Mathematics 522
Bounded Linear Operators and the Definition of Derivatives

Definition. Let V, W be normed vector spaces (both over R or over C).
A linear transformation or linear operator T : V. — W is bounded if there is
a constant C such that

(1) | Tz||w < C|lzlly forall z € V.

Remark: We use the linearity of 7" and the homogeneity of the norm in
W to see that

x T(x) T ()]l
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we see that T is bounded, satisfying (1), if and only if
sup |7 (z)|lw < C.

llzllv=1

Theorem. Let V, W be normed vector spaces and let T : V — W be a
linear transformation. The following statements are equivalent.

(i) T is a bounded linear transformation.

(i) T is continuous everwhere in V.

(iii) T is continuous at 0 in V.

Proof. (i) = (ii). Let C as in the definition of bounded linear transfor-
mation. By linearity of T' we have

IT(w) = T@)llw = [T(v = 0)|lw < Cllv=20lv
which implies (ii).
(i) = (iii) is trivial.
(iii) = (i): If T is continuous at 0 there exists § > 0 such that for all
v € V with ||v]| < § we have ||Tv|| < 1. Now let z € V and = # 0. Then
x

STl v ]

1l

Ha — §/2 and thus HT((S )H <1.

w

But by the linearity of 7" and the homogeneity of the norm we get

x T(x) )
1> |reo)| = e | = 1T w
[l w2zl lw o 2zfly
and therefore ||Tz||w < C|jz||v with C = 2/4. O

Notation: If T : V' — W is linear one often writes T'x for T'(z).

Definition. We denote by L(V,W) the set of all bounded linear trans-
formations 7' : V. — W.
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L(V,W) form a vector space. S + T is the transformation with (S +
T)(x) = S(x) + T(x) and ¢T is the operator z — ¢T'(z). On L(V,W) we
define the operator norm (depending on the norms on V and W) by

Tollw
T\ cvwy = I T]|op = sup 7] :
v#£0 ||UHV

We can think of || T'||rv,w) as the best constant for which (1) holds. Note
that

[Txllw < Tl Levwyllzllv -
Using the homogeneity of the W-norm we also can write
HTHL(V,W) = sup |[Tx|w.
|z][v=1

We use the || - ||op notation if the choice of V, W and the norms are clear
from the context. In the textbook, Rudin considers V = R"”, W = R™ with
the standard Euclidean norms and simply writes ||T'|| for the operator norm.

Lemma. Let V and W be normed spaces. If V is finite dimensional then
all linear transformations from V to W are bounded.
Proof. Let v1,...,v, be a basis of V. Then for v =377 | ajv; we have

n n n
ITolw =[S aites|| < lasllToslw <32 1Tvilw max o,
j=1 j=1 j=1 o

The expression maxy—1, . p || defines a norm on V. Since all norms on V'
are equivalent, there is a constant C such that

n
max |oy| SCH g ozjij
ij=1,...,n =y Vv
]:

for all choices of aq,...,a,. Thus we get ||Tv|lw < C|v||y for all v € V,
where the constant C' is given by C' = C} Z’;:l | Tvj]|. O

Lemma. On R", R™ use the Euclidean norms ||z[2 = (37, |25]2)1/2,

lyllz = o7 |wil?)Y/2. Let A be an m x n matriz and consider the linear
operator T : R™ — R™ defined by T'(x) = Az. Let

1Al s = QY lay )2

i=1 j=1
Then
1Tllop < [|All mrs-

Proof. ||Az|)3 =", | > i1 aijzi|*. By the Cauchy-Schwarz inequality
| 205y aigagl? < 370 lai;Pl|2]|3 and hence [|Az[ly < [|A]lgs]lz[l2 for all
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Remark. We often write A for both the matrix and the linear operator
x — Azx. The expression ||A||zs is a norm on the space of m x n matrices
called the Hilbert-Schmidt norm of A. In many cases it is substantially
larger then the operator norm (and so the estimate in the Lemma is rather
inefficient). To illustrate this let D an n x n diagonal matrix (with entries
Al,...,An on the diagonal and zeroes elsewhere. Then it is easy to verify the
inequality

[Dzlla < max [Aj]|z]2
Jj=1,...,n

and this is seen to be sharp by testing on the unit vectors x = e;. Thus
[Dllop = maxj=1,..n |\;| while [|D|gs = (2?21 |/\j\2)1/2. In particular for
the identity operator I we have ||I||op = 1 but ||I||zs = /n.

Normed vector spaces and compleness. Let V be a normed space.
Then V is a metric space with respect to the metric d(z,y) = |[z—y||. Recall
that a sequence {x,}°2 is a Cauchy-sequence in V' if for every ¢ > 0 there
is K such that ||z, — x|y < e for m,n > K.

