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CONTENTS

1. LINEAR SYSTEMS

Two examples:

[(a)]Network flow. The assumption is that flow into nodes equals flow out of nodes, and that
branches connect the various nodes. The nodes can be thought of as intersections, and the branches
can be thought of as streets.
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(a)

(b) Approximation of data - find the line of best fit (least-squares). For example, find a line which best
fits the points (1,0), (2,1), (4,2), (5,3). The answer is y = —3/5 + 7/10 z.

1.1. Solving Linear Systems

1.1.1. Gauss' Method

Definition 1.1. A linear equation is of the form
a1x1 + asxs + -+ + apx, =d,
where
e I1,...,x,: variables
® ai,...,a, € R: coefficients
e d € R: constant.

A linear system is a collection of one or more linear equations. An n-tuple (si,...,s,) is a solution if
T1 = S1,...,Tn = Sy solves the system.

Example. [(i)]
(a) 3x1 — 4wy + 623 = 5: linear equation

(b) 129 — 3x3 = 4: nonlinear equation
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Example. The system
201 +x2 =8, —2x1+ 3x2 =16

has the solution (z1,z2) = (1,6).

Theorem 1.2 (Gauss’ Theorem). If a linear system is changed from one to another by the operations
[(1)Jone equation is swapped with another (swapping) an equation is multiplied by a nonzero con-
stant (rescaling) an equation is replaced by the sum of itself and a multiple of another (pivoting)

then the two systems have the same set of solutions.

Remark 1.3. These operations are known as the elementary reduction operations, row operations, or
Gaussian operations.

Why? The idea is to convert a given system into an equivalent system which is easier to solve.
Example. Work the system
3x1 4+ 620 =12, x1 —2x9 =4,
which has the solution (4,0).

Definition 1.4. In each row, the first variable with a nonzero coefficient is the row’s leading variable. A
system is in echelon form if each leading variable is to the right of the leading variable in the row above it.

Example. Upon using the Gaussian operations one has that

T —r3 = 0 ryT —xr3 = 0
3x1 + 22 = 1 — X9 = 4
r1 — Ty — T3 = —4 r3 = -1

The solution is (—1,4, —1).
Theorem 1.5. A linear system has either

[(1)]no solution (inconsistent) a unique solution an infinite number of solutions.

In the latter two cases the system is consistent.

Tllustrate this graphically with systems of two equations in two unknowns.
~| 7<
va , / 7

Unique solution Inconsistent Infinitely many solutions

(b)

1.1.2. Describing the Solution Set

Definition 1.6. The variables in an echelon-form linear system which are not leading variables are free
variables.
Example. For the system

1+ 2wy —4dxy =2, x3—Try =38
the leading variables are x1,x3, and the free variables are x5, 4. The solution is parameterized by the free
variables via

$1:272$2 +4I4, I3:8+7$4,
so that the solution set is

{(2 =29 + 424, 29,8 4+ Tx4,14) : To,24 € R}.
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Definition 1.7. An m X n matrix A is a rectangular array of numbers with m rows and n columns. If the
numbers are real-valued, then we say that A = (a;;) € R™*", where a;; € R is the entry in row ¢ and
column j.

Example. Find different entries for the matrix

13 —4
A‘(—2 6 —3)

Definition 1.8. A vector (column vector) is a matrix with a single column, i.e., @ € R"*! := R”. A matrix
with a single row is a row vector. The entries of a vector are its components.

Remark 1.9. For vectors we will use the notation @ = (a;) € R".
Definition 1.10. Consider two vectors @ = (u;), ¥ = (v;) € R™. The algebraic operations are:

[(i)]vector sum: @ + ¢ = (u; + v;) scalar multiplication: r@ = (rv;) for any r € R.
Consider the linear system
Ty —3xy+2x3=8, x1—x3=05H, —2ao+4+x3=0T"T.

Matrices associated with this system are

1 -3 2 1 -3 218
1 0 -1 (coefficient matrix), 1 0 —11|5 (augmented matrix).
0o -2 1 0o -2 1|7

The Gaussian operations can be performed on the augmented matrix to put the system into echelon form:

1 -3 2|8 1 -3 2 8
1 0 -1|5 | —| O 1 -1]-1
0 -2 107 0 0 1|-5
Why? It eases the bookkeeping. The solution is s = (0, —6, —5), which can be written in vector notation as

Example. The solution to the system
r1 + 2wy —4xy =2, x3—Trg =8

is
{(2 =229 + 424, 22,8 4+ Tx4,24) : T2,24 € R}.

Using vector notation yields

o O N

+ Zo + x4 : $27$4€R}.

OO =N
— O

0

It is clear that the system has infinitely many solutions.

1.1.3. General=Particular+Homogeneous

In the previous example it is seen that the solution has two parts: a particular solution which depends
upon the right-hand side, and a homogeneous solution, which is independent of the right-hand side. We will
see that this feature holds for any linear system. Recall that equation j in a linear system has the form

;121 + -+ AjpTy = dj.
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Definition 1.11. A linear equation is homogeneous if it has a constant of zero. A linear system is homoge-
neous is all of the constants are zero.

Remark 1.12. A homogeneous system always has at least one solution, the zero vector 0.
Lemma 1.13. For any homogeneous linear system there exist vectors 51, . ,Ek such that any solution of

the system is of the form
Z=c101 4+ cxlr, c1,...,cx €R.

Here k is the number of free variables in an echelon form of the system.
Definition 1.14. The set {clﬁl 4 ckﬁk i ¢1,y...,cx € R} is the span of the vectors {31, . ,ﬁk}

Proof: The augmented matrix for the system is of the form (A|0), where A € R™*". Use Gauss’ method to
reduce the system to echelon form. Furthermore, use the Gauss-Jordan reduction discussed in Section 3.1 to
put the system in reduced echelon form. The coefficient associated with each leading variable (the leading
entry) will then be one, and there will be zeros above and below each leading entry in the reduced matrix.
For example,

100 6
010 4
A=10 01 -3
000 0

In row j the reduced system is then of the form
Zg, + a5 0412041+ -+ ajpry =0,

which can be rewritten as
Tg; = = 0,412,541~ — QjnTn.

Since the system is in echelon form, ¢;_; < ¢; < ¢;;1. Suppose that the free variables are labelled as
Xfy ..., T Since the system is in reduced echelon form, one has that in the above equation a;,+; = 0 for
any ¢ > 1 such that x4, 1; is a leading variable. Thus, after a renaming of the variables the above equation
can be rewritten as

zo; = Bipxp o+ BT g

The vectors ﬁp j=1,...,k, can now be constructed, and in vector form the solution is given by

r= xflﬁl +"'+$fk5k~

Lemma 1.15. Let p’ be a particular solution for a linear system. The solution set is given by
{F+ h : h is a homogeneous solution}.

Proof: Let s be any solution, and set h=3§— p. In row j we have that

aji(s1—=p1) + -+ ajn(sn —pn) = (aj181+  +ajnsn) — (@101 + -+ ajnpn)
= dj—d,

so that h = §— p solves the homogeneous equation.
Now take a vector of the form p'+ h, where p'is a particular solution and h is a homogeneous solution.
Similar to above,

aji(pr+hi)+- -+ ainpn+hn) = (@014 -+ ajnpn) + (aj1h1 + -+ ajnhp)

dj+0
d

R

so that §=p+ h solves the system. O
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Remark 1.16. While a homogeneous solution always exists, this is not the case for a particular solution.

Example. Consider the linear system

X1 + 234+ 4=-—1 T + x3+x4= -1
2r1 — X2 + 4= 33— To + 2x3 + x4 = 5
931+SC2+31’3+21‘4: b 0:b+1

The homogeneous solution is given by

-1 -1

. ) -1
h=x3 1 + x4 0 , x3,x4 € R

0 1

If b = —1, the solution set is given by ¥ = p'+ h.
Definition 1.17. A square matrix is nonsingular if it is the coefficient matrix for a homogeneous system
with the unique solution Z = 0. Otherwise, it is singular.

Remark 1.18. In order for a square matrix to be nonsingular, it must be true that for the row-reduced
matrix there are no free variables. Consider the two examples:

10 -1 1 00
A—lo1 2|, B—1[o0 1 0
00 0 00 1

The homogeneous system associated with A has infinitely many solutions, whereas the one associated with
B has only one.

1.3. Reduced Echelon Form

1.3.1. Gauss-Jordan Reduction

Definition 1.19. A matrix is in reduced echelon form if
[(a)]
(a) it is in echelon form
(b) each leading entry is a one
(¢) each leading entry is the only nonzero entry in its column.

Definition 1.20. The Gauss-Jordan reduction is the process of putting a matrix into reduced echelon form.

Example. Consider

1 2 3|4 1 2 3|4 1 0 —-1|-2
5 6 7 8 echelon 01 213 reduced echelon 0 1 9 3
9 10 1112 0 0 00 0 0 0 0
The solution is then given by
-2 1
T = 3 + -2 , €€ R.
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Remark 1.21. The above coefficient matrix is singular.

Definition 1.22. Two matrices are row equivalent if they can be row-reduced to a common third matrix
by the elementary row operations.

Example. This can be written as A — C «— B, i.e., from above

1 2 3 4 10 -1 -2 1 2 3 4
A=|5 6 7 8|, B=|lo1 2 3|, c=lo012 3
9 10 11 12 00 0 0 000 0

Remark 1.23. [(a)]
(a) Elementary row operations are reversible.

(b) If two coefficient matrices are row equivalent, then the associated homogeneous linear systems have
the same solution.

1.3.2.  Row Equivalence

Definition 1.24. A linear combination of the vectors 1, ..., T, is an expression of the form

E Cifi = lel +---+ Cnfn,
i

where ¢1,...,c, € R.
Remark 1.25. The span of the set {Z1,...,Z,} is the set of all linear combinations of the vectors.

Lemma 1.26 (Linear Combination Lemma). A linear combination of linear combinations is a linear com-
bination.

Proof: Let the linear combinations Zl c1,;Z; through ZZ Cm,iT; be given, and consider the new linear

combination
n n
dy (Z C1,ifi> +-Fdy <Z Cm,ifi> .
i=1 i=1

Multiplying out and regrouping yields

m m
E dicii | T+ + E diCin | Zn,
i=1 i=1
which is again a linear combination of &1, ..., Z,. O

Corollary 1.27. If two matrices are row equivalent, then each row of the second is a linear combination of
the rows of the first.

Proof: The idea is that one row-reduces a matrix by taking linear combinations of rows. If A and B are
row equivalent to C, then each row of C' is some linear combination of the rows of A and another linear
combination of the rows of B. Since row-reduction is reversible, one can also say that the rows of B are
linear combinations of the rows of C. By the Linear Combination Lemma one then gets that the rows of B
are linear combinations of the rows of A. O

Definition 1.28. The form of an m x n matrix is the sequence ({1,...,£,;,), where ¢; is the column number
of the leading entry if row 4, and ¢; = co if row 4 has no leading entry (i.e., it is a zero row).

Example. If
1 2 0 4
A=1 0 0 1 -3 |,
000 O

then the form is (1,3, 00).



