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BMO FUNCTIONS AND THE 3-EQUATION

N. TH. VAROPOULOS

The d-equation associated with the Corona problem for
several complex variables is examined and the relation of
that equation with BMO functions on the boundary is brought
to light. A new characterisation, closely related with the
H! duality, for BMO functions is obtained.

0. Introduction. This paper came out of an unsuccessful attempt
to prove the Corona theorem for n-dimensions.

If we try to generalise L. Carleson’s 1-dimensional proof (with
the modifications introduced by L. Hormander) (cf. [1], [2], [9]), we
come up against the following problem:

Solve the 6-equation

ou =

in, say, the complex n-ball where ¢ is an arbitrary 5-closed differ-
ential form that satisfies an appropriate Carleson condition and where
we require the solution # to have L* boundary values (also in an
appropriate sense, cf. [9]).

We shall show in Part 3 of this paper that it is not always
possible to solve the above equation, and that the best we can
obtain in general for the boundary valdes of thé solution is-a BMO
condition.

However along the way a number of positive results will be
obtained. In Part 1 we obtain a new characterisation of BMO
functions which is closely related with the BMO, H' duality. -This
characterisation, grosso motto, runs as follows: f e L'(R") is a. BMO
function in R" if and only if it is the boundary value of some function
F defined in the upper half space R*™ such that

\PF| = (g

)+ |2 agvon

is a Carleson measure. Exact statements will be given later. The
extension F' of f in the upper half space is mot, in general, the
harmonic extension and it is not easy to describe it explicitly.

In Part 2 the above results are generalised to the complex ball
and to general strictly pseudoconvex domains. This generalisation
is tedious but essentially routine.

In Part 3 the real “raison d’etre’ of this characterisation appears
and it is used to study the d-equation and the Corona problem. It
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222 N. TH. VAROPOULOS

should be remarked however that for the proof of Theorem 3.1.2,
which is directly related to the Corona problem, the rather lengthy
and tedious Theorem 2.1.1 is not essentially (cf. the remark that
follows the proof of Theorem 3.1.2). All that one needs is the much
easier Theorem 1.1.1.

Part 1 uses entirely real variable methods. Part 2 uses some
of the geometry of pseudo-convex domains. Part 3 finally uses genuine
several complex variables methods and in particular the Henkin
Integral formulas.

Finally a few words about the style.

As it happens this paper is far too long. To avoid making it
longer still I have resorted to a few standard “tricks.” Often theorems
that are stated in full generality are only proved under some special
restrictive condition. This is especially applicable to strictly pseudo-
convex domains where all the explicit calculations are carried out
only for the complex ball and often only in C®. But hopefull the
reader who possesses some technique will be able to see without too
much difficulty how the proofs can be made to work in full generality.

Part 1. The real variable theory.

1.1. Statement of the results. In this paper we shall adopt
the notations of [15].

Let us recall that BMO (R") (or simply BMO) is the space of
measurable functions f on R* that satisfy the following condition,

su mgv filds < + oo

where I runs through all possible cubes of R* with sides parallel to

the axes, | I| denotes the volume of I and f;, = |I |‘IS fdz, the average
I

of f over I. The key reference for BMO is [6]. Let us also recall

that a measure ¢ on Ié’;“ (the interior of R*™) is said to satisfy the
Carleson condition, or simply to be a Carleson measure, if:

1zl -
sup ¥i < +

where I is as before, || is the absolute value of ¢ and
I={@=y)eR; nel ye(0,h)

where h is the length of the side of I (cf. [3], [1], [15]).
The main result in this paragraph is summarised in the following
theorem.
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TaeorEM 1.1.1. Let f € BMO (R*) and let us suppose that f has
compact support. Then there exists an infinitely differentiable
Function FeC=(R™ ) that satisfies the following conditions.

(i) lim,, F(z, y) — f(x) € L=(R").

(ii) The measure

\PF|dsdy = (z aF
i=1 ax,{

oF
+ {_a; )dm dy

satisfies the Carleson condition.
(iii) There exists some g(x) e L'(R") such that

syu>103IF(x, Y| = g(@) .
(iv) |FF| = 0Q1/y).

The above theorem has a number of converses that can be sum-
marised in the following theorems:

THEOREM 1.1.2. Let F(zx, y)eCl(Ié:‘.+ Y be a once continuously
differentiable function such that |FF|dxdy is a Carleson measure
and such that the limit

lim F(z, y) = /(@)

exists for almost all x € R*. Then the following assertions hold.
(i) If n =1 then f<eBMO(R).
(ii) If mn =2 is arbitrary but in addition we suppose that:
IWF| = 0(1/y) then feBMO (R").

It should be remarked here, once and for all, that the condition
|PF| = 0(1/y), both in Theorem 1.1.1 and Theorem 1.1.2 is purely
technical and not very important in our context.

Let us denote by D = {z¢C;|z| < 1} the complex disc.

THEOREM 1.1.3. Let F e C'(D) be a once continuously differentiable
Junction in D (the interior of the complex disc) and let us denote
F.(e) = F(re?),e’ecoD=T 0=r<1.

Let us suppose that |VF|dxdy s a Carleson measure in D and that

F, ey Se 2'(0=)

in the weak distribution topology o(=Z’, C~).
Then we have:
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I<KP, 8| = CI| P||,

for all dnalytic polynomials P(2) = >N ,a,z" where C is some con-
stant that is independent of P.

The notion of a Carleson measure in D is analogous to that of
R,

(P, S) indicates the scalar product ( sometimes abusively denoted
as (1/27r)§izP(e“’)dS(0)> between =2’ and C=, and

1Pl = 2= | Pe) o
7T Jo
denotes the L(T) norm of P. Let Se.o”(R”) be a temperate dis-

tribution. We say that S is of analytic type if
suppSci{e =0 i=1,2 -,

we have then:

THEOREM 1.1.4. Let FeC‘(Ri‘”) be a once continuously differen-
tiable function in Iéi“ and let us suppose that |V F|dxdy is a Carleson
measure. Let us suppose that the continuous functions F,(x) =
F(z, ¥) converge to a distribution Se &'(R") with compact support
when y— 0 (the convergence takes place in the weak distribution
topology). Then we have

1<S, > | = Cllell,

for all infinite differentiable functions o, € P (R") of rapid decrease
at infinity and of anylytic type.

In §1.2 we shall give a direct and elementary proof of Theorem
1.1.1. In §1.3 we shall give an alternative approach to Theorem 1.1.1,
less elementary but which has the advantage that it generalises to
strictly pseudoconvex domains. In 1.4 we shall prove the converses
and examine the relation they bear with the Stein and Fefferman
BMO H* duality.

1.2. Proof of Theorem 1.1.1. We start with the slightly weaker

ProPOSITION 1.2.1. Let f € BMO (R") have compact support. Then
there exists FeL‘f‘;JIéi“) and ge L'(R™) such that:

(@) lim,, F(z, y) — f(x) e L>(R").

() |F(x, y)| =< g9(x). Y(z, y)eRL"

(¢) |FF|, taken in the sense of distribution theory, s a Carleson



BMO FUNCTIONS AND THE 3-EQUATION 225

measure in R

REMARK. In (a) and (b) what we mean of course is that there
exists a representative of F' in the class L$, for which (a) and (b)
hold.

For simplicity’s sake, we shall give the proof of Proposition 1.2.1
for n = 1, but the proof readily generalises to arbitrary dimension.

The proof of Proposition 1.2.1 depends on the following two
lemmas.

LeEmMMA 1.2.1. Let fe€BMO (R) and let us suppose that supp f C
[0, 1] and that the average of f in [0,1] is 0. Then there exists a
family Q of distinct closed diadic subintervals of [0,1] and a cor-
responding family {a, € C; w € 2} of complex numbers such that

(1.2.1) la,| £C Vwel
(1.2.2) lea)l < ClI| for all intervals I
(1.2.8) f(x) — Zbawx,,,(w) e L*(R)

where Yz denotes in general the characteristic function of the set H,
and C is a constant that depends only on the BMO norm of f.

LEMMA 1.2.2. Let f be as in Lemma 1.1.1 and let o,, g, be two
adjacent diadic intervals of equal length. We have then:

(1.2.4) !fal - fvzl é C

where C is a constant that depends only on the BMO mnorm of f
and where we denote as before f, = 1/|0] S fdx.

REMARK. What is of some interest is that the conditions above,
(1.2.1)-(1.2.4) characterise B.M.O. functions. This is a consequence
of the proof below. (It can also be seen directly.)

Lemma 1.2.1, which, to my knowledge, has been proved for the
first time by J. Garnett (unpublished 1974) depends on a Calderon-
Zygmund argument, (stopping time) and holds also in the context
of diadic martingales. The proof will be omitted. Lemma 1.2.2 is
a trivial application of the BMO condition on the interval o, U o,.

Proof of Proposition 1.2.1. Let I = [a,a + k] be an arbitrary
interval and let us denote by

T={&yse<c<a+h, 0Sy=<hCR:
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the square in the upper half plane with I as base.
Let now f be as in Proposition 1.2.1 with # =1 and supp fC
[0,1]. Let 2 and {a,; @ 2} be as in Lemma 1.2.1 and let us define

F(z, y) =w§_}awx;(x, y) VY(z,y)eRL

which is a function defined in the upper half space with support in
unit square which is easily seen (by condition (1.2.2)) to belong to
L:.(R%). We shall prove that F satisfies the conditions of Proposition
1.2.1.

Indeed if we define

o) = 3| @l
we have trivially:

(1.2.5) | F(z, y)| = g(x) V(z,y)eR:
(1.2.6) 1;13 F(x, y) :w;gawxw p-p-xeR.

Now condition (1.2.2) implies easily that g € L'(R) and from the above
we see that conditions (a) and (b) of Proposition 1.2.1 are satisfied.
Let us now denote:

= — Yy —
# 0%

oF oF
oy
in the sense of distribution theory.

It is an easy matter to see that g and v are bounded Radon
measures in R:. Indeed let I = [a, @ + k] be an arbitrary interval
of R, then oy7/ox (in the distribution sense) is the Lebesgue linear
measure concentrated on the two vertical segments {x = a,a =< y = h}
and {# =a + h, 0 <y < h} (with sign *+1 in fact) and dy;/ox is the
Lebesgue linear measure on the horizontal segment {a <z <a+h, y=h}
(with sign —1). From this and conditions (1.2.1) and (1.2.2) it follows
that the two series

> a,,,ax‘: > aw?—x—;
pry B wcQ oy

converge normally in M(R?) (the space of bounded measures in R%)
and this proves our assertion

To prove condition (¢) we must verify separately the following
inequalities

(1.2.7) vi(I) = C|I|
(1.2.8) le|) < CII
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for an arbitrary diadic interval I R with C some constant indepen-
dent of I

From what has been said just above, the inequality (1.2.7)is an
immediate consequence of conditions (1.2.1) and (1.2.2). The inequality
(1.2.8) is harder however (condition (1.2.4) has to be used here). The
rest of the proof will be devoted to the proof of (1.2.8).

