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1 Vectors

Vectors in R™:

uy U1 0
u = , v= , 0=1:
Up Uy, 0
Parallelogram law:
up + g
u+v=
Up, + Uy

Multiplication by scalar c € R:
CcU1
cv = :

CUp,

Dot (inner) product:
UV = UV + -+ UpUp.

’,Ul: A/ UV = 1/U%+...+UZ'

Length (norm):

Unit vector:

0]

Distance between (endpoints of) u and v (positioned at 0):

d(u,v) = |lu — v|.

Law of cosines:
lu — v)*= |u)?+|v]*—2|u||v|cos .

Angle 6 between v and v:

(o P s — 0] — )

1
[ullvjeost = S(jul*+o[ ~|u—v") = 5

2
1
= §(|u\2+]vl2—[u-u — 2u-v + v-v))

= Uu-v.



Orthogonal vectors u and v:
u-v =0.

Pythagoras theorem for orthogonal vectors w and v:

lu + v|*= |ul*+|v]?

Cauchy-Schwarz inequality (|cos6|< 1):

ju-v|< |ullvl.

Triangle inequality:

u+v| = V(u+v)(u+v)=|ul+2uv + |v]?
< V§uP2luv|+v)?2 < Vi]ulP2lu|v]+Hv2 = /(Jul+v])2 = |ul+|v].

Component of v in direction u:

v L= |v|cos 6.
|ul
Equation of line:
Ax 4+ By = C.

Parametric equation of line through p and gq:

v=(1-t)p+tq.

FEquation of plane with unit normal (A, B, C') a distance D from origin:

Ax+ By +Cz=D.

Equation of plane with normal (A, B, C) through (o, yo, 20):

A(x —x0) + B(y — yo) + C(z — z) = 0.

Parametric equation of plane spanned by w and w through vy:

vV =11 +tu+ sw.



2 Linear Equations

e Linear equation:
a1x1 + agxy + - - - + apx, = 0.

e Homogeneous linear equation:

a171 + asxy + -+ + apx, = 0.

e System of linear equations:

a11r1 + a1pxy + -+ a1, = by
a211 + 29X 2 + -+ oLy — bz
Am1T1 + GpaTe + - + ATy = bm~

e Systems of linear equations may have 0, 1, or an infinite number of solutions [Anton
& Busby, p. 41].

o Matriz formulation:

aix a2 - Aip X by
Q21 Q22 -+ Aap T2 [ by
am1 Am2 e Amn Tp bm

NV
n X m coeflicient matrix

o Augmented matriz:

a1 a2 - Qip by
Q21 Q22 -+ A2y by
am1 Am2 T Amn bm

e FElementary row operations:
e Multiply a row by a nonzero constant.
e Interchange two rows.

e Add a multiple of one row to another.



Remark: Elementary row operations do not change the solution!

e Row echelon form (Gaussian elimination):

1 x % - x
0O 0 1 - %
o o0 o0 --- 1

e Reduced row echelon form (Gauss—Jordan elimination):

1« 0 --- 0

oo 1 --- 0

o0 o --- 1
e For example:

2ZE1+$2:5,

7$1+41}2:17

e A diagonal matriz is a square matrix whose nonzero values appear only as entries a;;
along the diagonal. For example, the following matrix is diagonal:

1 0 0 0
0 1 0 O
00 0 O
0 0 0 1

e An upper triangular matriz has zero entries everywhere below the diagonal (a;; = 0
for i > j).

o A lower triangular matriz has zero entries everywhere above the diagonal (a;; =0
for i < j).

Problem 2.1: Show that the product of two upper triangular matrices of the same
size is an upper triangle matrix.

Problem 2.2: If L is a lower triangular matrix, and U is an upper triangular matrix,
show that LU is a lower triangular matrix and UL is an upper triangular matrix.
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3 Matrix Algebra

Element a;; appears in row ¢ and column j of the mXn matric A = [a;j]mxn-

Addition of matrices of the same size:

[@islmxn + [Dijlmxn = [@ij + bijlmxn-

Multiplication of a matriz by a scalar ¢ € R:

C[aij]an = [Ca'ij]an'

Multiplication of matrices:

[@i)mxnlbjklnxe = [Z aijbjk] .
mX/{

=1

Matrix multiplication is linear:
A(aB + 5C) = aAB + AC

for all scalars o and (.
e Two matrices A and B are said to commute if AB = BA.
Problem 3.1: Give examples of 2 X 2 matrices that commute and ones that don’t.

e Transpose of a matrix:

[aij]L"LXn = [aji]anm

o A symmetric matriz A is equal to its transpose.

Problem 3.2: Does a matrix necessarily compute with its transpose? Prove or
provide a counterexample.

Problem 3.3: Let A be an m X n matrix and B be an n x ¢ matrix. Prove that

(AB)T = BTA.



Problem 3.4: Show that the dot product can be expressed as a matrix multiplication
u-v = uTv. Also, since u-v = v-u, we see equivalently that u-v = vTu.

e Trace of a square matrix:
n

Tr [az’j]nxn - Zam

=1

Problem 3.5: Let A and B be square matrices of the same size. Prove that

Tr(AB) = Tr(BA).

e [dentity matrix:
ln - [513]n><n

e Inverse A~! of an invertible matrix A:

AA'=A'A=1

Problem 3.6: If Ax = b is a linear system of n equations, and the coefficient
matrix A is invertible, prove that the system has the unique solution

x=A"'b.

Problem 3.7: Prove that
(AB)"' =B 'A"L.

e Inverse of a 2 x 2 matrix:

| R R P

c d||—c
=
[i Z]_l = ﬁ {_dc _ab} exists if and only if ad — be # 0.
e Determinant of a 2 x 2 matrix:
det [i Z] =|¢ Z' = ad — be.



e An elementary matriz is obtained on applying a single elementary row operation
to the identity matrix.

e Two matrices are row equivalent if one can be obtained from the other by elementary
row operations.

e An elementary matrix is row equivalent to the identity matrix.
e A subspace is closed under scalar multiplication and addition.

e span{vy,vs,...,v,} is the subspace formed by the set of linear combinations
c1v1 + Uy + - - - 4 ¢, v, generated by all possible scalar multipliers ¢y, ca, ..., ¢,.

e The subspaces in R? are the origin, lines, planes, and all of R3.

e The solution space of the homogeneous linear system Ax = 0 with n unknowns is
always a subspace of R".

e A set of vectors {vy,vs,...,v,} in R" are linearly independent if the equation
v +cvy+ -+ v, =0

has only the trivial solution ¢; = ¢ = -+ = ¢, = 0. If this were not the case, we
say that the set is linearly dependent; for n > 2, this means we can express at least
one of the vectors in the set as a linear combination of the others.

e The following are equivalent for an n x n matrix A:

a) A is invertible;

(c) A can be expressed as a product of elementary matrices;
(d
(e

) A is row equivalent to l,;;
) Az = 0 has only the trivial solution;

x = b has exactly one solution for all b € R";

(a)

(b) The reduced row echelon form of A is I,,;
)

(f

(

g) The rows of A are linearly independent;

(i

) A
)
(h) The columns of A are linearly independent;
)
(j) 0is not an eigenvalue of A.
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e The elementary row operations that reduce an invertible matrix A to the identity
matrix can be applied directly to the identity matrix to yield A~

Remark: If BA = | then the system of equations Az = 0 has the unique solution
x = lz = BAz = B(Az) = BO = 0. Hence A is invertible and B = A~

4 Determinants

e Determinant of a 2 X 2 matrix:
CCL Z‘ = ad — bc.
e Determinant of a 3 x 3 matrix:
L AR AR
g h 1

Determinant of a square matrix A = [a;j]nxn can be formally defined as:

det A = Z sgn(jl,jg, . ,jn) aljlang . anjn-
permutations
(jl,j27...,jn) Of (1,2,...,7’L>

Properties of Determinants:
e Multiplying a single row or column by a scalar ¢ scales the determinant by c.
e Exchanging two rows or columns swaps the sign of the determinant.

e Adding a multiple of one row (column) to another row (column) leaves the
determinant invariant.

e Given an nxn matrix A = [a;;], the minor M;; of the element a,; is the determinant
of the submatrix obtained by deleting the ith row and jth column from A. The

signed minor (—1)"*7M;; is called the cofactor of the element aj;.

e Determinants can be evaluated by cofactor expansion (signed minors), either along
some row ¢ or some column j:

n n
det|aj]nxn = ZaikMik = Zaijkj-
k=1 k=1

11



e In general, evaluating a determinant by cofactor expansion is inefficient. However,
cofactor expansion allows us to see easily that the determinant of a triangular
matrix is simply the product of the diagonal elements!

Problem 4.1: Prove that det AT = det A.

Problem 4.2: Let A and B be square matrices of the same size. Prove that

det(AB) = det(A) det(B).

B 1
 det A’

Problem 4.3: Prove for an invertible matrix A that det(A™")

Determinants can be used to solve linear systems of equations like

© b1

o Cramer’s rule:

u b a u
_vd e v
x_ab’ y_ab'

c d c d

For matrices larger than 3 x 3, row reduction is more efficient than Cramer’s rule.

An upper (or lower) triangular system of equations can be solved directly by back
substitution:

211 + 19 = 5,
4%2 = 17.

e The transpose of the matrix of cofactors, adj A = [(—1)""/ M},], is called the adjugate
(formerly sometimes known as the adjoint) of A.

e The inverse A~! of a matrix A may be expressed compactly in terms of its adjugate

matrix:
_1 1

~ detA
However, this is an inefficient way to compute the inverse of matrices larger than

3 x 3. A better way to compute the inverse of a matrix is to row reduce [A|l] to
A~

adj A.

12



e The cross product of two vectors w = (uy, uy, u,) and v = (vz, vy, v,) in R® can be
expressed as the determinant

i § k
UXV = Uy Uy Uy | = (UyUy — UUy) T+ (U0 — UgV,)J + (Upty — uyvy) k.

