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1 Vectors and Vector Spaces
1.1 Vector Spaces
Definition 1.1. A triple (V,+,-) where
o V is a set, whose elements are called vectors.
e +:V2 5V is an operation called vector addition (for u and v are vectors, we write u + v).

:R x V = V is an operation called scalar multiplication (for v is a vector and \ a real,
we write Av).

is said to be a (real) vector space (or a vector space over R) iff it satisfies the following 7 axioms:

(1) Vector addition is commutative and associative: Va,v,w € V., u+v=v+uand (u+v)+w
u+ (v+w).

(2) Ezistence of an identity element for the addition: there exists a zero wvector denoted O st.
O+u=u+0=uVuelVl.

(3) Existence of an inverse element for the addition: for any u € V, there exists an additive
tnverse of u, noted —u, st. u+ (—u) = 0.

(4) Ezistence of an identity element 1 € R for the scalar multiplication: 1u = u.
(5) Mized associativity: for any A1, 2 € R and v € V', we have (A1 A2) v = A1 (A2v)
(6) Scalar multiplication is distributive w.r.t. vector addition: X (v1 + va) = Avy + Ava.

(7) Scalar multiplication is distributive w.r.t. addition in R: (A + o) v = A\1v + Aav.

Notice that the two operators + : V x V — V and - : R x V — V for the vector space are
different from + and - defined on R. Also, 0 in (2) is the zero vector, not the neutral element 0
in R, although we usually (ab)use the same notation.

We can show the following results using the 7 axioms of a vector space:

(1) the zero vector 0 is unique in a vector space;

(2) the additive inverse of vector v € V' is unique;

(3) —v = (—1)v. And therefore we can define vector subtraction by vi — va := vy + (—v2);
(4) Ov =0,Vv; A0 = 0,V € R, and that A\v = 0 implies either A =0 or v = 0.

These are left as exercises.

It is also possible to define a vector space over C instead of R, in which case the definition is
the same replacing R by C and we have a complex vector space. We will do so in some specific
situations; unless otherwise mentioned, a vector space will be understood as a real vector space .

A major example of a n-dimensional real vector space is (R",+,-), where the vector addition
and scalar multiplication are defined in a component-by-component fashion. An element v in R™ is
v = (v1,v2,...,0,), where v; € R are called components or coordinates of v. The zero vector is
the vector whose components are all zero.



But the concept of vector spaces can be much more general than that. For example, the set
of functions from X to R is a vector space, where X is some arbitrary nonempty set. The vec-
tor addition is defined by (f + g) (z) := f(x) + g (x), and the scalar multiplication is defined by
(Af) (z) :== Af (z). The zero vector is the function that is constant at 0. We can verify that this
satisfies all the requirements for a vector space

For a vector space (V, +, ), a subset W is called a vector subspace of (V, +, ) iff (VV, +|w, \W)
is a vector space, where +|y and - are + and - defined for V restricted in W.

Proposition 1.2. (W, +,-) is a vector subspace of (V,+,") iff:
(1) W contains the zero vector 0.
(2) W is closed under vector addition: Yu,v € Wu+v € W.
(8) W is closed under scalar multiplication: Yu € WYX € R, Adu e W.

Conditions (2) and (3) can be replaced by the following compound condition :
Au+puv e WV peRVu,veW

Note that the way that operations + and - are defined for a general vector space (Definition 1.1)
has already implied that a vector space is closed under vector addition and scalar multiplication.
The only thing that could possibly go wrong for a subset W to be a vector space itself, is that the
result of some operation does not belong to W, and the definition of a subspace prohibits this.

Exercise 1.3. (i) Let I an interval in R. Show that the set of continuous functions from I to R,
denoted C(I,R), is a vector subspace of the set of functions from I to R.

(i) Show that the set of real sequences RY is a vector space.

(iii) Show that the set :
S = {u, € RNVn € N, upio = 3uni1 + 4u,}

is a vector subspace of RY.

(iv) Show that :
E:={(z,y,2) e R’ 2 + 2y + 2 = 0}
is a vector subspace of R3.

Any vector subspace must contain the zero vector 0. It can be shown that intersection of vector
subspaces is still a vector subspace, but union may not.

Proposition 1.4. Let E a vector space. The intersection of a family of vector subspaces of E is a
vector space.

Proof. Let {W;} be a collection of vector subspaces. Since 0 € W; for each i, we have that 0 € (), W;.
Let v,w € W; and o, € R. Since v,w € [, W;, we have v,w €€ W; for each ¢ and therefore
av + fw € W; for each ¢ since each W; is a vector subspace. Hence av + gw € N;W;, and thus
N;W; is a vector subspace.

O



This allows us to define the concept of span.

Definition 1.5. Let (V,+,) be a vector space and S a subset of V.. The subspace generated by
S, noted Span(S), is the smallest vector subspace of V' that contains S.

In other words Span(S) is the smallest vector subspace in which the set S lives.

Proposition 1.6. Let {W;} be the collection of all vector subspaces of V containing the set S. Then,
Span(S) =, Wi

Proof. First, observe that V' € {W;}, thus this latter family is nonempty. We know from Proposition
1.4 that the intersection (), W; is itself a vector subspace of V. By assumption, for each i we have
S C W;. This implies S C (), W;.

Now, consider any vector subspace W that contains S. It follows that W € {W;} and thus
(; Wi € W. Summing up, we proved that (), W; is a vector subspace that contains S and it is the
smallest vector subspace with this property, i.e., [, W; = Span(S) O

1.2 Collections of Vectors : Linear (In)Dependence and Span

Define linear combinations for arbitrary collections of vectors.

Definition 1.7. Let vy,...,v, be n vectors of V. A linear combination of vi,...,v, is a vector
AMVL + ... + Ay vy, for noscalars Ay, ..., Ap € R.

Example 1.8. In R3 consider the two vectors e' = (1,0,0) and e? = (0,1,0). A vector of R? is a
linear combination of e* and €* if it has the form (A1, A2,0) for A1, A2 € R. In fact, (A1, A2,0) =
)\161 + )\262

This allows us to introduce the concept of linear independence.

Definition 1.9. In vector space (V,+,-), a finite set of vectors vi,...,v, are said to be linearly
independent, iff the linear combination Y ;" | A\jv; = 0 implies \; = 0 for any i. Otherwise,
Vi,...,Vy are said to be linearly dependent.

Clearly, if a vector can be represented by a linear combination of a set of linearly independent
vector, then the representation is unique.

