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5 Determinants

5.1 Definitions and key properties

Suppose V is an n-dimensional vector space over a field F' and T : V — V is a linear
transformation. In the previous section you saw how, by taking a basis B for V', we could
represent 1" as an n X n matrix [7]p and use the matrix to perform calculations with 7'
In order to understand 1" better, it turns out to be useful to try to choose the basis so that
the matrix has a particularly simple form: the best case is where all the non-diagonal entries
are just 0. This leads to the notions of eigenvalues and eigenvectors. We shall come back to
this, but before we do, we need to take a detour though determinants. These are important
in their own right, but for us, the main reason for studying them at this stage is to have a
way of computing the eigenvalues of a matrix.

NoTATION 5.1.1. We use the following notation throughout:
e F is a field (for example, R, C, Q or F,, the field of congruence classes of integers
modulo a prime p)
e neN={1,2,3,...}
e M,(F) is the set of n X n matrices with entries from F'.
If we have a matrix A € M, (F) we will denote its entries by a;; (for 1 <4,j <n), that is,

we use the corresponding lower-case letter. We will also write A = (a;;), without displaying
the ranges for the indices.

DEFINITION 5.1.2. If A € M,(F) and 1 <14,j < n, let A;; denote the (n — 1) x (n — 1)
matrix obtained by deleting the i*" row and the j* column from A. This is the ij minor
of A.

ExamMpLE: If

then

EXERCISE If A € M,(F) and 1 < 1,5 < n, write down a formula for the (I, m)-entry of
A (for 1<lim<n-—1).

We now define the determinant det(A) € F of an n x n matrix A € M, (F). The definition
is by induction on n and I will do the cases n = 1,2, 3 separately.



DEFINITION 5.1.3. Let A = (a;;) € M, (F).
(i) Forn=1: det(A)=a.
(i) For n=2:

21 A22

an a
det ( , 12) = 11029 — 12091 = apdet(Arr) — ajadet(As).

111) For n =3 det(A) = audet(An) - algdet(A12> + algdet(Alg).

iv) In general, suppose that det of an (n — 1) x (n — 1) matrix has already been defined.

(
(Note that det(Aj;) ete. has already been defined.)
(
If Ae M,(F) define:

det(A) = audet(An) — a12det(A12) + algdet(Alg) — -+ (—1)"+1a1ndet(A1n).

Using summation notation:
n

det(A) = Z(—1)1+ja1jdet(A1j).

j=1

The point in the last part of the definition is that the minors A;; are (n — 1) x (n — 1)
matrices, and so their determinants have already been defined by induction. Notice that the
signs (—1)' just alternate +, —, +, —, ....

There are other ways of defining the determinant. For example, you may come across one
which involes using the ‘sign of a permutation.” We will come back to this at some point.
The above definition is sometimes referred to as expansion along the first row of A or
the Laplace expansion of a determinant. We will sometimes denote the determinant of a
matrix A by |A].

ExaMPLE: Consider the following 4 x 4 determinant (over R, say):

0 1

23_11 0 —1 1 2 -1 2 2 0 -1
19 1ol =12 1o0{-2-1 10]+0-1]-12 1
L0 91 0 —2 1 1 -2 1 10 -2
2
_1(0—(—1)0

—1 (2‘ 0 _; ‘—0+(—1)' B
= 1(1(2)+1(—4)) —2(2(1) + 1(-1) +
= —2-4+46=0

o))

(1)) = 1(2(—4) - 1(=2))

—_ = =
o



We now develop some crucial properties of determinants which will make calculations much
simpler. Essentially, how does the determinant change when we apply elementary row oper-
ations?

THEOREM 5.1.4 (D1: Taking out factors). Let A € M,(F) and let « € F. Let 1 <1 <n
and let B be the matriz which is obtained by multiplying the I*® row of A by o. Then

det(B) = adet(A).

Proof: The proof is by induction on n. The case n =1 is trivial. Suppose that the result
holds for (n — 1) x (n — 1) matrices. We must now split our consideration into two cases:

If I > 1 then the first row of B is the same as that of A and so

n

det(B) = Y _(—1)"ay;det(By;).

=1

But, for each j, the (I — 1)™ row of Bj; is « times the (I — 1)™ row of A;;, while all
other rows are the same in B;; as in A;;. Since these minors are (n — 1) x (n — 1),
we have det(Bj;) = adet(A;;), by the inductive hypothesis. Substituting back, we get
detB = adetA.

aap; oarp ot Ay
a1 a9y - A2p .. .

If ]=1 then B = ] ] ] ] and, by the definition of the determinant,
An1 An2 Tt Ann

det(B) = zn:(—l)1+jaa1jdet(31j).

j=1

But the minors A;; and B;; are the same, so this is
a (=1)aydet(Ar;) = adet(A).
j=1
O

REMARK: Note that If B € M, (F) has one of its rows being the zero vector, then the
above shows that det(B) = 0.

THEOREM 5.1.5 (D2: Linearity on rows). Let A, B,C € M, (F) and let 1 <1 <mn. Suppose
A, B,C are the same except in the I'* row, where we have that the I'" row of C is the sum
of the I™™ rows of A and B. Then

det(C) = det(A) + det(B).
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The proof of this is very similar to the proof of |5.1.4(D1) above and is left as an exercise. O

THEOREM 5.1.6 (D3: Identical consecutive rows). Let A be an n X n matrices and let
1 <1< n. Suppose that the I'® and (I + 1)™ rows of A are the same. Then

det(A) = 0.

Proof: The proof is again by induction on n. The base step is n = 2, which is easy to
check, so we suppose n > 3 and the result is true for (n — 1) x (n — 1) matrices. Again, we
divide into two cases.

If I > 1 then we have detA = 7" (—1)"*/ay;det(Ay;). Since rows [ and [+ 1 are the
same in A, rows [ — 1 and [ are the same in each A;;. Hence, by the inductive hypothesis,
det(A;;) = 0 for each j so det(A) =0 also.

The case [ = 1 is harder and it is here where the pattern of alternating signs becomes
important.

We have detA = >°%  (—1)7"'aj;det(A;;) but now we must expand further. Note that
ag, = aiy, since the first two rows are identical, so A;; has the form

column j
ayr - A1(j-1)  G1Gj+1) 0 Qin
azy - A3(j-1) a3(4+1) 0 A3n
Ay o= . .
Qn1 " Ap(i-1) An@G+1) -~ Qin

Then, from the definition of determinant we get

n

det(Ar;) = Y (=1 Magdet(Ayp) + > (—1)F D agdet(Ay ),

k<j k>j
= Z(—l)kﬂalkdet(/llj,k) — Z(—l)kJrlalkdet(Alj’k),
k<j k>j

where A;; is obtained from A by deleting rows 1 and 2 and columns j and k. Note, in
particular, that A;;x = Ayx;. Now, putting these back into the formula for det(A), we get

§ : § : +1 k+1 § : § : +1 k+1
det ] aljalkdet Alj k ] aljalkdet(Alj,k).
j=1 k<j j=1 k>j

But then if 1 <r < s <n, the term with j = s,k = r from the first sum is

(_ 1>S+T+2alsa1rdet(Als,T)a



which cancels with the term with 7 = [,k = m from the second sum:
(_1)T+S+2alralsdet(141r,s)a

since Ays, = Ay,s. Hence we get det(A) = 0. 0

THEOREM 5.1.7 (D4: Determinant of the identity). We have det(I,) = 1.