Up Uy Uy

e The magnitude |uXwv|= |u||v|sin @ (where 6 is the angle between the vectors u and
v) represents the area of the parallelogram formed by uw and v.

5 Eigenvalues and Eigenvectors

o A fized point x of a matrix A satisfies Ax = x.
e The zero vector is a fixed point of any matrix.

e An eigenvector x of a matrix A is a nonzero vector x that satisfies Ax = Ax for
a particular value of A\, known as an eigenvalue (characteristic value).

e An eigenvector x is a nontrivial solution to (A —A)x = Az — Az = 0. This requires
that (A — Al) be noninvertible; that is, A must be a root of the characteristic
polynomial det(Al— A): it must satisfy the characteristic equation det(Al—A) = 0.

o If [a;j]nxn Is a triangular matrix, each of the n diagonal entries a;; are eigenvalues
of A:
det()d — A) = ()\ — CLH)()\ — (1,22) Ce ()\ — CLnn>.

e If A has eigenvalues A1, Ao, ..., A, then det(A —Al) = (A = A) (Ao —A) ... (A, = N).
On setting A = 0, we see that det A is the product A;\s ...\, of the eigenvalues
of A.

e Given an n x n matrix A, the terms in det(Al — A) that involve A and \»~! must
come from the main diagonal:

()\—all)()\—aQQ)...()\—ann) =\"— (a11+a22+...+am))\"_1+....
But
det(AI=A) = (A=A1)(A=X2) ... (A=Xn) = A= (Aot . AN (1) " A da . A

Thus, Tr A is the sum A\;+Xo+. ..+ )\, of the eigenvalues of A and the characteristic
polynomial of A always has the form

AT — Tr AN 44 (—1)" det A

13



Problem 5.1: Show that the eigenvalues and corresponding eigenvectors of the
matrix
1 2
SF

are —1, with eigenvector [1, —1], and 4, with eigenvector [2, 3]. Note that the trace
(3) equals the sum of the eigenvalues and the determinant (—4) equals the product
of eigenvalues. (Any nonzero multiple of the given eigenvectors are also acceptable
eigenvectors.)

Problem 5.2: Compute Av where A is the matrix in Problem 5.1 and v = [7, 3|7,
both directly and by expressing v as a linear combination of the eigenvectors of A:
[7,3] = 3[1,—1] + 22, 3].

Problem 5.3: Show that the trace and determinant of a 5x5 matrix whose characteristic
polynomial is det(Al — A) = X% + 2\ + 3X\3 +4\? + 5\ + 6 are given by —2 and —6,
respectively.

e The algebraic multiplicity of an eigenvalue )y of a matrix A is the number of factors
of (A — Xg) in the characteristic polynomial det(Al — A).

e The eigenspace of A corresponding to an eigenvalue A is the linear space spanned
by all eigenvectors of A associated with A. This is the null space of A — Al.

e The geometric multiplicity of an eigenvalue A of a matrix A is the dimension of the
eigenspace of A corresponding to .

e The sum of the algebraic multiplicities of all eigenvalues of an n x n matrix is equal
to n.

e The geometric multiplicity of an eigenvalue is always less than or equal to its
algebraic multiplicity.

Problem 5.4: Show that the 2 x 2 identity matrix

o 1]

has a double eigenvalue of 1 associated with two linearly independent eigenvectors,
say [1,0]7 and [0,1]T. The eigenvalue 1 thus has algebraic multiplicity two and
geometric multiplicity two.

14



Problem 5.5: Show that the matrix

1 1

0 1
has a double eigenvalue of 1 but only a single eigenvector [1,0]T. The eigenvalue 1
thus has algebraic multiplicity two, while its geometric multiplicity is only one.

Problem 5.6: Show that the matrix

= DN
ot w O
w O O

has [Anton and Busby, p. 458]:

(a) an eigenvalue 2 with algebraic and geometric multiplicity one;

(b) an eigenvalue 3 with algebraic multiplicity two and geometric multiplicity one.
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6 Linear Transformations

e A mapping T : R" — R™ is a linear transformation from R™ to R™ if for all vectors
u and v in R™ and all scalars c:

(a) T(u+v) =T(u) + T(v);
(b) T(cu) = T (uw).

If m = n, we say that T is a linear operator on R".

e The action of a linear transformation on a vector can be represented by matrix
multiplication: T'(x) = Ax.

e An orthogonal linear operator T' preserves lengths: |T'(x)|= |x| for all vectors xb.

e A square matrix A with real entries is orthogonal if ATA = I; that is, A=A
This implies that det A = +1 and preserves lengths:

|Az|’= Az-Az = (Az)"Axz = 2TATAz = 2'ATAx = ' = z-x = |z|>.

Since the columns of an orthogonal matrix are unit vectors in addition to being
mutually orthogonal, they can also be called orthonormal matrices.

e The matrix that describes rotation about an angle 6 is orthogonal:

cosf) —sinf
sinf  cosf |’

e The kernel kerT" of a linear transformation 7' is the subspace consisting of all
vectors uw that are mapped to 0 by 7.

e The null space null A (also known as the kernel ker A) of a matrix A is the subspace
consisting of all vectors w such that Au = 0.

e Linear transformations map subspaces to subspaces.

e The range ranT of a linear transformation 7' : R® — R™ is the image of the
domain R™ under T'.

e A linear transformation 7" is one-to-one if T(u) = T'(v) = u = v.

16



Problem 6.1: Show that a linear transformation is one-to-one if and only if ker 7" = {0}.

A linear operator T" on R" is one-to-one if and only if it is onto.

A set {vy,vs,...,v,} of linearly independent vectors is called a basis for the n-
dimensional subspace

span{vy, va, ..., v, } = {c1v1 + v + - + v, < (¢, o, ..., cn) € R
o If w = a1v; + aavs + ... + v, is a vector in span{v;,ve,...,v,} with basis B =
{v1,v9,...,v,} wesay that [a, as, ..., a,]T are the coordinates [w|p of the vector w

with respect to the basis B.

e If w is a vector in R” the transition matriz Pp. g that changes coordinates [w]p

with respect to the basis B = {vy,vs,...,v,} for R" to coordinates [w|p =
Py plw]p with respect to the basis B’ = {v}, v}, ..., v} for R" is
Ppep=[[vilp [va]p -+ [va]p].

e An easy way to find the transition matrix Pz p from a basis B to B’ is to use
elementary row operations to reduce the matrix [B’|B] to [I|Pp/5].

e Note that the matrices Pg/. 5 and Pg._p are inverses of each other.

e If T : R® — R™ is a linear operator and if B = {v,vs,...,v,} and B =
{v},v},..., v} are bases for R" then the matriz representation [T]p with respect
to the bases B is related to the matriz representation [T]p with respect to the
bases B’ according to

[T]p = Pp5[T|5Ppep
7 Dimension
e The number of linearly independent rows (or columns) of a matrix A is known
as its rank and written rank A. That is, the rank of a matrix is the dimension

dim(row(A)) of the span of its rows. Equivalently, the rank of a matrix is the
dimension dim(col(A)) of the span of its columns.

e The dimension of the null space of a matrix A is known as its nullity and written
dim(null(A)) or nullity A.

17



e The dimension theorem states that if A is an m X n matrix then

rank A + nullity A = n.

e If A is an m X n matrix then

dim(row(A)) = rank A dim(null(A)) = n — rank A,
dim(col(A)) = rank A dim(null(AT)) = m — rank A.

Problem 7.1: Find dim(row) and dim(null) for both A and AT:

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

e While the row space of a matrix is “invariant to” (unchanged by) elementary row
operations, the column space is not. For example, consider the row-equivalent

matrices
0 0 1 0
A—L O} and B—{O O}

Note that row(A) = span([1,0]) = row(B). However col(A) = span([0,1]T) but
col(B) = span([1, 0]T).
e The following are equivalent for an m x n matrix A:

a

(a) A has rank k;
(b) A has nullity n — k;

(c) Every row echelon form of A has k nonzero rows and m — k zero rows;

(d) The homogeneous system Ax = 0 has k pivot variables and n — k free variables.

8 Similarity and Diagonalizability

e If A and B are square matrices of the same size and B = P"'AP for some invertible
matrix P, we say that B is similar to A.

Problem 8.1: If B is similar to A, show that A is also similar to B.

18



Problem 8.2: Suppose B = P"'AP. Multiplying A by the matrix P~ on the left
certainly cannot increase its rank (the number of linearly independent rows or
columns), so rank P !'A < rank A. Likewise rank B = rank P"!AP < rank P7!A <
rank A. But since we also know that A is similar to B, we see that rank A < rank B.
Hence rank A = rank B.

Problem 8.3: Show that similar matrices also have the same nullity.

e Similar matrices represent the same linear transformation under the change of bases
described by the matrix P.

Problem 8.4: Prove that similar matrices have the following similarity invariants:

(a) rank;
(b) nullity;

(c) characteristic polynomial and eigenvalues, including their algebraic and geometric
multiplicities;

(d) determinant;

(e) trace.

Proof of (c): Suppose B = P~"'AP. We first note that
M—B=XM-P!AP=P'A\IP-P AP =P (Al - A)P.

The matrices Al — B and Al — A are thus similar and share the same nullity (and hence
geometric multiplicity) for each eigenvalue A\. Moreover, this implies that the matrices
A and B share the same characteristic polynomial (and hence eigenvalues and algebraic
multiplicities):

det(Al — B) = det(P~') det(Al — A) det(P)

1
= Gei(p) det N = A) det(P) = det(Al — A).

e A matrix is said to be diagonalizable if it is similar to a diagonal matrix.

