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Abstract

Real and complex norms of a linear operator acting on a normed complexified
space are considered. Bounds on the ratio of these norms are given. The real
and complex norms are shown to coincide for four classes of operators:

1. real linear operators from Ly(p1) to Lg(p2), 1 <p < g < oo;
2. real linear operators between inner product spaces;

3. nonnegative linear operators acting between complexified function spaces
with absolute and monotonic norms;

4. real linear operators from a complexified function space with a norm satis-
fying [|Rz|| < |z to Loo(n)-

The inequality p < ¢ in Case 1 is shown to be sharp.
A class of norm extensions from a real vector space to its complexification is
constructed that preserve operator norms.

1 Introduction

By a normed complexified vector space we mean a triple (X, Xg, || - || x), where
e X and Xy are vector spaces over C and R, respectively;

e X is the algebraic complexification of Xg, i.e. each x € X can be uniquely written
in the form x = z1 + ixy with x1, 22 € Xg, we set x1:=Rz, 15 := x;
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e the function || - ||x : X — [0,00) is a norm on the complex vector space X, in
particular [|Az||x = |A| ||z||x for all A€ C, z€ X.

Let (X, X, || - ||x) be a normed complexified space, let (Y, ]| - ||y) be a normed vector
space over C, and A : X — Y be a C-linear operator. Then two operator norms
of A with respect to the norms || - ||x, || - ||y can be defined depending on whether
the supremum of the quotient ||Ax|y/||z|x is taken over all z € X \ {0} or over all
x € Xg \ {0}. We distinguish these norms by a superscript C and R respectively, i.e.
we set

[Az]ly

zeX\{0} || x ’

[Az]ly

zeXg\{0} || x '

1A%y = 1Al Xy =
The case that the suprema are infinity is not excluded. Obviously, [|A[%y < [|A[|% v

In this note we address the question how large the ratio of these operator norms
can be and under which conditions they coincide. Our main interest is in the case that
Y is the algebraic complexification of a real vector space Yr and A is a real operator,
i.e., A(Xg) C Yg. We discuss the above-mentioned question in detail for inner product
spaces and the Banach spaces Lg(,u) = LE(Q,B,M), where p € [1,00], u is a positive
measure on a o-algebra B of subsets of the set {2 and

LE(,u) ={z:Q—F | =zisB-measurable, |z, < oo}, F=RorC,

1/
o], = 4 Uale@F due ), 1< p <o,
p-=
esssup;eq |z(t)|, p = o0.

Recall that this definition includes as special cases the finite- and infinite-dimensional
l, spaces. They correspond to Q = {1,...,n} or Q = N and the counting measure
satisfying p({t}) =1 for all t Q. The associated norms are

n 1/
laf], = 4 Ciealzl) " 1<p <00,
)=
R

where z = [z1... 2,/ €C" or x = () jen € lp.

Bounds on the ratio [|A[5 /[ A%y are discussed in Section 2. We show that
it is bounded by 2 whenever the norm on the source space satisfies the condition
|Rz|| < ||=||. Tighter bounds are derived for a linear map acting on L,(x). If both the
source and the target are inner product spaces, the ratio is shown to be bounded by
V2.

Section 3 is devoted to classes of operators for which the real and the complex
norms coincide. The main result of that section, and of the paper, Theorem 3.1, shows
that the norms are equal for all real linear maps from L,(u1) to Ly(p2), provided that
1 < p < q < oo We discuss three more classes of linear operators whose real and
complex norms are equal at the end of Section 3.

The goal of Section 4 is to show that the main result of the paper cannot be
improved, that is, to describe counterexamples to Theorem 3.1 in the case p < ¢

(1 <p,q<o0).
Perhaps the simplest example that shows that the real and complex norms of a real
1 -1
linear map may be different can be found already in C?. Let A = { 11 } Then,

for every x = [11 x5) €C?\ {0},

[Az([y _ o1 — o + |21 + 2o
[E4]P max{|z1], [z2[}
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It can be checked by straightforward calculation [3] that [|A[% , = 2 but |A|S, =

|1 —4|+ |1+1i| = 2¢/2. Tt turns out that a finite-dimensional variation on this example
covers the whole range p < ¢, as discussed in detail in Section 4.

Finally, in Section 5 we construct a class of norm extensions from a real space to
its complexification that preserve operator norm.

