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Chapter 7

INTRODUCTION TO

LINEAR TRANSFORMATIONS

7.1. Introduction

In this chapter, we are concerned with linear mappings from one vector space to another. Recall that the
special case when the second vector space is the underlying field of the first vector space is the subject
of discussion in the last chapter. Our purpose here is to elaborate on the ideas there and generalize the
results.

DEFINITION. Suppose that V and W are vector spaces over F. By a linear transformation from V to W,
we mean a mapping 7' : V — W satisfying the following conditions:

(LT1) For every x,y € V, we have T'(x +y) = T(x) + T (y).
(LT2) For every c € F and x € V, we have T'(¢x) = ¢T'(x).

DEFINITION. Suppose that V is a vector space over F. A linear transformation 7' : V' — V is called a
linear operator on V.

REMARK. Note that in the special case when W = F, a linear transformation 7' : V — F is simply a
linear functional on V.

DEFINITION. Suppose that V and W are normed vector spaces over F. Then a linear transformation
T :V — W is said to be bounded if there exists a real number M > 0 such that | T(x)| < M||x]| for
every x € V.
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ExAaMPLE 7.1.1. Consider the normed vector space C[0,1] of all continuous complex valued functions
on [0, 1], with supremum norm

IfIF = sup £ (B)]-

tef0,1
It is easy to check that the mapping T : C[0,1] — C, given by T'(f) = f(0) for every f € C[0,1], is a
linear transformation. Furthermore, for every f € C[0, 1], we have |T(f)| = |f(0)| < ||f||- It follows that
T :C[0,1] — C is bounded, with |T'(f)| < M||f]| for every f € C[0,1], where M = 1.

EXAMPLE 7.1.2. Consider the normed vector space ¢? of all square summable infinite sequences of
complex numbers, with norm

Let ¢ = (c1,co,¢3,...) € £° be chosen and fixed, and consider a mapping T : £ — (2, where for every
X = (11,22, 23,...), we have T(x) = (c121, ca¥o, €373, ...). It is not difficult to check that T : £2 — (2 is
a linear operator. Furthermore, for every x € £2, we have

2 oo 2
TG = Z|czxz| <s_up|ci|> Z|xi|2=(s_up|ci|) I
1€N i—1 ieN

It follows that T : £2 — ¢% is bounded, with ||T(x)|| < M||x|| for every x € ¢?, where

M = sup|ei| = [|¢f|oo,
ieN

the supremum norm of ¢ in £°°.

EXAMPLE 7.1.3. Suppose that a,b € R and a < b. Consider the normed vector space L?[a,b] of all
complex valued Lebesgue measurable functions that are square integrable on [a, b], with norm

b
1l = (/ |f<t>2dt)

Let ¢ € Cla,b] be chosen and fixed, and consider a mapping T : L?[a,b] — L?*[a,b], where for every
€ L?[a, b, the function T(f) € L*[a,b] is defined by

1/2

(T())E) = o) f(t) for every t € [a, b].

It is not difficult to check that 7' : L?[a,b] — L?[a,b] is a linear operator. Furthermore, for every
f € L?[a,b], we have

2
e = [ o) 2dt<<t2up 6(0) ) INCRE <2up <z><>|> 117

It follows that T : L*[a,b] — L*[a,b] is bounded, with |T'(f)| < M||f|| for every f € L?[a,b], where

M = sup [¢(t)] = [[¢]|;

t€la,b]
the supremum norm of ¢ in Cla, b].
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ExaMPLE 7.1.4. Suppose that a,b,c,d € R, with @ < b and ¢ < d. Consider the normed vector spaces
L?[a,b] and L?[c,d], with respective norms

b 1/2 d 1/2
|ﬂ%z</f@?do and mn=(/’hwnﬁu> |

Let ¢ : [¢,d] x [a,b] — C be a fixed continuous function, and consider a mapping T : L*[a, b] — L?[c, d],
where for every f € L?[a,b], the function T(f) € L?[c,d] is given by

b
(T(f)(s) = / o(s,t)f(t)de for every s € [c,d].

It is not difficult to check that T : L%[a,b] — L?[c,d] is a linear transformation. Furthermore, for every
f € L?[a,b] and every s € [c,d], the Cauchy-Schwarz inequality gives

|@mmWs</wmm%Q</uw%Q=</¢@m%ofﬁ

nﬂﬂW=/uﬂﬁmW@s(//¢mm%mQWR

It follows that T : L?[a,b] — L?[c,d)] is bounded, with |T(f)| < M| f|| for every f € L?|a,b], where

M= (/d/b |¢(s,t)2dtds> 1/2.

