AP IS NOT AN ALGEBRA FOR 1<p<2

RYAN MULLEN

ABSTRACT. Let AP be the Banach space of all continuous functions
on the torus T = {z € C||z| = 1} whose Fourier coefficients are in ¢P.
We show that AP is not an algebra for all 1 < p < 2.

1. INTRODUCTION

A compact subset K C T is said to be Helson if K is a closed subset
of the torus on which every continuous function has a sequence of Fourier
coefficients in ¢'. A Carleson set is a Helson set for which f(n) = 0 for
all n < 0 for all continuous functions f. In 1960 Wik [9] proved the more
interesting relationship that all Helson sets are Carleson sets. Later in 1968
A. Bernard [1] gave a much more concise proof of this fact. His proof was
an application of the following theorem.

Theorem 1.1. (Bernard [1]) Let A be a complex Banach function algebra
on K. If ReA = {Ref|f € A} is uniformly closed then A = C(K).

Bernard’s proof is a combination of this theorem and the fact that A',
the space of all continuous functions on the torus T with summable Fourier
coefficients, has the property that ReA! = ReAlt, where At = {f €
AYf(n) = 0 forallm < 0}. In 1972, M. Gregory [2] introduced the
notion of p-Helson and p-Carleson sets. For these variations on Helson and
Carleson sets the Fourier coefficients need to be in P rather than ¢!. Hence
a 1-Helson set is the original Helson set. Gregory [2] asked the natural
question: “is every p-Helson set a p-Carleson set?” He noted that since
every closed subset of the torus is a 2-Helson set and all 2-Carleson sets
have Lebesgue measure zero, the answer is no for p = 2. But what of the
case 1 < p <27

We define AP to be the space of all continuous functions on T with pth
power summable Fourier coefficients again under pointwise multiplication.
For p > 1, AP is a Banach function space under the norm || - || = max{|| -
lloos [[Fller} (AP is not complete in either norm alone if 1 < p < 2). The
Banach spaces studied here are different than the Banach algebras A,(G)
studied by Larsen, Liu, and Wang [3] and Warner [8]. Their spaces of
functions are all integrable functions on a locally compact abelian group G
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whose Fourier transforms are in LP(G). Also, the multiplication in Ap(G)
is convolution rather than pointwise multiplication.

Can we apply Bernard’s technique to determine if p-Helson and p-Carleson
sets are the same for 1 < p < 27 If so the only fact to be checked would
be whether or not ReA? = ReAPT. However, as this paper will procede to
show, we cannot use Bernard’s technique since AP is not an algebra on the
range 1 < p < 2. It has been shown [4] that AP is not a Banach algebra for
any 1 < p < pg, for a certain pg,1 < pg < 2. In this paper we extend that
result to the entire range 1 < p < 2 via the following theorem.

Theorem 1.2. The Banach space, AP, is not closed under pointwise mul-
tiplication for 1 < p < 2.

In the definition of A” the underlying space is T. What if the domain
of the functions in AP was an arbitrary locally compact group G? De-
fine AP(G) to be the set of all continuous functions on G whose Fourier
transforms are in L? (é), where G is the Pontrjagin dual of G and the un-
derlying measure is a left Haar measure on G. With the LP conjecture in
mind, Theorem 1.2 and the discussion following leads one to the following
conjecture.

Conjecture 1.3. If G is a locally compact group and 1 < p < 2 then AP(G)
is closed under pointwise multiplication if and only if G is compact.

The LP conjecture states: If p > 1 and G is a locally compact group,
LP(G) is closed under convolution if and only if G is compact. For G abelian
and p > 1, the L” conjecture was first proven by Zelazko and Urbanik [10],
[7]. For p > 2 and G not necessarily abelian, the conjecture was proven by
Rajagopalan [5] and Zelazko [11], and a self contained proof of the entire
L? conjecture was given by Saeki [6]. Conjecture 1.3 is slightly stronger, as
the LP conjecture is an immediate corollary in the range 1 < p < 2.

Throughout the remainder of the paper AP = AP(T).

As in the original paper we will use a well-known fact from Banach
function space theory. For completeness, we give the proof here.

Theorem 1.4. Let A be a Banach function space. If A is closed under
multiplication then there exists a constant M such that for all u,v € A,
[uo]l < Mlulll|v].

Proof. For each v € A define the linear operator A,: A — A by A,u = uwv.
By the closed graph theorem A, is continuous. Define the linear operator
I': A — B(A) by T'(v) = A,. Another application of the closed graph
theorem implies that I' is continuous. Thus,
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[uv|l = [ Avul] < A llwll = [T @) ul < Tl ]l
O

In order to obtain an example to illustrate that AP is not closed under
pointwise multiplication we need a family of polynomials g, such that

2
T 1 R (1.1)

n=20 ||gnl|®

It lg2llp < llgallsc or if [g2llp < [lgall3 then [g2]] < [lgnll®. So we are
looking for polynomials g, with relatively small sup norms such that g2
has coefficients with relatively large pth power sums. A natural approach
then is to use Riesz products to ensure no cancelation among positive and
negative terms when squaring. This is precisely what was done in the earlier
work. In this example we use a variation of a Reisz product to obtain the
full result.

2. GENERALIZED REISZ PRODUCT

We begin with a result which allows us to extend results about degree 3
polynomials to polynomials of arbitrarily high degree.

