SELECTED TOPICS IN LINEAR ALGEBRA

In this note, we discuss certain aspects of bounded linear operators between
finite-dimensional normed spaces X and Y. We begin by establishing the funda-
mental fact that B(X,Y) &2 M;,x»(C) if X and Y are complex vector spaces of
dimensions n and m, respectively. We then go on to discuss spectral theory for lin-
ear operators between finite-dimensional vector spaces, and finally consider certain
useful matrix decompositions.

1. BOUNDED LINEAR TRANSFORMATIONS BETWEEN FINITE-DIMENSIONAL SPACES

We have seen that any finite-dimensional vector space X of dimension n has
a set of n linearly independent spanning vectors {z1,...,2,}. We call this set a
(Hamel) basis for X, and any other basis must necessarily have the same number
of spanning vectors. As a consequence, we have the following.

Theorem 1. Let X be a complex vector space with basis {ej,...e,}. Then
X is isomorphic to C™,

X =C".
Similarly, if X is a real vector space of dimension n, then X = R™.

Proof. Let X be a complex vector space. By the definition of a basis, any z € X
has a unique representation

n
x:E aje;, a; €C.

j=1
Let T': X — C™ be the mapping defined by
Tz = (a1,az,...,a,).
T is linear: if x =) aje; and y =) bse;, then
T(azx+pBy) = (aa1+pB0by, ..., aa,+8by) = ala, ..., an)+L(b1,...,by) = aTx+STy.
T is surjective:
n

for any (a1,...,a,) € C" there exists x = Zajej such that Tz = (a1, ..., an,).

j=1
T is injective:

Te=Ty < aj=bjforeachj=12,....n =z=y.

Thus, T is a vector space isomorphism. The same proof works when X is a real
vector space. [

Now let T : X — Y be a linear operator between finite-dimensional vector spaces
X and Y. We make the useful observation that T is determined by its action on
any basis of X.
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Lemma 2. Let X be a finite-dimensional vector space with basis {e1,...,e,}.
For any values yi,...,y, € Y there exists precisely one linear transformation
T : X — Y such that

Tej=y;, j=1,...,n.

Proof. Any x € X has a unique representation z = Z;;l x;e;. Define T as

n
7j=1

Then Te; = y;, and T is clearly linear (since it acts as matrix multiplication with a
(1 x n) matrix). Finally, T is also unique: If § : X — Y is a linear map satisfying
Se; = yj;, then

Sz =25 ijej = ijSej = Za:jyj =Tz forallze X,
j=1 j=1 j=1

soS=T. O

Example 3. Let T : C™* — C™ be the linear map given by matrix multiplication
Tr = Az, A€ Mpxn(C).

Then the columns A; of the matrix A are determined by the action on the standard
basis {e; }}_;:

Aej:Aj, j:17,n
Note that A; plays the role of y; in the above lemma.

Remark 1. If X and Y are both finite-dimensional normed spaces, then any
linear transformation 7' : X — Y is automatically bounded. We therefore use
B(X,Y) to denote the linear transformations from X to Y when X and Y are
finite-dimensional, even though we originally introduced the notation for bounded
linear transformations.

We are now equipped to clarify the link between matrices and linear transforma-
tions. We have already seen that an (mxn) matrix A defines a linear transformation
from C™ to C™ by matrix multiplication. On the other hand, any linear transfor-
mation between finite-dimensional vector spaces can be represented in matrix form
once we have chosen bases for X and Y.

Theorem 4. Let X and Y be complex vector spaces of dimension n and m,
respectively. Then B(X,Y) & M, «,(C). Similarly, if X and Y are real vector
spaces, then B(X,Y) 2 M, «»(R).

Proof. Since X =2 C™ and Y = C™, it suffices to prove the statement for these
choices of X and Y. Let {e;}}_; be the standard basis for C". Then

Z1 air a2 - Qin | | Z1

T2 az1 Qg2 - A2p T2

T : | —

T am1 Am2 - Qmn Tn
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is a linear transformation C™* — C™ satisfying

alj

agj
Tej =

amj

According to Lemma 2, there is precisely one such T' € B(C",C™). As we can
choose the columns A; of A to be any elements A; € C™, we get all possible
T € B(C™,C™). O

Example 5. The differential operator % is a linear operator on P,(R). Since
Po(R) =2 R3 via the vector space isomorphism

2
Z a;x? — (ag,ar,az),
7=0

we see that

d 01 0 an ai
df 0 0 2 ay| = 2(12
T lo 0 0| |a 0

expresses the derivation

d
%(ao + a1x + agx?) = ay + 2apx + 027,

Notice that in the proof of Theorem 4, the matrix representation of T depends on
the choice of basis of the space X; in particular, we use the standard basis {e; i1
for X = C". However, we may equally well choose a different basis { f; 7y Let
us see how this affects the matrix representation of T.

