Hankel operators and VMO on the bi-disc

Erin Terwilleger

ABSTRACT. We first extend Nehari’s theorem concerning the boundedness of
Hankel operators of one complex variable to the bi-disc with a product dilation
structure. This fact relies on a result of S. Ferguson and M. Lacey (8] which
gives a way to characterize the boundedness of the little Hankel operators of
two complex variables in terms of the product BMO space of S.-Y. Chang and
R. Fefferman [2}|3]. The main results of the paper then give several characteri-
zations of the compactness of the little Hankel operators. The first is in terms
of the product VMO space, and the others are an extension of Hartman’s
theorem to the product domain. In addition, we phrase these results in terms
of commutators and Carleson measures. Finally, we obtain the two parameter
duality result VMO* = H'. These results are joint work with M. Lacey and
B. Wick, first published in the Proceedings of the American Mathematical
Society in Volume 134, Number 2.

1. Overview of One Parameter Theory

We begin with a brief survey of the one parameter theory. By this, we mean
that the families of functions and operators involved are invariant under a one
parameter dilation, whether the functions are defined on one or several variables.
There are several function spaces that are critical to the study of Hankel operators,
the first of which are the Hardy spaces HP (D). For 1 < p < co, HP(D) is the space
consisting of analytic functions F' in D such that

) 1/p
|Fly = sup ( / |F(re2“"|do) ‘.
T

0<r<1

Since F' has nontangential boundary values almost everywhere on T, we can identify
HP (D) with the space of its boundary values. H?(D) can also be seen as the closure
in LP(T) norm of the span of the exponentials {z" : n € N}. In other words, for
[ € LP(T), if the extension F(z) =~ f(n)z” is analytic in the disc, we regard
f as an HP(D) function.
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John and Nirenberg [13] first introduced the space of functions of bounded
mean oscillation, or BM O, in 1961. For f € L'(T) and I a subarc of T,

f € BMO(T) if and only if supi/\fffﬂdm < 00,
r m(I) Jr

where m denotes the normalized Lebesgue measure on T and f; is the mean value
of f over I. In 1975, Sarason [19] described a subspace of BMO called the space
of vanishing mean oscillation, or VMO. We say that f € VMO(T) if and only if

S
m(I)

lim
m(I)—0

/|f—f1\dm=o,
I

which is equivalent to saying f is in the closure of C(T) with respect to the BMO
topology.

The definitions and results above can also be phrased on T™ or on the real
line and R™ via a conformal mapping. We can identify H?(C’) with the space of
functions that have a holomorphic extension to the upper half space

C} = ﬁ{z € C: Re(z) > 0}.

j=1

We will especially be interested in the real Hardy spaces, denoted HP(R™), which
consist of the real parts of the boundary values of functions in H?(C’}). There
are several equivalent norms on this space in terms of square functions, maximal
functions, and the Hilbert transform in one dimension or the Riesz transforms in
n > 1 dimensions. See the seminal paper of C. Fefferman and E. M. Stein [6]
for details. In the early 70’s, C. Fefferman [5] and C. Fefferman and E. M. Stein
[6] proved the remarkable result that BMO(R™) is the dual of the Hardy space
H'(R™). This was done by showing a certain Carleson measure condition. This
Carleson measure cannot simply be tensored up to obtain a multi-parameter duality
theorem, as we will see later. On the disc, BMO(T) is the dual of Re(H'(D)) which
is the subspace of functions in L!(T) whose Hilbert transform is also in L!(T).

