k can be written as linear combinations of the given
function f and the function g defined by g(z) = f(—z) for —1 < 2 < 1. What are
the appropriate coefficients?

Answer: f+ g

J
k= f+ g.

(9) Let M be the line z = y = z and N be the line z = 3y = 1z in R3.
(a) The line M is the set of all scalar multiples of the vector ( 1, ).
(b) The line N is the set of all scalar multiples of the vector ( 1, ).

(c) The set M + N is (geometrically speaking) a in R?; its equation is ax +
by + z = 0 where a = and b =

I

)

(10) Let M be the plane z — y + z = 0 and N be the plane z + 2y — z = 0 in R3. State in one
short sentence how you know that R? is not the direct sum of M and N.

Answer:

(11) Let M be the plane 2z — 3y + 4z + 1 = 0 and N be the line z === g in R3. State in

one short sentence how you know that R? is not the direct sum of M and N.

N

Answer:

(12) Let M be the plane z + y + z = 0 and N be the line z — 1 = %y: z+2in R3. State in
one short sentence how you know that R? is not the direct sum of M and N.

Answer:

(13) Let M be the line z = y = z and N be the line % = % = % in R3. State in one short

sentence how you know that R3 is not the direct sum of M and N.

Answer:
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14) Let M be the plane z +y + 2z = 0 and N be the line z = —3y = 3z. The purpose of this
4
exercise is to see (in two different ways) that R? is not the direct sum of M and N.

(a) If R3 were equal to M & N, then M N N would contain only the zero vector. Show
that this is not the case by finding a nonzero vector x in R? which belongs to M N N.

, , 1)
(b) If R? were equal to M @ N, then, in particular, we would have R? = M + N. Since
both M and N are subsets of R?, it is clear that M + N C R3. Show that the reverse

inclusion R? C M + N is not correct by finding a vector x € R? which cannot be
written in the form m +n where m € M and n € N.

Answer: x = (

Answer: x = (—6,8,a) is such a vector provided that a # )
(c) We have seen in part (b) that M + N # R3. Then what is M + N?
Answer: M + N =
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6.3. Problems

(1) Let M and N be subspaces of a vector space V. Consider the following subsets of V.
(a) M NN. (A vector v belongs to M N N if it belongs to both M and N.)
(b) M UN. (A vector v belongs to M U N if it belongs to either M or N.)
(¢) M+ N. (A vector v belongs to M + N if there are vectors m € M and n € N such
that v=m+n.)
(d) M — N. (A vector v belongs to M — N if there are vectors m € M and n € N such
that v=m —n.)
For each of the sets (a)—(d) above, either prove that it is a subspace of V or give a
counterexample to show that it need not be a subspace of V.

(2) Let C = C[0,1] be the family of continuous real valued functions on the interval [0, 1].
Define
A=t  and  f(t) =4
for 0 <t < 1. Let M be the set of all functions of the form «f; 4+ 5f2 where o, 5 € R.
And let N be the set of all functions ¢ in C which satisfy

1 1
/ tg(t)dt =0 and / thg(t) dt = 0.
0 0

Is C the direct sum of M and N? (Give a careful proof of your claim and illustrate it
with an example. What does your result say, for instance, about the function h defined
by h(t) =t for 0 <t < 1.)

(3) Let V be a vector space.
(a) Let M be a family of subspaces of V. Prove that the intersection ()M of this family
is itself a subspace of V.
(b) Let A be a set of vectors in V. Explain carefully why it makes sense to say that the
intersection of the family of all subspaces containing A is “the smallest subspace of
V' which contains A”.
(c) Prove that the smallest subspace of V' which contains A is in fact the span of A.

(4) In R? let M be the line z = y = z, N be the line z = 1y = %z, and L =M + N. Give a
careful proof that L = M & N.

(5) Let V be a vector space and suppose that V= M @ N. Show that for every v € V there
exist unique vectors m € M and n € N such that v = m + n. Hint. It should be clear
that the only thing you have to establish is the uniqueness of the vectors m and n. To this
end, suppose that a vector v in V' can be written as m; 4+ n; and it can also be written
as mo + ngy where my, mg € M and ni, no € N. Prove that m; = ms and n; = ns.
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6.4. Answers to Odd-Numbered Exercises

(1) (d)

(5) (a), (), and ()

(7) (a) 2z1—w2—23, —71+279— T3, —T1—T2+273, T1+X2+23, T1+T2+T3, T1+T2+73,
(b) 0,0, 0

(9) (a) 1,1
(b) 2,3
(c) plane, 1, —2

(11) M is not a subspace of R3.
(13) M + N is a plane, not all of R3.






CHAPTER 7

LINEAR INDEPENDENCE

7.1. Background

Topics: linear combinations, span, linear dependence and independence.

7.1.1. Remark. Some authors of linear algebra texts make it appear as if the terms linear de-
pendence and linear independence, span, and basis pertain only to finite sets of vectors. This is
extremely misleading. The expressions should make sense for arbitrary sets. In particular, do not
be misled into believing that a basis for a vector space must be a finite set of vectors (or a sequence
of vectors). While it is true that in most elementary linear algebra courses the emphasis is on
the study of finite dimensional vector spaces, bases for vector spaces may be very large indeed. I
recommend the following definitions.

7.1.2. Definition. Recall that a vector y is a LINEAR COMBINATION of distinct vectors x1, ...,
X, if there exist scalars aq, ..., such that y = 22:1 opXg. Note: linear combinations are finite
sums. The linear combination 22:1 Xy is TRIVIAL if all the coefficients aq, ... a,, are zero. If at
least one ay, is different from zero, the linear combination is NONTRIVIAL.

7.1.3. Example. In R? the vector (8,2) is a linear combination of the vectors (1,1) and (1,—1)
because (8,2) = 5(1,1) + 3(1,—1).

7.1.4. Example. In R3? the vector (1,2,3) is not a linear combination of the vectors (1,1,0) and
(1,-1,0).

7.1.5. Definition. Suppose that A is a subset (finite or not) of a vector space V. The SPAN of
A is the set of all linear combinations of elements of A. Another way of saying the same thing:
the SPAN of A is the smallest subspace of V' which contains A. (That these characterizations are
equivalent is not completely obvious. Proof is required. See problem 3 in chapter 6. We denote the
span of A by span A. If U = span A, we say that A SPANS U or that U is SPANNED BY A.

7.1.6. Example. For each n =0, 1, 2, ...define a function p,, on R by p,(z) = 2". Let P be the
set of polynomial functions on R. It is a subspace of the vector space of continuous functions on R.
Then P = span{pg, p1,P2 .- - }- The exponential function exp, whose value at x is e”, is not in the
span of the set {po,p1,p2...}.

7.1.7. Definition. A subset A (finite or not) of a vector space is LINEARLY DEPENDENT if the zero
vector 0 can be written as a nontrivial linear combination of elements of A; that is, if there exist
vectors Xi,...,X, € A and scalars a1, ..., a,, not all zero, such that Y ,_; agx; = 0. A subset
of a vector space is LINEARLY INDEPENDENT if it is not linearly dependent.

Technically, it is a set of vectors that is linearly dependent or independent. Nevertheless, these
terms are frequently used as if they were properties of the vectors themselves. For instance, if
S = {x1,...,%x,} is a finite set of vectors in a vector space, you may see the assertions “the set S is
linearly independent” and “the vectors xi, ...X, are linearly independent” used interchangeably.

7.1.8. Example. The (vectors going from the origin to) points on the unit circle in R? are linearly
dependent. Reason: If x = (1,0), y = (—%, @), and z = (%, @), then x+y + (—1)z = 0.

47
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7.1.9. Example. For each n =0, 1, 2, ...define a function p,, on R by p,(x) = z™. Then the set
{Po, P1,P2, ..} is a linearly independent subset of the vector space of continuous functions on R.
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7.2. Exercises
(1) Show that in the space R? the vectors x = (1,1,0), y = (0,1,2), and z = (3,1, —4) are
linearly dependent by finding scalars a and 8 such that ax + S8y +z = 0.

Answer: a = , B = .

(2) Let w=(1,1,0,0), x = (1,0,1,0), y = (0,0,1,1), and z = (0,1,0, 1).

(a) We can show that {w,x,y,z} is not a spanning set for R* by finding a vector u in
R* such that u ¢ span{w,x,y,z}. One such vector is u = (1,2,3,a) where a is any
number except

(b) Show that {w,x,y,z} is a linearly dependent set of vectors by finding scalars «, -,
and 0 such that aw +x + vy + dz = 0.
Answer: o = , Y = , 0 =

(c) Show that {w,x,y,z} is a linearly dependent set by writing z as a linear combination
of w, x,and y. Answer: z=___ w + X+ _ v

(3) Let p(z) = 2% 4 22 — 3, q(z) = 222 — 3z + 4, and 7(x) = ax® — 1. The set {p,q,r} is
linearly dependent if a =

(4) Show that in the vector space R3 the vectors x = (1,2, 1),y = (3,1,1), and z = (5, —5,7)
are linearly dependent by finding scalars o and § such that ax + Sy +z = 0.

Answer: o = , B =

(5) Let fi(x) =sinz, fa(z) = cos(z+m/6), and f3(z) = sin(x—n/4) for 0 < x < 2. Show that
{f1, f2, f3} is linearly dependent by finding constants « and § such that o f; —2fo— 3 f3 = 0.

Answer: o = and 8 =

(6) In the space C[0, 7] let f, g, h, and j be the vectors defined by

flx)=1

g(z) ==
h(z) = cosz
j(x) = cos? z

for 0 < & < w. Show that f, g, h, and j are linearly dependent by writing j as a linear
combination of f, g, and h.

Answer: j = f+ g+ h.

(7) Letu= (A,1,0),v=(1,\1),and w = (0,1, \). Find all values of A which make {u, v, w}
a linearly dependent subset of R3. Answer:

(8) Let u = (1,0,—2), v = (1,2,\), and w = (2,1,—1). Find all values of A which make
{u,v,w} a linearly dependent subset of R3. Answer:

(9) Let p(z) = 2% — 22 +22+3, q(z) =323 + 22 —2 — 1, r(z) = 23 + 22 + 2, and s(z) =
723 + ax? + 5. The set {p, q,r, s} is linearly dependent if a = i
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(10) In the space C[0, 7| define the vectors f, g, and h by
fla) =
g(z) =sinzx
h(z) = cosz
for 0 < z < w. We show that f, g, and h are linearly independent. This is accomplished

by showing that if af + 8g + vh = 0, then @ = § =+ = 0. So we start by supposing that
af + Bg + vh = 0; that is,

ar + fBsinx +ycosx =0 (1)
for all z € [0, 7.
(a) We see that v must be zero by setting x = ____ in equation (1).
Now differentiate (1) to obtain
a+fcosz =0 (2)
for all = € [0, .
(b) We see that o must be zero by setting x = in equation (2).
Differentiate (2) to obtain
—fsinx =0 (3)

for all z € [0, 7].
(c) We conclude that 8 = 0 by setting =z = in (3).
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7.3. Problems
(1) In the space C[0, 1] define the vectors f, g, and h by

flz) ==
g(z) =e*
h(zr)=e"

for 0 < x < 1. Use the definition of linear independence to show that the functions f, g,
and h are linearly independent.

(2) Let a, b, and ¢ be distinct real numbers. Use the definition of linear independence to give
a careful proof that the vectors (1,1, 1), (a, b, ¢), and (a?,b?, ¢?) form a linearly independent
subset of R3.

(3) Let {u,v,w} be a linearly independent set in a vector space V. Use the definition of
linear independence to give a careful proof that the set {u+ v,u+ w,v + w} is linearly
independent in V.

(4) You are the leader of an engineering group in the company you work for and have a
routine computation that has to be done repeatedly. At your disposal is an intern, Kim,
a beginning high school student, who is bright but has had no advanced mathematics. In
particular, Kim knows nothing about vectors or matrices.

Here is the computation that is needed. Three vectors, a, b, and c are specified
in R%. (Denote their span by M.) Also specified is a (sometimes long) list of other vectors
S = {v1,va,...,v,} in R®. The problem is to

(1) determine which of the vectors in S belong to M, and
(2) for each vector v € S which does belong to M
find constants «, §, and 7 such that vy = aa + b + vyc.

Kim has access to Computer Algebra System (Maple, or a similar program) with a Lin-
ear Algebra package. Write a simple and efficient algorithm (that is, a set of instructions)
which will allow Kim to carry out the desired computation repeatedly. The algorithm
should be simple in the sense that it uses only the most basic linear algebra commands
(for example, Matriz, Vector, Transpose, RowReducedEchelonForm, etc. in Maple). Re-
member, you must tell Kim everything: how to set up the appropriate matrices, what
operations to perform on them, and how to interpret the results. The algorithm should
be as efficient as you can make it. For example, it would certainly not be efficient for Kim
to retype the coordinates of a, b, and c for each new vy.

Include in your write-up an actual printout showing how your algorithm works in some
special case of your own invention. (For this example, the set S need contain only 5 or 6
vectors, some in U, some not.)

(5) The point of this problem is not just to get a correct answer to (a)—(c) below using tools
you may have learned elsewhere, but to give a careful explanation of how to apply the
linear algebra techniques you have already encountered to solve this problem in a systematic
fashion. For background you may wish to read a bit about networks and Kirchhoff’s laws
(see, for example, [7] Topic: Analyzing Networks, pages 72—77 or [1] Electrical Networks,
pages 538-542).

Consider an electrical network having four nodes A, B, C, and D connected by six
branches 1, ..., 6. Branch 1 connects A and B; branch 2 connects B and D; branch 3
connects C and B; branch 4 connects C and D; branch 5 connects A and C; and branch 6
connects A and D.
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The current in branch k is I, where £ = 1,...,6. There is a 17 volt battery in
branch 1 producing the current I; which flows from A to B. In branches 2, 4, and 5 there
are 0.5 ohm resistors; and in branches 1, 3, and 6 there are 1 ohm resistors.

(a) Find the current in each branch. (Explain any minus signs which occur in your
answer.)

(b) Find the voltage drop across each branch.

(c) Let pn be the potential at node n = A, B, C, D. The voltage drop across the branch
connecting node j to node k is the difference in the potentials at nodes j and k.
Suppose the network is grounded at D (so that p, = 0). Find the potential at the
other nodes.
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7.4. Answers to Odd-Numbered Exercises
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CHAPTER 8

BASIS FOR A VECTOR SPACE

8.1. Background

Topics: basis, dimension.

8.1.1. Definition. A set B (finite or not) of vectors in a vector space V' is a BAsIS for V if it is
linearly independent and spans V.

8.1.2. Example. The vectors e! = (1,0,0), €2 = (0,1,0), and e = (0,0, 1) constitute a basis for
the vector space R3.

8.1.3. Example. More generally, consider the vector space R™ of all n-tuples of real numbers. For
each natural number k between 1 and n let €* be the vector which is 1 in the k*-coordinate and 0
in all the others. Then the set {e!,e? ..., e"} is a basis for R™. It is called the STANDARD BASIS
for R™.

8.1.4. Example. For each n =0, 1, 2, ... define a function p,, on R by p,(z) = z". Then the set
{Po,P1, P2, - .-} is a basis for the vector space P of polynomial functions on R.

Two important facts of linear algebra are that regardless of the size of the space every vector
space has a basis and that every subspace has a complement.

8.1.5. Theorem. Let B be a linearly independent set of vectors in a vector space V. Then there
exists a set C of vectors in V' such that BUC is a basis for V.

8.1.6. Corollary. Fvery vector space has a basis.

8.1.7. Corollary. Let V be a wvector space. If M <V, then there exists N < V such that
MeN=V.

The next theorem says that any two bases for a vector space are the same size.

8.1.8. Theorem. If B and C are bases for the same vector space, then there is a one-to-one
correspondence from B onto C.

8.1.9. Definition. A vector space V is FINITE DIMENSIONAL if it has a finite basis. Its DIMENSION
(denoted by dim V') is the number of elements in the basis. If V' does not have a finite basis it is
INFINITE DIMENSIONAL.

8.1.10. Theorem. If M and N are subspaces of a finite dimensional vector space, then
dim(M 4+ N) =dim M + dim N — dim(M N N).

55



56

8. BASIS FOR A VECTOR SPACE

8.2. Exercises

(1) Let u=(2,0,—1), v=(3,1,0), and w = (1,—1,¢) where ¢ € R. The set {u,v,w} is a
basis for R? provided that ¢ is not equal to

(2) Let u=(1,-1,3), v=(1,0,1), and w = (1,2, ¢) where ¢ € R. The set {u, v,w} is a basis
for R? provided that ¢ is not equal to .

(3) The dimension of Msa 2, the vector space of all 2 x 2 matrices of real numbers is

(4) The dimension of Ty, the vector space of all 2 x 2 matrices of real numbers with zero trace
is

(5) The dimension of the vector space of all real valued polynomial functions on R of degree
4 or less is

(6) In R* let M be the subspace spanned by the vectors (1,1,1,0) and (0, —4,1,5) and let
N be the subspace spanned by (0,—2,1,2) and (1,—1,1,3). One vector which belongs to
both M and N is (1, , , ). The dimension of M NN is __ and the
dimension of M + N is .
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8.3. Problems

(1) Exhibit a basis for 92, the vector space of all 2 x 2 matrices of real numbers.

(2) Exhibit a basis for To, the vector space of all 2 x 2 matrices of real numbers with zero
trace.

(3) Exhibit a basis for &3, the vector space of all symmetric 3 x 3 matrices of real numbers.

(4) Let U be the set of all matrices of real numbers of the form [3 —ux— x] and U be the
0

set of all real matrices of the form [Z) 0

for LN Y.
(5) Prove that the vectors (1,1,0), (1,2,3), and (2, —1,5) form a basis for R3.

] . Exhibit a basis for 4, for U, for U + U, and

(6) Let V' be a vector space and A be a linearly independent subset of V. Prove that A is
a basis for V if and only if it is a maximal linearly independent subset of V. (If A is a
linearly independent subset of V' we say that it is a MAXIMAL linearly independent set if
the addition of any vector at all to A will result in a set which is not linearly independent.)

(7) Let V be a vector space and A a subset of V' which spans V. Prove that A is a basis for V
if and only if it is a minimal spanning set. (If A is a set which spans V' we say that it is a
MINIMAL spanning set if the removal of any vector at all from A will result in a set which
does not span V.)
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8. BASIS FOR A VECTOR SPACE

8.4. Answers to Odd-Numbered Exercises



Part 3

LINEAR MAPS BETWEEN VECTOR
SPACES






CHAPTER 9

LINEARITY

9.1. Background

Topics: linear maps between vector spaces, kernel, nullspace, nullity, range, rank, isomorphism.

9.1.1. Definition. A function f: A — B is ONE-TO-ONE (or INJECTIVE) if v = v in A whenever
f(u) = f(v) in B.

9.1.2. Definition. A function f: A — B is ONTO (or SURJECTIVE) if for every b € B there exists
a € A such that b = f(a).

9.1.3. Definition. A function f: A — B is a ONE-TO-ONE CORRESPONDENCE (or BIJECTIVE) if
it is both injective and surjective (one-to-one and onto).

9.1.4. Definition. A map T: V — W between vector spaces is LINEAR if
Tx+y)=Tx+Ty forallx,yeV (9.1.1)

and
T(ax) = aTx for all x € V and o € F. (9.1.2)

Here F =R if V and W are real vector spaces and F = C if they are complex vector spaces.
A scalar valued linear map on a vector space V' is a LINEAR FUNCTIONAL.

A linear map is frequently called a LINEAR TRANSFORMATION, and, in case the domain and
codomain are the same, it is often called a (LINEAR) OPERATOR. The family of all linear transfor-
mations from V into W is denoted by £(V, W). We shorten £(V,V) to £(V).

Two oddities of notation concerning linear transformations deserve comment. First, the value
of T' at x is usually written T'x rather than T'(x). Naturally the parentheses are used whenever
their omission would create ambiguity. For example, in (9.1.1) above Tx 4+ y is not an acceptable
substitute for T(x + y). Second, the symbol for composition of two linear transformations is
ordinarily omitted. If S € £(U,V) and T € £(V, W), then the composite of T" and S is denoted
by T'S (rather than by T o S). As a consequence of this convention when 7" € £(V) the linear
operator T o T is written as T2, T o T o T as T2, and so on.

For future reference here are two obvious properties of a linear map.

9.1.5. Proposition. If T: V — W is a linear map between vector spaces, then T'(0) = 0.

9.1.6. Proposition. If T: V — W is a linear map between vector spaces, then T(—x) = =Tx for
everyx € V.

You should prove these propositions if (and only if) it is not immediately obvious to you how to
do so.

