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Introduction

These notes arose from a math 115A course I was a teaching assistant for at UCLA in
fall 2018. They contain, in my opinion, what all students should learn in a first course on
abstract vector spaces. At UCLA, math 115A is taken by students from various disciplines.
Many students have a hard time adjusting to the abstract nature of the course. These notes
try to provide many abstract examples to make the transition easier, as well as provide some
interesting, non-standard examples of how the language of linear algebra can be applied to
solve (hopefully) interesting problems. There may be many typos. Let me know if any are
found!



Chapter 1

Vector Spaces

Linear algebra arose out of trying to solve systems of linear equations. In a first course, one
learns the proper way to think about solutions to a system of n linear equations in n variables
is by viewing them as solutions to a certain matrix equation of the form Az = b in R”, and
then develops the necessary theory of matrices and tools needed to solve these equations.
The goal of abstract linear algebra is to capture the special properties of R™ and of matrices
that made the theory useful in the first place, and expand it to work in larger settings. This
will lead to the abstract definitions of vector spaces and linear transformations, which will
be the main objects of study for us.

1.1 Basic Definitions

Definition 1.1.1. A vector space V over a field F' is a set V' with an addition operation
+ and scalar multiplication operation - by elements of F' that sasify the following axioms:

1.
2.

8.

Forall z,y e Vo +y=y+x.

Forall z,y,z €V, (r+y)+z=2+ (y+ 2).

There exists 0 € V such that xt + 0 =z for all x € V.

For all x € V, there exists —x € V such that 4+ (—z) = 0.
Forallz eV, 1 -2 =ux.

Foralla,be Fandz €V, (a+b)-x=a-x+0b-2x.
Forall a,b € Fandz €V, (ab) -z =a- (b x).

Foralla€e Fand z,y e V,a- - (x+y)=a-z+a-y.

The elements of V' are called vectors, and it is understood that we write cx to mean c - x.

From the axioms above, one can deduce the usual algebraic rules are true in vector spaces:

Proposition 1. Let V' be a vector space. For x,y,z € V, and a € F, the following hold:



1. Ifr+y=x+z, theny = z.

2. The vectors O and —x are unique.
3.0-z=a-0=0.

4. (—a)r = —(ax).

The proofs of the above all follow quickly from the vector space and field axioms, and are
left as an exercise.

Definition 1.1.2. For a vector space V and W C V, we call W a subspace of V if W is
vector space under the same operations as in V.

Proposition 2 (Subspace criterion). Let V' be a vector space. Then W C V' is a subspace
< 0e W, and W 1is closed under addition and scalar multiplication.

Proof. The forward direction is immediate by definition of a vector space. Conversely, if W
is closed under addition and scalar multiplication, since vectors in W are vectors in V', this
immediately gives axioms 1,2,5,6,7,8. Since 0 € W, 3 is satisfied, and since W is closed
under scalar multiplication (—1)x = —x € W so 4 is satisfied. O

Example 1.1.3. Any field F is a vector space over itself. More generally, F™ is an F-vector
space for any n with operations of addition and scalar multiplication performed componen-
twise, where F™ = {(ay,...,a,) : a; € F'} is the set of all n-tuples with entries in F'.

Example 1.1.4. Let ' C L be a subfield. Then L is an L-vector space because L is a
field, but L is also an F-vector space, with scalar multiplication by an element of F' given
by performing the multiplication in L, and addition also performed in L.

Example 1.1.5. M, (F), the set of n x n matrices with entries in a field F, is an F-vector
space, with addition and scalar multiplication done entrywise.

Example 1.1.6. Let S be a non-empty set, then the set of all functions from S to F', denoted
F(S, F), is an F-vector space. A vector in F(S, F) is a function f : S — F, and two vectors
f,g are equal if f(s) = g(s) for all s € S. The operations are given by (f+g¢)(s) = f(s)+g(s)

and (cf)(s) = cf(s).

Example 1.1.7. The set of polynomials of degree at most n with coefficients in F', P, (F),
is a subspace of F(F, F).

Example 1.1.8. Let C([a,b]) be the set of continuous functions from [a,b] to R, and let
C>([a,b]) be the subset of all infinitely differentiable functions. Then both C([a,b]) and
C*([a, b]) are subspaces of F(R,R), and C*°([a,b]) is a subspace of C([a,b]). Let V = {f €
C*(la,b]) : f' = f}. Then V is a subspace of C*([a,b]). This gives a connection between
studying solutions to differential equations and studying the vector space C*(]a, b]).

Example 1.1.9. Let S be a set and set V = 27, the set of all subsets of S. Then V is a
vector space over Z /27 with addition given by A+ B = (A\ B)U(B\ A), scalar multiplication
in the obvious manner, and the 0 element being the empty set. Note the additive inverse of
any set A is itself.



1.2 Operations on Vector Spaces

A natural question to ask is what operations can we do on vector spaces to create new vector
spaces? Below are some examples:

Proposition 3. Let V and W be vector spaces. Then V NW is a subspace of both V and
W.

Proof. Clearly 0 e WNV. If z,y € VNW, then as both V, W are vector spaces = + y lies
in both V and W, so x +y € VNW, and similarly for ¢ € F' we see cx € VNW. O

Proposition 4. Let V and W be vector spaces. Then VUW 1is a vector space <= W CV
orVcW.

Proof. The backwards direct is immediate: if W C V or V. C W, then the union is equal to
either V' or W which is a vector space. Conversely, suppose that V U W is a subspace and
that W ¢ V. Suppose for contradiction that V' ¢ W. Pick w € W\ V,and v € V' \ W.
Then both w,v €e WUV, sow+veWUV. Ifw+ve W, then (w+v)—w=veW,a
contradiction. Similarly, if w + v € V then w € V, again impossible. Therefore VC W. A
similar argument shows that if V"¢ W then W C V. m

The above proposition says that taking unions of vector spaces won’t produce anything

new. However, there is a way to create a vector space that contains copies of both V' and
W

Proposition 5. Let V and W be vector spaces. Then V X W is a vector space with the
operations of componentwise addition and scalar multiplication.

Proof. Exercise. O]

The vector space V x W is sometimes called the external direct sum of V' and W and
is commonly denoted V & W. However to avoid confusion with the definition below, we’ll
keep the notation V' x W. There is a way to “add” vector spaces, but only if they are both
subspaces of some common vector space, so that addition of vectors makes sense.

Definition 1.2.1. Let W; and W5 be subspace of a vector space V. The sum of WW; and
Wy, denoted Wy + Wy is defined as Wi + Wy = {wy + wy : wy € Wi, wy € Wa}. Further, if
Wy N Wy = {0}, then we call W, + W, the interal direct sum of W; and W, and denote
this W, & W.

The difference between external and interal direct sums is that in the latter case, both
spaces live internally inside a larger vector space to begin with. In an external direct sum, we
create a larger vector space in which copies of V' and W can be identified, namely we identify
V' with the subspaces {(v,0) : v € V} =V x {0} and W with {(0,w) : w € W} = {0} x W.
A sum being internal or external is to be understood by the context, and will just be referred
to as a direct sum.

Proposition 6. For subspaces Wi, Wy of a vector space V., W1+Ws (and therefore W1 @ W)
1s a subspace of V.



Proof. 1t’s clear that 0 € Wy + W5 since 0 € Wy and 0 € Wy, If z,y € Wy 4+ W, then
x = w; +wy and y = w| + wj for wy,w| € Wy and wq,wl, € Wy, Therefore x + y =
(w1 + wy) + (ws + wh) and wy + w) € W] because Wi is a subspace of V', and wy + wh € Ws
for the same reasoning. The proof that W; + W5 is closed under scalar multiplication is
similar. ]

The difference between being a sum of subspaces and a direct sum of subspaces is the
following:

Proposition 7. Suppose V.= W,+W5 for some subspaces Wi, Wy. ThenV =W W,y <=
every vector x in 'V can be written uniquely as x = wy + we for wy € Wy and wy € W,

Proof. If V.= W; @& W5, and x has two different representations as a sum of the above form,
write * = wy + wy and = w] + w} for some wy, wo, wi, wy € W. Then wy — w] = w) — wy,
and the left hand side lives in W; while the right hand side lives in W5. This says w; —w| €
Wiy N Wy = {0}, so w; = w. Similarly ws = w) so the representation is unique. Conversely,
suppose that any vector x € V can be written uniquely as x = w; + w, for some w; € W,
and wy € Wy, Then clearly, V. = W, + Wy, If © € Wy N W, we can write x = x + 0 by
taking w; = x and wy = 0. Similarly, we can write x = 0 + x by taking w; = 0 and wy = z.
By uniqueness, this says = 0, so that W3 N Wy = {0} says V = W; & Wa. ]

Example 1.2.2. InR? set X = {(z,y) : y =0} and Y = {(z,y) : 2 = 0}. Then R? = XY
Note these subspaces are simply the x and y axes. In R3 set V = {(z,y,2) : z = 0}
and W = {(z,y,2) : © = 0}. Then R* = V + W , but the sum is not direct because
VW ={(z,y,2) : x = z=0}.

Example 1.2.3. Let F' be a field not of characteristic 2, and let Sym,,(F), Skew,,(F) C
M, (F) be the subspaces of symmetric and skew-symmetric matrices respectively. Then
M, (F) = Sym,,(F) & Skew,,(F). Any matrix A € M,(F) can be written A = $(A+ A") +
(A — A", so M,(F) = Sym,(F) + Skew,(F), and if A € Sym, (F) N Skew, (F), we have
A= A" and A = — A" so that 2A" = 0 says A® = 0, so that the sum is direct.

There’s one more common operation on subspaces that we’ll study, although it is quite
a bit more abstract.

Definition 1.2.4. Let V be a vector space, and W C V be a subspace. For a vector v € V,
we define the coset of v, denoted v + W, to be v + W = {v +w : w € W}, the set of
translates of v by elements of W.

Example 1.2.5. Let V = R?, W = {(2,0) : z € R}, and v = (0,1). What set is v + W?
Elements of the coset v+ W look like (0, 1) 4+ w for different choices of vectors w € W. Since
an arbitrary w € W looks like (a,0) for some a € R, such elements look like (a, 1) for some
a € R. For any choice of a the vector (a,0) is in W, so we see that v+ W = {(a,1) : a € R}.

The point of cosets is that they give us a way of partitioning the vector space V: as an

equality of sets, we have V = |J (v + W). We'll use these cosets to construct a new vector
veV
space. Let V/W = {v+ W : v € V}. We can define addition and scalar multiplication

operations on V/W as follows:



Proposition 8. V/W is a vector space, where the operations are given by (v+W)+(v'+W) =
v+ )+Wandc- (v+W)=c-v+W.

Proof. Exercise. O

Definition 1.2.6. The set V/W with the operations of addition and scalar multiplication
as given above is known as the quotient space of V' by W.

The idea behind the quotient space is that it “crushes” the subspace W to the 0 vector.
This can be seen from the following:

Proposition 9. Two cosets v+ W and v' + W are equal in V/W if and only if v—ov" € W.
In particular, v+ W =0+ W in V/W if and only if v e W.

Proof. Exercise. m

Example 1.2.7. Consider V = R? and W = {(z,0) : * € R}, the z-axis. For any vector
v = (a,b), we have that v + W = {(a + x,b) : x € R} is the horizontal line through the
vector v. The quotient space V/W “crushes” each of these horizontal lines to a single point,
namely the intersection of this line with the y-axis: in the quotient space, we have the
equality (a,b) + W = (0,b) + W because (a,b) — (0,b) = (a,0) € W. We see that points in
V/W can be “identified” with points on the y-axis, so that one can “picture” V/W as the
y-axis.

1.3 Linear Independence

The above discussion tells us how to create new vector spaces from subspaces of some V.
How can we create subspaces of V7 Starting with S C V', what is needed to build a vector
space out of elements of S? By definition, such a subspace would have to be closed under
scalar multiplication, so for s € S and ¢ € F' it must contain ¢ - s. Similarly, it would need
to be closed under addition, so it needs to contain all possible finite sums of the elements of
the form just mentioned. It turns out, this is enough.

Definition 1.3.1. A linear combination of vectors vy, ..., v, is an expression of the form
c1iv1 + ... + ¢, for some ¢; € F. An equation of the form civq + ...+ ¢,v, = 0 is called a
linear dependence relation. A dependence relation is called trivial if the only possible
solution is when all ¢; = 0, and is called non-trivial otherwise.

Definition 1.3.2. Let S C V. The span of S denoted Span(S) is the set of all finite linear
combinations of elements of S. That is, Span(S) = {civ1+...+c,v, 1 ¢; € F,v; € S;n > 1},

Proposition 10. Let S C V. Then Span(S) is a subspace of V.

Proof. By convention, if S = () we define Span(S) = {0}. If S # 0, pick v € S. Then
0=0-v € Span(S). If z,y € Span(S), then x = cyv; +...+ v, and y = dywy + . .. + dpwy,
for some ¢;,d; € F and v;,w; € S. Then v +y = civy + ... + v, + dywy + ... + dywy, is
a linear combination of the vectors vy, ..., v,, wy, ..., wy, € S so z+y € Span(S). Similarly
for ¢ € F we see c¢- v € Span(5), so Span(9S) is a subspace of V. O

7



Span(S) is sometimes referred to as the subspace generated by S. If V' = Span(S), then
we call S a generating set for V. Observe that any subspace of V' containing S must
contain Span(S), and therefore Span(.S) is the smallest subspace of V' containing S.

Example 1.3.3. In Sym,(F"), any symmetric matrix is of the form for some a, b, c €

P veso sy - spand (1 9).(0 1), (0 0) )

Example 1.3.4. Let V = R3. Then V = Span{(1,0,0),(0,1,0),(0,0,1)}. We may also
write V' = Span{(1,1,0),(0,1,1),(1,0,1)}), or V = Span{(1,1,1),(1,0,0), (0,1,0),(0,1,1)}.
A spanning set need not be unique, nor must any spanning set have the same cardinality.

a
b

The above example shows that a spanning set may contain “redundant” information. In
the third spanning set above, notice that (1, 1, 1) is already contained in Span{(1, 0, 0), (0, 1,0), (0,1,1)},
so removing it from S does not change Span(.S). We give this condition a name:

Definition 1.3.5. Let V be a vector space. For S C V| we call S linearly dependent if
there exist vy,...,v, € S and ¢q,...,¢, € F not all 0 such that c;v, +... 4+ c,v, =0. S is
called linearly independent if S is not linearly dependent.

If S is linearly dependent, the above says there is a non-trivial linear combination of
some vectors in S that equals 0. Since some coefficient ¢; must be non-zero, we can solve for
v; in terms of the remaining vectors, so another way of saying this is that some vector v; is
contained in the span of some other vectors.

Example 1.3.6. In the above example, the set {(1,0,0),(0,1,0),(0,0,1)} is linearly inde-
pendent. The set {(1,1,1),(1,0,0),(0,1,0),(0,1,1)} is linearly dependent.

Example 1.3.7. In C>°(R), the vectors sin(z) and cos(z) are linearly independent: if

cysin(x) 4 ¢y cos(z) = 0 for all z, plugging in = 0 and z = 7 shows that ¢; = ¢, = 0.

Similarly if r # s, the functions " and e** are linearly independent.

Since linear dependence is defined in terms of a finite quantity, an easy definition of linear
independence that handles the case of S being infinite is as follows:

Proposition 11. Let V' be a vector space and S C V. Then S is linearly independent if and
only if all finite subsets of S are linearly independent.