7 Prof. Kapitula, Spring 2003

Lemma 1.29. If two echelon form matrices are row equivalent, then their forms are equal sequences.

Remark 1.30. For a counterexample to an ”if and only if” statement, consider

10 -1 10 1
A=(o0o1 2|, B=lo0o 1 -2
00 0 00 O

Both have the form (1,2, 00), yet the matrices are clearly not row equivalent.

Proof: Let B, D € R™*™ be row equivalent. Let the form associated with B be given by (¢1,...,¢,,), and
let the form associated with D by given by (k1,..., k). Let the rows of B be denoted by (1, ..., G, with

ﬁj = (ﬁj,la v 7ﬂj,m)a

and the rows of D by d1,...,0d,,, with
0; =(051,--,05m),

We need to show that ¢; = k; for each 7. Let us first show that it holds for ¢ = 1. The rest will follow by
an induction argument (Problem 2.22). If 3; is the zero row, then since B is in echelon form the matrix B
is the zero matrix. By the above corollary this implies that D is also the zero matrix, so we are then done.
Therefore, assume that ; and J; are not zero rows. Since B and D are row equivalent, we then have that

f1 = 5101 + 8202 + -+ + SO,
or
m
B = Z CHINE
i=1
in particular,

m
B, = E 50,0, -
i=1

By the definition of the form we have that 8; ; = 0 if j < {1, and B1,, # 0. Similarly, d; ; = 0 if j < Ky,
and 61, # 0. If £; < k; then the right-hand side of the above equation is zero. Since 31 ¢, # 0, this then
clearly implies that ¢; > k;. Writing 0; as a linear combination of 1, ..., 3, and using the same argument
as above shows that ¢; < ky; hence, {1 = k;. O

Corollary 1.31. Any two echelon forms of a matrix have the same free variables, and consequently the
same number of free variables.
Lemma 1.32. Each matrix is row equivalent to a unique reduced echelon form matrix.

Example. Suppose that

1 0 -3 1 0 -2
A— [ 0 1 21, B— | 0 1 31,
00 O 00 0

[(a)]Are A and B row equivalent? No. Is either matrix nonsingular? No.
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2. VECTOR SPACES

2.1. Definition of Vector Space

2.1.1. Definition and Examples

Definition 2.1. A vector space over R consists of a set V' along with the two operations ‘+’ and ‘-’ such
that

[(a)]

- —

(a) if @, ¥,w € V, then ¥+ € V and
o U+ wW=w+7U
o (TH+wW)+u=70+ (W+ 1)
e there is a 0 € V such that 7+ 0 = @ for all ¥ € V (zero vector)

for each ¥ € V there is a @ € V such that 7 4 @ = 0 (additive inverse)
(b) if r,s € Rand ¥, € V, then r- ¢ € V and

o (r+s)-v=r-v+s-0

o

o (rs)-
o 1-U=1.

Example. V =R" with ¥+ @ = (v; + w;) and - 7 = (rv;).

Example. V = R™*" with A+ B = (a;; + b; ;) and r - A = (ra, ;).

Example. V = 2, = {3 ja;z" : ag,...,a, € R} with (p+ ¢)(z) = p(z) + ¢(z) and (r - p)(z) = rp(z).

Remark 2.2. The set V = P = {p € &, : n € N} is an infinite-dimensional vector space, whereas 2,
is finite-dimensional.

Example. V = {7 ja;cos(ib) : ag,...,a, € R} with (f + g)(z) = f(z) + g(z) and (r- f)(z) = rf(z).
Example. V = R with z +y = 2y and r - = 2". We have that with 0 =1 this is a vector space.

Example. V = R? with
- <v1+w1> . (rm)
v+ w = , Tr-v= .
Vg + w2 V2

The answer is no, as the multiplicative identities such as (r +s) - ¥ =1r -0+ s- U are violated.

Example. V = R? with
grag= 2t rog=| ™
o Vg + W2 ’ o 0 ’

The answer is no, as there is no multiplicative identity.

Example. Theset {f : R— R : f”+ f =0} is a vector space, whereas the set {f : R—>R : f"+ f =1}
is not.

2.1.2.  Subspaces and Spanning Sets

Definition 2.3. A subspace is a subset of a vector space that is itself a vector space under the inherited
operations.

Remark 2.4. Any vector space V has the trivial subspace {6} and the vector space itself as subspaces.
These are the improper subspaces. Any other subspaces are proper.
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Lemma 2.5. A nonempty S C V is a subspace if Z,y € S implies that r -+ s-y € S for any r,s € R.

Proof: By assumption the subset S is closed under vector addition and scalar multiplication. Since S C V/
the operations in S inherit the same properties as those operations in V; hence, the set S is a subspace. [

Example. Examples of subspaces are
[(2)]S ={F€R>: 21+222+523=0} S={pe€ P : p(3) =0} S={A € R : q; ; =0 for i >
J} (upper triangular matrices) S = {A € R"*" : q; ; = 0 for ¢ < j} (lower triangular matrices) If
A € R™*™ the trace of A, denoted trace(A), is given by trace(A) =), a; ;. The set
S ={AeR"™" : trace(A) =0}
Definition 2.6. If S = {%,...,Z,}, the span of S will be denoted by [S5].

Remark 2.7. From now on the multiplication r - £ € V will be written rZ € V, where the multiplication
will be assumed to be the multiplication associated with V.

Lemma 2.8. The span of any nonempty subset is a subspace.

Proof: Let @, 0 € [S] be given. There then exist scalars such that
i i

For given scalars p, ¢ € R one then sees that

pu+qv=p (Z Ti@) +q <Z S'sz> = (pri + gs:)s,

so that p@ + q¥ € [S]. Hence, [S] is a subspace. O

Example. The set of solutions to a homogeneous linear system with coefficient matrix A will be denoted
by N (A), the null space of A. It has been previously shown that there is a set of vectors S = {531,..., 8k}
such that A(A4) = [S]. Hence, N(A) is a subspace.

2.2.  Linear Independence

2.2.1. Definition and Examples

Definition 2.9. The vectors v, ...,7, € V are linearly independent if and only if the only solution to
01171+~-~+cn17n=6
is ¢ =--- = ¢, = 0. Otherwise, the vectors are linearly dependent.
Example. [(a)]

(a) {¥1,72,73} C R®, where

1 -5 3
_,1 = 3 y 172 - -8 ) 173 - =5 ;
-1 2 3

is a linearly dependent set, as 77, + 20, + o3 = 0

() {1+ 2,1 —2,1 -3z + 2%} C £, is a linearly independent set
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Lemma 2.10. If S CV and v € V is given, then
[S] = [SU{v}] if and only if ¥ € [S].

Proof: If [S] = [S U {7}], then since ¢ € [S U {7}] one must have that ¥ € [5].
Now suppose that ¥ € [S], with S = {Z1,...,Z,}, so that ¥ = ), ¢;@;. If @ € [S U {¢}], then one can
write @ = do¥ + ), d;7;, which can be rewritten as

W= (doc; + d;)&; € [S].

Hence, [S U {0}] C [S]. It is clear that [S] C [S U {7}]. O

Lemma 2.11. If S C V is a linearly independent set, then for any ¥ € V the set S U {0} is linearly
independent if and only if ¥ ¢ [S].

Proof: Let S = {Z,...,Z,}. If ¥ € [S], then 0 = ", ¢;@;, so that -0+ >, ;7 = 0. Hence, S U {v} is a
linearly dependent set.

Now suppose that S U {¢} is a linearly dependent set. There then exist constants cy,...,c,, some of
which are nonzero, such that co0+ ), ¢;7; = 0. If g = 0, then ), ¢;@; = 6, which contradicts the fact that
the set S is linearly independent. Since ¢y # 0, upon setting d; = —¢; /co one can then write ¥ = ), d;@;, so
that ¥ € [S]. O

Corollary 2.12. Let S = {#1,...,Z,} CV, and define
Slz{fl}, SjZS]’_lU{fj}j:Z...,n.

S is linearly dependent set if and only if there is an 1 < ¢ < n such that the set Sy_1 is a linearly independent

set and Sy is a linearly dependent set.
Remark 2.13. In other words, &y = Zf;ll CiT.

Example. In a previous example we had S = {0}, 7s, U3} with S = {¢), 02} being a linearly independent
set and Sy U {73} being a linearly dependent set. The above results imply that [Sa] = [S].

Theorem 2.14. Let S = {¥1,...,%,} C V. The set S has a linearly independent subset with the same
span.

Proof: Suppose that S is not a linearly independent set. This implies that for some 2 < ¢ < n that
Ty = Zf;ll ¢;@;. Now define S = {&,...,&—1,%o41,...,Zn}. Since S = 5" U {Z} and &y € [S’], one
has that [S] = [S’]. When considering S’, remove the next dependent vector (if it exists) from the set
{Ze41,-..,Zn}, and call this new set S”. Using the same reasoning as above, [S’] = [S”], so that [S] = [S”].
Continuing in this fashion and using an induction argument, we can then remove all of the linearly dependent
vectors without changing the span. O

2.3. Basis and Dimension
2.3.1. Basis

Definition 2.15. The set S = {ﬁl,ﬁg, ...} is a basis for V' if
[(a)]

(a) the vectors are linearly independent
(b) V =15]

Remark 2.16. A basis will be denoted by (ﬁl, Ba, ... ).
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Definition 2.17. Set €; = (e;;) € R to be the vector which satisfies e; ; = d; ;. The standard basis for R™
is given by (€1,...,€n).

Remark 2.18. A basis is not unique. For example, one basis for R? is the standard basis, whereas another
is
1 2
(2)-(3)

(a) Two bases for &3 are (1,z,22,23) and (1 — 2,1+ z,1 + 2 + 2%, x + a3).

Example. [(a)]

(b) Consider the subspace S C R?*? which is given by

S = {A c R2%2 . a1+ 2a2)2 =0, aio — 3&271 = 0}

-2 0 0 3
B_Cl< 01)“2(1 o>’
and the two above matrices are linearly independent, a basis for S is given by
( -2 0 0 3 >
0 1 )’\1 0 )"

Lemma 2.19. The set S = {ﬁl, e ,Bn} is a basis if and only if each U € V can be expressed as a linear
combination of the vectors in S in a unique manner.

Since any B € S is of the form

Proof: If S is a basis, then by definition ¢ € [S]. Suppose that ¥ can be written in two different ways, i.e.,

3

One clearly then has that >, (c; — dz)ﬁz = 0, which, since the vectors in S are linearly independent, implies
that ¢; =d; fori=1,...,n.

Suppose that V' = [S]. Since 0= > 0-5_;-, and since vectors are expressed uniquely as linear combinations
of the vectors of S, by definition the vectors in .S are linearly independent. Hence, S is a basis. O

Definition 2.20. Let B = <51, e ,5n> be a basis for V. For a given ¥ € V there are unique constants

C1,...,Cq such that ¥ =), ¢;5;. The representation of ¢ with respect to B is given by
C1
C2
Repg(¥) :=
cn ) g
The constants ¢y, ..., c, are the coordinates of ¢ with respect to B.

