Math 510 Fall 2022

Notes for Homework 5 Drew Armstrong
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1 Eigenvalues and Eigenvectors

1.1 A Motivating Example

In order to motivate the concepts of eigenvalues and eigenvectors I will develop one specific
example in detail. Some of the steps will seem miraculous, and only make sense later when
we discuss the general theory.

Our example comes from the theory of “Markov chains”. Consider the following matrix:

a=(53)



This matrix has the special property that each of its columns sums to 1. In matrix notationﬂ

8 .3
(1 1)A=(1 1) <‘2 .7> =(8+.2 3+.7)=(1 1).
By induction, this implies that every power of A has columns that sum to 1:

(1 1)A"=(1 1)4A™
=((1 1)4)A™!
=(1 1)4™!

;(1 1).

Such a matrix is called a Markov matriz or a stochastic matriz. We can interpret the matrix
entries as probabilities. Suppose that a certain particle can be in one of two states. At each
discrete time step, the particle can change states, according to the following probabilities:

<6<:)°/" ’2—0;3 ?—o}
w T SO
36 X%

That is, if the particle is currently in state 1 then it has an 80% chance to stay in state 1 and
a 20% chance to transition to state 2. If the particle is in state 2 then it has a 70% chance to
stay and a 30% chance to stay. This is why the columns of A must sum to 1.

Now let’s consider the first few powers of A:
.8 .3
a=(33)
7 .45
3 .b5)7

65 .525
35 .475)°

s

0.600390625 0.5994140625
0.399609375 0.4005859375

A? ’
A3 '
AlO

1Jargon: Later we will say that (1 1) is a “left eigenvector” of A with “eigenvalue” 1.



Do you see any pattern here? It seems likely that

A" — <Z 2) as n — 0o,

but the entries of the matrices look complicated. Nevertheless, at the end of this section we
will obtained exact formulas for the entries of each power A™.

We have shown that each column of each power A™ sums to 1. This fact has a probabilistic in-
terpretation. Let pi and ¢ be the probabilities that the particle is in state 1 or 2, respectively,
after k seconds, and let pg, gy denote the initial probabilities. Then I claim thatE|

Pn Pn—1
s = A = A —1-
Pn <Qn> <Qn1> Pr-1
To prove this we use the law of total probability (which T won’t explain here). Given any two
events S and T', we have the following identities:

P(S) = P(T)P(S|T) + P(T")P(S|T"),
P(S') = P(T)P(S'|T) + P(T")P(S'|T").

Let S, be the event that “the particle is in state 1 after n seconds”, so that
pn = P(S,) and ¢, = P(S}).

The transition matrix A tells us that

e

(SnlSn—1
(S1l’L|S7’L—].
P(S,|S;,_
PS8,

)

Y

)
)

.8
2
1) =3,
1) =7

Y

which are independent of n. Hence we have
Pn = P(Sn)
- P(Sn—l)P(Sn’Sn—l) +P( ;L—l)P(Sn’STIz—l)
= pn—1(.8) + ¢n-1(.3)
and
an = P(S;m)
= P(Sn-1)P(S,|Sn-1) + P(S,,_1)P(S,|S; 1)
= pnfl(-2) + anl(-’?),

2 Alternatively, suppose that we have an ensemble of particles and let &, y. denote the expected number
of particles in each state. Then the same theory will hold.



as desired. But enough about probability.
Given the initial distribution py = (po, qo), the distribution after n seconds is given by
Pn = Apn—la

= AApn—2

= AA--- Apy
:Anpo.

Our goal is to find explicit formulas for p, and g, in terms of pg and qo.

Now comes the key trick. We have the following mysterious identitites:

(-0 e a()-1)

Jargon: We say that (3,2) and (1, —1) are “eigenvectors” of A with corresponding “eigenval-
ues” 1 and 1/2. More generally, if Ax = Ax for some vector x and scalar A, then the action
of A™ on x is easy to compute:

Once we know (%), the rest of the solution is straightforward. First we want to express our
initial condition pg as a linear combination of eigenvectors. In other words, we want to find a

and b such that
3 1
Po=a <2> +b <_1>
(3 1 a
S \2 -1/ \b/)"
Since the two eigenvectors are not parallel, the matrix of eigenvectors is invertible, hence
ay\ 3 1 ! Po
b) \2 -1 q0
_ (=1 =1\ (po
— 5\-2 3 )\w
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_ L =po—qo
5 \—2po +3q0
1/5

Then we obtain the solution:
_1/3 3 1
A= (3) (i =3) (1)
LI () (1) (1
Pr=gle) T\ 5) 2) \-1
( n> _ <3/5+ (po — 3/5)/2">
qn 2/5 = (po — 3/5)/2"
As n — oo we observe that p, — (3/5,2/5), regardless of the initial probabilities py and go.

The fact that the initial condition is irrelevant is sometimes called the “ergodic property” (or
the “mixing property”).

But we can do more. Suppose that Ax; = A1x; and Axy = A9xo for some eigenvectors x1, Xo
and eigenvalues A1, Ao. We can express both of these conditions simultaneously by forming
the matrices

A
X=(x1|x2) and A:<01 )?2>
Then we have
AX:A(Xl‘XQ)
:(Axl‘AXQ)
:()\1X1‘>\2X2)
A0

:(x1x2)(01 )\2>
= XA.

This equation holds even when A is n x n and X is n x 2. If A is 2 x 2 and if the vectors
X1, X9 are not parallel, then the matrix X is square and invertible, hence

AX = XA
A=XAX"1

In this case, we say that we have “diagonalized” the matrix A. In our case, we have

(59-C D0 e
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The powers of A behave well with respect to this factorization. This follows from two key
properties. First, the powers of a diagonal matrix are easy to compute:

o (M 0N" /AT 0
e=(0 ) =G )

Second, there is a miraculous cancellation in the powers of XAX '
A" = (XAXH)n
= (XAX H(XAXY) .. (XAX T
= XAX I XAXIX) - (xIx)Ax !
=XAA---AX!
= XA"X L.

Putting these together gives us explicit formulas for the entries of A™:

(=G0 w6

- —11> (10” <1/02>”> @ —11>_1
G ) (55) (55
-(2 ) )( apr) (53) (5

2 )0 o) )
(e

=5 (222 2rym):

<
<
|

These exact formulas would be very difficult to obtain without the trick of eigenvalues and
eigenvectors. By letting n go to infinity, we confirm our experimental observation that

1/3 3 .6 .6
n — g
A —>5<2 2> <.4 ‘4) as n — oo.
Finally, let me mention an alternative expression for A™ that is often more useful. For any
vectors X1,Xo,¥1,yo and scalars Aq, Ao, one can check that

T

A O Yi

(x1 ‘ X2 ) ! — | = Mxiy] + oxoys .
0 A/ \ yI



Thus in our case we have

(33 - Qm v () (e 5o

This expression emphasizes the fact that A™ converges to a rank 1 matrix:

A" — (g) (1/5 1/5) asn — oo.

Remember: This section is just for motivation. I will explain all of the ideas later.

1.2 The Characteristic Polynomial

Let A be a square matrix over R or C. We say that A € C is an eigenvalue of A when there
exists a nonzero vector x satisfying Ax = Ax. Let me emphasize this:

A is an eigenvalue of A <= there exists some x # 0 satisfying Ax = A\x.

If Ax = Ax then we say that x is a A-eigenvector of A.

It is not immediately clear that eigenvalues exist. Our first result will show that any matrix
has at least one eigenvalue. To do this we will rewrite the definition of eigenvalues in terms
of determinantsE] The following equivalences follow from results in the previous chapter:

A is an eigenvalue of A Ax = Mx for some x # 0

(Ax — Ax) = 0 for some x # 0

AMx — Ax = 0 for some x # 0

(M — A)x = 0 for some x # 0

the nullspace N'(AI — A) contains a nonzero vector
dim N (A — A) > 1

the matrix A\I — A is not invertible

det(AI — A) = 0.

rrrreee

This last equivalence is the most convenient way to study eigenvalues. In summary,

A is an eigenvalue of A <= det(A] — A) = 0. ‘

If X\ is an eigenvalue of an n xn matrix A, we observe that the set of A\-eigenvectors is a subspace
of R™. Indeed, the \-eigenvectors of A are just the vectors in the nullspace N'(AI — A). We
say that

N (A — A) = the A-eigenspace of A.

3There is a popular textbook called Linear Algebra Done Right in which the author goes to great lengths to
avoid the use of determinants in the theory of eigenvalues. There is another well-known textbook called Linear
Algebra Done Wrong, which I greatly prefer.



When A is not an eigenvalue the matrix Al — A is invertible, so in this case the “A-eigenspace”
is trivial: A(AI — A) = {0}. Before going further with the theory, we compute the eigenvalues

of a general 2 x 2 matrix:
a b
A_<Cd>

det(M — A) = det ()\ ((1) (1)> - (2 Z))
:@(ﬁjAfQ
= (A =a)(A = d) = (=b)(~c¢)
= A2 — (a+d)\+ (ad — be).

We have

Hence the eigenvalues of A are

\— a+d++/(a+d)?—4(ad — be)
= 5 ,

Let A = (a+d)? — 4(ad — be) denote the discriminant of this quadratic polynomial. If A = 0
then the matrix A has only one eigenvalue. Now suppose that A has real entries. If A > 0 then
A has two distinct real eigenvalues and if A < 0 then A has two distinct complex eigenvalues.

After finding the eigenvalues, it is an easy matter to find all of the eigenvectors. Consider our
example from the previous section:
8 .3
A= .
(.2 .7)

The eigenvalues are the roots of the polynomial equation

det(A\] — A) =0
M (8+. DA+ (8)(.7) = (.2)(.3) =0
A2~ 15X +0.5 =0,

which are
1
A= 5(1.5 ++/(1.5)2 — 4(0.5))
1
= 5(1.5 ++v0.25)

1
= 5(15£0.5)
=1 and 1/2.



To find the 1-eigenvectors, we use row reduction to compute the nullspace of 1/ — A. First we
observe that the matrix 1/ — A has dependent rows (hence also dependent columns):

w-a=(o )= 7= (% F)

Indeed, this must be the case because 1 is an eigenvalue. Then we compute the RREF:

(II—A)x=0 ~= (_‘?2 féf’) x = <8> RREF ((1] ‘?6/2> x = <8> .