Proposition 1.10. Let vyi,..., v, be linearly independent elements of a vector space (V,+,-). Let
(Mi)ien and (p;)ien be reals. If:

AMVE+ oo+ AV = 1V + o UV,
then for all i, A\; = ;.

Proposition 1.11. In a vector space, v1, ..., vy are linearly dependent iff Iv; (i € {1,2,...,n} :=N)
that can be represented by a linear combination of (v;);-i.

Proof. 7 =7 7 Let S = {v;}]_, be a finite and linearly dependent set of V. Let 2 < k < n be the
smallest natural number between 2 and n such that the set {vy,...,vg} is linearly dependent. At
worst k is equal to n since by hypothesis {v;}" ; is linearly dependent. By the definition of linear

dependence, there exist k scalars {Ale , not all null, such that

AMVE+Ave + -+ AV =0



We have \; # 0 because otherwise {v1,va,...,vi_1} would be a linearly dependent set, which
contradicts the fact that k is the smallest number between 2 and n such that {vi,ve,..., vy} is
linearly dependent. Since Ak # 0, we can write:

-1 D) —Ak—1
V= —V —— Vot + Vi—
k " 1 N 2 " k—1
Therefore, vy is a linear combination of the vectors {v1,...,vi_1}
” <=7 : Suppose that the vector v € {v;};" is a linear combination of some other elements

of {v;};—,. Without loss of generality, assume k = 1. There exists a set {\;};_; of scalars such that

Vi = Aava+ -+ Aavy,

Define the real coefficients {f;};"; as follows

1 i=1
Bz_{Ai i>2

By construction, {3;};, is a set of scalars, not all null such that )", f;vi = 0. In fact,

n
Zﬂz‘vl =—Vit+Xva+A3vz+ -+ AV =—vi+vi =0
i=1

It follows that {v;};"; is linearly dependent set. O
The next theorem is a fundamental result about linear dependency.

Theorem 1.12. In vector space (V,+,-), if ui,...,u, can be represented by linear combinations
of vi,...,Vy, and m > n, then uy,...,u, are linearly dependent.

Shortly put, if "more” can be represented by ”less”, then ”more” must be linearly dependent.
Let’s admit this result without providing a proof, but you may adapt the proof of Lang’s Theorem
3.1 to prove it.

You can also observe that if a collection of vectors is linearly independent, every subcollection
(obtained by removing some vectors from the collection) is also linearly independent. A supercol-
lection (obtained by adding some vectors) is still independent if and only if the added vectors do
not belong to the span of the initial collection.

It is straightforward that for a finite collection S = {v1,...,v,} of vectors in V', the span of S is
simply the set of linear collection of those vectors :

Span(S) =<z €V, ..., A\, 2 = Z)‘ixi
i=1

Definition 1.13. We say that a finite collection S = {v1,...,vn} of vectors in V spans a subset
A CV if Span(S) = A.

It is straightforward to observe that if a collection of vectors spans V' (the whole space), then
every supercollection (obtained by adding vectors) also spans V.



1.3 Basis

The idea behind a basis is to give a unique representation for each vector as a linear combination
of a collection of vectors, by combining linear independence and spanning properties.

Definition 1.14. Let (V,+,) a vector space. The collection of vectors vi,...,vy, € V is called a
(finite) basis of V if :

1. vi,...,vy are linearly independent, and
2. Vi,...,Vvy span V, i.e Span({vy,...,vp} =V

Condition (2) states that all vectors in V' can be represented by a linear combination of the
vectors vy, ..., v,. Note that because of condition (1), we know that the representation in condition
(2) is unique. Given a basis vy, ..., v, the unique real numbers Ay, ..., A,, such that z = \jv; + ...+
AUy, are called the coordinates of x € V.

Note that a basis of V' is not unique. However, two bases must have the same number of vectors.

To see this, suppose uy,...,u,, and vq,...,Vv, are both bases of V, and m < n. Then uy,...,u,,
can represent vi,...,v,, and therefore vi,...,v, are linearly dependent by Theorem 1.12. This
contradicts the assumption that vq,...,v, form a basis of V.

Therefore, it is without ambiguity to define the dimension of V' as the number of vectors in its
basis, denoted as Dim (V).
The next two propositions shows two other equivalent definitions of bases.

Proposition 1.15. In vector space (V,+,-), vi,..., vy are a basis of V iff they have the mazimum
number of linearly independent vectors in V.

In words, the dimension of V' is the largest possible cardinality of a linearly independent collection
of vectors in V.

Proof. «<:

Take any y € V. WTS y can be represented by a linear combinations of vi,...,v,.

Because vi,..., v, has the maximum number of linearly independent vectors in S, the vectors
Vi,...,Vy and y are linearly dependent. Therefore, they have a non-trivial representation of the
zero vector:

n
Z Aivi+upy =0
=1

Observe that p # 0, otherwise \; = 0 for all 4, and the representation becomes trivial. Therefore,

y:z”:<_)\i> Vi

i=1 K
which represents y as a linear combinations of vi,...,v,.
=
Suppose there exists a set of linearly independent vectors uy, ..., u,, in S with m > n. Because
v1,...,Vy are a basis of V, the vectors vy, ..., v, can represent uy, ..., U,,, and therefore uy, ..., u,,
are linearly dependent by Theorem 1.12. Contradiction. 0
Proposition 1.16. In vector space (V,+,-), vi,...,Vy are a basis of V iff they have the minimum

number of vectors in V that can represent all vectors in V' as their linear combinations.



In other words, the dimension of V' is the smallest possible cardinality of a collection of vector
that spans V.

Proof. <:

WTS vq,...,v, are linearly independent. Suppose not, then we can represent one of them as
a linear combination of the others. Without loss of generality, suppose v, can be represented by
Vi,...,Vp—1. Because all vectors in V' can be represented by vy, ..., v,, they can also be represented
by vi,...,vp—1, which contradicts the assumption that vi,...,v, have the minimum number of
vectors in V' that can represent all vectors in V.

=

Suppose there exists a set of vectors uy,...,u,, in V that can represent all vectors in S, and
m < n. Then uy,...,u, can represent vi,...,vy,, and therefore vy,...,v, are linearly dependent
by Theorem 1.12. This contradicts the assumption that vy, ..., v, are a basis of V. ]

If dimV = n, then we say that the vector space is n-dimensional. Clearly, any set of more
than n vectors in an n-dimensional vector space must be linearly dependent.