2 Bounds for \\A“}C{,Y/“A“%,Y

In this section we give simple bounds for the ratio ||A||% .y /[|Al% y-

Proposition 2.1 Let (X, Xg, || - ||x) be a normed complexified space. Then for any

normed space (Y, || - |ly) and any linear operator A : X — Y,
ARy < exlAllxy (1)
where
— [Reflx + [S][x
Cx .=
0#£zeX ||$||X
(a) Suppose || - || x satisfies
|Rz||x < |l=|lx for all z€X. (2)

Then cx < 2.

(b) Suppose the space Xg is endowed with an inner product (-,-): Xg x Xg — R. Let
| - [|x be the norm induced by the complexification of this inner product, i.e.

|z]|% = Rz, Rx) + (Sz, Sz) for all xe€ X. (3)
Then cx = V2.
Proof: For all x € X, we have

|Az|ly = ||ARz+iASz|y
[ARz]|ly + [ld A S|y
[ARz]ly + [|A S|y

< [Alxy (IR2lx + 1Sz x).

IN

Thus
|Az|ly

]l x

[Rallx + (Sl x

]l x

< ||A||;R},Y < ||A||;R;,YCX-

This gives inequality (1).
(a). Condition (2) yields

[Rzl[x + IS]lx = [Relx + [1RG2)[[x < zllx + [liz]x = 2z[|x.

Thus cx < 2.
(b). Relation (3) implies that ||z||3% = [|Rz|% + |Sz|% > (1/2)(|Rz|x + [|Sz]x)?
for all 2 € X. Thus cx < v2. Let = (1 + 4)zo with 29 € Xg. Then ||z||x =



V2(|IRz || x + ||Sz]|x). Thus cx > V2. O

A norm || - ||x is said to be conjugation-invariant if ||z||x = ||Z||x for all x € X, where
T :=Rr—1Sz. It is easily seen that a conjugation-invariant norm satisfies condition (2).
We thus have the following corollary.

Corollary 2.2 If || - ||x is conjugation-invariant then cx < 2.

We give a simple example of a norm that is not conjugation-invariant. It also shows
that the constant cx can be arbitrarily large. Let » > 0 and define

x|l x = r|z1 + iza| + |22 for all z = [z; ] € X :=C>.
For z = [1 4]’ we have ||z|x = 1 and ||Rz||x =r. Thus cx > r.

In order to determine the constant cy for the L,-spaces we need Jensen’s inequality
in the following form.

Lemma 2.3 (Jensen’s inequality) Let (2, B, i) be a measure space. Let/{ [0,00) —
R be a convex function. Let f,w € LL(1) be nonnegative functions with fQ t)dus = 1.

Then
o[ routin) < [ stro)uode.

Proof: For the special case p(§2) = 1 and w(t) = 1 the proof can be found in [5 The-

orem 3.3|. To obtain the full Statement deﬁne a measure ji on Bby i(B):= [, w pw(t)dpy.
Then () =1 and [, f(t) dfie = [, f(t) w(t) dp for all nonnegative measurable func-
tions f [5, Theorem 1.29]. Thus the result follows from the special case. O

To each measurable function z : 2 — C we associate a phase function ¢, : Q — [—m, 7]
defined by

T, Sz(t) =0, Rx(t) <0
¢z(t) = { Sa(t) :

2arctan(m(t)Jr\/(m(t))er(%m(t))z), otherwise.

Then ¢, is a measurable function, and, by elementary trigonometry, z(t) = e=®|z(t)|
for all t€ (2.
The proposition below gives the constants cxy for the L,-spaces.

Proposition 2.4 Let x € L5(Q, B, 1)\ {0} where (Q, B, ) is any measure space. Then

V2 if1<p<2,
2171/ i 2 < p < oo, (4)
2 if p= oc.

(Rl + S|,

[Eq1P

In the first case equality holds if Rx = Sx. In the second and the third case equality
holds if || Rz, = ||Sz||, and (Rx(t))(Sz(t)) = 0 for almost all t €.



Proof: We only show the estimate (4). The proof of other statements is left to the
reader. The case p = oo is covered by case (a) of Proposition 2.1. Let 1 < p < 2.
Then the function 0 < & +— €2/7 is convex. Let w(t) = |x(t)|P/ [ |z(7)|P dptr. Then
Jqw(t)dpy = 1. Applying Jensen’s inequality, we obtain

R IO ([ eostontenpuyin) + ([ 1snouopuiin)
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< / | cos(a (1)) w(t) dps + / [ sin(6, (1)) 0 (t) dp
1.

