AN HARMONIC ANALYSIS FOR OPERATORS
I: FORMAL PROPERTIES

BY
KAREL DELEEUW!

1. Introduction

Harmonic analysis deals with objects defined on a group or associated with a
group and attempts to represent these objects in terms of objects which behave
simply with respect to group translation. For example, in the harmonic analysis
of functions on compact commutative groups, the functions which behave
simplest with respect to translation are the characters, for these, and their scalar
multipliers, are precisely the eigenfunctions of the translation operators.

In this paper we initiate a study of a harmonic analysis for operators on
homogeneous Banach spaces on the circle group T. In this case the simple
operators will be those which commute with translation (we shall call these
invariant operators) and also those operators which are the composite of an
invariant operator and multiplication by a character of T. These simple opera-
tors are precisely the operators T which satisfy, for some integer » a functional
equation of the form

TR, = e™R,T, teT,

where R, is the translation operator on T defined by

(RS)s) =f(s — 1), seT.

The operators we call invariant are those which are usually called multipliers
(see [5]) because they are obtained by multiplication on the Fourier transform.
In order to avoid confusion, we shall not use this terminology since we shall
also be dealing with operations of multiplication by a function on T.

Although we state and prove our results for the circle group T, analogues of
all of the results of Sections 2 through 5 are valid for any compact abelian
group.

Some of the results we prove here were announced in [2].

2. Homogeneous spaces: invariant, almost invariant, and simple operators

We shall deal with operators acting on a space of functions on the circle
group T. The spaces we shall consider will be general enough to include all of
the classical Banach function spaces on T.
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We shall assume henceforth that B is a dense linear subspace of L!'(T) which
is translation invariant; i.e., if € B, then its set {R,f: ¢t € T} of translates is
contained in B. We shall assume that B is a Banach space under a norm |- ||
satisfying || fll 1y < | fllg, f€ B, that the norm is translation invariant,
IR.fllg = Ilfllgf€ B, teT,and that the functions in B translate continuously,

2.1 }LHOI IR.f = fllg = O.

So far this is precisely the definition of a homogeneous space of functions on T
in the sense of [4]. We assume in addition one more axiom which is valid in all
of the classical function spaces on T, namely that B is closed under multiplica-
tion by the characters of T, that is, if f € B and » is an integer, then the function
M, f defined by

(M, f)(¢) = e™f(t), teT,

is also in B. (By the Closed Graph Theorem, the operator M, is continuous. We
do not assume that M, is an isometry.)

We denote by % the Banach algebra of bounded linear operators on B,
supplied with the norm |‘||e. The invariant operators in £ are those which
commute with translation; i.e., T is an invariant operator if and only if TR, =
R,T, t € T. We denote the set of invariant operators in & by £,. It is easy to
check that %, is a closed subalgebra of £.

Translation by elements of T gives rise a group of isometries on & as follows.
For t € T, define ¢, by ¢,(T) = R_,TR,, t € T. Then t ~» ¢, is a representation
of the group T on % and the invariant operators in & are precisely the fixed
points of this representation.

We call an operator T in & almost invariant if

2.2) lim |TR, — R,T |y = O.

t—0

We denote the set of almost invariant operators in & by %,. It is simple to
check that &, is a closed subalgebra of £.
The following example may help to clarify the definition of almost invariance.

LemMA 2.1. Let B be C(T) or one of the I’(T). Let ¢ € L°(T). Define the
operator T on B by Tf = ¢ - f, f € B. Then the following are equivalent:

(a) T is almost invariant;

(b) ¢ is equivalent in L*(T) to a continuous function.

Proof. For teT,let T, be the operator on B defined by

T.f= (R¢) f, feB
A simple computation shows that R,7 = T,R,. Thus
ITR, — RTle = TR, — T\Rle = (T — T)R e = IT — Tile
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since R, is an isometry. But |7 — T,|ge = |[¢ — R,¢|, Where | - ||, is the
L* norm, since for a multiplication operator in %, the operator norm is the
same as the L°(T) norm. Thus

lim |TR, — R,T| = 0
t—0

if and only if
(2.3) lin(f)l ¢ — Rl
t—

But (2.3) is true if and only if ¢ is equivalent in L*(T) to a continuous function.