Proof. If S is linearly independent, for any S’ C S, a linear dependence relation among
vectors in S’ is also a linear dependence relation among vectors in .S, so it must be trivial.

Conversely, if all finite subsets of S are linearly independent, given any vectors vy, ..., v,,
if c;vy + ... 4 cpv, = 0, this is a dependence relation among the vectors of the finite set
S" = {wvy,...,v,}, and so must be trivial by assumption. O

Given S C V, how can we check if S is linearly independent? One way is as follows:



Proposition 12. Let V' be a vector space and S = {vy,...,v,} for some v; € V. Then
S is linearly dependent if and only if vi = 0 or there exists 1 < k < n such that vy, €

Span({vy,...,vk}).

Proof. The backwards direction is immediate, so suppose that S is linearly dependent. Then
c1v1 + ... + ¢u, = 0 for some ¢; not all 0. Set k = max{n : ¢, # 0}, which exists since
some coefficient is non-zero and there are finitely many. Notice that this says ¢; = 0 for all
k <i<mn. If k=1, this says ¢; is the only non-zero coefficient, so c;v; = 0 gives v; = 0.
Otherwise, & > 1 s0 civ1 + ... + cpv, = 101 + ... + v, = 0. Since ¢, # 0, this says
v € Span({vy,...,vk_1}), so we are done. O

This gives a method of checking if a set is linearly independent that works well for sets
of small size. For example, to check if {vy,v9,v3} is linearly independent one just needs to
check that vy & Span({v,}) and v & Span({v1,v2}). For sets of larger size, we will later
develop more efficient methods. We end the section with an extremely useful proposition.

Proposition 13. Let S C V be linearly independent and v € V.. Then S U {v} is linearly
dependent if and only if v € Span(S).

Proof. 1t S U {v} is linearly dependent, then there are sq,...,s, € S and ¢1,...,¢01 € F
not all 0 such that ¢;s1 + ...+ ¢85, + 10 = 0. Necessarily, ¢,11 # 0 otherwise the linear
independence of S forces all ¢; = 0. Then solving for v gives v = —cnlﬂ (c181 + ... + CnSn)
so v € Span(S). Conversely, if v € Span(S) then v = ¢151 + ... + ¢,s, for some s; € S and
¢i # 0. Then ¢y81 + ...+ ¢,8, — v = 0 is a non-trivial linear dependence relation among

elements of S U {v}, so SU{v} is linearly dependent. O

Theorem 1.3.8. Let S C V be linearly independent. If v # 0 € Span(S), then v =
101 + ... + cpuy, for unique distinct vectors v; € S and unique ¢; # 0 € F.

Proof. Suppose that v has two different representations using vectors in S. Write v =
151+ ...+ cpsp and v = dity + ... + dyty, for some ¢;,d; # 0 € F and s;,t; € S, where we
may assume none of the s; are the same and none of the ¢; are the same. Subtracting shows
181+ ...+ cpspy —dity — ... —dpty, = 0. If {s1,...,s,} # {t1,...,tm}, then there is some i
such that s; is not equal to any of ¢;. Since S is linearly independent, this forces ¢; = 0, since
there is no other term in the sum that can be grouped with ¢;s;. This is a contradiction, so

n=mand {s1,...,8,} = {t1,...,tn}. Relabeling as necessary, we may assume that s; = ¢;
so that the above can be written as (¢; — dy)s; + ... + (¢, — d)$, = 0, s0 ¢; = d; for all i
and therefore such a representation is unique. O]

1.4 Bases and Dimension

The above theorem is of critical importance: the vectors in Span(S) can then be though of
as tuples of elements of F' by reading off the coefficients in the corresponding linear com-
bination. A natural question to ask is if every vector space arises as the spanning set of a
linearly independent subset. The answer is yes, and is the most important result in linear
algebra.



Definition 1.4.1. A basis of a vector space V' is a linearly independent spanning set. The
dimension of V is the cardinality of a basis of V.

Perhaps in more familiar terms, the above says that every vector space has a basis. The
fact that the dimension of a vector space is actually well defined is a fairly non-trivial result,
but the proof is a rather technical set theoretic argument that is unenlightening, so for our
purposes it will be taken for granted.

Proposition 14. Let B and B’ be two bases of a vector space V. Then |B| = |B'|.

Dimension is one of the most useful ideas in linear algebra: it gives us a notion of size for
a vector space, and being able to translate questions about vector spaces into statements
about integers makes them easier to understand. At this stage, linear algebra branches off
in two directions: the study of infinite dimensional vector space, and the study of finite
dimensional vector spaces, the latter of which we will focus the majority of our attention on.

1.5 Finite Dimensional Vector Spaces

Throughout the rest of this section, we will assume that V' is an n-dimensional vector space
over a field F' unless otherwise stated.

The above proof that every vector space has a basis is non-constructive — it tells us one must
exist but gives us no way of finding one. In the finite dimensional case, we actually have a
constructive method for finding bases of a vector space.

Theorem 1.5.1. Let S = {vy,...,vx} be a subset of V' that spans V.. Then there is B C S
such that B is a basis of V.

Proof. We may assume that the v; are non-zero, otherwise remove them. Let m be the
largest integer such that there is an m element subset B of S that is linearly independent.
As {v;} is linearly independent for any ¢, and .S has at most k elements, in particular B must
exist and 1 < m < k. Then Span(S) = Span(B). To see this, we show that v; € Span(B)
for all . If v; ¢ B, then B U {v;} is a linearly dependent subset by definition of B, so

there are c1,...,¢pe1 € F not all 0 such that ;81 + ... + ¢S + Cmp1v; = 0. By linear
independence of elements of B, necessarily ¢,,11 # 0, so we can solve for v; in terms of s;,
giving v; € Span(B) as desired. O
Theorem 1.5.2. Let S = {vy,... v} be a linearly independent subset of V. Then there exist
vectors wy, ..., Wy, €V such that {vy, ..., vg, wy,..., Wy} is a basis of V.

Proof. Pick a basis {ej,es,...,e,} of V. Then {wy,... ,wy,e1,...,e,} is a spanning set.
Remove vectors e; from the above set if e; € Span(S). The remaining vectors wy, . . . , w,, not
removed are not contained in Span(.S), so the set {vy,..., vk, w,...,wy,} must be linearly
independent, and it remains a spanning set of V' by construction so it is a basis. O

An immediately corollary is the following:

10



Corollary 1.5.3. Let W C V be a subspace. Then there exists W' C V' a subspace such that
V=WeW.

Proof. Pick a basis {vy, ..., v} of W and extend to a basis {v, ..., v, e1,...,e,} of V. Set
W' = Span({ei,...,en}). Then it’s clear that V =W + W’ and W N W’ = {0} because if
x e WnNnW' wecan write x = civ1 + ... + v and © = dyey + ... + dpey, for ¢;,d; € F,
SO c1v1 + ...+ cpvp — dieg — ... — dpen, = 0 gives all ¢;,d; = 0 as these vectors are linearly
independent in V. []

The subspace W' is called the complement of W in V.

In linear algebra, it’s not uncommon to be interested in finding a basis with some particular
choices of basis vectors, so the extension result is quite useful. The following is a translation
of the above two results using the language of dimension.

Theorem 1.5.4. Let S = {vy,..., v}
1. If S is linearly independent, then k < n.
2. If S spans V', then k > n
3. If k =mn, S is linearly independent if and only if S is a spanning set.

Proof. Ttems 1 and 2 are immediately corollaries of the above two results. To prove 3, If S is
linearly independent and S doesn’t span V', then there is v € V' such that SU {v} is linearly
independent. But then this says n+1 < n, a contradiction. Therefore S spans V. Conversely,
if S is not linearly independent, we may trim S to a basis B with n = |B| < |S| = n, a
contradiction. O

Example 1.5.5. In ", the vectors e; where e; is the vector that is 1 in the i-th coordinate

and 0 elsewhere form a basis. It’s easy to see that if cje; + ... c e, =0, then (¢q,...,¢,) =
(0,...,0) so ¢; = 0, and it’s obvious this is a spanning set. This is an n-dimensional F-vector
space.

Example 1.5.6. In M, (F), the matrices E;; where E;; is the matrix with (¢, j)-th entry
equal to 1 and 0 elsewhere is a basis — the argument is the same as above. This is an
n2-dimensional F-vector space.

Example 1.5.7. In P,(F), the set {1,2,...,2"} is a basis. It’s clear that this is a spanning
set, so it remains to see linear independence. If ¢y + c1x + ...c,2™ = 0 in P,(F), then in
particular, this holds true for all x € F. The left hand side is a degree at most n polynomial,
so it has at most n roots, while the right hand side is 0 everywhere. This is only possible if
all coefficients are 0. This is an n + 1-dimensional F-vector space.

Example 1.5.8. The space of all polynomials with coefficients in ', P(F') is infinite dimen-
sional: any finite set of polynomials has a maximal degree m, so their F-span is contained
in P,,(F). This says no finite subset of P(F') is a spanning set, so it is infinite dimensional
as an [F-vector space.
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Example 1.5.9. In R3, the set {(1,0,1),(1,1,0),(0,1,1)} is a basis, because it is linearly
independent: one can check by hand that (0,1,1) ¢ Span({(1,0,1),(1,1,0)}).

Example 1.5.10. Let V = {(z,y,2) e R®: 2 — 2y + 2z =0 and 22 — 3y + z = 0}. Then V
is a subspace of R?, and has basis {(1,1,1)}.

Example 1.5.11. The dimension of a vector space depends on the underlying field. As a
C-vector space, C" has dimension n with basis vectors e; for 1 < j7 < n. However, C is a
2-dimensional R-vector space: any complex number z is of the form z = a + b for real a, b,
so {1,i} is basis. The vectors e;,ie; for 1 < j < n form a basis of C" as a 2n-dimensional
R-vector space.

Example 1.5.12. For a # 0 € R, the set {1,z — a,(z —a)?,...,(z — a)"} is a basis for
P,(R): if co+c1(x —a)+ ...+ c,(z —a)” =0 for all x, plugging in x = a shows ¢y = 0, and
taking derivatives and repeating the argument shows ¢; = 0. This shows linear independence
and since a basis has n + 1 elements, this is a spanning set. Every polynomial p(z) can be
written in the form p(x) = co+ci1(z —a)+...+c,(x—a)". One can solve for the coefficients
¢; by taking derivatives as necessary and plugging in x = a, to see ¢ = %, recovering
the usual Taylor expansion around = = a.

To illustrate why dimension is useful, we prove a quick result, which helps us understand a
vector space by understanding its subspaces.

Proposition 15. Let W C V be a subspace. Then dim(W) < n. If dim(W) = n, then
w=V.

Proof. First we show that W is finite dimensional. If W = {0}, we are done. Otherwise,
pick wy # 0 € W. If W = Span({w;}), we are done, otherwise there is wy, € W with
wy & Span({w1}), so {wy, wy} is linearly independent. Continue choosing vectors ws, . . ., wy
in this way such that {ws,...,ws} is a linearly independent subset of W. Since W C V| it’s
also a linearly independent subset of V', so this process must stop before the n-th step, and
the termination of this process is equivalent to saying that W = Span({wy,...,w}). This

says {wi, ..., wy} is a basis of W, and we have k < n. If kK = n, these vectors are actually a
basis of V' as well, so W = V. O

Example 1.5.13. Let W C R? be a subspace. Then dim(W) = 0,1,2,3. If dim(W) = 0,
then W = {0}, and if dim(W) = 3, then W = R3. If dim(W) = 1, then W = Span({v})
for some v € W, i.e. W is the line through the origin in the direction of v. If dim(W) = 2,
we have W = Span({vy,v9}) for some vectors vy, ve. Let v = vy X vy, s0 z - v = 0 for all
x € W. This defines the equation of a plane with normal vector v, X vq, so that subspaces of
R3 are either {0}, R3, lines through the origin or planes through the origin. The dimensions
of these objects should hopefully match your own geometric intuition.

Example 1.5.14. Set V = (Z/pZ)?, which is a 2-dimensional Z/pZ-vector space with basis
vectors (1,0) and (0,1). What are all the subspaces of V? If W C V is a subspace, we
have dim(W) = 0,1,2. If dim(W) = 0 then W = {0}, and if dim(W) = 2 then W = V. If
dim(W) = 1, then W = Span({v}) for some non-zero vector v. There are a total of p?—1 such
vectors v, and each of the p — 1 non-zero multiples of v span the same subspace of V. Since
the 1-dimensional subspaces of V partition W, we conclude there are (p> —1)/(p—1) = p+1
different 1-dimensional subspaces of V', for a total of p + 3.
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We end with some useful dimension counting results:
Proposition 16. Let be V' a vector spaces and let W, Wi, W5 be subspaces.
(a) dim(W; + W3) = dim(W7) 4+ dim(Ws) — dim (W, N Ws).
(b) dim(W; @ Wy) = dim(W7) 4 dim(Ws).
(b) dim(V/W) = dim(V') — dim(W).
Proof. Exercise. m

1.6 Zorn’s Lemma

In order to deal with infinite spanning sets, we need some set theory:

Definition 1.6.1. A partial ordering on a set S is a binary relation < that satisfies the
following conditions for all a,b,c € P:

1. (Reflexivity) a < a.
2. (Anti-symmetry) If a < b and b < a then a = b.
3. (Transitivity) If @ < b and b < ¢ then a < c.

Definition 1.6.2. A poset is a set P with a partial ordering <. A poset is called totally
ordered if for all pairs of elements a,b € P, either a < b or b < a. A chain C of a poset P
is a totally ordered subset of P. For A C P, an upper bound of A is an element m of P
such that x < m for all z € A.

Example 1.6.3. Let P = R and let < be the usual relation of less than or equal to. Then
P is a poset, and P is totally ordered.

Example 1.6.4. Let P =N and let a <b <= a | b. This makes P a poset. Under this
ordering, we have 3 < 6, but 3 and 5 are not comparable, so P is not totally ordered. The
set P' = {1,2,4,8,16} is totally ordered, so it is a chain in P. The element 16 is an upper
bound of P'.

Example 1.6.5. Let P a set of subsets of a vector space V', and < be ordering by inclu-
sion, i.e. W <W' <= W C W’. Then P is a poset.

The proof that every vector space has a basis is one of many non-constructive existence
results in mathematics that follow from Zorn’s lemma, which is (surprisingly!) equivalent to
the Axiom of Choice:

Theorem 1.6.6 (Zorn’s lemma). Let P be a poset such that every chain in P has an upper
bound in P. Then P has a maxmimal element with respect to <. That is, there is an element
m € P such that xt < m for all x € P.

We are now ready to prove the theorem:

13



Theorem 1.6.7. Every vector space has a basis.

Proof. Let V be a vector space over some field F'. The idea of the proof is as follows: use
Zorn’s lemma to show that V' contains a maximal linearly independent subset B of V (in
the sense that there is no linearly independent subset S with B C ), and then show that
B must be a basis of V.

If V= {0}, then by definition V' = Span((}), and the empty set is linearly independent.
Now suppose that V' # {0} and let P = {S C V : S is linearly independent} be the set of
all linearly independent subset of V' with an ordering on P given by inclusion. Then P # (),
because there exists v # 0 € V so {v} is a linearly independent subset of V. We now check
the conditions of Zorn’s lemma. Suppose that C' C P is a chain, and write C' = {S, }aer
for some indexing set 1. Set M = |J,c; Sa. The claim is that M is an upper bound of C
that is an element of P. The first statement is immediate by definition: for any S, € C,
we have S, C J,c; Sa; 80 C < M. Therefore, we only need to check that M is a linearly

independent subset of V', so that M € P, letting Zorn’s lemma kicks in.