Definition. A Banach space is a normed space which is complete (i.e.
every Cauchy sequence converges).

Lemma: A finite dimensional normed space over R or C is complete.

Proof. Let vy,...,vy be a basis of V and for z € V' let 51(z),...,n(z)
be the coordinates of f with respect to the basis v1,...,vn.

We need to show that {z,} has a limit in V. For every n we can write

N
Tn = Z /Bz(xn)vz
i=1

The expression

Jeoc :=  max [8:@)

defines a norm on V' which is equivalent to the given norm. In particular we
have

‘Bz(xn) - /Bz(xm)’ < CHxn - xm”V: 1= 17 B 7N‘

This shows that for each ¢ = 1,..., N the numbers f;(x,) form a Cauchy-

sequence of scalars and thus converge to a scalar §;. Define z = Zf\;1 Biv;
(so that 5; = Bi(x)). Then

N n
lzn = zllv = 1> (Bilaa) = Bi)vily <D 1Bi(zn) = Billvillv
=1

=1

which converges to 0 as n — co. Hence x,, - x in V. U



Theorem: Let V and W be normed spaces and assume that W is com-
plete. Then the space L(V,W) of bounded linear operators from V to W is
a Banach space.

Proof. We need to show that L(V, W) is complete. Let T;, be a Cauchy
sequence in L(V, W) (with respect to the norm [|T']|op = supjz, =1 [|T%|lw).
Then for each x € V, T\, is Cauchy in W and by assumption T,,x converge
to some vector Tz. Check, using limiting arguments, that T : V — Wis
linear. Since T}, is Cauchy the sequence T is bounded in L(V, W) and thus
there exists M with [|T}, ||, < M.

We need to show that T is a bounded operator. We have for all n and all
reV

ITzlw < Tz - Thxllw + [Tozllw < [Tz = Tozllw + | Tullopll2(lw -

Letting n — oo we see that | Tx|w < M|z|y. Hence T € L(V,W) with
IT}lop < M.

Finally we need to show that T,, — T in L(V,W). Given ¢ > 0 we choose
N such that ||T;, — Ton|lop < €/2 for m,n > N.

We prove the following Claim:

For each x € V, x # 0, and n > N we have ||T,,x — Tx||lw < |z|v.

Let n > N. Since T, — Tx in W we can choose m(z) > N such that
| Ton(zyr — Tx|lw < e/4z]|y. We estimate we estimate (with m > N)
[Tz — Toxllw < T2 — Ty + Ty — Tn(@) lw

e
< ZJally + [Ty — Tallopllzllv
< Szl + Sllz]v < ellz]
=7 x||v 2 x||v z||v.

Hence the claim is established and thus |7, — T||op < € for n > N. This
shows T),, — T with respect to the operator norm. O

Definition. (i) Let V' be a normed vector space over R. Bounded linear
transformations from V to R are called bounded linear functionals. The
space L(V,R) with the operator norm is called the dual space to V, or V*.

(i) Similarly if V' be a normed vector space over C we call the bounded
linear transformations from V' to R bounded linear functionals and refer to
the space L(V,C) with the operator norm as the dual space V*.

Since R and C are complete the above theorem about completeness of
L(V, W) immediately yields the

Corollary. Dual spaces of normed vector spaces are Banach spaces.
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Exercise: The space L(R",R) of linear functionals £ : R — R can be
identified with R, since for any such £ there is a unique vector y € R" such
that ((x) = 37 ) z;jy; for all z € R". We consider the p-norm on R",
lzllp = (5= l251P)'/7, 1 < p < co. Also set ||zl = maxj=1,..n |2;]. The
norm on R is just the absolute value | - |.

(i) Prove
‘Z;‘L:lxjyj‘
sup ———— = [|[yY[l
lzlhizo Nzl
and
P
sup = [yl
leforo  1Zlloo
11 rove that 1 < p < oo then
i) Prove that if 1 < p h
’2?21 $jyj‘ / p
[llop = sup ————— = |ly[y where p’ = ——.
lzlp0 12l -1

Hint: Holder’s inequality should be used here.

Finally we consider compositions of linear transformations. The operator
norms are submultiplicative in the sense of the following lemma.