9.1.7. Definition. Let T: V' — W be a linear transformation between vector spaces. Then ker T,
the KERNEL of 7', is defined to be the set of all x in V' such that Tx = 0. The kernel of T is also
called the nullspace of T'. If V is finite dimensional, the dimension of the kernel of T" is the NULLITY
of T.

Also, ran T, the RANGE of T', is the set of all y in W such that y = T'x for some x in V. If the
range of T is finite dimensional, its dimension is the RANK of 7.
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62 9. LINEARITY
9.1.8. Notation. Let V be a vector space. We denote the IDENTITY MAP on V' (that is, the map
x — x from V into itself) by Iy, or just I.
The following fundamental result is proved in most linear algebra texts.
9.1.9. Theorem. IfT:V — W is a linear map between finite dimensional vector spaces, then
rank(7") + nullity(7") = dim V.

9.1.10. Definition. Let T: V — W and S: W — V be linear maps. If ST = Iy, then T is a
RIGHT INVERSE for S and S is a LEFT INVERSE for 7. The mapping 7' is INVERTIBLE (or is an
ISOMORPHISM) if there exists a linear transformation, which we denote by T-1: W — V| such that

TT'=Iy and T 'T=Iy.
The vector spaces V and W are ISOMORPHIC if there exists an isomorphism 7" from V to W.

9.1.11. Notation. Let V and W be vector spaces. We denote by £(V, W) the set of all linear
maps from V' into W and by £(V') the set of all linear operators T: V- — V.
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9.2. Exercises
(1) Define T': R? — R* by
Tx = (xl — 3,1 + T2, X3 — T2,T1 — 21‘2)

for all x = (21,72, 23) in R3.

(a) Then T'(1,-2,3) = ( , , , ) .
(b) Find a vector x € R? such that Tx = (8,9, —5,0).
Answer: x = ( ) ) ).

(2) Define T: R* — R3 by
Tx = (221 + 23 + 24,21 — 220 — T3, T2 — T3 + X4)

for all x = (21,72, 23, 74) in R%.

(a) Then T'(2,1,—1,3) = ( , , ) -
(b) Find a vector x € R* such that Tx = (3, -1, —3).
Answer: x = ( ) ) ) ).

(3) Let T be the linear map from R? to R? defined by

T(z,y,2) = (x 4+ 2y — 2,22 + 3y + z,4x + Ty — 2).

The kernel of T' is (geometrically) a whose equation(s) is(are)

and the range of T is geometrically a whose equation(s) is(are)

(4) Let T: R® — R3 be the linear transformation whose action on the standard basis vectors
of R? is
T(1,0,0) = (1,-3,2)
T(0,1,0) = (—3,3,—6)
7(0,0,1) = (2,-3,4).

Then T'(5,1,—1) = ( , , ) . The kernel of T is the whose
equation is « 4+ ay + bz = 0 where a = and b = . The range of T is the
. T Yy Z
whose equations are 5= .3 where ¢ = and where d =
c

(5) Let P be the vector space of all polynomial functions on R with real coefficients. Define
linear transformations 7', D: P — P by

(Dp)(z) = p'(x)

and
(Tp)(x) = xp(x)

for all z € R.

(a) Let p(x) = 22 —722 45246 for all z € R. Then ((D+T)(p))(z) = 2* —az®+bz?—bz+c
where a = , b= ,and ¢ = .

(b) Let p be asin (a). Then (DTp)(x) = ax?®—bx?+cx+6 where a = , b= ,
and ¢ = .

(c) Let p be as in (a). Then (T'Dp)(x) = ax3 — bx? + cx where a = , b= ,
and ¢ =

(d) Evaluate (and simplify) the commutator [D,T] := DT — T'D.
Answer: [D,T] = :

(e) Find a number p such that (I'D)P? = TPDP + T'D. Answer: p =
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(6)

(7)

9. LINEARITY

Let C = Cla, b] be the vector space of all continuous real valued functions on the interval
[a,b] and C' = C![a,b] be the vector space of all continuously differentiable real valued
functions on [a, b]. (Recall that a function is CONTINUOUSLY DIFFERENTIABLE if it has a
derivative and the derivative is continuous.) Let D: C! — C be the linear transformation

defined by
Df=f
and let T: C — C' be the linear transformation defined by

@ = [
for all f € C and z € [a, b].
(a) Compute (and simplify) (DT f)(x). Answer:
(b) Compute (and simplify) (T'Df)(z). Answer:
(c) The kernel of T' is .
(d) The range of T is {g € C': }
In this exercise we prove that a linear transformation 7: V. — W between two vector

spaces is one-to-one if and only if its kernel contains only the zero vector. After each step
of the proof give the appropriate reason. Choose reasons from the following list.

(DK) Definition of “kernel”.
(DL) Definition of “linear”.

(DO) Definition of “one-to-one”.

)
)
(H)
)
)
)

Hypothesis.
(Pa
(Pb) Proposition 9.1.6.

(VA) Vector space arithmetic (consequences of vector space axioms, definition of

Proposition 9.1.5.

subtraction of vectors, etc.)

PROOF. Suppose that T' is one-to-one. We show that ker 7" = {0y }. Since Oy € ker T’

(reason: and ), we need only show that ker T C {0y }; that is, we show that
if x € kerT, then x = Oy. So let x € kerT. Then Tx = Oy (reason: and )
and T0y = Oy (reason: ). From this we conclude that x = 0y (reason: and

)
Now we prove the converse. Suppose that ker 7' = {0y }. We wish to show that T is
one-to-one. Let x, y € V' and suppose that Tx = T'y. Then

Tx—y)=Tx+(-y)) reason:
=Tx+T(-y) reason:
=Tx+ (—Ty) reason:

=Tx—-Ty reason:

= Ow reason: and
Then x —y € kerT (reason: ). So x —y = Oy (reason: ); that is, x =y
(reason: ). Thus T is one-to-one (reason: and ). O

Let C1(R) be the vector space of all functions defined on the real line R which have
continuous derivatives at each point of R and C(R) be the vector space of continuous
functions on R. Define the function 7: C!(R) — C(R) by

(TH)(E) = f'(t) +3f(t)
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for every ¢ € R. (Notice that 7" is a linear map.) The kernel of T is the set of all scalar
multiples of the function g where g(t) = for each ¢t. Thus the kernel of the linear
map 7T is the solution space of the differential equation

(9) Let C%(R) be the vector space of all functions defined on the real line R which have
continuous second derivatives at each point of R and C(IR) be the vector space of continuous
functions on R. Define the function T': C2( ) = C(R) by

(THE) = f"(t) + f(t

)
for every ¢ € R. (Notice that T is a linear map.) Assume that the kernel of T is two
dimensional. Then kerT" = span{g, h} where g(t) = and h(t) = for
all t. Thus the kernel of the linear map 7' is the solution space of the differential equa-
tion

(10) Define a function k on the unit square [0, 1] x [0, 1] by

k(z,y) z, for0<z<y<1
T,y) = .
Y y, for0<y<a<1

Define an integral operator K on the vector space C[0, 1] of continuous real valued functions
on [0, 1] by
1
(KD)@) = [ b f)dy

for 0 < 2 < 1. Find the function K f when f is the function defined by f(z) = 22 for
0<z<1.

Answer: (K f)(z) = .

(11) Let T: R3 5 R3: x — (:E1 + 3x9 — 223,21 — 4x3, 21 + 61’2).

(a) The kernel of T' is a in R? given by the equation(s)

(b) The range of T is a in R3 given by the equation(s)

(12) Let T: R? — R3: (z,y) — (22 — 3y, x + 2y + 1,5z — 2y). State in one short sentence how
you know that T is not a linear transformation.

Answer:

(13) Let a = (1,0,0,0), b = (1,1,0,0), ¢ = (1,1,1,0), and d = (1,1,1,1). Suppose that
T:R* — R" is a mapping such that T'(a) = T(b) = T(c) = T(d) = 0 and that
T(3,-19,7,—8) = (1,1,1,-3,6,2,5). State in a short sentence or two how you know
that T is not a linear transformation.

Answer:

(14) Suppose that T': R® — R3 is a mapping (not identically zero) whose range is contained in
the paraboloid z = x? + y2. State in a short sentence or two how you know that T is not
a linear transformation.

Answer:

(15) Let T: R? — R*: (z,y) = (20 —3y,x — Ty, +2y+ 1,52 — 2y). State in one short sentence
how you know that 7" is not a linear transformation.

Answer:
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(16)

(17)

9. LINEARITY

Let a = (1,1,0) and b = (0,1,1), and ¢ = (1,2,1). Suppose that T: R?® — RS is a
mapping such that T'(a) = T'(b) = 0 and that T'(c) = (1,—3,6,2,5). State in a short
sentence or two how you know that 1" is not a linear transformation.

Answer:

Suppose that T: R? — R? is a mapping (not identically zero) such that T'(1,1) = (3, —6)
and T'(—2,—2) = (—6,3). State in a short sentence or two how you know that 7" is not a
linear transformation.

Answer:
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9.3. Problems

(1) Let T: V. — W be a linear transformation between vector spaces and let N be a subspace
of W. Define T (N) :={v e V:Tv € N}. Prove that T (V) is a subspace of V.

(2) Prove that a linear transformation 7': R3 — R? cannot be one-to-one and that a linear
transformation S: R? — R? cannot be onto. Generalize these assertions.

(3) Prove that one-to-one linear transformations preserve linear independence. That is: Let
T:V — W be a one-to-one linear transformation between vector spaces and {x1,x2,...,Xn}
be a linearly independent subset of V. Prove that {Txi,Txo,...,T%x,} is a linearly in-
dependent subset of W. Hint. To prove that the vectors Txy,Txo,...,Tx, are linearly
independent, it must be shown that the only linear combination of these vectors which
equals zero is the trivial linear combination. So suppose that > ;| auTx) = 0 and prove
that every ay must be zero. Use the result proved in exercise 7.

(4) The goal of this problem is to understand and write up an introduction to invertible
linear transformations. Your write-up should explain with spectacular clarity the basic
facts about invertible linear transformations. Include answers to the following questions—
giving complete proofs or counterexamples as required. (But don’t number things in your
report to correspond with the items that follow.)

(a) If a linear transformation has a right inverse must it have a left inverse?

(b) If a linear transformation has a left inverse must it have a right inverse?

(c) If a linear transformation has both a left and a right inverse, must it be invertible?
(That is, must the left and right inverse be the same?)

(d) If a linear transformation 7" has a unique right inverse is T' necessarily invertible?
Hint. Consider ST + S — I, where S is a unique right inverse for T

(e) What is the relationship between a linear transformation being one-to-one and onto
and being invertible?

(f) Let {v1,..., vy} be alinearly independent set of vectors in V. What condition should
a linear transformation T': V' — W satisfy so that {T'vy,...,Tv,} is a linearly inde-
pendent subset of W7

(g) Let {uy,...,u,} be a basis for a subspace U of V. What conditions should a linear
transformation T: V. — W satisfy so that {Tuy,...,Tu,} is a basis for the sub-
space T'(U)?

(h) Suppose the vectors vy, ..., v, span the vector space V and T: V — W is a linear
transformation. If {T'vy,...,Tv,} is a basis for W what can you conclude about the
vectors vi,...,v,? What can you conclude about the linear transformation 77

(i) When are two finite dimensional vector spaces isomorphic? (Give a simple—but
nontrivial—necessary and sufficient condition on the spaces.)
(j) Suppose S: V — V is linear and V' has finite dimension. What is the relationship
between the following properties of 57
(1) S is one-to-one.
(2) S is onto.
(3) S is an isomorphism.

(5) A sequence of vector spaces and linear maps
j J
iV sV, S Ve —
is said to be EXACT AT V,, if ran j,, = ker j,11. A sequence is EXACT if it is exact at each
of its constituent vector spaces. A sequence of vector spaces and linear maps of the form

05U — v —*vw_—o (1)

is a SHORT EXACT SEQUENCE. (Here 0 denotes the trivial O-dimensional vector space, and
the unlabeled arrows are the obvious linear maps.)
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(a)
(b)
(c)
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The sequence (1) is exact at U if and only if j is injective.
The sequence (1) is exact at W if and only if k is surjective.
Let U and V be vector spaces. Then the following sequence is short exact:

0—U 25 UxV - 25V _—o0.

The indicated linear maps are defined by
1:U—=UxV:a— (a,0)

and
me: UXV = V:(a,b) —b.

Suppose a < b. Let K be the family of constant functions on the interval [a, b], C! be
the family of all continuously differentiable functions on [a, b], and C be the family of
all continuous functions on [a,b]. Specify linear maps j and k so that the following
sequence is short exact:

k

0—k —- ¢
Let C be the family of all continuous functions on the interval [0,2]. Let E; be
the mapping from C into R defined by Ei(f) = f(1). (The functional F; is called

“evaluation at 17.)
Find a subspace F of C such that the following sequence is short exact.

C —0.

by

0——~F ‘¢ R — 0.

Suppose that the following sequence of finite dimensional vector spaces and linear
maps is exact.

0 SN Vn fn Vn_l fn—l f2

Show that

‘/'1 fl

Vo — 0

n

> (=¥ dim(V;) = 0.

k=0

9.3.1. Definition. It is frequently useful to think of functions as arrows in diagrams.
For example, the situation j: R - U, f: R - S, k: S — T, h: U — T may be
represented by the following diagram.

v o x
h g
W v

J
The diagram is said to COMMUTE (or to be a COMMUTATIVE DIAGRAM) if joh = go f.

Suppose that in the following diagram of vector spaces and linear maps

0 Uy _tow 0
|
J/f ig B
Y
0 U —— V' W 0
]l k/

the rows are exact and the left square commutes. Then there exists a unique linear
map h: W — W’ which makes the right square commute.
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In parts (h)—(k) consider the diagram

J k

0——~U v—tew——0
ol
0— U —=V —= W —>0
]/ k;/

where the rows are exact and the squares commute.
(h) If g is surjective, so is h.
(i) If f is surjective and g is injective, then h is injective.
(j) If f and h are surjective, so is g.
(k) If f and h are injective, so is g.

(6) Let V and W be vector spaces. Prove that (under the usual pointwise operations of
addition and scalar multiplication) £(V, W) is a vector space.
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9.4. Answers to Odd-Numbered Exercises
(1) (a) =2, -1,5,5

(b) 6, 3, —2
(3) line, —% = % =z, plane, 2xr +y —2 =0
(5) (a) 7,8,5

(b) 4,21, 10

(c) 3,14, 5

(d) 1

(e) 2

(7) Pa, DK, H, DK, Pa, H, DO, VA, DL, Pb, VA, H, VA, DK, H, VA, DO, H
(9) sint, cost, y" +y =0

(11) (a) line, % L

2
(b) plane, 2z —y — 2z =10

(13) R* is the span of a, b, ¢, and d, all of which T takes to 0; so were T linear, its range would
contain only O.

(15) T does not map O to O.
(17) If T were linear, then 7'(—2, —2) would be —27'(1,1) = —2(3, —6) = (—6,12).
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LINEAR MAPS BETWEEN EUCLIDEAN SPACES

10.1. Background

Topics: linear mappings between finite dimensional spaces, a matrix as a linear map, the repre-
sentation of a linear map as a matrix.

10.1.1. Proposition. Let T' € £(V,W) where V is an n-dimensional vector space and W is an

m-dimensional vector space and let {e',e?,... e"} be a basis for V. Define an m x n-matriz [T
whose k™ column (1 < k < n) is the column vector TeF. Then for each x € V' we have
Tz = [T)x.

The displayed equation above requires a little interpretation. The left side is T" evaluated at x;
the right side is an m X n matrix multiplied by an n x 1 matrix (that is, a column vector). Then
the asserted equality can be thought of as identifying

(1) two vectors in R™,

(2) two m-tuples of real numbers, or

(3) two column vectors of length m (that is, m x 1 matrices).
If we wished to distinguish rigorously between column vectors and row vectors and also wished to
identify m-tuples with row vectors, then the equation in the preceding proposition would have to
read

Tz = ([T)(«))" .

To avoid the extra notation in these notes we will not make this distinction. In an equation interpret
a vector as a row vector or as a column vector in any way that makes sense.

10.1.2. Definition. If V and W are finite dimensional vector spaces with bases and T € £(V, W),
then the matrix [T in the preceding proposition is the MATRIX REPRESENTATION of T'. It is also
called the STANDARD MATRIX for T

71
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10.2. Exercises
(1) Let T: R* — R3 be defined by
Tx = (1‘1 — 3x3 + x4,2x1 + T2 + T3 + 4,32 — 4T3 + 71’4)

for every x = (x1, 22,23, 74) € R*. (The map T is linear, but you need not prove this.)
(a) Find [T]. Answer:

(b) Find T'(1,-2,1,3). Answer:

(¢) Find ([T)((1,-2,1,3)"))". Answer: .

(d) Find kerT'. Answer: ker T' = span{ b
(e) Find ranT. Answer: ranT =

(2) Let T: R® — R* be defined by

Tx = (131 — 3133,1‘1 + 29 — 6:L‘3,:L‘2 - 3133,1‘1 — 31‘3)

for every x = (1, 22, 73) € R®. (The map T is linear, but you need not prove this.) Then

(a) [T] =
(b) T'(3,-2,4) = .
(c) ker T' = span{ }.
(d) ranT = span{ }.
(3) Let P, be the vector space of all polynomial functions on R with degree strictly less than n.
The usual basis for P, is the set of polynomials 1, ¢, t2, t3, ..., "1, Define T: P3 — P;
by

x u
:/ / p(t)dt
0o Jo
for all z, v € R.

(a) Then the matrix representation of the linear map 7' (with respect to the usual

bases for P3 and Ps is

(b) The kernel of T is
(c) The range of T is span{ }.
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(4) Let Py be the vector space of polynomials of degree strictly less than 4. Consider the
linear transformation D?: Py — Py: f +— f".

(a) Then the matrix representation [DZ] of D? (with respect to the usual basis {1,¢, 2,3}
for Py) is given by [D2] =

(b) ker D? = span{ I
(c) ran D? = span{ b
(5) Let P4 be the vector space of polynomials of degree strictly less than 4 and T': Py — Ps

be the linear transformation defined by (T'p)(t) = (2 + 3t)p(t) for every p € Py and t € R.
Then the matrix representation of 7' (with respect to the usual basis {1,¢,t2,¢3} for Py)

is given by ) )
[T] =
11 0
(6) Let T: R? — R3 be the linear transformation whose standard matrixis [0 1 1 |. We
1 0 -1
know that T is not onto because the only vectors (u,v,w) that are in the range of T are
those that satisfy the relation u + av + bw = 0 where a = and b =

(7) Let T be the linear map from R? to R? defined by
T(z,y,2) = Bx+2y+ 2z, x+ 3z, —y + 4z2).
(a) The matrix representation of T is given by

7] =

(b) The range of T is (geometrically speaking) a whose equation is
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10.3. Problems
(1) Define T': R? — R? by
Tx = (z1 + 229 — w3, 22 + T3)

for all x = (21,2, 23) in R3.

(a) Explain how to find [T], the matrix representation for 7'

(b) Explain how to use [T] to find T'(x) when x = (—1,2,—1).

(c) Explain how to use [T] to find a vector x in R? such that Tx = (0, 1).
Carry out the computations you describe.

(2) Let P be the vector space of all polynomial functions on R with real coefficients. Define
linear transformations 7', D: P — P by

(Dp)(z) = p(z)
and
(Tp)(z) = 2*p(x)
for all z € R.
Explain carefully how to find matrix representations for the linear transformations
D+T, DT, and TD (with respect to the usual basis {1,¢,t?} for the space of polynomials

of degree two or less). Carry out the computations you describe. Use the resulting matrices
to find (D +T)(p))(z), (DTp)(x), and (T Dp)(x) where p(x) = 322 +4x — 3 for all v € R.

(3) Define T: R? — R3 by
Tx = (1 — x2,22 — 1,21 + Z2)

for all x = (21, 2) in R2.

(a) Explain carefully how to find [T], the matrix representation for 7.

(b) How do we use [T] to find T'(1,—2)7

(c) Are there any nonzero vectors x in R? such that Tx = 0? Explain.

(d) Under what conditions is a vector (u,v,w) in the range of T'? Explain.

(4) Let C'([0,1]) be the vector space of all functions defined on the interval [0, 1] which have
continuous derivatives at each point and C([0,1]) be the vector space of continuous func-
tions on [0,1]. Define a function T': C*([0,1]) — C([0, 1]) by

/f ydt + f'(z)

for every x € [0, 1].

(a) Prove that the function 7 is linear.