We focus on the case when X =Y = C™. For any = € X, we have that

n n
v=) e =) Bif
j=1 j=1

for unique scalars aq,...,a, and 51,...,08,. Let us now denote by z. the vector
Yoo aje; = (a,... ,ap) T, by x; the vector Yoo Biej = (Bas - ,Bn) T, and by
F the (n x n) matrix whose columns are the basis vectors f1,..., f,. We then have
fj = Fej, and

ve=x= Bifi=) BiFe;=F (Zﬁjea‘) = F(zy).

The matrix F' is invertible, so we have
Te=Fxy andxy= Flz,.

Now let T : C* — C™, and suppose A, is the matrix representation of 7" in the
standard basis {e;}. What is then its matrix representation Ay in the basis {f;}?
Defining y. and y; as above, we have that

Yo = Aee & Y5 = Fly=F'4.2, = F_lAeFxf.
Thus,

Ay =F 1A F

is the matrix representation of T' in the basis {f;}.
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Recall that the kernel of a linear operator 7' : X — Y,
ker(T) ={zx € X : Tx =0},
is a vector subspace of X, whereas the range of T,
ran(T) ={y €Y : Tx =y for some z € X},

is a vector subspace of Y. When X and Y are finite-dimensional, and T is repre-
sented by a matrix A € M, «,(C), then these subspaces are equivalently given by
the so-called null space and column space of the matrix A:

e Null space of A: The kernel of T represented by A is clearly equal to the
null space of A. We have

x€ker(T) & Az=0 & Zaij:cj =0 Vi=1,...m
j=1
S (21, x0) L (@1, ,0) Vi=1,...m.
Note that the final line above tells us that the kernel of T' (or null space of
A) is the space of vectors € C™ orthogonal to the conjugated row vectors

of A. We call the dimension of this subspace the nullity of 7'
e Column space of A: The column space of A is the range of T'. Since

Tx =Ax = A1z + -+ Ay,
where 4; = (a1, ... ,amj)—r is the jth column vector of A, we have that
ran(T) = {Az : © € C"} =span{A;,..., A, }.

This is precisely the column space of A. We call the dimension of this
subspace the rank of T'.

e Row space of A: The row space of A is the space spanned by the row
vectors of A. Note that

row space of A = column space of AT,

where A" is the transpose of A. The following result follows almost imme-
diately.

Proposition 6. Let A € M, (C). Then

ker(A) L ran(A ).

In words, the kernel of A is orthogonal to the range of a’.

Proof. We have just seen that the kernel, or null space, of A is orthogonal to the
— L. —-T
row space of A. This is in turn equal to the column space, or range, of A . O

Finally let us state the rank-nullity theorem and see some important consequences.

Theorem 7. Let T € B(C",C™). Then
dimker(7T') + dimran(T") = n.
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Proof. Pick a basis {eq,...,ex} for ker T. If k = n and ker(T) = C", we are done,
since then ran(7") = {0}, and

dimker(7T') + dimran(T) = n + 0 = n.

Now assume k& < n, and extend {ej,...,er} to a basis {e1,...,ex, f1,..., fi}
for C™. This can be done in the following way: pick f1 ¢ span{e;,...,ex}. Then
{e1,... ek, f1} is linearly independent. If this set of vectors spans all of C", we

stop. If not, we pick fo ¢ span{ey,...,eg, f1i}. This process will necessarily stop
when k + 1 = n (because any linearly independent set of vectors spanning C™ has
precisely n elements).

To finish the proof, we prove that T'f = {T'f1,...,Tf;} is a basis for ran(T"). We
observe first that T'f is linearly independent:

l l l
Zaijj =T Zajfj =0 <& Zajfj € kerT

j=1 j=1 j=1
& a;=0forj=1,2,...,L
The last implication follows from the fact that by construction, no nonzero linear

combination of vectors f; lies in ker(T"). Now let us see that T'f spans ran(T). By
the linearity of T" we have

k !
ran(T) ={Tz : € C"} = T(Zajej + ijfj) taj,b; €C
j=1 j=1

T(Ek:ajej) +T(§l:bjfj) L a;,b €C
=1 j=1

l
= Zb]TfJ : bj eC

j=1
Hence {T'f1,...,Tf;} is a basis for ran(T), and
dimker(T) + dimran(T) = k+1 =n.
O

An immediate consequence of the rank-nullity theorem is that a linear map T :
C™ — C” is injective if and only if it is surjective.

Corollary 8. Let T' € B(C™,C™). Then the following are equivalent.
i) T is injective (ker(T") = {0}).
ii) T is surjective (ran(T) = C™).
iii) T is invertible.
iv) The matrix representation A of T' (in any given basis) is invertible.
)

v) For any b € C", the system Az = b has a unique solution.
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2. EIGENVALUES AND EIGENVECTORS

In the next section, we will discuss similarity transformations between matri-
ces and establish Schur’s triangulation lemma. This requires that we recall some
properties of eigenvalues and eigenvectors.