ExXAMPLE 7.1.5. Consider the normed vector space L?(R) of all complex valued Lebesgue measurable
functions that are square integrable on R, with norm

= ([ iswpa)

Let V denote the subset of L?(R) consisting of all those functions f € L?(R) that are differentiable and
such that the derivative f' € L?(R). We shall first show that V is a linear subspace of L?(R). Suppose
that f,g € V and ¢ € C. Then clearly f + g,cf € L?(R) are differentiable. Furthermore, we have
f',g" € L*(R), and for every t € R, we have

((f+9) @) =1 (t) + g’ @) < (f @ +1g' ) <2 OF +2lg' ()

and so

and

[(ef)' OF = lef () = [l (),

so that (f + g)’, (cf)’ € L?(R). It follows that f + g,cf € V, and so V is a linear subspace of L?(R).
Consider now a mapping 7 : V — L?(R), where T(f) = f’ for every f € V. It is not difficult to check
that T : V — L?(R) is a linear transformation. However, this linear transformation is not bounded. To
see this, consider the sequence (f,,)nen of functions in V', where for every n € N and ¢t € R,

0 ift<-—n-1,

2(nt+1)? if —n~! <t < —(2n)7 Y,
fa(t) =< 1—2n2%2 if —(2n)"1 <t < (2n)71,

2(nt —1)2 if 2n)"t <t <n7t

0 ift>n"1.

Here each function f,, is made up of two half-lines and parts of three parabolas. It can be checked that
Ifnll = 0 and || f}|| — oo as n — co.
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EXAMPLE 7.1.6. Consider the normed vector space £2 of all square summable infinite sequences of

complex numbers, with norm
o 1/2
Ix[| = (Z |in2> :
i=1

Consider a mapping T : £2 — (2, where for every x = (1,22, 23, ...), we have T(x) = (0,21, x2,73,...).
It is not difficult to check that T : £2 — ¢? is a linear operator. Furthermore, we have ||T(x)| = ||x|| for
every x € 2, so that T : £2 — ¢2 is bounded. Note that this linear operator is norm preserving.

An important property of linear transformations from one normed vector space to another is that
continuity and boundedness are essentially the same. The following is a generalization of Theorem 6A.

THEOREM TA. Suppose that V and W are normed vector spaces over F. Then for any linear trans-
formation T : V. — W, the following statements are equivalent:
(a) T is continuous in V.

(b) T is continuous at x = 0.
(¢) T is bounded.

EXAMPLE 7.1.7. Suppose that V is a finite dimensional inner product space over F, with orthonormal
basis {v1,...,v,}. Then for any x € V, there exist ¢1,...,¢. € F such that x =c¢;vi + ...+ ¢ v, and
it follows (see the proof of Theorem 5C) that

.
I = feil®.

i=1

Consider now a linear transformation 7" : V' — W, where W is a normed vector space over F. Then it
is easy to see that

1T = IT(rvi+ .4 epvi)| < Y leT vl = Y lallIT(vi)ll-
=1 =1

Using the Cauchy-Schwarz inequality, we have

T r 2 ;. 1/2
ZICiIIT(Vi)II=<ZICil2> (ZIIT(W)||2> :

i=1 i=1

It follows that

. 1/2
IT(x)] < <Z ||T(Vi)||2> 1],

and so the linear transformation T': V' — W is bounded, with ||T'(x)|| < M||x| for every x € V', where

, 1/2
M= (Z ||T<vi>|2> .

It now follows from Theorem 7A that the linear transformation 7' : V' — W is continuous in V. We
have therefore shown that any linear transformation 7" : V' — W from a finite dimensional inner product
space V over F to a normed vector space W over F is continuous in V.

In fact, the above is a special case of the following result.
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THEOREM 7B. Suppose that V and W are normed vector spaces over F. Suppose further that V is
finite dimensional. Then any linear transformation T : V — W is continuous in V.