Example. For 3, consider the two bases B = (1,z,2%,23) and D = (1 —z,1+ 2,1+ 2+ 22,2+ 23). One

then has that
2

0

B ! D

Repp(l — 22 4 2%) = , Repp(l -2z +2%) =

\
= O N =
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2.3.2. Dimension

Definition 2.21. A vector space is finite-dimensional if it has a basis with only finitely many vectors.
Example. An example of an infinite-dimensional space is &+, which has as a basis (1,z,...,z",...).

Definition 2.22. The transpose of a matrix A € R™*" denoted by AT € R"*™ is formed by interchanging
the rows and columns of A.

Example.
1 4
A= 2 5 —>AT:(}1 g 2)
3 6
Theorem 2.23. In any finite-dimensional vector space all of the bases have the same number of elements.

Proof: Let B = (ﬁl, A 5k> be one basis, and let D = (51, R gg) be another basis. Suppose that & > £. For
eachi =1,...,k we can write 3; = Zj a; j0;, which yields a matrix A € REX¢. Now let 7 € V be given. Since
B and D are bases, there are unique vectors Repy(7) = ©% = (vP) € R* and Rep (¥) = v” = (vP) € R*
such that

The above can be rewritten as

This then implies that the vector 77 is a solution to the linear system with the augmented matrix (AT|v7),

where AT = (a;,;) € R** is the transpose of A. Since ¢ < k, when A7 is row-reduced it will have free
variables, which implies that the linear system has an infinite number of solutions. This contradiction yields
that k < £.

If K < ¢, then by writing 5 = Zj cmﬂ_’j and using the above argument one gets that & > ¢. Hence,
k=14 O

Definition 2.24. The dimension of a vector space V, dim(V), is the number of basis vectors.
Example. [(a)]
(a) Since the standard basis for R™ has n vectors, dim(R") = n.
(b) Since a basis for &, is (1,z,...,2"), one has that dim(Z,) =n+ 1.
(¢) Recall that the subspace

S = {A S R2X2 Pain + 2042’2 = 0, ay2 — 30,2’1 = O}

-2 0 0 3
(a)Ge)
This implies that dim(S) = 2.

Corollary 2.25. No linearly independent set can have more vectors than dim(V').

has a basis

Proof: Suppose that S = {Z1,...,Z,} is a linearly independent set with n > dim(V). Since S C V one
has that [S] C V. Furthermore, since the set is linearly independent, dim([S]) = n. This implies that
dim (V') > n, which is a contradiction. O

Corollary 2.26. Any linearly independent set S can be expanded to make a basis.
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Proof: Suppose that dim(V') = n, and that dim([S]) = k < n. There then exist n — k linearly independent
vectors U7, ..., Un—r such that @; ¢ [S]. The set S = SU{#,...,U,—k} is a linearly independent set with
dim([S’]) = n. As a consequence, S’ is a basis for V. O

Corollary 2.27. Ifdim(V) = n, then a set of n vectors S = {&1,...,&,} is linearly independent if and only
itV =1[9].

Proof: Suppose that V' = [S]. If the vectors are not linearly independent, then (upon a possible reordering)
there is an ¢ < n such that for S" = {&,...,Z;} one has [S] = [S’] with the vectors in S” being linearly
independent. This implies that V' = [S’], and that dim(V) = £ < n.

Now suppose that the vectors are linearly independent. If [S] C V, then there is at least one vector ¥
such that S U {07} is linearly independent with [S U {¢}] = V. This implies that dim(V) > n + 1. O

Remark 2.28. Put another way, the above corollary states that if dim(V) = n and the set S = {Z4,...,Z,}
is linearly independent, then S is a spanning set for V.

2.3.3.  Vector Spaces and Linear Systems

Definition 2.29. The null space of a matrix A, denoted by N (A), is the set of all solutions to the homo-
geneous system for which A is the coefficient matrix.

Example. Consider

1 2 3 1 0 -1
A= 4 5 6 — 0 1 2
7 8 9 0 0 0
A basis for N(A) is given by
1
(-2
1

Definition 2.30. The row space of a matrix A, denoted by Rowspace(A), is the span of the set of the rows
of A. The row rank is the dimension of the row space.
Example. If
1 0 -1
A=10 1 2 1,
0 0 O

then Rowspace(A) =[{(1 0 —1),(0 1 2)}], and the row rank is 2.

Lemma 2.31. The nonzero rows of an echelon form matrix make up a linearly independent set.

Proof: We have already seen that in an echelon form matrix no nonzero row is a linear combination of the
other rows. O

Corollary 2.32. Suppose that a matrix A has been put in echelon form. The nonzero rows of the echelon
form matrix are a basis for Rowspace(A).

Proof: If A — B, where B is in echelon form, then it is known that each row of A is a linear combination
of the rows of B. The converse is also true; hence, Rowspace(A) = Rowspace(B). Since the rows of B are
linearly independent, they form a basis for Rowspace(B), and hence Rowspace(A). O

Definition 2.33. The column space of a matrix A, denoted by R(A), is the span of the set of the columns
of A. The column rank is the dimension of the column space.

Remark 2.34. A basis for R(A) is found by determining Rowspace(AT), and the column rank of A is the
dimension of Rowspace(AT).
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Example. Consider

11 2 1 0 =2 1 1 1 1 0 -1
A= 1 3 10 | — [ 0 1 4 |, AT=1 3 5 — | 0 1 2
1 5 18 0 0 O 2 10 18 0 0 O
A basis for Rowspace(A) is ((1 0 —1),(0 1 4)), and a basis for R(A) is
1 0
(0 o f.{1]
-1 2
Theorem 2.35. The row rank and column rank of a matrix are equal.
Proof: First, let us note that row operations do not change the column rank of a matrix. If A = (@ ... @,) €

R™*™ where each column @; € R™, then finding the set of homogeneous solutions for the linear system with
coeflicient matrix A is equivalent to solving

6151+"'+Cn5n:0.

Row operations leave unchanged the the set of solutions (cy, ..., ¢,); hence, the linear independence of the
vectors is unchanged, and the dependence of one vector on the others remains unchanged.

Now bring the matrix to reduced echelon form, so that each column with a leading entry is one of the
€;’s from the standard basis. The row rank is equal to the number of rows with leading entries. The column
rank of the reduced matrix is equal to that of the original matrix. It is clear that the column rank of the
reduced matrix is also equal to the number of leading entries. O

Definition 2.36. The rank of a matrix A, denoted by rank(A), is its row rank.
Remark 2.37. Note that the above statements imply that rank(A) = rank(A7T).
Theorem 2.38. If A € R™*", then rank(A) + dim(N(4)) = n.

Proof: Put the matrix A in reduced echelon form. One has that rank(A) is the number of leading entries,
and that dim(N'(A)) is the number of free variables. It is clear that these numbers sum to n. O

2.3.4. Combining Subspaces

Definition 2.39. If Wy, ..., W) are subspaces of V, then their sum is given by
Wi+ o+ W =[WrU---UWg].

Let a basis for W; be given by () j,..., W) ). If ¥ € Wi+ --- 4 Wy, then this implies there are

constants ¢; ; such that
(k)

£(1)
U= E Ci1Wiq + -+ E Ci kWi k-
i=1 i=1

Note that Y, ¢; ji; ; € W;. For example, when considering 273 suppose that a basis for Wy is (1,1 + 22),
and that a basis for Wy is (x, 1+ z,23). If p € Wy + Ws, then

p(@) =c1 +co(l + 27) + dix + do(1 + 2) + ds™.

Q: How does the dimension of each W; relate to the dimension of Wi + -- -+ W7 In the above example,
dim(Wy) = 2,dim(W3) = 3, but dim(%s) = dim(W; + Ws) = 4. Thus, for this example dim(W; + W3) #
Definition 2.40. A collection of subspaces {W7, ..., Wy} is independent if for each i = 1,.. .k,

W; N (Uje W) = {0}
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Example. Suppose that

1 0 1 0
wi=[l 0], Wo=[| 1]}, Wws=[[1].[ 0]
0 0 0 1

It is clear that W; N W; = {6} for i # j. However, the subspaces are not independent, as

1
Wsn (W uWy) =1 1 ]I
0

Definition 2.41. A vector space V is the direct sum of the subspaces W1,..., Wy if
[(a)]the subspaces are independent V- = Wy + -+ + W.
In this case we write V =W, ® --- ® W,.

Example. [(a)]
(a) Rr =& ®[ea] @ D [é,)
(b) Zp=[@[z]® @ [2"]
Lemma 2.42. If V=W, & ---& Wy, then

dim(V) = Z dim(W;).

Example. In a previous example we had that R? = W; + Wy 4+ W3, with
Thus, the sum cannot be direct.

Proof: First show that the result is true for & = 2, and then use induction to prove the general result.
Let a basis for W; be given by (ﬁl,...,ﬁk>, and a basis for Wy be given by <5'1,...,(§2>. This yields
that dim(W;) = k and dim(W3) = £. Since Wy N Wy = {0}, the set {f1,..., 5k, 01,...,07} is linearly
independent, and forms a basis for [W; U Ws]. Since V = [W; U Ws], this then yields that a basis for V is

<51> e 73]675'1’ e 7&>7 thusa
dim(V) = k + £ = dim(W7) + dim(W3).

Definition 2.43. If V = W7 & W5, then the subspaces W7 and W5 are said to be complements.

Definition 2.44. For vectors i, 7 € R", define the dot product (or inner product) to be

n

u-v= Z U;V;.
The dot product has the properties that
[(a)]@- =7 (ail +bT) - @ = ati - &+ bT - @ @ - >0, with @ - @ = 0 if and only if @ = 0.
Definition 2.45. 1If U C R™ is a subspace, define the orthocomplement of U to be
Ut ={0eR": 7 -id=0forall icU}.

Proposition 2.46. U+ is a subspace.



Math 321 Class Notes 16

(o) Proof: Let #,w € U+. Since
(aT+bW) -4 =av-d+bW-d=0

for any @ € U, this implies that a¥ + b € U*. Hence U™ is a subspace. O

Example. If U = [¢;] C R?, then U+ = [&,], and if U = [€}, €3] C R?, then U+ = [&3].
Remark 2.47. If A= (d; ... d,) € R™*", recall that

Thus, be R(A) if and only if b= >; ¢id;. Furthermore,

N(A) ={& = (z;) + Y _ai; = 0}.

Theorem 2.48. If A € R™*" then N'(AT) = R(A)*.

Proof: Suppose that & € N(AT), so that - @ = 0 for i = 1,...,n. As a consequence, 7 - (3, ¢;a@;) = 0,
so that # € R(A)L. Hence, N(AT) C R(A)*. Similarly, if ¥ € R(A)L, one gets that 5 € N(AT), so that
R(A)*+ c N(AT). O
Remark 2.49. Alternatively, one has that N'(4) = R(AT)L.