It follows that there is a line of 1-eigenvectors{]
. (3/2
X=t ( 1 > .
Next we compute the (1/2)-eigenspace:
1 -3 -3 0 RREF 11 0
(arae=o = (05 2)=) ™ (o))

Thus we have also have a line of (1/2)-eigenvectors{|
-1
X=1 ( 1 >

The procedure is the same for larger matrices. Given the eigenvalues, we can find all of the
eigenvectors by row reduction. The hard part is to find the eigenvaluesﬁ In general, we define
the characteristic polynomial of a square matrix A:

[ xa(A) i= det(\ — A). |

This is, indeed, a polynomial in A\. Furthermore, if A is n x n then x4(A) is a polynomial of
degree n. In general the coefficients are quite complicated, but two of the coefficients have
special names. We have

xAA) = A" — tr(A)A"L £ 4 (—1)"det(A),

where the trace of a square matrix is defined as the sum of its diagonal entries:

aip - Qi
tr(4) = tr| : © | =mantax A+ app.

anl - Qnp

“In the previous section I chose x = (3,2) to avoid fractions.

°In the previous example T chose x = (1, —1) because I didn’t want a negative sign in the first coordinate.

8Solving polynomials equations is a non-linear problem. There are no exact algorithms, but there are
reasonably good approximation schemes. The state of the art for computing eigenvalues is the QR algorithm,
which doesn’t use the characteristic polynomial at all.



We already know this formula for 2 x 2 matrices, and the general case is not hard to check.

If matrices A and B satisfy B = X AX ! for some invertible matrix X, then I claim that A
and B have the same characteristic polynomial:

Xxax—1 () = xa(V): |

To prove this, we note that

xB(A\) = det(A] — B)
= detAXX 1 - XAX)
= det(X (M — A)X 1)
= det{XJdet(A] — A)det(XT
= det(A\] — A)
= xa(N).

By comparing the coefficients of x4(\) and xg()), it follows that]

tr(XAX 1) =tr(A) and det(XAX ') = det(A).

The eigenvalues of a square matrix A are the roots of the characteristic polynomial. It follows
from the Fundamental Theorem of Algebra that

Every square matrix has at least one eigenvalue.

Indeed, since the characteristic polynomial y 4(\) has degree n, the FTA says that there exist
complex numbers A1, ..., A, € C such that

XA(A) = A =A)A=A2) - (A= Ap).

We can expand this to get

XA =X — A+ AN T (D) A A

Then comparing the coefficients with our previous expansion for x 4(\) gives

[r(A) = A4+, and  det(A) = Ai- Ay |

That is, the trace of A equals the sum of the eigenvalues (with multiplicities) and the deter-
minant of A equals the product of the eigenvalues (with multiplicities). This is often useful.

Remarks:

TOf course, we already knew this property of the determinant.

10



o I guess we could say that every n X n matrix has n eigenvalues, but they need not be
distinct. For example, the identity matrix I,, has characteristic polynomial

A—1
det(Al, — I,) = det =\ —1)",

hence 1 is the only eigenvalue. The corresponding eigenspace is all of R”. Indeed, every
vector x € R™ is a 1-eigenvector of the identity matrix: [,x = x = 1x.

e A real matrix has at least one complex eigenvalue, but it need not have any real eigen-
values. For example, consider the matrix that rotates counterclockwise by 90°:

A:((l’ —01).

det(\ — A) = <A 1) — 241,

The characteristic polynomial is

-1 A

hence the eigenvalues are +¢. The corresponding eigenspaces are

Y wa wcirao(t).

1

N(iI—A):t<

Hence A is a real matrix with no real eigenvalues and no real eigenvectors.

1.3 Diagonalization

We say that a square matrix A is diagonalizable when it has a basis of eigenvectors. So far we
have seen only diagonalizable matrices. Here is the simplest example of a matrix that is not

diagonalizable:
11
A= (0 1) '

_ A=1 =11\ _ ,\ .y
det(AI—A)-det( 0 )\1>—(/\ 1)=,

The characteristic polynomial is

hence 1 is the only eigenvalue. But the 1-eigenspace is only one dimensional:

araeo = (0 D)= (0) = o).

Non-diagonalizable matrices are quite a nuisance. Fortunately, they are rare. The next result
shows that any n x n matrix with n distinct eigenvalues is diagonalizable.

11



Theorem (Distinct Eigenvalues Implies Diagonalizable). Let A be an n x n matrix.
Suppose that the characteristic polynomial factors as

XA(A) = A=A = A2) - (A= Ap),

where the complex numbers Aq,..., A, € C are distinct. Furthermore, let x1,...,x, € C" be
some nonzero vectors satisfying Ax; = )\ixiﬁ Then I claim that x1,..., X, is a basis for C".

Warning: This theorem is not sharp. If the characteristic polynomial of a matrix has a
repeated factor then the matrix may or may not be diagonalizable. For example, the following
two matrices both have characteristic polynomial (A — 1)

1) = ()

The matrix on the left is not diagonalizable, but the matrix on the right is diagonalizable. In-
deed, every vector is a 1-eigenvector for the identity matrix. I will give a sharp characterization
of diagonalizability in the next section.

Proof. It is enough to show that the set x1, ..., X, is linearly independent. Then the subspace
of C" spanned by x1,...,X, is n-dimensional, hence it must be the whole space.
First we observe that the vectors x1,...,x, are distinct. Indeed, suppose we had x; = x; = x

for some i # j. This would imply that

Ax = Ax
)\iX = )\jX
()\i — )\j)X =0.

But by assumption we have A\; — \; # 0 and x # 0, which gives a contradiction. This is no
big deal; it just says that a given vector can’t be an eigenvector for two different eigenvalues.

We will prove by induction on k that the set of vectors xi,...,X; is independent for any
1 < k < n, and it will follow that the set xi,...,X, is independent. The result is trivial
for £k = 1 because any set containing one vector is by convention called independent. It is
not logically necessary, but let’s also consider the case k = 2, to get a feel for the general
argument. Suppose that we have

bixi +boxs =0

for some scalars b1,by € C. Our goal is to show that by = 0 and by = 0. First multiply both
sides on the left by A to obtain

A(b1x1 + ngQ) = A0
b1Axy + by Ax9 =0

8Such vectors exist because A1, ..., Ap are eigenvalues.

12



biA1x1 + bodoxy = 0.
Subtract Ao times the first equation from this equation to obtain

(bl>\1X1 + b2)\2X2) — )\2(b1x1 + b2X2) =0
bl()\l — )\Q)Xl + bg()\g — )\2)X2 =0
bl ()\1 — )\2)X1 =0.

Since A1 — A2 # 0 and x; # 0 this implies that b; = 0. But then substituting into the first
equation gives

bixi +boxo =0
0x1 + boxo =0
bexa = 0,

which implies that by = 0 because x5 # 0.
Now we prove the general case. Fix some k£ > 2 and suppose that we have
bixi +boxo+ -+ bpx =0 (1)

for some scalars by, ...,b; € C. Our goal is to show that by = bs = --- = by = 0. To do this
we multiply both sides on the left by A to obtain

A(b1X1 +boxg + -+ + bkxk) = A0
b1 Axy + boAxg + - + b Ax, =0
biA1x1 4+ bodoxo + -+ - + bp Apx = 0. (2)

Then we consider the equation (2) — A\g(1):

k k
(Z bz/\zxz) — )\k <Z biXZ‘> =0
i=1 =1

k
sz(Az — )\k)xk =0
=1

k—1

Oxp + Z bi(Ai — A\k)x; =0
=1

k—1
=1

By induction, the vectors x1,...,X,_1 are independent, hence for any 1 <7 < k — 1 we must
have b;(A; — A\x) = 0. But by assumption we have \; # A, and hence b; = 0, for any 1 <i <
k — 1. Finally, we substitute back into equation (1) to obtain 0x; + - - - 4+ 0x;_1 + bgxg = O,
which implies that by = 0 because x; # 0. [l

13



This result implies that “almost all” matrices are diagonalizable. To see this, we will use the
concept of the discriminant of a polynomial. For example, consider the general 2 x 2 matrix

A:@ Z).

xa(\) =22 — (a+ d)X + (ad — be),

The characteristic polynomial is

and hence the eigenvalues are

\— a+d++/(a+d)?—4(ad — be)
= 5 :

The quantity A(a,b,c,d) = (a+d)? —4(ad— bc) is called the discriminant of the characteristic
polynomial. If A # 0 then we observe that A has two distinct eigenvalues, hence is diago-
nalizable. If we choose the entries a, b, ¢, d of the matrix A at random then it would be quite
unlikely to have A(a, b, c,d) = 0. To be more precise, we can view the set of 2 x 2 matrices as
a 4-dimensional vector space:

C%%2 = the vector space of 2 x 2 matrices with complex entries.

Inside this 4-dimensional vector space, the set of matrices satisfying A(a, b, ¢, d) = 0 forms a “3-
dimensional subset”ﬂ By analogy, consider a 2-dimensional plane in R3. A randomly chosen
point in R3 will not lie on this plane. Similarly, a randomly chosen point in a 4-dimensional
vector space will not lie in a given 3-dimensional shape.

This discussion generalizes to square matrices of any size. Given an nxn matrix A with entries
aij, there is a certain polynomial A(A) in the n? variables a;; such that A(A4) = 0 if and only
if A has a repeated eigenvalue. Since the equation A(A) = 0 defines an (n? — 1)-dimensional
subset of the n?-dimensional space of n x n matrices, a randomly chosen matrix will have
distinct eigenvalues, and hence will be diagonalizable.

Why do we call it diagonalization? Let A be a diagonalizable n x n matrix and let x1,...,%x, €
C™ be a basis of eigenvectors with corresponding eigenvalues Ax; = \;x;. (Here we do not
assume that the eigenvalues are distinct.) We can write the n equations Ax; = \;x; simulta-
neously as a matrix equation:

(x| [z, ) = (At |, )
A1
Al [x )= (x| [x)
An
9For a general polynomial f(x1,...,2,) in n variables, the set of points x € C™ satisfying f(x) = 0 forms

an (n — 1)-dimensional subset. I don’t want to be too precise about this.

14



AX = XA,

where A is a diagonal matrix containing the eigenvalues. Since the columns of X are inde-
pendent by assumption, the matrix X is invertible and we can write

A=XAX"1 or [X'AX =A.