The following characterization of almost invariance will prove to be useful in
the future. Because of this characterization we shall say that the almost invariant
operators are those which translate continuously.

LEmMMA 2.2. Let T € #. Then the following are equivalent:
(@ limyo TR, — RT|e = 0;
(b) t~» R_,TR, is continuous from T to the norm topology of &£.

Proof. Lets, teT. Then
R_TR, — R_,TR, = R_(TR,_, — R,_,T)R,.
Thus, since R_; and R, are isometries,
2.4) IR-,TR, — R_TR,lg = |TR,— — R,-To.

(2.4) shows that (a) and (b) are equivalent.
Using arguments such as those of Theorem 10.2.1 of [3], it is not hard to see
that almost invariance is equivalent to the apparently weaker condition:

{R_,TR,: t € T} is separable in the norm topology of Z.

Each invariant operator on B is clearly almost invariant. We shall see that the
almost invariant operators are those in the closed linear subspace of % spanned
by the operators we introduce next, the simple operators.

For n an integer, we denote by &, the subset of &£ consisting of all operators
T satisfying the functional equation

2.5) TR, = ¢"R,T, teT.

We call an operator in & simple if it is in one of the #,. An easy computation
shows that the multiplication operator M, defined by

(2.6) (M f)(t) = e™f(1), teT,
satisfies the functional equation (2.5) and thus is in 2,
The following summarizes the basic properties of the Z,.

LeMMA 2.3. Each %, is a closed linear subspace of ¥. Each Z, is contained
in Ly If n £ m, then £, n L, =1{0}. If Ue ¥, and Ve L, then,
UVe %, im
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Proof. These facts all follow immediately from the functional equation (2.5).
For example, if Ue £, and V € &Z,,, then

R_,UVR, = R_,UR,R_,VR, = (™U): (e™V) = ' "*tmiyy,

Lemma 2.3 yields the following corollary, which characterizes the simple
operators in terms of invariant operators and the multiplication operators M,
defined by (2.6).

COROLLARY 2.4. Let T € L. Then the following are equivalent:
(@ TeZ,;

(b) thereis Ue % sothat T = UM,;

(c) thereisVeL,sothat T = M,V.

Proof. A simple computation shows that (b) and (c) both imply (a). Con-
versely, suppose that 7€ #,. Then, M_, € ¥, by Lemma 2.3. Thus, T =
M (M_,T), which shows that (a) implies (c). A similar proof shows that (a)
implies (b).

3. The Fourier transform

In this section we introduce a Fourier series for operators in .Z, the terms of
the series being simple operators. If T'is an almost invariant operator, we show
that its Fourier series is C-1 summable to T in the operator norm. As a con-
sequence we obtain the fact that the space £, of almost invariant operators is
the norm closed subalgebra of % generated by the invariant operators in %,
and the multiplication operators M, defined by (2.6). If T is an arbitrary
operator in # we are able to show that its Fourier series is C-1 summable to
T in the strong operator topology of .Z.

For each operator T in .#, and each integer n, we define the operator n,(T)
by the vector valued integral

G.1) L

— e ™R_,TR, dt.
2n ),

A word of interpretation of (3.1) is necessary. If T is almost invariant, the
integrand of (3.1) is continuous from T into the norm topology of £ because
of Lemma 2.2, so the integral makes sense. (See the appendix of [4]) for the
basic properties of vector valued integrals.)

If T is a general operator it is necessary to define #,(7T") indirectly. For this
we need the following:

Lemma 3.1. Let Te &, fe B. Then the mapping s ~» R_TRf is con-
tinuous from T to the norm topology of B.