More specifically, the two results give that a collection that is linearly independent (resp. spans
V) has at most (resp. at least) n elements, and has exactly n if and only if it is a basis. We also
have reduction and completion results :

Proposition 1.17. From every collection that spans V', we can extract a basis. FEvery linearly
independent collection in V' can be completed into a basis.

Since any vector subspace of V' is also a vector space, we can talk about bases for vector subspaces
as well. Sometimes, the dimension of a vector subspace is called the rank to differentiate it from
the dimension of the whole ambient space, but it is not necessary to make this distinction. If V' is
an n-dimensional vector space, a direct consequence of the definition is that the span of S is the
same as the span of its basis for any S C V

Proposition 1.18. In vector space (V,+,-), suppose vi,..., vy are a basis of S C V. then :
Span(S) = Span({vi,va,....,vp})
This gives us immediate inequalities in terms of dimension :

Proposition 1.19. If S is a vector subspace of V', then dim(S) < dim(V) and dim(S) = dim(V)
if and only if S =V.

More generally, we can prove that any two vector spaces are isomorphic (there exists a linear
bijection between them) if and only if they have the same dimension.

For example, the space P,, of all polynomials of degree at most n, consisting of all polynomials
of the form

p(t) = ag + art + ... + apt™;

is an n + 1-dimensional vector space, for which one basis is {1,¢,...,t"}.

It is also possible that a vector space V' does not have a finite basis, in which case we say that
V' is infinite-dimensional.

The canonical basis of the vector space R" is eq,...,e,, where e; := (1,0,0,...,0), ey :=
(0,1,0...,0), and so forth. Therefore dim R" = n.



1.4 Inner Products, Norms, and Metrics
Let’s define an inner product operator on a real vector space V, to give it more structure.

Definition 1.20. Let (V,+,-) be a vector space. The 4-tuple (V,+, o (s >) is an inner product
space iff the inner product operator (-,-) : V. x V' — R satisfies the following properties:

(1) Commutativity: (u,v) = (v,u) for any u,v € V,

(2) Linearity: (Aui + Aoug,v) = A (ug,v) + A2 (ug,v) for any A1, A2 € R and uj,us,v € V,
and

(3) Positive definiteness: (u,u) > 0 for any u € V, and equality holds iff u = 0.
Note that linearity also implies (v,0) = 0 for any v € V', because
(v,0) = (v,0u) =0-(v,u) =0

where u is an arbitrary vector in V.
In an inner product space (V, +, (- )), two vectors v and u are said to be orthogonal iff

(u,v) =0.
A leading example of inner products is the dot product defined on R™. The dot product of
two vectors X = (x1,...,2y) and y = (y1,...,y,) in R™ is defined as

n
xoy = Yo
=1

Notice that the dot product above defined for two vectors is different from the scalar multiplication,
which is defined for a scalar and a vector, although we usually use the same notation -. It is
straightforward to verify that the dot product satisfies our requirements on inner products.

An inner product induces a norm ||-|| : V' — Ry by [HVH = <v,v>]

Using the properties of inner product, it is straightforward to show that (1) ||v|| =0 iff v =0,
and (2) [|Av] = [A[[[v]-

In R™, the norm induced by the dot product

%l =

is called the Euclidean norm, or L; norm.
Now let’s look at an important inequality in inner product spaces.

Theorem 1.21 (Cauchy-Schwarz Inequality). In an inner product space (V, +, (- >), we have
[ullIv]] > [{u,v)|
for any u,v e V.

Proof. If u = 0, the inequality holds trivially. Now consider the case where u # 0.
First, I claim that the vectors Au and v — Au are orthogonal, where the real number X is given
by

B (u,v)

T 2
[[uli

8



This is because
(A, v —Au) = A(u,v —Au) = A [(u,v) — A (u,u)]
)\ [<u,v> Y ||u||2] ~0

Therefore, we have

IvI? = [|ru+ (v — x|
= (Au+ (v —Au),  u+ (v — Au))
= (Au,Au) + 2 (Au, (v — Au)) + (v — Au, v — \u)
= X Jul® + v = Aulf?

As a result, we have ||[v]®> > A2 |[ul?, i.e.

2
VP 2 (jﬁ;?) Ju?

ie. |[v]*[ul® > (u,v)?, and therefore we have |ful| [[v]| > |(u, v)|. O

Notice that Cauchy-Schwarz inequality also tells us that any norm induced by an inner product
satisfies the triangle inequality: ||u+ v|| < ||u|| + ||v]| for any u,v € V. To see this,

2 2 2
(all +1v1D)™ = lall” + 2{[ul vl + [IVI7 = (a,w) + 2w, v) + (v, v)
= (utv,utv)=|utv|’

and taking square root gives us |[u+ v|| < |lul| + ||v].
We can also take the triangle inequality as a part of the definition of the norm, and define the
norm directly without the inner product.

Definition 1.22. Let (V,+,-) be a vector space. The 4-tuple (V,+,-,|-||) is a normed vector
space iff the norm ||-|| : V' — Ry satisfies the following properties:

(1) ||v|| =0 iff v=0, for any v € V,
(2) ||Av]| = |A||v]], for any A € R and v € V, and
(8) Triangle inequality: ||[u+ v| < ||lul| + ||v]|, for any u,v € V.

Clearly, if (V, +, - (-, )) is an inner product space, and we define the norm |-|| : V' — Ry by
]| :== \/(v,v), then (V,+,-,|-||) is a normed vector space. Especially, the triangle inequality is a
corollary of Cauchy-Schwarz inequality. Therefore, normed vector spaces have less structures, and
are more general than inner product spaces.

In a normed vector space, the norm also induces a metric by d (u,v) := |[lu — v||. We can verify
that this is indeed a metric on V. Clearly, d (u,v) = 0 iff u = v because of property (1) of the
norm; d(u,v) = d(v,u) because of property (2) of the norm. Finally, a metric induced by the
norm satisfies the triangle inequality because the norm satisfies the triangle inequality. To see this,

d(x,y)+d(y,z) =[x =yl +ly —zll > ||x—y) + (y — 2)
= |x -zl = d(x,2)



Therefore, a normed vector space is automatically a metric space.

To summarize, in a vector space, an inner product induces a norm, which in turn induces a
metric.

If we consider R™ endowed with the dot product as an inner space, then the dot product induces
the Lo norm, which in turn induces the Euclidean distance

Recall that we have shown that a valid inner product induces a valid norm, which in turn induces
a valid metric. Because the dot product on R" is a valid inner product, the Euclidean distance
function ds is a valid metric; especially, it satisfies the triangle inequality required for metrics.