Theorem 2.50. If U C R™ is a subspace, then R" = U @ U+,

Proof: Let a basis for U be given by (517...,5k>, and set A = (51 ﬁk) € R™*. By construc-
tion, rank(A4) = k (and rank(AT) = k). By the previous theorem, we have that U+ = N(AT). Since
dim(N(AT)) + rank(AT) = n, we get that dim(U+) = n — k.

We must now show that U N U+ = {6} Let § € U N U+, which implies that 5= > clﬁz By using the
linearity of the inner product

§-0=Y ci(f;-8)=0,
i=1
so that 6 = 0. 0
Remark 2.51. A consequence of the above theorem is that (U+)+ = U.

Example. Suppose that a basis for U is (ﬁl, . ,ﬁk>. The above theorem shows us how to compute a basis
for UL. Simply construct the matrix A = (51 ... (), and then find a basis for N (AT) = U+. For example,
suppose that U = [d@;, ds|, where

1 3
o 0 S -1
ayp = 9 , a2 = 4
4 7

Since

-2 —4

. —2 . -5
51 - 1 P 62 0
0 1

Corollary 2.52. Consider a linear system whose associated augmented matrix is (A|l;) The system is
consistent if and only if b € N'(AT)+.
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Proof: If A= (d@ ... @), then the system is consistent if and only if b € R(A), i.c., b = >, cid;. By the
above theorem R(A) = N(AT)*+. O

Example. As a consequence, the system is consistent if and only if b-b; = 0, where <51, e ,gk> is a basis for
N(AT). For example, suppose that A is as in the previous example. Then for b= (b;) € R*, the associated
linear system will be consistent if and only if 51 b= 0, bs - b = 0. In other words, the components of the
vector b must satisfy the linear system

—2by — 2by + b3 =0
—4b; — 5by +b,=0

which implies that b € S = [517 52], where

S
I
=N O
-
I
(G200 RN )

Note that S = R(A), so that a basis for R(A) is (by, by). Further note that this is consistent with the reduced
echelon form of AT,
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3. MAPS BETWEEN SPACES

3.1. Isomorphisms

3.1.1. Definition and Examples

Definition 3.1. Let V and W be vector spaces. A map f : V — W is one-to-one if ¥} # ¥ implies that
f(01) # f(¥2). The map is onto if for each & € W there is a ¥ € V such that f(¥) = .

Example. [(a)]
a) The map f : &, — R"*! given by
g
ao
ai
ap+az+ -+ apz” —
an

is one-to-one and onto.

(b) The map f : R?*2 — R* given by

7N
o

ISH.

~_
QLo o

is one-to-one and onto.
Definition 3.2. The map f : V — W is an isomorphism if
[(a)]f is one-to-one and onto f is linear, i.e.,
(b) o f(th +12) = f(Vh)+ f(v)
o f(rvY) =rf(V) for any r € R

We write V = W, and say that V' is isomorphic to W.
Remark 3.3. If V =2 W, then we can think that V' and W are the ”same”.

Example. [(a)]

(a) In the above examples it is easy to see that the maps are linear. Hence, #n) = R"*! and
R2X2 o~ R4.

(b) In general, R™>*™ =~ R™™,
Definition 3.4. If f : V — V is an isomorphism, then we say that f is an automorphism.
Example. [(a)]
(a) The dilation map ds : R? — R? given by d,(¥) = sv for some nonzero s € R is an automorphism.

(b) The rotation map tg : R? — R? given by

to(#) = < cos vy — sinf vy >

sin @ v + cos 0 vy

is an automorphism.

Lemma 3.5. If f : V — W is linear, then f(ﬁ) =0.
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Proof: Since f is linear, f(0) = f(0-7) =0 f(7) = 0. O
Lemma 3.6. The statement that f : V — W is linear is equivalent to

fleaty + - 4 culn) = c1 f(U1) + - 4 cn f(Un).
Proof: Proof by induction. By definition the statement holds for n = 1, so now suppose that it holds for

n = N. This yields

N N
FOQ et + enatin) FQ_ eiti) + flen+10n41)

i=1 i=1

N
= D af @)+ flenmby).
i=1

Definition 3.7. Let U,V be vector spaces. The external direct sum, W = U x V, is defined by
W ={(u,v) : ue U, veV},
along with the operations
Wy + Wy = (U1 + Ua, ¥y + 02), 1 W= (rd,r?).

Lemma 3.8. The external direct sum W = U x V is a vector space. Furthermore, dim(W) = dim(U) +

dim(V).
Proof: Tt is easy to check that W is a vector space. Let S, = {ui,...,Ur} be a basis for U, and let
Sy = {Uk41,...,Ue} be a basis for V. Given a w = (@, 7) € W, it is clear that one can write
w = (Z Ciﬂi, Z d]UJ)7
( J

hence, a potential basis for W is

), i=k4+1,... L

We need to check that the vectors i, ..., w, are linearly independent. Writing ), c;w; = 0 is equivalent to
the equations

k £
E Ciﬁi = O7 E Ci’Ui =0.
i=1 i=k+1

Since Sy and Sy are bases, the only solution is ¢; = 0 for all 2. O

Example. A basis for &7y x R? is given by

and P x R? =2 R® via the isomorphism

ao
ai
(ap + a1z + asx?,c18) + Co€s) — | ae
C1
C2
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3.1.2. Dimension Characterizes Isomorphism

Note that in all of the examples up to this point, if U = V, then it was true that dim(U) = dim(V'). The
question: does the dimension of two vector spaces say anything about whether or not they are isomorphic?

Lemma 3.9. If V2 W, then dim(V) = dim(W).
Proof: Let f : V — W be an isomorphism. Let <§1, e ,B;l) be a basis for V, and consider the set
Sw ={f(51),...,f(Bn)}. First, the set is linearly independent, as

n

0=> f(F) = cilh)

i=1

implies that >, ciﬁ_;- =0 (f is one-to-one), which further implies that ¢; = 0 for all 4. Since f is onto, for
each @ € W there is a ¥ € V such that f(¢) = «. Upon writing 7=}, dzﬂ_; and using the linearity of the
function f we get that

@ = Z di f(B;)-
i=1
Hence, Sy is a basis, and we then have the result. O
Lemma 3.10. If dim(V) = dim(W), then the two spaces are isomorphic.
Proof: It will be enough to show that if dim(V) = n, then V = R™. A similar result will yield W = R™,

which would then yield V2 R" 2 W ie, V=W.
Let B={f1,...,0,) be a basis for V, and consider the map Repy : V — R™ given by

C1
C2 L
Repp(v) =] . |, ¥= > b
: i=1
Cn

The map is clearly linear. The map is one-to-one, for if Repg (@) = Repg(¥) with @ =", i, T = > i3,
then ¢; = d; for all ¢, which implies that @ = . Finally, the map is clearly onto. Hence, Repp is an
isomorphism, so that V = R". O

Theorem 3.11. V =2 W if and only if dim(V') = dim(W).
Corollary 3.12. If dim(V) = k, then V = R*.

Example (cont.). [(a)]
(a) Since dim(R™*") = mn, R™*™ = R™"

(b) Since dim(Z2,) =n +1, £, =R+

3.2.  Homomorphisms

3.2.1. Definition

Definition 3.13. If h : V — W is linear, then it is a homomorphism.

Example. [(a)]
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(a) The projection map 7 : R?® — R? given by
x1
_ 1
(3)-(2)
x3

is a homomorphism. However, it is not an isomorphism, as the map is not one-to-one, i.e., w(ré3) = 0
for any r € R.

(b) The derivative map d/dz : &, — &, given by

d
—(ap + a1z + -+ apz™) = a1 + 202 + - - - + na,z"

dz

is a homomorphism. However, it is not an isomorphism, as the map is not one-to-one, i.e.,
d/dz(ap) = 0 for any ap € R.
Definition 3.14. If h : V — V, then it is called a linear transformation.

Theorem 3.15. Let (¥y,...,7,) be a basis for V, and let {1, ..., W, } C W be given. There exists a unique
homomorphism h : V' — W such that h(¥;) = w; for j =1,...,n.

Proof: Set h : V — W to be the map given by
h(Cl’Ul + e + Cnﬁn) = Cl’LUl —|— cee —|— Cnlf/n.
The map is linear, for if 4 = )", ¢;U;, Ua = Y, d;¥;, then

h(rity + ratz) = h (Z(Tlci + 7"2di)5i>

= Z(Tlci + Tzdi)wi
= Tlh(ﬂl) + ’I"Qh(ﬁg).

The map is unique, for if g : V' — W is a homomorphism such that ¢(7;) = &;, then
g9(v) = Q(Z i) = Zcig(ﬁi) = Zcﬂﬂi = h(?);
hence, g(¥) = h(¥) for all ¥ € V, so that they are the same map. O

Example. [(a)]

(a) The rotation map tg; R? — R? is an automorphism which satisfies

o cos o —sinf
to(€1) = ( sin 0 )’ to(€2) = ( cos )

to(#) = cosf + —sinf
=1 sing v2 cosf )’

(b) Suppose that a homomorphism h : %, — 3 satisfies

One then has

Then 1 1
h(ag + arx + ax2?) = apz + §a1x2 + gagxg.

The map is not an isomorphism, as it is not onto.
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3.2.2. Rangespace and Nullspace

Definition 3.16. Let h : V — W be a homomorphism. The range space is given by
R(h):={h(0) : V€ V}.

The rank of h, rank(h), satisfies rank(h) = dim(R(h)).
Lemma 3.17. R(h) is a subspace.

Proof: Let wy,ws € R(h) be given. There then exists ¥}, U such that h(v;) = w;. Since h(c1T; + cots) €
R(h) and h(c171 4 caty) = c1Wy + cows, one has that ¢y + cows € R(h). Hence, it is a subspace. O

Remark 3.18. [(a)]

(a) rank(h) < dim(W)

(b) h is onto if and only if rank(h) = dim(W)
Example. If h : R?*2 — 25 is given by

2 3 a b
h(A) = (a+b)x + cx® +dz°, A= e d )
then a basis for R(h) is (z, 2%, 23), so that that rank(h) = 3.
Definition 3.19. The inverse map h~! : W — V is given by
R (@) == {¥ : h(¥) = @}
Lemma 3.20. Let h : V — W be a homomorphism, and let S C R(h) be a subspace. Then
RY(S) :={T eV : h(v¥) € S}

is a subspace. In particular, h_l(ﬁ) is a subspace.

Definition 3.21. The null space (kernel) of the homomorphism h : V' — W is given by
N(h):={TeV : h©@) =0} =h"1(0).

The nullity of N'(h) is dim(N(h)).
Example. Again consider the map h : R?*2 — ;. It is clear that h(A) = 0 if and only if a + b = 0,¢c =
d = 0, so that a basis for A'(h) is given by
-1 1
(75 )

Note that for this example, rank(h) + dim(N (k) = 4.
Theorem 3.22. Let h : V — W be a homomorphism. Then

rank(h) + dim(N'(h)) = dim(V).
Remark 3.23. Compare this result to that for matrices, where if A € R™*"  then
rank(A4) + dim(N(A)) = n.