(b) Let f(x) =sinz and g(z) = cosz for all x € [0,1]. Explain why one of these functions
belongs to the kernel of T" while the other does not.

(5) Let Py be the vector space of polynomials of degree strictly less than 4. Consider the
linear transformation D?: Py — Py: f + f”. Explain carefully how to find [T], the
matrix representation of D? (with respect to the usual basis {1,t,¢2,¢3} for P;). Then
explain how to use [T] to find ker D? and ran D?.
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10.4. ANSWERS TO ODD-NUMBERED EXERCISES
10.4. Answers to Odd-Numbered Exercises
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CHAPTER 11

PROJECTION OPERATORS

11.1. Background

Topics: projections along one subspace onto another.

11.1.1. Definition. Let V be a vector space and suppose that V = M & N. We know that for
each v € V there exist unique vectors m € M and n € N such that v =m + n (see problem 5 in
chapter 6). Define a function Eyn: V — V by Eyyv = n. The function Ejsy is the PROJECTION
OF V ALONG M ONTO N. (Frequently we write E for Fjy;ny. But keep in mind that E depends on
both M and N.)

11.1.2. Theorem. Let V be a vector space and suppose that V.= M & N. If E is the projection
of V along M onto N, then
(i) E is linear;
(i) B =FE  (thatis, E is IDEMPOTENT);
(iii) ran ' = N; and
(iv) ker E = M.

11.1.3. Theorem. Let V be a vector space and suppose that E: V — V is a function which satisfies
(i) E is linear, and
(i) E2=E.
Then
V =ker E ®ran F

and E is the projection of V along ker E onto ran E.

11.1.4. Theorem. Let V be a vector space and suppose that V. = M @& N. If E is the projection
of V along M onto N, then I — E is the projection of V along N onto M.
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11. PROJECTION OPERATORS

11.2. Exercises

(1) Let M be the line y = 2z and N be the y-axis in R2. Then

a a cC a
B = [ %, ] wd (B =[5
wherea=__ ,b=__ ,andc=__

(2) Let P be the plane in R? whose equation is 2 — z = 0 and L be the line whose equations
are y = 0 and * = —z. Let E be the projection of R? along L onto P and F be the
projection of R? along P onto L. Then

a b a a b —a
[E]=1b ¢ b and [Fl=|b b b
a b a —a b a
where a = ,b=__ Landec=_

(3) Let P be the plane in R3 whose equation is  + 2y — 2z = 0 and L be the line whose
equations are r_ Yy = z Let E be the projection of R? along L onto P and F be the

3 2
projection of R? along P onto L. Then
1 a —b c 1 3d 3e —3d
[E]=<| —d d d and [F]:§ d e —d
a—2d —b+2d c+2d 2d 2e —2d
wherea=__ ,b=_ ,¢c=_ ,d=__ ,ande=__

(4) Let P be the plane in R3 whose equation is © — y — 22 = 0 and L be the line whose
equations are z = 0 and y = —z. Let E be the projection of R? along L onto P and F be
the projection of R? along P onto L. Then

a b b b b b

[E]=|—-a ¢ ¢ and [Fl=|a —a —c

a —a —a -a a c
wherea=__ ,b=__ ,andc=__

(5) Let E be the projection of R? along the z-axis onto the plane 3z —y + 2z = 0 and let F
be the projection of R? along the plane 3z — y 4+ 2z = 0 onto the z-axis.

(a) Then [E] =

(b) Where does F' take the point (4,5,1)7 Answer: ( , , ) .
(6) Let M be the y-axis and N be the plane  +y — 2z = 0 in R3.

(a) Then the projection Ejn of R? along M onto N is

(b) The projection Enys takes the vector (3,2,1) to ( ___
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11.3. Problems

(1) Let E be a projection on a vector space. Show that a vector x belongs to the range of F
if and only if Ex = x. Hint. Recall (from Theorems 11.1.2 and 11.1.3) that a projection
is a linear map F such that E? = FE.

Prove Theorem 11.1.2.
Prove Theorem 11.1.3.
Prove Theorem 11.1.4. Hint. Use Theorem 11.1.3.

2
3
4

5) Let P be the plane in R3 whose equation is # — 2 = 0 and L be the line whose equations
are y = 0 and = }z. Explain carefully how to find the matrix representation of the

(2)
(3)
(4)
(5)
2
operator Frp, that is, the projection of R? along L onto P. Carry out the computation
you describe.

(6) Let L be the line in R? whose equations are 2 = y and z = 0, and let P be the plane
whose equation is x —z = 0. Explain carefully how to find the matrix representation of the
operator Erp, that is, the projection of R? along L onto P. Carry out the computation
you describe.

(7) Let P be the plane in R? whose equation is # — 3y + z = 0 and L be the line whose
equations are x = —2y = —z. Explain carefully how to find the matrix representation of
the operator Erp of R? along L onto P and the projection Epy, of R3 along P onto L.

(8) Prove that a linear transformation between vector spaces has a left inverse if and only if
it is injective.

(9) Prove that a linear transformation between vector spaces has a right inverse if and only if
it is surjective.
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11.4. Answers to Odd-Numbered Exercises
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CHAPTER 12

EIGENVALUES AND EIGENVECTORS

12.1. Background

Topics: characteristic polynomial, eigenvalues, eigenvectors, eigenspaces, algebraic multiplicity
and geometric multiplicity of an eigenvalue.

12.1.1. Definition. A number A is an EIGENVALUE of an operator T on a vector space V if
ker(Aly —T') contains a nonzero vector. Any such vector is an EIGENVECTOR of T" associated with
A and ker(Ay — T') is the EIGENSPACE of T associated with A. The set of all eigenvalues of the
operator 7' is its (POINT) SPECTRUM and is denoted by o(T).

If M is an n x n matrix, then det(Al,, — M) (where I, is the n x n identity matrix) is a
polynomial in A of degree n. This is the CHARACTERISTIC POLYNOMIAL of M. A standard way
of computing the eigenvalues of an operator T" on a finite dimensional vector space is to find the
zeros of the characteristic polynomial of its matrix representation. It is an easy consequence of the
multiplicative property of the determinant function (see proposition 3.1.9) that the characteristic
polynomial of an operator T' on a vector space V is independent of the basis chosen for V and
hence of the particular matrix representation of 1" that is used.

12.1.2. Theorem (Spectral Mapping Theorem). If T is an operator on a finite dimensional vector
space and p is a polynomial, then

That is, if o(T) = {\1,..., A}, then o(p(T)) = {p(\1), .. ..,p()\k)}.
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12. EIGENVALUES AND EIGENVECTORS

12.2. Exercises

1 -1 4
(1) fA= |3 2 —1], then the eigenvalue has corresponding eigenvector ( ,1,1),
2 1 -1
the eigenvalue has corresponding eigenvector ( ,4,1) , and the eigenvalue
has corresponding eigenvector ( ,2,1).
0 0 2
(2) Let A= [0 2 0].
2 00
(a) The eigenvalues of A are , , and

(b) The matrix A has a one-dimensional eigenspace.
It is the span of the vector (1, , ).
(¢c) The matrix A has a two-dimensional eigenspace.

It is the span of the vectors ( 1 , 0 , )and (0, 1, ).
010
(3) Choose a, b and ¢ in the matrix A= |0 0 1| so that the characteristic polynomial of
Ais A3 +4X2 45\ 4 6. a b c
Answer: a = b= ;and ¢ =
1 0 -1
(4) Suppose that it is known that the matrix A = |v/3 a 17| has eigenvalues 2 and 3 and
2 0 b
that the eigenvalue 2 has algebraic multiplicity 2. Then a = and b =
. Ja 1 14 48 .
(5) The matrices A = [_2 d] and B = g [48 86} have the same eigenvalues.
Thena = = andd =
3 4 2
(6) Let A= |0 1 2.
0 00
(a) The eigenvalues of A are , , and

(b) The matrix A has three one-dimensional eigenspaces. They are spanned by the vectors

( ) ’ )7 ( ) ) )7 and ( ’ ) )7

respectively.
1 1 11
1 1 11
(7) Let A= 1111
1 1 11
(a) The eigenvalues of A—1I are (which has algebraic multiplicity ) and
(which has algebraic multiplicity ).
(b) The determinant of A — I is .
1 -1 0
(8) Let T be the operator on R?® whose matrix representation is | 0 0 0|. Then the
-2 2 2

eigenvalues of the operator T° — 3T* + T3 — T? + T — 31 are , , and




(1)

(2)

(3)

12.3. PROBLEMS 85

12.3. Problems

Suppose that A and B are n x n matrices. Prove that 0(AB) = o(BA). Hint. Show that
if A is an eigenvalue of AB, then it is also an eigenvalue of BA. Deal with the cases A =0
and A # 0 separately.

Let ¢ € R. Suppose that A is an n X n matrix and that the sum of the entries in each
column of A is ¢. Prove that c¢ is an eigenvalue of A. Hint. Consider the sum of the row
vectors of the matrix A — cl.

This is a problem in cryptography. Read about Hill ciphers, then decode the following
Hill 3-cipher given that the first two words of the plaintext are known to be “My candle”.
(See for example [1], section 11.16.)

OGWGCGWGKK.EWVD.XZJOHZWLNYH USTFAIOS.A.KBN
JRCENYQZV.IE LTGCGWGKC YYBLSDWWODLBVFFOS.H

In many discussions of Hill ciphers letters of the alphabet are assigned numbers from
0 to 25 and arithmetic is done modulo 26. The encoding here is done slightly differently.
Here each letter is assigned its numerical position in the alphabet (including Z which is
assigned 26). Furthermore, a space between words is assigned 27, a comma is assigned 28,
and a period is assigned zero. Thus, for this code, all arithmetic should be done modulo 29.
(One reason for this is that some computer algebra systems have problems calculating
inverses mod 26.) Note: the ciphertext contains exactly three spaces.
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12. EIGENVALUES AND EIGENVECTORS

12.4. Answers to Odd-Numbered Exercises
-1,1,-1,3,1
, 4
(or 6, 2)

~1,3,3,1
-3



CHAPTER 13

DIAGONALIZATION OF MATRICES

13.1. Background

Topics: similarity of matrices, triangular and diagonal matrices, diagonalization, annihilating and
minimal polynomials, algebraic and geometric multiplicity of an eigenvalue, the Cayley-Hamilton
theorem.

13.1.1. Definition. Two operators R and T on a vector space V are SIMILAR if there exists an
invertible operator S on V such that R = S~'TS.

13.1.2. Proposition. If V is a vector space, then similarity is an equivalence relation on £(V).

13.1.3. Definition. Let V be a finite dimensional vector space and B = {e!,...,e"} be a basis
for V. An operator T on V is DIAGONAL if there exist scalars a, ..., oy, such that TeF = age® for
each k € N,,. Equivalently, T" is diagonal if its matrix representation [T] = [t;;] has the property
that t¢;; = 0 whenever i # j.

Asking whether a particular operator on some finite dimensional vector space is diagonal is,
strictly speaking, nonsense. As defined the operator property of being diagonal is definitely not a
vector space concept. It makes sense only for a vector space for which a basis has been specified.
This important, if obvious, fact seems to go unnoticed in many beginning linear algebra texts, due,
I suppose, to a rather obsessive fixation on R™ in such courses. Here is the relevant vector space
property.

13.1.4. Definition. An operator T on a finite dimensional vector space V is DIAGONALIZABLE if
there exists a basis for V' with respect to which 7' is diagonal. Equivalently, an operator on a finite
dimensional vector space with basis is diagonalizable if it is similar to a diagonal operator. If a
matrix D is diagonalizable and A = S~1DS is diagonal, we say that the matrix S DIAGONALIZES D.

13.1.5. Theorem. Let A be an n X n matriz with n linear independent eigenvectors. If S is a
matriz with these eigenvectors as columns, then S diagonalizes A. The entries along the diagonal
of the resulting diagonal matrix are all eigenvalues of A.

13.1.6. Definition. A polynomial is MONIC if its leading coefficient is 1. Thus a polynomial of
degree n is monic if it takes the form " + a,_12" "' + - - 4+ a1 + ao.

13.1.7. Definition. Let p be a polynomial of degree at least one and T" be an operator on some
vector space. We say that p is an ANNIHILATING POLYNOMIAL for 7' (or that p ANNIHILATES T')
if p(T) = 0. For example, if T3 — 4T% + T — 71 = 0, then the polynomial p defined by p(z) =
23 — 42% + 2 — 7 is an annihilating polynomial for 7T

13.1.8. Definition. Let T" be an operator on a finite dimensional vector space. The MINIMAL
POLYNOMIAL of T is the unique monic polynomial of smallest degree which annihilates T". (It is
left as a problem to verify the existence and the uniqueness of such a polynomial: see problem 8.)

13.1.9. Theorem (Cayley-Hamilton Theorem). On a finite dimensional vector space the charac-
teristic polynomial of an operator T annihilates T

Paraphrase: Every matrix satisfies its characteristic equation.
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88 13. DIAGONALIZATION OF MATRICES
13.1.10. Definition. A square matrix A = [a;;| is UPPER TRIANGULAR if a;; = 0 whenever i > j.
A matrix is TRIANGULABLE (or TRIANGULIZABLE) if it is similar to an upper triangular matrix.

13.1.11. Theorem. Let T be an operator on a finite dimensional vector space and let {\1,..., A}
be its distinct eigenvalues. Then:

(1) T is triangulable if and only if its minimal polynomial can be factored into a product of
linear factors. That is, if and only if there are positive integers r1,...,7y such that

mT($) = ($ — )\1)T1 e (Qj‘ — )\k)rk.
(2) T is diagonalizable if and only if its minimal polynomial has the form
mp(z) = (x — A1) ... (x — Ag).

13.1.12. Corollary. Every operator on a complex finite dimensional vector space is triangulable.

13.1.13. Definition. An operator is NILPOTENT if some power of the operator is 0.



13.2. EXERCISES 89

13.2. Exercises

1 11
(1) Let A= |1 1 1|. The characteristic polynomial of A is AP(\ — 3)? where p =
1 11
andg=__
The minimal polynomial of A is A"(A — 3)® wherer = __ and s =
0 1 0 -1
(2) Let T be the operator on R* whose matrix representation is :2 i’ (2) :1 .
2 -1 0 3
The characteristic polynomial of 7" is (A — 2)P where p= ___
The minimal polynomial of T"is (A — 2)" where r =
31 -1
(3) Let T be the operator on R? whose matrix representation is [2 2 —1].
2 2 0
(a) Find the characteristic polynomial of 7.
Answer: cp(A\) = (A= 1)P(A—=2)2wherep=__  andg=__
(b) Find the minimal polynomial of 7'
Answer: mp(A) = (A—1)"(A—2)* wherer=__  ands=__
(c) Find the eigenspaces M; and My of T
Answer: M1 = span { } and My = span { }.
1 0 0 1 -1
0o 1 -2 3 =3
(4) Let T be the operator on R® whose matrix representation is [0 0 -1 2 —2f.
1 -1 1 0 1
1 -1 1 -1 2
(a) Find the characteristic polynomial of T'.
Answer: cr(A\) = (A+1)P(A—1)? wherep=___  andg=__
(b) Find the minimal polynomial of T'.
Answer: mp(A\) = A+ 1)"(A—1)* wherer=___ ands=__
(c) Find the eigenspaces V; and V5 of T.
Answer: V; = span { } and
Vo = span { }.
000 0 O
000 0 O
(5) Let T be an operator whose matrix representationis |3 1 0 0 0
0 0 0 1 2

000 -1 -1

(a) Regarding T as an operator on R find its characteristic polynomial and minimal

polynomial.
Answer: cr(A) = AP(A? + 1)? where p = and ¢ =
and  mp(\) = A" (A2 4+ 1)° where r = and s =

(b) Regarded as an operator on R® is T diagonalizable? . Is it triangulable?
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(c) Regarded as an operator on C® is T’ diagonalizable? __ . Is it triangulable?
2 0 0
(6) Let T be the operator on R? whose matrix representation is |—1 3 2.
1 -1 0
(a) Find the characteristic and minimal polynomials of T'.
Answer: ep(A\) = (A—=1)P(A—2)? wherep=___  andg=___
and  mp(AN)=A—-1)"A—2)°*wherer=___ ands=__
(b) What can be concluded from the form of the minimal polynomial?
Answer:
(c) Find a matrix S (if one exists) that diagonalizes [T]. What is the diagonal form A of
a b a
[T] produced by this matrix? Answer: S= | b b —c| wherea=__ ,b= ,
—b a b
A0 O
andc=__ ;and A= |0 pu 0| where A=_  andpu=___
0 0 u
8 —6 12
(7) Let T be the operator on R? whose matrix representation is |—18 11 18].
-6 —3 26
(a) Find the characteristic and minimal polynomials of 7.
Answer: cp(A) = (A —=5)P(A—20)? wherep=___  andg=___
and  mp(A\)=A—=5)"(A—20)°* wherer=___ ands=__
(b) What can be concluded from the form of the minimal polynomial?
Answer:
(c¢) Find a matrix S (if one exists) that diagonalizes [T]. What is the diagonal form A of
a b ¢
[T] produced by this matrix? Answer: S = (d —a a| wherea=__ , b= ,
b ¢ b
A0 O
c=__ ,andd=__ ;and A= |0 pu O| where A\=__  andpu=__
0 0 u

(8) Let P, be the space of polynomials of degree strictly less than n and D be the differenti-
ation operator on P,. Then
(a) the only eigenvalue of Dis A= __
(b) the corresponding eigenspace is the span of ____;
(c) the algebraic multiplicity of Ais __ ; and
(d) the geometric multiplicity of Ais
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13.3. Problems

(1) Prove that the trace function is a similarity invariant on the family of n x n matrices; that
is, prove that if A and B are similar n x n matrices, then tr A = tr B. Hint. Prove first
that if M and N are n x n matrices, then M N and NM have the same trace.

(2) Prove that the determinant function is a similarity invariant on the family of n xn matrices;
that is, prove that if A and B are similar n X n matrices, then det A = det B.

(3) Prove that if two matrices are diagonalized by the same matrix, then they commute.
(4) Prove that if a matrix A is diagonalizable, then so is every matrix similar to A.

(5) Show that if A is an n x n matrix of real (or complex) numbers, then tr A is the sum of
the eigenvalues of A and det A is their product.

(6) Suppose that T is an operator on a finite dimensional complex vector space and that
o(T) = {0}. Show that T is nilpotent.

(7) Let T be an operator on a finite dimensional vector space.

(a) Show that if p is an annihilating polynomial for T, then the minimal polynomial mp
divides p. Hint. Suppose that p annihilates 7' (so that the degree of p is at least as
large as the degree of myp). Divide p by mp. Then there exist polynomials ¢ (the
quotient) and r (the remainder) such that

p=mrq+r and degree of r < degree of mr.

Conclude that r = 0.

(b) Show that the minimal polynomial mz and the characteristic polynomial ¢r have
exactly the same roots (although not necessarily the same multiplicities). Hint. To
show that every root of mr is also a root of ¢, it is enough to know that my divides
cr. Why is that true?

To obtain the converse, suppose that A is a root of ¢p: that is, suppose that A is an
eigenvalue of T'. Use the spectral mapping theorem 12.1.2 to show that mp(\) = 0.

(8) Let T be an operator on a finite dimensional vector space V. Show that there is a unique
monic polynomial of smallest degree which annihilates 7. Hint. This asks for a proof
of the existence and the uniqueness of the minimal polynomial for the operator T. The
existence part is easy: If there are any polynomials at all which annihilate T', surely there
is one of smallest degree. (How do we know that there is at least one polynomial that
annihilates 7'7) We want the annihilating polynomial of smallest degree to be monic—is
this a problem?

To verify the uniqueness of the minimal polynomial, consider the case of degree one
separately. That is, suppose that p and ¢ are monic annihilating polynomials of degree
one. How do we know that p = ¢7 Then consider polynomials of higher degree. Suppose
that p and ¢ are monic annihilating polynomials of smallest degree k where & > 1. What
can you say about p — ¢?
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CHAPTER 14

SPECTRAL THEOREM FOR VECTOR SPACES

14.1. Background

Topics: the spectral theorem for finite dimensional vector spaces (writing a diagonalizable operator
as a linear combination of projections).

The central fact asserted by the finite dimensional vector space version of the spectral theorem
is that every diagonalizable operator on such a space can be written as a linear combination of
projection operators where the coefficients of the linear combination are the eigenvalues of the
operator and the ranges of the projections are the corresponding eigenspaces. Here is a formal
statement of the theorem.

