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ON THE ISOMETRIES OF REFLEXIVE ORLICZ SPACES
by Gunter LUMER (*) (Seattle).

I. Introduction.

The problem we consider is that of determining the form
of all isometries of an arbitrary Orlicz space. A partial result
on Orlicz space isometries was obtained in recent years by
J. Lameertr [4]. It was also Lamperti who suggested the
problem to us. In this paper we solve the question for any
reflexive Orlicz space over a non atomic measure space (2).
The method used is of a more general nature, and can be
applied to the case of discrete or not purely atomic measure
spaces. However for the latter cases additional new argument
is needed. Also the results are not exactly the same, since
other isometries than the analogous to the L? case may occur
and we intend therefore to publish this material separately
later.

The best known examples of reflexive Orlicz spaces are
the Lebesgue L? spaces, for 1 << p <C o, and their isometries
were determined by Banach [1] (at least for L? on the real
line). In that case anisometry Uis of the form (Uf) (.) = u(.)f(T.),
where fis any function in L?, T a measurable set isomorphism,
u(.) = U1(.) a fixed function in L.

The general Orlicz space situation is of a less explicit nature

(1) The research on this paper was supported in part by a National Science Foun-
dation grant, NSF-G 16 434.
{2) An abstract appeared in the Bulletin of the Amer. Math. Soc. Vol 68, n° 1 {1962).
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100 GUNTER LUMER

than are the L? cases, but for the situation treated here, the
end result is essentially the same.

The 1deas of the proof are closely related ot those used by
the author to develop a unified approach to results of
Banach [1], Stone [9] and Kadison [2] on isometries of L?, C(X)
and C* algebras. Although the systematic use of semi-inner-
products and hermitian operators [5] plays a central role,
the paper is essentially self-contained.

2. Semi-lnhe:r-products.

The concept of a semi-inner-product was introduced in [5].
However we shall need here very little of the general theory,
and proceed thus to state explicitly all the facts we shall
actually use. A vector space E (which we shall consider
complex unless mentioned otherwise) will be called a semi-
inner:product space if to each pair z, y € E there corresponds
a complex number denoted by [z,y], and the following holds

) R [z,y] linear in z. ‘
(@) [z,z] real > 0if z =~ 0.
) lay]l < [wa] [y,y)-

[:z:, y] 18 called the semx-mner-product of z and y. If E 1s a
semi-inner-product space, then ([z,z])?2 actually defines
a norm:on E. Conversely, given a normed vector space E,

it-always admits a semi-inner-product, such that [z, ] = |]x||’

There are however.in general infinitely many semi-inner-
products; compatlble with the same norm. Given an operator H
on a semi-inner-product space E; we call it bounded if it is
bounded with respect to the norm ([z,z])2.

An operator.H on E will be called hermitian, 1f [Hx, ] is-
real valued for every z in the domain of H (m partlcular if
H is bounded, for every z < E).

In.[5}:it was shown that if His a bounded hermltlan operator
on the semi-inner-product space E, ther H is a (bounded of
course) hermitian operator on any semi-inner-product space
obtained by prov1d1ng E with another semi-inner-product
inducing ‘the same norm.

. We ﬁnlsh this section with a simple but useful lemma,



ON THE ISOMETRIES OF REFLEXIVE ORLICZ SPACES 101

going back, with different notation to McShane [7], and whose
existence in the literature was called to our attention recently

by C. A. McCarthy.

Lemma 1. — If E is any semi-inner-product space, x, y e E,
llal] = ([=, 2])**, then :

WISy + il <z, ) <)

li=o- ¢

Ay =+ il

where — d » denote left hand and right hand derivatives with

e’ di
respect to the real variable t. In particular, if the norm ts diffe-
rentiable, then

[, 9] = Il G| flly -+ ta] -+ illy — il

Proor. — Suppose y 5= 0. Then

lly + tall|lyll > |y + t, y]| = [[lyl}® + t[z, y]|
> (Il F 2tljyl[2 re [, y])e.

Thus (ly + tall — lyl))e = Iyl re [, y] + o() for ¢ >0,
and the right (left) hand side derivative exists by the
convexity of the function |Jy + t||. Similarly for ¢t-— 0. If the

norm 1s differentiable, from above re [z, y] = ”y”dtl flly+ |},
t=0

and the rest follows from re[—:iz, y] = im [z, y].