Suppose that M is not linearly independent, then there are vectors si,...,s, where
s; € Sy, for some S, and scalars ¢y, ..., ¢, € F not all 0 such that ¢;s1+---¢,8, =0. As C
is totally ordered, one of the sets S,,, ..., S,, must contain the others, so each of the vectors

s; live in some common set, which we denote S,,. This says there is a non-trivial dependence
relation among vectors in S,, contradicting that S, is linearly independent (because S, lives
in P!). Therefore, M is a linearly independent subset of V. By Zorn’s lemma, P contains a
maximal element with respect to inclusion, say B.

To finish up, we need to show that B spans V. Suppose otherwise, then there is some
v € V such that v ¢ Span(B). This says that B U {v} is a linearly independent subset of
V with B C B U {v}, contradicting the maximality of B. Therefore B spans V', and we are
done. 0

It’s important to note that the proof only shows that a basis ezists — it gives absolutely
zero indication of what one is. The proof technique of using Zorn’s lemma is a rather stan-
dard one for proving existence theorems in mathematics (especially in algebra) and is worth
understanding.

For vector spaces spanned by finite sets, you saw in lecture that it’s not too hard to
show that any two bases have the same number of elements. This allows us to define the
dimension of a vector space. What happens if the vector space has a basis of infinitely many
elements? The dimension of a vector space is still well defined, but this now becomes a fairly
non-trivial result. Instead of talking about the number of elements in a basis, we have to
talk about the cardinality of the basis, and if you know anything about set theory, there are
many different “sizes” of infinite sets which is what causes complications. The proof is a
rather technical set theoretic argument that is unenlightening, so we will take it for granted.

Proposition 17. Let B and B’ be two bases of a vector space V. Then |B| = |B’|.

This gives us the following definition that works for any vector space:
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Definition 1.6.8. Let V' be a vector space. The dimension of V' is defined as the cardinality
of a basis of V. V is said to be infinite dimensional if it’s dimension is not finite.

If you're familiar with the notion of countability, the following are examples of infinite
vector spaces of different “sizes”:

Example 1.6.9. The vector space Q[z] is infinite dimensional as a Q-vector space, because
the span of any finite set of polynomials has bounded degree. The set {1, z,2?, ...} is a basis
of Q[z] as a Q-vector space, and so Q[z]| has countable dimension.

Example 1.6.10. R is infinite dimensional as a Q-vector space, because any finite dimen-
sional vector space over (Q must be countable, and R is not countable. It turns out that R
has uncountable dimension as a Q-vector space (but this is much harder to show).
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Chapter 2

Linear Transformations

A general philosophy is that to study algebraic structures, one needs to not just study the
objects but structure preserving maps between these objects as well. There is no simple
explanation for the latter, but historically it has been very productive. When studying how
to solve systems of linear equations in R™, one is naturally led to matrix equations of the
form Az = b. A matrix A defines a function 7' : R™ — R" given by T'(x) = Az. This func-
tion T respects the structure of Euclidean space, in the sense that T'(z +y) = T'(z) + T'(y)
and T'(cx) = ¢T'(x) for all z,y € R™ and ¢ € R. Since vector spaces are nothing more than
abstracted versions of Euclidean space, we should look at abstract analogues of matrices, i.e.
functions that preserve the vector space structure.

Unless otherwise stated, through the handout V' is a finite dimensional vector space of
dimension n over a field F'. The letter T will always denote a linear transformation.

2.1 Basic Definitions

Definition 2.1.1. A linear transformation 7" : V' — W between vector spaces V and W
over a field F' is a function satisfying T'(z +y) = T'(z) + T'(y) and T'(cx) = ¢T'(x) for all
r,y€Vand ce F. If V=W, we sometimes call 7" a linear operator on V.

Note that necessarily a linear transformation satisfies 7'(0) = 0. We also see by induction
that for any finite collection of vectors vy, ..., v, and scalars ¢y, ..., ¢, € F we have T'(c;v; +
vt ) =aTl(v) + ..o+ e, T (vy).

Definition 2.1.2. The kernel ker(7T') is defined by ker(T) = {z € V : T'(z) = 0}. The
image Im(7) is defined by Im(T') = {T'(z) : z € V'}.

The image and kernel of T are two important subspace of V' and W respectively, and we
can translate set theoretic statements about injectivity and surjectivity into the language of
linear algebra.

Proposition 18. Let T : V. — W be linear. Then ker(T') is a subspace of V' and Im(T') is
a subspace of W.
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Proof. Since T is linear, we have T'(0) = T(0 + 0) = T'(0) + T(0), so 0 = T(0) gives
0 € ker(T'). If z,y € ker(T) then T(x +y) = T(xz) + T(y) = 0 by linearity. Similarly, if
ce F, T(cx)=cTl(x) =0so cx € ker(T') giving ker(7") is a subspace of V. Since T(0) = 0,
this says 0 € Im(W). If z,y € Im(WW) then there are u,v € V such that + = T'(u) and
y=T). Thenx+y=T(u)+T(v) =T(u+v) so z+y € Im(T). Finally, if + = T'(u) then
cx = cT'(u) = T(cu) so cx € Im(T') which says Im(7T’) is a subspace of W. O

Proposition 19. Let T : V — W be linear.
(a) T is injective if and only if ker(T') = {0}.
(b) T is surjective if and only if Im(T) = W .

Proof.

(a) Suppose that T is injective. If x € ker(T'), then T(x) = T(0) so injectivity says
x = 0 giving ker(T") = {0}. If ker(7) = {0}, if T'(z) = T'(y) then T'(z — y) = 0 says
x—y€ker(T)sox—y=0,ie x=ysoT is injective.

(b) If T is surjective, then for every y € W there is € V such that T'(z) = w, which is
precisely the same as saying W = Im(7"). On the other hand, if W = Im(7") then for
all w € W there is « € V with w = T'(z), so T is surjective.

]

Example 2.1.3. For any vector space V, the identity transformation idy : V' — V given
by idy (z) = x is linear.

Example 2.1.4. For any field F and a € F, the map T : F' — F given by T(z) = ax is a
linear transformation by the field axioms.

Example 2.1.5. The map T : R? — R3 given by T(x,y) = (v + y,y,x — y) is a linear
transformation.

Example 2.1.6. For any matrix A € M,,,x,,(F'), the map T': F™ — F"™ given by T'(z) = Az
is a linear transformation, since A(z + y) = Az + Ay and A(cx) = c¢(Azx) by how matrices
work.

Example 2.1.7. In P(R), the maps D(p)(z) = p/(z) and I(p = Ji p(t)dt are linear
operators on P(R) by calculus. D is not injective because any constant polynomlal has
derivative 0, but D is surjective since D( [ p(t)dt) = p(z) by the fundamental theorem
of calculus. The operator I is injective but not surjective because nothing maps to the
polynomial p(x) = 1.

Example 2.1.8. The map D : C*°([0,1]) — C*°([0, 1]) given by D(f)(z) = f(z) — f'(z) is
a linear transformation. Saying f € ker(D) is the same as saying f'(z) = f(x), so ker(D)
is precisely the set of functions that satisfy the differential equation f = f’. From calculus,
we know the only such functions are of the form ce® for ¢ € R, so ker(D) = Span({e”}) is a
1-dimensional subspace of C'*(]0, 1]).

17



Example 2.1.9. The map T : M,,(F) — M, (F) given by T(A) = A — A" is linear. ker(T)
is the set of matrices with A = A’, i.e. ker(T) = Sym,,(F). Any matrix in Im(7) is of the
form A — A for some A, which is skew-symmetric, so Im(7') C Skew, (F). If F does not
have characteristic 2, for any skew-symmetric matrix B, we have T(B) = B — B' = 2B, so

T(3B) = B says Im(T') = Skew,,(F).

Example 2.1.10. Let F*>° be the sequence space of elements of F'. That is, F'* = {(ay,as,...) :
a; € F}. Define maps R : F*° — F* by R((a1,as,...)) = (az,as,...) and L((ay,as,...)) =
(0,a4,as,...), the right and left shift operators respectively. Then both R and L are linear
operators on F'*°.

Example 2.1.11. Let W C V be a subspace. Themap 7 : V' — V/W given by T'(v) = v+W
is a linear transformation, called the quotient map.

Example 2.1.12. Suppose V = W @ U for some subspaces W, U of V. The projection
mw of V onto W along U is defined by my () = w where x = w + u for unique w € W
and v € U. Then my is linear, and ker(my) = U and Im(my ) = W. If we assume V is
finite dimensional, for any subspace W there is U such that V = W @ U. This then says
that any subspace W is the kernel of some linear transformation, namely 7 where U is the
complement of W in V. Similarly, W appears as the image of my;.

A natural question is given a linear operator 7' : V' — V and a subspace W of V| when
does T restrict to a linear operator on W7 Necessarily, if T restricts to an operator on W
we must have T'(W) C W, and actually this is sufficient: if T(W) C W, then for x,y € W
we have T'(x +y) = T'(z) + T(y) since z,y € V and T'(cx) = ¢T'(z) for ¢ € F'. We give such
subspaces a name:

Definition 2.1.13. Given a linear operator 7' : V. — V, a subspace W C V is called
T-invariant if T(WW) C W. The restriction of T' to W, denoted by T|w, is the linear
transformation 7’|y () = T'(z) for all x € W.

Example 2.1.14. Let V = W @ U, and consider my. Then W is my-invariant, and my |w
is the identity map on W.

Example 2.1.15. The map T : M, (F) — M,(F) given by T(A) = A — A" is Sym,, (F)-
invariant. The restriction T'|gym (r) is simply the 0 map.

2.2 Dimension Counting

The image and kernel of a linear transformation 7" are extremely important because they give
rise to a powerful dimension counting result. We’ll illustrate how we can use such counting
arguments to get useful results.

Definition 2.2.1. The rank of a linear transformation 7 : V' — W, denoted by rank(7T’) is
defined as rank(7") = dim(Im(7")).

Proposition 20. If {vy,...,v,} is a basis of V', then {T(vy),...,T(v,)} is a spanning set
of Im(T'). If T is injective then {T(vy),...,T(v,)} is a basis of Im(T'). In particular, if T
is injective then rank(T) = n.

18



Proof. Let y € Im(T'). Theny = T'(x) for some x € V, and we may write x = civ1+. ..+,
for some ¢; € F. Then y = T(z) = T(civ1 + ... + cyon) = a1T(v1) + ... + ¢, T(vy), so
y € Span({T'(v1),...,T(v,)}, which says this is a spanning set of Im(7"). If further we
assume that 7T is injective, if ;T (v1) + ... + ¢, T(v,) = 0, then T(cyvy + ... 4+ c,v,) =0, s0
v + ...+ v, € ker(T). Since T is injective, this says c;v1 + ... + ¢,v, = 0, and since the
vectors v; are linearly independent this says ¢; = 0, i.e. that {T'(v1),...,T(v,)} is linearly
independent and therefore a basis of Im(7'), so that rank(T") = n. O

Theorem 2.2.2. (Rank-Nullity) Let W be a vector space. If T : V. — W is linear, then
rank(T) + dim(ker(7)) = n.

Proof. Pick a basis {vy,...,v;} of ker(T) and extend this to a basis {vy, ..., v, wq,. .., w}
of V. The above shows that Im(7") = Span({T(w1),...,T(we)}), so {T(wy),...,T(we)}
is a spanning set and therefore it’s sufficient to prove it is a basis of Im(7"). Suppose
aT(wy) + ...+ c¢T(wy)) = 0. Then T(cwy + ... + cowe) = 0, s0 cywy + ... + cowy €
ker(7'). We may then write c;wy + ... + cowy = ajv; + ... + agvy for some a; € F, so
ciwy + ...+ cowp — ayvy — ... — agv, = 0. Since the vectors w;, v; are a basis of V, this says
all ¢; =0 and all a; = 0, so that {T'(wy),...,T(we)} is a basis as desired. O

Sometimes dim(ker(7")) is referred to as the nullity of 7', hence the name of the theorem,
but this terminology is not commonly used outside of linear algebra textbooks. As an
immediate corollary of the rank-nullity theorem, we getting the following analogous result
for functions between finite sets of the same size:

Corollary 2.2.3. Let V and W be vector spaces of the same dimension. Then T : V — W
1s injective <= T is surjective <= T is bijective.

Proof. T is injective if and only if ker(7") = {0}, so by rank-nullity this says n = rank(7")+0,

ie. Im(T) = W so T is surjective. Similarly if 7" is surjective, rank(7T") = n so rank-
nullity says n = n + dim(ker(7")) so dim(ker(7")) = 0 gives ker(7') = {0} and therefore T is
injective. [

We give some examples to illustrate how the rank-nullity theorem is used to compute images
and kernels of linear transformations.

Example 2.2.4. Let T : R? — R3 be given by T'(x,y, 2) = (v +y+22z, 20+ 2y +42, 22+ 3y +
5z). Then T is a linear transformation, and Im(7") = Span({(1,2,2), (1,2,3),(2,4,5)}) =
Span({(1,2,2),(1,2,3)}). The latter set is a basis for Im(7"), so that rank(7) = 2, i.e. Im(7T)

is a plane in R3. By rank-nullity the kernel of 7" is 1-dimensional, so it must be a line. Which
11 2

line is it? Representing 7" as the matrix A= [ 2 2 4 |, one sees that any vector orthogonal
2 35

to the rows of A is contained in the kernel. Taking the cross product of the first and third

rows shows (—1,1,1) € ker(T") so that ker(T') = Span({(—1,1,1)}).

Example 2.2.5. Let T : M,(F) — F be the trace map T(A) = tr(A). Clearly T is
surjective, so by rank-nullity we have dim(ker(7)) = n?> — 1. For A € ker(T), we have
a1 + ...+ ap, = 0, which says a;; = —ags — ... — an,. Since the condition on trace has
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nothing to do with entries off the diagonals, we see that the matrices Ej;; with ¢ # j along
the matrices — E1q + Ey; with 2 <4 < n form a spanning set for ker(7"), and therefore a basis
because there are n? — 1 of them.

Example 2.2.6. The map T : P(R) — P(R) defined by T'(p) = 5p” + 3p’ is surjective. Let ¢
be a polynomial of degree n. Restricting 7" to P,+1(R) defines a map 7" : P,11(R) — P,(R).
with T"(p) = T'(p). By rank-nullity, rank(7”) + dim(ker(7")) = n + 2. If p € ker(7"), then
5p” 4+ 3p' = 0 says bp” = —3p’. Since deg(p”) = deg(p’) — 1, this is impossible unless both p/
and p” are 0, i.e. pis a constant. This says ker(7”) = Span({1}), so ker(7”) is 1-dimensional,
and rank(7") = n + 1 says 1" is surjective.

Example 2.2.7. Let F not be of characteristic 2, and T' : M, (F) — M,(F) be given by
T(A) = A — A'. The rank-nullity theorem says that dim(Sym,,(F)) + dim(Skew,, (F)) = n?.
One can check (by explicitly finding a basis) that dim(Skew, (F)) = "= so dim(Sym,,(F)) =

2
2 n(n-1) _ n(n—i—l)‘

n 2 2

Example 2.2.8. Let dim(V') = n and dim(W') = m with n < m. Then there is no surjective
linear transformation 7' from V' to W: by rank-nullity, rank(7") 4+ dim(ker(7)) = n, so
rank(7) = n — dim(ker(7)) < n < m says Im(T") # W. Similarly, if n > m there is no
injective linear transformation from V' to W. This says if n < m then an m-dimensional
vector space is “larger” than an n-dimensional vector space, which hopefully matches with
your intuition.