Definition 2. Let T : X — X be a linear transformation (for example,
T : C* — C" given by a matrix A). Then the scalar A € C is called an
eigenvalue of T if there exists a nonzero vector v € X such that

Tv = Av.

The vector v is called an eigenvector corresponding to the eigenvalue .

Definition 3. Let T : X — X be a linear transformation. The set o(T') of
scalars satisfying

o(T)={z€ C : T —zI is not invertible}

is called the spectrum of T.

Proposition 9. For a linear transformation represented by A € M,,«,,(C),
o(A)={A e C : det(A—\I) =0}

consists of the roots (A1,...,A,) of the characteristic polynomial pa(N\) =
det(A — AI); these are precisely the eigenvalues of A.

Proof. Exercise. O

We recall the following notions related to eigenvalues of a matrix A € M, x,(C):

e The multiplicity of a root A of p4(X) is the algebraic multiplicity of the
eigenvalue .

e The eigenvectors corresponding to an eigenvalue \ span a subspace of C™,
ker(A — \I),

called the eigenspace of A\. The dimension of this space is the geometric
multiplicity of \.

Definition 4. Suppose that the matrix A € M,,»,,(C) has n linearly indepen-
dent eigenvectors. If these eigenvectors are the columns of a matrix .S, then
S~1AS is a diagonal matrix A with the eigenvalues of A on its diagonal:

A

STIAS = A =

This is called the diagonalization of A.
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Note that the definition above is a simple consequence of the fact that if A has eigen-
vectors Ay, ..., A, with associated, and linearly independent, eigenvectors vy, . .., vy,
then we may rewrite the set of equations

AUl = )\11)1
Av,, = A\,
in matrix form AS = SA, where S is the matrix with column vectors vi,...v,.

Since the vectors v; are linearly independent, the matrix S is invertible.

Remark 5. i) If the eigenvectors vy, ..., v; correspond to different eigenval-
ues A1, ..., \g, then they are automatically linearly independent. Therefore
any (n X n) matrix with n distinct eigenvalues can be diagonalized.

ii) The diagonalization is not unique, as any eigenvector v; can be multiplied
by a constant and remains an eigenvector. Repeated eigenvalues leave even
more freedom. For the trivial example A = I, any invertible S will do,
since S~1IS = I is diagonal.

iii) Not all matrices possess n linearly independent eigenvectors, so not all
matrices are diagonalizable. The standard example of a “defective” matrix

is
A= {8 (1)} .
Ezercise: Show that this matriz cannot be diagonalized.
Recall that a map T' € B(C") is called
i) normal if TT* = T*T,
ii) unitary if 7% = 7!, and
iii) self-adjoint or Hermitian if T' = T*.
Let A € M, x,(C) be the matrix representation of 7. We have seen that 7™ has
matrix representation A . Accordingly, we let A* = ZT, and call the matrix A
i) normal if AA* = A*A,
ii) unitary if A* = A%, and
iii) Hermitian if A = A*.

We make certain observations on the eigenvalues and eigenvectors of Hermitian and
unitary matrices.

Proposition 10. Let A € M,,%,(C) be a Hermitian matrix. Then all eigen-
values of A are real, and any two eigenvectors corresponding to different eigen-
values are orthogonal.

Proof. Let X\ be an eigenvalue of A, and v the corresponding eigenvector. Then

(Av,v) = (v, A*v) = (v, Av),
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and since the inner product is conjugate symmetric ((z,y) = (y, z)), it follows that
(Av,v) is real-valued. On the other hand, we have

(Av,v) = (hv,v) = AJv]?,

and since both (Av,v) and |[v||? are real, the eigenvalue A must be real-valued.
Now let A; and Mg be two distinct eigenvalues of A, with corresponding eigen-
vectors x and y:
Ar =Mz and Ay = \y.
Then

A (x,y) = <Ax,y> = <£L'7A*y> = <!I?,Ay> = A2 <x,y>,

and it follows that we must have (z,y) = 0, meaning x L y. O

Proposition 11. Let A € M,,+,,(C) be a unitary matrix. Then every eigen-
value of A has absolute value |A] = 1. Moreover, eigenvectors corresponding
to different eigenvalues are orthogonal.

Proof. Let X\ be an eigenvalue of A and v the corresponding eigenvector. Then
(Av, Av) = (v, A7" Av) = (v,v) = |jv||.

On the other hand

(Av, Av) = (w, ) = [M|v))?,
and it follows that [\ = 1.

