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LINEAR FUNCTIONALS ON ORLICZ SPACES:
GENERAL THEORY

M. M. Rao

Let @ be a generalized Young’s function and L? the
corresponding Orlicz space, on a general measure space. The
problem considered here is the characterization of the dual
space (L?)*, in terms of integral representations, without any
further restrictions. A complete solution of the problem is
presented in this paper. If @ is continuous and the measure
space is sigma finite (or localizable), then a characterization
of the second dual (L?)** is also given. A detailed account
of the quotient spaces of L’ relative to certain subspaces is
presented; and the analysis appears useful in the study of
such spaces as the Riesz and Kothe-Toeplitz spaces.

The purpose of this paper is two-fold. First it contains a complete
study centering around the singular linear functionals, analyzing
certain factor (or quotient) spaces, of the Orlicz spaces. Second, the
so-called ‘generalized Young’s functions’ and the associated Orlicz
spaces, and their adjoint spaces, are also considered. (Precise defini-
tions will be given later.) The work here is a continuation of [19]
and the notation and terminology of that paper will be maintained.
However, the theory presented here subsumes [19], and the exposition
is essentially self-contained.

If @ and ¥ are complementary Young’s functions (cf. Definition
1 below), let L° and L? be the corresponding Orlicz spaces on a (not
necessarily finite or even localizable) measure space (2,2, ¢) which
has only the (nonrestrictive) finite subset property. This latter means
that every set of positive p-measure has a subset of positive finite
p-measure. Then the representation problem for continuous linear
functionals on L? is to express them as integrals relative to appropriate
additive set functions on X. In [1] and [19] certain general integral
representations of such elements were obtained when the Young’s
function @ and the measure g satisfy some restrictions. If _7Z° is
the closed subspace of L° spanned by the u-step functions then
x* e (L%*, adjoint of L° is termed singular if z*(_2?)=0, i.e.,
x* e (2Z%*, and it is absolutely continmuous if there exists a y,e._2°,
and #*()z) # 0, where y, is the indicator of Ee 3. It is known that
(”Z%*+ %= {0} if @ is continuous and grows exponentially fast. In
Theorem 2 (and hence 3) of [19] it was announced that every z* € (L%)*

is of the form z*(f) = S fdG for a certain additive set function G.
2

However, the result was proved only for such z* that x*(y;) = 0 for
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at least one y;e .2 and the case that 2* € (.2 ?)* was inadvertently
left out. Thus Theorems 2 and 3 of [19] must be understood as
results on representing absolutely continuous linear functionals on L?°
in the sense defined above where @ is a Young’s function. The result
is restated precisely in Theorem 1 below for completeness. Moreover,
it is shown later (Proposition 2) that (L°)* admits a direct sum
decomposition consisting of the singular and the absolutely continuous
elements, Also the generalized (or the extended from the original
version of) Young’s functions are considered in detail below. This
distinction is irrelevant for the elementary theory of Orlicz spaces
(such as completeness, etc.), or if the underlying measure p is finite,
but will be relevant for the study of the adjoint spaces and the
understanding of their structures when g is nonfinite. This will be
clear from the work of §3 and §4 below.

The main contribution of this paper is the complete characteriza-
tion of (L%*, the adjoint space of L°, when both @ and x are general,
This is achieved by considering, somewhat more generally, the properties
of certain factor spaces of L° which in particular illuminate the
structure of singular linear functionals. Also the (L°)*-space when @
is a ‘generalized Young’s function’ is considered and characterized.
Moreover, the general methods presented here are applicable in analyzing
the more general Banach function spaces such as the Kothe-Toeplitz
spaces [12] and their extensions [15]. A brief summary of the results
is as follows.

After preliminaries in the next section, representation theorems,
extending the work of [1] and [19], are proved in §3. These results
are further extended, when @ is a generalized Young’s function, in
§ 4. Some miscellaneous results are given in § 5 where the current
status of the work, and the representation of the elements of (L%)**,
and related problems are discussed.

2. Preliminaries. It is convenient to start with some definitions.
The following is essentially the concept introduced in [24]. (cf. [27]
and [13].)

DEFINITION 1. A symmetric convex function @ defined on the
line with @(0) = 0 is said to be a Young’s function if it is either
discontinuous, i.e., @(x) is continuous for 0 < 2| £ 2, @(x) = o« for
te]| > x,, or, if continuous satisfies @(¢) > 0 for ¢ > 0. A function &
is said to be (Young’s) complementary function to @ and is defined
by

2.1) V(x) =sup{[a|y — Oy):y 20}, —o0 <& < oo

It is seen that ¥(-) is a symmetric convex function on the line
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with #(0) = 0, but if ¥ is continuous it may fail to be a Young’s
function in the above sense. However it can be described by

DEFINITION 2. A symmetric continuous convex function @, with
@(0) = 0, defined on the line is said to be a generalized Young’s
function, if @) = 0, for 0 < « < a, for some finite positive number
a.

Note that a discontinuous generalized Young’s function and the
discontinuous (ordinary) Young’s function are the same. (However,
the trivial @, taking only 0 and + o, will be excluded.) Thus the
complementary Young’s function can be a generalized Young’s function
(as simple examples show). Clearly (2.1) implies the Young’s inequality

(2.2) vy = O@) + ¥(y) .

There is equality if and only if either x = #'(y) or y = @'(v). [@, ¥’
stand for the right derivatives of @, ¥ which exist everywhere (cf.
[13], p. 5), and which are nondecreasing and right continuous.] In
what follows the above terminology will be used without further
mention. Thus (@, ¥) denote complementary (generalized) Young’s
functions. Some needed preliminary results will be proved in this
section.

The set L° is a subspace of all measurable real functions on
(2,2, ) such that feL® if and only if ||f]ls < oo or Nu(f) < o
where

23) £l = sup{| 1fo1dp: | P@an =1},
and
2.4) No(f) = inf {k > 0: Saco(fk_)d# < 1} .

Then ||-||, and N,(-) are norm functionals and they define the same
topology for L° in the sense that

(2.5) No(f) = [ flle = 2No(f),  felL’.

With these norms L° becomes a Banach (or B-) space. The proofs of
these results may be found in ([13], [15], [26], or [27]). The set
L° is the (not necessarily linear) class of functions fe L° for which
Sgﬁ(f ydp exists, [Strictly speaking, L° is the space of equivalence
classes of measurable functions and so fe L®° means that f is any
member of the class to which it belongs.] All the results of this
paper are valid for complex functions also.

In general the inequalities in (2.5) cannot be improved, as seen



556 M. M. RAO

from the case that @(z) = |2 |*,p = 1. This is further illuminated by
the following result.

LEMMA 1. Let @ and ¥ be continuous Young’s functions that
are complementary. Then for fe L% || flle = No(f) if and only if
f=0, a.e. [¢].

Proof. The ‘if’ being obvious, suppose conversely that ||f|l, =
Ny(f). If f=0, a.e., is false then N,(f) > 0 and it may be assumed,
by a normalization if necessary, that N,(f) = 1(=|| f|l,). Since @
and ¥ are continuous, a result of ([13], p. 92) is applicable and there
exists a bounded sequence of numbers {k,} such that

1
2.6 1=1
(2.6) im —

n—roo

(1 + Ld?(kn f)dp) .

n

So for any ¢ > 0, there is an n, such that n = n. implies
@.7) A+ ok =1+ | o p)dp>1.
Q2

Thus lim,_.. %k, = (1 + ¢)~*. Since ¢ > 0 is arbitrary lim,_ . %, =1, so
there exists a subsequence, which is again denoted by {k,} itself for
convenience, such that in (2.7) k£, = 1. If k, = 1, then (2.7) implies

S O(f)dp <e. But from the arbitrariness of ¢, this implies f =0,
ai)e. (since @(x) > 0 for % > 0), which is impossible. Thus %, > 1 for
all large enough 7. Consequently (2.7) gives, S(D(af)d/x < o for
some « > 1. From this result and ([27], p. 175, gbelow eq. (10.20))
one can conclude that S o(f)dp = 1. Thus, the convexity of @, and
(2.7) imply ’

2.8) o> (14 ek, =11 kngg@(f)dy 14k >2.

Sinee ¢ is arbitrary one has from (2.8) the inequality

(2.9) oo >limk, =1 + limk, = 2

n— o n—oo

which is impossible. This shows that f = 0, a.e. must be true, com-
pleting the proof.

REMARKS. 1. This lemma says that, unless @ or ¥ is discontinu-
ous, the inequalities in (2.5) are strict if f = 0, a.e.

2. If @ and @ are continuous then there exists a k& for which
(2.6) holds (without the limit there) by ([13], pp. 92-93). It was
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proved in ([20], Th. 4) that under this hypothesis one always has
2 NN = 1.

