Chapter 5

Linear Transformations

5.1 Definition and examples

Mathematics features all kind of “categories”, which are sets endowed with
a structure. This course is concerned with the category of vector spaces over
a field F, which are sets endowed with a notion of linear combinations. A
major reason for defining vector spaces is that they are abundant—there are
many vector spaces of interest in mathematics and its applications; indeed,
it wouldn’t make sense to define a class of objects if there was only one such
object in this class. Thus, we often encounter situations in which there are
multiple vector spaces (over the same field). In such cases, we might be
interested in looking at functions between two such objects.

Let (V,+,F,-) and (W, +,FF,-) be two vector spaces over the same field. The
set

Func(V,W)={f:V > W}

is the space of functions with domain (2110) V' and codomain (m2) W. But
just as with the linear forms on V, which are functions FV, we delineate a
subset of all functions that “respect” the vector space stucture:

Definition 5.1 Let (V,+,F,-) and (W,+,F,-) be vector spaces. A linear
transformation (MRS apown) from Vo to Wois a function f:V - W,
satisfying

fla+v) = f(u)+f(v)
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and

flav)=af(v)
for allu,v eV and a € F. The set of all linear transformations from V to
W is denoted by Homg(V,W).

Comments:

(a) Note once again how addition and scalar multiplication on both sides
of an equations are operations on different spaces.

(b) Setting W =TF, Homp(V,F) = VV.

The following properties of linear transformation are easy to prove (cf. with
their analogs for linear forms):

Proposition 5.2 Let (V,+,F,-) and (W,+,F,-) be vector spaces and let f €
Homg(V, W). Then,

(a) f(Ov) =Ow.
(b) For everyveV, f(-v)=—f(v).

(c) For every vy,...,v, €V and a',... a" €T,

fla'vi+--+a™v,) =a' f(vi)+--+a" f(v,).

Proof: For the first item, for every veV,
f(Ov) = f(Opv) = O f(v) = Ow-.

For the second item,

f(=v) = f((-1r)v) = (-1F) f(v) = = f(v).

The third item follows by induction. Note that we can write it in matrix

form,

1 1

a a

f((vl Vn) ):(f(vl) f(vn))

a” a™
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Example: The zero transformation f:V — W defined by
f(v)=0w for all veV

is a linear transformation. AAA

Example: The identity map (071 npown) f:V — V defined by
fv)=v forall veV

is a linear transformation. AAA

Example: The inverse map f:V — V defined by
f(v)=-v for all veV

is a linear transformation. AAA
Example: Linear forms are linear transformations Homp(V,F). AAA

Example: Maps f:V — V defined by
f(v)=av forall veV

for some a € F are linear transformations. They are called homotheties

(PranmT). AAA
Example: Let V be a finitely-generated vector space and let B = (V1 e Vn)
be an ordered basis. The coordinate map

[V =T
defined by

f(v) =[v]w

is a linear transformation. This was in fact proved in Proposition 3.46. A A A

Example: Let A € M,,,,(IF). Consider the transformations
f : Fn N ]Fm

col col

and g:F2 -

row row

defined by
f(v)=Av and g(w) =wA.

Both are linear transformations. AAA
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5.2 Properties of linear transformations

Like for linear forms, we consider the case where V is finitely-generated.
The following two propositions are analogous to Proposition 4.4 and Propo-
sition 4.5

Proposition 5.3 Let V' be a finitely-generated vector space and let W be a
vector space over the same field. Let

%z(vl Vn)

be an ordered basis for V.. Then, for every sequence wi,...,w, € W there
exists a linear transformation f € Homg(V, W), such that

f(v;) =w; for everyi=1,...,n.

Proof: There really is only one way to define such a transformation. Since
every v € V has a unique representation as

v=a'vy +-+a"v,,
then f(v) must be given by
f(v)=a' f(vi)+-+a" f(vy) =a'wy +--+a"w,.

To complete the proof, we have to verify that f is a linear transformation.
Let u,v € V be given by

u=a'vy+---+a"v,

v=blvy +-- +b0"Vv,,.
Then,

u+v=(a'+b) v+ +(a"+b") v,
By the way we defined f,
f(u) =a'wy+---+a"w,

f(v) =b'wy+- + "W,
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and
flu+v)= (a1+b1)w1+---+(a"+bn)wn,

so that indeed f(u+v) = f(u) + f(v). We proceed similarly to show that
flkv) =k f(v) for keF. [ |

The following complementing proposition asserts that there really was no
other way to define f:

Proposition 5.4 LetV be a finitely-generated vector space and let W be a
vector space over the same field. Let

%=(v1 vn)

be an ordered basis for V. If two linear transformations g, f € Homp(V, W)
satisfy

g(vi) = f(vy) foralli=1,... n,
then g = f.

Proof: By the property of a basis in a finitely-generated vector space, every
v € V can be represented uniquely as

v=alvi+---+a"v,
for some scalars a',...,a™. Then, by the linearity of g, f,

g(v) =a'g(vi) + - +a"g(va) =a' f(vi) + - +a" f(va) = f(V).

|
Example: Let V' be a finitely-generated vector space. Let
B = (V1 .. Vn)
be an ordered basis for V. Let A1,..., A, € F. Then the linear transformation

f e Homp(V, V') satisfying
f(vi) = Aiv;

is defined uniquely. AAA
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Example: Let V = F! and W = F?. We will show that to every f ¢
Homg(V, W) corresponds a A € M,,,,,(IF) such that

f(v) = Av.
Take the standard basis € = (e1 en). Every v € F? has a unique
representation
v=vle; +---+ v,
hence
f(v)=v'f(e)) +---+v" f(e,) = Av,
where for every i =1,...,n,

Coli(A) = f(e:).
AAA
Example: Let V' =R? and W = R3. Consider the basis for R?, B = (v, vy),

where
vy =(1,2) and vy = (3,4).

By the above propositions, there exists a unique linear transformations f :
R? — R? satisfying

flvi)=(3,2,1) and f(va) =(6,5,4).

How do we find it. A direct calculation shows that

[ 9)]a = F“”y - ‘”)] |

(22 -y)
Hence,
Fy) = 58y~ 42) f(v1) + 5(20 - 9) F(v2)
= (8- 4)(3,2,1) + (20~ )(6,5,4).

For example,
f(1,0) =-2(3,2,1) + (6,5,4) = (0,1, 2).
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Exercises

(easy) 5.1 Which of the following functions f : R? - R? is a linear trans-
formation?

z,y)=(1+z,9).

N N N N N
8
<
~
Il
—~
8
LN
<
~

(easy) 5.2 Let V = R2 and W = R3. Write in explicit form the linear
transformation f € Homg(V, W) satisfying

f(1,2) =(3,2,1) and f(3,4) =(6,5,4).
(easy) 5.3 Let
V=Ro[X]={peR[X] : degp<2},
and let W = M3(R). Define the function f:V - W,

a
fla+bX) = a+b

(a) Show that f is a linear transformation.

(b) Does there exist a p € V such that

1

floy= 0 |7
1

(¢) Does there exist a non-zero p € V such that f(p) = 0w ?
(intermediate) 5.4 Let f:C? — C be defined by
f(z,w) =z+w,

where w is the complex-conjugate of w. Is f a linear transformation when
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(a) C2? and C are vector spaces over C?

(b) C? and C are vector spaces over R?

(intermediate) 5.5 Does there exists a linear transformation f: R3 — R3
which is not the zero transformation satisfying

f(v1) = f(v2) = f(v3) = f(va),
where
vi=(1,0,1) vo=(1,2,1) v3=(0,1,1) vs=(2,3,3)7
If it does, write it explicitly; otherwise explain why not.
(intermediate) 5.6 Consider a linear transformation f : R? — R? satisfying
£(0,1,2)=(1,0)  and  £(0,0,1) = (1,1).
Based on this, it is possible to find
£(0,2,3) and f(1,2,3)7

(intermediate) 5.7 Let V, W be vector spaces and let U <W. Let f:V —
W be a linear transformation. Show that

S={veV : f(v)eU}<V.