The proof of this is by easy induction on n and is left as an exercise. End
L1

Now, from properties D1-D4 we can say what happens when we apply an elementary row

operations to a matrix. We denote the rows of the n x n matrix A by Ry, ..., R, and write

Ry

a |
R,
THEOREM 5.1.8 (Further properties of determinants). Let A, B € M,,(F) and o € F'. Let
1<i,5<n withi#j.

(i) Suppose B is obtained from A by interchanging rows i and i+1. Then detB = —detA.
(i1) Suppose A has two rows equal. Then detA = 0.

(i1i) Suppose B is obtained from A by interchanging two rows. Then detB = —detA.

(iv) Suppose B is obtained from A by adding a times row i to row j. Then detB = detA.

It is of course true that (iii) implies (i) but we do need to prove (i) first. We also now know
how elementary row operations affect determinants and this means that we can calculate
determinants much more easily, by using Gaussian elimination. For example,

1 2 0 1 1 2 0 1 1 2 0 1

20 -1 1} @ |0 -4 -1 —1| (D B 0 4 I 1] p3) 0
-1 2 10 0 4 1 1 0 4 11 '

1 0 -2 1 0 -2 -2 0 0 -2 =2 0

Proof: (i) In the following, we just display rows ¢ and i + 1 since all other rows are the



same in all the matrices.

(D3) R; + Ry (D2) R; Ry
0= det R+ R; = det Ri1 +R; det R+ Ripq
B R; R; Ri1 Ri1
= det Rist + det R, + det Risy + det R,
9 detA+ 040+ detB.

(ii) By repeatedly interchanging consecutive rows of A, we end up with a matrix B with
two consecutive rows equal. By (i), detB = +detA and, by (D3), detB = 0.

(iii) The proof is the same as that of (i), using (ii) in place of (D3).

(iv) We just display rows ¢ and j (with ¢ < j — just reverse the notation if i > j):

detB = det . (22) det . + det
OzRi+Rj Oé}%Z R]
o1 R; 3
CU ndet | - | +detd @ 0+ detA = detA.
R;

O

COROLLARY 5.1.9. If A, B € M, (F) are row-equivalent, then det(A) = fdet(B) for some
non-zero B € F'. Thus,

det(A) =0 < det(B) = 0.

A matrix A € M,(F) is said to be singular if there is a non-zero v € F"™ with Av = 0.
Otherwise, it is called non-singular.

THEOREM 5.1.10. Suppose A € M, (F). Then the following are equivalent:

(1) A is invertible.
(2) A is non-singular.

(3) The rows of A are linearly independent.



(4) A is row-equivalent to I,,.
(5) det(A) #0.

Proof:  Statements (1) - (4) are equivalent by the first part of the module.
(4) = (5) : This follows from the above Corollary.

(5) = (4) : We prove the contrapositive. So suppose A is not row-equivalent to I,,. Then it
is row equivalent to a matrix B with a row of zeros (by Gaussian elimination), which we may
assume is the first row. So det(B) = 0 and it follows from the Corollary that det(A) = 0.

O

Now we show that we can use any row to expand a determinant.

THEOREM 5.1.11 (Expansion along the i*® row). Let A € M, (F) and let 1 <i <n. Then

n

det(A) =Y (=1)"a;;det(Aj).

j=1

REMARKS: (1) Note the pattern of signs from (—1)":

+ -+ -
- + - +
+ - + -
1 23
(2) In computing the determinant of [0 1 0] it would be sensible to expand along row
4 6 9

2, rather than row 1.

Proof: 'We may assume ¢ > 1. Write Ry for the k-th row of A and let B be A with rows
1 and ¢ interchanged. So

n n

det(A) = —det(B) = = > (=1)"aydet(By;) = Y (—1)a;det(By;).

J=1 J=1

We compare By; and A;;. Let R; denote Rj (the k-th row of A) with the j-th entry
deleted. So the rows of A;; are

/ / / / /
R17R27 e 7Ri—27 R’L—l’ RZ+1’ P

and the rows of B, are
/ / / / /
Ry, Rs,....R;_|,R|, R, {,....
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So by interchanging (i—2) pairs of rows of By; (working upwards, starting with ¢—1 and i—2,
then ¢ —2 and i —3, etc.) we can transform By, into A;;. Thus det(By;) = (—1)"?det(A;;).
Substituting back, we obtain the required formula.

EXAMPLES:

(i) Suppose A = (a;;) € M, (F) is such that a;; = 0 if j < ¢; that is, A is

upper triangular:

Then det(A) = ajia22 -« appy -

Proof:  One way would be to expand along the bottom row and use induction on n. Another
way is to use elementary row operations: for ¢ = 1,...,n, we can take a factor a; out of row

1 to get

(Note that this works even if some a;; is zero. Now we can eliminate all the entries above the
diagonal by adding multiples of one row to another, so this latter determinant is the same

as det([,) = 1.

det(A) = ajjag - - - apydet

(2) Compute the determinant of

Solution: We have

-1 0

1 3
2 2
0 1

0

4
1
2

3

1
5
7

3

-1

0
0
0

=N WO

0
1
0
0

N = s O

O N =

=~ W

11
7

0
2
1

-2

— N WO

3
7
1
-1

N — = O

7

N Ot —m W

1

0

W N = O

0
0
0

*

1

=~ = N O

O =N O

0

*

*

1

0 0
1 2
0 -3
0 —2

3(15) =

O

O

O

where we have used example (1) to get the determinant of this upper triangular matrix. O

End
L2



5.2 Further properties of determinants

In this section, we will find additional properties of determinants. In particular, we will see
that the determinant is multiplicative and that expansions down columns are also valid.

Recall (Section 2.4 of 1st term) that an n x n elementary matric E € M,(F) is an n X n
matrix obtained by applying a single elementary row operation to the identity matrix I,,.
Given a matrix A € M,(F) and an n X n elementary matrix £, the matrix EFA is the
matrix obtained by applying to A the corresponding row operation which gave E (see 2.4.4
in 1st term).

LEMMA 5.2.1. Let A € M, (F) and let E € M,(F) be an n x n elementary matriz. Then
det(EFA) = det(E)det(A).

Proof: By the remarks above, det(EA) is the determinant of the matrix obtained by ap-
plying a particular row operation to A, whence, by Theorem [5.1.8] it equals 3 det(A) for
some non-zero € F which depends only on the row operation. But, similarly, det(F) =
det(FEI,) = fdet(l,) = f and the result follows. O

Recall that a matrix M € M, (F) is singular if there is a non-zero v € F" with Mv = 0.
As in Theorem [5.1.10} this is the case if and only if M is not invertible

LEMMA 5.2.2. Suppose A, B € M,,(F). Then:

(1) AB is singular if and only if at least one of A, B is singular.
(2) det(AB) =0 if and only if det(A) =0 or det(B) =0.

Proof: (1): Exercise. It is probably easier to prove this with ‘not invertible’ in place of
‘singular’.

(2): By (1) and Theorem [5.1.10 0

Now we are ready to prove that the determinant function is multiplicative.