Thus, [[Rzl, + ISz, < ﬂ\/lléﬁflli +IS2)2 < V22,

Let 2 < p < oo. Then (a? + b?)'/? < (a® + b*)/? for any a,b > 0. This implies
Rz (t)|P 4 |Sz(t)[P < |x(t)P for all t € Q. Consequently, ||Rz|b + ||Sz|b < [Jz[p. By
convexity, we also have (1[|Rz||, + %HSJ:HP);D < 3 (IIRz|[z + [|Sz|?) . Combining the
last two inequalities, we obtain

_ 1/ _
1Rz|, + S|, < 2" V7 (IRl + [|Sz|2) P < 27V |z,

3 Cases of equality [|A]|5, = [|A|%,
We first state the main result of this paper.

Theorem 3.1 Let (Q, B, pix) be measure spaces, k= 1,2. Let A : L7 (1) — LS (p2)
be a linear operator that satisfies A(Lf(ul)) C Li(pe). If 1 < p < q < oo, then
Al = A5,

The proof is based on the following lemmas.

Lemma 3.2 Let (X, Xg, || ||x) and (Y, YR, || - |ly) be normed complezxified spaces. Let
A: X =Y be a linear operator that satisfies A(Xgr) C Yr. Suppose that the following

condition holds: For any x€ X, yeY with ||z||x = ||y|ly = 1 there exists a ¢ € [0, 27|
such that [|R(ez)||x < [R(ey)lly. Then [|A%y = [Al% .y

Proof: The case A = 0 is trivial. Let x € X and suppose Az # 0. By assumption,

Let 7 :=R(er) € Xg. The condition A(Xg) C Yg yields that R(e’? Axr) = AZ. Hence,
it follows from (5) that | Az]ly/|z]lx < |AZly/|Z]x. Thus [A[Sy < |A[Ry. O

(5)

Y

Lemma 3.3 Let (X, Xg, ||-||x) be a normed complezified space. Suppose that |[Rzx||x <
|z||x for all z € X. Then for any x € X the map ¢ — ||R(e'®z)||x, ¢ ER, is continuous.



Proof: This follows from the inequalities
[[R(ez) [ x —[[R(ex)[[x| < [IR((e—e)a)||lx < [[(e¥—e)z|x = [e?—e ][] x,

which hold for all ¢, pg€R O

Lemma 3.4 Let 1 <p < q < oo. Then for any x € L5 () with ||z|, =1,

/O%II%( D)t do / | cos 97 d. (6)

Equality holds if p = q.

Proof: First note that R(e*x(t)) = cos(¢,(t)+¢)|x(t)|, where ¢, is the phase function
defined in Section 2. Since ¢ < p, the function 0 < & — £9? is convex, and due to
another assumption of the Lemma, fQ |x(t)|P dpr = 1. Hence, by Jensen’s inequality as
given in Lemma 2.3, for all ¢ €R,

IRt = (/Q|COS(¢z(t)+¢)|p|ar(t)|pdut)q/p

< [ Jeos(oa(t) + O 2O due @
Q
Combined with Fubini’s Theorem, this yields

/0W||§)‘3(€i¢fﬂ)ll;’,dczS < /0W/QICOS(%(t)+¢)I"va(t)l”dutd¢ (8)

- / / " cos(ga(t) + A7 (O dedi

- /(] 2”|cos<¢m<t>+¢>|qd¢) ()P
- [(/ 2”|cos<¢>|qd¢) ()P

27
- / | cos(@)|* d.

If p = g, then equality holds in (7) and in (8). OJ

For the record, we next give an alternative proof of Lemma 3.4 for the finite-
dimensional case. It uses the Holder norm

1f]:= ( / @) dcb)p/q, fec(o,2x, R).