(easy) 5.8 Let V' be a vector space over F and let ¢1,... ¢" € VV. Define
f:V- ]F?Ol by
H(v)
fvy=1 + |
(v)

Show that f is a linear transformation.

(harder) 5.9 Consider V' = Func(R,RR) as a vector space over R. Show
that a function h: V — V (it is a function mapping functions to functions!)
defined for every f eV by

(h())(x) = f(z+1)

is a linear transformation.
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5.3 The space Homp(V, W)

Given what we learned about linear forms, you will not be surprised to know
that the set of linear transformations Homg(V, W) can be given a structure of
a vector space. After all, it is a subset of the space of functions Func(V, W),
which are a vector space with respect to the addition of functions,

(f+9)(v) = f(v) +9(v),

and scalar multiplication,

(af)(v)=af(v).

Proposition 5.5 Let V. and W be vector spaces over a field F. The set
Homgp(V, W) is a linear subspace of Func(V, W).

Proof: The set Homp(V, W) is non-empty because it contains the zero map.
Let f,g € Homp(V,W) and b € F; we need to show that f + ¢ € Homg(V, W)
and that b f € Homp(V,W). For all u,v eV,

(f+g)(u+v)=flu+v)+g(u+v)=(f(u)+f(v))+(g(n)+g(v))
= (f(u) +g(w) + (f(v) +9(v)) = (f + 9)(w) + (f + 9)(v),

and for every veV and a € F,

(f+9)(av) =f(av)+glav)=af(v)+ag(v)
=a(f(v)+9(v)) =al(f+9)(V)),

proving that f + g € Homp(V,W).

Likewise, for all u,v eV,

(O f)(u+v) =b(f(u+v))=b(f(u)+f(Vv))
=b(f(w) +0(f(v)) = (b)) + (b f)(v),

and for every veV and a € I,

(0 f)(av)=b(f(av))=b(af(v))=a(bf(v))=al(bf)(V)),
proving that b f € Homgp(V,W). |
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Example: Let V = F? and W = F7,. For A, B € My,(F), we define
fa, fp € Homp(V, W) by

fa(v) =Av and fe(v) = Bv.
Then, fa+ fp € Homg(V.W) is given by
(fa+fB)(V)=fa(v)+ fe(v)=Av+ Bv=(A+B)v,

where in the last equality we used the distributivity of matrix multiplication.
Thus, fa+ fs = fars. We conclude that the addition of matrices of the same
dimensions is really the addition of two linear transformations. AAA

5.4 Projections and reflections

In this section we will see two interesting examples of linear transformations.

Definition 5.6 Let V be a vector space over F and let U/W < V. We say
that U and W are complementary (@mswn) if

(a) U+ W =V.
(b) To every v eV correspond unique ue U and w € W, such that
vV=u+w.
In such case we write
V=UeW,

and such a sum is called a direct sum (w° 2120 ).

We have already seen earlier in this course that these two conditions are
equivalent to the conditions that U+ W =V and UnW = {0y }.

Example: Let V = R3, then
U={("v*v?)eR?: v3=0} and W= {(v'v%v3) eR® : 0! =% =0}

are complementary, because every v € R3 is a sum of a vector in U and a
vector in W, and this decomposition,

(v', 02, 0) = (v!,0%,0) + (0,0,v%),

is unique. AAA
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Example: Let V' = R[X] be the space of polynomials in X with real-valued
coefficients. Then, V =U & W, where

U={peR[X] : p= ;piX%}

W={peR[X] : p=) p;X*""}.
i=0

L.e., the polynomials of odd and even powers are complementary in the space
of all polynomials. AAA

Definition 5.7 Let V be a vector space over F such that V =U; & Uy. We
define two projection operators (75071 MWD )

p:V -V and PV =V,

by
pl(V) =Uu and pQ(V) = Ug,

where v = Uy + Uy s the unique decomposition of v as a sum of elements in
Uy,Us. The operator py is called the projection on U; parallel to U,; the
operator py 1s called the projection on Us parallel to Uy .

Comments:

(a) We could have defined p; : V - Uy and py: V - Us.
(b) For every veV,

(p1+p2)(v) =p1(v) +p2(v) =wi +uz = v,
so that p; + po is the identity V - V.
Example: Let V = R3,
U, = Span{(1,0,0),(0,1,0)} and U, =Span{(1,1,1)}.
Then, every (x,y,z) € R3 has a unique decomposition
(z,y,2) =(x—2,y-2,0)+(z,2,2),
so that

pi(x,y,2)=(x-2z,y-20) and pa(x,y,2) = (2,2, 2).
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AAA

Definition 5.8 Let V be a vector space over F such that V =U; @ Uy. We
define two reflection operators (1P *MIDW)

S V-V and Se: V=V,
by
Si(v) =u; —uy and Sa(v) =up —uy,

where v = Uy + Uy s the unique decomposition of v as a sum of elements in

U, Us.

Proposition 5.9 Let V' be a vector space over F such that V = Uy @ Us,.
Then the projection and the reflection operators are linear transformations.

Proof: The key is to observe that if u = u; + us and v = vi + vy, where
u;,Vvy € U1 and Ug, Vo € UQ, then

U+v=u;+Vvy+uy+ Vs and av=avi+avs,
—_—— —— —_——  —\—
el elUs el €Uz

hence by definition
pr(u+v)=wu +vy=pi(u)+p(v) and pi(av)=avy=ap(v),

and similarly for the three other operators. |
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Exercises

(easy) 5.10 Prove (possibly for the second time) that V = U @ W if and
only if V=U+W and UnW ={0y}.

(easy) 5.11 Let V =RR? and consider the linear subspaces
U =Span{(1,0)} and W = Span{(0,1)}.

(a) Show that V=Ue W.
(b) Write explicitly the linear transformations p; and S;.

(easy) 5.12 Let V =RR? and consider the linear subspaces
U = Span{(1,2)} and W =Span{(1,1)}.

(a) Show that V=Ue W.
(b) Write explicitly the linear transformations p; and S;.

(intermediate) 5.13 Let V =RR3 and consider the linear subspaces
U = Span{(1,0,0),(1,1,0)} and W = Span{(1,1,1)}.

(a) Show that V=Ue W.
(b) Write explicitly the linear transformations p; and S;.

(intermediate) 5.14 Let f € Homg(R3 R3) be the linear transformation
defined by

f(‘ra Y, Z) = ((L’7y, —Z).
Show that
(a) f(u) =uif and only if u € Span(e;,ey) = U.
(b) f(w)=-w if and only if w € Span(ez) = W.
(c) f is the reflection through U parallel to W.

(intermediate) 5.15 Let V = My(R),

B R
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(a) Show that UyW <V and V=UeW.
(b) Write explicitly the projection and reflection operators.

(harder) 5.16 Let V = Func(R,R) and consider the linear subspaces
U={feFunc(R,R) : f(z)=f(-x) for all z €R}

and
W ={f eFunc(R,R) : f(z)=-f(-x) for all = e R}.
(a) Show that V=Ue W.
(b) Write explicitly the linear transformations p; and S;.
(harder) 5.17 Let V be a vector space over Q. Let B = (vy,va,v3) be

an ordered basis for V. Let f € Homg(V,V') be the linear transformation
satisfying
flv

1)
f(v2)
f(vs)

Find subspaces U, W <V such that f is the projection on U parallel to W.

—V1 - —Vz - ‘V3
1

2V3
——V1 V2 + V3

- V1+ V2

5.5 Kernel and image

Definition 5.10 Let V and W be vector spaces over a field F. Let f €
Homg(V,W). The kernel (12M) of f is the set of vectors in V that are
mapped by f to the zero vector in W,

ker f={veV : f(v)=0p}.

The image (710) of f is those vectors in w € W for which there exists a
vectors in v e W | such that w = f(v),

Image f={f(v) : veV}={weW : IveV, w= f(v)}.

