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We have used R" as a key example so far. This is an example of a vector space. We will not see
the formal definition of this object until later, and so an important point must be made. When we
said R"™, we viewed this as a set of vectors of length n with real entries equipped with an addition
‘+’ (defined as component-wise addition of real numbers) and a scalar multiplication ‘-’ (defined
as multiplication of every entry by some specific scalar A € R). In Section |§| we will formalise
both of these ideas, with the additional layer of abstraction allowing our results to apply to many
more general settings. But to start with, we will only need the examples of R™ and C™. The only
difference when working with C™ is that both the entries and our scalars will be from C rather
than just R. The results we prove for finite dimensional vector spaces will apply to these two
examples, as well as others. But we will also see a formal definition of dimension and encounter
infinite dimensional vector spaces, for which some ideas generalise but other results break down.
For this reason it is important to have our examples of R™ and C" in mind, but also that our
statements can be applied more generally.
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1. THE DIFFERENT FORMS OF A LINEAR FUNCTION
In this section we will see how to convert between three representations of a given linear function.

Definition 1.1. A function f:R™ — R™ is called R-linear if it satisfies two properties:

o fluv+w)=f(v)+ f(w) for all v,w € R™; and
o f(Av) = Af(v) for allv € R™ and A € R.

Definition 1.2. A function f : C™ — C™ is called C-linear if it satisfies two properties:
o flv+w)=f(v)+ f(w) for all v,w € C"; and
o f(A)=Af(v) for allv e C" and X € C.

Both R and C are examples of fields. Another example is Q. The exact nature of a field is not
important for now, but we can now provide a definition of linear that allows us to deal with the
examples of Q™, R™, and C" simultaneously.

Definition 1.3. Let V and W be vector spaces (technically over a field F). Then a function
f:V — W is called F-linear if it satisfies two properties:

o flv+w)=f(v)+ f(w) for allv,w € V; and

o f(A)=Af(v) forallveV and A €T.
If, from the context, the field F is clear, then we will talk about the function f being linear and
omit the notation of .

Our focus in this section is to see three different ways to represent a linear map, and under-
stand how to convert between these different forms. These forms generally are not named in the
literature, and so we give informal names to them (and since these are not standard names, you
may find other authors refer to them differently).

Example 1.4. Let f : R® — R? be given by f(z,y,2) = (3z,2 + y + 2). We can check this is
R-linear in two steps. First,
f((@1, 1, 21) + (22,92, 22)) = (@1 + 22,41 + Y2, 21 + 22))
= (3(z1 +22), 71 + T2 + Y1 + Y2 + 21 + 22)
= (3z1,21 +y1 + 21) + (Bz2, 22 + Yo + 22)
(@191, 21)) + f((22,92, 22))

and similarly

JA (1,91, 21)) = f(Az1, Ayr, Az))

= (3(Az1), Az1 + A\y1 + Az1)
= (A3(z1), M1 +y1 + 21))
(B(x1), (21 + 31 + 21))

)\f(($1791,21))
which clearly apply to any x1,x2,y1,y2, 21, 22, A € R.

Example 1.5. Let f : R? — R? be given by f(z,y) = (z,—y,1). Then this is not R-linear. We
can see this by producing a counterexample. This should either be a choice of v, w € R? such that
flv+w) # f(v) + f(w) or a choice of v € R? and A € R such that f(A\v) # Af(v). Below we give
one option for each such kind of counterexample.
e Let v = (0,0) = 0 and w = 0. Then f(v+ w)
f(W) + f(w) = f(0) + f(0) = (0,0,1) +(0,0,1) = (0,
e Let v = (0,0) and A = 2. Then f(Av) = f(0,0)
(0,0,2) and so f(Av) # Af(v).

Remark 1.6. From these examples, we can see that this definition is useful since it is easy to
compute with, but has the drawback that it might not be immediately obvious that it is a linear
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ma;ﬂ This first form might be sensible to call the algebraic form of a linear map. Our other
two forms always provide us with a linear map.

The following vectors are so ubiquitous that we give them their own notation.

Definition 1.7. Fiz an n € {1,2,3,...} and choose an i € {1,...,n}. Then e; is the vector in
R™ with ith entry 1 and all other entries zero. Another way to phrase this is that the jth entry of
e; is given by the Kronecker delta function d;;.

Example 1.8. We first look at the above vectors in R™ for various n.

e In R, the only such vector is e, with e; = (1).
e In R2, there are two such vectors, e; = (1,0) and ez = (0, 1).
e In R? we have e; = (1,0,0), ex = (0,1,0), and ez = (0,0, 1).
How this generalises to R™ is now hopefully clear.
Example 1.9. We consider how to write particular vectors using these e;.
e We note that (1,1,1) = e; + e + e3.
e Similarly (—1,5,0,v2) = —e; + 5ey + v/ 2e4.

e Given e] +3es we know the first two entries of the vector, but do not know which space we
are in. If we were told that this is a vector in R, we would have that e;+3es = (1, 3,0,0,0).

It is now easier to introduce our second form for a linear map by first proving a lemma.

Lemma 1.10. Let V and W be vector spaces over F and f and g be F-linear functions from V.
to W such that f(e;) = g(e;) for all valid i. Then f =g.

Note: with the following proof, consider how you would justify each line.

Proof. Pick a vector z = Zle x;e; where x1,...,x, € F. Then
f@) = f(xrier + ...+ zpex)
= f(zier) +... + flarer)
=zif(er) + ...+ xxf(ex)
=z19(e1) + ... + 2xg(ex)
= g(zier) + ...+ g(zrer)
=g(z1e1 + ... + xper)
=9(z).
Since x was arbitrary, we have that f and g agree on all inputs, and hence f = g. O

Remark 1.11. The previous lemma says that a linear function is uniquely determined by its
outputs on the vectors e;. Also, for any choice of outputs for the e; there is one, and only one,
linear function with those images.

Example 1.12. Let f:e; — e; +e3, f:ea — —ea + ez and be a linear map from R? to R3. We
will write f in the first form that we saw. The idea is really that from the previous proof. For
ease of following the steps, we break them into bullet points.

We wish to work out the image of (z,y) where x,y € R are arbitrary. Let a,b € R.

First, note that f(ae1) = af(e1) because f is linear. Thus f(ae1) = ae; + aes.

Secondly, f(bez) = bf(e2) and so f(bez) = —bes + bes.

Putting these together, f(ae; + bes) = f(ae1) + f(bea) = aey + aes — beg + bes.

Hence f(a,b) = (a,—b,a + b). But we have not used any property of our a,b € R and so
fz,y) = (x,—y,x +y) for every z,y € R. This is our linear function in algebraic form.

2Any linear map f satisfies f(0) = 0, but show that g : R? — R?, (z,y) > (0,sin(z)) is not linear in order to
deduce that g(0) = 0 does not guarantee that a map is linear.
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Remark 1.13. Note that {e1,...,e,} is known as the standard basis of R”. We could therefore
name this second form the standard basis form of the linear map or more informally perhaps
the e; form of a linear map.

The previous example showed how to change a linear operator in standard basis form into one
of algebraic form. The next example shows us how to convert the other way.

Example 1.14 (Example [1.4] continued). We will see how to convert the linear map above to
standard basis form. The function was f : R® — R? given by f(z,v,2) = (3z,2 + y + 2).

e Our first question is ‘What size set must we use to determine f7’. The answer is 3.

e From the function, we immediately know the image of e, es, and e3. Consider why this
should be our aim, and how we the image of these vectors.

e The correct answer is therefore that f : R® — R? is given by f(e1) = 3e; +ea, f(e2) = e,
and f(e3) = es.

Our final form for a linear map is that given by a matrix. It is for their relation to linear
maps that matrices are so scrutinised in courses on linear algebra. We have already justified the
following, but will be so useful to us that we will refer to it as ‘the fact’ from now on.

FACT. Let A be a matriz consisting of n columns cy, ..., ¢, each of length m. Then multiplication
by A provides a function taking vectors of length n and outputs vectors of length m. Furthermore:

i) multiplication by A is a linear map; and
i) we have that Ae; = ¢; for eachi=1,...,n.

Remark 1.15. An immediate consequence of (i) is that, given A € M, xn(R), the function
f:R® — R™ defined by f : z — Ax is a linear function. We will therefore call it the matrix
form of a linear map.

Part (ii) of the fact is immensely useful. Our first application is to convert between the standard
basis form and the matrix form of a linear map.

1 1
0 1
basis form. The information can just be read off from the matrix A. From the fact, we know that
A sends e; to ¢; and es to ¢o, where ¢ is the first column of A and ¢y is the second column of
A. Thus A(e;) = ey and A(ez) = e; + e3. Hence the linear function f is uniquely determined by
knowing that f(e1) =e; and f(e2) = e; + ea.

Example 1.16. Let A = and f:R%? = R2% 2+ Az. Our aim is to write f in standard

Example 1.17 (Example continued). Recall that we know the function f in standard basis
form. We had that f: R® — R? is given by f(e1) = 3e1 + e2, f(e2) = ez, and f(e3) = ea. We will
use this knowledge to write f in matrix form.

e First, we wish to determine the dimensions of A. We know that it should represent the
given function f, and that f : R? — R2. Thus A takes inputs of length 3 and outputs
vectors of length 2. This makes A a matrix with 3 columns, each of length 2. In other
words A is a real 2 x 3 matrix, or an element of M 3(R). This means we wish to find the
columns ¢y, ¢a, and ¢z of A, each of length 2.

e From part (ii) of the fact, the column ¢; should be the result of Ae;. But we want this
to be f(e;) so that f agrees with multiplication by A. Thus ¢; = f(e1), ca = f(e2), and
cs = f(es). This information is given above, and so in this case we have that

3 00
A= (1 1 1> ‘
Note that we can easily check our answer by directly computing Ae; for i = 1,2, 3.

At this stage we can now convert freely between our three forms of a linear map. For complete-
ness, we give examples converting directly between the algebraic form and the matrix form of a
linear map.
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Example 1.18 (Example continued). Recall the function f : R? — R? given in algebraic form
by f(z,y,z) = (3z,z +y + z). We will now write f in matrix form.
e It suffices to find the columns of a matrix A so that f(x) = Az for all z € R3.
e Using part (ii) of the fact, we can find the ith column of A by computing f(e;).
e In this case we have f(e;) = (3,1), f(e2) = (0,1), and f(e3) = (0,1). Thus we know the
columns of A, and hence know A.

0 0
Example 1.19. Let A= |0 1]. We will write the map f(z) = Az in algebraic form.
10

o We first decide on the domain and codomain of f. Since A takes vectors of length 2 and
outputs vectors of length 3, we will sayf| that f : R — R3.

e We now wish to compute, given a, b € R, where A sends (a,b). This can be computed
directly from A.

e In this case we have A(a,b) = (0,b,a). Because this computation applies generally, we
have that A(z,y) = (0,y,z) for all z,y € R.

We therefore have, in algebraic form, the function f: R? — R3, (x,y) — (0,y, ).

It is now natural to question what happens if we try and find the matrix or standard basis form
for a map that is not linear. We first apply the steps above in a naive way, and then see what
goes wrong.

Example 1.20 (Example [L.5| continued). Let f : R? — R be given by f(z,y) = (z,—y,1). We
will use this information to try to write f in matrix form but this will go wrong. Before
continuing, consider why it will go wrong.

e First, we wish to determine the dimensions of A. We know that it should represent the
given function f, and that f : R2 — R3. Thus A takes inputs of length 2 and outputs
vectors of length 3. This makes A a matrix with 2 columns, each of length 3. In other
words A is a real 3 x 2 matrix, or an element of Mz 2(R). This means we wish to find the
columns ¢y and ¢y of A, each of length 3.

e From part (ii) of the fact, the column ¢; should be the result of Ae;. But we want this to
be f(e;) so that f agrees with multiplication by A. Thus ¢; = f(e1) and c2 = f(ez2). This
information can be computed directly from the function, and so in this case we have that

1 0
A=10 -1
1 1

At this point we may feel either like toasting our success, or be confused that we have found a
matrix. We might even check our answer by considering where A sends e; and e;. We will have
that Ae; = f(e;). Importantly, though, we do not have that A(z) = f(z) for all x € R2. To see
this we could consider the image of (1, —1) under A and under f. We get A(e; — e2) = e1 + ea,
but know this cannot be the image of e; — eo under f as all images under f have final coordinate
equal to 1. Checking, we see that f(1,—1) =(1,1,1).

Remark 1.21. The above example shows us that we must proceed with caution when applying a
method. The method we have produces a matrix that, by construction, agrees with a given function
on the basis vectors {e1,...,e,}. If the function we were given is linear, then (by Remark
we will have found the unique linear function which sends e; to f(e;) for i = 1,...,n. But if the
given function is not linear, then we have just found a linear function that agrees with f on the
set {e1,...,e,} but that will not agree with f for all # € R™. Note, also, that A and f might
agree on more than just the set {e1,...,e,}, but there will be an € R where they disagree.

This example actually gives us an alternative way to see whether a given function, in algebraic
form, is linear.

3We are assuming this is a real function, but will discuss this later.
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Example 1.22. In a footnote above we came across the function g : R? — R2, (x,y) — (0,sin(z)).
We will now see that it is not linear. Such an exercise can help us build intuition for what linear
functions ‘look like’.

e We begin by building a matrix A which agrees with g on the vectors e; and es. This is

A= <sin0(1) 8) '

e Next find a new function, f, so that f(x) = Ax for all x € R%. We can compute f in
algebraic form by applying A to a general vector (z,y). In our case we get that

0= (a5 )= ()

e Note that g is linear if and only if g = f. In this case we note that zsin(1) and sin(z)
cannot be the same function since x sin(1) is unbounded whereas sin(z) is bounded. Thus
g is not linear.

We end with a comment on how the above applies to maps that are over C. The terminology
can be a bit loose when using the duality of matrices with linear maps. The issue is that the
matrix appears a concrete object, with entries coming from some field (think: C or R) but when
considering a matrix as a linear map, we should really be giving all of the information for a
function. This means stating the domain, the codomain, and the ‘rule’ (which is almost always
that x is sent to Ax).

Example 1.23 (Example continued). In the previous example we were given the matrix but
not told the domain or codomain. We had the matrix

0 0
A=1(0 1
10

and, with it being a real matrix, we considered this as a function R? — R3. We could have equally
well considered this as a function from C? to C3. We can approach this with the same ideas as
above. Note that it sends e; to ¢;, where ¢; denotes the ith column of A. Also, since it is a C-linear
map, we then know the image of any (z,y) € C2. This approach matches with what we would
obtain if we used the usual matrix multiplication on vectors from C2.

We end with examples of matrices working over different fields.
1 i

0 1+
We can compute where this sends a general (x,%) € C? by using the usual matrix multiplication:

(b0 (o) - () - (8
0 -1
1 0

This matrix can also be used to define an R-linear map and a C-linear map. (It turns out that Z
is not a field, and so we will not look at Z-linear maps.) We’ll see this matrix again soon.

Example 1.24. Let A = ( ), so that we have the C-linear map f : C2 — C?, x — Ax.

Example 1.25. Let A = ( )7 so that we have the Q-linear map f : Q% — Q?, 2 — Ax.
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2. EIGENVALUES AND EIGENVECTORS

In this section we introduce, for an F-linear operator 7', the notions of an eigenvector and
eigenvalue. The ‘eigen’ part comes from the German prefix meaning ‘same’. If we think of a vector
as a direction (technically together with a length) then an eigenvector is one where applying T'
leaves the direction unchanged.

Definition 2.1. Let V be a vector space over F and T : V — V a linear operator. Then a vector
v € V with v # 0 is called an eigenvector of T if there exists a A € F such that

T(w) =M.
The number X is the called an eigenvalue of T'.

This might look like a rather strange concept, and it is not clear if and why such vectors should
exist. In this section we will learn how to compute eigenvalues and eigenvectors of matrices and
explore the limits of our approach.

Example 2.2. Let V = C? and T : C?> — C2 be given by T(e1) = 2e; and T'(ez) = —3ez. Then
e1 and es are eigenvector with eigenvalues \; = 2 and Ay = —3, respectively.

Example 2.3. A less obvious example is T'(e;) = eg and T'(e3) = e;. Then one can check that
v1 = e1 + eg is an eigenvector with eigenvalue Ay = 1 and vo = e; — e is an eigenvector with
eigenvalue Ay = —1.

It is helpful to have a name for the set of eigenvalues for a given linear map.

Definition 2.4. For an F-linear function T, we call the set of eigenvalues of T the spectrum of
T, denoted specT.

At present these eigenvectors appear to have little structure. Our first lemma is a nice obser-
vation about the eigenvectors relating to a specific eigenvalue.

Lemma 2.5. Let T : V — V be a linear operator and A be an eigenvalue for T. Then the set of
eigenvectors for X\, together with the zero vector, form a subspace of V.

Proof. If v is an eigenvector of T' with eigenvalue A, then for any non-zero a € F, we have that av
is an eigenvector of T" with eigenvalue A since

T(aw) = aT(v) = adv = A(aw).

In a similar way, if v and w are eigenvectors of T" with the same eigenvalue A then v + w is either
zero or an eigenvector with eigenvalue A since

Tw+w)=Tw)+T(w) = v+ Iw=Av+w).

Therefore the set of eigenvectors with the same eigenvalue, together with v = 0, form a subspace
of V. O

We next look at how to find the eigenvalues for any given linear operator.

2.1. The characteristic polynomial of a matrix. The following neat observation motivates
our definitions for this section.

Lemma 2.6. Let T : V — V be a linear operator and dimV < co. Then A € F is an eigenvalue
of T if and only if det(T — A\I) = 0.
Proof. We perform a series of steps to the eigenvalue cquationﬁ
Tv= M\
=Tv—Av=0
=Tv—(A)v=0
=T -WA\))v=0

A1t is helpful to consider why multiplication by A can be considered as multiplication by a matrix, and what
this matrix is.
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which are actually if and only if statements. This reduces our eigenvalue equation to a matrix
equation of the form Av = 0, where A = (T' — (AI)). Now, consider that det(T" — (AI)) # 0. This
would imply that A~! exists, and so our equation would become v = A710. But A~'0 = 0 by
definition, and so v = 0 is the only solution in this case. On the other hand, if det(T — (AI)) =0,
then the matrix A has non-trivial kernel, and so there is a v # 0 such that Av = 0. Thus
there is a v # 0 if and only if det(T — (M)) = 0, and Tv = Av has a solution if and only if
det(T — (A\)) = 0. O

From the above proof, we are now interested in finding all A such that det(T" — (AI)) = 0, and
for each given X the eigenvectors are then the non-zero elements of ker(T — AI).
Definition 2.7. Let V' be vector space over F and T : V — V be a linear operator,
e ifdimV < oo then the characteristic polynomiaﬂ of T is defined as

pr(z) = det(T — «I).
o if A\ € F is an eigenvalue of T the corresponding eigenspace is defined as
E(X) :=ker(T — AI).

By now we are likely very happy with how to apply a matrix to a vector. But note that, on an
eigenspace E()), the action of T is extremely simple as it is just multiplication by the eigenvalue
A. This can be stated algebraically, for v € E(X), as Tv = Av. (To express this one uses the
notation T'|g(x)y = Al, where T'|g(y) means restricting the domain of 7" from V' to the subspace

Lemma [2.6] allows us to compute the eigenvalues of a operator T first, and then we can solve
the system of linear equations (T'— AI)v = 0 to find the corresponding eigenvectors. Let us look
at a few simple examples, using V = C2.

0 2

pT()\)det<((1) g)(g 2))ctet(16A 2EA>(1A)(2A),

and so we see that the condition pr(A\) = 0 gives Ay = 1 and Ay = 2 as eigenvalues of T. To
find an eigenvector v, = (z,y) with eigenvalue Ay = 1 we have to find a solution to (T' — A I)v =

(T'— I)v = 0 and this gives
0 0\ [z
630

This gives the condition y = 0, hence any vector v; = (z,0) with  # 0 is an eigenvector, so we
can choose for instance z = 1. Similarly for Ay = 2 we want to find ve = (x,y) with (T'—2I)ves =0

which gives
-1 0\ [z
(0 ) G-

Thus « = 0, and so any vector vo = (0,y) with any y # 0 is an eigenvector and to pick one
we can choose for instance y = 1. So we found that T has two eigenvalues A\; = 1 and Ay = 2
with corresponding eigenvectors v; = (1,0) and vy, = (0,1). The eigenvalues are uniquely deter-
mined, but the eigenvectors are only determined up to a multiplicative constant, the corresponding
eigenspaces are E(1) = {(x,0), z € F} and E(2) = {(0,y), y € F}.