PrROOF. Recall Theorem 3E, that any two norms in a finite dimensional vector space V over F are
equivalent. This enables us to make use of any norm on V which we can construct, so let us attempt to

construct a new norm from the given norm || - || on V' and the given norm | - ||y on W. We shall show
that the function || - || : V' — R, given by
X[l = lIx[lv + ITx)[lw  for every x € V,

is a norm on V. Clearly ||x|| > 0 for every x € V, so that condition (NS1) is satisfied. On the other
hand, it follows from 7°(0) = 0 that ||0]] = 0, while ||x|| = 0 clearly implies ||x||yy = 0, so that x = 0,
and so condition (NS2) is satisfied. Condition (NS3) follows on noting that for every ¢ € F and x € V,
we have

lex|| = llex[lv + [|T(ex)llw = llex[lv + [|T(x)[[w = lellxllv + el T ) lw = |ellIx]]-
Condition (NS4) follows on noting that for every x,y € V, we have

Ix+yll=lx+ylv +1Tx+y)lw = lIx+ylv +1Tx) + T(y)lw
< lxllv + llyllv + 1T w + ITO)llw = lIxl + Iyl

Now since || - || is equivalent to || - ||y, it follows that there exists a real number K > 0 such that
x| < K||x]||v for every x € V.
It follows that
ITGOw < x|l < Klixlly  for every x € V.,

so that T : V — W is bounded. It follows from Theorem 7A that T : V — W is continuous in V. O

7.2. Space of Linear Transformations

We now extend the argument in Section 6.2 to the collection of all continuous linear transformations
from a normed vector space to another. The following is a generalization of Theorem 6B.

DEFINITION. Suppose that V and W are normed vector spaces over F. We denote by B(V,W) the
collection of all continuous linear transformations from V to W, and by B(V) the collection of all
continuous linear operators on V.

THEOREM 7C. Suppose that V and W are normed vector spaces over F. Then the following assertions

hold:
(a) B(V,W) is a vector space over F with respect to pointwise vector addition and scalar multiplication.
(b) The function || - || : B(V,W) — R, defined for every T € B(V,W) by
1T = sup | T(x)]],
xeV, |Ix|<1

is a norm on B(V,W).
(c) Suppose further that W is a Banach space. Then B(V,W) is a Banach space.

REMARK. Note that | T'(x)| < ||T||||x|| for every x € V.

EXAMPLE 7.2.1. Note that ||T|| < 1 in Example 7.1.1. On the other hand, the function g € C[0, 1],
given by g(t) = 1 for every t € [0, 1], satisfies | T'(g)|| = ||lgll = 1, and shows that we must have ||T|| = 1.
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7.3. Composition of Linear Transformations
We begin by establishing the following simple result.

THEOREM 7D. Suppose that V., W and U are normed vector spaces over F. Then for every T &
B(V,W) and S € B(W,U), we have ST € B(V,U), and ||ST|| < [|S|IIIT]-

PROOF. It is easy to check that ST is a linear transformation. Furthermore, ST is continuous, since the
composition of continuous mappings is continuous. Hence ST € B(V,U). On the other hand, we have

IST)YE) = ISTEDI < ISIHITE < ISHITHx] for every x € V.
The last assertion follows immediately. O

With compositions, we are now able to discuss inverses. For the remainder of this chapter, we shall
restrict our discussion to continuous linear operators from a normed vector space to itself.

DEFINITION. Suppose that V is a normed vector space over F. A linear operator T € B(V) is said to
be invertible if there exists a linear operator S € B(V') such that

ST =1=TS5,

where I : V' — V is the identity linear operator on V, so that I(x) = x for every x € V. In this case, we
say that S is the inverse linear operator of T, and write S = T~1.

REMARK. In general, a mapping is invertible if it is one-to-one and onto. Here, we need more, namely
that T~ is required to belong to B(V); in other words, we require T~ to be continuous, or bounded.

EXAMPLE 7.3.1. Let us return to Example 7.1.6. Consider first the linear operator 1" : £ — (2, where
for every x = (1,22, 3,...) € 2, we have T(x) = (0,1, 22, 23,...). This continuous linear operator
is not invertible, since it is clearly not onto. Consider next the linear operator S : ¢2 — /2, where for
every x = (21,2, T3,%4,...), we have S(x) = (z2,%3,24,...). This continuous linear operator is also
not invertible, since it is clearly not one-to-one. Note here that ST =1 # T'S.