Note that ker f is a subset of V' whereas Image f is a subset of W. The
following proposition asserts that they are more than just subsets—they are
linear subspaces. Furthermore, for the case where W =TF and Homg(V, W) =

V'V, then ker f = {f}o (the null space of f).
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Proposition 5.11 Let V and W be vector spaces over a field F. Let f €
Homp(V,W). Then,

ker f <V and Image f <W.

Proof: The set ker f is not empty, because it contains Oy. Let u,v € ker f
and a e, ie.,

f(u) = f(v) =0Ow.
Then,

fu+v) = f)+ f(¥) =0 and  f(av)=af(v)=0w,

i.e., u+veker f and av €ker f, proving that ker f is a linear subspace of V.

Likewise, Image f is not empty because it contains Oy,. Let wi.wy € Image f
and let a € F. By definition of the image, there exist vy, vy € V' such that

wy = f(v1) and wo = f(va).
By the linearity of f,

f(vitva) = f(vi) + f(va) = wi + W,
i.e., wi + wy € Image f, and

flavi)=af(vi)=aw,
i.e., awy € Image f, thus proving that Image f is a linear subspace of W. W
Example: Let f € Homp(V, W) be the zero transformation. Then
ker f=V and Image f = {0y }.

AAA

Example: Let V =U; @ Uy and let py,ps : V — V' be the projections on the
components of the direct sum. Then,

Imagep; = Uy,
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as, by definition, for every v € V., p;(v) = u; where v = u; + uy for u; € Uy
and uy € Uy. This shows that

Imagep, < Uj.
On the other hand, for every u; € Uy, p;(u;) = uy, proving that

U; < Imagep;.

Likewise,

kerpl = U27

because if uy € Us, then p;(uz) = 0y, proving that
U, < ker py.

Conversely, if u € ker p, then p;(u) = 0y, proving that ue Uy, i.e.,
ker p; < Us.

AAA

Recall that a function f:V — W is called one-to-one ("7 71 711) (or
injective), if f(u) = f(v) implies that u = v. The following proposition
relates the kernel of a linear transformation to its injectivity.

Proposition 5.12 Let f € Homp(V,W). Then, f is one-to-one if and only
if ker f = {0y }.

Proof: Let f be one-to-one. Since f(0y) = Oy, it follows that f(v) = Oy only
if v = Oy, proving that ker f = {0y }. Conversely, suppose that ker f = {0y }.
Let u,v e V satisfy f(u) = f(v). Then,

fu=v)=f(u)-f(v) = 0w,

i.e.,, u—veker f, and by assumption u—v = 0y, namely, u =v. |
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Exercises

(easy) 5.18 Let A € My.o(R) be given by
1 2
2ofs 7]

and consider the linear transformation f:R? - R2 |

f(v)=Av.
Find ker f and Image f.

(easy) 5.19 Let

V =Rg[X]={peR[X] : degp<3},
and let W = My,o(R). Consider the linear transformation f € Homg(V, W),
a+b O ]

b+c c—-a

fla+bX +cX?) :[

Find ker f and Image f.

5.6 linear transformations and subspaces

The content of the previous section is in fact particular cases to the more
general interaction between linear transformations and subspaces. Since lin-
ear transformations “communicate” with the linear structure of vector spaces
and so do linear subspaces, it turns out that linear transformations map sub-
spaces of V' into subspaces of W, and conversely, the set of vectors whose
image under f lie in a subspace of W constitute a subspace of V.

We give here two useful definitions pertinent to functions between any pair
of sets:

Definition 5.13 Let f € Func(D,C) be a function with domain (@10) D
and codomain (M) C (note that D and C' need not have any algebraic
structure). Let S € D. The tmage (mm0) of S under f is the subset of
C,

f(8)={f(z) : zeS}.
That is, y € f(S) if and only if there exists an x € S such that y = f(z).
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In the particular case where S = D, f(D) is the image of f,

f(D) =TImage f.

Definition 5.14 Let f € Func(D,C). Let T ¢ C. The pre-image (7110
101.n) of T under f is the subset of D,

fHT)={zeD : f(z)eT}.
That is, x € f~Y(T) if and only if f(x)eT.

It is important to emphasize that the pre-image is always well-defined, re-
gardless of whether f is invertible! For invertible functions, the pre-image of
every singleton in C' is a singleton in D. In the particular case where T' = C,

fHC)={zeD : f(x)eC}=D.

Indeed, by definition, every element in D is mapped by f into an element in

C.

Thus far, we dealt with general functions between sets. Next, these sets will
be vector spaces, or linear subspaces (which by definitions are vector spaces
on their own).

Proposition 5.15 Let V and W be vector spaces over a field F. Let f €
Homp(V,W). For every U <V,

fU)<wW,

and for every Z <W,
T (2)<v.

Comment: For U =V this proposition asserts that the image of f,

Image f = f(V)

is a linear subspace of W; for Z = {Oy }, this proposition asserts that ker f,
ker f = f71({Ow})

is a linear subspace of V.
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Proof: The proof follows the same lines as the proof of Proposition 5.11. The
set f(U) is not empty because 0y € U, hence Oy € f(U). Let wy.wo € f(U)
and let a € F. By definition, there exist uy,uy € U such that

wi = f(uy) and wo = f(uy).
By the linearity of f,
f(ur+up) = f(ur) + f(uz) = wy + wy,
and since u; + uy € U, it follows that wy + wy € f(U). Similarly,
flawr) =af(ur) =awn,

and since auy € U, it follows that awy € f(U), thus proving that f(U) is a
linear subspace of W.

Conversely, The set f~1(Z) is not empty, because Oy € Z hence 0y € f~1(Z).
Let u,v e f~1(Z) and a € F. By definition,

f(n)eZ and f(v)eZ.
Since Z is a linear subspace of W,

flu+v)=f(u)+ f(v)eZ and flav)=af(v)eZ,

ie.,

u+vef(2) and avef(2).
proving that f~1(Z) is a linear subspace of V. |
Exercises

(easy) 5.20 Let f:R3 — R3 be the linear transformation given by
f(x,y,2) = (x+2y,y - 2,2+ 22).
Let
U =Span{(1,1,1)} and W = Span{(1,0,1),(0,1,0)}.

Find (a) ker f, (b) Image f, (c) f(U), (d) f(W), (e) f7H(U), () f~H(W).
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5.7 Nullity and Rank

The kernel and the image of a linear transformation are defined for transfor-
mations between any pair of vector spaces. We now examine the case where
V' is finitely-generated. First a lemma:

Lemma 5.16 LetV and W be vector spaces over a field F, with V' finitely-
generated. Let f € Homp(V,W). Then, both ker f and Image f are finitely-
generated.

Proof: Since ker f <V and V is finitely-generated, then ker f is also finitely-
generated. More surprising perhaps is the fact that Image f is finitely-
generated, even though W may not be. Let

B = (v1 . Vn)
be a generating set for V. We will show that

¢= (f(Vl) f(Vn))

is a generating set for Image f, hence Image f is of dimension at most n.

Let w € Image f. By definition, there exists a v € V, such that f(v) = w.
Since B is a generating set for V, there exist n scalars a',...,a" € F, such

that

v=a'vy+---+a"v,.

By the linearity of f,
w=f(v)=a' f(vi)+-+a” f(va),
proving that w € Span €, i.e.,

Image f < Span€.
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Definition 5.17 Let V. and W be vector spaces over a field F, with V
finitely-generated. Let f € Homp(V,W). The nullity (MoBR) of f is

v(f) = dimgker f.
The rank (MN7) of f is

o(f) = dimy Image f.

Intuitively, the larger the nullity of a linear transformation, the more vectors
in V' are mapped to the zero vector in W. The larger the range of f, the
more vectors in W are obtained by applying f on vectors in V.

Example: Let f € Homp(V,W) be the zero transformation. Then

v(f)=dimpV and o(f)=0.