Example 2.8. For T = (1 0), we have that

We now come back to the example we saw at the end of Section [2]

5The Cayley-Hamilton Theorem is an important result relating to the characteristic polynomial and will be
covered in Linear Algebra 2 and also ODEs 2.
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Example 2.9. For T = ((1) _01>7 we ﬁndH

— A =1y
pT()\)—det(1 _/\)—)\ + 1

Therefore the characteristic polynomial has the two roots A\; =i and Ay = —i. So if F = R, then
this operator has no eigenvalues in F, but if F contains i, for instance if F = C, then we have two
eigenvalues. To find an eigenvector v; = (z,y) with eigenvalue A; = i we have to solve (T'—i)v =0

which is
—-i -1 T
()6

Thus —ix — y = 0 and x — iy = 0. But the second equation is just —i times the first equation, so
what we find is that y = —ix, so any (x, —ix) is an eigenvector, and we can choose for instance
2z = 1 to obtain v; = (1, —i). Similarly we get for Ay = —i that

(b )6) -

has the solutions (z,iz), and so choosing x = 1 gives vy = (1,1).

Remark 2.10. Even when the matrix elements are real, the eigenvalues need not be real. This
means that a operator can have no eigenvalues when we look at it as a function over R, but it will
have eigenvalues over C. This is why we often work over C when dealing with eigenvalues.

Example 2.11. If T = ? 61>, then pr(A) = A2 — 1 and so there are two eigenvalues \; = 1
and Ay = —1. The eigenvectors corresponding to A\; = 1 are determined by

()6

which gives —z — iy = 0 and iz — y = 0 and so y = iz. Choosing x = 1 gives us v; = (1,1), and
similarly we find for As = —1 that v = (i,1) is an eigenvector.

Remark 2.12. A matrix with complex entries can still have all of its eigenvalues as real numbers,
but then the eigenvectors must be complex.

Example 2.13. If T = ((1) 1), then

pT()\):det(lg)\ 11)\>:(A—1)2

and so we have one eigenvalue A\; = 1. The corresponding eigenvectors are determined by

0 1\ [z
(0 0) (y) -
which gives the one condition y = 0. Hence any vector (x,0) (with « # 0) is an eigenvector and
we can choose for instance v; = (1,0). In this example, contrary to the previous ones, we found
only one eigenvalue and a one-dimensional eigenspace.

Example 2.14. With T = 2 0) , we get pr(A) = (2 — N)?, so A\; = 2 is the only eigenvalue.

0 2
But now we have two linearly independent eigenvectors v; = e; and vy = es, since T' — 21 = 0.

Remark 2.15. In all the cases where we had two eigenvalues, the eigenvectors actually formed a
basis. In these last two examples, we only found one eigenvalue and then in the first case we found
only a one-dimensional eigenspace, so there is no basis of eigenvectors, whereas in the second case
we found two linearly independent eigenvectors which then formed a basis of C?.

6We can also approach this without as much theory. Note that this function sends (a,b) to (—b,a). Thus an
eigenvalue A would satisfy (—b,a) = A(a, b), i.e. the equations —b = Aa and a = Ab. Putting these together give us
that @ = —A2a, which for A € R gives us only the solution a = b = 0.
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2.2. Algebraic and geometric multiplicity. In order to gain a more systematic understanding
of eigenvalues and eigenvectors, we need to know more about the roots of polynomials. The
following list of properties of polynomials will be proved in courses on complex analysis and
algebra: we only quote them here.

Definition 2.16. A polynomial of degree n over C is an expression of the form

p(x) = aps™ + ap_12" M 4. a1z +ag
with @y, ap_1,...,a1,a9 € C and a, # 0. Often we think of such expressions as functions, since
for each x (in R or in C) we can evaluate p(x).

Definition 2.17. For a polynomial p(x) we say that A1 € C is a root of p if p(A1) = 0. We can
also talk about the multiplicity of a root. Specifically, if there exists a polynomial q(x) of degree
n —my with (A1) # 0 where
p(z) = (z — A1) q(z),

then A1 is a root of multiplicity m1 Note that the multiplicity of any root is a natural number.
Theorem 2.18. Every polynomial of degree m has exactly n roots in C, counted with multi-
plicity. In other words, for every polynomial of degree n there exist a, A1, Aa,..., A\ € C and
my,ma,...,my € N with

p(x) = alz — X)) (x— A2)™ .. (x— M)
where my +mso + ... +my = n.
Remark 2.19. These results rely on working over C rather than R, and follow from the crucial

fact that every polynomial has at least one root in C (called the Fundamental Theorem of Algebra
which was proved by Gauss in his PhD thesis, published in 1799).

The above results allow us to draw some conclusions about eigenvalues.

Lemma 2.20. Let T : C* — C" be a linear operator. Then T has at least one and at most n
different eigenvalues.

Proof. One can check that the characteristic polynomial of T is exactly of order n = dim V. (We
do this later, in the proof of Lemma ) Thus it has at most n different roots. The Fundamental
Theorem of Algebra then states that this polynomial has at least one root in C. O

Definition 2.21. Let T be a linear operator. For each A € specT we say that

o the geometric multiplicity of A, denoted mgy(X), is dim E(X); and

e the algebraic multiplicity of A, denoted mq (), is the multiplicity of the root X in pr(x).
Note, for any X\ € specT, that mg(N), mq(A) € N (do consider why these are non-zero).

The algebraic multiplicity can be found by determining all the roots of the characteristic poly-
nomial. The geometric multiplicity can be equivalently given as

mg(A) = nullity (A — AI).
A natural question is to query how these two multiplicities relate to one another.
Theorem 2.22. Let T be a linear operator and A € specT. Then mgy(X) < mg(N).

We will not prove this, but note that in our examples above, in all but one of the cases we had
mg(A) = mg(A) for every A € specT. The exception was Example which sent e; to e; and e
to e1 + ez. We then had that A = 1 was the only eigenvalue and my(1) = 1 but m4(1) = 2.

Before we dive into the next theorem, on the linear independence of eigenvectors, let us consider
a simple case. Take a linear operator T with two distinct eigenvalues A\; and Ay with corresponding
eigenvectors v; and vy. We will show that vy, vy are linearly independent. If v1, vy are linearly
dependent, they are proportional to each other, so they both lie in the same one-dimensional
subspace. That means that if two eigenvectors are linearly dependent, then the intersection of
the corresponding subspaces is at least one-dimensional, E(A;) N E(A2) # {0}. But if v # 0 is in
E(A) N E(XA2), then A\jv = T'(v) = Agv and this can only happen if Ay = A2. We now see how to
generalise this argument.
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Proposition 2.23. Let T : V — V be a linear operator, dimV = n and {v1,va,...,vr} a set of
eigenvectors with different eigenvalues. Then the set {v1,va,...,v;} is linearly independent.

Proof. We first fix some notation. From our hypotheses, we have that T'(v;) = \jv; fori =1,...k

and that \; = \; & i = j. Let us assume that we can find constants ay,...,a; such that
(2.1) avy + ... +apvy =0
where a; # 0 for some ¢ € {1,...,k}. (Thus our assumption is that {v1,...,v;} is linearly

dependent.) Let m denote the largest natural number such that a,, # 0. Thus equation (2.1]) can
be seen as

(2.2) a1y + ...+ amv, =0
where a,, # 0. Our aim will be to show that a,, = 0, producing a contradiction. Directly
computing, we apply T to equation and multiply equation by A1 to obtain
A1a1v1 + ...+ AU = 0 and Aaqv1 + ...+ Mamv, =0
respectively. The difference of these equations is therefore
(2.3) (A2 — M)agve + ... + (A — A1) @mvm = 0.

By assumption, A\; — A; # 0 for ¢ = 2,...,m. Hence equation (2.3)) is a linear combination with
coefficients (\; — A1)a; for i € {2,...,m}. Moreover, (A; — A\1)a; =0<a; =0fori e {2,...,m}.
This means we have reduced to have a linear combination

bovo + ...+ by =0
where b, # 0. Applying these steps again will yield a linear combination
c3v3 + ...+ vy, =0
where ¢,;, # 0. We continue applying the above steps until we obtain an expression of the form

vy, = 0 where o # 0. This is a contradiction, as v, # 0. (]

A more geometric formulation of our goal to find a basis of eigenvectors is to try to decompose
the vector space into eigenspaces, and on each eigenspace the operator T is then just multiplication
by an eigenvalue.

Proposition 2.24. A linear operator T : V' — V has a basis of eigenvectors if and only if V can
be decomposed into a direct sum of eigenspaces

V=EM)®EXN)& - & E\),
where T'| gy, = Nl fori=1,... k.

Remark 2.25. As mentioned above, the function T'|gy,) is the restriction of the map T to the
subspace E();), so that T'|g(y,) = AsI. This means that T'|g(y,) is a new function with domain
E(\;) which behaves like the map A\;I on E();). This is just an alternative way of saying E(\;)
is the eigenspace corresponding to A;.

Proof of Proposition[2.24 If we have such a decomposition then we can choose a basis B; of each
eigenspace and the union of these bases B = | J B; will be a basis of V' which consists of eigenvectors.
On the other hand, if we have a basis of eigenvectors then the direct sum of the eigenspaces is equal
to V. Note that the direct sum notation can be used as a consequence of Proposition [2.23] O

This gives us one important criterium to decide when a operator has a basis of eigenvectors.

Lemma 2.26. Let T : C* — C™ be a linear operator with n different eigenvalues. Then T has a
basis of eigenvectors.

Proof. If T has n different eigenvalues, then by Proposition the corresponding eigenvectors
are linearly independent. But then these n linearly independent vectors must form a basis for
cn. O
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From this lemma, we see that the possible obstruction to the existence of enough linearly
independent eigenvectors is that the characteristic polynomial can have roots of multiplicity larger
then 1. Then the condition for the existence of a basis of eigenvectors becomes

mq(A) =mg(A), forall \e&specT.

Unfortunately in general this condition can only be checked after one has computed all the eigenvec-
tors. Fortunately, if there are not enough eigenvectors for a basis, there is a natural generalisation
of the concept of an eigenvector, called a root vector. These are dealt with in Linear Algebra 2.
There are precisely as many linearly independent root vectors as on needs to make up for the
difference between the algebraic and geometric multiplicity of an eigenvalue.

2.3. Using eigenvectors to aid computations: diagonalisation. If we have found a basis of
eigenvectors {vy,va,...,v,} for A € M,,(C), then we can diagonalise the matrix A. This means
that we can find an invertible matrix C' such that C~'AC = D, where D is a diagonal matrix,
i.e., only has nonzero entries on the diagonal. To do so, let

C:=(vy---vyp)

which has the eigenvectors as columns and (since these form a basis) is invertible. We wish to
determine the form of the matrix C~'AC, and can do so by applying the ideas of Section |1 We
note, for each i = 1,...,n, that

c A c!
€ — Vi — NjU; — \;€;.

From the FACT, we see that the ith column of C~'AC must therefore be \;e;. Hence the matrix
C~1AC is diagonal.

Remark 2.27. One can reverse the above argument to show that if A is diagonalisable, then the
column vectors of the matrix C' must be eigenvectors and the elements of the diagonal matrix are
the eigenvalues. Since the eigenvalues are uniquely determined, the diagonal matrix is unique up
to reordering of the elements on the diagonal. But the matrix C' is not unique, since one can for
instance multiply any column by an arbitrary non-zero number, and still get an eigenvector.

Let us now summarise the method of how to compute eigenvalues and eigenvectors for operators
on finite dimensional vector spaces. We will almost always work over R or C.
(i) We begin by computing the characteristic polynomial pr(z) = det(T — zI).
(ii) Then we have to find all roots of pr(x) with multiplicity. We know that there are n of
them in C. There are now 3 possibilities.
— We have n distinct roots and they all lie in the field F C C. Then we immediately
know that we can find a basis of eigenvectors.
— There are less than n roots, counted with multiplicity, in the field F. Then we cannot
find a basis of eigenvectors, and T is not diagonalisable.
— Allroots are in F (which is always the case if F = C), but some have higher multiplicity
than 1. Then we cannot decide yet whether there is a basis of eigenvectors.
(iii) To find the eigenvectors we have to solve for each eigenvalue A the system of n linear
equations

(T —M)v=0.
We can do this, for example, by using Gaussian elimination. In order to find a basis of
eigenvectors, we must find m,(\) linearly independent solutions for each A\ € specT.
We look at two examples of 3 x 3 matrices to see how this works.

Example 2.28. Our first example is given by the following matrix A, which we consider as a
function from R? to R3.
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We begin by computing the characteristic polynomial and its roots.

4—x 1 -1
pa(x) = det(A — ) = det 2 b—zx =2
1 1 2—x

4— ) det (5;9” 2:2x)det G 2__233)det G 5;‘”)
(b-—2)2—-2)+2]-22—2)—2—-2+(5—1)
G-—z2)2—2)+24—2)—-8+2zx+ (5 —x)
[(4—2)(2—2)+1]

[£? — 62+ 9] = (5 — z)(x — 3)?

= (
=(@4-2
=(@4-2)
=(6-2)

=(6-2)

These computations may appear confusing at first, but two parts of our approach are common.
First, that we found the determinant by expanding along the first row. Secondly, that we didn’t
multiply out all terms immediately, but instead kept relevant factors which appear in the final
factorisation. This avoids the need to factorise a cubic. We then see that the eigenvalues are
A1 =5 and A9 = 3, and that 5 has algebraic multiplicity 1 and 3 has algebraic multiplicity 2. So
we can’t yet say if the matrix is diagonalisable; we have to see if there are two linearly independent
eigenvectors with eigenvalue 3.

We now look at finding an eigenvector vy = (z,y, z) with eigenvalue Ay = 5. Thus v; is a
solution to the system of 3 linear equations (A — 5I)v; = 0, and

-1 1 -1 -1 1 -1 -1 1 -1
A-5I=2 0 -2|=|(0 2 —4|=(0 2 —4
1 1 -3 0 2 —4 0 0 O
where the ‘=’ sign means that we have simplified the matrix using elementary row operations. In

the first step we added the first row to the third and added 2 times the first row to the second.
In the second step we just subtracted the second row from the third. So the system of equations
isnow —x +y — 2z = 0 and 2y — 4z = 0, which can be rewritten as

y=2zandr=y—2z=z.

This gives us a one parameter family of solutions, which is what we expect, since eigenvectors
are only defined up to a multiplicative factor. To pick one particularly simple eigenvector we can
choose for instance z = 1, and so obtain

E(5) = span{v; } where v; = (1,2, 1).

To find the eigenvectors for A\s = 3 we proceed along the same lines, with our aim to solve
(A —3Iv=0. This gives

1 1 -1 11 -1
A-3I=(2 2 -2]=[0 0 O
1 1 -1 0 0 O

where we have subtracted row one from row three and two times row one from row two. So this
gives just the one equation

r=z—-Y,

which means that we have two free parameters in the solution, and any vector of the form

v=(2—-y,y,2)
for arbitrary (y,z) # 0 is an eigenvector. Therefore they form a two dimensional space, and we
just have to pick two that form a basis. One option would be to choose y = 1,2z = 0 and then
y =0,z =1, so that
ve = (—1,1,0) and v3 = (1,0,1)

form a basis of the eigenspace E(3).
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We have found three linearly independent eigenvectors, and therefore A is diagonalisable with

1 -1 1 5 0 0
C=12 1 0] andCct4aCc=(0 3 0
1 0 1 0 0 3

Notice that C depends on the choices we made for the eigenvectors. If we had chosen differ-
ent eigenvectors, the matrix C' would look different but would still diagonalise A. A good final
computation to try is to compute C~*AC with

1 -1 1
cC=10 1 2
1 0 1

Example 2.29. For our second example we will consider

3 -1 1
B=|7 -5 1
6 —6 2

We first compute pp(x).

—5—x 1 7 1 7T -5—-=x
det(B—xI)—(i%—x)det( 6 2z>+det<6 2z>+det(6 6 >

=@B-2)-b+x)2-2)+6]+7(2—-2)—-6—-42+6(5+ x)
-B-2)b+x)(2—2)+7(2—1x)
2—2)[7—B—a)(5+z)

=(2—x)[x* + 22— §

= —(z-2)(z—-2)(z+4) = —(z—2)*x+4)

Hence the eigenvalues are Ay = —4 with multiplicity 1 and Ay = 2 with algebraic multiplicity 2.

We then find the eigenvectors for each eigenvalue in turn. For Ay = —4, we solve (B +4[)v = 0.
Note
T -1 1 7 -1 1 0 6 —6
B+4I=|7 -1 1] =0 0 O0fJ=(0 0 O
6 —6 6 1 -1 1 1 -1 1

which gives the two equations y = z and z = y — z = 0, so any vector (0, z,z) with z # 0 is an
eigenvector. Choosing z = 1 gives us v; = (0,1,1). Now for Ay = 2, we get

1 -1 1 1 -1 1 1 -1 1
B-2[=|7 -7 1]=10 0 —-6]=10 0 -1
6 —6 0 0 0 -6 0 O 0

which gives the equations y = 0 and « 4+ z = 0. These give us only a one parameter family, i.e.,
y is fixed, and once we have chosen z, the value of x is fixed, too. So the eigenspace F(2) is
one-dimensional and spanned by

vy = (1,0, —1).

Hence the geometric multiplicity of Ao = 2 is 1. This means B does not have a basis of eigenvectors,
and cannot be diagonalised.

The second matrix B gave us an example which cannot be diagonalised. The drawback of our
approach is that only at the very end of our computation we actually found out that the matrix is
not diagonalisable. It would be much more efficient if we had some criteria to tell us in advance if
a matrix is diagonalisable. Such criteria can be given if we introduce additional structure, namely
an inner product. This will be the subject of Section 5]
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2.4. Properties of similar matrices.

Definition 2.30. We say that matrices A and B are similar if there exists an invertible matriz
C such that B= C~YAC. We can then also say that A and B are conjugate (by C).

One can check that the notion of being similar is an equivalence relation for square matrices of
a fixed dimension. Many properties are preserved across similar matrices.

Lemma 2.31. Let A, B € M, (F) be similar matrices. Then pa(x) = pp(x).
Proof. Our definition of similar says that B = C~1AC for some invertible C' € M,,(F). We have
pp(z) = det(B — zI) = det(C~1AC — zI) = det(C~ (A — 2I)C)
=det O~ det(A — 2I)det C = det(A — xI) = pa(x). O

An almost identical proof tells us that similar matrices have the same determinant. We now
consider more carefully the coefficients of the characteristic polynomial to gain further insights.

Lemma 2.32. Let A € M, (F). Then the constant coefficient of pa(x) equals det(A). Further-
more, if A is similar to B, then det(A) = det(B).

Proof. We note from the explicit form of the matrix A — I that
pa(z) = (=1)"z" + ap_12" "' + ... + a1z + ag where a,_1,..., a0 € F.

Moreover, from the above expression, ag = pa(0) = det(A —0I) = det A and so the term ag in the
characteristic polynomial equals det A. The claim for similar matrices then immediately follows
from Lemma 2311 O

Definition 2.33. Let A € M, (F). Then the trace of A, denoted tr A, is equal to >+, a;;.

It is possible to directly show that the similar matrices have the same trace[] but we will do
this using the coefficients of the characteristic polynomial.

Lemma 2.34. Let A € M, (F). Then the 2"~ coefficient of pa(x) equals (—1)"~'tr(A). Fur-
thermore, if A is similar to B, then tr(A) = tr(B).

Proof. We call upon the Leibniz formula for the determinant. Let B := A — zI, so that

det(A —zl) = Z signo H bo(j)j
j=1

oeSy,
- H(a“ — )+ Z sign o’ H bor(j);
i1 o'eS\{1} j=1

where the second line corresponds to taking out the identity permutation. We will now see that
the sum in the second line does not contribute to the coefficients of the =™ or ™! terms.
We observe that any permutation ¢ € S, is a bijection, and so knowing the values of ¢ on
n — 1 values of j € {1,2,...,n} uniquely determines the remaining one. Hence, a nonidentity
permutation has at least two indices j which it alters, that is o’/(j) # j. It follows that no product
in the sum in the latter formula can involve more than n — 2 diagonal elements of A — zI, and
hence the whole sum cannot contribute higher powers of x to pa(z) than 2"~2. Now
n
[[(ai —2) = ()" + (-1)"an + ... + ann)2™ " + ...,
i=1
from which our statement follows. Lemma then implies our second statement. O

Let us summarise the above.

"A nice approach is to show that tr(AB) = tr(BA) by directly computing the relevant entries of the matrices
AB and BA, and then use this result to show that tr(C~1AC) = tr A. Hint: make a clever choice for B.



16 MATH10015, LA1B

Proposition 2.35. Let T : V — V be a linear operator and dimV =n. Then
pr(z) = (=1)"2" + (=D ' tr Ta" ' + ...+ detT,
where . .. stands for terms with powers of x between n — 2 and 1, and trT denotes the trace of T'.
In particular, for n = 2 Proposition [2.35] describes every term in the characteristic polynomial
pr(x), without omissions.