Proof. We shall prove that this map is continuous at a point ¢ of T. Let
s €T. Then

R—sTRsf_ R—tTRtf= [R—STRsf_ R—sTRtf] + [R—STRtf_ R—tTer]
= [R_,TR](f = Ri—sf) + R_J[(TR.f) — R (TR.f)].
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As a consequence,

(32 IR TR f — R_TRflp < IITlelf = R—oflls + Ilg — Rs—.glls,

where g = TR,f. Since the functions in B translate continuously (as defined
by (2.1)), we have

(3.3) lim ||f — R_;fllg =0
st

and

34 lim [|g — R;_,gllp = 0.

st

The lemma now follows from (3.2), (3.3), and (3.4).
We now return to our definition of #,(7). Choose any T € % and any f € B.
Because of Lemma 3.1, the integral

1 +n

(3.5 e~™R_,TR,f dt

2 ),

makes sense. We define [#,(T)](f) to be the value of the integral (3.5). (This is
clearly consistent with our definition of #,(T) in the case that T is almost
invariant.) It is immediate from elementary properties of the integral that
n,(T) is a bounded linear operator in B and that

(3.6) I7(Dlle < 1T |le.

The following summarizes the basic properties of the map =,.
PROPOSITION 3.2. =, is a projection of & onto 2,

Proof. Itis clear from the linearity properties of the integral that =, is linear.
First we show that &, takes % into .#,. Choose any s € T. Then

R_(m(THR,f = R_, [21 j " e R_TRR,f dt]
T

-7

1 +n —in
=-—j e ™R__R_,TRR,f dt

-T

Ui 77 —ins+
= Eej e"MHOR TRy f di

= e"n(T)f,
using the translation invariance of Lebesgue measure. Thus
R_(n(T)R, = e™m,(T),

and since s was arbitrary, n,(7T) € &,.

n
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To complete the proof of Proposition 3.2 it remains to show that n,(T) = T
if Te &, Chooseany Te%,, fe B. Then

+n

2 (T)f = ij e"™R_ TR, f dt

1 +n . .
- J‘ e—mt(emtT)f dt
2T )

= Tf.
Thus n,(T) = T, which completes the proof of the proposition.
We will associate with each T € & the formal series

+ o

3.7 Y ml(T).

- 0

The series (3.7) will be called the Fourier series of the operator T.
That our definition yields an extension of the usual notion of Fourier series
is seen by the following:

PrOPOSITION 3.3.  Suppose that B = C(T) and that ¢ is a function in B. Let
M, be the multiplication operator deﬁnedA by My(f) = ¢ f, fe B. Then the
Fourier series of the operator My is Y. % ¢(n)M,, where

+n

) = = J e g(t) dt.
2% ),
Proof. LetseT. Then
1
[[r (M1 = [51 j

-7

+n

e ™R_,M,R,f dt:l (s)

1 o —in
-1 j e ™[R_M,R.f1(s) dt

-n

1 +n

-1 J e~ (s + 1)f(s) dt
2n

-T

+n

= f(s) LJ e"e” Mt DG(s + t) dt
2n ),

= f(s)e"p(n) = G(m)(M,f)(s).

We show next that the Fourier series of an operator T is C-1 summable to T
in the operator norm if T is almost invariant and is C-1 summable to T in the
strong operator topology for general 7.

PrOPOSITION 3.4, Let T be an almost invariant operator. Then its Fourier
series 3.+ % 7 (T) is C-1 summable to T in the operator norm.
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Proof. If ®,: ¥y — P, is defined by &(T) = R_,TR,, then ¢t ~» @, is a
representation of the group T on the Banach space #,. Every element of %,
translates continuously; i.e.,

ltin; 1P(T) = Tle =0

Such a situation is covered by the discussion of [1]. Theorem 1.1 of that paper
yields Proposition 3.4 as a special case.

For completeness we include another proof of Proposition 3.4. The Nth C-1
sum of the Fourier series of T is

if 1= Y rr) = Sf = L NL ™ g 7R,
by N+1)™" =N N+ 1/|2n )_, e
1 +n [+N |n| .
3.8 — 1 — ———)e ™ |R_TR,dt
.8) 2n w[%( N+1)° e

+n
- E—ln J Ky(t)R_,TR, dt,

I

where Ky is the Nth Fejer kernel. That the last term in (3.5) converges in the
norm || ||& to T now follows by standard arguments (see for example p. 10 of
[4]) since {Ky} is an approximate identity and

lim |R_,TR, — T|e = 0.
t—0
COROLLARY 3.5. &, the space of almost invariant operators in £, is the
norm closed subalgebra of & generated by the invariant operators and the multi-
plication operators M,.