19



e An n x n matrix A is diagonalizable if and only if A has n linearly independent
eigenvectors. Suppose that P"'AP = D, where

P11 P12 0 Pin AN O - 0

. " 0O X --- 0

p— p?1 P?2 ' P? and D— ' :2 . :
Pn1 Pn2 *cr DPnn O O e )\n

Since P is invertible, its columns are nonzero and linearly independent. Moreover,

Apir Aepriz o AP
Y A co APon
AP — PD — 1]'921 21?22 ' ?92

>\1pn1 )\2pn2 e Anpnn
That is, for j =1,2,...,n:

DP1j P

D2j p

A | by 2j

pnj pnj

This says, for each j, that the nonzero column vector [pij,paj,...,Pn|T is an

eigenvector of A with eigenvalue A;. Moreover, as mentioned above, these n column
vectors are linearly independent. This established one direction of the claim. On
reversing this argument, we see that if A has n linearly independent eigenvectors,
we can use them to form an eigenvector matriz P such that AP = PD.

e Equivalently, an nxn matriz is diagonalizable if and only if the geometric multiplicity
of each eigenvalue is the same as its algebraic multiplicity (so that the sum of the
geometric multiplicities of all eigenvalues is n).

Al
0 A
has a double eigenvalue of A but only one eigenvector [1,0]T (i.e. the eigenvalue A

has algebraic multiplicity two but geometric multiplicity one) and consequently is
not diagonalizable.

Problem 8.5: Show that the matrix

20



e Figenvectors of a matriz A associated with distinct eigenvalues are linearly independent.

If not, then one of them would be expressible as a linear combination of the others.
Let us order the eigenvectors so that vy is the first eigenvector that is expressible
as a linear combination of the others:

Vi1 = C1U; + vy + - -+ CrUg, (1)

where the coefficients ¢; are not all zero. The condition that v, is the first such
vector guarantees that the vectors on the right-hand side are linearly independent.
If each eigenvector v; corresponds to the eigenvalue )\;, then on multiplying by A
on the left, we find that

Akr1Vpa1 = Avgy = AV + oAV + - - -+ AV, = i A\ U1 + oAU + - - - 4 Cp A\ Uk
If we multiply Eq.(1) by A\xy1 we obtain:
Akt1Vk11 = CLAR41V1 + CoAp 11V + + - + Ce Ak 41Uk,
The difference of the previous two equations yields
0 =ci(Ar — Aey1)vr + (A2 — Ag)cavz + -+ (A — Aggr ) U,

Since the vectors on the right-hand side are linearly independent, we know that
each of the coefficients ¢;(\; — Agy1) must vanish. But this is not possible since the
coefficients ¢; are nonzero and eigenvalues are distinct. The only way to escape this
glaring contradiction is that all of the eigenvectors of A corresponding to distinct
eigenvalues must in fact be independent!

e An n x n matrix A with n distinct eigenvalues is diagonalizable.

However, the converse is not true (consider the identity matrix). In the words
of Anton & Busby, “the key to diagonalizability rests with the dimensions of the
eigenspaces,” not with the distinctness of the eigenvalues.

Problem 8.6: Show that the matrix

a-[s ]
from Problem 5.1 is diagonalizable by evaluating
S| R
501 1 3 2|—-1 3|
What do you notice about the resulting product and its diagonal elements? What

is the significance of each of the above matrices and the factor 1/5 in front? Show
that A may be decomposed as

a= 23] sl 7

21



Problem 8.7: Show that the characteristic polynomial of the matrix that describes
rotation in the x—y plane by 6 = 90°:

A=t

is A2 4+ 1 = 0. This equation has no real roots, so A is not diagonalizable over the
real numbers. However, it is in fact diagonalizable over a broader number system
known as the complex numbers C: we will see that the characteristic equation
A2 4+ 1 = 0 admits two distinct complex eigenvalues, namely —i and ¢, where i is
an imaginary number that satisfies i2 4+ 1 = 0.

Remark: An efficient way to compute high powers and fractional (or even negative
powers) of a matrix A is to first diagonalize it; that is, using the eigenvector matrix
P to express A = PDP~! where D is the diagonal matrix of eigenvalues.

Problem 8.8: To find the 5th power of A note that

(PDP*Q(PDP*ﬁ(PDP*ﬁ(PDP*U(PDP*Q
DP 'PDP 'PDP 'PDP 'PDP!
DSP 1

[0 el

P
T

101 2}[—1 0 ]{3 —2}
50-1 3 10241 1
1
5
1
5

2045 2050
3075 3070

409 410
615 614

3l 7]
d

Problem 8.9: Check the result of the previous problem by manually computing the
product A°. Which way is easier for computing high powers of a matrix?

22



Remark: We can use the same technique to find the square root Az of A (i.e. a
matrix B such that B> = A, we will again need to work in the complex number
system C, where i? = —1:

Az = PD:P!
11 2)[d 0][3 -2
T 5|-1 3]0 2][1 1
C 1T 4)[3 =2
5| 6][1 1
174430 4—2
T 5[6-3i 6+2i|
Then
A‘Al = (PD!P!)(PDiP) —PDIDIP~! = PDP! = A,
as desired.

Problem 8.10: Verify explicitly that

A[4+30 4-20][4+3i 4-2)_[1 2] _,
% |6—-3 6+2i||6-3 6+2| |3 2| "

9 Complex Numbers

In order to diagonalize a matrix A with linearly independent eigenvectors (such
as a matrix with distinct eigenvalues), we first need to solve for the roots of the
characteristic polynomial det(Al — A) = 0. These roots form the n elements of the
diagonal matrix that A is similar to. However, as we have already seen, a polynomial
of degree n does not necessarily have n real roots.

Recall that z is a root of the polynomial P(z) if P(z) = 0.

Q. Do all polynomials have at least one root z € R?
A. No, consider P(z) = 2% + 1. Tt has no real roots: P(x) > 1 for all .

The complex numbers C are introduced precisely to circumvent this problem. If we
replace “z € R” by “2 € C”, we can answer the above question affirmatively.

The complex numbers consist of ordered pairs (z,y) together with the usual
component-by-component addition rule (e.g. which one has in a vector space)

(z,9) + (u,v) = (x + u,y + ),

23



but with the unusual multiplication rule
(z,y) - (u,v) = (xu — yv,zv + Yu).
Note that this multiplication rule is associative, commutative, and distributive. Since
(2,0) + (u,0) = (x +u,0) and (x,0)- (u,0) = (zu,0),

we see that (z,0) and (u,0) behave just like the real numbers x and u. In fact, we
can map (z,0) € C to z € R:
(2,0) =x

Hence R c C.

Remark: We see that the complex number z = (0, 1) satisfies the equation 2241 = 0.
That is, (0,1) - (0,1) = (—1,0).

e Denote (0,1) by the letter i. Then any complex number (z,y) can be represented
as (z,0) + (0, )( 0) =z +1y.

Remark: Unlike R, the set C = {(z,y) : x € R,y € R} is not ordered; there is no
notion of positive and negative (greater than or less than) on the complex plane.
For example, if ¢ were positive or zero, then 2 = —1 would have to be positive
or zero. If i were negative, then —i would be positive, which would imply that
(—i)? = 4% = —1 is positive. It is thus not possible to divide the complex numbers
into three classes of negative, zero, and positive numbers.

Remark: The frequently appearing notation y/—1 for 7 is misleading and should be
avoided, because the rule \/zy = \/z,/y (which one might anticipate) does not hold
for negative z and y, as the following contradiction illustrates:

1=V1=(-1)(-1)=v-1v-1=i=—

Furthermore, by definition /x > 0, but one cannot write ¢ > 0 since C is not
ordered.

Remark: We may write (x,0) = x + i0 = x since i0 = (0,1) - (0,0) = (0,0) = 0.

e The complex conjugate (x,y) of (x,y) is (x,—y). That is,

T+ =x—1y.
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e The complex modulus |z| of z = x + iy is given by /x? + y2.

Remark: If z € R then |z| = v/22 is just the absolute value of 2.

We now establish some important properties of the complex conjugate. Let z =
x + iy and w = u + v be elements of C. Then

(i)

27 = (2,9)(x,—y) = (2> + ¥ yx — xy) = (2® +¢,0) = 2> + 4% = |2,

(ii)

+

z+w=72-+w,

(iii)

ZW = ZW.

!

Problem 9.1: Prove properties (ii) and (iii).

Remark: Property (i) provides an easy way to compute reciprocals of complex
numbers:

Remark: Properties (i) and (iii) imply that

|zw|* = 2wz = 2Zww = |2|* |w]®.

Thus |zw| = |z| |w| for all z,w € C.
e The dot product of vectors u = [u1,us,...,u,] and v = [v1,v,...,v,] in C" is
given by

UV =uU"0=u 0 + -+ U, U,.
Remark: Note that this definition of the dot product implies that u-v = v-u = vTu.

Remark: Note however that u-u can be written either as a™u or as uTu.

Problem 9.2: Prove for k € C that (ku)-v = k(u-v) but u-(kv) = k(u-v).
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e In view of the definition of the complex modulus, it is sensible to define the length
of a vector v = [v1, vy, ...,v,] in C" to be

[v|= Vvv = VoTo = Voo + - 4 a0 = Vi P4+ [oa]? 2 0.

Lemma 1 (Complex Conjugate Roots): Let P be a polynomial with real coefficients.
If z is a root of P, then so is Z.

Proof: Suppose P(z) = Y _, axz* = 0, where each of the coefficients a;, are real.
Then

n n n n

PE) =) a@f =) a2 => @mzF =) azt =P(z) =0=0.

k=0 k=0 k=0 k=0

Thus, complex roots of real polynomials occur in conjugate pairs, z and Z.

Remark: Lemma 1 implies that eigenvalues of a matrix A with real coefficients also
occur in conjugate pairs: if A is an eigenvalue of A, then so if A. Moreover, if x is
an eigenvector corresponding to A, then & is an eigenvector corresponding to A:

A:c:)\azéﬁzi\_m
:>A5:>@
= AT = )\T.

e A real matrix consists only of real entries.