Let

I=L=[%J§jq n=0 p=0

be arbitrary and let us denote:

I:[p—1£] I:[p+1p+2]
1 on ,2n ’ 2 on ’ on

the two adjacent intervals. Let us denote:

r=a i=01,2.
sy, Om
M:Zawax’;a)eg w:[—p—,b} for some b>m
ox 2" 2"

M:Za(ﬁ%&we!) w:[a,p_'_ } for some a<%.
%

2%

(The intervals @ in A, and \, contain I, have a common end point with
I and are among the ones that have not already been counted in ,.)

p1=2awaxza)e!2 a):[a,,ﬂ] for some o< 2—1
0x 2" 2"
p2=2aa,% weR w:[pﬁ- ,b} for some b>2F2
0x 2" A

(The intervals @ in p,, p, have a common end point with I, have
empty intersection with @ and are among the ones that have not
already been counted in the f, ¢ =1, 2.)

It is quite clear that to prove (1.2.8) it suffices to prove the
following inequalities.

F(1.2.9) e (D)= ClI| i=0,1,2
(1.2.10) N+ 0,1() < Cl|
(1.2.11) I+ 0,1(1) = Cl1) .

(1.2.9) is an immediate consequence of conditions (1.2.1) and (1.2.2).
Let us prove (1.2.10) the proof of (1.2.11) is identical. Let us consider
the measure
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01 = [7\'1 + |01|le~ .

Then 6, can be computed explicitly. It is equal to the Lebesgue
linear measure on the vertical segment {x = »/2",0 < y £ 27"} mul-
tiplied by the constant &, = |l, — 7,| where

LL=>a wef w:[—%,b] for some b>70;;1

1

rn=>a, @®c2 a):[a,é%l for some a<p2~%

We must prove therefore that
(1.2.12) kE=C.
Towards that let us denote

m, =3, 0] =012
e
s = >, a, (& is the interior of w).

pl2Ted
we 2

We have then:

f,=s+ll+l—”§°i—+hz

m,

fllzs_*—/rl_l_lll

+ by,
where heL~(R) is the remainder term in (1.2.3). We conclude
therefore that:

b= bl S 1y ) L
and our assertion (1.2.12) follows then from (1.2.2) and (1.2.4).

We almost have a proof of Theorem 1.1.1 now. Indeed the
function F' constructed above can be easily smoothed out in Ri to
be made C~ and satisfy conditions (i), (ii), and (iii). The only thing
that can give a little trouble is condition (iv). It can be shown that
provided that the smoothing out above is done with care we can
achieve condition (iv) also. We shall not do that however for two
reasons, firstly because condition (iv) is totally unessential and secondly
because we will be able to get condition (iv) for free (so to speak)
in our alternative approach in the next paragraph.

1.3. Alternative approach to Theorem 1.1.1. We shall give
here an alternative approach to Theorem 1.1.1. We shall treat the
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compact case D = {ze€C; |z| = 1} of the complex unit disc. We do

that to avoid unnecessary complications at infinity and also because

this method is designed to generalise to bounded pseudoconvex domains,

and the disc is an (essentially the only) example of a pseudoconvex do-

main in €. The modifications needed to deal with R%** are rather easy.
The starting point of our approach is the following.

ProrosiTION 1.3.1. Let feBMO (0D) =BMO(T) (i.e., a 2z-
periodic BMO function on R), then there ewists a Carleson measure
in D such that

(L.3.1) @ -\ _Pdp@) e L-0D).

Conversely any function f that satisfies (1.8.1) ¢s ¢ BMO fumnction
on the circle 0D. Here we denote:

_ 1=z _ 1—4* _
P’(C)~CJ1——Zz|Z cl—2rcos(t9——gz>)+7'2 P.)

where z=reveD and { = e¢?®caD, for the Poisson kernel of the
cirele (¢ is the normalisation constant).

This Proposition is an immediate consequence of the BMO, H!
duality. A direct proof of this proposition (i.e., one that does not
depend on the duality) has also been given by L. Carleson in [4].

Let us define a new function.

P = PO
Ve=rev*eD, u=p{eD, 0<r,p<1 (eodD,

where %,,,, denotes the characteristic function of the interval (7, 1).

Let now f€BMO (D) be some BMO function on the circle and
let ¢t be some Carleson measure that satisfies (1.3.1). Let us then
define

F(u) = S eﬁf’z(u)d;t(z) weD
00 =| POuE CeD.

It is perfectly clear then that F e L (D), that g e BMO(D), and that:
(1.3.2) |[Fu)| <g9(8) vu=p 0<p<1l (eoD.

Also an easy passage to the limit under the integral sign implies that

(L.3.3) lim F(o0) = | _P.0d(z)
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for all {€0dD such that g({) < + e. We shall prove the following

Lemma 1.3.1.
(i) 0F/op is a Carleson measure,
(ii) oF/o6 is a Carleson measure,
where of course w = pe’ and the derivatives are taken in the sense

of the distribution theory of D.

It is quite clear that (1.3.2), (1.8.3), and the above lemma provide
us with an alternative proof of Proposition 1.2.1. The proof of
Lemma 1.3.1 will be broken up in a number of separate steps.

Let us fix ze D and let us denote by

___%‘éu) u=pe" 0<p<1.
We have then:

LEMMA 1.3.2. v, is for every fized z € D a measure that satisfies:
(i) oFjap = v.du(z),

z€D
(i) [v.ll=1.

Proof. v, is of course just the Lebesgue linear measure on the

circle u = |2]e"(0 < 6 < 27) multiplied by the Poisson kernel P,(6).
b4

From this and the fact that 1/277:§ P,(6)d6 =1 (ii) follows. (i), on

the other hand, is immediate by thoe definition of F.
Let now {,€0D be fixed and let us denote

(1.3.4) I, ={zeD; |z — ) < h}.

It is quite clear from the above that we have:

(1.3.5) [uI(Ih)<chI1 £ Ve = et 057 <Lst [z =G| > 1000k
0

(1.3.6) I, |(T)=0 Va=1e? 1 —1r>h
and we deduce from (1.8.5) and (1.8.6) that

ch?
=GP

We can now give the proof of Lemma 1.3.1 (i).

(1.3.7) |1J|(Ih)_I Ve=re? 0=Z7r<ls.t.|z—{|>1000%.
Proof. Let I, be as in (1.3.4) and let

w=\ __ vdlpiE;v=| v,d ¢l (2) .
2=l =1000R

1z2—Cg!>1000k
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It suffices to verify separately the following two inequalities.
(1.3.8) v(I,) < ch
(1.3.9) v(I,) < ¢eh

where ¢ is some constant independent of . For indeed we always
have [0F/dp| < v, + v, and our lemma follows.
We have now:

v(T) < g 12,1101 20 (2) < |l {z € D |2 — o] < 1000 B} < ch

12—l =1000%
by Lemma 1.3.2 (ii) and the hypothesis on g. This proves (1.3.8).
On the other hand using (1.3.7) we see that ’

(1.8.10) v(T,) < ch? S‘” dF (t)

ook £
where
F®) = |ul{zeDliz =l <t}
Our hypothesis on g implies that
F@)Z et

and an easy integration by parts in (1.3.10) then proves the required
inequality (1.8.9), and completes the proof of the first part of Lemma
1.3.1.

For every fixed ze D let us define

the derivative being taken in the distribution sense. We have then:
LEMMA 1.8.3. p, is for every fized z € D a measure that satisfies:

(1) oFjos = | p.du(z)

(ii) Jlp.ll =C,
where C is some numerical constant.

Proof. That p, is a measure and that (i) holds is obvious. To
prove (ii) we just have to observe that for all fixed z = re’* we have

leti=1{_,ale.l = e{ dp{iar.o)
< ¢(l — ) Max, | P(6)] < ¢

since P,(0) is a function that is monotone in two pieces as ¢ varies in
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[0, 2r]. This proves the lemma. Let now {,€0D be fixed and let
I, be as in (1.3.4). We have then

1.3.11) |o.lT) = —P
[z - Colz

To prove this we just have to use the estimate

'aP,(a) :C(1~fr)|sin(0—q>)} < ¢
o0 |z — et =z — e’

vzeDs.t. |z — (| > 10004 .

valid for all z = re¢* and all 6 € [0, 2x].

From estimate (1.8.11) and Lemma 1.3.3 (ii) we can give the
proof of Lemma 1.8.1 just as before. This concludes the proof of
Lemma 1.3.1.

Now to give a proof ofNTheorem 1.1.1 with this method we have
to modify the definitions of P, and of the function F so as to obtain

a C~ function in B. But this is easy. It suffices to truncate P,
with a smooth function rather than the characteristic function and
define:

1.3.12)  P(u) = PZ(C)g0<]i—:1l—3]—|> vu = |u|l, CedD

where @(t) 0 < ¢ is some positive C~ function chosen once and for
all that satisfies

p=0 t>2 =1 tel0,1].

If we define F(u) then as before we obtain a function that satisfies
all the conditions of Theorem 1.1.1. The condition (iv) is the only
new thing that has to be verified but it is easy and will be left as
an exercise for the dedicated reader.

1.4. The converse of Theorem 1.1.1 and the use of Stoke’s
formula.

Proof of Theorem 1.1.2 (i). Let F be as in the theorem and let
us denote by:

I,={@w yeRxe(@a+h),ycOn).
Then by our hypothesis

(L.4.1) Sa' PF|dzdy < ch

where ¢ is of course independent of A and @. Then by Fubini’s
theorem there exists some k€ (0, ) such that
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a+h

|1 Fi@, h)ds < ¢
and this of course implies that
(1.4.2) |F(z, k) — F(a, )| < ¢ VYxe(a,a + h).
On the other hand we always have

(1.4.3) lim F(z, 9) - F@, h)| < Sl PRz, y)|dy

for every fixed xc(a, @« + k). From (1.4.2) and (1.4.3) we conclude
therefore that

f@) — Fle, k)| S ¢ + | I7F(, )l dy

for all ze(a, @ + k) and integrating the above inequality in xe
(@, @ + h) and using (1.4.1) we get

|."17@) - Pla, hido = b,

which proves the required result.

The proof of part (ii) is identical only simpler; for, by our addi-
tional hypothesis, we do not need to use Fubini to get the preliminary
inequality (1.4.2).