Theorem 2.1. Let f(z) be a third degree polynomial on the torus T with
real coefficients, and let

gn(2) = [] £7).

j=0
Then
lgnllos < I£11%. (2.1)
gnllp = 11 1l3, (2.2)
and
g2, = 1172112 (2.3)

Proof. Inequality (2.1) is a direct consequence of a well-known fact about
sup norms.

Let f(2) = a+ bz + c2? 4+ dz®. Write g, (2) = gn_1(2)f(27"), and notice
that g,_1(2) is a polynomial of degree at most Z-=L. Therefore, the terms
agn—1(2), 027" gn_1(2),c2*7" gn_1(2), and dz>""g,_1(2) have no common
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powers of z. So
llgn-1(2)f(z")II5
= llagn—1 ()} + 1627 gn—-1(2)II} + [lcz* T gn-1 ()} + 1dz>T" gn-1(2) I}
= llgn-1ll5(@” + ¥ + ¢ + )
= |gaalBIF1I5-
Equation (2.2) then follows by induction and taking pth roots.

Let f2(2) = a® + a1z +az2? + az2® + agz* + as52® + ag28. Write g2(2) =
g2_1(2)f?(z™), and notice that g2 ,(z) is a polynomial of degree at most
7"—1. So when g2_,(z) and f2(z7") are multiplied there will be no common
powers of z between the terms a?g,_1(2), a12” gn_1(2), a22®7 gn_1(2),

a3z® " gn_1(2), asz* " gn_1(2), a52° 7" gn_1(2), and a2%"" g, _1(2). So us-
ing the same calculations as for (2.2), we see

lgn—1()f2ET)G = Ngn_1 P 215
Equation (2.3) then follows by inductions and taking pth roots. O

3. CHOOSING COEFFICIENTS

With Theorem 2.1 in hand we can now look for a degree 3 polynomial,
f(x), such that || f|| is small and || f2|,, is large. We are now charged with
determining the coefficients of f(2) = a + bz + c2? + dz3. Since constants
factor out of norms we may as well assign one of the coefficients to be one.
Therefore we can write f(z) = a + bz + cz% + 2. Next we choose a,b and
c to create a relatively small sup norm. Let z € T, that is z = €% where
0 € R thus,
1f(2)]> = a® + 0> +? +142(bc+ab+c) cos O +2(b+ac) cos(20) 4 2a cos(36).
Also,

[£11% < a®+ b 4+ ¢ + 1+ 2|be + ab + c| + 2|b + ac| + 2]al.
In order for this to be small we choose a,b and ¢ so that
bc+ab+c=0
b+ ac=0.
The above system of equations is satisfied when
b=a*>-1
1

cC=— —a.
a

Notice that we could have made the sup norm even smaller if we had insisted
also that a = 0. However, that would force f(z) to be 2% and | f?|, =1
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that is not nearly large enough. Our polynomial, f(z), still needs to have
a large sum of pth power coefficients when squared, however we still have
yet to chose a. We will use that remaining choice to make the ¢ norm of
the coefficients of f2(z) large. Let fu(2) = a+ (a® — 1)z + (L —a)2? + 23
A few calculations give the following results.

1
I fall3%e = a* +2a+ —;,
a

2
1Fali2e = <“p“) (@ + (a — 1))’

aP

— 2 p
I £2(|5 = a®? + (2a® — 2a)? + (a* — 4a® + 3)P + (2@3 — 6a + —)
a

1\? 2\*
+<4a2—4+¥) +<2a—a> +1.

We can use the generalized binomial theorem to give asymptotic descrip-
tions of these three norms.

| fallZ2 = a® + 2pa™? + o(a™"?) (3.1)
[ fall?? = a® + 4a® — 2pa™~2 + 0(a®) (3.2)
17212 = a* + 2°+1a%P + o(a®P) (3.3)

The next two theorems will show that given 1 < p < 2 we can choose a
large enough so that f, will have the desired property.

Theorem 3.1. For all 1 < p < 2 there exists a constant By, such that for
all a > B, we have ||fa|\127 <1 f2p-

Proof. For p > 1, 2PT1 > 4. Therefore this theorem is a direct consequence
of (3.2) and (3.3). O

Theorem 3.2. For all 1 < p < 2 there exists a constant Cp such that for
all a > Cp, we have || folloo < ||fallp-

Proof. Using (3.2) we see for p < 2, we have ||fa||z2,p = a’ + 4430 + o(a®P).
Similarly, using (3.1) we see for p < 2, we have | f,||22 = a*? + o(a®P).
Therefore, there exists an a large enough so that || fo|lce < || fallp- O

Note that in equation (3.2) we include the term —2pa®?~? to illustrate
that this proof will not work for the case p = 2.

For any 1 < p < 2, Let a > max{B), Cp} where B, is obtained from
Theorem 3.1 and C), is obtained from Theorem 3.2. For such a value of a
we have

I fall3e < I1fally < I1£21p-
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Let gn(2) = [} fa(27). We now verify the necessary limit

S I - P 17
n—oo ||gn||2 n— 00 ||gn||% n— 00 ||fa||%n

Therefore AP is not an algebra for 1 < p < 2, and we have proven Theorem
1.2.
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