Thus we have used the eigenvector matrix X to convert A into the diagonal matrix A. In
other words, we have “diagonalized” A. We will see below that this is extremely useful.

1.4 Evaluating a Polynomial at a Matrix

Matrices can be added, multiplied by scalars, and raised to powers. This allows us to consider
polynomials of matrices. More precisely, we can “evaluate” polynomials at matrices. Consider
a polynomial in one variable, with complex coefficients:

f(x) =bg + bz + - + bzt
Then for any n X n matrix A we define the n x n matrix f(A) by[T_GI
F(A) :=bol, + b1 A+ by A? + - - + b AR

This evaluation behaves well with respect to eigenvalues and eigenvectors. That is, for any
vector x and scalar A, we have

’Ax:)\x = f(A)x:f()\)x.‘

Indeed, if Ax = Ax then we can show by induction that A™x = A\"'x for any m > 0:
e Base Case. A% = I,,x = x = \x.
e Induction Step. If A 'x = \™!x then

AMx = A(A™ ) = A" (AT x) = M Ax) = AT X = Ak,

Then for any polynomial f(z) = by + byx + - - - + brz* we have

f(A)x = (boI, + 1A+ - + b AF)x
= bol,x + b1 Ax + - - + b AFx
= box + biAx + - - - + bpA\Fx
= (bo + biA + - + bpAF)x
= f()x.

0Here we use the convention that A° = I,,.

15



Now suppose that the matrix A is a “root” of the polynomial f(z). That is, suppose that
f(A) is the zero matrix. Then every eigenvalue of A is also a root of f(x):

’f(A) =0 =  every eigenvalue of A satisfies f(\) = 0.‘

Indeed, if Ax = Ax and f(A) = O then we have
f)x=f(A)x=0x=0.
And if x # 0 then this implies f(A) = 0. Here are some examples.

Projections. Any matrix satisfying P? = P has eigenvalues in the set {0,1}. Indeed, if
P? — P = O then any eigenvalue \ of P satisfies

A —A=0
AMA—1)=0
A=0or 1.

This doesn’t mean that both eigenvalues must occur. For example, the zero matrix satisfies
0O? = O and its only eigenvalue is 0, while the identity matrix satisfies I2 = I and its only
eigenvalue is 1.

At the end of this section we will show that any matrix satisfying P? = P is diagonalizable.
Assuming this for now, we can prove that any n x n matrix satisfying P2 = P is a (possibly
non-orthogonal) projection matrix. To do this, let x1,...,x, be a basis of eigenvectors. Since
the only possible eigenvalues are 1 and 0, we can sort the eigenvectors so that Px; = 1x; = x;
for0<i<rand Px; =0x; =0 forr <i< nE-] This gives the factorization

Ir ‘ Or,n—r
P=X XL
On—r,r O’I’L—’V‘7 n-—r

Now let A be the n X r matrix consisting of the first r columns of X and let B be the r x n
matrix consisting of the first » rows of X ~!. Then we have

I, ‘ Orm,—r B B
P=(Al|x) 5 5 :(A‘*)?:AB+O:AB.
n—r,r n—r, N —T *

And we also have

I ‘ Orn—r B BA |
=L=X"'"X=|—|(A4]x)= :
On—r,r In—r,n—r * * *

which implies that BA = I,.. In summary:

‘PQ =P = P = AB for some A, B satisfying BA = I, where r = rank(P). ‘

This is the projection onto the column space U = C(A), in a direction parallel to the null
space V = N (B). Picture:

We allow the possibilities 7 = 0 (all eigenvalues are 0) and r = n (all eigenvalues are 1).

16



The projection is orthogonal if and only if V' = UL. In this case we have N'(B) = C(A)* =
N (AT), which impliess that R(A) = N(B)T = N(AT)L = R(AT). Since R(B) = R(AT) we
can find an invertible  x r matrix S of row operations such that B = SAT. But then BA = I,
implies SAT A = I, and hence S = (AT A)~!. Finally, we conclude that

P =AB = ASAT = A(ATA)71 AT,
which agrees with our previous formula for orthogonal projections.

Reflections. Any matrix satisfying F2 = I has eigenvalues in the set {1, —1}. Indeed, if
F? — I = O then any eigenvalue \ of F satisfies

AN —-1=0
A2 =1
A=1or —1.

Consider the unique matrix P satisfying ' = 2P — I and P = (F' + I)/2. We observe that

1 1 1 1
P2:1(F2+2F+I2):§(I+2F+I):Z(2F+21):§(F+I):P,

so that P is a projection. Let U and V be the 1l-eigenspace and 0-eigenspace of P as in
the previous example, then U is the l-eigenspace of F' and V is the (—1)-eigenspace of F.
Geometrically, F' is the reflection across the subspace U in the direction of V. Picture:
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In terms of matrices, if F is a matrix of rank r satisfying F? = I then we can find two 7 x (n—r)
matrices A, B satisfying BA = I,., such that

F=2P—-1=2AB—1.
This is the reflection across the column space U = C(A), parallel to the nullspace V = N (B).

Rotations. Any matrix satisfying R = I has eigenvalues in the set {¢>™*/" : k € Z}. Indeed,
since R* — I = O, any eigenvalue A of R must satisfy A —1 = 0, and hence must be an nth
root of unity. Such matrices can be quite complicated. For a simple example, we consider the

2 x 2 rotation matrix:
R cosf) —sinf
9= \sin® cos6 )
The characteristic polynomial is
XRry(\) = A% —2cos O\ + 1,

hence the eigenvalues ard'

5\ 2cosf ++v4cos?2 —4

2
B 2cosf + 2v/cos20 — 1
N 2

121’s a bit reckless to take square roots in this way, but it gives the correct answer.
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2cosf + 2/ —sin? 6
2

_ 2cosf £ 2isin6

2
=cosf Ltisinf
:I:iG'

=€

The case 6 = 0 corresponds to the identity matrix, with eigenvalues (1,1) and the case 6 =«
corresponds to the negative identity matrix, with eigenvalues (—1, —1). In all other cases, the
eigenvalues (and hence also the eigenvectors) are not real. If # = 27/n then the eigenvalues
X\ = 27/ gatisfy A" = 1. This agrees with the fact that

<R27r/n)n =1

Next, we give an alternative proof for the existence of eigenvalues, which does not use deter-
minants 7]

Theorem (Existence of Eigenvalues). Let A be any n x n matrix with real or complex
entries and consider an arbitrary nonzero vector v € C". Since C™ is n-dimensional, the
following n + 1 vectors must be linearly dependentE

v, Av, A%k, ..., A"V.
In other words, we can find scalars by, by, ..., by, not all zero, such that
bov + b1 Av + by A%v + -+ - + b, A"V = 0.

In fact, one of the scalars by, ..., b, must be nonzero, otherwise we would have bgv = 0 and
bo # 0, which contradicts the fact that v # 0. We can rewrite the previous equation as

(bol + b1 A+byA2+ -+ b,A")v =0,
f(4) =0,

for the polynomial f(x) = bg+byx+baz?+- - - b,x™, which has degree between 1 and n because
not all of by, ..., b, are zero. Let’s say deg(f) = k. By the Fundamental Theorem of Algebra
we can factor f(z) as

fx) =(r—o)(@—az)- (x—ag),

for some complex numbers a1, . .., a; € C, not necessarily distinct. Now the equation f(A)v =
0 becomed™|
(A—a)(A—agl) - (A—agl)v=0.

13This proof is the motivation for Axler’s approach in Linear Algebra Done Right.

14ndeed, any collection of n + 1 vectors in C" is linearly dependent.

Y5There is a subtle point hiding here. Given a polynomial f(x) and square matrices A, B, it is not generally
true that f(AB) = f(A)f(B). However, if AB = BA then we do have f(AB) = f(A)f(B). Since the matrices
A—oil,...;A— arl commute with each other, we are okay in this case.
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To save notation, let’s write A; = A — ;1. Thus we have
A1A2 cee AkV =0.

Since v # 0, this implies that the matrix A; --- Ay is not invertible. And since a product of
invertible matrices is invertible, this implies that at least one of the factors, say A;, is not
invertible. Finally, since A; = A — a;1 is not invertible, we conclude that «; is an eigenvalue
of A. In particular, we have shown that A has an eigenvalue. O

Building on this idea, we can give a sharper result about diagonalization. The proof is tricky
so you can feel free to skip it.

Theorem (Existence of Diagonalization). A square matrix A is diagonalizable if and
only if we have f(A) = O for some polynomial with no repeated roots.

Proof. First suppose that A has a basis of eigenvectors x1, ..., X, with corresponding eigen-
values Ax; = \;x;. Some of these eigenvalues might be repeated. Let uq, ..., ur be the list of
eigenvalues with repetition removed, and consider the polynomial

f@) = (@ —pa)- (@ — ),

which has no repeated roots. We will show that f(A) = O. To do this, we observe that the
matrices (A — p;1) and (A — p;1) commute for any i, j:

(A= ) (A= pil) = A% — (s + pj) A+ pipgl = (A= pi D) (A — g — I).

We will use this to show that f(A)v = 0 for any eigenvector v. Then since there exists a basis
of eigenvectors, it will follow from this that f(A)v = 0 for any vector v, and hence f(A) is
the zero matrix. So let v be an eigenvector with eigenvalue ,uiEg] Then we have{Z]

fAv=([[A-wD) | v

J

= (TI(A-n) | (A—pv
J#i

= [ TTA— ) | (Av — o)
J#i

= JJA—1) )0
JAi
-0

16Recall that every eigenvalue is in the list p1,. .., ftg.
1"We used commutativity to pull the factor A — u;I to the right.
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Thus we have shown that a diagonalizable matrix A satisfies an equation f(A) = O for some
polynomial f(z) with no repeated roots.

Conversely, suppose that an n x n matrix A satisfies f(A) = O for some polynomial f(z) with
no repeated roots. Suppose that deg(f) = k and write

f@) = (=) (z = A)

for some distinct complex numbers A1,..., A\ € C. We want to show that A has a basis of
eigenvectors. First we define the null spaces

E)\i :N(A—)\»LI) = {X:AX: )\zX}

Note that E), # {0} if and only if \; is an eigenvalue, in which case E), is the corresponding
eigenspace. We don’t really care if all of the numbers \; are eigenvalues. Indeed, some of
them might not be. Our goal is merely to show that the spaces E),,..., E), are big enough
to fill up all of C™. To be precise, we will show that

k

e I\, NEy ={0} forall i # j,
o C"={x1+ - +x5:x; € E), for all i}.