14.1.1. Theorem (Spectral theorem: vector space version). Let T be a diagonalizable operator
on a finite dimensional vector space V, and A\i,...,\; be the (distinct) eigenvalues of T'. For
each j let M; be the eigenspace associated with \; and Ej; be the projection of V' onto M; along
My+---+Mj_1+ Mjq+---+ M. Then
(i) T=ME1 + -+ M\ B,
(i) I=E1+---+ E), and
(ili) E3E; =0 when i # j.

For a proof of this result see, for example, [8], page 215, theorem 11.
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14. SPECTRAL THEOREM FOR VECTOR SPACES
14.2. Exercises
. .| =7 8
(1) Let T be the operator on R? whose matrix representation is [_1 6 17} :

(a) Find the characteristic polynomial and minimal polynomial for 7'

Answer: cp(\) = and mp(\) =
(b) The eigenspace M associated with the smaller eigenvalue \; is the spanof (1, ).
(c) The eigenspace My associated with the larger eigenvalue Ay is the spanof (1, ).

(d) We wish to write T" as a linear combination of projection operators. Find the (matrix
representations of the) appropriate projections E; and Es onto the eigenspaces M
and Mo, respectively.

b _
Answer: E; = [Z b]’ where a =  and b= __ , and Fy = [_2 ccl] , where
c=___ _andd=__

(e) Compute the sum and product of £ and Ej.
Answer: Ey + Ey = cand E1Ey =

(f) Write T as a linear combination of the projections found in (d).

Answer: [T] = Ey + Es.
(g) Find a matrix S which diagonalizes [T]. What is the associated diagonal form A
of [T]?
11
Answer: S = a b,whereaziandbzi,andA:

(2) Let T be the operator on R3 whose matrix representation is

-2 -1 —6
-6 -1 —12
2 1 6

(a) Find the characteristic polynomial and minimal polynomial for 7'

Answer: cp(A) = and mp(\) = .
(b) The eigenspace M associated with the smallest eigenvalue A is the spanof (3, , ).
(c) The eigenspace My associated with the middle eigenvalue Ag is the spanof (1, , ).
(d) The eigenspace M3 associated with the largest eigenvalue Ag is the spanof (1, , ).
(e) We wish to write T" as a linear combination of projection operators. Find the (matrix

representations of the) appropriate projections Fy, Eo, and E3 onto the eigenspaces
My, My, and M3, respectively.

a ¢ a -b d ¢ c —d —a
Answer: 1= {2a ¢ 2a|;Ey=1|—-2a a <c|;andE3= |c —b —2a|, where
-b ¢ b b —d c c d a
a=__,b=__ ,c=__,andd=___
(f) Write T" as a linear combination of the projections found in (e).
Answer: [T] = B+ By + Es.

(g) Find a matrix S which diagonalizes [T]. What is the associated diagonal form A
of [T]?
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a b b
Answer: S=|2a a c|,wherea=___ ,b=__ ,andc= __ ,and
—c —=b b

A:

(3) Find a matrix A whose eigenvalues are 1 and 4, and whose eigenvectors are (3,1) and
(2,1), respectively.

Answer: A =
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CHAPTER 15

SOME APPLICATIONS OF THE SPECTRAL THEOREM

15.1. Background

Topics: systems of linear differential equations, initial conditions, steady state solutions, the func-
tional calculus for operators on finite dimensional vector spaces, Markov processes.

15.1.1. Theorem. Let

du

— = Au 15.1.1

o ( )
be a vector differential equation (that is, a system of ordinary linear differential equations) where
A is an n x n matriz and suppose that ug = u(0) is an initial value of the system. If A is

a diagonalizable matriz (so that A = SAS™! for some diagonal matriz A and some invertible
matriz S), then the equation (15.1.1) has the solution

u(t) = etug = St S tuy.

15.1.2. Definition. A MARKOV MATRIX is a square matrix with nonnegative entries and with
each column adding to 1.

15.1.3. Proposition (Facts about Markov matrices.). Let A be a Markov matriz. Then
(i) Ay =1 is an eigenvalue.
(ii) The eigenvector e; corresponding to A1 is nonnegative and it is a steady state.
(iii) The other eigenvalues satisfy |Ag| < 1.
(iv) If any power of A has all entries strictly positive, then |\g| < 1 for all k # 1 and AFug —
U, where the steady state us, is a multiple of eq.
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15.2. Exercises

1 -1

(a) The eigenvalues of A are A\; = and Ay =

(1) Let A — {_1 1].

(b) The corresponding eigenvectors are e; = (1,a) and es = (a, —a) where a = ___
L+e® 1—¢et

l—e bt 14ebt wherea =_  andb=__ .

(c) Then et =qa [

d
(d) Let u(t) = (z(t),y(t)). The general solution to the system of equations d—ltl = Au

with initial conditions zp = 3 and yp = 1 is x(t) = a + be~ and y(t) = a — be™*
wherea=_ b= ,andc=__

du
(e) Find the steady state solution to the system - = Au under the initial condi-

tions given in (d). That is, find us = BOO] where oo = limy_o0 2(t) and yo =
o0

limy o0 y(2).

Answer: Uso =

(2) Suppose that at time t the population y(t) of a predator and the population z(t) of its
prey are governed by the equations

dx
= =4z —2
aw T
dy

If at time t = 0 the populations are x = 300 and y = 200, then the populations at
all future times ¢ are z(t) = ae® + 200e and y(t) = de®* + ae where where a = |
b=_ _,c=__,andd=___ . The long run ratio of populations of prey to predator
approaches _ to

(3) Use matrix methods to solve the initial value problem consisting of the system of differential

equations

d
d—?:élu—v—w
Wyt

— =u v —w
dt

d
di::u—v—FQw

and the initial conditions
u(0) =2 v(0) = -2 w(0) =T.

Answer: u(t) = ae® — e; v(t) = ae? — ce™; and w(t) = ae® + de® where a =

b= ,C = ,and d =
(4) Consider the initial value problem: y” —y’ — 2y = 0 with the initial conditions yo = 3 and
/

d
(a) Express the differential equation in the form M _ Au where u = (y,2) and z = ¢/.

Then A is the matrix [z ZIZ] wherea=__ ,b=__ ,andc=___
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(b) The smaller eigenvalue of A is and the larger is . The corresponding

eigenvectors are (1,a) and (1,b) where a = and b =
(c) The diagonal form of A is A = [8 2] where a = and b =
(d) Find the diagonalizing matrix S for A. That is, find S so that A = S~1AS. Answer:

S = [1 1} where a = and b =

a b
. 1 beCt 4 edt _ect 4 edt
At — ey = =

(e) The matrix e”" is - |:b66t Gbedt oot 4 pedt where a b ,C ,

and d =
(f) The solution to the initial value problem is y(t) =

(5) Use the spectral theorem to solve the initial value problem
y/// o gy// + 2y/ — 0

where y(0) =2, ¥/(0) = 0, and y"(0) = 3.
Answer: y(t) = a+be! + ce® where a = , b= ,C= ,and d =

1
(6) Let Go =0 and G; = 3 For each k > 0 let G2 be the average of Gy and Gj1.
(a) Find the transition matrix A which takes the vector (Gy.t1, Gk) to the vector (Ggi2, Git1).

Answer: A =

(b) Find a diagonal matrix A which is similar to A.

Answer: A =

(¢) Find a matrix S such that A = SAS™!.

Answer: S =

(d) Determine the long run behavior of the numbers Gy.

Answer: Gy = limy_,oo G, =

—-16 17
theorem to find v/T. (A square root of T is an operator whose square is T.)

Answer: \/T:[_bl (j wherea=__ ,b=__ ,andc=___

(7) Let T be the operator on R? whose matrix representation is { B 8 ] . Use the spectral

4 3

(8) Let A = L )

]. Find A% (Write an ezact answer—mnot a decimal approximation.)

1
Answer: A00 — 1
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2 =21
(9) Let T be the operator on R? whose matrix representation is |—1 1 1/.
(a) Write T as a linear combination of projections. -1 20
Answer: T = ¢1 E1 + coFEy + c3FE3 where ¢; = , Co = , C3 = ,
a b —=b b a b b —=b a
EFi=]la b —-b|,Ey=1|b a bl,and E3=|—-b b a| wherea= ___ and
a —=b b b a b b b a
(b) Calculate the following: FyFEs = i E\Eg = ;
EyEs =
(c) By +Ey + E3 =
(d) Write T3 as a linear combination of E, Fs, and Ej3.
Answer: T3 = B+ Es+ Es.
(10) Let A be the matrix whose eigenvalues are A\ = —1, Ao = 1/2, and A3 = 1/3, and whose
1 1 0
corresponding eigenvectors are e; = [0, ex = [—1|, and e3 = [—1].
1 0 0
ug
(a) Solve the difference equation x;11 = Axy (where x; = | v |) subject to the initial
10 Wk
condition xg = [20].
30
Answer: uy, = a(=b)F — cd*, vy = cd*, and wy = a(—b)* wherea = |, b = ,
c=__ ,andd=__
(b) Each xj, can be written as a linear combination of the vectors ( , , )
and ()
(c) The value of x19gp is approximately ( , , ) .

d
(11) Let A be as in the preceding exercise. Solve the differential equation —)t( = Ax subject to

10
the initial conditions xo = |20|. Answer: x(t) = (ae™" — be®, be®,ae™") wherea =
30
b=__ ,andc=___
(12) Suppose three cities A, B, and C are centers for trucks. Every month half of the trucks in
A and half of those in B go to C. The other half of the trucks in A and the other half of

the trucks in B stay where they are. Every month half of the trucks in C go to A and the
other half go to B.
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agp
(a) What is the (Markov) transition matrix which acts on the vector | by | (where ag is
the number of trucks initially in A, etc.)? co

Answer:

(b) If there are always 450 trucks, what is the long run distribution of trucks? Answer:

aooziaboozivcoozi'
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15. SOME APPLICATIONS OF THE SPECTRAL THEOREM

15.3. Problems

(1) Initially a 2100 gallon tank M is full of water and an 1800 gallon tank N is full of water
in which 100 pounds of salt has been dissolved. Fresh water is pumped into tank M at a
rate of 420 gallons per minute and salt water is released from tank N at the same rate.
Additionally, the contents of M are pumped into N at a rate of 490 gallons per minute
and the contents of N are pumped into M at a rate sufficient to keep both tanks full.

How long does it take (to the nearest second) for the concentration of salt in tank M
to reach a maximum? And how much salt is there (to three significant figures) in M at
that time?

(2) Show that if A is a diagonalizable n X n matrix, then
det(exp A) = exp(tr A).
Hint. What would be a reasonable definition of exp A if A were a diagonal matrix?
(3) Explain carefully how to use matrix methods to solve the initial value problem
y'—y —6y=0
under the initial conditions yo = —2 and yj, = 14. Carry out the computations you
describe.

(4) Explain carefully how to use matrix methods to solve the initial value problem consisting
of the system of differential equations

dv

o utw v(0) =5
and the initial conditions

dw w(0) = =3

U

Carry out the computation you describe.

(5) Show how to use the spectral theorem to solve the initial value problem consisting of the
system of differential equations

du

Ez—?u—5v—|—5w
d
d—§:2u+3v—2w
d
d—rf:—Su—M—l—ﬁw

and the initial conditions
u(0) =2 v(0) =1 w(0) = —1.

(6) Explain carefully how to use the spectral theorem to find a square root of the matrix

2 1 . . . .
A= [ ] . Illustrate your discussion by carrying out the computation.

12
010
(7) Let A= |0 0 0].
000

(a) Does A have a cube root? Explain.
(b) Does A have a square root? Explain.
(8) Let A be a symmetric 2 x 2 matrix whose trace is 20 and whose determinant is 64. Suppose

that the eigenspace associated with the smaller eigenvalue of A is the line x —y = 0. Find
a matrix B such that B% = A.
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15.4. ANSWERS TO ODD-NUMBERED EXERCISES
15.4. Answers to Odd-Numbered Exercises

o~ (o]

_ I\ 1_|_
-~ -~ ~ AN AN -
011,22_|_5

\l/\l/\l/\l/\l/ N
< O O T (D]
~—_ e — ~— -~

—~ —~

— e

~— ~—

(d) -1, 1, 27

(7) 27 _47 5
(11) 30, 20,






CHAPTER 16

EVERY OPERATOR IS DIAGONALIZABLE PLUS
NILPOTENT

16.1. Background

Topics: generalized eigenspaces, nilpotent operators

16.1.1. Definition. An operator T on a vector space is NILPOTENT if 7™ = 0 for some n € N.
Similarly, a square matrix is NILPOTENT if some power of it is the zero matrix.

16.1.2. Theorem. Let T be an operator on a finite dimensional vector space V. Suppose that the
minimal polynomial for T factors completely into linear factors

mr(z) = (x— A1) (= X))

where A1, ...\, are the (distinct) eigenvalues of T'. For each j let W; = ker(T' — \;I)"7 and E; be
the projection of V- onto W; along Wy +--- +W;_1 +Wjjq1 +--- +Wy. Then

V=W eWy@. oW,
each Wj is invariant under T', and I = Eq + --- + Ej.. Furthermore, the operator
D=ME)+ -+ MNEg
1s diagonalizable, the operator
N=T-D
s nilpotent, and N commutes with D.

16.1.3. Corollary. Fvery operator on a finite dimensional complex vector space is the sum of a
diagonal operator and a nilpotent one.

16.1.4. Definition. Since, in the preceding theorem, T'= D + N where D is diagonalizable and N
is nilpotent, we say that D is the DIAGONALIZABLE PART of T and N is the NILPOTENT PART of 7.
The subspace W; = ker(T'— A\;I)"7 is GENERALIZED EIGENSPACE associated with the eigenvalue ;.

105



106 16. EVERY OPERATOR IS DIAGONALIZABLE PLUS NILPOTENT
16.2. Exercises
2 - o121
(1) Let T be the operator on R® whose matrix representation is 14l

(a) Explain briefly why 7" is not diagonalizable.

Answer:

a b

(b) Find the diagonalizable and nilpotent parts of 7. Answer: D = [b a

} and

N:[_C j wherea=__ ,b=__ ,andc=___

(2) Let T be the operator on R? whose matrix representation is [;l _02] .

(a) Explain briefly why 7T is not diagonalizable.

Answer:

(b) Find the diagonalizable and nilpotent parts of 7. Answer: D = [ ] and

ol ]

1 10
(3) Let T be the operator on R3 whose matrix representation is {0 1 0].
0 00
(a) The characteristic polynomial of 7" is (A\)P(A —1)? where p = ___ and ¢ = ___
(b) The minimal polynomial of T"is (A\)"(A —1)® wherer = and s = ____
(c¢) Explain briefly how we know from (b) that 7" is not diagonalizable.
Answer: .
(d) The eigenspace M; (corresponding to the smaller eigenvalue of T') isspan{(___, | 1)}
and the eigenspace My (corresponding to the larger eigenvalue) isspan{(1, ___, )}
(e) Explain briefly how we know from (d) that 7" is not diagonalizable.
Answer:

(f) The generalized eigenspace W; (corresponding to the smaller eigenvalue) is W) =
span{(___, __, 1)} and the generalized eigenspace W5 (corresponding to the larger
eigenvalue) is span{(1,a,a) , (a,1,a)}, where a = ___

a a a
(g) The (matrix representing the) projection E; of R along Wo onto Wi is |a a a
a a b
wherea=__  andb=__ . i
a b b
(h) The (matrix representing the) projection Ey of R along W; onto Wa is |b b
b b b
wherea =_  andb=__ . i
a b b
(i) The diagonalizable part of T'is D = [b a b| and the nilpotent part of T' is
b a b b b b
N=|b b b| wherea=___ andb=__

b b b
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a b a
(j) A matrix S which diagonalizes D is ¢ a b| wherea=__ and b= ___
b a a
a a a
(k) The diagonal form A of the diagonalizable part D of T'is |a b a| wherea = _
a a b
and b=
(I) Show that D commutes with N by computing DN and ND.
a b a
Answer: DN =ND = |a a a| wherea=___ andb=__
a a a 11 0
(4) Let T be the operator on R? whose matrix representation is {0 1 1
0 0 0
(a) The characteristic polynomial of 7" is (A\)P(A —1)? where p=__ and¢=__ .

(b) The minimal polynomial of T"is (A\)"(A —1)° wherer = ___ and s = ___
(c) Explain briefly how we know from (b) that 7" is not diagonalizable.

Answer:

(d) The eigenspace M; (corresponding to the smaller eigenvalue of T') isspan{(1, ___, )}
and the eigenspace My (corresponding to the larger eigenvalue) is span{(1, ___,

(e) Explain briefly how we know from (d) that 7" is not diagonalizable.

Answer:

(f) The generalized eigenspace W; (corresponding to the smaller eigenvalue) is W) =
span{(1 , __, _ )} and the generalized eigenspace Wy (corresponding to the
larger eigenvalue) is span{(1,a,a) , (a,1,a)}, where a = ___.

a a b]

(g) The (matrix representing the) projection E; of R? along Ws onto Wy is |a a —b

a a b
wherea=_ and b= .
a b —al

(h) The (matrix representing the) projection Eo of R? along Wy onto Wais |{b a a

b b b
wherea = and b= __ . )
a b —a
(i) The diagonalizable part of T'is D = [b a a | and the nilpotent part of T" is
b a a b b b
N=1|b b b| wherea=___ andb=__
b b b
a a b
(j) A matrix S which diagonalizes Dis |—a b a| wherea=__ and b= ___
a b b
a a a
(k) The diagonal form A of the diagonalizable part D of T'is |a b a| wherea = ___
a a b
and b= __
(1) When comparing this exercise with the preceding one it may seem that the correct
1 00

answer to part (i) should be that the diagonalizable part of T'is D= |0 1 0| and
000
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010
the nilpotent part of [T] is N = [0 0 1|, because D is diagonal, N is nilpotent,
0 0 0
and [T] = D + N. Explain briefly why this is not correct.
Answer:
3 1 -1
(5) Let T be the operator on R3 whose matrix representation is |2 2 —1].
2 2 0
(a) The characteristic polynomial of T"is (A — 1)?(A —2)? wherep = ___ and ¢ = ___ .
(b) The minimal polynomial of T"is (A —1)"(A —2)°* wherer = and s = ___
(c) The eigenspace M (corresponding to the smaller eigenvalue of T') isspan{(1, _ , )}

)}

and the eigenspace My (corresponding to the larger eigenvalue) is span{(1, |

(d) The generalized eigenspace W7 (corresponding to the smaller eigenvalue) is

span{(1, __, _ )} and the generalized eigenspace W5 (corresponding to the larger
eigenvalue) is span{(1,a,b) , (0,b,a)}, wherea = ___ and b= ___ .
a a b
(e) The diagonalizable part of T'is D = | b ¢ b| and the nilpotent part of T is
—c ¢ ¢
c b —a
N=|c b —a| wherea=___ ,b=__ ,andc=__
2c b —c
a a b
(f) A matrix S which diagonalizes D is |b a ©b| where a = , b= , and
c b a

CcC =

A 00
(g) The diagonal form A of the diagonalizable part D of T'is [0 u 0| where A =
0 0 p

and p = __ .
(h) Show that D commutes with N by computing DN and N D.
a b —c
Answer: DN=ND=|a b —c| wherea=___ ,b=__ ,andc=__
20 b —a
0 1 0 -1
(6) Let T be the operator on R* whose matrix representation is :; ? g :1
2 -1 0 3
(a) The characteristic polynomial of T is (A — 2)P where p =
(b) The minimal polynomial of 7" is (A — 2)" where r =
a b b b
. . . b a b b
(c) The diagonalizable part of T is D = b b oa b wherea = and b=
b b b a
—a b ¢ —b
. . a b ¢ —-b
(c) The nilpotent part of T'is N = | b e —b wherea=__ ,b= , and
€T — a —b c b



(7) Let T be the operator on R® whose matrix representation is

16.2. EXERCISES

(a) Find the characteristic polynomial of T'.

Answer: cp(A) = A+ 1)P(A—1)? where p =

(b) Find the minimal polynomial of 7T

Answer: mp(A) = (A+1)"(A—1)° where r = ___

(c¢) Find the eigenspaces M; and M of T'.

Answer: M; = span{(a, 1,b,a,a)} where a =

My = span{(1,a,b,b,b), (b,b,b,1,a)} where a =
(d) Find the diagonalizable part of T

a b b
b a —c
Answer: D= (b b —a
b b b
b b b
(e) Find the nilpotent part of
(o a a
a a a
Answer: N=|a a a
b —-b b
b —-b b

b

&
&
a
b

T

b
b

a

—b
—b

b
—c
—c| wherea =
b
a
—b
—b
a | wherea =
b
b

SN W -

1 0 0
0o 1 =2
0 0 -1
1 -1 1
1 -1 1
and ¢q = .
and s =
~_andb=___ ;and
~_and b= __
,b=_ Landc=__
andb=__ .