Proof of Theorem 1.1.3. Let F and P be as in the theorem.
Let r€(0,1) and let us apply Stokes’s formula to D, = {zeC; |z| £ 1}
we get then

S OF pydz A dz = ¢ S F(2)P(2)dz .
Dr 02 2D,
From this we conclude, letting »-—1, that

S, Pyl s | irFl|Pldway

(where z = 2 + iy) and this together with our hypothesis on |/F|
proves our theorem.
Proof of Theorem 1.1.4. Let us consider the poly-half space
P ={z2=1(2,2,++-)eC" Imz; =0},

the distinguished boundary of P*" can then be identified with R™ and
any function f€.5”(R"*) of analytic type admits a unique extension
f to an analytic function in P".
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We shall also identify R**' with a closed subspace of P"” by the
correspondence

Rf_+19(x1, xz’ ooy, x%, y)———)(fv}_"l—?:y, 972‘*"&.?/, '-n)eP”’

and we shall choose F e C{(P") an extension of F (F is a function
as in the statement of Theorem 1.1.4) that satisfies |pF| < C|FF|at
every point of Iii“ (this is always possible) and we shall, as we may,
suppose that the supports of both F and ¥ are bounded.

An application of Stokes’ formula gives then

(1.4.4) S F@)FR)de, A dey A -+ = SB F@)aF @) A de, A day A -+

where:

A, ={(zy -, z)ePImz, =¢1=1,2, .-}
B.={(, -, 2)ePsImz,=Imz,>¢ 4, k=12 -}

for all ¢ > 0. If we let ¢e—0 in (1.4.4) we obtain that

<8, 1=\, PFIF@, + iy, 3+ iy, ) lda dy

I;:L_-H
and |FF|dxdy being a Carleson measure, our theorem follows.

I would like to finish this paragraph with some comments on
Theorems 1.1.3 and 1.1.4.

Theorem 1.1.3 exhibits another aspect of the well known duality
between B.M. O. and H*® for the disc D. It can be used of course
to prove that duality, or if we take the duality for granted, it can
be thought of as a converse of Theorem 1.1.1.

To be able to do the same for higher dimensions we must combine
Theorem 1.1.4 with the following theorem of L. Carleson [4].

THEOREM (L. Carleson). Let f ¢ H'(R") (the Stein and Weiss H*
space). Then there exist finitely many functions f,e L'R™) (1 =
1,2, .-+, N) where N depends only on n such that

f=3f Ml S CUfllw

and such that each f; becomes of analytic type after an appropriate
rotation of the axes (i.e., p(f)(x) = f{o.(x)) is of analytic type for
an appropriate o, € SO(R") ¢+ =1,2, ---, N).

Indeed if Theorem 1.1.4 is combined with the above result the
duality between BMO and H*' is again obtained. (The only trouble
of course here is that Carleson’s theorem depends on the fact that
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Calderon-Zygmund operators operate on H', a fact which itself is
best proved via the H', BMO duality!)

Part 2. Extension of the results to strictly pseudoconvex
domains.

2.1. Statements of the theorems. Let & = {p < 0}cC" be a
bounded strictly pseudoconvex domain in C* where p is sufficiently
differentiable and dp # 0 in some Nhd of 0= (peC* will do for
most purposes) cf. [8]. Our first goal will be to define the notions
of a BMO function on 02 and of a Carleson measure in =,

Let us define a normalized (i.e., of Euclidean length equal to 1
everywhere) vector field v, in some Nhd of 0= that is normal and
directed inwards to 02 at every point {€0<=. Let us denote by
M, = Jy, the vector field obtained from v, by applying J, the almost
complex structure underlying C*, cf. [12] (Jis the operator on the
tangent space which is obtained by “multiplication by 4,” that is why
one sometimes sees the notation v, instead of Jy, cf. [16], I prefer
to use the notation Jy, to avoid possible confusion when the tangent
space is complexified). ¢, is then a normalized field in some Nhd of
07 that is tangential to 07 at every point {,€0.

Let us now complete the orthonormal basis by constructing fields

Py Hoy * 0y Pon—s

such that at every point v, &, 4, * -+, tm_. form an orthonormal basis
of the tangent space. This can be done at least locally; i.e., for
every {,€0< there exists £ some Nhd of {, in C* in which g, ---,
Moo can be constructed. It is also clear the fields v, tt, 4, <+, tons
can be made to have the same degree of smoothness as 0. For
every (,€0< we shall now define B,({,) the “ball” centered at {, of
radius ¢ > 0. In the tangent space T, (0=2) of 0= at the point (,
let Bf({,) c T;,(02) be the paralleliped centered at 0 of side ¢ in the
tt, direction and side V't in the directions ,, ---, ¢4,_,. We shall
define then B,({,) as the image of Bj({,) by the exponential mapping
T.(0=)— 0= which is well defined provided that ¢ is small enough.
(There is nothing essential here, of course, about the exponential
mapping; in fact any other “ball” of the same “shape” and dimensions
as B,({,)) could be used in its place.) Let us also define

By = {BdL) + Wi(C)s Ve (0, B)}

which is a box inside & with base BN,(CO) and height ¢ along the
normal at {,. It is the analogue of I in §1.1. We shall say now
that f a measurable function on = is a BMO function f =
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BMO (.2) if:

do < + o

p 1 — 1o <

where B runs through the collection of all balls B = B/({,) ({, 0=z
0 <t <t,) and where we denote as before

1
Jz = I-'E-] SBf do
the average of f on B; do is of course the Euclidean 2n — 1 area
element on 0=, and |B| denotes the measure of B for that area.
Note that we have (cf. [16], [11])

et = [Bil)| s et VG ez 0<tE<d,

for two positive constants ¢, ¢,, We shall say that ;zeM(Q) a
measure in &7 (the interior of <) is a Carleson measure if:

1B
coeasﬁl%)gt<to ‘Bt(CO)! < +

Note that the above two notions of a BMO function and of a Carleson
measure are independent of the particular choice of the vector fields
Yo Moy Ly ***5 MUan_s that we have taken. (The B¢, do depend on the
choice of the fields but in a very inessential way.)

Before we can state our main theorem we shall have to introduce
one more notion, the notion of the nonisotropic gradiant near the
boundary of =.

Let FeCY(<). We shall then define

|DF| = [v(F)| + |p(F) | + [o1” ”2ZI#J(F)I

(Let us recall that the ;s are vector fields and therefore act on
functions; #;(F') is the differentiation in the direction g;.) | DF| is then
well defined in every Nhd 2 of every point {,€90< in which the
fields vy, 4, *++, M, have been defined. It does depend on the choice
of these fields but not in an essential way. In fact if v, f, <<+, tons
is a different choice of fields in 2 and if we define |D'F| as above
with these new fields we then have

¢,|D'F| < |DF| < ¢,| D'F|

at every point w € 2 where ¢, ¢, are two positive constants indepen-
dent of w. We have then the following.

THEOREM 2.1.1. Let f € BMO (0.2). Then there exists F e C~(2)
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such that

(i) lim,,, F(C + Wy(©)) — f(§) e L~(0=2).

(ii) |DF|dV is a Carleson measure in < (dV is the volume
element in ‘@o).

(ili) There exists some g € L'(0.2) and some N, > 0 such that

sup [F (& + M@ = 9(C) Vi eoz
(iv) |DE| = 0{1/|p]).

The above theorem has a number of converses which can be
summarised in the following theorems.

THEOREM 2.1.2. Let F e CY{Z) be a once continuously differen-
tiable function in < and let us suppose that |DF'| is a Carleson
measure and that it satisfies the condition |DF'| = 0(1/|p|). Let us
Jurther suppose that

Im B+ w(8y)) = Q) Leoz

exists for almost every point {ed=2. Then f 1s a BMO function
of 0.

To simplify notations we shall state our next theorem for the
complex ball

B={2=1(, 2)eC% |2+ -+ + |2, 1}

let S€ 2’(6B) be a distribution on the boundary of the ball. We
say that S is of analytic type if there exists F'¢ A(B), some analytic
function defined in the interior B of B, such that

F,—— S in o(&z’; C~)
p—1

where F,cC~(0<) is defined by:
F) =F@l 0<p<l CeoB.
Analogous definitions exist of course for general domains. We have

then the following.

THEOREM 2.1.3. Let F'¢ Cl(B°) be a once continuously differentiable
Sunction in the interior of the ball B, and let us suppose there exists
some distribution Se 2'(0B) such that

Fp—p:f S in o(ZF'; Cv).
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Then the following assertions hold:

(i) If we suppose that |DF|dV is a Carleson measure then
S € BMO (0B).

(ii) If we suppose that (|F| + |FF))AV is a Carleson measure
and in addition that S is of analytic type them S€BMO (6B). 4V
denotes of course the volume element in B and VF is the Euclidean
grediant (cf., §1.1).

The above theorem holds of course also for general strictly
pseudoconvex domains. We only state it here for the ball for sim-
plicity’s sake. In fact right through this paragraph we shall have
to negotiate generality of general pseudoconvex domains &7 against
the simplicity of the notations of the complex ball B. All of the
explicit calculations will be carried out for the ball but they all
generalise easily to strictly pseudoconvex domains. A dedicated
reader can do it for himself. In fact in what follows we shall
push the simplification one step further; we shall suppose that the
dimension of C* is n = 2, this case is perfectly typical.

2.2, The geometry of BC C? Let B be the unit ball in C?
and let 1 = (1, 0) be its north pole. We shall introduce then local
coordinates in N, some Nhd of 1 in 0B, by setting

2.2.1) {=@0—a +iB,a +i8)e NCoB.

(8, @, B,) become then local coordinated of N as they run through
a Nhd of zero in R® and «, satisfies:

(2.2.2) 20, = ai + B + a3 + B .
We can choose our fields p,, t, so that they satisfy:

-9 40 4,0
o 2B, M o, e .

at the point 1. The one parameter family of balls B,(1) 0t < ¢,)
is then equivalent to the family

CA={BI=t|al B =V} 0Zt<t),

where we say that two one parameter families of sets (4,):z (Bi)ezo
are equivalent if there exist two positive constants ¢, ¢, > 0 s.t.

B,,CA,CB,, Vt.

Using these local coordinates it is easy to show that the family C,(1)
is also equivalent to the family
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{CeoB; |1 - | <t}

and since the above relations are rotation invariant we deduce that
for every {,€0B the two families

B0 =t =<t;{CedB; |1 - -Li<t} 0=5t<t,
are equivalent and also the two families
BIC)O0 =t =t} {zeB; |1 —rz| <t} 0=t=t,
are equivalent where we denote:
Zou = 2, + Zu, Vz,ucC®.
We shall denote now by

(l—iZI)

s zeB, (ecoB

P.() = et
the Poisson-Szego kernel of the ball (¢f. [16]), which for { € N becomes
in terms of our local coordinates P8, «,, 5. for { = (B, @, B,).