Then by concatenating bases for Ey,,..., ), we will obtain a basis for C" that consists of
eigenvectors of A. For the first statement, suppose that x € Ey,NE), so that \;x = Ax = \;x.
If x # O then this implies that A\; = A; and hence i # j, because the \; are distinct. The
second statement is trickier. First we consider the partial fraction expansion of 1/f(z):

1 1 Q
(GRS R i D

for some scalars asy, ..., ar € C, not necessarily distinct@ Now consider the polynomials
aif(z)
) = 259 o e ),
JFi

and note that

Pi(@) + - py(a) = jlf(fl) o j’“;f(flj

= f2)- Y - fi/\i

)

1
:f(iv)'m

=1.

18T won’t prove the existence of the partial fraction expansion. It depends on the theory of greatest common
divisors in the ring of polynomials.
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Finally, consider any vector x € C™ and write x; := p;(A)x. On the one hand, by evaluating
the polynomial equation (x — \;)p;(A) = a; f(z) at A we have

(A= Al)x; = (A= Al)pi(A)x = o f(A)x = Ox =0,

and hence x; € E),. On the other hand, by evaluating the polynomial equation py(x) +--- +
pr(x) =1 at A we have
X1+ +xp=p1(A)x+ -+ pp(4)x
= (p1(A) +---pr(4))x
=1Ix

pry X7
as desired. 0

That was a tricky proof, but it’s a useful theorem. In particular, it implies that any matrix
satisfying P? = P, and hence P2 — P = O, is diagonalizable because the polynomial 2 — z =
x(x—1) has distinct roots. Furthermore, any matrix satisfying R™ = I, and hence R"—1I = O,
is diagonalizable because the polynomial ™ — 1 has distinct roots:

2" —1 = (ZL‘ _ 1)(.7} _ eQm‘/n)(x _ e47ri/n) . (.1‘ _ 627ri(n—1)/n)‘

Finally, we examine what goes wrong for a specific non-diagonalizable matrix. Consider the
following small matrices with repeated eigenvalues:

A0 Al
A—<O A) and B—<O A)

Each of these has characteristic polynomial (z — \)?2:

02 T —A 0 _ z—A -1
(x—A) —det< 0 x_)\>—det< 0 m—)\>‘

In the next section we will show that every matrix satisfies its own characteristic polynomial,
which we can easily verify for these two matrices:

2 2
yp2_ (0 0N _ (0 0O a2 (0 1\ _ (0 0
(A—XI) (0 o)l =lo o and (B—A)*= 0o o) =\o o)
The matrix A also satisfies the polynomial f(z) = x — A, which has no repeated roots. This
confirms that A is diagonalizable; in fact, it is diagonal. On the other hand, the matrix B

is not diagonalizable. This is easy to check directly. Instead, we will prove it indirectly, by
showing that B cannot satisfy any polynomial with distinct roots. The basic reason is that

(B=X)?>=0 but B-M #0.
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Indeed, consider any polynomial g(x) = (x — A1) - - (x — Ag) with distinct roots A1, ..., \g. If
g(B) = O then one of the matrices B — A\;I must be non-invertible, so that \; is an eigenvalue
and hence \; = A. Since the )\; are distinct, this implies that the )\; with 7 # j are not
eigenvalues. Then since g(B) = O equals B — Al times a product of invertible matrices
B — M\ I for i # j, we conclude that B — Al = O. Contradiction.

Remark: In the next chapter we will say more about non-diagonalizable matrices.

1.5 The Functional Calculus

Why are diagonalizable matrices good? As we mentioned in the first section, if we can diag-
onalize a matrix A then we can find explicit formulas for the entries of its powers A*. More
generally, diagonalizing a matrix allows us to compute any polynomial evaluation of the matrix
f(A). We can even compute convergent power series, such as

1 1
exp(A) :=I+A+§A2+--~+HA’“+W.

To begin, suppose that an n x n matrix A has a basis of eigenvectors x, ..., X,, with corre-
sponding eigenvalues Ax; = A\;x;. (The eigenvalues are not necessarily distinct.) Then, as we
showed in the previous section, we can write

A1
A:XAXflz(xl‘---‘xn) (xl‘-n‘xn)fl.
An

This factorization is compatible with polynomial evaluation. That is, for any polynomial f(x),
I claim that

F(A)= X - f(A)- X

If A (hence also A) is invertible, then we can even allow negative powers of z in the polynomial.
Such expressions are called Laurent polynomials:

f(x) = b—ﬂ*e + bfeﬂx*eﬂ 4+ 4+ bk,la:kfl + bkxk for some k,¢ > 0.

Actually, we will prove the more general fact that A = X BX ! implies f(4) = X - f(B)- X!
for any polynomial f(z), and for any Laurent polynomial f(z) when A (hence also B) is
invertible. The first step is to prove that

(XBX1¥ = XB¥X~! for all k > 0, and also for k < 0 when B is invertible.

For this we use induction. When &k = 0 we have XB°X! = X[, X! = XX 1 =1, =
(XBX~1)Y. Then for k > 1 we have

(XBX Hk = (XBX 1) (xBX 1)k !
= (XBX H(xBF1x1) induction
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= XB(X'X)BF1x-1
= XBBF1x-1
- XBFx1,

If B is invertible, then for all £ > 0 we also have
(XBX )" =[(XBX ) )= (XB'X )Y =XB )X =xBFXx""
Finally, for any polynomial f(z) = by + b1x + - - - + bpa® we have

f(A) = bol + b1 A+ byA? + - + b A"
=bol + b1 (XBX 1)+ bo(XBX 12 4. 4 bp(XBX 1)
=bo( XX+ b (XBX V) +b0o(XB’X ) + - + b (XBF X 1)
= X (bl +b1B+byB*+ - + b, BF) X1
=X -f(B)- XL

The proof for Laurent polynomials is the same.
So far, this is not very useful. It becomes useful because of the following basic observation.

Multiplication of Diagonal Matrices is Easy. The formula for a general matrix product
AB is complicated. However, multiplication of diagonal matrices is easy:

ay b1 a1by

ap, b, anbn
It follows that for any diagonal matrix A and any (Laurent) polynomial f(z) we have

A f(A1)

. W)

This is the reason why diagonalization is a powerful technique.

Here is a first application. Recall the following results from the previous two sections:
e If the characteristic polynomial y4(x) has distinct roots then A is diagonalizable.

e If f(A) = O for some polynomial f(z) with distinct roots then A is diagonalizable.

The next theorem ties these results together.
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The Cayley-Hamilton Theorem. Let A be a square matrix with characteristic polynomial
xA(z) = det(zI — A). Then we have

xa(A) = 0.

This is a strange idea, so let’s first examine the 2 x 2 case. Consider the matrix
a b
A =

xa(A) =22 — (a+ d)X + (ad — be).

with characteristic polynomial

Then one can check (as Cayley and Hamilton did) that

xa(Ad) = A2 — (a + d)A + (ad — be)l

:<Z Z)Q—(cﬁ—d)(z Z)—i—(ad—bc)((l) (1))

= some calculations
(0 0
~\0 0/
Why on earth should this be true? It is because of diagonalization.

Proof of Cayley-Hamilton. Suppose first that A is diagonalizable, with A = XAX~!. For
any eigenvalue A\ of A, the characteristic polynomial satisfies x 4(A) = 0 by definition. Hence

xa(Ar)
xA(A) =X -xa(A) - X=X X '=xo0x'=o0.
XA(An)
The result for non-diagonalizable matrices follows by continuity. That is, any non-diagonalizable
matrix is a limit of diagonalizable matrices. And the entries of the matrix x4(A) are contin-

uous functions of the entries of A. But each entry of x4(A) is zero for any diagonal matrix.
Hence the entries of the limit are zero[J] O

Remark: The Cayley-Hamilton is actually more general than this. It holds over any commu-
tative ring. As written, our proof only works over the complex numbers.

Next we consider two examples of infinite power series.

19This is a typical way to deal with non-diagonalizable matrices, i.e., view them as limits of diagonalizable
matrices in the space C"*" of square matrices.
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The Geometric Series. Consider an n x n matrix A. Suppose that A is diagonalizable with

A1
A=XAX"'=X X1
An
Evaluating A at the polynomial f(z) =1 — x gives
1—X)
I-A=XIT-MNX'=X X1

1-A\,
If none of the eigenvalues is 1 then I — A (hence also I — A) is invertible, and we obtain

1/(1—\p)
I-A'=XT-N'X"1=X X1
1/(1 = An)

On the other hand, for all & > 0 we can evaluate A at f(z) =1+ x + --- 4 ¥ to obtain

T+ A4+ AF=XT+A+---+A")Xx!
L+ X4+ Af
- X X1
L4+ A4+ AK

Finally, suppose that the eigenvalues satisfy 0 < |\;| < 1 for all i. Then the usual geometric
series for scalars implies that

T+A+-+AF 5 (T-MN)1 ask — oo

The convergence is componentwise in each entry of the matrix. For a fixed invertible matrix
X, the function B — XBX ! is continuous in the matrix entries, hence

XUT+A+ +AOX TS XT-MNTXD ask — oo
In summary, for a diagonalizable matrix A with eigenvalues satisfying 0 < |A\| < 1, we have
I+A+-- 4+ A* - (I — A)~! componentwise.

And by continuity, the result also holds for non-diagonalizable matrices@ On a previous
homework you proved a weaker version of this result, using more difficult techniques. Diago-
nalization makes things easier because it turns matrix arithmetic into scalar arithmetic.

2Basically, this is because the eigenvalues depend continuously on the matrix entries. I don’t want to get
specific about it.
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The Matrix Exponential. Given a square matrix A, the functional calculus allows us to
define f(A) for any power series f(z) = ag + a1z + a3 + ---, as long as this power series
converges when evaluated at the eigenvalues of A. For example, consider the power series
definition of the exponential function

1 1
exp(m):1+x+§x2+§m3+....

