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MARTINGALE TRANSFORMS
AND RELATED SINGULAR INTEGRALS
BY
RODRIGO BANUELOS

ABSTRACT. The operators obtained by taking conditional expectation of continuous
time martingale transforms are studied, both on the circle T and on R". Using a
Burkholder-Gundy inequality for vector-valued martingales, it is shown that the
vector formed by any number of these operators is bounded on L”(R"),1 < p < o0,
with constants that depend only on p and the norms of the matrices involved. As a
corollary we obtain a recent result of Stein on the boundedness of the Riesz
transforms on L”(R"), 1 < p < oo, with constants independent of n.

0. Introduction. For f € L?(R"), 1 < p < oo, we define the Riesz transforms by

f )’jf(x")’)d

| |n+l

vi=e |y

for j =1, 2,..., n. These operators are the basic singular integrals in R” and it is
well known (see [14]) that if we set

R () = iy e r( 241
e—0

,, 172
Rf<x>=(§|xf<x |) ,

then this operator has the strong type inequality

(1) IRf ey < C, Ml flleaey, 1 <p < oo,
and the weak type inequality

@) m{x: Rf(x) > N} < S 07 e

where the constants C, , and C, depend on the parameters indicated.

There has been substantial interest recently in studying the behavior of such
constants in classical operators in analysis as n — co. In particular, Stein and
Stromberg [16] have shown that for the basic Hardy-Littlewood maximal function

1
M) = 8 ) o O

(here B(x,r)= {y: |x — y| < r}), we have
(3) IMf oy < Gl flraey, 1 <p <o,
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548 RODRIGO BANUELOS
and

(4) m{x: Mf(x) > A} < S £ e

with C, and C independent of n.

Using (3) Stein [15] has shown that the constant C, , in the strong type inequality
(1) can also be taken to be independent of n. In his closing remarks, Stein suggests
that notions from probability theory may be helpful in the further understanding of
analysis results as n — oco. In this paper we show this is indeed the case. Using a
probabilistic interpretation of the Riesz transforms given by Gundy and Varopoulos
[10], and techniques from the theory of martingales, we give a simple proof of Stein’s
result. The three key points in our proof are: (1) the classical inequalities for
Brownian martingales do not depend on the dimension of the Brownian motion; (2)
the Riesz transforms are conditional expectations of martingale transforms with
matrices which have norms that do not grow with the dimension; and (3) conditional
expectation is a contraction in L?.

We have organized this paper as follows. In §1, we define martingale transforms
on the Brownian filtration, state their basic properties and prove a Burkholder-Gundy
inequality for vector-valued martingales. In §2, we begin to connect martingale
transforms to analytical objects and define a collection of operators on the circle
which generalize the conjugation operator. These operators are obtained by taking
conditional expectation of martingale transforms. Several propositions are proved
which describe their basic properties. In particular, it is shown that our operators are
singular integrals and we give an explicit formula for their kernels. All of the results
in this section remain valid if we replace the unit circle in the complex plane with the
unit sphere in R”. In §3, we study these operators in R” and prove Theorem 3.1. This
theorem gives a vector-valued inequality similar to (2) for our operators with
constants depending only on p and the norms of the matrices defining the
operators. Stein’s result is obtained as a corollary of Theorem 3.1. For a single Riesz
transform we show that the constant we obtainis ~ 2y2p as p — oo.

1. Definitions and preliminary results. Let B, be an n-dimensional Brownian
motion. It is well known (see [7, §2.14]) that if X is a random variable in L*(%,),
&, = o(B; t = 0), then X can be written as

(1.1) X=E(X)+ [ H,-aB,
0

where H, is a process with values in R” which is adapted to the Brownian filtration.
That is, H, is measurable with respect to % = o(B,; t < s) and has

(1.2) Efw|Hs|2ds<oo.
0

Given the representation in (1.1) we can define for any real n X n matrix A the
martingale transform 4 * X of X by

o0
A*X=f AH, - dB,
0
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and it follows from the isometry property of the stochastic integral that
2 x© 2 2 o 2
E|A* X| =E/ |AH,|" ds <| A Ef |H,|"ds < o0,
0 0

where ||A|| = sup{|Ax|: |x| < 1}. Thus the martingale transform is a new random
variable in L*(£).