Theorem 5.18 (Rank-nullity theorem (@i wewn)) Let V. and W
be wvector spaces over a field F, with V  finitely-generated.  Let f €
Homp(V,W). Then,

v(f)+o(f)=dimp V.

(In other words, there is a “tradeoff” between “how many” vectors in 'V are
mapped to the zero vector and “how many” vector in W can be obtained as
the output of f.)

Proof: The idea of the proof is quite similar in essence to the proof of the
theorems relating the annihilators of subspaces for linear forms. Denote by
n the dimension of V. Let

CH

be a basis for ker f (which is of dimension at most n) and let

B = (ul,...,uk,vl,...,vn_k)
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be its completion to a basis for V' (recall that a basis for any subspace can be
completed into a basis for the entire space). Since, by definition, v(f) = k,
it remains to prove that o(f) =n — k. Consider the set

e=(f(v1) o F(vus).

If we show that € is a basis for Image f, then we are done.

Let w € Image f. By definition there exists a v € V such that w = f(v).
Since B is a basis for V,

k

v=alu; +--+aPup +blvy -+ 0" v,

k

for some scalars a',...,a* bt ..., b % e F. Applying f on both sides, using

its lineartiy

w=f(v)=a f(u) +--+a” f(up) + b f(vi) +--+0"F f(vr).

However, u; € ker f, namely, f(u;) =0, from which we obtain that

w = bl f(Vl) R bn_kf(vn—k)7

i.e., w € Span €, hence the latter is a generating set for Image f.

It remains to show that the sequence € is independent. Suppose that

b f(Vl) R f(Vn—k) = Ow
for some scalars b',..., 0" % ¢ F. We need to show that b = 0 for all i =
1,....n-k.

Using the linearity of f in the “reverse direction”,
f(b1V1 R b”_kvn_k) = Ow.

This implies that
blvi+--+b"Fv, ;. eker f.

Since the u;’s form a basis for ker f, there exist scalars al,...,da* € F, such
that

bivi +--+ b Fv, = atug + -+ aFuy,.

However, 9B is a basis for V' (i.e., the set comprising both u;’s and v;’s is
linearly-independent). It follows that a’ =0 and & = 0 for all ¢ and j, proving
that the sequence € is linearly-independent. This completes the proof. M
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Comment: An implication of the rank-nullity theorem is that the dimension
of the image of a linear transformation cannot exceed the dimension of it
domain. For example, if V' = R and W = R?", then the image of a linear
transformation f € Homg(V,W) is at most one-dimensional. In a sense, a
linear transformation cannot “create a space from nothing”.

Example: Let A € M,,.,(F) and consider the linear map f € Homg(F? |, F™))
given by
f(v) = Av.

In this case, the image of f is the column space of A,
Image A = € (A),

whereas the kernel of f is the set of zeros of the rows of A, viewed as linear
forms, i.e.,

ker A = (Z(A))o.
Then, by the rank-nullity theorem,

dimp € (A) + dimp(Z(A))o = dimp FZ | = n.

col =

Recall that dimp @ (A) is the column-rank of A, whereas n—dimgp(Z(A))y is
the row-rank of A (the number of non-zero rows in the reduced form). Thus,
we have discovered once again that the row-rank of a matrix equals to its
column-rank. AAA

Exercises
(intermediate) 5.21 Let V' be a vector space and let

% = {V17V27V37V4}

be a basis for V. Let f € Homp(V, V') such that {vi, vy} is a basis for ker f.
Show that the set {f(vs), f(v4)} is linearly-independent.

(harder) 5.22 Find a linear transformation f : Ry[X] - Macs(R), such
that
ker f = Span{X?®-2X +1, X? + X? - X + 3}

Span{[_31 _21 é]} c Image f.

and
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(intermediate) 5.23 Consider a linear transformation g € Homg(R*, R3)
satisfying

9(1,3,-1,0) = (1,0,-4) and 9(2,1,2,1) = (2,0,-8).

(a) Can g be one-to-one? Find an example or argue why not.

(b) Can g be onto? Find an example or argue why not.

(intermediate) 5.24 Let f € Homg(R* R3). Let vi,vy € R* be indepen-
dent vectors satisfying f(v1) = f(v2) = Ogs. Show that f is not onto.

(intermediate) 5.25 Which of the following assertions is true? Provide an
example or disprove:

(a) There exists a linear transformation f € Homg (R?, R?) satisfying ker f =
Image f.

(b) There exists a linear transformation f € Homg (R3, R?) satisfying ker f =

Image f.

(intermediate) 5.26 Let V' and W be vector spaces over F. Let f e
Homp(V, W) and let

(Vi,.., V)

be a sequence of vectors in V.

(a) Suppose that f is one-to-one. Show that (vi,...,v,) are linearly-
independent if and only if (f(v1),..., f(v,)) are linearly-independent.

(b) Suppose that f is onto. Show that if (vy,...,v,) is a generating set
for V, then (f(v1),...,f(v,)) is a generating set for W.

(c¢) Show that it is not generally true that if (f(v1),..., f(v,)) is a gener-
ating set for W, then (vy,...,v,) is a generating set for V.

(d) Suppose that f is one-to-one and onto. Show that (vi,...,v,) is a
basis for V' if and only if (f(v1),..., f(v,)) is a basis for W.
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5.8 Composition of linear transformations

Let U,V,W be vector spaces over a field F. For f ¢ Homp(U,V) and
g € Homp(V, W), we can compose (2°37713) the two functions, yielding
a function

gof[:U->W,
given for all ue U by
(go f)(u)=g(f(u)).
Note that the composition of functions is a notion pertinent to sets; there is

nothing “linear” about it. The following proposition asserts that the compo-
sition of linear transformations is a linear transformation:

Proposition 5.19 Let U,V,W be vector spaces over a field F. If f €
Homp (U, V') and g € Homp(V, W), then go f € Homg(U, W).

Proof: For every uj,us € U, since f and g are both linear transformations,

(go f)(u +uz) = g(
= g(
= g(

f(ar +uz))
f(ar) + f(uz))

f(u)) +g(f(uz))
=(go f)(u1) +(go f)(u2),

and for every ue U and a € F,

(9o f)(an) =g(f(an)) =g(af(u)) =ag(f(u))=a(ge f)(u),

proving that g o f is indeed a linear transformation. |
Example: Consider the case of U = F* , V = F" and W = F¥ . Let

A € Mpun(F) and B € My, (F). Define the linear transformations f4 €
Homp(U, V') and fp € Homp(V, W) by

fa(u) = Au and I[B(v) = Bv.
Then, fpo fa € Homp(U, W) is given by

(fzo fa)(0) = fo(fa(w)) = B(fa(u)) = B(Au) = (BA)u,
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where in the last step we used the associativity of matrix multiplication.
Thus, fgo fa = fea, showing that matrix multiplication is in fact a compo-
sition of linear transformations. AAA

The following properties of composition are easy to verify:

Proposition 5.20 Let f, f1, fo € Homp(U,V') and g,g1,9> € Homp(V,W).
Then,

(gr+g2)of=giof+gaof,

and

go(fitfa)=gofi+tgofa

We next relate the composition of linear transformations to the notions of
kernel and image:

Proposition 5.21 Let U, V,W be vector spaces over the same field F. Let
f eHomp(U,V) and g €e Homp(V,W). Then,

ker f <ker(go f),

and
Image(go f) < Imageg.

In other words, if f maps a vector to zero then the further application of
g cannot yield a non-zero vector. Also, g o f cannot return a vector that g
cannot return.

Proof: Let ueker f, ie., f(u) =0y, then

(9o f)(w) =g(f(w)) = g(0v) = Ow,

which means that uekergo f, ie., ker f Ckergo f.
Let w € Image(g o f). By definition, there exists a u € U such that

w = (go f)(u),
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but this means that
w = g(f(u)),
proving that w € Image g, i.e., Image(g o f) ¢ Image g. |

Exercises
(easy) 5.27 Prove Proposition 5.20.