We end with some useful dimension formulas:

Proposition 21. Let W,U C V be subspaces. Then dim(W & U) = dim(W) + dim(U) and
dim(V/W) = dim(V') — dim(W).

Proof. Define T': W & U — W by z — xy, where the element z € W & U is written
uniquely as zw + zy for some zy € W and xy € U. This map is easily see to be linear,
and is surjective since T'(w 4+ 0) = w for any w € W. We also see that ker(7T") = U, so by
rank-nullity, we have dim(W @ U) = dim(U) + dim (W) as desired.

For the other statement, define 7' : V' — V/W by T(v) = v+ W. Then T is linear,
and T is clearly surjective by the way it’s defined. We also see that ker(7") = W, so that
rank-nullity says dim(V') = dim(W) + dim(V/W). O

2.3 The Vector Space Hompg(V, W)

Definition 2.3.1. A linear transformation 7' : V' — W is called an isomorphism if T is
bijective. V and W are called isomorphic if there is an isomorphism between them, and
we write V = W.

Definition 2.3.2. Let V' and W be F-vector spaces. Then we define Homp(V,W) = {T":
V — W : T is linear}, the set of linear transformations from V' to W. If V.= W we instead
write Endg(V).
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Proposition 22. Homp(V, W) is a subspace of F(V,W).

Proof. 1t T,U € Hompg(V, W) recall that by definition, we have (T'+ U)(v) = T'(v) + U(v)
and (¢T')(v) = ¢T'(v). To check that Homp(V, W) is a subspace, we need to check that it
is non-empty, and that for 7', U linear transformations and ¢ € F' that T'4+ U and ¢T are
linear transformations. Note that the 0 function T'(z) = 0 for all z € V' is certainly linear.
Ifz,y e Vithen (T+U)(z+y) =T@+y) +U@x+y) =T@)+U()+T(y) +Uy) =
(T'+U)(z) + (T + U)(y). Next, for ¢ € F we have (T + U)(cx) = T(cx) + Ulcz) =
cT(x)+cU(x) =c(T(x) +U(z)) = (T + U)(x), so T+ U is a linear transformation which
says T+U € Homp(V,W). Forz,y € V, ¢,k € F, we have (cT)(z+y) = (cT)(z)+(cT)(y) =
cT'(z) 4+ cT'(y) = (cT)(x) + (cT)(y), and (cT)(kx) = T(kx) = k(cT(x)) = k(cT)(x). This
says ¢T" is a linear transformation, so ¢I' € Homp(V, W) so that Homg(V, W) is a subspace
of F(V,W). O

In most linear algebra books the space Homp(V, W) is denoted as L(V, W) and Endg(V)
as L(V'), but the above notation is more common elsewhere in mathematics. One of the rea-
sons why finite dimensional vector spaces are so easy to study is that linear transformations
between V' and W are the same things as functions defined on a basis of V. This reduces
much of the study of linear algebra to studying functions defined on a finite set. This is
stated precisely in the following form.

Theorem 2.3.3. Let V be finite dimensional, and let B be a basis of V.. Then Homp(V, W) =
F(B,W). In other words, every linear transformation is determined uniquely by what it does
on a basis of V.

Proof. Suppose that T : V' — W is a linear transformation, and let B = {vy,...,v,} be a
basis of V. For x € V| we may uniquely write z = cjv1+...+cpvn, so T'(z) = 1T (v1)+. ..+
¢, T(vy,) by linearity. This defines a function f : B — W by f(v;) = T(v;). Now suppose
we have a function f : B — W. Define Ty : V. — W by Ty(civ1 + ... + ¢uv,) = c1f(v1) +
...+ cnf(v,). We need to check that Ty is a linear transformation, and that it is the only
transformation that agrees with f on B. Write x = cyv1+...+c,v, and y = dyv1+. . . +d,v,.
Then Ty(z+y) =Tr((c1 +dr)vn+ ...+ (cn+dp)vn) = (c1+dr) f(v1)+. ..+ (cn+vn) f(vn) =
af(ur)+...Fenf(o,)+dif(vr)+...4+dnf(vn) = Tf(x)+T¢(y). For c € F, we have Ty(cx) =
Tr((ccr)vi+. ..+ (cen)vn) = (ccr) f(vr)+. ..+ (ccn) f(vn) = cler f(v1)+. . .Fenf(vn)) = cTy(x),
which shows that 7% is linear. Finally, suppose there is some other linear transformation
T : V. — W such that T'(v;) = f(v;). As mentioned above then says for any = € V,
T'(z) =T (crv1+ ...+ cpvp) =T (v1)+ ...+, T (v,) = crf(v1) +. . enf(vn) = Tf(2), e
T" =Ty so Ty is the only linear transformation with this property.

Putting this all together, this says the map G : F(B, W) — Hompg(V, W) with G(f) = Ty is
a bijection: it is injective because if G(f) = G(g), then Ty = T, for all x € V. This then says
Tr(v;) = f(v;) = g(v;) = Ty(v;) for all v;, so that f = g because they agree on all elements
of B. It is surjective because T' € Hompg(V, W) defines a map f : B — W by f(v;) = T'(v;)
and by definition we have G(f) = 7. It remains to show that G is linear, however this is
clear because G(f + g) = Ty = Ty + 1, because Ty ,(v;) = (f + g)(vi) = f(vi) + g(v;) =
Ty(v;) + Ty(v;) so Tryy and Ty + T, agree on B and therefore on all of V. Similarly we see
Ty = cTy for ¢c € F, so G is linear and we are done. O
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Theorem 2.3.4. Two finite dimensional vector spaces are isomorphic if and only if they
have the same dimension.

Proof. Suppose that V, W are finite dimensional with V' = W. Then by definition, there is a
bijective linear transformation 7' : V. — W. By rank-nullity, rank(7") + dim(ker(7)) =
dim(V'), and since T is a bijection this says Im(7) = W so rank(7) = dim(W) and
dim(ker(7")) = 0, i.e. dim(V) = dim(W). Now Suppose that V' and W are vector spaces
of the same dimension. Let B = {vy,...,v,} be a basis of V and B’ = {w,...,w,} be
a basis of W. Define f : B — W by f(v;) = w;. The previous theorem gives us a linear
transformation Ty : V. — W. Write x = c;v1 + ... + ¢,v,. Then if T¢(z) = 0, this says

al(v) + ...+ ¢ T(v,) = cqquy + ... + cuw, = O, so all ¢; = 0 because w; are linearly
independent. This says = 0, so ker(T') = {0}. Thus, T is injective and therefore bijective,
soV=W. ]

2.4 The Matrix of a Linear Transformation

Throughout this section V' and W are finite dimensional F-vector spaces of dimensions n
and m respectively, with bases = {vy,...,v,} and v = {wy, ..., wy,}.

For any vector z € V., we may uniquely write x = cjv; + ... + ¢,v,, so the data of the
vector x is contained entirely in the list of coefficients of the basis vectors. This gives the
following definition.

Definition 2.4.1. The coordinate representation of a vector x = cv, + ... + ¢,v, with
respect to the basis f = {vy,...,v,} of V is defined by [z]g = (c1,...,¢n) € F™.

Example 2.4.2. Let = = (1,3) € R? and let 8 = {ey,es} be the standard basis of R?.
Then = = e; + 3ez so [z|s = (1,3). Set v = {(1,1),(1,—1)}. Then z = 2(1,1) — (1,—1) so
[z], = (2,—1). With a = {(1,3),(1,0)} we have [z], = (1,0).

Example 2.4.3. Let 8 = {1,z,2?} be the standard basis of P»(R). Then with ( ) =
4—3x+ 3%, we have [p(z)|s = (4,-3,3). If v = {1, z, 22> — 1}, we have [p(z)], = (5, —3,2),
as b — 3x+2( 22 — 1) = p(z).

Example 2.4.4. Let § = {FEi1, F1a, Eo1, Exs} be the standard basis of My(R), and let
v = {E11, E12 + E21, Exe} be a basis of Sym,(R). Let A = (_21 _51) Then viewed as an
element of My (F'), we may write [A]g = (2, —1,—1,5), but viewed as an element of Sym,(R)

we have [4], = (2,—1,5).

Example 2.4.5. View C as an R-vector space with basis § = {1,i}. Then = 3 4 5i has
[z]g = (3,5). As a C-vector space, C has basis v = {1}, so [z], =3+ 5¢

Proposition 23. The map Cs : V. — F™ given by Cg(x) = [z]s gives an isomorphism
V=F",
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Proof. Let z,y € V with x = c;v1 + ... + cyv, and y = dyvy + ... + d,v,. Then x +y
(1 +di)vr + ...+ (cn + dy)v,. We have Ca(z+y) = (e +dy, ... e+ dp) = (€1, .-, )
(dy,...,d,) = Cs(x)+Cp(y). For any k € F, we have kx = kcyvy +. .. + kcpvy,, so Cs(kz)
(ker, ... key) = k(cr, ... cn) = kCg(x). This proves that Cp is linear. If Cg(x) = 0, this
says that x = Ovy; 4 ... 4 Ov, = 0. This says ker(Cs) = {0}, so Cj is injective and therefore
bijective giving V = ™. [

I+ 1

Coordinates are one of the best ideas in mathematics, and in linear algebra this is no
different. Coordinates give us a way of viewing a vector in an abstract vector space as a
more concrete n-tuple of elements of F'. In fact, we can do more: using coordinates, we can
associate to every linear transformation 7" : V' — W a matrix [T]; € Myxn(F). This reduces
the study of linear maps from V' to W, and therefore linear algebra as a whole, to studying

M, (F).

For z € V, write © = civ; + ... + ¢y, s0 T'(z) = 4T (v1) + ... + ¢, T(v,). Since the
coordinate map C, : W — F™ is a linear transformation, this says [T'(x)], = ¢1[T'(v1)], +
oo+ [T (vn)]y. Set [T(vi)]y = (as, ..., am:). Written as a matrix equation, [T'(z)], =

ayy ... Qip C1

aml --- Amn Cp,

Definition 2.4.6. Let T : V — W be a linear transformation. The matrix of T with
| |

respect to # and v is denoted by [T} and is defined by [Ty = | [T'(v1)], ... [T'(va)],

! !
That is, [T} is the matrix whose columns are given by [T'(v;)],. If T': V — V and 8 = v,
then we usually just write [T]s.

The definition of the matrix of 7" says that [T'(z)], = [T]}[], and so one can then recover
the actual vector T'(x) by setting up the corresponding linear combination of basis vectors

in 7.
Example 2.4.7. Let T : R?* — R?® with T'(z,y,2) = (v + 32, —x + 2y + 2,2 + y + z). With

1 0 3
g = {e1,ez,e3}, and v = {(1,-1,1),(0,2,1),(3,1,1)}, we see [T]g = | —=1 2 1], and
1 11
1 00
=10 10
0 01
Example 2.4.8. Let T : My(F) — My(F) be given by T(A) = A — A'. With g =
0 0 0 0
. 0O 1 -1 0
{E11, Er2, Eo1, E9s} the standard basis of My(F'), we have [Tz = 0 -1 1 0
0 0 0 O
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Example 2.4.9. Let « = a+ i € C. View C as an R-vector space with the standard basis
p = {1,i} , and consider the linear transformation 7 : C — C defined by T'(z) = az, the

a —b

multiplication by o map. Then [Tz = ( b4 ) This says any complex number a + bi can

b a
Example 2.4.10. Let D : P3(R) — P»(R) be the derivative map, and 8 = {1, z, 2% 23} and

be thought of as the matrix (a _b>.

0100
v = {1, 2,2} be the standard bases of P3(R) and P(R). Then [D]; = |0 0 2 0
000 3
Example 2.4.11. Set V' = Span({sin(z),cos(z)}) € C*(R) and define 7' : V. — V by
T(f) =3f+2f — f". With g = {sin(x),cos(z)}, we see that [Tz = (;l _42) because

T(sin(x)) = 4sin(z) 4+ 2 cos(x) and T'(cos(z)) = 4sin(z) —2 cos(z). Using row reduction, one
can check the only solution to [T']szz = 0is = 0. This says no non-trivial linear combination
of sin(x) and cos(x) are solutions the the differential equation 3f + 2f" — f” = 0.

Example 2.4.12. Let T': V — V be linear and suppose W is a T-invariant subspace. Let
U be the complement of Win V,so V=W @ U. If {wy,...,wx} and {uq, ..., u,} are bases
of W and U, then {wy,...,wy, ui,...,us} is a basis of V. Since T(W) C W, we may write
T(w;) = ciwy + ... + cpwy, so [T(w;)|g = (¢ -k, 0,...,0). This gives that [Tz is a
block matrix of the form <é g) , where A is the k x k matrix [¢;;], O is the (n—k) x (n—k)
zero matrix, and B and C' are some matrices of size (n — k) x (n — k) and k X k respectively.
Therefore having a T-invariant subspace allows one to decompose the matrix of T into an
easier to work with block form.

The results of this section that there is a correspondence between matrices and linear
transformations can be summed up in the below theorem.

Lemma 2.4.13. Let T,U : V. — W be linear transformations, and ¢ € F. Then [T + U]Z, =

[T]; + [Ul} and [T} = c[T7]}.

Proof. By definition, the i-th column of [T+U]} is equal to [(T+U)(v;)], = [T'(vi)+U (vs)], =
[T(v;)]y + [U(v;)]y by linearity of the map C,. However, this is clearly also the i-th column
of the matrix [T} +[U]} so [T+ UJ} = [T]j + [U]}. Similarly, the i-th column of the matrix
[T} is given by [(cT')(vi)], = [cT'(vi)]y = c[T'(v;)],, which is again the i-th column of the
matrix [T} O

Theorem 2.4.14. Homp(V,W) = M,«n(F). So in particular, dim(Homg(V,W)) = mn.

Proof. Define F': Homp(V, W) — M,,xn(F) by F(T) = [T]}. Suppose that F(T) = F(U).

Then [T} = [U]3, so in particular the columns of these matrices are the same so [T'(v;)], =

[U(v;)] for all i. Translating back to the actual vectors says T'(v;) = U(v;), i.e. T =U so F
| !

is injective. For a matrix A = [ z1 ... z, | € Myxn(F), write ; = (a4, ..., am;). Then
| !
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define f : B — W by f(v;) = ajwi + ... + apjwy,. This defines a linear transformation
T:V — W with T(v;) = f(v;) so in coordinates, [T'(v;)]y = [f(vi)]y, = ;. This then says
[T]g = A, so that F is surjective, so F' is a bijection. By the above lemma, F' is linear, so F’
is an isomorphism as desired. The dimension result then follows immediately. O]

2.5 Invertibility

Recall that a function f : X — Y is said to be invertible if there is g : ¥ — X such that
fog=1idy and go f = idx, and we denote ¢ = f~!. From set theory, f is invertible if
and only if f is a bijection. For linear transformations 7': V — W and S : W — Z, we
denote the composition SoT by ST, and clearly then 7" is an isomorphism if and only if 7" is
invertible. Since linear transformations correspond to matrices, we make a similar definition.

Definition 2.5.1. Let A € M, (F). Then A is invertible if there is B € M, (F') such that
AB = BA = I,. If such a matrix exists it’s easy to see that it must be unique, and we then
write B = A~!.

Definition 2.5.2. Let V be a vector space. We define GL(V') = {T" € Endp (V) : T is invertible}.
Similarly, we set GL,,(F) = {A € M, (F) : A is invertible}.

