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ABSTRACT. Conditions for boundedness and compactness of product-convolution
operators g — P, Cy;g = h- (f » g) on spaces L,(G) are studied. It is necessary for
boundedness to define a class of “mixed-norm” spaces L, ,(G) interpolating the
L,(G) spaces in a natural way (L,, = L,). It is then natural to study the
operators acting between L, (G) spaces, where G has a compact invariant
neighborhood. The theory of L, ,(G) is developed and boundedness and com-
pactness conditions of a nonclassical type are obtained. It is demonstrated that the
results extend easily to a somewhat broader class of integral operators. Several
known results are strengthened or extended as incidental consequences of the
investigation.

1. Introduction. Convolution by f in L,(R) defines a bounded operator, C;, on
L,(R) for 1 < p < oo; likewise, pointwise multiplication by A in L(R) defines a
bounded operator P, on L,(R). Excepting trivial cases, these operators are never
compact. The composition P, C; of two such operators, which we term a product-
convolution (PC) operator, is frequently compact. Asking exactly when this occurs
motivates this paper. PC operators on L, of a locally compact group arise in many
areas of analysis. In [2] and [3] the compactness of certain PC operators was used
to study induced representations of locally compact groups. PC operators (and
their adjoint CP operators) arise naturally in many applied problems.

Even with & in L _(R) and f in L,(R), we find that the “mixed-norm” spaces of
[1] must be introduced to solve the compactness problem for P,C;. These spaces
also arise unavoidably when one attempts to weaken conditions on 4 and f and
keep P, C; bounded. Various mixed-norm conditons on 4 and f guarantee bounded-
ness of P,C; from L, to L, and, in fact, between mixed-norm spaces. Conversely,
P, C; may be bounded from L, to L, (or from one mixed-norm space to another)
with neither 4 nor f in any L, but both 4 and f must belong to mixed-norm spaces.
Thus mixed-norm spaces are the natural setting for studying bounded PC opera-
tors. We treat a wide class of PC operators and, in all but one case, find necessary
and sufficient conditions for compactness. The conditions involve only member-
ship in a mixed-norm space or, in one instance, translational continuity in mixed-
norm spaces; they are usually easily checked for explicit examples. By applying
various manipulations to PC operators, we develop easily applied necessary and
sufficient conditions for compactness of a wider variety of integral operators which
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310 R. C. BUSBY AND H. A. SMITH

do not fall within the scope of classical compactness theorems. We attempt
reasonable generality but do not pursue the extensions to vector-valued functions.

§2 establishes notation and reviews needed facts. In §3 we define “uniform
partitions” on locally compact groups and show they exist. We then use these
partitions to define and study certain mixed-norm spaces. Many of these spaces on
the real line have been studied by Holland [8], [9]. Kellogg [10] and Williams [17]
studied analogous spaces on certain discrete groups. The paper [18] of Bertrandias,
Datry, and Depuis appeared while this paper was in a referee’s hands. It indepen-
dently develops, for abelian groups G, spaces /7(L?) equivalent to our mixed-norm
spaces L, ,(G). We hoped in revision to use their definition, which cleverly avoids
uniform partitions, but we found this obscured the mixed-norm structure and
complicated our computations. Our techniques for nonabelian G require the
uniform partition and mixed-norm structure as do some spaces we use which are
not equivalent to those of [18] even for abelian G. We have therefore not adopted
the elegant approach of [18], which was developed for different ends.

The general construction of mixed-norm spaces as function spaces on products
was given by Benedek and Panzone [1]. As a Borel space, R is the product of an
interval and the integers. The space L»?(I X Z) of [1] consists of functions which
are in L,([n, n + 1]) for each n and such that the resulting sequence of L,(/) norms
is in /. Emerson and Greenleaf [S] show every locally compact group to be the
union of disjoint translates of some relatively compact Borel neighborhood. If the
group is second countable it is borel isomorphic to the product of a discrete set
with this neighborhood, so the construction on R generalizes. Unfortunately this
partition may not be conveniently related to group properties; moreover, we need
arbitrarily fine partitions and it is not known that arbitrarily fine “Emerson-
Greenleaf neighborhoods” exist. These problems, rather than hesitancy to assume
second countability, lead us to take an alternative approach in §3.

Our L, ., seems a natural place to study almost periodic functions and sta-
tionary stochastic processes on G. (The Stepanovich a.p. functions are the closures
in L, .,(R) of the trigonometric polynomials.) Particular mixed-norm spaces on
R" studied by N. Wiener, R. Goldberg, and P. Szeptycki are cited in [18].

§4 investigates convolution of functions from mixed-norm spaces and generalizes
Young’s inequality. In arbitrary locally compact groups, mixed-norm properties
may be obscured by convolution. To prevent this, we assume the group is (IN), i.e.,
has a compact invariant neighborhood of the identity. This classical condition [6] is
equivalent to existence of a nontrivial center in the group algebra [13]. (It seems
unlikely (IN) is the weakest useful condition, but attempting to use unimodularity
alone proved intractable.)

Our general Young’s inequality shows the L, ,(G) to be closed under convolu-
tion and hence a group algebra. It enables us to strengthen a result of Stewart [16]
to show that there is always a bounded L, function on an abelian group having its
Fourier transform of compact support and identically equal to one on a prescribed
compact set. We also improve a result of Rickert [14], who showed that on a locally
compact, noncompact group if 1/p + 1/q < 1 there are f in L, and g in L, such
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that f * g fails to exist on a set of positive measure. We give precise conditions on f
for this and show the set of such f to be of second category in L,.

In §5 we consider the PC operators which are bounded by amalgams of classical
estimates and we show that if P, C; is bounded A and f must belong to mixed-norm
spaces.

In §6 we give necessary and sufficient conditions for compactness of all the
operators studied in §5 with the exception of the case where the range space has
infinite indices. (The difficulty there is lack of useable compactness criteria in L. .)
The conditions for compactness of P,C, are mostly simply membership of 4 and f
in ordinary mixed-norm spaces L, (G), but in one exceptional case a different
space involving a “local-multiplier” condition must be used. The section concludes
with a number of examples. §7 summarizes our results with particular application
to L,(R) and demonstrates the application to a wider class of operators.

2. Notation and preliminary remarks. We will always discuss a locally compact
group, G. Functions are complex-valued and measurable unless otherwise specified.
Measurability and integration is relative to a given left Haar measure m. If
1 < p < oo then p’ will denote the conjugate index: 1/p + 1/p’ = 1. We denote
the continuous complex-valued functions on G by C(G), while C_(G) and K(G)
denote functions vanishing at infinity and functions of compact support, respec-
tively. For functions f on G we adopt the notations: f~(x) = f(x "), GNx) =
Sf(yx), and f(x) = f(xy). By fy we always mean the product of fx, of f by the
characteristic function of a set E. If E is Borel and of positive measure, there is
automatic identification of fz with its restriction to £ which imbeds L,(E) (for the
restricted Haar measure) in L,(G) and we make the identification routinely.

We will need pairs of extended real indices which we denote v = (v,, vy).
Inequalities such as v < u are interpreted termwise and, if g is a function of one
variable, g(v) means ( g(v,), g(v,)). If r is a specific extended real number, we will
denote the pair (r, r) by 7. For any pair v, we denote by v’ the conjugate pair
defined by 1/v + 1/v’ = 1. We will use a partial ordering > defined by (a;, b) >
(ay by iff a; <a, and b, > b,. For any set S of functions, we denote the
nonnegative members by S *.

We use the following repeatedly.

PROPOSITION 2.1. Let {a,, a,, . . ., a,} be nonnegative.
@QIfl<p< wandl/p+ 1/q =1, then

nVia, +ay+ - +a)<(@+af+ - +aP)”? < (q+ay+ - +a,).
®IfO<p<landl/p+1/q=1,then

(@ +ay+---+a)<(ad+a+---+a)/” <n"Via, +a,+ - +a,).

ProoF. (a) Apply Holder’s inequality and the monotonicity of norms to the
measure space formed by assigning unit measure to the n integers.
(b) Apply () to 1/p and the numbers af.
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3. Mixed norm spaces. To separate local and global properties of functions, we
partition G into subsets not too dissimilar in “size and shape”.

DerFINITION 3.1. Let U, V be relatively compact open neighborhoods of the
identity with U C V. A partition 7 of G into disjoint Borel subsets is U- ¥ uniform
if for each E in = there is x such that xU C E C xV. A Borel partition is uniform
if it is U-V uniform for some (U, V).

LEMMA 3.2. Let F be a subset of G such that for some fixed relatively compact open
neighborhood U of the identity xU and yU are disjoint whenever x and y are distinct
members of F. For each pair (K, L) of relatively compact Borel sets there is an integer
ne(K, L) > 1 such that each left translate of L intersects at most n(K, L) of the sets
xK for x in F.

ProOF. Let ng(K, L) be the greatest integer in the real number
m(LK~'U)/m(U). If xK N x'L #J then x € xXLK™' so xU c xLK~'U.
Thus, if x;K intersect x'L, for x; in F (i = 1, 2, . . ., n), the disjoint sets x; U are in
x'LK ™', s0 nm(U) < m(x’'LK ~'U) = m(LK ~'U). Hence n < ng(K, L).

We now show that uniform partitions exist in abundance.

PROPOSITION 3.3. Let U be a symmetric, open, relatively compact neighborhood of
the identity. There exists a U-U? uniform partition of G.

PROOF. Let 9 be a maximal family of pairwise disjoint left translates of U,
5 = {x;U: i € I} where I is well-ordered with first element i, For any x,
xU N xU # @ for some i, 50 G = U ;¢; ;U Let W = (x, U?) ~ (U ;p;, %, U)
(where ~ denotes set difference). Since x; U 2 meets only finitely many x;U by
Lemma 3.2, W, is Borel. Suppose a Borel set W, has been defined for each i <j
such that

(@) U xci Wi = (U, ka2)~(Uk>i x, U).

(B;) { Wi |k < i} are pairwise disjoint.

(V) W, C x U for k <.

We then define W, = (x,U% ~[(U,; W) U (U,; % U)]. By Lemma 3.2, x;U?
meets only finitely many of the W, and the x, U, so W, is Borel. Thus W, is defined
by transfinite induction for all i so that (a;), (8;) and (y;) hold, but U, W, =
U e; xU?= Gand x,U c W, C x;U? so {W,} is a U-U? uniform partition.

Note that any U-V uniform partition « provides a situation in which Lemma 3.2
applies, since for each E in 7 we have x,U C E C x¢V and F can be taken as one
set of such xg. The following results are immediate.