THEOREM 5.2.3 (Product Formula). Let A, B € M,,(F). Then
det(AB) = det(A)det(B).
Proof: 1f one of A, B is singular, this follows from the Lemma.

So assume A, B are non-singular. Thus, each is row-equivalent to I,, and therefore there are
elementary matrices F; and E} with

10



A = E,---E,
B = E,---E.

Applying Lemma [5.2.1 repeatedly, we get

det(A) = det(Ey)---det(E,),
det(B) = det(EY)---det(E.).

and, since AB=FE,---E.E|---E.,
det(AB) = det(Ey) - - - det(E,)det(E}) - - - det(E.) = det(A)det(B).
O
ExamvmpLE: If A € M,(F) is invertible, then det(A) # 0. By the product formula
det(A)det(A™) = det(I,,) = 1. So
det(A™') = 1/det(A).

We now turn to expansions along the columns of the matrix. The nicest way to do this is to
work with the transpose of the matrix.

THEOREM 5.2.4. Suppose A € M,(F). Then
det(A) = det(AT).

Proof: If E € M,(F) is an elementary matrix then ET is also an elementary matrix
of the same type as E (exercise) and it follows, by considering the various cases, that

det(ET) = det(F).

If A is invertible then it can be written as a product of elementary matrices A = Fy--- E,
so that AT = ET...ET. The above observation and the Product Formula then gives
det(A) = det(AT).

If A is not invertible then AT is not invertible. So in this case also we have det(A) =0 =
det(AT).

O

In particular, this implies that all the properties in Theorem are valid for elementary
column operations also. Therefore we get:

COROLLARY 5.2.5 (Expansion down the j*® column). Let A € M,(F) and let 1 < j < n.
Then

n

det(A) =Y (=1)"a;;det(Aj).

i=1

11



Proof:  This follows from [5.2.4; transpose A and apply the corresponding result for expan-

sion along the j-th row of the transpose. O
End
: L3

ExAaMPLE: (Vandermonde determinant) Let n > 2 and let x4, ...,x, € F'. Show that

1z 22 - :1071‘_1

1z a2 - 2

det . . . 2 2 — H (l’j — l‘z)
T - 1<i<j<n
1 x, 22 - !

Proof: We can use row and column operations. So we apply column operations C,,—x,C,,_1,
Cno1 — 11Ch_2,..., Cy — x1C (all of which do not change the determinant) to get

1 oo 22 o 2! 1 0 0 e 0
det 1 :E.Q x% - mg,_l = det b _ =) 5U2($2.— ) 33721_2@? — =)
1z, 22 - 2! 1 (vp—x1) xpl,—x1) -+ 2% (20 — 71)

Now we expand along the first row:

(xg — 1) x99 —27) -+~ Ig_2(x2 — 1)
= det
(xp — 1) Tp(xy — 1) -~ fo*Q(xn — 1)
Now we take a factor out of each row:
1 a9 rh?

- (‘rn _xl)(xn—l _xl) te (ZEQ —Il) det

Finally, we see that this final determinant is an (n—1) x (n — 1) Vandermonde determinant,
so the result follows by induction. [More precisely, we have done the inductive step, and the
base step (n = 2) is easy.| O

In particular, we notice that the Vandermonde determinant is zero if and only if z; = x;,
for some @ # 7.

COROLLARY 5.2.6 (Lagrange). Let n € N and aq,...,a,_1 € F, not all zero. Then the

polynomial

f(x) =ao+aw+ -+ ap, 12"

has at most n — 1 distinct roots in F', i.e. there are at most n — 1 distinct o € F' such that

f(a) =0.

12



Proof: Suppose z,...,z, € F are roots, so f(x;) = ag + a1x; + - + a,_127 ' = 0, for
1 =1,...,n. Then

1 T 2 0

1 T y! 0
a (. | ta|. |+t Fana]| o =

1 T, ! 0

Hence the columns of the Vandermonde determinant are linearly dependent so the determi-
nant is 0. Hence x; = z; for some i # j. O

5.3 Inverting matrices using determinants; Cramer’s Rule

DEFINITION 5.3.1. Let A = (a;;) € M,(F). If 1 <4, <n, the ij* cofactor of A is

¢i; = (—1)"*det(Ay).

Let C = (¢;5) € M,,(F) be the matrix of cofactors of A.

From the expansion for a determinant down the j*' column, we know that

n

det(A) = Z(—l)i“aijdet(zﬁlzj) = Z CijQij.
=1

i=1
Notice that this is precisely the jj* entry of the product CTA.

What about the other entries; that is, what is

n

Zcijaik (the jE™ entry)

i=1
when j #£ k7?7

In computing this sum, we never use the entries in column j of the matrix A (since this
column is removed when we calculate ¢;;) so we can assume for the purpose of this calculation
that columns j and k& of A are identical, that is a; = a;;. But then

Zn: Cij Qi = zn: CijQij = det(A) = 0,
=1 =1

since (our modified matrix) A has two identical columns.

We have proved:

13



THEOREM 5.3.2. Let A = (a;;) € M,(F) and let C = (¢;j) be the matriz of cofactors of A.
Then CTA = det(A)I,. In particular, if det(A) # 0 then

a1 T
det(A)

Here, C7 is sometimes called the adjugate matriz of A and denoted by adj(A).

-2 3 2
ExamMpPLE: Find the inverseof A=| 6 0 3
4 1 -1
-3 18 6\ [-3 5 9
Solution: adj(A)=| 5 -6 14 =18 —6 18 |. We also need to find det(A);
9 18 -18 6 14 -—-18

rather than expanding this out again, we can use the fact that adj(A)A = det(A)I, to find
this. Looking at the (2,2)-term of adj(A)A, we get det(A) = 18.3 4+ (—6)0 + 18.1 = 72.
Hence

L [3 59
A‘1:7—2 18 —6 18
6 14 —18

O

REMARK: For larger matrices, this is not a very efficient way of computing an inverse.
However, it does have some nice theoretical consequences. As the determinant of an n x n
matrix is a polynomial function of the n? entries, it follows that if GL,(F) C M,(F) denotes
the subset of invertible matrices, then the map ¢ : GL,(F) — GL,(F) given by ((A) = A™!

is of the form p(x11,..., 25, ..., 2,n)/q(z11, ..., Tij, ..., Tpyn), for some polynomials p, ¢ in

n? variables and coefficients in F'. In particular, if F' =R (or F = C), then this function is

continuous.

The following is referred to as Cramer’s Rule. It was mentioned in the introductory module
and some people like it. Personally I don’t think it’s very useful.

Let A € M,(F) and b = (by,...,b,)T € F". Consider the equation Az = b. If A is
invertible, then this has a unique solution

= (x1,...,0,)" = A7'b.

For 1 <i <mn let A; be the result of replacing the ¢-th column of A by b.
THEOREM 5.3.3. (Cramer’s Rule) With the above notation:

Proof: Write A~! = (aj;). Thus

n
/
i=1

14



By aj; = ¢ji/det(A), where ¢;; = (—1)7"'det(A;;). So

det(A Z 1) det(A;;)b; = det(A;)

where the last equality comes from expandlng det(A;) down column .