Proposition 24. Let T : V — W and S : W — Z be linear transformations. Then ST :
V — Z is a linear transformation. If T is invertible, then T~ is a linear transformation.

Proof. For z,y € V we have ST(z+y) = S(T(x+y)) = S(T(x) + T(y)) = ST (z) + ST (y),
and for ¢ € F, we also have ST(cx) = S(T(cx)) = S(cT(x)) = ¢ST(x) since S,T are
linear. Suppose that T is invertible with inverse T~!. For w,w’ € W, T-}(w + w') is the
vector that maps to w + w’ under T'. Since T is linear, T(T Y (w) + T~ (w')) = w + w’, so
T Y w+w') =T Hw) + T (w'). Similarly we see for ¢ € F that T7!(cw) = ¢TI} (w) so
T-! is linear.

]

Proposition 25. Let S: W — Z and T : V — W be linear transformations, and let o, 3,y
be bases of the finite dimensional vector spaces V, W, Z respectively. Then [STI}, = [S]}[T]5

«

Proof. Let a = {vy,...,v,} and 8 = {wy,...,w;}. By definition, the i-th column of [ST]?
is given by [ST(v;)]y. The i-th column of [S]}[T]7 is S}[T(v;)]s, so it’s sufficient to check
these expressions are equal. Write T'(v;) = cpwy + ... + ¢cgywy. Then ST(v;) = S(cpwy +
oot egwy) = cS(wr) + ...+ arpS(wyg). Applying C, then gives [ST(v;)], = c1:[S(w1)], +
.+« + c1k[S(wy)],, which we then recognize as saying [ST'(v;)], = [ST3[T'(vi)] as desired.

]

Proposition 26. Let T : V. — W be a linear transformation, and let (5,7~ be bases of

the finite dimensional vector spaces V- and W. Then T 1is invertible if and only if [T]g 1

invertible, and further ([T]g)_1 = [T‘l]ﬁ.

Proof. If T is invertible, then 77! : W — V satisfies TT ! = idy and TT~! = idy, so the

above says [T]}[T~')5 = [T~')[T]} = I, so that ([T]})~" = [T~']2. Conversely, suppose
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that [T} is invertible. Then the columns of [T]} are linearly independent: if not, there
are ¢y,...,¢, € F not all 0 such that ¢;[T'(v1)]y + ... + cu[T(v)], = 0, i.e. there is a
non-trivial solution to [T ]gx = 0. However, this is impossible because multiplying by the
inverse of [T]}; on the left shows that if the above holds then necessarily x = 0. This says
that the vectors [T'(v;)], in F" are linearly independent, and as the coordinate mapping
is an isomorphism this then implies that the vectors w; = T'(v;) are linearly independent
vectors in W, and therefore are a basis of W. Define a linear transformation S : W — V
by S(w;) = v; and extend linearly. By definition, ST'(v;) = S(w;) = v;, so ST = idy, and
similarly 7'S(w;) = T'(v;) = w;, so T'S = idw so that T is invertible as desired.

[

Knowing if a linear transformation is an isomorphism or not is extremely important —
if two vector spaces V' and W are isomorphic, this essentially says that W and V are the
“same” vector space up to relabeling of the elements, because addition of vectors in one
space corresponds uniquely to addition of vectors in the other. This then reduces the study
of vector spaces to studying vector spaces up to isomorphism. If 7" is a linear operator on
some vector space V', knowing that 7' is invertible is very powerful, as will hopefully be
demonstrated in the following examples.

Example 2.5.3. Let V = Span({e® sin(bz), ™ cos(bx)}) C C*(R) for a,b # 0, and let
D be the differential operator. Then V is a 2-dimensional D-invariant subspace. With
g = {esin(bx),e* cos(bx)}, the matrix [D|y]z is given by [D|v]s = (Z _ab). Since
e _b_
det([Dlv]g) = a* +b* # 0, D]y is invertible with inverse A = (_‘12+{,’2 “2jb2>. As
[ f/(z)dz = f(z)+ C and 2L [ f(z)dz = f(z), choosing the choice of constant to be C'= 0
says the inverse of D is the indefinite integral operator. To integrate say, [ e®* sin(bz) dzx, we
see Ale™ sin(bx)]s = (%, — sz )» 50 converting back into vectors of V' says [ e* sin(bx) dx
e sin(bx) — ﬁe‘” cos(bz) + C after appending back the arbitrary constant of inte-
gration.

Example 2.5.4. ASCII is an encoding standard that associates characters to 7-digit binary
strings, which we may think of as elements of (Z/2Z)". Fix a matrix A € GL;(Z/2Z). A
simple encryption method is as follows: given a message M, convert each character ¢ of
M to ASCII and then convert it into a vector z. € (Z/2Z)7. Encrypt M character-wise
by computing Az, for all characters, and convert back to text. Since M is invertible, the
message can be decrpyted by again converting text to ASCII and multiplying characters

by A~'. As an example, the message “TEST” corresponds to the block of binary strings
1 110101

0101101
1001111
“1010100 1000101 1010011 1010100”. With A= 10 1 0 1 0 1 0 |, this gets encrypted
000O01QO0T1
0010011
1000010
to the message “gS~g”, which can be decrypted if A or A™! is known.
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We showed above that checking the invertibility of a linear operator 7' is the same as
checking the invertibility of its corresponding matrix. We remind the reader of some of many
equivalent conditions for checking the latter:

Theorem 2.5.5. Let A € M,(F). Then the following are equivalent:
(a) A is invertible.
(b) The only solution in F™ to Ax =0 is x = 0.
(¢) The columns of A are linearly independent.

(d) A is row-equivalent to I,,.
(e) det(A) # 0.

(f) The augmented matrixz [A|I] is row equivalent to [I|B] for some non-zero matrix B.

2.6 Change of Basis and Similarity

Given a linear operator T on V, the matrix [T']3 depends on a choice of basis 5 of V. Picking
a different basis 4’ will produce a different looking matrix [1]g, but it still represents the
same operator 7. A natural question is given two matrices A, B € M, (F'), how can one
check if they come from the same linear operator in GL(V')?

Pick bases 3, of V', and consider the identity operator idy, along with the corresponding
matrix [idy]}. This matrix satisfies [z], = [idy(2)], = [idv]3[z]s for all z € V, or in other
words, multiplication by [idy]} converts the coordinates of the vector = from the basis 3 to
the basis 7.

Definition 2.6.1. Let V be a vector spaces with basis f = {v,...,v,}, and let 7 =
{v1,...,v,} be another basis. The change of basis matrix from f to v, denoted S}, is the
| !
matrix [idy]}. Explicitly, S§ = | [v1], ... [va)y
| !

Since idy is invertible, this says S is invertible, and has inverse matrix [idy]5 = SP.
Theorem 2.6.2. Let 3,7 be two bases of a finite dimensional vector space V', and let T' €

GL(V). Then [T, = S}[T|pS?, and [T),S} = S}[T]s. In otherwords, the following diagram

2], —2 [T()],

commautes. lg; lgv

2], — [T()],
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Proof. Since composition of linear transformations corresponds to multiplication by their
corresponding matrices, we see [T], = [idy o T o idy]] = [idy]}[T]s[idy]8 = S3[T]s5%.
Since S} is invertible with inverse SP, multiplication on the left gives SP[T], = [T]SY as
desired. O

Example 2.6.3. Let 8 = {ej, ez} be the standard basis of R? and v = {(1,1),(1,2)} be

1 ;) To compute S}, we take the

another basis. The change of basis matrix S,f is S,f = <
2 -1
-1 1

so that (1,0) = 2(1,1) — (1,2).

inverse to find S; = ) To compute [ei],, we see [e1], = Silei]s = Szer = (2, -1),

Example 2.6.4. Let 8 = {1,z,2%} and v = {1,z,32? — 1} be bases of P»(R). Then
10 —3 10 3
SP =10 1 0 |, and one can compute S7 = |0 1 0. Let T : P,(R) = Py(R) be
00 3 00 2
000
defined by T'(f)(z) = xf'(x). Then [Tz 0 1 0] and the change of basis formula says
00 2

Example 2.6.5. Let 7' : R? — R3 be given by T'(z,y, z) = (22, —2x—|—3y+2z, —r+32). Let

B = {e1,ez,e3} be the standard basis of R3, and let v = {(2,1,1),(1,0,1),(0,1,0)} be an-
0 0 2 2 1 0 1 0 -1

other basis. Then [T]g = | =2 3 2. Wesee S/ = (1 0 1],andS;= (-1 0 2 [,
-1 0 3 110 -1 1 1

so the change of basis formula says [T, = . With respect to the new basis v,

o O =
[eoll VN an]
w o O

this says that T" acts along each v-direction by scaling. Having a basis where an operator is
diagonal is extremely useful, as it allows one to easily compute values of compositions. For ex-
ample, to compute 7"(1, 2, 3), we compute [7"(1,2,3)], = [T"],[(1,2,3)], = [T]2[(1,2, 3)],.
We have [(1,2,3)], = S3[(1,2,3)]s = (=2,5,4), so [T"(1,2,3)], = [T]g(—2,5,4)7? =(-2,5-
2" 4.3"). Thissays T"(1,2,3) = —2(2,1,1)+5-2"(1,0,1)+4-3"(0,1,0) = (—4+5-2", -2+
4.3" —=245-2").

Example 2.6.6. Consider P3(R), and set 3 = {1,z,2% 2%} and v = {({),..., (§)}, where
(g) = 1 and for £ > 1 we have (z) = 2lezb-lemhtl) ey v is a basis, because each polyno-

!
10 0 O
1 1
mial in 7 has a different degree. The change of basis matrix Sf is given by 8 (1) IR
2 2
00 0 ¢
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1 000
d heck that S} = 01 11 Th 3, = S3x*]s = (0,1,6,6 3 =
and one can check that 53 = | o o5 |- en [z°], = Sila°]s = (0,1,6,6), so z° =
0006

(1) +6(5) +6(;). Asan application, 33571 k* = 3377 (1) +6(3) +6(3) = (5) +6(5) +6(3) =

("("271))2, which follows from the identity S_7—; (fj) = (TL), easily proven by induction.

The theorem from above leads us to the following definition:

Definition 2.6.7. For A, B € M,,(F), we say that A and B are similar and write A ~ B
if there exists P € GL,(F) such that A = PBP~L.

Since S = (S3)~', this says that for any choice of bases 3,7 of V' the matrices [T]s and
[T'],, are similar. The following observation is easy to verify:

Proposition 27. Similarly is an equivalence relation on M, (F).

We showed that changing the basis of V' from / to « yields similar matrices [Tz and [T,
The converse is true as well:

Theorem 2.6.8. A ~ B in M,(F) if and only if there are bases 3,7 of V and a linear
transformation T' such that A = [Tz and B = [T'],. That is, similar matrices correspond to
the same linear transformation under potentially different bases.

Proof. Suppose that A ~ B in M, (F), so there is P € GL,(F) such that A = PBP™!,
and let 5 = {vy,...,v,} be any basis of V. We have seen that we may choose T" such that
[T]s = A, so it remains to find v such that [T], = B. To do this, we would like to think
of P as some change of basis matrix. Define w; such that [w;]s = Pe;, where e; are the
standard basis vectors of F™. As P is invertible, its columns are linearly independent, and
because the coordinate map Cjp is an isomorphism, w; are also linearly independent so that
v = {wy,...,w,} is a basis of V. Then S is the matrix with columns [w;]s = Pe;, so
S8 = P,and S} = P~'. Since A = PBP™', this says B = P™'AP = S}[T)3S = [T}, as
desired. The backwards direction was proven above.

O

The conjugacy classes of matrices in M, (F') under similarly correspond to the distinct
linear operators T' € GL(V), regardless of choice of basis. Therefore if one cares only about
the different types of operators that arise on V', the importance of studying matrices up to
similarity is self evident. To be able to distinguish between conjugacy classes, it’s helpful to
known some quantities that are invariant under similarity:.

Lemma 2.6.9. Let A, B € M, (F). Then tr(AB) = tr(BA).

Proof. Write A = (a;;) and B = (b;;). Then tr(AB) =Y " [ (AB); = > | > r_y Girbgi. On
the other hand, tr(BA) = > (BA); = > > r_; biay;. By renaming variables ¢ and k,
we have Y0 S bigagi = D> p_y Y iy brituir, and by swapping the order of summation this
equals > 7 D7 | aixby; as desired. O
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Proposition 28. Let A,B € M,(F), with A ~ B. Then tr(A) = tr(B) and det(A) =
det(B).

Proof. As A ~ B, there is P € M,(F) such that A = PBP~!. By the lemma, tr(A4) =
tr(P(BP™1)) = tr((BP~')P) = tr(B). Similarly, we find that det(4) = det(PBP™!) =
det(P) det(B) det(P~1) = det(B) det(P) det(P~!) = det(B) det(I,,) = det(B) by properties
of the determinant. O

Since similarity corresponds to change of basis, this allows us to define these quantities
for a linear operator.

Definition 2.6.10. Let V be finite dimensional. For T' € GL(V) we define the trace of T
and the determinant of 7" to be the quantities tr([7]5) and det([T]) for any choice of basis
B of V.

Example 2.6.11. The matrices A = (il)) i) and B = ((1) 3

tr(A) = 5 while tr(B) = —3. However, both det(A) = det(B) = —2.

) are not similar, because

Recall that the rank of a linear transformation 7" was defined as the dimension of it’s
image. We can also similarly define rank in terms of a matrix representation of 7"

Proposition 29. Let A, B € M, (F) and suppose that A ~ B. Then rank(A) = rank(B).

Proof. Write A = PBP™! for some P. Define T : Im(A) — F™ by T'(z) = P~'x. Then
T is injective because P is invertible, so dim(Im(A)) = dim(Im(7")). We also see that if
y € Im(T), then y = P~ 'z for some x € Im(A). Write z = Az, so y = P71(Az) =
B(P7'2) € Im(B). This gives rank(A) < rank(B). Similarly with S : Im(B) — F™ defined
by S(z) = Px, we find rank(B) < rank(A), so that rank(A) = rank(B). O
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Chapter 3

Diagonalization

After developing the basic theory of linear transformations, we turn our attention to the
study of linear operators. As we saw, a change of basis of V from [ to ' corresponds to
conjugation of the matrix [T]z by some invertible change of basis matrix Sgl. A natural
question is if there is a “best” basis  to pick so that [Tz will be as easy to understand
as possible. The best we could hope for in general is that [T is a diagonal matrix, so the
question becomes if it is possible to find a basis 5 of V' such that [T]s is diagonal. Answering
this question will be the primary purpose of this handout.

Throughout this document, V' will denote a vector space over an arbitrary field F' and
T :V — V will denote a linear operator.

3.1 Basic Definitions

Definition 3.1.1. An eigenvector of T is a non-zero vector v € V' such that T'(v) = v for
some A € F'. The number A is called an eigenvalue of T. We sometimes refer to the data
(v, A) as an eigenpair.

Our first order of business is to determine what the possible eigenvalues of a linear
operator are. When V is finite dimensional, this is quite easily done using the theory of
determinants. We remind the reader of the following definition:

Definition 3.1.2. Let V be an n dimensional vector space. The determinant of a linear
operator T': V' — V denoted det(7") is defined as det([T]s) for any basis § of V.

Elementary properties of the determinant show that similar matrices have the same
determinant, so the above definition actually is independent of a choice of basis and so the
notation makes sense.