We have then the following.

LemmA 2.2.1. There exists two positive constants C and ¢ such
that

(i) e
bog, 1L =12 [1—2z}f
(if) " oa, N 38, lé 1— 127"

Jor all L e B1) and all ze€ B that satisfy |1 — 1-2] >ct (0 <t <ty

Proof. (i) We have of course

oP.| - (A — 2P|l —2-C|( + |0e,/08.])
AN |11 —2.Lf
using (2.2.2) we get
o, B
B 1-a

On the other hand provided that ¢ is large enough we have
(2.2.3) 11—z =C|]1l—-1-2]=CA — |z))

for (z, () in the required range. From this (i) follows.
(ii) If we set
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g = (xl + ":yn xz + 7:%) .
The kernel P,({) becomes
P5)

(1 — |z
C
[(1 —&,; + v, — ’.11151 A ysz)z + (xiﬁl —Y + Y&y =+ szz - y2a2)2]2

and we deduce that

\algéf) = 0= :i‘z)j'zlcf'c'{lwzi + 1wl + (] + ]| den /o, )

but we have:
12,), [9:] S 2] S el — |2]) = ¢[1 — 127
and also using (2.2.2)

o,

o <CV't (eB).

:|az
l—a

From this and (2.2.8) it follows that for #z, { in the required range
we wave

oP,
oa,

- C cvVE C
ST =12/ 1—1-2° |1 — 1z}

and this proves the lemma.

2.3. Proof of Theorem 2.1.1. Our construction of the function
F of Theorem 2.1.1 from the function f e BMO (0B) is based on the
following:

ProPOSITION 2.8.1. Let fe€BMO (6B) then there exists {t some
Carleson measure in B such that

@.3.1) f©) - gzeéPz(C)d#(z) e L~(B) .

Conwversely +f tt is a Carleson measure and f satisfies (2.3.1) then
f € BMO (6B)

A very easy proof of the above proposition can be given if we
use the BMO, H' duality (cf. [5]). Alternatively, Carleson’s argu-
ment can be adapted in this setting to give a direct proof. (This
was done by Y. Meyer, unpublished.) At any rate we intend to take
it for granted.

Let us define (in analogy with §1.3)
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Pw) = P(ZJtn(u) 2 ueB

where [z = |z, * + |z,|, of course, and where %,., is the charac-
teristic function of the interval (|z], 1).

Let now f € BMO (0B) be given and let ¢ be some Carleson measure
that satisfies (2.3.1) and let us define

Fa = | Pwdpe, veB; o0 =| P.OdILIE, CeiB.

z

It is an easy matter to verify then just as in §1.3 that FeLi’Zc(é)
that

(2.3.2) | F(w)| < g<ﬁ> vue B
and that
(2.3.3) lim Fo0) = | P.0du@)

for all {€6B such that g({) < + . We have then:

LEmMmA 2.3.1. Let F be defined as above, then | DF'| (interpreted
in the sense of the distribution theory of B) is a Carleson measure
of B.

Observe that by the remarks made in §2.1 the conclusion of the
lemma is independent of the particular choice of vector fields v, &,
M, M, that we take. The proof of the lemma will be given in several
distinct steps.

The first thing we do is to observe that there exists some Nhd.
Q of 1 in C* which (B, @, 5;), the local coordinats of 2N oB and
0 = |u| form a set of local coordinates of u = p{e 2, { = (B, @, B,) €
0B. We shall use these local coordinates to take partial derivatives
in 2. Let now P,(u) be as above and let us define for each fixed z¢ B
the partial derivatives with respect to 4/0p, 9/08,, +-+ of P.(u) (con-
sidered as a function of u=(p, B, «,, B,)) in the sense of distribution
theory in 2 N B. We have then:

LEMMA 2.3.2. For each fized ze B the following distributions

0.;2) — aPz(u); 0-;2)

op 0B,

(2) — )1/ aﬁz(u). () . n)-1/2 aﬁz(u) .
o =1 — ) “oa, ;0 =1 —p) T

_ 0P(u) .

’
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o8 = (L= o) (8t + o + 2

are measures in 2 N B. Furthermore there exist two posttive con-
stants C and ¢ such that

(2.3.4) [6P|(B1))=C 1=£i<5,z2=(r,0) 0<r=<1 Yh>0

and

~ 5/2 N
(2.3.5) B S O, 1siss
for all ze B and h > 0 that satisfy

(2.3.6) 1 —1-2| = ch.

The proof of the above lemma which consists of eight distinct
parts will be deferred until the next paragraph.

Let 2 be some Nhd of 1 in €? in which we have our local
coordinates (o, B, @,, B,). If 2 is small enough we can take our
normal field v, (cf. §2.1)

0

]JO = —‘-aTO in
and we can also choose our fields g, t, ¢t such that
0 0 0
2.3.7 0:———-, l:-———, 2:_—-
(2.3.7) jZ 38 ¢ o, =3 B

at the point 1.
Let us denote by:

U B R
ﬂO" ’ #l aazr #2

which are vector fields in 2. (2.3.7) implies then that:
(2.3.8) o=+ Sagt; i=0,1,2.
=1

where a,; are functions in 2 that satisfy
(2.3.9) a;(w) =001 —ul) uef

where | | indicates of course the Euclidean distance in C*. For every
fixed ze B we can now take the derivatives f,(P,(u) in the sense of
distribution theory of P,(u) (considered as a function of u € B) along
the fields p,(i =0,1,2). The distributions 1(P.(w)) are in fact
measures. Let us denote
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7 = |u(Pw)]; 7 = |l P(w))]
T = (1 — o) o (Pw)] i=3,4.

We have then:

LEMMA 2.3.3. The measures 7i(1 < © < 4) satisfy the following
relations:

(2.3.10) tBAN<C z2=(r0 r>0 >0
5 Ch/*

2.8.11 @(B,1) = —=

( ) 7B ))*1_1_“5,2

Proof. For 72 =1, 2 both the above inequalities are immediate
consequences of Lemma 2.3.2 a for ¢ = 3,4 we have to be but little
more careful because of the factor (1 — p) V% We shall give the
proof for ¢ = 3, the proof for ¢ = 4 is identical. Using (2.3.8) and
(2.3.9) we see that

7P(Bi(1) = Clog(Bi(1)) + o2(Bi(1)) + oi2(By(D)] -

(This is the only point where o¢{® is used and the extra factor
(B + ai + BY* is supplied by (2.3.9).) (2.8.10) follows then again by
Lemma 2.3.2.

Using again (2.3.8) and (2.3.9) we see that

m(P.Q) = CIIAP.Q)| + [P + V1 | (O]

for all {eB,(1). (Observe that e B,(1) we have |1 —{|<V'Rh.)
From this and Lemma 2.2.1 we deduce that

C

(2.3.12) [t (PO = T 12"
for all e By(1) and all ze B that satisfies |1 — 1-2| > ch, where ¢
is as in Lemma 2.2.1. Inequality (2.3.11) follows then from (2.3.12)
exactly as in §2.4 (proof of 2.3.5 for o§”. This completes the proof
of Lemma 2.3.3.

Let us finally remark that once we have passed to the fields
Moy M4y Mo it 18 Do longer necessary to keep z of the form (r, 0) (0=r<1)
in (2.3.10). Indeed, the situation is invariant by rotation and therefore
we deduce that

(2.3.13) (B <C;1<i<4, zeB, h>0.

The only provision being that % should be small enough for B,(1) to
stay in some set where the fields p, ¢, can be defined.
It is clear now from the definition of F(u) that if we take the
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derivatives of F in the distribution sense in 2 N B we obtain:
3, = p(F) = Szeéri”d;z(z)
%= ) = | vdue)
5= (- o) = | e
So=@ - o) = | crdp)

It is also clear from Lemma 2.3.2 that Y,(1 < ¢ < 4) are measures
in 2 N B we have then

LEMMA 2.3.4. There exists a constant c¢ that depends only on
u© such that
|2, (By (1)) < ch* Vh > 0.

Proof of Lemma 2.3.4. Let h >0 be arbitrary but fixed and
let us define the following measures

P~ | 7P ldlple) 1=i<4

li—1-z|=ch

Q= | e dlple) 1=4<4

l1—1-z|>ck

where ¢ is as in (2.3.6).
We have then clearly:

(2.3.14) [X,[(By(1)) = P(BY(1)) + Q(Bi(1)), 1=i=<4, h>0.
We also have by (2.3.13)

S(BRYA)E ¢ (2)
<Clpl{zeB; |l —1-z|<c¢h}, 1<i<4.

PEBEW=| |

l1—1-z|=ch
From this and the hypothesis on £t it follows that
(2.8.15) P(By(1)) = ch®.

We have similarly

QBM=| e IBW0)ElLIE)
<o (" dF(t)

on 152

(2.3.16)
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where we denote by:
F@)=|p{zeB; |1 —1-z| <t} .
But by our hypothesis we have
F@) < ct*.

An integration by parts in the last member of (2.3.16) gives then
at once that

(2.3.17) Q(By(1)) = ch’.

And if we combine (2.3.14), (2.3.15) and (2.8.17) we obtain our lemma.
We can now give the

Proof of Lemma 2.3.1. 1t follows from Lemma 2.3.4 that:
(2.3.18) |DF|(B;(1)) < Chr*,

where C is a constant that only depends on ¢ and in fact only on
the Carleson constant of g which in turn only depends on the BMO
norm of the original function f. Since that norm is rotation invariant
we see that we can rotate (2.3.18) and finally obtain the Carleson
condition

[DF[(By(C)) = Ch* VY{,€6B h>0.

This proves the lemma.

Proof of Theorem 2.1.1. To satisfy the conditons (i), (ii), and
(iii) of Theorem 2.1.1 we only have to modify the definition of P, in
a manner analogous to the one in (2.3.12). This makes the function
F infinitely differentiable. Conditions (i), (ii), and (iii) follow then
from (2.3.2), (2.3.3), and Lemma 2.3.1. The verification of (iv) has
to be done separately but for the same reasons as before it will be
omitted.