Problem 9.3: Find the eigenvalues and eigenvectors of the real matrix [Anton &
Busby, p. 528]
-2 -1
.

e If A is a real symmetric matrix, it must have real eigenvalues. This follows from
the fact that an eigenvalue A and its eigenvector & # 0 must satisfy

Az = \x = TAx = T \x = \z-x = \|z|*

Lo TTAT (ATE)Tx _ (AZ)Tx _ (A\Z)Tx _ AT+ _5
|/? |2 j/? |? |/?
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Remark: There is a remarkable similarity between the complex multiplication rule
(LU, y) ’ (U,, U) = (Iu — Yu, TV + yU)
and the trigonometric angle sum formulae. Notice that

(cos®,sinf) - (cos @, sinp) = (cosbcos @ — sinfsin @, cos O sin ¢ + sin 6 cos @)
= (cos(0 + ¢),sin(d + ¢)).

That is, multiplication of 2 complex numbers on the unit circle 22 + y?> = 1
corresponds to addition of their angles of inclination to the x axis. In particular,
the mapping f(z) = 2% doubles the angle of 2 = (z,y) and f(z) = 2" multiplies
the angle of z by n.

These statements hold even if z lies on a circle of radius r # 1,
(rcos@,rsinf)™ = r"(cosnb, sinnd);

this is known as deMoivre’s Theorem.
The power of complex numbers comes from the following important theorem.

Theorem 1 (Fundamental Theorem of Algebra): Any non-constant polynomial P(z)
with complex coefficients has a root in C.

Lemma 2 (Polynomial Factors): If zy is a root of a polynomial P(z) then P(z) is
divisible by (z — zp).

Proof: Suppose zp is a root of a polynomial P(z) = > ,_,axz" of degree n.
Consider
P(z) = P(z) = P(20) = > ad* =) apzf = ar(z" — )
k=0 k=0 k=0

= Z ar(z — 20) (22 ) = (2 - 20)Q(2),
k=0

where Q(z) = > p_y ax(zF 71 + 28722 + ... 4+ z71) is a polynomial of degree n — 1.

Corollary 1.1 (Polynomial Factorization): Every complex polynomial P(z) of degree
n > 0 has exactly n complex roots z1, 23, ..., z, and can be factorized as P(z) =

A(z —21)(z — 2z2) ... (2 — 2z,), where A € C.

Proof: Apply Theorem 1 and Lemma 2 recursively n times. (It is conventional to
define the degree of the zero polynomial, which has infinitely many roots, to be —oc.)
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10 Projection Theorem

e The component of a vector v in the direction = is given by

v-u = |v|cosb.

e The orthogonal projection (parallel component) vy of v onto a unit vector @ is

’UH = (’U’&)’& = —F

e The perpendicular component of v relative to the direction u is

~

v, =v— (v-u)u.

The decomposition v = v + v is unique. Notice that v, -0 = v-4 — v-u = 0.

e In fact, for a general n-dimensional subspace W of R™, every vector v has a unique
decomposition as a sum of a vector v in W and a vector v, in W+ (this is the set
of vectors that are perpendicular to each of the vectors in W). First, find a basis for
W. We can write these basis vectors as the columns of an m x n matrix A with full
column rank (linearly independent columns). Then W+ is the null space for AT.
The projection v of v = v + v, onto W satisfies v = Az for some vector & and
hence

0=ATv, =AT(v— Azx).

The vector « thus satisfies the normal equation
ATAx = ATv, (2)
so that & = (ATA)"'ATv. We know from Question 4 of Assignment 1 that ATA
shares the same null space as A. But the null space of A is {0} since the columns of
A, being basis vectors, are linearly independent. Hence the square matrix ATA is

invertible, and there is indeed a unique solution for &. The orthogonal projection v
of v onto the subspace W is thus given by the formula

v = A(ATA>_1AT’U.

Remark: This complicated projection formula becomes much easier if we first go to

the trouble to construct an orthonormal basis for W. This is a basis of unit vectors

that are mutual orthogonal to one another, so that ATA = |. In this case the
projection of v onto W reduces to multiplication by the symmetric matrix AAT:

'v” = AAT’U.
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Problem 10.1: Find the orthogonal projection of v = [1,1,1] onto the plane W
spanned by the orthonormal vectors [0, 1, 0] and [—%, 0, %}

Compute
4 16 12 4
O =51ro 1 o1l s 0 —5 |1 5
v =AATo = [1 0 [ 1y 3} 1l=]0 1 0 |[1]=]1
3 -5 5 —12 9 —3
0 3 i e 2 0 5 JLU! %
As desired, we note that v — v = [%, 0, %] = 2—75[3, 0, 4] is parallel to the normal [%,0, %}

to the plane computed from the cross product of the given orthonormal vectors.

11 Gram-Schmidt Orthonormalization

The Gram-Schmidt process provides a systematic procedure for constructing an orthonormal
basis for an n-dimensional subspace span{as, as, ..., a,} of R™:

1. Start with the first vector: q; = a;.

2. Remove the component of the second vector parallel to the first:

as+q,

q> = az — q:.
|C11|2

3. Remove the components of the third vector parallel to the first and second:

as-q; as-qs
QB =03~ —5q1— 5 Q2.
| o

4. Continue this procedure by successively defining, for k =4,5,... n:
Q. = ay ak'th ak'QQq ak'quqk (3)
—ap — g — gy — - — — g .
lq:|? |qa? lqr—1/?
5. Finally normalize each of the vectors to obtain the orthogonal basis {q1, o, - - ., q» }-

Remark: Notice that g, is orthogonal to q;:

as-qy

gl =0

g>:q; = az+*q1 —
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Remark: At the kth stage of the orthonormalization, if all of the previously created
vectors were orthogonal to each other, then so is the newly created vector:
_ ak-qgj

SRl P=0 =12k

I O

Remark: The last two remarks imply that, at each stage of the orthonormalization,
all of the vectors created so far are orthogonal to each other!

Remark: Notice that q; = a; is a linear combination of the original a,, as, ..., a,.

Remark: At the kth stage of the orthonormalization, if all of the previously created
vectors were a linear combination of the original vectors aq,as,...,a,, then by
Eq. (3), we see that gy is as well.

Remark: The last two remarks imply that, at each stage of the orthonormalization,
all of the vectors created so far are orthogonal to each vector g, can be written as a

linear combination of the original basis vectors aq,as,...,a,. Since these vectors
are given to be linearly independent, we thus know that q, # 0. This is what
allows us to normalize g in Step 5. It also implies that {qi, qo, . .., g,} spans the
same space as {@i, @, ..., aQp,}.

Problem 11.1: What would happen if we were to apply the Gram-Schmidt procedure
to a set of vectors that is not linearly independent?

Problem 11.2: Use the Gram-Schmidt process to find an orthonormal basis for the
plane z +y + z = 0.

In terms of the two parameters (say) y = s and z = ¢, we see that each point on the
plane can be expressed as
r=—-s—t, y=s, z=t.
The parameter values (s,t) = (1,0) and (s,%) = (0,1) then yield two linearly independent
vectors on the plane:
a; =[-1,1,0] and a2 =[-1,0,1].

The Gram-Schmidt process then yields
q1 = [_17 170]7

o= [-1,0,1] — ZLO UL LO)

[-1,1,0]]?

[—1,1,0]

1
=[-1,0,1] — 5[—1, 1,0]

We note that go:q1 = 0, as desired. Finally, we normalize the vectors to obtain g; =

[_%7 %70} and (j? = [_La _%7 l]
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12 QR Factorization

e We may rewrite the kth step (Eq. 3) of the Gram-Schmidt orthonormalization
process more simply in terms of the unit normal vectors g;:

qQr = a, — (ar*q1)q1 — (arG2)G2 — - — (QpQr—1)qr—1- (4)
On taking the dot product with g, we find, using the orthogonality of the vectors g;,
0 # qi-qr = ax-qx (5)
so that gr = (gx*qr)qr = (ar-qx)qr- Equation 4 may then be rewritten as
ar = qi1(ar-q1) + G2(ar-q2) + - - + Gr_1(ar-qr—1) + Gr(ar-qy).

On varying k from 1 to n we obtain the following set of n equations:

ai*q; axq; - Qpq

~ N . 0 axqs - Qpq>

a1 ay ... a,]=[d G ... dn]| . T :
0 O a'n'qAn

If we denote the upper triangular n X n matrix on the right-hand-side by R, and
the matrices composed of the column vectors a; and g by the m x n matrices A
and Q, respectively, we can express this result as the so-called QR factorization

of A: A = QR. (6)

Remark: Every matrix m x n matrix A with full column rank (linearly independent
columns) thus has a QR factorization.

Remark: Equation 5 implies that each of the diagonal elements of R is nonzero. This
guarantees that R is invertible.

Remark: If the columns of Q are orthonormal, then Q"Q = I. An efficient way to
find R is to premultiply both sides of Eq. 6 by QT:
Q'A =R.
Problem 12.1: Find the QR factorization of [Anton & Busby, p. 418]
1 0 0
1 1 0
1 1 1
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13 Least Squares Approximation

Suppose that a set of data (x;,y;) for i = 1,2, ...n is measured in an experiment and
that we wish to test how well it fits an affine relationship of the form

y=a+ fux.

Here o and (8 are parameters that we wish to vary to achieve the best fit.
If each data point (x;,y;) happens to fall on the line y = a+ fx, then the unknown
parameters o and 3 can be determined from the matrix equation

1 Al U1
1 2 Oé:| Y2
. =1 . 1. 7
: : {5 : ( )
1 =z, Un

If the x;s are distinct, then the n x 2 coefficient matrix A on the left-hand side, known
as the design matriz, has full column rank (two). Also note in the case of exact
agreement between the experimental data and the theoretical model y = o+ Sz that
the vector b on the right-hand side is in the column space of A.

e Recall that if b is in the column space of A, the linear system of equations Ax = b
is consistent, that is, it has at least one solution . Recall that this solution is
unique iff A has full column rank.

e In practical applications, however, there may be measurement errors in the entries
of A and b so that b does not lie exactly in the column space of A.

e The least squares approximation to an inconsistent system of equations Ax = b is
the solution to
Ax = b||

where by denotes the projection of b onto the column space of A. From Eq. (2) we
see that the solution vector a satisfies the normal equation

ATAx = ATb.