Proof of the finite-dimensional version of Lemma 3.4: Write the components
of the vector z € C" in the form z; = et|xy|, ¢ € [0,27], t = 1,...,n. Then the
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tth component of the vector R(e®x) is |z cos(¢; + @). Let fi(@) := |z¢|P |cos(ds + )P

Then
o p/q
— q/p
1 ( [ o) dcb)
o p/q
- ( [ bl eoston+ ¢>|qd¢)
o p/q
— tp qd .
™ (/ [ cos () cb)
Thus

p/q

( [ S ot + o)) dcb)
IS0, A

o ' p/q
( / ||%<e%>||gd¢)

< S (9)

o p/q

— el ( / |cos<¢>|qd¢) |

0
Thus
2 ) 2
/ 1R )2 dé < ||z, / | cos(6)|7 do. (10)
0 0

If p = g, then equality holds in (9) and (10). OJ

We are now in a position to prove Theorem 3.1 for ¢ < oo.

Proof of Theorem 3.1 for ¢ < co: Let 1 < p < ¢ < oo. Let &€ LY (1), y € LE (1)
with ||z, = [ly|l; = 1. Since the inequality [|R(z)|, < ||z||, holds for all z€ LS (1) and
all pe[1,00], the function ¢ — [|R(e’®y)||9 — [|R(e*z) |9 is continuous by Lemma 3.3.
It follows from Lemma 3.4 that

2m
/0 (IR(ey)ll7 — [R(e“2)[F) do > 0.

Hence, the integrand is nonnegative for at least one ¢q € [0,27]. Thus ||R(e'*0y)]|, >
|R(ei%z)||,. Now, Lemma 3.2 yields the result. O

For ¢ = oo, the statement of Theorem 3.1 is covered by the following more general
result.

Theorem 3.5 Let (2, B, 1) be a measure space. Let (X, Xg, |- ||x) be a normed com-
plezified space. Suppose that | Rz|x < ||z||x for all v€ X. Let A: X — LS (1) be a
linear operator that satisfies A(Xg) C L5 (). Then || A% o = Al -

For the proof we need yet another lemma.

Lemma 3.6 Let x€ LX (). Then there is a ¢o € [0, 2] with [|R(e“°x)| s = ||7]|co-
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Proof: By Lemma 3.3 the function ¢ — ||R(e“7)|, ¢ € [0,27], is continu-
ous. It therefore attains its maximum. Hence it is enough to show that to each
0 < ¢ < 1 there corresponds a ¢. € [0,27] such that ||R(e"”x)| > cl|7]le. Let
M:={teQ| |z(t)] > vc]||7|]lw }- Note that u(M) > 0, since /¢ < 1. Choose an
integer n > 1 such that cos(f) > /c for all # € R with |§] < Z. Since M is the union
of the sets

Mg:{ tEM' |¢m(t)—2%€|§% } (=1, n—1,

we have that u(M,) > 0 for at least one ¢ =: {y. Let ¢. = —2n—7r€0. Then for any t € My,
we have cos(¢.(t) + ¢.) > /¢, and hence

R(ea(t)) = cos(gu(t) + dc) [z(t)] > cl|]o-
This yields [|[R(e2) (e > ¢||7]|co- O
Proof of Theorem 3.5: Let € X, y€ LS (1) with ||z]|x = ||y/lc = 1. By Lemma 3.6,

there is a ¢g with || R(e*0y)|o = 1. Furthermore, we have ||R(e'°z)|x < |lei%z|x = 1.
Thus ||R(e*°2)]|s0 < [|R(e*°y)|loo. Now, the Theorem follows from Lemma 3.2. O

Theorem 3.5 can be proved more directly in a finite-dimensional case. Then the
norm on the target space, say C™, is nothing but a weighted mazximum norm, i.e., a
norm of the form

[yl = max(w; [y;]),
JeEm

where w = [w;...w,]T > 0 is a positive vector of weights. The source space C",
however, does not have to be equipped with a Holder norm but, more generally, with
any absolute norm, i.e., a norm that satisfies

lz| = || ||| forall zecCm

A n absolute vector norm is necessarily monotonic [1]: if 0 < x < y componentwise,
then [|z] < ||y||. Holder norms are obviously absolute.

Proposition 3.7 Let || - ||o be an absolute norm on C™ and let || - ||, be a weighted
mazimum norm on C™. Then ||A||S ., = |A|l5., for every A = [az] e R™ "

Proof: Let x€C" and jem be such that ||Ax|, = w;

~ o], ap >0
Tk = .
—|zx| otherwise.