For p # 2, the isometry of the stochastic integral is replaced by the Burkholder-
Gundy inequalities. First we give a definition. For X as in (1.1) we define

<X>=f()°°|HS|2ds

and call this new random variable the area function or variance process of X. If we
denote by X, and (X), the stochastic integrals above up to time ¢, then X, is a
martingale and ( X), is the unique increasing process which makes X? — (X), a
martingale. We now have

(1.3) Suppose EX = 0 and 1 < p < 0. There exists constants a
depend only on p such that

a,(ECX)2)'" < (EIXI')"" < 4,(ECX)y?2)”.
When p = 1 we have

(1.4) Suppose X and Y are two random variables such that (X), < (Y, for all
t > 0. Then

» and 4 » which

P{suplx,( > x} <Xgy)
t>0 A

For the proof of (1.4) see Burkholder [3] where it is shown that 2 is the best
constant in this inequality. The inequalities in (1.3) are by now classical and several
proofs exist. Davis [5] gave a remarkable proof which identifies the best possible
values for a, and 4,. Let D,(x) be the parabolic cylinder function of parameter p,
and let M, (Z)= M(-p/2,1/2,Z 2/2) be the confluent hypergeometric function.
(See Abramowitz and Stegun [1] as a general reference for these functions.) Let Z5
be the smallest positive zero of M, and let Z, be the largest zero of D,. Davis
showed that the best value for a, is Z} for p > 2 and Z, for 1 < p < 2. The best
value for 4, is Z, for p > 2 and Z; for 1 < p < 2. We shall need to use this fact
later when we estimate the constant for the Riesz transforms.

We now observe that (A4 * X), < ||4||% X), and therefore it follows from (1.3)
and (1.4) that

AP
(1.5) l4* X[, <l 4l = Xls, 1<p<oo,
14
and
(1.6) P{lAxX|> 1) < 2@E|X|.

For our applications we need to prove a generalization of (1.3). First recall the
following

LEMMA (GARSIA [8)). Let A, be a positive continuous increasing process with A, = 0.
If there is a positive random variable Y such that E(A, — A;|%;) < E(Y|%) for
any stopping time T, then E(AL) < pPE(Y?),1 < p < c0.
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For the proof of this Lemma see Lenglart, Lepingle and Pratelli [11].

THEOREM 1.1. Let X' = [{°H!-dB,, 1 <i < m, be any sequence of random
variables in L?( %), with p > 2. Then there are constants C, and C,/ which depend
only on p so that

m 9 p/2 m ‘ p/2 m 9 p/2
CpE( .§|X'| ) < E(‘;(X')) < C[;,E( §|X'| ) )

In fact, C;/ = (p/2)?"%

PROOF. Recall that (X'), = [{|H/|*ds is the positive continuous adapted increas-
ing process which makes ( X/)> — ( X'), a martingale. Thus for any stopping time T
we have

E((X'y = (X'yplFr) = E((X')* = (X£)1%7) < E((X))%7).

Summing both sides of the previous inequality we see that
m ) m . m )
£ £ - £ oxn ] <2 £ 1011
i=1 i=1 i=1

and applying Garsia’s Lemma with p/2 > 1 we have

p/2

m p/2
7) B £ 0] < (p27e| £ 1)

Note that for p =2, (1.7) is trivial and therefore we have the right-hand side
inequality in our theorem for p > 2 as we wanted.

To prove the left-hand side inequality let ¢ > 0 be given. For p > 1 consider the
function F: R™ — R defined by F(x) = (¢ + £ ,|x,|*)?/* = |X|”. Since ¢ > 0 the
function F is C* and we can apply [t0’s formula to conclude

i t : 1 t ; )
F(M)~F(M))= ¥ ['DF(M)ax:+ 3 ¥ ['D,F(M,)d(X', Xy,
i=1 ivj
where M, = (¢ + £™ | X/|*)!/% Also D,F(x) = px,|X|” and
- _p—4
(1.8) DijF(x)=p|x|p 8,~j-+p(p—2)x,-lex|p >
where §,, = 1if i = j and 0 otherwise. By the Cauchy-Schwarz inequality,