5.4 The determinant of a linear transformation

Suppose V' is a finite dimensional vector space over a field F and T : V — V is a linear
transformation. Let B = vy,..., v, be a basis of V' and consider the matrix M = [T'|p of T
with respect to B (see 4.3.5 from last term). We define the determinant of 7" to be det(M).
However, as you know from last term, changing the basis B will change the matrix M, so
why should this make sense? Rather surprisingly:

THEOREM 5.4.1. The determinant det(T) does not depend on the choice of the basis.

Proof: Let C' = uy,...,u, be another basis for V and N = [T]c. So by the Change of
Basis Formula 4.3.10 from last term:

N = [T)¢ = ¢[Id)s[T)s s|Idlc = PMP™!

where P = g[Id]¢ is the change of basis matrix (here, Id: V — V is the identity map).
Then by the product formula det(N) = det(PMP~!) = det(P)det(M)det(P~1) = det(M),

as required. O

ExaMPLE: Let V be the R-vector space of polynomials of degree at most 2 over R.
Consider the linear map 7' : 'V — V given by T'(p(z)) = p(3z + 1) for p(z) € V (Ex: why
is this a linear map?). Compute det(7T').

Take the basis 1,2z, 2% and compute that

T]s =

O O =
O W =
O O =

So det(T) = 27. End
L4

5.5 Further topics

There are no lectures on this, but you might like to explore the following topics yourselves.
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(1) Determinants and volume: have a look at Section VII.6 of the book:
Serge Lang, Introduction to Linear Algebra (2nd edition).

(2) We will say more about the following in the Group Theory part. A permutation of
{1,...,n} is just a bijection from this set to itself. Denote the set of these by S(n) and
note that there are n! such permutations. The following is true : There is a function
sgn : S(n) — {—1,+1} (the ‘sign function’) such that, for every matrix A € M, (F) we
have:
det(A) = Z SgN(0)a15(1)26(2) - - - Gno(n)-
oeS(n)

So this is a sum of n! terms each one of which is a product of n entries of A where there is
exactly one entry from each row and column.

(i) Write out the above formula in the cases n = 2 and n = 3 and work out what sign
function is in these cases.

(ii) If o € S(n) let M, be the n x n matrix with ij entry equal to 1 if j = o(¢) and 0
otherwise. Let A(c) be the n x n matrix with 4j entry equal to @,y if j )
otherwise. So det(A(0)) = d15(1)020(2) - - - Anomydet(M,).

|
Q
-~
S~—
o
=
o
o

Use the linearity property (D2) of determinants to show that

det(A) = ) det(A(0)).

Hence deduce the above formula.

(3) What happens if you miss out the alternating signs in the definition of the determinant?
Type ‘permanent of a matrix’ into your favourite search engine.

(4) What do you think is meant by a submatriz of a matrix? Show that the rank of a matrix
A is the largest m such that A has an m x m submatrix with non-zero determinant.

6 Eigenvalues and Eigenvectors

Throughout, F' is a field and n € N.

6.1 Definitions and basics

DEFINITION 6.1.1. (1) Suppose A € M, (F) and A € F'. We say that \ is an eigenvalue
of A if there is a non-zero vector v € F™ with Av = Av. Such a vector v is called an
eigenvector of A (with corresponding eigenvalue \).

(2) Suppose V' is a vector space over F' and T : V — V is a linear map. We say that A € F’
is an eigenvalue of T if there is a non-zero vector v € V' with Twv = Av. Such a vector v is
called an eigenvector of T' (with corresponding eigenvalue \).

16
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EXAMPLE 6.1.2. Let

10 —1 —12
A=[8 1 —12| € Mz®R).
5 —1 =5

Define T : R* — R? in the usual way by Ta(v) = Av.
(1) Let

U1 = , U2 , U3 =

hO Lo WO
Il
W o o1
ENCEY

Then

-

(v1) = Avy = Loy
T(vg) = Avy = 2.09;
Ta(vs) = Avg = 3.v3.
So vy, v9,v3 are eigenvectors of A with corresponding eigenvalues 1,2, 3.

(2) In the above you can check that vy, vs,v3 is a basis for R3: call it B. Then
100
Tus=(0 2 0] =D.
0 0 3

Note that this is a diagonal matriz (all of its non-diagonal entries are 0).

As an exercise, you can show that for all £ € N we have

1 0 0
DF=10 28 0
0 0 3k

(3) By the Change of Basis Formula

[Talp = Blld)g g[Tale £[1d]B
where E is the basis e, ea, €3 of R3 and Id is the identity map on R®. Thus

D=P'AP
where P is the matrix with columns vy, vo, v3.
(4) Finally, as an application, note that A = PDP~! so for k € N we have
A* = (PDP~ Y (PDP™")...(PDP™") k times,

so A¥ = PD¥P~! and so we can obtain a general formula for the powers of A.
(Messy Exercise: work out what it is: you need to compute P~! and multiply out the
matrices! Do it with a computer package.)
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Before we explain how to compute eigenvalues and eigenvectors, we note the following propo-
sition, which connects the definitions for linear maps and for matrices.

PROPOSITION 6.1.3. Suppose V' is a finite dimensional vector space over a field F' and B
is a basis for V.. Let T : V. — V be a linear map.

(i) The eigenvalues of T are the same as the eigenvalues of the matriz [Tp.

(ii) A vector v € V is an eigenvector of T with eigenvalue X\ if and only if the coordinate
vector [v|p is an eigenvector of the matriz [T|p with eigenvalue .

Proof: First note that [v]p # 0 iff v # 0. Then note that
T(v) =M< [T(v)|g =[M]p < [TW)]s[vls = Av]s.

The result follows. O

6.2 The characteristic polynomial

DEFINITION 6.2.1. (i) Suppose A € M, (F) and let x denote a variable (or ‘indeterminate’).
The characteristic polynomial of A is xa(x) = det(xl, — A).

(ii) Suppose V' is a finite dimensional vector space over a field F' and B is a basis for
V. Let T : V — V be a linear map. We define the characteristic polynomial of T" to be
xr(z) = det(xl, — C), where C = [T]p.

2 1

Example: Let A = (_1 0

) € My(R). Then

xa(z) = det (x;2 _xl) =2’ —2r+1=(r—1)%

REMARKS 6.2.2. (i) Some people define the characteristic polynomial to be det(A — z1,),
which equals (—1)"xa(x). This saves having to change the sign in A.

(ii) By an exercise on a problem sheet, x4(x) is a polynomial in x over F', of degree n, and
the coefficient of z™ is 1 (if we were to use the other definition in (i), then we would obtain

(=1)").

(iii) If you are being super-careful, you might object that we defined the determinant of a
matrix where the entries come from a field, but here the entries of xI,, — A are from F and
also involve x: so what’s the field? One way around this is to consider the ‘field of rational
functions’” F(z) (note the round brackets). The elements of this consist of expressions
p(z)/q(z) where p,q are polynomials over f in z (and ¢ # 0), and the field operations are
the expected ones.

(iv) We should show that in (ii) of the definition, the characteristic polynomial of 7" does
not depend on the choice of basis. This is just like the calculation in Theorem [5.4.1} try to
give the proof yourself before looking at the following.