Proof. This is immediate from Proposition 3.2, Proposition 3.4, and
Corollary 2.4.
We also have an analogue of the Riemann-Lebesgue lemma.

COROLLARY 3.6. Let T be an almost invariant operator. Then

(3.9) lim ||z,(T)]e = 0.

In| =0

Proof. (3.9)is clearly true for T a finite sum of simple operators. By Proposi-
tion 3.4, such operators are norm dense in Z,. (3.6) then shows that (3.9)
holds for every 7 in Zy.

As a final consequence of Proposition 3.4 we obtain the fact that an almost
invariant operator is compact if and only if each term of its Fourier series is
compact. This will be applied later in Section 6 to yield a generalization of the
F. and M. Riesz Theorem.
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CoRrOLLARY 3.7. Let T be an almost invariant operator. Then the following
are equivalent :

(@) T is a compact operator;

(b) =n,(T) is a compact operator for each n.

Proof. (a) implies (b). If T is compact, each R_,TR, is compact. =, (T),
since it is defined by (3.1) will be in the norm closed linear subspace of ¥
spanned by the R_,TR, and consequently will itself be compact.

(b) implies (a). This is immediate from Proposition 3.4, since the limit in the
norm topology of compact operators must be compact.

Finally we point out that the Fourier series of a general T in % is C-1 sum-
mable to T in the strong operator topology of #. Equivalently,

PROPOSITION 3.8. Let Te &, fe B. Then the series >+ n(T)f is C-1
summable to Tf in the norm of B.

Proof. Similar to that of Proposition 3.4.
COROLLARY 3.9. Let Te &, fe B. Thenlim, ., |[7(T)]flp = O.

Proof. This follows from Proposition 3.8 in the same way that Corollary 3.6
followed from Proposition 3.4.

4. The Fourier transform takes multiplication into convolution

In the next two sections we establish some of the formal properties of the
Fourier series defined in the preceding section.

First we introduce some notation. For T € %, n an integer, we define T (n)
to be the operator n,(T). We call T the Fourier transform of the operator T.
Note that T is an #-valued function defined on the integers and that T'(n) € &,
for each n. T is a bounded function because of (3.6),

ITMle < IT)lg, alln.

Finally, if T'is an almost invariant operator, lim,_ IT®)| e = 0, because of
Corollary 3.6.

We show in the next proposition that the Fourier transform takes operator
multiplication into convolution. That this result includes the fact that the
Fourier transform of the product of two functions is the convolution of their
transforms follows from Proposition 3.3.

PROPOSITION 4.1. Let S and T be almost invariant operators. Then the series
Ym=t® S — m)T(m) is C-1 summable to the operator .ﬁ(n) in the operator
norm.
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Proof. We have

(ST)*(n)
4.1

+n
1(ST) = 2‘1{J e~™R_,STR, dt

R 1 +n . +N Iml
lim — "™R_,S - —_— T)|R,dt
i L[ e s[5 1 - 20 ]

Noow 2T | _, =y

because of Proposition 3.2, the limit referring to the operator norm. (4.1) is
equal to

1 +n +N |m|
lim — e'i”' I:Z <1 - m)R—tSRtR—tnm(T)Rt] dt

Now 2T | _, =N

which is the same as

4.2) lim +ZN 1 - ml N L[ e ™R_,SR,e™n,(T) dt
’ Now N+1)2n])_, e

because each =, (T) is in &£, and thus satisfies R_,x,(T)R, = e™n,(T).

Finally, (4.2) is equal to

+N

- Im|
lim 1 — —— ) 1, (S)7,(T),
N-o —ZN ( N +1 (S)7n(T)
because of the definition of =,_,,(S), which completes the proof.

For general operators, we have the analogue of Proposition 4.1 in the strong
operators topology.

PROPOSITION 4.2. Let S and T be in &, f € B. Then the series

m= + oo

S(n — mT(m)f

m= -

is C-1 summable to [(ST)"(n)]f in the norm topology of B.

Proof. Similar to the proof of Proposition 4.1.