-1

2.

109

(f) Find a matrix S which diagonalizes the diagonalizable part D of T. What is the
diagonal form A of D associated with this matrix?

a
b
Answer: S = |b
a
a

—a

0

and A=10
0

0

Q@ Q 2 <

OO O O

a

[SEESERSERS

S o e OO

a

SIS IS S

a

[SplS RS IS

O OO o

ISEieslieniian R an)

where a =

where a =

__and b= __ .
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16.3. Problems
(1) Explain in detail how to find the diagonalizable and nilpotent parts of the matrix A =

-3 -4 5
6 8 —6/|. Carry out the computations you describe.
-2 -1 4
2 0 -2
(2) Consider the matrix A= |0 0 2 [|. In each part below explain carefully what you are
02 0

doing.
(a) Find the characteristic polynomial for A.
(b) Find the minimal polynomial for A. What can you conclude from the form of the
minimal polynomial?
(c) Find the eigenspace associated with each eigenvalue of A. Do the eigenvectors of A
span R3? What can you conclude from this?
(d) Find the generalized eigenspaces W7 and Wy associated with the eigenvalues of A.
(e) Find the projection operators Ej of R3 onto W, along Wy and Es of R? onto Ws
along W7.
(f) Find the diagonalizable part D of A. Express D both as a single matrix and as a
linear combination of projections.
(g) Find a matrix S which diagonalizes D. What is the resulting diagonal form A of D?
(h) Find the nilpotent part N of A. What is the smallest power of N which vanishes?

1 -1 0
(3) Let T be the operator on R? whose matrix representation is [1 3 —1].
0 0 1
(a) Explain how to find the characteristic polynomial for 7. Then carry out the compu-

tation.

(b) What is the minimal polynomial for a matrix? Find the minimal polynomial for T
and explain how you know your answer is correct. What can you conclude from the
form of this polynomial?

(c) Find the eigenspaces associated with each eigenvalue of T'. Do the eigenvectors of T
span R3? What can you conclude from this?

(d) Find the generalized eigenspaces W7 and Wy associated with the eigenvalues of T'.

(e) Find the projection operators E; of R® onto Wi along W and Ey of R® onto Wo
along W1.

(f) Find the diagonalizable part D of T. Express D both as a single matrix and as a
linear combination of projections.

(g) Find a matrix S which diagonalizes D. What is the resulting diagonal form A of D?

(h) Find the nilpotent part N of T. What is the smallest power of N which vanishes?
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16.4. ANSWERS TO ODD-NUMBERED EXERCISES 111

16.4. Answers to Odd-Numbered Exercises

(a) The single one-dimensional eigenspace does not span R2. (OR: the minimal polyno-
mial (A — 3)? has a second degree factor—see theorem 13.1.11.)

(b) 3,0,1
(a) 1,2

(b) 1,2

(¢) The minimal polynomial has a second degree factor (see theorem 13.1.11).
(d) 0,0,0,0
(e) The eigenspaces do not span R3.
(f) 0,0,0
(g) 0,1

(h) 1,0

(i) 1,0

(j) 0, 1

(k) 0,1

(1) 0,1

(a) 1,2

(b) 1,2
(¢)0,2,1,2
(d)0,2,1,0
(e) 1,0,2
(f) 1,0, 2
(g) 1,2

(h) 4,0, 2
(a) 1,4

(b) 1,2

(¢) 0,1,1,0
(d) 1,0,2
(e) 0,1

(f) 0, 1,1
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CHAPTER 17

COMPLEX ARITHMETIC

17.1. Background

Topics: complex arithmetic, absolute value and argument of a complex number, De Moivre’s
theorem.
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PN —

DR p—

21+ 71
3) \

17.2. Exercises

| =avbwherea=__ andb=
1—2¢

(4) Arg(—2v/3 + 2i) = .
2 -3 —(1+2V3)i

(5) Let z = T2 . Then 2'% = a(1 — bi) where a = and b = ,
i
1219 = , and Arg 2! =
1

6) If z = — (1 — 1), then 23%° = a + bi where a = and b =

(6) 7 (1—1) .

(7) The cube roots of —27 are a + bi, a — bi, and ¢ + di where a = , b= ,
c= ,andd = _

(8) The complex number w = 1+ 2¢ has 13 thirteenth roots. The sum of these roots is a + bi
where a = and b =

(9) Let 21 = (1,4, 1+14), 20=(i,0,1—14), and 23 = (—1, 1+ 2i, 7+ 3i). Show that the set
{21, 22, 23} is linearly dependent in C? by finding scalars a and 3 such that az; + Bzo —

zZ3 = 0.
Answer: o = and 8 =
1 1 i
(10) Let A = (1) 1 j—z (1] ' |. Then the rank of A is and the nullity of A is .
2 0 2 2
0 1 1 L[ —2a c  —2b
(11) Let A= |0 ¢ 1|. Then A~'==|a+b —a—b ¢ | wherea = b= ,
. 2
KA a—b a+b c
and ¢ =
i 0 —1 —a—ai b+4ai —a-+bi
(12) f A= | —-2i 1 —1—4i|,then A~! = a—di —c+ai —a—di| wherea=__ |
2—14 14 3 —a+bi bt+ai —a+b
b=_ ,c=__ ,andd=___
(13) Consider the initial value problem: y” + 4y = 0 with the initial conditions yg = 3 and
Yy = 2.
(a) Express the differential equation in the form M _ Au where u = (y,2) and z = ¢/.
Then A is the matrix [_a 2} wherea=__ ,b=_  ,andc=__
(b) The eigenvalues of A are and ; and the corresponding eigenvectors are

(1,a) and (1, —a) where a =
a

(¢) The diagonal form of A is A = [O .

} where a =
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(d) Find the diagonalizing matrix S for A. That is, find S so that A = S~'AS. Answer:

S = {1 ] where a =
a —
(e) Find the matrix e/, Express your answer in terms of real trigonometric functions—
: t) ag(t)
not complex exponentials. Answer: edt = [ I where a = ,
P P —byg(t)  f(t)
b= yf)=___  Jandg(t) = .
(f) The solution to the initial value problem is y(t) =
5 —12
(14) Let A = [2 _5].
(a) Find the eigenvalues of A. Answer: \; = ; Ao =

(b) Find a factorization of A in the form SAS~! where A is a diagonal matrix.

Answer: S = A= ;S =

(¢) Find a square root of A. Answer: /A =
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17. COMPLEX ARITHMETIC

17.3. Problems
(1) Explain in detail how to find all the cube roots of i.

(2) Show that three points zj, 22, and z3 in the complex plane form an equilateral triangle if
and only if
2%+ 2% + 2% = 2120 + 2123 + 2023



17.4. ANSWERS TO ODD-NUMBERED EXERCISES

17.4. Answers to Odd-Numbered Exercises

1) -%
(3) 7,2
(5) 512, V/3, 1024, —%
(7) %7 %7 _37 0
(9) 2—i,1+3i
) 1,4, 0
) (a) 0,1,4
(b) 2, —2i, 2i
(c) 21
(d) 2i
(e) %, 2, cos 2t, sin 2t,
(f) 3cos2t+sin2t
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CHAPTER 18

REAL AND COMPLEX INNER PRODUCT SPACES

18.1. Background

Topics: inner products in real and complex vector spaces, the Schwarz inequality, the parallelogram
law, the Pythagorean theorem, the norm induced by an inner product, the metric induced by a norm,
orthogonal (or perpendicular) vectors, the angle between two vectors, rowspace and columnspace
of a matrix.

18.1.1. Definition. Let V be a (real or complex) vector space. A function which associates to
each pair of vectors x and y in V' a (real or complex) number (x,y) (often written x-y) is an INNER
PRODUCT (or a DOT PRODUCT) on V provided that the following four conditions are satisfied:

(a) If x,y,z €V, then

(x+y,2) = (x2) +(y,2).
(b) If x,y € V and « € C (or R), then
(ax,y) = alx,y).
(c) If x, y € V, then
(x,y) = (v:%).
(d) For every nonzero x in V' we have (x,x) > 0.

Conditions (a) and (b) show that an inner product is linear in its first variable. It is easy to see
that an inner product is conjugate linear in its second variable. (A complex valued function f
on V is CONJUGATE LINEAR if f(x +y) = f(x) + f(y) and f(ax) = af(x) for all x, y € V and
a € C.) When a mapping is linear in one variable and conjugate linear in the other, it is often called
SESQUILINEAR (the prefix “sesqui-” means “one and a half”). Taken together conditions (a)—(d)
say that the inner product is a positive definite conjugate symmetric sesquilinear form. When a
vector space has been equipped with an inner product we define the NORM (or LENGTH) of a vector

x by
X[ == v/ (x,x);

(Notice that this is same definition we used in 4.1.2 for vectors in R™.)

18.1.2. Notation. There are many more or less standard notations for the inner product of two
vectors x and y. The two that we will use interchangeably in these exercises are x -y and (x,y).

18.1.3. Example. For vectors = = (x1,x9,...,2,) and y = (y1,¥2,. .., yn) belonging to R™ define

n
<-’L',y> = Zwkyk .
k=1

Then R™ is an inner product space.

18.1.4. Example. For vectors z = (z1,x9,...,2,) and y = (y1,¥2,. .., yn) belonging to C™ define

n
k=1

Then C™ is an inner product space.
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18.1.5. Example. Let [y be the set of all square summable sequences of complex numbers. (A
sequence = = (z1)72, is SQUARE SUMMABLE if > o, |zx|> < 00.) (The vector space operations are
defined pointwise.) For vectors x = (x1,x2,...) and y = (y1,¥2, ... ) belonging to lo define

[e.e]
x,y) = Zxk%
k=1
Then [ is an inner product space. (It is important to recognize that in order for this definition to

make sense, it must be verified that the infinite series actually converges.)

18.1.6. Example. For a < b let C([a, b]) be the family of all continuous complex valued functions
on the interval [a,b]. For every f, g € C([a,b]) define

/f

18.1.7. Definition. Let x and y be nonzero vectors in a real vector space V. Then £(x,y), the
ANGLE between x and y, is defined by

Then C([a, b]) is an inner product space.

(x,y)
[l
(Notice that this is the same definition as the one given in 4.1.3 for vectors in R™.)

£(x,y) = arccos

18.1.8. Definition. Two vectors x and y in an inner product space V are ORTHOGONAL (or
PERPENDICULAR) if (x,y) = 0. In this case we write x L y. Similarly if M and N are nonempty
subsets of V' we write M | N if every vector in M is orthogonal to every vector in N. When one
of the sets consists of a single vector we write x L N instead of {z} L N. When M is a nonempty
subset of V' we denote by M* the set of all vectors = such that L. N. This is the ORTHOGONAL
COMPLEMENT of M.

18.1.9. Definition. A real valued function f on an inner product space V' is UNIFORMLY CONTIN-
UOoUs if for every number € > 0 there exists a number ¢ > 0 such that |f(z) — f(y)| < € whenever
|z —y|| <din V.

The following result is one we have already seen for R™ (see 4.1.4).

18.1.10. Theorem (Cauchy-Schwarz inequality). If x and y are vectors in a (real or complex)
mner product space, then

[y < Iyl
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18.2. Exercises

(1) In C3 let x = (3 +2i,1 —4,i) and y = (1 —2i,1 —4,4 +4). Then |x| = |l =
_ and (x,y) = .

(2) In C% let x = (2 — 4i,4i) and y = (2 + 44,4). Then [|x| = Dyl = . and
xy)=___.

(3) In C% let x = (3 —24,v/34) and y = (1 +4,1 —4). Then ||x| = Ayl = - and
(x,y)=1—+va+ (ya—b) wherea=__andb=___

(4) Make the family of 2 x 2 matrices of real numbers into an inner product space by defining

(A,B) := tr(A'B) (see problem 7) for A, B € Ma2(R). Let U = [_13 g] and V =

2
L{O_j_ 1 O[_ll} Find all values of a such that U L V' in the inner product space Mj 2(R).

Answer: a = and

e (G- (oo~ )

(a) Which three of these vectors form an orthonormal basis for C3?

Answer: ) , and
(b) Write (1,0,0) as a linear comblnatlon of the three basis vectors you chose in part (a).
(Use 0 as the coefficient of the vector which does not belong to the basis.)

. 9
Answer: (1,0,0) = —LW+—Zx+by+cz where a = , b= , and

va o V2a

(6) Find all real numbers « such that the angle between the vectors 2i+2j + (o — 2) k and
2i+ (a—2)j+2kis §. Answer: a = and

CcC =

(7) Let f(z) = = and g(az) = 22 for 0 < 2 < 1. Then the cosine of the angle between f and

g in the inner product space C([0,1]) of all continuous real valued functions on [0, 1] is %

where a =

(8) Let f(z) = 2 and g(z) = cosmx for 0 < x < 1. In the inner product space C([0,1]) of all

a\f

continuous real valued functions on [0, 1] the cosine of the angle between f and g is ———
where a = , b= ,and ¢ =

(9) Let f(z) = 22 and g(x) = 1 — cx where 0 < x < 1 and c is a constant. If ¢ = , then
f | g in the inner product space C([0, 1]) of continuous real valued function on [0, 1].

(10) In R* the subspace perpendicular to both (1,4,4,1) and (2,9, 8, 2) is the span of the vectors
(—4,a,b,a) and (—b,a,a,b) wherea=__ andb=__

(11) A complex valued function f on the interval [—m, 7] is said to be SQUARE INTEGRABLE if
J7_|f(z)* dz < co. Let F([—m,7]) be the family of all square integrable complex valued
functions on [—m,7|. This family is an inner product space under the usual pointwise
operations of addition and scalar multiplication and the inner product defined by

™ [

t.8) = 5 [ g ds

-7

for all f, g € F([—m,7]). Actually the preceding sentence is a lie: to be correct we
should identify any two square integrable functions which differ only on a set of Lebesgue
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measure zero and work with the resulting equivalence classes. Then we have an inner
product space. What we actually have here is a so-called semi-inner product. For the
purposes of the current exercise, however, this correction turns out to be unimportant;
ignore it.
For each integer n (positive, negative, or zero) define a function e,, by
en(z) = m* for -7 <z <m.
(a) Then each e, belongs to F([—m,7]) and ||e,|| = ___ for every integer n.
(b) If m # n, then (e, e,) =

Now let f(x) = {

0 if r<z<0,

1 ifo<z <.

) Then (f,e) = .

d) If n is odd, then (f,e,) =
) If n is even but not zero, then (f,e,) =
)

Write the sum of the middle eleven terms of the Fourier series for f in simplified form.
Hint: Use problem 8 in this chapter.

5
Answer: Z (f,en)e, = a+bsin x+csin 3z+dsin 5z where a = , b=

n=-—>5
c= ,and d =
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18.3. Problems
(1) Prove that if x € V and (x,y) =0 for all y € V, then x = 0.

(2) Let S, T: V. — W be linear transformations between real inner product spaces. Prove
that if (Sv,w) = (T'v,w) for allve V and w € W, then S =T.

(3) Prove that if V' is a complex inner product space and T € £(V) satisfies (T'z,z) = 0 for
all z € V, then T'= 0. Hint. In the hypothesis replace z first by x +y and then by x + iy.

(4) Show that the preceding result does not hold for real inner product spaces.

(5) Let V be a complex inner product space and S, T € £(V). Prove that if (Sx,x) = (T'x,x)
forallx € V, then S =T.

(6) Prove the Schwarz inequality 18.1.10. Hint. Let o = (y,y) and § = —(x,y) and expand
lax + By||?. This hint leads to a slick, easy, and totally unenlightening proof. Perhaps
you can find a more perspicuous one.

1e polarization identity If z and y are vectors in a complex inner product space, then
(w,y) = 1z +yll* = llz = ylI* +illz + iy — il - iy|*) -
What is the correct identity for a real inner product space?

(7) Let M2 2(R) be the vector space of all 2 x 2 matrices of real numbers. Show that this
space can be made into an inner product space by defining (A, B) := tr(A'B) for all A,
B € My»(R).
(8) Prove that for every real number 6
e = cosf +isinf.
Derive from this that cosf = %(ew + efw) and sinf = %(ew — e*w).
(9) Let x and y be vectors in an inner product space. Prove that
I + y1I* + [Ix =y = 2llx|* + 2[ly ||
Give a geometric interpretation of this result.

(10) Show that the norm function |- ||: V' — R on an inner product space is uniformly contin-
uous.
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18.4. Answers to Odd-Numbered Exercises
(1) 4, 26, 2 + 124
(3) 4,2,3,5

(5) (a) w, =,y
(b) 3,0,0

(7) V15



CHAPTER 19

ORTHONORMAL SETS OF VECTORS

19.1. Background

Topics: orthonormal sets of vectors, orthonormal bases, orthogonal complements, orthogonal direct
sums, Gram-Schmidt orthonormalization, the QR-factorization of a matrix.

19.1.1. Definition. A set B of vectors in an inner product space is ORTHONORMAL if x | y
whenever x and y are distinct vectors in B and ||x|| = 1 for every x € B. The set B is a
MAXIMAL!ORTHONORMAL SET provided that it is orthonormal and the only orthonormal set which
contains B is B itself.

19.1.2. Theorem. Let B = {e!,...,e"} be an orthonormal set in an inner product space V. Then
the following are equivalent.

(a) B is a mazximal orthonormal set in V.

(b) If (x,€*) =0 fork=1,...,n, then x = 0.

(¢) The span of B is all ofV

(d) Ifx €V, then x = Zk 1(x, et)er. (the Fourier series for x.)
(e) (x,y) =21 (x,e)(e",y) forallx, y € V.

(f) ||XH2 >kt (x, €5)[? for every x € V.

(g) dimV =n.

19.1.3. Definition. An orthonormal set in an inner product space V' which satisfies any (and hence
all) of the conditions listed in the preceding theorem is called an ORTHONORMAL BASIs for V.

19.1.4. Definition. An n X n matrix of real numbers is an ORTHOGONAL MATRIX if its column
vectors are an orthonormal basis for R”. An n xn matrix of complex numbers is a UNITARY MATRIX
if its column vectors are an orthonormal basis for C".

19.1.5. Theorem (QR-factorization). If A is an n X n matriz of real numbers, then there exist
an orthogonal matriz QQ and an upper triangular matriz R such that A = QR. If A is ann X n
matriz of complex numbers, then there exist a unitary matriz Q@ and an upper triangular matriz R

such that A = QR.
(For a proof of the preceding theorem see [9], pages 425-427.)

19.1.6. Definition. Let M and N be subspaces of an inner product space V. We say that the
space V' is the ORTHOGONAL DIRECT SUM of M and N if M + N =V and M 1 N. In this case
we write

V=M®N.

Caution: Since the same notation is used for direct sums of vector spaces and orthogonal direct
sums of inner product spaces, close attention should be paid to the context in which these concepts
arise. For example, if M is the z-axis and N is the line y = z in R?, is it true that R> = M & N?
Yes, if R? is regarded as a vector space. No, if it is regarded as an inner product space.
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(1)

(3)

(4)

()

19. ORTHONORMAL SETS OF VECTORS

19.2. Exercises

Use the Gram-Schmidt procedure to find an orthonormal basis for the subspace of R*

spanned by w! = (1,0,0,0), w? = (1,1,1,0), and w? = (1,2,0,1). The basis consists of
1 1

the vectors e! = (1,0,0,0); €2 = =(0,1,1,b); and e®> = =(b,1,—1,1) where
a c

a= , b= ,and ¢ =

Let Py = P4(]0,1]) be the vector space of polynomials of degree strictly less than 4 with
an inner product defined by

1
(P, Q) = /0 p(z)a(x) dz

for all p, q € Py. Let wl(z) = 1, wl(z) = z, w?(z) = 22, and w?(z) = 23 for 0 < z <
1. Use the Gram-Schmidt process to convert the ordered basis {w’, w!, w2 w3} to an

orthonormal basis {e", e!, e? &3} for Py.

Answer: e’(z) =
el(z) = f( — 1) where a = and b =
e?(z) = Va(bx* — bx + 1) where a = and b =
e*(x) = Va(bz® — cx? + dz — 1) where a = , b= ,
c= ,and d =
3 0
Find the QR factorization of A = 4 5|
Answer: A=QR = - { } [ ] where a = , b= ,and ¢ =
0 01
Let A= |0 1 1|. The QR-factorization of A is A = QR
1 1 1
where @) = and R =
1 4 -2
Let A= |1 3 —1|. The QR-factorization of A is A = QR
1 2 -1
a b —ab 3a 9a —4a
where Q = [a 0 2ab| and R= |0 2b —b | wherea = and b =
a —b —ab 0 0 ab
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19.3. Problems

(1) Let {e!,e?,...,e"} be a finite orthonormal subset of an inner product space V and x € V.
Show that

n
Dl < [l
k=1

Hint. Multiply out (x — > _;(x,eMe x — Y1, (x,eF)er).