18



Let B’ be another basis of V. Then [T]z = P~'CP where P = g[Id|p . Now,
det(zI, — P"'CP) = det(P~!(xl, — C)P) = det(P~")det(x1, — C)det(P) = det(z1, — C),

as required.

The following shows that the eigenvalues can be computed as the roots of the characteristic
polynomial. We state the result for both matrices and linear maps, but I hope you are now
getting bored with this: essentially matrices are linear maps.

THEOREM 6.2.3. (i) Suppose A € M,,(F) and A € F'. Then X\ is an eigenvalue of A if and
only if xa(A) =0.

(i) Suppose V' is a finite dimensional vector space over a field F and T :V — V is a linear
map. Then X\ € F is an eigenvalue of T if and only if xr(A) =0.

Proof: (i) For X € F:

A is an eigenvalue of A

& there is a non-zero vector v € F" with (A, — A)v = 0;
& the matrix (A, — A) is singular;

< det(A, — A) =0 (by 5.1.10);

= XA()‘> =0.

(i) By (i) and 6.1.3. O

We have the following corollary:

COROLLARY: If A € M, (F), then A has at most n eigenvalues in F'. O End
L5

We will use the following notation frequently:

NoTATION: If A € M,(F) and A € F, let
Ex={veF": Av=X}={veF":(\,— Av =0}

This is a subspace of F™ (it’s the kernel of a matrix) and A is an eigenvector iff this is not
the zero-subspace. In this case, F) is called the eigenspace of A for eigenvalue A. Note that
it consists of the zero vector, together with the eigenvectors with eigenvalue \.

We will use a similar notation and terminology for a linear map 7' : V — V.

Now some examples of computing eigenvalues and eigenvectors. I assume you have seen this
before, so I will miss out lots of details in the calculations.

2 1

EXAMPLE 6.2.4. (1) Let A = (_1 0

) € M(R). Then

xa(z) = det (xIQ ;1) =2 —2x+1=(x—1)>2
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So the only eigenvalue of A is 1. We compute the eigenspace F; by solving Av = 1l.v,
equivalently, solving (A—1.13)(v) = 0 using Gaussian elimination (I know you can solve this
in your head, but this works in general):

11 11
A_12:<—1 —1)“(0 0)‘

So E; = Span( (_11) ). The eigenvectors of A are the non-zero scalar multiples of (_11) .

(2) We go back to Example 6.1.2. Let

10 -1 —12
A=[8 1 —12] e MyR).
5 —1 =5
So
x— 10 1 12
xa(x)=det [ -8 x—1 12 =...=(z—1)(z—2)(x—3).

-5 1 —r+5

[Exercise: you are encouraged to try to do the algebra to fill in the dots.]
Thus, the eigenvalues of A are 1,2,3.

To find the eigenvectors, we consider each eigenvalue in turn (we solve (A — Al,)v = 0 as
it’s less likely that we make an error than writing down (A, — A)):

A = 1: Missing out the steps in the Gaussian elimination (which you should not do)

9 —1 —12 1 -1 0
(A-1L)={8 0 -12]~[0 2 -3
5 -1 -6 0 0 0
Reading off the solutions
3
E, = Span(|3])
2

and the non-zero vectors in this are the eigenvectors with eigenvalue 1.
A=2: ...

A=3: ...

Exercise: do the calculations and check with 6.1.2.

(3) Let V be the vector space of polynomials in variable ¢ of degree at most 2 over R and
T :V — V the linear map given by T'(p(t)) = T'(3t + 1). (Ex: why is this linear?). Find
the eigenvalues and eigenvectors of T'.
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Solution: Choose a basis of T'. We will take B : 1,¢,t>. Then we compute
1 11
009
[Exercise: you should check this... .] So
r—1 -1 -1
xr(x) = xa(x) = det 0 -3 —6 |=(x—-1)(x—-3)(z—-9),
0 0 x-9
as this is an upper triangular matrix.
The eigenvalues of T" are 1,3,9.
To compute E3, work first with A:
-2 1 -1 -2 1 -1
A-3=10 0 6 |~0 0 1
0 0 6 0O 0 O
1
So the eigenvectors of A with eigenvalue 3 are non-zero multiples of | 2
0

THUS the eigenvalues of T' with eigenvalue 3 are the non-zero scalar multiples of (1 + 2t).

Note that what we want are the eigenvectors of T', so you have to do this last step (where
we are using 6.1.3, of course).

Exercise: finish the computation by showing that
Ei={al:aeR} and By = {a(l + 4t + 4t?) : a € R}.

6.3 Diagonalisation
DEFINITION 6.3.1. (1) A linear map T : V — V is diagonalisable if there is a basis of V
consisting of eigenvectors of T'.

(2) A matrix A € M, (F) isis diagonalisable if there is a basis of F™ consisting of eigenvectors
of T.

If Ae M,(F),let Ty : F™ — ™ be given by T4(v) = Av (for v € F™), as usual. Then,
just from the definitions, A is diagonalisable if and only if T4 is diagonalisable.

Let’s have a look at this in the previous examples (6.2.4):

(1) The matrix A = <_1 0

(4)

2 1
) is not diagonalisable as its only eigenvectors are multiples of
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(2) The matrix A in (2) is diagonalisable: we have a basis of eigenvectors vy, vy, v3, as in
6.1.2.

(3) The linear map T in 6.2.4 (3) is diagonalisable as B : 1, (1 + 2t), (1 + 4t + 4t?) is a basis
of V' consisting of eigenvectors of T'.

NOTATION AND TERMINOLOGY: A matrix D = (d;;) € M,(F) is a diagonal matriz if
d;; = 0 whenever ¢ # j. The diagonal entries are the entries d;; (note that some of these
could also be 0). In this case we might write D = diag(diy,...,d,,), just displaying the
diagonal entries.

THEOREM 6.3.2. (1) Suppose V is a finite dimensional vector space over a field F and
T :V — V s a linear map. Then T is diagonalisable if and only if there is a basis
B:wvy,...,v, of V such that D = [T|p is a diagonal matriz.

(2) A matriz A € M, (F) is diagonalisable iff there is an invertible matric P € M, (F) such
that P~YAP is a diagonal matrixz. In this case, the columns of P consist of eigenvectors of
A and form a basis of F™.

Proof: (1) Suppose B : vy, ...,v, is any basis of V. Note that v; # 0. Let D = [T]g. Then,
by definition of [Tp:

D is a diagonal matrix

& for each j < n we have T'(v;) = d;;v;

& each v; is an eigenvector of T' with eigenvalue d;;.

[Ex: where did we use that the v; are non-zero?]

(2) Suppose P € M, (F) is invertible. Then the columns vy, ...,v, of P form a basis B of
F™. Moreover, P = g[ld|p where E is the standard basis. Thus

PYAP = y[Id) p[Talp slId]s = [Tals.

This is a diagonal matrix diag(dy, ..., d,) if and only if T4(v;) = d;v; for all j <n. This is
the case iff v; is an eigenvector of A with eigenvalue d;, for all j <n. O

EXERCISE: With the notation as in (2) of the above proof, the columns of AP are Avy, ..., Av,.
Use this to deduce (2).

EXAMPLE 6.3.3. (1) Let A € My(R) be the matrix <(1) _01) Then x4(z) = 22 + 1 and

there are therefore no eigenvalues in R and so no eigenvectors in R?. (This should not be a
surprise as A is a matrix representing rotation anti-clockwise through 7/2, so there are no
fixed directions in the plane R?.)