3. The structure of continuous Young’s functions may be illumi-
nated by the following remark: If @ is a continuous Young’s function
then it is always possible to find a strictly convex Young’s function
@, such tha @] is strictly increasing (continuous) and @(x) <@, (x) <20(x),
for all «# (so L® and L° are topologically equivalent). This follows
from the constructions of Young’s functions given in ([13], p. 21).
In fact, let @{(u) = @' (u)(1 + a(u)), where a(-) is a strictly increasing
continuous (probability) distribution on the positive line, e.g. a(u) =

1 — e, and let @,(x) = Slxl@{(u)dﬂ. Clearly @, satisfies the require-

ments stated above. Moreover, since @’ can be taken continuous by
a redefinition (e.g., joining the discontinuities with straight line seg-
ments; cf. [27], p. 25), it follows that @] is also continuous.

Let _#? be the closed subspace of L’ spanned by all step functions.
[A step function takes finitely many finite values on measurable sets,

possibly of infinite measure.] Let M? = {f: Sg@(kf Ydp < oo, all k>0}.

Then M? is also a B-space (the same space with the same notation

as introduced in [19]). The relation between these space is given by
the following:

LemMMA 2. M°S _7Z°Z L°. There is equality between the first
two spaces if @ is a continuous Young’s function. The last two
spaces are equal if @ is a discontinuous Young’s function and
H2) < oo or @ is of the form @) =0 for 0 < x < @, = @,(x) for
L= x = and = for x> x (and p(2) £ «) where @, is a con-
tinuwous convex function such that @.(x) > 0 for x > x, and z, > 0.

Proof. The inclusions are clear. If the Young’s function @ is
continuous then every step function in L° is also a p-simple function
(i.e., a step function that vanishes outside a set of finite y-measure),
since every element of _#° must vanish outside a set of o-finite
measure. So by ([19], Lemma 2) it follows that M° = _~° (Note
that if @ does not satisfy a growth condition, [13], or grows expon-
entially fast then .Z?& L° holds. If @ is discontinuous, then it is
clear that M° = {0} so that M°%._~° This proves half of the
lemma.

About the second equality, if @ is discontinuous, it follows from
the definition, of the norm (2.4), that every element of L° is essentially
bounded so that L’ c L= always holds. If the discontinuous @ is such
that @(x) = 0, for 0 < x < «, where x, > 0, then L? = L= since fe L~
implies, for some k > 0,0 < (| f|/k) < #,, a.e. [¢], so that fe L’ by
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(2.4). If x,= 0 in the above and @ is discontinuous (but is a positive
convex function for & < 2, as in the lemma), and if p(2) < o« then
every f in L= satisfies, 0 < (| f|/k,) < @, for some k, > 0. Hence

Sf(%)ol# = D)) < o

so that fe L?. Thus in both these cases L? = L*. Moreover every
feL? satisfies (ef. (2.4) again) || fll. < 2 N(f) where ||-||. is the
essential supremum norm of L. Since L’ and L= are both B-spaces
and contain the same elements it follows by an application of the
closed graph theorem, on using the inequalities between the norms
just noted, that the norms ||-||. and N,(-) are equivalent (cf., {22],
Ex. 2, p. 184) and hence also that ||-||. and ||-||, are equivalent, by
(2.5). But step functions are dense in L= by (|6], p. 296). Since L~
and L° are topologically equivalent under conditions of the lemma,
proved above, it follows that L = _~? in these cases. This completes
the proof.

REMARK. The above proof shows that, if ¢(2) = c, and @ is
discontinuous, L°< L= can happen only if @(x) >0 for 0 < 2z < 2,
and = o for a > x,. Note that the nonfiniteness of the measure
space does interfere in the treatment here. For this @, ¢ is just
the closure of simple functions in L° since then each step function
is a simple function. Also if @ is any continuous generalized Young’s
function, then M°S% % can happen. In this case @ is not a Young’s
function and L= & _~? holds, and in fact _#? is then the L°’-closure
of L. It should also be remarked that in this case, ./ ?c L° holds
only if p(2) < « in addition to the continuity of @, since then
M® = _»° |[Simple function = step function with support of finite
measure. |

Motivated by the above lemma the set L° — _#° will now be
examined. However, this set is not even linear (since the difference
of two functions in it can belong to .~ ?) and moreover the structure
of functions that are mot in _#? is desired. So it will be appropriate
to consider _+? = L°/_° the factor or quotient space of L’ relative
to .#° Thus f,, f; in L? belong to the same equivalence class (or
coset) in _¢? if and only if f,=f. + ¢, a.e., for some ¢ in _2/°.
The norm d(-) in _#? is given by: if fe_s? (e, f=f+ 77,
fe L% then

(2.10) d(f) =inf{||f + gllesge. 2.

[Hereafter when no mention is made, & may be either an ordinary

or a generalized Young’s function.]
The mapping \: L® — _4°° is the canonical mapping of L° onto
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4"? and is continuous in the metric defined by (2.10). The following
facts on factor spaces will be needed in the sequel.

LEMMA 8. (i) _#° is a B-space with (2.10) as norm and X\
maps the open wunit ball of L° onto the open wunit ball of 477
(i) If (#Z* is the amnihilator of .#° (i.e., the set of elements
of (L®* that vanish on _/7°), then there is an isometric isomorphism
of (AZ°)* onto all of ("%* given by the mapping, j: x* — 2* where
x* e (A0t and z* € (0%, the z* being defined by z*(f + #°) =
2*(f). [Thus, x* e (Z°* if and only if j(x*) = 2* € (19)*.]

The statements (i) and (ii) are immediate consequences of the
facts about factor spaces in general B-spaces ([6], p. 72; [22], p. 105).
These properties clarify the structure of (_#°)*. Because of (ii) of
the lemma, (_#Z %" and (_#"%* can and will be identified below, if
there is no confusion. It will follow from results (Propositions 2, 3)
in the next sections (after the introduction of some new concepts),
that (L°)* admits a direct sum decomposition into complementary
subspaces one of which is (.27 %)*.

The first part of the above lemma for the particular space _s°°
can be specialized as follows, and this is useful later.

LEMMA 4. Let L° be given the norm (2.3). Then \ML°) is mapped
into the closed unit ball of _4°°, and ML®) contains the open umit
ball of _1°°, where \: L®— _4°° is the canonical map and L° was
defined after (2.5). The inclusions above can be proper.

The proof of this lemma may be found in ([13], p. 82) for a
finite nonatomic measure and for a continuous Young’s function @,
where L’ has norm (2.8) as here. The same proof also holds verbatim
for general ¢ and continuous @. If @ is discontinuous and g is
nonfinite, then the only case when _4? % {0} is when @(z) > 0 for
0<a=w and = « for x > x, (where @(x) is continuous on 0<x<ux,)
as shown in the proof of Lemma 2. In this case the proof that n(L°)
is mapped into the closed unit ball of _#? given in ([13], p. 82),
again holds without change as before. On the other hand, if d(f) < 1,
then, by definition, there is an fef such that || f|l, < 1 and by (2.5)
Ny(f)<1. So feL® and fenL?. Hence ML° contains the open
unit ball of _#?, as desired.

The lattice structure of the spaces L° L° and _#"? is needed and
it will be discussed now. It is clear that L° is a Banach lattice,
where the ordering f < ¢ stands for f < ¢, a.e. With this ordering
L° is a lattice, since f, ¢ in L® implies clearly inf (f,g)e L°, and if
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h = sup (f, g), then
ez = oHan+ | o@dn < =,

where 2, = {w: flw) = g(w)} and 2, =Q — Q,, so that he L’ The
quotient space _#?(=L°/_»7?) inherits a ‘natural’ ordering from that
of L°. With respect to that ordering _s° is also a vector lattice.
The ordering and the proof that _s~? is a vector lattice follow.

If £, § are the elements (cosets of f, g in L) in _s"° define F<d
if there exist an f,ef and g,€§ such that f, < g,, a.e. It is clearly
reflexive, and to see transitivity, let 7, §,h be in _s"° such that
F7<g§ and § <h. Then there exist f,, g,, ¢; and k, such that f,e7,
9,€§,9.€9,h, € h and such that f,=<9,, 9.<h,,a.e. Ifg,=9,—g.(¢ -/Zw):
then fz—fo'}‘gzef and f2§90+gz-g1§h1y a.e., so that f<h
To see it is anti-symmetric, let 9, § in _#"° satisfy p < ¢ and § < p.
Then there are p,, p, in P, q,, ¢, in § such that », < ¢, and q, < p,
ae. If r=¢q,—q(e 7%, then p, =0, +r=<¢q, +r=gq, < p, a.e.,
so that 0<p,—p,=(0.—p)—7r€ #Z°and 0=<p,— ¢, =p,—p. € Z".
So p, — q,e #Z?, since _Z° is ‘normal’ (i.e., ge Z° |h| < |g|, a.e.
implies h e _~?. Thus both p, and ¢, belong to . Consequently
p = g4. It follows that ‘<’ is a partial ordering in _7?. In a similar
manner it can be easily checked that for £,§ in _#?, fef geg, if
h=sup(f,g) and h=h+ _#° then f<h and §<h and he_s°.
It therefore follows that _+"° is also a vector lattice under this
ordering with # = sup (f,§) =7V §. Since under the norm (2.10),
the map )\ is continuous (Lemma 3) it is trivial to note that the ‘sup’
and ‘inf’ (defined similarly and denoted \/ and A) operations in _s"°
are continuous so that it is actually a Banach lattice. These and
certain other lattice properties are summarized in the following.