Hankel operators are an important tool used in the study of such problems
as the Nevanlinna—Pick interpolation problem. To define these operators we first
notice that

L*(T) = H*(D) ® H2(D),

where H?(D) and H2(D) are the space of square integrable functions with respec-
tively analytic and anti-analytic extensions in D. We can also think of H?(D) as
the space of square integrable functions with vanishing Fourier coefficients corre-
sponding to the negative frequencies and vice versa for H?(D). Define the Riesz
projection

P_: L*T) — H2(D).
For ¢ € L*(T), often called the symbol, we define the Hankel operator
H,: H*(D) — H2(D),
H«pf =P_ Mgofv

where M, denotes pointwise multiplication by ¢. A well-known theorem of Nehari
describes the boundedness of the Hankel operators in terms of the symbol.
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1.1. THEOREM. (Nehari [16]) H, is bounded if and only if there is a function
€ L>(T) for which

P_po=P_1.
In this case,

| Hy || =inf{|[v)]| o0 : B(m) = 1h(m), m <0}
:”]PLSO”BMO(’HW

The classical Nehari problem deals with approximating an L*° function by
bounded, analytic functions. If ¢ € L*°, then Nehari’s theorem says that

[He | = inf{l[¢ — flloo : f € H*}.

Thus the norm of the Hankel operator can viewed as the distance from ¢ to H*°.
The original theorem of Nehari came before the introduction of BMO and so
did not have this aspect of the above theorem. In his original proof, Nehari used
the crucial idea that each H!(DD) function can be written as a product of H?(D)
functions with equality of norms. This factorization does not carry over to several
variables let alone several parameters. In 1976, R. Coifman, R. Rochberg, and G.
Weiss proved a “weak factorization” result for functions in H'(R™). Namely

fe H'(R")iff 3(g;), (h;) € H*(R") st. f =Y gihjand > _|lg;ll2llhll2 < oc.

J J

Therefore, if we relax equality to equivalence, then Nehari’s Theorem extends to
T". Once H' — BMO duality was established, another proof of Nehari’s theorem
became available. This uses C. Fefferman’s [5] result that

BMO ={¢+7n:&ne L™},

where 77 denotes the harmonic conjugate of . On the real line, the harmonic
conjugate is replaced by the Riesz projection of L? onto H?. In either case, one
can readily see that if the projection of ¢ onto its negative Fourier coefficients is in
BMO, then it agrees with an L function on the negative Fourier coefficients.

We now consider the issue of compactness of Hankel operators. We first have
the following Hartman compactness criteria. Let H*> + C denote the functions
@ € L™ such that ¢ = f + g, where f € H*>® and g € C(T).

1.2. THEOREM. (Hartman [12]) Let ¢ € L™. TFAE

(i) H, is compact.
(ii) ¢ € H® + C.
(iif) 3¢ € C(T) such that H, = Hy.

We note that the condition that ¢ be an L*> function is only necessary for part
(ii) above. There is another characterization of compact Hankel operators in terms
of the space VMO.

1.3. THEOREM. (Sarason [18|19]) Let o € L?. Then H,, is compact if and only
ifP_p € VMO.

This follows easily from Theorem once we have the additional facts, due to
Sarason, that H*® + C is a closed subalgebra of L>° and

VMO ={(+n:£{neC(T)}
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In two or more parameters, there is no such factorization which adds a level of
difficulty to the problem.

Throughout, by A < B we mean that there is an absolute constant K so that
A< KB. By A~ B wemean A < B and B < A.

2. The Hardy and BMO Spaces on the Bi-disc

In product theory on the polydisc, one is generally concerned with operators
acting on functions on D™ x D™ x - .- x D™ invariant under a k-parameter family
of dilations defined by

(l‘l,xg, . ,.’I,'k) — ((511‘17 (521}27 N ,5kx;€).

Operators on functions of complex and real product spaces are also commonly
investigated. We seek to extend the ideas in Section 1 to two parameters. Namely,
we’ll consider product spaces like D @ D where we allow dilations independent in
each variable. The structure in this setting is quite different and is not merely a
trivial extension of the one parameter case.