Now let A\; and Ay be two distinct eigenvalues of A, with corresponding eigen-

vectors x and y:

Axr =Mz and Ay = Aagy.
Then

(z,y) = (Az, Ay) = Mda (2, ),
which implies that either \; Ay = 1 or {x,y) = 0. Multiplying both sides of the first
equality by Ao, we get

MA2)? = A = o

This is a coriradiction, as the two eigenvalues A\; and A, are distinct. Thus the
condition A; Ay = 1 cannot hold, and we conclude that (x,y) = 0. O

3. SIMILARITY TRANSFORMATIONS AND SCHUR’S LEMMA

We saw in the previous section that if a matrix A € M, «,(C) has n linearly
independent eigenvectors, then it has a diagonalization A = S~!AS, where the ma-
trix S has the eigenvectors of A as its columns. Let us now look at all combinations
M~YAM formed with an invertible matrix M on the right and its inverse on the
left.

Definition 6. We say that the matrices A and B in M,,«,,(C) are similar if
there exists an invertible matrix M such that

B=M"TAM.

The matrix M provides a similarity transformation from A to B. If M can be
chosen unitary, then we say that A and B are unitarily equivalent.
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At first glance it might not be obvious why we would be interested in similarity
transforms, but the general idea is that a matrix B similar to A shares many
properties with A, yet B might have a much more useful form than A.
Example 12. Similarity transformations arise in systems of differential equations,
when a “change of variables” u = Mwv introduces the new unknown v:

du
dt

= Au  becomes M% = AMv, or % = MtAMv.

The new matrix in the equation is M ~'AM. In the special case that M is the
eigenvector matrix S, the system becomes completely uncoupled, because A =
S~1AS is diagonal. This is a maximal simplification, but other M’s can also be
useful. We try to make M ~'AM easier to work with than A.

Note also that the similar matrix B = M 1AM is closely connected to A if we
go back to linear transformations. Recall the key idea: Every linear transformation
is represented by a matrix. However, this matrix depends on the choice of basis.
If we recall our observations on page 91, we see that if we change the basis from
e={e1,...,e,} to Me, then we change the matrix from A to B.

We will try to shed light on the following two questions:

(1) What do similar matrices M ~!AM have in common?

(2) By picking M in a clever way, can we ensure that M ~1AM has a special
form?

Our first observation is that similar matrices have the same eigenvalues.

Lemma 13. If B= M 1AM, then A and B have the same eigenvalues.

Proof. We consider the characteristic polynomial of B:

pp(2) = det(MYAM — 2I) = det(M ' AM — M~*M>2)
=det(M 1) det(AM — zM) = det(M 1) det(A — zI) det(M) = pa(2)

It follows that A and B must have the same eigenvalues. O

Let us now focus on question (2) above. We restrict our attention to the case
where M = U is unitary (meaning U* = U~!, which necessarily implies that U has
orthonormal columns). Unless the eigenvectors of A are orthogonal, it is impossible
for U=t AU to be diagonal. However, Schur’s lemma states the very useful fact that
U~LAU can always achieve a triangular form.

Theorem 14 (Schur’s triangulation lemma). For any A € M, +,,(C) there
exists a unitary matrix U such that

U AU =U*AU =T,

where T is an upper triangular matrix, and where the eigenvalues of A appear
(with multiplicity) along the diagonal of T.
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We recall that an upper triangular matrix is one with only zeros below its diagonal:

aix aiz -+ Qin
0 a

T — 22
0 ... 0 ann

Proof of Theorem 14. We proceed by induction on n > 1. For n = 1 there is
nothing to do. Suppose now that the result is true for matrices up to size n — 1
(n >2). Let A € M, x,(C) with eigenvalues A1, ..., A, (counting multiplicities).
Consider an eigenvector vy associated to A;, and assume that ||vi|| = 1. We use
it to form an orthonormal basis (v1,...,v,), and we let V' be the unitary matrix
with v; as its columns. The matrix A is equivalent to the matrix of the linear map
x — Az relative to the basis V| i.e.

(1) A=V V= VTV

A

The matrices A and T are similar, so they have the same eigenvalues. We see
that pa(z) = (A1 — 2)p4(2), s0 the eigenvalues of the matrix A must be Aa, ..., \,.
By the induction hypothesis there exists an (n — 1) x (n — 1) unitary matrix W
such that

Ao K eee %
A= |© i
*
0 0 M\,

W .= ,
then
Al * *
1 0o . :
W—TW = =:T.
: *
0 -+ 0 M\,

It follows that 7 = WTW !, and inserting this in equation (1), we get
A=VWITW V= = (VW) T(VW)~ L

Finally, we observe that W and V are both unitary, so VW is also unitary, and the
matrix T is of the desired form. O

As an immediate consequence of Schur’s lemma, we have the following.
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Corollary 15 (Spectral theorem for Hermitian matrices). Let A € M,,»,(C)
be Hermitian. Then A can be diagonalized, meaning there exists a diagonal
matrix A (with the eigenvalues of A on the diagonal) and a unitary matrix U
such that

A=UANU"'=UAU".