(1.9) Y xixH -1 <|M|Y |H]|
i i=1

Soif p = 1, (1.8) and (1.9) imply

%Z fo’ D, F(M,)d(X', X'}, > 0.
-

Therefore M, is a submartingale.
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As before, the inequality we want to prove is trivial for p = 2. So assume p > 2.
By (1.8) and (1.9)

3T E Do) acx x, < gp [T 1M ZZ d(xs,
1 ®© p—2 i
+§p(p—2)f0 | M| i§1d<X s

1 0 _s m )
= 3p(p =1 [ IMI L d(x?,.
Y i=1
Taking expectation of the previous inequality and setting M* = sup,|M,|,

E|M| —eP/2<—p(p—l)E(/ |M|p 22 d(Xx"y )

i=1

//\

zp(p—l)E(lf‘f*"2 fd<X‘>)

37 = DE{e 7 £ ).

i=1
Applying Holder’s inequality with exponents p/2 and p/(p — 2) we have

m . p/2|2/p
(£l

) m p/2\2/p
CP[E|M|p](p_ )/p[E( Z <Xi>) } ,

where the last inequality follows from Doob’s maximal inequality applied to the
submartingale M,. The constant C, depends only on p.

If we now let ¢ — 0 we get
m S p/2|(p=2/p
5[ £ 1)
i=1

m 5 p/2
E(Z|X'|) < C
i=1

from which the left-hand side of the theorem follows.

1 -
EM[ e < 3p(p = D] Ee]"72”

m ) p/212/p
(£eof

2. Projection of martingale transforms on T. Let D = {Z € C: |Z| < 1} be the
unit disc in the complex plane and let T = 9D be the unit circle equipped with the
probability measure dm = df/2«. Let B, be a two-dimensional Brownian motion
starting at the origin and let 7 = inf{s: |B,| = 1}. For f € L*(T), we let u(Z) =

E_(f(B,)) be its harmonic extension to D. Itd’s formula implies

(2.1) f(B,) = u(0) + f vu(B,) - dB,.

0
Changing notation, X = f(B,) and H, = Vu(B,)1, . ,,, converts (2.1) into
(2.2) X=Ex+ [  H,dB,

0

and if A is any 2 X 2 matrix we define the martingale transform of f(B,) as in the
previous section.
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If we take H = [(1) _:)] it follows from the Cauchy-Riemann equations and the 1to
formula that H * f(B,) = f(B,), where f is the conjugate function of f. That is, if
u(Z)=E,(f(B,)) and @(Z)= E,(f(B,)). then u + iix is analytic in D and
#(0) = 0. Since ||H||=1, it follows from (1.5) and (1.6) that E|f(B.)|” <
(4,/a,)?E|f(B,)l. 1 < p <o, and P{|f(B,)|>\} < (2/\)E|f(B,)|. Since B,
has the uniform distribution on 7, these inequalities imply the classical Theorems of
M. Riesz and Kolmogorov: 1|f||,, <(4,/a)lfll,»1 <p < o, and m{|f]> A} <
Q@/MIf Ny

The argument just presented works equally well in more general domains which
are not necessarily simply connected. More precisely, let G be a bounded domain in
the complex plane and fix Z, € G. Let B, be a two-dimensional Brownian motion
starting at Z, and 7 = inf{¢ > 0: B, &€ G}. Suppose u + ii is analytic in G and
continuous in G U dG with @(Z;) = 0. The same argument above shows that
E,|a(B)|" < (A,/a,)E5Ju(B,)”. 1 < p < co, and P,{|a(B,)| > A} <
(2/N)E, |u(B,)|. If we denote by dW,, the harmonic measure on 3G with respect to
Z,, we can write the previous inequalities as

LClu(s)ldezo(s) < (Ap/ap)”[)Clu(s)!"szl,(g), 1<p<oo,

and

W, (&< 0G: [a(¢)]> A} < %/M|u(g)|dwzu(g).