Remark: For the normal equation Eq. (7), we see that

1 T
1 .
ATA:[l 1} | 33.2 :{ n Zx;]
Ty -0 Ty : : 2232 sz
1 =z,
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and

n
1o 17| v Sy,
ThH — _
A'b= {Il In} Sl |:in3%:|’
Yn

where the sums are computed from ¢ = 1 to n. Thus the solution to the least-
squares fit of Eq. (7) is given by

)= &) (2]

Problem 13.1: Show that the least squares line of best fit to the measured data
(0,1), (1,3), (2,4), and (3,4) isy = 1.5+ x.

e The difference b, = b — by is called the least squares error vector.

e The least squares method is sometimes called linear regression and the line y =
a + Pz can either be called the least squares line of best fit or the regression line.

e For each data pair (z;,y;), the difference y; — (o 4 Sx;) is called the residual.

Remark: Since the least-squares solution & = [«, 5] minimizes the least squares error
vector

bJ_:b_Aw:[yl_(Oé_'_ﬁml)w"ayn_(&—i_ﬁxn)]:

the method effectively minimizes the sum Z[yZ — (a+ Bx;))? of the squares of the
i=1
residuals.

e A numerically robust way to solve the normal equation ATAxz = ATb is to factor
A = QR:
R"Q"QRxz = RTQ7b.

which, since R is invertible, simplifies to

x =R 'QTb.

Problem 13.2: Show that for the same measured data as before, (0, 1), (1,3), (2,4),
and (3,4), that
R - [2

o V]

and from this that the least squares solution again is y = 1.5 4 .
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Remark: The least squares method can be extended to fit a polynomial

y=ag+ax—+--+apr"

as close as possible to n given data points (z;, y;):

2 m
1 = 27 ] ag Y1
1 a9 a3 z ay Yo
1 z, 22 - 2] |la
n n n m yn

Here, the design matrix takes the form of a Vandermonde matrix, which has special
properties. For example, in the case where m = n — 1, its determinant is given
n

by H (x; — ;). If the n z; values are distinct, this determinant is nonzero. The
i,j=1
i>7
systeril of equations is consistent and has a unique solution, known as the Lagrange
interpolating polynomial. This polynomial passes exactly through the given data
points. However, if m < n — 1, it will usually not be possible to find a polynomial
that passes through the given data points and we must find the least squares
solution by solving the normal equation for this problem [cf. Example 7 on p. 403

of Anton & Busby].

14 Orthogonal (Unitary) Diagonalizability

A matrix is said to be Hermitian if AT = A.
For real matrices, being Hermitian is equivalent to being symmetric.

On defining the Hermitian transpose A" = AT, we see that a Hermitian matrix A
obeys AT = A.

For real matrices, the Hermitian transpose is equivalent to the usual transpose.

A complex matrix P is orthogonal (or orthonormal) if PTP = 1. (Most books use
the term unitary here but in view of how the dot product of two complex vectors
is defined, there is really no need to introduce new terminology.)

For real matrices, an orthogonal matrix A obeys ATA = I.
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e If A and B are square matrices of the same size and B = PTAP for some orthogonal
matrix P, we say that B is orthogonally similar to A.

Problem 14.1: Show that two orthogonally similar matrices A and B are similar.

e Orthogonally similar matrices represent the same linear transformation under the
orthogonal change of bases described by the matrix P.

e A matrix is said to be orthogonally diagonalizable if it is orthogonally similar to a
diagonal matrix.

Remark: An n x n matrix A is orthogonally diagonalizable if and only if it has an
orthonormal set of n eigenvectors. But which matrices have this property? The
following definition will help us answer this important question.

e A matrix A that commutes with its Hermitian transpose, so that ATA = AAT, is
said to be normal.

Problem 14.2: Show that every diagonal matrix is normal.
Problem 14.3: Show that every Hermitian matrix is normal.

e An orthogonally diagonalizable matrix must be normal. Suppose
D =P'AP
for some diagonal matrix D and orthogonal matrix P. Then
A = PDP',

and
A’ = (PDP')! = PD'P'.

Then AAT = PDP'PD'P' = PDD'P' and A'A = PD'P'PDP' = PD'DP'. But
D'D = DD' since D is diagonal. Therefore ATA = AAT.

e If A is a normal matrix and is orthogonally similar to U, then U is also normal:

U'U = (PTAP)'PTAP = PTATPPTAP = PTATAP = PTAATP = PTAPPTATP = UU'.
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e if A is an orthogonally diagonalizable matrix with real eigenvalues, it must be
Hermitian: if A = PDPT, then

A" = (PDP')' = PD'P" = PDP' = A.

Moreover, if the entries in A are also real, then A must be symmetric.

Q. Are all normal matrices orthogonally diagonalizable?

A. Yes. The following important matrix factorization guarantees this.

e An n x n matrix A has a Schur factorization
A = PUP',

where P is an orthogonal matrix and U is an upper triangle matrix. This can be
easily seen from the fact that the characteristic polynomial always has at least one
complex root, so that A has at least one eigenvalue \; corresponding to some unit
eigenvector ;. Now use the Gram-Schmidt process to construct some orthonormal
basis {x1,bs,...,b,} for R". Note here that the first basis vector is x; itself. In

this coordinate system, the eigenvector ; has the components [1,0,...,0]T, so that
1 A1
A 0 _ 0
0 0

A x % *
0 =% = *
0 % x *

We can repeat this argument for the n — 1 x n — 1 submatrix obtained by deleting
the first row and column from A. This submatrix must have an eigenvalue Ay

corresponding to some eigenvector xz. Now construct an orthogonal basis {xs, bs, ..., b,}
for R*~!. In this new coordinate system x5 = [A,0,...,0]T and the first column
of the submatrix appears as

A2

0

0
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This means that in the coordinate system {@i, x2,bs,...,b,}, A has the form

Aok ke %
0 X * -0 %
0O 0 = - %
Continuing in this manner we thus construct an orthogonal basis {x1, 2, 3, ..., @, }

in which A appears as an upper triangle matrix U whose diagonal values are just the
n (not necessarily distinct) eigenvalues of A. Therefore, A is orthogonally similar
to an upper triangle matrix, as claimed.

Remark: Given a normal matrix A with Schur factorization A = PUPT, we have
seen that U is also normal.

Problem 14.4: Show that every normal nxn upper triangular matrix U is a diagonal
matrix. Hint: letting U;; for i < j be the nonzero elements of U, we can write out for
each i = 1,...,n the diagonal elements >, _, U;Uki = > UriUyi of U'u = U™

7 n
> |0l = 31Ul
k=1 k=1

e Thus A is orthogonally diagonalizable if and only if it is normal.

e If A is a Hermitian matrix, it must have real eigenvalues. This follows from the
fact that an eigenvalue A and its eigenvector & % 0 must satisfy

Az = \x = z'Azx = ')z = \z-x = \z|?

- x'Ax _ (ATz)iz _ (Az)ix _ (\x)'z _ A\ _ 5
|z? |2 |? |2 | ?

Problem 14.5: Show that the Hermitian matrix

)

is similar to a diagonal matrix with real eigenvalues and find the eigenvalues.
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Problem 14.6: Show that the anti-Hermitian matrix

0 4
1 0
is similar to a diagonal matrix with complex eigenvalues and find the eigenvalues.

e If A is an n x n normal matrix, then |Az|> = z!ATAz = zTAATz = }ATm‘z for all
vectors © € R".

Problem 14.7: If A is a normal matrix, show that A — Al is also normal.

e If A is a normal matrix and Az = Az, then 0 = |[(A — Al)z|= |(AT — XDz, so that
Alz = \x.

e If A is a normal matrix, the eigenvectors associated with distinct eigenvalues are
orthogonal: if Az = Ax and Ay = uy, then
0= (z'Ay) —a'Ay = y" Ale—z'Ay = y" \o—a'ny = Ma'y—paxly = A\—p)z-y,
so that -y = 0 whenever \ # pu.

e An n x n normal matrix A can therefore be orthogonally diagonalized by applying
the Gram-Schmidt process to each of its distinct eigenspaces to obtain a set of n
mutually orthogonal eigenvectors that form the columns of an orthonormal matrix P
such that AP = PD, where the diagonal matrix D contains the eigenvalues of A.

Problem 14.8: Find a matrix P that orthogonally diagonalizes

4 2 2
2 4 2
2 2 4
Remark: If a normal matrix has eigenvalues Aj, Ao, ..., A\, corresponding to the
orthonormal matrix [@; @2 -+ x,] then A has the spectral decomposition
M 0 - 0 :ci
0 X -+ 0 x
AZ[ml Ly - wn] : :2 . . .2
0o 0 - A x!
x|
wT
2
= [)\1531 Aoy - )\nwn] .
!

n

= izl + Nz + - + Nzl
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e As we have seen earlier, powers of an orthogonally diagonalizable matrix A = PDP?
are easy to compute once P and U are known.

e The Caley-Hamilton Theorem makes a remarkable connection between the powers
of an n x n matrix A and its characteristic equation A" 4c,_1A\" "' +...c;A+¢o = 0.
Specifically, the matrix A satisfies its characteristic equation in the sense that

A" +c, (A" A4l = 0. (8)

Problem 14.9: The characteristic polynomial of
1 2
A-[5 2]
is A2 — 3\ —4 = 0. Verify that the Caley-Hamilton theorem A? —3A — 4l = 0 holds
by showing that A* = 3A +4l. Then use the Caley-Hamilton theorem to show that

A’ = A’A = (3A +41)A = 3A% +4A = 3(3A +41) + 4A = 13A + 12l = BS gg]
Remark: The Caley-Hamilton Theorem can also be used to compute negative powers
(such as the inverse) of a matrix. For example, we can rewrite 8 as

A(-lA”—1 _Gnmlpn—2 ﬂA) — 1.