Zkeﬂ ajkT ‘ . Set

Then we have for the vector z = [71...7,) € R” that ||Z]o = |||z]lla = [|z]a
and AT > ;| ¥y ande| = w Sy lasernl > JAclo. Thus [ 47]o/[7]. >
[Azlw/|lz[la- Thus [A[Z.. > [A]G.w- 0



Recall that the dual norm || - ||2 associated with a given norm || - ||, on C" is defined
by

|az|
X
2eC\{0} ||z o

al|? = for a € C". (11)

By specializing Proposition 3.7 to the case m = 1, we obtain the following well-known
fact [1].

Corollary 3.8 Let || - ||o be an absolute norm on C". If a€R", then the mazimum in
(11) is attained for a real vector x.

The next result is a variant of Theorem 3.1 for inner product spaces.
Theorem 3.9 Let (X, Xg, | - [|x), (Y, Yr,| - |lv) be normed complezified space with

lz|% = Rz, Rz) + (S, S7) for re X,
Sy, §

lylli = (Rz,Rz)+ (Sy,Sy)  for yey,

where (-,-) and (-,-) are inner products on on Xg and Y respectively. Then ||A|% y =
|A||Sy for any linear operator A : X — 'Y satisfying A(Xg) C Y.

Proof: A straightforward computation yields that for any € X,

2 ) 2m
| el do - ( | o) dcb) el = 7 el
0 0

The same relation holds for y€Y and || - ||y. Thus, if ||z||x = ||y|ly = 1,

/0 IR — 1R()]3) do = 0.

Hence, by continuity ||[R(e*z)||x < ||R(e®y)|]y for some ¢ € [0,27], and Lemma 3.2
applies. O

We close the section by showing that the real and complex norms of a nonnegative
linear operator coincide whenever the source X and the target Y are complexified
function spaces where |||/ x is absolute and ||-||y is absolute and monotonic. This means
that Xg and Yg are spaces of real-valued functions and, for each z € X (y € V), the
absolute value function |z]:=+/(Rz)2 + (S2)? (Jy| :=+/(Ry)2 + (Sy)?) is an element
of the space Xg (Vi) and [lz]lx = [[|z|[[x (lylly = yllly). Moreover, if f,g € Y&
and 0 < f < g pointwise, then || f|ly < ||g|ly. An operator from X to Y is nonnegative
if it is real and it maps nonnegative functions from Xg to nonnegative functions from
Yk.

Theorem 3.10 Let (X, Xg, | - ||x) and (Y, Yg, || - ||v) be complezified function spaces,
let || - [|x be absolute and || - ||y be absolute and monotonic, and let A : X — 'Y be a
nonnegative linear operator. Then ||Al| .y = [ AX v

Proof: First note that the absolute value function is defined by the property
|f| =inf{g > 0: g > R(zf) whenever z € C, |z| = 1}.

9



Also observe that A, being a real operator, commutes with taking the real value of a
function. Since A is nonnegative nad linear, Af > Ag whenever f > g, hence

R(zAf) = AR(zf) < A|f| whenever z € C, |z| = 1.

This implies that |Af| < A|f|. By the absoluteness and monotonicity of || - ||y, we have
[Afly = [[1Af] Iy < [ Alf]lly, whereas [|f[lx = [|[f][|x since || - ||x is absolute. The
function f € X was arbitrary, so the norm [|A[|% y is in fact equal to
[Af]ly
oxrexn, =11 I1flIx

and therefore to [|A[ . O

Alternatively, in the finite-dimensional case, the equality of real and complex norms
can be seen as follows. We denote by |A| the matrix of absolute values of A€ C™*".

Proposition 3.11 Let ||-|a, ||-||5 be absolute norms on C™ and C™ respectively. Then
JAI 5 < || 1AL [ 5 for all AeCm=.

Proof: The monotonicity property of absolute norms yields that for any x € C",

[Azlls = | [Az] s
< | '1A[l=] [l
< A as Il lla
= [ |Alllas ]l
The result follows. O

Corollary 3.12 If a matriz A € R™*" is elementwise nonnegative and the underlying
norms || - | on C* and || - |3 on C™ are absolute, then ||A||S 3 = [|All§ 5-

4 Cases of inequality ||A]|%y > [|Al%y

We now show that the main result, Theorem 3.1, is sharp already in the finite-
dimensional case. In other words, for any p > ¢ > 1, there exists a real matrix A
such that

1Al > (1Al

We begin with the case p > q, ¢ < 2.