Note that for (1) a given vector space, there can exist more than one valid inner product; (2) for
a given vector space, there can exist more than one valid norm, and a valid norm is not necessarily
induced by some inner product, even if the space is an inner product space (for example the sup
norm ||x|| := max; |z;| for ¥x € R” in space R" is not induced by any inner product); (3) for a
given vector space, there can exist more than one valid metric, and a valid metric is not necessarily
induced by some norm, even if the vector space is a normed vector space (for example the discrete
metric is not induced by any norm).

2 Linear Functions on Vector Spaces

2.1 Definition, Examples
Definition 2.1. Let E, F two vector spaces and f : E — F a function. We say that f is linear if :

V(z,y) € B>, f(x+py) =f(x) +r [(y)
Vo € B.YA € R, f(hx) =\ f(z)

The two conditions can again be compacted into f(Az +y) = Af(x) + f(y) for all z,y, \. We
denote by L(FE, F) the set of linear functions from E to F. A linear applications from E to F is
sometimes called an endomorphism of E; the set of such functions is denoted as L(F) (instead of
L(E,FE)). If a linear function is bijective, it is called an isomorphism. A bibjective endomorphism
is called an automorphism.

Example 2.2. Let E a real vector space. Fixz A € R, and define the function :

h:E— FE
T = A\x

h is a linear function from E to E (an endomorphism).

Example 2.3. Let a,b,c € R, the function :

f:R*=R
(x,y,2) = ax + by + cz

s a linear function.

10



Example 2.4. Let I an interval in R. The derivation operator D, understood as a function from
the space of differentiable real functions over I, denoted D(I,R) to the space of real function over
1, is a linear function (you can verify that those two spaces are indeed vector spaces, although they
are not finite dimensional). Indeed, we know :

DAf+9)=Af+9) =X"+4d =ID(f) +D(g)

2.2 Properties
Proposition 2.5. Let f: E — F linear. Then :

f(0g) =0F
Ve € E, f(—z) = —f(x)

Proof.

Theorem 2.6. If f : £ — F is linear, then :
o If E' is a vector subspace of E, then f(E) is a vector subspace of F
o If F' is a vector subspace of F, then f~(F) is a vector subspace of E

The proof of this theorem is left as an exercise.

In particular, f(FE) is a vector subspace of E called the Image or Range of f and denoted I'm(f);
f~Y({0F}) is a vector subspace of E called the kernel of f and denoted Ker(f). Those two sets
provide a very neat characterization of injectivity and surjectivity for linear functions over vector
spaces.

Proposition 2.7. If f: E — F is linear, then :
o f is injective if and only if Ker(f) =0g
o f is surjective if and only if Im(f) =F

Proof. The second statement is direct by definition. To prove the first equivalence, first assume
f injective. Take x € Ker(f), i.e f(z) = Op. Since f(0g) = Op, by injectivity x = Opg, hence
Ker(f) = {Og}. For the other implication, assume Ker(f) = {Og}. Consider x,2’ such that
f(z) = f(2'). By linearity f(z — 2') = Op, hence z — 2/ € Ker(f) so x — 2’ = 0g. In other words,
x=1. O

Lastly, we give some characterizations for the image of spanning and independent collections of
vectors.

Proposition 2.8. Let f : E — F a linear function. Then
(i) If (z1,...,xn) a collection of vectors in E spans E, then (f(x1),..., f(xn)) spans Im(f)

(ii) If (z1,...,2y) a collection of vectors in E is dependent, then (f(x1),..., f(xy)) is dependent

11



(iii) f is injective if and only if for every independent collection of vectors in E (x1,...,2,),

(f(x1)y .y f(zp)) is independent.
(iv) (e1,...,en) is a basis for E and f is bijective if and only if (f(x1),..., f(zy)) is a basis for F.

This highlights that linear functions are useful to rearrange vector spaces while preserving their
properties. A consequence of the previous proposition is that we can express a change of coordinates
as a linear function. It turns out that this is actually an equivalence. The usefulness of linear
functions between vector spaces leads us to study another object that can actually serve as an
equivalent representation : matrices.

Before we move to the next section, we just state without proof one important theorem for linear
functions between finite dimensional vector spaces.

Theorem 2.9. Let f: E — F a linear function. We have :
dim(E) = dim(Ker(f)) + dim(Im(f))
Furthermore :
dim(Im(f)) < min(dim(E), dim(F))
and f is injective if and only if dim(Im(f)) = dim(E), f is surjective if and only if dim(Im(f)) =
dim(F).
3 Matrices

3.1 Definition

Definition 3.1. An m x n matrix is an array with m > 1 rows and n > 1 columns:

a1l a2 A1n

a21 azz ... Q2p
A= (aij)iy =

aml am2 ... Qmn

where the number a;; in the ith row and j¥ column is called the ij"-entry or the ij" -component.
The set of matrices of size m X n is noted Mp,y,.

We note A; the i*" row of A and A7 the j* column of A, so that:

Ay
A= (Al...A") =
Am
Here are some particular matrices:

e Real numbers can be seen as a 1 x 1 matrix.

e A vector of R* can be seen as a k x 1 matrix (a column vector) or a matrix of size 1 x k (a
row vector). By default a vector is seen as a column vector.

e Matrices with as many rows as columns m = n are called square matrices.

12



The zero matrix of M,,,, is the matrix with all entries equal to zero.

e A square matrix A is diagonal if all its non-diagonal elements are zero: a;; = 0 for all 7, j
such that i # j. We note A = diag(aii, ....ann)-

The unit matrix of size n is the square matrix of size n having all its components equal to
zero except the diagonal components, equal to 1. It is noted I,,.

e A square matrix A is upper-triangular if all its elements below its diagonal are nil: a;; = 0
for all ¢ > j.

e A square matrix A is lower-triangular if all its elements above its diagonal are nil: a;; =0
for all ¢ < j.

3.2 Operations on matrices
3.2.1 Addition and scalar multiplication

Along with the addition and scalar multiplications operations, the set of matrices M,,, is going
to be a vector space. The two operations are defined on the set M,,,, of matrices of the same size
m X n.

Definition 3.2. Let A = (a;;) and B = (b;j) be two m x n matrices, and A € R.
(1) The sum A+ B is the matriz whose ij-entry is a;j + b;.
(2) The scalar multiplication of A by X\, AA is the matriz whose ij"-entry is A -

Simply put, we add matrices component-wise and multiply them by scalars component-wise.
Once this structure is defined:

Proposition 3.3. The space M, is a vector space of dimension m X n. Its zero is the zero matriz.