The analytic product Hardy spaces H?(D ® D) consist of complex functions F'
analytic on the bi-disc in each variable separately for which

|F|\%p == sup / |F(r1€2™01 1y e?™02)|P df, df,y < oco.
0<r;<1JTeT

The boundary values of F' exist almost everywhere when 1 < p < oo, and so we

again can identify HP(D®D) with the space of its boundary values. For functions in

HP(D®D), the Fourier coefficients can be nonzero only on the positive frequencies

in each variable. The analytic Hardy spaces HP(Cy ® C;) consist of complex

functions F' analytic in each variable separately such that

|F||%, == sup / |F(z1 + iy1, 22 + 1y2)|P dz1dze < 0.
y1,92>0 JR?
We also need the real Hardy space H!'. The real Hardy space H!(R ® R)
consists of real valued functions f on R? for which

1l 2 rem) == > [A1 A2 f|[1 < oo,
Aq,Axe{l,H,,H>}

where I is the identity operator and H; is the Hilbert transform computed in the
jth coordinate. This defers from the n-dimensional one parameter case where the
norm can be taken as

£l @y = I f @y + D IR flloian),
j=1
where R; is the j-th Riesz transform. For f € H'(R ® R), there is a bianalytic
extension F(z1, 2z2) to C; ® C4 such that

lim Re F(z1 + iy1, 2 +iy2) = f(21,22) a.e.
y1,Y210

There are several equivalent definitions of this Hardy space in terms of maximal,
square, and area functions in the product setting. See the papers of R. F. Gundy
[10] and R. F. Gundy and E. M. Stein [11].

The dual space BMO(R ® R) of real H!(R ® R) was identified by S.-Y. Chang
and R. Fefferman [2)|3]. This is a nontrivial extension of the one parameter case
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since the associated Carleson measures are far more complicated. In addition, there
is not a nice, intrinsic definition as the one given by John and Nirenberg in one
parameter.

Although not an intrinsic definition, we can give another characterization of
product BM O in terms of wavelets and Carleson measures which is very useful. Let
D denote the set of dyadic intervals on R. Given a rectangle R = R; X Ry € D xD
define translation and dilation invariant operators

Tyf(x) =flz~y), yeR?

1 X1 To

DY flxy, xo ::7]”(—,—), 0<p<oo.
mxra 1 2) =R e R TRa

Note that the dilation operator preserves LP norm and depends upon the scale but

not location of the rectangle Ry x Rs. We let v be a function on R of mean value

zero which is bounded, piecewise continuous, rapidly decreasing and satisfies the

following. If we set

w(x1,x2) = v(z1)v(22), and
wr = ToryDRw,

where ¢(R) is the center of R, then {wgr : R € D x D} is an orthonormal basis for
L?(R?).

The function v is a building block for a wavelet basis. We can build specific
wavelets that will do the job. For example, one can take the Haar wavelets which
come from dilations and translations of the product of the one variable function
h = —1(9,1/2) + 1[1/2,1). Another example is a Meyer wavelet which is built up from
a Schwartz function v of L? norm one whose Fourier transform is supported in some
annulus, say 2r < |¢] < 8. Notice that the Haar wavelets have compact spatial
support but are not smooth, while the Meyer wavelet is smooth and does not have
compact spatial support. It does, however, decay faster than the reciprocal of any
polynomial.

In the language of wavelets, a theorem of Chang and Fefferman [2[3] then
becomes

1/2
(2.1) 1 lrroer ~ sup[IU17 3 1(fwn)?]
v RCU

As in one parameter BM O, the “norm” above is actually a semi-norm, but we will
consider it a norm by identifying constant functions with 0. An essential part of
this definition is that the supremum be formed over all subsets U of the plane with
finite measure. In one dimension, this is equivalent to

1/2
1 lsaroge ~ sup[1717* Y1 Fwn]
d IcJ

where J is any interval and I is a dyadic interval. If we merely take the tensor
product of such an expression, then the supremum in would be over rectangles
U in the plane. However, doing so generates the space referred to as rectangular
BMO, or BMO(rec). This space is decidedly larger than BMO, as an example
of Carleson [1] demonstrates. R. Fefferman [7] used Carleson’s example to produce
functions which act as linear functionals on H'(R ® R) with norm one, yet have
arbitrarily small BMO(rec) norm.
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As with the Hardy spaces, there are both analytic and real product BMO
spaces. To define analytic BMO(C; ® C.), the definition (2.1]) can still be used
with the functions wg replaced by the jointly analytic projections Py jwg.