LEMMA 5. The space 4% with norm (2.10) is a Banach lattice
under the o'rolering For 7,3, e 4 define f < § to mean f < g a.e.,
for some fef and ge§ and if h=h+ _7Z° where h = max(f,g),
then h = f\/g 18 the ‘sup’ and similarly define the mf’ as k= FAG.
[Then hke_17° 1 Also f,§eNL® implies FAG= ke ML®) and
f V= hex(L”). Moreover, (_4°°%*, the adjoint space, is also a
Banach lattice where the ordering is: For z*e(_47%*, let z¥ =0
if and only if 2*(f) = 0 for all £ = 0. Ewvery z* in (_4"°)* can be
decomposed into the difference of two functionals as

(2.11) 2r =@ - (), @E)TAER)T=0,

where (z*)* are positive functionals. (F' is a positive functional if
F(f) = 0 whenever f = 0.)
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Proof. The first part of the lemma, including the lattice property
of ML?), is already proved in the preceding discussion, and this is
just a restatement. So consider (_/"%*.

If 0 < 7 < § then by definition of norm (2.10), it follows that
d(f) < d@. Soifz* e(.1*)*, then |2*(F)| < [|2*[|-d(f) < ||2* ||-d(@),
and this means that each z* in (_/"%* is bounded on every order
interval, {72k < f< h} of _4°. Since _4® is a vector lattice, it
follows by ([3], p. 88, 6(e)) that (_s%* is also a vector lattice. By
([3], p. 99, Lemma 2) (_#"?)* is a Banach lattice since _#"? is. Finally,
(2.11) holds in every vector lattice ([22], p. 391) and (_#"%)* is just
shown to be one. This completes the proof of the lemma.

Another important property of the elements of (_7/%)* is given
in

LEMMA 6. Ifz*e(47%* and |2*| = (*)" + (2%)~, where (z*)* are
the same symbols given in (2.11), then

%]l = |l Il = sup {| 2* | (F): 0 = Fe ML)}
= 1@+ 1@

In fact, if zF and 2§ are any two positive elements of (_17°)*, then

(2.12)

(2.13) el + 25 (] = ll2r |l + [l25 1l .

Proof. The equality between the first three quantities of (2.12)
holds in any Banach lattice on replacing ML® by the unit ball there.
Since the norm is determined by the elements of the closed or open
unit ball in a B-space, and ML°) contains the open unit ball of _7°
and is contained in its closure (by Lemma 4 and Lemma 3(ii)) it
follows that the norms of the elements of (_+7%* are determined by
the elements of ML®) alone. With this, the proof of all the equalities
of (2.12) is similar to that given in ([22], p. 396), for the space of
continuous functions with compact support, with simple modifications.
The needed modifications will be indicated by proving (2.13) here.

Since ||z} + 25 || = ||2F || + ||25 ] is always true for any =z}, 2 in
(_77%*, the hypothesis z} = 0 is needed only for the opposite inequality.
The nontrivial case is when both z}, 2 are nonvanishing. Since, by
Lemma 5, F,§exML® implies 7V GenL? and by the preceding
paragraph ||z} || = sup {2¥( £):0 < Fen@®), given & > 0, there exist
0<7 e ML?), such that |2 || <z (f)+¢2,i=1,2. Ifh=Ff V5,
then heML? and f; <k, and since 2z is order-preserving, it follows
that

2|l + 12 |l — e S 2X(F) + 2 (f) < @ + &)h) < |2 + 2] .
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From the arbitrariness of ¢, the desired inequality is obtained from
the above. This proves (2.13), and the lemma follows as indicated.

REMARK. 1. The equation (2.13) implies (_#"%* is an abstract
L-space in the sense of Kakutani [10], and (even only with (2.12)
(_+"%* is an abstract Banach lattice, in the sense of ([3], p. 98)).
Hence, from the general properties of such lattices,

(2.13) e + 2|l =laf —2fll, i |ef|Af2|=0.

2. The results of Lemmas 5 and 6 and the discussion preceding
Lemma 5, show that one can treat _#"° simply as a Banach function
space with # in _#"? as a function to mean any member f of . This
is no different from considering L° (or L*) as a Banach function space
by treating f in L° (or L*) as a function to mean a member of its
equivalence class. The ordering introduced in _#"? simply emphasizes
this point. For this reason (when no confusion results), hereafter
A% can be treated, and referred to, as a Banach function space.
Thus, the decomposition (2.11) may also be obtained formally from
the classical case (cf., [25], p. 192). Moreover z* in (_#"%)* is positive,
with the ordering in _#°?, if and only if j7'(z*) in (_#Z%)* is positive
in the usual order of L°. In fact, the order in _#"° was motivated
by this fact and avoids the cumbersome references to (_~%)* at every
stage. Here it may be mentioned that this point of view extends
naturally for spaces of set functions and others as well. Mr. J. J.
Uhl, Jr., has recently exploited this point successfully in his thesis
[23], and proved several results on Orlicz spaces of finitely additive
set functions.

3. Representation theorems. In this section various (integral)
representations of continuous linear functionals on L° spaces, where
@ is a Young’s function will be presented, culminating in a complete
characterization of (L°* in Theorem 4 below. Hereafter all set
functions will be assumed to have the (convenient) finite subset pro-
perty, FSP, as discussed in some detail, for instance, in (|20], pp.
672-673).

It is convenient to call a Young’s function @, purely discontinuous
if &(x) =0 for 02 < 2,2 >0, and &(x) >0, for 2, < 2 < x, =0
for x > x,, and continuous in the extended sense (this was introduced
in [17], p. 1452), if @(x) and @'(x) are continuous for 0 < x < 2,
P'(x) >0 for > 0,2,>0 and @(x)—  and @'(x)— o as x— &,
Note that both these situations can occur for a discontinuous Young’s
function.

DEFINITION 3. Let @ be a Young’s function and A,(y) be the
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class of real additive set functions on ¥, vanishing on pg-null sets,
and satisfying the conditions: (i) (a) if the complementary function
¥ of @ is not purely discontinuous, then G on 3, the ring of sets
of finite p-measure in X, is not identically zero and (b) if ¥ is purely
discontinuous, then G is defined on all of F, (ii) ||G ||, < <= where

161 = int f > 0: (%) =1},

8.1)
< G(E;)
I,(G, E) = o =L V(K ,
(@ B) = sup 3 0( 7 Ju()
and where the supremum is taken relative to all finite disjoint collec-
tions of sets {E;} X, N E, if ¥ is not purely discontinuous and replace
X, by 2 otherwise in the last inclusion; and I,(G) = I,(G, Q).

REMARK. It may be noted that if ¥ is purely discontinuous with
0 < 2, <2 < > in its definition (i.e., ¥(x) =0 for 0 < x < x,, 2, > 0
for 2, <x <w®, and = - for 2 > x,) then from the relationship
between @, ¥ it follows that z,|2| < @@) < x, |z |, for all x (see, e.g.
[13], p. 11), and conversely. Thus in the above definition any reference
to ¥ may be suppressed, if so desired, using the fulfilment (or other-
wise) of the above inequality. It should be remarked that in [15],
[17], and [26] @ was taken to be left continuous whereas in this
paper and in [13] it is right continuous.

For the generalized Young’s functions a slightly different formula-
tion of the above definition is useful. [Compare with ([7], p. 592),
where a similar concept was briefly discussed.] This will now be
introduced and shown to be equivalent to the above definition for

Young’s functions.

DEFINITION 4, Let @ be a (generalized) Young’s function and &
its complementary function (cf. (2.1) or [26], or [15]). Let Aj(x) be
the class of real additive set functions G on ¥, vanishing on g-null
sets, such that |||Gl||ls < - where

(3.2) 161 = sup{|{ rac|: 71, =1} .

Here the integral relative to the finitely additive set function G is

understood as in ([6], Ch. III, or [2]), and ||-||, is defined in (2.3).
That (3.1) and (3.2) are norms and A,(¢) and Ay(#) are normed

linear spaces is obvious. The relation between these spaces is given

by the following.

LEMMA 7. Let @ be a Young’s function. Then A,(z) = A1)
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+n the sense that they contain the same elements. Moreover, for any

G e A)(p), if the complementary function ¥ is not purely discontinuous,
then

(3.3) HGlle = lGllle = 211Gls,

and if ¥ is purely discontinuous one has
(3.4) av(@) = [||Gllle = Bl Glls = 70(G)

where a, B and v are positive constants depending on @ (or rather
x, and x,) and where v(G) is the total variation (norm) of G.