Let us again restrict our attention to the unit disc. We begin by observing that if A4
is an arbitrary 2 X 2 matrix, then Avu will not be the gradient of a harmonic
function and so A * f(B,) will not be a function of B,. To turn the random variable
A * f(B,) into a function defined on T we take conditional expectation and define
the operator T, by

(Tuf)(B,) = E( [  Avu(B) - b2,
or less formally
(Tf)e?) = B[ 4vu(B,) - dB,1B, = &)

The T,’s give a family of operators on the circle which generalize the conjugation
operator discussed above. In the next few propositions we prove some of the basic
properties of these operators. We begin with a simple observation: T, is a bounded
operator on L?(T) for 1 < p < . To see this observe that from the boundedness
of the martingale transforms, (1.5), we have

A\ »
—”) E|f(B,)|

T p
EU AVu(B)-dB.l <4l
o 5 $

N
~

S

-l (S2] 5 [t .
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where the last inequality follows since B, has the uniform distribution on T. Since
conditional expectation is a contraction on L?, T, is bounded and in fact, the
operator norm ||T,|| < ||4]|4,/a,. So that when p = 2, the norm of T, is less than
the norm of 4. Another observation, which the interested reader can verify, is that
the adjoint of the operator T, as an operator in L*(T'), is given by T,. where 4* is
the transpose of 4.

PROPOSITION 2.1. The operator T, is a singular integral on the circle whose kernel
can be computed explicitly.

PROOF. Let hy(Z) = (1 —|Z|*)/|e"® — Z|>, Z € D, denote the Poisson kernel,
or in probabilistic terms, the probability density (module dividing by 27) of exiting
D at e starting at Z. For 0 < r < 1 we define the stopping time 7, = inf{s > 0:
|B,| = r}. 7, increases to 7 as r increases to 1 and for f € L?*(T) we can write

(2.3) T,f(e") = lim E(/TrAvu(Bs) .dB,|B, = e"‘*).
rtl 0

In this way we can write T, f as a limit of A-transforms (see Durrett [7, Chapter 3]).
In other words, for every 0 < r < 1,

E(/O Avu(B,)- dB,|B, = e"") - ﬁ};(fof’ Avu(B,) - sth,,(B,,)).

Since h4(Z) is also harmonic we have by Itd’s formula

ho(B,) =1+ fo Vh,(B.) - dB..

This and the formula for the covariance of stochastic integrals combined with the
occupation time density formula (see [7, Chapter 1]) give

(2.4) E(fo Avu(B,)-dB,B, = e"’) = E(fo Avu(B,) - Vhy(B,) ds)

- l/D log( £ ) Avu(Z) - Vh(Z) dZ,

m

where D, = {Z € C: |Z| < r}. However, since
1 27 .
== — ’¢
w(Z) = 5. [T (e*)hy(2) do,
we have for |Z| < r <1,
1 2@ .
= — i®
Avu(Z) 277[0 f(e*)Avh,(Z) dg.
Substituting this in (2.4) gives
E(f vu(B,) - dB,B, = e"")
0

1 (241 r i
= 2—;‘/(; (;/;)’ logmAVh¢(Z) : Vho(Z) dzZ f(e"’)dqb
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Setting
k(e ei?) = %fb 1og|—;|Avh¢(z) - Vhy(2)dz
we can write (2.3) as
T (e) = tim o [* k(e e)f(e") do

which is the conclusion of our proposition.
To check our formula the reader should observe that
r

r i i 1
ki (e, e®) = ;/D log 7 AVh,(Z) - Thy(Z) dZ

= E(/()T'Avh¢(B:) : Vh,,(Bs)ds)

E( " Avh,(B,) - dB,|B, = e"").
[ Avho(B,) - an,
Sothatif A = H
k;l(ei¢’ei0) = E(/Tr iltb(Bs) : dB.\‘lB‘r = eio)
0

2rsin(0 — ¢)
1 — 2rcos(6 — ¢) + r?

= il¢(rei0) =

and

lim k(e e’) = cot( 6 - ¢)
rtl 2

which is the kernel for the conjugate operator.
Let us denote by M(2, R) the set of all 2 X 2 matrices with real coefficients and

by £ (L*(T)) the set of all continuous linear operators on L*(T). We have

PROPOSITION 2.2. The linear map from M(2,R) to L (L*(T)) given by A — T, is
one-to-one.