3. Boundedness of the Hankel Operators on H?(D ® D)

Let us now define the little Hankel operators. We let H? | (D ® D) denote the
space of square integrable functions with (anti) analytic extensions in each variable
separately. L?(T ® T) is then the direct sum of

L(TQRT) = ®eeqa, 41 HZ(D @ D).

Let P+ 1 be the corresponding projection operators of L*(T®T) onto H , (D®D).
The Hankel operators we study are given by

h,:HY ,(D®D)— H? _(D®D)
h<pf =P__M,f,

where M, denotes the operator of pointwise multiplication by ¢ initially taken to
be in L?(T ® T). One can see that these operators are “little” in the sense that
they project onto the smallest possible subspace of L2. Ferguson and Sadosky |9
examined so called big Hankel operators projecting onto the subspace of L? which
is antianalytic in at least one variable and their relationship with a proper subset
of product BMO.

The following theorem extends Nehari’s Theorem [16] to two complex variables
and is basically equivalent to a result of S. Ferguson and M. Lacey [§8] which we
discuss below.

3.1. THEOREM. (Lacey, Terwilleger, Wick [15]) The Hankel operator h, is
bounded iff there is a function p € L®(T @ T) for which P_ _¢p =P_ _4, and we
have the equivalence
(3.1) [l

(3.2)

Q

nf{|[¢]loe - P _p=P_ _¢}
IP— — ¢l BmoTeT)-

Q

The above result, along with the ones below, have equivalent formulations in
terms of Hankel operators on H?(C, ®C). In addition, this result can be phrased
in the language of commutators. For a function ¢ € BMO(R®R) define the iterated
commutator

(33) Oc,a = [[MgoaHl]a HQ]

where H; denotes the Hilbert transform computed in the coordinate j. In the next
section, we show precisely how the commutator is related to Hankel operators.

In 1976, Coifman, Rochberg, and Weiss [4] showed in the case of one parameter
that ||[[M,, H]||l2—2 =~ [|¢|lgaom®n). From this they deduced the “weak factoriza-
tion” result for functions in H'(R™) mentioned earlier. Ferguson and Lacey |8
obtained the two parameter result

1Colle—r2 = lellBro®SR)-

Their paper is phrased on the real line, as the technical arguments are easier in this
case. The difficulty in the two parameter setting is in proving the lower bound. To
do so, one assumes that the function ¢ has BMO norm one, but has arbitrarily
small BMO(rec) norm. The key is to then use a covering lemma of Journé which
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shows that the BMO(rec) norm can dominate the BM O norm if one puts a factor
on the wavelet coefficients which depends on the rectangle associated to the wavelet
and how embedded it is in the set.

The result of Ferguson and Lacey has two important of consequences. First, it
gives another intrinsic characterization of product BM O in terms of commutators.
Second, they obtain a weak factorization result in the product domain. This follows
since for functions f, g € L?(R?),

<Ctp.f¢ g> ~ <<P7P—,—fIP+7+g>'

(This equivalence will be more apparent if one looks ahead to the proof of Corol-
lary ) Thus the operator norm of C, is comparable to

sup {0, fg)] = | Cpll L2 12,

where the supremum is over functions f and g in H2(R®R) of norm one. But since
¢ € BMO(R ® R) which is dual to H*(R ® R), the Lacey-Ferguson result implies
that the above norms are equivalent to

llell Bromer) = sup (¢, k)|,

where the supremum is over functions A is in the unit ball of H!(R®R). Therefore,
if we let H2(D @ D)®H?*(D ® D) € LY(T ® T) denote the injective tensor product
with norm

Vel sz = wE{ S sl lgslla = =3 fr05},
J J

we have
(3.4) H’DeD)RH?*DeD)=H' (D D).

