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0.1 Some Linear Algebra

0.1.1 Introduction

We have seen that the Hessian of a function

is an important tool for recognizing when critical points of a function are
local or global minimizers. The key property we wanted was positivity of the
quadratic form associated to the Hessian,

XeHf(Z)X >0, X =[z1,...,z5]#0,...,0].

When the second partial derivatives are continuous, the mixed partial deriva-
tives are equal,
*f  _ Pf
0T OTn  OTnOTim
and so the Hessian is a real symmetric matrix.
The positivity of the quadratic form of a real symmetric matrix A is
trivial to verify if the matrix is diagonal. That is, if

N
XeoeAX = Zanxi,

n=1

then Q4 > 0 if and only if each a,, > 0.

To generalize this observation, it helps to consider a linear change of vari-
ables that diagonalizes the quadratic form of a matrix. Here is an example.
Let

f([r1,20)) = 327 — 23129 + 325 = (21 + 72) + 2(7) — 32)%.

Hf= (—62 _62)’

f_%X.HfX.

The Hessian is

and

Make the linear change of variables

Y =21+ T2, Y2 =7T1 — Ta.
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In terms of the new variables,

1

§X0HfX:yf+2yg.

In this case the fact that H f was positive definite was easy to spot. But
if A is a larger matrix, some effective technique is required. To start moving
in the right direction, it helps to notices that the matrix

A= (120 = ( } ‘31),

has some special vectors called eigenvectors, satisfying AX = AX, with
A€ Rand X # 0. In this example

(-G )

and
Let

Notice that

and if

then N (_31 _31) G _11) ) (3 _44) _ G _11) (3 2)

In this case
pl_ /2 1/2
1/2 —1/2)’

ae (20
par- (2 9)

and



There is also some additional structure which appears if we normalize the
eigenvectors. Dividing by v/2 we would find

P = (X1/[| X1, Xo/ [ Xal) = G?g —11//\/\3§> 7

with orthonormal columns. In this case P~ = P, although this will not be
typical. The normalization does not change the equation

o (20
PAP_(04.
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0.1.2 The spectral theorem

In the rest of this section we aim to understand when such a change of vari-
ables is available (always for real symmetric matrices), how it is related to
eigenvalues, and how these ideas can be used for optimization. Real sym-
metric matrices have very special structural features not shared by general
N x N matrices. Many of these special features are consequences of a simple
dot product identity.

Let’s start with arbitrary N x N matrices with complex entries. As
mentioned above, and eigenvalue for A is a number A (possibly complex)
such that

AX =)X

for some vector X # 0. The vector X is called an eigenvector. If X is an
eigenvector with eigenvalue A, so is c¢X for every ¢ # 0. When we want to
talk about all vectors X satisfying AX = AX for some fixed A, it is helpful
to include X = 0. Then we can freely add the eigenvectors X, multiply by
constants, and find that the eigenspace with eigenvalue A is a vector subspace
of RV,

Rewrite the eigenvalue equation as

M — A]X = 0.

Such a number A and vector X # 0 exist if and only if there is a A such that
the matrix A\I — A is not invertible. The test for noninvertibiity is

p(A) = det(A] — A) =0.

The polynomial p(A\) has degree N and leading coefficient 1. Every noncon-
stant polynomial has at least one complex root, so

Theorem 0.1.1. Every N x N matriz of (real or complex) numbers has
at least one (possibly complex) eigenvalue A, and a corresponding nonzero
ergenvector X.

Since eigenvalues and eigenvectors can be complex, it helps to extend the
dot product to complex vectors, taking

N
XeY = any_n
n=1



Notice that

YeX=XeY

?

and if ¢ € C then
XecYy =¢cXeY.

Real symmetric matrices satisfy a simple but very important identity.

Lemma 0.1.2. Suppose A = (ayy,) is an N X N real symmetric matriz.
Then for any X,Y € CV,

AXeY =XeoAY.

Proof. With the help of the symmetry a,,, = @, and the fact that a,,, is
real, SO Gy = Gmn, & computation gives

N N N N N N
AXeY = Z y_m(z amnxn) = Z Zy_mamnxn = Z Z y_mamnxn
m=1 n=1 m=1 n=1 n=1 m=1
N N N N
n=1 m=1 n=1 m=1

]

Theorem 0.1.3. Suppose A is an N x N real symmetric matriz. FEvery
eigenvalue X\ of A is real. If \1, Ao are distinct eigenvalues with eigenvectors
X1, Xo respectively, then

X1 [ ] X2 = 0.

Proof. Suppose AX = AX, X # 0. Then
AX e X =AXoeX =XoeAX =Xeo)X =X o X.

