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Abstract

We establish a new estimate for the norm of the Beurling transform
To(z):=2[[ % in LP(dA). Namely, we prove |T||Lr—rr < 2(p—1)
for all p > 2. The method of Bellman function is used; however, we were
unable to find the exact Bellman function of the problem. Instead, we use
a certain approximation to the Bellman function, which leads to the factor

2 (instead of conjectural 1).

Notation
= equal by definition;
x = (x1,x2) ;

D(z, R) the disk centered at x of radius R;

(B

k(z,t) :== ;= e~ 1 the heat kernel on the plane;

D a collection of dyadic intervals
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0 Introduction: main objects and results

The main object of this note is the Beurling operator given by :

Here dA denotes area Lebesgue measure on C. The goal of this paper is to
present a new estimate of the norm of 7. This estimate falls short of the
proof of a wellknown conjecture saying that

1Tl oo =p—1, p>2. (0.1)

Here we prove that ||T||e—rr < 2(p — 1) for all p > 2, which is two
times worse than (0.1). However, this is two times better than the previous
estimate ||T|zr—rr < 4(p — 1) established in [3]. But this is still two
times worse than the conjectured sharp estimate by p — 1. After the first
preprint version of the present paper appeared, Rodrigo Banuelos and Pedro
Mendez-Hernandez [9] informed us that they also managed to improve 4 to
2 by modifying the methods from [3].

Actually this problem has a long history, and has been reappearing
in many papers on the regularity of quasiconformal homeomorphisms and
quasiregular maps. The LP@-theory of quasiregular mappings was essen-
tially started with the works of B. Bojarski [5]-[6]. Later this subject came
under intensive investigation. In particular, the best integrability of K@-
quasiconformal mappings and the (in a sense dual, see [28]) problem of the
minimal regularity of the quasiregular mappings were discussed in many
papers. We mention here [18], [15]-[17], [19], [22], [23], [24], [27], [28]. The
best integrability result was established finally in [2]. The best minimal
regularity result was obtained recently in [30]. The method of [30] will be
applied in the present note to establish the inequality

1T r—rr <2(p—1), p=2. (0.2)

By the same method, it is possible to prove that

|| (z

which is better than in [24].
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1 Consequences of the “p — 1 estimate”

Let us formulate the analytic and geometric consequences of getting rid of
2 in (0.2). We are dealing with (local) solutions of Beltrami equation

fe—nf=0. (1.1)

We ask two questions.

1) Suppose ||p]|ec = k < 1. If a solution is a priori in W7 locally, what
is the ensured smoothness of this local solution? It is classical that f must
belong to W12+E(k) locally, where e(k) > 0. The best €(k) was the essence
of the problem by F. Gehring solved by K. Astala [2]. The best £(k) turned
out to be equal to 1;kk It is not attainable in general.

2) Suppose ||i|leo = k < 1. If a solution is a priori in W locally (now
q < 2) , what is smallest ¢ that ensures f € W locally (and then by [2]
ensures f € W11 FUR=T for any positive 7). The smallest ¢ turns out to be
1+ k. It is attainable (see [30]).

The two questions are intimately related to estimate (0.1). We explain
the reason for that. Consider (1.1) in a neighborhood W of the origin, and
put V = %W Let ¢ be a C* function supported on W and equal to 1

on V. We put g := ¢fs and consider f — < [, i’(fg)dA((). Here dA stands
for planar Lebesgue measure. The disdtributional operator 9 of the latter

expression vanishes in V. So, we have a function h analytic in V' such that
F=h+1 [ %9dA(C). Consequently,

f.=h+Tg.

in V. If we multiply (1.1) by ¢, use the notations g := ¢ fz and the previous
expression for f,, we get in V'

g —ppTg =1 = pph'.

On U := 1V the function r is bounded and so it is in any LP(U,dA). We
denote by M the operator of multiplication by ue in LP(U,dA), |M] < k.
We denote by t(p) := ||T'|| »(v,a4)—Lr(U,44) and consider the identity

(I-MT)g=r
to conclude that the inequality

kt(p) < 1 (1.2)



implies the inclusion g € L? in U, which is the same as to say that f € W}¥
locally.
Now we see that (0.1) would imply that for every p with

1
p<1l+ A
the solution in question of (1.1) is in LP(dA) locally.