PROPOSITION 3.4. Let m and F be as above, K relatively compact and Borel. Every
translate of K intersects (and so is covered by) at most ng(V, K) members of m.

PROPOSITION 3.5. Under the above conditions each left translate of a member of w
intersects at most ng(K, V) of the translates xgK.

DEfINITION 3.6. For any p = (py, o), 1< P <, and uniform partition 7, we
say f belongs to LJ(G) if fg € L, (E) for all E in 7 and the family of norms
(I fell,: E € 7} belongs to [, (m). (We say fis locally L, and globally /, relative to



PRODUCT-CONVOLUTION OPERATORS 313

7. The G is usually supressed and we write only L;".) We define the norm || |7 to
be the [, norm of {|| fgl|,: E € w}. (Itis easily seen that Lp is a Banach space.)

We denote by L, ¢ the closed subspace of L(, ., consisting of functions locally
in L, such that {|| fg|l,,: E € m} vanishes at c0 on 7.

ProposiTION 3.7 (CF. [18, §7)). (a) For any m, and 1 < p < oo, L(, ,, is identical
(and isometric) with L,(G).

®) f 1<p<w,f€L], g€ Ly, then fg € L,(G) and || fgl, < WAIATF:1)43
The mapping F f— Slfe| dm is a bounded linear functional, and if p<® the
correspondence g — F, is an isometric isomorphism of L onto the dual of L"
Similarly, the dual of L( "»0) can be canonically identified wuh L,y

(c) pr <gq, then L) C L"

d If 1<p<g < oo, then L{, o2 L(G)U L(G) and L{,, C L(G)N
L(G).

(e) If p <, K(G) is dense in L. Moreover, if py < 00, L(, ¢, is the closure of
K(G)in L{, ..

PRrROOF. (a) is immediate from the definition, while (c) and (d) follow from the
definition and elementary norm inequalities. Because the norms depend on 7, there
is some interest to the proof of (b). Applying Minkowski’s inequality first on each
E in 7 and then on the discrete set 7, we have

Jyetam = 3 [ fegeldm < 3 Welplgcl <Wslel
Eer “E Een

which proves the first part of (b) and shows F, is in the dual of L.

If Y is in the dual of L it restricts to a bounded linear functional Y on L, (E)
for each E in 7. By the classical result, for some gz in L, (E), || ggll,, = Il¥ll and
Ve(f) = [ fgg dm for all fin L, (E). Let g be the measurable function defined by
setting g(x) = gg(x) for x in E and note that for f in L7, y(f) = [; fg dm. We
need only show ||g||p [l¢]]- Clearly ||¢| < liglly < o by the first part of the
proof. Given & > 0, choose, for each E, k in LI,(E) such that ||k,5|[‘!,I =1 and
Ve(ke) = |yg(kg)l > (1 — €)|| gl For any function {Bg} in [, of m, define
f(x) = | Bglkg(x) for x in E, a member of L. Then

¥ 1Bl =191l A5 > 19| = EEE |Bel [¥e(ke)|
= 2 |Bel ¥e(ke)| > (1 — &) 2 |Bel lIgelli-
E€en E€n
Since B is arbitrary in /, (7) it follows that (1 — &)|| gl is in [,(w) and has norm
not greater than ||y||. Since ¢ is arbitrarily small, however, || g||;, < ||y||. The proof

for L], o) is similar.
(e) For any fin L there is a finite « C 7 such that

[ 2 ] <er2

so, writing F = U g, E, ||f—f,-||z <e/2.
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On the finite set a the /, and /, norms are equivalent since they are norms on
the same finite-dimensional vector space, so on F, | - ||, ,, i equivalent to
Il - .00 = Il - Il Since K(G) is dense in L, (G) it is also dense in L, (F) and we
can find g in K(G) such that || fr — gl|,, and hence

e — gF"?p..pz) =fr - gl"":p.,pz)
is arbitrarily small.

Without loss of generality g vanishes outside an open H O F with m(H ~ F)
arbitrarily small. Recall we can find a closed K C F and an open H O F such that
m(H ~ K) is arbitrarily small and a continuous #, h =1on K, h=00n G ~ H,
0 < h < 1. With g above so that || fr — g¢l|,, <9, hg is in K(G) and

Wr = (B®)ellp, < = 2rll, + 8 — (h8)Alp, <8 + max|g|(m(F — K))"/*.

By choice of K this is arbitrarily close to § and g can be replaced by Ag. For
i=12 |lg— gl < max|g|(m(H — F))"/? can be made arbitrarily small by
choice of H. If p, > p,, by the norm inequality for discrete spaces,

"g - gF”z" 1P2) < "g - gF":p.,p.) ="g - gF"PI'
If p, < p,, the reverse norm inequality, which holds for the finite measure spaces
E € 7, yields (for some C)
g = &Fllorrn < Cllg = &rllrron = Cli& = &llp.-

Thus we can choose g in K(G) so that || fr — g¢l|(p, pp < e/d4and | g — 8Fll(p,pn <

£/4 50 || fr = 8lppy < &/2- Then || £ = gty py < IS = fellppy + 1 = &llEpi
<. Thus K(G) is dense in L, ,(G). The proof that it is dense in L[, ¢(G) is
similar.

We now show the norms || - ||; are equivalent as 7 varies, so the topological
vector spaces L,(G) are intrinsic to G.

PROPOSITION 3.8. For ', m uniform partitions, 1 < P < o0, there is M such that
NfIl; < M| fll5 for all measurable f.

PrOOF. For E’ € 7/, let S(E’) C 7 be the set of E € 7 such that E N E’ #+ .
For E € =, let T(E) C =’ be the set of E’ such that E € S(E’). By 3.2 and
corollaries, the cardinals of S(E’) and T(E) have a common bound, M. Since
Il fell,, < 2peseyllfell,, for all E” in a’, it is immediate that ||f||’e" < M|\ £l if
p, = . Forp, < o0, 2.1 yields

P2
Wl < (S W) <M S ()
EE€S(E) EES(E)

SO

, 1/p2
Vi <Moo 5 S ())

E'en’ EES(E’

—men( S S b))

E'€T(E) E€n

<m( S ()" = pung.
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Next we give an intrinsic characterization of the spaces L" and incidentally
introduce new equivalent norms: ||(| f|”* * g)'/?1|| '

PROPOSITION 3.9. The following are pairwise equivalent for 1 < p, < o0:
@fisinL;.
(b) For some g Z 0 in K*(G), (|f|”* * g)(x) exists for all x in G and (| f|P* » g)'/*:
isin L, (G).
(©) For all g in K*(G), (|f|P* * g)(x) exists for all x in G and (|f|"* * )/ is in
Pz(G)'

ProoF. Clearly (c) implies (b). We show (a) implies (c). Let 7 and F be as in 3.4.
Suppose f € L, g € K*(G), K the support of g and 8 = max,|g(x)|. Let T(E) =
(E’' € m: E' N xz VK ' # &) have cardinality C,(E) and S(E) = (E' € m: E €
T(E’)} have cardinality C,(E). If x € E € a, then

(17" * 8)(x) = fGIf(y)l”‘g(y“‘x) dm(y) < B fx VK_,lf(y)I"' dm(y)
<B T (Mels)" < oo
E'ET(E)

By 3.2, C,(E) < n(V, VK Y so, for 1 < p, < o0, 2.1 yields
[+ @] < B2 3 el
E'€T(E)

< (VRN S ()
E'€T(E)
Then
L[(Wn *g)(x)]l’z/m dm(x) = Eze" L[(ml’n . g)(x)]h/p' dm(x)
<m(V)(ne(V, VK= 0g2/re S S (o)
E€r E'E€T(E)
= m(V)(ne(V, VK Vpee S S (e, )
EES(E') E'En

<m(V)(ng(V, VK—I))(I’z-I)BPz/PInF(VK—I, V)("f“;)h < o

since Co(E’) < ng(VK "', V) by 3.5. Thus (a) implies (c). (The proof for p, = o is
similar.)

Next we show (b) implies (a). (We show the more difficult case p, < o0.) Let =
and F be as above, and let g 2 0 in K*(G) be such that (|f|P'+g)'/? exists
everywhere and lies in L, (G).

For some § > 0, the open, relatively compact set W = {x: g(x) > 8} # I, so,
for all x, fiy-visin L, (xW~ ). By 3.5, each E’ in 7 intersects only finitely many
sets xEW", so f is locally in L Choose y,, ¥5, . - .,); such that V'~ y ¢
U I_lij‘ Then g = (1/8)=* =1 gy € K *(G). Since the hypothesis applies as
well to right translates of g, we must have (fIPr *+ 8V7 in L, (G). Choose zg in E
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such that

m(E)—le[(mP. *g-)(x)]pz/m dm(x)

k p2/Py
>« 2N ™7 = ‘5”””"[ > (7 gy,)(za]

Jj=1

> for dm(x>]”/" > (el

where S = U j_, zgy;W ™" D 2,V ™'V D E. Thus m(U)™ "7 |f|P* » g||,, >
A%

The proof of the following is analogous.

PROPOSITION 3.10. The following are pairwise equivalent for 1 < p, < oco.
@) fisin L{,, 0y

(b) | fIPr = g is in C(G) for some g = 0in K *(G).

©) |fI?* * g is in C(G) for all g in K*(G).

The term “mixed-norm space” is used by Benedek and Panzone [1] for normed
spaces of (equivalence classes of) functions on products of measure spaces. Our
mixed norm spaces are equivalent to a special case of those defined by Benedek
and Panzone. The next few propositions establish this, justifying our use of their
term. We present them without proofs, which are straightforward.

Let (X, S,v) and (Y, 9, p) be totally o-finite measure spaces. A measurable
function fon (X X ¥, & X ¥, vX p)issaid in [1] to be in L2(X X Y)if (-, y)isin
L, (X) for (p) almost all y in Y and || f(-, y)I|,, is in L, (Y). Then L? is a Banach
space in the obvious way.

Emerson and Greenleaf [S] prove the existence of a relatively compact Borel
neighborhood S of the identity and a discrete set F C G such that 7 = {xS:
x € F} is a partition of G. (The countability hypothesis in the following is to avoid
complications in defining product measures.)

ProPOSITION 3.11. With the above notation, if G is second countable it is Borel
isomorphic with S X F in such a way that an isomorphic isomorphism is induced
between L2(S X F) and L] (G).

For 1 < p < o this shows L(G) is the norm completion of L,(S)® L (F)
which it contains in an obvious way.

We will now characterize compact subsets of L, for 1< P < 5. We first show
the set of translation operators is uniformly bounded on L.