3. Semi-inner-products on Orlicz spaces.

From now on, (Q, A, i) will denote a measure space,
A being the o-ring of « measurable» subsets of Q, v being
countably additive, complete, and o-finite. Let F denote the
set of all measurable complex valued functions on Q.

From here on, and until further notice, E will denote the
Banach function space (whose elements are functions in F)

with unit sphere given by Szgfe F fQ<I>(|f|)g 1%, where
the integral is taken with respect to the measure p, ®(Q) << 0.

Here ®(#) 1s a non negative real valued convex function of
the real variable ¢ > 0. It shall be understood also that ®

7.
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is everywhere finite (i. e. does not «jump to + oo »). It is well
known that in these conditions S is in fact the unit sphere
of a Banach space [6].

Since the function ® is convex, it possesses a derivative
except at most for a countable set of values of ¢ which we
shall denote by A. We shall say that a function fe F «avoids A»
if the p-measure of the set {xeQ: |f(z)| A} is 0.
avoids A; and

Lemma 2. — Suppose f, ge L=(Q, A, p),

let any semi-inner-product be given on E; then

61 =Clo) . f@'(-l-'lgil']-)sgn g
4l

8
llgll

where

o

som o — where g =0
e 0 where g=0
cte) =( 1812 (&))" et

Proor. — We shall suppose first ||g|| =1, and ¢ sufficiently
small whenever needed. Then we have, since ©n(Q) <<

[RESRE =
We shall write

= |

S, = lg +tf]
llg + ¢l
8,e L= for any fixed t, and [|3]|,, is uniformly bounded for ¢
small. Here of course || ||, denotes the usual « essential supre-
mum » norm. One has explicitly :

8= (llg+ tfI) {(—llg + #1l + 1)lgl + tre fsgn g+ o(t)3.

. t o
On the other hand since @ (t) = ﬂ ¢(s) ds, where 9 is non
negative, monotone increasing with discontinuities on the
set A, it follows that

(1) & < 0 ETI ) — 2(a) < o(1el + 22,

and also since g avoids A, we have that ¢(|g| + &) — ¢(|gl)

lgl
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almost everywhere as ¢t — 0. But we have (identically in ¢):
? (I)<| +tf|>__(p gz

Jo (i i) — e

and dividing first by ¢ > 0, and then by ¢ << 0, and passing
to the limit we obtain:

T e+ a1t [ st + | e fetie) sen g =,
C”ld% . tllg + oI} fg;lgl?(lgl) + J;re fo(lgl) sgn g = 0.

Thus using Lemma 1, and replacing f by -if and finally g
by g/|lgll, we obtain

lg] >q N : |g|>
2] = =C P’ ( sgn
161 = ) [ ) sem e = C60) [ 1 (jgh)sem s
gl
llgll
|]| ||| avotds A. Let fe E
and any semi-inner-product be given on E (compatible with the
norm), then if E has an absolutely continuous norm [6, p. 12]

[f, 8] = C(g) fgf‘l’ <Ill§‘||>8gn g

Proor. — If E has an absolutely continous norm, then
for fe E, there i1s a sequence f, e L™ such that f,—fin the

E-norm [6]. Since @'<ﬁ§ﬁ> is bounded fq)l<i||—§lll> has a finite
integral, hence by Lemma 2

o €)= Cle) [ A28l Jsgn g~ Cte) [ (€] )sems

but clearly also [f,, g] = [f, gl
Next let us remove the restriction concerning « g avoids A ».

where we may substitute ¢’ for ¢ since avoids A.

Lemma 3. — Suppose ge L=, g0,

LemMa 4. — Suppose E has absolutely continous norm, fe E,
geL>, g=£0, then there exists a semi-inner-product on E
compatible with the norm, such that

6= Ct@) J. o) e



104 GUNTER LUMER

where
(¢) for t notin A

)+ o] e

Proor. — Let us assume for the moment that given
ge L® there exist two sequences of functions g,, g.eL”,
such that g, — g, g, — g (as n— o) pointwise and in the
norm of E; sgn g, = sgn g, = sgn g;

lgl 1g<|g£|>_|_ <|glﬁ|>§ <1>
U7 )— 5 7 u +m nmzo—;
(i) = 2 =)+ i)+ e o= (s
also g,, 'g, are uniformly bounded in the L* norm and all
avoid A. Then we have: C(g,) — C(g), C(g,) — C(g). Let us
now consider E provided with any semi-inner-product

compatible with the norm (which always exists). Then for
fe E, Lemma 3 implies that:

(] —Iﬂ sgn
e [ f ‘<|1|gn> g e .
=5 {(C(&)/Clen [f, 8" + Clg)/Clen) [, 2§ + 0< >

n

Thus

n

/

<5 (1CC(EN lgd] + ICECEn g + O (5 )
¢

(8)/C(gnlg, & + C(g)/Clgnle, g} + 0<%>

and

gl — (g, gnll = i[gn — & &nll < llg. — gllllgil| — 0.