2.4. Proof of Lemma 2.3.2.

The proof for . For every fixed z¢ B, ¢ is seen at once to
be the 3-dimensional Lebesgue on the sphere 0B, = {u = |2|{; { € 0B}
multiplied by the function P,({). (2.3.4) follows therefore from the
fact that ||P,|/z105 = 1. On the other hand:

(0| (B(1) < | By(D)| : sup | P.(C)|

: 1 —1=/*
< Sl . BV
=h cig;gn}]_ — z.z|4
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But for 1 — |2| > & we also have ¢((B,(1)) = 0 and for z € B satisfying
(2.3.6) with ¢ > 0 large enough we have

|1 —Ce2| = Cl1 —1-2| =2 CQAL — |2]) V{eB;(1)
and from this, (2.3.5) follows.
Proof of (2.8.5) for o, 0i, 0{”, and o®. That ¢§®, ¢{?, 0{”, and
o are all measures is evident. We have further

oP,(C)
9B,

ch? < ch®?
Tl =127 |1 — 1.z

|02 |(Bi(1) = | Bi(1)| sup

A

in the required range by Lemma 2.2.1 (i), provided that ¢ is large
enough in (2.3.6) which is the required result for ¢{. We also have
for ©: = 38,4

o = B ([0~ ) {2200 42280 )

< o C - Cho/2
- 1 —1-2*" |1 —1-2"*

in the required range by Lemma 2.2.1(ii). We finally have

02 1B) = B[ @~ r+do) sup[ (6] + ] + 160 L]

é hZ(l [2|)1/2| Cvlhzla é [1 fhilzzlﬁm

again by Lemma 2.2.1 (observe that the 8, a,, 8,, which are the local
coordinates of ¢ in B,(1), are bounded by 1V %). To complete the
proof it suffices to prove (2.3.4) for 7+ = 2, 3, 4,5. Towards that we
shall show that:

2.41) [6?|(RNB)£C;2<5i<5 z2=(,0) 0<r<1,

where 2 is some fixed Nhd of 1 in C* (in which we have our local
coordinates).
Since z = (7, 0) we have:

@ —
[A — 7 4+ ra) + 7B
a—
[(1 —r 4+ (B + af + BY) + B

P=P@)=C

(2.4.2)

Proof of (2.4.1) for + = 2. Using Fubini’s theorem we obtain
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oei@n B = o - || 1%@@@@@
(2.4.3) v
=C1l —7) Sgdazafﬂzg

oP
Egz(ﬁly az; Bz) dBl

where the integration in S, @, B, ranges through some fixed small
cube (depending only on 2).

Now it is clear that for every fixed a,, 5, in the range of integra-
tion we can split the range of integration in B, into N intervals on
each of which P(8, «a,, B8, is a monotone function of B,. N, the
number of intervals, is bounded by some numerical constant.

From this we deduce that for every fixed «,, B, in the range of
integration we have

oP
S 5‘5'1(:81’ a,, »82)

Using (2.4.2) to get the above max and substituting its value in
(2.4.3) We finally obtain

as, = C max | P(B,, &, Bs)] .

or1@n B s 00— || tmt <0, 0srsi

which gives the required result.

Proof of (2.4.1) for 2 =3. The argument runs as before. A
use of Fubini gives that

ez ofo o 2

ds,de,d s,

= ot -y || Max | P8, ., 6.1 46,08,

because here again P, as a function of a, for fixed 5, and G, is
monotone in “finitely many pieces.” If again we obtain the maximum
from (2.4.2) and substitute it in the above integral we obtain

| () ’ o a\E/2 aB8.ds,
o120 B) = O — ) SS[((l =7) + Bt + BY + BT

= o+ |"aR|" Rdp
B 0 o [(t + R?)® + R*®cos® @)
where we have set 1 — » =t¢. But
Szﬁ Rdp < ZS Rdop
o [(¢ + RY)* + R*cos? @]~ Jalcosei2si[(8 + R?)? + R2cos®q]?
< CS” R sin pdop < CS+°° do
T Do [t + Ry + Rcos*ol T )-=[(t + R’ + o)
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as we obtain by the substitution Rcos ¢ = ¢. The substitution 0 =
(t + R?)S in the last integral gives therefore that:

° b e
o (2 N B) < ct™? So @ f_RR2)3S»oo a “(ii“SSz)Z .

A final substtituion B = vt R* implies therefore the required result.
e (@NB) =C.

The proof of (2.4.1) for ¢ = 4 is identical. It remains therefore to
give the

Proof of (2.4.1) for 1 =5. A use of Fubini gives as before:

joi@n B = ca — | [[eer+ @+ 33)1/2{%% 38,4B.08,

(2.4.4) <ca— r)wmaz + B de,dp, S aa_% B,

0P,
B B,

We shall estimate the two integrals separately. The first one can be
estimates as in the proof of (2.4.1) for ¢ = 2 by:

e (@ + BYda,ds,
ca — 7 Ss[a e =
oP,

S 08,

we have to use once more the fact for fixed «, and A, the function
P, is monotone in each of N disjointed intervals (N < C) and to
integrate by parts on each interval. We obtain therefore

+ {(deas, |

d,@l] .

To estimate

B dB,

|| .| 95|45, = 0| Max |6, P.(8., @ 8] + [P.d8]

But we have as before:

(1 _ 7‘)5/2da2d,82 <
A—r+ai+B)”

1 — (| Max |8.P.(8,, e, )| dendf, < C |
and also

Sgng(Bn a,, B)dBdadB, < C.
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If we substitute all these estimates back in (2.4.4) we obtain the
required result.

2.5. Proof of the converse of Theorem 2.1.1. The proof of
Theorem 2.1.2 is identical to the proof of Theorem 1.1.2(ii), and will
be therefore omitted. Before we give the proof of Theorem 2.1.3
we shall prove the following geometric

LemMMA 2.5.1. Let & = {0 <0} be a strictly pseudoconvexr domain
and let us suppose that F e C(D) is such that | DF|dV is a Carleson

measure (4V denotes the volume elemeot in ). Let us consider
the following two forms:

oF =Y, a,dz,

L 50 AOF = 0,47, A d7; .
Vo]

Then the measures
v = |5 lasi[av

i<j

are both Carleson measures in 2.

Proof. That g is a Carleson measure is immediate. To prove
that v is a Carleson measure we have to choose a special set of
coordinates on the cotangent space.

Let v, and g, be as in §2.1 and let us choose ¢, tt -+, tt,,
smooth vector fields in some Nhd 2 of some point {, €0 such that
the fields

(2-5-1) Yoy J”oy Hy J#u Lo, J#z; cery Py J‘an—1

form an orthonormal basis of the tangent space at every point of
2. Such a choice is clearly possible. Let us then choose differential
forms w, w,, -++, ®,_, in 2 such that the forms

@y, _Ja)o; @,, "“Ja)v M

form a basis of the cotangent space that is dual to the basis (2.5.1)
(we denote of course Jo(X) = @w(JX)). The complex differential forms

(2.5.2) W, *+ 1w, w, + iJw, -+, ®,_, + iJo,_,

form then a basis of the complexified cotangent space and since dp
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is proportional to w, it follows that
(2.5.3) , + iJw, = kdp; w, — iJw, = lop ,

where & and ! are smooth functions.
Let us now express dF and j0F in terms of the basis (2.5.2).
We obtain then

IF = S aj(@; + iJw;) + ilﬁj(wj — iJw,)
J=0 j=

0F = 3 ajw; + iJw;) .
J=0

To prove that v is a Carleson measure it suffices therefore to prove
that

Y = ﬁ[g|aj1]dv

is a Carleson measure. But we have
2a; = dF(t; + i) = p(F) + i (F) (G = 1)

(i.e., «; involves only complex tangential derivatives of F) and this
of course together with the hypothesis on F' completes the proof of
the lemma.,

We shall also need the following two facts about functions and
distributions of analytic type on 0B the boundary of the complex
ball Bc C~.

ProOPOSITION 2.5.1. (i) Let fe L'(0B) and let us suppose that:

SJ/\M: 0

Sfor all + smooth in some Nhd of B and of type (n,n — 2). Then
f 1s of analytic type.

(ii) Let us denote by P the orthogonal projection of L*(0B) on
the subspace

H*6B) = {f € L*(oB); of analytic type},
Then P[BMO(dB)] < BMO(oB).

Part (i) is standard and well known (cf. [10], [18]). Part (ii)
holds because P is given by the Szego kernel that is a singular integral
operator (cf. [17]). Both parts (i) and (ii) hold for general strictly
pseudoconvex domains, although part (ii) is much harder to show in
general.
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Proof of Theorem 2.1.3(1). We can now give the proof of Theorem
2.1.3(1). Towards that we shall suppose in addition that SeC=(3B)
and we shall prove the a priori estimate

(2.5.4) |[S|lexo < CK(IDF|dV)

where K(|DF|dV) denotes the constant involved in the definition of
the Carleson measure. Once the estimate (2.5.4) is known, Theorem
2.1.3(i) follows at once by an easy regularisation process.
Let then F' be as in the theorem using then our hypothesis on
F, Lemma 2.5.1 and Theorem 3.1.1(i). It follows that there exists
some @ € BMO(6B) such that:
ll@lleno = CK(IDF'|AV)

and such that:
lLoAv=[Fnv
3B B

for all form +, smooth and od-closed, in some Nhd of B of type
(n, n — 1).

On the other hand an easy use of Stokes’s theorem in the ball
B, = {zeC"; |z] £ p} and a passage to the limit as p—1 gives us

SﬂBS A= SégF N

for the same class of ’s as above.
We conclude therefore that:

LS =@ Av=0

again for the same +’s, and from that and Proposition 2.5.1(i) we
conclude that there exists some function & of analytic type such that

(2.5.5) S=p+a.

But the hypothesis of our theorem are clearly stable by complex
conjugation. We conclude therefore that there exist ¢ and @ such
that @ is of analytic type and such that:

(2.5.6) S=%+a ||@|lsxo < CK(DF|AV).
From (2.5.5) and (2.5.6) we conclude therefore that:

S =~ P)p + a) + P& + &)
= (I — P)p + P($) + P@)
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but @ being the complex conjugate of an analytic function, it follows
that P(&@) is a constant; and since constants do not affect the BMO
norm (|| |lemo. It is not a norm, it is only a norm on functions
modulo constants.). We obtain

18 llsx0 = 11 — P)@llsxo + || P(P)|l5x0

and (2.5.4) follows then from Proposition 2.5.1(ii).
For the proof of the second part of the theorem we shall need
the following.

LEMMA 2.5.2. The exists some @ € C5,_(C") such that
oo =]  #@d© veec-oB)
2B {edB
where do is the normalised Lebesgue measure on 0B.

Proof. Let 71 =Z,dz, ANdz, A\ -+ Nd2, NdZ, A\ +++ NdR,_,. It
is clear then by Stokes’s theorem that

S T+0.
3B
7w determines then some )\ e M(6B) by the equation
2.5.7) S or = g P(O)IME) Vo e C(3B) .
aB {edB -

Let now a e SU(n) be some complex rotation on C* and denote by
7, € CZ,_(C*) the form 7, = a*(xw) where:

a:z—az.
Let us also denote by )\, the measure that is determined by 0B from
7. by the analogue of (2.5.7) and let us define

® = g T de € C2 o (C) N = S Nda & M(3B)
aeSU(n)

acSU(n

where da denotes the normalized Haar measure on SU(n). dy is
rotation invariant and it satisfies

2.5.8) [, 00 =\, #©du© voec-oB)

=l o=z

dtt is therefore proportional to the normalised uniform measure on
0B do and (2.5.8) proves the lemma.
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Proof of Theorem 2.1.3(i). Let us suppose that F' and S are as
in the theorem and let us suppose in addition the S e C~(dB).