Proof. It is sufficient to prove (3.3) and (3.4). Suppose first
that 7 is not purely discontinuous. If Ge Ay(y) is null then (3.3) is
true and trivial so if G %= 0, it may be assumed that |||G|||, = 1.
Let feL* be a simple function such that ||f|ly =1, f= 3% @)Xz,
where 0 < ((E;) < «, E; disjoint, and a;, = @(G(E;)/(E;)) sgn (G(E;)).
This is possible since the a; may be replaced by aa; in the represen-
tation of f and « may be taken as (|| f|l»)~" if ||f|lz > 1. Then one
has

1z || ra6| - Za(Gfg)))“( )
= 37 @uE) + 3 0( 2 )HE)

by the condition for equality in (2.2), (cf.
[26], or [15]),

= § oS

Since {E;} < X, is arbitrary, it follows from the above that I, (G) =<1
and hence ||G|l, =<1 =|||G||l, so that half of (38.3) is proved. For
the second half, let |G|/, = 1, and f = 37, b;)s, be any other simple
function such that (for convenience) || f|ly < 1. Then

S0y J®

] -

S S ¥6)uE) + 3 0(TE ) )

by Young’s inequality (2.2),
<{v(hdp + LG s2.

Since f is arbitrary, this implies |||G||lo < 2 = 2||G||,. This completes
the proof of (3.3).
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For (38.4), let ¥ be purely discontinuous. Then by the remark
following Definition 3, and (3.1), one has

50(G) = sup [, 3| G(E || = (@) = swp | 3 1G(E ] = 201 .

equivalent. On the other hand, as shown in the proof of Lemma 2,
in the present case L¥ = L~ = _" and since || f|l. < . No(f) = 2, || flley
the norms are equivalent. So there is a positive constant «, (depending
only on ¥ and hence only on @) such that &, || flls = || flle < 2 || v

Since sup {IS fdG]: 1 f Nl < 1} = (@) (cf. [6], p. 296) it follows that

Hence z,0(G) < || G|, < 2,v(G), i.e., ||-||, and the variation norm are

a, ll|Gllle = v(G) = 2. /|| G|lls, i.e., [ll-]llo and the variation norm are
equivalent. Thus this and the earlier inequality imply (3.4) at once,
for some appropriate (positive) constants «, 8 and 7, completing the

proof.

REMARK. In view of the above lemma hereafter the prime on
Ay(p) can and will be dropped. Also if 2z, =, =1 then it can be
seen that, in (3.4), @ = 8 = v = 1 and there is equality throughout.

The inequalities (3.3) may be refined in many cases. This can
be seen after proving the following

LEmMMmA 8. If @ is a Young’s function such that its complemen-
tary function ¥ 1is continuous, then every member of A,(y) s
countably additive.

Proof. When ¥ is continuous, by ([19], Lemma 6) every G € A,(¢)
is p-continuous, i.e., |G(E)|— 0 as p#(E)— 0. Hence if {E,} C 3, and
the E, decrease to ¢, the empty set, then |G(E,)|— 0 so that G(-)
is continuous at . This implies in turn that G is countably additive
on ¥,. So by standard extension procedures of measure theory (cf.
[9], p. 54), G is countably additive on the o-ring S(3,) generated by
2. It remains to show that there exists a set E in S(J,) such that
G coincides with its restriction G, to E, (i.e., Gy = G(E N -)). This
is seen as follows.

From the definition of I,(G, A) in (3.1), it is not hard to see that
I,(G, -) is an additive set function on X,. (Details of computations
of this remark were given by Uhl [23].) It is clear that I,(G, 4) = 0
if #(A) = 0. Since the complementary function ¥ of @ is continuous
by hypothesis, it follows again by ([19], Lemma 6) that I,(G, -) is
p-continuous. But then as in the preceding paragraph I,(G, -) must
be countably additive on S(¥)) and by hypothesis I,(G, 2) < . Hence
by definition in (3.1), since I,(G, -) is a measure, there exists a sequence
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{4,}c3,A,C A,.,, such that lim,_. [,(G, 4,) = 1,(G). If E=, A,
then it follows easily that I,(G, E) = I,(G) < «,EecS(Z), and
I(G, E') = 0 where E’' = Q — E (cf. also [19], p. 80). This meang
G = G, as was to be proved. [An alternate proof can be given using

([16], Theorem 7.1).]
In view of the preceding lemma the following result is of interest

as it improves upon (3.3).

COROLLARY. If Ge A,(r) is countably additive (in particulor
if the complementary function ¥ of @ is continuous) then

(3.5) HG o= lIGIlo -

Proof. If G is countably additive, and since it vanishes on g-null
sets, it follows that, by a generalized Radon-Nikodym theorem (cf.
[16], p. 336), there exists a quasi-function g¢* (i.e., one which is
consistently equal to a measurable function on sets of finite px-
measure) such that G(F) = g g*dyp, Fe X, and then by ([19], Lemma

E
5) I(G) = \ @(g*)dp. (Integrals are defined for quasi-functions, as
2
pointed out in [16].) This and (3.3) imply (see also (2.4)) immediately
|Gl = Ny(g*). But simple functions in L° are norm-determining so
that

1611s = Notg®*) = sup{ || g*sdpe|: 117l = 1, £ simple}
— sup{|{ faG|: 1151 = 1} = 11 Gl -

This completes the proof of (3.5).

In terms of the work of this paper, the main result of [19] will
be restated more precisely as follows. Hereafter, unless the contrary
18 stated, the morm in L° is that given by (2.3) and that in L' (¥
complementary to @) is that qiven by (2.4). Also @ stands for a
Young’s function.

THEOREM 1. For each x*e(.Z"*, the adjoint space of _~°,
there exvists a unique G e Ay (y), such that

(3.6) () = | jaG,  je.z*

and

(3.7) el =Gl ,

so that ||z* || = || G|y 1f @ 1s continuous and a ||z* || < ||Glly < B x* ||

for some positive «, B, depending only on @, otherwise.
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Proof. Since the proof of this result is essentially given in [19],
so only an outline (based on the preceding lemmas) will be presented
here for completeness. If G e 4,(¢), and @ is continuous, then, as in
the proof of the above Corollary, it follows that

o'(f) = | faG = | frap,  fe.z.

By means of Holder’s inequality, the above equation defines a bounded
linear functional and, by (3.5), ||*|| = |Gllr = ||| Gllls. If @ is dis-
continuous, then for each EFeJX,, and G e Ay (), (3.6) is well defined
for fe #%FE)= L*FE) = L~(E) where the latter symbols stand for
the spaces restricted to £. Moreover, (cf. [6], p. 296),

B = || G| < 1 £lls0(G) S B AN Gle

by Lemma 7. Here k depends only on @, and G, is the restriction
of G to E. But A\(-) on 2, is a finitely additive bounded set function.
So by ([6], IV. 9.11) A, can be isometrically mapped onto a regular
countably additive bounded (by k|| fllsl|Gllr = @) set function X,
which satisfies the inequality |X(S,)| < @ < «, where S, is the image
of 2 under the map. Using the isometry again one concludes that
IN(2) | £ a < oo, so that (3.6) defines a bounded linear functional on
not only _~° but on L° itself. (The details of the compressed
argument here may also be found in [19], pp. 88-89.) Then (3.7)
follows from the definition of the norms involved. The last statement
now is a consequence of Lemmas 7 and 8.

Conversely if z*e(.#Z*, then G(E) = z*(Yz), Xz € . °, shows
that G is an additive real set function vanishing on g-null sets, and
(3.6) holds for all simple f in _#° If @ is purely discontinuous then
|G(E) | < ll@* |1l %sllo < B 112 || Zolle = E|l&* || < o> for some k > 0,
depending only on @, and where L® = L® = _#° is used. But then,
by (i6], p. 97), v(G) = k|| 2*|| so that by (3.4), G Ay(¢) and, as in
the first paragraph, (3.6) and (3.7) hold in this case. If @ is not
purely discontinuous, then a procedure similar to that in the proof
of Lemma 7 can be applied. Thus, excluding the true and trivial
case z* = 0, let f= 3", a;)s,, 0 < p(E;) < oo, where

ol G(E)
“= (llx*lm(E»)'

Since f vanishes outside of a u-finite set, it follows that
Il = | o(hrap +1< =,

(by Young’s inequality and definition (2.3)) and one has
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) %o CE) Vg
b o = 5 = Bl

- qu)( P+ 3 W(H—;%E-»)#(Ei)

by equality in (2.2).

This implies, since {E;}C 2, is arbitrary, |G|y = ||2*|] < c. So
G e Ay,(¢), and by the result of the first paragraph, (3.6) and (3.7)
hold for this G. Uniqueness being evident, the essential details of
the proof of the theorem are completed.

REMARK. The last part is again the same as in [19]. But it
should be noted that the employment of the two (equivalent) norms
in (3.1) and (3.2) makes the proof rather transparant in contrast to
using only (3.1) all the time,

As a consequence of the above result one has the following.

ProprosITION 1. Let @ be a Young’s function and ¥ its comple-
mentary function. Then L? is reflexive if and only if L° = M’ and
LY = M?, where M?, (M?) is defined before Lemma 2.