Proof: Let By = <51, . ,@) be a basis for N'(h), and extend that to a basis By = <51, e B, , Ug)
for V, where k + ¢ = n. Set Bg = (h(¥1),...,h(¥;)). We need to show that Bg is a basis for R(h).

First consider 0 = Yo cih(;) = h(YS, ¢iv;). Thus, Y, ¢;t; € N(h), so that Y, ¢; ¢ = >, diﬁi. Since By
is a basis, this yields that ¢; =---=c¢p=d; =--- = di =0, so that By is a linearly independent set.
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Now suppose that h(7) € R(h). Since =", aiffi + >, biT;, upon using the fact that h is linear we get
that

Hence, By is a spanning set for R(h).
By is a basis for A'(h), and Bg is a basis for R(h). The result is now clear. O

Remark 3.24. [(a)]
(a) Tt is clear that rank(h) < dim(V), with equality if and only if dim(N(h)) = 0.

(b) If dim(W) > dim(V), then h cannot be onto, as rank(h) < dim(V) < dim(W).
Lemma 3.25. Let h : V — W be a homomorphism. dim(N'(h)) = 0 if and only if h is one-to-one.
Proof: If h is one-to-one, then the only solution to h(¥) = 0 is ¥ = 0. Hence, dim(N(h)) = 0.
Now suppose that dim(A(h)) = 0. From the above lemma we have that if By = (0y,...,7,) is a

basis for V, then Bgr = (h(¢}),...,h(7,)) is a basis for R(h). Suppose that there is a @ € W such that
h(tiy) = h(tz) = w. We have that u; = ), a;T;, U2 = ), b;jU;, so that upon using the linearity of h,

E:%M@)ZE:@M@)

Since Bp is a basis, this implies that a; = b; for all 7, so that i, = 1. Hence, h is one-to-one. O

Definition 3.26. A one-to-one homomorphism is nonsingular.

3.3.  Computing Linear Maps

3.3.1. Representing Linear Maps with Matrices

Recall that if B = (¢4,...,7,) is a basis for V, then uniquely defined homomorphism h : V. — W is
given by

WD) =h(>_eti) =Y c;hl),

i i
i.e., the homomorphism is determined by its action on the basis.
Definition 3.27. Let A = (dy dy --- @) € R™*™, and let ¢ € R™. The matrix-vector product is defined by

g

Remark 3.28. [(a)]

(a) Matrix multiplication is a homomorphism from R™ — R™.

(b) A linear system can be written as AZ = b, where A is the coefficient matrix and & is the vector of
variables.

Example. Suppose that h : &, — R3, and that

B = <2, 1 +4I>7 D = <€17—2€2,€1 + €3>
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are the bases for these spaces. Suppose that

1 1
h2)=1| 1 |, h(l+4x)=| 2
1 0
It is easy to check that
0 1
Repp(h(2))=| —-1/2 |, Repp(h(l1+4z))=| -1
1 0

Thus, if p=—c1 -2+ co- (1 4 4x), ie.,
c
Reps(s) = (01 ).

and since h(p) = c¢1h(2) + c2h(1 4 4z), by using the fact that Repy, is linear one gets that Repp(h(p)) =
c1 Repp(R(2)) + caRepp (h(1 + 4z)). If one defines the matrix

Repp p(h) := (Repp (h(2)) Repp (h(1 + 4x))),

then one has that
Repp(h(p)) = RGPB,D(h) Repg(p).

For example, if

1
Reps(s) = (_y ) (= plo) = —sa),
then
0 1 1
Repp(nt) = | =172 <1 | ()
1 0
0 1
= —172 | -2 —1
1 0
—2
=1 3/2
1
so that
1 3 0 1
h(p) = -2 ~3 -2 |1+1 0
0 0 1
-1
= -5
1

Definition 3.29. Let h : V — W be a homomorphism. Suppose that B = (¥y,...,7,) is a basis for V,
and D = (Wy,...,Wy,) is a basis for W. Set

h; = Repp(h(7;)), j=1,...,n.

The matrix representation of i with respect to B, D is given by

Repp p(h) = (51 hy - En) c R™*",
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Lemma 3.30. Let h : V — W be a homomorphism. Then
Repp (h(v)) = Repg p(h) Repp(v).

Remark 3.31. As a consequence, all linear transformations can be thought of as a matrix multiplication.

Example. [(a)]
(a) Suppose that V = [e*,e3?], and that h : V — V is given by h(v) = [v(x)dz. Since
1
h(ez) _ ez’ h(e?)z) _ *6330,

3

we have
1 0
RepB,B(h) = ( 0 1/3 > .

(b) Suppose that a basis for V' is B = (U}, ¥, ¥3), and that a basis for W is D = (), W, Ws). Further

suppose that
h(vh) = Wy + 3Wa, h(th) =Wy — W3, h(Us) = —w + 4ws.
We then have that
1 0 —1
Repp p(h) = 3 1
’ 0 -1 4

Thus, if ¥ = 20 — U + U3, we have that

ot

Repp (h(V)) = Repp p(h) Repg(V) =

so that h(U) = w1 + Dws + Hws.
3.3.2.  Any Matrix Represents a Linear Map

Example. Suppose that h : &5 — R3 with bases B = (1,2, 22) and D = (€}, & +¢3, €1 —€3), is represented
by the matrix

-1 0
1
1

1
H=10
2

In order to decide if b = & + 38 € R(h), it is equivalent to determine if Rep,(b) € R(H). Since

-2
RepD(g): 3 )
3
and
1 -1 0| -2
Hp)— | 0 1 1| 3
0 0 0 4

we have that Repp (b) ¢ R(H); hence, b ¢ R(h). Note that rank(H) = 2, so that h is neither one-to-one nor

onto.

Let us find a basis for R(h) and N (h). We have

o O
o = O

1 01
H— | 011, H' —
000
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so that
1 0 -1
RH)=[{ 0 ), | 1 |, NH)=[| -1 |
2 1 1

Using the fact that b € R(h) if and only if Repp(b) € R(H), and 7 € N'(h) if and only if Rep (%) € N'(H),
then yields

3 1
RMR)=[ 0|, 1 |, Nh=[-1-2+27.
—2 0

Theorem 3.32. Let A € R™*"™. The map h : R™ — R™ defined by h(Z) := AZ is a homomorphism.

Proof: Set A= (d,dy ... dy), and recall that AT = )", z;d;. Since

n n n
A(rZ + sy) = Z(T.’El + sy;)a; =r Z Tid; + 8 Z yid; = rAT + sAg,
i=1 i=1 i=1

h is a homomorphism. O

Theorem 3.33. Let h : V — W be a homomorphism which is represented by the matrix H. Then
rank(h) = rank(H).

Proof: Let B = (¥1,...,7,) be a basis for V, and let W have a basis D, so that
H = (Repp(h(¥)) ... Repp (h(¥y))).

The rank of H is the number of linearly independent columns of H, and the rank of h is the number of linearly
independent vectors in the set {h(¥}),...,h(¥,)}. Since Repp : W — R™ is an isomorphism, we have that a
set in R(h) is linearly independent if and only if the related set in R(Repp(h)) is linearly independent (prob-
lem 3.1.1.28), i.e., {h(¥1),...,h(¥})} is linearly independent if and only if {Repp(h(1)),...,Repp(h(Tk))}
is linearly independent. The conclusion now follows. O

Corollary 3.34. [(a)]
(a) h is onto if and only if rank(h) = m
(b) h is one-to-one if and only if rank(h) =n

(c¢) h is nonsingular if and only if m = n and rank(h) =n

3.4.  Matrix Operations

3.4.1. Sums and Scalar Products

Definition 3.35. Let A = (a;;), B = (b; ;) € R™*™. Then
[(a)]
(a) A+ B = (a;; +bij)
(b) rA = (ra; ;) for any r € R.

Lemma 3.36. Let g,h : V — W be homomorphisms represented with respect to the bases B and D by
the matrices G, H. The map g + h is represented by G + H, and the map rh is represented by rH.
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3.4.2. Matrix Multiplication

—

Definition 3.37. Let G € R™*™ and H = (hy hy - - hy,) € R™P. Then
GH = (Ghy Ghy --- Gh,) € R™*P.
Example. It is easy to check that
s ) (1)<
3 -2 -5 0
Remark 3.38. Matrix multiplication is generally not commutative. For example:

[(a)]if A € R?*3 and B € R3*2, then AB € R?*? while BA € R3*3 if
I -1 5 2
A_<2 0)’ B_<4 4>’
I -2 9 -5
AB(w 4)’ BA<12 —4>'

Lemma 3.39. Letg : V — W and h : W — U be homomorphisms represented by the matrices G, H. The
map hog : V — U is represented by the matrix HG.

then

(b) Proof: Give the commutative diagram:

Vg —2 Wp —" s Up
RepBl Rele lRepE
R —— R" —— R?

Example. Consider the maps tg,d, : R> — R? given by

. [ cosfv; —sinfuvy . 3un
to(v) = ( sin @ v; + cos 0 vy )’ dy (v) = ( Vo )

The matrix representations for these maps are

cosf) —sin@ 30
T9'<sin9 0089)’ DT'(O 1)'

Rotation followed by dilation is represented by the matrix

DTy — ( 3cosf —3sind ),

sin 0 cosf
while dilation followed by rotation is represented by the matrix

T,D, — ( 3cosf —sinf )

3sinf cos
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3.4.3. Mechanics of Matrix Multiplication

Definition 3.40. The identity matrix is given by I = (€1 & -+ &,) € R"*"™.

Remark 3.41. Assuming that the multiplication makes sense, [v = ¢ for any vector ¥ € R™, and conse-
quently Al = A, IB = B.

Definition 3.42. A diagonal matrix D = (d; ;) € R"*" is such that d; ; = 0 for ¢ # j.

Definition 3.43. An elementary reduction matrix R € R"*" is formed by applying a single row operation
to the identity matrix.

Example. Two examples are

I —2p1+p2 I Pee

)

(el Ol
o = O
— o O
o = O

10
0 0
0 1

Lemma 3.44. Let R be an elementary reduction matrix. Then RH is equivalent to performing the Gaussian
operation on the matrix H.

Corollary 3.45. For any matrix H there are elementary reduction matrices Ry, . .., Ry such that Ry Ry, --- RiH
is in reduced echelon form.

3.4.4. Inverses

Definition 3.46. Suppose that A € R™*™. The matrix is invertible if there is a matrix A~! such that
AATL = A7TA=1T.

Remark 3.47. If it exists, the matrix A~ is given by the product of elementary reduction matrices. For

example,
A= 1 1 72&“1}’ﬂ2 1 1 *1/—352 1 1 *;ﬁ)ﬁl I
L2 -1 0 -3 0 1 ’

10 1 0 1 -1
Rl<—2 1)’ R2(0 —1/3)’ R3(0 1>’

we have that RsRaR1 A =1, so that A~! = R3RyR;.

Lemma 3.48. A is invertible if and only if it is nonsingular, i.e., the linear map defined by h(Z) := AZ is
an isomorphism.