(easy) 5.28 Let f,g,h € Homg(R3,R?) be defined by

f(@y.2)=(2,y,-2)  g(@,y,2) = (y+2,2,5+2)

hzx,y,z) = (x+2y,2x +y,0).

Write explicitly the linear transformations

2f-g f+2h fog gof ho f+2g.
(easy) 5.29 Let f e Homp(V,V'). Show that

ker f <ker(fo f) and Image(f o f) < Image f.
(intermediate) 5.30 Let f e Homg(V, V). Show that
ker f = ker(f o f)
if and only if ker f nTmage f = {0y }.
(intermediate) 5.31 Let V be a finitely-generated vector space over R. Let
f € Homg(V, V) satisfy
fof=2f.
Show that ker f nTmage f = {0y} and that
V =Image f @ ker f.

(intermediate) 5.32 Let V be a finitely-generated vector space over R. Let
f e Homg(V, V). Show that

ker f =ker(fo f) implies Image f = Image(f o f).

(intermediate) 5.33 Find vector spaces U, V, W and linear transformations
f e Homp(U, V) and g € Homgp(V, W), such that

ker f <kergo f,

and
Image g o f < Imageg.
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5.9 Rotations of the plane

In this section we introduce yet another family of linear transformations—
this time transformations from the plane to itself, R? — R2. Recall that a
point (z,y) € R? can be represented by its distance from the origin, r, and
the angle a formed between the arrow pointing to it from the origin and the
T axis:

(r cosa, T sin )

We define a family of linear transformations,

Roty : R? - R?,

where 6 € R, where

Rotg(r cosa,r sina) = (r cos(a + 0),r sin(a +0)).

That is, this transformation rotates vector about the origin by an angle 6.
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7 cos(a+0),r sin(a+0))

(r cosa, T sin )

[

On the face of it, this transformation doesn’t seem linear; the trigonometric
functions are nonlinear. However, using the trigonometric identities,

cos(a+60) = cosacosf —sinasinf

sin(a +0) =sinacosf + cos asin @,
setting x =r cosa and y = r sina, we find that
Rotg(x,y) = (cosOx —sinfy,sinf x + cos 0 y),
that is Rotg € Homg (R?, R?).

If we rather write the components of vectors relative to the standard basis,

Roto [17]) = cosfx —sinfy| [cos —sinf||x
"“\ly|) |[sinfz+cosOy| |[sind cosb ||y|
Thus, a rotation in the plane by an angle 6 is represented (in standard coor-
dinates) by a multiplication by a rotation matrix (212°0 n3"nn)

lcos § -—sin 9]

sinf cos@

0=

What happens if we compose two rotations? What happens if we rotate a
vector by an angle # and then rotate the result by an addition angle of ¢.
Clearly, we expect

Rot, o Rotg = Roty.4 -
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A straightforward calculation shows that indeed

cosp —sing|[cosf -sinf
sing cose |[sinf cosé

zlcos(ngré’) —sin(p +6)
sin(p+60) cos(p+6) |’

ie.,
R, Ry =Ry.p.
Note that
R2ﬂ' = RO = ]7
and
RyR_g=1.

5.10 The dimension of Homg(V, W)

Since the set of linear transformations Homg(V, W) is a vector space in its
own right, a number of questions arise right away: under what conditions is
it finitely-generated? What would be a natural basis for it?

The following lemma is the key to answering these questions:

Lemma 5.22 Let V and W be finitely-generated vector spaces. Let

%:(Vl vn) and Qf:(wl Wm)
be ordered bases for V- and W. Then, there exists for everyi=1,...,n and
j=1,...,m a unique linear transformation f; € Homy(V, W), such that

Wj ]’CZZ

5.1
Ow k=+i. (5.1)

ff(Vk)={

Proof: This is an immediate consequence of Proposition 5.3 and Propo-
sition 5.4, whereby a linear transformation is uniquely determined by its
action on basis vectors. It is worth though to examine this in more detail.
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Let f e Homp(V, W) and consider the vector f(vy): it has a unique represen-
tation as a linear combination of the basis vectors w;, which we may write
as

f(vy) = (W1 wm) :
i,
Repeating this for each of the n vectors f(v;), we obtain that f is uniquely

determined by an m x n matrix
al . (1711
(FOv) oo fO) = (Wi o wa)| 0
1

n
am a’m

The function f; corresponds to the matrix A which is zero everywhere, except
for the element on the i-th colum and j-th row, which is equal to one. |

Example: Let n =3 and m =5, then, for example,

fitvi)=0w  fi(va) =wy and Ji(vs) = Ow,

namely,

(fi(v1) fi(va) fi(vs))=(w1 wa w3 wy ws)

o O O O o
o= O O O
o O o oo

Theorem 5.23 Let V and W be finitely-generated vector spaces. Let
%z(vl Vn) and €=(W1 Wm)

be ordered bases for V. and W. Then, the linear transformations f;f defined
by (5.1) are a basis for Homg(V,W). In particular,

dimp Homp(V, W) = dimp V' x dimg W.
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Corollary 5.24 In the particular case where W =T. Theorem 5.23 asserts
that
dimp Homp(V,F) = dimp V x dimg F = dimg V,

— ——
vV 1

which we already know.

Proof: We need to show that the set of linear transformations

{f; ci=1,...,n, j=1,...,m}
is generating Homp(V, W) and independent.
Let f e Homg(V,W). We want to show that it can be represented as
where aj: € [F are the coefficients. As we know, a linear transformation is

uniquely determined by its action on basis vectors: substituting vy, k =
1,...,n on both sides,

FO) =SS fivi) =Y S el fiow, = iaiwj.

i=1j=1 i=1j=1
For every fixed k =1,...,n, the coefficients afc are the coordinates of f(vy) €

W relative the basis €, '
= ([f(ve)]e)

In other words, every f € Homp(V,W) can be represented as
Z Z (Vl C) f]l7
:1 =1

thus proving that the linear transformations f; is a generating set for Homg(V, W).

It remains to show that they are also independent. Let a;'. be scalars and
suppose that

> > al fi = Ottome(viw)-

i=1j=1
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Substituting v, on both sides,

m

Z;Zaf fi(vi) = Z;a{;wj = Ow.
=1 J=

=1

Since € is a basis for W, it follows that ai =0p forall j =1,...,m (and for
all k=1,...,n), which completes the proof. [ |

5.11 Isomorphisms

The notion of isomorphism (@PYIMWMR) is fundamental is mathematics:
loosely speaking, two sets are said to be isomorphic if they are “the same”
up to a renaming of their elements. The most basic notion of isomorphism
is between plain sets: two sets S and T are isomorphic if there exists a func-
tion f : S — T that is one-to-one (M>72 71 7M) and onto (5v); then,
the function f induces a relation where every element in S can be identified
with an element in 7" and vice-versa, so that we could say that f(z) € T is
a ‘“renaming” of x € S. We then say that f is an isomorphism and that S
and T are isomorphic (2™571M1R). An alternative way of stating that two
sets are isomorphic is that there exist two functions f: S - T and g:T - 5,
such that
g(f(x)) ==z for every z € S,

and
f(g(y))=y  forevery yeT.

In other words, go f =Idg and f o g =1Idy.

Vector spaces are not just plain sets; they are endowed with a linear structure,
so for two vector spaces to be considered isomorphic, we require more than
being equivalent as sets. The function identifying an element in one space
with an element in the other space has to “respect” linear operations. This
leads us to the following definition:

Definition 5.25 Let V and W be vector spaces over a field F. The spaces
are called isomorphic if there exists a linear transformation f € Homg(V, W)
and a linear transformation g € Homp(W, V') such that go f =1dy and fog=
Idyw . The function f is called an isomorphism from V to W and g is called
an isomorphism from W to V.
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Note that f and g both necessarily one-to-one and onto. Take f for example:
for every w e W,

w = f(g(w)),
showing that f is onto. Likewise, if

fvi) = f(va),

then
vi=g(f(v1)) = g(f(v2)) = va,
showing that f is one-to-one.