Proof. If L® = M° and L* = M?, then this implies L® = M*° and
I¥ = M* at once. In this case the result is immediate from Theorem
1, and was also given in ({19], Th. 5, ¢f. also [20], Theorem 4).
Conversely if L? is reflexive then, L°c (L*)* C (L®)** = L® so that
(L¥)* = L® and, by a well known result of Pettis (cf. [6], p. 67), L*
is reflexive. [Here, as usual, the inclusions and equalities are in terms
of the natural imbeddings.] Hence (L%)* = (L")** = L*. However,
this holds if and only if the norms in L° and L' are absolutely
continuous, i.e., the condition given in ([8], p. 205). This means
M?c L°c M?, and a similar statement holds for L*. Consequently
the condition of the Proposition is necessary, completing the proof.

REMARK. If the measure space is o-finite, a similar result was
given in ([15], p. 60). (cf. also §4 below for some related results.)

The above Theorem 1 does not give information about functionals
in (_#?%*, or equivalently (_#"%* in the notation of Lemma 3. TUsing
the work of §2 above, integral representations of the elements of
(+"?* can now be given. It will be shown, in Theorem 4 below,
that the general xz* in (L°)* may be given an integral representation,
as in (3.6), with an extension of the definition of the integral.

It was pointed out after Lemma 6 above that (_#"%* is an
abstract (L)-space [10]. A characterization of abstract (L)-spaces,
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which are Banach lattices (so (2.13") also holds), was obtained by
Kakutani in [10]. This result will be quoted here as it enables a
better understanding of the structure of (_#"?)*.

THEOREM 2. (Kakutant) Anm abstract (L)-space 2° satisfying
(2.13') and having a unit (i.e., there is am x,€ 2 such that for
every 0 < x e 27, %, A\ & > 0 holds), is isometric and lattice isomorphic
to the Lebesgue space of integrable funmctions, L (S, .o, a), on some
(S, &7, a) where S is a (totally disconnected) compact topological
space, &7 1s the Borel field of S and a is a (countably additive)
measure on 7.

Even though (_#%)* satisfies (2.13) and (2.13'), it does not have
a unit in the sense of the above theorem. [Recall that _s~? = {0} so
that g is a nontrivial measure and since @ does not satisfy any
growth condition (L° and) _#"? and hence (_#"%* are nonseparable
which follows, for instance, from ([15], p. 61) also, so that L'(S, &7, «)
is not separable. Therefore, it cannot be the conjugate space of any
B-space. Thus (_/"%* and L'(S, .7, @) cannot be isometric and lattice
isomorphic which means there cannot be a unit in (_#"%*.] On the
other hand, the result of Lemma 6 is well-known if _4° is replaced
by L=. This ‘suggests’ that the abstract (L)-space (_#"%* is equivalent
to some subspace of ba(2, %, 1), the B-space of bounded additive set
functions on ¥ and vanishing on g-null sets with total variation as
norm. This is indeed the case and the first step in this direction can
be obtained as follows.

If fe_17° letf, stand for the coset fy + .+, and if 2* € (L9,
let 2% be defined by zi(F) = 2*(Fx),fe._#°. With this notation one
has

LEMMA 9. To each z* € (_1"°)* corresponds a v € ba(2, 2, 1) which
18 purely finitely additive if v %= 0 (in the sense of [6], p. 163),
and an f e _?, d( f ) =1, such that zf, and v(-) are related by the
equations

(3.8) Z5(f) = 2"(fz) = wW(E), EeX
and
(3.9) 251l = |v|(E),

where |v|(-) ts the variation measure of v.

Proof. In view of (2.12) it suffices to consider z* = 0 for this
proof. If E, FeX are disjoint and £ U F = 2, then (2.13) implies
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(3.10) e |l = [l 22ur |l = 221l + ll2F 1],

so that ||2% || = v(-) defines a positive bounded additive set function
which vanishes on g-null sets. Thus (3.9) holds.

That v(-) is purely finitely additive (if v # 0), can be proved
thus. For any ¢ > 0, there exists 0< foe 17, depending on ¢, such
that z*(f,) = ||2*]| and |d(f) — 1] <e. (This is a simple consequence
of the definition of norm, and it holds in any B-space.) If B(E) =
2*(fox) = 25(f,), E€ 2, then 0 < Deba(®, 3, ), and v(Q) = 5(2). More-
over J(E) < v(E)1 + ¢), for E€ X so that |y — | (2) < e. But there
is a decreasing sequence E, in ¥ such that p(¥,)— 0 and J(E,) = 5(2)
for all » and this means ¥ is purely finitely additive. In fact if
fo = N*f) where n:L?— _y° is the canonical map, and if E, =
{t: f(t) = n} e ¥, then the E, sequence satisfies the above requirement
since f, — fiz, € #° so that z*( F) = 2%( fwn). Now recalling the fact
that the set of purely finitely additive set functions in bda(2, X, p) is
a closed linear subspace, it follows from the inequality |v — J|(Q) < ¢
that v is also purely finitely additive.

The proof of (8.8) will be postponed until the end of the proof
of Theorem 3 below.

REMARKS. v(-), ¥(-) and f, of the above proof (and also f of
(3.8)) have the following noteworthy properties, (for convenience f
will be written for f, and v for ¥; and this will be exact when (3.8)
is established):

(@ If f=xf), E={t:|ft)| <=}, and v, is the restriction of
v to E then vy (F) = 2*(fenr) = 0 for every 0 < 2 < o and FeJ,
since fror€ . #°.

(b) Since _#? is nontrivial only if @(x) >0 for 0 <a = a for
some a, it follows from the integrability of @(f/k), for some k > 0,
that Q — E has finite g-measure for every x and if @ is continuous
then this measure tends to zero as z — oo,

(¢) If fis as in (a), then f/ke L® for some k > 1 (since fe L°
and d(f) = 1), and by the structure theorem for measurable functions
(cf. [9] p. 85), there exists a sequence of step functions f,, all of
whose supports lie in the support of f, such that f, — f everywhere.
Moreover the sequence can be chosen such that |[f— f,| < |f] and
that the positive (negative) part of f is approximated by the positive
(negative) part of f, monotonously. Thus f, € L®. If _/"? is nontrivial,
@ cannot be purely discontinuous, and hence every step function in
L? is also a simple function, as pointed out in the remark after Lemma
2. It follows that f, e _#° for every n and by the dominated con-

vergence theorem, for large enough =, S O((f — f.)k)dy can be made
2
arbitrarily small, i.e., for any ¢ > 0 there is a ge.Z? such that
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S O(f — g)k)dp < e. Ifh = (f — g)/k, then h e L? with the important
2

property: the support of v(i.e., the sets E for which |v| (E) > 0) lies
in the support of h e L® — _#? (set theoretic difference). If x(2) < o,
then the support of h itself has arbitrarily small g-measure. This
last observation is useful in the analysis of the structure of singular
linear functionals on general Banach function spaces, ([12], [14], [15]).
It may be noted that, from Lemma 6, every element 2* of the
abstract (L)-space (_#"%* can be given an integral representation of
the abstract Radon-Stieltjes type (cf. [10], Th. 6). However, in such
a representation the particular _s? itself is ignored, and consequently
a different procedure is necessary. For this, first _#"? will be mapped
isometrically into a subspace of L= and then an integral (see below)
of such functions relative to the measure v(-) of Lemma 9 can be
defined. The idea here is to ‘associate’ a more convenient abstract
(M)-space with _#? so that by ([11], Th. 15) the abstract (L)-space
(7?* is determined. This construction will now be carried out.
Let 0 <fe._s° and B = d(f) where d(-) is given by (2.10).
Select fef. Since by definition of ‘<’ in _/"° there exists a
ge _7Z° with f — g =0, a.e., (and f — gef) it can be assumed that
f>0, a.e. since 8> 0 is the only nontrivial case. Letwz= (&, ---, E,)
be a partition of 2 (i.e. a finite disjoint collection of sets in X whose
union is £2). Set f; = fXz, as before and let a, = d(fEk) <p. If
veba(2, ¥, 1), consider the sum >7., av(F;). As the partitions are
refined it is seen that these sums form a (bounded) monotone sequence
of numbers and they converge to a limit which is denoted by SDfdv.

If fo = 3%, a;)p, relative to a partition «, then f,e L™ and f; = 0 if
and only if fe_~° Moreover, || f.|l. = max (a;) = d(f), so that the
map f — f. is an isometry of _/® onto a subspace of L*. Let z* be
the functional defined by

(3.11) 2*(f) = Safdv . O0=fe_rr0<fef.

Then one can show (with arguments similar to, e.g., [21], Chapitre
VI; [22], p. 405) that xz* is well-defined and is linear. This is clear
in v, but the linearity in 7 needs some computation. In fact the
following is true.

LEMMA 10. The functional x*, givem by (3.11), satisfies: (i)
o* e (7%, and (i) 0 < o*(F) < d(F(@),0 < Fe s

f’froof. (ii) follows directly from the definition of (3.11). Since
z*(af) = ax*(f) for a = 0, (i) follows from (ii) if the additivity of x*



572 M. M. RAO

is established. Also since d(-) is a lattice norm, it is immediate from
the definition that «*(f, + f,) < «*(f.) + x*(f,) for any (A)gﬁ,fz in _p?.
For the opposite inequality let 0 < f; ef;. The result is successively
deduced as follows.