Thus, by setting

Proof: A can be row-reduced to I if and only if A is an isomorphism. O

Remark 3.49. When computing A~!, do the reduction (A|I) — (I|A~1) (if possible).

Example. [(a)]

(a) For A given above,
1 0|13 1/3
(Al) = ( 0 1]2/3 —1/3 )

(b) For a general A € R?*? we have that

a b\ ' 1 d —b
¢ d Cad—be\ —¢ a )’

if ad — be # 0.
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3.5.  Change of Basis
3.5.1. Changing Representations of Vectors

. For t_}}e vector space V' let one basis be given by B = (_51, e ,§n>7 and let another be given by D =
(01,...,6n). Define the homomorphism h : V — V by h(B;) := §;, i.e.,, h = id, the identity map. The
transformation matrix H associated with the identity map satisfies h; = Repp(5;).

Definition 3.50. The change of basis matrix H = Repg p(id) for the bases B, D is the representation of
the identity map with respect to these bases, and satisfies i_z‘j = Rep D(ﬁ_}).

p=i(1)- (2 ) 2=(1) ()

Vi _id Vi

RCPBl chDl

RZ ——— R?
H:RepB,D

wns(1)=(32) mo(2)0-( 1)

so that the change of basis matrix is
B 2/3 1
H= < -1/3 -1 ) '

Recall that H Repg (%) = Repp (). For the vector # = (—1,—3)T one has that Repg(7) = (1,—2)7, so that

Example. Suppose that

We have that

It can be checked that

Repp(7) = H Reps(d) = 3 (73 ).

What about the change of basis matrix from D to B? It must be H~! (use a commutative diagram to
show it).

Example (cont.). The change of basis matrix from D to B is

Note that this implies that
2 3 1 3
Reoo( 3 )= (). meost( 3 = ( 3):

3.5.2.  Changing Map Representations

Consider the homomorphism h : V' — W, and suppose that V' has bases B, Bz while W has bases D, D.
With respect to B, D there is a transformation matrix H, while with respect to B, D there is a transformation
matrix H, i.e.,

Vi L’WD
H

ol |

Vg —— Wp
H



Math 321 Class Notes 30

We have that
H =TRepp, p(id) - H - Repp p(id)
= Repp, p(id) - H - Repy p(id) ™
= RepgD(id) - H -Repp p(id).

The idea is that, if possible, we wish to choose bases B, D such that h(ﬁj) = a]—gj for some a; € R.

Definition 3.51. H ,fI € R™*™ are matrix equivalent if there are nonsingular matrices P, such that
H=PHQ.

Lemma 3.52. Matrix equivalent matrices represent the same map with respect to appropriate pairs of
bases.

Example. In the standard basis &5 consider the homomorphism

h(f):<1l ‘f)f H:(‘ll ‘f)
()2)

. 1 2
RepD,gg (ld> = ( 1 1 ) )

Consider the basis
We have that

so that
2 C— . 2 0
1 = Repp, 5, (1) H Repp i) = (0§ )

hence, the homomorphism has the desired property with the basis D, i.e.,

(1)) w(1)-s(})

Remark 3.53. The above example does not really change if, with respect to the standard basis B = (1, z),
the homomorphism h : ¥y — P satisfies h(1) =4+ x, h(x) = —2+ x, so that the matrix representing the
homomorphism is that given above. If we set D = (1 4+ x,2 + x), then one then has that

h(1+2z)=2(14+2), h(2+2)=312+x).

3.6. Projection

3.6.1. Orthogonal Projection into a Line

Let the line £ be given by ¢ := [s], and let ¥ € R™ be a given vector. The orthogonal projection of ¥ onto
¢ is given by ¥y = ¢35, where ¢y is chosen so that

’UZ(U—C;;‘E)—&-Cp‘g, (17—05§')~§=0

(give a picture). Note that the second condition implies that ¥ — cz5 € £+. The second condition yields that

Definition 3.54. The orthogonal projection of ¢ onto the line spanned by § is the vector

|

—

projz (V) =

—

-8

W]
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Remark 3.55. [(a)]
(a) By construction, v' — projiz(v) € € [3)*.

(b) Since projz : R™ — R™ is a homomorphism, it is represented by a matrix Pz, which is given by

1 Lo
Py = ﬁ(sls, 598, . .., 5,8)
- S1 Sn
=@ (77577

Note that rank(Pz) = 1, and hence dim(N (Pj5)) = n — 1. Further note that [5]* = N (P(s).
Example. Suppose that

1 1
v=( 11, §= 2
4 -1
Then
R 1,
projz (v) = —5%
3.6.2. Gram-Schmidt Orthogonalization
Definition 3.56. The vectors 1, ..., 7, € R" are mutually orthogonal if @; - ¥; = 0 for any 7 # j.
Theorem 3.57. Suppose that the nonzero vectors vy,...,0, € R™ are mutually orthogonal. The set
{¥1,...,Ux} is then linearly independent.

Proof: Suppose that ), ¢;0; = 0. For each j take the dot product with ¥, so that
5 0=1; Zczvz = (- ¥;) = ¢;; - ;.
i

Since the vectors are nonzero, this implies that ¢; = 0. Hence, the vectors are linearly independent. O

Corollary 3.58. The set {t1,...,7x} is a basis.
Definition 3.59. The basis given above is an orthogonal basis.
Recall that if ¢ € R, then [|7]? = ¥ 7.
Lemma 3.60. Suppose that B = (K1,...,K¢) Is an orthogonal basis for the subspace S C R" . If ¥ =
> CiRi € S, then

v R

[@ei = == ||v||2 Z CERi - R

(b) Proof: Follows immediately from the fact that B is an orthogonal basis. For part (a) consider ¢ - &;, and
for part (b) simply look at ¥ - 4. O

Lemma 3.61. Let (R1,...,R¢) be an orthogonal basis for a subspace S. For a given ¥ set

- S v-

pZE Cikiy, C =S5 -
- R Ri
3

Z'Tl

Then p— v € S*+.
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Proof: First note that

0)

-
j - (D i) = ¢ - R

(2
= (D cifiy - R) — ¢iR; - Ry
i

=
<
—
Ty
|
<
S
Il
o

1

=GRyt Ry — Cikj Ky
:07

so that p'— ¥ is orthogonal to each ;. If # € S, so that ¥ = ), d;<;, by using the linearity of the dot product
it is clear that (p — @) - ¥ = 0. Hence, p— 7 € S*. O

Definition 3.62. Define the homomorphism projg : R®™ — R™ by
projg(v) = Zproj[m(ﬁ).
i
Remark 3.63. From the above one has that ¥ — projg(%) € S*. The matrix representation for projg, Pg,
is given by
Ps =) Pg,.
i

Since (K1, ..., R¢) is an orthogonal basis, one has that rank(Pg) = ¢, and hence that dim(S+) = dim(N(Pg)) =
n—4{.

Recall that if S = [ﬁl, . ,ﬁk], then a basis for S is not at all unique. The question is how to find an
orthogonal basis for S. For example, suppose that

1 1 )
S=[1 11,1 2], 6 |
3 7
Keep in mind that dim(S) < 3. Set
Fi=1]1
1
Define Ky by
1 1 -1
Fo=1 2 | — prOJ[m( 2 |)= 0
3 3 1

If S = [R1, K2, now define

5 5
Rs3=1 6 | —projg(| 6
7 7
5 5
=1 6 | —projiz,( ) = Projiz, ([ 6 ])
7
=0.
An orthogonal basis for S is then
1 -1
(1], 0 ),
1 1

so that dim(S) = 2.
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Theorem 3.64 (Gram-Schmidt orthogonalization). Suppose that S = [51, ... ﬁk]. An orthogonal basis for
S is constructed via

K1 = b1
Roy1 = Bey1 — projg, (Bes1),

where Sy = [K1, ..., K.

Remark 3.65. The procedure can alternatively be written as

!

xl

1

Rz = 2 — proj [ﬁl](ﬁz)

Il
S

Ry = f3 — proj [gl](gg) — proj [,32](53)

—

R =B — pij[gl](gk) — = projiz,_,1(Bk).

Proof: The argument will be by induction. It is clear that [7,] = [51]. Define Sy = [R1,...,R¢]. Suppose
that for some 1 < £ < k that Sy = 31, ..., 0¢. Set

Pe = projs, (Be1) = projje, (Be1) + -+ + proje, (Besr).

It is clear that py € Sy. By supposition, Kp11 = 5£+1 —-pE [,671,...,@“]. Since p’ € Sy, it is clear that
Bes1 =P+ Rer1 € Sep1. Thus, Spv1 = [B1, ..., Bes1]. From the above lemma o1 = 341 — P € S7, so that
the basis for Sy41 is orthogonal. It then follows that an orthogonal basis for S is given by (&1,...,Rg). O

3.6.3. Projection into a Subspace

Let a basis (not necessarily orthogonal) for a subspace M be given by (¥, ..., 7). Given a be R™, one
could compute proj M(g) by first using the Gram-Schmidt procedure to get an orthogonal basis for M, and
then using the projection formula. However, that is a lengthy process. Let us try another approach. Set
A = (¥ Uy -~ ¥y) € R"™¢. Since proj,, (b)) € M, by definition proj,,;(b) € R(A), i.e., there is an Z* such
that AZ* = proj,;(b). Recall that the projection also satisfies b — proj,,(b) = b — AT* € R(A)L = N(AT).
Thus, AT(I_;— AZ*) = 0, so that the vector &* is given as the solution to AT AZ = ATb,

Is the vector * unique? We must show that given rank(A) = ¢, then dim(N (AT A)) = 0. If © € N'(A), it
is clear that & € V(AT A); hence, N'(A) C N(AT A). Now suppose that ¥ € N (AT A). This clearly implies
that A7 € N(AT). Tt is equally clear that A% € R(A). Since R(A)+ = N(AT), this necessarily implies that
AZ =0, ie., © € N(A). Hence, N(ATA) c N(A), so that N'(A) = N (AT A). Since rank(A) = ¢ implies
that dim(N'(A)) = 0, one then gets that dim(N' (AT A)) = 0. Thus, #* is unique.

Lemma 3.66. For a given A € R™*¢ with rank(A) = ¢, and for a given be R™, the projection of b onto
R(A) is given by AZ*, where ¥* is the unique solution to the system AT Az = ATp.

Definition 3.67. The least-squares solution of AT = b is the solution to AT A7 = ATb.

Remark 3.68. [(a)]
(a) By construction, the least-squares solution satisfies ||AZ* — b|| < ||AZ — b|| for any Z # Z*.

(b) If b € R(A), then the least-squares solution is the true solution.
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Topic: Line of Best Fit

Suppose that you have a collection of point (z1,y1), .., (Zn,yn) that you wish to fit with a curve of the
form

y = cofo(w) + c1fi(@) + -+ cpfi(x).