It follows that the conditions for a semi-inner-product are
satisfied.

To complete the proof we shall show how g, g, are
obtained. Consider the sequence of sets ,cQ such that
lg(Q.)] €4, |g| being constant on such Q,. If y, is the
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characteristic function of (,, then it is easy to find numbers
€, such that if

nmy

!
g + Eam).m OIl Qm
o —
on ' '
g on u.a Sam

and similarly for g,, then all above conditions are satisfied
(here of course the fact that A is countable plays a role).

4. Hermitian operators.

The task being eventually to determine the bounded hermi-
tian operators on various classes of Orlicz spaces, we derive
some general properties, assuming absolutely continuous norm.

Lemma 5. — Let H be any bounded hermitian operator on
E, f', f"eL=(Q, A, &) not identically zero, and with supports
Q' Q" such that U.(Q' n Q") = 0. Then

CHpre A ‘> "_ . (__If"] > ,
Hf'o( w7 —- = | H .
J el e = S e
Proor. — It is clear that ||f’ + 'l =||le*f’ + &Ff”|| where «,
¢ are reals; applying now Lemma 4, to

[H(ef' + eBf"), e*f’ + e#f"] = real

we obtain

Jo s e = JL (e |
+ el(a—P)f(‘)" Hf’ §<Fl_%f,,”)sgn f’

_{.e—i(a—@)f Hf"s <Hf |f|',if”l|> sgn f’ = real.

Since o and 3 are arbitrary the above conclusion readily
follows.
An immediate consequence 1s

Lemma 6. — If Q') Q"e A, are (almost) disjoint, i. e.
w(Q'nQ") =0, y', " their characteristic functions, then

j;).Hx” = 0 if and only if fg" Hy’' = 0.
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Lemma 7. — If he L=(Q, A, 1) is real valued, the operator H,
defined by H,f = hf for all f € E is a bounded hermitian operator;
and ||Hy/| = [|A|..

Proor. — We shall prove the hermiticity of H, directly
since our formula for the semi-inner-products is not proved
for all f, ge E. We shall construct a special semi-inner-
product in the following way: given feE, f= uf, where
lu| =1, f, i1s real valued. Using the real Banach space E,
generated by the real valued functions in E; we obtain a

functional f2 such that (f, f£2)=[I£IF, If = IIfL
extend f7 to E by setting f*(g + ig) = fr(g1) + if* (gz)
where g;, g, are real and imaginary components of geE

(and since |g| é |g| implies ||gi|| <|lgll, g1, g2« E). Then

Ifo(8)l = e“fo(g) = fo(e*g) = f7 (re e*g) <|[re eg|[[f-]] < |lgl| I£].

Next define f* e E*, by setting *(g) = fg(u™g), where u is the
fixed function defined above. Then we have

() = falf) = RE = NAR {11 = 1l = (i1l

There is thus a semi-inner-product such that

(Hf, fa] = [*(hf) = fs(n *huf,) = real.
The rest 1s easily shown.
The following lemma will be needed later on.

Lemma 8. — Let )y be any measurable subset of Q, and P
the projection of E on the subspace E, of functions in E vanishing
outside (g, then PH = PHP s a hermitian operator on E,.

Proor. — Cleary ||P||=1; and for any fe E,, I the identity
operator, tveal, [T+ P HP)f|| = [P(I + itH)PAI< (1 + o0
since H is hermitian; (see[5], p. 39); land it then follows easily

that ||I + wPHP|| =1+ o(¢), which proves PHP is hermitian.

5. Hermitians and isometries
when the measure space is non-atomic.

Tueorem 9 (3). — Suppose H is a bounded hermitian operator
on E, E is reflexive, and the measure space (Q, A, ) contains
no p-atoms, then either there exists a real valued function

(®) A recent letter from C. A. McCarthy shows that McCarthy independently
knew, or at least had conjectured, Theorem 9.
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heL>(Q, A, ») such that Hf = hf, for fe E, and ||H||=|[A||.,
orelse E =12 (Q, A, ).