0 —1

(2) Now consider the matrix A = (1 0

) as a matrix in My(C). Then ya(z) =22+ 1=

(x —i)(x + 7). So we have eigenvalues +i € C. Corresponding eigenvectors are: —i) for
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7 and (1) for —i. These form a basis of C.

So the conclusion is that A is diagonalisable over C, but not over R: we can diagonalise
by extending the field. This is in contrast to Example 6.2.4 (1) where we cannot diagonalise
the matrix even if we pass from R to C.

Now we give a couple of applications of diagonalisability.

EXAMPLE 6.3.4. (1) Powers and roots of matrices: Let A € M,,(F') and suppose P € M, (F)
is such that P~'AP = D = diag(dy, ..., d,) is diagonal. Then (as in 6.1.2(4)) for k € N we
have

(P7'AP)f = P7'A*P and D* = diag(d?, ..., d"),
so AF = Pdiag(dt, ..., d*)P~1. This gives a general expression for A*. (As an exercise, you

can show that if A is invertible, then the same formula also holds for negative integers k.)

Now we consider roots of matrices. In general, it may not be possible to solve an equation
such as B? = A, even if we enlarge the field (and in general, if there is a solution there may
be infinitely many). However, if A is diagonalisable, we can find a solution for B using the
above equation.

If ¢;,...,c, € F and ¥ = d; for i < n, then let C = diag(cy,...,c,). We have C* = D
and so:

(PCP~ Y = pC*P~' = PDP™! = A.
So PCP~!is a k-th root of A.

(2) Recurrence relations: The following is an example of a system of linear recurrence rela-
tions.

The sequences (L,)n>o and (7,),>0 of real numbers satisfy L, = 1000, Ty = 8 and, for
n>1:
3L, =2L, 1+7T,_1and 37T,, =4L,,_1 +2T,,_;.

Find a general expression for L, and T,,.
Solution (sketch):

Note that the equations can be written in matrix form as:

Ly _ 1 (2 1\ (L
Tn N 3 4 2 Tnfl '
Writing A for the above 2 x 2 matrix we obtain:
Ln o 1 n LO
Using the method in (1) we can obtain a general expression for A" and therefore a general
expression for T, and L, .

Exercise: complete this!
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The following general result is very useful: eigenvectors for different eigenvalues are linearly
independent. For example, in Example 6.1.2 it tells us immediately that the vectors vy, vo, v3
are linearly independent: so form a basis for R3.

THEOREM 6.3.5. Suppose V' is a vector space over a field F' and T :' V — V s a linear
map. Suppose vy, ..., v, are eigenvectors of T with T(v;) = Nwv; for i < n. If the \; are
distinct then vy, ..., v, are linearly independent.

Before proving this let’s note:

COROLLARY 6.3.6. (1) Suppose V' is a finite dimensional vector space over a field F', with
dimension n, and T :'V — V is a linear map with n distinct eigenvalues in F. Then T is
diagonalisable over F'.

(2) If A€ M,(F) and xa(x) has n distinct roots in F', then A is diagonalisable over F'.

Proof of Corollary: (1) Call the eigenvalues Aq,...,\, (distinct) and let wvy,...,v, be
corresponding eigenvectors. By the Theorem, wvy,...,v, are linearly independent. As
dim(V) =n, vy,...,v, is therefore a basis of V. So by definition, T is diagonalisable.

(2) By (1) applied to T4. O
Proof of Theorem [6.53.5: We prove this by induction on n.
Base case: n = 1. We just have to observe that v; # 0 as vy is an eigenvector.

Inductive step: Suppose n > 1 and that the result is true for fewer than n eigenvectors.
Suppose a,...,qa, € F and
av] + ...+ ayv, = 0.

We need to show that a; = 0 for all ¢ < n. If some a; = 0, then we already know this from
the inductive assumption (as we can ignore a;v; in the sum). Thus it will suffice to assume
that all a; are non-zero and produce a contradiction.

By dividing the above equation by «; we can simplify the notation and assume that a; =1,
that is:
V] + agvs + ... + o, = 0.

Applying T to this we obtain
0=T(0) =T (v1 + agua + ... + apvy) = A1 + agdovy + ... + A\ Uy.

Subtracting A; times the first equation from this:

0= ()\11)1 -+ &2)\2@2 + ..+ an)\nvn) — ()\17}1 + Ctg)\l’l)z + ...+ Ckn)\lvn>-

So
Oég()\g — )\1)’02 + ..+ Oén()\n — )\1)'Un =0.

As vg,...,v, are linearly independent (by the induction hypothesis) we therefore have:

@2()\2 — )\1), ce ,Oén<)\n — )\1) = 0.
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As the \; are distinct, this implies that as,...,a, = 0. This is the required contradiction.
O

The following gives a summary of the method we have developed to decide whether a given
linear map (or matrix) is diagonalisable.

SUMMARY 6.3.7. Suppose we are given:

e A finite dimensional vector space V' over a field F', dim(V') = n;

e Alinearmap 7:V — V.
We want to answer the following questions:

e [s T diagonalisable over F'?

e [f so, find a basis of V' consisting of eigenvalues of T'.
The method to do this is:

(1) Compute the characteristic polynomial xr(z) and find the (distinct) eigenvalues Ay, ..., A, €
F.

(2) For each i <r, find a basis B; for the eigenspace E,, = {v € V : T(v) = \v}.
(3) If >0, |B;| < dim(V), then T is not diagonalisable.
(4) If 77, |Bi| = dim(V), then the union B = By U...U B, is a basis of V' consisting of

eigenvectors and so T' is diagonalisable.

As a special case, if T' has n distinct eigenvalues, then it is diagonalisable. (This already
follows from Theorem [6.3.5])

Note that (3) here is by definition of diagonalisability. The statement in (4) requires a proof:
Proof of (4): Suppose B; consists of the vectors v;1, ..., vinu) (so n(i) = dim(E)y,). It will
suffice to show that the vectors

v;; for i <rand 1 < j < n(i)

are linearly independent: once we have done this, we know that there are n = dim(V') of
them, and so they form a basis of V.

Suppose «;; € F' and

r o n(i)

Z(Z aijvij) = 0.

i=1 j=1
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We need to show that the «;; are all 0. Let w; = E;Lg V5. S0 w; € Fy; and
w;+...+w, =0.

As \; # A\ if ¢ # k, then Theorem gives w; = 0 for all ¢ < r: any non-zero w; are
eigenvectors with differing eigenvalues and the above equation would then give us a linear
dependence between these.

So for each 7 < r we have Zyg a;;v;; = 0. As the vectors v;; for fixed i are linearly
independent, we obtain that «;; = 0 for all 7, j, as required. O

6.4 Orthogonal vectors in R"

For this section, it will help if you take another look at the section of the Introductory
Module about scalar (or dot) product (Section 5.4 of the notes there?). We we use the
following terminology. Throughout, the field is R.

DEFINITION 6.4.1. Suppose u = (ay, ...,a,)T and v = (B,...,5,)T are vectors in R™.