Let f(z) be an analytic polynomial in z2eC*, We see then by
an easy application of Stokes’s theorem to B, = {z€C"; |z| < p} and
a passage to the limit as p —1 that

SCeangda(C) = Sangfl) = Sﬁd(fﬁ_’a))

and therefore:

S fsda(c)lglg,faTAw|+[S°f17”/\5w|.
{edB B B
By our hypothesis on F' it follows therefore that

(2.5.9) |....7800)| = CKIIf luan

where C is a numerical constant and K is the constant associated to
the Carleson measure (|FF|+|F|)dV. From (2.5.9) it follows therefore
that there exists ¢, § € L*(0B) such that

S=9+06;llpll.=CK

and @ is orthogonal to every analytic polynomial in L*0B). Let P
now by the projection of Proposition 2.5.1(ii). We have then P§ = 0
and therefore

S = PS = Pop

by our hypothesis on S. And this implies by Proposition 2.5.1 (ii)
that:

IS llswo = CK

and with this a priori estimate we can complete the proof of
Theorem 2.1.3 at once.

Part 3. The d-equation and the Corona problem.

3.1. Statement of the results. One novelty in this paragraph
will be the systematic use of differential forms. Let 2 C C" be an
open subset. We shall then denote by C;,(2) and L; (2) the
differential forms of type (p, q¢) in 2 with coefficients in C* and L°
respectively. We shall also denote by M, (2) the “differential
forms” in 2 with coefficients in M(2), the space of bounded measures
in 2. Strictly speaking M, ,(2) is not a space of forms but a space
of currents, but we shall ignore this complication here and will not
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use the (irrelevant for our purposes) formalism of currents. (We
shall tacidly identify currents of degree 0 with distributions.)

The only thing that has to be correctly understood is the
meaning of the form dy for:

un= IEJ] Y82 N\ A2 e M, (D); ttr,, e M(2) VI, J.
We shall simply define: :

o = I;.i’é‘gf»_wzi A dz; A dBy € D aQ)

where the derivatives oy, ;/0Z, are taken in the sense of distribution
of 2 2'(2). We can verify that d¢ satisfies all the obvious formal
properties.

We shall use the notation C;,(K) where K is a closed subset of
C" to indicate the space of (p, q) forms defined and smooth in some
Nhd of K.

Together with the above spaces of forms we shall need to
consider spaces of forms on 0<2, the boundary of a strongly
pseudoconvex domain <. e.g., we shall need to consider the spaces
Cy,(0=2) (resp. BMO, ,(0B), L: ,(0B)). These are not spaces of forms
on the differential manifold 6<7; they are spaces of forms in C”
(this is why we are allowed to talk about the type (p,q) which
comes about from the 9, d decomposition), but the coefficients are
only defined on 0= and are C(dB) (resp. BMO(6B), L*(6B)) functions
on 0B, using the editoriolizing language of the topologists C; ,(0B)
is a C* section of 4,,T*(C") over 0.2.

Before we can state our main theorem we shall need to introduce
the following definition. Let

=3 e A s e M, (D)

where &7 = {p < 0} is as in §1.1. We shall say that p satisfies the
Carleson condition if the measure g = 3}, ;|/4,,;] and the measure
Yy =y, are Carleson measures in &, where we denote

v = Syvpsdes A dE = |01 A0 € Myor D)
We have then:

THEOREM 3.1.1.

(i) Let pe M, (2) (¢ = 1) satisfy the Carleson condition and
be such that ap = 0 in <. Then there exists some g € BMO, ,_(0.2)
such that
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(.1.1) Lgsz&#Av

for all yeCs, . (D) that satisfy 04 = 0 in some Nhd of <

(ii) Conversely let us suppose that geBMO, ,,(0=). Then
there exists reM, (D) a form that satisfies the Carleson conacsion
in & and fe L*(6=) such that:

onv={rnvsl rav
for all veCs_,, (D) that satisfies 64 = 0 in some Nhd of Z.

Equation (3.1.1) is, of course, a global formulation of the so-
called 6,-problem.

When the dimension of the space » = 1, Theorem 3.1.1 (i) can
be improved and we can choose g € L=(0.Z) cf. [2], [9], and this is
crucial for the proof of the Corona theorem.

THEOREM 3.1.2. Let B be the unit ball in C*. Then there exists

some fe C{;‘jl(B) such that of = 0 and such that the form f satisfies
the Carleson condition and such that whenever u e LY(0B) satisfies
the equation

Swu/\go:SBf/\@

for all e Cy(B) that are d-closed im some Nhd of B then
esssup |u| = +oo .

Another way to express the above theorem is to say that the d,u = p¢
problem for z satisfying the Carleson condition is not always solvable
in L*(0B).

3.2. The Henkin construction. In this paragraph we shall
content ourselves in recalling and explicitating some of Henkin’s
notations and theorems from [7]. They will be basic for the proof
of Theorem 3.1.1 (i).

Let 2 cC" and p be as before and (following Henkin) let us
suppose for simplicity that <7 is in fact strictly convex.

We shall denote then

P(C2) = 3 0C DG~ 2 D = {Py P -+, D)

P*((, 2) = kZZ] ¥, 2)C — z); pF = {pf, 0¥, -+, D}
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where

(G, 2) = %CP—(C); pi(C, 2) = (2, Q) .

We set w({) = A~,d{, and we orient C* by
|, (—ire@ Ao >0.

Let 7 = 9y M +++, 0.) = (&, 2, \) be a smooth vector valued function
of {, ze C" and the real parameter n. We set then

@) = 3 (=177 A d..

The differential form '()) A @(() A w(z) =6 may be decomposed
then as the sum.

0 = gwg(v) A @(C) N\ o(z)

where w.(7) is a form of degree q¢ with respect to dzZ and, corres-
pondingly of degree (n — q¢ — 1) with respect to dZ and drn. We
shall further write

o+ 2) = péoa)p(c + 2)

where @,(C + z) is a form of type (p, 0) in z and of type (n — p, 0)
in . We shall now introduce the following definition. We shall say
that fe C2(02) satisfies 3,f = 0 if f admits some C* extension f
in some Nhd of = such that

(8.2.1) of =30 A h + pk

in some Nhd of 6= where h and k are forms defined in some Nhd
of 07 (observe that the above definition is independent of the
particular extension f cf. [13]). We shall also introduce the follow-
ing condition which is stronger than the condition 4,f = 0. Let
felL! (0=). We ghall say that H,(f) = 0 if

(3.2.2) wa/\ @ =0

for all peCy_, ,_,,(02) such that d,p = 0. (Notice that we do not
attempt to give an intrinsic meaning to H,(f) or to d,f, as far as
we are concerned 0,f = 0 and H,(f) = 0 are just abbreviations for
(8.2.1) and (3.2.2).)

G. M. Henkin has proved in [7] the following basic:
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THEOREM (Henkin). Let feCy(0.22) be such that H,f =0, and
q < n. Let us define

(3.2.3)

= ' N 2{(F7 BN (90,
9= S(C,Z)EB://X[O,l]f(C) A w""[(l N),?(C, 2) 2 )"(P*(C’ z)] N @, L+ 2).

Then ge L), (02) and g satisfies the equation:

(3.2.4) Sa gAIp=C Sa.,,,.f A p

for all peC,_,._o (), wherc C# 0 1is a constant that depends
only on n, p, q.

We shall specialise now the above formulas to n =2, p =2,
qg = 1. We have then

Cl)’(??) = 771d772 - 772d77x
from which it readily follows that

Ta—n2&2 2 G 2) _ ppd — Pty
K Mo T ’

where % is a form that involves d{. On the other hand w,(z + ) is
equal to dz, A dz,. If we substitute the above expressions in the
formula (3.2.3) of Henkin’s theorem we obtain:

_{ pd& )i 2) — p& )DHE 2) 4
g Sz?.z/ @(C; z)(p*(C, Z) j(C)dzl AN dz2

where of course:

We shall now specialise further and suppese that < = B, the interior
of the unit ball, and that o({) = [{,]* + |{, — 1. We have then:

PG 2) =L~z P, 2) =20 — [2[
with the usual notation (.2 ={,-2, + {,r2, and C-{ = [{’ We
deduce that:

p1p; _ psz* _ &Ez _ 2251

pp* (1CF = C-2)E-C— [2])

let us then set:
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Kz, §) = P

{, — z , —z
Kz, ==z 7z K2:‘—1‘—:—]—“
@0 =% 1T

which are all well defined for z, { &€ B except when z = {cdB. We
have then:

* *
Pbe — DDy — K(z, () Vz,(€dB, z#(
PP

> L—% - T -7 _ - -
K o 2_2— 1_]: - 2\%y o/ ¢
(0 §) = Bt = Bt 0 = BK(a O — 2K O

and by an easy computation we obtain that for { cdB:

a-[{1 — Z Cz — 2
0z, N1 —Ze2P1 —C-2)
aKl :C zz'——z_z
9z, 11 —C-zP1 —(-7)
a1{1 :Z zz_zz
0z, L —CezP(l — C-2)
oK, _ ¢ zZ, —C,
0z, L —C-zP(l — (%)

and the analogous expressions for K,. From the above we conclude that

oK, op oK, 0o _ ot Tz — |2) o
L, ==L — — F = (-1 ; B, —; (=12
’ o0z, 0%, 0z, 0%, (=17 (1 —C-z"(1 — C-?) ( )
and
L:a{{—a_é)'_ggan:ZZK1+ZLK2+§1L1_E2L2
0%, 0%, 0z, 0%,
e Lz lap
:z2K1+z1K2+z'C = —
[1—C-2(1 —C-2)
(3.2.5) =z,K, + 2K, +z-{ 1- k¥
T 11— C-2f(1—C-7)
= Tz —1
+z-C = =
|11 —C-2(1 — C-7)
=M + M, + M,
where

M, = z,K, + z,K,

— 1— |z}
M, =7 1 _
T e vy
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M, = _—%%
(Z-€— 1)
Let us now denote by
(8.2.6) T: L} ,(3B) — C=(B)

the linear mapping:
_ -1
Ife) = 2= | K, OA0)

where C is the constant of equation (3.2.4). If we take the deriva-
tives of Tf with respect to 2z we see that the coordinates of FTf
can be expressed as a linear combination (with coefficient functions
in C*(B), i.e., C* up to the boundary) of following ten integrals

620 | K00 | e o0m0: | 2K om0

with 4,7 =1, 2.
Let us now denote by A,(z, ) (k =1, 2, 3, 4) the following four
kernels:

(3.2.8) (L—|2[)E —T) (L= |2[)"*E = C)
1—2ZPL -2 [1-2C@-270

for j =1,2. It follows then from the expressions of the derivatives
obtained above that the last two integrals in (3.2.7) can be expressed
as linear combinations with constant coefficients of integral of the
form: ~

(3.2.9) 1 —fz)” SaB Az, OQa(QfQ)  k=1,23,4

where a({) e C*(0B) (in fact a({) is any of the four functions ¢, £,
Z, C, restricted to 0B). We also have

LEmma 8.2.1. Let feLi (0B). Let us suppose that H,(f) =0
and let us define F(z)eC’“’(E) by the equation

oTf) A dp = I'(z)dZ, A dZ, .