Lemma.Let Vi, Va, V3 be norned vector spaces and let T € L(V1,Va) and
S € L(Va,V3). Define the composition ST : Vi — V3 by ST(x) = S(T(x)).
Then ST € L(V1,V3) and we have

ST v, vy < IS Leva,va) 1T Lovi,va) -
Proof: For x € V1,

15T () lvs < 1SN Leva,v) 1T () lve < IS Leva,v) 1T L Lovr vy 12 v -

This implies ST € L(V7,V3) and the asserted submultiplicativity property.
U

Differentiation

Definition. Let V and W be normed vector spaces. Let U C V be an
open subset of V and let F': U — W be a function. Let a € U. We say
that F' is differentiable at a if there exists a bounded linear transformation
T :V — W (usually denoted by Df, or by f’'(a)) such that

o 1@+ h) = f(@) = Thllw _

0
h—0 tR%

Uniqueness: For the derivative of f at a to be well defined we must prove
uniqueness of T'. Suppose there are two linear bounded transformations 7'

and 7' with LR HO=THW _, o anq IS <“+h>ﬁ}{“<3>—fh”w —0as ||hlly —




I Th=Th||w
" Ay

e > 0 there is a 6 > 0 such that ||Th — Th|w < ¢||h|y for all ||h| < é.
However since T, T are linear this inequality also holds with h replaced by
ch for all scalars ¢, and thus we have

|Th — Thilw < e||h|lv for all h € V.

Hence ||T — Tllop < € for all ¢ > 0 which implies T = T. Thus if the
derivative of f at a exists it is uniquely defined and we shall henceforth
denote it by Df, or by f'(a).

Remark: Other terns for this derivative D f, are “total derivative of f at
a” or “Fréchet derivative of f at a”.

0. The triangle inequality implies that limy_,q =0. Le. for every

FEzercise: Prove that if f is differentiable at a then f is continuous at a.

Ezample: Let M(n,n) be the space of n x n matrices, with any norm.
Define F(A) = A2, Then F is differentiable at any A and its derivative DF
is given by

DFA(H) = AH + HA.
For the proof observe that F(A + H) — F(A) = (A+ H)? — A> = AH +
HA + H? and check that limpg o ||[H?||/|H| = 0. This is accomplished by
showing that ||H?| < C|/H|2 and if one uses a submultiplicative norm on
M (n,n) one gets this even with the constant 1.

Ezample: Let F : R? — R be given by F(x1,22) = 2% +sin(rx3). You are
being asked to check from the definition whether F' differentiable at (2,1)
and to determine the derivative DF(y 1), as a linear transformation R? - R.
Observe that

F(2+h1,1+hy) — F(2,1) = (2 + h1)? — 22 + (sin(7(1 + hg)) — sin7
= 4hy + 7 cos(m)ha + O(hT) + O(h3).
Hence DF(y ) : R? — R is the linear transformation given by

DF(271)(h) = 4h1 - 7Th2 .

Ezample: Let C([0, 1] be the space of continuous functions with the usual
max-norm || f{loc = maxge(o1) |f (7). We define a function

r:c(o,1]) — C([0,1])

by saying that for f € C([0, 1]), I'[f] is the function whose values at = € [0, 1]
are given by

If](x) = /Oxf(t)zcostdt.

Show that I' is differentiable at every g € C(][0,1]) and determine DI, for
all g € C([0,1]).



For h € C([0, 1]) we compute

F[g+h](w)—F[g](a:)—/Ox(g(t)+h(t))200stdt—/Om(g(t))2costdt

= /x h(t)2g(t) cost dt + /I(h(t))2 costdt
0 0

We claim that DT, : C([0,1]) — C([0, 1]) is the linear transformation which
to each h € C([0,1]) assigns the function T'[h] whose values at = are given
by

T[h](z) = /Ox h(t)2g(t) costdt.

We must show that T is a bounded linear transformation and that it is really
the derivative of I" at g. Clearly T is linear and maps C([0, 1]) to itself.
It is bounded since
xX
max h(t)2 tcostdt‘<2max )| max |h(x)[;
o | [ 02000 < 2maxg(o)] max [h(z)
this inequality shows that the operator norm of T is at most 2|g||cc-
To verify that T is really the derivative of I' at g we must analyze the
error term and show that

max,eo 1] ‘fgc h(t)? costdt‘

12l

The numerator is bounded by max;e[o 1) |h(t)?| = ||h]|Z, and hence the dis-

played expression tends to 0 as ||h|/cc — 0. Thus we have shown that T is
differentiable at g and DI'y = T'.

— 0 as ||h)lcc = 0.

Ezample: Let C([0,1] be the space of continuous functions with the usual
max-norm || f||ec = max,ep,1) |f(z)]. Define A : C([0,1]) — R by

1
Alf] :/0 f(t)? costdt.

Show that A is differentiable at every g € C([0,1]) and that
DA, : C([0,1]) = R

is the bounded linear functional defined by

DAy[h] = /01 h(t)2g(t) costdt.



