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Outline

Last time:

® \/ector spaces and subspaces
® | inear independence and bases

® |inear maps, null space, range

Today:

® |nverses of linear maps
® Matrices as linear maps
® Determinants

® |nner product spaces
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Recall

Suppose uy, ..., u, is a basis for U and v1,...,v, is a basis for V. Then there exists a
unique linear map T : U — V such that Tu; =v; forj=1,...,n.

Definition (Injective and surjective)

Let T: U — V. T is injective if Tu = Tv implies u = v, if and only if null T = {0}.
T is surjective if Yv € V, Ju € U such that v= Tu, i.e. if range T = V.

.

Theorem (Rank Nullity Theorem)

Let T : U — V be a linear transformation, where U and V are finite-dimensional
vector spaces. Then
rank T -+ nullity T = dim U.

\,
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Definition (Product of linear maps)

Let S€ L(U,V) and T € L(V, W). We define the product && € L(U, W) foru e U
as 5¥(u) = SEFHu). =
1S TCS("\) )

Definition

A linear map T : U — V is invertible if there exists a linear map S : V — U such that
— N~ ~—

ST is the identity map on U and TS is the identity map on V. Such a map S is called

the inverse of T.

If T is invertible, we denote the inverse b@ This is justified by the fact that the

inverse is unique, as the next proposition shows. P T
) i ULV U0, yIu3v
. $T> Lo 5= 1y
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Proposition

Any invertible linear map has a unique inverse.

Proof. £ T2 T 5V 5 bl
(A S ad s’ he  twmrg o T
Thon $T=5T- Wy , TS =15~ Ty,
Fo oo o €V,

Sms Tdy(s) = ST 5V

- s/ (as)om)
z gf(ro(v(w) = $an, Tws S=67
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Ttuv—>o VvV

A linear map is invertible if and only if it i§ injective)andSurjective.

See proof in the book. hy $T= Ty by s -1,

Definition

An invertible linear map is called an isomorphism. If there exists an isomorphism from
one vector space to another, we say that the vector spaces are isomorphic.
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same dimension.

T

Two finite-dimensional vector spac?\civer F are isomorphic if and only if they have the
Proof. (:>) ;»ppoj( v A \/ oM 3 omqllrc )

TL\iw ‘H/‘-U‘t -(,’z\’{fj
T

awn

Mavearfthle ey ’(.‘ U—) V

TS :\»j‘z chhe

b b < T

oA sa V)'\xb }‘(\vr_ .
=

eer (= YO} oA TuT: V.
&) diaka=0 «d dnTnTE din V
[)7"'7 Y"”Mjl‘ vw\ur% Mherew

Y UNIVERSITY OF TORONTO
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(=) Yo ppec ATz o VE v
Thon  we b o heges {U\L,_'/ M"j o U
c‘-\/L o ()M.ﬁ {V\l," ﬂ/\»; c/’iL V.
Defoe. T2 U2V by
Tucs Yo o Yolom

’C]/\"V\ T ¢ f‘v\wr'{'fm: ?7—7 V CCL'QQ[Z ( )
=
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Linear maps and matrices

Let A € My« be a fixed matrix. Then, we can define a linear map T4: F" — F™ via
Ta(v) = Av, where we recall matrix vector multiplication (Av); = Y ¢_; Aivi for
i=1,...,m.

Next we will see that we can use matrices to represent linear maps between finite
dimensional vector spaces.
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Definition

Let T € L(U, V) where U and V are vector spaces. Let uy,...,u, and vy,...,v, be
bases for U and V respectively. The matrix of T with respect to these bases is the
m x n matrix M(T) with entries A;j, i=1,...,m, j=1,...,n defined by

Tug = Agkvi+ -+ AmkVm

i.e. the kth column of A is the scalars needed to write Tuy as a linear combination of

the basis of V: .
Tuk = Z A,-kv,-
i=1

Note that since a linear map T € L(U, V) is uniquely determined by its image on a
basis of U, we see that once we pick basis of U and V its matrix representation is
uniquely determined.
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Let D € L(P4(R),P3(R)) be the differentiation map, Dp = p’. Find the matrix of D
with respect to the standard bases of P3(R) and P4(R).