Co Co Co

e We can also easily compute other functions of diagonalizable matrices. Give an
analytic function f with a Taylor series
3

F@) = £0) + f/ O + 7O 5 + (005 + -

and a diagonalizable matrix A = PDP_I, where D is diagonal and P is invertible,
one defines

A2 A3

F(A) = FON+ [OA+ ["(O0) 5 + ["(0) 5 + . (9)
On recalling that A" = PD"P ' and A’ = I, one can rewrite this relation as
-1 - PD’P PDP”
F(A) = FOPDYP 4 F(O)PDP "+ f(0) 2l — 4 ()
D’ D’ o 10
= P|FO)D" + FO)D + 1(0) 0 + " (0) 2 + [P (10)

—Pf(D)P .
Here f(D) is simply the diagonal matrix with elements f(D;).
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Problem 14.10: Compute e for the diagonalizable matrix
1 2
A=y 5l
15 Systems of Differential Equations

e Consider the first-order linear differential equation

y = ay,

where y = y(t), a is a constant, and y’ denotes the derivative of y with respect to ¢.
For any constant ¢ the function
y = ce™

is a solution to the differential equation. If we specify an wnitial condition

y(0) = vo,

then the appropriate value of ¢ is yp.

e Now consider a system of first-order linear differential equations:

Yy =anys + ays + 0+ anln,
Yo = any1 + ol + -+ + A2,

y;z = Ap1Y1 + n2Y2 + -+ + GunYn,

which in matrix notation appears as

/
n aip G2 0 Qg Y1
/
Y Qg1 Q22 -+ QG2q Y2
. - . . . . 9
/
Yy ap1 Ap2 - App Yn
or equivalently as
!
y = Ay.

Problem 15.1: Solve the system [Anton & Busby p. 543]:

U1 3 0 0 Y
yé =10 =2 0 Yo
Y5 0 0 —=5]]wus

for the initial conditions y1(0) = 1, y2(0) = 4, y3(0) = —2.

40



Remark: A linear combination of solutions to an ordinary differential equation is
also a solution.

e If A is an n X n matrix, then y’ = Ay has a set of n linearly independent solutions.
All other solutions can be expressed as linear combinations of such a fundamental
set of solutions.

o If = is an eigenvector of A corresponding to the eigenvalue )\, then y = ez is a

solution of ¥y’ = Ay:
d
y' = Ee’\tm =Mz = eMAx = Atz = Ay.

o If 1, o, ..., @y, are linearly independent eigenvectors of A corresponding to the

(not necessarily distinct) eigenvalues Ay, Ao, ..., Ag, then
y=cVay, y=cz, ..., y=ctay
are linearly independent solutions of ' = Ay: if
0= creMtay + cpe™ley + ..+ ey,
then at ¢t = 0 we find
0=ci®y + oo + ... + cpy;
the linear independence of the k eigenvectors then implies that
co=c=...=¢,=0.

o If &1, x>, ..., x,, are linearly independent eigenvectors of an n X n matrix A
corresponding to the (not necessarily distinct) eigenvalues A\, A9, ..., A, then
every solution to y’ = Ay can be expressed in the form

y = cieMxy 4 ce’xy + - 4 cpeia,,
which is known as the general solution to y' = Ay.

e On introducing the matrix of eigenvectors P =[xy x5 --- «,], we may write
the general solution as

et 0 ... 0 c1

0 e)\Qt R 0 Is

Yy = Clehtml + 026>\2t$2 4+ 4 cne)‘"ta:n =P . . ) : '2
0 0 etnt Cp,
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e Moreover, if y = yo at ¢ = 0 we find that

C1
yo=P e
Cn
If the n eigenvectors @y, xs, ..., &, are linearly independent, then
&1
Tl = P~ y,.
Cn

The solution to y’ = Ay for the initial condition yy may thus be expressed as

et 0 0
0 ettt L 0 _
y=P . . . P 190:€Aty0,
0 0 ce. et

on making use of Eq. (10) with f(x) = e” and A replaced by At.

Problem 15.2: Find the solution to y’ = Ay corresponding to the initial condition

Yo = [1, —1], where
1 2
A=y 3

Remark: The solution y = eAy, to the system of ordinary differential equations

y=Ay y0)=yo

actually holds even when the matrix A isn’t diagonalizable (that is, when A doesn’t
have a set of n linearly independent eigenvectors). In this case we cannot use
Eq. (10) to find eA’. Instead we must find €A’ from the infinite series in Eq. (9):
A2 A

5 T3]

A =1+ At +

Problem 15.3: Show for the matrix
0 1
A= [0 1]
that the series for eA* simplifies to | + At.
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16 Quadratic Forms

e Linear combinations of x1, xs, ..., x, such as

n
airy + agxg + ...+ ATy = g a;T;,
i=1

where ay, as, ..., a, are fixed but arbitrary constants, are called linear forms on R".

e Expressions of the form

n
E aij$7;$j,

i,j=1

where the a;; are fixed but arbitrary constants, are called quadratic forms on R"™.

e Without loss of generality, we restrict the constants a;; to be the components of a
symmetric matrix A and define @ = [, x5 ... x,], so that

cTAx = E TiAijT 5
1]

= E CLUZL};SUJ'—F E CLijZCiij—i‘ E CLijSEiLUj

i<j i=j i>j
= Z aijxixj + Z aijxixj + Z a]’ix]’l’i
i=j i<j i<j
= Z a”a:? + 2 Z Clijl'iﬂ?j.
i=j i<j
Remark: Note that xTAx = z-Ax = Az-x.
e (Principle Axes Theorem) Consider the change of variable * = Py, where P
orthogonally diagonalizes A. Then in terms of the eigenvalues A;, Ao, ..., A, of A:

xTAz = (Py)TAPy = yT(PTAP)y = Ay} + Aoy + ... + Aoy,

e (Constrained Extremum Theorem) For a symmetric n X n matrix A, the minimum
(maximum) value of
{xTAzx : |z|* = 1}

is given by the smallest (largest) eigenvalue of A and occurs at the corresponding
unit eigenvector. To see this, let * = Py, where P orthogonally diagonalizes A,
and list the eigenvalues in ascending order: A\ < Ay < ... < \,. Then

A=Ay g+t yn) S Ayt Aeys o Ay S Mgy ) = A

-~
AT

43



Problem 16.1: Find the minimum and maximum values of the quadratic form
z = 5% + 4xy + 5y

subject to the constraint 2 + y* = 1 [Anton & Busby p. 498].

Definition: A symmetric matrix A is said to be

o positive definite if €TAx > 0 for x # 0;
e negative definite if xTAx < 0 for x # 0;

e indefinite if 7 Ax exhibits positive and negative values for various & # 0.

Remark: If A is a symmetric matrix then xTAx

e is positive definite if and only if all eigenvalues of A are positive;
e is negative definite if and only if all eigenvalues of A are negative;

e is indefinite if and only if A has at least one positive eigenvalue and at least
one negative eigenvalue.

e The kth principal submatrix of an n X n matrix A is the submatrix composed of
the first k rows and columns of A.

e (Sylvester’s Criterion) If A is a symmetric matrix then A is positive definite if and
only if the determinant of every principal submatrix of A is positive.

Remark: Sylvester’s criterion is easily verified for a 2 x 2 symmetric matrix

a b
a-[ia)
if @ > 0 and ad > b* then d > 0, so both the trace a + d and determinant are
positive, ensuring in turn that both eigenvalues of A are positive.

Remark: If A is a symmetric matrix then the following are equivalent:
(a) A is positive definite;
(b) there is a symmetric positive definite matrix B such that A = B

(c) there is an invertible matrix C such that A = CTC.
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Remark: If A is a symmetric 2 X 2 matrix then the equation TAx = 1 can be
expressed in the orthogonal coordinate system y = PTx as A\jy? + \oy2 = 1. Thus
xTAx represents

e an ellipse if A is positive definite;
e no graph if A is negative definite;

e a hyperbola if A is indefinite.

e A critical point of a function f is a point in the domain of f where either f is not
differentiable or its derivative is 0.

e The Hessian H(xg,yo) of a twice-differentiable function f is the matrix of second
partial derivatives
fm(%;%) fzy(xmyO)
fya(0,90)  fyy(@0,90) |

Remark: If f has continuous second-order partial derivatives at a point (zg, y) then
fay (o, Yo) = fyz(To,Yo), so that the Hessian is a symmetric matrix.

Remark (Second Derivative Test): If f has continuous second-order partial derivatives
near a critical point (zg,yo) of f then

e f has a relative minimum at (xo,yo) if H is positive definite.
e f has a relative mazximum at (xg, o) if H is negative definite.
e f has a saddle point at (xq,yo) if H is indefinite.

e anything can happen at (xg,yo) if det H(zo,yo) = 0.

Problem 16.2: Determine the relative minima, maxima, and saddle points of the
function [Anton & Busby p. 498]

1
flz,y) = gxg + xy? — Szy + 3.
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17 Vector Spaces:

o A vector space V over R (C) is a set containing an element 0 that is closed under a
vector addition and scalar multiplication operation such that for all vectors u, v,
w in V and scalars ¢, d in R (C) the following azioms hold:

(Al) (u+v)+w=u+ (v+w) (associative);
(A2) u+v=v+u (commutative);

(A3) u+0=0+u=u (additive identity);
(A4)

A4) there exists an element (—u) € V such that u + (—u) = (—u) +u = 0
(additive inverse);
1

>

5) lu =wu (multiplicative identity);

(A5)

(A6) c(du) = (cd)u (scalar multiplication);
(A7) (c+d)u=cu+du (distributive);
(A8)

A8) c(u+v) =cu+cv (distributive).