(2) Let M be a subspace of an inner product space V.
(a) Show that M C M++.
(b) Prove that equality need not hold in (a).
(c) Show that if V is finite dimensional, then M = M*+.

(3) Let M and N be subspaces of an inner product space. Prove that
(M + N)t =M*+tn N
(4) Let M be a subspace of a finite dimensional inner product space V. Prove that V =
M e M*:.

(5) Give an example to show that the conclusion of the preceding problem need not hold in
an infinite dimensional space.

(6) Prove that if an inner product space V' is the orthogonal direct sum M@ N of two subspaces
M and N, then N = M*.

(7) Prove that if f is a linear functional on a finite dimensional inner product space V', then
there exists a unique vector a € V such that

f(x) = (x,a)

for every x € V.

o0
1
(8) In beginning calculus you found (by making use of the p-test) that the series Z w2

k=1
converges. But you were not given a means of discovering what the series converges to.

Now you have enough machinery to accomplish this.
We denote by Ls[0, 27] the vector space of all complex valued functions f defined on
the interval [0, 27] such that

27
/ If(2)]? dt < oo.
0

(As in exercise 11 of chapter 18 this isn’t quite correct: the members of Ly are technically
equivalence classes of functions. For the purposes of this problem, use the preceding
not-quite-right definition.)

On the space L2[0, 27] we define the following inner product

1

=5 | " () dr.

For each integer n (positive, negative, or zero) define the function e€” on [0, 27] by
e'(z)=¢e
for 0 <z < 2m.

(a) Show that {e"™: n is an integer} is an orthonormal set in L9[0, 27].
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In part (b) you may use without proof the following fact: for every function f in the
inner product space Ls[0, 27]

o0
2 ky |2
IE1* = I(F,e") (%)
k=—o0
That is, in Ly[0, 27] the square of the length of a vector is the sum of the squares of
its Fourier coefficients with respect to the orthonormal family given in part (a). This
is the infinite dimensional version of Parseval’s formula.

— 1
(b) Find the sum of the infinite series Z 72 Hint. Apply (%) to the function f(x) = z.
k=1



19.4. ANSWERS TO ODD-NUMBERED EXERCISES

19.4. Answers to Odd-Numbered Exercises
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CHAPTER 20

QUADRATIC FORMS

20.1. Background

Topics: quadratic forms, quadric surfaces, positive (and negative) definite, positive (and negative)
semidefinite, indefinite.

20.1.1. Definition. A symmetric matrix A on a real inner product V is POSITIVE DEFINITE if
(Ax,x) > 0 for every x # 0 in V. It is NEGATIVE DEFINITE if (Ax,x) < 0 for every x #0in V. It
is INDEFINITE if there are vectors x and y in V' such that (Ax,x) > 0 and (Ay,y) < 0. Of course
an operator on a finite dimensional vector space is positive definite, negative definite, or indefinite
of its matrix representation is positive definite, etc.

The following useful result (and its proof) can be found on page 250 of [10].

20.1.2. Theorem. Let A be an n x n matriz. Then the following conditions are equivalent:

) A is positive definite;

) xtAx > 0 for every x # 0 in R™;

) every eigenvalue \ of A is strictly positive;

) every leading principal submatriz Ay (k=1,...,n) has strictly positive determinant; and

) when A has been put in echelon form (without row exchanges) the pivots are all strictly
positive.

In the preceding, the leading principal submatriz Ay is the k x k matrix which appears in the
upper left corner of A.
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20. QUADRATIC FORMS

20.2. Exercises

(1) Suppose that A is a 3 x 3 matrix such that (Ax,x) = 212 + 5292 — 3232 + 62120 — 42123 +

a b ¢
8zoxsg forall x € R3. Then A= [b d e| wherea= _ , b= ,C= ,d= ,
c e f

e=__ ,and f=__ .

(2) A curve C is given by the equation 2z? — 72xy + 23y? = 50. What kind of curve is C?
Answer: It is a(n) .

(3) The equation 522 4 8zy + 5% = 1 describes an ellipse. The principal axes of the ellipse
lie along the lines y = and y =

(4) The graph of the equation 1322 —8xy + 7y? = 45 is an ellipse. The length of its semimajor
axis is and the length of its semiminor axis is

(5) Consider the equation 222 + 2y? — 22 — 22y + 4wz + 4yz = 3.
(a) The graph of the equation is what type of quadric surface?

Answer:

(b) In standard form the equation for this surface is
u? + v? + w? =

(c¢) Find three orthonormal vectors with the property that in the coordinate system they
generate, the equation of the surface is in standard form.

1 1
(1, )’ﬁ( ,0),and —

1 )
V6 V3 '
(6) Determine for each of the following matrices whether it is positive definite, positive semi-
definite, negative definite, negative semidefinite, or indefinite.

Answer: , , (1, ,

(2 -1 —1]
(a) The matrix |—1 2 —1] is
-1 -1 2
[—2 1 1]
(b) The matrix | 1 -2 —1|is
1 -1 -2

(7) Determine for each of the following matrices whether it is positive definite, positive semi-
definite, negative definite, negative semidefinite, or indefinite.

1 2 3
(a) The matrix |2 5 4] is
3 49
1 2 0 0
.12 6 =2 0].
(b) The matrix 0 _2 5 _9|
0 0 -2 3
0 1 2]
(¢) The matrix |1 0 1| is
2 10

(8) Let B = . For what range of values of b is B positive definite?

=N N
oo o N

-3 00 W
| I— |

Answer:
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. For what range of values of a is A positive definite?

— =
—Q
Q = =

(9) Let A=

Answer:
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20.3. Problems

(1) You are given a quadratic form ¢(z,y, z) = ax? + by? + c2? + 2dzy + 2exz + 2 fyz. Explain
in detail how to determine whether the associated level surface ¢(z,y,z) = ¢ encloses a
region of finite volume in R? and, if it does, how to find that volume. Justify carefully all
claims you make. Among other things, explain how to use the change of variables theorem
for multiple integrals to express the volume of an ellipsoid in terms of the lengths of the
principal axes of the ellipsoid.

Apply the method you have developed to the equation

1122 + 49 + 112% + 4zy — 1022 + 4yz = 8.
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20.4. Answers to Odd-Numbered Exercises

(1) 1,3, -2, 5,4, -3
(3) —x, x
(5)

) hyperboloid of one sheet
-1, 1

)

) 1, — -1, 1,1
(7) (a) indefinite
) positive definite
) positive definite

(a
(b
(c
(a
(b
(c

(9) a>1
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CHAPTER 21

OPTIMIZATION

21.1. Background

Topics: critical (stationary) points of a function of several variables; local (relative) maxima and
minima; global (absolute) maxima and minima.

21.1.1. Definition. Let f: R™ — R be a smooth scalar field (that is, a real valued function on
R™ with derivatives of all orders) and p € R". The HESSIAN MATRIX (or SECOND DERIVATIVE
MATRIX) of f at p, denoted by Hf(p), is the symmetric n x n matrix
H = = |fi; .
+(p) [ D, (p)} [fii(p)]

i=1j=1

21.1.2. Theorem (Second Derivative Test). Let p be a critical point of a smooth scalar field f
(that is, a point where the gradient of f is zero). If the Hessian matriz Hy is positive definite at
p, then f has a local minimum there. If Hy is negative definite at p, then f has a local mazimum
there. If Hy is indefinite at p, then f has a saddle point there.
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21. OPTIMIZATION

21.2. Exercises

(1) Notice that the function f defined by f(z,y) = (2% — 2x)cosy has a critical point (sta-
tionary point) at the point (1, 7). The eigenvalues of the Hessian matrix of f are
and ; so we conclude that the point (1,7) is a (local
minimum, local maximum, saddle point).

(2) Use matrix methods to classify the critical point of the function
flz,y) =222+ 2zy+ 2z +y* — 4P + 72 — 4y + 5
as a local maximum, local minimum, or saddle point.
(a) The only critical point is located at ( ____,
(b) It is a

(3) Use matrix methods to classify the critical point of the function

1
f(x,yjz):§x4—xy—|—y2—a:z+z2—x+3

as a local maximum, local minimum, or saddle point.

(a) The only critical point is located at ( , , ).

(b) It is a .
(4) Notice that the function f defined by f(x,y) = —1+4(e® —x) — 5z sin y + 6y has a critical

point (stationary point) at the origin. Since the eigenvalues of the Hessian matrix of f are

(both positive, both negative, of different signs) we conclude that
the origin is a (local minimum, local maximum, saddle point).

(5) Use matrix methods to classify each critical point of the function
4
flz,y) =9 — §:v3 — 4222 4y —7

as a local maximum, local minimum, or saddle point.
Answer: (0, +)isa
(0, ___ )isa

(

(

(6) Use matrix methods to classify each critical point of the function

,%)isa

,___)isa

f(z,y,2) = 2%y — 4z — ysinz for0<z<m
as a local maximum, local minimum, or saddle point.

Answer: The critical points are ( —1, , ), which is a

and (1, , ), which is a (local minimum, local max-
imum, saddle point).

(7) The function f defined by f(z,y) = 22y?—2x—2y has a stationary point at ( , ).
At this stationary point f has a (local minimum, local
maximum, saddle point).
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21.3. Problems
(1) Use matrix methods to classify each critical point of the function
flz,y,2) =23y + 2> -3z —y+42+5
as a local maximum, local minimum, or saddle point. Justify your conclusions carefully.
(2) Let f(x,y,2) = 2%y — ye* 4+ 2o + z. The only critical point of f is located at (—1,1,0).

Use the second derivative test to classify this point as a local maximum, local minimum,
or saddle point. State the reasons for your conclusion clearly.

(3) Notice that the function f defined by f(z,y, z) = 2%y + 2xy +y — ye* ! + 22+ 2 + 7 has
a critical point (stationary point) at (—2,1,1). Use the second derivative test to classify
this point as a local maximum, local minimum, or saddle point. State the reasons for your
conclusion clearly.

(4) Explain in detail how to use matrix methods to classify each critical point of the function

1 2 1
f(x,y)——axy—kg—g

as a local maximum, local minimum, or saddle point. Carry out the computations you
describe.
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21.4. Answers to Odd-Numbered Exercises

(1) —2, —1, local maximum
11
1. = =
3) ()15

(b) local minimum

(5) saddle point, 1, local minimum, 1, local maximum, 1, 1, saddle point

(7) 1, 1, saddle point
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CHAPTER 22

ADJOINTS AND TRANSPOSES

22.1. Background

Topics: adjoint of an operator, transpose of an operator, conjugate transpose.

22.1.1. Definition. Let T: V' — W be a linear transformation between real inner product spaces.
If there exists a linear map T%: W — V which satisfies

(Tv, w) = (v, T'w)
for all v.€ V and w € W, then T" is the TRANSPOSE of 7.
In connection with the definition above see problem 1.

22.1.2. Theorem. Let T: R™ — R™ be a linear transformation. Then the transpose linear trans-
formation T* exists. Furthermore, the matrixz representation [T] of this transformation is the
transpose of the matrixz representation of T'.

22.1.3. Definition. Let V be a real inner product space and T be an operator on V whose
transpose exists. If T = T*, then T is SYMMETRIC. If T commutes with its transpose (that is, if
TT! =T'T) it is NORMAL.
22.1.4. Definition. If [a;;] is an m x n matrix, its CONJUGATE TRANSPOSE is the n x m matrix
(@3]
22.1.5. Definition. Let T: V — W be a linear transformation between complex inner product
spaces. If there exists a linear map T*: W — V which satisfies

(Tv,w) = (v, T"w)
for all v.€ V and w € W, then T™ is the ADJOINT (or CONJUGATE TRANSPOSE, or HERMITIAN
CONJUGATE) of T. (In many places, T* is denoted by T or by TT.)

22.1.6. Theorem. Let T: C" — C™ be a linear transformation. Then the adjoint linear trans-
formation T* exists. Furthermore, the matriz representation [T*| of this transformation is the
conjugate transpose of the matrixz representation of T .

22.1.7. Definition. Let V be a complex inner product space and 1" be an operator on V whose
adjoint exists. If T'= T*, then T is SELF-ADJOINT (or HERMITIAN). If T commutes with its adjoint
(that is, if T7* = T*T') it is NORMAL. A matrix is NORMAL if it is the representation of a normal
operator.

22.1.8. Definition. Let V and W be inner product spaces. We make the vector space V @ W into
an inner product space as follows. For vi,vo € V and wi,wo € W let

((vi,w1), (va, w2)) := (v1,va) + (W1, W2).

(It is an easy exercise to verify that this is indeed an inner product on V & W.)
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(1)

22. ADJOINTS AND TRANSPOSES

22.2. Exercises

Let C([0,1],C) be the family of all continuous complex valued functions on the inter-
val [0,1]. The usual inner product on this space is given by

1
(t.8) = [t d.
Let ¢ be a fixed continuous complex valued function on [0, 1]. Define the operator My on
the complex inner product space C([0,1],C) by My(f) = ¢f. Then
My* =

3—1 2+ 2

1 .
i
that A = B+ iC. Hint. Consider A £ A*.

Answer: le[ de ) b+cz] andC'zl[ o b_m],wherea: )
a

Let A = . Find Hermitian (that is, self-adjoint) matrices B and C' such

a |b—ct d b+ c1t 4c
b= , C = ,and d =
Let P35 be the space of polynomial functions of degree strictly less than 3 deﬁned on the in—
terval [0, 1]. Define the inner product of two polynomials p, ¢ € Ps3 by (p, g fo

Then the matrix representation of the transpose of the differentiation operator D on the
space P3 (with respect to its usual basis {1,t,#2}) is . Hint. The

answer is not the transpose of the matrix representation of D.
Let V be a complex inner product space. Define an operator T: V@V — V & V by
T(Xv Y) = (Yv _X)'

Then T*(u,v) =( ).
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22.3. Problems

(1) Let T: V. — W be a linear map between real inner product spaces. If S: W — V is a
function which satisfies
(Tv,w) = (v, Sw)
for all v.€ V and all w € W, then S is linear (and is therefore the transpose of T').

(2) Prove theorem 22.1.2. Show that, in fact, every linear map between finite dimensional real
inner product spaces has a transpose.

(3) Let T be a self-adjoint operator on a complex inner product space V. Prove that (Tx,x)
is real for every x € V.

(4) Let T be an operator on a complex inner product space whose adjoint 7™ exists. Prove
that T*T = 0 if and only if 7' = 0.

(5) Let V be a complex inner product space and let ¢ be defined on the set (V') of operators
on V whose adjoint exists by
o(T) =T".
Show that if S, T € A(V) and a € C, then (S+T)* = S* +T* and (aT)* =a@T*. Hint.
Use problem 5 in chapterl8.
Note: Similarly, if V' is a real inner product space, 2(V') is the set of operators whose
transpose exists, and ¢(T) := T*, then ¢ is linear.

(6) Let T be a linear operator on a complex inner product space V. Show if 7" has an adjoint,
then so does T* and T** = T. Hint: Use problem 5 in chapter 18. (Here T™* means
(7))

Note: The real inner product space version of this result says that if T is an operator

on a real inner product space whose transpose exists, then the transpose of T exists and
T =T.

(7) Let S and T be operators on a complex inner product space V. Show that if S and T
have adjoints, then so does ST and (ST)* = T*S*. Hint. Use problem 5 in chapter 18.
Note: The real inner product space version of this says that if S and T are operators
on a real inner product space and if S and T" both have transposes, then so does ST" and
(ST)t =TS,

(8) Let A: V — V be an operator on a real inner product space. Suppose that A’ exists and
that it commutes with A (that is, suppose AA! = A'A). Show that ker A = ker A.

(9) Let A and B be Hermitian operators on a complex inner product space. Prove that AB
is Hermitian if and only if AB = BA.

(10) Show that if T: V' — W is an invertible linear map between complex inner product spaces
and both T" and T~! have adjoints, then T* is invertible and (7*)~! = (T~1)*.
Note: The real inner product space version of this says that if T': V' — W is an invertible
linear map between real inner product spaces and both 7" and 7! have transposes, then
Tt is invertible and (T%)~1 = (T—1)t.

(11) Every eigenvalue of a self-adjoint operator on a complex inner product space is real. Hint.
Let x be an eigenvector associated with an eigenvalue A of an operator A. Consider A||x||2.

(12) Let A be a self-adjoint operator on a complex inner product space. Prove that eigenvectors
associated with distinct eigenvalues of A are orthogonal. Hint. Use problem 11. Let x
and y be eigenvectors associated with distinct eigenvalues A and p of A. Start your proof
by showing that A(x,y) = u(z,y).
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22.4. Answers to Odd-Numbered Exercises

1) M_
(1) M,
-6 2 3

(3) |12 —24 —-26
0 30 30



CHAPTER 23

THE FOUR FUNDAMENTAL SUBSPACES

23.1. Background

Topics: column space; row space; nullspace; left nullspace, lead variables and free variables in a
matrix, rank, row rank and column rank of as matrix.

23.1.1. Definition. A linear transformation 7': R” — R™ (and its associated standard matrix
[T]) have four fundamental subspaces: the kernels and ranges of T and T*%. Over the years a rather
elaborate terminology has grown up around these basic notions.

The NULLSPACE of the matrix [T] is the kernel of the linear map 7.

The LEFT NULLSPACE of the matrix [T] is the kernel of the linear map 7.

The COLUMN SPACE of [T] is the subspace of R™ spanned by the column vectors of the ma-
trix [T]. This is just the range of the linear map 7.

And finally, the ROW SPACE of [T] is the subspace of R™ spanned by the row vectors of the
matrix [T]. This is just the range of the linear map T".

For a linear transformation 7T': C* — C™ the terminology is the same. EXCEPT: in the
preceding five paragraphs each appearance of “T%” must be replaced by a “T*” (and, of course,
R™ by C™ and R™ by C™).

23.1.2. Definition. The ROW RANK of a matrix is the dimension of its row space and the COLUMN
RANK of a matrix is the dimension of its column space.

23.1.3. Proposition. The rank of a matriz A is the dimension of the largest square submatriz of
A with nonzero determinant.

Two useful facts that you may wish to keep in mind are:

(i) row equivalent matrices have the same row space (for a proof see [8], page 56); and
(ii) the row rank of a matrix is the same as its column rank (for a proof see [&], page 72).

Note that according to the second assertion the rank of a linear map 7', the row rank of its matrix
representation [T, and the column rank of [T are all equal.

23.1.4. Theorem (Fundamental Theorem of Linear Algebra). If T is an operator on a finite
dimensional complex inner product space, then

ker T = (ran T)*.

23.1.5. Corollary. If T is an operator on a finite dimensional complex inner product space, then
ker T* = (ranT')™*.

23.1.6. Corollary. If T is an operator on a finite dimensional complex inner product space, then
ranT = (ker T%)*.

23.1.7. Corollary. If T is an operator on a finite dimensional complex inner product space, then
ranT* = (ker T)*.
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Note: With the obvious substitutions of T" for T*, the preceding theorem and its three corollaries
remain true for finite dimensional real inner product spaces.
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23.2. Exercises
(1) Let T: C3 — C? be the operator whose matrix representation is

1 i -1
T)=|1+i 3—i =2
1-2 —6+5i 1

(a) The kernel of T' (the nullspace of [T]) is the span of
{( : ,10) .
(b) The range of T' (the column space of [T]) is the span of
{(1,0,_),(0,1,__)}
(¢) The kernel of T* (the left nullspace of T%) is the span of
{3, —, )t
(d) The range of T* (the row space of [T])is the span of
{(1w0,0,_____ ), (0,10,___ )}

(2) Find a basis for each of the four fundamental subspaces associated with the matrix

(a) The column space of A is the plane in R? whose equation is
It is the spanof { (1,0, ), (0,1, )}

(b) The nullspace of A is the spanof { (___ , -1, ,0),(__,0,0,1)}

(¢) The row space of A is the spanof {(1,0,__ ,1),(0,___ ,1,0) }.

(d) The left nullspace of A is the line in R? whose equations are = = 0.
It is thespanof {(__,_ , 1)}

1 2 02 -1 1
3)LetA=1[3 6 1 1 —2 1.
510 1 5 —4 3

(a) Find a basis for the column space of A.
Answer:
{(1,0,__),(0,__,1)}
(b) The column space of A is a plane in R3. What is its equation?

Answer:

(c) The dimension of the row space of A is

(d) Fill in the missing coordinates of the following vector so that it lies in the row space
of A.