Theorem 3.1.3. Let V be an n dimensional vector space. Then A € F' is an eigenvalue of
T if and only if det(\ - Iy — T') = 0. In terms of matrices, X is an eigenvalue of T if and
only if det(\ - I, — [T']g) = 0 for any basis B of V.
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Proof. Pick a basis 8 of V. Suppose that A € F' is an eigenvalue of T" with eigenvector v.
Then (A - Iy —T)(v) =0, i.e. the operator A - Iy — T is not invertible, and from the theory
of matrices, this says [\ - Iy — T3 is not invertible. Therefore det([A - Iy — T|3) = 0, so by
definition this says that det(\- Iy —T') = 0. Conversely, if det(\- Iy —T) = 0, then A\- Iy, =T
is not invertible, so there is some vector v in the kernel of A - Iy, — T, i.e. a vector v such
that T'(v) = Av so that A is an eigenvalue of T'. O

The above says that checking if A is an eigenvalue of T' is equivalent to finding a root of
the polynomial det(z - Iy — T'). We give this polynomial a name:

Definition 3.1.4. The polynomial pr(z) = det(zx - Iy — T) is called the characteristic
polynomial of 7.

Restated in the new definition, we have the following:

Theorem 3.1.5. Let V' be an n dimensional vector space. A\ € F is an eigenvalue of
T:V =V if and only if X is a root of the characteristic polynomial pr(x).

Notice that since the determinant of a linear operator does not depend on a choice of basis,
the characteristic polynomial is independent of such a choice as well, and so it is well defined.

Before moving on, we make a few remarks: notice that the definition of an eigenvalue
depends on which field we view V as a vector space over. If F' is algebraically closed,
then every linear operator 7' : V — V has an eigenvalue, because then the characteristic
polynomial of T" necessarily has a root in F. If F' is not algebraically closed, it may be possible
for an operator to not have an eigenvalue. Additionally, the definition of an eigenvalue makes
sense for infinite dimensional vector spaces, even if our criterion for easily finding eigenvalues
only works for finite dimensional vector spaces. Some of the examples below will illustrate
this.

Example 3.1.6. Let T : R® — R3 be given by T'(z,y, 2) = (y, —bx+4y+2z, —z+y+2). Then
0

0 1
with 3 the standard basis, we see [T]s = [ =5 4 1]. Then pr(z) = (x — 1)(x —2)?, 50 T
-1 11

has eigenvalues 1 and 2. One can check T' has eigenvectors v; = (1,1,2) and vy = (1,2,1)
corresponding to the eigenvalues 1 and 2 respectively.

Example 3.1.7. Let T': R? — R? be a counterclockwise rotation by some angle § € (0, 27).
Then T has no eigenvectors, because no vector v € R? is scaled along the same direction
by T. Explicitly, with 8 = {e;,es} the standard basis of R?, one can check that [T]; =

cos(f) —sin(0)
(sin(&) cos(0)

and the quadratic formula says this has no real roots.

Example 3.1.8. Write V = W @& W’ for some subspaces W, W' of V. Let P = my be
the projection onto W, so that P? = P. If (\,v) is an eigenpair for P, then \?v = P%y =
Pv = \v, so that A2 = X says that A = 0,1 are the only possible eigenvalues of P. For any
w € W, P(w) = w, and for w’ € W', P(w') =0, so w,w" are eigenvectors corresponding to
0, 1 respectively.

) . The characteristic polynomial of T' is given by pr(z) = 22 —2 cos(0)z+1,
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Example 3.1.9. Let T : C*°(R) — C*(R) be the derivative map, T'(f) = f’. An eigenvector
of T is a function f such that f’ = Af for some A € R. From calculus, we know that such
functions are of the form ce for some ¢ € R. This says the exponential functions ce
are eigenvectors of the derivative operator with eigenvalues A € R. This is of fundamental
importance in the theory of linear differential equations.

Example 3.1.10. Let L : F*° — F be the left shift operator, i.e. L((a,as,...)) =
(ag,as, ...). Aneigenvector of L is a sequence (aq, ag, . . .) such that (ag, as,...) = (a1, as, . ..)
for some A € F. This says as = \ai, as = Aas = M\2a;, and by induction, that a, = A" la,.
Let 0 = {a,} be a geometric sequence, that is a sequence defined by a,, = cr™! for some
c,r € F. Then we see that an eigenvector of L is a geometric sequence, and any such
geometric sequence o is an eigenvector with eigenvalue r.

3.2 Properties of the Characteristic Polynomial

Before moving on, it will be useful to know some basic properties of the characteristic poly-
nomial py(z) of a linear operator 7.

Proposition 30. Let V' be an n dimensional vector space and T : V' — V a linear operator.
Then the characteristic polynomial pr(z) is a monic degree n polynomial.

Proof. Pick a basis 8 of V, so by definition pr(z) = det(z - I,, — [T]g), and write [T]g = [a;].
Then x - I, — [T has entries z — a;; along the diagonal and —a;; elsewhere. Expanding
the determinant out using co-factors along the first row, we see that we can write pr(z) =
(x —ay) - (x — apy) + q(x) where g(x) is a polynomial of degree at most n — 2. It’s then
clear that pr(z) is a monic degree n polynomial. O

Proposition 31. Let V be an n dimensional vector space and T a linear operator with
characteristic polynomial pr(z) = " + ap_ 12" '+ ... + ap. Then a,_y = —tr(T) and
ap = (—1)"det(T).

Proof. Write pr(z) = (x — a11) -+ - (x — any) + q(z) where g(z) has degree at most n — 2 as
above. Then the coefficient of 2"~! comes entirely from the coefficient of z"~! in the product
(x—aqy) ... (x—au,), which is equal to the negative sum of its roots, i.e. —(aj1+...+ap,) =
—tr(T). We also see ag = pr(0) = det(0- I, — T) = det(—=T) = (—1)" det(T). O
Example 3.2.1. A particularly useful special case is when V' is 2 dimensional, so for a linear

operator T we have pr(z) = 2? — tr(T)z + det(T).

The above result says that the characteristic polynomial pr(x) record both the trace and
determinant of 7. Since the roots of pp(z) are eigenvalues of T, this gives the following
important relations:

Corollary 3.2.2. Let V' be an n dimensional vector space and T' a linear operator. Suppose
that the eigenvalues of T in some algebraic closure F of F are \y,..., A, (counted with
multiplicity). Then tr(T) = A+ ...+ X\, and det(T) = Ay -+ \,.

Proof. In F[x], pr(x) factors as (x — A) -+ - (z — \,). Expanding out the product then says
the coefficient of "' is —(A\; + ... + \,) and the constant term is (—1)"(A; -+ \,). O
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3.3 Diagonalization

We now use the theory of eigenvalues to answer our main question.

Definition 3.3.1. A linear operator 7T is called diagonalizable if there exists a basis § of V
such that [T]z is a diagonal matrix.

A0 .00

. . . - 0 A ... 0
Necessarily, we see that if such a basis § = {vy,...,v,} exists, if [T]g=| . . . .

0 0 ... A\,

that T'(v;) = A\, for all 4, so that § is a basis of eigenvectors. This can be rephrased using
the language of the previous section as such:

Theorem 3.3.2. A linear operator T is diagonalizable if and only if there is a basis 3 of V'
consisting of eigenvectors of T'.

In order to determine when such a basis exists, we will utilize the following key result:

Proposition 32. Suppose vy, ..., v, are eigenvectors of T corresponding to distinct eigen-
values Ay, ..., Ay. Then {vy,...,v,} is linearly independent.

Proof. We prove this by induction. If n = 1 the statement follows immediately since {v;}
is linearly independent. Assume that the statement is true for any collection of n — 1
eigenvectors that correspond to distinct eigenvalues. Suppose that ciyv; + ... + c,v, = 0,
so that applying T says ciAjvy + ... + cp\v, = 0. Multiply the first equation by A, and
subtract to see ¢1(A — A\p)vr + ... 4+ ¢o1(An—1 — A\n)vn—1 = 0. By induction hypothesis,

the vectors {vy,...,v,_1} are linearly independent, and since all eigenvalues are distinct this
forces ¢; = 0 for 1 < i < n — 1. This then immediately gives ¢, = 0, so that {vy,...,v,} is
linearly independent. By induction, we are done. O

Corollary 3.3.3. Let V be an n dimensional vector space and T a linear operator. If T has
n distinct eigenvalues, then T is diagonalizable. If pr(x) factors into distinct linear factors
in Fx], then T is diagonalizable.

Proof. If T has n distinct eigenvalues, then the associated eigenvectors are a set of n linearly
independent vectors in V', hence a basis. Saying that py(z) splits into distinct linear factors
is the same as saying that T has distinct eigenvalues. O

Example 3.3.4. The converse to the above statement is not necessarily true. For example,
the identity operator Iy is diagonalizable, but has characteristic polynomial (z — 1)".

Proposition 33. Let V' be an n dimensional vector space and T a linear operator. Then if
T is diagonalizable, pr(x) factors into a product of (not necssesarily distinct) linear factors

34



Proof. Suppose that T is diagonalizable. Let § be a basis of V' consisting of eigenvalues

A0 ... 0
0 A ... O

Aoy Apof T Then Tlg=| . . . ,and det(zl, —[T]g) = (x—X1) -+ (x—\y)
0 0 ... A\

is a product of linear factors in F[x]. O

Example 3.3.5. The converse of the above statement is not necessarily true. Let T : R? —
R? be given by T(x,y) = (y,0). Then it’s easy to see pr(x) = 22, so the only eigenvalue of
T is 0. However, T' is not diagonalizable: rank-nullity says dim(ker(7")) = 1, so that there is
no possible basis of eigenvectors for T

The above examples show that the characteristic polynomial is not strong enough to
detect when an operator is diagonalizable or not, and we saw that what broke was that
nothing can be said when the characteristic polynomial has repeated roots. This leads us to
the following definitions, which will end up giving a test for diagonalizability.

Definition 3.3.6. Let A be an eigenvalue of T'. The eigenspace of A\, denoted FE, is defined
as F\ = ker(T — X\ - Iy). The algebraic multiplicity of \ is its multiplicity as a root of
pr(z). The geometric multiplicity of A is dim(E)).

Proposition 34. The geometric multiplicity of an eigenvalue A of T' is at most its algebraic

multiplicity.
Proof. Suppose that dim(E)) = k. Pick a basis {vy,...,v;} of E\ and extend to a basis
B =Av,...,v5,wr,...,wy} of V. Then [T]s is a block matrix given by [Tz = A b]k g

where 0 is the m x k zero matrix, and A, B have dimensions k X m and m X m respectively.
Then z - I, — [T]y = <(x A B), so pr(z) = det(x - I — [T]5) = det((z — A)-
Ii)det(x - I, — B) = (x — \)*¥g(x) where g(x) = det(z - I,, — B). This says (x — \)* divides
pr(x), so the algebraic multiplicity of \ is at least k as desired. O

Theorem 3.3.7. Let V' be an n dimensional vector space. Let T' have distinct eigenvalues
Ay ..oy Mg with algebraic multiplicities ey, ..., e, so pr(z) = (x — A1) -+ (x — A\p)%, and
e1+...+ex=n. Then T is diagonalizable if and only if V =E\, ® ... D E),.

Proof. 1f T' is diagonalizable, then V' has a basis of eigenvectors of T', so that V' = F), +...+
E,, . Since eigenvectors from different eigenvalues are linearly independent, if z1+...+x;, =0
with z; € E),, writing x; in terms of basis vectors of F), shows all z; = 0, so that the sum
is direct. Conversely, if V = E\, @ ... ® E),, then the union of bases for E,, is a basis of V.
Since each vector in E), is an eigenvector of 7', this says V' has a basis of eigenvectors for 7',
i.e. T is diagonalizable. [l

Corollary 3.3.8. Let T be as above. Then T is diagonalizable if and only if for each
eigenvalue \; of T' the algebraic multiplicity and geometric multiplicity of \; are equal.
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Proof. 1f the algebraic and geometric multiplicity of \; are equal for all 4, this says dim(E), @
.®E\,)=e+...+eg=n,50 E\, &...8 E,, =V says T is diagonalizable. Conversely
if dim(E),) < e; for some 4, then dim(E), & ... B E),) <n,s0 E), & ... E,, # V says T
is not diagonalizable. O]

Example 3.3.9. Let T : R® — R? be given by T(x,y,2) = (y, —bz + 4y + 2z, —x +y + 2) be
the example from before. Then we saw pr(x) = (z—1)(z—2)?, so 1 has algebraic multiplicity
1 and 2 has algebraic multiplicity 2. To check if T is diagonalizable, we need to see if the
eigenspace FEy is 2-dimensional. We see that 7" — 2 - Iy has matrix representation with

-2 1 0
respect to the standard basis given by | =5 2 1 |. Notice that —2(1,2,1)+(0,1,—1) =
-1 1 -1

(—2,—5,—1), so that the first column is a linear combination of the other two. The second
and third columns are obviously linearly independent, so that rank(7T — 2 - Iyy) = 2 says
dim(ker(T — 2 - Iy)) = 1, so that T is not diagonalizable.

Example 3.3.10. Let T : R> — R? be given by T(z,y,2) = (—9z + 4y + 42, -8z +

3y + 4z, —16z + 8y + 7z). With 8 = {e1, ez, e3} the standard basis of R?, we have [Tz =
-9 4 4
—8 3 4. One can compute that pr(z) = (x — 3)(z + 1)?, so that T has eigenvalues 3
—-16 8 7

and —1 with algebraic multiplicities 1 and 2 respectively. The operator 7"+ I, has matrix

-8 4 4
representation | —8 4 4|, so dim(E_;) = 2, so that T is diagonalizable. Using row
—-16 8 8
reduction, a basis of £_; is given by v; = (1,0, 2) and vy = (1,2,0). The operator T'—3-Iy has
—-12 4 4
matrix representation | —8 0 4 |, and a basis of Ej3 is given by vg = (1,1,2). Then ' =
—-16 8 4
{v1, v, v3} is a basis of R? consisting of eigenvectors for T. The change of basis matrix Sg/_, 4
1 11
is the matrix whose columns are these eigenvectors, i.e. Sgg = [0 2 1|, with inverse
2 0 2
2 —1 —1/2
Sspr =1 1 0 —1/2]. The change of basis formula says [T']s = Sg—s[T]s Sp—p, and
-2 1 1
-1 0 0
we see that [T = | 0 —1 0|, which gives a factorization of [Ts.
0O 0 3
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Chapter 4

Inner Product Spaces

When we started our study of vector spaces, we had a goal in mind: find objects that
generalized the algebraic structure on Euclidean space R™. However, if the ultimate goal of
linear algebra is to fully generalize Euclidean space, there’s something major that still hasn’t
been abstracted: the geometry of R™. The definition of an abstract vector space V' does not
include notions of length, distance, or angles, and therefore no concept of geometry. In order
for a vector space to truly “act” Euclidean, we need to add more structure.

4.1 Basic Definitions

Throughout this document, we assume F = R or F' = C, and V is an inner product space
over F'.

Definition 4.1.1. An inner product (—,—) : V x V — F is a function that satisfies the
following properties:
L (z+ 2y = (z,y) + (z,y) forall z,y,z € V
2. (cx,y) = c(z,y) forall z,y € V and c € F

3. (x,y) = (y,x) forall x,y € V
4. (z,z) >0forall z #£0e V.