PrROOF. Let f € L*(T) and as usual u is its harmonic extension to D. Suppose
T,f=0.Then

0= 3 [ Tuf(e")f(e) o
- B(T(8)1(8)) - E|£( [ avu(s) - an15,)1(3,)|
- E(fOTAVu(Bs) : Vu(Bs)ds)

1 1
= ;fo logI—Z—'AVu(Z) -vu(Z)dz,
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where we have used again the formula for the covariance of stochastic integrals and
the occupation time density formula. If we now take f = cosf we have ¥ = x and
vu = (1,0). If 4 = (a;;), then AVu = (ay;, a,)and AVu - Vu = a;;. Thus

aufDlogll7I dZ =0 =a, = 0.

If we take f = sinf we have u =y, vu=(0,1), AVu- Vu = a,, and as before
this shows a,, = 0. Testing with f = sinf + cosf we get a,, + a,; = 0 and a,, —
a, = 0 from which we conclude a,, = a,; = 0. So 4 is the zero matrix and this
proves the proposition.

After the representation given by Proposition 2.1 it is natural to ask if our
operators are convolution operators. The next proposition gives a very precise
answer to this question.

PROPOSITION 2.3. In general T, Ty # T, but if H is the matrix given the conjugate
operator, then TyT,= Ty, and T,Tyy = T,y. Also, T, is a Fourier multiplier in
LX(T) ifand only if A = al + BH, a and B real numbers.

PROOF. Since Ty, f = f,

1 27 . . 1 27 -~ .
30 [ TaTuf (¢)g(e®)d6 = 5 [T Tj(e*)g(e) a6

= E(T,f(B,)g(B,)) = E(E(f(: Avi(B,) -stlB,)g(Bf))

E(E(foT AHvu(B,) - dBJB,)g(B,))

1 27

= 27 A TAHf(eio)g(eio)do-

Since this holds for any g € L?(T) it follows that T,T,; = T,
Next recall that the adjoint of the conjugate operator is (—) itself and H* = -H.
We have as above

e [ Tuaf (e)8(e) a0 = B( [ A, (B) - u,(8,) s)
= -£([ 4vu,(B) - HYu(B,)ds)
= -B( [ 4vu(8) - iy (B)as) = —5 [T T (ea(e) a0

1 2m . .
= 57 | TuTuf(e)g(e) a0

and therefore T}, = T,T,.

For the second part of our proposition let us recall that an operator S: L*(T) —
L*(T) is called a Fourier multiplier with symbol o(n) € I if (Sf)"(n) = o(n)f(n)
for all f € L%(T). Here f means the Fourier transform of f. A well-known example
of such an operator is the conjugation operator T, f = f whose symbol is given by
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o, (n) = —isign(n). Soif g, is the symbol for T, we must have

(TATHf)A(n) = UA(”)UH(n)f(”) = 01/(")°A(")f(n) = (THTAf)A(n)'
This shows that T,T, = T,,. From the first part of the proposition we have
Ty4= T,y or Ty, 4y =0. From Proposition 2.2 we may conclude that this
happens if and only if H4 = AH and it follows that A = af + BH. So T, is a
multiplier operator (hence a convolution operator) if and only if 4 = af + SH,
which gives the proposition.

We will now show that if we enlarge our collection of matrices by allowing
variable coefficients it is possible to obtain convolution operators from our operators
T,. Let f € L*(T) and denote by f, the function f rotated by the angle 6. That is,
fa(e™®) = f(e'®*®). Let u, be the corresponding harmonic extension. If we let R,
be the 2 X 2 matrix which represents rotation by § we have, by a trivial change of
variables and the rotation invariance property of Brownian motion, that

T /(") = E( [ R yARs - Vuo(B,)- dB|B, = 1)

= (TR-aARufa)(l)'

Since R_,R, = I, we see that if 4 commutes with rotations, then our operators T,
also commute with rotations. We know from above that this happens only when 4 is
a linear combination of I and H. However, if we allow 4 to have variable
coefficients the situation changes. For example, let A(Z) = ¢(Z)H, where ¢(Z) is
a real valued function defined on D which is rotationally invariant and has
sup, < p|®(Z)| < M. Then the operator

(Torf)() = E(/0 #(B)HVu(B,)- BB, = ¢

still defines a continuous linear operator on L*(T) (any 1 < p < o0) and since
R_,ARy = A(Z) for all Z € D, we have (TA(Z)f)(ei")= (T4 2 /o)1), and in
general (T, 7, f)o(e"®) = (T4 7 fo)(e'?). If we now recall that every continuous
operator from L*(T) into itself which commutes with rotations is a multiplier
operator (see Stein [14, p. 28]), we have that T, ,, is a convolution operator on
L*(T). The kernel can be computed explicitly as we did above for the case of
constant coefficients.