Problem 17.1: Show that axiom (A2) in fact follows from the other seven axioms.
Remark: In addition to R”, other vector spaces can also be constructed:

e Since it satisfies axioms A1-A8, the set of m x n matrices is in fact a vector space.
e The set of n X n symmetric matrices is a vector space.

e The set P, of polynomials ag + a1z + ... + a,x" of degree less than or equal to n
(where ag, ai, ..., a, are real numbers) is a vector space.

e The set P, of all polynomials is an infinite-dimensional vector space.

e The set F(R) of functions defined on R form an infinite-dimensional vector space
if we define vector addition by

(f+9)(z) = f(z) + g(x) for all z € R.
and scalar multiplication by

(cf)(x) = cf(x) for all z € R.
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e The set C(R) of continuous functions on R is a vector space.

e The set of differentiable functions on R is a vector space.

e The set C'(R) of functions with continuous first derivatives on R is a vector space.
e The set C™(R) of functions with continuous mth derivatives on R is a vector space.

e The set C*°(R) of functions with continuous derivatives of all orders on R is a vector
space.

Definition: A nonempty subset of a vector space V' that is itself a vector space under

the same vector addition and scalar multiplication operations is called a subspace
of V.

e A nonempty subset of a vector space V is a subspace of V iff it is closed under
vector addition and scalar multiplication.

Remark: The concept of linear independence can be carried over to infinite-dimensional
vector spaces.

o If the Wronskian

fi(x) folx) - ful2)
/ :E / x DY ! l’
W< | @ EE o ne
0@ 5@ B @)
of functions fi(x), fo(z), ..., fu(x) in C"!(z) is nonzero for some z € R, then
these n functions are linearly independent on R. This follows on observing that if
there were constants ¢y, ca, ..., ¢, such that the function

9(x) = c1fi(x) +cafo(x) + ...+ cuful2)

is zero for all z € R, so that ¢ (2) =0 for k =0,1,2,...n — 1 for all z € R, then
the linear system

Si(z) Llz) o falo) c1 0
fi(z) folz) o fR(2) 2l _ |0
fl(n_:l)(l’) z(n_l)@) . : ﬁn_zl)(x) c:n 0

would have a nontrivial solution for all z € R.
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Problem 17.2: Show that the functions fi(x) = 1, fo(x) = €%, and f3(z) = ** are
linearly independent on R.

18 Inner Product Spaces

e An inner product on a vector space V over R (C) is a function that maps each pair
of vectors u and v in V' to a unique real (complex) number (u,v) such that, for
all vectors u, v, and w in V' and scalars ¢ in R (C):

1) (u,v) = (v,u) (conjugate symmetry);
u+v,w) = (u,w)+ (v,w) (additivity);

c({u,v) (homogeneity);

—
w
~— ~— ~—
—~ —~ —~
Q
S
<
~
Il

v,v) > 0and (v,v) =0iff v =0 (positivity).

e The usual Euclidean dot product (u,v) = w-v = uT® provides an inner product
on C™.

Problem 18.1: If wq, ws, ..., w, are positive numbers, show that

(u,v) = WUV + -+ + WUy,

provides an inner product on the vector space R".

e Every inner product on R™ can be uniquely expressed as (u,v) = uTAv for some
positive definite symmetric matrix A, so that (v,v) = vTAv > 0 for # 0.

e In a vector space V with inner product (u,v), the norm |v| of a vector v is
given by \/(v,v), the distance d(u,v) is given by |u — v|= y/(u — v,u — v), and
the angle 0 between two vectors u and v satisfies cos = (u,v). Two vectors
u and v are orthogonal if (u,v) = 0. Analogues of the Pythagoras theorem,
Cauchy-Schwarz inequality, and triangle inequality follow directly from (I1)—(14).

Problem 18.2: Show that

(f.g) = / f(2)g(x) de

defines an inner product on the vector space Cla, b] of continuous functions on [a, b],
with norm

fl= /abf%x) dz.
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e The Fourier theorem states than an orthonormal basis for the infinite-dimensional
vector space of differentiable periodic functions on [—m, 7] with inner product

<f7 g> = fjﬂ— f(x)g(:t) dz is given by {un}?LO:O = {%7017817627827 . ’}a where

@)=
cn(r) = —= cosnzx
n ﬁ
and )
sp(T) = —=sinnz.

N

The orthonormality of this basis follows from the trigonometric addition formulae
sin(nx + max) = sin nx cos mx + cos nx sin mx

and
cos(nx £ mx) = cos nx cos mz F sin nx sinmz,

from which we see that

sin(nx + mx) — sin(nx — mx) = 2 cos nx sinmz, (11)
cos(nx + max) + cos(nx — mx) = 2 cos nx cos mx (12)
cos(nx — mzx) — cos(nx + mx) = 2sin nx sinmax (13)

Integration of Eq. (11) from — to m for distinct non-negative integers n and m
yields

™

cos(nz + mx) N cos(nr — mzx)

2/ cosnrsinmx dr = {— =0,

—T

n-—+m n—m

—T
since the cosine function is periodic with period 2. When n = m > 0 we find

™ 2 U
2/ cosnxsinnr dr = {—M} =0,
n —T

—T

Likewise, for distinct non-negative integers n and m, Eq. (12) leads to

2/ cos nx cosmx dx = [ =0,

—T

sin(nz + mx) N sin(nz — max)|"
n—+m n—m _ﬂ

but when n = m > 0 we find, since cos(nx — nx) = 1,

Yy . 2 ™
2/ cos’nx dr = {Smé—nl‘)—l—xl = 2.

n

—T

Note when n =m = 0 that ["_cos® nz dz = 2.
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Similarly, Eq. (13) yields for distinct non-negative integers n and m,

vy
2/ sin nx sinmax dx = 0,

—T

but

2/ sin? nx dr = {m_sm(zix)] = 2.
n -7

—T

e A differentiable periodic function f on [—m, 7] may thus be represented exactly by
its infinite Fourier series:

()

f:c_0>&+i fcn Cp + f8n>5n]
n=1

=Z frun)u

S

V2/ V2

E + nz:l a, cos nx + by, sin nz|,

@

in terms of the Fourier coefficients

:%U,cn):%/_if(x) cosnrdr  (n=0,1,2,...),

and

bn:%U,sn}:% _:f(x) sin nx dx (n=1,2,...).

Problem 18.3: By using integration by parts, show that the Fourier series for f(z) =
x on [—m, 7| is
n+

1
sin nw
2 E .

For x € (—m, ) this series is guaranteed to converge to z. For example, at x = 7/2,
we find

(—1)2™+2sin ((Qm +1)s )

42 2m +1 Z

m=0 m=0
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Problem 18.4: By using integration by parts, show that the Fourier series for f(z) =

|z| on [—m, 7] is
T Z cos(2m — 1)z
2 (2m —1)?

This series can be shown to converge to |z| for all z € [—m, 7]. For example, at

x =0, we find
2

i R S
—~(2m-1?> 38

Remark: Many other concepts for Euclidean vector spaces can be generalized to
function spaces.

e The functions cosnx and sinnx in a Fourier series can be thought of as the
eigenfunctions of the differential operator d*/dx?:

e,
a2 Y
19 General linear transformations

e A linear transformation T : V — W from one vector space to another is a mapping
that for all vectors w, v in V' and all scalars satisfies ¢

(a) T(cu) = cT'(u);
(b) T(u+v) =T(u) +T(v);

Problem 19.1: Show that every linear transformation 1" satisfies

(a) T(0) = 0;
(b) T(u —v) =T(u) - T(v);

Problem 19.2: Show that the transformation that maps each n x n matrix to its
trace is a linear transformation.

Problem 19.3: Show that the transformation that maps each n x n matrix to its
determinant is not a linear transformation.
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e The kernel of a linear transformation 7" : V' — W is the set of all vectors in V' that
are mapped by T to the zero vector.

e The range of a linear transformation 7" is the set of all vectors in W that are the
image under 7' of at least one vector in V.

Problem 19.4: Given an inner product space V' containing a fixed nonzero vector wu,
let T'(x) = (x,u) for & € V. Show that the kernel of T is the set of vectors that
are orthogonal to w and that the range of T is R.

Problem 19.5: Show that the derivative operator, which maps continuously differentiable
functions f(x) to continuous functions f’(z), is a linear transformation from C*(R)

to C(R).

Problem 19.6: Show that the antiderivative operator, which maps continuous func-
tions f(z) to continuously differentiable functions [ f(t) dt, is a linear transformation
from C(R) to C*(R).

Problem 19.7: Show that the kernel of the derivative operator on C*(R) is the set
of constant functions on R and that its range is C'(R).

Problem 19.8: Let T be a linear transformation 7. Show that T is one-to-one if
and only if ker T" = {0}.

Definition: A linear transformation 7' : V' — W is called an isomorphism if it is
one-to-one and onto. If such a transformation exists from V to W we say that V'
and W are isomorphic.

e Every real n-dimensional vector space V' is isomorphic to R": given a basis {u1, us, ..., u,},
we may uniquely express v = ciu; + cous + ... + c,u,; the linear mapping
T(v) = (c1,¢2,...,¢,) from V to R™ is then easily shown to be one-to-one and
onto. This means V' differs from R™ only in the notation used to represent vectors.

e For example, the set P, of polynomials of degree n is isomorphic to R+,
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e Let T : R" — R” be a linear operator and B = {vy,vs,...,v,} be a basis for R".
The matrix

A =[T(v)]s [T(v)]p -+ [T(vn)]s]
is called the matriz for T" with respect to B, with

[T'(x)]s = Alx]s

for all * € R™. In the case where B is the standard Cartesian basis for R", the
matrix A is called the standard matriz for the linear transformation 7'. Furthermore,
if B' = {v},v},..., v} is any basis for R", then

[T(z)]p = Pprep[T ()] pPpep

20 Singular Value Decomposition

e Given an m x n matrix A, consider the square Hermitian n x n matrix ATA. Each
eigenvalue \ associated with an eigenvector v of ATA must be real and non-negative
since

0 < |Av]*= Av-Av = (Av)'Av = vTATAY = vT v = \v-v = Ajp|%.