Proposition 4.1 Let p > q, ¢ < 2, and let

1

[ L o Rl =)

OO R =
I

—_—_0 O =

Then || A5, > [|A[F,-

10



Proof: First let us show that the value of the real (p, ¢)-norm of the matrix A is not
attained at the vector with just one nonzero component. Due to the symmetry of the
entries of A, it is enough to argue about the first unit vector v :=[1,0,0])". Consider its
small real perturbation v(e):=[1,¢,0]" and compare corresponding ratios of norms:

Avl|?

Aol _

o]l
Av(e)||?
M = 4+2€q—4g€p+Q(q—1)52+0(5z)'
[v(e)|p p

The latter expression is strictly greater than 4 for small €, since 27 is then the smallest
order term. Thus, the real (p,¢)-norm of A is attained at a vector with at least two
nonzero components, say vmi, ‘=[x, y, z|'. Again, due to the form of the matrix A, the
components can be assumed to be all nonnegative and ordered so that x >y > z > 0,
y > 0.

Now, consider the vector w:=liz,y,2]". Since the function f(z):=x%? is strictly
concave on the nonnegative real axis, we have

(o + 91" + (@ =y

(22 + y2)4/2 >

2 )

2\q/2 _ \2\q/2

(Iz_l_zz)q/z > (x4 2)*) ;‘(55 2)?) ’
hence || Avmin || < [|Awl|?, whereas |[vmin ||, = [[w]|,. Hence, the complex (p, g)-norm
of A is strictly bigger than its real norm. O

The case p > ¢ > 2 reduces to the case we just considered due to duality. We state
this formally as a lemma.

Lemma 4.2 Suppose that a real matriz A satisfies ||A||S, > | A|,. Then its transpose
A’ satisfies ||A’||§,7p, > || A%, where p':==p/(p—1), ¢ :=q/(q—1).

q.p"

Proof: Follows directly from the fact
1Al = 14

q'\p"

which holds for both F = R and F = C. O

Since p’ < 2 whenever p > 2, this observation enables us to produce counterexam-
ples for the case p > g > 2 out of couterexamples for the previous case.

Corollary 4.3 Letp > q > 2, and let

1 11 10 O
A=|1 -1 0 01 1
0 01 -1 1 -1

Then || A5, > || All%,-

This finishes our proof that the condition p < ¢ in the main theorem of this paper
cannot be relaxed.
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5 Norm extensions

In this section we provide a class of norm extensions from a real vector space to its
complexification which preserve operator norms.

Let v be a norm on C([0, 27],R), the set of continuous real valued functions on the
interval [0, 27]. Then v is said to be monotone if 0 < f(t) < ¢(t) for all t € [0, 27] implies
that v(f) < v(g). The norm v is called shift-invariant if for all ¢ € R, v(f) = v(fy),
where fy(¢):= f((¢+1)mod 27). For instance, the L,-norms are monotone and shift-
invariant.

Let Xg be a vector space over R endowed with a norm | - ||x,. Let X be the
algebraic complexification of Xg. It is then easily seen that for any x € X the function
¢ ||R(e*)| xy, @ €10,27], is continuous. We denote these functions by ||R(e?z)]| x,-
Let v be a monotone and shift-invariant norm on C([0, 27],R). For x € X define

l]lx = v(IR(e"2)|x). (12)

Proposition 5.1 The function |- ||x : X — R is a norm on X. Suppose v is normal-
ized so that v( |cos(-)| ) = 1. Then ||z||x = ||z||xg for all x € Xg. In other words || - || x
is an extension of || - || xg-

Proof: The triangle inequality for ||-||x follows from the triangle inequality for || - || x.
and the monotonicity of v. The identity ||\ x| x = |A| ||z]|x for all A€ C is a consquence
of the shift invariance of v. The rest is obvious. UJ

In the proposition below Yg is a second vector space over R endowed with a norm || - ||y,

and complexification Y. The norm || - ||y is defined by the same v, i.e.

lylly = v(IR(e"y)llsz) (13)
Proposition 5.2 Let the norms on X,Y be defined as in (12), (13), where v is mono-
tone and shift-invariant. Then ||Al|Sy = |Al%y for all linear maps A - X — 'Y

satisfying A(Xgr) C Yk.
Proof: We have,

[Azlly = V(||§R(6i'493)||YR)
v([|AR(e"2)[ly:)
v([|All%y IR(e"2) || x)
= A%y v(IR(e" )]l x:)

1AIX y ll]lx-

IN
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