REMARK 2.1. As mentioned in the introduction most of the results proved in this
section remain valid if we replace the unit disc in the complex plane by the unit ball
in R". Of particular interest is the case of even dimensions because of its possible
connections to several complex variables. We illustrate this with one example. Let
B ={Z € C" |Z| <1} be the unit ball in C", S = 0B the unit sphere and o the
normalized surface measure on S. Suppose f = u + it isin H?(S),1 < p < o0, and
(0) = 0 (see Rudin [13, p. 87] for the definition of H?(S)). Then,

(23) Jiucerr dote) < | 2| fluterf aote),
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The constants 4, and a, are the same as in (1.3) and in particular they are
independent of the dimension. To prove (2.5) we simply observe that if H is the
2n X 2n matrix defined by

- |

0 -1
1 0 |0
0
H= )
0
0| 0 -1
1 0,

then the Cauchy-Riemann equations and It6’s formula imply that H * u(B,) = @(B,).
(2.5) is therefore a special case of (1.5) and we are done. (For the classical proof of
this result see [13, p. 125].)

ReMARK 2.2. It is not difficult to show that our operators, like the classical
Calderon-Zygmund singular integrals, are also bounded on BMO(T') and hence on
HY(T). An interesting question is whether these operators can be used to char-
acterize H'(T). Most likely this is the case provided that the matrices used do not
have a common real eigenvector. Our guess is based on the fact that martingale
transforms characterize H'-martingales if and only if the matrices do not have a
common real eigenvector. This theorem is due to S. Janson and the reader can find a
proof in [7, p. 167].

3. Projection of martingale transforms on R". Fix y >0 and let B, be an
(n + 1)-dimensional Brownian motion with initial distribution m,=m ® §,, the
Lebesgue measure on the hyperplane {(x, y): x € R"}. In other words, B, is a
process whose distribution is given by

P(4) = fR P, (A) dx,

where P, , is the distributed of Brownian motion starting at (x, y) € R"*!. Let
R 1= {(x, y’): x €R", y’ > 0} be the upper half space and as usual we view R”
as its boundary. If 7 = inf{z > 0: B, ¢ R"*!} and f is a positive Borel function in
R”, we have

(1) E(f(B)) = [ Eo(/(B)dx= [ [ k(0.x)7(0)d0dx,

where

’

k(6 x)=7r'("+”/21"(n+1) y n+1
a (I

2 J(lx-6P+y?) 2

the Poisson kernel (or Cauchy density). Therefore if we interchange the order of
integration (3.1) becomes

(32) EX(f(B,)) = [ f(8)as.
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Let us denote by & (R") the class of rapidly decreasing functions on R”. If
feFR") welet u(x, y) = E, ,,(f(B,)) be the Poisson integral of f. Since u is C?
in R"*!and continuous at the boundary, it follows from Itd’s formula that

1(B)=u(By) + [ vu(B,) - dB,.

So for any (n + 1) X (n + 1) matrix we define the martingale transform of f(B,) as
before:

Axf(B,)= [ Avu(B,)-dB,.
0
It follows from (3.1) that
i 2 2
EXAxf(B)| = [ Eq.|ax/(B)] dx
and from (1.5) that

2 2 2
E(x.y)lA * f(B-r) [ < C“A ” E(x.)')'f( Br) | .
Integrating both sides of the previous inequality with respect to x and applying (3.2)
we have
R 2 2
EYAxf(B,)| < ClAllf 2@ < oo.

So A* f(B) € L*(P").

From the definition of P* we see that P is not a probability measure.
Nevertheless, if % is a o-algebra and X € L?(P*), 1 < p < oo, we can still define
E’(X|% ) which is just a Radon-Nikodym derivative and it belongs to L7(P").
Thus we can take conditional expectation of 4 * f(B,) and we define the operator
T} by

(12£)(0) = £°( [ Avu(B,)- dB,|B, = 4.