LEMMA 3.12. Let 7 and F be as in 3.4. Then for 1 < p < &, if f is in L] (G) then
suprG”xf”Z < nF( V’ V)”f”z

PrOOF. Define S(xE)=(E'€m: xENE #OJ)}, T(xE)={E'E€n: E €
S(xE’)}. By 3.4, neither S(xE) nor T(xE) has more than n(V, V) elements, so by
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2.1 we have

[ s dm(y)]"’/”‘ <[ Lo dm(y)r/p-

E'e S(xE)

<[ 5 [fs«lf(y)lp' dm(y)}lm]pz

E'€ S(xE)

< (ng(v, V)P J o ane)] ™"

E' ES(xE) [

UG <[nev )] S, [ yor dm(y)]

E€n E eS(xE)

v s 3] ,lf(y)l”'dm(y)]’”

E'en EET(xE’)
<[ ) 3 [ [P ann|™ =[mr » Y

PROPOSITION 3.13. For 1 < p < ', a subset H of L] is relative compact iff

(a) H is bounded.

(b) The family of maps of G into L] defined for each f in H by x —,f is
equicontinuous at the identity.

(c) For all € > O, there is a set J of compact complement such that || f;||; < & for all
fin H.

PrROOF (NOTATION OF 3.12). Necessity of (a) is clear by continuity of the norm.
Let kK € K(G) have support S. By 1.4, at most n(V, S) of = intersect S, so
Ikll; < ne(V, 8)'/7sm(V)'/?|| k|| .. If H is relatively compact, for any & > O there
is a finite subset {k,, k,, . .., k,} of K(G) such that, for any fin H, || f — kj||; <
e/2(ng(V, V) + 1) for some i. For x in some neighborhood W of the identity, we
have || .k; — k||, <e/2 for all i, so using 3.12 we have

I = e <l —<killy +lki = Killy +If = kil
<[ne(V, V) + 1]|If - ki|L_’: +||<ki = ki“; <e

and (b) is proved. The necessity of (c) follows from choosing {k;} as above and
noting that all the k; vanish outside a fixed compact set.

The proposition is known for L,(G). We use this to prove sufficiency. From (c),
for any ¢ > 0 we can find Q = G ~ J such that, for fin H,

5l <e/2(ne(V, V) + 1).

From (b) we can find a neighborhood W of the identity such that || .f — f||7 P <e /2
for all x in W and fin H. From (a) we have ||fQ]|P f= A5l < ||f||p + ||j:,||"
M + ¢/2 for all fin H. Consider the set H, of all functions fQ, fin H, as a subset
of L(Q). By our last remark, (a) applies to Hy,. But for x in W we have
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o = foly, =S =5 = (F = Ilp < IS = A +1fs = Sl

<e/2+| Sl +Ihly <e/2+ (n(V, V) + DS, <e.

Thus (b) also applies to H,. By definition, (c) applies to the H,. On the compact
set O, however, the norm || - ||7 and the usual L, (Q) norm are equivalent (by 2.1).
Thus (a), (b), (c) hold for H, regarded as a subset of L, (Q) and H,, is relatively
compact in L, (Q). Thus we can find {h,, hy, . . ., h,} in Hy such that for all f in
H, || fo — hll; < e/2 for some h; (again, by norm equivalence). Thus || f — A7 =
Iy + fo = hill; < Ifl; + 1fo — Bl <e and H is totally bounded, hence rela-
tively compact, in L (G).

Our results on compactness of PC operators require a mixed-norm space
different from those discussed above. The remainder of the section develops these
spaces.

Let A, denote the projection operator taking the measurable function f to f,
supported on the measurable set U and let T, carry f to f,; note that T,-.\A, T, =
Ay,

DEerINITION 3.14. For 1 < p, g < o0, we say f is a local p-q multiplier if, for every
pair (E, H) of relatively compact sets of positive measure, AyCAp: L(G)—
L(G) (where AyCiAg(g) = (f * gg)y) is defined and bounded. We denote the
bound by [|[A, AL, .-

LEMMA 3.15. With the above notation, if f is a local p-q multiplier where 1 < p,
g < oo then ||AyCilAgllpg = IAuxCiAExllp g
PROOF. C; commutes with right translation, so
A CAgy = T AT CT, AT, = T~ AgCGAgT,.

But writing A(x) for the modular function on G, we have
(| T Ay CAE T R )T = fG (A CAp T h) (yx=Y)|* dm(y)

= A(x) fGI(AHC,AETxh)(u)r dm(u) < AX)([AnCAgl, ) (I TeA],)°

= AX)AG (AL CAL, ) (1 #ll)°-

Thus || T - AyCALT,|l,, < |AyCALl,, and symmetry, replacing x by x ',
yields equality. For the infinite index case, the same argument yields:

LemMma 3.16. (a) "AHfoAEx”oo,oo = ”AHCfAE”oo,oo'
®) 1Ay CpA gl poo = BT P Ay Co gl .o for 1 < p < 0.
(C) ”AHfoAEx”uo,q = [A(x)]l/q“AHCfAE"ao,q f0" 1< q < oo.

An analog of Lemma 3.2 need not hold for right translates. There is no bound on
the (finite) number of members of a uniform partition which can intersect a right
translate of a member. This problem can be avoided if G has a relatively compact
invariant neighborhood of the identity, i.e., G is an (IN) group.
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DEeFINITION 3.17. Let G be an (IN) group, # a uniform partition, and 1 < p,
q < 00,1 <s < oo. We say f is a local p-¢ multiplier of class s relative to = if, for
some Hin 7, 2, (I1AyCGALll, ) < o, i€, [AyCAgll, , (regarded as a function
of E in 7) is in /*(7). We denote the space of such fby LM, . and denote the norm
in /(7)) by || f ||;’,;zs. Similarly LM, ., and LM, , are defined in terms of member-
ship in /®°(7) and cy(7), respectively.

PROPOSITION 3.18. With the above notation, LM, .. is independent of the choice of

H; the norms obtained for different choices of H are equivalent.

PRrROOF. We give the case 1 < s < o00. Proofs for s = 0, co are similar. As usual, 7
and F are as in Proposition 3.4.

Let N be a relatively compact invariant neighborhood of the identity, H,, H,
members of 7. There is a finite set A of cardinality |4| such that H, C U ,c, Hx.
For E € 7, x in A we write

S(E,x)={E' € m E'n Ex~'# &},
T(E,x) = {E’' € m: E € S(E’, x)}.
There are {x;, x5, ..., x;} such that E C U ; x;N and if E’' € S(E, x) then
E'NnU,;xNx'=U,E N xx 'N)# 3. By34, E'n x;x 'N # & can hold
for no more than ng(¥V, N) sets E’ in «; the cardinality of S(E, x) is at most
kng(V, N). Since every left translate of ¥ can be covered by the same number of
left translates of N, k can be independent of E. Thus kn (¥, N) is a bound on the

cardinality of all the S(E, x). A similar argument shows it is such a bound for the
T(E, x). Now

”AHszAE"p,q < 2 ||AH|J‘CfAE"p,q = 2 "AﬂlcfAE"-l"p,q
xEA xXEA

by 3.15 and 3.16. (Recall that (IN) implies unimodular.) But

2 AnChg],, < 2 2 |AuCAL|,,
xEA x€EA E'€S(E,x)

since Ag,-+ = 2 g esExy) Ap-Ape-- Thus, using 2.1,

S8, < 233 (G,

Enl x€EA E'E€S(E,x

s

<3 U MArT S [ S (18nGhd,,)

x€A| E'€S(Ex)

=3 3 3 [k, NPT (|AnCAL,,)

E'€n x€A E€ET(E' x)

< ([4]kng(V, N E;E (“AHICIAE'"p,q)S

and by interchange of H, and H,, the norms are equivalent and the spaces LM,

are independent of the choice of the set H, in their definition. Moreover, the
equivalence class of norms is independent of .
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4. Convolution and mixed-norm spaces. If G is unimodular, 1 < p, ¢ < oo,
1/p+1/q>1 and 1/r=1/p+1/q—1, then L(G)* L(G)C L(G) and
I+ gll, < IIfl,llgll, (Young’s inequality). Attempting to extend Young’s inequal-
ity we encounter products of sets from 7 and can find no bound on the number of
members of 7 intersecting such a product. As in the discussion of local multipliers,
the appropriate assumption appears to be that G is (IN). For the rest of this paper,
G will be an (IN) group and N will denote a fixed symmetric compact invariant
neighborhood of the identity.

LEMMA 4.1. Let = and F be as in 3.4. For E,, E, in w, define
S(E\, E;) = {E € m: E n E,E[ ' + &},

T(E, E, ={E €m: E, € S(E, E,)},
W(E, E,) = {E € m: E, € S(E,, E)}.

There is an integer I'(w) which uniformly bounds S, T and W.

PROOF. Let A be a finite set of cardinality |4| such that ¥ € U ,c, yN. Then if
E € S(E, Ey), & 7&xEanE,VV—|xE—,I C U,eq UeulxgV N xE,)’Z_IxE,INZ]
by the invariance and symmetry of N and N2 By 3.2, there are at
most ng(V, N%)x, for which each set of the union is nonempty. Thus S(E,, E)) has
at most |A|’n.(V, N> members. Since E € T(E,, E;) (or W(E,, E,)) iff E N
E'E, + @ (or E N E,E, # ), similar computations show we can choose I'(7)
= |A|*n(V, N?) in all cases.

THEOREM 4.2 (CF. [18)). Let f € L], g € L], 1< p, ¢< &, 1/p,+ 1/q, > |;
then ) )
(a) f = g exists (and is finite) locally a.e. and lies in L where

1/r, = max{0, 1/p, + 1/q, — 1}, 1/ry=1/p,+1/q,— 1.
(®) [1f * gll; < T(mIIfllp1 g1lg-

PROOF. Suppose p,, g,, r, # 00; then by Young’s inequality
@) 1Sz, * 8g,lls, < 1Sz, 85,]l,, < o0 for any E,, E; in 7, and
(ii) (fg, * 8£)e, = 0if E, & S(E,, E;). Now

> 2 > )(Ilfs.II,,.)"’(IIgE,Il.,,)"’

Es€n E;€m E\ES(EpE;

=2 lel)” 2 2 ()

E;Em \Em E;€EU(E)E;

< T(m)(IAp) " (lgllg)™ < oo.