Problem 20.1: Show that null(ATA) = null(A) and conclude from the dimension theorem
that rank(ATA) = rank(A).

e Since ATA is Hermitian, it can be orthogonally diagonalized as ATA = VDV/,
where the diagonal matrix D contains the n (non-negative) eigenvalues crj?» of ATA
listed in decreasing order (taking o; > 0) and the column vectors of the matrix
V=[vy, vy ... wv,]areasetoforthonormal eigenvectors for ATA. Now if A has
rank k, so does D since it is similar to ATA, which we have just seen has the same
rank as A. In other words 0y > 09 > --- >0 >0but 041 =040 =---=0, =0.
Since

)

Av;-Av; = (Av;) Av; = 'vZ.TATA'vj = 'vTajg-'vj = a?vi-vj,

we see that the vectors

A’Uj A’Uj
u,;, = = — :1727k
T TR I ’
are also orthonormal, so that the matrix
[uy we ... wuy]
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is orthogonal. We also see that Av; = 0 for k < j < n. We can then extend this set
of vectors to an orthonormal basis for R™, which we write as the column vectors
of an m X m matrix

U:[Ul Uz ... U ... ’U,m]

The product U and the m x n matrix

oy 0 -+ 0 0 - oo 07
0 o9 - 0 0 -+ - 0
3= 0 0 . O 0 0 9
0 0 e e 0 0
L0 O 0 O 0
is the m x n matrix
UZ:[alul o2Ug -+ OrUL 0o --- O]
= Av; Avy, --- Av, Aviy - Av,|

= AV.

Since the n x n matrix V is an orthogonal matrix, we then obtain a singular value
decomposition of the m x n matrix A:

A=UxV'

The positive values o; for j = 1,2,...k are known as the singular values of A.

Remark: By allowing the orthogonal matrices U and V to be different, the concept
of orthogonal diagonalization can thus be replaced by a more general concept that
applies even to nonnormal matrices.

Remark: The singular value decomposition plays an important role in numerical
linear algebra, image compression, and statistics.

Problem 20.2: Show that the singular values of a positive-definite Hermitian matrix
are the same as its eigenvalues.

Problem 20.3: Find a singular value decomposition of [Anton & Busby p. 505]

A7 2]
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Problem 20.4: Find a singular value decomposition of [Anton & Busby p. 509

1 1
A=1|0 1
I 0]
We find .
1 0 1 2 1
ATA:[ ] 0 1 :[ ]
1 1 0 10 1 2

which has characteristic polynomial (2—X)?2—1 = A2 —4A+3 = (A—3)(A—1). The matrix
ATA has eigenvalues 3 and 1; their respective eigenvectors

1 1
[‘{5] and [‘/51

V2 V2

form the columns of V.
The singular values of A are o1 = V3 and 05 = 1 and

1 171 427

u1=101[‘{§]:\1[,
\/510 V2 b

\/g_

1 171 o 01'

u2:01[ﬁl]: -5
NG) 1

1 0 V2 5

We now look for a third vector which is perpendicular to scaled versions of w; and wuo,
namely v6u; = [2,1,1] and v/2us = [0, —1,1]. That is, we want to find a vector in the null
space of the matrix

2 1 1
0 -1 1}
or equivalently, after row reduction,
(1 0 1]
01 -1

We then see that [—1,1, 1] lies in the null space of this matrix. On normalizing this vector,
we find

_ 1
V3
us = %
1
V3
A singular value decomposition of A is thus given by
11 20 —E11vE olrL 1
I
6 2 3 4 1
1 0 1 1 1 0 O0]Lv2 V2
V6 V2 V3



Remark: An alternative way of computing a singular value decomposition of the
nonsquare matrix in Problem 20.4 is to take the transpose of a singular value
decomposition for

1 0 1
T pu—
A {1 1 O}'

e The first & columns of the matrix U form an orthonormal basis for col(A), whereas
the remaining m — k columns form an orthonormal basis for col(A)+ = null(AT).

e The first k£ columns of the matrix V form an orthonormal basis for row(A), whereas
the remaining n — k columns form an orthonormal basis for row(A)+ = null(A).

e If A is a nonzero matrix, the singular value decomposition may be expressed more
efficiently as A = U121V1, in terms of the m x k matrix

U =[u; uy ... uyl,
the diagonal k£ x k matrix
op O 0
T il
00 - o
and the n x k matrix
Vi=[vy vy ... v]

This reduced singular value decomposition avoids the superfluous multiplications
by zero in the product UXV'.

Problem 20.5: Show that the matrix X, is always invertible.

Problem 20.6: Find a reduced singular value decomposition for the matrix

A:

_ o =
O = =

considered previously in Problem 20.4.

e The singular value decomposition can equivalently be expressed as the singular
value expansion
A= alul'v;r + agugvg 4+ -+ okukv,i,.

In contrast to the spectral decomposition, which applies only to Hermitian matrices,
the singular value expansion applies to all matrices.
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e If A is an n X n matrix of rank k, then A has the polar decomposition
A =UXV' = UXZU'UV' = PQ,

where P = UZU' is a positive semidefinite matrix of rank k¥ and Q = UV' is an
n x n orthogonal matrix.

21 The Pseudoinverse

e If A is an n X n matrix of rank n, then we know it is invertible. In this case,
the singular value decomposition and the reduced singular value decomposition
coincide:

A=Ux VI,

where the diagonal matrix 2, contains the n positive singular values of A. Moreover,
the orthogonal matrices U; and V; are square, so they are invertible. This yields
an interesting expression for the inverse of A:

Al=v,x Ul
where X' contains the reciprocals of the n positive singular values of A along its

diagonal.

Definition: For a general nonzero m x n matrix A of rank £, the n x m matrix
—1
At =V X 'ul

is known as the pseudoinverse of A. It is also convenient to define 0 = 0, so that

the pseudoinverse exists for all matrices. In the case where A is invertible, then
A=A

Remark: Equivalently, if we define £ to be the m x n matrix obtained by replacing
all nonzero entries of X with their reciprocals, we can define the pseudoinverse
directly in terms of the unreduced singular value decompostion:

At =vxtu'

Problem 21.1: Show that the pseudoinverse of the matrix in Problem 20.4 is [cf.
Anton & Busby p. 520]:

1
3

1 1
3 3 3



Problem 21.2: Prove that the pseuodinverse A1 of an m x n matrix A satisfies the
following properties:

(a) AATA = A,
(b) ATAAT =AY,

)
)
(c) ATAAT = AT,
(d) A™A and AA" are Hermitian;
)

(&) (A%)T = (A7),

Remark: If A has full column rank, then ATA is invertible and property (c) in
Problem 21.2 provides an alternative way of computing the pseudoinverse:

A" = (ATA) Al

e An important application of the pseudoinverse of a matrix A is in solving the
least-squares problem

AfAz = A'b

since the solution & of minimum norm can be conveniently expressed in terms of

the pseudoinverse:
x=A"b.
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first-order linear differential equation, 40
fixed point, 13

Fourier coefficients, 50

Fourier series, 50

Fourier theorem, 49

full column rank, 28

fundamental set of solutions, 41
Fundamental Theorem of Algebra, 27

Gauss—Jordan elimination, 7
Gaussian elimination, 7
general solution, 41
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Hessian, 45

homogeneity, 48

Homogeneous linear equation, 6
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Identity, 9 null space, 16
imaginary number, 22 nullity, 17
indefinite, 44

initial condition, 40 one-to-one, 16, 17

inner, 4 onto, 17
inner product, 48 ordered, 24
Inverse, 9 orthogonal, 16, 34, 48

orthogonal change of bases, 35
orthogonal projection, 28
Orthogonal vectors, 5
orthogonally diagonalizable, 35
kernel, 16, 52 orthogonally similar, 35
orthonormal, 16, 34
orthonormal basis, 28

invertible, 9
isomorphic, 52
isomorphism, 52

Lagrange interpolating polynomial, 34
Law of cosines, 4

least squares, 32 parallel component, 28
least squares error vector, 33 Parallelogram law, 4
least squares line of best fit, 33 Parametric equation of line, 5
Length, 4 Parametric equation of plane, 6
length, 26 perpendicular component, 28
linear, 8 polar decomposition, 57
Linear equation, 6 Polynomial Factorization, 27
linear forms, 43 positive definite, 44
linear independence, 47 positivity, 48
linear operator, 16 pseudoinverse, 57
linear regression, 33 Pythagoras theorem, 5
linear transformation, 16, 51
linearly independent, 10 quadratic forms, 43
lower triangular matrix, 7 range, 16, 52
Matrix, 6 rank, 17
matrix, 8 real, 26
matrix for 1" with respect to B, 53 reciprocals, 25
matrix representation, 17 Reduced row echelon form, 7
minor, 12 reduced singular value decomposition, 56
Multiplication by scalar, 4 regression line, 33
Multiplication of a matrix by a scalar, 8 relative maximum, 45
Multiplication of matrices, 8 relative minimum, 45
multiplicative identity, 46 residual, 33

root, 23
negative definite, 44 rotation, 16
norm, 4, 48 Row echelon form, 7
normal, 35 row equivalent, 10

normal equation, 28
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saddle point, 45

scalar multiplication, 46
Schur factorization, 36
similar, 18

similarity invariants, 19
singular value decomposition, 54
singular value expansion, 56
singular values, 54

spectral decomposition, 38
standard matrix, 53
subspace, 10, 47

symmetric matrix, 8

System of linear equations, 6

Trace, 9

transition matrix, 17
Transpose, 8
Triangle inequality, 5
triangular system, 13

Unit vector, 4
unitary, 34
upper triangular matrix, 7

Vandermonde, 34
vector space, 46
Vectors, 4

Wronskian, 47
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