5. The Fourier transform takes convolution into multiplication

In this section we define the convolution u * T of a finite Borel measure u on
T and an operator T in % and show that (u * T)* = - T. In the case that T
is the operation of multiplication by a function ¢, p * T will be the operation of
multiplication by the function u * ¢, and thus our result includes the fact that
the Fourier transform of the convolution of a measure and a function is the
product of their transforms.

Let T be an operator in %, u a finite Borel measure on T. We define the
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operator u = T as follows. For each fe B, (u * T)(f) is defined by the vector
valued integral

(5.1) f" RTR_.f du(t).

-7

By Lemma 3.1, (5.1) is a well defined element of B. Using linearity properties
of the integral it is easy to see that u % T is an operator in . If T is almost
invariant, 4 * T can be defined directly by the integral

+r
f R, TR_, du(t).

u * T will then also be almost invariant since each R,TR_, is in ¥, and £,
is a norm closed linear subspace of Z.
The following lemma gives the justification of our definition of convolution.

LEMMA 5.1. Let B = C(T), ¢ € B, T the operator of multiplication by ¢.
Then u * T is the operator of multiplication by p * ¢, where u * ¢ is the function
defined by

(% $)(s) = j " bs — 1) duo).

Proof. Letfe B,seT. Then
U RTR_,f du(t) ] ©

-n

[ * T)f1(s)

r+

= | T [RTR_F1() dut)
= [T @rop6 - 0 duy

= d(s — DR N — 1) du(t)

J-

r+

= | " s = 0f(s) dur)

J T

— 5) j " bs — 1) du(t)

= (1 * )s) - f(s).
Thus (u * T)(f) = (u* ¢) - f.

Our next result shows that the Fourier transform we have defined takes
convolution into multiplication.
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PROPOSITION 5.2. Let T € %, u a finite Borel measure on T. Then

(u* T () = AT (), alln,
where [i is the function defined by fi(n) = [*T e~ ™ du(t).

Proof. Letfe B. Then
[ TY'W]Sf = [rp * TIf

1 r+n .
=5 e ™R_/(u* T)R,f dt

1 f+n it +n
= o e "™R_, I:J‘ R,TR_.R,f du(s):l dt

1 f+n —int +7n
- [T [ j R TR _of dﬂ(S)] d

o —ins 1 o —in(—s+t)

= e o e Ry ,TR_s_pf dt | du(s)

- f " e (T)f] du(s) = AmT ().

This proves that (u * T)* = ji-T.

The foregoing shows that Fourier Stieltjes transforms are universal ‘“‘scalar
multipliers” for Fourier transforms of operators on B. To be precise, if T € &
and p is a finite Borel measure, then there is an operator S in & so that
S(n) = i(m)T(n), all n. (And infact S = p * T.)

6. A generalization of the F. and M. Riesz Theorem

In this section we use the harmonic analysis introduced earlier to obtain a
generalization of the F. and M. Riesz Theorem. The crucial ingredients are
Corollary 3.7, which shows that an almost invariant operator is compact when-
ever all of the terms of its Fourier series are compact, the fact that the compact
invariant operators on C(T) are given by convolution by L!(T) functions and
the classical F. and M. Riesz Theorem.

We shall restrict our attention to the space C(T) of continuous complex
valued functions on T. We define C(T), and C(T)_ by

CM)., = {f:feC(T),f(n) =0ifn < 0};
CM._ = {fifeCT), f(n) = 0ifn > 0}.

Here is our generalization of the F. and M. Riesz Theorem.
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THEOREM 6.1. Let T be an almost invariant operator on C(T). Assume that
6.1) T(C(D),) = C(T)-.
Then T must be a compact operator.

We will present the proof of Theorem 6.1 shortly.
First, observe that an arbitrary operator 7 on C(T) satisfying (6.1) need not
be compact. For example, take the operator T defined by

(TN = f(-1), teT.

We next show how Theorem 6.1 contains the classical F. and M. Riesz
Theorem. For a finite Borel measure x4 on 7, define the convolution operator
C, on C(T) by

O = (ux D) = f”f(t — 5) du(s).

It is easy to check that C,(C(T),) = C(T)- if and only if fi(n) =0, n =
1,2, 3,4,... and thus the classical F. and M. Riesz Theorem is a special case
of Theorem 6.1 because of the following.