Thus for each E; € =,

2> > )(||fs.||,,l)”’(||g£z"ql)q, ‘< w

E;E7 E,\€S(EE;
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By the generalized (multiproduct) Holder inequality

22 (el )se,)
<23 Wl ls)]”

Eyen E,€S(EyE;
-1)/q,

12,3 )]

E;En E,ES(EyE;)

(2, 3 (sely)”

E;Em E € S(EyE;)

[ 23 b))

E;En E,ES(EpE;

(=, 2 (L)

E\€n E,ET(E,E3)

](Pz— D/p:

](qz— /4

2= 1)/p2

12,2 el

Eyen E,€S(EyEs)
- - - -1 L -1
< [ F(W) ](2 1/p, l/qz)(lu'"e )l’z(‘lz )/th("g"g)%(h )/ P2

(2,3 (Ve ) (1) |

E,En E,€S(EyE;)

1/r,

Thus for any E;, by (ii)

(u(f*gn,u,.)'«[ s 03 |vs.‘gfz||,,]"

E;En E\ES(EyEy)
< [ I'(7) ] Q-1/p-1/ qz)rz( MI;)’zpz(qz- N/ qz( ug";)rzqz(pz— 1)/p,

IS ﬂmw%mmﬁ}

E;€n E,ES(EyE;

(If = 4’:’":)’2 = Ezeﬂ("(ft 8el.)"”

< [l"(vr) ](2— 1/p,— l/q;)rz(lmu:)’zpz(%_ |)/42("g";’)’ﬂ2(h‘ 1/p;

12 2 2 eV Osel)]

Es€n EEnm E € S(EjE;

< [r(ﬂ) ](2— 1/p2—1/q)ra+ |(|mlér)p,+rzpz(qz— l)/qz("g";)q,— r2¢2(p2—1)/p2

=[T(m)]*(IN-) "(ll&llg)"
If * &l; < T(@Algl

which proves both (a) and (b) for this case.

321
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Suppose p,, ¢, # oo butr, = oo (so 1/p, + 1/g, = 1). By 4.1 and 2.1

S (2 Wel) <@ s S ()

E,en \ E\ES(EyEy) E;en E\ES(EypE;

=[fm)* % 3 )(|Lf5.||,,,)”

E\€n E,ET(E),E;

<@ S ()"
- [F@ Y™

Computing as before

"(f‘ h)Esllﬁ < 2 2 )"fEnllp."gEz"q,

E;Enm E € S(EE;
5, Vel

= 2 leel, =
E;en E, € S(

2>

(2 0en)) (2 (2 wen))

E,En \ E\E S(Ey,E;)
< T(m)|Nligllg-

Thus for this case we also have || f + g||7 = supg, . [I(f * &)g,|l,, < T(MIIf1I71l gll5-
Now suppose p, = 0 (s0o ¢, =1, r, = ). Then supg ,llfgll, < oo,
ZEeqll 8Elg, < 0

I(f * 2z, < EE 2 el lgsl, <AL EEE"IIgE,II,,,,

2En E,€ES(E,E;)
If = &ll; < T(m)||All1&lls-

A similar calculation yields the case g, = oo.

REMARKS. (i) By 3.13(b) translation is continuous, so from 4.2 f * g is uniformly
continuous if f € L, g € Ly, 1< P < @, just as for usual L,’s.

(i) It follows from 4.2 that the L(, ,(G) are group algebras (i.e., closed under
convolution) for allp > 1.

(iii) J. Stewart has proved [16, §4, Lemma 1] for G abelian with dual G”, that for
every compact set K in G, there is f in L ;(G) N L,(G) such that its Fourier
transform /"= 1 on K and has compact support. (By 3.7(c) we know L3, C L,, so
Stewart’s condition is redundant.) By 4.2, f = f is in L7, ,(G) C L)(G) N L(G)
and its Fourier transform (f°)* has the desired properties. Thus there is actually a
bounded L, function with such a Fourier transform.

LeMMA 4.3. Suppose 1 < p < co. For every nonnegative sequence o not in [(Z ")
there is a nonnegative sequence B in I (Z ") such that 37_, a,B, = + .

Proor. If p = 1, set 8, = 1. If p = oo, choose a subsequence such that o, > k.
Let the corresponding B, be 1/k? and let B8 vanish elsewhere. Then clearly 8 is in
1,(Z*) and the condition holds. Finally, suppose 1 <p < oo. By assumption,
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Srai(a,)y = +00, so if D, =(a)) + (a)f + -+ +(a,), Dini’s theorem on
sequences (see [11]) says 2 ,(«a,)’/(D,)" is infinite for y < 1 and finite for y > 1.

n=1

Let 8, = a?~'/D,. Then by Dini’s theorem

S S WY 5
2B=2 = = < oo,
n=1 n=1 D,, n=1 Dn

0 ) P

a
— n —

2 P8, = 2 D" = +oo0.
n=1 n=1

THEOREM 4.4. For f locally measurable and 1 < p < & the following are equiva-
lent. -

(@) (f * g) exists (and is finite) locally a.e. for all g in L.

(b) (g * f) exists (and is finite) locally a.e. for all g in"L;.

(©) fis in L{i . B

PrROOF. By 3.8, we can assume 7 in N-N 2 uniform. By symmetry and invariance
of N,#~'={(E~!: E € 7) is also an N-N? uniform partition. By 3.8, the map
f=f~, f7(x) = f(x""), leaves all the spaces L invariant. Since f=*g =
(g~ = f7)~ it follows that (a) and (b) are equivalent.

By 4.2, (c) implies (a) and, in fact, f* g is in L(, ., We need only prove (a)
implies (c). Let E be in =, W a relatively compact neighborhood of the identity,
and g the characteristic function of E ~'W ~!. Since g € L], (a) implies that f » g
exists for some x in W™ ; )

o> [ D)8y~ dm(y) = [ 1f(0)] dm(») > [ Y] dm(»);

fis locally integrable.

Choose a maximal family of pairwise disjoint left translates { y; N>: j € J} of N*
and let H be a finite family of elements of G such that N* C U ,cy zN. By
maximality G = U ;¢; U,ey ;2N = U ,enqlU e, N1z, If fis not in L,
there must be z, in H such that the restriction of fto U ;¢; y;Nzgis notin L ,,), so
there must be some subsequence of the y;’s indexed by Z *, such that the restriction
of fto Uy, y,Nzp is not in L ,,,. Taking « in 4.3 to be {||f, , ~ll,}, there is
nonnegative 8 in /, (Z *) such that 27°_, a,B, = co. Let g be a function defined to
be identically 8, on the set z, !y, !N? are zero elsewhere. (Disjointness of
zg 7 'N? follows from that of y,N2,) Clearly g € L and if x € N we have

o0
f fO)g(y =) dm(y) > X f 1f(»)|g(y~'x) dm(y).
G n=1"y,Nzo
Ify € y,Nzo,y 'x € 25y, N2, 50 g(y ~'x) = B,. Thus, for all x in N,

o0

S D& )] dn(y) > 3 o, = oo.

n=1
Thus f * g(x) is not defined on N, a compact set of positive measure; assuming f is
not in L ,,) contradicts (a).
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N. Rickert proved [4] that for 1 < p, g < 00, 1/p+1/g <1 on a locally
compact group G which is not compact there must be f in L,(G) and g in L(G)
with f* g undefined on a set of positive measure. Theorem 4.4 gives a precise
characterization for (IN) groups and show it to be the rule, rather than the
exception. For p, ¢ as above, we say f € L,(G) has a divergent g-convolution if
there is some g € L (G) such that f * g is undefined on a set of positive measure.
Immediately from 4.4 we have:

ProposITION 4.5. If 1<p, g< oo, 1/p+1/9<1 and f € L(G), f has a
divergent q-convolution iff f is not in L{| ;,(G).

COROLLARY 4.6. The set of f in L,(G) having a divergent g-convolution (1 < p,
q < o, 1/p+1/q < 1)is of second category in L,(G).

PrOOF. By 4.5 we need only show that X = L, N L{ ., is one of the first
category. With norm N(f) = || f|l, + || fll¢i,;, X is a Banach space and the natural
injection of X into L, is continuous. By 2.11 of [15], since X is not all of L, it must
be first category.

5. Product-convolution operators. Let 91L(G) be the locally measurable functions,
with locally a.e. equal functions identified. For & in 9N(G), p, denotes pointwise
multiplication by & ((P,g)(x) = h(x)g(x)). For f in 9M(G), C; denotes the operator
having as domain the g in 9N (G) such that f * g exists (and is finite) locally a.e.
and which maps g to f * g. A product-convolution (PC) operator is a composition
P,C;. We will be concerned with cases where the domain of the PC operator
contains, and is restricted to, one of the mixed-norm spaces and the range of this
restriction lies in another. In this section we study conditions for the operator to be
bounded; in the next, conditions for it to be compact.

THEOREM 5.1. The operator P,C;, with h € L" and f € L, bounded from L] to
Ly where 1 <p.qrs <o, if

(a) 1/p + 1/r>1+1/s— 1/q and

®) (s, 1) < (P1, 4.

In this case, the bound satisfies
1P Cll;.s < DDAl IA
(I'(w) is as in 4.2).

PrOOF. (b) implies 1 < 1/r, + 1/¢q, so, defining ¢ by
Domafotelo), Loliloy
L o4 L nn @
(by4.2) forany g € L7||f * gll7 < T(mIl fII71l glig-
(a) and (b) imply 5; < p, and s, < ¢,. If s, = o0, for any E in =,

Nk~ Cf = &) ]glls, <Nhelp IS * &)ell-

For s, < oo, since (a) implies 1/p, + 1/t, < 1/s,and |h|3 € L, , (E), |f*g|} €
L, ,,(E), Holder’s inequality yields
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NLIAL 1 1 1 all < U ALElewsd 10 * @2l
= ("hb‘"p.”(f * g)E"'.)SI’

so the results hold in this case also. Thus if s, = oo, by the above result,

B (f*8)l; = sup |[[A- (f*8)e]|l, < sup ||Agl,, sup [|(f * £)gls,
Een EEn Een
<Iklp 1S = g, < T4 I8l -

If 5, < o0, let k = max{l, p,/s,}, n = max{l, t,/s,}. Since 1/p, + 1/t, > 1/s,,
by (a) and the definition of #,, 1/k + 1/n > 1. Again by Holder’s inequality and
the preceding result,

3 Ikl 9l <[ 3 uhsu”*] [2 n(f.gnn”"] ,
SO

1= (f DI [ S () (1S gnum]
<2 (nhb-n,.)"* [Egﬂ(nutg)fu,,)“" '

<( = ame ) (2 G0+ 2at)) "
= W = 1} < PCAEW el

COROLLARY 5.2. The operator P,C; with h € L?" and f € L] is bounded on L],
where 1 < P4, r <o, provided