An inner product space is a pair (V, (—, —)), i.e. a vector space V with a choice of inner
product on V. From the conjugate symmetry of the inner product, we deduce the following
basic properties:

Proposition 35. Let V' be an inner product space. Then the following hold:
(a) (x,y +2) = (x,y) + (x,2) forall z,y,z € V.
(b) (z,cy) =¢(x,y) For allz,y € V and c € F.
(¢) (,0) =(0,2) =0 forallz € V.
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(d) (xz,x) =0 if and only if x = 0.

(e) If (x,y) = (x,z) for allz € V, then y = .

Proof. These are routine verifications and are omitted. ]

The idea of an inner product is to generalize the dot product on R™ or C". Having an
inner product gives us a notion of length:

Definition 4.1.2. The norm of z € V, denoted ||z||, is defined by ||z|| = v/(z, z).

Proposition 36. Let V' be an inner product space. Then the norm ||-|| satisfies the following
properties:

(a) ||cz|| = |e|||z|| for allz € V, c € F.

(b) ||z]| =0 if and only if x = 0.

(¢) (Cauchy-Schwarz) For all x,y € V |(z,y)| < ||z|/||yll and equality holds if and only if

x = cy for some c € F.

(d) (Triangle inequality) For all x,y € V, ||z + y|| < ||z|| + |ly|| and equality holds if and

only if x = cy for some c € F.

Proof.

(a)
(b)
(c)

lex]| = (cx, cx) = ce(z, x) = [cf[|«].
This is (d) from the above proposition.

If y = 0 this is obvious, so assume y # 0. For ¢ € F, we have 0 < ||z — cy|* =
(x —cy,x — cy) = (x,x) —¢(x,y) — c(y,x) + cc(y,y) by expanding out the inner
product. In particular, setting ¢ = gzi, this becomes 0 < [|z]|*> — 2'%@%2 + |<|9|2’/ﬂ>2|2,

so that 0 < [|z||*> — |<W§1ﬁ>2|2' This then gives [(z,y)| < ||z||||y]| as desired. The case of

equality is left as an exercise.

We have |z + y[* = (z +y.z +y) = (v.2) + (y.2) + (x,9) + (y.y) = || +
2Re({x,y)) + ||ly||* by expanding out the inner product and using conjugate sym-
metry. Since 2Re({z,y)) < 2|(z,y)| < 2||z||||y|| by Cauchy-Schwarz, we then see
2+ ylI? < llzl* + 2z Iyl + 1yl = (l=]| + [ly]])?, so take a square root to finish up.
The equality case is again left as an exercise.

[]

We now give some standard examples of inner product spaces.

Example 4.1.3. If V' has an inner product (—, —) then for any subspace W of V| (— —) is
still an inner product on W.
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Example 4.1.4. Set V = R" and let - be the usual dot product, (ai,...,a,) (b1,...,b,) =
aiby + ...+ ayb,. This makes V a real inner product space. If instead V' = C", we define the
dot product to be (a1, ..., an) (b1, ...,b,) = aiby +...+ayb,. This makes V a complex inner
product space. As an example in C?, we have (1+2i,3—1)-(2,i) = 2(1+2i)—i(3—7) = 1—i.

Example 4.1.5. If V is a finite dimensional F-vector space, we can always give V' the
structure of an inner product space as follows. Say that dimg(V') = n, and fix an isomorphism
¢ : V. — F". Define an inner product (—,—) on V' by (v,w) = ¢(v) - p(w), where the dot
product on the right hand side happens in F™.

Example 4.1.6. Set V = C([a,b],C) and define (f, g) f f(t) g(t) dt. Then calculus says
this makes V' an inner product space. In C([—7, 7], C) with f = 1 + 2z and g = cos(z), one

can check that ||| = \/27 + %2, ||g|| = /7, and that (f,g) = 0

Example 4.1.7. Let V = M,(C) and define (A, B) = tr(B*A), where (A*);; = Aj; is the
conjugate transpose of A. Then by linearity of tr and definition of B*, one sees that this
defines an inner product. For any A € M, (C), we see that the ij-th entry of A*A is simply
the i-th row of A* dotted with j-column of A. In particular, if v; is the i-th column of A, then

(A*A)y = |lvi]]?, so that ||A|| = v/|lvi]]® + ... + [Jva]|? where vy, ..., v, are the columns of
A Tn My(C), set A— (;) i) and B — (1 ' _OZ> Then we see || Al| = v30, |B|| = v/2,
and (A, B) = 3.

Example 4.1.8. Consider the sequence space C*. Let £ = {(a,) € C®: > |a,|* < co}.
For sequences (a,), (b,), note that for any n, we have 2|a,||b,| < |an|* + |bn|>. Combined
with the triangle inequality, we then have |a, + b,|* < (Jan| + [bn])* < 2|a,|* + 2|b,|*, which
then immediately tells us that €2 is a C-vector space. Define {(a,), (b,)) = > o0, a,b,. If this

expression is finite, then it’s clear that this makes ¢? a complex inner product space, since it’s
just the usual dot product extended to vectors with infinitely many coordinates. To see this
is the case, for any N, we have 25:1 |an|[bn] < \/Zgzl la,|? 25:1 |b,|? by applying Cauchy-
Schwarz to the vector space RY with vectors (|ay], ..., |an]) and (|by],...,|bx]|) (here we use
that for complex numbers, |z| = |z|). Since (a,), (b,) € ¢?, taking N — oo says the right hand
side of the above inequality converges to something ﬁmte so that limy_, Zn Llanlbn] =
> lan||ba] < oo. This says Y oo, a,b, converges absolutely, so that Y o | a,b, converges.
We then have proved that this is indeed an inner product. This space is important in
functional analysis.

4.2 Orthogonality

In R™, one of the most important properties of the dot product was that it was able to
measure the angle between two vectors: this was detected by the quantity IIIHﬁ/yII For a
general inner product space V', it doesn’t make sense to define general angles, since the ex-

pression H;”’ﬁ;” may be a complex number. However, we may still make sense of orthogonality.
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Definition 4.2.1. Vectors x,y € V are called orthogonal if (z,y) = 0. A subset S of V is
called orthogonal if any two vectors in S are orthogonal, and S is called orthonormal if S
is orthogonal and ||z|| =1 for all x € S.

Since inner products have a notion of orthogonality, the Pythagorean theorem is still
true:

Theorem 4.2.2 (Pythagorean theorem). Let x,y € V be orthogonal. Then ||z + y||* =
1% + IlylI*.

Proof. [lz+y|* = (w+y,2+y) = (@, 2)+{z,y)+ @y, 2)+{y.y) = (r.2)+(y,y) = |=[*+]ly]*
because (z,y) = (y,z) = 0 by assumption. O

One of the reasons that we impose the extra structure of an inner product is that they
become very nice to work with: orthogonality makes linear independence easy to check, as
well as finding the coordinates of a vector with respect to some basis.

Proposition 37. Let {vy,..., v} be an orthogonal subset of non-zero vectors. Then {vq,..., v}
15 linearly independent.

Proof. 1f cjv1+. . .+cpvp = 0is a linear dependence relation among the v;’s | then (civ;+.. .+
kUK, V) = (0,v;) = 0. On the other hand, (civ+...+cpvg, v;) = c1{v1,v;) +. .. +cx{vg, v;) =
cillvi]|? by orthogonality, so ¢; = 0. This says that {vy,...,v;} is linearly independent.  [J

Proposition 38. Let S = {vy,..., v} be an orthogonal subset of non-zero vectors. Then if

— _ <$,U‘>
T =Cv+ ...+ CU, ¢; = H’UiHZQ .

Proof. Taking an inner product with v; says (z,v;) = ¢;{v;, v;) = ¢;||v;]|* by orthogonality. [

In particular, the above says that if we have a basis 8 for V' consisting of orthogonal
vectors, then finding the coordinates [z]s is reduced to an inner product computation. If V'
is finite dimensional, is it always possible to find an orthonormal basis? The answer is yes,
and follows from a more general result.

Theorem 4.2.3 (Gram-Schmidt process). Let S = {wy,...,wy,} be a linearly mdependent

k=1 (wp,
subset of V. Define S" = {v1,..., v} where vy = wy and vy, = wy — 35, ﬁi’j ﬁ; v; for

2<j<m. Then S’ is an orthogonal subset of non-zero vectors and Span(S) = Span(S’).

Proof. The proof is by induction on m. If m = 1, then the result is immediate. Now
suppose for every linearly independent set of size m — 1 the theorem is true. Define Sy =
{wy,...,wi} and S}, = {v1,..., v}, so that in particular the set S/, = {vi,..., U1}
is orthogonal. We will check that the theorem is true for S' = S/ _; U {v,} where v, is
defined as in the statement of the theorem. If v,, = 0, this says w,, € Span(S],_;), but
Span(S;,_;) = Span(S,,—1) by induction hypothesis, which contradicts that S is linearly
independent. Therefore v, # 0. We then see (v,,,v;) = (W, v;) — (W, v;) = 0 since by
assumption S/ _; is orthogonal, so that S’ is therefore orthogonal. As w; € Span(S!, ;) for
all 1 <7 <m — 1 by assumption, combined with the definition of v,, we get w; € Span(5’)
for all ¢ so that Span(S) = Span(S’) as desired. O
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As an immediate corollary to the Gram-Schmidt process, we get the following:

Corollary 4.2.4. IfV is a finite dimensional inner product space, then V' has an orthonor-
mal basis.

Proof. Apply the Gram-Schmidt process to a basis of V' to get a basis of orthogonal vectors.
Then normalize. O

Example 4.2.5. Set V = R? and 3 = {(1,1,1),(0,1,1),(0,0,1)} = {wy, wy, w3}, which
is a basis of R®. To construct an orthogonal basis, set v; = (1,1,1). Then vy, = wy —
<T|"51|1|’§>v1 = wy — 2u; = (—2/3,1/3,1/3), and vy = w3 — <T|"51ﬁ§>vl <ﬁ’52”§>v2 = w3 — 3U; —
svs = (0,—1/2,1/2). This produces an orthogonal basis, so normalizing each vector with

give an orthonormal basis. We see [|vi| = V3, |lva] = \/g, and |vg]| = \/Li Then

{( \/57 f \/;, \/;, \/7 —\%)} is an orthonormal basis of R?3.

Example 4.2.6. Set V = P2(R) Which may be viewed as a subspace of C'([—1,1]) with the
inner product (f,g) f f(x)g(x)dt. Let 8 = {1,z,2*} = {w;,ws, w3} be the standard
basis of V. To produce an orthonormal basis, we use Gram-Schmidt. The vectors 1 and x

are already orthogonal, so we do not need to compute v; and vy. Then v3 = w3 — <‘z|“v3 ﬁ§>vl

%IUS ﬁ§>v2 =2?—1 so {1,z,2%—1} is an orthogonal basis. We compute |[1]| = V2, ||z|| = \/g,

-, /%, This produces an orthonormal basis {75, \/;x, \/; 322 — 1)}. These

and [|z? — & =
are the first three Legendre polynomials, which have applications in physics. Repeating this
process with the basis § = {1,z,...,2"} of P,(R) allows one to compute the n-th Legendre

polynomial.

Definition 4.2.7. Let S C V be a subset. The orthogonal complement of S, denoted
S+ is defined by S+ ={v eV : (v,z) =0 for all z € S}.

It’s an easy verification that St is always a subspace of V. When S itself is a subspace, we
have the following decomposition:

Theorem 4.2.8. Let W C V be a finite dimensional subspace. Then V =W @& W+,

Proof. Let {wy,...,wg} be an orthonormal basis of W. We will try to find a vector w € W
such that * = w + (r — w) with z —w € W+, Write w = cyw; + ... + cpwy. If v —w € W,

then necessarily, 0 = (v — w,w;) = (x — cywy — ... — gy, w;) = {x,w;) — c;f|w;||*. Since
|w;|| = 1, this says ¢; = (x, w;), so this choice of coefficients gives us the vector w that works.
This says V = W + W+, If w € WN W, then (w,w) = 0 so that w = 0 says the sum is
direct. ]

An immediate consequence is the following dimension formula:
Corollary 4.2.9. If V is finite dimensional, dim(V') = dim(U) + dim(U*).
Using this, we easily get the following:
Proposition 39. Let V be finite dimensional. Then (W)L =W.
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Proof. Set n = dim(V'). Since W C (W+)*, we get dim(W) < dim(W=+)*. This then says
n = dim(W) + dim(W+) < dim((W+)4) + dim(W+) = n so that dim(W) = dim((W+)4)
gives W = (W+4)+. O

Example 4.2.10. Let V = R? and W = Span{v;} where v; = Then W+ =

(1,1,1).
{(z,y,2) : (z,y,2) - (1,1,1) = 0}, i.e. W is simply the plane z +y + 2 = 0.
Example 4.2.11. Let V = R* and W = Span{v;, vy} where v; = (1,2,3,—4) and vy =

(—5,4,3,2)}. If v = (z,y, 2,t) is in UL, we see that Az = 0, where A = (15 i g _24>
(=

Using row reduction, one can easily compute U+ = ker(A) = Span{ (-3, 7,0),(—10,9,0,7)}.

Definition 4.2.12. Let W be a subspace with an orthonormal basis {wy, ..., ws}. Define
the orthogonal projection onto W, Py, by Py (x) = (x,wi)wy + ... + (&, wi)wy.

Given x € V', The orthogonal projection Py (x) has the property that it is the vector in
W that is closest to x:

Theorem 4.2.13. Let z € V. Then ||z —y|| > ||z — Pw(x)|| for ally € W.

Proof. Write © = Py (z) + 2z where z € WL, Then for any y € W, we have x — y
(Pw (2)—y)+z. Then we see z is orthogonal to Py (x)—y, so [|[x—y||* = || Pw(x)—y|]*+|2]?
[P () — >

Example 4.2.14. Let V = R3 and set v = (1,2,3). What’s the minimal distance from
v to a point on the plane W : x 4+ 2y + z = 07 A basis of W can be easily computed
as {(—2,1,0),(—1,0,1)} = {wy, wz}. Running Gram-Schmidt gives an orthogonal basis of
{v1,v2} = {(-2,1,0),(—5,—2,5)}. The minimal distance the the plane is given by the
quantity [[v — Py (v)||. One can check that Py (v) = 2vy, so v — Py (v) = (4/3,8/3,4/3)
which has length %6.

(RAVANI

Example 4.2.15. Set W Py(R) viewed as a subspace of V.= C([-1,1]) with the inner
product (f, g) f f(z)g(z)dx. With f(x) = e, which polynomial p(z) of degree at most
2 minimizes the quantity ff1 —p(x))?dt, and what is this value? Equivalently, what is the

minimizer of ||e” —p(z)||? We saw before than an orthonormal basis of Py(R) with respect to

this inner product is given by the Legendre polynomials, with basis {\%, \/gx, \/g (322 —-1)},

so the minimizer is just the orthogonal projection of e onto W. This is given by p(x

=
(e, d) s+ e By [l (e, [ 802 = )y [ (802 = 1) = (B2 = )2 4 B (- ),

Numerically, the actual minimal value of the integral is ~ .00144.

4.3 The Adjoint of a Linear Operator

Definition 4.3.1. The dual space of V', denoted V* is defined as V* = Hompg(V, F'). An
element ¢ € V* is called a linear functional.
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If V is finite dimensional, then we have seen that V' = V*. However, this isomorphism is
not “natural” in the sense that it requires picking a basis if V. However, when V' is an inner
product space, the isomorphism s natural:

Theorem 4.3.2 (Riesz Representation Theorem). Let V' be a finite dimensional inner prod-
uct space. Then the map ® : V — V* given by ®(v) = ¢, is an isomorphism, where

po(2) = (,0).