I'(z) is then a linear combination with coefficients in C=(B) (tn fact
the coefficients are polynomials in z and Z and are C= in the whole
of C% of the following four integrals.

[, K@ 0r@; | Beowur©;  ii=12
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where:

_ 1—|zf
e =t -

Proof. The proof is an immediate consequence of the expres-
sion of L in (3.2.5) and the fact that our hypothesis H,(f) =0
implies that:

|, Mz 0f0 =0 vieB

3.3. Estimates on the kernels. In this paragraph we shall
make a number of estimates on the kernels that were introduced in
the previous paragraph.

LEMMA 3.3.1. The two kernels K, (i =1,2) defined in §3.2
satisfy the following conditions:

supg sup | K (¢, &)|da(§) < + o

1€dB JEe€aB 0<r<1

sup | sup|K(rl, §)do(Q) < +eo .

£€dB J{edB 0<r<1

Proof. The two kernels K,, K, taken together, are rotation
invariant in the sense that if g € SU(2) is a complex rotation of C*
then we have

K9z, 90) = a;"Ki(z, {) + b;°K,(2, {)

where a}”, b’ are constants that only depend on ¢g. From this we
see that it suffices to show that:

(3.3.1) Sm sup | K(r1, £)|do(0) < +<

(8.3.2) S sup | K(r¢, 1)|do(Q) < + oo .
dB 0<r<1

Introducing then the coordinates of §2.1 { =1 — a, + B8, @, + 15,)

in some Nhd of 1. We see that (3.3.1) and (3.3.2) are both con-

sequences of the following two inequalities.

1= | sup| @—r+ /9?1+~ag+ B+ B

dﬁxdazdﬁz < + o

7= o |l e Ty (40ede <+

where the integration is taken in some fixed cube of (8, @, 8.)
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centered at the origin. Now we have:
2 2 2\1/2 .
@+t Gy 4 s

as an easy calculation readily shows. The change of variables
Bit+al+pBi=R), B, =Rcosp and then the change of variables
R cos ¢ = ¢ shows that:

Ry

(t + R)R

1= (" ar| R

—Rg 0<t<1
Ry

[ o[ gl

—Ry a>R?

2 “Rdo_ (“do)
so rar{|, g ), T

and this completes the proof of the lemma.

As an immediate corollary of the above lemma we obtain the
following:

LEMmA 3.3.2. Let feC:(0B). Then there exists some constant
C such that:

(3.3.3) ITf(z)| < C  vzeB
we also have:

(3.3.4) Tf(rd) = T () v{eoB
and the convergence in (3.3.4) is uniform with respect to { €dB.

Proof. (3.3.3) is an immediate consequence of the provious

lemma.
The convergence in (8.3.4) follows from the fact that:

K (7L, &) — K&, &)z epiaoien _'rjl) 0

uniformly in {. The uniformity follows once more from the rotation
properties of the K,’s that allow us to bring any { to the point 1.

In what follows we shall denote by S(z, {) any of the following
12 kernels:

—_ Ei - Ci ] —
(3.3.5) Kz, Q) = e 1=1,2
(1—12)"*ReIlm {{; — z} ReIm {1 — {.Z} i=1,2

(3.3.6) 1T
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3.7 A —[z)Relm {1 — -7}
.21 1 -2

where ReIm{ } means that either the real or the imaginary part
in { } has to be taken. Let us now take as before the local
coordinates { =(1 — a, + 8, a, + i8,) in some Nhd of 1 on 4B.
S(z, £) becomes then S(z; 8, «,, B,) a function of z and of the local
coordinates (8, @, 8,). We have then:

LemMA 3.3.3. Let S be as above, then there exists two positive
constants C and ¢ such that:

(i) {ISeolde sC  veeB

(ii) For all b > 0 we have:

oS C
3.8 W < =
(3.3.8) ‘aﬁl‘ 1 —1-2p
| 8| ___C
(3.3.9) P ARRE AR S WL

for all (z, ) in the range
{eB,1);zeB |1 —1-z]>ch.

Proof. (i) Using, as in the proof of Lemma 3.3.1, the rota-
tion properties of the above kernels we see that if we may suppose
in (i) that 2 =(r,0) 0 <» <1, When in (i) S is as in (3.3.5) our
assertion is already contained in Lemma 3.3.1. When it is one other
kernels an easy culculation shows that the integral in (i) is dominated
by a linear combination of the following two integrals:

- nilf [@—r+ éﬁidzédfzez)z + B

VP (Bt + af + B3)*dB.de,df,
= m (X — 7+ 8+ a; + B + B

where the integration range is some fixed cube in (8, @, 8;). And
using the changes of variables 8 + a? - B = R?, B, = Rcose and
then Rcos ¢ = 0. We can verify readily that the above two integrals
are uniformly bounded in 0 < » < 1 as required by the lemma.

(ii) Proof of (3.3.8): For S as in (3.3.5), (3.3.6), and (3.3.7)
we have respectively.

28 1 |z — |
(3.3.10) 5,671‘ = C[m + m]
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(3.3.11) ’gg <ca— lez)lf{] : *12'213 + iz—_zi IJ
(3.3.12) )5,311 <C 111 - ézil

and if we use the inequality:

(3.3.13) Il —2|<Cl1—C-2* zeB, (eoB
and the inequality:

(3.3.14) 1 -1z =01 —12) =C|1 — 2]

=Cl1—-1-2=Cjl~ 2]

which is valid in our range of { and z provided that ¢ is large
enough. We obtain the inequality (3.3.8) in all three cases (3.3.10),
(3.3.11), and (3.3.12).

Proof of (3.3.9). For S as in (3.3.5), (3.3.6), and (3.3.7), we have
respectively:

08 1 P
(3.3.15) - =C[|1—Z-zlz+ ll-Z~z|f]
_ 2\1/2 1 lz — L] ( o,
(3.3.16) 2}) Ll_znzla-}-]l_z.zr\]zz] + |5&; )]
(8.8.17) _ iz]z)[’zzlll‘!‘ [aalz/iazq'

To obtain the inequalities (3.3.16), and (3.3.17) we use the same
calculation as in the proof of Lemma 2.2.1 (ii).

Using then (3.3.138), (3.3.14), and the same inequalities as in the
proof of Lemma 2.2.1 (i), we see that we obtain (3.3.9) in all three
cases (3.3.15), (3.8.16), and (3.3.17). 0S/08, behaves exactly as 0S/oa,.
We have finally:

LEmMA 3.3.4. Let S(z,0) be any one of the 12 kernels as in
(8.3.5), (8.3.6) or (3.3.7), and let ‘ueM(é) be a bounded measure in
E, then the integral

=\ 8@ 0due)

converges absolutely for almost all {€oB and feL'(0B). If in
addition p is a Carleson measure then f(C) € BMO (0B).
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Proof. Let us denote by

#(0 = | 156 01111

we have then

[, #@de©@ = | | 186 01dir @)

CedB

=, ar@| 18601 < +e
zeB LedB
by Lemma 3.3.3 (i). This proves the first part of our lemma.

To prove the second part we first observe that it suffices to
verify the BMO condition on the balls B,(1) centered at 1. Indeed
as we have already observed twice before, the kernel S(z, () trans-
form into linear combinations of themselves under complex rotations,
and by an appropriate rotation we can bring any point {,€0B to
the north pole 1.

Let & > 0 be arbitrary but fixed and let us denote by:

710 =
0=

S, 0duc)

[1—1ez] =

 S(z, Odp(z)

[1—-1-2[>

where ¢ is as in the Lemma 3.3.8.
We have then by our hypothesis on z¢ and by Lemma 3.3.3 (i):

6318 | 1701d0@ = ClulleeB; L~ 1-2] < oh} < O

By Lemma 38.3.3 (ii) we also have:

319 156,0~ S|S0+ I

for all
CeBy(l); zeB, |1—1:z|>c¢h.
We conclude therefore from (3.3.19) that:

(33200  1LQ-fmior| __dlz}ﬂ + o (" 49

ch PR AL
where, as before, we denote:

Ft) = |pl{zeB; |1 — 1-2] < t}
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and if we integrate by parts in (8.8.20) and use the fact that
F({t) < ct?, which is a consequence of our hypothesis, we conclude
that:

S8 =L =C vleB,(1)
which together with (3.8.18) implies that

§Bh<1> F(©) — f(D)]do () = CH

and completes the proof of the lemma.

3.4. Proof of the . first half of Theorem 3.1.1. Let
Z = {p <0} be as before and let us denote by X, ,C M, (=) the
space of forms pe M, (=) that satisfy

o700 A pe M, (2) .

We can then identify C,,, the space of (p, g)-forms that satisfy
the Carleson condition with a subspace of 3,,. The two spaces
Sine and C,, have a natural norm.

For arbitrary feC;,(0B) we shall denote

Qf(2) = 8(Tf) A dz, A dz, € Cg\(B)
where T is the mapping defined in (3.2.5). We have then

PROPOSITION 3.4.1. There exists
/1(27 C) = (Al(zi Q)dz, + Az(z; C)dzz) A dz, N\ dz,

a vector kernel of type (2, 1) that is defined and smooth for z¢€ B and
{ € 0B that has the following properties.
The integral:

Q) = |, @) A 42,0

18 absolutely comvergent for all pe>,,, and almost all LcoB and
it satisfies

(1) [18lem = Cll¢tllz

(ii) If peG,, then Fie BMO (0B) and || f||smowsn = |[2t]lc

i | uner=\_pr
Jor all feC; (3B) that satisfies H,(f) = 0.

Proof. Using a simple argment involving a partition of unity
we see that it suffices to prove the proposition locally.
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‘More explicitly it suffices to show that for all {,e B there exists
2 some Nhd of ¢, in. C* and a kernel A(z, {) = 4y(2, ) as in the
proposition such that the conclusion of the proposition holds for that
A4, and all ¢ as above that satisfy the additional hypothesis

(8.4.1) supppucC 2.