To show it is a vector space, just check the 8 axioms of definition. To get the dimension, notice
that if E;; is the matrix whose entries are all zero except the ij*" entry which is equal to 1, then
(E; )Z;lgl is a basis of M,,,,. It is called the canonical basis of M.

3.2.2 Multiplication

The matrix multiplication is defined over matrices of different sizes, although sizes need to be
conformable: the product AB is only defined for matrices such that the number of columns of A
is equal to the number of rows of B.

Definition 3.4. Let A = (a;;) be an m x n matriz and B = (b;;) be an n x s matriz.
Their product AB is the n x s matriz whose ij"-entry is:

n
(AB)ij = ) aibej
k=1

In fact, matrix multiplication should be interpreted as a linear mapping. Recall that in an m xn
matrix with components in R, each column can be viewed as a vector in R™, and each row can be
viewed as a vector in R”. If we left-multiply matrix A by another matrix C', each row of the product
C'A is a linear combination of the rows of A; therefore, left-multiplying a matrix can be interpreted
as a row transformation. If we right-multiply A by another matrix C, each column of the product
AC is a linear combination of the columns of A; therefore, right-multiplying a matrix should be
interpreted as a column transformation. The following properties of matrix multiplication are easy
to verify from the definition.

13



Proposition 3.5. Provided conformable matrices:

e The unit matrixz is the neutral element of matrix multiplication: if A is m x n, then I,,A =

Al, = A.
o The zero matriz is absorbant: A) = 0A = 0.

o The multiplications is distributive wrt. addition: A(B + C) = AB + AC and (B + C)A =
BA+CA.

e The multiplication is associative: A(BC) = (AB)C.!
o A(AB) = \(AB).

But be careful that, contrary to the multiplication on real numbers,the matrix multiplication is
in general NOT commutative: in general AB # BA. Here is a counter-example:

(55 )e=(11)

AB = 0 does NOT imply that either A or B is zero, as it does for the multiplication of reals.

Definition 3.6. A square matriz of size n is invertible (or non-singular) iff there exists a matriz
B such that AB = BA = I,,. Provided existence, the inverse is unique and noted A™1.

To prove the uniqueness of the inverse, assume that B and C are two inverses of A. Then
B = BI, = B(AC) = (BA)C = I,,C = C, which proves that all inverses of A are equal. Obviously,
if B is the inverse of A, then A is the inverse of B, so the inverse of the inverse of A is A itself:
(A~H~1 = A. Besides:

Proposition 3.7. If A, B € M, are invertible, then so is their product AB and:
(AB) ' =p'a!

For square matrices, it is also possible to define the repeated products, or powers of a square
matrix A.

Definition 3.8. A* = A...A taken k times. By definition, A° = I,,.

We say that a matrix A is idempotent if A2 = A. We say that a matrix A is nilpotent if
A* = 0 for some integer k.

'To see this, first, (AB) C and A (BC) have the same size m x q. Second, for any (3,1) € {1,...,m} x {1,...,q},

we have
p n
Chi :E a;jbjrcr
k=1 k=1 k=1 \j=1

n P 71 P
= ( aijbjkckl> = (aij ijkckl> = Z (aij (Bo)jl)
1 1 k=1

j=1 \ k= j=1

BN
z
3

Il

B

BN
>
&

o
z

Il

S
(]

S
&

B

N~ —

3

= (A(BO)),,.
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3.2.3 Transpose and symmetric matrices

Another operation on matrices, although less essential, is the transpose; it takes simply one argument—
a matrix—and returns another matrix.

Definition 3.9. Let A = (a;;) be a matriz. The transpose A’ (or AT ) of A is the matriz obtained
by changing its rows into its columns (and vice versa): AT = (aj;).

Obviously, if we apply the transpose operator twice, we end up back on A: (AT)T = A. Note
that a row vector is the transpose of a column vector. The following properties of the transpose are
easy to verify from the definition.

Proposition 3.10.
o (AA)T = \AT,
e Transpose of the sum: (A+ B)T = AT + BT,
e Transpose of the product: (AB)T = BT AT,
o (AHT = (ATY~! (provided the inverse exists).

Definition 3.11. A square matriz A is symmetric iff it is equal to its transpose A’ = A.

3.2.4 Rank

If Ais an m x n real matrix, we can see its n columns A',...A" as n vectors of R™. Conversely, if
Al A™ are n vectors of R™, we can see them as the m x n matrix whose columns are the AJ.
For instance, note this very useful way to write a linear combination of the vectors A7 using matrix
multiplication (just check the equality entry by entry):

A1
MAY £ 4N A" = AN where A= |
An
Since we can look at matrices as a family of vectors, we can also consider the vector space that

these vectors span:

Definition 3.12. If A = (Al, ..., A™) is an mxn matriz, we call the space Span(Al, ..., A™) spanned
by the columns of A the column space (or image, noted Im(A)) of the matriz A.

We define the rank of a matrix as a natural extension of the rank of a family of vectors.
Definition 3.13. The column rank of a matrix A is the rank of its column space rank(Al, ..., A™).

We can do with rows what we have done with columns. We can see the n rows of an m x n
matrix as m vectors of R™. We call the space Span(Aj, ..., Ay;,) spanned by the row vectors of A
the row space of matrix A and its rank the row rank of the matrix. However, the row space is
not as much useful as the column space, and:

Proposition 3.14. The row rank of a matrix is equal to its column rank.

15



Because the rows of the product matrix AB are linear combinations of rows of B, the basis of
the rows of B can represent rows of AB, and so we have Rank (AB) < Rank (B). Because the
columns of AB are linear combinations of columns of A, the basis of columns of A can represent
columns of AB, and so we have Rank (AB) < Rank (A). As a result, we always have

Rank (AB) < min { Rank (A) , Rank (B)}
A consequence is that the rank of an m x n matrix is always smaller than both n and m.

Proposition 3.15. A square matriz A of size n is invertible iff rank(A)=n.

Proof. Assume that rank(A)=n, i.e. that the columns of A form a basis of R". All vectors of R" can
be expressed as a linear combination of the columns of A. In particular, the vectors e;,j =1,...,n
of the canonical basis of R”. So for all j, there exist a column vector B/ € R™ such that ej = AB7.
Noting B = (B!, ..., B"), I, = AB (just pool the vectors as columns of matrices).

To prove that B is the inverse of A, we also need to show that BA = I,,. To do so, note that A’
also has rank n, so that by the same reasoning there exists C such that A’C' = I,,. Taking transpose,

C'A=1,. But then BA=C'ABA = (C'A)(BA) =C'(AB)A=C"'A = I,.