LEMMA 6.2. Let u be a finite Borel measure on T. Then the following are
equivalent :

(@) the convolution operator C, is compact;

(b) u is absolutely continuous with respect to Lebesgue measure.

Proof. Denote by M(T) the Banach space of finite Borel measures on T
supplied with the total variation norm ||| pr). For any ue M(T), s € T, the
translated measure p, is defined by

+n +n
j g9(x) duy(x) = f g(x + ) du(x), geC(T).
It is well known that u is absolutely continuous with respect to Lebesgue mea-
sure if and only if

(6.2) ]tl_{H e — Aus”M(T) =0, allseT.

For each function fin C(T), we define the function f by f(t) = f(—1), t e T.
We prove first that (b) implies (a). Let u be absolutely continuous with respect
to Lebesgue measure. We shall show that Cu takes the unit ball of C(T) into
a bounded, equicontinuous subset of C(T) and thus (a) follows from Ascoli’s
Theorem. Boundedness is a consequence of

”Cuf"cm = |lu *f"cm < ”#”M(T)”f”ca'y
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For the equicontinuity, take any fin the unit ball of C(T), s and ¢ in T. Then
I(C ) = (CLHDN = I *f)s) — (1 *f)@)
= |(us * )O0) — (1, * £)O)|

< lus = pellmenll fleerys

so the equicontinuity follows from (6.2).

We next prove the converse, that (a) implies (b). Suppose that u is a measure
in M(T) such that C, is a compact operator on C(T). Let S be the unit ball of
C(T). Choose any ¢ > 0. Then, by Ascoli’s Theorem, there is a § so that for
all fe S,

I(C. D)) = (C.HO <& ifls — 1] <.
Choose s and ¢ in T so that |s — ¢t| < 6. Then

CIS) = CDD! = (s * J)O) = (1 YO
63) - f " 1) dugx) — f”f(x) diix)

< e
Since

lts — elery = sup { f " x) dugx) — f " f(x) dusx)

:feS},

lus — mellmery < € is a consequence of (6.3), which by (6.2) shows that u must
be absolutely continuous with respect to Lebesgue measure. This completes
the proof.

Two more lemmas are needed before we are able to complete the proof of
Theorem 6.1. In the first, C(T) could be replaced by any homogeneous Banach
space of functions in the sense of Section 2.

LEMMA 6.3. Let E and F be closed translation invariant linear subspaces of
C(T), T a bounded linear operator on C(T). If T(E) < F, then n,(T)E) < F,
all n.

Proof. Let n be a positive integer, g € E. Then
+n
(6.4) n(T)g = 2—;] e"™R_,TR,g dt.

Since g € E, foreach t € T, R,g € E. Thus, by the hypotheses of the lemma, for
each t € T, R_,TR,g € F. This shows that for each ¢ € T, the integrand of the
integral (6.4) lies in F, so the integral lies in F since F'is a closed linear subspace.

LEMMA 6.4. Let T be a bounded linear operator on C(T) satisfying
(M) = C(TI)-.
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Then, for each integer n, n,(T) is an operator of the form M,C,, where M, is
multiplication by the function e and C, is convolution by a measure p which
absolutely continuous with respect to Lebesgue measure.

Proof. 1t is known that the invariant operators on C(T) are precisely the
convolution operators C,, for u a finite Borel measure on T. (See [5].) Let n
be an integer. Thus, by Corollary 2.4, n,(T) = M,C, for some measure .
By Lemma 6.3, applied to £ = C(T), and F = C(T)_,

(6.5) (M,CH)C(M),) = C(T)-.
Since, for each integer n, C (™) = pu x e™* = ji(m)e™,
(6.6) fm =0, m=—-n+1,-n+2 —-n+3,...

is a consequence of (6.5). By the classical F. and M. Riesz Theorem, (6.6)
implies that u is absolutely continuous with respect to Lebesgue measure. This
completes the proof of the lemma.

We are now able to complete the proof of Theorem 6.1. Because of assump-
tion (6.1), Lemma 6.4 and Lemma 6.2 show that each 7,(7) is a compact
operator. That T is itself compact now follows from Proposition 3.4.

Finally let us observe that the conclusions of this section remain valid if
C(T) is replaced by L(T).
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