The next proposition provides a sufficient condition for two vector spaces to
be isomorphic.

Proposition 5.26 Let V and W be vector spaces over a field F. Let f €
Homgp(V, W) be one-to-one and onto. Then, [ is an isomorphism from V to
W (implying that V' and W are isomorphic).

Comment: This proposition states that if a linear transformation is invert-
ible, then its inverse is necessarily also a linear transformation.

Proof: Since f is one-to-one and onto, it has an inverse, which we denote by
g. It remains to prove that ¢ is a linear transformation. Let wy,ws € W. By
definition, there exist unique vy, vy € V, such that

wy = f(v1) and wo = f(va).

Reciprocally,
vy =g(wy) and vy = g(Ws).

By the linearity of f,

w1+ Wy = f(vi) + f(ve) = f(vi+V2),
and reciprocally,

g(W1 + W) = vy + vy =g(wy) +g(wa),

thus proving the first condition of linearity for g.
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Likewise, let w € W and a € [F. There exists a unique v € V', such that
w = f(v) and v =g(w).
By the linearity of f,
aw =af(v)=f(av),
and reciprocally,
glaw) =av=ag(w),

thus proving the second condition of linearity for g. |

Proposition 5.27 An isomorphism between vector spaces is an equivalence
relation.

Proof: Recall that an equivalence relation has three criteria: reflexivity,
symmetry and transitivity. Every vector space is isomorphic to itself. Why?
Take the identity f:V — V., defined by

fv)=v for all veV.

It is invertible (its inverse being also the identity) and linear, proving that V' is
isomorphic to itself. Next, if V' is isomorphic to W then W is isomorphic to V,
because an isomorphism is symmetric by construction. Remains transitivity:
suppose that U and V' and isomorphic and V' and W are isomorphic. By
definition, there exist

f € Homp(U, V) g € Homp(V,U)
h € Homg(V, W) k € Homg (W, V),

such that

go f=1dy fog=1Idy koh=1dy and hok =1Idy.

f h
/\ /\

Consider the functions

hof:U—-W and gok:W = U.
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Since they are compositions of linear transformations, they are linear trans-
formations, i.e.,

ho f e Homp(U, W) and gok e Homp(W,U).
Finally, for every ue U,

(gok)o(hof)(u)=g(k(h(f(u))=g(f(u) =,

and for every w e W,

(ho f)e(gek)(w)=h(f(g(k(w))=h(k(w)=w,

proving that U and W are isomorphic. |

Now that we know what are isomorphic vector spaces, we will see examples,
and in particular, discover that we have already encountered isomorphisms
without being aware of it...

Example: Let V' be finitely-generated vector space over F and let
B = (V1 ... Vn)

be an ordered basis. The mapping f:V — F”

col?
five[V]s,

mapping every vector to its coordinate matrix relative to B is an isomor-
phism. We know that this is a linear transformation; it is also one-to-one—
every vector has a unique coordinate representation—and onto—every col-
umn of n scalars is the coordinate matrix of some vector. AAA

Lemma 5.28 LetV and W be finitely-generated vector spaces over F having
the same dimension. Let f € Homg(V,W). Then, f is one-to-one if and only
if f s onto.

Proof: This is an immediate consequence of the rank-nullity theorem (The-
orem 5.18), whereby

dimg ker f + dimp Image f = dimp V' = dimyp W.
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Recall that f is one-to-one if and only if dimgker f = 0 (Proposition 5.12); f
is onto if and only if Image f = W. Thus, if f is one-to-one, then

dimp Image f = dimg W,

which implies that Image f = W, proving that f is onto. Conversely, if f is
onto, namely, Image f = W, then

dimg ker f + dimg W = dimy W,
i.e., ker f = {0y}, hence f is one-to-one. |

Proposition 5.29 FEvery two finitely-generated vector spaces over the same
field having the same dimension are isomorphic.

Proof: Let V and W be vector spaces of dimension n over F. Let
%z(vl Vn) and (’:=(W1 wn)

be ordered bases for V and W. Define f € Homp(V, W) as the unique linear
transformation satisfying

f(v;) =w; foralli=1,...,n.

If we show that f is one-to-one and onto, then we are done, but from
Lemma 5.28 it suffices to show just one of them. Let w € W; by the definition
of a basis, there exist scalars a!,...,a" € F, such that

w=a'wy + -+ a"w,,.

Then,
w=a' f(vi)+...a" f(v,) = f(a'vi +---+a"v,),

i.e., w € Image f, which proves that f is onto. |

Corollary 5.30 FEvery finitely-generated vector space is isomorphic to its
dual.
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Comment: I[somorphisms are commonly split into two categories: natural
isomorphisms and “unnatural” ones. An isomorphism is called natural if its
definition does not rely on arbitrary choices. When we say that two vector
spaces of the same dimension are isomorphic, the isomorphism depends on a
choice of bases, therefore it is not considered natural.

Example: Let V be a finitely-generated vector space over F. It is isomorphic
to its dual, and its dual is isomorphic to its own dual (the so called double-
dual). By transitivity, V is isomorphic to (VV)V. In this case, there exists a
natural isomorphism. Consider the map

FoV s (V)"
assigning to every v € V' a linear form (on linear forms...) f(v) defined by
(f(v))() =£(v) for every £ e V'V,

We claim that f is an isomorphism, i.e., it is a linear transformation, one-to-
one and onto.

To show that it is linear, we note that for every u,v € V and every £ e V'V,

(f(u+v))(0) = t(u+v) =£(u) + £(v) = (f (w)) () + (f(v))(©),

and since this hold for every £ e V'V,

fla+v) = f(u)+ f(v).
Similarly, for veV,aeF and £ e V'V,

(f(av))(O) = t(av) = al(v) = a(f(v))(0),

and since this hold for every £ e V'V,

flav)=af(v).

This completes the proof that f is a linear transformation.

Since V' and (VV)V are of the same dimension, it suffices to show that f is
one-to-one, and equivalently, that its kernel is trivial. Let v € ker f. This
means that

(f(V))(£) = £(v) =0
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for all £ € VV. We have seen that if v # 0 then there exists a linear form
¢ e VV such that £(v) # 0. We conclude that v = Oy, i.e.,

ker f = {Ov},
completing the proof that f is an isomorphism. This isomorphism is consid-
ered natural because it does not hinge on any arbitrary construct. A A A

We end this section with one more manifestation of isomorphisms respecting
the linear structure of vector spaces:

Proposition 5.31 Let V.W be finitely-generated vector spaces over F and
let f e Homp(V,W) be an isomorphism. If

%z(vl Vn)

is a basis for V, then
€= (f(vl) f(vn))

is a basis for W. In particular, two finitely-generated vector spaces are iso-
morphism if and only if they are of the same dimension.

Proof: We need to prove that € is generating W and independent. Denote
by g € Homp(W, V') the map inverse to f. Let w € W and let v = g(w). Since
B is a basis for V', we can write

v=a'vy+-+a"v,
for some scalars a',...,a" € F. Then,

w=f(v)=a' f(vi)+--+a" f(vn),
proving that € is a generating set for W.
Let
a' f(vi) +--+a" f(vn) = Ow.
Applying g on both sides, using its linearity and the fact that go f =1Id, we

obtain that
a'vi+---+a"v, = 0y.

Since B is a basis, a’ = 0 for all i = 1,...,n, proving that € is an independent
set. This completes the proof. |
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Exercises

(intermediate) 5.34 Complete the proof of Proposition 5.31: deduce that
if dimg V' =m and dimp W =n, where m # n, then V' and W are not isomor-
phic.

(intermediate) 5.35 Let A € M, (F). Prove that the linear transformation
f : ]Fgol - IF?ol’

F(v) = Av
is an isomorphism if and only if A € GL,, ().

5.12 Matrix representation

Recall that in finitely-generated vector spaces, the introduction of ordered
bases enables us to encode vectors as coordinate matrices. In a similar way, if
V and W are finitely-generated vector spaces, we can encode linear transfor-
mations in Homp(V, W) as matrices acting of the coordinate representation
of v € V| returning the coordinate representation of f(v) e W.