Proor. — Let Q' be any measurable subset of Q, and y’
its characteristic function. Suppose now that Hy' is not
identically zero (almost everywhere) on Q — ()’ then there
exists a measurable set (of positive measure) Q" on which

fo’ #0, and Q"cQ—Q'. Let y” be the characteristic

function of Q”; and « any real non-negative number.
We have from Lemma 5 (*):

Ha's (1) = s ()
Jo ey + M) = o\l (]

Hy's (ot )= o e (i Ao
fg ”<nx + ] “]Q,, L\ Ty + 71

o, _
(g ) g g N, B =0

and a contradiction is reached unless

(e 1) = (o)

but since the measure space is non atomic we may without
changing the situation replace Q” by subsets of arbitrary
small measure so that (¢ may be supposed continuous from
the left) we reach a contradiction, or else

o 1
—— )= agp( ) forall « > 0.
?<|Ixil) ?<llxll>

From this it would follow ®(t) = C#2 and E = L2(Q, A, w).
Now if we exclude E = L2, we conclude Hy’ = 0 on Q — Q’.

Next suppose f is a step function, and Q' is the « support of
one step of f», then by the previous argument, since, the
support of f—{f(Q)1 isin Q—Q', H(f—f(Q)1)=0 on ',
so that on Q', Hf = (H1)f(Q’), where 1 denotes of course the
constant function 1. We conclude by linearity Hf = hf, where
h = H1. The step functions are dense, and the proofis complete.

hence :

() Since E is reflexive the norm is absolutely continuous, [6]. Theorem 9
remains valid if the hypothesis «E is reflexive» is replaced by «E has an
absolutely continuous norm ».
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Tueorem 10. — Let U denote an isometry from E onto E.
Suppose same hypothests as in Theorem 9, and that
E =£ 12(Q, A, w), then there exists a measurable set isomor-
phism T (i. e. not necessarily a point transformation in Q),
and a fized function u e E, such that

(Uf) () = u(H)f(T.) for all feE.

Proor. — By Lemma 7, if he L*, H,f = hf defines a hermi-
tian operator. On the other hand given a semi-inner-product
on E, then [U7f, U-lg] defines a new semi-inner-product
compatible with the norm, and it follows that if H is a bounded
hermitian operator, the same holds for UHU-*. Hence by Theo-
rem 9, for each real valued h e L., there exists a real valued

heL> such that UH, U = if, fe E; i. e.
URU-f = hf, feE.

From above relation follows also at once that the corres-
pondence « ~ » is multiplicative as well as linear, and one-one
onto (in the real L*). In particular « * », when applied to
h =y’ where y' is the characteristic function of a generic
measurable set Q' e A, gives ' =y'2. %' is the characteristic
function of a set Q” which we shall denote T-1Q’ (notice that
in general |||, = ||H,|| = ||[UH, U] = |}A]|.). It is immediate

that T—! is a set isomorphism, and we have
Uy'g=17'Ug g<E

so that if g vanishes on Q’, then Ug vanishes on T-1()’, from

this 1t follows, as done at the end of Theorem 9, that for any

step function f, (Uf)(T7t) = (UL)(T2.)f(.), hence if Ul = u
(UF)(.) = uw()f(T.)

for all step functions; but these are dense in the present situa-

tion, [6].

We shall now connect the previous results with the usual
Orlicz space definitions (and notations) in the literature.
Here we follow [6], (compare also [8], [10] Chapter 4, and [3]).

Reflexivity assumed, the question reduces in terminology
of [6] to the isometries of Ly¢ and Lg. Theorem 10 applies
directly to Ly¢ (with the same assumptions on the measure
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space). The result also follows readily for Lg, since in our
situation Lj = Lyg, and if U is an isometry (H a hermitian)
on Lg, then U* is an isometry a her (H*mitian) on Lyg.

6. o-finite measure spaces.

So far we have assumed that ®(Q) << . One can see,
however, that this restriction may now be dropped, in Theo-
rems 9 and 10, and substituted by the assumption that
« . 1s o-finite ». One starts by extending Theorem 9:

Let thus (, be an increasing sequence of subsets of finite
measure. If H is a bounded hermitian on E, Lemma 8 shows
that the restriction H, of H to the E,-space corresponding to (2,,
is hermitian, hence of the form &,f. The rest of the argument is
clear (since we have absolute continuity of the norm).
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