(@1/p+ 1/r>1and

(b) (qp r) < (P 92)-

In the next section we require a strengthened version of 5.1 which is also of
interest in its own right:

THEOREM 5.3. Suppose forT <pgrs< )
(a)l/p +1/r> 1+ 1/s — l/q,
(b) (51, ) < (P1> 4
©1l/ra,+1/q,2 1+ 1/s,,
@) (51, ) < (py, ).
Then, for any fin L7, € >0, 8 > 0, there is > 0 such that for any h in L] for

which ||h||p < 0 and ||h||() ) < 6, then 1 PnCyllg.s

PROOF. Since r, < oo choose f, a bounded functlon of compact support such that
lf = foll7 < &/28T(m). For g in L] we know by 4.2 that

o * gllGeo.an < T(Mfollmll8lla (M
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and

o * &l < T(m|folllglle> @

R P R DR T
L rnoq L n, q

We take 7 to be U-V uniform. The usual inequality for L, norms on sets of finite
measure yields

o * &lrsr/r-snan < D@\l | gllgm(¥) /o= /P 1/ €)

since 1/5; — 1/p; > 1/t,. Let a = &/(4T(m)m(V)'/*= /1| f,I7) and choose & > 0
so that

(8/ )= VPOT(1)0)|foll oty < €/4- (4)

For any h € L such that ||A||7 < 6 and ||A||( .y < § and each E € =, define
S, ={x:|h(x)| >a},E,=ENS, E,=E~E, Thenfori=1,2

J IR = O™ dm(x) < IVl o * DElpuso,-0
s0 [I[7- (fo * g lls, < Igll,, 1o * )5 llps, /ey —sp = Yi- Fori =1,

Y1 <Al (o * 8) gll o[ m(E)] /5171770

1 o (1/s,=1/p)
< Ul o + el 3 1AlGo0)

since am(E,) < ||hgll, < ||Al|f1, o) Thus, if s, < oo,

5 1 o (s2/51—52/P:
S (101G #]ell)” < (g 1#0)
Eenw

) S Sy
EEE"(IIhsz.) (1o * &) £ll)™

But by (1), {[I(fo * &)kl } € /() and by (a)

K} K} 1 K}
—2+—2>1+s2(1——)=1+—§>1,
Py 9 r; r

so, using Holder’s inequality,
s. s 52/P2 2/ @
3 (el Ao Dl)” < ( 2 (relp) (2 (1o » 214ll)")
= (I1%12)*(1 o * &)llcoe)”
< (I1412) (T Wolltw,nl18llg) ™ (by (1)

Thus

1 a 1/ /P Ls L4 L4 € -
17 o s 0, < (g1Aleo)  NAETWolwnlels < 5 lels

(by (4)). (If s, = oo the same inequality follows by similar computations.)

5—1
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For i = 2,7, < a(m(¥ )"/ |(fo * 8)gllpys,(p,—sp a0 if 5, < 00 we have
w 11/
"(h . (fO * g))G~S¢"s < a(m( V))I/pl EE ("(fo * g)E"Pl-H/(Pl_-'l)) ’
- En

< a(m(¥))" P fs * 8ll(ou,/(pr—span  (since by (c) £, < s,)
< a(m(V) P T(m)|fol gllgm(¥)M =77 < 2 g7
(Again, the result follows similarly for s, = co0.) Thus in all cases
||h (fo * 8)" < "(h (fo * 8))s T+ ||(h(fo * 8))G~s " 5 ||8||Z

and we have | P,C. ||, <e&/2.

By 5.1, IPCososollyye < TCDIRIGIS = follf < 8T()If = follf < /2. Finally,
”Phcf”;,g < ”Ptho”;,.g + ”Phc(f—jo)“z,.g <e.

Theorem 5.1 tells us that, given the hypotheses on the indices, the bilinear
mapping of L X P to the bounded operators from L] to L] defined by
(h, f) - P,C; is jointly continuous. Theorem 5.3, however, with slightly stronger
hypotheses on the indices, yields only that if the ball B, of radius 8 in L is given
the coarser (1, ) topology the map from B, X L[ to these bounded operators is
separately continuous. This is precisely what we need for our results on compact-
ness.

We now show that if P,C; is a bounded operator between mixed-norm spaces
then h and f must lie in mixed-norm spaces—a result similar to what was proved for
C;in 44.

ProPOSITION 5.4. Suppose P, C; is a nontrivial bounded operator from L’r to L],
with 1 < q,s < ©. Then fisin L{ . and hisin L§ .

PrOOF. By hypothesis f * g exists locally a.e. for all g in L7, so, by 44, fis in
La,q&)'

Suppose s5; < oo. Choose g in K(G) such that f *+ g Z 0. Since f * g is continuous
there is a 8 > 0 and a relatively compact open set W such that |( f(g)(x))| > & for x
in W.Since h- (f* g)isin L], itis locally in L, . Thus if 5, < o0

fW|h(x)|" dm(x) < (%) [W|h(x)( o))" dm(x) < .

If 5, = oo a similar inequality holds for essential bounds. By translating g we see

that A is locally L. If there is a sequence {E,} in = such that ||Ag ||, > n we

can find {x,} such that lim,  |lhy,1ll,, = 0 and calculating as above

[I(h - (f * 8)wx-1ll;, = oo which violate the assumption that P,C; is bounded.
Using 5.1 and 5.4 completely settles one case.

COROLLARY 5.5. P, C; is bounded from L, to L, iff his in L, and fis in L,.

Proposition 5.4 leads us to examine the necessity of the hypotheses of 5.1.
We restate the hypotheses:
Let1 < p, g, r, s < o be such that

W 1/p,+1/r, <1+ 1/s,—1/q,
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@/py+1/r; 2 14 1/5, = 1/q,,

@)s, < P,

@r,<q.

Theorem 5.1 says that if 4 is in Ly and fisin L, P,,Cf is bounded from Ljto L.
Proposition 5.4 tells us conversely that if P, Cf is bounded from L] to L] then (3)
and (4) hold for some choice of P and r with 4 in L1p and fin L.

We have found examples of “boundary” cases, of functions A and f which come
arbitrarily close to satisfying the conditions of (1) and (2) in which P,C; may or
may not be bounded.

EXAMPLE 5.6. Let {a,}, { B,} be sequences such that —3 >a, > -1, lim,_, . a,
=-1, B,>0 and 2., B,/(1 + a,) < . For 0 <x <1, define f(x)=

Zy=1 B,x™, h(x) = — log x and let f(x) = h(x) = O elsewhere. Then h € L,(R)
for 1 <p < oo but h & L (R); f € L|(R) but f & L(R) for 1 <g < . We
examine P, C; on Ly(R), i.e. g=s= 2. Then clearly h and f cannot be members of
any pair of spaces L, L” (respectively) for which the conditions (1) and (2) hold,
but for any ¢ > 0 thére a}e index pairs p and r, such that (1) and (2) are violated by
less than e. By choosing particular g in_Lz(R) it is easy to show the sequence { ,}
can be chosen so that P,C; is unbounded. The problem is to show that it can be
bounded. For this we need:

LEMMA 5.7. Let g be a nonnegative function in L*(R) vanishing on (0, o) and let
g~ denote the increasing rearrangement of g on (— o0, 0) (i.e. g°(x) is the usual
decreasing rearrangement evaluated at — x). Let f be nonnegative, summable, decreas-
ing on (0, 00) and vanish on (— 0, 0). Then (f * g)g.) < (f * 8 )0,00) and both these
functions are decreasing on (0, o).

PrOOF. For x > 0, we have
(fre)(x) = [ fg(x — ) de = [ fix + 0)g(-1) .
0 0
Since f is decreasing, for x > 0
j(;wf(x + 1)g(—1t) dr < j:of(x + 0)g(—1t) dr.

IfO<x <y thenf(y+0)>f(x+1t)>0fort>0,sa [FAy + )g(—t)dt >
[& fix + g(—1) dt and the functions decrease on (0, ).
Suppose || g|l, = 1, where g is as in the lemma. Then for x > 0

o0 0 0
1= ["g(-nd=[ (g(=0)0dt> [ (g(-0)at>x (=5,
0 0 0
$0 g(— x) < x~'/2 Thus, by the lemma, for x > 0

(fea)) = [ TS Bu(x + 1) g(—1) dt
< [73 Bx+ g (-0 dr
0
bt a,—1/2
<23,,f0 (x + O)™1='2 g
=X B,,x“"+'/2f°°(l + 0%t~V dr.
0
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Write I, = [&(1 + £)*t~'/? dt. Then, again by the lemma,

b (fr@a<|h- (f* )} < fo (2 B,1,x™*"2log x)” dx

<3 3 BB, f' log? xxo+antl gy < S 2_23_,,3,&,,1,,,_3.
0 (a, + a,, +2)

Since -1 > a, > -1, a,a,, < 1 and a, + a,, + 2 > (a, + 1)X(a,, + 1). Thus

Buln \’
. - 2 n‘n .
15 (f+8)l2 < 2(2 (o + 1)3)
Since {B,} was only constrained by  8,/(1 + a,) < oo, this last sum can be
made bounded by appropriate choice of { 8,} and P,C; is bounded on all positive g
in L2(R) with support in (— o0, 0).
Suppose the support of g is in (0, o) and let g, be the decreasing rearrangement
on (0, x) of the restriction of g to that interval and again assume || g|, = 1. By
previous remarks we know g(¢) < t~'/? and

(f+ )0 < [ f0s0 de < [ fo 1 a

xa,,+1/2

ZBft“" '/2dt<23( Ty

Much as before

- (fra <2 =

B"B’" 1 +a,, +
(a,,+%)(am+%)j(;xa" "log? x dx

<SS 28,8, < 2(2 B, )

(o, +1)(an +1)(a, + a,, +2)° (ap +2)(e, + 1)

Again, { B8,} can be chosen so this sum is bounded, as well as the previous ones.
Since any g in L%*(R) can be constructed as linear combinations of positive
functions having supports in the two half-lines, for { 8,} appropriately chosen we
have P,C; bounded from L? to L.

6. Compactness of PC operators. In this section we give necessary and sufficient
conditions for compactness of PC operators which satisfy the sufficient conditions
for boundedness given in 5.1. We thus consider P,C;: L” - L7 with A in L" and f
in L where the indices satisfy

M 1/p,+1/r <1+ 1/s,—1/q,

@1/py+1/ry> 1+ 1/5, = 1/q,,

3) s, < pys

4 ry < 4.