Suppose we are working with R™ or C™. Then the Fundamental Theorem of Algebra guarantees
the existence of the roots Ai, Ag,..., A, of the characteristic polynomial pr(x), not necessarily
distinct. Then we can factor pr(z) as

pr(z) =AM —x2) (A2 —x)...(A\p — ).
Comparing this with the claim of Proposition we draw the following conclusion.

Lemma 2.36. Let T be a linear operator on C™ or R™, with (not necessarily distinct) eigenvalues

AyevosAn. Then
det T = N, trl = \.
=1 =1

We have therefore expressed the determinant and trace of a linear operator in terms of its
eigenvalues. We revisit an earlier example to see illustrate this result.

0 -1
1 0

the eigenvalues were i and —i. We also found the eigenvectors (1,—¢) and (1,7). Note that
tr(A) =i+ (—i) = 0. We could also now diagonalise A and obtain

N I Vi GO Y (O Y O T R O

where tr(D) = 0 and det(D) = 1 = det(A) as expected.

Example 2.37 (Example continued). We had the matrix A = , and found that



MATH10015, LA1IB 17

3. LINEAR COMBINATIONS AND CHANGE OF BASIS

We continue working with R™ and C”, but note that the theory in this chapter applies to a
vector space over any field F. To begin, we consider the idea of writing one basis in terms of
another.

3.1. Linear combinations. Let us start in R2. This is an object where we naturally view
vectors (a,b) as the sum of an az-direction and a y-direction. Another way to say this is that
(a,b) = aey + bea. But, of course, we could also work with another basis. Given the basis
S =1{(2,0),(0,1)}, we note that 0.5a(2,0)+b(0, 1) is the linear combination that gives the element
(a,b). We now see some other examples of doing this for bases of R2.

Example 3.1. We write a general vector v = (a, b) for the following bases S.

i) S={(1,1),(0,1)}.
i) §={(2,1),(0,1)}.
i) S ={(1,0),(0,0.5)}.

iv) S ={(2,0),(1,1)}.

It is recommended that you attempt these on your own. The solutions are then belowﬂ

The actual ‘skill” here is solving simultaneous linear equations. But it is worth us dwelling on
this a little longer, to build some intuition. In the following, it is best to think of our examples
R™ and C".

Definition 3.2. Let V =TF". Then the standard basis for V is {e1,ea,...,e,}, denoted £.

Thus our above example is really writing an element of the standard basis in terms of some
new basis. This inspires a new approach.

Example 3.3. Let V = R2, s; = (1,1), so = (1,—1), and S = {s1,s2}. We will write a general
element (a,b) in terms of the basis S.
e We begin by writing the element e; in terms of S. We could do this by solving linear
equations, or note that (1,1) + (1, —1) = 2e;. This gives us that e; = 3(1,1) + 3(1,-1).
e Note that ez = (1,1) — (1,0), and so we can use our solution in the above line to obtain
e2=(1,1) = (5(1,1) + 5(1,-1)) = 5(1,1) — 5(1, -1).
e Thus ae; +bey = a(5(1,1) + (1, —1)) +b(3(1,1) — 2(1,-1)) = (£ + &)s1 + (& — 2)so.

We could also work in the other direction, writing the elements of a basis S in terms of £.

Example 3.4. Let V =R?, s; = (1,1), so = (1,—1), and S = {s1,s2}. We will write a general
element as; + bsy in terms of the standard basis {ej, ez }.
e We have that s; = (1,1) = e; +e2 and so = (1,—1) = e1 — ea.
e Thus as; + bsa = a(e; + e2) + b(e; —ez) = (a + b)ey + (a — b)es.
Note, from LAla, that having a basis means each vector can be expressed uniquely as a linear
combination in the basis. This means our solutions are the only solutions in each case. Our final

aim is to simplify the mechanical process in the above examples. The following definition is not
standard, but helps us see what is going on above.

Definition 3.5. Let S = {s1,...,8,} be an orderecﬂ basis for V. Then denote the linear combi-
nation Y ., a;s; by the vector (a1, az,...,a,)s.

We now use this definition with respect to our previous examples.

8We solve each in turn.

()= () re-o (). ()=3(1) 010 (3)
()= (o) 2 (3)-m (3) =400 (§) 2 (3)

This is very important from now on: the bases {vi,v2} and {v2,v1} are distinct for our purposes.
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Example 3.6. Let V =R2 A= {(2,1),(0,1)}, B= {(1,1),(1,-1)}, and € = {e1,e2}. We can
therefore summarise our work above, using our new notation:

(3 =2 () e (1) = 2%, o (), =+ () 0 () = (20,
(=5 () - (8), = (), o )= () oo () = (50,

Let us review Example We first worked out that s; was a linear combination of e; and es.
Note that once we know this linear combination, we also know as; in terms of £. Similarly, once
we know ss in terms of £, then we know bss in terms of £. And if we know as; and bss in terms
of £, then we know as; + bss in terms of £. This should remind us of something.

Example 3.7 (Example revisited). In our new notation, we showed that

(o), = () e (1), = ()

from which we could obtain the form of a general vector (a,b)g. The key observation is then that
changing between linear combinations is a linear map. That is, we can define the matrix

)

which sends (1,0) — (1,1), (0,1) — (1,—1) and, because matrix multiplication is linear, sends
(a,b) to (a+ b,a —b). That is, multiplication by this matrix changes linear combinations in B to
linear combinations in £. We could also compute that

1 1/2 0 1/2) . . (1/2 1/2)
= and = to obtain the matrix
<O>g (1/2>B (1>g (1/2 B 1/2 -1/2
which changes linear combinations in £ to linear combinations in B.

We now phrase our findings as a definition.

Definition 3.8. Let A and B be bases of a vector space V. Then Cgy denotes the change of
basis matrix taking a linear combination in A to the equivalent linear combination in B.

Before covering some theory, we give one more example.

Example 3.9 (Example continued). We find Cp4 directly. We note
o ()20 2 () e (), - 0)=2 ) -2 ()
= = - + = and = == - =
(OA Ve 2\1g 2\-1); 1A Ve 2\l 2\-1);
3 1
cra=(i %)
2 2

which takes a linear combination in A and outputs the corresponding linear combination in .

so that

These ideas naturally generalise.

Proposition 3.10. Let A = {vy,...,v,} and B = {w1,...w,} be bases for V.=F". Then there
exist c;; € IF such that

V1 = C11W1 + Co1 W2 + ... + Cp1Why

Vg = C12W71 + CooWo + ...+ Cn2Wp,

VUp = ClpW1 + ConWa + ... 4+ CppWny.-

Moreover, given a = (a1,...,an)a = (b1,...,by)s = b, we have b = Cgaa where (Cpa)ij = Cij-
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Proof. The equations for vy, ..., v, follow because B is a basis for V. Let v = (a) 4. Then
V= a1v] + agv2 + ...+ a, v,

= (i Cilwi> + aq <i Ci2wi> + ...+ an <i Cinwi>

i=1 i=1 i=1
= (a1c11 + ... + apcin)wr + (a1co1 + ... + ancap)wa + ... + (@1¢p1 + - . . + ApCpn)Wn
= bywy + bowg + ... + bwy,
and so b = Cp_4a as required. O
We now make some observations about these change of basis matrices.
Lemma 3.11. Let A= {v1,...,v,} be a basis for F™. Then Cya = I,,, the n X n identity matriz.
Proof. With w; = v; for each i = 1,...,n in the above proof, we get the required constants. [

Lemma 3.12. Let A= {v1,...,v,} and B = {w1,...w,} be bases for F". Then Cup = Bjt'

Proof. Note, since A and B span F"™, that for any a = (ay,...,a,)4 there exists b = (by,...,b,)B
such that (a)4 = v = (b)g. Then b = Cpaa but also reversing the roles of a and b we have
Cupb = a. Thus CapCpaa = a for all a € F", i.e. Cgy = Cup. O
Remark 3.13. This lemma has a powerful application. Assume {ws,...,w,} is basis and
{v1,...,v,} are defined by v; = >~ cj;wj. Then {v1,...,v,} is a basis if and only if C' = (¢;5) is
invertible, i.e. det(C') # 0. The most concrete approach to prove this is to consider the form of a
matrix C¢ 4 and then note what the image and kernel tell us about the columns of this matri)ﬂ

We illustrate this remark with two examples.

Example 3.14. We use examples involving R3 and C3.

e Consider the vectors (z1,0,0), (y1,y2,0), and (z1, 22,23) € R3. Then these form a basis
for R3 if and only if z1y223 # 0, which occurs exactly when all of x1, y2, 23 are nonzero.

1 2 3
e We can compute that det [ 4 5 6 ] =0, and so the columns of this matrix are linearly
7 8 9

dependent in C? and in R3. Note also that det(A) = det(A?) for any A € M, (F), and so
the rows of the given matrix are also linearly dependent in C? and R3.

Lemma 3.15. Let A and B be bases of F™*. Then CpcCsaq = Cp4.

Proof. Let a € F™. Then (a)4 = ()¢ = (b)g. We will show that CpsCgaa = Cpaa. Since a is
arbitrary, we will then have that CzeCg 4 = Cp4 as functions and so also as matrices. Calling on
Proposition [3.10, we see that Ce 4 : a = x, Cpe : © — b meaning CpeCsaa = b; we then note
that also, by definition, Cz4a = b. O

The idea of the above proof can be nicely demonstrated with what is known as a commutative
diagram. This consists of arrows (representing maps) going between letters (representing sets).
The diagram is said to be commutative since it does not matter which order we follow sequential
arrows in: the resulting output for any element of a set should be the same. We will also use such
diagrams in the next section.

=L v
C\BN [C“
v

10The image tells us whether the columns span F™, and a non-trivial kernel says that they are linearly dependent;
the relationship between these is captured by the Rank-Nullity Theorem.
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The following result is a consequence of the more general Proposition [3.26] which we will prove
in the next section.
Proposition 3.16. Let A, B,C be three bases of F". Then CepCpra = Cea-
Proof. We put together our work from the above smaller results, noting that
CesCpa = (CceCep)(CpeCe )
= Cee(CreCpe)Cea
= CeeCea
=Ceua. O
This indicates another approach for finding C.4, which is often simpler.

Example 3.17 (Example in another way). We find Cp4 by finding CgeCe 4. Recall
11 2 0
0352 ( _21> and Cg_AZ (1 1)
2 2

CBA:<
2

which matches with the answer we found above.

ol

so that

| =
=
1N
N
X\
—= N
= O
"
I
7N
=0l
‘ N[
N|—
N~

2

In Section [I] we saw how to find a matrix to represent a linear map. But really this was only
half the story, because we can represent any linear map with respect to any choices of bases A
and B.

Definition 3.18. Let A = {vy,va,...,v,} and B = {wi,ws,...,w,} be bases for F™* and F™
respectively, and T : F™ — F™ be an F-linear map. Then

MB.A(T) = (aij) S Mm,n(F)
denotes the matrix representing 7' with respect to the bases A and B, where the elements

a;; € F are defined by

T(Uj)zzaijwi, fori=1,2,...,n.
i=1

We emphasise again that the existence and uniqueness of the matrix elements a;; follows from
the fact that B = {w1,...,wy,} is a basis, but the computation of these numbers requires usually
some work and will in general lead to a system of nm linear equations.We will now see that the
computations can be rather involved.

Example 3.19. Let T : R? — R? be given by T'(e;) = 2e; — e and T'(e2) = ea. Then

Mee(T) = <_21 2) ~

We will now find Mpe(T') where B = {wy, w2} with w; = (1,2) and wy = (1, —1). To do so, we
find constants a;; € R such that T'(e1) = aj1wi + az1wz and T'(e2) = ajpwi + azews. We could
solve this directly (by solving the simultaneous linear equations). Alternatively we could write
these as a matrix equation, i.e.,

e (3) o (3 ()¢ ) (2)
e () e} () ) (2)

These two equations can then be realised as the single matrix equation

2 0y (1 1 a1l G612
-1 1) \2 —-1)\as aa



MATH10015, LA1IB 21

where the first equation above corresponds to the first column, and the second equation to the
second column of this matrix equation. Thus

Mpe(T) = (Z; Z;i) - G —11>1 (—21 (1)> - _?1 (:; _11) (-21 (1)> B % (é —11)

The next example illustrates the importance of the bases being usedﬂ

Example 3.20. Let id denote the identity map from R? to R?, and let A = {(a,c), (b,d)} be a
basis for R?2. We will find Mg 4(id). Note that id : (a,c) — (a,c) and (b,d) — (b,d). Thus

(o), (0] e (1), ),

which, from our understanding of forming the matrix of a linear map, means

. a b
MgA(ld) = (C d> .
Note that this is far from being Iy = Mg (id).

Let us now understand the above examples in complete generality.

Proposition 3.21. Let A = {v1,v9,...,v,} and B = {wy,wa,...,wy} be bases for F™ and F™
respectively, and T : F™" — F™ be an F-linear map. Given any v = (x1,...,2,)4 = (x)4, we then
have that T(v) = (y1,...,Ym)B = (y)B where y = Mps(T)zx.

Proof. We know that T is F-linear and T'(v;) = > ", a;;jw; for j =1,...,n. Hence
T(w)=T(zx1v1 4+ ...+ pvp)
=x1T(v1) + ...+ z,T(vy)

=$1(zn:ai1uh‘> +...+$n(zn:amwi>

i=1 i=1

= (ijalj)wl +...+ (ijanj>wn
j=1 Jj=1

and so y; = Z;.l:l a;;xj for i =1,...,m. Hence y = Mpa(T)x. O

This proof is really using that a double summand commutes, i.e. that >, >, ziy; = 325 >, iy
We’ll soon use this idea again in order to prove Proposition [3.26

Example 3.22. Let T : R?2 — R? be an R linear map with T'(e1) = e; + 3ez and T'(e2) = —2e;.
With B = {(1, 3),(—2,0)}, we find Mge(T). In this case, our computations are simple:

ror= ()= ) = () = (0,

which gives us a1 =1, a12 =0, ag1 = 0, and age = 1. Hence Mpg(T) = Is.

Lemma 3.23. Let T : F* — F" be a bijective linear map and A = {v1,...,v,} be a basis of F™.
If we set B={T(v1),...,T(vy)}, then Mpa(T) = I,,.

Proof. If w; = T'(v;), then the matrix coefficients a;; are 1 if i = j and 0 otherwise. O

Remark 3.24. In the above lemma it is vital that T is bijective. If it were not, then the given
set B would not be a basis for F".

Lemma 3.25. Let A and B be bases of F™. Then Mp4(id) = Cpa.
Proof. The matrix Mp4(id) sends the jth vector of A to the jth vector of B. O

11Also, it is very important to note here that our FACT can be useful in computing such matrices, but does not
immediately tell us the columns of a matrix Mp4(T).
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We may query what matrix multiplication relates to in our framework. With the following
theorem, we see that it is actually composition of maps. Note that, in light of the previous lemma,
the following is a generalisation of Lemma [3.15

Proposition 3.26. Let S : F™ — F" and T : F"* — FP be F-linear maps and A, B and C be bases
for F™ F™, and FP respectively. Then

Mea(T 0 S) = Mcp(T)Mpa(S).
Proof. Let A= {u1,...,un}, B={v1,...,0n}, and C = {w1,...,wp}. Then

S(u Zawvl and T (v;) Zbkzwk

i=1

where Mp4(S) = (ai;) and Meg(T) = (bg;). Applying T' to S(uj) (and using F-linearity) we get

(T'o S)(uj) = T(S(Uj)) = ZaijT(vi) = Zau (Z bkﬂ”k)

= k=1
= E E a'ijbkiwk:E E aijbkiwk—g E briaij
i=1 k=1 k=1 i=1 k=1
Ckj

Note that this is the rule for matrix multiplication, i.e. writing McA(T o S) = (cx;), we have
(ckj) = (bri)(aiz), as required. .

Remark 3.27. Suppose that a linear map T : F” — F” is invertible. It follows from the above
theorem that the matrices Mp4(T) and M 45(T~!) (for any choice of bases A and B) are inverse
to each other. (Their composition is the identity operator, which has matrix I,, relative to any
ordered basis.) In particular, the matrix of T is invertible.

Example 3.28. We apply Proposition to some examples.

e Let A = {(1,1), (1, )} and S and T be R-linear functions from R? to R? defined by
S e — é(elJreg) D eg %( e1 +e), T :e — 2, and T : e3 — 0. We
will find Ma4(T o S) by computing Mag(T) and Mg 4(S). Using that S is linear, we
have S((1,1)) = (0,1)¢ and S((1,—1)) = (1,0)¢. Then T((1,0)) = (2,0)¢ = (1,1) 4 and
T((0,1)) = (0,0)¢ = (0,0) 4. Therefore

Mg a(S) = <(1) (1)) and Mag(T) = G 8)

which gives us that

Maa(T o 8) = Mae(T)Mea(S) = G 8) (? (1)) = (8 D :

e Let S:R3 — R? and T : R? — R* be R-linear maps where

S e1 — e] + e2 T: e eg
€o €1 €9 > €3
€3 — €9

We find Mgg(T 0 S). First, Meg(S) has 3 columns, e1 + es, e1, and es. Then Mgg(T) has
2 columns, e; and e3. Putting these together we see that

0 0 00 0
1o/t 10 110
Mee(T 0 §) = Mee(T)Mee(S) = | 4 (1 0 1)2 10 1
00 00 0

which means that T o S sends e; — es + e3, ex > €9, and e3 +— e3. Note that we can
compose these maps because of the correct codomain of S and domain of T, and that
these correspond to the correct dimensions of matrices for us to be able to multiply them.
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The following gives us new understanding of how Mp4(T) and Mg (T) are related.

Lemma 3.29. Let T : F™ — F™ be an F-linear map and A and B be bases of F™ and F™
respectively. Then
MpA(T) = CpeMee(T)Cea = Copp Mee(T)Ce 4.
Proof. We use Lemma (that Mpgp (id) = Cppr) and apply Proposition twice:
Mpa(T) = Mpa(T oid)

= Mpe(T) Mg A(id)
= Mpe (id oT') Me 4(id)
= Mpe(id)Mee(T)Mea(id) = Cpe Mee(T)Ce a.
The final statement follows from the fact that Cgé = C¢p, which is Lemma O

A corollary to this theorem is that Mp 4/ (T) = CppMpa(T)Caur = Cgé,MBA(T)CAA/, which
is left as an exercise. Really, this theorem is a useful tool for how we can compute Mp4(T') when
given T : F™ — F™ and the bases A, B of F™ and F". It states that we only need find Mg (T)
and can then use the matrices Cgg and Cg 4 of the previous section in order to find Mp4(T'). This
is nicely summarised by the following diagram.

Mpa(T)
— 4

Fm™ F"

Cea Cpe

Fm — F7™
Mee(T)

Particular attention is given to the case where m = n, which means that Mp4(T) is a square
matrix. Generally we then also impose that A = B, using the notation M 4(T) or sometimes just
My if this is unambiguous (for example when using the standard basis in R™). We now see the
above result in these restricted circumstances.

Corollary 3.30. Let T : F* — F" be an F-linear operator, and B,B’ be bases of F*. Set M :=
MBB(T) and M’ := MB’B’ (T) Then

M =cCc McC,
where C'= Cgp' is the matriz of change of coordinates from B’ to B.
Remark 3.31. This result means that a change of coordinates relates to the matrices being
similar, which we saw in Section [2.4] Since the choice of basis does not impact on the determinant,

the trace, or the characteristic polynomlal of a matrix, we can therefore define these for an abstract
linear map as the answer we obtain for any choice of basis.

This remark naturally raises whether we can find a basis B such that Mpgp(T) is particularly
simpld™?} We now recall our ideas from Section [2]in terms of a choice of basis.

Theorem 3.32. Let T : F™ — F™ be an F-linear operator. If we can find a basis B = {v1,...,v,}
of eigenvectors of T, i.e., T(v;) = A\;v;, then

MBB(T) = diag()\l, ey /\n)
where diag(A1, ..., \n) denotes the diagonal matriz with elements A1, Ao, ..., A, on the diagonal.
Furthermore, if B = {v1,...,v,} is basis such that Mgp(T) = diag(\1, ..., \,) for some numbers

Ai € F, then each vector v; is an eigenvector of T with corresponding eigenvalue ;. Hence a
square matriz is diagonalisable if and only if it has a basis of eigenvectors.

In the next section we look at special kinds of bases which make the computations of the

matrices in this section far simpler.

12“Particularly simple” ideally means diagonal. But we saw in general that this is not always possible, and the
full answer is given by the so-called Jordan normal form, which we leave to Linear Algebra 2.
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4. INNER PRODUCTS

This section only relates to R™ and C™. Recall the dot product and norm

n n %
voy=S el =via= (3
i=1

i=1

which allowed to measure length of vectors and angles between them, and in particular gave us
the notion of orthogonality. Our aim is to generalise the notion of a dot product. We do this with
an inner product. The key motivation for it comes from beyond this course, in particular quantum
mechanics. Note that this is intrinsically complex, rather than real.