(1) The inner product of u and v is

n
w-v=ulv= E o; ;.
i=1

(2) We say that w,v are orthogonal if u-v =0.
(3) The norm (or length) of u is

n

lull = v = (3 a})? e R,

i=1

(4) The (Euclidean) distance of u from v is

n

= ol = (3 (s = )2

i=1

NoOTES: You can consider the following as exercises:
0) u-(v4+w)=u-v+u-w etc.
(1) |Ju|| =0« u=0.

(2) [Jaul| = | ||Ju|, for € R. So if u # 0, then @& = ||u| ™" u has norm 1. We refer to this
as normalising u and say that @ is a unit vector.

The main fact here is the following. For the history of (1), use your favourite search engine.
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THEOREM 6.4.2. Suppose u,v,w € R™.

(1) (Cauchy - Schwarz - Bunyakowsky) We have

Ju - v < flull {loff,
and there is equality here if and only if u,v are linearly dependent.
(2) (Triangle Inequality) ||u+ v|| < ||u|| + ||v]|.

(3) (Metric triangle inequality) ||u —v|| < |Ju — w|| + ||w —v]| .

Proof: (1) We show that (u-v)2 < ||u||*|v||* and then take the non-negative square root.

Suppose u # 0 (otherwise the result is trivial) and consider |Au — v||*. [Why? Well, it’s the
square of the distance from v to the point Au on the line through 0 and w. We are going
to minimise this distance and hope that it tells us something useful.] We have

0< [[Au—o|* = (Au—0)- u—0v) =\ |lul|> + [|v]|* = 2\ (u - v).

Let A = (u-v)/|jul|®. [Exercise: this minimises the right hand side of the inequality.]
Substituting in, we obtain:

0 < (u-v)?/ Jul® + [l = 2w - 0)*/ |[ul|*

and rearranging gives what we want. Also note that there is equality here if and only if
v = \u.

(2) Exercise: Using (1), show that |ju+ v||* < (||ul| + ||v]|)2.
(3) By (2). O

REMARK: If u,v € R" are non-zero, then (1) shows that

u-v

Ml =

so there is a unique 6 with 0 < 6 < 7 such that cosf = u - v/(||ul| ||v]|). By definition,
0 is the angle between u and v. Note that this agrees with what you expect in the cases
n = 2,3; moreover, § = /2 if and only if u-v = 0. This motivates the following terminology,
recalling that ‘orthogonal’ means ‘at right-angles’.

TERMINOLOGY: We say that non-zero vectors wy,...,w, € R" form an orthogonal set of
vectors if w; - w; = 0 for i # j. If additionally each w; is a unit vector, then we say that
they form an orthonormal set.

It is easy to see that if wq, ..., w, is an orthogonal set of vectors, then by normalising these
vectors we obtain an orthonormal set wq, ..., w,.

EXERCISE: An orthogonal set of vectors is linearly independent.

You should have seen the following before:
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DEFINITION 6.4.3. A matrix P € M,(R) is an orthogonal matriz if PTP =1,,.

Note that in this case PPT = I,, (why?) and P is invertible with P~! = PT.

LEMMA 6.4.4. A matriz P € M,(R) is an orthogonal matriz iff the columns of P form an
orthonormal set in R™.

Proof: The ij-th entry of PTP is the inner product of columns i and j of P. O

All of the above should be familiar, at least in the case n = 2,3. The next result is the main
new result of this section. Variations and generalisations of it will come up many times in
other modules.

THEOREM 6.4.5. (Gram - Schmidt Process) Let vy, ..., v, be linearly independent vectors in
R™. Define inductively vectors ws, ..., w, as follows (for i <r):

w1, = V1,

Wy = Vg — Wy

_ _ (w1v3 w2-V3 .
wy = vz — (PEBw + 2B ws)

wi = v; = 30 (e wy

Then:
(i) The vectors wy, ..., w, are an orthogonal set of vectors.
(i) If u; = w;/ ||w;]|, then uy, ..., u, is an orthonormal set of vectors.

(#i) For i <r we have Span(vy,...,v;) = Span(wy,...,w;) = Span(uq,. .., u;).

Proof: Note that (ii) follows immediately from (i). We prove the other two parts together.
More precisely, we prove by induction on ¢ that:

(a) w; # 0; (b) Span(vy,...,v;) = Span(wy, ..., w;); (c) If k <4, then wy - w; = 0.

The base case ¢ = 1 is trivial, so we do the inductive step, assuming all of these statements
hold for smaller i.

(a): If w; =0 then v; € Span(wy, ..., w;—1) = Span(vy,...,v;—1), using (b) of the inductive
step, and the definition of w;. This contradicts the linear independence of vy, ..., v,.

(b) Easy Exercise using the inductive assumption that Span(vy, ..., v;_1) = Span(ws, ..., w;_1).
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(c¢) If k<, then

i—1
_ Wy - Vi
wk-wi—wk-vi—g ( Jwy, - w.
- U)j . U)j
Jj=1

If j,k < and j # k then by inductive assumption (c), wy - w; = 0. So the above simplifies

to:
Wk * V;

W+ w; = wy - v; — ( Jwg - wy = 0.

Wi * Wi

This completes the inductive step. O

COROLLARY 6.4.6. (1) If U is a subspace of R™, then there is an orthonormal basis of U
(i.e. an othonormal set in R™ which is a basis of U ).

(2) If uy € R™ is a unit vector, there is an orthogonal matriz P € M, (R) with first column
Uy .

Proof: (1) Let vy,...,v, be a basis of U and apply Gram - Schmidt to this.

(2) Extend w; to a basis uy, vy, ..., v, and apply Gram - Schmidt to obtain an orthonormal
set (basis) uy,us, ..., u,: the first vector here is unchanged by the process. Take P to have
these vectors as its columns. O

REMARK: Geometrically, Z;;ll
Span(wy, ..., w;—1) = Span(vy,...,v;_1). Think about this for ¢ = 2,3 and draw some

pictures.

(%)w] is the orthogonal projection of v; onto the subspace
J %

ExaMPLE: Find an orthogonal matrix P € M;3(R) whose first column is u; = \/ig(l, L1,

Solution: Extend v; = (1,1,1)T to a basis vy, v, v3 of R? and apply Gram - Schmidt. We
will obtain an orthonormal basis wu;, us, ug, which we take as the columns of our matrix P.

[Note that using the un-normalised vector v; rather than u; will simplify the computations.
If you don’t believe this, try working with u; from the outset.]

We take vy = (0,1,0)7, v3 = (0,0,1)T. Lots of other choices are possible here.

Then we use the first stage of Gram - Schmidt to form an orthogonal set:

w1 = V1,

wy = vy — 2(1,1,1)7 = 1(=1,2,-1)T ..

.. oh, that looks a bit messy: note that we can replace it by a scalar multiple and not change
any of the properties needed, so take

wy = (—1,2,—1)T. Then

wy = (0,0,1)T — 1(1,1,1)T — 2(~1,2, 1) = L(~1,0,1).

[Check these are orthogonal!|
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Normalise (easier if you remember that you can normalise any scalar multiple and it will
give the same answer up to sign). We obtain:

1 1
— (1,2, -7, ug = —(~1,0,1)".
\/6( ) 3 2( )

Uy, Uz =

End
L8

6.5 Real symmetric matrices

In this section we will show that if a matrix A € M,(R) is symmetric (that is, A = AT),
then it is diagonalisable. In fact, the result is even better: there is an orthonormal basis
of R™ consisting of eigenvalues of A. This is a hugely important result, which has many
applications and generalisations. It is sometimes called the Spectral Theorem.