Because we do not know enough about compact sets in L, we sometimes further
restrict attention to cases which also satisfy

(5) s, < o0 and

6) s, < 0.
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If the “global” indices p, and r, are finite, the operators are always compact.
Except for the possibility that one or both of “local” indices p, and r; may be
infinite, the proof is similar to classical results for kernel operators. We include the
proof because of this complication.

DEFINITION 6.1. We say a measurable function Fon G X Gisin L] (G X G) if
F(x, -) is in L] for almost all x and the function x — || F(x, -)|[} is in L. The L]
norm of this latter function will be denoted || F||(, .-

LEMMA 6.2. For 1 < 5,4 <0 and F in L} (G X G), the integral operator T:
L] — L] defined by Tg(x) = [ F(x, y)g(») dy is bounded and || T|| < | FliGy .0

ProoF. By 3.7(b) and the hypotheses on F, | Tg(x)| < || F(x, —)||7l gll; a.e. on G,
so || Tglls < 1l 8lIg F iy -

REMARK 6.3. If F is continuous with compact support, then the transformation
defined in the lemma is compact.

PROOF. F can be approximated uniformly by “degenerate” kernels composed
from functions in K(G). The norm bound of the lemma then shows that T is
approximated in norm by the corresponding operators of finite rank.

THEOREM 6.4. Under conditions (1) through (5) above, if p, < o0, ry < oo then
P,C; is compact.

PROOF. Suppose first that r, < oo. By 3.7(e) choose, for any ¢ > 0, f, in K(G)
such that ||f — £|I7 < &/(2||h|[;T(x)). Choose a finite p;< p, such that s, < pj;
1/p;< 1+ 1/s, — 1/q,. Again by 3.7(¢) we can choose 4, in K(G) such that
b = BCppy < €/2T(m £llG0,ry: Since f, is in L(,, ), (h — h)isin L, and p;
was chosen so that (p], p,), ¢, (00, r,), s satisfy the conditions of 5.1, we have

[P+C, = PoCll < T(mh = A|(ips) Al icorn <e/2.
But again, using 5.1,

1P.C; = PGl < T(@)|Alglf = £l <e/2,

so P, C; can be approximated in norm by the compact P, C; and is itself compact.

Now suppose r, = co. If also p; = o0, (1) becomes a strict inequality, we can
find p; < oo such that (p3, p,), 7, ¢, s satisfy the conditions of the theorem and 4 is
also in L(,,,. Thus we may suppose without loss of generality that p, < co. Given
e > 0, we can find 4, in K(G) such that ||h — h,||; < e/2T'(7)]|f|7. Since p; < o0
we can find r; < oo such that 1/r;< 1 + 1/s, — 1/g,. Choose f, in K(G) such that
If = £lIG,,y <e&/QRT(mMA {0,y Since (f — £) is in L, ), h, is in L, ,, and
(00, py), 4, (r}, rp), s satisfy the hypotheses of 5.1 we have ||P,C; — P, C|| <
() Ao ppll f = filEssy < £/2. Moreover ||P,C; = PGl < T(mllh = k7117
< ¢/2 and, as before, P, C; is compact.

More interesting results are obtained when either p, or r, is infinite. We now
consider these cases when conditions (1) through (6) are met.
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LEMMA 6.5. If 51, 5, < o0 and a, B are members of L having disjoint (essential)
support, then

ladls +11BIE > e = Blls > 20722 /=B a|l] +|1BI;]-

Proor. The first inequality is clear. For the second, we know by 2.1

la = :B": = . > (L|a(x) + B(X)r' dm(x))’z/s.]l/-fz

EE€n

r s e 1/s;
=[S el + (8ell)) ]

L EEn

[ /s, —1) $2 1/
>[ 3 [297 g, +18ell] ]
L EEn

5 52 Vs
> 2(1/s.—:)[Eze (leglls,)™ + (1Bells) ]

1/5;

s\ s,
> 2(1/3|+1/52—2)[( 2 ("aE"_'l) z) + ( 2 ("BE"-’n) 2) ]
Een Een
= 20/5 /5= o7+ BY7]-

Since G is an (IN) group, the operator S defined on locally measurable functions
by (Sf)(x) =f~(x)=f(x"") leaves all the spaces L;(G) invariant and is bounded
on each. Then (SC;Sg)(x) = [ f(»)g(xy) dm(y) and SP,S = P, so SP,CS =
P,-SC;S. These will be used in the next proposition. We will also need Q(¢, a, f)
defined for all t and @ in G and fin L, by a fixed h in L, and a fixed g of compact
essential support in L by

Q(t, a, f) =||P,SC;S(g — 8|7

— (/s + ‘/sz-2>[ I P,,SC,S(,,g)": +| P,,SC,S(,g)||:]

where (1) through (6) all hold, and r, < cc.
LEmMA 6.6. lim,_  O(¢, a, f) > 0.

PrROOF. Since r, < oo, there is a compact set L for any § > 0 such that
If = foll7 <8. Then

|Q(t, a, f) — Q(¢, a, f,)|
< (| PaSCis-1y S, + [ PaSCis-1yS(B)];)(1 + 211+ 1/72)
<IIull SIS~ IClla8llg +18llg)(X + 251+ /==2)f — f )|
<[kl I SIPAgllz(1 + 2/ /2| f — f))
< O|lhl [ SIlgllg(X + 2/ /5.
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By 3.14, A > 0 can be chosen independent of a and ¢, so by choice of § this last
quantity is less than e. The essential support of SC; S(,g) is contained in a~ IKL-!
and that of SC; S(,g) in 1~ 'KL™". Take K, to be KL~ 'LK ~'a; then if £ is not in K,
P,SC; S(,8) and P,SC; S(,g) are in L and have disjoint essential supports. Thus
by 6.5, Q(¢t, a, f;) > 0. Hence if t & K,, Q(t,a,f) > — e.

PROPOSITION 6.7. If (1) through (6) hold and p, = oo, f € L, f# 0, h € L], then
P,C; from L] to L] is not compact if h & L, . )

ProoOF. By discussion preceding 6.6 and the invariance of L( o under S, it
suffices to show P, SC,S is not compact.

Choose g # 0 in K(G) with support L. Then SC,Sg is continuous, so there is an
open W and ¢ > 0 such that |SC;Sg| > ¢ on W. There is a symmetric relatively
compact neighborhood U of the identity and x, in W such that x,U* c W. Let =
and F be as in 3.4 with V = U2

If xo € E' € m, xg € xyU? s0 E’ C x,U* c W. Thus

- 5 5 1/s,
1725658l > | [, IHCOPISGS) " ()| > el
If we write z(E) = xz.x; !, we have similarly

5 1/51
1P.SCSCr2); >[fElh(x)|s'|(SCfS(z(£)8))(")| d’"(")] > ef|Agls,

for if x € E, (SC;S(,(g)8))x) = (SCSg)(xp-xg x) and xpx;'x € x. U? C W.
Note that:

(i) If D is a compact set, there is a finite subset, J(D), of 7 such that if z(E) € D
then E € J(D).

(i1) Since h & L(’;po), there is § > 0 such that for any finite subset of #, there is a
member E of 7 not in that subset such that ||Ag||, > .

Let ¢ = €62'/*1*!/%272 and choose E, in 7 such that ||hg ||, > 8. Let z; = z(E,)
and (by 6.6) choose a compact I such that Q(¢, z, f) > — ¢ for ¢ outside T. By (i)
and (ii) we can pick E, & J(I') with ||Ag||, > 8. Letting z, = z(E,) and using
computations made above we see that 1P, SCS(,8)l; > &6 for i =1,2, and
Q(z,, z,, f) > — csince z, is not in I'. But by definition of Q we have

| P+SC,S(.,8) — P,SCS(,,8)|] > 2"/1*V/7%2e8) — ¢ = c.

Suppose we have chosen E,, E,, . . ., E,_, in = such that, writing z;, for z(E)) we
have, for i # j, (a) || P,SC:S(, 85 > ed and (b) || P,SCA,8) — P,,SCfS(,jg)”f:’ >c
where i and j run over 1,2,...,n — 1. By 6.6, choose I' compact such that

Q@ z,f) > —c fortoutside T and fori = 1,2, ..., n — 1. By (i) and (ii), choose
E, & J(T) such that ||Ag ||, > 8. As above (a) and (b) then hold for E,, ..., E,.
We have, by induction, a bounded sequence {, g} in L] such that { P,SC,S(, g)}
has no convergent subsequence, so P, SC,S is not compact.

We now prove the main result of this section. We give two equivalent versions.
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THEOREM A. Let p, q, r, s, satisfy conditions (1) through (6) and p, = +oo. For f
inL hinL’.

@) If s, <py, P,C; is compact from L] to L iff his in L q).

(b) If s, = p,, P,C; is compact from L] to L iff h is in L{, o

THEOREM A’. Under the above conditions, P,C; is compact from L] to L iff h is in
Lé.or

PROOF OF A. (a) Suppose & is in L. Then there is a sequence K, of compact
sets such that ||h — h,||} ,,, < 1/n where h, is the restriction of h to K,. The
hypotheses of 5.3 hold, so ||P,C; — P, Cf|| = || P¢,_4)C/ll = 0. On the other hand,
P, C; is compact by 6.4 so P,C; is also compact.

Conversely, if 4 is not in L q), it is not in L{; ¢ so P,C; is not compact by 4.7.

(b) If A is in L, o, we can find A, as in (a) such that ||h — h,ll; = 0. By 5.1,
1P, C; — Py Gl < T(@)|l flI7IlA — h,ll; = 0. Since P, C; is compact by 6.4, P,C; is
also. The converse is 6.7. )

PROOF OF A’. The direct part is 6.7. For the converse, let s, = p,. By (b) of
Theorem A, P,C; is compact. For s; <p,, 4 in L, o) implies h in L{ o, so, by (a) of
Theorem A, P,C; is compact.

The case remaining are those in which r, = + oo which implies ¢, = 1. We solve
the compactness problem for all such cases when G is first countable.

DEFINITION 6.8. Let X be a translation invariant topological vector space of
measurable functions. A member of X will be called translation-continuous in X
provided its orbits under both left and right translations define continuous maps of
GtoX.

By 3.13 every member of L] is translation-continuous if 1< p <. Some
members of L (G) are not. We characterize the situation for the case p, = 0. (We
only sketch the proof.)

LEMMA 6.9. Let m and F be as in 3.4. For fin L(, ., 1 < p < o0, the following are
equivalent .

(a) f is translation-continuous in L{, oy

(b) fis the limit in L(, .., of uniformly continuous functions on G.

(©) {«;/e: E € m} is a compact set in L,(V).