Using this equality, one is able to adopt the classical proof of Nehari to prove
Theorem One initially defines a linear functional on H*(D ® D)@ H?(D ® D)
which extends to one on H'(D ® D) by . Also essential is the duality of
H'(D®D) and BMO(D ® D). See Lacey, Terwilleger, and Wick [15] for details.

The weak factorization result of Ferguson and Lacey [8] is crucial to this proof
as it is really the only place in the proof where two parameters, as opposed to one,
make a difference. As mentioned earlier, in one dimension, we have a factorization
of an H' function into a product of H? functions with equality of norms. Thus one
attains equality in . A natural question to ask next is whether these results
extend to the n dimensional polydisc. Lacey and Terwilleger [14] answered this
in the affirmative. The proof of Ferguson and Lacey depends on the geometrical
Journé Lemma which only holds in two dimensions in the form used. Lacey and
Terwilleger were able to prove an n dimensional version of Theorem by defining
a range of “new” BMO spaces and using an inductive approach along with a
nontrivial higher dimensional extension of Journé’s lemma.

4. Compactness of the Hankel Operators on H?(D ® D)

Once establishing criteria for the boundedness of little Hankel operators of two
complex variables, it is only natural to ask for necessary and sufficient conditions
for the compactness of the Hankel operators. We have the following refinement of
Theorem [B.11
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4.1. THEOREM. (Lacey, Terwilleger, Wick [15]) hy is compact iff P_ _p is in
the closure of C(T @ T) with respect to the BMO topology.

We call this last space VMO(D ® D) in view of the classical result of Sarason
[19] in one parameter. This space has an equivalent characterization in terms of
wavelets and Carleson measures which we take up in Section [6]

To establish the one parameter version of Theorem one uses the Hart-
man compactness criteria along with Sarason’s representation of VMO functions
in terms of continuous functions. As noted earlier, we do not have such a represen-
tation in two parameters. However, we do obtain a version of Hartman’s theorem
which will be discussed in Section |5} To prove Theorem one can take a direct
approach using Theorem along with the following lemma which is also used in
the next section. Let S; be the shift operator on H? , (D ® D) associated with
multiplication by z;, for j =1, 2.

4.2. LEMMA. (Lacey, Terwilleger, Wick [15]]) For all compact operators K :
H: ,(D®D) — H2 _(D®D), as n,m — oo we have |KS}Si| — 0, for
Ji' =12

Proor. If j = 5/, we simply have S}H'm, which is one of the multiplication
operators, and the argument we give will also work. Thus by symmetry we can
suppose that j = 1 and j/ = 2. Since we can approximate any compact operator by
finite rank operators, it is also enough to deal with rank one operators. Furthermore,

we actually check the claim on a dense class of rank one operators. In particular,
take K to be defined by

K(f)=(f,g)h  VfeH?_ (DeD)

withh € H? _(D®D)and g € H} | (D®D) a polynomial of degree strictly less than
n in the z; variable and strictly less than m in the z, variable. For a polynomial

p(21,22) = Yoo Yoneo Gikzi25 in HY ,(D®D),

S159p(21, 22) E E aipzittaA T

=0 k=0
The adjoint operator is then a backward shift given by

r—1s—1
S15:p(21, 22) ZZ“(Hl)(Hl)Zl%
=0 k=0
Therefore (S7)"(55)"g = P4 4+ (27 "23 ™g) = 0, which means K57 55" = 0. O

If we assume h,, is compact, then we use Lemma with the shift operators
ST, 5%, and ST'S3 to obtain that the operator norm of a composition of a Hankel
operator with the shift operator is arbitrarily small. But we can think of these as
Hankel operators where the frequencies of the Fourier coefficients are shifted by
—n. Thus by Theorem the result of Theorem [£.1]is deduced. Again see the
paper of Lacey, Terwilleger, and Wick [15] for details.