If £, and £, have disjoint supports (letting f = f, + f, in the
definition of d(-) and the integral) it is seen that o (fi + fo) =
2*(f) + «*(f). If ., f, are such that 0 < f, < f, then, since z(f) <
x*(f,) and f,/f,€ L=, one proceeds as follows. The computation may
be found in ([21], [1]). The procedure of ([21], p. 187) gives the
additivity on using the existence of the limit in (3.11). Following
[1], an alternate procedure can and will be given because of its
interest. Even here, however, the existence of the limit in (3.11)
will be implicitly used.

Since the bounded function f,/f, can be approximated by step
functions (cf. [6], p.296), for any ¢ >0, let f.= 37 a),,a; =0,
and E; disjoint in X, such that 0 < (f/f,) — f. < ¢/k, a.e., where
0 < k& = 2*(f,). This may be rearranged, on letting a, = 0 and E, =
Q—-Ur E, as

émfzhi ) %azfzxm + felk .

The monotonicity and additivity of x* for ‘functions’ of disjoint
support (on noting the distributivity of the ‘A’ notation) give,

(P + o (F) = Bt G + (e + SRt

Il

3+ @y () + ()

n

N\ ~ A
= (30 + @fir,) + e S o)+ e
Hence z*(f)) + 2*(f,) = =*(f, + f,) for 0<f <Ffu If £, fo = 0 so that
0 < f,ef, are arbitrary, one extends the above case by splitting 2
into {f, < f;} and its complement and then applying the preceding
case. This completes the proof of (i) and of the lemma.

REMARK. Since by (2.11) every element of (_4"?)* can be decom-
posed into its positive and negative parts, and a similar result holds
for the elements of . /°? which is a vector lattice, (3.11) can be
extended to all elements of (_/%* and all f of ./ by taking an
appropriate linear combination (of four terms) of the integrals in the
usual manner. This general case (integral) will be denoted by the
same symbol as in (3.11).

Motivated by the result of Lemma 9 and following remarks, the
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definition below is introduced.

DEFINITION 5. Let By(y) C ba(f2, X, 1) be the class of set functions
v, whose support lies in the support of some fe L® — _#° (set theoretic
difference). The norm of v in B,(y¢) is the total variation |v|(2j.
[Since L° is a lattice, it is seen that B,(x) is a normed linear space,
and its completeness is a consequence of the next result.]

With the above definition, (_7"*)* may be characterized as follows.

THEOREM 3. The space (_1°* 1is isometrically equivalent to
By(t). More explicitly for each x* € (_47%)* there is a unique v € B()
such that

(3.12) 2(f) = | iv,  Feort fef,
and
(3.13) la* 1l = 1@,

where the integral in (3.12) s defined as that in (3.11).

Proof. With each z*e(_+"?)*, by Lemma 9 and the following
remark, there exists a v e By(y) satisfying (3.13). For this proof it
may and will be assumed z* = 0 so that v = 0. Then with this v

let the functional defined by (3.11) be &*, i.e., & (F) = S fdv, % = 0.
2
It is claimed that Z* = z*. For, by definition of (3.11),

#(F) = lim 3, d(F; W(E) = lim 3}d(F5) |l a2, 1| = o*(F)

for all fe_s°. Hence * = 2*. But the above inequality and Lemma
10 imply

o*(F) S 8(f) < dPw@ s df)lla*ll,  Fer.
So ||z*|| = ||&*|| and an application of (2.13) to Z* — x* = 0 yields
& —a*| =||Z*|| — ||]**|]| = 0. Thus %* = x* and the proof is com-

plete in one direction.

Conversely, let v, e B,(¢) and, for convenience y, = 0. Then (3.12)
defines 0 < af e (_#7%)*. If v, is nontrivial, then z} = 0 and ||z} || <
v(2). It is to be shown that there is equality here. Let 7 =
(E,, +++, E,) be a partition of 2 such that y(E;, > 0, all ©. Then
there exist f; e L® — _#° with supports E;,s =1, ---,n. (This is an
immediate consequence of the definition of B,(r).) Let f=f, +
oo+ fo=Viifi So fel’— _7° and d(fy) =1. Also d(f) =
max {d(f;),? =1, .--,n} =1, since +"?C(+#"%** is an abstract M-
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space. |This is also immediate from the result that ./ was seen
to be isometric to a closed subspace of the abstract M-space L=.]
Thus 32, d(f 2 )V(E;) = v(2) and refining the partition 7 on the left
yields 27 (f) = v,(2). It follows that || 27 || = v,(2). This proves (3.13).

Uniqueness is simple. If v, and v, in B,(¢) represent the same
2* in (_/%)*, then the above argument, leading to (3.13), shows
0] = |y, — v, | (Q) so that v, = v,. Thus the proof of the theorem
is complete.

Proof of Equation (3.8). If 0 <z*e(_/*)* and v is the corres-
ponding (positive) element of B,(y), then by the first part of the
proof of Theorem 3, z*(j) = S gdy, je.4*. But by the second part
there exAists (not necessarily ufliquely) 0<fe. /" such thflt d(f) = 1
and z°(f) = v(Q) = ||2*||. Moreover, if EecX, then zi(f) = 2*(f,).
If v, is the restriction of v to K, and Z* is the corresponding element
of (_1%* defined by z*(§) = Sggdu,,,, then || #* || = v,(2) = v(E). But
one also has (by the same argument),

70 = | gdv, = | g,dy = 2@ = 2@, ger”.

S

It follows that z* = 2}, so that
ezl = 2(B) = | fudy = 2(7) = 22(7) .
This completes the proof of (3.8).

REMARK. (3.13) can also be proved as follows. By the definition
of the integral in (3.11), or (3.12), x* represents a linear functional
on a closed subspace of L* corresponding to .+°? by the norm-
preserving correspondence f — f.. But then by known results about
L=, it follows that ||z*|| = |v]|(Q). (In this case, however, the
argument of the proof of the theorem should be given in establishing
the equation (3.8).)

Before the general representation of the elements of (L®)*, an
auxiliary result will be proved. As a consequence one will note the
useful fact that (L°)* admits of a decomposition into complementary
subspaces (cf., [3], p. 120). One of them may be identified with

(%)

PropPoSITION 2. Every element z* € (L?)* can be uniquely decom-
posed as ©* = y* + z* where y*(f) = | fdG, fe L°, for some G € A,(),
2
and is absolutely continuous, and z* e (_2Z°%)".
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Proof. Let ¥, X be the ring of sets of finite p-measure as
before. If EeZX, let 2*(y;) = G(E). Then by the second half of the
proof of Theorem 1, Ge A, (). So as in that proof one can define
y*(f) = S fdG, fe L°. Then y*e(L®* and is absolutely continuous.
Letting z’{“) = g* — y*, one notes that z* ¢ (_~2°%)*, and «* = y* + z* is
a decomposition of the required type.

To prove uniqueness, let x* = y + 2z} be another such decomposi-
tion, so that y*(f) = ngdGl, feL’, and G, A,(). Since y¥ + z¥ =
y* + 2%, it implies

y*(f) — i (f) = ngd(G —G)=zf)—2*(f)=0, fezZ".
Since G — G, € 4x(), it follows from Theorem 1 above (cf. (3.7)) that
NG — Gillle = || (¥* — y¥) | #Z°|| = 0 where y* | _#° is the restriction
of y* to _#Z° Thus G = G, and hence y* = y} and z* = zf. Thus
the decomposition is unique and the proposition is proved.

REMARK. Professor A, C. Zaanen has remarked that the above
result is also a consequence of general theorems on normed vector
lattices. Thus if x* e (L?)* then xz* = y* + z* uniquely on L°, where
2¥e(#Z%* and |y*| A |2*| = 0, in the notation of Lemma 6. I wish
to thank Professor Zaanen for this and other helpful comments.

DEFINITION 6. Let .o7(y) = Ax(¢) @ Bo(y), with norm
(3.14) HGle =lGllle + 2| (D), Gea(y,

where G = G, + v,, G, € A(1), v, € Bo(¢). Replacing @ by &, the cor-
responding definition gives .o4(x). [ll|-]lls is given by (3.2).]

Combining all the preceding results (L°* can be characterized
completely, and the result is given in the following.

THEOREM 4. Let @, be an arbitrary pair of Young’s comple-
mentary functions and L°, S%4(1) be the Orlicz space on (2,3, p) and
the space of additive set functions (given im Definition 6). Then
(LY and o4(t) are isometrically isomorphic. More explicitly, for
each x* € (L°)*, there exists a unique G € 4(y) such that

(3.15) S (f) = §9 fdG(: Sa FdG, + Snfdm) . fele,

and
(3.16) le* || = [| Glle(=l| Gi|lle + [¥:](2)) .