THEOREM 3.1. Let (A, A,,..., A,,) be real (n + 1) X (n + 1) matrices and for
fe PR set

m 5 12
°f(6) = (; T2 /(0)] ) :
Then

IT*f lrey < AN f ey, 1 <p < oo,

where C, depends only on p and

_.2 m 2
14l =sup{Z|A,-x| x| <1}.

i=1
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PROOF. Assume first p > 2. Since conditional expectation is a contraction on L?,
p = 1, we have

IT*f(B,) |ror, = EX|T*f(B,)|

m 2\ p/2

=EY Z

i=1

E(/ Avu(B,) - dB|B )
0 1 Ry R T

)"
Jo

2\ P/2
) dx.

<E'l Y E(‘ " A,v(B,) - dB,
0

i=1

p/2

S| [ avu(s,)- a8,

1

m
= E(x‘y)( Z
i=1

R"

[ Awu(B,)- aB,
0

2) p/2

[ avu(z)-as,
0

Applying Theorem 1.1 we get
(3.3)

E(x.y)(

&

i=1

[ Awu(B,)- a,
0

2\ P/? mo 5 p/2
) < CpE(x‘.V)(IZ j(;'Arvu(Bs)l dS)

- T 2 \P?
<IN E [ [1vuB)f )

(Here and in what follows C, is a constant depending only on p and whose value
will change from line to line.) If we now apply the Burkholder-Gundy inequalities
(1.3) we see that the previous expression is

—.P p
< G l4l'E

(x,»)

fOT vu(B,) - dB,

14 4
= Cp”A” E(X,_V)’f(BT) - u(xv y)|
=P 4
< Cp“A” E(x,y)'f( B‘r)' )

where the last inequality follows since |u(x, y)| = |E . ,,(f(B))” < E, ,|f(B,)|”.
Integrating with respect to x gives

4 T4 4
IT7(B) Noriry < GUAY [ Eqo | 7(B) [ dx
or from (3.2)
1T ler@e < CIANNF llrgen

and then the theorem is proved for p > 2.
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Assume next 1 < p < 2 and let ¢ > 2 be the conjugate of p. By duality

ITflerey= sup

18Il Lorry <1

[ T,:;f(e)gi(a)do‘,
i=1

where g = (8, 82, &) and ||g]l zorry = IIZ711] 81 )1/2”L"(R - We have

'~

. £ nsosow) || £ 1im)am)

_lpv v E‘(/ Avu(B,)- dB|B)g,(B,))‘

i=1

—|Ev ZE‘(/ Avu(B,)- ng,(B)lB))I

i=1

=|E" X 1([ Avu(B,) - ng,(B))l

=7 [" ¥ Avu(B) - vu(B,)ds
0 =1

where we have used u; to denote the Poisson integral of g;. Using the Cauchy-Schwarz
inequality the last expression is

< EY

Jom N2 m J\12
[[L1avus)r) | Livumr| o

y (fo i§1|A,v(Bs)lzds) (/O

The last inequality follows from the Kunita-Watanabe inequality. Applying Holder’s
inequality the above is

1

m , 2
; vu,(B,)| ds) ]

< [E-V(fOT ZIA,-vu(BS)IzdS)p/Z]W Ey(fof élvui(BS)lst)qﬂ]l/q

T 2 p/2|1/p rom ) q9/2(1/q
<;|J;|[E.v(/0|vu(as)| ds) /]/ E(fo L |vu ()] ds) ] .

The computation we did above using (1.3) shows that the first term in the previous
expression is < C || A||||f||.»g:)- If we can show that the second term is <
C, |8l Lo(rr)> then we will be done. By definition

‘ . m 5 q/2 . om 5 q/2
E,»(j(; ,§1|Vu,(Bs)| ds) = /R" E(X'y)(/(; i§1|Vu,(BS)| ds) dx
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and since ¢ > 2, Theorem 1.1 shows that