It is a basic theorem of analysis that exp(z) converges for any complex number z € C. In
order to define exp(A) we first suppose that A is diagonalizable:

A1
A=XAX"'=X X1
An

For any k£ > 0 we have

b1
k k >ico M
ZlAi:X< 1AZ‘> X=X . -
il il ‘ '
: A
DIy

S

Since the power series for exp(x) converges everywhere, we have
k exp(A1)
1
Zlf‘.Ai_) as k — oo.
— g
=1 eXp()‘n)
Then since conjugation by the fixed matrix X is continuous, we conclude that

b exp(A1)

1 .
ZE'AZ_)X X1 ask — .
=1 exp(A\n)

This establishes the existence of the matrix exponential for any diagonalizable matrix A{T_r]

1 1
eXp(A)=I+A+§A2+ﬁA3+~--.

Let me warn you that

exp(A + B) # exp(A) exp(B) for general matrices A, B.

21'We can also prove existence for non-diagonalizable matrices using a continuity argument, though this
proof doesn’t tell us how to compute exp(A) in the non-diagonalizable case. The computation of exp(A) for
non-diagonalizable A uses the Jordan canonical form.
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The proof of exp(z +vy) = exp(x) exp(y) relied on the fact that scalars commute. If AB = BA
then this same proof carries over, and we have

’exp(A + B) = exp(A) exp(B) for matrices satisfying AB = BA.

Later we will see that the matrix exponential is the key to solving differential equations. In
that context we will consider the series

t2 ¢
exp(At) :I—}—At+§A2+§A3+... ’
where t is a real variable representing time.

For now, we present two example computations. First consider the matrix
1/5 4
A=- .
6 \2 -2

det(z] — A) = (z — 5/6)(z + 2/6) — (—4/6)(—2/6)

=22 —(1/2)x — (1/2)
=(z—-1)(z+1/2),

The characteristic polynomial is

hence the eigenvalues are 1 and —1/2. Since this 2 x 2 matrix has 2 distinct eigenvalues, we
know that it is diagonalizable. After some computation we find the eigenvectors:

() ()2

Hence we obtain the diagonalization:

CI)E S G D0 e Y

Finally, we obtain the exponential:

=5 (0 L) (5 i) ()

The last example is more interesting. Consider the matrix that rotates by 90°:

R:<(1) ‘01>.

For any real number 6, we will show that

cosf —sind 10 . 0 -1
eXp(RQ)_<sin9 cost>_cose'<0 1)+51n0-<1 0)’
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which is the matrix that rotates by 6. This is a matrix version of Euler’s formula

e = cosf + isinb,

where the 90° rotation matrix R plays the role of the imaginary unit ¢. We begin by computing
the eigenvalues. The characteristic polynomial is

det(z] — R) = det (_”31 i) = 2?41,

hence there are two distinct eigenvalues: ¢ and —i. It is no surprise that these are complex
conjugates, since the complex eigenvalues of real matrices come in conjugate pairs. (See the
homework.) With a bit of work, one finds the eigenvectors

() () = a()-()

and hence the exponential:

exp(£0) = <—11 1) (exp()(w) exp(()—i0)> (—1@ 1)1

Then some simplification using Euler’s formula ¢’ = cos + isin # gives the desired result.

But this makes the result look like a miracle. We can gain more insight by looking at the real
and imaginary parts of the complex eigenvalues. Let x = (1, —i), so that x = (1,0) — (0, 1).
Since Rx = ix we must also have exp(Rf)x = exp(i@)xF_?I and hence

exp(R6) <(1)> —iexp(R0) <(1)> = exp(RO) <_12>
= exp(if) <_11>
. 1

= (cosf +isinb) <—z> Euler’s formula
_ (cosf +isind
~ \sinf —icosf
_ (cos@) . [—sind
~ \siné “\ cost )

Since the matrix exp(R#) has real entries, comparing real and imaginary parts gives

1 cos 6 0 —sinf
exp(R0) <O) = <sin0> and  exp(RH) (1> = < s 0 ) ,
which is the desired result.

Remark: In general, complex eigenvalues of real matrices lead to rotation. We will examine
this in the next section.

22The proof that Ax = Ax implies f(A)x = f(\)x for polynomials f(z) carries over to power series.
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1.6 Complex Eigenvalues and Eigenvectors of Real Matrices
For any complex number a + ib € C with a,b € R we will denote its complex conjugate by
a=a+tb=a—1b.

Recall that complex conjugation satisfies the following properties:

ea+f=0a+p,
e af=a-p,

o of = (@),

e a = ¢ if and only if o € R.

Given a polynomial f(z) = bg+bix+---+b,2" with real coefficients and a complex number
a € C, it follows from these properties that

fla) =bo +bia+- - +bpan
=bo+b @+ +Dby-al
= by +bia + -+ by(@)"”
= f(@).

In particular, we see that a is a root of f(x) if and only if @ is a root of f(z). Indeed, if
f(a) =0 then
and if f(@) = 0 then

It follows from this that

’the non-real roots of a real polynomial come in conjugate pairs. ‘

And, as an interesting consequence,

’every real polynomial of odd degree has as least one real root. ‘

We will apply these observations to eigenvalues of real matrices.

Complex Eigenvalues of a Real Matrix. Let A be an n x n matrix with real entries,
so the characteristic polynomial x4(z) = det(zI — A), has real coefficients. According to
the previous result, the characteristic polynomial can be factored as

xa(@) = (x =AM (@ = Anom) (@ — ar) (@ —a1) - (& = ) (2 — @),

for some real numbers A\; € R and non-real complex numbers o; € C. If n is even, then the
matrix A need not have any real eigenvalues. For example, the real matrix

().
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has characteristic polynomial (z —4)(x + ¢). On the other hand, if n is odd then the number
n — 2m must be > 1, so that A has at least one real eigenvalue.

Complex Eigenvectors. If a real matrix A has a real eigenvalue A, then the corresponding
eigenvectors are realﬂ Indeed, the space of A-eigenvectors is the null space N'(AI — A), which
can be computed by elimination over R. What about complex eigenvalues? Suppose that a
real n X n matrix A has a complex eigenvalue A € C, and let x € C" be a corresponding
eigenvector:

Ax = \x.

If X is not real then x cannot have real entries. Indeed, if x € R” then since A has real entries
we would have Ax = Ax € R™ which implies that A € R. Let us suppose that A = a + ib with
a,b € R and b # 0. Then we can write

X=u-+t:1iv
for unique real vectors u,v € R" with v # 0. By expanding the equation Ax = Ax we obtain
Au+ iAv = A(u + iv)
= Ax
= Ax
= (a+ib)(u+1iv)
= (au —bv) + i(bu + av).

Since the vectors Au, Av, au — bv and bu + av have real entries, it follows by comparing real

and imaginary parts that
Au = au — bv,
Av = bu + av,

which can be expressed as a matrix equation:

Afalv)=(ulv) (4 0),

Next, I claim that the vectors u and v are linearly independent over C@ To see this, we note
that the conjugate vector X = u — iv is an eigenvector of A corresponding to the conjugate
eigenvalue A\ = a — ib. Indeed, since A has real entries, conjugating both sides of the equation
Ax = \x gived”|

AX = Ax = Ax = Ax = IX.
Since A\ # A, the vectors x,X € C correspond to different eigenvalues, hence they are linearly
independent over C. But then since

( X ‘ X ) = ( u ‘ v ) <1 —1z> ,  where <1 —1z> is invertible,

23Technically, every M-eigenvector is a scalar multiple of a real vector. You could take a real A-eigenvector x
and scale it to get a complex A-eigenvector ix, but why would you want to do that?

24In this section we will only discuss linear independence over C, which implies linear independence over R.

25The equation Ax = AX needs to be checked. It follows from the standard properties.

31



we conclude that u and v are linearly independent. In particular, we have

A=(ulv) (% D) Calv) ™

Furthermore, for any y € C" we have
(vlxlx)=(ylulv)( 1 1]

which implies that the set y,x,X is independent if and only if y, u, v is independent.

Real Diagonalizable Matrices. Finally, we discuss diagonalization of real matrices. Let A
be a real n x n matrix. As we saw above, the characteristic polynomial can be factored as

a(@) = (@ = A1)+ (2 = Ancam) (@ — 1) (@ = 1) -+ (2 — o) (@ — ),
where A1, ..., \y—2m are real and ag, ..., a,, € C are non-real.
Suppose that A is diagonalizable over C. This means that we can find nonzero vectors
Yi,--,Yn—2m € C" and x1,...,x, € C" such that Ay; = \y; and Ax; = «;x;, hence
also AX; = a;X;, and such that

yYi,... 7yn72m;X17X71a cee aXm,ﬂ
is a basis for C". If X is the n x n (invertible) matrix with these column vectors, then we have

A1

)\n72m
aq

Om

Qm

Now we will eliminate the complex numbers from this factorization. Since the eigenvalues
Aly ...y An—a2m are real, we can choose the eignevectors yi,...,yn—2m to be real. Next we
write x; = w; + iv; for real vectors u;, v; with v; # 0. From the previous remarks we see that

Yi,-- -3 ¥Yn—2m,U1,V1,..., Un, Vip
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is a basis for C" consisting of real vectors. Furthermore, if Y is the (invertible) matrix with
these columns, then we have

A1
)\nf2m

ar b
b1 @

am  bpy
—bm

This is not quite a “diagonalization”, but it has the virtue using only real numbers.

1.7 Normal Matrices

In this chapter we have studied the evaluation of polynomials (also power series and Laurent
polynomials) at matrices. This discussion has left out one important operation; namely, the
transpose and conjugate transpose. In this final section we consider the relationship between
eigenvalues and (conjugate) transposition.

The main role is played by normal matrices. We say that a matrix A is normal when it
commutes with its (conjugate) transpose:

A¥A = AA”.
These matrices are extremely common in applications and include the following four families:
e Real symmetric matrices AT = A.
e Complex Hermitian matrices A* = A.
e Real orthogonal matrices AT = A1
e Complex unitary matrices A* = A~1,

Of course, these families could be dealt with separately. The reason to combine them under
the concept of normal matrices is because of the following fundamental theorem, which we
will prove in the next chapter.

The Spectral Theorem. Let A be a square matrix over R or C. Then

A*A = AA* <= A has an orthonormal basis of eigenvectors.

Actually, some people think it undignified to call this the Spectral Theorem. They say that
the true Spectral Theorem applies to operators on infinite dimensional Hilbert spaces. Recall,
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if V' is a real or complex Hilbert space and if A: V — V is a bounded@ linear operator then
there exists a unique bounded linear operator A* : V' — V satisfying

(Ax,y) = (x,A%y) forallx,y e V.

