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WEIGHTED COMPOSITION OPERATORS
BETWEEN TWO LP-SPACES

Rajeev Kumar

Abstract. In this paper, we study the boundedness of weighted composition operators
between two LP-spaces. We present equivalent conditions for the compactness of weighted com-
position operators between two LP-spaces. We also give equivalent conditions for weighted com-
position operators with closed range.

1. Introduction

Let (X, %, u) and (Y, T, v) be two o-finite measure spaces. A measurable trans-
formation T: Y — X is said to be non-singular if v(T~!(A)) = 0, whenever A € &
with p(A) = 0. In this case, we write voT~! < u. Let u: Y — C be an essentially
bounded measurable function. We assume that the support u is the domain of T'.
Then the linear transformation W = W, r: L(X, X, u) — L(Y, T, v) is defined as

Wf=Wyrf=u-foT, foreach feL(X, % pn),

where L(X,X, u) and L(Y,T,v) are the linear spaces of all y-measurable and v-
measurable functions on X and Y, respectively. In the case when W maps LP(X) =
LP(X,%, p)into LU(Y) = LY(Y, T, v), for p,q € [1, 00], we call W = W, r a weighted
composition operator induced by the pair (u,T).

Note that the pair (u,T) induces a weighted composition operator while T
may fail to induce a composition operator from LP(X) into L4(Y). For example
if u(y) = 0, for each y € Y, then W, r induces a weighted composition operator
whether T induces the corresponding composition operator or not.

For g # oo, we define a measure p,, 7 on ¥ as
Moy, 7 = / lu(y)|?dv, foreach A€X.
T-1(4)

Clearly pyr < vo T ! <« pu. Let fu,r denote the Radon-Nikodym derivative
1

of i, with respect to p and let h = (fyr)s: X — C. We know that if the
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Radon-Nikodym derivative of voT ! with respect to u, denoted as fr, is essentially
bounded, then W, 7 is a bounded operator from L?(X) into L4(Y"), for p, ¢ € [1, 0],
but the converse need not be true.

We recall the next result from [16] for the sake of clarity of usage of symbols
throughout the paper.

PROPOSITION 1.1. A o-finite measure space X can be uniquely decomposed as

X:(U An)uB,

neN

where { A bnen is a collection of disjoint atoms and B is a non-atomic part of X.

Note that we identify two sets whose symmetric difference has py-measure zero.
We have u(E \ F) = 0.

Note that the surjective isometries between the spaces of continuous functions
are weighted composition operators. The study of weighted composition operators
is very interesting since such operators provide a common ground for the study of
composition operators and multiplication operators on various function spaces, in
particular, on measurable function spaces. The study of composition operators and
multiplication operators on various functions spaces is still in progress while the
study of weighted composition operators on measurable function spaces is carried
out in this paper.

Some notable works in this direction can be seen in [2], [3], [6], [7], [9], [10],
[15] and [16]. For a beautiful exposition of the study of composition operators on
L?-spaces, see [1] and the references therein.

Using Proposition 1.1 and Proposition 3.1 from [16], the next result easily
follows.

PROPOSITION 1.2. For p,q € [1,00], every weighted composition operator
W =W, r: LP(X) — LI(Y) is a bounded linear operator.

DEFINITION 1. A linear operator U: A — C' from a Banach space A into a
Banach space C' is said to be

(i) compact, if for each bounded set S in A, T'(S) is contained in some compact
set in C.

(#3) completely continuous, if for each weakly convergent sequence (f,)n>1 in A,
the sequence (U(fy))n>1 is strongly convergent in C.

Note that every compact operator U: A — C is completely continuous, but
the converse may not be true in general. The converse holds provided the Banach
space A is reflexive. See [4, p. 173] for details on this issue.

This paper is motivated by the interesting work of H. Takagi, K. Narita and
K. Yokouchi in [10], [15] and [16]. As in [16], we divide our results into three cases
as Case I: p = ¢, Case II: p < g, and Case I1I: p > q.
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2. Boundedness

In the next theorem, we characterize weighted composition operators between
two LP-spaces.

THEOREM 2.1. For p,q € [1,00], the pair (u,T) induces a bounded weighted
composition operator W: LP(X) — L1(Y) if and only if Mp: LP(X) — LX) s
a bounded multiplication operator, where h = (f,, T) X — C denotes the Radon-
Nikodym derivative of pu, v with respect to p.

Proof. For each f € LP(X), we have
W Wiy = [ Tl AT @I vty
= [ W@ )@ d )
/|f W ditr@) = [ 5@ Fur(a) o)

/|h )Y dulx /|th )t d(z)
- ”thHLq(X

This proves the result. m

Using Theorem 1.1 in [16], the next result follows from the above result.