Proof. By Schur’s lemma there exists a unitary matrix U and a triangular matrix
T such that

A=UTU".
If A is Hermitian, then A = A*, and it follows that
A=A"={UTU*)* =UT*U".

This means T must also be Hermitian in addition to triangular, which forces T to
be diagonal. O

The corollary above is known as the spectral theorem for Hermitian matrices. How-
ever, we will see in the following section that this result can be extended to all
normal matrices.

4. THE SPECTRAL THEOREM

We have seen that a Hermitian matrix A € M,,x,(C) can be diagonalized. This
is a sufficient, but not a necessary, condition for diagonalization. The following
theorem, known as the Spectral Theorem, tells us precisely which matrices can be
diagonalized.

Theorem 16 (Spectral Theorem). Let A € M,,»,(C). Then A is diagonaliz-
able, meaning there exists a diagonal matrix A (with the eigenvalues of A on
the diagonal) and a unitary matrix U such that

A=UANU"t =UAU",
if and only if A is normal (meaning AA* = A*A).

Before proving Theorem 16, we establish the following preliminary result.

Lemma 17. An upper triangular matrix is normal if and only if it is diagonal.

Proof. (=) : Suppose T is an upper triangular matrix. Then the (n,n)-th entry
of TT* is |tn,|?, while the (n,n)-th entry of T*T is |t,.|? + Z?;ll [tin)?. If T is
normal, then these two entries have to be the same. Hence t;,, = 0fori=1,...,n—1.
Repeating this argument for the entries (n —1,n —1),...(2,2), (1,1) gives that T is
diagonal.

(<) : If T is diagonal, then T is certainly normal. a

Proof of Theorem 16. By Schur’s lemma, there exists a unitary matrix U and an
upper triangular matrix 7" such that

U*AU = U AU =T.
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We observe that the matrix T is normal if A is normal, since
TT* = (UAU)(U*AU)* = U*AUU*A*U = U*AA*U
=U"A"AU = U*A*UU*AU =TT,
and similarly A is normal if T is normal. Finally, by Lemma 17, T" is normal if and
only if it is diagonal. We know from Schur’s lemma that we must have

T=A,

where A is the matrix with the eigenvalues of A on its diagonal. Finally, we observe
that it follows from
AU =UA

that the columns of U must be the (orthonormal) eigenvectors of A. O

5. SINGULAR VALUE DECOMPOSITION AND APPLICATIONS

Let A € Myxn(C). If m # n, it no longer makes sense to ask if A can be diag-
onalized. However, one can raise the question of whether there exist two different
unitary matrices U and V such that

A=USV*,

and where ¥ is a diagonal (but rectangular) matrix. It turns out that the answer
to this question is yes, and that the specific factorization, known as the singular
value decomposition, is closely related to the diagonalization of the normal matrix
AA* (or similarly A*A). Before we state the singular value decomposition in detail
and prove its existence, let us briefly discuss positive definite matrices.

Definition 7. A self-adjoint matrix A € M,,«,(C) is said to be positive defi-
nite if

(Az,z) >0, for all nonzero z € C".
Similarly, if A satisfies the weaker condition

(Az,z) >0, for all nonzero z € C",

the A is said to be positive semi-definite.

A useful test for positive definiteness (or semi-definiteness) is to consider the eigen-
values of the matrix in question.

Proposition 18. A self-adjoint matrix A € M,,«,(C) is positive definite if
and only if all its eigenvalues are positive. Similarly, A is positive semi-definite
if and only if all its eigenvalues are non-negative.

Proof. («<): Suppose A is positive definite. Then
(Az,z) >0 for all nonzero x € C".

In particular, this holds for any eigenvector of A. Let 2 be an eigenvector associated
to the eigenvalue A\. We have

(Az,z) = (\z,2) = Mz]]2 > 0,
and it follows that A > 0.
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(=): By the Spectral Theorem, there exists a unitary matrix U such that
A=U"AU,
and where A is a diagonal matrix with the positive eigenvalues of A on its diagonal.
It follows that
(Az,z) = (U*AUz,z) = (AUz,Ux).
Now let y := Uz € C"™. We then have
(Az,2) = (Ay,y) = Mlyi [+ Xalyal®,

which is greater than zero for all nonzero y € C". Finally note that y = 0 if and
only if x = 0. ]

An important pair of self-adjoint, positive semi-definite matrices is AA* and A*A
for any given A € M, % (C). The following result follows almost immediately from
the proposition above.

Corollary 19. Let A € M,,,x,(C). Then the (n x n) matrix A*A and the
(m X m) matrix AA* are self-adjoint with non-negative eigenvalues, and the
positive eigenvalues of the two matrices coincide.