Symmetric matrices arise naturally in many areas of Mathematics, but they might seem a bit
special. However, the result can be used to provide information about an arbitrary matrix
B € M,,xn(R). The matrices BT B and BBT are symmetric and so the spectral theorem
can be applied to these. This leads to the singular values decomposition of B, which also
has many applications.

The key property about a symmetric matrix A which makes the proof work is how it interacts
with the inner product.

OBSERVATION: If A € M,(R) is symmetric and u,v € R", then
(Au) -v = (Au)"v = (u" AT)v = uT (Av) = u - (Av).
The linear map given by A is self-adjoint with respect to the inner product on R™. (This is
the property used in more abstract and more general versions of the spectral theorem.)
We will need the following, proved by C. F. Gauss.

Fact: (Fundamental Theorem of Algebra) Suppose p(x) is a non-constant polynomial with
coefficients in C. Then there is a € C with p(a) =0 (i.e. there is a root of p(z) in C).

We will not prove this: you will see a proof when you study complex analysis in year 2.
LEMMA 6.5.1. Suppose A € M,(R) is symmetric. Suppose A € C is a root of xa(x). Then
AeR.

Before proving this we note that by the Fundamental Theorem of Algebra we then obtain:
COROLLARY 6.5.2. If A € M,(R) is symmetric, then there is an eigenvalue of A in R.
Proof of Lemma: We may also regard A and a matrix in M, (C). So A is an eigenvalue of

A (over C) and there exists 0 # v € C"* with Av = M. Write v = (aq,...,a,)T and let
v=(ay,...,a,)T where denotes complex conjugation.
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So
v? (Av) = o7 (W) = AT w.

Note that A = A = AT, so:

o7 (Av) = 07 (ATw) = (TP A )v = (VT AT )v = (Av)Tv = MTv = Ao’ v.

Comparing these, we obtain B
MoTv = Mol w.

Now o7v = 31" | |a;%. This is non-zero, as v # 0. So A = A, that is, A € R. O

LEMMA 6.5.3. Suppose A € M, (R) is symmetric and \,u € R are distinct eigenvalues of
A with corresponding eigenvectors u,v € R™. Then u-v = 0.

Proof: As A is symmetric (Au)-v =wu-(Av). Thus \u-v = pu-v. As X\ # p, this implies
u-v=0.0

THEOREM 6.5.4. Suppose A € M, (R) is symmetric. Then there exists an orthogonal matriz
P e M,(R) with P"YAP a diagonal matriz. (In other words, there is an orthonormal basis
of R™ consisting of eigenvectors of A, namely the columns of P.)

Proof: The proof is by induction on n and the base case n = 1 is trivial. Suppose we have
the result for (n — 1) x (n — 1) matrices. We will deduce it for the n x n case.

By 6.5.2 there is an eigenvalue \; € R of A; let v; be a corresponding eigenvector. We may
also assume that ||vi|| = 1.

Let P, € M,(R) be an orthogonal matrix with first column v;. Write the columns of P, as
v1,...,0,. Then Pt = PI" and

vy
T
-1 Ua
Pl AP1: . (AUlA’UQ ...A?]n>
Un
which is equal to
vl A vl Avy .o ol Av,
vg 0
: ()\1'111 AUQ c. Avn) = o ,
vl 0

Where A" € M, 1(R). Now, P['AP, = Pl AP,, which is symmetric (compute the trans-
pose!). So
A0 .00

-1 0
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and A’ is symmetric.

By the inductive assumption, there is an orthogonal P’ € M, _;(R) with (P")7'A'P" a
diagonal matrix, say (P')"'A'P’ = diag(\g, ..., \,). Let
10 ... 0
0
IR
0
Then P, € M,(R) is an orthogonal matrix and:

A0 0

0
P2_1(P1_1AP1)P2 = : (P/)*lA’P’ = diag()\l, )\2, ey )\n)
0

Let P = P,P,. This is orthogonal and by the above, P~*AP = diag(\i, Xa,..., \n), as
required.

This completes the inductive step. O

REMARKS 6.5.5. We can adapt the method in Summary to find an orthonormal basis
of eigenvectors of a symmetric matrix A € M,(R).

(1) Compute the distinct eigenvalues A, ..., A\, € R of A.

(2) For each ¢ < r, find a basis of the eigenspace E),. Then use Gram - Schmidt to obtain
an orthonormal basis of Ey,.

(3) Take all of these bases together: this will give us a basis for R consisting of eigenvectors

of A, by [6.5.4 and [6.3.7]
(4) By Lemma [6.5.3, this is an orthonormal basis of R™.
EXAMPLE 6.5.6. Let

1 -1 -1
A= -1 1 -1
-1 -1 1

Find an orthogonal matrix P € M3(R) such that P~'AP is diagonal.

Solution: After a bit of work, you find that x4(x) = (x + 1)(x — 2)%. So the eigenvalues are
2,—1. In the usual way, you find:

(i) E_; = Span((1,1,1)"). So an orthonormal basis of this is \/ig(l, 1L, 1T,

(ii) Fy = {(x,y,2)T € R® : x +y + 2z = 0}. So a basis of this is v; = (1,—1,0)" and
vy = (0,1, —1)T. But we want an orthonormal basis, so we apply Gram - Schmidt to this.
If you do the calculations as in Theorem [6.4.5, you obtain:

1

1
E(la _150>T7 Uy = _(]-7 17 _2)7

V6

Uy =
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as an orthonormal basis of E, (this is easy to check, of course).

Finally we put these basis vectors in as the columns of P and obtain:

L (V2 V3ol
P=—1[+v2 -V3 1
V6 V2 0 —2

REMARKS: If P € M,(R) is orthogonal, then PTP = [,, and so det(P) = £1. In the above
example, det(P) = 1 and of course n = 3. It then follows from Question sheet 4 (iii), (iv)
that P is a rotation matrix. Note that if we had written down the vectors wuq,us in the
other order in P, then we would obtain a matrix with determinant —1. When n = 3 it’s
generally nicer to have a rotation matrix for the diagonalising matrix.

FURTHER REMARKS: The notion of an inner product can be axiomatised and generalised to
other vector spaces over R. You will see more on this in Year 2 linear algebra.

Another very important generalisation is where the field of scalars is the complex numbers
C.

The correct notion of the inner product of vectors u = (ay,...,a,)T and v = (By,...,8.)"
in C" is

n
w-v=u'v= Zaij
j=1
where the bar denotes complex conjugation. In particular u - v € RZ? and is equal to 0 iff

u = 0. With this definition and a bit of care, the Gram - Schmidt process can be made to
work.

We say that matrix A € M, (C) is Hermitian if A = AT. Note that this has the key property
that (Au)-v =u- (Av) for all u,v € C". For such matrices one proves, just as for the real
symmetric matrices, that:

(i) All eigenvalues of A are real;
(ii) A is diagonalisable;

(iii) The diagonalising matrix P can be taken to be unitary: PPT = 1I,.
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