The compactness result for Hankel operators implies compactness of the com-
mutator. In the commutator setting, we need the real Hardy, BMO, and VMO
spaces. Let us define the real VMO space

VMOR ®R) := closgyo C5° (R @ R)

where C§° denotes the space of smooth, compactly supported functions.



HANKEL OPERATORS AND VMO ON THE BI-DISC 9

4.3. COROLLARY. (Lacey, Terwilleger, Wick [15]) The commutator Cy, is com-
pact iff o € VMO(R @ R).

PROOF. This proof uses the characterization of the compactness of the Hankel
operators that we have already given in Theorem While we discussed that
proof on the bi-torus, it has an equivalent formulation on R ® R. Therefore we
show how to identify the nested commutators C, with the little Hankel operators
when working in R ® R.

The first observation is that the Hilbert transforms can be written in terms of
the projection operators:

H1 = P+,+ + ]P-i-,— — ]P)_7+ — ]P)_7_ and H2 = ]P)+7+ + ]P)_7+ — ]P+7— — ]P)_7_.
Therefore the commutator Cy, := [[M,,, H1], Hs| can be written
Co=4(Py y MP__ —Py MyP_y —P_ MPy +P__MP, ).

The commutator acts on L*(R ® R) = @®.cqr 41 HZ(D ® D), and so this gives
four relevant Hankel operators as maps from H2(R ® R) — H2_(R ® R), where
e € {£, £} and —¢ is conjugate to €. They are defined

hpe=P_.M, : H R®R) — H?_(R®R).

By a similar proof as that for Theorem [4.1] we have the fact that any of these
operators is compact iff P_. ¢ € VMOR ® R). But ¢ = ®.cqs 43P . Thus C,
is compact iff each of the h, . are compact iff ¢ € VMO(R ® R). O

5. Hartman’s Compactness Criteria on the Bi-disc

We have already discussed one compactness criterion for little Hankel operators.
If the symbol of the Hankel operator is assumed to be bounded, then there is a
different viewpoint in terms of the essential norm and Hartman’s Compactness
Criteria. The essential norm is defined to be

[helle == inf{||h, — K|| : K: H} (T®T)— H> (T®T) is compact}.

Observe that ||kl = 0 iff hy, is compact. The key step is the following theo-
rem which gives us a way to quantify the essential norm of Hankel operators in
terms of the distance from a certain space of functions. Let £ (T ® T) be the
space of functions b € LP(T ® T) such that Py +b = 0. One should be careful to
note the difference of the meaning of the subscripts on these spaces as opposed to
HY (T ®T), where, for example, if b € H> (T ® T), then P_ _b # 0 while the
projections onto the other orthants are zero. We will principally be concerned with
the space L2 (T ® T) which takes the place of bounded analytic functions in one
parameter. It is not enough to consider H°, (T®T), as this space does not contain
all the functions whose anti-analytic projection in each variable is zero. Recall that
LX (T®T)+ C(T®T) is the space of functions ¢ € L>(T @ T) that have a
decomposition of the form ¢ + g with vy € L2 _(T® T) and g € C(T®T).

5.1. THEOREM. (Lacey, Terwilleger, Wick [15]) Let p € L*(T @ T). Then
[holle = distre (@, L2+ C).

Assuming this theorem, we can easily deduce a two parameter version of Hart-
man’s Theorem.
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5.2. THEOREM. (Lacey, Terwilleger, Wick [15]) Let ¢ € L>®(T ® T). Then the
following are equivalent

(i) hy is compact.
(i) p€ L2 _(T®T)+C(TOT).

(iil) there exists a g € C(T @ T) such that hy, = hy.

It should be noted that in light of Theorem[4.1] the condition that ¢ be bounded
is not needed to prove (i) and (iii) are equivalent.

The proof of Theorem found in [15] follows the presentation of Hartman’s
Theorem in V. Peller’s book [17]. Thus the structure of the proof is very similar to
the one parameter version. However, at one point, a key fact will not be available
to us since we are working with £2°_(T ® T) rather than H$°, (T ® T). It turns
out we can get around this with a suitable characterization of the space LZ_ 4+ C.
In the spirit of the one-variable case we have the following theorem.