This result is an immediate consequence of Theorems 1 and 3,
and Proposition 2. If p(Q) < oo, this can be specialized as follows.
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COROLLARY 4.1. If (2,2, 1) is a finite measure space then (3.15)
and (3.16) can be written uniquely as

(3.17) 5*(f) = nggd;,e ¥ Safdvo + Snfdvl . felL®,
and
(3.18) Ha* || = Ne(g) + | v [ (Q) + [v.](Q),

where geL?, v, is a purely finitely additive set function and
v, € By(tt). Moreover, v, = 0 if @ is continuous and v, =0 if @ s
discontinuous.

Proof. If p(2) < oo then A,(p)cba(2, 2, 1r). Hence by the Yosida-
Hewitt Theorem ([6], p. 163), G, of (3.15) can be uniquely decomposed
into a completely additive G, and a purely finitely additive y,. Then
with the Radon-Nikodym Theorem and ([19], Lemma 5), (3.17) and
(3.18) above follow from (3.15) and (3.16) at once.

The last statement follows from the fact that for discontinuous
@, by Lemma 2 above, .Z° = L°® so .4 ={0} (or v, =0), and for
continuous @, since G,e A,(¢), by Lemma 8 G, must be countably
additive so that vy, = 0, as desired.

REMARK. The result of Theorem 4 has the following interpreta-
tion. Even though L° need not admit a (nontrivial) direct sum
decomposition into .2 ? and a complementary subspace, (L°* admits
such a decomposition into (_Z?)* and an appropriate subspace. These
are isometrically isomorphic to B,(x¢) and A,(z¢) respectively.

If the measure space and the Young’s function are slightly
restricted then (. %", or equivalently (_7%)*, can be given a different
characterization without involving B,(z). The following result, when
p(2) < =, was proved by And6 [1]with a different argument.

THEOREM 5. Let x* € (L°%*, #° s+ L*® and either (i) p s local-
izable (or o-finite), or (i) M* =L*. If @ and ¥ are continuous,
then z* e (7" if

(3.19)  sup{[a*(f) [ [[flle = 1} = sup {[«*(f) [: Mo(f) = 1} .

On the other hand, if x* e (.#** then (3.19) always holds without
any other conditions.

Proof. By Theorem 3 (and Lemmas 3, 9, and 10) if x* e (29"
then both sides of (3.19) are equal to |v|(2) so that (3.19) holds
whatever p is and @ is since no special use of the norms (2.3) and
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(2.4) was needed in determining (3.8) and (3.9) which are invoked
here. However, all the hypothesis will be used for the converse.

Let (3.19) hold. If a* = «f + «F is the decomposition of Proposi-
tion 2, then using the fact that xzfe(.2?%* it follows that (3.19)
implies

(3.20)  sup{|z¥(N) [ | flle = 1} = sup {| 2 (f) [: No(f) = 1}

But by Theorem 1, z¥(f) = \ fdG, uniquely and since @ is continuous,
Q2
by Lemmas 2 and 8, M? = _#° and G, is countably additive, so when
the hypothesis ((i) and (ii)) holds one has z}(f) = S fgdp for a unique
2

ge L, (cf. [16], p. 336, and also [19], Th. 4). Moreover, as in the
proof of (3.5), sup {|x¥(f)|:||flls <1} = Ny(g). This together with
(3.20) and (2.3) yields || g |l = Ny(9). But @ and ¥ are continuous,
so by Lemma 1 of this paper it follows that g = 0, a.e. Hence
x* = ¥, and the proof is complete.

4. Orlicz spaces with generalized Young’s functions. In this
section the characterization of (L°*, with @ as a generalized Young’s
function, extending some results of the preceding section will be
considered. The reasons for separating these results from those of
§ 3 are: in most applications it is the Young’s functions (instead of
the generalized ones) that appear and moreover the subtleties of the
theory are presented there (the whole work of [13] considers only
continuous Young’s pairs), and the combination would have complicated
many of the statements. Note that most of the lemmas of §2 hold
for generalized Young’s functions also, and they will be used below.

The result on absolutely continuous functionals can be formulated
as

THEOREM 6. Let @ be a generalized Young’s function and _#°
be the closed subspace of L°, spanned by the step fumnctions. Then
for each x* € (_#Z°)*, the adjoint space of M?®, there exists a unique
G e A1), where Ay(y) is the space given in Definition 4, such that

“.1) o (f) = SafdG, fe 2°
and
4.2) fa*]| = 1 Gllle .

Proof. If @ is a Young’s function this is Theorem 1. The only
new case here is if @ is continuous but vanishes on an interval (0, a),
a >0 so that L>c _#°c L°. In'this case .#° is clearly the L°-
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closure of L». Then, if G € A,(¢) so that G is an additive set function,
by the definition of |||G |||z, (4.1) and (4.2) obtain at once.
On the other hand if G is defined, for z* e (_Z?%*, by

G(E) = x*(XE) ’ Eez ’
then G is additive, vanishes on g-null sets and, using (2.5),
|G(E) | < 2||2* || No(Xz)

(4.3) < 2|a* ||| o~(

1
(B)

W =200 10 < .
Hence
sup {| G(E) |: Be 3} < 2 |jav],
so that by ([6], p. 97), |G| (@) = v(G) < . Then by ([6], p. 296),
o(f) = | faG,  fels

holds. Since L~ is dense in _#°, (4.1) follows. Moreover

WGy = sup {{&*() [ 11fll = 1, fe 2% = |la*]],

which is (4.2). As the uniqueness is clear, the proof is complete.

REMARK. If @ vanishes on an interval (0,a),a > 0, then the
above proof shows that A,(y) contains the set of all bounded additive
set functions on ¥ vanishing on pg-null sets whether @ jumps or not.
If also @ jumps L= = _#° = L° also holds and this is not generally
true otherwise.

COROLLARY 6.1. If @,7, and A, () are as in the theorem, then
the integral (4.2) can be extended to all of L°, i.e., for each G € Ay(1t)
one has

(4.4) w(f) = | faG, fel®,
and
(*.5) la* 11 = 161l -

Proof. By the theorem the integral is defined on _#° for
Ge A (). So let fe L® be arbitrary. It is no restriction to assume
S =0. (The only new case is when @ is continuous.) Then there
exists a sequence of step functions 0 < f, 1 f (cf. [9], p. 85), and
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fo€ . ° Hence
@8 Jar(r)] = [{ £.46| S AN G I = 1A Gl = @ (ay) ,

by (4.1) and (3.2). Since by definition it also follows easily that the
norms of the set functions G and its variation |G|(=G" + G—, the
positive and negative parts) are equal, the G may also be assumed
in (4.6) to be positive. Then zf(f,) < xf(for) = a. If

(4.7) M(B) = SEfnch, Eey,

then lim,_ . \,(E) exists for each K, and if N(%) is the limit then ),
is additive on ¥ and \, is clearly G-continuous (as well as p-continuous
since @ is continuous). So by ([2], p. 343 or p. 345) one may write
4.7) as

(4.8) () :limS £.dG = S fiG<a< e, EeX.

n-—roo

By linearity then one has
@)= ] 26| SUrl Gy, feLe,

s0 (4.4) holds and ||2*|| = [||G|ll,. Since the opposite inequality is
obvious, (4.5) holds as desired.

If @ is a generalized Young’s function as above and () = oo,
then even if @ is continuous, there exists K,eX¥, E, D FE,,,NE, =
@, t(E,) = o, so that X, € Z° No(Xz,) = 1/a,a >0, all n. So the
norm in _.Z° is not absolutely continuous, and L° cannot be reflexive
in this case whatever other growth conditions are satisfied for @ (cf.
[8], p. 205). This and Proposition 1 imply the following result.

COROLLARY 6.2. If @ is a generalized Young’s function that is
not an ordinary (in the sense of Definition 1) Young’s function then
L°® need not be reflexive. It is reflexive if and only if L® = M? and
L" = M* where ¥ is complementary to @.

The relation between the ordinary and generalized Young’s func-
tions is further illustrated by the following

LEMMA 11, If @, is a continuous generalized Young’s function
then there exists a continuous (ordinary) Young’s function @, such
that @, is the principal part of @, i.e., () = (%) for = = x,, for
some x, > 0.
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Proof. The proof is a modification of that given in ([13], p. 16)
in which ¥, the complementary function of @, was also assumed
continuous. Let x, > 0 be chosen such that @ x) >0 for = = x,.
Since every continuous convex function is absolutely continuous, @}(x)
exists, >0, for almost all z > «, and

(4.9) Oy(2) = Oy() + S o)t .

Let x, > @, + 1 be chosen such that z,@)(x;,) > @,(x) + x,@y(x,). This
is clearly possible since @ (x) — = as x— o and @jx,) = @i(x,) > 0.
It follows, from (4.9), that

z1+1 Tg
o) — o) = [ owat + | oynar
= Oy, + 1) + Oy(@)(w, — @, — 1) .

So D (x,) < x,D¢(x,). Setting a = x,Py(x,)/Py(x,), one notes that a > 1
and if

@(x):{@o(xz)‘([g”)a’ for |z| = =,
Dy(x) ’ for |[z| =z =, ,

then @(-) is a continuous Young’s function with @, as its principal
part for x = x, = x, > 0, completing the proof.