Conversely, assume that A is invertible. We want to show that the columns of A are linearly
independent. Consider a linear combination of the columns of A, A\ for some vector A € R™, that
is equal to zero: A\ = 0. Premultiplying by A=!, A = A=10 = 0. O
3.2.5 Trace

Definition 3.16. Let A = (a;;) be a square matriz of size n. The trace of A, noted tr(A), is
n

tT(A) = Z Qg .
i=1

The trace has the following properties:

Proposition 3.17.
o The trace is linear: tr(AA) = Mr(A) and tr(A+ B) = tr(A) + tr(B).
o A matriz and its transpose have the same trace: tr(A") = tr(A).

e If AB and BA are square (but not necessarily A and B), tr(AB) = tr(BA).

3.2.6 Determinants

Definition 3.18. For a square matriz A, its determinant, denoted as det (A), is an element
defined inductively in the following way:

(1) For a 1 x 1 matriz A = a11, define its determinant as det (A) := a11.

(2) For an n X n matriz where n > 2, define its determinant as

n

det (A) := Z (—1)1+j ay; det (A—l,—j>

=1

where A_; _; is the matriz A with the i-th row and j-th column eliminated.
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According to the definition above, for a 2 x 2 matrix

A=
a1 Q22

ail a2 ]

its determinant is det A = a11a22 — a12a91.
For a 3 x 3 matrix
ail a2 a3
A= a1 a2z a3
a3l a2 ass

its determinant is

az1 a3

det (A) = a1 det [ 022 023 ] — aqg det
asy ass

azz 433

+ ays det [ a1 a2 ]

azr as2
= Q11022033 — Q11023032 — 12021033 + 12023031 + 41302132 — A13G22031

For a 4 x 4 matrix A, we should expect that det (A) has 4! = 24 terms, and so we don’t bother
to write it down here.
In the inductive definition of determinants above, the induction formula

det (A) = Z (—1)1+j alj det (A—l,—j)
7=1

is also called the cofactor expansion of A along the first row. The (i, j)-th cofactor of a square
matrix A, denoted as A;;, is defined as

Aij = (—1)i+j det (A—i,—j)
and so the cofactor expansion of A along the first row can be rewritten as
n
det (A) = Z alelj
j=1
In fact, we can equivalently define determinants by expanding along any row or column, i.e.
n
det (A) = Z aiinj
j=1
for any arbitrary row ¢, or
n
det (A) = Z aijAZ-j
i=1
for any arbitrary column j. Let’s admit the equivalence of different ways of expansion without
providing a proof.
Using this equivalence of expanding along a row or a column, we can show that det (AT) =

det (A).
We also state the following two results without proof.

17



Theorem 3.19. Let n be an integer and consider the determinant function, taking n vectors of R™
as argument det : R® x ... x R" — R

1. det(I,) = 1.

2. The determinant of a triangular (this includes diagonal) matriz A = (ai;) is the product of its
diagonal elements det(A) =[] as.

3. Multilinearity: det is linear with respect to each of its argument:

Vk = 1..n,det(AY, . AP + pAF . A™) = Adet(AY, ..., A%, A" + pdet(AL, ... AF . A7)

4. If any two columns of A are equal, then det(A) = 0.

5. Antisymmetry: If two columns of A are interchanged, then the determinant changes by a
sign.

6. If one adds a scalar multiple of one column to another then the determinant does not change.

Theorem 3.20. (1) A matriz and its transpose have the same determinant: det(A’) = det(A).
(Equivalently, n vectors Al, ..., A™ of R™ are linearly independent iff det(Al, ..., A™) #0.)

(2) A square matriz A is invertible iff det (A) # 0.

(3) For two n x n matrices, we have det (AB) = det (A) det (B).

Clearly, the theorem above implies that det (A™') = (det (A))_1 for an invertible matrix A.

4 Systems of Linear Equations
Consider the following system of linear equations in x:

a11T1 + a12x2 + -+ + a1pTy = by
a91x1 + agors + -+ - + a2, Ty = by

121 + AmaT2 + - -+ QpnTn = by,

where a;;’s and b;’s are all elements of R, and the unknowns z1,...,x, also take values in R.
We can rewrite the system of linear equations in a compact way by

Ax=Db
where A = (a,-j) is the m x n matrix, b = (b, ..., bm)T, and x = (x1,... ,xn)T.
If we view x as a column transformation of the columns of A, then the equation asks us to find
ways to represent the vector b € R™ as a linear combination of the columns of A. To clearly see this,
write matrix A as A = (ap,ag, ...,a,), where a; is the ith column of A, we have (aj,as,...,a,)x =

(ar,ag,...,an) (T1,..., xn)T = z1a; + Toas + ... + Tpa,.

Proposition 4.1. The system of equations Ax =b (A is an m X n matriz over R) has a solution
if

Rank ([A|b]) = Rank (A).

When the system has a solution,

(1) the solution is unique iff the columns of A are linearly independent, i.e. Rank (A) = n.
(2) the system has infinitely many solutions iff Rank (A) < n.
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To see this, suppose Rank (A) = n, then the columns of A are linearly independent, and therefore
their linear representation of b is unique. On the other hand, suppose Rank (A) < n, then the
columns of A are linearly dependent. Therefore, they have a non-trivial linear representation of the
zero vector, i.e. there exists F € R™\ {0} s.t. Az = 0. Then if x* is a solution to the system, then
x* + Az is also a solution, for any A € R, and so the solution is not unique.

Proposition 4.2 (General solution of a linear equation). Let a wvector x* satisfy the equation
Ax* =b, and let H :== {z : Az = 0}. Then the set {x = x*+xy, : x), € H} is the set of all solutions
of the equation Ax = b.

The system of linear equations can be solved by hand using Gauss-Jordan elimination, which is
essentially row operations of the matrix [A]b] . You may refer to a standard linear algebra textbook
for details.

As a special case, when m = n and the square matrix A is invertible, the unique solution is
clearly x* = A~'b. We also have an explicit formula for 2* = A~'b, which is known as Cramer’s
rule. Let’s state it without proof.

Theorem 4.3 (Cramer’s Rule). Let A be an n x n invertible matriz and b be an n x 1 column
vector. The i-th entry of the n x 1 column vector x* := A™'b can be calculated as

$* . det (Az)
© 7 det (A)

for each i, where A; is the n X n matriz formed by replacing the i-th column of A by b and leaving
the other colummns unchanged.

