Linear Algebra

(Fourth Edition)

2 PEACZNL o

[] Stephen H. Friedberg
[] Arnold J. Insel RE
[] Lawrence E. Spence

O XERE A& ==

aw—-mw

-

-

oy

——

B

—

—

F

s

e

-
— —
- F— ——
| — = T
BEHEH R e - P
Higher Education Pressmmms . ——
— ————



PEARSON

HiHHEAS, g

www.hep-st.com.cn

Prentice http://www.PearsonEd.com

ISBN 7-04-016733-6 Hall

For sale and distribution in the People's Republic of
China exclusively (except Taiwan, Hong Kong SAR and
Macao SAR) .

97r87040M673377> SRR NG ER S A =N
EHr 36.30 7T AT E RN E S T X) HELTT.




Linear A I geb I'A (Fourtn Edition)
ZEEACEL

Stephen H. Friedberg
Arnold J. Insel R
Lawrence E. Spence

[llinois State University

IME A H

HEAS

f‘%ﬁ%%%ﬂﬁﬂﬂﬁﬁ

L Higher Education Press



E= :01-2005-2298 =

Original edition, entitled LINEAR ALGEBRA, 4" Edition by FRIEDBERG.
STEPHEN H.; INSEL, ARNOLD J.; SPENCE, LAWRENCE E., published by
Pearson Educatiun, Inc, Publishing as Prentice Hall, Copyright F 2003,

All rights reserved. No part of this book may be reproduced or transmitted in any
form or by any means. electronic or mechanical, including photocopying.
recording or by any information storage retrieval system, without permission from
Pearson education, Inc.

China Adapted edition published by Pearson Education Asia Lid. and
Higher Education Press, Copyright (£ 2005

This Adapted edition is manufactured in the People’s Republic of China, and
is authorized for sale only in People's Republic of China excluding Hong
Kong and Macau.

#4155 E 47T Pearson Education (3i"E 37 th U AD BOLE; 1548
AtpEE A HHE,

For sale and distribution in the People’s Republic of China
exclusively (except Taiwan, Hong Kong SAR and Macao S

AR).

ﬁﬁE?*ﬁAE#%ﬂlﬁW{LﬂiﬁﬁEqﬂEE?& 21
BITERMTEASHE ) HEET

EHERSE (C1P) B8

2R P {CH = Linear Algebra: 95 4 i : S8R/ (3£)
35 B F{A#S (Friedberg, S.H.) FRE; CEFA5H.
A5 B SFBA B REE,2005.6

(¥ M FH B A5 FH)

ISBN 7 - 04 - 016733 - 6

I.6... T.0%..@F... I.LHEAH-5%
R -EM KL N.0151.2

oh [ W A< B AR CIP Bda% " (2005) 55 047856 45

HRREIT & LR MLk 010- 58581118

i 4 RIS 4 5 REHE 800 - B0 -0598

BRELERFL 100011 i Ht bhup:/fwww hep . edu.cn

& #l 010 - 58581000 hitp :/fwww . hep.com.en

& # REeasEEBRaTTRAA B EIT®M  hup:/fwww . landraco . com

En Bl AbESEERERAE http : /fwww . landraco . com.cn
FOE T8Ix960 1/16 B % 200556 A5 1R

En % 32 En 2005 e HE | IKINE

F & 650 000 E #t 36.303C

F BT, BT, QR TS R R, TR A PRI R R
MBS @i
MES 16733 -00



Hi ki & B 18

HiERATMREIRERAPFALSBAGNTR, XN HRAFTHRBE
IERF, RAORFTHEAY “GFFEREFNFERFXIFI A Mo
“GEERAE ARGTE, RATLA R, RABRART SI/MEAF2A
AAEMGBEORKG ., BIMLFEMAZRNES, SHEFTR
HEOURHRARMEERKEREFTEF T ARKNARS THMBEZ
&, 2~ AFRLRG LR, SREMEEERAGRERE, £FH
4. BEB A IJRFALEERGER. &, EHRAGRMEME
FRF, ABRIRS, RERE N HEMGITILE, Bstedtht, 2FA
A, B TREGAEGLFLAY,; HEAYHKARNRLAAE. £
BAKFERHAR, T2RBRITAHEY, KM ETRLLME AR A
G KT RIS, ARA LM EAKE LR GRA, ZR
BENVE BRI R AT B G, BT A8 otk M,
MALSEREFRE, JIREINARGEFER, AEFAEFTA L
RPEL, BLEALEAAGRERERAKETE,

B3R GE I E H MR, KATRH T AL RN 1. Hkis
K, rgHe g, 2. g, KRiESM.