(47 ) 6 Y ) 9 )'

(e) The dimension of the nullspace of A is

(f) Fill in the missing coordinates of the following vector so that it lies in the nullspace
of A.

( 717 71)171)‘
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(4) Let T: R®> — R3 be defined by
Tw,w,z,y,2) = v—x+z,0+w—y,w+z—y—2).

(a) Find the matrix representation of 7'

(b) The kernel of T' (the nullspace of [T1]) is the span of

{<7)7717070)7(071707170)7(_171707771)}‘
(¢) The range of T' (the column space of [T]) is the span of
{(1777'1)7(07177)}'

Geometrically this is a .
(d) The range of T (the row space of [T]) is the span of

{(17077>0a1)7(7a7377'17'1)}'
(e) The kernel of T (the left nullspace of [T7) is the span of

{(1,__,_ )t
Geometrically this is a
102 0 -1
(5) Let A be the matrix [1) 1 éll :? _01 . Find the following subspaces associated with A.
2 37 -3 -2
(a) The column space of A is the span of
{q@,0,-1/2,_ ), (0,1, , )}
(b) The row space of A is the span of
{ (1 b} O A 0 ) 7) ) (0 ) 1 ) 1 ) 9y O ) }'
(¢) The nullspace of A is the span of
{(7’_1717070)7(07]"07770)7(1’070?77 )}'
(d) The nullspace of A! is the span of
{( ) 7150)5(_1/2575071)}'
1 -2 -1 3 2]
-2 4 2 -6 —4
5 —10 -1 15 O
(6) Let A= 3 6 1 9 —4l
3 -6 -1 9 1
0 0 2 0 -5

(a) The nullspace of A is the span of

{(2)1707070))(7707071)0)7(
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(b) The row space of A is the span of

{(17_270777_1/2)a(07071777 )}
(¢) The column space of A is the span of
{1,-2,0, ___,1/2, ), (0,0,1,__ , . 1/2)}.
(d) The left nullspace of A is the span of
{(27,0771717070)7 (7 5150707070)7 (71/27077 7Oa1a0)7 (7 50771/27070) 1)}
1 21
(7) Let A= |2 4 3
3 6 4

(a) Fill in coordinates of the following vector x so that it is perpendicular to the rowspace
of A. Answer: x = (10, , ) -

(b) Fill in coordinates of the following vector y so that it is perpendicular to the columnspace
of A. Answer: y = (3, ) ).

(8) In this exercise we prove a slightly different version of the fundamental theorem of linear
algebra than the one given in theorem 23.1.4. Here we work with real inner product
spaces and the scope of the result is not restricted to finite dimensional spaces, but we
must assume that the linear map with which we are dealing has a transpose.

23.2.1. Theorem (Fundamental theorem of linear algebra). Suppose that V and W are
arbitrary real inner product spaces and that the linear transformation T:V — W has a
transpose. Then

kerT = (ran Tt) J‘.

We prove the preceding theorem. For each step in the proof give the appropriate
reason. Choose from the following list.

DK Definition of “Kernel”

DO Definition of “Orthogonal”

DOC Definition of “Orthogonal Complement”
DR Definition of “Range”

DT Definition of “Transpose”

H Hypothesis

PIP Elementary Property of Inner Products

PROOF. We must show two things: (i) ker 7 C (ranT%)* and (ii) (ran T%)* C ker 7.

To prove (i) we suppose that x € ker T and prove that 2 € (ran T%)*. Let v be a vector
in ranT". Then there exists a vector w in W such that v = T*w (reason: ). We
compute the inner product of z and v.

(z,v) = (z, T'w)

= (Tx,w) (reason: )
= (0, w) (reason: and )
=0 (reason: )
From this we infer that z L v (reason: ) and consequently that x € (ranT?)t

(reason: ).
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To prove the converse we suppose that z € (ranT%) and show that 2 € kerT. We

know that x 1 ranT" (reason: and ). If w € W then the vector T"w belongs
to ran T (reason: ); so & L T'w for all w € W. Thus for all w € W
0= (z, T"w) (reason: )
= (Tz,w) (reason: )
It follows from this that Tx = 0 (reason: ). That is, x € ker T" (reason: ).
n

(9) The matrix [?j 31} ;} has rank one if and only if the point (z, y, z) lies on the parametrized
curve r(t) = ( b, ) in R3. Hint. Use proposition 23.1.3.

(10) Let A be the 3 x 4 matrix whose nullspace is the subspace of R* spanned by the vectors
(1,0,1,0) and (0,1, 1,0). Then the vectors ( , , ,0)and (0, , ,

form an orthonormal basis for the row space of A.

(11) Let T: R? — R? be the linear transformation whose matrix representation is [1 (1) i]
and let x = (5,4, —9).
(a) Find u € ker T and v € ranT" such that x = u + v.
Answer: u = ( , , ) and v = ( , , ).
(b) Find y € ranT and z € ker T such that Tx =y + z.
,_ Jandz=(___

Answer: y = (
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23.3. Problems

(1) Let T: R> — R* be a linear transformation whose matrix representation is

1 2 0 -5 3
-2 -4 3 1 0
7] = -1 -2 3 -4 3
1 2 3 —-14 9
120 -5 3
. . . . 001 -3 2
Gauss-Jordan reduction applied to [T] yields the matrix B = 000 0 0 and ap-
1o 13 000 0 O
01 11
plied to the transpose of [T] yields C= |0 0 0 0
0 00O
0 000
(a) From the matrices above we can read off the dimension of the range of T and write

down a basis for it. Explain carefully.

(b) From the matrices above we can read off the dimension of the range of the transpose
of T" and write down a basis for it. Explain carefully.

(c) From the matrices above we can write down two equations which a vector (v, w, z,y, 2)
must satisfy to be in the kernel of T. Explain carefully. What are the equations?
Also explain carefully how we obtain from these equations the dimension of the kernel
of T" and find a basis for it. Carry out the calculation you describe.

(d) From the matrices above we can write down two equations which a vector (w, z,y, 2)
must satisfy to be in the kernel of the transpose of T'. Explain carefully. What are the
equations? Also explain carefully how we obtain from these equations the dimension
of the kernel of T% and find a basis for it. Carry out the calculation you describe.

(2) Let T: R® — R3 be a linear transformation whose matrix representation is

1 2 0 2 -1 1
=13 6 11 -2 1],
510 1 5 -4 3
1 20 2 -1 1
Gauss-Jordan reduction applied to [T] yields the matrix B= {0 0 1 -5 1 =2},
(1 0 2] 000 0O 0 O
0 1 1
. . 0 00
and applied to the transpose of [T] yields C = 00 ol
0 0 0
0 0 0

(a) From the matrices above we can read off the dimension of the range of 7' and write
down a basis for it. Explain carefully.

(b) From the matrices above we can read off the dimension of the range of the transpose
of T' and write down a basis for it. Explain carefully.

(c) From the matrices above we can write down two equations which a vector (u, v, w, z,y, 2)
in R% must satisfy to be in the kernel of T. Explain carefully. What are the equa-
tions? Also explain carefully how we obtain from these equations the dimension of
the kernel of T" and find a basis for it. Carry out the calculation you describe.

(d) From the matrices above we can write down two equations which a vector (z,y, z) in
R3 must satisfy to be in the kernel of the transpose of 7. Explain carefully. What
are the equations? Also explain carefully how we obtain from these equations the



156 23. THE FOUR FUNDAMENTAL SUBSPACES

dimension of the kernel of T* and find a basis for it. Carry out the calculation you
describe.

(3) Let T: R® — R be the linear transformation whose matrix representation is

12 -1 -2 3 0
00 0 1 -1 2
A=[T]=12 4 -2 —4 7 -4
00 0 -1 1 =2
36 -3 —6 7 8

You may use the following fact: the reduced row echelon forms of the augmented matrix
[A]b] and of A’ are

1 2 -1 0 0 8 3b1 + 2by — b3 (1) (1) 8 _01 g
00 0 1 0 —2 —2b;+0by+0b3 001 0 -2
B=00 0 01 —4 —2b1 + b3 and C = , respectively.
000 0O O
00 0 OO0 O by + by 000 0 o0
00 0 0 0 0 —7by+2bs+05 000 0 o]

Suppose that x =

e & @ 2

(a) What are the free variables of the system Ax = 0 and which are the lead variables?
How do you know?

(b) What is the rank of A? Why?

(c) Write a general solution to the homogeneous equation Ax = 0 as a linear combination
of vectors in R® using the free variables as coefficients. Explain.

(d) Explain how to find the dimension of and a basis for the kernel of T. Do so.

(e) Explain how to find the dimension of and a basis for the range of 7. Do so.

b1
by
(f) What conditions must the vector b = |b3 | satisfy in order that the nonhomogeneous
equation Ax = b have solutions? by
bs 1
-3
(g) Find, if possible, the general solution to the nonhomogeneous equation Ax = | 2
3
3

(Write your answer as a general solution to the homogeneous equation plus a partic-
ular solution.)

(h) Explain how to find the dimension of and a basis for the range of 7. Do so.

(i) Explain how to find the dimension of and a basis for the kernel of T%. Do so.

(4) Prove the three corollaries to the fundamental theorem of linear algebra 23.1.4 for complex
inner product spaces.
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23.4. ANSWERS TO ODD-NUMBERED EXERCISES

23.4. Answers to Odd-Numbered Exercises

(11) (a) 6a 67 _37 _1a _25 —6

(b) —13, —27, 0, 0






CHAPTER 24

ORTHOGONAL PROJECTIONS

24.1. Background

Topics: orthogonal and unitary operators, orthogonal projections

24.1.1. Definition. A linear operator T: V — V on a real inner product space is ORTHOGONAL if
it is invertible and T* = T~!. A matrix is ORTHOGONAL if it is the representation of an orthogonal
operator. An operator T on a complex inner product space V is UNITARY if it is invertible and
T* =T~!. A matrix is UNITARY if it is the representation of a unitary operator.

The definitions for orthogonal and unitary matrices given above differs from the ones offered
in 19.1.4. In problem 8 you are asked to show that in both cases the definitions are equivalent.

24.1.2. Definition. An operator T on an inner product space V is an ISOMETRY if it preserves
the distance between vectors. Equivalently, T" is an isometry if ||Tx|| = ||x|| for every x € V.

24.1.3. Definition. Let V be an inner product space and suppose that it is the vector space direct
sum of M and N. Then the projection Fyn: V — V is an ORTHOGONAL PROJECTION if M 1 N
(that is if V' is the orthogonal direct sum of M and N).

24.1.4. Proposition. A projection E on a complex inner product space V is an orthogonal pro-
jection if and only if E is self-adjoint. On a real inner product space a projection is orthogonal if
and only if it is symmetric.

For a proof of (the real case of) this result see exercise 4.

24.1.5. Definition. We say that a linear operator T on an inner product space V is POSITIVE
(and write T' > 0) if (T'x,x) > 0 for all x € V. If S and T are two linear operators on V', we say
that () DOMINATES (or MAJORIZES) P if Q — P > 0. In this case we write P < Q.

159
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24.2. Exercises

(1) The matrix representation of the orthogonal projection operator taking R? onto the plane

r+y—+z2z2=0is

1=l g,
m m
(2) Find a vector u = (ug,u2,us) in C3 such that the matrix | = -~ wu2| is unitary.
1—i  1—i
o m us
1 . . .
Answer: u= —= (24 ai,3 — bi,c+di) wherea = ___ b= , = ,d = ,

Vn

m = ,and n =

(3) The orthogonal projection of the vector (2,0,—1,3) on the plane spanned by (—1,1,0,1)

and (0,1,1,1) in R* is %(1,a,b, a) where a = _ and b = __ . The matrix which
c —d e —d

. . . . .1 l—-d e d e

implements this orthogonal projection is = e d ¢ d wherec=__ ,d= ,
—-d e d e

and e =

(4) Let E be a projection operator on a real inner product space. Below we prove (the real
case of ) proposition 24.1.4: that E is an orthogonal projection if and only if E = E*. Fill
in the missing reasons and steps. Choose reasons from the following list.

(DK) Definition of “kernel”.
(DL) Definition of “linear”.
(DO) Definition of “orthogonal”.

(DOP) Definition of “orthogonal projection”.
(DT) Definition of “transpose”.

(GPa) Problem 5 in chapter 6.

(GPb) Problem 1 in chapter 11.

(GPc) Problem 5 in chapter 18.

(GPd) Problem 6 in chapter 22.

H1) Hypothesis that M L N.

H2) Hypothesis that £ = E'.

(PIP) Elementary property of Inner Products.
(Ti) Theorem 11.1.2; part (i).

(Tiii) Theorem 11.1.2, part (iii).

(Tiv) Theorem 11.1.2, part (iv).

)

(VA) Vector space arithmetic (consequences of vector space axioms, etc.)

Let E = Ejn be a projection operator on a real inner product space V= M & N.
Suppose first that F is an orthogonal projection. Then M L N (reason: ). Ifx
and y are elements in V', then there exist unique vectors m, p € M and n, q € N such
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that x =m+n and y = p + q (reason: ) . Then

(Ex,y) = +n),p+q)

Em+ En,p +q) reason: and

(E(
= {

=(0+ En,p+q) reason: and

= (En,p+q) reason:
=(n,p+q) reason: and

= (n,p) + (n,q) reason:

{
=0+ (n,q) reason: and

,q) + (n,q) reason: and

Q) reason:

x, Eq) reason: and

x, Ep + Eq) reason: and

= (m

= (x,

=

= (x,0 + Eq) reason:___

=

=(x,E(p+q)) reason: and
= (x, E'y) reason:

=

E'x,y) reason:

From this we conclude that E = E* (reason: ) -
Conversely, suppose that £ = E*. To show that M L N it is enough to show that
m | n for arbitrary elements m € M and n € N.

(n,m) = (En, m) reason: and
= (n, E'm) reason:
= (n, Fm) reason:
= (n,0) reason: and
=0 reason:
Thus m L n (reason: ) .

Note: Of course, the complex inner product space version of the preceding result says that
if F is a projection operator on a complex inner product space, then F is an orthogonal
projection if and only if it is self-adjoint.

Let P be the orthogonal projection of R? onto the subspace spanned by the vectors (1,0, 1)
a b ¢

1
and (1,1,—1). Then [P] =3 b b —b| wherea=___ ,b=___ ,andc=__
c —b a
Find the image of the vector b = (1,2,7) under the orthogonal projection of R onto the
1 1
column space of the matrix A= | 2 —1].
-2 4

Answer: ( ) )
Let u= (3,-1,1,4,2) and v = (1,2,—1,0,1). Then the orthogonal projection of u onto
v is

( ’ ’ ’ ’ )
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(8) Let u = (8,v/3,v/7,—1,1) and v = (1,—1,0,2,+/3). Then the orthogonal projection of u
a

onto v is EV where a = and b =
(9) Let u = (5,4, 3, %) and v = (1,2,0,—2). Then the orthogonal projection of u onto v is
%V where a = and b =

(10) Find the point q in R3 on the ray connecting the origin to the point (2,4, 8) which is
closest to the point (1,1,1).

1

g ( y ) ) .

(11) Let €' = (%,2,—3) and e = (—
orthonormal set.

Answer: q =

,2) be vectors in R®. Notice that {e',e?} is an

[SS]1 )

)

ol

(a) Find a vector e whose first coordinate is positive such that B = {e!, e? e} is an

orthonormal basis for R3. Answer: 3 ( ) ) )

(b) Suppose that x is a vector in R whose Fourier coefficients with respect to the basis B
are: (x,e!) = —2; (x,e?) = —1; and (x,e3) = 3. Then x = ( , , ).

(c) Let y be a vector in R? whose Fourier coefficients with respect to B are

(y,e1) = \/8 — V3T;

(y,es) = \/5 —V13; and

<y,e3>=\/3+\/ﬁ+\/ﬁ.

Then the length of the vector y is .
(d) The orthogonal projection of the vector b = (0,3,0) onto the plane spanned by e;

2
and ey is 3 ( , , ).

(e) The orthogonal projection of the vector b = (0,3,0) onto the line spanned by ez is
1
§ ( ’ ’ )

(f) What vector do you get when you add the results of the projections you found in
parts (d) and (e)? Answer: ( , , ).
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24.3. Problems

1) Prove that an operator T: V' — V on a finite dimensional real inner product space V is
P b b
orthogonal if and only if it is an isometry. Similarly, on a finite dimensional complex inner
product space an operator is unitary if and only if it is an isometry.

(2) Prove that an operator 7: V' — V on a finite dimensional real inner product space V'
is orthogonal if and only if 7%T = I. What is the corresponding necessary and suffi-
cient condition on a finite dimensional complex inner product space for an operator to be
unitary?

(3) Show that if an operator U on a complex inner product space is both Hermitian and
unitary, then o(U) C {—1,1}.

(4) Let P and @ be orthogonal projections on a real inner product space. Show that their
sum P + @ is an orthogonal projection if and only if PQ = QP = 0. Hint. Use proposi-
tion 24.1.4.

(5) Explain in detail how to find the matrix which represents the orthogonal projection of R?
onto the plane z + y — 2z = 0. Carry out the computation you describe.

(6) Let P and @ be orthogonal projection operators on a real inner product space V.
(a) Show that the operator PQ is an orthogonal projection if and only if P commutes
with Q.
(b) Show that if P commutes with @, then

ran(PQ) =ran P Nran().

Hint. To show that ran P Nran @ C ran(PQ) start with a vector y in ran P Nran @
and examine PQy.

(7) Let P and @ be orthogonal projections on an inner product space V. Prove that the

following are equivalent:

(a) P<Q;

(b) [IPx]| < Qx| for all x €V

(c¢) ran P C ran Q;

(d) QP = P; and

(e) PQ=P.

Hint. First show that (d) and (e) are equivalent. Then show that (a) = (b) = (¢) =
(d) = (a). To prove that (b) = (c) take an arbitrary element x in the range of P; show
that ||@x|| = ||x|| and that consequently [|(I — Q)x|| = 0. To prove that (d) = (a) show
that (I — P)Q is an orthogonal projection; then consider (I — P)Q|?.

(8) In 19.1.4 and 24.1.1 the definitions for unitary matrices differ. Show that they are, in fact,
equivalent. Argue that the same is true for the definitions given for orthogonal matrices.
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24.4. Answers to Odd-Numbered Exercises

-1 -1
2 -1

2
-1
-1

—

(1)

™
= [ ] |
n/:.m( — o - g
| _7 _a 472737
— - N~ <~ |
~ <t | Db~

/N /N /N /N
0w b~ oY
= = T



CHAPTER 25

LEAST SQUARES APPROXIMATION

25.1. Background

Topics: least squares approximation.
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25.2. Exercises

1 1
(1) Let A= 2 -1
-2 4
(a) Find an orthonormal basis {e',e? e®} for R? such that {e!,e?} spans the column
space of A.
el = %(CL, ba _b)
2_ 1
€ E( b y @, b)
3_1
€ = E(ba _bv —(I)
wherea=__ ,b=__ ,andn=___
(b) To which of the four fundamental subspaces of A does €3 belong?
Answer: e® belongs to the of A.

(c) What is the least squares solution to Ax = b when b = (1,2,7)?

) .

(2) Find the best least squares fit by a straight line to the following data: x = 1 when t = —1;
r=3whent=0;2 = 2whent = 1l;andx = 3 whent = 2.

Answer: X = (

)

Answer: x = + t.
(3) At timest = —2, —1,0, 1, and 2 the data y = 4, 2, —1, 0, and 0, respectively, are observed.
Find the best line to fit this data. Answer: y = Ct+ D where C = and D =
(4) The best (least squares) line fit to the data: y =2 att =—-1; y =0at t =0; y = —3 at
b
tzl;y:—5att:2isy:—i—ftwherea: and b =
10 5

(5) Consider the following data: y = 20 when ¢t = —2; y = 6 when t = —1; y = 2 when ¢t = 0;
y =8 when t = 1; y = 24 when t = 2. Find the parabola which best fits the data in the
least squares sense.

Answer: y = C + Dt + Et? where C = , D= ,and F =

(6) Consider the following data: y =2 when t = —1; y = 0 when ¢t = 0; y = —3 when ¢ = 1;

y = —5 when t = 2. Find the parabola which best fits the data in the least squares sense.
Answer: y = C + Dt + Et? where C = , D= ,and F =

(7) Find the plane 50z = a + bu + cv which is the best least squares fit to the following data:
z=3whenu=1landv=1;2=06whenu=0and v=3; 2=5 when u =2 and v =1;
z =0 when v =0 and v = 0.

Answer: a = ;b= ;C=

(8) Consider the following data: y =4 att=—1;y=5att=0;y=9at t = 1.