Proof. First, we show that @ is linear. For z,y € V, We have ®(x + y) = ¢,4,. For any
z € V, we have pr-l-y(z) = (z,24y) = (z,2)+(2,y) = @x(z)_l_gpy(z)v 80 that @g4y = @zt @y
This then says that ®(x + y) = ®(z) + ®(y). Similarly, we conclude that for any ¢ € F,
®(cx) = c®(x), so that & is linear. Now suppose that ®(z) = 0. This says that ¢,(z) =0
for all z € V, ie. (z,2) = 0 for all z € V. Picking z = z, we get ||z||*> = 0, so that
x = 0. This says that ® is injective, and since dim V' = dim V*, we conclude that ¢ is an
isomorphism. O

The Riesz Representation Theorem says the structure of the dual space of a finite dimen-
sional inner product space is very rigid: for any linear functional ¢ € V*, the surjectivity
of the map @ in the above proof says there is a vector v € V' such that ¢ = (—,v). This is
very important in functional analysis (where it holds in a more general setting), but for our
purposes, we will only need it for the following:

Definition 4.3.3. Let V be a finite dimensional inner product space. The adjoint of a
linear operator T': V' — V| denoted T* is defined via the relation (T'(z),y) = (x,T*(y)) for
all x,y € V.

Proposition 40. The adjoint T™ of a linear operator T exists and is unique, and furthermore
T* € Homp(V,V).

Proof. Define ¢, (z) = (T'(x),y). Then ¢ (x + 2) = (T'(x + 2),y) = (T(z) + T(2),y) =
(T(x),y) + (T(2),y) = @y(x) + @,(2). Similarly, p,(cz) = cp,(x) for ,z € V and ¢ € F,
S0 @y(x) is a linear functional. By the Riesz Representation Theorem, ¢,(x) = (x,y’) for
some ¢y € V. Define a map T* : V. — V by T*(y) = y/. By definition T™* satisfies the
desired property. If there is another function S : V' — V such that (T'(x),y) = (z, S(y)) for
all x,y, this says (z,T*(y)) = (x,S(y)) for all z,y so that T* = S. Finally, it remains to
show linearity. We see (x,T*(y + 2)) = (T'(x),y + z) = (T'(x),y) + (T(z),2) = (x, T*(y)) +
(x,T*(2)) = (2, T*(y) + T*(2)) for all z,y,z € V. This says T*(y + 2z) = T*(y) + T*(2).
Similarly one can check T*(cy) = ¢T*(y), so that T* € Homg(V, V).

[

Although it may not be clear from the above defintion, the point of the adjoint is that
it’s a analogous operation on linear operators to taking a conjugate transpose. The following
properties make this more clear:

Proposition 41. Let S, T € Homp(V,V). The following hold:
(a) (S+T) =5*"4+T*
(b) (cT)* =¢T*
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(c) (T*)" =T
(d) I* =1
(¢) (ST)* = T*S"

Proof. All the above properties can be proved using a similar approach to the one in the
proposition above by pulling the adjoint through the inner product. We omit the proofs. [J

Proposition 42. Let V be a finite dimensional inner product space, and let B be an or-
thonormal basis of V.. Then [T*|g = [T']}.

Proof. Let = {v1,...,v,} be an orthonormal basis for V. Set [T = [a;;]. Then T'(v;)
a1iV1 + - .+ @iV, 50 aj; = (T(v),vy). This says ([T15)i; = @5 = (T(vi), v5) = (vy, T'(vy))
(T"(v;), vi) = ([T"]p)ij, so that [T*]s = [TT.

co

Geometrically, the relationship between 7™ and T is as follows:

Theorem 4.3.4. Let V' be a finite dimensional inner product space, and let T : V — V be
a linear operator. Then ker(T*) = Im(T)* and Im(T*) = ker(T)* .

Proof. Let x € ker(T*), so that T*(x) = 0. Then for any y € V, (y, T*(z)) = 0. Pulling the
adjoint through the inner product says (T'(y),z) = 0 for all y, so that ker(T*) C Im(T)*.
Similarly, if z € Im(T)* this says (z,T(y)) = 0 for all y € V so that (T™*(z),y) = 0 for all
y € V. This says T*(z) = 0, so that Im(T)* C ker(T*) says ker(T*) = Im(T)*. Setting
T = T* and taking orthogonal complements of both sides gives the second statement. ]

Example 4.3.5. Let T : C> — C? be given by T'(21, 22) = (21 — 2i29, 321 + i22), where C? is
equipped with the usual dot product. Then the standard basis {e;, €2} is orthonormal. We

see [T]s = (; _Z.2i>, so that [T*]s = [T]; = (212 _32)

Example 4.3.6. Let T : My(R) — M;y(R) be the transpose map, T(A) = A'. Equip

M,(R) with the inner product (A, B) = tr(B'A). With respect to this inner product, the

standard basis {E11, Eig, a1, Egp} is orthonormal. Then [T*]s = [T; = [T]tﬁ We see that
1 0 00

. This matrix is symmetric, so T = T™.

[T]s =

o O O

01
10
0 0

_ o O

Example 4.3.7. Let V' C C*(R) be the vector space of infinitely differentiable functions
that are 1- periodic ie f(z+1) = f(x) for all z € R. Give V an inner product structure

by (f,9) fo t)dt. Let D :V — V be the derlvatlve map To compute the adjoint
of D, we use the deﬁmtlon. For f,g € V, (D(f fo f'(t)g(t)dt. Integrating by parts
and using f(1) = f(0), the latter integral equals - fo )g'(t )dt (f(t),—D(g)). This says
D*=—D.
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4.4 The Spectral Theorem

We will now return to diagonalizability. We previously saw what conditions are necessary
for a linear operator on V to be diagonalizable, i.e. for V' to have a basis of eigenvectors for
T. If V is an inner product space, a natural question is when can we find an orthonormal
basis of eigenvectors? The Spectral theorem gives a precise answer.

Definition 4.4.1. A linear operator 7' : V' — V is called normal if T7* = T*T'. T is called
self-adjoint if T' = T™.

Proposition 43. Suppose that T : V' — V' is normal. Then if v is an eigenvector of T with
eigenvalue X\, then v is an eigenvector of T with eigenvalue .

Proof. It’s easy to check that since T is normal, then so is T — cly for any ¢ € F. Since
T(v) = Av, this says 0 = H(T—i\fv)(U)HQ = <(T—éfv)(v), (T—){V)(v» = (v, (T* —_)JV)(T—
Ay)(v) = (v, (T = Ay )(T* = My)(v)) = (T = My)(v), (T* = My)(v) = [(T* = Av)(v) >
This says 7*(v) = Av as desired. O

Proposition 44. Suppose thatT' : V — V is normal. Then if X1, Ay are distinct eigenvalues
of T with eigenvectors vy and vy respectively, then vy and vy are orthogonal.

Proof. Suppose T'(v1) = A\jv; and T(Ug)i Aovo. Then (T'(v1),v9) = Ai{v1, ). On the other
hand, (T'(vy),ve) = (v1,T*(v2)) = (v1, Agve) = Ao(v1,v9) by the above proposition. Since
A1 # Ao, this forces (vy,v9) = 0. O

Theorem 4.4.2 (Complex Spectral Theorem). Let V' be a finite dimensional complex inner
product space. Then a linear operator T : V. — V 1is normal if and only if there is an
orthonormal basis for V' consisting of eigenvectors of T'.

Proof. First suppose that T is normal. We prove that T is orthogonally diagonalizable by
induction on the dimension of V. If dim(V') = 1 then this is obvious, because any non-zero
vector is an eigenvector, so just normalize. Now suppose that any normal operator on an
n—1 dimensional complex inner product space is orthogonally diagonalizable. If dim(V) = n
and T : V — V is a normal operator, because C is algebraically closed T" has an eigenvector,
say v. Set U = Span({v}) and write V = U @ U+. Note that because T is normal, both
T, T* are U-invariant. If x € U~ then for y € U, we have (y, T'(z)) = (T*(y), z) = 0 because
T*(y) € U. This says T(z) € U+ so that T is Ut-invariant. Similarly, 7% is Ut-invariant.
Then we may write T'(z) = T|y(u) + T|yo(v) for 2 = u + o' with u € U and v’ € U+. We
now show that 7|1 is a normal operator on U~.

By definition, for ,y € UL, (T'|,.(x),y) = (x, (T|y1)*(y)). However, by definition T'|; .
and T agree on U™, so (T|yi(z),y) = (T(x),y) = (z,T*(y)) = (x,(T*)|y+(y)). This says
(Tl ) = (T Then (g )(Tp)* = Tlgs (T9) e = TT* = T°T = (1) Tlyrs =
(T|y2)*(T|y2 ), which proves T'|y1 is normal. By induction, there is an orthonormal basis
{v,...,v,} of Ut consisting of eigenvectors for T'|;1. Then {v,vs,...,v,} is an orthogonal
basis of V' consisting of eigenvectors of T'. Normalizing v makes this orthonormal, so we are
done.
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Conversely, suppose that T is orthogonally diagonalizable. Let 8 = {v1,...,v,} be a
basis of eigenvectors with eigenvalues ;. Then (T*T)(v;) = T*(Nvs) = NT*(v;) = | \i|*v;.
On the other hand, (T7%)(v;) = T(M\v;) = |Ai|?v;. Then T*T and TT* agree on a basis of
V', so they are equal which shows 7' is normal as desired. O

We now move onto the Spectral Theorem for operators on real inner product spaces.
In the complex case, we were able to make the argument work because the fundamental
theorem of algebra says every linear operator over a complex vector space has an eigenvalue,
which led to a decomposition V = U @ U*. The key part of the proof is the normality of T
said that it restricted to normal operators on U and U=, allowing the induction to kick in. If
V' is a real inner product space, this no longer remains true, as we have seen that a rotation
by some angle in R? has no real eigenvalue. If we can find a class of normal operators that
are guaranteed to have a real eigenvalue, then the same argument as above goes through.
As it turns out, the key to this is self-adjointness:

Proposition 45. Suppose that T : V' — V 1is self-adjoint. Then if \ is an eigenvalue of T,
then X\ 1s real.

Proof. Write T(v) = Av. Then (T'(v),v) = A(v,v) = AJv[|>. On the other hand, because
T is self-adjoint we can write (T'(v),v) = (v, T(v)) = Mv||*. Since v is non-zero, this says
A = A so that A is real. ]

Theorem 4.4.3. (Real Spectral Theorem) Let V' be a finite dimensional real inner product
space. Then a linear operatorT : V' — V is self-adjoint if and only if there is an orthonormal
basis for V' consisting of eigenvectors of T'.

Proof. The characteristic polynomial pr of T" has a complex root by the fundamental the-
orem of algebra. Since T is self-adjoint, the above says this root is real, so that T" has an
eigenvector. Since a self-adjoint operator is normal, we can run the same argument in the
complex case and the proof still goes through, so that 71" is orthogonally diagonalizable.

Conversely, suppose that T is orthogonally diagonalizable. The argument from before

shows that 7' is normal. Let 8 = {vy,...,v,} be an eigenbasis for V' with corresponding
eigenvalues Aq, ..., \,. Then T'(v;) = A\v;, and T*(v;) = A\v;. However, \; are real, which
says that T' = T* so that T is self-adjoint. m

We then immediately get the corresponding statements for matrices:

Corollary 4.4.4. Let T : V — V be a normal operator over a finite dimensional complex
inner product space, or a self-adjoint operator on a real inner product space. Then there is an

orthonormal basis vy of V' such that [T, = PDP* where P is orthogonal, i.e. PP* = P*P =1
and D is diagonal.

Proof. Fix an orthonormal basis S of V. By the Spectral Theorem, there is a basis v of V/
consisting of orthonormal eigenvectors of 7. Then Sg, is orthogonal, so the change of basis

formula gives the result with P = Sg, and D the diagonal matrix of eigenvalues of T'. O]
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The proof of the Spectral Theorem tells us how to orthogonally diagonalize an operator
when it is possible. If V = U @ U~, running Gram-Schmidt on bases of U and U+ give
orthogonal bases of these spaces, and then the union is an orthogonal basis of V', so after
normalizing, an orthonormal basis. Suppose 7" is normal with distinct eigenvalues Ay, ..., Ax.
In the proof of the Spectral Theorem, we may instead run the argument with U = E), (the
invariance condition is still true). Then since E,, L E,, fori # 1, thissays E), ®... @ E,, C
Ut so that By, ®...® E,, = U+ for dimensional reasons. By inductively applying the above
obeservation, this says running Gram-Schmidt on each eigenspace E), and taking the union
of these orthogonal basis is then an orthogonal basis for V' consisting of eigenvalues of T,
and then normalizing gives an orthonormal basis.

Example 4.4.5. The operator T : C> — C? given by T(z1,22) = (29,0) is not normal,
because it is not diagonalizable.

Example 4.4.6. The operator T : R> — R? given by T'(z,y) = (—y, z) is normal. With
respect the the standard basis, [T = ((1] _01), so [T*]s = [T]; = (_01 é) = —[T]|3. How-
ever, T' is not self-adjoint, because [T]s is not a symmetric matrix. 7" has no real eigenvalues
so it is not diagonalizable over R, but over C has eigenvalues ¢, —i. To orthogonally diagonal-
ize T over C, a basis of eigenvectors is given by {(4, 1), (=4, 1)}, which we see is orthogonal.
Normalizing says an orthonormal basis of eigenvectors is 5" = {( ol \%), (\_/—%, \%)} Since [’

is orthonormal, the change of basis matrix Sg/ satisfies the relation (S7)~' = 57 = (S5

ao=i\ g -
This gives the matrix factorization <(1) _01) = (%ﬁ @) (8 _OZ) (%ﬁ \{5

V2 V2 V2 V2

Example 4.4.7. Let T : R® — R? be given by T(z,y,2) = (=22,—x + 2y — z,x + 32),

0 0 -2
so that [T]s = | =1 2 —1| with § the standard basis. We see that T is diagonalizable
1 0 3

with eigenvalues 1,2 and basis of the eigenspaces F; and E, are given by {(2,1,—1)} and
{(0,1,0), (—1,—1,1)} respectively. However, T' is not self-adjoint because [T|s is not sym-
metric, so the Spectral Theorem says that 7' is not orthogonally diagonalizable. What goes
wrong? An orthogonal basis of Ey is given by {(0,1,0),(1,0,—1)}. However, (2,1,—1) -
(0,1,0) = 1 # 0. Since any eigenvector v € Fj is of the form (cq, ¢y, —cg) for ¢1,c0 € R, we
see that (2,1,—1) - (c2,¢1, —¢2) = 2¢1 + 2¢5 is 0 only when ¢o = —¢y, i.e. the eigenvector
is of the form (—cy, ¢y, ¢1). Therefore it’s impossible to find two eigenvectors orthogonal to
(2,1,—1), so that T' cannot be orthogonally diagonalizable. Explicitly, with U = F}, we see
that [T*]s = [T]5. T* is not U-invariant, because T*(2,1, —1) = (-2,2,—8) ¢ U, so that T*
is not U-invariant and the argument cannot continue. Since all the eigenvalues of T are real,
we see that even viewed as an operator on C3, the only eigenvector in E, that is orthogonal
to (2,1,—1) is in the C-span of (—1,1,1), so again it is not possible to find two eigenvectors
orthogonal to (2,1, —1). This then says that 7" is not normal when viewed as an operator on
C3, and therefore not as an operator on R? because the matrix of T is the same in either
case.
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