First, we extend the notion of dot product and norm to C". In this case the answers will be
in C. In order to give rise to a norm, we want that the inner product of a vector with itself to
output a positive real number. For this reason, let us consider

n
ZT-y:= Zfiyi
=1

where Z denotes complex conjugation. All the generalisations of the dot product share some key
features which we take now to define the general notion of an inner product.

Definition 4.1. For a vector space V' over C (think: C"), an inner product on V is a map
(,):V xV — C which has the following properties for all u,v,w € V and X € C:

(1) (v,v) € Ry and (v,v) =0 if and only if v = 0;
(i) (v,u+w) = (v,u) + (v,w) and (v, \w) = Av,w);
(iil) (v, w) = (w,v).

We will see that (Av,w) # A(v,w) for A € C\ R, and instead get (\v,w) = 5\1% w). Informally,

we can “pull out” the scalar A from the second position in (,) but not the firs The reasoning
for this is to ensure that (v,v) =: [[v||? is in R. In the case that V is a vector space over R we
have the same definition, but condition (iii) can be more simply written as (v, w) = (w, v).
Definition 4.2. For a vector space V over R (think: R"™), an inner product on V is a map
(,Y:V xV = R which has the following properties for all u,v,w € V and X € R:
(i) (v,v) >0 and (v,v) =0 if and only if v=10;
(i) (v,u+ w) = (v,u) + (v,w) and (v, \w) = A v, w);
(iii) (v,w) = (w,v).
Example 4.3. We see two inner products, which will be our main examples for now.
(i) For V.= C™ we have the (standard) inner product given by

n
(,y) == Zfzyz =T-y.
i=1

(i) Let A € M, (R) be a matrix which is symmetric (A* = A) and positive definite (z- Az > 0
for all € R™\{0}). Then we obtain an inner product on V = R" from

n n
(@y)a=a-Ay=> 2> aiy;.
=1 j=1

Definition 4.4. A vector space V' with an inner product {,) defined on it is called an inner
product space (V,(,)). If we wish to further specify the field as C or R, then we say V is a
complex inner product space or a real inner product space respectively.

Remark 4.5. For many of our proofs we will imagine that V is a complex inner product space,

since this is a greater restriction on V. Our proofs therefore hold for any inner product space.

13This is a matter of convention: some authors insist that the inner product is linear in the first variable rather
than the second.



MATH10015, LA1IB 25

Let us note now a few simple consequences of our definition.

Lemma 4.6. Let (V,(,)) be an inner product space over C. Then
(u+w,v) = (u,v) + (w,v) and (Aw,v) = \Nw,v)
for all u,v,w €V and A € C.

Proof. This follows from combining (ii) and (iii) in the definition of {,). Let us show the second

assertion: (\w,v) = (v, \w) = AMv,w) = A(v,w) = M(w, v). The other is similar. O

If (V,(,)) is a real inner product space then we have instead (Av,w) = A(v, w). Also, the above
properties can be extended to linear combinations of vectors. We have

k

k k k
<Z AU, w) = Z Ai{vi,w) and (v, Z Ajw;) = Z Ai(v,w;).
i=1 i=1 i=1 i=1
Having an inner product enables us to define a norm.

Definition 4.7. Let (V,{(,)) be an inner product space. Then we define an associated norm by

[l := V/{v, v).

Example 4.8 (Example continued). We find the norm for our examples of inner products.
0 llll = (Sl
() el = S0y i )

We used the dot product previously to define as well the angle between vectors. But on a
complex vector space the inner product gives usually a complex number, so we can’t easily define
an angle. The notion of orthogonality, however, can be extended directly.

Nl

2

Definition 4.9. Let (V,(,)) be an inner product space, then
(i) v,w € V are orthogonal, denoted v L w, if (v,w) =0;
(ii) two subspaces U, W C V are called orthogonal, denoted U L W, if u L w for allu € U
and w e W.
Example 4.10. We work with C? with the standard inner product (z,y) =7 - y.
i) For v; = (i, 1) and ve = (1,1), we have v; L vs.
ii) With v; and ve as above, U = span{v;} and W = span{v,} are orthogonal.

The following is probably most natural when the subset is a subspace.

Definition 4.11. Let V' be an inner product space and S a subset of V. Then the orthogonal
complement of S, denoted S*, is
St:={veV,vLs forallsecS}
Example 4.12. We look at some examples of orthogonal complements.
i) For W = span{(i, 1)}, we have W+ = span{(1,i)}.
ii) For R” and k < n, if W = span{ey, ..., e} then W+ = span{eri1,...,en}.
iii) For R™ and k < n, if S = {e1,..., e} then S+ =span{exi1,...,e,}.

The following lemma is helpful in determining orthogonal complements.
Lemma 4.13. Let V be an inner product space and S a subset. Then S is a subspace of V.

Proof. We use the subspace test. We first note that 0 € S+. Secondly, that for vy,v, € S+ and
any s € S we have (v; +vg,5) = (v1,8) + (v2,5) = 0+ 0. Finally, that for A € C, v € V, and
s €S, that (v, s) = Av,s) = X0 =0. O

We have as well a Pythagoras theorem for orthogonal vectors.
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Theorem 4.14. Let V be an inner product space and v,w € V. Ifv L w, then
lv+wl? = (o] + [lw]*.

Proof. We have ||v + w|? = (v + w,v + w) = (v,v) + (w,w) + (v,w) + (w,v) which is then
lv]|2 + [Jw||? + (v, w) + (v, w). Our assumption that v L w gives us [[v + wl|]? = ||v||? + |w|?. O

Note in the above proof that (v, w) + (v, w) = 0 would imply that ||v+w||*> = ||Jv||* + ||w]||?. For
a complex inner product we could have that (v, w) = iy for some y € R\ {0} and so our statement
is not an if and only if. For a real inner product we get that (v, w) + (v, w) = 2{v,w) and so the
only way for this to be zero is if (v,w) =0, i.e., v L w (making the statement an if and only if).

One of the advantages of having an inner product on a vector space is that we can introduce
the notion of an orthonormal basis.

Definition 4.15. Let (V,(,)) be an inner product space. Then a basis B = {vi,va,...,v,} is
called an orthonormal basis (often abbreviated as ONB) if
1 i=j
Example 4.16. We give some examples of orthonormal bases.
i) For V = C™ with the standard inner product, £ = {e1, ea,...,€,} is an ONB.
ii) For (i) with n = 2, the vectors v; = %(i, 1) and vy = %(l,i) form an ONB.
iii) On V = R™ with (,)4, where A = diag(ay,...,ay) the set B = {vy,...,v,} with v; =
(i)~ Y2e;,i=1,2,...,nis an ONB.
Working with the standard basis has had many advantages. For one, given x € R", we had
x=(x-e1)er + (x-e2)ea + ...+ (z - ey)ey. This actually follows from £ being an ONB.

Proposition 4.17. Let (V,(,)) be an inner product space and B = {v1,va,...,v,} an orthonormal
basis. Then for any v,w € V we have each of the following.

i) v= Z?:1<Ui7”>L
i) (v,w) =31 (v, v) (v, w)

1

3
i) Joll = (Sl o)?)
Proof. Since B is a basis, there are A1, Aa,..., A\, € C such that v = 2?21 A;jv;. Then

(i, 0) = (vi, D Ajus) = Y N, up) = > Aidyy = s
j=1 j=1 j=1

from which (i) follows. For (ii), we use that v = >_;'_, (vx, v)v), and get

n n n
(v,w) = (Z(vk,v>vk,w> = Z((vk,mvk,w) = Z (v, V) {Vg, w).
k=1 k=1 k=1
Finally, (iii) follows from (ii) by setting v = w. O
Remark 4.18. The result (ii) above gives us a way to compute the coefficients for a linear
combination in an ONB B = {vy,...,v,}. That is, given v € V| we have v = zyv; + ... + z,0,
where z; = (v;,v) for i = 1,...,n. Moreover, in these coordinates, the inner product becomes the

standard inner product on C™. That is, for (a)g = (z)g and (b)s = (y)s, we have
(a,b) = Zi’zyz =Ty
i=1

At this point, we may wonder whether we can always find an ONB.
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Theorem 4.19. Let V' be an inner product space with basis A = {uq,...,u,}. Then there exists
an ONB for V.
Proof. We will turn the basis A = {uy,...,u,} of V into an orthonormal one in the following way
(generally known as the Gram—Schmidt process). We set
1
V1 i=7— U1
[ |
(s (vr, ua)en)
Vg 1= Uy — (v1, U2)V
P ue = (o)
1
U3 = Uz — (U2, U3)vV2 — (U1, U3)V1
|us — (va, uz)va — (v1, uz)v1| ( < ) < o)
: (1 — (1, 100) (00, )
Un ‘= Up — (Un—1,Un)Upn—-1 — ... — (U1,Un)V1
" ”un - <Un—17un>vn—1 e <U17un>U1H " " e "
and this defines a set of n orthonormal vectors, hence an orthonormal basis. O

An advantage of having an inner product on a space V is that, for any subspace U C V', we
can find a unique complementary subspace consisting of all orthogonal vectors.

Proposition 4.20. Let V' be an inner product space and U a finite dimensional subspace. Then
V=UeU"

Proof. The previous theorem says that there is an ONB {vy,..., v} for U. We begin by showing
that V =U + UL, Let v € V. Set

= (v1,v)v1 + (v2,0)v9 + ... + (v, V)vg

which is an element of U since (v;,v) € C for j =1,...,k. Now let

w:=v — (v1,0)v] — (U2, V)V — ... — {Vk, V)V
which is actually in U+. To see this we note, for any j = 1,...,k, that (vj,w) = (vj,v) — (v;,v).
Thus v = u + w where u € U and w € U*. Finally we show this is a direct sum. Consider if
v € UNUL. But then (v,v) =0, and so v = 0. O

We can check that the above Theorem does indeed hold for the spaces in Example [£.12]

Proposition 4.21. Let V be an inner product space and U a finite dimensional subspace. Then
uhHt=u.
Proof. Note that (u,v) = 0 if and only if (v,u) = 0. We show that U C (U+)* and (U+)+ C U.
e Take u € U. Then (w,u) = 0 for every w € UL. But then (u,w) = 0 and so u € (UL)*.
e Take v € (U1)L. Then, by Proposition v =wu+w where u € U and w € U*. Thus
v—u=w € UL. Butalsov,u € (UL)t, andsov—u € (UL)t. Thusv—u € ULtN(UL)L,
and so (v —u,v —u) =0. Hence v —u =0, and v = u, i.e. v € U. O

We have two applications of Remark that simplify the computations of Section
Example 4.22. We will express a general vector as a linear combination in an ONB.
i) For C? we know that v; = %(i7 1) and v; = %(Li) form an ONB. To expand an
arbitrary vector v = (21, 22) in {v1,v2}, we can simply compute (v1,v) = L\/%FZ? and
(vg,v) = % to obtain that
—iz1 + 29 z1 — iz9

V= V] + ——v
V2ot Ve

which allows us to avoid solving a system of two linear equations. Note also that this
allows us to easily compute Cp4 for any basis A of C2.
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ii) One can check that

1 (L 1 (2 1 (1!

mn=—7=|1], v=—71]0 , UV3=——=1-5
1 \/62 2 75 ! 3 \/%2

is an ONB for R? by computing (v;, v;) for i,5 = 1,2,3. To expand a vector v = (z,y, 2)
in this basis, we would have previously had to solve a system of three equations for three

unknowns. Instead, compute (vy,v) = %\/%»2,2’ (vg,v) = % and (v3,v) = L\/?%zz to
immediately obtain that
_rt+y+2z —2x+z T — by + 2z

v1 + v + V3.
N Ve
iii) For V.= C" with (z,y) = Z-y and the standard basis £, we have for x = (x1,...,z,) that
(e;, ) = x;. Hence the expansion formula just gives (as we would expect)
r=x1€1 + T + ...+ Tpen.
The above examples may also remind us of how we defined a matrix to represent a linear

transformation T. The entries of the matrix were given by a;; = ¢; - T'(e;). A similar approach
can be taken whenever we have an ONB.

Proposition 4.23. Let (V,(,)) be an inner product space and B = {v1...,v,} an orthonormal
basis. Given a linear operator T : V. — V| we have that

Mipi(T) = ((vi, Tvy)).
Proof. The entries of Mpg(T') are defined by the equation Tv; = Y, ag;jvi for j =1,...,n. Let
i€ {1,...,n}. Then we have (v;, Tv;) = (vs, >, ar;jvk) = a;; because B is an ONB. O

This result is an immensely practical one: rather than solving a system of n linear systems of
equations to define, one by one, the columns of a matrix representing 7', we merely need calculate

n? inner products.

Example 4.24 (Example ii) continued). Recall that we found an ONB

L(y Lo L (s
V1= —F= 9 U2 = —F= ) V3 = —F/— -
V6 2 V5 1 V30 2
13 0
Let T : R® — R? be a linear map defined by Meg(T) := [0 1 0 |. We will find Mpg(T).
0 2 -1
We begin by finding that
roy=- (1) rem=L(0]), Te=-L(
v = — v = — s v — —_— p—
AN TV TVEL
We can then obtain the matrix elements a;; = v; - T'(v;) as
5 —4 =43
& Mes)= |76 1 o

5v6 0
Thus, by computing 9 inner products, we have found Mpp (7). This is far less work than solving
the relevant simultaneous linear equations.

5
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5. THE ADJOINT AND IMPORTANT CLASSES OF MATRICES

In this section we restrict ourselves to complex inner product spaces of finite dimension. We
do this as then any linear operator has at least one eigenvalue, since any polynomial has at least
one root over C.

Definition 5.1. Let (V,(,)) be an inner product space and T : V. — V a linear operator. Then
the adjoint operator T : V — V is defined by the relation

(T*v,w) = (v, Tw) for all v,w € V.
Example 5.2. We start simply. Let A € C and T'(v) := v for all v € V. We have T* = I, since
(v, Tw) = (v, \w) = XNv,w) = (v, w).
Upon first seeing this definition, we may be concerned whether in general T exists and if it is

unique. One can develop some general arguments answering both questions affirmatively, but the
best way to get some understanding of the adjoint is to look at matrices.

Lemma 5.3. Let V' be an inner product space and T : V. — V be a linear operator. If B is an
orthonormal basis and T' has the matriz Mpg(T) = (ai;) in that basis, then

Mpg(T™) = (aj;).
Proof. By definition, the entries of Mgp(T') are given by a;; = (v;, Tv;). To find the entries b;; of
Mpg(T*) we note that b;; = (v;, T*v;) = (T"*vj,v;) = (vj, Tv;) which equals a;;. O

Thus we can obtain Mgp(T™*) from Mpp(T) by taking the complex conjugate of the entries and
then take the transpose. It is worthwhile to give this operation on matrices an extra definition.

Definition 5.4. Let A = (a;j) € M, (C) be an m x n matriz with complex elements, then the
matriz A* = (aj;) € My n(C) is called the adjoint matrix.

Example 5.5. Let us find the adjoint of particular matrices. Let

. . . 3 2.0 e
A:<2__il 1;3l> B:(? Bl) 0:1(1 1) p= o i 3
V2 11i—-1 12 ™

Then
. . . 3 0 —-11i—-1
241 i 0 —i 1 /-1 1 . .
A*z( . ) B*z(. ) C*:( ) D =241 —i 12
1-3i 2 i 0 Vol i 2 3 -
Notice that B* = B, and by direct computation we have that C*C = I.
The following lemma will be helpful for understanding properties of the adjoint.

Lemma 5.6. Let V be an inner product space, and T and T’ be linear maps. If (v, Tw) = (v, T'w)
for allv,w eV, then T =T'.

Proof. One approach is to fix an ONB B = {vy,...,v,} of V and note that Mpg(T) = Mpp(T"')
since (v;, T'(v;)) = (v;, T (v;)) for all 4, j € {1,...,n}. Another approach, where we do not choose
a finite basis, is to note that

(v, Tw) = (v, T'w) & (v,Tw) — (v, T'w) =0 (v, Tw—T'w) =0

and so if Tw — T"w = 0 for all w € V then we are done (since then Tw = T'w for all w € V).
Now, imagine that there is a x € V such that Tx — T’z = u # 0. But then choose v := u in the
above computation. This provides a contradiction since

(u, Tz —T'z) = (u,u) =0
only occurs when u = 0 (from our definition of an inner product). O

Similarly if (Tv,w) = (T'v,w) for all v,w € V, then T = T’. We are now ready to observe a
few consequences of the definition of the adjoint.
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Lemma 5.7. Let V' be an inner product space and S, T : V — V be linear operators. Then
i) (T*)*=T.
i) (S+T) =S5*+T*.
iii) (T'S)* = S*T*.
iv) if T is invertible, then (T~1)* = (T*)~1.
Proof. We lean heavily on the previous lemma, and deal with each statement in turn.
i) We have (v, Tw) = (T*v,w) = (w, T*v) = {(T*)*w,v) = (v, (T*)*w).
ii) Here ((S+ T)*v,w) = (v, (S + T)w) = (v, Sw + Tw) = (v, Sw) + (v, Tw) and then
(v, Sw) + (v, Tw) = (S v, w) + (T*v,w) = (S* v+ T v,w) = ((S* + T*)v, w).
iii) Now ((T'S)*v,w) = (v, T(S(w))) = (T*v, Sw) = (S*(T*(v)),w) = (S*T*v, w).
iv) We note that (T~1)*T*v,w) = (T*v, T w) = (v, T(T~(w))) = (v,w) and so (T~1)*T*
is the identity, as required. O

Definition 5.8. Let V' be an inner product space and T : V — V a linear operator. Then we say
i) T is hermitian, or self-adjoint, if T* =T
i) T is unitary if T*T =1 and TT* = 1.
iii) T is normal if T*T = TT*.

Example 5.9 (Example continued). The same definitions hold for matrices in general.

e The matrix B is hermitian.
e The matrix C, from our computation, is unitary.

To see how some of these properties interact, it is worthwhile proving each of the following.
Lemma 5.10. If T is hermitian, then T is normal.
Lemma 5.11. IfT is unitary, then T is normal.

Example 5.12. We find an example of a matrix which is not normal (and so is also not hermitian

or unitary). Let
11 . (10
A_<O 1> so that A —(1 1).

from which we see, by direct computation, that AA* £ A*A.

We will return now to the study of eigenvalues and eigenvectors and look at consequences of
the above definitions for them. We start with hermitian operators.

Lemma 5.13. Let (V,{,)) be an inner product space and T : V' — V a hermitian linear operator.
Then all of the eigenvalues of T are real valued.

Proof. Let A € C be an eigenvalue of T, and let v € V), be an eigenvector with ||v]| = 1. Then
A = (v, Tv) because

(v, Tv) = (v, W) = Mv,v) = \.
Now, using T' = T*, we see that A\ = (v, Tv) = (T*v,v) = (Tv,v) = (\v,v) = A\v,v) = . O

We can also say something about the eigenvectors of a hermitian operator.

Proposition 5.14. Let (V,{(,)) be an inner product space and T : V. — V a hermitian linear
operator. Then eigenvectors with different eigenvalues are orthogonal, i.e., if Ay # Ao, then

E(A) L E(A2).
Proof. Let v; € E(A1) and vy € E(\g), i.e,, Tvy = Ayv; and Tvs = Agva. We consider (v, Tvs).
On the one hand, we have
(v1,Tvz) = (v1, Aav2) = Aa(v1,v2).
On the other hand, since T* = T', we have

<U1,TU2> = <T’01,’U2> = </\1’Ul,1)2> = 5\1<U1,’02>.
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But Lemma states that Ay = A\1. So Aa(vy,v2) = Ay (v, v9) or
(A1 — A2)(v1,v2) =0,
and if A\; # Ay we must conclude that (vy,vs) = 0. O

Note that the above shows, for hermitian matrices, a stronger property for the eigenvectors
than the one we saw in Section [2| (that in general we only have that eigenvectors for different
eigenvalues are linearly independent). We will soon show that this stronger property applies to
all normal operators, and so also all unitary ones.

Example 5.15 (Example continued). We return to our matrix B, which was hermitian. This
was also the matrix of Example where we found the eigenvalues 1 and —1 and corresponding
eigenvectors v; = (1,4) and v = (¢,1). Hence E(1) L E(—1), as expected.

Example 5.16. We will see some examples and properties of orthogonal projections. These
are projections (meaning P2 = P) that are also hermitian.
(a) Let V = C? with the standard inner product. Then P; and P, are orthogonal projections.