If the points were to lie exactly on the proposed curve, then the following system of equations would be
satisfied:

yj = cofo(z;) + erfulay) + - +enfilzy), j=1,...,n,

ie.,

fo(z1) -+ fr(z1)
Az=7, A=| :
fo(xn) -+ felzn)

It is highly unlikely, however, that the points will lie exactly on the proposed curve. The curve of best fit
would be given by choosing the vector ¢'so that [|A¢'— /]| is as small as possible. The vector ¢ is the solution
to the least-squares problem AT A¢ = ATy

For the first example, suppose that you wish to fit the data (1,0),(2,1), (4,2), (5,3) with a line. One
then gets that

— = =
U N =
<y
I
W= O

The least-squares solution is ¢ = (—3/5,7/10)T, so that the line of best fit is

Now consider the following example. Among the important inputs in weather forecasting models are
data sets consisting of temperature values at various parts of the atmosphere. These are either measured
directly using weather balloons or inferred from remote soundings taken by weather satellites. A typical set
of RAOB (weather balloon) data is given below:

8] 9] 10
| 266 | 270 | 266

The temperature T in kelvins may be considered as a function of p, the atmospheric pressure measured in
decibars. Pressures in the range from 1 to 3 decibars correspond to the top of the atmosphere, and those in
the range from 9 to 10 correspond to the lower part of the atmosphere. The linear and cubic least-squares
fits are given below.
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Figure 1: Comparison of a linear fit with a cubic fit for the temperature vs. pressure data.
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4. DETERMINANTS

4.1. Definition

4.1.1. Exploration

A—(‘C‘ Z)

It is known that A is nonsingular if and only if ad — bc # 0.
Definition 4.1. If A € R?*2, define the determinant of A to be

Consider the matrix A € R?*? given by

det(A) = ad — be.

Remark 4.2. Often one writes |A| := det(A).
The following properties are easy to verify:
[(a)]det(AT) = det(A) det(AB) = det(A) det(B).

Recall that Gaussian elimination is equivalent to multiplication by one or more elementary reduction
matrices. Using this fact and the above properties yields the further properties:

[(a)]if
()

then det(A) = — det(A) if
then det(A) = rdet(A) if

then det(A) = det(A)

4.1.2. Properties of Determinants

Let
A= (ﬁlyﬁQa s 7ﬁn) € RTLX’n’

where p); represents row j of A.
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Definition 4.3. A determinant is a function det : R®»*"™ — R such that

[(a)]det(pr,....70 + P, -, Pn) = det(P1, ..., Py .., pn) for i # 5 det(F1, ..., Py s Pjs-vvsPn) =
—det(ﬁl,...,ﬁj,...,ﬁi,...,pn)fori#jdet(ﬁl,...,rﬁi,...,ﬁn):rdet(ﬁl,...,ﬁi,...,ﬁn)det(l):
1, where I € R™ " is the identity matrix

Lemma 4.4. The determinant satisfies the following properties:

[(a)]if A has two identical rows, then det(A) = 0 if A has a zero row, then det(A) = 0 A is
nonsingular if and only if det(A) # 0 if A is in echelon form, then det(A) is the product of the
diagonal entries.

Proof: First suppose that A has two equal rows. Using property (b) yields that det(A) = — det(A), so that
det(A) = 0.
Now suppose that A has a zero row. Using property (a) gives

—

det(...,f,...,0,...) =det(...,fi,...,p: +0,...).

The matrix on the right has two identical rows, so the above result gives that det(A) = 0.

Let A be the Gauss-Jordan reduction of A. As an application of the first three properties one has that
det(A) = adet(A), where o is some nonzero constant. If A is nonsingular, A = I, so that by property (d)
det(A) = 1, and hence det(A) = o # 0. If A is singular, then A has at least one zero row, so by the above
result det(A) = 0, and hence det(4) = 0.

Finally, suppose that A is in echelon form. If one of the diagonal entries is zero, then in reduced echelon
form the matrix will have a zero row, and hence det(A) = 0. This is exactly the product of the diagonal
entries. Suppose that none of the diagonal entries is zero, i.e., a; ; # 0 for i = 1,...,n. Upon using property
(c) and factoring a;; from row ¢ one has that

det(A) = ar1022 - ann det(/l),

where A is such that a;; = 1fori=1,...,n. The matrix A can clearly be row-reduced to I; furthermore,

this reduction only requires property (a), so that det(A) = det(/) = 1. This yields the desired result. O

Example. The above result gives us an indication as to how to calculate det(A) if n > 3. Simply row-reduce
A to echelon form keeping track of the row-swapping and row multiplication, and then use result (d) from
the above. For example,

12 32| (| 24 3 1o -2
34 —2|==|-34 —2|=—2| -3 4 —2
10 —2| 2/ 10 -2 21 924 3
1o -2 1o -2
— |0 4 -8|=—=]|0 4 -8 |=-30.
2104 7 210 0 15

Lemma 4.5. The determinant has the following properties:

[(a)]det(AT) = det(A) det(AB) = det(A) det(B) if A is nonsingular, then det(A~!) = det(A4)~!.

4.3.  Other Formulas

4.3.1. Laplace's Expansion

Definition 4.6. For a given A € R™*" let A; ; € R(=1Dx(n=1) he the matrix formed by deleting row i and
column j from A. The matrix A; ; is the 7, j minor of A. The i, j cofactor is given by (—1)"*7 det(A, ;).
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Example. If

1 2 3
A=[4 5 6],
7 8 9

4 6 1 2
A1,2=(7 9>7 A2,3=(7 8)

Theorem 4.7 (Laplace Expansion of Determinants). If A € R"*"™ then

then

n

det(A) = Z(—l)“‘kai,k det(A; ) (across row i)

= Z(fl)k+jak7j det(Ag ;) (down column j).

k=1
Example. One has that
1 0 =5
2 1 3 |=(=D"*%.0. 23 +(=1)*2.1. L= +(=1)**2.0- L=
30 6 -3 6 -3 6 2 3

=—0-(21)+1-(=9)—0-(13) = —9.

Topic: Cramer's Rule

Consider the linear system A% = b, where A € R"*" is such that det(A) # 0. Since A is nonsingular, the
solution is given by & = A~'b. Let B; € R™*" be the matrix formed by substituting b into column j of A.

Theorem 4.8 (Cramer’s Rule). The solution vector & is given by

det(Bj)
T; = .
det(A)
Example. If
2 1 1 . 1
A=13 0 1 |, b=1 4],
1 -1 -1 2
then for the system AZ = b one has that
2 11
Bs=|3 0 4
1 -1 2
Hence,
det(B;) 3
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5.  SIMILARITY

5.2.  Similarity

5.2.1. Definition and Examples

Example. Consider the following table:

Married | Single
0.85 0.10 Married
0.15 0.90 Single

Set #; = (mj,s;)", where m; represents the number of married men in year j , and s; is the number of
single men in year j. The above table gives the percentage of married men who will stay married, etc. If

A 0.85 0.10
~\ 015 090 /)’
we have the relationship Z, 11 = AZ,. This is a dynamical system. Since
T = ARy, T = AT = A%%y, ..., T = ATp_1 = A" T,

if we wish to understand the final distribution of married men vs. single men, we need to understand
lim,,_,, A". How do we accomplish this task without actually doing the multiplication?

Recall that two matrices H and H are equivalent if = PHQ. From the commutative diagram

Vi LWD
H

ol |

Vg —— Wp
H

we have that
H =Repp, p(id) - H - Repy p(id)
=Repp, p(id) - H - Repg p(id) "

If we restrict ourselves to the following situation,

h
Ve —— Vb

o |

VD —’T)VD
H

we have that
H =Repp p(id) - H - Repg p(id) "

Definition 5.1. The matrices T and S are similar if there is a nonsingular matrix P such that T = PSP~
Remark 5.2. [(a)]
(a) The above can be rewritten as TP = PS, which, as we will see, allows us to choose the optimal P.

(b) Two matrices are also similar if QTQ~* =S, as Q = P71,
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Example. Consider the matrices

It is easy to check that
i, (20
pare (2 ).
Proposition 5.3. Suppose that T = PSP~!. Then det(T) = det(S).

Proof: Recall that det(AB) = det(A) det(B), and that det(A~1) = det(A)~!. Using these properties

det(T) = det(P) det(S) det(P~') = det(S) det(P) = det(9). O

1
det(P)

Proposition 5.4. Suppose that T = PSP~', and further suppose that S is nonsingular. Then T is
nonsingular.

Proof: From the above det(T) = det(S). If S is nonsingular, then det(T) = det(S) # 0, so that T is
nonsingular. O

Proposition 5.5. IfT issimilarto S, i.e., T = PSP~'. Then T* is similar to S* for any k > 1. Furthermore,
Tk = pSkp-1.

Proof: Homework problem. O
5.2.2. Diagonalizability
Definition 5.6. A homomorphism h : V — V is diagonalizable if there is a basis (El, e ,En> for V' such

that h(ﬂ_;) = )\iﬂﬁi for i =1,...,n. A diagonalizable matrix is one that is similar to a diagonal matrix.
Example. We have already seen that the following are similar;

(1) ()

Remark 5.7. Not every matrix is diagonalizable. If D = diag(\1,...,\,) is a diagonal matrix, then it is
easy to check that D*¥ = diag(\},..., \k) for each k > 1. If A is similar to D, then we know that A is

similar to D*. Consider
(01 5> (0 0
A_(O 0>:>A_<0 O).

A clearly cannot be similar to the zero matrix, for this would imply that A = 0. Since det(A) = 0, det(D) = 0,
so that we can assume that D = diag(},0). If

a b
P-(%a)
is invertible, it is easy to check that

A2 ad —ab
pPD?p~t=_- __ )
det(P) ( cd —bc )

w o

Hence, A is diagonalizable.

In order to get the zero matrix, we need ad = be = 0, which would require that det(P) = 0. Hence, no such
P exists, so that A is not diagonalizable.
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5.2.3. Eigenvalues and Eigenvectors

Definition 5.8. A homomorphism h : V — V has a scalar eigenvalue A € C if there is a nonzero eigenvector
¢ € V such that h(¢) = A(.

Example. Consider the homomorphism h : &, — & given by

h(co + c1x) = (deg — 2¢1) + (co + ¢1)x.
We wish to solve h(p(z)) = Ap(z). With respect to the standard basis this can be rewritten as HC = AC,
where

4 -2 -
H = Repgg,gz (h) = ( 1 1 > ; C: Repgz (p)

The system can again be rewritten as (H — AI)C = 0. In other words, we need ¢ € N'(H — AI). In order for
dim(N(H — AI)) > 1, we need det(H — AI) = 0. Thus, to find the eigenvalues we must solve

det(H — M) = A —5A+6= (A —2)(A—3) = 0.

For A = 2 one has ¢ = (1,1)7, and for A = 3 one has ¢ = (2,1)7. Thus, the eigenvalues for h are A = 2,3,
and the associated eigenvectors are p(x) =1+ z,2 + x.
If B=(14z,2+ ), then

20
H:RepB,B(h): ( 0 3 >7
ie, hlci(l+z)+ (24 2)) =2¢1 (1 + x) + 3¢2(2 + ).
Definition 5.9. If H € R"*" then H has an eigenvalue \ with associated nonzero eigenvector 5 if H 5 = )\5 .