For the proof of Corollary 19 we need the following lemma, which we state without
proof.

Lemma 20. For any A € M,,x»(C) and B € M, 4 (C), the matrices AB
and BA have the same non-zero eigenvalues.

Proof of Corollary 19. 1t is clear that AA* and A*A are both self-adjoint. More-
over, we have that

|Az||? = (Az, Az) = (A* Az, z) >0,
so A*A is clearly positive semi-definite. Running the same argument with ||A*x||
shows that also AA* is positive semi-definite. By Proposition 18, the eigenvalues
of both matrices are non-negative, and by the preceeding lemma it finally follows
that the positive eigenvalues of the two matrices coincide. O

Let us now return to the so-called singular value decomposition of a matrix.

Definition 8. Let A € M,,x,(C) have rank r. Let 02 > --- > 02 be the
positive eigenvalues of A*A. The scalars o1,...,0, are called the positive
singular values of A.

Since the matrix A*A is of size n x n, it has n eigenvalues. Those that are not
positive are necessarily equal to zero, and accordingly the matrix A has n — r
singular values 0; =0, j =r+1,...,n. As we have just established that AA* and
A* A have the same nonzero eigenvalues, one may choose either one for determining
the positive singular values of A.

Theorem 21 (Singular Value Decomposition). Suppose A € M, «,(C) is of
rank r, and let o1 > --- > o, be the positive singular values of A. Let X be
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the (m x n) matrix defined by
S L ifi:j.g r
0  otherwise.

Then there exists an (m x m) unitary matrix U and an (n x n) unitary matrix
V such that
A=UXV".

Through the proof of Theorem 21 below, we will see that the columns of V' are the
(orthonormal) eigenvectors of A*A.

Proof. The matrix A* A is self-adjoint with positive eigenvalues 02 > --- > o2 and
(n — r) eigenvalues equal to zero. Thus, by the Spectral Theorem, there exists an
(n X m) unitary matrix V such that

(2) V*A*AV = (AV)*(AV) = D,
where D = ¥*¥ is the (n x n) diagonal matrix with
DiiZU?, ’L':l,...7’l“7

and zeros elsewhere. It is clear from (2) that the (i, j)th entry of V*A*AV is the
inner product of columns i and j in AV. Thus, the columns (AV); of AV are
pairwise orthogonal. Moreover, for 1 < j < r, the length of (AV); is o;. Let
U, denote the (m x r) matrix with (AV);/o; as its jth column. Complete U, to
an (m X m) unitary matrix U by finding an orthonormal basis for the orthogonal
complement of (the column space of) U,., and using these basis vectors as the last
(m — ) columns in U. We then have

AV =UY & A=UZV".
(]

Remark 9. Since only the first r diagonal entries of ¥ are nonzero, we see that
the last (m — r) columns of U, and likewise the last (n — r) columns of V, are
superfluous. As a consequence, we have that a given matrix A has an SVD where
the diagonal matrix ¥ is uniquely determined, but the unitary matrices U and V'
are not.

Example 22. Let us determine the singular value decomposition of

3 2 2
A= [2 3 —2} ’
The procedure for finding the SVD is as follows: We begin by determining the
positive eigenvalues of A*A (or similarly AA*). We have

3 2 13 12 2
o 32 2] -
A*A= 1|2 3 [2 3 2]_ 12 13 -2

2 =2 2 -2 8
The positive eigenvalues of this matrix are o7 = 25 and 03 = 9. The last eigenvalue
is 02 = 0. Since A*A is self-adjoint (or Hermitian), the eigenvectors corresponding

to 02, 03 and o3 are necessarily orthogonal. We find these eigenvectors, and choose
them to have length 1:

o? = 25:
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13 —-25 12 2 0 0 0
A*A —25] = 12 13-25 -2 [~ |0 O 1],
2 -2 8-25 I
V2
2
and solving for A*A—251 = 0, we find that v; = g is a normalized eigenvector.
0
o3=9
13-9 12 2 0 0 O
A*A-9I=| 12 13-9 -2 |~ |0 1 1],
2 -2 8-9 10 —%
V2
6
and solving for A*A—91 = 0, we find that vy = | — 62 is a normalized eigenvector.
2v2
3
03 =0:
13 12 2 00 O
A*A= 112 13 2|~ |0 1 =2},
2 -2 8 1 0 2
2
3
and solving for A*A = 0, we find that vz = —%) is a normalized eigenvector.