#H %, #4142 Pearson Education, John Wiley & Sons, McGraw-Hill 14
& Thomson Learning ¥ B 2F B NG| T 2 dihk, 2854 4B S
FWMET, REIERREHKE 200 27, FHELGABBAKE. #
M oALEHR T RE T KIEBE, KRMNBFTEHASZK —KHLIF,
FRFEREXERUREMG N A, APHEZE T —REF ML
K, AL HER, AREHEBEAXTHE: (1) AR LZHLLFhMK
4, AE LK ZER, AR EEM T LA SGREL, (2) FiK,
Fite $ 5B ERBAR, NEMEAEH, LHREL; (3) SHRF TR
REEFR, AFARETARGRA, 1) HEHL. £, BAR, b
E AR (B) EE MG, AW, TRKER, WRESIEREHRGF
& Wik,

fok, Mk BE. RREHARE, MIAIGFELEROEY



ii e A 653

KBE. BB —AEM, PRMEAKEALET, FERBGH ) AH—
AEHMBREHRT, RNEBAXRSZFERGX S ELFERFTT S
W R mENINE, LARER, RAARTRALBE. X ZHRALE
HEFENGERTOTHELEE, RINKRARIEZHFARF, X#E
K, FHRLEFF K, NS RERE, TEXAHRNT AR
MEM G ring ), AR FAPE STk, RERXHIRMNARES, AR
t, BEAE, AGEEMAE TRE-AFHAMR FF5, KMmeN
RrRE RGBT,

LEENHERI G EMENTE, STFATHRABHAT Ko
e, AEFRABYEMAERNT —CORRE, A4H, Ll Ei
FH 2.

AR ERE, RNKLELEFRGIUEHFITR], TR
Tk BV, AHREEAERA B RALSREN. AR ALLY, KA
ROFESRERETAEFREZHGE L AE, oA 476 HAEF
%, L5 S ERTRBATFRASRRKA, |

B4 w95 010-58581384(3 #); 010-58581374(#72); 010-58581380(4L
¥4t r), E-mail: xukeQhep.com.cn,

fFRF haA
2005 % 5 A



To our families:
Ruth Ann, Rachel, Jessica, and Jeremy
‘ Barbara, Thomas, and Sara
Linda, Stephen, and Alison



Preface

The language and concepts of matrix theory and, more generally, of linear
algebra have come into widespread usage in the social and natural sciences,
computer science, and statistics. In addition, linear algebra continues to be
of great importance in modern treatments of geometry and analysis.

The primary purpose of this fourth edition of Linear Algebra is to present
a careful treatment of the principal topics of linear algebra and to illustrate
the power of the subject through a variety of applications. Qur major thrust
emphasizes the symbiotic relationship between linear transformations and
matrices. However, where appropriate, theorems are stated in the more gen-
eral infinite-dimensional case. For example, this theory is applied to finding
solutions to a homogeneous linear differential equation and the best approx-
imation by a trigonometric polynomial to a continuous function.

Although the only formal prerequisite for this book is a one-year course
in calculus, it requires the mathematical sophistication of typical junior and
senior mathematics majors. This book is especially suited for a second course
in linear algebra that emphasizes abstract vector spaces, although it can be
used in a first course with a strong theoretical emphasis.

The book is organized to permit a number of different courses (ranging
from three to eight semester hours in length) to be taught from it. The
core material (vector spaces, linear transformations and matrices, systems of
linear equations, determinants, diagonalization, and inner product spaces) is
found in Chapters 1 through 5 and Sections 6.1 through 6.5. Chapters 6 and
7, on inner product spaces and canonical forms, are completely independent
and may be studied in either order. In addition, throughout the book are
applications to such areas as differential equations, economics, geometry, and
physics. These applications are not central to the mathematical development,
however, and may be excluded at the discretion of the instructor.

We have attempted to make it possible for many of the important topics:
of linear algebra to be covered in a one-semester course. This goal has led
us to develop the major topics with fewer preliminaries than in a traditional
- approach. (Our treatment of the Jordan canonical form, for instance, does
not require any theory of polynomials.) The resulting economy permits us to
cover the core material of the book (omitting many of the optional sections
and a detailed discussion of determinants) in a one-semester four-hour course
for students who have had some prior exposure to linear algebra.