A= o) m=3( 1)
(b) Let wy € V be a vector with ||wg|| = 1. Then
P(v) := (wo, v)wy
is an orthogonal projection. Both previous examples are special cases of this construction:

if we choose wy = (1,0) then we get P;, and if we choose wy = %(17 1) then we get Ps.
We now investigate eigenvalues and eigenvectors for orthogonal projections. Given Pv = Av, then
by P? = P we obtain A?v = \v which gives (A\*> — \)v = 0. Hence
M=

Therefore P can have as eigenvalues only 1 or 0. For the eigenspaces E(0) and F(1), we can also
make progress. If v € E(0), then Pv = 0 and so E(0) = ker P. If v € E(1), then v = Pv and
this means v € Im P. On the other hand, if v € Im P then v = Pv since v = Pw for some w € V'
and then Pv = P?w = Pw = v. Hence E(1) = Im P. We can apply the Rank Nullity Theorem to
obtain that

V = E(0) @ E(1).
We now turn our attention to unitary operators.

Lemma 5.17. Let V be an inner product space and S, T : V — V unitary operators. Then S,
ST, and S* are all unitary.

Proof. We use properties of the adjoint found in Lemma [5.7]
e From SS* =1, we have S*=S"1 == (5*)"1S" 1= T=(S"1)*sL
e Using S** = S, we see S* then satisfies S*(5*)* = I.
e We compute that ST(ST)* = STT*S* = S5* = 1. O

Lemma 5.18. Let V be an inner product space and T be unitary. Then ||[Tv| = ||v|| for any
v €V and if A is an eigenvalue of T, then |A| = 1.

Proof. We first note that ||Tv| = (Tv,Tv)z = (T*Tv,v)2 = (v,0)2 = |[v]. Now, given an
eigenvector w € V with corresponding eigenvalue A, we see that ||w|| = ||Tw|| = || Aw| = |A|||w]|
and since w # 0, we must have that [A| = 1. O

Remark 5.19. Combining Lemma and Lemma[5.18| mean a matrix that is both unitary and
hermitian can only have eigenvalues from {1, —1}.

Lemma 5.20. Let A € M, (C) be unitary, with A = (¢1---¢,). Then {c1,...,cn} form an ONB
for C™, with respect to the standard inner product.
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Proof. Since A is unitary, we have that A*A = I, where I denotes the identity matrix. Then the
ith row of A* is given by ¢, and the matrix equation states that ¢; - ¢; = d;5, i.e., that {c1,...,¢,}
is an ONB for C". O

Finally we move onto the most general case, of normal operators.

Lemma 5.21. Let S be a normal operator and X an eigenvalue of S. Then S’ := S — A\ is also
normal.

Proof. We start with just S and T' as normal operators, and compute that
(S+T)S+T)v=(S+T)[S* v+ T*v]
=SS*v+ ST v+ TS* v+ TT v
= (88" +ST*+TS*+TT")v and
(S+T)(S+T)w=(S"S+S"T+T*S+T*T)wv.
If we set T' := —\I, we note that 7% = —XI. But then S*T = T'S* and T*S = ST*. Hence
S+T)(S+T) =(S+T)(S+T) in this case. O

Proposition 5.22. Let (V,(,)) be an inner product space and T : V' — V be a normal operator.
If v is an eigenvector of T with eigenvalue X\, then v is an eigenvector of T with eigenvalue .

Proof. Our aim is to show that T%*v = \v for our eigenvector v corresponding to our eigenvalue .
From Lemma [.21] we know that
S:=T—-X

is normal. Using SS* = §*S we find for an arbitrary v € V
|Sv||* = (Swv, Sv) = (v, S*Sv) = (v, SS*v) = (S*v, S*v) = ||S*v|?
and now if v is an eigenvector of 7" with eigenvalue A, then [|Sv|| = 0 and so ||S*v|| = 0 which
means S*v = 0. But since S* = T — Al this implies T*v = \v.
Let us show that Proposition also applies to normal operators.

Proposition 5.23. Let (V,(,)) be an inner product space and T : V' — V a normal operator. If
A1, Ao are eigenvalues of T with A1 # Ao, then we have

E(M\) L B(\).

Proof. The proof is almost identical to the one for the hermitian case above, but now we use
T*v; = A\v1. We consider (v1, Twa), with v1 € E(\1) and vy € E(A\3). On the one hand,

(v1, Tvg) = (v1, A2v2) = Ao (v, va).
On the other hand,
(v1, Tve) = (T*v1,v2) = (M1, v2) = A1 {v1,v2).
Thus (A — A2){v1,v2) =0, and so (v, vs) = 0. O

We come now to the central result about normal operators, which will imply that they can be
diagonalised. The proof below is a generalisation of the standard proof for hermitian operators,
which we leave as a challenge to produce as a particular case of the following.

Theorem 5.24. Let (V,{,)) be a finite dimensional complex inner product space and T : V —V
a normal operator with specT = {\1,...,\t}. Then

V=EM)BEN)® - & E\).

Proof. Weset U = E(A\1)+E(A2)+...+E()\;), and note that these are direct sums by Proposition
We now wish to show that V = U, i.e., that V can be completely decomposed into eigenspaces
of T (so that there is nothing left). Since V = U @ U+ by Proposition we will do this by
showing that U+ = {0}.

Since eigenvectors of T are eigenvectors of T, too, we know that U is invariant under T, i.e.,
T*(U) C U. But then U* is also invariant under 7. To see this, consider u € U and w € U-+.
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Then (Tw,u) = (w, T*u) = 0, because T*u € U, and since this is true for any u € U and w € U+
we get T(UL) Cc UL,

So if U+ # {0}, then the operator T': U+ — U~ must have at least one eigenvaluﬂ But then
we have an eigenspace of T in U=, when by assumption all the eigenspaces are in U. This is a
contradiction, and hence U+ = {0}. O

We obtain the following as an immediate consequence of the previous two results.

Corollary 5.25. Let (V,(,)) be a finite dimensional complez inner product space and T : V — V
a normal operator. Then V has an orthonormal basis of eigenvectors of T .

Proof. From the previous theorem we can write V' as a direct sum of spaces F()\;) where i =
1,...,k. For each such space we choose an orthonormal basis. Now, since E(\;) L E(A;) if ¢ # j,
the union of all these bases is an orthonormal basis of V' consisting of eigenvectors of T O

We have therefore determined a criteria for a linear operator to have of a basis of eigenvectors.
Any normal operator, or in particular any hermitian and any unitary operator, has a basis of
eigenvectors, and hence is diagonalisable. We can actually say a little more for matrices.

Theorem 5.26. Let A € M,(C) be a normal matriz. Then there exists a matric U € M, (C)
such that

U™'AU = diag(A1, Aoy .. .5 An),
where A1, Aa, ..., A\ are the eigenvalues of A, counted with multiplicity. Furthermore, we can

choose U to be a unitary matriz (so that U~1 = U*) where its columns form an orthonormal basis
consisting of eigenvectors of A.

The advantages from this result are that we know that the given matrix A is diagonalisable
and we only need to find U* rather than U1,

Example 5.27 (Example continued). We return to our hermitian matrix

B:(? Bi).

We already discussed in Example that B has eigenvalues A\; = 1 and Ay = —1 with corre-
sponding eigenvectors v; = (1,1) and vy = (i,1). If we now choose the normalised eigenvectors
U = %(1, i) and 0y = %(i, 1) for the columns of U, then the corresponding matrix

50 )

e (10
UAU<O _1>.

Note that the actual process of finding eigenvalues and eigenvectors for hermitian, unitary or in
general normal matrices is identical to the examples discussed in Section [2l The only difference is
that the eigenvectors are orthogonal, and if we choose normalised eigenvectors, then the change of
basis matrix U we obtain, is unitary. The additional theory we developed does not really help us
with the computational aspect, but it tells us in advance if it is worth starting the computation.

is unitary and diagonalises A:

5.1. Real matrices. We have some new vocabulary for real matrices.

Definition 5.28. Let A € M, (R).

o If A is hermitian, then we call it symmetric. In particular, we have A = At.
o If A is unitary, then we call it orthogonal. In particular, we have At = A™1.

Here we are using that our space is complex, so that the characteristic polynomial has at least one root in C.
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We have focused on complex matrices so far, because if we work over C then we always have n
eigenvalues, including multiplicity. But many applications involve only real valued quantities and
so we should like to work with real matrices. We now want to give one result about diagonalisation
in that context. We look at hermitian matrices since we have seen these have only real eigenvalues.
Theorem 5.29. Let A € M, (R) be symmetric. Then there exists a matriz O € M, (R) such that

O~ 1AO = diag(\1, ..., \n),
where A1, ..., A, € R are the eigenvalues of A. Furthermore, we can choose O to be an orthogonal
matriz where its columns form an orthonormal basis consisting of eigenvectors of A.
Proof. A real symmetric n X n matrix A has n real eigenvalues A1, Aa, ..., A, counted with mul-
tiplicity. The corresponding eigenvectors are solutions to
but since this is a system of linear equations with real coefficients, the number of linearly indepen-
dent solutions over R is the same as over C. Thus we can choose dim E();) orthogonal eigenvectors

with real components, and can find a orthonormal basis of real eigenvectors vy, ...v, € R of A.
Hence the matrix O = [v; ... v,] will diagonalise A. O

Lemma 5.30. Let O € M, (R) be an orthogonal matriz. Then the column vectors vy, ..., v, of O
satisfy v; - v; = 6;5, i.e., they form an orthonormal basis.

Lemma 5.31. If O1,O5 are orthogonal matrices, then O102 and 01_1 = O} are orthogonal, too.

In other words, orthogonal matrices of a given size form a group with respect to matrix multi-
plication. We leave the proof as an exercise.

Example 5.32. We work with
0 1
)
1

This matrix has eigenvalues A\; = 1 and A2 = —1 and normalised eigenvectors v; = ﬁ(lv 1) and
L (1,—1). We therefore have that

ngﬁ
111 cin (10

An application of this result is the classification of quadratic forms. A function g : R™ — R is
called a quadratic form if

1
g(x) = 77" Qx
where Q € M, (R) is a symmetric matrix. We want to find a simple representation of this function
which allows us for instance to determine if z = 0 is a maximum or a minimum of g(x), or neither of
the two. By Theorem there exist an orthogonal matrix O such that O'QO = diag(\1, ..., ),

where A1,..., A, are the eigenvalues of the operator @ : R® — R™. So if we introduce new
coordinates y by y = Oz, or z = Oy, then

1 1
G(y) = 9(0y) = 5y~ 0'Q0y = 5(&@/? +A2Ys o+ Any2).

Hence the behaviour of the quadratic form is completely determined by the eigenvalue

This is used for instance in the study of critical points of functions of several variables in
multivariable calculus, because the so-called Hessian matrix composed of second partial derivatives
of a sufficiently differentiable function of several variables is symmetric, hence diagonalisable.

153 = 0 is: a minimum if all positive, a maximum if all negative, and a generalised saddle point otherwise.
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6. VECTOR SPACES AND SUBSPACES

We now see the notion of a vector space, which generalises the spaces R™ and C" that we have
worked with so far. This constitutes the foundation for Linear Algebra within more advanced
areas of modern mathematics. Our abstract exposition has this in mind.

6.1. Some abstract algebra. Mathematics is often a discipline of abstraction. This is a powerful
tool in the mathematician’s arsenal, since it allows us to prove results with one example in mind
(R™, for instance) whilst actually proving results about a much more general class of examples
(vector spaces, in our case). For linear algebra, we first need the notion of a field of numbers,
often denoted by F. Before defining a field, let us define what a group is. Groups arose in the
study of transformations and symmetry and constitute the vast subject of group theory.

Definition 6.1. A group (G, ) consists of a nonempty set G and the binary operation *, called
group multiplication, which assigns to each ordered pair (g,h) € G x G an element gx h € G.
Furthermore, the following properties must hold.

e (Closedness under group operation: if f,g € G, then f*xg € G.

Associatiity: if f,g,h € G, then (fxg)xh = fx(gxh).

Ezistence of a unique identity element, e € G: if g € G, thenexg=g*e =g.

Existence of an inverse: for each g € G, there exists an h € G such that gxh =hxg=e
(and in this case one denotes h as g~ *).

A group where g x h = h * g for every g,h is called commutative or abelian. When a group G
is abelian, one usually uses the notation + instead of *, 0 instead of e, and —f instead of f~'.

When the binary operation is understood, we often just write G for a group rather than (G, %),
and write gh rather than g * h.

Example 6.2. We see some examples of groups. In each case, consider which element is the
identity and, for each element of the set, what the inverse might be.

(1) With the binary operation of addition, Z,Q, R, C are abelian groups.

(2) With the binary operation of multiplication, @ \ {0},R\ {0}, C\ {0} are abelian groups.

(3) The unit circle in C, that is {z € C: |z| = 1}, with multiplication, is an abelian group.

(4) An important example of a non-commutative group is denoted as GL(n,R), where GL
stands for “general linear”. This is the set of all n x n real invertible matrices, with *
being matrix multiplication.

(5) Given any n € N, the set of bijections of {1,...,n} with composition of functions forms a
group, denoted S,,, the symmetric group. Consider why this group has n! elements.

Many would argue that it is not natural to work with just one binary operation. With integers,
matrices, functions, etc. we have two operations: addition and multiplication. This motivates deal-
ing with abstract structures which involve two algebraic operations. Perhaps unsurprisingly, these
operations are referred to as abstract addition and abstract multiplication. Of these structures,
we skip the most general one, called a ring (motivated by polynomials with integer coefficients)
and pass on to the most restrictive one, called a field. A field F is a set of numbers for which the
binary operations of addition, subtraction, multiplication and division are defined and satisfy the
usual rules. For our purposes, a list of examples is probably sufficient, but the axioms are also
listed below. Such algebraic objects are studied in Algebra 2.

Definition 6.3. A field (F,+, x) consists of a set F of size at least two, and commutative binary
operations + and X (both from F to F) such that

o (F,+) is an abelian group with identity element 0;

o (F\ {0}, x) is an abelian group; and

e a(f+7v)=aB+ay forala,p,yeTF.
This final condition is often referred to as ‘multiplication is distributive over addition’.

Note that the second condition precludes division by zero. From now on we will write F to
denote a field, but you can think of it as just being R or C (the two most important cases for us).
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Example 6.4. Let us see some examples of fields.

(1) The standard infinite fields are C, R and Q, the set of complex, real, or rational numbers,
with standard addition and multiplication.

(2) The sets N and Z are not fields, since in N one cannot subtract arbitrary numbers, and in
Z one cannot divide by arbitrary numbers.

(3) Sets of the form Q[i] := {a+ib , a,b € Q} or Q[v2] := {a+/2b , a,b € Q} are examples
of fields, and there many fields of this type which one obtains by extending the rational
numbers by certain complex or real numbers. These are important in Number Theory.

(4) The key example of a finite field is the set F,, = {0, 1,...,p—1}, where p is a prime number
and addition and multiplication are done modulo p, called the prime residue ﬁeldE Finite
fields are widely used, e.g., in Number Theory and Cryptography.

From these examples we may notice that 0 x a = 0 for every a € F. Let us show that this is in
fact always the case.

Lemma 6.5. Let (F,+,-) be a field with additive identity 0. Then a-0=0-a =0 for every a € F.

Proof. Note that our definition of 0 is that a +0 = 0 + a = a for every a € F. Calling on the
axiom that multiplication is distributive over addition, for any a € F we have

a-(0+0)=a-04+a-0anda-(0+0)=a-(0)=a-0
from which a-04a-0 = a-0 becomes a-0 = 0 (we can add —(a-0) to both sides since a-0 € F). O

The notion of a field generalises R and C, and we note that the properties we have used for
these sets are properties of arbitrary fields. Therefore almost all the results we have developed
remain true if we replace R with a general field F. In particular, we can define

F* = {(z1,22,...,2n) : T1,Z2,...,2, € F}
i.e., the space of vectors with n components given by elements of F. We can also define
Mmm(F) = {A = (ai]‘) D Qi € F }

the set of matrices with elements in F. Matrix multiplication only relies on addition and multi-
plication, and so applies equally well in this new setting. More precisely, the equation Az = y
corresponds to

n
Yi = Zaij:rj fori=1,2,...,m
j=1
and the theory of systems of linear equations we developed before remains valid if we replace R
by a general field F. Thus we can consider the equation Ax = b where the coefficients of A and
entries of b are in [F, and the entries of = are sought in F. Hence if F = Q, then we have rational
coefficients and look for rational solutions only, whereas if F = C then we allow everything to be
complex. Since elementary row operations use only operations which are defined in every field I,
we can use the same methods for solving systems of linear equations. For completeness, we restate
our results in this new language.

Theorem 6.6. Let Az = b where A € M, ,,(F) and b € F™ are known and x € F™ is not. Let M
be the row echelon form of the associated augmented matriz. Then

(i) the system has no solutions if and only if the last column of M contains a leading 1;
(ii) the system has a unique solution if every column except the last one of M contains a
leading 1;
(iii) if, in addition, F has infinitely many elements, then the system has infinitely many solu-
tions if the last column of M does not contain a leading 1 and there are less than n leading
1’s. Then there are n—k unknowns which can be chosen arbitrarily, where k is the number
of leading 1’ s of M.

This leads to an immediate, useful, result.

16Exercise: show that F, is, indeed, a field, and explain why p must be prime.
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Corollary 6.7. Let A € My, »(F) and assume that the only solution to Az =0 is x = 0. Then
m >n, i.e., we need at least as many equations as unknowns to determine a unique solution.

We end our discussion on solutions to equations with the following. We do not give the proof
here, since it is identical to the case F = R.

Theorem 6.8. Let A € M, (F). Then the following are equivalent:
(i) A is invertible;
(ii) det A #0 in F;
(iil) The rows of A are linearly independent over F;
(iv) The columns of A are linearly independent over F;
(v) The reduced row-echelon form of A is the identity matriz;
(vi) For any b € F™, the a system of equations Az = b has a unique solution.

6.2. Formal definition of a vector space. We are now ready to give a proper definition of a
vector space. Intuitively this definition says that we have a set of objects that we can add together
and can multiply by elements from F, but let us see a formal definition.

Definition 6.9. A vector space over F consists of an abelian group (V,+), a field (F,+g, r),
and the notion of multiplication by F on V, denoted by placing an element of F on the left of an
element of V.. For allv,w € V and A\, € F, this scalar multiplication must satisfy

(1) weV

(2) AMv+w)= v+ w

(3) (A4r p)v = v+ pv

(4) (e )0 = Auo)

(5) lpv =

(6) Opv = Oy
where Op and 1y denote the identity elements of the groups (F,4y) and (F\ {Op}, -r), respectively.
As with groups, we omit the subscripts (for 4+, ¥, 1r,Op, and Oy ) if the meaning is clear. Thus
‘“+’ denotes the binary operation for V and for F: we did this when working with R™ over R.

Elements of V' are called vectors and elements of F are called scalars. We will now try to
refrain using boldface for vectors, mostly assuming the convention that vectors are Latin u, v, w,
etc., while scalars are Greek such as A, u, €, v, p, 1, kK, «. With this convention, 0 denotes both the
zero vector in V' and the zero scalar in F (which are distinct things). One can find different but
equivalent sets of axioms. In particular, the last property follows from the others.

Lemma 6.10. Aziom (6) in Definition[6.9 is redundant (it follows from the other azioms).

Proof. We have v = 1v = (1+0)v = lv+0v = v+ 0v, and so v = v+ 0v. Now add —v, the inverse
to v in (V,+), to both sides. This gives 0 = 0 + 0v = Ov. O

Lemma 6.11. Let V be a vector space over F. Then 0 € V is unique, and for each v € V the
inverse element —v € V' is also unique.

Proof. (The proof is exactly that used for any group.) Assume there is another zero 0/ # 0. Then
0’ + 0 is equal simultaneously to 0’ and 0, a contradiction. Now let v € V and assume there
are distinct u,w € V with v + w = v+ v = 0. Adding the element —v to both sides, we get
U=w=—0. U

Example 6.12. We note that a vector space can be finite. As an example, we will carefully check
the axioms are satisfied for the vector space V = (F2)? over the field Fy of 2 elements. Here we
visualise V' as consisting of vectors of length two, where the entries are in Fo (and so are either 0



38 MATH10015, LA1B

Then the addition + for V' is component-wise, that is

al + b1 _ a1 + b1

as b2 as + b2
where a+ ¢ and b+ d are understood by the addition in Fy: 0+0=0,0+1=1+0=1,14+1=0.
We can check that (V,+) is an abelian group. This binary operation is closed, the identity is
(0,0)t € V, each element is its own inverse (check this), and the addition is associative since it is

associative component-wise in Fy. We could actually check associativity directly, by checking for
any ai, as, bl, bQ, c1,C2 € FQ that

() + () ()= () () ()

The scalar multiplication is also thought of component-wise. In particular, for any A € Fy we have

()=

where Aa; and Aas are computed using the multiplication in Fo: 0-0=0-1=1-0 =0 and
1-1=1. We now go through each axiom of Definition in turn. In general we would compute
each side separately and see that they are equal. Let us say that v = (a1, a2)® and w = (by, bo)?
where aq,as9,b1,by € Fo. Note that checking (6) and (5) early on is often helpful.