However, calculating determinants is numerically difficult when the size of the matrices is large,
since the determinant of an n x n matrix has n! terms. So Cramer’s rule may not be as useful as it
seems.

5 Eigenvalues, Eigenvectors, and Diagonalization

5.1 Eigenvalues and Eigenvectors

The concept of eigenvalues is especially important in linear dynamic systems.

Definition 5.1. Let A be an n x n matriz over C. A scalar A\ € C is said to be an eigenvalue of
A iff 3 x € C"\ {0} s.t. Ax = Ax. A vector x € C"\ {0} is said to be an eigenvector of A iff
JAeC st Ax = Ax.

Proposition 5.2. A € C is an eigenvalue of A iff det (A\I, — A) = 0.

By definition, A € C is an eigenvalue of A iff Ax = Ax has a nonzero solution. This is equivalent
to (A — Al,) x = 0 having a nonzero solution, which is in turn equivalent to the columns of the
matrix A\, — A being linearly dependent, which is in turn equivalent to det (A, — A) = 0.

In the determinant of the matrix

A—ain  —ai2 -+ —aip
—a21 A—ax -+ —ay,
MM, — A=
—anl —Aanp2 e A — Ann
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the diagonal contributes a term A", and all other terms have a degree no more than n—2. Therefore,
det (A, — A) is a polynomial of A of degree n. The polynomial P4 (\) := det (AI,, — A) is also called
the characteristic polynomial of A. By construction, A € C is an eigenvalue of A iff P4 (A) = 0.

Theorem 5.3 (Fundamental Theorem of Algebra). Let P : C — C be a polynomial of degree n, i.e.
P(A\) =cp\" + e AN L4 et A+ o, where ¢, € C for any k =0,1,...,n and ¢, # 0. Then
P has exactly n roots in C, counted with multiplicity. That s, there exists A1, Ao, ..., Ap € C s.t.

P()‘):cn()‘_)\l)()‘_)‘Z)"'()‘_)‘n)

Therefore, we can obtain all eigenvalues of A by setting the characteristic polynomial of A to 0
and solving for all its roots.

Proposition 5.4. Let A be an n x n matrix over C and A1, A2, ..., A\n € C are eigenvalues of A.
The the characteristic function polynomial of A:

Pa(A) = (A= A1) (A = A2)o(A = Ap).

Corollary 5.5. Let A be an n x n matrixz over C and A1, Ao, ..., A\, € C are eigenvalues of A. Then
det(A) = )\1)\2...)\”.

Proof. Plug A = 0 in P4 (\) = det (A, — A), we have det(—A) = (—1)"det(A4) = (0 — A1)(0 —
A2)ee(0 = M) = (—=1)" At Ao An. O

Suppose we have established that A € C is an eigenvalue of A. Then we can obtain the set of
all eigenvectors associated with A by solving for all nonzero solutions in C” to the system of linear
equations (A — AI,)x = 0.

5.2 Diagonalization

Definition 5.6. Let A be an n X n matriz over C. The matriz A is diagonalizable in C iff there
exists an n x n invertible matriz P over C and an n xn diagonal matriz A over C s.t. PT1AP = A.
The matriz A is diagonalizable in R iff there exists an n X n invertible real matriz P and an
n x n diagonal real matriz A s.t. P~1AP = A.

Intuitively, the matrix A is diagonalizable iff we can find invertible matrix P s.t. we can trans-
form A into some diagonal matrix by left-multiplying A by P~! and right-multiplying A by P.
If A can be diagonalized as A using P, then

det (AL, — A) = det (P—l) det (AL, — A)det (P) = det [P—l (M, — A) P

= det ()\In - P—lAP) = det (A, — A)
=A=A)A=X2)--- (A= N\p)
where A1, A9, ..., A, are the n entries on the diagonal of the matrix A. Therefore, the entries on the
diagonal of A must be the n eigenvalues of A.
When a matrix A is diagonalizable, i.e. P~1AP = A, we have
A= (PP )a(PPt) =P (P AP) P~ = PAP™!

and so the matrix A can be decomposed as PAP~!.
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Not all matrices are diagonalizable. For example, consider the matrix

0 1

A=190

It is straightforward to see that the two eigenvalues of A are both 0. So if A can be diagonalized as
A under P, i.e. P"'AP = A, the diagonal matrix A must be the 2 x 2 zero matrix. Then we have
A = PAP~! =0. Contradiction.

The next proposition establishes a necessary and sufficient characterization of diagonalizable
matrices.

Proposition 5.7. Let A be an n x n matriz over C. Then A is diagonalizable in C iff A has n
linearly independent eigenvectors.

Proof. <:
Let x1,X2,...,%, € C™\ {0} be the n linearly independent eigenvectors of A, and let the corre-
sponding eigenvalues be A1, Ag, ..., Ay, € C. By definition, we have Ax; = \;x; for each . Therefore,
A[X1,X9,...,Xy] = [Ax1, AXo, ..., Ax,)]
= [Ale, )‘2X27 sty )\nxn]
N O - 0
0 X -+ 0
:[X17X27"'7X7’l] : : . :
0 0 - A\,
Let P := [x1,X2,...,X;,| and
A0 0
0 Ao 0
A= .
0 O An
we have AP = PA. Because x1,Xo,...,X, are linearly independent, the matrix P is invertible.
Therefore, we have P~1AP = P~'PA = A, and so A is diagonalizable.
=

Because A is diagonalizable, there exists invertible P and diagonal A s.t. P"'AP = A. Rewrite
the equality as AP = PA, i.e.

A O - 0

0 Xo -+ 0

A[X17X25”'5Xn]:[X17X27"'7Xn] . . . .

0 0 - A\,
where x1,Xo,...,X, are columns of P and Ay, Ao, ..., A\, are entries on the diagonal of A. Then for
each 7, we have Ax; = \;x;. Because P is invertible, x1,Xo,...,X, are not the zero vector, and
therefore x1, xs, ..., x, are eigenvectors. Again by invertibility of P, we know that x1,xo,...,%, are
linearly independent. O
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The next proposition states that if an n x n matrix A has n distinct eigenvalues, then it has n
linearly independent eigenvectors.

Proposition 5.8. Let A be an n x n matrix over C with n distinct eigenvalues A1, Aa, ..., Ay € C.
Let x1,x%9,...,%, € C™"\ {0} be the corresponding eigenvectors. Then Xi,Xa,...,X, are linearly
independent.