Consider the following diagram:

V W
B ¢
Fr — ="

col Af col

In this diagram there are four vector spaces: V', W, F?  and F7",. The arrows
represent linear transformations between the tail of the arrow and the head
of the arrow. Thus, f is a linear transformation from V to W. Assume that
dimp V' = n and dimy W = m. The introduction of ordered bases, 8 for V' and
¢ for W, induces two linear transformations, one from V' to the space of its
coordinate matrices F? , and one from W to the space of its coordinate matri-
ces F7,. In this section, we show that to every f e Homg(V, W) corresponds
a unique matrix Ay € My, (F), which we view as a linear transformation in
Homg(F” |, F™, ), such that this diagram “commutes”. To explain what this
means, consider the same diagram through its action on a vector v e V:
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v%f(v)

[V]s '—Af> [f(v)]e

Take the vector v € V; if we apply f on it we obtain a vector f(v) e W. If we
apply on the latter the linear transformation returning its coordinate matrix
relative to €, we obtain [f(v)]e € F™,. Alternatively, apply on v first the
linear transformation returning its coordinate matrix [v]y € F? | relative to
B. Multiply it then by the matrix Ay, yielding a matrix A;[v]y. When we
say that the diagram commutes, we mean that either path yields the same
outcome, namely,

[f(V)]e = Ar[v]s.

The matrix Ay is called the matrix representing (D™ m3™@R7) the
linear transformation f relative to the ordered bases 8 and €; we denote it

by [f]?» Le.,
[f(V)]e = [F1E [V]s-

Theorem 5.32 Let V.W be finitely-generated vector spaces over F. Let
%z(vl Vn) and €=(w1 Wm)

be ordered bases for V. and W. FEvery f € Homg(V,W) has a unique A €
Msn (F), such that

[f(v)]e=A[V]s for every veV.

Proof: Consider the transformation taking v € V' and returning [f(v)]e.
This is a mapping V' — F”,, which is a composition of two linear transforma-
tions, hence it is a linear transformation. For every i = 1,...,n, substituting

v;, we obtain a coordinate matrix

[f(vi)]e e Fy.
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We define then the matrix A to be the unique linear transformation in
Homg(F? |, F™ ) satisfying

Alvils = [f(vi)]e-

Here we used several facts: first, by Proposition 5.3 and Proposition 5.4,
a linear transformation is uniquely determined by its action on basis vec-
tors. But second, we used the fact that [v;]y is a basis for F7 ; this follows
from the fact that the mapping from a vector to its coordinate matrix is an
isomorphism (Proposition 5.31).

We claim that A has the desired property: for every v € V., which we write
as
v=alvy+--+a"V,,

we have
Alv]s = Ala'vy +---+a" v, ]»
=A (al [vi]g +--+a” [Vn]%)
=a' A[vi]p + - +a" A[v, ]
=a' [f(vi)]e+-+a" [f(va)]e
= [al fvi)+--+a" f(vn)le
=[f(a'vi+---+a"vy,)]e
=[f(V)]e,
which completes the proof. |

We've already seen this matrix. Recall that there is a matrix A € M., (F),
such that

(f(vl) f(vn)) = (W1 Wm) A,
The entries of A are precisely ([f(v;)]e)?. That is,

(f(Vl) f(Vn)) = (Wl Wm) [f]?'
Example: The zero transformation is represented by the zero matrix. A A A

Example: Let dimp V' = n and consider the identity function Id € Homg(V, V'),
ie.,

Id(v)=v for all veV.
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Let B = (v1 Vn) be a basis for V. Then,

1

(Id(v1) ...Id(vn))=(v1 ... Vv») 1 :

i.e., the matrix representing the identity map of a vector space is the identity
matrix,

[1d]3 = L.

In this very special case it does not depend on the choice of basis, as long as
we use the same basis both for the domain and the codomain. AAA

Example: Let dimgV = n and for a € F consider the homothety f €
Homg(V, V'), given by

f(v)=av for all veV.
Let B = (v1 Vn) be a basis for V. Then,

a

o) )= e v |

a

i.e., the matrix representing a homothety is a multiple of the identity matrix,
and for every veV,
a

WMs=| =~ |[V]s

a

AAA

Example: Let B and € be two ordered bases for V' (which is finitely-
generated). Recall that the two bases are connected via transition matrices,
P,Q e GL,(F),

C=BP and B = CQ,

where () = P~1. Furthermore, for every veV,

[v]s = P[v]e and [V]e = Q[V]s-
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Since we can equivalently write
[1d(v)]w = P[V]e,

it follows that the transition matrix P is the matrix representing the identity
map Id € Homp(V, V) relative to the bases % and €, namely,

P =[1d]§.
For example, let V = R2, with
B=((1,2),(2,1)) and ¢=((1,1),(1,-1)).
You may verify once again that

((1,1) (1,-1))=((1,2) (2,1))“@ —11]’

< B —_—
P

Then,

s |yl 7

Exercises
(easy) 5.36 Let f e Homg(R? R2?) be given by
f(2,y) = 2w,z +y).
Calculate [f]§ and [f]F for
¢=((1,0) (0,1)) and B=((1,1) (0,1)).

(easy) 5.37 Let A e My(F) and let f: My(FF) — My(FF) be given by f(B) =
AB.
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(a) Show that f is a linear transformation.
(b) Does there exist a basis B for M,(F), such that [f]3 = A?

(easy) 5.38 Let €, denote the standard ordered basis for R®. Let f e
Hompg (R?,R3) be given by

f(z,y) = 2z -y, x+y,—x+3y).

(a) Write the matrix [f]g;
(b) Find the linear transformation g € Homg(R?,R3) for which

1 0
¢
[gl2=]0 2.
-1 2

(easy) 5.39 Repeat the previous exercise, this time using the ordered bases
B=((1,1) (1,-1)) and ¢=((1,0,0) (1,1,0) (1,1,1)).
(easy) 5.40 Find the linear transformation f € Homg(R? R?) satisfying

[f]Z = I3 relative to the ordered bases
B =((1,0,-1) (1,-1,0),(0,1,1))
¢=((1,0,0) (1,1,0) (1,1,1)).

(intermediate) 5.41 Let V = M,(R),

e S R

In Exercise 5.15 you showed that V = U @ W and wrote explicitly the pro-
jections p; and reflections S;.

(a) Find an ordered basis B = {uy, uz, wy, wa} for V, such that {u;,us} is
a basis for U and {wy, wy} is a basis for .

(b) Find the matrices [p;]3 and [S:]3.

(intermediate) 5.42 Let V = (C,+,R,-) and consider the linear transfor-
mation f:C — C defined by

f(z)=2z.
Find [f]5 for B = (1, -).



226 Chapter 5

(intermediate) 5.43 Let
V=Rau[X]={peR[X] : degp<4}.
Let f:V - V be defined by
(f(p)(X) = Xp'(X),

where p’ is the derivative of p, viewed as a function, e.g., f(3X - X?) =
X(3-2X) = 3X - 2X2.

(a) Show that f is a linear transformation.
(b) Find [f]3 for B = (1, X, X2, X3).
(c¢) Find the kernel and the image of f.

(intermediate) 5.44 Let V = My(R) and let W = R5[X]. Let f:V - W
be the linear transformation defined by

f([z Z]):(a+2b+c)+(3a—d)X+(a—4b—20—d)X2.

(a) Find [f]? for € = (1, X, X?) and
s ([1 0] Jo 1] [o 0] [o o
~\[0 0 0 0 10 0 1|
(b) Find the kernel and the image of f.