(1) v € V. Since multiplication in Fy is a binary operation, this means that Aa; and Aag are in
Fy and so Av € V for any A € F and v € V.

(6) Opv = Oy. Although not technically needed in light of Lemma we show this to simplify
our later computations. We note that

0- ary\ 0- ary\ 0
an - 0- ag - 0
(5) 1pv = v. In a way akin to (6), we see that

1 . = =
as 1-a9 ag
since 1-a = a for every a € Fs.

(2) Mv 4+ w) = A+ Aw. The standard approach would be to find each side and note they are
equal. In our case V contains only 4 elements and our scalar A can only be from Fy = {0,1}. If

A =0, then
([ bi\\ (a1 +b;
(v+w)= <(a2> + <b2>> = <a2 +b2> where a; + b1, as + by € Fy

and so A(v+w) = (0,0)*. The same computation shows that Av = (0,0)? and Aw = (0,0)" meaning
v+ Aw = (0,0)! + (0,0)% = (0,0)! = A(v+ w). If A = 1 then the above computation shows that
A(v +w) = (a1 + by, az + ba)'. We then see that A\v = (a1, a2)" and Aw = (b1, b2)*. Hence

Av + Aw = (al, CLQ)t + (bl, bg)t = (a1 + bl, as + bg)t

which is the same expression we had for A(v 4+ w).

since 0 - a = 0 for every a € Fs.

(3) (A +r p)v = Av + pv. Again it is best to find each side, but to more concrete we work with
(F2)? we find each possibility. Note A, u € {0,1}. Then the possibilities for the left hand side are

04+F0)v=00=0,04+r )v=1v=2v,(1+p0)v =1v =v, and (1 +5 1)v = (0)v =0
and the corresponding possibilities for the right hand side are
(0)v+(0)v =0+0=0,(0)v+(1)v =0+v =v,(1)v+(0)v =v4+0=wv, and (1)v+(1)v =v+v =0
where the last equation holds since a + a = 0 for any a € Fs.

(4) (A7 p)v = A(pv). We again consider all of the possibilities (rather than the general approach
of finding an algebraic expression for each side). We note that if 0 € {\, u}, then X\ - p = 0. We



MATH10015, LA1IB 39

then note that the same behaviour occurs for the expression A\(uv). Finally, (1 5 1)v = 1lv = v
and 1(1v) = 1(v) = v. Hence (A -p p)v and A(uv) are equal.

Example 6.13. We see some more examples of vector spaces. It is worth writing down the
addition and scalar multiplication in each case, and checking that the vector space axioms are
satisfied.

(1) If we choose V :=R™ and F :=R or V := C" and F := C then we obtain the objects R"
and C" that we have been used to so far.

(2) The above generalises in the natural way. With V := F"  we obtain a vector space over
F. This is with component-wise addition of vectors and our usual scalar multiplication.

(3) Take V = C but now choose F =R. Then V is a vector space over R.

(4) For My, »(F) := {A = (ai;) : ai; € F}, we can define addition by (a;;) + (bsj) := (ai; +bij)
and scalar multiplication by A(a;;) = (Aaj ).

6.3. Subspaces. As in R", we can look at subspaces of general vector spaces.

Definition 6.14. Let V' be a vector space over F. A subset U C V is called a subspace if U is
a vector space over F with the addition and scalar multiplication induced by V.

This is a natural definition, let us look at some examples.

Example 6.15 (Example continued). We will mostly continue with R™ and C™.

(1) For V :=R" over R, the examples of linear subspaces are all subspaces. These were often
expressed as spans, which we will see again soon.

2) For V := C? over C, the set {\(1,0) : A € C} is a subspace of V.

3) For V := C? over C, the set {\(1,0) : X\ € R} is not a subspace of V.

4) For V := C? over R, the set {\(1,0) : X\ € R} is a subspace of V.

5) For V := M5(C) over C, we have that {A\Iy : A € C} is a subspace of Vm

The drawback of this definition is that in order to check it we have to go through all the axioms
for a vector space. Luckily, there’s a simpler criterion, which comes about by noting which axioms
automatically hold for an arbitrary subset.

Theorem 6.16 (The subspace test). Let V' be a vector space over F. A subset U C V is a subspace
if the following three conditions hold.
(i) That U is not empty, i.e. U # 0.
(ii) That U is closed under addition: w+u' € U for all u,u’ € U.
(iii) That U is closed under multiplication by scalars: Au € U for all \ € F and u € U.

Proof. We need to show that U with the addition and scalar multiplication induced by V is a
vector space, i.e., it satisfies all the axioms in Definition Since U # (), the first condition
is fulfilled and there exists a v € U. Axioms (2),(3), (4) and (5) are simply inherited from V.
Next we check that (U,+) is an abelian group. Closedness is followed from condition (ii), and
associativity and commutativity are inherited from the abelian group (V,+). For any u € U, the
element (—1)u = —u is also in U, by (iii). To see that —u is the inverse for w in (U, +) we write
(=Du+u = (=14 1)u = Ou, since axiom (3) is fulfilled. We need to observe that Ou is the identity
element of (U, +), then existence of inverse and identity element is proved. As V is a vector space,
by the last axiom in Definition we have Ou = Oy, where Oy denotes the identity element of
(V,+). Now, any element u € U is also an element in (V, +), and we have u+0y = Oy +u = u. So
Oy is also playing the role of the identity element in (U, +). Now we have checked all the axioms
of Definition [6.9] and the proof is complete. O

The above theorem gives us a simple test to check whether a given subset is a subspace. The
conditions are also generally easy to check. We will see many uses of this test in the remainder of
our course. The first applications are given below.

Lemma 6.17. Let V be a vector space over F and U = {0}. Then U is a subspace of V.

17Here, I> denotes the 2 X 2 identity matrix.
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Lemma 6.18. Let V be a vector space over F and U/W C V be subspaces. Then U NW is also
a subspace of V.

Proof. We use the subspace test.

e Non-empty: 0 is in both U and W, and hence in U N W.

e Closed under addition: take v,v' € UNW, then v,v' € U and v,v" € W. Hence v+v" € U
and v+ v € W (because each of these are subspaces). Hence v+ v € UNW.

e Closed under scalar multiplication: take v € UNW and A € F. Then Av € U and Av € W
(again because each of these are subspaces). Hence v € U NW.

Hence U N'W satisfies all 3 conditions for the subspace test, and is a subspace of V over F. O

We end this section with more examples of vector spaces and subspaces, and start by applying
the subspace test to some specific subsets.

Example 6.19. Before looking at the below, all of the subsets given in the previous example can
be checked using the subspace test.
(1) Let V=F" over F and U = {(a1,a2,...,a,) : a1 = 0}. Then U is non-empty, and closed
under addition and scalar multiplication. Hence U is a subspace of V.
(2) Let V =C" over C and U = {(a1,az,...,a,) : a1 =1}. Then U is non-empty but fails
to be closed under addition or scalar multiplication. Is this true if C is replaced by Fy?
(3) Let V. =Q? over Q and U = Z? = {(z,y) € Q* : z,y € Z}. Then U is non-empty and
closed under addition, but not under scalar multiplication.
(4) Let V = R? over R and U = {(x,0) € R?} U {(0,y) € R?}. Then U is non-empty and
closed under scalar multiplication, but not closed under addition.

Example 6.20. Consider the set of functions from the set S := {2,4,5} to R. This is a vector
space V over R, with addition given by (f + ¢)(x) := f(z) + g(z) for all x € S and scalar
multiplication given by (Af)(z) := Af(z) for all z € S. Consider the following:

e What is the zero element, i.e. 0, of V7

e Given a function f € V, what is the inverse of f in (V,+4)?

e What does a subspace consist of in this case? Can you find examples/non-examples?

Example 6.21. We end with a slightly more elaborate example. Let V' = P(R) denote the set of
all polynomials with real coefficients. This is a vector space over R, with addition being the usual
addition of polynomials, and scalar multiplication being defined as A Z?:o a;x’ = Z?:o a;xt. We
now consider some subsets of V', and determine which of these are subspaces.
) Real polynomials of degree at most 3.
2) Real polynomials of degree exactly 2
3) Real polynomials p with p(1) = 0.
4) The union of Sy := {p(z) =bzx +a : a,b € R} and Sy := {p(z) = bx® + azx : a,b € R}.
5) The intersection of S; and S;. What does this look like?
6) Polynomials in S7 with the property that p(1) = 0. What do these look like?
7) Real polynomials with cubic coefficient equal to their quadratic coefficient.
8) Polynomials with coefficients in Z. (How about coefficients in Q7)
9) Real polynomials with constant coefficient double that of their quadratic coefficient.
0) Real polynomials whose coefficients sum to 0. (How about those which sum to 17)
1) Real polynomials p with at least 2 values a1, az € R such that p(a;) = p(az) = 0.
2) Real monic polynomials (those with leading coefficient 1).

(
(
(

Example 6.22. Another vector space is given by V = {(a;) en, ,a; € F}, the set of infinite
sequences of elements from F, ie., (a;)jen is a shorthand for the sequence (a1,as,as,as,...)
where the numbers a; are chosen from F. On V' we can define

o addition: (a;j)jen + (b)) en = (a; + b;)jen

e scalar multiplication: A(a;)jen := (Aa;)jen

(1
(
(
(
(
(
(
(
(
1
1
1

which is similar to the case F™ and so V is often denoted as F°.
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7. SPANS, LINEAR INDEPENDENCE, AND DIMENSION

Another common way in which subspaces occur is by taking all the linear combinations of a
given set of elements from V. The definition below is similar to the one we have seen previously
for R™.

Definition 7.1. Let V be a vector space over F and S CV a subset.
(i) Then v € V is a linear combination of elements from S if v = Aoy + Aava + ... + Aok
for some vy, va, ..., v €5 and A\, Ao, ..., A\ €F.
(ii) The span of S, denoted span(S), is the set of all linear combinations of elements from S.

The integer k that appears in part (i) can be an arbitrary number. If S is finite and has n
elements, than it is natural to choose &k = n. In the case where S contains infinitely many elements,
we may be tempted to alter our definition. We will not! A linear combination always contains
only a finite number of terms, and the span is always defined as the set of linear combinations with
finitely many elements from S. The reason for this restriction is that for a general vector space
we have no notion of convergence of infinite sums, so we simply cannot say what the meaning of
an infinite sum would bﬂ The span of a subset is actually a subspace.

Lemma 7.2. Let V be a vector space over F and S C 'V a subset with S # 0. Then span S is a
subspace of V.
Proof. We again use the subspace test.

e Since S is nonempty, there exists a v € S and so v = 1v € span S, and span S # 0.

e The sum of two linear combinations is again a linear combination, and so the set span .S
is closed under addition.

e Any multiple of a linear combination is again a linear combination, and so span S is closed
under scalar multiplication.

Hence Theorem [6.16] states that span S is subspace. (]

Example 7.3. We consider the examples from the last section, but expressed as spans.
(1) From Example|6.13] the vector space Mz(C) can be expressed as

el 96 9.C 9.6 )

(2) The subspace of M3(C) given in Example was produced by considering a span:

(3 ) - ec)-mef(3 D)

(3) The set of polynomials of degree at most n is naturally expressed as a span. Take
Sp = {1,z,2? ... 2"},

of all simple powers ranging from 0 to n. Then S,, C P(R) and span.S, is a subspace of
P(R) consisting of polynomials of degree at most n. Defining span .S, =: P,,(R) appears
logical in this instance.

(4) One may now wonder about a set that spans P(R), and whether this set even exists. We
need an infinite set in this case (a finite set will be contained within span.S,, for some
n € N). A reasonable choice would be

Soo :={2":n=0,1,2,...} CP(R).

Notice that P, := spanS. consists only of finite linear combinations of powers, i.e.,
p(x) € Py if there exists a k € N and nq,...,n; € N, p1,...,pr € F such that

k
plz) =) pix™
=1

18Ok7 this is not quite true. When we have a norm on our vector space, we can drop this restriction and allow
infinite linear combinations. We will mention an example of this later, but you need not dwell on this idea.
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and so Py, = P(R) and we have that P(R) is therefore a vector space.

(5) Let S := {e; : i € N} where e; denotes a ‘vector’ having entries indexed by N with
ei(j) = 0i;. We can think of these as elements of R from Example that is,
sequences consisting of real entries. Then span .S is not equal to R*° but is rather a
subspace, most easily stated as the set of sequences in R> with only a finite number of
nonzero entries. That is, for each element in span S, there is some N € N such that a,, =0
for every n > N. This may actually remind us of the vector space P(R).

Following the same strategy as for subspaces in R™, we want to see if we can pick ‘nice’ subsets
B C V such that V = spanB and B is in some sense optimal (is of minimal size). Such a set
will be called a basis, and the size of the set will be called the dimension of V. This endevour of
‘smallest possible’ leads naturally to the notions of linear dependence and independence.

Definition 7.4. Let V be a vector space over F and S C V.

(a) We say that S is linearly dependent if there exist distinct vi,va,...,vx € S and
A, Ay A € F with {Aq, ..., Ak} # {0} such that

A1v1 + Agvg + ...+ A = 0.
(b) We say that S is linearly independent if for any distinct vy,...v € S the equation
AUl 4.+ A =0

has only the trivial solution in F, namely \y = --- = A\ = 0.
Linear dependence means that we can find a collection of vectors vy, ..., v in S and coefficients
A, ..o A € F\ {0} such that A\jv; + ...+ Agvr, = 0. This means in particular that
-1
(7.1) v] = — (Aovo + ...+ Agug).
1

Thus if S’ := S\{v1}, then span S = span S’. So if S is linearly dependent, then one can find a
smaller set which has the same span as S. This useful observation can be expressed as a lemma.

Lemma 7.5. Let V' be a vector space over F and S C V. Then S is linearly dependent if and
only if there exists a v € S such that span S = span(S\{v}).

Proof. If span S = span(S\{v}), then v € span(S\{v}) meaning v is a linear combination in S\{v}
and so S is linearly dependent. Now assume S is linearly dependent. Then, by , there is an
element v := vy € S which can be written as a linear combination vy = povs + . .. + vy for some
va,...vx € S\ {v1}. Now assume y € spanS. Then y can be written as a linear combination of
elements from S. If v; is not contained in this linear combination, then y € span(S\{v1}). If v;
is contained in this linear combination, then

Y= A\v1 + Xows + ...+ A w,
= A1 (pove + ...+ pgvg) + Aows + ...+ Awy,
= (Aip2)v2 + oo+ (A pr) v + dowe + ...+ Apwy,
where (A1p2)vs + ...+ (A1) Ve, Aaws + . .. + Apwy, € span(S\{v1}). Hence y € span(S\{v}) and
span S = span(S\{v}). O

Example 7.6. We consider some examples of linear dependence and independence.

(i) Let V = C? over C and v; = (1,1) and vy = (i,i). Then v; + ive = 0, and so the set
S = {v1, vy} is linearly dependent. Note that the previous lemma therefore applies.
(i) If we view V = C? as a vector space over R, then v; = (1,1) and vy = (i,i) are linearly

independent, since in order that Ajv; + Aovo = 0 we must have \; = —i)y which is
impossible for nonzero Ay, Ay € RH
(iii) The set S, = {1,z,22,...,2"} is linearly independent. We will show this in the exercises.

19The take home message here is that linear dependence or independence can depend on the field F we choose.
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Other than determining linear dependence by observation, it can be computationally frustrating
to determine whether a set is linearly independent (by solving simultaneous linear equations).
Remark is of great help here, since it says that we can merely compute the determinant of
the change of basis matrix.

Example 7.7. For each set we decide on linear independence by computing the determinant.

(i) For v; = (1,2i),v5 = (—i,3) € C? we find det (211
linearly independent over C.

(ii) For vq = (1,—1,3),v2 = (2,0,—1),v3 = (—1,—2,0) € C3 we find

31) = 1. Hence the vectors are

1 2 -1
det [-1 0 -2 =-15,
3 -1 0

and so {vy, vy, v3} are linearly independent in V = C? over C.
(iii) Given S C R™ that is linearly independent, we automatically have that S is linearly
independent in V' = C™ over C (and also linearly independent in V' = C™ over R).

We are now ready for the definition of a basis.

Definition 7.8. Let V be a vector space over F. A subset B C 'V is called a basis of V if
(i) B spans V, i.e., V = spanB; and
(ii) B is linearly independent.

Example 7.9. Many of the sets we have seen are actually bases.

(i) A field F as a vector space over itself requires at least one element to span. In fact, any
non-zero element of I is a basis.
(ii) Let V = F", then & = {ej,eq,...,e,}, with the jth entry of e; being given by the
Kronecker delta function d;;, is a basis. It is known as the standard basis of F".
(iii) The set S, = {1,x,22,...,2"} is a basis for P, (R).

The proof of the following is almost identical to the one for R™ we saw previously.

Proposition 7.10. Let V be a vector space over F and B C'V a basis of V. Given v € V \ {0},
there exist unique vy, v, ...,vx € B and A1, Aa, ..., A\ € F\ {0} such that

V=AU + ...+ AUk

Proof. The existence of such vy,...,vx and Aq,..., Ax follows from the fact that B spans V. We
now wish to show that the combination is unique. For the specific v € V above, imagine that
there exist wq,...,w, € B and pi,...,un € F\ {0} such that v = pywy + ... + ppw,. If
{v1,.. ., v} N {wy, ..., w,} =0, then

Av1 4 A = pawy o gy = A0+ N + (—p)wr F - (—pn)wy, =0

which, because B is linearly independent, means {1, ..., Ak, pi1,. .., un} = {0}. The same logic
means that, if there is w; & {v1,...,vx} or v; & {w1,...,w,}, then p; or A; must be zero. Hence
{vi,...,vx} = {w1,...,w,} and so k = n and, after potentially reordering, we have that w; = v;
fori=1,...,k. Then

A1 4 A = 01 e v = (A —p)vr oo+ (A — pk)ve =0

which is a linear combination equal to zero. Now, because B is a linearly independent set, we must
have that \; = p; fori=1,... k. O

Our main goal is now to show that if V' has a basis B with finitely many elements, then any
other basis of V' will have the same number of elements. Hence the number of elements a basis
contains is well defined and can be called the dimension of V. For this reason we restrict ourselves
to the case of vector spaces which can be spanned by finite sets. We have seen vector spaces
without this property: P(R) and F°.
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Definition 7.11. We call a vector space V over a field F finite dimensional if there exists a
set S CV with V =spanS and |S| < co. Otherwise, V is infinite dimensional.

The following is not true in the infinite dimensional setting, unless we assume something known
as the axiom of choice (which we will leave for now).

Proposition 7.12. Let V be a vector space over F and S C'V a set with |S| < oo and span S = V.
Then S contains a basis of V. In particular, every finite dimensional vector space has a basis.

Proof. We iterate Lemma [7.5| until we obtain a linearly independent set. If S is linearly indepen-
dent, then S is already a basis and we are done. If S is linearly dependent, then by Lemma
there exists a v; € S such that Sy := S\{v1} spans V. Now, if S is linearly independent, then
it forms a basis. If S is not linearly independent, we apply Lemma [7.5 again to obtain a smaller
set Sy which still spans V. Continuing this process we get a sequence of sets S, S, So,... with
|Six1| = |Si] — 1, i.e., with strictly decreasing size, and since we started with a finite set S this
sequence must stop. Hence at some step k the corresponding set S will be linearly independent
and span V (and therefore be a basis of V). O

The next result shows that a linearly independent set cannot contain more element than a basis,
and is our main tool to show that any two bases have the same number of elements.

Theorem 7.13. Let V' be a vector space over F, B C V a basis with |[Bl=n €N, and SCV a
linearly independent subset. Then |S| < |B|.

Proof. Let B ={vy,...,v,} and assume we can choose distinct wy,...,wy41 € S. Our approach
will be to replace v; with w; for i =1,...,n so that w41 is a linear combination of wy,...,w,
Note that w; € V. Hence w; € spanB, and so w; = > \v;. After reordering the v;, we
can assume that A; # 0, and so rearrange w; = Y. A\;v; to express v1 as a linear combination
of {wy,va,...,0,} =: BWY. Thus v; € span B, and BM) spans V. Thus ws € BM, and so
wo = Mwy + >y Ny IE NS, ... N, are all zero, then ws is a multiple of wq, contradicting
that S is linearly independent. Hence we can again reorder the v; to assume that A # 0. Thus
B® := {wy,wz,vs,...,v,} spans V and continuing in this way B(™ := {wy, ws, ..., w,} spans V.
Hence wy,41 € span B, contradicting that S is linearly independent. O

Corollary 7.14. Let V be a vector space over F. If V has a basis with finitely many elements,
then any other basis of V' has the same number of elements.

Proof. Let B,B" C V be two bases of V. Since B’ is linearly independent, we get |B’'| < |B|. But
reversing the roles of B and B’ we get as well |B| < |B’|, and hence |B| = |B/|. O

An immediate consequence of the previous corollary is that our naive notion of dimension (being
the size of a basis) is well defined.