EXAMPLE 7.3.2. Let us return to Example 7.1.3. Consider the linear operator T : L?[0,1] — L?[0, 1],
where for every f € L2[0,1], the function T'(f) € L?[0,1] is defined by

(T())(E) =tf(t) for every ¢ € [0,1].

In other words, we take ¢(t) =t in the notation of Example 7.1.3. The continuous linear operator T is
one-to-one, for if ¢f(t) = tg(t) for almost all ¢ € [0, 1], then f(t) = g(¢) for almost all ¢ € [0, 1]. However,
it is easy to see that T is not onto, since the only possible candidate for f such that (T'(f))(t) =1 for
almost all ¢ € [0,1] must satisfy f(¢t) = ¢t~! for almost all ¢ € [0,1]. However, this candidate f is not
square integrable over [0,1], so that f ¢ L?[0,1]. Hence the linear operator T is not invertible.

ExXAMPLE 7.3.3. Let us again return to Example 7.1.3. However, consider instead the continuous linear
operator T : L2[0,1] — L2[0, 1], where for every f € L?[0, 1], the function T'(f) € L?[0,1] is defined by

(T(HNHE)=1A+t)f) for every t € [0, 1].

For a possible inverse to T', let us consider the continuous linear operator S : L2[0,1] — L?[0, 1], where
for every g € L?[0, 1], the function S(g) € L?[0,1] is defined by

(S(g))#t) = (1 4+t)"g(t) for every ¢ € [0,1].
Note that

(ST = (STENE) = A+ )THTENE) = A+ 1) (1 +0)f(t) = £(2)
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for every f € L?[0,1] and t € [0,1], and that

(TS)(9))(t) = (T(S(9)))(t) = (L +1)(S(9))(t) = (L + 1)1+ 1)~ g(t) = 9(t)
for every g € L?[0,1] and t € [0,1]. Hence ST = I = T'S, so that T and S are both invertible.

To describe the collection of all invertible continuous linear operators on a normed vector space, we
need to make an extra assumption.

THEOREM T7E. Suppose that V' is a Banach space over F. Then the set J of all invertible operators
in B(V') is an open set in B(V).

We need two intermediate results. The first of these is almost trivial.

THEOREM T7F. Suppose that V is a normed vector space over F, and that T, S € B(V') are invertible.
Then ST € B(V) is invertible, and (ST)~t = T-15~1.

THEOREM 7G. Suppose that V is a Banach space over F, and that T € B(V). Suppose further that
IT| < 1. Then I —T € B(V) is invertible, and

(I-T) ' = lim(I+T+T*+...+T")

n— oo

in the normed vector space B(V).

PROOF. Suppose that x € V. Then the sequence (I +T +T?%+ ...+ T")(x))nen is a Cauchy sequence
in V, since for every m,n € N satisfying m > n, we have

(I+T+T?+... +T™)x) - +T+T*+ ...+ T =T (x) +... + T"(%)|

n m n m - [ ||T’||n+1
ST E) T < AT+ T ) < ( > Il ) Il = 1= 7 Ix|| = 0
i=n+1

as n — o0o. Since V' is a Banach space over F, the sequence converges to a limit u € V. Let u = Ax. It
is not difficult to show that A : V' — V is a linear operator on V. Furthermore, letting m — oo, we have

|7+t

JAG) = (I +T+T%+...+T") ()| < 1= i

||| for every x € V,

sothat A—(I+T+T%*+...+7T") € B(V), and so A € B(V). Clearly we have

|7+

|A=(I+T+T*+...+T")| <
1— |7

—0 as n — 00,

andso [ +T+T?+...+T" — A as n — oo. It remains to show that A = (I —T)~!. For every x € V/,
we have

(I — T)A)(x) = ((I ~T) Jim (I +T+T%+ ... +T")) (x)
= lim (I -T)I+T+T*+...+T")(x)

n—roo
— 1; _ gqm+1 — 1 _ gm+l
= nh—>Holo(I ) (%) nlgréo(x T (x)).

But | T (x)|| < ||T||" " |1x|] — 0 as n — oo, so that T+ (x) — 0 as n — oo, and so ((I-T)A)(x) = x.
A similar argument shows that (A(I — T))(x) = x for every x € V. Hence A = (I —T)~! as required.