As with many results in functional analysis, the proof is 80% algebra and 20% analysis, which
is mostly plausible from geometric intuition.

Anyway, it is convenient to state and prove the results of this section in a language that
applies also to Hilbert spaces. Our first theorem was proved by Cauchy in 1829, as part of his
extension of the Principal Axes Theorem to higher dimensions. Cauchy’s original proof was
quite complicated, but today’s proof is a one—linerﬂ

Cauchy’s Reality Theorem. A real symmetric matrix has real eigenvalues.
Actually, we will prove the following more general statement, since it has the same proof.
Theorem. A self-adjoint operator on a complex inner product space has real eigenvalues.

Proof. Let V be a real or complex inner product space and let A : V — V be an operator
satisfying A* = A. If Ax = Ax for some scalar A and nonzero vector x # 0 then we have

Alx[[* = Ax, %)
= (x, Ax)
= (x, Ax)
= (A", x)
= (Ax,x A*=A
= (A%, x)
= Ax,x)
= Al
Since ||x|| # 0 this implies that A = A, and hence X is real. O

The next theorem has a similar proof.

Theorem. Unitary (and real orthogonal) operators have eigenvalues of length 1. That is,
they have eigenvalues of the form e®.

Proof. Let V be a real or complex inner product space and let A : V' — V be an operator
satisfying A*A = I. If Ax = Ax for some scalar A and nonzero vector x # 0 then we have

I[|* = (x, %)

26This means that A sends the unit ball to a bounded set. It is equivalent to A being continuous.
2"“Dazzled by the brilliance of the new theory of determinants, mathematicians overlooked simple inner
product considerations”, Hawkins, The Mathematics of Frobenius in Context, page 98.
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= (x,Ix)
= (x, A" Ax) AA=1
= (Ax, Ax)
= (Ax, AX)
= A\(Ax, X)
= M\(x,x)
= ARl
Since ||x|| # 0 this implies that |[A| = 1. O
Though it doesn’t involve eigenvalues, we should probably include the following result.

Theorem. Unitary operators preserve lengths and angles.

Proof. This follows from the fact that unitary operators preserve the inner product. If
A*A = I then for all vectors x,y we have

(Ax, Ay) = (x, A" Ay) = (x,Iy) = (x,y).
0

We have seen that the important families of normal matrices have quite restricted eigenvalues:

e Real symmetric matrices A7 = A and complex Hermitian matrices A* = A matrices
have real eigenvalues.

e Real orthogonal matrices A7 A = I and complex unitary matrices A*A = I have eigen-
values of the form e®.

On the other hand, a general normal matrix can have any eigenvalues you want. Indeed,
consider any complex numbers Ay,..., A, € C and let A be the diagonal matrix with these
numbers on the diagonal. Then for any unitary matrix U*U = I, the matrix

A=UAU*
is normal and has eigenvalues A, ..., A,.

What about eigenvectors? In this case, the key property is shared by all normal operators.
This result is a precursor to the Spectral Theorem.

Theorem (Normal with Distinct Eigenvalues = Orthogonal Eigenvectors). Let
A*A = AA* be a normal operator on an inner product space. Then

Ax = x and Ay = py with A #p =  (x,y) =0.

We will work up to the proof by a series of lemmas.
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Lemma 1. If A*A = AA* then (4x, Ay) = (A*x, A*y) for all x,y.

Proof. We have (4x, Ay) = (x, A*Ay) = (x, AA*y) = (A*x, A*y). O
Lemma 2. If A*A = AA* then we have Ax = 0 if and only if A*x = 0.

Proof. Putting y = x in Lemma 1 gives ||Ax||? = (Ax, Ax) = (A*x, A*x) = ||A*x|?. Hence

Ax =0 <<= |4Ax|=0 <<= |A™x||=0 <<= A'x=0.

Lemma 3. Let A*A = AA*. Then for any vector x and scalar A we have

Ax = Mx <— A*x=)\x.

Proof. Consider the matrix B = A\ — A, with B* = \I — A*. Then B is normal:

B*B = (A — A*)(\ — A)
=M — M - \A* + A*A
A

= A — XA — A" + AA* A*A = AA*
= (M — A)(M — A%)
— BB*.

Hence applying Lemma 2 gives
Ax=Xx <+= Bx=0 <= B'*x=0 +—= A'x=Xx

Proof of the Theorem. Let A*A = AA* and suppose that Ax = Ax and Ay = py with
A # p1. Then from Lemma 3 we have A*x = Ax, hence

(
= (A"x,y) Lemma 3
(

Finally, since (A — p)(x,y) and A # p we have (x,y). O

In particular, this shows that an n X n normal matrix A*A = AA* with n distinct eigenvalues
has an orthogonal basis of eigenvectors. The Spectral Theorem says that this is still true even
if A has repeated eigenvalues. The hard part is to show that there are enough eigenvectors
to fill up the whole space. See the next chapter.
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2 Factorization Theorems

2.1 Gram-Schmidt and QR Factorization

Most of the theorems in this chapter deal with orthonormal bases. In this section we lay
the groundwork by showing how any basis can be converted into an orthonormal basis. The
procedure is quite general. First we consider an infinite dimensional inner product space V/
over R or C. Afterwards we will consider finite dimensional spaces and matrices.

Given any linearly independent set aj,as,... € V the Gram-Schmidt procedure produces
linearly independent vectors by, bs, ... € V with the following properties@

e (b;,b;) =0 fori#j,

e Span{ay,...,a;} = Span{by,...,bg}.
The definition is recursive:

e First set by := aj.

e Then for any k£ > 1 set bgyq = agy1 — Proji(axs+1), where Proj, : V. — V is the

orthogonal projection onto the subspace spanned by b1,...,bx. To be precise, we set
(akt1,b1) (ak+1, br)
bpiii=agp — -~ b1— - — b
i T (b by) (bx, by,)

You will prove on the homework that this procedure has the desired properties. Afterwards,
we can easily turn by, bs,... € V into an orthonormal set by dividing each by by its length.

Before applying this to matrices, we give one application to infinite dimensional function
spaces. Consider the real Hilbert space L?[—1,1] with inner product

(f(z),g9(x)) = /1 f(z)g(x)dx.

And consider the “obvious” basis 1,z,22,... € L?[—1, I]FEI Note that these functions are not
orthogonal. For example,

! 1
(1,z?) :/ 22 dr = gfc?’

-1

L
4 3

Applying the Gram-Schmidt procedure to the non-orthogonal basis 1, z, 22, ... produces the
orthogonal basis of Legendre polynomials: Py(z), Pi(x), Pa(z),.... These are used in physics
in the study of spherically symmetric potentials. For example, they determine the “shapes”

28If ay, as, . .. is a Hilbert space basis, with appropriate convergence properties, then the vectors by, ba, . ..
will also be a Hilbert space basis, though we won’t prove this.
29Tt can be shown that this is, indeed, a Hilbert space basis.
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of electron orbitals. To be precise, we first define the associated Legendre function for integers
f,m € Z with 0 <m < £

dm
Pgn(ff):(l—ﬁ)mﬂ'cmim

Then the radial equation for the shape of the (¢, m)-orbital iEF_U]

Py(x).

p = (constant) - | P} (cos 6)].

Now we turn to matrices. The matrix form of Gram-Schmidt is called QR factorization.
Given an invertible n x n matrix A, we will produce a unitary matrix Q*@Q = I and an upper-
triangular matrix R such that A = QR. If A has real entries then ) and R will have real
entries. In this case QTQ = I is real orthogonal.

Let ay,...,a, be a basis for C®. Then the Gram-Schmidt basis by, ..., b, satisfies

a] = b17
(a2, b1)
=b b
a9 2 + <b17 b1> 1
<anabn71> <an7b1>
an:bn+7bnf + -+ b,
(bp_1,bp_1) " (b1,b1)
which can be expressed as a matrix equation:
A=BU
| ofmb) L (b
(b1,b1) (b1,b1)
. .
(ar|-fan)=(bi|-[ba) :
<an7bn71>
1 <bn717bn71>
1

By construction, the columns of B are orthogonal. We can make them orthonormal by
scaling the kth columns by by 1/||bg||. If S is the diagonal matrix with entries 1/|bg/||, then
the matrix @ = BS has orthonormal columns q; = bg/|/bk||, hence Q*Q = I. To convert
A = BU into A = QR we define R = S~'U so that

A=BU
= B(SS™HU
= (BS)(S7'U)
= QR.

30This example is just for fun. See Griffiths, Introduction to Quantum Mechanics, Equation 4.32.
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It turns out that the matrix R = S~'U has a nice form. To see this, we first observe that
(a, by) = (b, + stuff orthogonal to by, by) = (bg, by) = [|by]|?,

which implies that

(o i) = <ak, > = o by = g2 = bl
Moell) ~ Toul el

Furthermore, for any 1 <1 < k we have

] <ak7 >7 <ak7 >: 1 {a —{(a b — (a )

Putting these together gives

R=5"1'U
1 fagby) o (anby)
{b1,b1) (b1,b1)
Iy |
bn 1 fanba-1)
<bn*1»bn71>
1
<alaq1> <an,q1)
<an7qn>

In summary, for any n x n invertible matrix A with columns a;, we can find an n X n unitary
matrix Q*Q = I with columns q;, such that

(ar,q1) -+ (an,qu)
(ar|Jan)=(ar| |an) :
(an, an)

A=QR.

And if A is real then we can choose () and R with real entries.

Due to rounding errors, the matrix ) computed from Gram-Schmidt is only approximately
orthogonal. It is worth mentioning another method, due to Householder, that gives an exactly
orthogonal matrix. This method also has an interesting theoretical consequence:

Any real orthogonal matrix AT A = I is a composition of reflections.

This method uses the Householder reflection matrices:

VVT

Hy=1-2—5 for v € R".
vl
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Recall that
T)fl T vvl vvl

P, =v(vv v =

Vv " VP

is the matrix that projects orthogonally onto the line spanned by v, hence I — P, is the matrix
that projects onto the orthogonal hyperplane v = {x € R" : x’v = 0}. From the remarks
in the previous chapter, this implies that 2P, — I is the matrix that reflects across the line v
and 2(I — Pv) —I = I — 2P, = H, is the matrix that reflects across the hyperplane v*. Since
P2 = P, and P! = Py, we find that

H;'=H, and H! = H,.
In particular, Hy is an orthogonal matrix.