Let’s show a weaker version of the proposition: the eigenvectors x; and xo are linearly inde-
pendent if the corresponding Ay and Ao are distinct. To see this, suppose x; and xo are linearly
dependent, i.e. there exists ki,ky € C s.t. at least one is not 0 and kyx1 + kexo = 0. Clearly,
because x1 # 0 and 2 # 0, we have k1 # 0 and ks # 0, since if one of k; is 0 then the other is also
0. Therefore,

AX1 = )\1X1 = )\1 (—k‘Q/kl . Xz) = —/{2)\1/]?1 + X9

and
AX1 =A (—k‘z/k‘l . Xg) = —/€2/k‘1 . AX2 = —k‘z)\z//ﬁ + X9

Comparing the two equations above, we have (A1 — A2) k2 /k1 - xo = 0. Because x5 # 0 and ko # 0,
we have A\ = A9, which contradicts the assumption that A\; and Ay are distinct.

The argument above only proves the proposition when n = 2, but we should expect the proof
for the general statement to be similar. Let’s skip the proof for the general statement and admit
the result.

Combining the two propositions above, we have the following theorem.

Theorem 5.9. Let A be an n x n matriz over C with n distinct eigenvalues A\, Ao, ..., A, € C.
Then A is diagonalizable in C.

If the eigenvalues of A are not distinct, we don’t know whether A is diagonalizable or not.

A matrix over field R is called a real matrix. An n X n matrix A is symmetric iff a;; = a;;
for any i and j. An n x n matrix A over F is orthogonal iff ATA = I,,. Clearly, the condition
AT A = I,, means that the columns of A are pairwise orthogonal (w.r.t. dot product) and each have
a norm of 1. The condition ATA = I,, also implies that A is invertible and A~! = AT and the
columns of A are a basis of F".

The next theorem states that a real symmetric matrix is always diagonalizable in R, i.e. there
exists a real invertible matrix P and a real diagonal matrix A s.t. P~'!AP = A. This result is a
little involved, and let’s state it without proof.

Theorem 5.10. Let A be an n X n real symmetric matriz. Then all its eigenvalues are real, and
there exists a real orthogonal matriz P and a real diagonal matriz A s.t. P~YAP = PTAP = A.

For an economist, the motivation for studying eigenvalues, eigenvectors, and diagonalization is
their applications in dynamic models.

Consider a linear dynamic system x; = Ax;_1, where X; is an n-dimensional real vector and
A is an n x n real matrix. Clearly we have x; = A'xg. When t is large, it is difficult to analyze
the behavior of x; since calculating A’ is difficult. With the help of diagonalization, however,
Al = (PAP_l)t = PA'P7!, where A! is easy to calculate since A is diagonal. In fact, if all
eigenvalues of A have a modulus strictly less than 1, then A® — 0 (the n x n zero matrix), and so
x; = PA'P~'xq — 0 (the n-dimensional zero vector).

If the dynamic system is not linear, it is a standard practice in macro to log-linearize the dynamic
system around its steady state, which is essentially approximating a non-linear system using a linear
system. Then our discussion on linear dynamic systems above applies.
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6 Quadratic Forms

Definition 6.1. A quadratic form on R" is a function @ : R™ — R that can be represented by

Qx) =YY aju,

=1 j—1
_ 2 2 2
= a112] + a22T5 + -+ + Gy,
+ (a12 + a21) 122 + (a13 + as1) r173

+ot (anfl,n + an,nfl) LIpn—1Tn
where a;;’s are real coefficients.

Notice that we can write a quadratic form in a compact way using matrix multiplication. The
quadratic form @ (x) defined above is equal to x? Ax, where A = (aij) is the n X n matrix whose
elements are the coefficients of the quadratic form, and x is considered as a column vector.

The way to represent a quadratic form @ using a matrix A is not unique, since if the matrix A
represents the quadratic form (), then the matrix A + B also represents () for any anti-symmetric
matrix B (i.e. bj; = —by; for any 4, j). However, each quadratic form @) can be represented by a
unique symmetric matrix A.

Definition 6.2. Let A be an n X n real symmetric matrixz. The matriz A, or the quadratic form
Q (z) := xT Ax that is represented by A, is said to be

(1) positive definite, iff x' Ax > 0 for any x € R™\ {0};

(2) negative definite, iff xT Ax < 0 for any x € R™\ {0};

(3) positive semi-definite, iff x' Ax > 0 for any v € R";

(4) negative semi-definite, iff x! Ax <0 for any x € R";

(5) indefinite, iff 3 x,x’ € R" s.t. x' Ax > 0 and x'T Ax’ < 0.

The next theorem provides a necessary and sufficient characterization of positive/negative (semi-
)definite matrices using eigenvalues.

Theorem 6.3. Let A be an n X n real symmetric matriz. The matriz A is
(1) positive definite iff all its eigenvalues are positive;
(2) negative definite iff all its eigenvalues are negative;
(3) positive semi-definite iff all its eigenvalues are non-negative;
(4) negative semi-definite iff all its eigenvalues are non-positive;
(5) indefinite iff it has both positive and negative eigenvalues.

This theorem easily follows Theorem 5.10, which allows us to find orthogonal P and diagonal A
s.t. PTAP = A, since we have

xT Ax = x7 (PAPT) X = (PTX>TA <PTX) =y Ay = i iy
i=1

where y := PTx, and \;’s are entries on the diagonal of A.
There are some other characterizations of positive/negative (semi-)definiteness using principal
minors. Please refer to FMEA Theorem 1.7.1 and 1.8.1 for details.
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Theorem 6.4 (LDL Decomposition). Let A be an n x n real symmetric matriz. Then A is positive
definite iff there exists a real diagonal matriz D with positive entries on its diagonal and a real lower
triangle matria® L with all 1’s on its diagonal, s.t. A= LDL".

The decomposition A = LDL” in the theorem is called the LDL decomposition of a positive
definite matrix. The ”if” part of the theorem is straightforward, but the ”only if” part is involved.
Let’s admit this result without proof.

In the theorem above, if we define P := L\/D, where v/D is the diagonal matrix whose entries
on its diagonal are the square root of the corresponding entries of D, then we have A = PPT. This
is called the Choleski decomposition of the positive definite matrix A.

Theorem 6.5 (Cholesky Decomposition). Let A be an n x n real symmetric matriz. Then A is
positive definite iff there exists a real lower triangle matriz P with all positive entries on its diagonal
s.t. A=PpT.

2An n x n matrix is said to be a lower triangle matrix iff a;; = 0 for any i < j.
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