Chapter 1 of the book presents the basic theory of vector spaces: sub-
spaces, linear combinations, linear dependence and independence, bases, and
dimension. The chapter concludes with an optional section in which we prove
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that every infinite-dimensional vector space has a basis.

Linear transformations and their relationship to matrices are the subject
of Chapter 2. We discuss the null space and range of a linear transformation,
matrix representations of a linear transformation, isomorphisms, and change
of coordinates. Optional sections on dual spaces and homogeneous linear
differential equations end the chapter.

The application of vector space theory and linear transformations to sys-
tems of linear equations is found in Chapter 3. We have chosen to defer this
important subject so that it can be presented as a consequence of the pre-
ceding material. This approach allows the familiar topic of linear systems to
illuminate the abstract theory and permits us to avoid messy matrix computa-
tions in the presentation of Chapters 1 and 2. There are occasional examples
in these chapters, however, where we solve systems of linear equations. (Of
course, these examples are not a part of the theoretical development.) The
necessary background is contained in Section 1.4.

Determinants, the subject of Chapter 4, are of much less importance than
they once were. In a short course (less than one year), we prefer to treat
determinants lightly so that more time may be devoted to the material in
Chapters 5 through 7. Consequently we have presented two alternatives in
Chapter 4—a complete development of the theory (Sections 4.1 through 4.3)
and a summary of important facts that are needed for the remaining chapters
(Section 4.4). Optional Section 4.5 presents an axiomatic development of the
determinant.

Chapter 5 discusses eigenvalues, eigenvectors, and diagonalization. One of
the most important applications of this material occurs in computing matrix
limits. We have therefore included an optional section on matrix limits and
Markov chains in this chapter even though the most general statement of some
of the results requires a knowledge of the Jordan canonical form. Section 5.3
contains material on invariant subspaces and the Cayley-Hamilton theorem.

Inner product spaces are the subject of Chapter 6. The basic mathemat-
ical theory (inner products; the Gram—Schmidt process; orthogonal comple-
ments; the adjoint of an operator; normal, self-adjoint, orthogonal and unitary
operators; orthogonal projections; and the spectral theorem) is contained in
Sections 6.1 through 6.6.

Canonical forms are treated in Chapter 7. Sections 7.1 and 7.2 develop
the Jordan canonical form, Section 7.3 presents the minimal polynomial, and
Section 7.4 discusses the rational canonical form.

There are five appendices. The first four, which discuss sets, functions,
fields, and complex numbers, respectively, are intended to review basic ideas
used throughout the book. Appendix C on polynomials is used primarily
in Chapters 5 and 7, especially in Section 7.4. We prefer to cite particular
results from the appendices as needed rather than to discuss the appendices
independently.
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The following diagram illustrates the dependencies among the various
chapters.

Chapter 1

Chapter 2

Chapter 3

Sections 4.1-4.3
or Section 4.4

|Sections 5.1 and 5.2 | _,.

Section 5.3

I-d—I-i—

Chapter 7

One final word is required about our notation. Sections and subsections
labeled with an asterisk (*) are optional and may be omitted as the instructor
sees fit. An exercise accompanied by the dagger symbol (}) is not optional,
however—we use this symbol to identify an exercise that is cited in some later
section that is not optional.

DIFFERENCES BETWEEN THE THIRD AND FOURTH EDITIONS

The organization of the text is essentially the same as in the third edition.
Nevertheless, this edition contains many significant local changes that im-
prove the book. Section 5.1 (Eigenvalues and Eigenvectors) has been stream-
lined, and some material previously in Section 5.1 has been moved to Sec-
tion 2.5 (The Change of Coordinate Matrix). Further improvements include
revised proofs of some theorems, additional examples, new exercises, and
literally hundreds of minor editorial changes.

We are especially indebted to Jane M. Day (San Jose State University)
for her extensive and detailed comments on the fourth edition manuscript.
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Additional comments were provided by the following reviewers of the fourth
edition manuscript: Thomas Banchoff (Brown University), Christopher Heil
(Georgia Institute of Technology), and Thomas Shemanske (Dartmouth Col-
lege).

To find the latest information about this book, consult our web site on
the World Wide Web. We encourage comments, which can be sent to us by
e-mail or ordinary post. Qur web site and e-mail addresses are listed below.

web site:  http://www.math.ilstu.edu/linalg

e-mail: linalg@math.ilstu.edu

Stephen H. Friedberg
Arnold J. Insel
Lawrence E. Spence
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