Definition 5.10. The eigenspace of the homomorphism h associated with the eigenvalue X is

—.

Vai={C': h(C) = AC).
Lemma 5.11. The eigenspace V) is a subspace.
Proof: Just check that h(ciCi + c2Ca) = M1+ ¢2Ca), so that i, Co € Vi implies that ¢1C +coCa € V. O
Definition 5.12. The characteristic polynomial of H € R™*™ is given by

p(x) :=det(H — zI).

The characteristic equation is p(z) = 0. The characteristic polynomial of a homomorphism A is the charac-
teristic polynomial of any Repg 5 (h).

Remark 5.13. p(x) is a polynomial of degree n. As a consequence, there will be n eigenvalues (counting
multiplicity).

Lemma 5.14. The characteristic polynomial of h is independent of the basis B.

Proof: If Hg and Hp are representations of h with respect to the bases B and D, there is a nonsingular P
such that Hg = PHpP~!. Noting that

PHpP ' —xl = P(Hp —aI)P~!
yields that
det(Hp — xI) = det(PHp P~ — 2I) = det(P) det(Hp — 1) det(P~*) = det(Hp — =I). O

Lemma 5.15. Let H € R™*"™ be given, and let \1, ..., Ay be distinct eigenvalues. Ifg:;' €Wy, forj=1,....¢,
then the set {517 . ,@} is linearly independent.
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Proof: Proof by induction. The statement is clearly true if £ = 1. Assume that it is true for some value
1 < k < £, so that the set {(1,...,(x} is linearly independent. Now consider

11+ -+ G + g1 Gerr = 0.
Multiplying both sides by Ap41 yields
et Mer1Cr+ -+ Mk 1+ Gt A 1Grgr = 0,
and multiplying both sides by H and using the fact that H g‘; = /\jfj yields
M+ -+ el + Crpr A1 Grar = 0.
Subtracting the first from the second gives
e1(M = Mes1)CG + o+ (e — A1) = 0.

Since the eigenvalues are distinct, this implies that ¢; = --- = ¢ = 0. Since 5k+1 £ 0, this further implies
that c¢x+1 = 0. Hence, the set {(3,...,k,Ck+1} is linearly independent. O

Corollary 5.16. Let H € R™*™ be given, and let A1, ..., A\, be distinct eigenvalues. The set {51, . ,fn} is
a basis.

Corollary 5.17. Suppose that H € R™*™ has n distinct eigenvalues. H is diagonalizable.

Proof: Suppose that HC_; = )\jc_;- for j = 1,...,n. As a consequence of the above lemma, the matrix
P= (51, 52, cee, En) is nonsingular. Setting D = diag(A1,...,Ay), it is easy to check that HP = PD; hence,
P~'HP =D. [

Remark 5.18. [(a)]

(a) The statement can be relaxed to say that if there are n linearly independent eigenvectors, then H
is diagonalizable.

(b) The matrix P depends on the ordering of the eigenvalues.

(i)

Example. Suppose that

If

~
Il
VR
—
= N
N——

then D = diag(2,3), while if

~
Il
N
— N
— =
N——

then D = diag(3,2)

Topic: Stable Populations

Consider the example at the beginning of this chapter. Setting

=(2). a=(%)
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we have that with the basis B = (51,52) the homomorphism h(Z) = AZ is represented by the matrix
D = diag(1,3/4). Thus, with the basis B we have that dynamical system becomes §,+1 = D¥,, where
7 = Repg(%). If 4o = (a,b)T, the solution is

= @ (3)

so that as n — oo we have that i, — (a,0)?. For example, suppose that ¥y = (14,36)7 = 1051 + 652, SO
that 7o = (10,6)T. We have that lim,, .o 7, = (10,0), so that lim,, .., @, = 10(; = (20,30)T.

Remark 5.19. The fact that A = 1 is an eigenvalue is not a coincidence. Problems 5.2.3.33 and 5.2.3.42
discuss this issue in more detail.

Topic: Method of Powers

For many applications it is important to find only the largest eigenvalue of the matrix H € R"*"™.
Why? As in the previous example, consider dynamlcal system Tpy1 = HZT [Ty, Suppose that H has n distinct
cigenvalues A1, ..., \, with associated eigenvectors Ci,...,C,. Since (Ci,...,Cy) is a basis, we can write
vy, cig:;. Using linearity we see that

H25 =" ei)i(;

H'S =" e \NG.

If one of the eigenvalues, say A1, is such that |A\g| < |Ai| for & = 2,...,n, then as ¢ becomes large the
dominant behavior will be H!% ~ 01)\‘{(1. Note that

Hf* ¢
=i+ Zcz () Gis

so that ,
H%Y -
lim =c1(y.
A 161

How do we determine the eigenvalue A7 If n is large, then the most efficient way to accomplish this

task is not by finding all of the roots of the characteristic equation. Given a %y, consider the algorithm for
ji=0,1,...,

—

- Uj - -

wj:m, UjJrl:ij'.
Note that ||w;|| = 1 for all j. If @, is an eigenvector, then we will have that @41 = Aw; for the associated
eigenvalue A, so that |\| = ||U;1+1]|/]|W;]] = ||¥j+1]]. From the above discussion we expect that as j gets large

we will have that || &~ ||T;41]]. A stopping criterion could then be

””J“”f”%”‘ <6 0<e<l
191

Remark 5.20. If |\y/)1| is sufficiently small, where Ay is the second largest eigenvalue in absolute value,
then this algorithm will converge fairly quickly. Otherwise, there are other techniques that one could use.
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Topic: Symmetric Matrices

The equations of motion for a coupled mass-spring system can be written in the form
M7 = K7,

where M = diag(mq,...,m,) and K = KT ie., K is a symmetric matrix. Here m; > 0 represents the
mass on the end of spring i, &; is the distance of mass ¢ from the equilibrium position, and the entries of K
are various combinations of the individual spring constants. For example, when considering a system of two
masses with only one of the springs being connected to a wall, one has that

| —(k1+ka) ke
K= < ky | —ky )

where k; is the spring constant for spring i.
In order to solve the ODE, set Z(t) = e“*¥. Upon substitution this yields the linear system
(K —w?M)7 =0,

i.e., we have a generalized eigenvalue problem. Note that if wy is an eigenvalue with eigenvector vy, then
—wyp is also an eigenvalue with the same eigenvector. Further note that since K and M are real, then wyg is
an eigenvalue with eigenvector ¥f. Thus, eigenvalues come in the quartets {w, —w,w*, —w*}. If Rew > 0,
then the oscillations of the masses will grow exponentially, while if Rew = 0 the motion will be oscillatory
with frequency Im w.

This problem has a great deal of structure. Some interesting questions are:

[(a)]What in general is known about the eigenvalue/eigenvector decomposition of symmetric ma-
trices? How do the eigenvalues for the full problem relate to those of K and M?

Definition 5.21. Let ¥ = @+ ib € C" be given, where @,b € R™. An inner product (-,-) on C" can be
defined by
(7, W) = 77w,
where @* = & — id.
Remark 5.22. [(a)]
(a) The inner product (-,-) is the standard one for 7 € R™.
(b) Note that (rv, W) = (7, ), while (7,rw) = r*(¥, ).
Proposition 5.23. The inner product (-,-) on C™ satisfies the properties:
[(a)](, %) = (@,vv)* (7,7) > 0, with equality only if # = 0 (rv + sw, Z) = r(v, %) + s(, T).
Lemma 5.24. If A € R™*" is symmetric, then all of the eigenvalues are real. Furthermore, the eigenvectors
associated with distinct eigenvalues are orthogonal.
Proof: 1t is not difficult to show that (Av,w) = (¥, AT1). Since A is symmetric, this implies that (Av, @) =
(U, AW).
First suppose that A7 = AY. One then has that
(A7, 0) = (W, V) = A(¥, D),
and
(A7, ) = (U, A¥) = (U, \0) = \*(¢, 7).
Since @ # 0, this implies that A = A\*, so that A € R.
Suppose that Av; = \;v; for i = 1,2 with A\; # As. One has that
(Av1, Ty) = (A101, V2) = A1 (U1, U2),

and

(A1, v2) = (v, Avz) = (¥, Aala) = A2 (U1, V).
Since A1 # Ao, this implies that (¥, v2) = 0.
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Definition 5.25. O € R™*™ is an orthogonal matrix if its column vectors are an orthogonal with length
one, i.e., they form an orthonormal set.

Proposition 5.26. Suppose that O is an orthogonal matrix. Then O is nonsingular, and O~ = OT.

Proof: The fact that O is nonsingular follows immediately from the fact that the column vectors are linearly
independent. If O = (61, ...,0d,), then upon using the fact that

Wi
ga-{ 97
1, j=1

it is easy to check that OTO = I. O
Proposition 5.27. Suppose that O is an orthogonal matrix. Then (OZ, Oy) = (Z,7).

Proof: We have that

(0%,09) = (¥,070g) = (%, 7). O
Remark 5.28. As a consequence, multiplication by an orthogonal matrix preserves both the angle between
vectors and the length of vectors.

Theorem 5.29 (Schur’s Theorem). If A € R™*"™ has only real eigenvalues, then there is an orthogonal
matrix such that OT AO is upper triangular.

Theorem 5.30. If A € R"*"™ is symmetric, then there is an orthogonal matrix which diagonalizes A.

Proof: Recall that (AB)T = BTAT. By Schur’s Theorem there is an orthogonal matrix O and upper
triangular matrix 7" such that OT AO = T'. Since A is symmetric,

77 = (0T A0)T = 0T ATO = 07 A0,

so that T7 = T, ie., T is symmetric. Since T is upper triangular, 77 is lower triangular. Since T is
symmetric, this implies that T is a diagonal matrix. O

Example. Consider

0 2 -1
A= 2 3 -2
-1 -2 0
The eigenvalues are A = —1,5. We have that
1 -2 -1
NA+D) =[] 0 ], 1]}, NA-sD)=[| -2 |]
1 0 1

Using the Gram-Schmidt procedure, an orthogonal basis for N'(A + I) is given by

1 -1
NA+D=[[ o |, [ 1]
1 1

Normalizing all these vectors to length one gives the matrix O such that OT AO = diag(5, —1, —1).

Again consider the eigenvalue problem (K — w?M)v = 0. First suppose that M = I. There is then an
orthogonal matrix Ok such that O};KOK = Dk, where Dg = diag(A1,...,A,) with each \; € R. We have
that w? = A. If A > 0, then there will be exponential growth for the system, while if A\ < 0 the motion will be
oscillatory with frequency w. If one sets @ = O%LZ, so that & = Ok, then the ODE uncouples and becomes

i" = Ok KOgi = Dy,

ie., @ = M\u;. Now suppose that M is merely diagonal with m; > 0. Let n(A, B) represents the number
of negative eigenvalues for the eigenvalue problem (A — AB)¢ = 0. matrix A. Because all of the eigenvalues
of M are positive, it can be shown that n(K, M) = n(K, I). Thus, if oscillatory motion is predicted for the
equal mass case, then this feature will continue to hold true as the masses are varied.