. m ) q/2 m
E(x.y)(‘/(; ;1 |vui(Bs)l ds < CqE(x.y) Z

i=1

_/OT vu,(B,) - dB,

i=1

2) q/2

561

m ) q/2
- G| X188 - mmnq

3

-
However,

m 2 m 2 m 2
Z Iui(x’ y)| Z |E(x._v)(gi(B'r))| < Z E(x,y)(|gi(B-r)| )
i=1 i=1 i=1

| £ 1081

So,

i=1

m 3 m 2 q/2
sqaw)zmwm+puwzmwm)
i=1 i=1

m 2 q/2 m ) q/2
Cq E(x.y)( Z |g1(B‘r)| ) + E(x.y)( z Ig:(B'r)I ) .
i=1 i=1

1, Jensen’s inequality gives

m 2 q/2 m ) q/2
[E(x,y)( E |gi(B‘r)| )] < E(x.y)( Z |gi(B‘r)| ) >
i=1 i=1

/2 m q/2
E. y)(f gl |vu,(B,)] ds) < CqE(x.y)( gllgi(B‘r)lz)

and integrating with respect to x gives
s m 2 q/2
f E(x.y)(f Z IVU,(B_‘.)I ds) dx

cfa”4zmwn) & = cliglt = gl
i=1
which completes the proof of the theorem

B[ [ £ 1vuisia)”

Since q/2 >

SO

g (x.y) ¥|g1(3)| +|u(x y)|

) /2

We will now obtain as a corollary of Theorem 3.1 the result for the Riesz

transforms announced in the introduction. Let A » 1 <j < n, be the (n
(n + 1) matrix whose entries are

2l ___{1 fi=1k=j+1,
ik 0 otherwise.

+1)x
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It follows from a result of Gundy and Varopoulos [10] (and by different methods
Gundy and Silverstein [9]) that T/-,"/f(ﬂ) = 3R, f(6)ae. as y —> oo forall f € #(R").
Combining this result with Fatou’s lemma, Theorem 3.1, and noticing that for this
sequence of matrices ||4]| < 1, we have

COROLLARY 3.2 (STEIN [15]). For f € #(R").
IRf ey < Gl f s 1 < p < o0,
where Rf(x) = (Z72,|R, f(x)|*)"/* and C, depends only on p.

The theorem for general f in L”(R") follows by a simple density argument.

By keeping track of the constants in the proofs of Theorems 1.1 and 3.1 we can
give an explicit value for C, but, as the interested reader can check, this constant is
not very good as p — co. If we consider only one Riesz transform the situation is
much better. It follows as in the proof of Theorem 3.1 that [|R fl;,g <
A4,/a )\ fll;»g). where a, and A, are the constants given by Davis [5] for the
Burkholder-Gundy inequality (1.3). When p > 2. it follows from Abramowitz and
Stegun [1, p. 696], that A4, < 2(p + })'/? and from Garsia’s Lemma that 1/a, <
(p/2)'% So

” le“L"(R") < 2\/2p2 +p ”f”L”(R") for p= 2.

The constant above is ~ 2y2p as p — oo, which is the right order of magnitude
since the best constant for the Hilbert transform (cot#/(2p)) is O(p) as p = o©
(see Pichorides [12]). It is also interesting to note that our constant above has the
same asymptotic behavior as the best constant (p — 1) for various martingale
transforms given by Burkholder [4]. (The reader should note that the martingale
transforms treated by Burkholder do not include our martingale transforms.) It
would not be too surprising to the writer if the best constant for our martingale
transforms turns out to be ( p — 1) also. This will permit us to give a better constant
for the Riesz transforms than the one given here.

We end with two remarks:

(1) After this paper had been completed we learned that A. Bennett [2] has also
given a proof of Stein’s result based on the Burkholder-Gundy inequalities. His
approach, however, does not use general martingale transforms and he does not give
information on the behavior of the constants with respect to p. In addition, our
Theorem 3.1 is more general than just the result for Riesz transforms and it works
equally well if our matrices have variable entries. It would be interesting to know
what operators we obtain when we project in R” martingale transforms with variable
coefficients.

(2) The referee has informed us that J. Duoandikoetxea and J. L. Rubio de
Francia [6] have given yet another proof of Stein’s result. Their proof does not use
any square functions and it is based on the method of rotations for singular integrals
with odd kernels which reduces matters to the Hilbert transform on the real line.
Their constant has the same asymptotic behavior as our constant above.
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