5.3. THEOREM. (Lacey, Terwilleger, Wick [15]) L> _+ C is a closed subspace
of L®(T® T), and moreover

L> 4 C = clospe ( Z17Z5 L2 _(T® T)) .
n,m=0
This is a slightly weaker result than what one would find in one complex vari-
able. The one variable analog of the space above, H* + C| is in fact a sub-algebra
of L*°(T). In higher dimensions, £>°_ (T ® T) is not closed under multiplication
as HY, (D ®D) is, so £L2_ + C will not be a sub-algebra. However, the formu-
lation above is enough for our purposes. To prove this theorem, one uses that for
peC(T®T)
dist oo (0, L2 ) = dist e (¢, L _NC).
One last fact is crucial for the proof of Theorem [5.1] In one parameter, the
norm of a Hankel operator is equal to the distance in L* of its symbol from H*>°(D).
The following is the natural extension to the bi-disc of this fact.

5.4. LEMMA. (Lacey, Terwilleger, Wick [15]) Let ¢ € L>®(T ® T). Then
gll = dist o (9, £7_) i= inf{llg — ¥lloe : 6 € L=_(T & T)}.
ProoOF. Clearly if ¢ € L®(T® T) and ¢ € £L*_(T ® T), then given f €
H?  (D®D), we have ¢f € L2 (T ® T). Therefore,
ho—yf=P_ _(¢=V)f =P__of —P__f=P_ _of =hyf,
which implies
[l = [[he—y]l-
On the other hand, Nehari’s Theorem on the bi-disc, Theorem [3.1} says that there
exists a function n € L*> such that

[hp—yll = nf{[[nfloc : P——@=P_ _n}.
Since ¢ — 1 € L°°, this implies that
inf{lle = Ylloc : 9 € L (TOT)} = ||hp—ypll = [[hy]l-
Thus distze (0, L2 _) = [|hy]- g
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We now sketch a proof of Theorem [5.1} We reference [15] for details. For a
compact operator K as in the definition of the essential norm, we apply h, — K
to the shift operators S7'S3" and estimate the operator norm which is at most
|h, — K|. By Lemma |KKSTS5|| tends to zero as m,m — oo. The other
term [|h, ST S5 || = ||hzpzm || can be bounded below by dist e (p, L2 _ + C') using
Lemma and Theorem In the other direction, one uses that for g € C(T®T),
the operator hy is compact. We then obtain an upper bound on the essential
norm by taking infyec||h, — hyl| which is no more than distr (¢, £2_ + C) by
Lemma [5.41

6. VMO and Carleson Measures

The final theorem we prove is a duality result which gives the counterpart of
the well-known H'! — BMO duality in the product setting.

6.1. THEOREM. (Lacey, Terwilleger, Wick [15]) We have VMO(R® R)* =
H'(R®@R).

In order to prove the theorem above, we state an equivalent form of the defini-
tion of VMO(R ® R) in terms of Carleson measures and, in particular, in a variant
of the definition of Chang and Fefferman. Recall

1 9 1/2
(6.1)  feBMO < |fllsmomen ~ Sgp[\U| S fur)P] " <
RCU

Strictly speaking is not a classical Carleson measure, but for a function in
BMO we can associate a Carleson measure in a similar fashion to the one parameter
setting. This associated measure looks very similar to what appears in , and
when dealing with VMO we can similarly associate a vanishing Carleson measure.

For a fixed choice of wavelet w, set F'W(w) to be the linear space of all finite
linear combinations of wavelets {wgr : R € D x D}.

6.2. PROPOSITION. (Lacey, Terwilleger, Wick [15]) For a fixed choice of wavelet
w, the following are equivalent.
(i) A function b is in VMO(R @ R) := clospyo C5° (R @ R).
(i) b is in the closure, in BMO norm, of FW (w).
(iii) b € BMO(R®R), and writing R = Ry x Ry for a rectangle R,

lim H Z <b7 ’LUR>’LURH =0
N—oo BMO(R®R)
ReDxD
[log| Ry ||+[log| Rz|[>N
lim H Z (b, wR>wRH =0.
N
—00 ReDXD BMO(R®R)
RZ{|z|<N}

These conditions are independent of the choice of wavelet basis.