Since X ® X > 0, we conclude that A = ), so A € R.
For the second part, using that \;, Ay € R,

()\1—AQ)Xl.XQZAXl.XQ—Xl.AXQ:AXl.Xz—AXl.XQZO.

Since A1 # Ao,
X1 ® X2 =0.
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With a bit more work we can also show that

Theorem 0.1.4. Suppose A is an N X N real symmetric matriz. Then there
are N orthonormal eigenvectors X1, ..., Xn for A. The vectors Xi,..., Xy
are a basis for RV,

The orthonormal basis of eigenvectors can be used to diagonalize A. Let
P be the N x N matrix whose columns are the vectors Xi,..., Xy. Then

AP = A(Xl,...,XN) = (>\1X1,...,/\NXN) = (Xl,...,XN)diag(/\l,...,)\N),

where diag(\, ..., Ay) is the diagonal matrix with A, as the n-th diagonal
entry.

Since the columns of P are orthonormal, the inverse of P is the matrix
whose rows are X1, ..., Xy. This is the transpose of P, so P~! = P, Real
N x N matrices such that P~ = P are said to be orthogonal. (Unitary in
the complex case.)

Theorem 0.1.5. Suppose U is a real N x N matriz. The following are
equivalent.

(i) UT =U~1.

(ii) The columns of U are orthonormal.

(ii) The rows of U are orthonormal.

Proof. If UT = U~!, then UTU = I = UU’. The equation UTU = I shows
that the columns U, of U satisfy U,, e U, = d,,,. The equation UU? =
shows the same for the rows. Thus (i) implies (ii) and (iii).
If (i) holds, then UTU = [. If (iii) holds, then UUT = I.
O]

Notice that the product of two orthogonal matrices is orthogonal and the
identity is orthogonal. That is

(U, U,)" = U0, = U0 = (U Uy) L

The N x N orthogonal matrices thus form a group under matrix multiplica-
tion.
By expanding in the basis of eigenvectors we obtain the following result.



Theorem 0.1.6. Suppose A is an N x N real symmetric matriz.

(a) A is positive (negative) definite if and only if all eigenvalues are
strictly positive (negative).

(b) A is positive (negative) semidefinite if and only if all eigenvalues are
>0 (<0).

Proof. Recall that by definition A is positive definite if
QaY)=Y eAY >0, Y #0.
Expand Y in the orthonormal basis of eigenvectors of A,
Y=cX1+ - +cnXn.

If Y # 0 then at least one value ¢, is not zero. Use the orthonormality to
compute

N N N N N
YoAY =D e Xo] 0 AD e, Xo] =D caXn] oD A Xa] = Auch.
n=1 n=1 n=1 n=1 n=1

If all A\, are strictly positive (resp. > 0) then QA (Y) > 0 (resp. > 0). If
some A, is less than 0, then Qa (X,,) < 0.
O
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0.1.3 An Optimization Problem for Real Symmetric
Matrices

Some optimization problems are directly related to the structure of positive
semidefinite real symmetric matrices. The most common of these problems
is to find a vector X of norm 1 which maximizes the quadratic form

X o AX.

It is easy to see that this vector must be an eigenvector corresponding to the
largest eigenvalue of A. Before solving this problem, we mention an example
where it arises.

The first application area is called principal component analysis in statis-
tics. You are given a collection of K vectors, X (k) = (x1(k),...,zn(k))
which might be thought of as an ellipsoidal cloud of data. You may believe
that there are far fewer than NN significant measurements, so you wish to
find a single vector (or collection of J vectors) whose multiples (linear com-
binations) best model the data. The principal component analysis goes as
follows. Form the matrix

X = (0i) = (E([zi — pi][z; — )
where p; is the sample mean of the measurements of the j — th component,

K

and the sample covariances are

E([zi — willwy — pl) = Y lwa(k) — palla; (k) — ]/ K.

k=1

To get a feel for what is happening, suppose the p; are all 0, and most of
the variation of the data is in the first coordinate. Then E/([x; — ;] [x; —p1;]) ~
Ounlesst=j=1. If i = j =1 we get a large value. The covariance matrix

looks like
5= (” €> :
€ €
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where v is large and € respresent small entries. We expect the eigenvalues to
be approximately v, 0, ..., 0, where v is the variance in the first component.
The eigenvector should be close to the first standard basis vector [1,0, ..., 0].

Going back to the general case, the matrix X is real, symmetric, and
positive semidefinite. The desired vector(s) is the normalized eigenvector for
the largest eigenvalue (assuming the eigenspace is one dimensional). (The
eigenvectors corresponding to the J largest eigenvalues, counting multiplicity
are used when J vectors are desired.)