PRrROOF. Clearly uniformly continuous functions are translation-continuous and it
follows easily that norm limits in L), ) also have the property. Let {G,: a € 4} be
a net of neighborhoods of the identity with N ., G, = {e} and let g, be the
characteristic function of G,, normalized in L,. A modification of the classical
argument for L, shows g, * f converges to f in L, ., and clearly g, +f are
uniformly continuous. Thus (a) and (b) are equivalent.

Note that f in L{, ., means precisely that the set {,.f¢} is bounded in L, (V)
and thus satisfies, as a subset of L,(G), conditions (a) and (c) of 3.13. It can be
shown (we omit the details) that the set satisfies condition (b) of 3.13 iff f is
translation-continuous. Thus the set is compact iff f is translation-continuous and

(a) is equivalent to (c).
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THEOREM B. Let p, q, r, s satisfy conditions (1) through (6), r, = + co. With f in
L', h#0in L), for the operator P,C; to be compact from L] to L it is sufficient
and, if G is first countable, it is necessary that f be translation-continuous in the space
of bounded local multipliers LM , ., (cf. Definition 3.19).

Proor. By the hypotheses, we have ¢, = 1, p, <5, < 0. Also 1/r, + 1/q, —
1/s, < 1 —1/p, < 1. Since f is locally r, it follows from Young’s inequality that if
E and F are relatively compact sets of positive measure, ArCr maps L, (E) into
L, (F) and its norm is bounded by || feg-1l|,,- For any H in ,

55 = sup [AuCAglg,, < SUP |fuz-llr
Een EEen

<sip X e, <T@ < oo
EE€n E'€S(EH)

(where S(E, H) and I'(7) are as in 4.1). Thus fis in LM] ...
Suppose f is translation-continuous. Assume first p; < oo and let g be in the unit

ball of L. For any x in G, we have
1(P.C8) — PuCrall, =1l(h)- (f +8) = k- (f* 8]
<Nk =R - (S lg +]|h-[Gf = 1) = 2]l]
< DMk = Al LA +AlIS = 1) gl

(as in the proof of 5.1) where 1/¢, = max(0, 1/r, + 1/q, — Dand 1/t, =1/r, +
1/4, — 1. By the hypotheses of the theorem, however, we have in this case ¢, > s,
and ¢, = o0, sO

I(P.Crg) — PG|, < T(m)lh = Al A7 + AN CS = ) * &llGoncor

and we know

I = £) * &llGsnoy = sup 2 ((Sf = £) * 82D ells,
Een E'en

<sup X |ACy-nAellgsligella:
E'en

EEen

Let N be the compact invariant neighborhood for the (IN) group G. We know
that N C Uy, u Uy, U ... UUy, and V C 2z, NU z,N U ... Uz N for some
finite sets of y’s and z’s. Then given any E, in w any other member E is contained
in the set U7, U J’.‘_, Eyy;xg, 'xgz; consisting of rk right translates of E, (where, as
usual, we have 7 and the set F of xz as in 3.4). Let S(E',z) = {(E" € m:
E’'z n E” # J}. By 3.4, the cardinality of S(E’, z) is bounded by rn (N, V), since
E” € S(E',z) = U [.y(xgz;N N E”) # J, and the bound is independent of :z
and E’. Thus for some choice of kr elements {gj} in G, depending on E, we have
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915

kr
[A£Cis-nAellgs, < -21 [Ag,g Co—nAe|
=

kr

kr
= 2 8 Co-nhegl,y., < 2 2 |AsCu-pl,-
Jj=1 J=1 E"es(E.g")

< kr'ng(N, V)||f — e (by3.15and 3.16).

Using ¢, = 1, we have
I = 1) 8lfer < kN, VIS = el 3 Ul
‘Em

= kr'ng(N, V)| = flzesellgle-

This proves that
I(P.Cig) = PuCgl; < T(m)|| k= Al A + | klpkrne (N, V)|f = A55% -

The first term on the right approaches 0 as x approaches the identity since we are
assuming p < oo, the second term does likewise by hypothesis, and the conver-
gence is uniform for g in the unit ball. Thus the image of the unit ball under P, G
satisfies (b) of 3.13 and it clearly satisfies (a) as well.

By (c) of Proposition 3.13, given ¢ > 0 we can choose a compact set K such that
”h(G~K)”; <e/T(m|flI7. Then (P,Cg)g—x = P, reo—rl Cr8)G K> which has norm
bounded by ||h._ |l T(m)|| flI7 <e, for all g in the unit ball, as required. Thus the
image of the unit ball under P, C; is compact if p; < oco.

Consider next p; = o0, s0 h is in L, with p, < oo. For each positive n we can
choose Borel B, such that if A, is the restriction of A to the complement of B, then
14,10 p,y < 1/n. For fixed n we can find 4’ in K(G) identically 1 on B, with range
in [0, 1]. By the previous case, P, C; is compact from L to L/, so (P, — P, )C; =
(P, — P, )Py Cy is compact and by 5.1, || P, Gyl < I‘(vr)||h,,||{w,h)||f||’_,'—->0. Thus
P, C; is compact which completes the proof of sufficiency.

Before turning to the converse, we note a special case in which the assumption
on the indices guarantee the translation-continuity condition, so we can exclude
this case in the proof of necessity. Suppose 1/r, + 1/g, = 1 + 1/s,. By hypothesis
this implies p, = oo and, since 5, < o0, r; < c0. We will show for any net {#,} - e
we have translation-continuity: ||, f — f ||";'f,f;°° — 0. If not, there are nets {¢,} > e,
(E,} in m g, in L,(E,) with |[g,]l, =1 and [[[(_f = /) * glg|l,, > & > 0. By
4.2(b) we have [[[(,f = /) * gJg,lls, < CI(.f = ) * &lI% < CT@I, f = fll, I 2.,
= CI(m)|, f - fll, and by 13.5(b) ||, f — fll, > 0 since r < . This contradicts
the supposition that f does not satisfy translation-continuity. Thus we can assume
1/r, + 1/q, — 1/s; < 1 in proving necessity.

Suppose f is not translation-continuous in LMJ _ .. Since G is first countable
there is 8 > 0 and a sequence {¢,} — e such that ||, f— f ||’¢;’f;:;°° > 4. Thus for

each n there is E, in 7 such that ||Ag C(,_nAg ||, ,, > & for ¢ = ¢,. This means for
each n there is g, in the unit ball of L, (E,) such that ||[(, f — f) * g,]gl,, > &. Let
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kn =ln(AEongn)’ pn = AEongn‘ Then
ky = Py = t,[ (X, = X, 5)Ci8n] +[(f = ) * 8],

The above calculations show the norm in L, (Ey) of the second term exceeds §,
hence so does its norm in L. By continuity of translation (3.13(b)) and the bound
of 5.1 for PC operators, the first term is bounded in L] norm by a multiple of
X, = X, ll, =0, where 1/» <1+ 1/s;—1/r, —1/q,. Thus ||k, = palls >
/2 infinitely often, the image of the unit ball under the operator Az C; violates
3.13(b) and hence the operator is not compact. Let A be relatively compact, Borel
and of positive measure. If A C; is compact, so is Ay,-C; =T, AT, -.C =
T.A,CT,-: (right translation commutes with left convolution). Since A, -1 and
Ag, commute, all A,,-1A g C; are compact and by 3.13

, (AAx- 'AEongn) — Ay 'AEongn":

= ,}Lngo "AAx"(kn —p.)+ (At,,"AX" - AAx-')[r,,(AE.,Cfgn)]":'
As before, by continuity of translation and the bound for PC operators,
(At = A [r,(AEongn)]": -0

so we must have ||A4,-(k, — p,)||5 — O for all x. But

[ asihs = 2, = [ X DKA(2) = £, O] ()

0= lim
n—oo

= [0 M) = 257" ()

=[XA" * |k,, -P,,Isl](x_l)

so this last convolution converges pointwise to zero. By Lebesgue’s dominated
convergence theorem,

J e % 1k = 2" () dm(x)

= f f Xa- k(¥ %) = po(» )| dim(x) dm()
GYG

[ x4 [ [y ™) = Py~ %)|" dim(y) dim(x)
G G

m(47 ")k, = P,

converges to zero. Since k, — p, has compact support, we have also ||k, — p,||7 —
0, which contradicts our result that ||k, — p,||5 » 0. Thus A, C; is not compact for
any relatively compact Borel A of positive measure. By assumption on 4 there is
such an 4 on which |h| > ¢ > 0. There is also a bounded measurable g of compact
essential support such that gh =1 on 4, so A,C; = (A,P,)P,C,. If A,C; is not
compact, P,C; cannot be.

A portion of the above yields
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COROLLARY 6.10. For fin L{; ), h in L{,,, with r; < o, p, < oo, the operator
P,C; from L, \yto L§; . is compactif 1/r; +1/q, =1+ 1/s;,> l,andp, <s, <
00.

COROLLARY 6.11. Under the hypotheses of Theorem B, P,C; is compact whenever f
is a translation-continuous vector in L:"'

Proor. The local multiplier norms of Theorem B are dominated by r, norms.
The conditions of 6.11 is often easier to verify than that of Theorem B. Unfor-
tunately it is not necessary. We give a counterexample using the uniform partition
of R into the intervals E, = [2nm, 2(n + 1)7). Let D, be the nth Dirichlet kernel:

sin(n +3)x
D,(x) = (—)
2sin 3 x
and let 4, be the normalized restriction of Dy, to L,(E,). Let f=2Z7___d,, so f

belongs to L ,,(R).

ExAMPLE 6.12. The function f is translation-continuous in LM, ., (so, e.g., for
any hin L(, ,,, P,C; is compact from L3 ,, to L, but f is not translation-continu-
ousin L(j .

ProOF. For g in Ly(E,), x in E,,

(o)) = [~ ez =) = [~ 2fx ) &
= f T x — y)g(r) b

2km
2(k+ 1)

= [ ax g0 b + [ (x - 280 b
2em x

JForn>0, D, (x) = D,(x)+ cos(n + 1)x and the L,(E,) norms are strictly
increasing so, writing the reciprocal of this L, norm of D, as C,,

|(f * &)(x)] < Ck( fz z(kﬂ)"Dm(x - »)g(y) aﬁ»l)

km

+2km

+[ 2570 cose + 11(x = »)a0) |

+2km
As is well known, the first of these integrals is # times the projection of g to a
subspace of L?>(2km, 2(k + 1)7), so

2u| 2(k+ )7 2 2(k+ )n
LT Pwx = s b ax <t [ IgO]F @
0 2 2km

km
By direct computation, we also have

27| f2Ax+ D)7 2
[ cos(|k +1](x = Y)g() &| dx < 4n” [ " Ig()] .
0 x+2km 2knm

Thus [27|(f * g)(x)|> dx < C77?| g||3. Since the C,’s converge to zero, f is in
LM],, C LMJ, . Thus given ¢ > 0 we can choose a compact set K such that
sup, ||, (1 — ARfl555, < &/3. Since K is compact, as x — 0, || (Agf) — Agfli325
< [ ((Agf) = Agfli(1,0p = 0. Thus if x is small enough lof = flI52% <& so f is
translation-continuous in LMJ,_ .