First, in the following lemma we indicate why the conditions in this proposition
are independent of the choice of wavelet.

6.3. LEMMA. (Lacey, Terwilleger, Wick [15]) For any two choices of w and w’,

closproFW(w) = closgyoFW (w').
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PROOF. First observe that both spaces are invariant under dilations by factors
of 2 since the wavelets are adapted to dyadic rectangles. Recall that the wavelets
w and w’ are products of functions of one variable which are bounded, piecewise
continuous, rapidly decreasing, and have mean value zero. Thus we have

Z [(w', wr)| < cc.

ReDxD

This fact clearly implies that w’, and similarily each wavelet w',, are contained in
closgroFW(w). Hence the same is true of each element of FW(w'). O

PROOF OF PROPOSITION [6.2] Lemmal6.3]allows us to make particular choices
for w in different parts of our proof. In addition, we suppress the explicit choice of
wavelet in our notation. It is a routine calculation to verify that (ii) is equivalent
to (iii). The first equation in (iii) sums over rectangles which have arbitrarily large
or small scale, while in the second equation, the sum is over rectangles which stay
away from some large ball centered at the origin. Clearly b € FW if and only if the
sums equal zero for some N large enough. In the limiting case, b € closppoFW if
and only if the BMO norms in (iii) tend to zero.

The case (ii) implies (i) is also rather simple in light of Lemma[6.3] Choose the
wavelet to be smooth and have compact spatial support, in which case it is clear
that F'W C C§°. Therefore

clospyo FW C clospnoCy°-

It remains to show that b € VMO implies (iii), which completes the string of
equivalences. This time we only need the wavelet to be a Schwartz function. Thus
we have the decay estimate

1 2= (R "
(6.2 |wR<x>scnR|1/2(1+ = )

where n is an arbitrarily large integer. To verify that a function in C§° satisfies
condition (iii) of the proposition, one uses the estimates below, valid for all f € C§°
with constants that depend upon the choice of f and n in (6.2)).

‘R|3/23 ‘R1|a|R2| <1

[(f, wr)| < % IRi| < 1< |Ry|

‘R|71/23 ‘Rl|a|R2| > L

If |Ry|,|R2| < 1, then one can pull the L* norm of f out of the inner product and
integrate |wg| using the bound in (6.2). On the other hand, if |R;],|Rz| > 1, one
can bound the wavelet by |R|~'/2 and integrate |f|. Thus a function in C§° can be
well approximated in BMO norm by finite sums of wavelets. O

PROOF OF THEOREM The inclusion H! € VMO™ follows from H'-BMO
duality and the fact that VMO c BMO. Indeed, || f| g2 > [(b, )| forallb € VMO,
and so ||fllgr = ||fllvamo=. To show the reverse containment we use the result
VMO = closgpyo FW from Proposition Given f,b € FW (w), there exist finite
collections 8,7 C D x D and coefficients ar and cr such that

f= Z agwr and b= Z CRWR.

ReS ReT
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By orthogonality of the wavelet basis, |(f,b)| = | > zcsnr @rCR|. S0 We can choose
b with wavelet coefficients so that

E ARCR

ReSNT

~ Y larl = |If .

ReSNT

Therefore
[fllvamo- = sup [(f,0)] = C[flmr,
beE VMO

loll Bmro=1

for f € FW(w). Thus we need to show that closy: FW = H'. Gundy and Stein
[11] established a maximal function characterization of product H' which will imply
the Littlewood-Paley inequalities

o=, 05,

This is also related to the atomic decomposition of H' given by Chang and Feffer-
man [2,[3]. The above equivalence shows that closyi FW = H' and completes the
proof. O
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