Let us fix therefore some {,€ B and let us choose weC7(2) a
normalised (i.e., of length 1) differential form in a small enough
Nhd @ of ¢, such that

0p, 00, W, &

form a basis of the complexified cotangent space at every point of
2 (here of course p(z) = |2° — 1 but we prefer to keep the general
notation).

Let also ¢t €3, be arbitrary but satisfying (3.4.1):

1= Az, + 10z, = /71510 + [0 .
By our hypothesis we have then:
(3.4.2) |, |2, |07 ] € M(B)

and if we suppose in addition that peC,,; (satisfying the Carleson
condition) then the measures (3.4.2) are Carleson measures.
Let now f be as in part (iii) of our proposition. We have then:

oTf = Xop + Y& .
Using now (3.2.7), (3.2.8), and (3.2.9) we see that

(3.4.3) X@) = 0@ 3, 66) Sw S(z, OO

where the summation extends over a finite number of kernels S(z, {)
taken out of the 12 kernels (8.3.5), (3.3.6), (38.3.7), and also a finite
number of @({) that are polynomials in { and { and a finite number

of B(z) e C*(B) that are bounded and continuous in B.
Using Lemma 3.2.1 we also see that

YO = 3 6|, S 0a 080

where the summation is as in (3.4.3).
We conclude therefore that for ¢ and f as above we have:

(AGTS = (Y — LX) A G = | 6(z OF(C)

where
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0z 0) = [A(2) 3. B*()8*(z Oa*(C)

(3.4.4) =
— [0@) [ 1:(2) 3 B(2)S(z Da@lop N & .

If we express f,, fI,, 00, and @ in terms of f, t, dz, and dz, in
(3.4.4) we obtain

@(z’ C) = (#1/12 - #2/11)‘151 VAN dzz

where 4,(z,0) and 4,(z, () (z€ B, CeoB) are two well determined
kernels.
Let us then set:

Az, O) = (A,(2, O)dz, + Az, 0)dZ,) N\ dz, A\ dz, .
We have then
(8.4.5) O(z, ) N\ dz, N\ dz, = 1(z) N\ Ao(z, C)

and /4, satisfies the conditions of (i) and (ii) in our proposition. To
see that, we observe that all the kernels in the summations of
(3.4.4) satisfy the conditions of Lemma 3.3.3. It suffices then to
use (3.4.2) to obtain our result.

(3.4.5) on the other hand implies that

pAQE =\ 1) A Aoz, O A SO -
It therefore follows that: |
enar= |  w& A0
={ (. 0 A e, 0) A 70 = 205
and this proves part (iii) of the proposition.

Before we give the proof of Theorem 3.1.1 (i) we shall need two
lemmas.

LEMMA 3.4.1. For every feCy(0B) that satisfies H,(f) =0 we
have:

San N @ = lim LB QfFNp;  VpeC=(B)

where B, = {ze€C% |z| < r}.
Proof. We have by Stoker’s theorem

S Qf/\gv=—g Tf A 0p A dz, A dz, .
9B, B,
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But by Lemma 3.3.2 we also have

lim SaB Tf A 3p A dz, A dz, = SBB Tf A 3 A dz, A dz, -

Tl

We deduce therefore that:

lim SaB QF A= —Sw Tf A 5p A dz, A dz, .

r—1

But by Henkin’s theorem in §83.2 we also have:
S Tf A 39 A dz, A dz, = —§ fAp.
aB éB

From this our lemma follows.

LEMMA 38.4.2. Let f be as in Lemma 3.4.1. Then for all
u € C”(B) the integral S ou A\ Qf 1is absolutely convergent amd it
B
satisfies

(3.4.6) SaB“ Af= SB du A QS .

Proof. The first part of the lemma follows from (3.2.7), (3.2.8),
and (3.2.9) which show that the behavior of Qf near the boundary
is controlled by [o|™*2. To obtain (3.4.6) we use our previous lemma
and Stokes’s theorem in B, and then let » —1; we have

r—1 r—1

S u/\f:lims u/\Qf=1imS 5u/\Qf=S°5u/\Qf.
B 3B, By B
The following theorem is essentially due to Henkin [14].

THEOREM (Henkin). For every pe .. such that oy =0. We
have:

Sﬁﬂ/\q[r: Sas‘aq/f

for all v € Cz(B) that satisfies oy = 0 in some Nhd of B (% is the
function defined in Proposition 3.4.1).

We shall give a quick proof of the above result making the
additional hypothesis that peCy(B). Let peCy(B) and let us
suppose that 3¢ = 0 in some Nhd of B. Using then standard methods
we can find some % € C*(B) such that

ou = [
in some Nhd of B.
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It follows therefore from Stokes’s theorem that

(3.4.T) Lwnv={uenry

for all 4 as in the statement of the theorem.
But by Lemma 3.4.2 and Proposition 3.4.1 we also have:

(3.4.8) Lenv={rnrnar={ u

for the same class of +’s. From (3.4.7) and (3.4.8) therefore our
theorem follows. (Observe that the above +’s satisfy H,(y) = 0.)

The difficulty in obtaing the general case from the above lies
in the fact that the condition that determines the space >}, has a
singularity at the boundary. It is therefore not trivial to regularise
in that space (say by convolution) and to approximate a general
element of 3>),. by one that satisfies our special conditions. It can
be done however, the interested reader should look, for example,
in Skoda [16]. (In [16] Skoda has obtained formulas that are
equivalent to Henkin’s and for the same purpose. Although I have
not gone through the details I am convinced that one could obtain
the BMO estimates from Skoda’s formulas as well.)

It should be observed, however, that the above special case
which gives the solution with a priori estimates is sufficient for
most practical purposes.

Proof of Theorem 3.1.1 (i). It now suffices to combine the
above theorem (of Henkin) with Proposition (8.4.1) (ii) to obtain our
theorem.

3.5. Proof of the second part of Theorem 3.1.1 and the
Corona problem.

Proof of Theorem 3.1.1 (ii). Let g € BMO (6B). Then by Theorem
1.1.1 there exists some F e C=(B) and fe L (3B) such that

(8.5.1) gm g—FNHANAp=1m Sw FANp VpeCh,(B)

r—1

where B, = {z€C% |z| £ r}, and such that
| DF|d(Vol)

is a Carleson measure in B.
It follows therefore by Stokes’s theorem and a simple passage
to the limit as r—1 that
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Le-Nnre=|Fre veec®

provided that dp = 0 in some Nhd of B.

But by Lemma 2.5.1 and our hypothesis on F it follows that
the form p = oF satisfies the Carleson condition, and being trivially
d-closed we see that y satisfies all the conditions of Theorem 8.1.1
(ii). This completes the proof.

Let us now consider the Hopf mapping
7 (Zu zz) — zl/zz

which is defined for all (z,, 2,)€0B, 2, 0, and takes its values in
the complex plane C = R (We can in fact define = from the whole
of 4B into the compactified complex plane C U o, i.e., the Riemann
sphere, but we shall not need to do that here.)
~ Using that mapping we can give the following coordinates on
{0B; z, = 0}.
o
V14 |ul
2= e
V1+|uP
6¢€l0, 27), ueC.
We have then:

LeEmMmA 3.5.1. Let f(u)cBMO (R?, f¢ L°(R*) and of compact
support, and let us define:

~

f(zu zz) = f(z1/zz) V(Z,, zz) €oB z, # 0
Ff2,00=0  V(z,0€dB.

Then feBMO (6B) and it cannot be decomposed in the form:
(3.5.2) Ff=9p++; 9ecL (GB), +cH(@B).

Proof. To test the BMO condition on f observe that the
vector field y, runs along the fibers of the Hopf mapping, and that
therefore B,({,), a ball in 0B centered at {,coB, is essentially the
cartesian product of a ball B,z(H({)) in C = R* centered at H({,)
and of radius V't and of a segment of length ¢ centered at {, along
the fiber. Using the above the verification of the BMO condition
is immediate.

To see that the decomposition 3.5.2 is-impossible, let us suppose
by contradiction that we could write

fw) = o(u, 6) + ¥(u, 0) ; peL*@B), +¢HGB)
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where we use the coordinates of the Hopf mapping introduced above.
It would then follow that:

(3.5.3) 2nfu) = S o, 0)d0 + S w(u, 6)d6

24
but + being analytic it follows that S J(u, )dd is at consant (in-

. 0 . .
éependent of u). The expression (3.5.3) implies therefore that
feL”(0B) which is in contradiction with the hypothesis. We can
now give the:

Proof of Theorem 3.5.2. Let us suppose, by contradiction, that
Theorem 3.5.2 fails.

Let v € BMO (B) be an arbitrary BMO function. Then we know
by Theorem 3.1.1 (ii) that there exists. some pe(C,; and some
we L*(0<) that satisfy

op=0; S v/\q):S°#A¢+S w AP
B B B -

for all p ¢ Cy,(B) that is d-closed in some Nhd of B. By our con-
tradictory hypothesis it follows that there also exists some u € L~(0B)
such that:

S u/\¢>=§,#/\<P
aB B

for the same class of @’s as above. We conclude therefore that

SaB(v—u——w)/\q>=0

for the same ¢’s as above.
But from Proposition 2.5.1 it follows then that w + u — v is of
analytic type and that therefore we can write

v=u,+a; uecL”0B), acH*B)

and v being arbitrary, this contradicts Lemma 3.5.1 and proves our
theorem.

REMARK. If we choose v as in Lemma 3.5.1 we see that the
measure /¢ can be constructed without the use of Theorem 2.1.1.

Indeed to construct the function FeC=(B) whose boundary
values are v and for which |DF|d(Vol) is a Carleson measure, it
suffices to construct the corresponding F in the interior of the
Riemann sphere (or in Ri) and lift it up by the Hopf mapping
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(which readily extends to the interior of the ball). All one needs
then to do the above construction is the much easier Theorem 1.1.1

Q).

The above considerations are not conclusive as far as the Corona
problem is concerned, they do show however that the classical ap-
proach breaks down at a very essential point!

In the positive direction we can use Theorem 3.1.1 (i) to prove
the following.

THEOREM. Let f,, fzeH“(E) be two bounded analytic functions
in B such that

@)+ |fi2)|=0>0 vzeB.
Then there exist two holomorphic functions @,, @, in B that satisfy:
Ji P+ fz?’z =1

S‘ip {ll@.(rO) llsMowmy 1| PA1C) )Broiam} < + oo .

The same holds for general strictly pseudoconvex domains.

The proof which is a straightforward but lengthy adaptation of
L. Carleson’s one-dimensional proof (with the modifications of
L. Hormander) will be omitted.
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