Standard basis: 1, x, x2, x3, (x*)
~ N

Wl WX, A%, U,e -)(3| ¢, %
PD'(ul) = 0 = 0
D(up) = I = W
Dus) = 2x = 24
D(us) = 3% = W Dai pu, Dw DY Dl
D(us) = % = 4u, N R )
a 0 0 0 e
The matrix is: a O 2 0 o &“17(
H CO) =00 ° 3 ,
Qo ° o 4
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® QObserve that if we choose bases u1,...,u, and vy,...,v,, for U, V and represent
T € L(U, V) as a matrix M(T), then the corresponding map can be obtained by

just working with the coordinates of vectors in U, V with respect to the chosen
basis

® If u=>3" ajuj, then the coordinates of T(u) with respect to v1,...,vn, can be

obtained by the matrix vector multiplication M(T)a, where o is the n x 1 matrix
with entries «;
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Example
2

\;|

If we want to find the derivative of p = x* + 12x3 — with respect to the
standard monomial basis of P4(R), we use M(D) from /the previous example to obtain

M(D)a =

o O O o
O O o
O O N O
O W o o
>~ O O O

Thus, translating back into the monomial basis of P3(R) gives
D(p) = —10x + 36x2 + 4x5.

\
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Other points

® | ooking at matrices as representations of linear maps gives us an intuitive
explanation for why we do matrix multiplication the way we do! In fact, we want
matrix multiplication to represent composition of linear maps

® \We can use matrices to solve linear systems.

&
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Determinants
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Determinant

® The determinant is a function from M,«, — F, i.e. it is a function from the
entries of a square matrix to a real or complex number.

® Notation: det(A) = |A|

® The determinant has applications in solving linear systems, computing
eigenvalues, etc
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Example: 2 x 2 matrix

The determinant of a 2 x 2 matrix is
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Example: 3 x 3 matrix

There is a trick for finding the determinant of a 3 by 3 matrix:

A= Cec4bFa 1 Cdd — af A —hdC —Cn
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Cofactor expansion
For other n x n matrices, one can compute the determinant using
Definition (Cofactor expansion)

Let A= {ajk}4_1 be a nx nmatrix. Let M;, denote the determinant of the
(n — 1) x (n — 1) matrix obtained by removing the j™ row and the k* column of A.

For eachrow j=1,...,n bt 05 defined t\w{kmw%

n
+k
Al = aj k(=1 M;
= —

bth colmn
y #h cof

Similarly, for each column k=1,...,n

Al = aj (1Y M i
j=1

& The numbers C; = (—1YTkM; 4 are called cofactors.
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Proposition
The determinant of a diagonal matrix or triangular matrix is the product of the entries

on the diagonal.

G
Sketch of proof. [ /| - X he wpper ,lym‘?w{pr wfi>
O " q
“V\f)

(3 dednchion |
/A'/l A: Lcku) 972 g(-.)f/]: G\”-

S’hm]uh VQCV /}'L"( w< L{l/\qb./ //L/7’ a‘-v'( ,4.’ 1’] qL\L\

e
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Inverse of a matrix

Let A be an n x n invertible matrix and let C = {C; x 7 k=1 be its cofactor matrix.
Then

Al=_— T

Note: The matrix A is invertible if and only if the linear map represented by the matrix
is an isomorphism.
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Cramer’s rule

Corollary

Suppose A is an n x n invertible matrix. The linear system Ax = b has a unique
solution given by

x = Al
Al

where A; is the matrix obtained by replacing the ith column of A with b.

=1,...,n,

A (@ — o)
J/ Y'-(pll»cg.

. A= (o === () -—- ¢
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Transpose of a matrix

Definition
The transpose of an m x n matrix A is the n X m matrix, denoted AT defined
entry-wise as {Afk} ={Axj}forj=1,...,mand k=1,...n (i.e. the rows of A are

the columns of AT and the columns of A are the rows of AT)

(2
o) g

&
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Properties of the determinant

Proposition
|A| # 0 if and only if A is invertible

Proposition

Let A be an n x n real matrix.
@ If A has a zero column, then |A| = 0.
@® If A has two equal columns, then |A| = 0.