Definition 7.15. Let V' be vector space and assume that V has a basis B with finitely many
elements. Then we define the dimension of V as |B|, and denote this by dim V.

Assuming the ultrafilter lemmaﬂ this definition can be used for infinite bases as well, i.e., we
can define the dimension of a vector space to be the cardinality of a basis. We will not dwell
on this, but rather mention, for interest, that the approach in the proof of Theorem [7.13] can be
extended to the infinite dimensional setting, and then Corollary immediately applies.

Example 7.16 (Example continued.). In fact, many sets we have seen are bases.
(i) We have that dimF"” = n, since £ = {ey, €2, ...,e,} is a basis of F".
(ii) We have dim M,, ,(F) = mn, since if we set Ey; € My, »(F) to have ijth entry equal to
0ixdj1, then the set of Ey, k=1,...,m,l=1,...,n, form a basis of M, ,(F).
(iii) With the basis S, = {1,z,22,...,2"} , we see that dim P,(R) = n + 1.

20For this reason, the result is sometimes referred to as the Steinitz—Mac Lane exchange lemma (where exchange
refers to how the result is proved, and Steinitz and Mac Lane proved the result in two different instances).
215 logically weaker assumption than the axiom of choice, which we leave for discussion by the logic/set theorists.
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Lemma 7.17. Assume S C V is linearly independent and spanS # V. Given v € V\ span S, the
set SU{v} is linearly independent.

Proof. Consider the linear combination
MU+ .o+ v A =0

where vy, ... v € S. If A #£ 0, then v = —1/A(A\jv1+. ..+ Agvg) € span S, which is a contradiction.
Thus A = 0. But the remaining vectors are in .S and, since S is linearly independent, we must
have that Ay =... =X, =0. O

Proposition 7.18. Let V be a vector space over F and assume V is finite dimensional. Then
any linearly independent subset S C V can be extended to a basis B.

Proof. 1f spanS = V, then S is already a basis. If spanS # V., apply the previous lemma to
extend S to S := SU{v} where v € V'\ span S. Continuing in this way, either S(*) spans V' and
50 is a basis of V, or otherwise we can extend S to §?) := SM U {v'} where v/ € V\ span S™).
But note that the sets keep strictly increasing in size and are still linearly independent. Hence, by
Theorem the process has to stop. O

Let us summarise key properties for bases of finite dimensional vector spaces.

Corollary 7.19. Let V be a vector space of finite dimension and let S C V.

(i) If S is linearly independent, then S has at most dim V' elements.

(ii) If S spans V, then S has at least dim V' elements.
(i) If S is linearly independent and has dim' V' elements, then S is a basis of V.
(iv) If S spans V and has dim V' elements, then S is a basis of V.

Proof. We show each statement in turn.

(i) This is a rephrasing, with our new terminology of dimension, of Theorem
(ii) Assume that |S| < dim V. Applying Proposition S contains B, a basis for V. But
then |B] < |S| < dim V, a contradiction.
(iii) Take S as linearly independent but not a basis for V. Then S cannot span V. Applying the
previous proposition, we can extend S to a basis B, where |B| > |S| = n. This contradicts

dimV =n.
(iv) Since S spans V, Proposition states that S contains a basis for V. Let us denote this
specific basis by B. Assuming S # B would mean |B| < n, a contradiction. O

This corollary gives a simpler criterion to detect a basis than the original definition. If we know
the dimension of V', then any set which has dim V' elements and is either linearly independent or
spans V must be a basis. This means, in the finite dimensional case, we only have to check one of
the two conditions in the definition of a basis. We see some examples of this below.

Example 7.20 (Example continued.). We decide on linear independence to work out which
sets are bases.
(i) Since v; = (1,2i) and vy = (—i,3) are linearly independent, they form a basis of C2.
(ii) Similarly v = (1,-1,3),v2 = (2,0, —1),v3 = (=1,—2,0) € C? were linearly independent,
and so they form a basis of C3.
(iii) For V = P3(R) we had the basis B = {1, z,22,23}. Consider the polynomialﬁ
To(z) =1, Ti(z)=z, To(x)=22>—1, Ty(x)=42>— 3z

For the change of basis matrix we find the constants c;; satisfying T = >, ci;x®. Then

10 -1 O
01 0 =3
¢= 0 0 2 0
0 0 O 4

and since det C' = 8, the polynomials {7y, T1, T, 75} form a basis of P3(R).

22These are the first four so-called Chebycheff polynomials.
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Finally let us look at subspaces; the following appears quite natural.

Proposition 7.21. Let V be a vector space over F with dimV =n and U a subspace of V.

(i) Then U is finite dimensional, and furthermore dimU < dim V.
(ii) If dmU =dimV, thenU = V.

Proof. We start with (i). Assume, for a contradiction, that dim U > n. Then we can find
u; € U\ {0}, uz € U\ span{uy},...,uny1 € U \ span{uy, ..., u,}.

Lemmastates that uq, ..., u,+1 are linearly independent in V', contradicting Corollary i).
For (ii), consider if we had a subspace U of V' with dimU = dimV = n but U # V. Hence we
have a basis By := {u,...,u,} for U where By does not span V. Choose v € V '\ span By. By
Lemma [7.17, By U{v} is a linear independent subset of V. This contradicts Corollary [7.19i). O

Note that the definition of dimension depends on the field we consider. For V = C? over C, we
have the standard basis e;, es, meaning dim C? = 2. But we can view C2 as well as a vector space
over R. Then e, e5 are now longer a basis, since linear combinations of eq, e; with real coefficients
give us only vectors in R? C C2. In this case ey, ieq, ez, ies do form a basis, so as a vector space
over R we have dim C? = 4. This dependence on the field [F is sometimes emphasised by putting
F as a subscript, i.e., dimp V' is the dimension of V over F. In our example we found

dimc C? = 2 and dimg C? = 4.

The difference can be even more dramatic: viewing R as a vector space over R and over Q we get
dimg R =1 but dimg R = oo.

7.1. Direct sums. We have seen the notion of a direct sum for R". An example to have in mind
is R? decomposed as the direct sum of the zy-plane and the z—axiﬂ As in other recent sections,
we wish to formalise this idea for arbitrary vector spaces.

Definition 7.22. Let V' be a vector space over F and U;W C V be subspaces. Then
U+W:={utw;uelU,weW}

is the sum of U and W. If we have U NW = {0}, then we use the notation U & W for the sum
of U and W, and call this the direct sum of U and W.

We see that the sum and direct sum are both subspaces in the exercises.

Lemma 7.23. Let V be a vector space over F and U,W C V be subspaces satisfying UNW = {0}.
Then any v € U & W has a unique decomposition v =u~+ w with u € U and w € W.

Proof. By the definition of the sum of vector spaces there exists u € U and w € W such that
v = u+w. To show that they are unique let us assume that v = v’ +w’ with v’ € U and w’ € W.
Then v +w = v +w’ and this givesu — v = w' —w. But u — v € U and w —w’ € W, and since
UNW = {0} we must have u — v’ =0 and w — w’ = 0. Hence u = v’ and w = w'. O

Proposition 7.24. Let V be a vector space over F and U, W C V be finite dimensional subspaces
satisfying U NW = {0}. Then

dim(U & W) = dimU + dim W.

Proof. Let By and By be bases of U and W respectively. We consider the set By U Byy.

o We first see that span By UBy = U @ W. This follows since any v € U ® W can be written
as v = u + w and u € span By and w € span Byy.

e Next, By U By is linearly independent. Lemma [7.23] states, by the uniqueness of decom-
position, that the only solution to 0 = v+ w is if u = 0 and w = 0. Since By and By are
linearly independent, the only way to get 0 as a linear combination is to choose all of the
coefficients to be 0.

231n this case every vector in R3 can be uniquely represented as the sum of a horizontal vector in the zy-plane
and a vector parallel to the z-axis.
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Hence By U By is a basis for U & W. Using that By N Bw = 0, we get |By U Bw | = |By| + |Bw|
and so dimU & W =dim U 4+ dim W. (]

We can generalise the above to obtain dim(U + W) = dim U + dim W — dim(U N W).

Definition 7.25. Let V' be a vector space over F, and U a subspace of V. Then a subspace W of
V is called a complement of U in V if V=U@ W.

An immediate question is whether a complement always exists. We answer this in the finite
dimensional case (with the assumption that every finite dimensional vector space has a basis; we’ll
show this later).

Proposition 7.26. Let V be a finite dimensional vector space over F and U C V a proper
subspace. Then there exists a subspace W which is a complement of U in V.

Proof. Let By be a basis of U and let By be a basis of V with By C By. We claim that
W = span (BV \ BU)

is a complement of U in V. By construction V = U + W, since U + W contains a basis of V. Let
v e UNW. Then v € span By and also v € span(By \ By). But By is a basis and so linearly
independent, meaning v = 0. (]

Example 7.27. We see some examples of complements. Example is helpful for this.

(i) Let V =R? and U = span{v} for some v € V'\ {0}. Then U is a line, and for any v’ € V
such that {v,v'} form a basis of R? we have R? = span{v} @ span{v'}.
(ii) For U = span{(i, 1,1), (0,i,1)} € C® then W = span{(1,0,0)} is a complement since

i 01
det |1 i 0] =2
i 10
and therefore the vectors {(i, 1,1), (0,i,1),e;} form a basis of C* over C.
(iii) We can generalise (ii). Let U C F™ have the basis v1,va, ..., v;. Then to find a complement
of U, we must find vgy1,...,v, € F” such that vy, vs, ..., vk, Vgt1, ..., v, form a basis of

F™. With this setup, W := span{vii1,...,v,} is the complement of U in F”".
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8. THE RANK-NULLITY THEOREM AND ISOMORPHISMS
We first make some observations about linear maps.

Definition 8.1. Let V and W be vector spaces over F. A function T : V. — W is called linear if
(i) T(u+wv) =T(u)+T(v) for all u,v € V.
(ii) T(\v) = AXT'(v) for all \ € F and v € V.

Example 8.2. Let us look at some examples involving vector spaces over R.

(i) Let A € R. We can check that T : R®™ — R™, v — Ao is linear.

(ii) Let V = P,(R) and W = P,,_1(R), the spaces of polynomials of degree at most n and
n — 1 respectively. Let D : V. — W be D(p(x)) = p(x), the derivative. Then D reduces
the order by 1, and so the domain and codomain are suitable. It is also linear.

(iii) Let g(z) := 23 — 2%. Then M, : P,,(R) = P,.43(R), p(z) — g(x)p(x) defines a linear map.

(iv) Let @ € R. Then T, : P, (R) — P, (R), p(z) — p(z + «) is linear (called the shift map).

(v) Let a € R. Then 4, : P(R) — R, p(x) — p(a) is linear (called the evaluation map).

We make some initial observations for Definition Rl

Lemma 8.3. Let V' be a vector space over F and T : V — W a linear map. Then
(i) T(0) =0.
(ii) T(—v) = =T(v) for allv e V.
(iil) Ifv = Zle Aivy, withv; €V and \; €T fori=1,2,...,k, then T(v) = Zle AT (v;).
Proof. We prove each part separately, using the properties of a linear map.
(i) We use that T'(Av) = AT'(v) for all A € F and v € V. Setting A = 0 gives the result.
(ii) Recall that T'(v +w) = T'(v) + T'(w) for all v,w € V. Setting w = —v, we get
TO0)=T(v—v)=Tw)+T(—v) =>0=T(w)+T(—v) = —T(v) =T(-v).
(iii) We have

k k k
T(v) = T(Z A> -3 T0w) = AT

where properties of linear maps are applied at each stage. O
We now investigate the image of a subspace under a linear map.

Lemma 8.4. Let V,W be vector spaces over F, T : V. — W a linear map, and U C V' a subspace.
Then T(U) ={T(u) : we U} CW is a subspace, too.

Proof. We use the subspace test.

e We know that 0 € U. Then, by Lemma [8.3(i), we have that 0 € T(U).

o Take w,w’ € T(U). Then there exist u,u’ € U such that T'(u) = w and T'(v') = w’. Hence
w+w =T(uw)+TW)=T(u+u) and so w+w" € T(u).

e Take w € T(U) and A € F. Then Aw = AT (u) = T'(Au) and so dw € T'(U). O

Two important examples of subspaces are the following.

Definition 8.5. Let V,W be vector spaces over F and T : V. — W a linear map.
(i) the kernel of T is defined as

kerT:={veV :T(v)=0}
(ii) the image of T is defined as
ImT :={w e W : there exists v € V with T(v) = w}.

Lemma 8.6. Let V,W be vector spaces over F and T : V — W a linear map. Then kerT C V
and ImT C W are subspaces.

Proof. Apply the subspace test (as we did previously with the specific case of V' = R™ over R).
Note that Im7T = T'(V') and so for Im T we could also just apply the previous lemma. O
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Example 8.7 (Example continued). We find the image and kernel in each case.
(i) We note ker(Tp) =V and Im(Tp) = {0}. If X # 0, then Im(Ty) = V and ker(7)) = {0}.

(ii) Here ker D = Py(R), the space of polynomial of degree 0 and Im D = P,,_; (R).

(i) Let p(x) € P,(R). To determine whether g(z)p(x) = 0 for all x € R, we look at the
coefficients of g(z)p(x). The only way for these to all be zero is if p = 0 (check this). So
ker M, = {0}. But Im M, is harder to compute; we will find the dimension of Im M, later.

(iv) For the shift map we have ker(7T,) = {0} and Im(7,) = P,,(R) for every a € R.

(v) For the evaluation map we have kerd, = {f : f(a) =0} and ImJ, = R for every a € R.

We have used bases to put the notion of dimension on a firm ground. This allows us to state
the Rank-Nullity Theorem for general vector spaces.

Definition 8.8. Let V., W be vector spaces over F and T : V — W a linear map. Then we define

(i) the rank of T as rank T := dimIm T
(ii) the nullity of T as nullity T := dimker 7.

Example 8.9. We work over R and over C.
(i) Let T : C* — C be defined by T'(21,22) = 21 — 22. Then T(21,22) = 0 if 21 = 2y, i.e.,
the kernel of T' consists of multiples of (1,1), so nullity T = 1. Since T'(z,0) = z we have
Im7T = C and so rank T = 1. (Note that this changes if we work with V = C? over R.)
(ii) Let T : C® — C? be defined by T'(21, 22) = (21, 22,21 — 22). Then T(21,22) = 0 implies
z1 = 22 = 0, so nullity 7 = 0. Now Im 7 is spanned by w; = (1,0,1) and wy = (0,1, —1),
since T'(z1, 22) = z1w1 + zowsy. Since wi,ws are linearly independent, we find rank T’ = 2.
(iii) For the derivative D : P,,(R) — P,,_1(R), we get nullity D = 1 and rank D = n.

The rank and nullity determine some crucial properties of T. These are left as an exercise.

Proposition 8.10. Let V,W be vector spaces over F and T : V — W a linear map. Then
(i) T is ingective if, and only if, nullity T = 0.
(ii) T s surjective if, and only if, rank T = dim W.
(iil) T is bijective if, and only if, nullity T = 0 and rank T = dim W'.

If we know a linear map is injective or surjective, this gives us information about the image of
sets that are linearly independent or spanning.

Proposition 8.11. Let V,W be vector spaces over F and T : V. — W be a linear map.
(i) Assume S C V is linearly independent and T is injective. Then T'(S) C W is linearly

independent.
(ii) Assume S CV spans V and T is surjective. Then T'(S) spans W.

Proof. We prove each part in turn.

(i) Any element in T'(S) is of the form w = T(v) for some v € S. Hence to test linear
independence, we have to see if we can find vy,...,vp € S and Aq,..., A\ € F such
that Zle AiT(v;) = 0. By Lemma iii)7 Zle AT (v;) = T(Zle Aiv;) meaning our
condition Zf:l AiT(v;) = 0 is satisfied if and only if Zf:l Aiv; € kerT. Calling on our
assumption that T is injective, kerT" = {0} means Ele Av; = 0, and since S is linear
independent we must have A\; = --- = A\ = 0. Hence T'(S) is linearly independent.

(ii) As T is surjective, given any w € W there exists a v € V such that T'(v) = w. Since S
spans V', we can find v1,...,vx € S and A1,...,A\; € F such that v = Zle A\;v;. Hence
w="T(v) = Zle AiT(v;) € span{T'(S)} and span{T'(S)} = W. O

Corollary 8.12. Let V,W be vector spaces over F, T : V. — W a linear map, and dimV < oco.
If nullity T' = 0, then

rank 7T = dim V.
Proof. Let By is a basis of V. The condition nullity 7" = 0 means that T is injective. Then,

from the previous result, T'(By ) is linearly independent and by construction T'(By) spans Im T
Therefore T'(By) is a basis of Im7T and rankT = dimIm T = |T'(By)| = |By| = dim V. O
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Example 8.13 (Example iii) continued). We had M, : P,(R) = Pr43(R), p(z) — q(z)p(z)
where g(z) = 23 — 2%. We found ker M, = {0} but Im M, was harder to describe explicitly. We
can gain information by applying the above result. Note nullity M, = 0 and dimP,(R) = n + 1,
meaning rank M, = n + 1. Hence dimIm M, =n + 1.

We can strengthen Corollary to what is known as the Rank-Nullity Theorem.

Theorem 8.14. Let V.W be vector spaces over F, T : V. — W a linear map, and dimV < oo.
Then
rank 7'+ nullity 7' = dim V.

Proof. We present two approaches, which are worthwhile filling in the details for.

Approach 1. Take a basiﬁ {u1,...,up} for ker T, extend this to a basis for V' by introducing the
vectors {v1,..., vy}, and then check that {T'(v1),...,T(vy,)} is a basis of size m for ImT.

Approach 2. Let U be a complement of ker 7" in V. Hence V = ker T@®U and, by Proposition [7.24]
we have dim V' = nullity T+ dim U. Now any v € V can be written as v = v + u with v € ker T’
and v € U. Hence T(v) = T'(u) and so ImT = T(U). But the restriction of T to U, T|y, has
nullity 7|y = 0 and rank T'|y = dimT'(U) = rank T', and so by applying Corollary to Ty we
get dimU = rank T'|y = rank 7. O

The following is a useful application of the Rank-Nullity Theorem.

Corollary 8.15. Let V,W be finite dimensional vector spaces over F and T : V — W a linear
map.
(i) If dim W > dim V', then T is not surjective.
(ii) If dimW < dimV, then T is not injective.
(i) If dimV = dim W, then T is surjective if and only if T is injective.

Proof. Left as an exercise. (Proposition is helpful here). O

Example 8.16. We will see some applications of the previous result.

(i) A linear function f: R? — R3 cannot be surjective.

(ii) A linear function g : R* — R? cannot be injective, and so has a non-trivial kernel.

(iii) A linear function h : R® — R? with h(e1), h(e2), h(e3) € span{e, e} is clearly not sur-
jective (no vector is sent to e3) and so cannot be injective (meaning it has a non-trivial
kernel). Thus Corollary [8.15(iii) means for a linear function 7' : V' — V that checking one
of injectivity or surjectivity determines the other one.

The word isomorphism in mathematics usually refers to a map that preserves the desired struc-
ture. In this course, linearity is significant, and isomorphic linear spaces are somehow “equal” in
linear algebra. Similar words will occur in other areas of mathematics, for example, a homeo-
morphism preserves the topology, a diffeomorphism preserves the differential structure, a group
isomorphism preserves the structure of a group. In all of these cases, an “isomorphism” is a special
kind of bijective map.

Definition 8.17. Let VW be vector spaces over F. A linear map T : V. — W that is bijective
is called an isomorphism. Two vector spaces V,W over F are then called isomorphic, denoted
V 2 W, if there exists an isomorphism T : V — W.
Example 8.18. We work with vector spaces over R.
(i) Let V = R?, W = C, and T(x,y) := = +iy. Then T is linear and bijective, and so an
isomorphism. Hence C and R? are isomorphic as vector spaces over R.
(ii) Let V =R"*! and W = P, (R). Define T : R"*! — P, (R) by
T(an,ap-1,...,a1,00) — apz™ + 12"V + .. 4 a1z + ap.

This is an isomorphism, and so P, (R) is isomorphic to R**+1.

24A finite basis for ker T exists by Proposition
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Note that P, (R) and R™™! “feel’ like distinct structures. We can think of them as being equal
only if we strip them from all other properties except the ones related to addition and scalar
multiplication. With many mathematical objects, determining whether they are isomorphic can
be a real challenge. But isomorphic vector spaces must have the same dimension.

Proposition 8.19. Let V, W be vector spaces over F which are isomorphic and let dimV = n € N.
Then dimV = dim W.

Proof. Let T : V — W be an isomorphism. We show two approaches.

Approach 1. Apply the Rank-Nullity Theorem so that rankT + nullity 7T = dim V. But T is
bijective, and so injective and surjective. Using Proposition [8.10} we see that rankT = dim W
and nullity 7= 0. Hence dimW = dim V.