THEOREM 2.2. Let W = W, r: LP(X) — LP(Y) be a weighted composition
operator. Then the following statements are equivalent.

(i) W: LP(X) — LP(X) is a compact operator.
(#7) Mp: LP(X) — LP(X) is a compact operator.

(t4i) For each € >0, Z;, is a finite dimensional subspace of LP(X), where
Zy ={fxa: feLl(X)},
and A=Ay ={z € X : |h(x)] > €}.

Using [16, Thm. 1.2] and Theorem 2.1, the next result is an easy exercise for
the reader.

THEOREM 2.3. For 1 < g < p < 0o, the weighted composition operator W =

Wyr: LP(X) — LUY) is continuous if and only if h € L"(X), where % + 1= %.

Combining Theorem 2.1 and Theorem 2.3, we have
THEOREM 2.4. For 1l < g < p < oo, let W = W, p: LP(X) — LUY) be

a continuous weighted composition operator. Then the following statements are
equivalent.
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(1) W is a compact operator.

(i1) W is a completely continuous operator.

(i9i) Mp: LP(X) — LX) is a compact operator.

(iv) Mp: LP(X) — LY(X) is a completely continuous operator.
(v) ( ) =0 for p-almost all v € B, and ), . |h(A,)]" < c0.

THEOREM 2.5. For 1 < p < q < oo, the pair (u,T) induces a continuous
weighted composition operator W =W, r: LP(X) — LI(Y") if and only if we have

(1) h(zx) =0 for p-almost all x € B, the non-atomic part of X.

.. h(A,
(1) sup,en | ((A ))l < 00, where * + L %_

In this case, we have

[h(An)

1-
s

W || = ||Mp]| = sup
W = [| M| AL

COROLLARY 2.6. Let 1 < p < g < oo and X be non-atomic. Then there is no
non-zero weighted composition operator from LP(X) into L1(Y').

Combining Theorem 2.1 and Theorem 2.5, we have

THEOREM 2.7. For 1l < p < g < oo, let W = W, p: LP(X) — LUY) be
a continuous weighted composition operator. Then the following statements are
equivalent.

(i) W is a compact operator.

(ii) W is a completely continuous operator.
(#i1) My : LP(X) — L(X) is a compact operator.

(iv) Mp: LP(X) — L9(X) is a completely continuous operator.
(v) ( )—Ofor,u almost all z € B, and —"42) . — 0.

1 1
u(Ap)P
3. Weighted composition operators with closed range

In this section, we discuss the weighted composition operators with closed
range. Using Theorem 2.1 the next result follows along the similar lines as in [16,
Lemma 4.1].

THEOREM 3.1. Forp € [1,00], let W = W, p: LP(X) — LUY) be a weighted
composition operator. Then W has closed range if and only if the multiplication
operator My: LP(X) — L9(X) has closed range.

Using Theorem 2.1, we can easily prove the following lemma. For details, see
[16].
LEMMA 3.2. Under the hypothesis of the above theorem, operator W has closed

range if and only if there is a constant ¢ > 0 such that

IWurfllLacs) = cllfllzrs),
for each h € LP(S), where S = S, = supp(h).
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Let X, 1 be the collection of all E € ¥ with
(1) u(E) < oo.
(15) If F e ¥ with F C E and p, r(F) =0, then p(F) =0.

LEMMA 3.3. Suppose E € ¥ and p(E) < co. Then E € X, 1 if and only if
E € supp(h) = supp(fu,1)-

Proof. Let E € supp(h), let F' € ¥ be that F' C E and p,, 7 (F) = 0. We write
F={zeF:h(x)>0}={xecF: f,r(z)>0}

If u(F) > 0, there is some 6 > 0 such that u(G) > 0, where G = {z € F :
fur(x) >} and we have

0= prur(F) = / furdy> / furdu > 6u(G) > 0
F G

and this contradiction proves that p(F') = 0 so that F' € &, 7.

Conversely, for E € ¥, 7, let F = E \ supp(h). Then FF C E and since
fur(x) =0 for p-almost all = € F, we have

:u’u,T(F) = / fu,T d,u/ = 07
F
which implies that p(F') = 0 so that E C supp(h). This proves the lemma. m

THEOREM 3.4. Forp = g € [1,00), let W: LP(X) — LU(Y) be a weighted
composition operator. Then the following statements are equivalent.