The key trick of the Householder algorithm is that Hya = r for any a, r satisfying ||al| = ||r||
and a —r = v. Picture:

Here is the algorithm.

Householder QR. We are given an invertible matrix A with first column a € R™.

e Let r:= (||al,0,...,0), v:=a—r and H; := Hy, so that Hja =r. Then we have

fall | o

A/

for some matrix A’ of size (n — 1) x (n —1).
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e Let a’ € R"! be the first column of A’, let v’ = (||a/|,0,...,0) € R*! and let v/ =
a’ —r', so that H,sa’ = r’. Then the matrix

1 ‘ 0 0
H2 = 0 y
Hyr
0
satisfies
1710 -+ 0 ||a||‘ ke ok
HymA=| 0
: Hy : A
0 0
lall | = *
_ 0
HQA,
0
llal| | = * *
o |1l = -+ =
- 0 0 )
. . A"
0 0
for some matrix A” of size (n — 2) x (n — 2). We observe that the matrix Hy is itself a
Householder reflection matrix. To see this, let w = ( 0 ‘ (V)T )T, so that [|w| = ||v/|.
Then we have
T
Hy =1—29%_
[[wll
2 0
— 0 (VI)T
i ( , ) (o)
Lo 0 00 -0
| o 0
- . o v/(v)T
S 2V
0 0
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Inil _ 2V’(V’)T

(vl

= Ho.

e Continuing in this way for n — 1 steps gives an upper triangular matrix:

lal = *
&’ :
H, 1 - -HyH A= - | =R,
[EXE
b

where each H; is a Householder matrix Hy, for some vector v; € R. Note that the
diagonal entries of R are nonzero since we have assumed that A is invertible. The real
number b can be positive or negative.

e Finally, since each Householder reflection is equal to its own inverse, we obtain

Hy 1 H,HIA=R
A=HH, - H, 1R
A=QR.

As a consequence, we will prove that every real orthogonal matrix is a composition of reflec-
tions. Suppose that AT A = I and consider the Householder factorization

H,_ - HoHiA = R.

Now each matrix on the left is orthogonal. Since a product of orthogonal matrices is orthog-
onal, we conclude that R is also orthogonal. In particular, the rows of R are orthonormal.
Since R is also upper-triangular, this implies that R is diagonal:

la =1
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Finally, since each row of R has length 1, we conclude that

+1
If the last entry is +1 then R = I and we obtain
A=HHy---H, 11 =HHy---H,_1,

which shows that A is a product of n — 1 reflection matrices. If the last entry of R is —1,
then H, := R equals the Householder matrix He,, where e, = (0,...,0,1). In this case we
see that A is a product of n reflection matrices:

A=HHy--Hy, 1R=HHy - H, 1H,.

Remark: There is some restriction on n. Since each reflection matrix has determinant —1, a
product of n reflection matrices has determinant (—1)". Hence an orthogonal matrix A satis-
fying det(A) = +1 can only be expressed as an even product of reflections and an orthogonal
matrix satisfying det(A) = —1 can only be expressed as an odd product of reflections.

2.2 Schur Triangularization

Given a square matrix A, we always want to find a simpler matrix B that is similar to
A. That is, we want to find a simpler matrix B and an invertible matrix X such that
A = XBX~!. Then for any polynomial function f(x) (more generally, for power series or
Laurent polynomials) we can compute

f(A)=X-f(B)- X"

The nicest possible situation is when B is diagonal and X is orthogonal or unitary: X1 =
XT or X~! = X*. This is the subject of the Spectral Theorem in the next section. But
diagonalization is not always possible. There are three different theorems for dealing with
non-diagonalizable matrices:

e Schur triangularization.
e Jordan normal form.
e Singular value decomposition.

We will deal with all three of these in this chapter. We begin with Schur triangularization.
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We say that a matrix is upper-triangular if all entries below the main diagonal are zeroFE]

tll * *
t
T — 22
*
tnn

These matrices have some nice properties:

e The eigenvalues of T are the diagonal entries. Indeed, the characteristic polynomial is
xr(z) = (x —t11)(x — tag) - - (& — tpn).

e Products and sums of upper-triangular matrices behave as products and sums for the
diagonal entries. Thus for any polynomial f(z) we have

flta) = e *
7(r) = Jltz2) |
f(tnn)

Unfortunately, the entries above the diagonal are messy.

e If T is invertible then 7! is also upper-triangular, and the previous formula also applies
for Laurent polynomials f(x).

e If the largest eigenvalue satisfies |\| < 1 then one can show that TF — O as k — oo,
though the proof is a bit trickyF_?]

Here is our main theorem.

Theorem (Schur Triangularization). For any square matrix A over R or C, there exists
an upper-triangular matrix 7' and a unitary matrix U~! = U* such that

A=UTU !
A=UTU*
tir ok ee % uj
(ar] - fan)=(wlofu )| ™
t:n u,

Even if A is real, the matrices U and T will generally have complex entries. However, if A is
a real matrix with real eigenvalues then we can choose U and T to be real.

31Gimilarly, a lower-triangular matrix has zeros above the main diagonal.
32This is easy for diagonalizable matrices.
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Proof. We use induction on the size of A. First we note that the theorem is trivially true for
1 x 1 matrices, i.e., for scalars: : (a) = (1)(a)(1). Now let A have shape n x n for some n > 2.
We have seen that every real matrix has a (possibly complex) eigenvalue. Let t1; € C be an
eigenvalue of A and let u; be a corresponding eigenvector of length 1@ Now let U; be any
unitary matrix with first column uy:

Ulz(ul‘-" ‘un)
To find such a matrix, we first complete u; to a basis, uy, Xo, . . ., X, then apply Gram-Schmidt
to convert this into an orthonormal basis uy, us, ..., unF_ZI Since these vectors satisfy uju; =1

and uju; = 0 for ¢ > 2, we observe that

*

uy
U AU, = : (Aul‘AUQ‘---‘Aun)
u;,
uj
= (tllul‘Aug‘---‘Aun)
uy,
t11uTu1
t11u§u1
= * *
tnu.flul
t11 X ..k
N
: Az ’
0

for some matrix Ay of shape (n — 1) x (n — 1). By induction there exists an (n — 1) x (n — 1)
unitary matrix Us such that 75 := U5 A3Us is upper-triangular. Now define the matrix

1‘0-'-0

Us

33 Just take any eigenvector and scale it. If ¢1; is real and if A has real entries then we can choose u; to have
real entries, in which case we can choose U; to have real entries.
31 Any set of independent vectors can be completed to a basis using Steinitz exchange.
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We observe that this matrix is unitary:

U*U =

o

Uil ’
2

U; Uz

1.
And we observe that the matrix T

T=U"AU
110 -~ 0

0

:= U*AU is upper triangular, as desired:

Ut AU,
Us

t1p | o x - % 1 0o --- 0

Uz

Uz AyUs

Ay Us
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Before moving on, I will mention one application. If A = XT X! for some (upper or lower)
triangular matrix 7', then the eigenvalues of A are the diagonal entries of T. One could
imagine using this to compute the eigenvalues of A. Unfortunately, the proof of Schur
triangularization assumes that we already know the eigenvalues of A.

Nevertheless, this is still the good idea, and it is behind the most powerful algorithm for
computing eigenvalues. This algorithm uses the QR factorization (which does not assume
knowledge of the eigenvalues) in a surprising way to recursively approximate the Schur de-
composition, and hence the eigenvalues. It was discovered in the late 1950s by Francis and
Kublanovskaya. I will present only the most basic version. The real world version uses extra
tricks and optimizations.

The QR Algorithm for Computing Eigenvalues. Given a square matrix A, we recur-
sively define unitary matrices ()1, @2, ... and upper-triangular matrices R1, Ro, ... as follows:

e Compute a QR factorization: A = Q1R;.

e Next, compute a QR factorization of the matrix RlQlﬁ
R1Q1 = Q2Rs.
e Continue to compute Qk11 and Ryiq from the matrix RyQy:
RpQr = Q41 Rp+1.

Let’s write A1 := A = Q1 Ry and Ay := QrRy. Since the @Q in the QR factorization is unitary,
we have R, = QQ; Aj, and hence

Api1 = RipQr = QLALQk.

This implies that the sequence of matrices A = Ay, As, ... all have the same eigenvalues. The
theorem says the following.

Theorem. Suppose that A has eigenvalues with distinct absolute values@

ALl > A2 > -+ > | Al

35This is a strange idea, but it leads to great results.
36There are modified versions of the algorithm that work for all square matrices.
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Then the matrix Ay = RipQy in the QR algorithm converges to an upper triangular matrix,
whose diagonal entries are the eigenvalues of A.

It is difficult to find a proof of this written downﬂ The only full proof I can find is in
Wilkinson, The Algebraic Eigenvalue Problem (1965), page 516. Here is a sketch.

Sketch of a Proof. Define Qk = Q1Q2 - Qr and f%k = Ri{Ry--- Rj. Since the sets of
unitary matrices and upper triangular matrices are closed under multiplicationﬂ we see that
Qp, is unitary and Ry, is upper triangular. I claim that A1 = QZAQk and AF = QRy.
Indeed, we have

A1 = QpARQk
= Q1Qr_1Ar—1Qr-1Qk

= Q- Q3Q1AQ1Q2 - - Qy,
= (@1 Qr)"AQ1- - Qr)
= Q1 AQy

and

AY = (QiR1) -+ (Q1Ry)
= Q1(R1Q1) - (R1Q1) Ry
= Q1(Q2R2) --- (Q2R2) Ry
= Q1Q2(R2Q2) -+ (R2Q2) R2 Ry
= Q1Q2(Q3R3) - (QsR3)R2 Ry

= (@Q1Q2 - Qk)(Ri -+ RoRy)
= QiR
From our assumption that A has distinct eigenvalues, we can diagonalize A as

A1
A=XAX"'t=X X1
An
By multiplying X! on the left by elementary matrices we can write X ' = LI' where I is

upper triangular and L is lower triangular with 1s on the diagonal. The key to the whole
proof is to observe that A¥LA™F is lower triangular and converges to the identity matrix as

37Pure math books tend not to discuss it and applied math books tend not to prove it.
38Jargon: These sets are groups.
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k — oo. Indeed, if ¢;; is the ij entry of L (so that £;; = 1 and ¢;; = 0 when ¢ < j) then the ij
entry of AFLA~F is
0 i <,
(A*LA™M)y = Q1 i= ],
Since we have assumed that [A\;| > --- > |\,|, it follows that the entries below the diagonal
go to zero as k — oo.