(a) Then the best (least squares) line which fits the data is y = ¢ + dt where ¢ =

and d = . 1 -1
(b) The orthogonal projection of b = (4,5,9) onto the column space of A= |1 0 | is
1 1
( ’ ’ ) °
u
(9) The best least squares solution to the following (inconsistent) system of equations v

isu= and v = . u+v
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25.3. Problems

(1) Explain in detail how to use matrix methods to find the best (least squares) solution to

U =1
the following (inconsistent) system of equations v = 1. Carry out the computation
you describe. u+v =0

(2) The following data y are observed at times t: y = 4 when ¢t = —2; y = 3 when t = —1;
y =1 when t = 0; and y = 0 when ¢t = 2.
(a) Explain how to use matrix methods to find the best (least squares) straight line
approximation to the data. Carry out the computation you describe.
(b) Find the orthogonal projection of y = (4,3, 1,0) on the column space of the matrix

1 -2
1 -1
A= 1 0
1 2

(c) Explain carefully what your answer in (b) has to do with part (a).
(d) At what time does the largest error occur? That is, when does the observed data
differ most from the values your line predicts?
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25.4. Answers to Odd-Numbered Exercises

1) (a) 1,23
(b) left nullspace
(c) 1,2

(3) -1,1

(5) 2,1,5

(7) —6, 73, 101
1 1

9) —. —

) 3



Part 7

SPECTRAL THEORY OF INNER
PRODUCT SPACES






CHAPTER 26

SPECTRAL THEOREM FOR REAL INNER PRODUCT
SPACES

26.1. Background

Topics: the spectral theorem for finite dimensional real inner product spaces.

26.1.1. Definition. An operator T' on a finite dimensional real inner product space with an
orthonormal basis is ORTHOGONALLY DIAGONALIZABLE if there exists an orthogonal matrix which
diagonalizes T'.

The following theorem (together with its analog for complex spaces) is the fundamental struc-
ture theorem for inner product spaces. It says that any symmetric operator on a finite dimensional
real inner product space can be written as a linear combination of orthogonal projections. The
coefficients are the eigenvalues of the operator and the ranges of the orthogonal projections are the
eigenspaces of the operator.

26.1.2. Theorem (Spectral Theorem for Finite Dimensional Real Inner Product Spaces). Let T
be a symmetric operator on a finite dimensional real inner product space V', and A1, ..., \x be the
(distinct) eigenvalues of T'. For each j let M; be the eigenspace associated with A\j and E; be
the projection of V' onto M; along My + --- + M;_1 + Mj 1+ --- + My. Then T is orthogonally
diagonalizable, the eigenspaces of T are mutually orthogonal, each Ej; is an orthogonal projection,
and the following hold:

(i) T=ME1+ -+ M\ E,

(ii)) I=E1+---+ E), and

(iii) EE; =0 when i # j.
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26.2. Exercises

1) Let T be the operator on R? whose matrix representation is
p P
2

3

W=
DI~ W

|
[=[¥2
|

|
ol
ol

(a) Find the characteristic polynomial and minimal polynomial for 7'

Answer: cp(\) =

mp(A) =
(b) The eigenspace M; associated with the smallest eigenvalue A; is the span of (1,

(
(

c¢) The eigenspace My associated with the middle eigenvalue A9 is the span of (___

)
)

d) The eigenspace M3 associated with the largest eigenvalue A3 is the spanof (___ |1,
)

)

, —1).-

(e) Find the (matrix representations of the) orthogonal projections E7, Fs, and E3 onto

the eigenspaces M7, Mo, and Ms, respectively.

1 |a a a 1 b —c —c 1 d d d
Answer: F1 = — |a a a|;Ea=—|—c a al|;E3==|d a —a
m n 2
a a a —c a a d —a a
a= , b= ,c=__  ,d= ,m=__ ,andn=___
(f) Write T as a linear combination of the projections found in (e).
Answer: [T] = E\ + E, + Es.

where

(g) Find an orthogonal matrix @ (that is, a matrix such that Q' = Q~!) which diagonal-

izes T. What is the associated diagonal form A of T'7

a C
Vb Ve A0 0
Answer: Q = % —ﬁ % and A= |0 p O wherea=__ |, b=
a __a _.a 0 0 v
Vb Vbe Ve
c=__ _,A=__ ,u=__ ,andv=___
(2) Let T be the operator on R? whose matrix representation is
2 2 1
2 2 -1
1 -1 -1

a) The eigenspace M associated with the smallest eigenvalue \; is the span of (1,

(a)

(b) The eigenspace M; associated with the middle eigenvalue Az is the span of ( 1,
(c) The eigenspace M3 associated with the largest eigenvalue A3 is the spanof (1,
)

9

)

)

(d) Find the (matrix representations of the) orthogonal projections Fy, Es, and E3 onto

the eigenspaces M7, Mo, and Ms, respectively.

1 a —a —b 1 e —a a 1|
Answer: F1 = — |—-a a b |; Eb=—|—a a —al; E3=—|a
mn m n
—-b b c a —a a d
wherea=__ ,b=_ ,¢c=_ ,d=__ ,m=__ ,andn=___

(e) Write T' as a linear combination of the projections found in (d).
Answer: [T] = E, + E; + Es.

QUL 2
QU QL

(f) Find an orthogonal matrix @ (that is, a matrix such that Q' = Q~!) which diagonal-

izes T'. What is the associated diagonal form A of T'7

~—
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26.2. EXERCISES

and A

A
=l
IS8 o g

a%aﬁa%
ﬁﬁ_ﬁ B

Q=
\ =

Answer:
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26.3. Problem

1 -4 2
(1) Let A= |—4 1 -—2|.
2 -2 -2

(a) Does A satisfy the hypotheses of the spectral theorem 26.1.2 for symmetric operators
on a finite dimensional real inner product space? Explain.

(b) Explain how to find an orthogonal matrix which diagonalizes the matrix A. Carry
out the computation you describe.

(c) Explain in careful detail how to write the matrix A in part (b) as a linear combination
of orthogonal projections. Carry out the computations you describe.
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26.4. Answers to the Odd-Numbered Exercise
3N A2 (or AFD)A=1DA=2)); A3 =222 =X +2 (or A+ 1A =1)(A—2))






CHAPTER 27

SPECTRAL THEOREM FOR COMPLEX INNER PRODUCT
SPACES

27.1. Background

Topics: the spectral theorem for finite dimensional complex inner product spaces.

27.1.1. Definition. An operator T on a finite dimensional real inner product space with an
orthonormal basis is UNITARILY DIAGONALIZABLE if there exists an orthogonal matrix which diag-
onalizes T

27.1.2. Theorem (Spectral Theorem for Finite Dimensional Complex Inner Product Spaces). Let
T be a normal operator on a finite dimensional complex inner product space V', and Ay,..., A\, be
the (distinct) eigenvalues of T'. For each j let M; be the eigenspace associated with A\; and Ej;
be the projection of V' onto M; along My + -+ + Mj_1 + M1 + --- + My. Then T is unitarily
diagonalizable, the eigenspaces of T are mutually orthogonal, each E; is an orthogonal projection,
and the following hold:

(1) T'=ME1+ -+ A\ Eg,

(ii)) I=FE1+---+ Ey, and

(i) E5E; =0 when i # j.

27.1.3. Theorem. Let T be an operator on a finite dimensional complex inner product space V.
Then the following are equivalent:

(1) T is normal;
(2) T is unitarily diagonalizable; and
(3) V' has an orthonormal basis consisting of eigenvectors of T

177
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27.2. Exercises

(2 14
(l)LetA—[l_z. 3 }
(a) Use the spectral theorem 27.1.2 to write A as a linear combination of orthogonal
projections.
1 2 —1—1
Answer: A = aFEy 4+ fE, where a = , B = , By = 3 ,
1 .
andEgz[ 1 1+l}
3
(b) Find a square root of A.
1 ‘
Answer:\ﬁzg[ 4 1+Z}
2) Let T be the operator on C? whose matrix representation is 0 1 .
-1 0
(a) The eigenspace V; associated with the eigenvalue —i is the span of ( 1, ).
(b) The eigenspace Va associated with the eigenvalue i is the span of (1, ).

(c) The (matrix representations of the) orthogonal projections F; and E onto the eigenspaces

a a

V1 and Vs, respectively, are Fy = [—b Z]; and Fy = [b _ab] where a = and

(d) Write T as a linear combination of the projections found in (c).

Answer: [T] = E, + Es.
(e) A unitary matrix U which diagonalizes [T is [_ab Z] where a = and b =
The associated diagonal form A = U*[T|U of [T] is
442 1—-3 1—3
(3)Let N=- |1—i 4+2 1—i
1—2 1—4 442
a b b
(a) The matrix N is normal because NN* = N*N = |b a b| where a = and
b b a

(b) Thus according to the spectral theorem 27.1.2 N can be written as a linear combination
of orthogonal projections. Written in this form N = A\ Fq 4+ Ao E3 where \; =

a a a b —a -—a
Ay = ,EBi=la a a|,and Ey=|—a b —a| wherea = and
a a a —a —a b
a —b —c
(¢) A unitary matrix U which diagonalizes N is |a b —c| where a = ,
a d 2c
b= ,C= ,and d = . The associated diagonal form A = U*NU

of N is
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(4) Let T be an operator whose matrix representation is [_11 _21} .

(a) Regarded as an operator on R? is T' triangulable? . As an operator on R? is it
diagonalizable?

(b) Show that T regarded as an operator on C? is diagonalizable by finding numbers ¢
and d such that the matrix S = [_62 _d2] is invertible and S~!T'S is diagonal.

Answer: ¢ = and d =

(c) Show that despite being diagonalizable (as an operator on C?) T' is not normal.
Answer: TT* = #+ =T*T.

(d) Explain briefly why the result of part (c¢) does not contradict Theorem 27.1.3.

8—1 5—2i 2440
(5) Let T be the operator on C? whose matrix representationis — [—5+2i 8—1i  —4+ 2i].
—2—4i —4+20 1442

(a) Find the characteristic polynomial and minimal polynomial for 7'

Answer: ep(\) =

mp(A) =
(b) The eigenspace M; associated with the real eigenvalue A; is the spanof (1,

).
(c) The eigenspace Mj associated with the complex eigenvalue Ay with negative imaginary
part is the spanof (1, | ).

(d) The eigenspace M3 associated with the remaining eigenvalue A3 is the spanof (1,_ ,

(e) Find the (matrix representations of the) orthogonal projections Fy, Fs, and E3 onto
the eigenspaces M7, Mo, and Ms, respectively.

11—bbc 11be 11—b—b
Answer: EF; = — | b a —cl|; Bo = —|—b el; B3 = —|b a a
M —be —c d e e Pl a a
wherea=__ ,b= , C = ,d = , e = ,m = ,m=__ ,and
p=__.
(f) Write T" as a linear combination of the projections found in (e).
Answer: [T] = E\ + E, + Es.
(g) Find a unitary matrix U which diagonalizes 7. What is the associated diagonal form
A of T7?
e a  a
&G 2o
Answer: U = | 7z — 5 el and A= |0 p 0] wherea=__ b= ,
_bd e d 0 0 v
Voe Vb Ve
c= ,d= , e = , A= , = ,and v = .
1 a —bc  2bc
(h) The operator T is normal because TT* = T*T = — | bc a —2b| where
—2bc —2b d

a = , b= ,c=__ ,andd=__ .
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5+2i 2—¢ 2—14
(6) Let T be the operator on C3 whose matrix representation is -~ | 2—4 5—i 2+ 2i].
2—1 2+21 55—

(a) Find the characteristic polynomial and minimal polynomial for 7'

Answer: cp(\) =

mT()\) = .
(b) The eigenspace M; associated with the real eigenvalue A is the spanof (1, , ).
(c¢) The eigenspace Mj associated with the complex eigenvalue Ay with negative imaginary
part is the spanof ( ___, |, —1).
(d) The eigenspace M3 associated with the remaining eigenvalue A3 is the spanof (__ , -1,

(e) Find the (matrix representations of the) orthogonal projections E7, Fs, and E3 onto
the eigenspaces M, Mo, and Ms, respectively.

1]e a a 1 b b b 1 d —e —e
Answer: 1 = — |a a a|; Ea=—|b ¢ —c|;E3==-|—e a a | where
m n 6
a a a b —c ¢ —e a a
a=__,b=__ ,c= ,d=__ _,e=__ _,m=__ ,andn=___
(f) Write T as a linear combination of the projections found in (e).
Answer: [T] = B+ By + Es.

(g) Find an orthogonal matrix @ (that is, a matrix such that Q' = Q~!) which diagonal-
izes T. What is the associated diagonal form A of T'7

N~ A0 0
Answer: ) = % % —ﬁ and A= |0 p O wherea=__ , b= ,
% _ic _ﬁ 0 0 v
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27.3. Problems

(1) Let N be a normal operator on a finite dimensional complex inner product space V. Show
that [|[Nx|| = ||[N*x|| for all x € V.

(2) Let N be a normal operator on a complex finite dimensional inner product space V. Show
that if Aq,..., A\x are the eigenvalues of N, then Ay, ..., \; are the eigenvalues of N*.

(3) Let T be as in exercise 4. Show by direct computation that there is no invertible 2 x 2

matrix S = [(2 Z] of real numbers such that S~!7S is upper triangular.
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27.4. Answers to Odd-Numbered Exercises

(b) 1—14,5
8 2
(3) (a) 33 o,
(b) 2,1+i,§,§
© . L Ly 0 14i o

V3TV2T VG 0 0 1+

A3 —B5AZ 48X =6 (or (AZ2—=2X4+2)(A—3)); A3 —=5A24+8X—6 (or (A2 =21 +2)(A—3))
i, —2i
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Index

£(x,y) (angle between x and y), 25, 122 commutator, 9
x -y (inner product of x and y), 121 commute, 9, 68
M 1 N (two sets are orthogonal), 122 complement
x Ly (two vectors are orthogonal), 122 orthogonal, 122
M <V (M is a subspace of V), 39 complementary subspaces, 39
(x,y) (inner product), 121 conjugate
[T] (matrix representation of T), 71 Hermitian, 145
[A, B] (commutator of A and B), 9 linear, 121
TS (notation for composition of linear maps), 61 transpose, 145
(x,y) (inner product of x and y), 25, 121 of a linear map, 145
x -y (inner product of x and y), 25, 121 of a matrix, 145
M @ N (direct sum of M and N), 39 continuous
|z]| (norm of a vector x), 121 uniformly, 122
At (transpose of A), 9 continuously differentiable, 64
Mt (the orthogonal complement of M), 122 cross product, 25
action definite
of a matrix, 15 negative, 133
additive positive, 133
inverses, 33 dependence
adjoint linear, 47
of a linear map, 145 determinant, 16
angle, 25, 122 det A (determinant of A), 16
annihilating polynomial, 87 diagonal matrix, 87
associative, 33 diagonalizable, 87
conditions to be, 88
basis, 55 orthogonally, 171
orthonormal, 127 part of an operator, 105
standard, 55 unitarily, 177
bijective, 61 diagonalizing matrix, 87
bounded function, 39 diagram, 68
commutative, 68
cr differentiable
as an inner product space, 121 continuously, 64
C([a, b)) differential equations, 97
as an inner product space, 122 dimension, 55
Cauchy-Schwarz inequality, 25, 122 dim V' (dimension of V'), 55
Cayley-Hamilton theorem, 87 direct sum, 39
characteristic polynomial, 83 orthogonal, 127
cofactor, 16 dominate, 159
column
rank, 149 Eun (projection along M onto N), 77
column index, 9 eigenspace, 83
column space, 149 generalized, 105
combination eigenvalue, 83
linear, 47 eigenvector, 83
commutative, 33 electrical networks
diagram, 68 problem on, 51
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equivalent £V, W)

row, 15 linear maps between vector spaces, 61
even function, 41 la
exact sequence, 67 as an inner product space, 122
expansion square summable sequences, 122

Laplace, 16 Laplace expansion, 16

leading principal submatrix, 133

factorization left

QR-, 127 inverse, 12, 62
finite dimension, 55 nullspace, 149
Fourier series, 127 length, 25
function Lie bracket, 9

even, 41 linear, 61

odd, 41 combination, 47

square integrable, 123 trivial, 47

uniformly continuous, 122 conjugat’e, 121
functional dependence, 47

linear, 61 functional, 61
fundamental theorem of linear algebra, 149, 153 independence, 47

map, 61

generalized eigenspace, 105 adjoint of a, 145

conjugate transpose of a, 145
Hermitian conjugate of a, 145
transpose of a, 145

operator, 61

Hermitian
conjugate, 145
operator, 145

Hessian matrix, 139

sesqui-, 121

Iy (identity operator on V), 62 transformation, 61
identity

additive, 33 majorize, 159
identity map, 62 map
indefinite, 133 linear, 61
independence Markov matrix, 97

linear, 47 matrix
index conjugate transpose of a, 145

column, 9 diagonal, 87

row, 9 diagonalizing, 87

?

inequality Hessian, 139

(Cauchy-)Schwarz, 122 Markow 97
infinite dimensional, 55 nilpotent, 105
injective, 61 nonsingular, 33

inner product, 25, 121 normal, 145
notation for, 9

space
C" as a, 121 orthogonal, 127, 159
R™ as a, 121 representation of an linear map, 71
C([a,b]) as a, 122 second derivative, 139
I as a, 122 standard, 71

symmetric, 9

integrable, 39
transpose of a, 9

inverse
additive, 33 unitary, 127, 159
left, 62 upper triangular, 9
right, 62 maximal
invertible, 62 linearly independent set, 57

orthonormal set, 127
minimal polynomial, 87
existence and uniqueness of, 91
minimal spanning set, 57

isometry, 159
isomorphic, 62
isomorphism, 62

ker T' (the kernel of T), 61 minor, 16
kernel, 61 monic polynomial, 87
£(V) negative

linear operators on V, 61 definite, 133



networks
problem on, 51
nilpotent, 88, 105
part of an operator, 105
nonsingular, 33
norm, 25, 121
normal
matrix, 145
operator, 145
nullity, 61
nullspace, 61, 149
left, 149

odd function, 41

one-to-one, 61
correspondence, 61

onto, 61

operator
adjoint of an, 145
diagonalizable part of an, 105
Hermitian, 145
linear, 61
nilpotent, 105
nilpotent part of an, 105
normal, 145
orthogonal, 159
positive, 159
self-adjoint, 145
symmetric, 145
transpose of an, 145
unitary, 159

orthogonal, 122
complement, 122
diagonalization, 171
direct sum, 127
matrix, 127, 159
operator, 159
projection, 159

orthonormal, 127
basis, 127

perpendicular, 122
pivoting, 3
point spectrum, 83
polarization identity, 125
polynomial

annihilating, 87

characteristic, 83

minimal, 87

existence and uniqueness of, 91

monic, 87
positive

definite, 133

operator, 159
principal submatrix, 133
product

cross, 25

inner, 25, 121
projection

along one subspace onto another, 77

orthogonal, 159

INDEX

Q R-factorization, 127

RTL
as an inner product space, 121
ranT (the range of T'), 61
range, 61
rank
column, 149
of a linear map, 61
row, 149
representation
matrix, 71
Riemann integrable function, 39
right
inverse, 12, 62
row
equivalent matrices, 15
operations, 3
rank, 149
row index, 9
row space, 149

scaling, 3
Schwarz inequality, 25, 122
second derivative

matrix, 139

test, 139
self-adjoint

operator, 145
sequence

exact, 67
sesquilinear, 121
short exact sequence, 67
o(T) (spectrum of T'), 83
similar, 87
space

vector, 33
span, 47
span A (the span of the set A), 47
spectral mapping theorem, 83
spectral theorem

for finite dimensional complex inner product

spaces, 177
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for finite dimensional real inner product spaces, 171

for finite dimensional vector spaces, 93

spectrum, 83
square integrable function, 123
square summable, 122
standard

basis for R", 55

matrix for a linear map, 71
submatrix

leading principal, 133
subspace, 39
subspaces

complementary, 39
sum

direct, 39
summable

square, 122
surjective, 61
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swapping, 3
symmetric
matrix, 9
operator, 145
system
of differential equations, 97

trace, 9
tr A (trace of A), 9
transformation
linear, 61
transpose
conjugate, 145
of a matrix, 9
of an operator, 145
triangulable, 88
conditions to be, 88
triangular
upper, 9
trivial
linear combination, 47

uniformly continuous, 122
unitary
diagonalization, 177
matrix, 127, 159
operator, 159
upper
triangular, 9
upper triangular, 88

vector
space, 33
complex, 33
real, 33
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