(i) The operator W has closed range.
(i) There is some § > Osuch that |h(x)| > 0 for p-almost all x € supp(h) = Sp,.
(#43) There is some ¢ > o such that p, v(E) > cu(E) for all E € ¥y, 1.

Proof. Using Theorem 2.1 and Thm. 2.1 in [16], we have (i) < (ii). Next we
prove that (i) and (ii7) are equivalent.

(17) = (ii7). Let E € X, r be arbitrary. Then by the above lemma E € supp(h)
so that f, r > 0 for y-almost all x € ¥ and we have

pu,T(E) = /Efu,T dp > opu(E).

(791) = (i1). Let A = {z € supp(h) : fur(x) < d}. We prove that u(A) = 0.
Suppose p(A) > 0. Since p-is o-finite, there exists £ € ¥, r and 0 < §, < § with
E C {z € supp(h) : fur(r) < do}) and 0 < p(E) < oo, using Lemma 3.3, we see
that £ € 3. Then for ¢ = §, we have

(B < puie(E) = [ fuirdin < 8on(E) < () = cu(E).

This proves that p(A) = 0. Thus f, r(z) > 0 for p-almost all z € supp(h). m
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THEOREM 3.5. For 1 < q < p < oo, let W be a weighted composition from
LP(X) into LY(Y). Then the following statements are equivalent.

(i
(ii) The operator W has finite rank.
(i4i) The operator My : LP(X) — L4(X) has closed range.

) The operator W has closed range.
)
)
(iv) The operator My: LP(X) — L2(X) has finite rank.
)
)

?
(v) h(xz) =0 for p-almost all x € B and the set {n € N : h(A,) # 0} is finite.
(i) pu,r(B) =0 for p-almost all x € B and the set {n € N : p, 17(Ay,) # 0} is

finite.
Proof. Using Theorem 2.1 and Thm. 2.2 in [16], we see that
(i) & (1i1) & (iv) < (v).

Note that we have

Using equation (3.1), we see that (v) < (vi). Clearly, we have (i) = (i). We prove
that (i) = (i4).

Suppose that (i) holds. Then, clearly, (vi) holds since (i) and (vi) are equiva-
lent. Clearly, the range W (LP (X)) is contained in the subspace of L4(Y") generated
by the collection {x7-1(a,)}nen, r,» Where Nyr = {x € N : j1, 7(A,) # 0}. Also,
we have

fru, 1 (An) = /T_l(A )IU(x)quV(ff) = u(T™ 1 (An)) (T (An)).

Since N, r is finite, we see that W (LP(X)) is finite-dimensional. This proves that
W has finite rank. m

COROLLARY 3.6. For1 < ¢ <p<oo. If X is non-atomic and v(Y) > 0, then
there is no non-zero weighted composition operator from LP(X) into L1(Y) with
closed range.

Using Theorem 2.1 and Thm. 2.3 from [16], we have the next result.

THEOREM 3.7. Let W, r be a weighted composition operator from LP(X) into
LUY), for 1 <p < q < oo. Then the following statements are equivalent.
(i) The operator W has closed range.
(i1) The operator Mp: LP(X) — L1(X) has closed range.
(7i1) The operator My : LP(X) — L1(X) has finite rank.
(tv) The set {n € N : h(A,,) # 0} is finite.

In the following results we include the case when p = oo or ¢ = co.
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THEOREM 3.8. Suppose u € L®(Y,T,v) and T: Y — X is a non-singular
measurable transformation. Then W: L*(X) — L*°(Y) is a continuous weighted
composition operator and it has closed range if and only if |u(z)| > 6 for p-almost
all z € supp(u).

THEOREM 3.9. Forp = 00, ¢ € [1,00) and p,1(X) < oo, the pair (u,T)
induces the weighted composition operator W: L>®(X) — LY(Y) and its norm is
given by

1
Wzl = (pur(X))7.
Moreover, the following statements are equivalent.
(i) The operator Wy, 1 has closed range.
(i7) The operator Wy, r has finite rank.
(443) pu,r(B) =0 and the set {n € N : u, 1v(A,) # 0} is finite.

THEOREM 3.10. For p € [1,00) and ¢ = oo, the pair (u,T) induces the
weighted composition operator W: LP(X) — L>®(Y) if and only if v(T~*(B)) =0
and inf,cn 1(Ay,) > 0, where

N={neN:vu(T A,)) #0}.

In this case, we have

1
Wy, r| = (sup
IWarll = (sup 27

Also, the following statements are equivalent.
(¢) The operator Wy, r has closed range.

(i) The operator W, r has finite rank.

(iii) The set {n € N : v(T~(A,)) # 0} is finite.
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