© If one column of A is a multiple of another, then |A| = 0.

O |AB| = |A]|B|
@ |eA| = a"|Al for a € F
6 |AT| = |A
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Inner product spaces J
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Complex numbers

Recall that for a complex number z = a + ib, we define the following:

® Real part: Re(z) = a,
® Imaginary part: Im(z) = b,
e Complex conjugate: Z = a — ib,

® Modulus: |z| = \/Re(2)2 + Im(2)? = Va2 + b2

We have |z|? = zz and Re(z) = Z52.
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Definition

Let V be an F-vector space. A function (-,-): V x V — F is called inner product on V
if the following holds:

® (Conjugate) symmetry: (x,y) = (y, x) for all x,y € V, where 3 denotes the
complex conjugate for a € C

@® Linearity in the first argument: (ax + 8y, z) = a(x,z) + 5(y, z) for all x,y,z € V
and o, B € F

© Positive definiteness: (x,x) > 0 and (x,x) =0 if and only if x =10

A vector space equipped with an inner product is called an inner product space.

) L2, dwe by = ¢ Wy, 2> T dew 2> 46432
. - 3 W '(?; W: (Z/T>*@<2/5>
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e Standard inner product on R™: (x,y) = > " ; x;y; for x,y € R”
= %" e comuefie .
e Standard inner product on C™: (x,y) = > ; x;y; for x,y € C”
=) ’)CTE
® On the space of polynomials P,(R): (p,q) = fjl p(x)g(x)dx for p, g € P,(R)

Statistical Sciences
UNIVERSITY OF TORONTO

July 22, 2025 28 /35



Proposition

Let V be an inner product space. Then x = 0 if and only if (x,y) =0 for all y € V.
Proof. (—> ) Coppre A0
Thon h, (nedhy
003D = L0t0,9)= Lo)y> LoD
L o= O F Ve eV
(&) Tahe 227

'(LV-\ <¥:”‘>>O
B  <0xXP =0 off A=0.

& T L\N = )
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Cauchy-Schwarz Inequality

Proposition

Let V be an inner product space. Then

[ )| < V(% x)\/ (Y, y)

for all x,y € V.
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Proof. (‘0"‘?‘\‘7{"” ’ <+7<¢7/ fvf?) JJUV T e C.
’(L_M L,7 puy\%\w o‘vﬁr\u‘fwc{ [y
0 £ <A{x2, tx5D

t)

X, )1 LAx,y) 1Ly tx0+t <502
(@)t + a2 1(@Den < <ap

A

A

= XD + ELwp =t <501 <500

ttttttttttttttttttt

July 22, 2025

31/35



P ANE I S & 2

Lx, XD
TLih, W Lu\n:
0 (<m7ll',‘ M_ _[<m®
= é'?(z')(> LD L¥ %2 1 4%/?>
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Proposition

Let V be an inner product space. Then (-,-) induces a norm on V via ||x|| = \/(x, x)
forall x € V.

Proof.
L ) PU f-FJ'l‘W. g'(-l_'}':\\fl"’-u\.L fs

(X120 gwe <R¥D20
(5ll=0 &0 LuxD &2 A=0 by poshe dedadons

. °7L (‘)‘7_
2) Wl > Jlaoan
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3) /(V‘\““'LV{‘ M‘ﬂ’”{‘;&
( (¢l u;u) _ “w}qz

- (lhsuz«f 2 WKL (1) ~+ U.}—L[l) — L7, A5

_ ( /7 > — (479')()/(’ <Xy A X A <ﬁ/73)
/\_\/\/\/"' __’-/_3
=W ) Qe £y 9> = (13

= 2__( I (] — Re l'zf/w_) = Ct)

ttttttttttttttttttt
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Note: With this identification the Cauchy-Schwarz inequality can be restated as:
[, y)] < [|x[[[ly]| for all x,y € V.

The norm introduced by the standard inner product on R"” is the Euclidean distance.
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