2(k+1)m
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For 0 <6 <7/2, let E(8) = U 2n_,[2nm — 8, 2nm + 8) and let F(8) be its
complement. We know

27—8 278 27 — 28
f ID (X)l dx < f 2 sm( x) < 25sin(8/2)’

soas x =0, || ,(Aps)f) — Apsyfll{i,e) = O- On the other hand,

m w
ll26(A£syf) = Apeyllit,o0y = l2s(A e y1,0) + |1 A £ 1,00
which can be made arbitrarily close to one. Thus f is not translation-continuous in
L‘If
(1,00)

7. Summary and applications. In this section we review our results, illustrate
important special cases, and show how the results can be extended.

Proposition 3.7 establishes that the mixed-norm spaces L, ,(G) (for 1 < p, g <
o) provide a class of Banach spaces which interpolate (and include isometrically)
the usual L,(G) spaces as topological vector spaces, have duality relationships
similar to those of the L, spaces, and have the continuous functions of compact
support as a dense subset if p, ¢ < oo. Theorem 4.2 provides the analogue of
Young’s inequality for convolutions on these mixed-norm spaces. (See also [18].) It
incidentally establishes that L, ,,(G) is always a group algebra and allows us to
strengthen a lemma of Stewart [16] to show (for G abelian) there is a bounded L,
function on G with Fourier transform of compact support and identically equal to
one on a prescribed compact set.

Proposition 5.4 shows the introduction of mixed-norm spaces cannot be avoided,
even in studying bounded PC operators on L,, since the product and convolution
functions must lie in certain mixed-norm spaces but need not lie in any of the usual
L, spaces. Theorem 5.1 establishes sufficient conditions for boundedness of PC
operators between mixed-norm spaces. Necessary and sufficient conditions for
P, C; to be bounded are obtained only for operators from L, to itself (2 must be in
L and fin L,). Example 5.6 shows that if the conditions of 5.1 are approximated
arbitrarily closely whether the operator is bounded or not can depend on “rate of
growth” conditions.

As an application, consider PC operators on L,(R) (which were the original
motivation for this study). Let 7 be the partition of R into unit intervals [n, n + 1).
Proposition 5.4 states that for such an operator P,C; to be bounded it is necessary
that f be in L], and h be in L ., i.e. f must be integrable over each interval and
the resulting sequence of L,([n, n + 1)) norms must be square summable while A
must be locally square integrable and the sequence of L,([n, n + 1)) norms must be
bounded. Theorem 5.1 says such an operator will be bounded if f is in Lj , ~lo-
cally in L, ([n, n + 1)), with norm sequence in /, -and h is in L, ,, where
I/py+1/rn<1, 1/p,+1/r,>1,2< p, r, <2. (The last two conditions are
also necessary, of course.)

Our discussion of compactness is limited to operators P,C, which satisfy the
sufficient conditions for boundedness given in Theorem 5.1 acting between spaces
where neither index is infinite. In that case Theorem 6.4 shows that all the
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operators for which the “global” second indices of both A and f are finite are
compact. For a PC operator in L?(R), for instance, the operator will always be
compact unless in the above conditions p, = co. Theorem A gives necessary and
sufficient conditions for compactness of P,C; when the global index of A is infinite.
(This, incidentally, answers the question posed in the first paragraph of this paper:
if his in L_(R) and f in L,(R) then a necessary and sufficient condition for
compactness of P,C; as an operator in L,(R) is that h be in L), i.e., h must be
locally in L,([n, n + 1)) and the sequence of L, norms must converge to zero. This
is equivalent, of course, to the condition given in [2].) The remaining case, when the
global index of f is infinite, is dealt with in Theorem B. This can only occur when
the global index of the range space is 1, so does not apply to operators on L,(R). It
can be applied to L,(R), however. For instance, Corollary 6.10 shows that P,C; is
compact from L,(R) to L,(R) provided A is in L, ,(R) (i-e., h is bounded and the
local bounds on [n, n + 1) are summable) and f is in L (R) (i-e., f is locally
integrable and the L, norms on [n, n + 1) are bounded).

To produce a particularly nasty example, let 8, ¢ be in L, with essential support
in [0, 1] and let

h(x) = foo Vn 0(nx — n?),

f(x) = 2 é(nx — n?)/Vn log*(2n).

n=1
Then P,C; is bounded on L,(R) but not compact. On the other hand, with the
same f, if A(x) = 3%_, log nf(nx — n?) then P, C; is compact. (To be more specific,
take 8(x) = ¢(x) = 1/Vx log(x/2) on (0, 1].)

The class of kernels to which our results apply can be broadened by applying
some simple manipulations. By taking adjoints, we obtained results for convolu-
tion-product operators C;P, and consideration of (P,Cy)*(P,C)) yields results for
kernels of the form

K(x, 1) = [f(x = WG Ay = )

often encountered in applications. A rather different set of kernels can be obtained,
however, by using a change of variables. Let k be a monotone increasing absolutely
continuous function on R and define T on L,(R) by

(Te)x) = [~ fk() = 2)a()y = = (f + £)k(x)).
Then
(17ele = [~ 1/ )k ae

= 71 0 (G) dk = (1Pl

where h = (dx/dk)'/2. Thus boundedness of T reduces to that of a PC operator.
Moreover there are clearly partial isometries U and V such that P,C, = UT,
T = VP,C;, so T is compact iff P,C; is. Similarly, if we let
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(S8)(x) = [ fx = k(D)

we need only observe that S is the adjoint of an operator of the type T defined
previously (with f replaced by f~). Its boundedness and compactness, therefore, are
also determined by those of a PC operator, namely P,C;-. Thus our results
embrace kernels of the type f(k(x) — y) and f(x — k(y)) as well as those of the
form h(x)f(x — y) and their adjoints f(x — y)h(y). Obviously, the restrictions to
monotone k in the above discussion is overly stringent and can be weakened to
demand only that the induced measure be absolutely continuous. The dx/dk in the
above calculation then becomes the Radon-Nikodym derivative.

For specific examples, let f be in L,(R) and define the operators T, T,, S, and
S, on L,(R) by

(Tyg)(x) = [ fleH + sinjx| ~ »)z(5) b,
($18)x) = [ fx = e = sinly|)g(») o,
(T2£)(x) = [~ 1|+ log] | - 28 b,
($:8)(x) = [~ flx ~Iy| ~ loglz(») .

Application of our results as outlined above then shows that T, and S, are compact
while T, and S, are bounded but not compact.

8. Acknowledgements. The authors are indebted to Professor Jesus Gil de
Lamadrid for bringing reference [18] to their attention and to Professor Loren
Argabright for numerous discussions including the observation that the functions
considered in 3.9 provide new equivalent norms.

ADDED IN PROOF. The authors have recently been made aware of several
publications by H. G. Feichtinger which relate to mixed norm spaces as discussed
in this paper. See, for example, [19] and [20].

REFERENCES

1. A. Benedek and R. Panzone, The spaces LP with mixed norm, Duke Math. J. 28 (1961), 301-324.
MR 23A #3451.

2. R. C. Busby, I. Schochetman and H. A. Smith, Integral operators and the compactness of induced
representations, Trans. Amer. Math. Soc. 164 (1972), 461-477. MR 45 #4167.

3. R. C. Busby and I. Schochetman, Compact induced representations, Canad. J. Math. 24 (1972),
5-16. MR 45 #2495.

4. N. Dunford and J. T. Schwartz, Linear operators. 1, Interscience, New York, 1958.

5. W. R. Emerson and F. P. Greenleaf, Covering properties and Folner conditions, Math. Z. 102
(1967), 370-384. MR 36 #3912.

6. S. Grosser and M. Moskowitz, Compactness conditions in topological groups, J. Reine. Angew.
Math. 246 (1971), 1-40. MR 44 #1766.

7. E. Hewitt and K. A. Ross, Abstract harmonic analysis. 1, Academic Press, New York, 1963. MR 28
#158.

8. F. Holland, Harmonic analysis on amalgams of L? and 19, J. London Math. Soc. (2) 10 (1975),
295-305. MR 51 #11013.

9. , On the representation of functions as Fourier transforms of unbounded measures, Proc.
London Math. Soc. (3) 30 (1975), 347-365.




PRODUCT-CONVOLUTION OPERATORS 341

10. C. N. Kellogg, An extension of the Hausdorff-Young theorem, Michigan Math. J. 18 (1971),
121-127. MR 43 #6714.

11. K. Knopp, Infinite sequences and series, Dover, New York, 1956. MR 18, 30.

12. W. A. J. Luxemburg and A. C. Zaanen, Compactness of integral operators in Banach function
spaces, Math. Ann. 149 (1962/63), 150-180. MR 26 #2905.

13. R. Mosak, Central functions in group algebras, Proc. Amer. Math. Soc. 29 (1971), 613-616. MR 43
#5323.

14. N. Rickert, Convolution of L? functions, Proc. Amer. Math. Soc. 18 (1967), 762-763. MR 3§
#7136.

15. W. Rudin, Functional analysis, McGraw-Hill, New York, 1973. MR 51 #1315.

16. J. Steward, Unbounded positive definite functions, Canad. J. Math. 21 (1969), 1309-1318. MR 40
#4689.

17. L. Williams, Generalized Hausdorff-Young inequalities and mixed norm spaces, Pacific J. Math. 38
(1971), 823-833. MR 46 #9653.

18. J.-P. Bertrandias, C. Datry and C. Depuis, Unions et intersections d’espaces L? invariantes par
translation ou convolution, Ann. Inst. Fourier (Grenoble) 28 (1978), 53-84.

19. H. G. Feichtinger, On a class of convolution algebras of functions, Ann. Inst. Fourier (Grenoble) 27
(1977), 135-162.

20. , Banach convolution algebras of functions. 11, Mh. Math. 87 (1979), 181-207.

DEPARTMENT OF MATHEMATICS, DREXEL UNIVERSITY, PHILADELPHIA, PENNSYLVANIA 19100

DEPARTMENT OF MATHEMATICS, ARIZONA STATE UNIVERSITY, TEMPE, ARIZONA 85281