REMARK. It follows from this lemma and ([13], p. 110), that
there is no need to distinguish between the Definitions 1 and 2 if
1(2) < . However, if p(2) = «, the distinction should be maintained.

If 1= L% _#° where _#° is the closed subspace spanned by
the step functions of L?, and if every simple function is replaced by
a step funection in the work of § 3 from Lemma 9 onwards, (since no
special properties of @ are used) then it follows that Theorem 3 holds
for _#? as defined here. In view of Corollary 6.1 above, Proposition
2 also holds. Consequently Theorem 4 takes the following form:

THEOREM 7. Let @,¥ be an arbitrary complementary pair of
generalized Young’s functions and L°, z4(yt) be the Orlicz space on
2, %, 1) and the space of additive set fumctions (given in Definition
6, with @,¥ as the generalized functions as here) then for each
a* e (L%)*, there exists a unique G e S4(p() such that

(4.10) B (f) = Sg fdG(=ngdGl + Lfdu1> . fel®

where G, € A (p), v, € B(pr), G = G, + v,, and
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(4.11) He* 1l = NG (=11 Gy llle + [ 2] () .

This result is a consequence of Theorems 3 and 6.

An alternate characterization of singular functionals, given in
Theorem 5 for Young’s functions need not hold if p(2) = . The
intervening results, Lemmas 1, 8 and others used there, are not
available now. Some subsidiary results will be presented in the next
section.

5. Miscellaneous results. It is well-known that a Hahn-Banach
extension of a continuous linear functional from a proper subspace
to the whole Banach space need not be unique. In these circumstances
the following result is of interest.

ProposiTION 3. Let @ be a (generalized) Young’s function. Then
every 2* € (.#°%* has a unique Hahn-Banach (i.e., norm preserving)
extension to all of L°.

Proof. If xz*e(.+°*, then by Theorem 6 there is a unique
G € Ay(¢) such that for all fin 277,

5.1) () = | fae, N =Gl

But the integral in (5.1) is defined for all f e L°® and the norm equation
holds (ef. Corollary 6.1). Consequently if z} is the thus obtained
extension on L°, it is a Hahn-Banach extension. If 2 is any other
such extension of x*, let 2} = aFf — xf so that z}e (. #Z%*, and ) =
xF + 2F is a decomposition of the type described in Proposition 2.
Also by the first part ||2¥|| = ||z¥|] = ||2*||. But by Theorem 7, it
follows that

(5.2) i |l = llaf || + [v](Q)

for a unique v in B,(#) corresponding to z}. However, the equations
in the preceding two lines imply |v| (2) = 0 so that z} = 0 by Theorem
3. Consequently a* = a2, as was to be shown.

In §3 the concept of continuity in the extended sense was
considered in discussing purely discontinuous Young’s functions. In
that connection the following result can be proved.

PROPOSITION 4. Let @, ¥ be a (generalized) Young’s complementary
pair such that ¥ is continuous in the extended sense (i.e., ¥ and ¥’
are continuous on 0 < x < x,, for some 2z, >0, ¥’(x) > 0,2 > 0, and
¥(x) = ¥'(x) = o for & > x,). Then L? is rotund (=strictly convex).
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Proof. If ¥ is continuous in the extended sense, then by con-
struction of its complementary function @, (cf. [13], [15], [17], or
[26]) it follows that @ and @' are continuous, lim,.. @'(x) = x,, and
that @’ is strictly increasing, so that @ is also a strictly convex,
continuous Young’s function. Under these circumstances, it was
proved in ([20], p. 682) that L° is rotund, with the norm (2.4).
However, using ([13], Th. 10.4) one can immediately deduce the same
conclusion from the foregoing result with norm (2.3) as well. This
completes the proof.

REMARK. 1. If p is a nonatomic o-finite measure then the above
result was first established, with norm (2.3), in ([17], Th. 5) where
the condition was shown to be necessary. [The nonatomicity is essential
for the latter conclusion.]

2. Lemma 1 holds if the complementary function ¥ of @ is
continuous in the extended sense. This follows from the fact that
in this case @ is strictly convex and @’ is continuous and with this,
one can show that S o(f)dp =1 1if Ni(f) =1, (see [20], p. 682 for
a proof). This is thge crucial step (2.8) in the proof of that lemma.
Note, however, that the conditions of Lemma 1 do not assume that
@' is continuous. Thus the above comment merely complements, but
not generalizes, the result of Lemma 1 in some cases.

Some motes. In the rest of this section some related problems
and results will be briefly discussed. With the work of §3 and §4,
and of [11], a general result on (L°)**, the second conjugate of L°,
can be stated as follows.

ProrosiTION 5. If @, ¥ are complementary functions, @ is a
continuous Young’s function and the measure space (2, 3, 1) is localiza-
ble (cf. [16]) or o-finite, then (L®)** is isometrically isomorphic to
V(1) = Au(pt) B Bo(p) @ Co(rr) where Co(pe) is an abstract (M)-space,
conjugate of B,(x), and where the norm in the space .o7(y) is given
by: if H=F + v + de. v, (Fe A ), v e By(tr), 6 € Co(t)) then

| H[o = max ([[| Flle + [v](Q), [[d]]),
so that x** € (L°)** implies |[a**|| = |[H||; for a unique H e .o7().

Proof. By Theorem 4, (L°)* = A, (#) @ B,(), isometrically, If
@ is continuous and ¢ is localizable or o-finite then by ([19], Lemma
5) and by Lemma 8, A,(y) is equivalent to L”. Hence, writing equality
for isometric equivalence,

(LA™ = (L")* @ (Be(1))* = Ao(1t) © Bo(1) @ Col12)
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by Theorem 6 (since ¥ can be a generalized Young’s function this
time), and where C,(z) is the abstract (M )-space that is conjugate
to the abstract (L)-space By(y), given by ([11], Th. 15). [C,(x) can
be given other representations as in [11], but it is omitted here since
it is not particularly relevant.] The norm condition is now a standard
result. The result follows.

REMARK. If @ is not continuous, or p is arbitrary then A,(y)
cannot be identified with L”. If p(2) < -, and @ is discontinuous
or p is arbitrary and @ is purely discontinuous, then A,(%) can be
identified with ba(2, 2, 1) and Kakutani’s theorem can again be applied
to yield abstract (M )-spaces to characterize (L®)**. The few remaining
cases are still open.

Instead of using the norms (2.3) and (2.4), only (2.4) can be used
for both L° and L* with advantage, after the normalization of the
Young’s functions &@,¥% as @(1) + ¥(1) =1. Its importance was
emphasized in [27], and the work in [20] illustrates the resulting
economy and convenience in most cases of interest. (2.4) and (2.5)
then must be replaced by (5.3) and (5.4) below where fe L? if and
only if N,(f) < o with

(5.3) Nu(f) = inf {k > 0, | o(5)du < 0},
and
(5.4) PAN(S) < [ f1le < 2No(F) .

[If @(1) = 0, and @ is thus discontinuous, by definition, one can directly
show that N,(f) = || flle = || fll~ In this case.] Then the result of
Theorem 4 holds without change and the theory exhibits some symmetry
(cf. [20]) and its analogy with the Lr*-theory is more transparent.
(The work through §3 of this paper was referred to as Part II of [19]
in [20], [23] and certain other papers.)

The following problems are related to the work of this paper.

1. The structure of A,(¢) is of interest in view of Proposition
5. If V°(u) is the subspace of A,(¢) of p-continuous elements and
if @ is continuous, then Uhl [23] has characterized (V°(¢))* when p
is only a finitely additive (finite) nonnegative set function.

2. If @ satisfies a growth condition (the 4,-condition of [13])
then considerable work has been done by N. Dinculeanu on L? spaces
of vector fields, (cf. [4]). The relaxation of the growth condition is
of interest, since, for instance, it has some interesting applications
in Probability and Statistics. This may be seen from the recent work
of T. S. Pitcher [18] when one recognizes his E* spaces, 1 < p < oo,
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to be identifiable with an appropriate space of (totally measurable)
vector fields. A more recent and readable account of the latter theory,
which is needed here, may be found in [5].

3. The work of §3 and §4 also shows that ¢ may be assumed
to be only finitely additive. If p(2) < «, the corresponding theory
of L°(y) is obtainable from the recent work of Uhl [23], but it will
be of interest to remove this restriction. The corresponding theory
for Kothe-Toeplitz and Riesz spaces appears possible with the methods
of this paper. A relatively simple representation theorem (when the
norm in the given space is absolutely continuous and the measure
space is the unit interval, which corresponds to M? = L° above) was
obtained in [14], and somewhat more general results were proved in
[7]. The general characterization of arbitrary singular linear func-
tionals on these spaces is yet to be completed.

4, (Note added, October 1967.) Using the methods of this paper,
Mr. N. E. Gretsky has recently obtained characterizations of the
conjugate spaces of a general class of Banach function spaces in his
Ph. D. thesis entitled Representation theorems on Banach function
spaces, at Carnegie Tech., 1967, and only a few more cases need be
settled in this direction.
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