3
We can now “build” all the matrices that enter into the SVD of the matrix A.
We get

V22 2
2 6 3
V= [7}1|’U2|’03] = g —% _% R
0 2v2 _1
3 3

and

Finally, we find that

U = [0alUs] = [yl iy ] = [

With these choices of U, 3 and V', we have that A = UXV™*, or explicitly written

SN
lﬁ“\&

out:
3 92 2 V2 V2 5 0 0 \f \éﬁ 0
A= — |2 2 V2 V2 22
[2 3 —2} Vi e {0 3 0} g 7§ 5
2 2 $ —3 -3

Let us now discuss some consequences and applications of the SVD Theorem.
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Proposition 23. Let A € M,,,x,»(C) have positive singular values o1 > -+ >
or. Then the operator norm of A (that is, the norm of the bounded linear
operator associated with A) is

[A]l = o1

Proof. Let A = UXV™ be the singular value decomposition of A, and let v; be
the first column vector of V. The vector v; has length 1, and from the equation
AV =UX it is clear that ||Avy|| = o1. It follows that

[All = sup [[Az|[ = o1.
1

l=zll=

Now let x € C™ be any vector of length 1, and consider the equation Az =
UXV*z. Since V* is unitary, it represents an isometry, and it follows that ||[V*z| =
1. Let us denote this vector by y := V*z. Moreover, we note that ¥y is the vector
where the jth component of y is multiplied by o;. Thus, we have ||[Zy|| < o1]|y||.
Finally, since U is also unitary, we have

[Az| = [UZy| = Xyl < oyl = o1,

and it follows that ||A|| < 1. We thus conclude that ||A] = o7. O

Let us now see that the SVD of a matrix can be used to obtain so-called polar
decompositions. A polar decomposition factors a square matrix in a manner anal-
ogous to the factoring of a complex number as the product of a complex number
of length 1 and a nonnegative number (z = |z[e?™¥). In the case of matrices, the
complex number of length 1 is replaced by a unitary matrix, and the nonnegative
number is replaced by a positive semi-definite matrix.

Theorem 24 (Polar decomposition). For any square matrix A, there exists a
unitary matrix W and a positive semi-definite matrix P such that

A=WP.

Proof. By the singular value decomposition theorem, there exist unitary matrices
U and V and a diagonal matrix ¥ with nonnegative diagonal entries such that
A =UXV*. It follows that

A=UXV* =UV*VEV* =WP,

where W = UV™* and P = VXV*. Since W is the product of unitary matrices, W
is unitary. Moreover, since X is positive semi-definite, so is the matrix P. (I

Example 25. To find the polar decomposition of

11 -5
A= {—2 10}’

we begin by finding the SVD of A = UXV™*. It can be shown that

250 e ()
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are orthonormal eigenvectors of A* A with corresponding eigenvalues o7 = 200 and
03 = 50. Thus, we have

1 1
V= 7% ? and %= |71 0 _ 10v/2 0 .
% 73 0 o2 0 5v/2

Next, we find the columns of U:

1 1/4 1 1/3
ul_mAv1_5<—3> and uz—@Av2—5<4).

3
i]-
5

Therefore, in the notation of the polar decomposition theorem, we have

w-or=[4 2 4-21 7

Thus,
U =

OT'OT
‘w IS

S-S
Sigs

and
1 1 1 =1
P_vsvi— |V d {10\@ O][@ 7 :5[3 1]
7w Lo V2| s Vel 3

Finally, let us illustrate one possible application of SVD’s to image processing.
Example 26. Suppose a satellite takes a picture, and wants to send it to earth.
The picture may contain 1000 x 1000 pixels - a million little squares each with a
definite color. We can code the colors, and send back 1000000 numbers. However,
it is more convenient if we can find the essential information, and send only this.

Suppose we know the SVD, and specifically the matrix of singular values .
Typically, some of the ¢’s are significant, whereas others are extremely small. If
we keep, say, 20 singular values, and discard the remaining 980, then we need only
send the corresponding 20 columns of U and V. Thus, if only 20 singular values
are kept, we send 20 x 2000 numbers rather than a million (and this is a 25 to 1
compression).

There is, of course, the additional cost of computing the SVD. This has become
quite efficient, but is still expensive for big matrices.

6. THE PSEUDOINVERSE

Let V and W be finite-dimensional inner product spaces over the same field F,
and let T : V — W be a linear transformation. It is desirable to have a linear
transformation from W to V which captures some of the essence of an inverse of T'
even if T is not invertible. A simple (but fruitful) approach to this problem is to
focus on the “part” of T' that is invertible, namely the restriction of 7" to ker(T)*.
Let L : ker(T)* — ran(T) be the linear transformation defined by L(z) = T'(z) for
all z € ker(T')*. Then L is invertible, and we can use the inverse of L to construct a
linear transformation from W to V which restores some of the benefits of an inverse
of T.