(intermediate) 5.45 Let f:R3[X] - Ro3[ X] be the linear transformation
represented by the matrix

relative to the ordered basis B = (1,1+ X,1 - X + X?2). Find Image f.
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(intermediate) 5.46 Let

B=((1,3) (3,0))

be an ordered basis for R?. Let f € Homg(R3, R?) satisfy

G |

where € is the standard basis. Find a matrix A € Ms,3(R) such that

f(x’y7 Z) = (x7y7Z)A

(intermediate) 5.47 Let V be a vector space over R and let B = (vq,va, Vv3)
be an ordered basis for V. Let f € Homg(V,R?) be the linear transformation
satisfying
5 -3 4
B _
[f]Q - [_1 6 2]

where
¢=((1,2) (0,-1)).
Let v € V satisfy
[V]s = :
-1

Find f(v).

5.13 Algebra of transformations and matrix
algebra

We now connect the composition of linear transformations to their matrix
representation. Let U, V. W be vector spaces over F, let f € Homp(U, V') and
let g € Homp(V,W). Let B, € and © be ordered bases for U, V and W. The

following diagram is useful:
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U ! % g W
B ¢ |®
n m k
Ko (12 Ko (]S Feol

Proposition 5.33 The above diagram commutes, namely,

lgo f15 = [glsl/]e-

In other words, the matriz representation of a composition is the product of
the matrix representations.

Proof: By definition, for every ue U,
[f(w)]e = [f1[ul»

and for every veV,
[9(v)]o = [9]5[V]e-

Combining the two,

lo(f(w)]o = [g]5[f (w)]e = [9]

and by definition,

VE
=
R
B,
8

[915[£1¢ =90 f13-
n

Linear transformation from V to W can also be added. The addition of
linear transformations is represented by the addition of the corresponding
transition matrices:

Proposition 5.34 Let V.W be wvector spaces over F and let f,g €
Homp(V,W). Let B and € be ordered bases for V and W. Then,

[f+9]g = [fI + 9]¢
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Proof: By definition, for every v eV,

fN]e=[fIEV]ls  and  [g(V)]e=[g]¢[v]s-

Combining the two,

[(f +9)(V)]e

[f(V)+9(v)]e

[f () ]e+ [9(V)]e
[f1E[V]s + (9] [V]e
(/12 + [9]) V],

and by definition
[f1E + 9]¢ = [f +gl&-

Similarly, we can prove:

Proposition 5.35 Let V,W be vector spaces over F; let f € Homg(V, W)
and a €F. Let B and € be ordered bases for V and W. Then,

[a f1¢ =alf]¢

Proof: We leave this as an exercise. |

Example: Let V = U; @ U,, where
dim]p U1 = dlmF U2 =1.

Recall that every v € V' has a unique representation as v = u; + uy, and we
defined the projection operators pi,ps: V. =V by

p1(v) =wy and p2(V) = uy,
and the reflection operators S1,55:V — V by

Sl(V) =Uu; — Uy and SQ(V) =Ug —Ujg.
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These linear transformations satisfy the following additive relations,

p1+p2 =Idy
p1—p2=51
p2 —p1 =52

S1+ 52 = OHomg(V,V)-
In the present case there exist u,w € V', such that
U, = Span{u} and U, = Span{w}.

Take B = (u,w) as an ordered basis for V. We have

- fg] et wl]])

Since pi(u) = u and p;(w) = Oy, the matrix representation of p; relative to
the basis ‘B is ) )
10
B _
[pl]‘B - _0 O_ :
Likewise, ) )
0 0
B _
[pQ]‘B - -0 1‘ :

Note that [pi]m + [p2]3 = I> = [Idv]3. Further

[S1]% = [ ]3 - [p2]3 = 0o -1l

and

[S2]% = [p2]3 - [p1]% = o 1l

so that [S1]3 + [S2]% = Oary(m), as expected.

Consider now compositions of these operators, for example,

p1op1 =p1 and p1 o ps = 0y.
Indeed,

333 =[5 olo 0] <[o o]-trer
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and

3t =[g o[o 8]-[0 o] wrert

Exercises
(easy) 5.48 Show explicitly in the last example that p; o Sy = —p; and

[p1]R[51]% = [p1 o S1]3.

(harder) 5.49 Let V' be a three-dimensional vector space over a field F
and let f € Homp(V,V') be a linear transformation, which is not the zero
transformation, satisfying

fof = Olomg(v,v)-

Show that there exists an ordered basis 8 for V', such that

[f15 =

o O O
o O O

1
0f.
0
Hint: start by finding the dimensions of ker f and Image f. Is one of those
subspaces contained in the other?

(harder) 5.50 Let V' be a three-dimensional vector space over a field F and
let f e Homp(V,V) be a linear transformation satisfying

f o f * OHOmH:(V,V) and f © f © f = OHom]F(V,V)-

Show that there exists an ordered basis 8 for V', such that

[f15 =

o O O
OO =
O = O

Hint: start by finding the dimensions of ker f and Image f. Is one of those
subspaces contained in the other? What is the implication of fo f not being
the zero transformation?
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5.14 Change of basis

The change of an ordered basis induces a change in the coordinate matrices
of vectors. Likewise, it also induces a change in the matrix representation
of linear transformations. The following theorem provides a formula for the
change of the matrix representation.

Theorem 5.36 LetV be a finitely-generated vector space over F, dimp V' =
n. Let B and € be ordered bases for V', such that

C=9BP,
for some P € GL,(F). Then, for f € Homp(V,V),

[f]e = P[f15P.

Proof: By definition of the representing matrix, for every v eV,

D] =[fl3lvls  and  [f(V)]e=[fle[V]e-

Moreover,

Plvle=[vls  and  P[f(v)]e=[f(¥)]>,

from which we obtain,

[felv]e = [f(V)]e = P Lf (V)]s = PP f15[V]s = P [f 5 PIV]e.

This holds for every v € V', hence

Example: Let V = R? and let f € Homg(R? R?) be given by

f(x,y) = (3x + Ty, 2z - 5y).
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With respect to the standard basis €&,

()] = H ,

Yy
and
sele=5 215 T
namely
-l )
Let now

B=((1,2) (2,1))

be another ordered basis for R2. Then,

(2 @n)-(@0 o), 7|

and for (z,y) € R?

A ] ) R (%) M e A | W

Now,

[f(z,y)]»s = [(3x + Ty, 22 - 5y)]»
[-1/3 23 ][ 3x+7
| 2/3 -1/3] _2x—5y]

{2 )k 2

2
(—1/3 2/31[3 7]1[1 2
| 2/3 -1/3]|2 _5] [2 1] [(z. )]

el B R

We conclude that
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Definition 5.37 Square matrices A, B € M,,(F) are called similar (dm17),
if there exists an invertible matriz P € GL,(F) such that

B=P AP

Thus, we have proved that matrices representing the same linear transfor-
mation f € Homg(V, V) relative to different bases are similar. The opposite
is also true: two matrices that are similar represent the same linear transfor-
mation relative to different bases.

Proposition 5.38 Similarity between matrices is an equivalence relation.

Proof: This is left as an exercise. |

Exercises
(intermediate) 5.51 Let
B=((21) (3,2) and ¢=((1,-1) (-1,2))

be ordered bases for R?. Let f € Homg(R? R?) be the linear transformation

satisfying
1 2
- 3

Find [f]¢.

(easy) 5.52 Prove that similarity between matrices is an equivalence rela-
tion (first, remind yourself what it takes to be a similarity relation).

(easy) 5.53 Prove that similar matrices represent the same linear transfor-
mation relative to different bases.

(easy) 5.54 Show that for any scalar a, the matrix a I, is similar only to
itself. Interpret this result in terms of the matrix representation of linear
transformations.

(intermediate) 5.55 Let A, B € M,(R). Prove or disprove each of the
following statements:
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(a) If A and B are row-equivalent, then they are similar.

(b) If A and B are similar, then they are row-equivalent.

()

(d) If A is not invertible, then it is similar to a matrix having a row of
Z€ros.

If A and B are similar and A is invertible, then B is invertible.

(intermediate) 5.56 Let A € My(R) be similar to the matrix
30
oo

(A-3L)(A-21,) =0.

Prove that
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