O
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PROOF OF THEOREM 7E. Suppose that T' € J. Then clearly ||[T~!|| # 0. We shall show that the open
ball

B={SeB(V): TS5 <|T7""}
is a subset of J. To do this, it suffices to show that every linear operator S € B is invertible. Note

from Theorem 7D that [|[(T — S)T71|| < |T — S|||T!|| < 1, so it follows from Theorem 7G that
ST~! =1 — (T — S)T~! is invertible, and from Theorem 7F that S = (ST~1)T is invertible. O

Chapter 7 : Introduction to Linear Transformations page 8 of 10




Linear Functional Analysis © W W L Chen, 2001, 2008

PROBLEMS FOR CHAPTER 7

1. Consider the normed vector space £? of all square summable infinite sequences of complex numbers,

with norm
o 1/2
[[x[| = (leil2> :
i=1

For every x = (21, 22,73, %4, ...) € £2, let T(x) = (0,211, 22,273, T4, . . -).
Show that T'(x) € ¢? for every x € (2.
Show that T : £2 — ¢? is a bounded linear operator.

a)
b)
c¢) Find the norm ||T.
d)
)

Find T?(x) for every x € (2.

e) Compare ||T?| with || 7>

2. Suppose that a linear operator 7' : V' — V on a normed vector space V satisfies ||T'(x)| = ||x|| for
every x € V. Show that T is bounded, with ||T]| = 1.

3. Suppose that (x,)nen is an orthonormal basis in a Hilbert space V over C, and that (¢, )nen is a
fixed sequence of complex numbers.
a) Show that there exists a bounded linear operator T': V' — V such that T'(x,) = ¢,x, for every
n € N if and only if the sequence (¢, )nen is bounded.
b) Determine the norm ||T'|| if such a bounded linear operator T': V' — V exists.

4. Consider Example 7.1.5.
a) Show that f, € V for every n € N.

b) Show that ||f,|| — 0 and || f|| — o0 as n — co.

5. Show that the linear transformation 7 : V — L?(R), defined by T(f) = f’ for every f € V in the
notation of Example 7.1.5, is bounded with respect to the inner product

{f,9) = [ Z (r(9® + £/ (g @) at

on V.

6. Consider the normed vector space L?[0, 1] of all complex valued Lebesgue measurable functions that
are square integrable on [0, 1], with norm

1= ( | 1 f<t>|2dt)1/2.

Show that the Volterra operator T : L?[0, 1] — L?[0, 1], defined for every f € L?[0,1] by

(T(NH(E) = /0 f(s)ds for every ¢ € [0,1],

is bounded, with norm ||T|| < 1/v/2.
7. Suppose that V is a complex Hilbert space, and that xo € V is fixed. Show that the linear
transformation T : V' — C, defined by T(x) = (x, %) for every x € V, is bounded, and find the

norm ||T]].

8. Suppose that V is a complex Hilbert space, and that x;,xs € V are fixed. For every x € V, let
T(x) = (x,X1)X2. Show that T': V — V is a bounded linear operator, and find the norm [|T||.
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10.

11.

12.

13.

14.

15.

Suppose that V is a normed vector space over F, and that P,Q € B(V) are fixed. Show that
T : B(V) — B(V), defined for every R € B(V) by T(R) = PRQ), is a bounded linear operator on
B(V).

Prove Theorem 7A.
[HINT: Study carefully the proof of Theorem 6A.]

Prove Theorem 7C.
[HINT: Study carefully the proof of Theorem 6B.]

Suppose that V' and W are normed vector spaces over [F, and that T : V — W is a bounded linear
transformation. Show that ker(T) = {x € V : T'(x) = 0} is a closed set in V.

Suppose that V' and W are normed vector spaces over F, and that T : V' — W is a bounded linear
transformation.
a) Show that G(T') = {(x,T(x)) : x € V'} is a linear subspace of V' x W.
b) Suppose that V' x W has norm defined in Problem 2 in Chapter 3. Show that G(T) is a closed
set in V' x W.

Suppose that V is a normed vector space over F, and that T, S € B(V).
a) Suppose that T'S is invertible. Does this imply that T and S are invertible?
b) Show that T" and S are invertible if and only if T'S and ST are invertible.
c¢) Suppose that I —T'S is invertible. Show that I — ST is invertible, with inverse I +S(I —TS)"1T.

Suppose that V' is a Banach space over F, and that (7),),en is a sequence of invertible linear
operators in B(V). Suppose further that |7, || < 1 for every n € N, and that T;, — T as n — oc.
Show that T' € B(V), and that it is invertible.
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