By combining these ingredients, Wilkinson shows that the sequences Q. and Ry, converge, and
that the the sequence Q) converges to a diagonal matrix, hence Ar = Q. R) converges to an
upper triangular matrix. Let’s say Qr — U and A, — T, for unitary U and upper triangular
T. Then in the limit we obtain the Schur triangularization:

A= QrAp1Q; — UTU".
O

Remark: The proof uses the fact QR factorization is unique up to multiplication with a
unitary diagonal matrix D: QR = (QD)(D"'R). This follows from the the fact that any
unitary upper triangular matrix must be diagonal.

2.3 The Spectral Theorem

Write a section on normal matrices in the previous chapter

The spectral theorem deals with the best kinds of matrices.

We’ve looked at polynomials and power series. What about transpose and conjugate
transpose?

Normal matrices. (Maybe do this in a separate section?)

2.4 The Singular Value Decomposition

A form of “generalized diagonalization” that applies to rectangular matrices and non-diagonalizable
square matrices.

For any m x n matrix A and n x m matrix B, the square matrices AB (m x m) and BA
(n x n) have the same nonzero eigenvalues. If m < n then the matrix BA has n — m extra
zero eigenvalues compared to AB.

For any m x n matrix A, the eigenvalues of AT A are real and non-negative: \; > --- >
An > 0. The singular values of A are the non-negative real square roots of the eigenvalues:
o; = V. Equivalently, 02,..., 02 are the eigenvalues of AT A.

Properties: The largest singular value oy is the operator norm ||Al|. The product of the

singular values is /det(AT A).

Let ¥ be the n x n diagonal matrix of singular values, so A = X2 = 27 = Y%7 is the
diagonal matrix of eigenvalues. From the spectral theorem there exists a unitary (orthogonal)
matrix V such that ATA = VAVT = VEXTVT = (VE)(VE)T. The columns v; of V are the
eigenvectors of AT A.
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Suppose that AT A has rank r, which is also the rank of A and AA7T, so that there are r
nonzero singular values oy > --- > ¢,. From our first remark, AT A and AA” have the same
non-zero eigenvalues. Define u; = (Av;)/o; for 1 <i < r. Then u; are the eigenvectors of AAT
corresponding to the eigenvalues 03 > --- > ¢2. Complete the u; to a basis of R™ arbitrarily
and let U the m x m unitary (orthogonal) matrix with columns u;. Then we have A = UXV*.
(I guess we have to pad ¥ with some zeros.) This is the singular value decomposition (SVD).

Geometry: A sends the unit ball in R™ to an ellipsoid in R™. The singular values of A are
the radii of the ellipsoid.

Eckart-Young Theorem. Write A = )7, a,-uinT. Then A, = Zle aiuiVZT is the best
rank k approximation to A. That is, for any rank k& matrix B we have ||[A — A|| < ||A — B||.
Application: Principal Component Analysis. (Total Least Squares.)

Maybe put all of this in a separate chapter.

2.5 Jordan Canonical Form

The companion matrix.

3 Applications of Spectral Theory

3.1 The Principal Axes Theorem

The earliest example of the Spectral Theorem goes all the way back to the birth of analytic
geometry. It was known to Descartes and Fermat in the early 1600s and was applied by Euler
in the 1700s to the mechanics of rotating bodies[”]

You may have seen this theorem in school: Any polynomial equation of the form
f(z,y) =a+br+cy+da®+exy+ fy> =0

can be brought into standard form by a translation and a rotation. The standard forms are

parabola : y = az?

ellipse : 2% /a® + % /b* = 1,
hyperbola : +(z%/a* — y*/b?) = 1.

or x = ay?,

The Principal Axes Theorem generalizes this to higher dimensions.

Theorem (Principal Axes Theorem). Consider a general polynomial f(xi,...,x,) of
degree 2 in n variables. This can be expressed as

f(x) =b+bTx +x"Bx,

39 Highlights in the History of Spectral Theory, Steen.
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for some scalar b, vector b and symmetric matrix B. If B~! exists, then we can find a change
of variables u = Qx + t, where Q7@Q = I is an orthogonal matri)fl_ﬁ] and t is a (translation)
vector, such that

flug, ... up) = a—i—)\lu% + Aou? -i-'-‘—l—)\nu%.

What if B~! doesn’t exist?
Proof. Let u = @x + t for some invertible matrix ) and vector t. Then we have

fa) = f(@x+t)

=b+bT(Qx+1t)+ (Qx+t)' B(Qx +t)

=b+b'Qx+bTt + (xTQT +t)B(Qx +1t)

=b+bTQx +bTt +x7QTBQx + x QT Bt + t' BQx + t' Bt

=b+bTQx+ bt +x'QTBQx + 2t" BQx + tT Bt (%)

= (b +blt +tTBt) + (bTQ + 2t BQ)x + xT QT BQx.
Step (*) uses the facts that BT = B and that tT BQx is a scalar, hence

t'BQx = (1T BQx)T = xTQT BTt = xT QT Bx.
If B~! exists, then we can eliminate the linear terms by taking
bT'Q + 2tBQ = 07
2tBQ = b’ Q
1
tBQ = —ibTQ
t = _%bTQQ—lB—l
Lorn
=—-b'B™".
t 2b
Finally, since B is symmetric, the Spectral Theorem says that we can choose orthogonal
QT Q = I so that QT BQ is diagonal:
Choose t so that b” +2t” B = 0. Assume B invertible.

3.2 Positive Definite Matrices

If (x, Bx) > 0 (enough to assume € R) for all x € C" then B* = B.

Proof: We need to show that (Bx,y) = (x, By) for all x,y. First note that (Bx,x) =
(x, Bx)* = (x, Bx), so (x,(B — B*)x) for all x. We need to show that (x,7x) = 0 for all x
implies T' = O. Indeed, we have

0=(x+y,T(x+y))=&Ty)+(y,Tx)+0+0

40Tf the coefficients of f are complex then Q*Q = I is unitary, but we are usually interested in the real case.
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and
0= (x+iy, T(x+iy)) =i(x,Ty) — iy, Tx) + 0+ 0.

Divide the second equation by i and add them to obtain 2(x,Ty) = 0 and hence (x,Ty) =0
for all x,y.

In principle, our proof of the Spectral Theorem gives an algorithm to factor a semi-definite
matrix B = AT A, but is probably not the most efficient method since it assumes that we
already know the eigenvalues. The Cholesky factorization is a method to factor B = AT A
that avoids having to compute eigenvalues.

3.3 Differential Equations

The matrix exponential encodes the solution to linear systems of differential equations. To
begin, recall the power series definition of the exponential function:

1 1
exp(x) ::1+x+§$2+---+gxk—|—---.
It is a basic theorem of analysis that this series converges uniformly for any complex number
x € C. It was invented by Euler because of the following special properties. For any complex
numbers z,y € C we have
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This property suggests that exp(z) = e® for some number e, which Euler calculated to be
A 2.71828. Furthermore, the power series exp(z) is equal to its own derivative:

d d 1 1 1
exp(x):<1+x+x2+x3+x4+--'>

dzx dzx 2! 3! 4!
=0+1 ! 2 ! 322 1 423
_ I 5,13
—0+1+x+§3: +§x + -

= exp(zx).
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Conversely, let f : C — C be any function satisfying %f(x) = f(x). Suppose that f(z) has a
convergent power series expansion near z = 0:

f(.’E) :a0+a1x+a2x2+... X
The equation %f(x) = f(x) tells us that
a0+a1$—|—a2x2—|—---:a1+2a1x+3a2x2+--- .

Then comparing coefficients tells us that ay = (k+ 1)ag—; for all £ > 0, which has the unique
solution ay = ag/k!. Hence we must have f(x) = agexp(x).

Now consider a vector of functions x(t) = (x1(t),za(t),...,zn(t)). We can think of this as
a parametrized path in n-dimensional space: x : R — R".@ A linear system of ordinary
differential equations has the form

ri(t) = anxi(t) + -+ awa(t)
: ~ X/(t) = AX(t),
r(t) = anmri(t) + 0 A+ apnwa(t)

for some n x n matrix A of constants. We can think of x'(¢) as the velocity vector of the path

x(t), and we can think of A as specifying a vector field on R", with value Ax at the point x.

A solution to the equation x'(t) = Ax(t) is any path x(¢) in R™ that flows along the vector

field defined by A. For any initial point x(0) € R"
The companion matrix:
https://math.stackexchange.com/questions/348498/jordan-basis-of-a-when-a-is-the-companior

3.4 Markov Chains

Perron-Frobenius, Page Rank

3.5 Singular Value Decomposition
3.6 Total Least Squares
Given a matrix of n data points in any dimensional space:

X= (] x)

For any vector a let P, = aa’/|al|> be projection onto the line a and Qs = I — Pa be
projection onto the hyperplane a*. For any i we have

Xi = PaX; + QaX;
il = || Paxil|* + [|Qaxi|?

41T guess we’ll work with real numbers to make visualization easier.
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https://math.stackexchange.com/questions/348498/jordan-basis-of-a-when-a-is-the-companion-matrix

Sl = S 1Pl + 3 Qa1
7

Goal: Choose a to minimize Y ||Qax;||%. Since Y, ||x;||? is fixed by the data, this is the same
as maximizing Y || Pax;||%. But

1 -
P = el = el = e a
hence
1 XT34|?
3 | Paxi]? = H? Al XX = o () () = X~ a]" ||a||2H

This is maximized by letting a be an eigenvector for the largest (real) eigenvalue of X X 7.
Proof. By S.T., XX7 can be unitarily diagonalized: X X7 u; = aizul-. Let

a=cu+- -+ cplp,

so that - 5
1 ojci +---+o0,cC
QaTXXTa: 1 ; ;7, n
all i e
Maximum when ¢y =1 and ¢o = - -+ = ¢, = 0. Maximum under constraint ¢; = 0 gives co = 1
and c3 =--- =¢, =0, etc.
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