Definition 10. Let V and W be finite-dimensional inner product spaces over
the same field, and let 7' : V — W be a linear transformation. Let L :
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ker(T)* — ran(T) be the linear transformation defined by L(x) = T'(x) for all
x € ker(T)*. The pseudoinverse of T, denoted T, is defined as the unique
linear transformation from W to V such that

| L7(y) fory € ran(T)
T = {0 for y € ran(T)*+

The pseudoinverse of a linear transformation 7" on a finite-dimensional inner prod-
uct space exists even if T is not invertible. Furthermore, if T' is invertible, then
T+ =T~!, because ker(T) =V and L coincides with T

Now let A € M,,,%»,(C) be the matrix representation of the linear map 7. Then
there exists a unique (n X m) matrix B which represents the pseudoinverse 7.
We call B the pseudoinverse of A and denote it by B = A™. It turns out that the
pseudoinverse AT can be computed with the aid of the singular value decomposition
of A.

Theorem 27. Let A € M, x,(C) have rank r and singular value decompo-
sition A = UXV™*, where 01 > --- > 0, are the positive singular values of A.
Let X% be the (n x m) matrix

1 e
S 1fz—]§r'
I 0 otherwise

Then AT = VXTU*.

We state this result without proof, and focus on its applications.
Let b € C™, and consider the system of linear equations

Az =b.

We know that this system has either no solution, a unique solution, or infinitely
many solutions. It has a unique solution for every b € C™ if and only if A is
invertible, in which case the solution is given by A~'b. Moreover, if A is invertible,
then A=! = AT, so we could have written the solution as x = A*b. If, on the
other hand, the system Ax = b is underdetermined or inconsistent, then ATb still
exists. This raises the question: How is the vector A*b related to the system of
linear equations Ax = b? In order to answer this question, we need the following
lemma.

Lemma 28. Let V and W be finite-dimensional inner product spaces, and let
T : V — W be linear. Then

i) T*T is the orthogonal projection of V on ker(7)*.

ii) TT* is the orthogonal projection of W on ran(7T).

Proof. As above, we define L : ker(T)+ — ran(T) by L(x) = T(z) for = € ker(T)=.
If x € ker(T)*, then

TTT(z) = L7 'L(z) = «,
and if « € ker(T'), then
THT(x) =T*(0) = 0.
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Consequently, 77T is the orthogonal projection of V on ker(T)*. This proves part
i). Part ii) is proved similarly. O

Theorem 29. Consider the system of linear equations Az = b, where A €
Misn(C) and b € C™. If z = A™h, then 2 has the following properties.
i) If Az = b is consistent, then z is the unique solution to the system
having minimum norm. That is, z is a solution to the system, and if
y is any other solution to the system, then |y|| > ||z]|.

ii) If Az = b is inconsistent, then z is the unique best approximation to
a solution having minimum norm. That is
| Az bl < Ay —b|| for any y € C",
with equality if and only if Ay = Az. Moreover, if Ay = Az, then
lIz]] < |ly|| with equality if and only if z = y.

Proof. Let T be the linear map associated to the matrix A
i) Suppose that Ax = b is consistent, and let 2 = ATh. Observe that b €
ran(7T), and therefore
Az = AATb =TT b =10,

by Lemma 28ii). Thus, z is a solution to the system Az =b. Now let y be
any solution to the system. Then

T Ty=A"Ay=A"bh =2

Thus, z is the orthogonal projection of y on ker(T)*. By the projection
theorem, we have y = z + v with v € ker(T), and ||y[|? = ||z]|? + ||v||*>. Tt
follows that ||y|| > ||z|| unless v =0 and y = 2.

ii) Suppose that Az = b is inconsistent. By Lemma 28ii), we have that
Az = AATb=TT"b

is the orthogonal projection of b on ran(T"). Therefore, by the projection
theorem, Az is the vector in ran(7’) nearest b. If Ay is any other vector in
ran(7"), then necessarily

Az —b]| < [|Ay —bll,

with equality if and only if Az = Ay. Finally, suppose that y is any vector
in C™ such that Az = Ay = ¢. Then

Ate=ATA2z = ATAATH = ATb = 2,
where we have used that ATAAT = AT (this is easily checked by writing

out the SVD of A). Hence, we may apply part i) of this theorem to the
system Az = c¢ to conclude that |ly|| > ||z|| with equality if and only if

Y=z
O

Example 30. Let us find the minimal norm solution of

—x1+ 229+ 223 =0, forbeR.
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According to Theorem 29i), this is given by

z=A"h,
where AT is the pseudoinverse of the (1 x 3) matrix A= [-1 2 2]. The SVD of
Ais A=UXV™, where

_1 2 2

3 VB 3vB

U=[1], =3 00, v=|2 o %
2 a4

3 V5 3v5

The pseudoinverse of A is thus given by

12 2 1
3 Vs 35 | [: 9

armvere = |30 F | Lol )= 3
2 1 4 0 2
3 5 3v5 97

and it follows that the minimal norm solution of Az = b is
_1

9
z2=A"h=

N o

9
Any other solution of the system Az = b is necessarily of the form
y=A"b+v, wveEker(A).