Approach 2. Let A be a basis of V, and set B := T(A) C W. We now apply Proposition
Since T is injective, B is linearly independent. Since T is surjective, span 8 = W. Hence B is a
basis of W. But B has the same number of elements as A, and therefore dim V' = dim W. O

Remark 8.20. When reading these proofs, we may feel that the first is more straightforward. The
reason for the second approach is that it does not appeal to the fact that V is finite dimensional.
It does, however, ask that we have a basis for V. The assumption that every vector space has a
basis is equivalent to The Axiom of Choice; courses on logic and set theory will discuss this.

The above theorem means that, in order to be isomorphic, the vector spaces must have the
same dimension. Perhaps surprisingly, the inverse of this result is as well true: whenever two
vector spaces have the same dimension, over the same field, then they are isomorphic. To prove
this we introduce a specific linear map.

Definition 8.21. Let V and W be vector spaces over F and dimV = dim W = n. Given bases
A={v1,...,0,} CV and B={wq,...,w,} CW, let

Tpa(zivy + ...+ 2pv,) = 21wy + ... + Tpwy,
for all x1,...,x, € F. Note that T4 is well defined and linear since A is a basis for V.

Lemma 8.22. Let V and W be vector spaces over F with bases A and B respectively. Then Tg.a
is an isomorphism.

Proof. From the definition we see that ImTg4 = spanB = W, since on the right hand side
all linear combinations of vectors from the basis B appear if we vary x1,...,x,. Hence Tg4 is
surjective and so Corollary iii) states T4 is bijective (and therefore an isomorphism). O

Theorem 8.23. Let V,W be vector spaces over F with dimV =dimW =n &€ N. Then V = W.

Proof. We note that V' and W have bases A = {v1,...,v,} and B = {ws,...,w,} respectively.
Hence the function T4 provides an isomorphism from V to W. O

Assuming the Axiom of Choice, Theorem [8.23] generalises to vector spaces of arbitrary dimension.

Example 8.24. We recall some observations from Example
(i) Since dim M,, ,,(F) = mn, we have that M,, ,,(F) = F™".

(ii) The space P(R) is not isomorphic to R™ for any n € N, since P(R) is not finite dimensional
over R whereas dim(R"™) = n.

(iii) Recall the subspace of real sequences from Example [7.3] given by V' = span{e; : i € N}
where each e; is a vector indexed by N with e;(j) := d;;. The set {e; : ¢ € N} is linearly
independent, and so a basis, meaning dim V' is countably infinite. We also found that
P(R) = span{z® : i € NU{0}} was of countably infinite dimension. Hence V = P(R).

We provide a convenient condition to check whether a linear function is an isomorphism. Note
that det T is well defined, since it is independent from our choice of finite basis.

Lemma 8.25. Let V and W be vector spaces over F and dimV = dimW = n. Then a linear
operator T : V. — W is an isomorphism if, and only if, det T # 0.
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9. SPACES OF FUNCTIONS
We now consider vector spaces of functions, and see what isomorphisms can tell us about these.

Definition 9.1. Let V,W be vector spaces over F. Then L(V,W) denotes the set of linear maps
from V to W.

Proposition 9.2. Let V,W be vector spaces over F. If f € L(V,W) is a bijection, then f~! ewists
and is in L(W, V).

Proof. That f~! exists follows immediately from f being a bijection. Take w,w’ € W. Thus there
exist v,v’ € V such that f(v) = w and f(v') = w’. Hence

FHw+w) = fTHf) + f0) = T (fo+v) =v+0 = fHw) + f7 (w)

as required. O
The following construction is the source of many examples of vector spaces.

Definition 9.3. Let V be a vector space over F and S a non-empty set. Then F(S,V) denotes the
set of all functions from S to V. On F(S,V) we have a natural addition and scalar multiplication
defined, for every f,g € F(S,V) and A € F, by

o (f+9)(s):= f(s) +9(s); and

o (Af)(s):=Af(s) forallse S.
We have that f(s),g(s) € V, and hence they can be added together and also multiplied by elements
fromF. We say f =g for f,g € F(S,V) if f(s) = g(s) for all s € S.

It is useful to highlight a subtlety of the notion that f = g for functions f,g € F(S,V).

Example 9.4. We now see why we have not looked at P(IF) for any finite field F.

(i) Given p,q € P(R), we have that distinct coefficients yield distinct functionﬂ
(ii) In q(F3), we have that p(z) := z and ¢(z) := 22 are the same function.

Proposition 9.5. Let V' be a vector space over the field F and S a non-empty set. Then F(S,V)
is a vector space over F.

Proof. We go through each vector space axiom (from Definition in turn.
e Closed under addition: given f,g € F(S,V) we have f + g € F(S,V), since the sum of
two functions is a function from S to V.
e Commutativity of addition: note (f+¢)(s) = f(s)+vg(s) = g(s)+v f(s) as f(s),9(s) € V
and V is a vector space by assumption. Hence f + g = g+ f as elements in F (S, V).
e The identity element of F(S,V) is the zero function which maps all of S to Oy .
e The inverse of f is the function —f defined by (—f)(s) := —f(s) for all s € U, where we
use that each v € V' has an additive inverse.
e Onehas (f+(g+h))(w) = f(u)+(g+h)(u) = f(u)+(g(u)+h(u)) which using associativity
in V gives f(u)+(g(u)+h(w)) = (f () +9(u)+h(u) = (f+9) () +h(w) = ((F+9)+h)(w).
Hence F'(S,V) is an abelian group with respect to usual addition of functions. Then

A+ 9)(s) =AM +9)(s)) = A(f(s) +g(s)) = Af(s) + Ag(s) = (Af)(s) + (Ag)(s)-
(A f)(s) = A+ p)f(s) = Af(s) + uf(s) = (Af)(s) + (1f)(s).

() )(s) = (M) f(s) = A(pf(s)) = Muf)(s) = (A(wf))(s)-

(1£)(s) = 1f(s) = f(s). (Also (0f)(s) = 0f(s) =0, but Lemma [6.10] states this.) a

Example 9.6. We see some specific cases for the above construction.

(i) We have that F(R,R), the set of real valued functions, is a vector space over R.
(ii) With C as a vector space over C we have that F(R, C), the set of complex valued functions,
is a vector space over C.
(iii) Considering C as a vector space over R gives us F(R,C) as a vector space over R.

250ne approach is to note that p,q € Pp, (R) for some n € N, and so p(x) — ¢(z) can have at most n roots.
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Example 9.7. We can also construct vector spaces that we have already seen.

(i) Let S ={1,2,...,n} and V =TF. Then F(S,F) consists of functions f : {1,2,...,n} — F.
Such a function is completely determined by the values it takes on the first n integers, i.e.,
by the list (f(1), f(2),...,f(n)). But this is an element in F", and since the functions
can take arbitrary values we find F'(S,F) = F". Another approach is that both are vector
spaces over F of dimension n.

(ii) If S =N and V =T, then an element in F(N,F) is a function f : N — F which is defined
by the list of values it takes on all of the positive integers

(f(1)7f<2)’f(3)7"f(k)?')

which is nothing but an infinite sequence. Hence F(N,[F) = F>°.
(i) Let S ={1,2,...,m}x{1,2,...,n} ={(,5);i=1,2,...,m,j=1,2,...,n}and V =TF.
Then F(S,F) & M,, ,,(F), the set of m x n matrices with elements in F.

Lemma 9.8. Let V,W be vector spaces over F. Then L(V,W) is a vector space over F.

Proof. We have L(V,W) C F(V,W), and so can apply the subspace test.

(i) Let fo(v):= 0 for all v € V. Then f; is a linear map, and so L(V, W) # (.
(ii) We wish to show that the sum of linear functions is a linear function. Take f,g € L(V, W).
Then (f+g)(u+tv) = f(utv)+g(utv) = f(u)+f(v)+g(u)+g(v) = (f+g)(w)+(f+9)(v)
and (f + g)(Av) = f(Av) + g(Av) = Af(v) + Ag(v) = A(f + g)(v).
(iii) We wish to show, for any p € F and f € L(V, W), that (uf) is a linear function. We have
that (1) (u +0) = p(f(u+0)) = p(F(0) + 1)) = pf(u) + pf () = (1) () + (f) (v).
Similarly (puf)(Av) = pf(Av) = pAf(v) = Apf(v) = AMpf)(v). O

With what we have seen with isomorphisms, we may keenly ask whether L(V, W) is a vector
space that we have already seen. If it is finite dimensional, then Theorem [8.23] it will be isomorphic
to F* for some k € N. Using the connection between linear maps and matrices allows us to
completely answer this question in the case where V and W are finite dimensional.

Proposition 9.9. Let V and W be vector spaces over F and dimV = n, dimW = m. Then
dim L(V, W) = m x n. We therefore have that L(V, W) = Fmx",

Proof. Let A and B be bases for V and W respectively. From our earlier work, we have that for
each f € L(V,W) there exists a unique matrix Ay := Mga(f) € My, »(F) that represents f. This
allows us to define a bijection ¥ : L(V,W) — M,, »,(F), f — Ay. From direct computationlﬂ we
have that Ay s = Ay + Ay and Ayy = AAy. Thus

U(f+g)=9(f)+¥(g) and T(Af) = A¥(f)

meaning ¥ is linear, and so an isomorphism. Hence L(V, W) = M,, ,(F). In Example i) we
showed that dim M,, ,(F) = m x n. Another (somewhat similar) approach would be to find the
dimension of L(V, W) in order to conclude the isomorphism. (]

We end by extending some of the ideas from examples introduced in this section.

Example 9.10. Examples (iii) and (iv) are not examinable, but included for interest.

(i) Let U be a subset of M, ,(F) that is closed under addition and also scalar multiplication
by F. Then U is a subspace of M,, ,,(F), and dimU € {0,...,m X n}.

(ii) Let S = {1,...,n} and W be a vector space over F of dimension m. Then, extending
Example (i), dim F(S, W) = n x m. Thus, given a vector space V over F of dimension
n, we have that L(V,W) = F(S,W).

(iii) As a more involved example, we find the cardinality of F/(R,R). A function f from R to R
can be interpretted as the set {(r, f(r)) : r € R}. Each of these are elements of P(R xR),
where P(S) denotes the power set of S. This observation, together with |R x R| = |R|,
implies that |F(R,R)| < |P(R x R)| = |P(R)| = 2/®. For a lower bound, consider the

26That (Af + Ag)(z) = Ap(x) + Ag(z) = f(2) +9(x) = (f +9)(z) and A () = Af(z) = (Mf)(z) for all z € V.
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functions {fs : S C R} defined by fs(z) =1if 2 € S and fg(z) =0 if x € S. Thus
|IF(R,R)| > |{fs : S C R} = |P(R)|. Hence |F(R,R)| = 2/Rl. An extra argumen
shows that dim(F(R,R)) = 2/Fl,

Finally we compare C°(R,R), the vector space of continuous functions from R — R, with
F(Q,R). There is a neat way to see that these are isomorphic. Take f € F(Q,R). Then
f is uniquely determined by its outputs f(g) across all ¢ € Q. In the same way, once
a function g € C°(R,R) is defined on Q, its outputs are known for all » € R (which is
not an obvious step, but follows from the definition of continuity). Furthermore, for any
f € F(Q,R) we can find a g € C°(R,R) such that f(z) = g(z) for all z € Q. We can
use this to define a bijection between F(Q,R) and C°(R,R), and check this is a linear
function. In this case |F(Q,R)| = 2Nl = |R|, meaning the argument in the footnote
cannot be used to determine dim F(Q,R). We can apply this argument less directly,
however. Take F(Q,Q) as a vector space over Q, and let S be a basis. Then |S| > |N|
and S is linearly independent over Q. Thus, for any n € N and s1,...,s, € 5, we have
that ai;s1 + ... 4+ a,s, = 0 has only the solution a; = ... = a, = 0 when ay,...,a,
can be chosen from Q. This can be written as an equation involving M, a matrix with
columns sy,...,s,, applied to (a1,...,a,) € Q™ with output 0. By Remark we
have det(M) # 0. Thus, with by,...,b, € R, the only solution to bys; + ...+ bps, =0
is by = ... = b, = 0. Hence S is linearly independent over R, and we have a set of
cardinality |S| > |N|. Applying Theorem in the infinite dimensional setting, we have
that |N| < dim(F(Q,R)) < 2N, If we believe the Continuum Hypothesis, then we have
uniquely determined dim(F(Q,R)).

9.1. Revisiting concepts using F(R,R) and F(R,C). We look back at key concepts using
these two examples. Unless stated, we will consider F(R,R) as a vector space over R and F (R, C)
as over C. Recall that given f,g € F(R,C), we have f = g if and only if f(z) = g(x) for all x € R.

Example 9.11. We start with linear dependence/independence.

(i)
(if)

Let S = {cosz,sinz,e”} C F(R,C). Then by e'* = cosz + isinx, the set S is linearly
dependent.

The smaller set S = {cosx,sinz} is linearly independent: if A\; cosx 4+ Agsinz = 0 for all
x € R, then for = 0 we get \; = 0 and for x = 7/2 we get Ay = 0.

Example 9.12. We can check a subset is a subspace with the subspace test.

(i)
(i)

(iii)
(iv)

(v)

(vi)

If F(R,C) is a vector space over R, then F(R,R) is a subspace of F(R,C).
The sets P(R) and P(C) of polynomials with real or complex coefficients are subspaces of
F(R,R) and F(R, C) respectively. and it is closed under addition and scalar multiplication,
hence it is a vector space. We further often just write Py, with some F in mind.
We have that U = {f : R — C; f(0) = 0} C F(R,C) is a subspace.
The set PF(R,C) := {f € F(R,C); f(z+1) = f(z) for all z € R} is the set of all periodic
functions with period 1 on R. This set is closed under addition and multiplication by
scalars, and hence is a vector space.
The set C°(R,R), defined as the set of continuous functions f : R — R is a subset of
F(R,R) which is closed under addition and multiplication by scalars. Similarly

C*(R,R) := {f € C°(R,R) : ZTH{ € C°R,R) for 1 <m < k}
is a vector space. Indeed, this follows from well-known theorems about the limit and
derivative of the sum of two functions or a scalar multiple of a function.
The set of bounded real functions Cp(R,R) C C(R,R), defined by f € Cp(R,R) if there
exists a C'y > 0 such that |f(z)| < Cy for all z € R, is a vector space.

2TFor any subset S, linear combinations in S with coefficients from R can be thought of as finite sequences
in § x R, i.e., in bijection with a subset of (S x R) x N. Thus no set S with |S| < 2Rl can span F(R,R), since
|span S| < |(S x R) x N| = |S x R| < 2IRl = |F(R,R)|.
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Example 9.13. We now see examples similar to the above and important in Fourier Analysis.
(i) Almost periodic functions AP := span(Sg), where Sg := {e“? : w € R} C F(R,C).
(i) The subspace of AP given by span(Sz), where Sz := {e*™* : n € Z} C F(R,C).
(iii) The subspace of AP and of span(Sz) consisting of trigonometric polynomials, for N € N,
given by span(Ty) where Ty := {e?""*: n = -N,~-N +1,...,-1,0,1,...,N — 1, N}.
Each of the sets T, Sz, and Sk can also be shown to be linearly independent. Hence Ty is a
subspace of dimension 2N + 1, and both AP and span(Sz) are infinite dimensional.
We can also determine whether a set is a basis in the same way we did for subsets of C".

Example 9.14. Let spanTs := {3, <, a,e?™n . g, € C} be the space (over C) of trigonometric

polynomials of order 2. Then the set A = {e=2712% o=27iw 1 o2miz o272z} ig 5 hagsis of Th. Now
we can expand e?™"% = cos(2mnx) + isin(27nz), and so we expect that

B = {cos(2m2x), sin(272z), cos(2nx), sin(2mwx), 1}

is as well a basis for T5. The corresponding matrix is given by

1 0 0 0 1
—-i 0 0 0 i
Cpga=]10 1 0 1 0
0 —-i 0 i 0
0 0 1 0 O
for which we compute that det Cg4 = —4. Thus Cp 4 is nonsingular and B is indeed a basis.

Example 9.15. The notions of eigenvalue and eigenvector also apply to spaces of functions.
(i) Let D denote the derivative map on C'!(R,R), so that D(f) := f’. Then f(z) = e is an
eigenvector for D with corresponding eigenvalue .
(ii) Similarly, for the same map D as above, every element in Sg is an eigenvector in AP.
(iii) For P(R) over R, we can consider the derivative function D : P(R) — P(R) and also
A P(R) — P(R), p(x) — zp(x). Setting T := Ao D leads to each element from
{x,22, 23, ...} being an eigenvector (each with a different eigenvalue).

Example 9.16. The image and kernel are defined for any linear map.

(i) For D above, on C}(R,R), we have that ker D = Py and Im D = C°(R, R).

(ii) For the shift map T} : F(R,C) — F(R,C), f(x) — f(xz+1) and I : f(z) — f(z), we have
that ker(77; — I) = PF(R, C) the space of periodic functions with period 1.

(iii) For the evaluation map 4, : F(R,C) — C, f(x) — f(1), we have kerd; = {f : f(1) =0}
and Imd; = C.
Example 9.17. We also have new examples of inner products.

(i) Let V = M,(R) over R. Then (A, B) := tr(A'B) defines an inner product on V. In one
way this is not new: we sum, over j, the dot products of rows of A and columns of B, and
so we could equally well view A, B as vectors in R”Q, listing, column after column, their
entries as a one-dimensional array.

(ii) On Cla,b] :== {f : [a,b] = C : fis continuous} we have an inner product given by
(f,9) = f: f(z)g(x) dr. We also have an associated norm. The key motivation for these
comes from quantum mechanics.

Example 9.18. With an inner product we can then find an orthonormal basis.

(i) For our inner product above on M,,(R), an ONB is really just one in R". Thus the basis
seen before consisting of matrices with exactly one (4, j) such that a;; = 1 and all other

entries zero defines an ONB (and corresponds to the standard basis {e1,...,e,2}).
(ii) Let V = C0,1] and ex(z) := €™ for k € Z. Then for k # [ and k,l € Z we get
1 1
. 1 .
_ 2mi(l—k)x dr = 2mi(l—k)z | _ 0
{ew,e1) /O ¢ T om - k)¢ .

so ex L e; if k # [. Hence the above sets Sz and Ty, where N € N, are actually ONB.
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(iii) One also has that {1,v/2cosx,v/2sinz,...,v2coskr,v/2sinkz} is an ONB for span Ty.

When we have an ONB, it is then natural to consider orthogonal projections. Recall these are
linear functions P which are projections (meaning P? = P) that are hermitian (meaning P* = P).

Theorem 9.19. Let V be an inner product space, P : V. — V an orthogonal projection and
W =1ImP. Then, for each w € W, we have that

v —wl| = [lv—Po.
Proof. We apply Theorem by noting Pv € W and v — Pv € W+:
[v = Po|” < [jv — Po|* + [[Pv = w||* = [lv = Pv+ Pv —w|? = [jv — w|/*.
Thus, because this applies to every w € W, the result holds. O

Thus Pv € W is the vector in W closest to v and the distance from v to W is actually |jv — Pvl].
We end with a motivation for an ONB in the infinite dimensional setting. Let V = C]0, 1], the
space of continuous functions on [0, 1], and recall the inner product from Example ii). With
Wy = spanTx and eg(x) := e*™ for k € Z, we have an orthogonal projection onto Wy given by

Px(f)(z) = (ex, flex().
k

—N
Theorem tells us that for any function f(z) € F(R,C) the trigonometric polynomial

N 1
fn(x) =Py (f)(z) = Z (e, flex(z), with (e, f) = /0 f(@)e M da
k=—N

gives the best approximation of f in the sense that || f — fx || < ||f — g for all g € Wi This is
called a finite Fourier series of f. In Fourier Analysis one shows that if N — oo, then || f— fn| — 0.
Let us now touch on the subject of Functional Analysis. When we introduced the general notion
of a basis we required that every vector can be written as a linear combination of a finite number
of basis vectors. The reason for this was that, for a general vector space, we cannot define an
infinite sum of vectors as we have no notion of convergence. But with an inner product and the
associated norm ||v||, the situation is different. Given infinite sequences (v, )nen and (Ap)nen, We
say that the sum > .° A\;v; converges to v, denoted v =Y .2 N\v;, if

N
v — E A/U?
=1

We can then introduce a different notion of basis, a Hilbert space basis, which is an orthonormal
set of vectors {vy, vs, ...} such that every vector can be written as

=0.

lim
N—o0

oo

v= Z(vi,wvi.

=1

Example 9.20. The set Sz = {e,(x) : n € Z} is a Hilbert space basis of C|0, 1]@ In this case
the sum f(z) = >, cz(er, fex(x) is called the Fourier series of f.

28 well, almost. We should take the completion of C10,1], which is L2[0, 1], but leave this for another day.
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