The above considerations yield also a lower estimate on the norm
of T on LP. This reasoning is borrowed from [19]. Suppose that ¢(p) is
strictly smaller than p — 1. Using (1.2) in te same sense as above, we see
that if |||l = k < 1, then solution of (1.1) (that is a priori in W locally)
is in fact in W11+1/k+6 for some ¢ > 0. But it is easy to compute that the

function f(z) := z|z|_12+_kk satisfies (1.1) with u(z) = —kZ. So, the L>°-norm
of p is k. However, f is not in W11+1/k+6 near the origin. It is not even in
W11+1/k. In fact, it is readily computable that |f,| = C(k)|z|7%€k, which
does not belong to any LP(dA) for p greater or equal to 1 + 1/k. Thus,
171, = p - 1.

We think that we have presented enough motivation for our interest in
the estimation of the LP-norm of such a particular Fourier multiplier as T’
and of related to it multipliers to be considered here.

2 Littlewood-Paley identity for heat exten-
sions

For the Beurling operator T we can write the identity T = R?— R3+2iR; Ro,
R; are the planar Riesz transforms.

We fix, say, R? and two complex valued test functions ¢, € C§°. We use
heat extensions. For a function f on the plane, its heat extension is given
by the formula

1
T A4rt

lz —y/

fly,t): /R2 f(x)exp(———="") dx1dz2, (y,t) € RY.

4t

We usually employ the same letter to denote a function and its heat exten-
sion.



d!L‘l d{L‘Q dt

I

Lemma 2.1. Let ¢,¢p € C5° . Then the integral [[[ 22 el
converges absolutely and

dp Y
//R p-Ydrides = =2 /// ot (9331 dxidxadt . (2.1)

Proof. Actually, the proof of this lemma is trivial. It is based on the fact
that a function is an integral of its derivative, and also involves Parseval’s
formula. Consider complex valued functions ¢, € C§° and write

//¢R190dx1dx2 // 22 2%0 (&1, E2)th(—E1, —Eo)dE1dEs
:2/// e—zt(ffﬁi)g@(fl,52)&(—51,—fz)dtdgld&
0

B _2/0 // i€1p(E1, &) EHED g ) (—&y, —&r)e ") dg, deydt

0

72/ // 0z, (21, 22,1) au]l(xl,wz, t)dxy dzodt
0

_2///1@3 Oz (@1, 22, )8¢1($1,$2, t)dxidzadt .

We have used Parseval’s formula t\;vicg, and also the absolute
convergence of the integrals [[[ns e 26178 E2p(E1, £)0(&1, Lo)d&dEadt,
+

IS zs g—fl(a:l,xg,t)g—i(xl,xg,t)dazldxgdt. For the first integral this is ob-
8

vious and easy for the second one. We leave this as an exercise for the
reader. O

3 The Bellman function proof of (0.2)

We warn the reader that sometimes it will be convenient to think that C is
R?, and that the absolute value | - | is the norm of a vector in R?, || - ||.
Let ¢, be complex valued test functions in C§°(R?). We denote their
heat extensions to Ri by the same letters and use Lemma 2.1. Then we
will see that estimates of combinations of (R?¢,) is reduced to estimate
of integrals we see in the next theorem. Notice also that if U, denotes the
operator Upp(z) := f(e"z), then 2Ry Ry = Uy (R — R3)Uy /4. Therefore,
the proof of (0.2) follows immediately from Theorem 3.1 and Lemma 2.1.



Theorem 3.1. For any complex valued ¢,y € C§° we have

///R dxldxzdtm///w

81’1 dJ?l dJZQ dt

QD
8

<(p=Dlellplllly-

In particular,

IR — R3ll, <p—1, |2R1Rs|l, <p—1 forall p,2<p<oc.

In the proof of Theorem 3.1 we use the following key result. (In what
follows, d?f denotes the Hessian form that is the second differential form

of f.)

Theorem 3.2. For any p > 2 define the domain D, := {0 < (X,Y,&,n) C
RxRxR*xR*: ||€IP < X, 0|9 <Y,}. Let K be any compact subset of
Dy, and let € be an arbitrary positive number. Then there exists a function
B = B. , k(X,Y,z,y) infinitely differentiable in a small neighbourhood of
K such that

1)0<B<(1+e)(p—1)XVryl/e,
2) —d*B > 2||d¢||||dn]| -

We prove Theorem 3.2 later. Now we use it to obtain the proof of
Theorem 3.1.

Proof. Consider two functions ¢, 9 € C§°. Now take B = B. , i, where a
compact K remains to be chosen.
We are interested in

b(x7t) = B(\<p|p(x,t), |w|q($7t)7 <P($at)7¢($»t)) :

This is a well defined function, because Cauchy inequality ensures that
the 4-vector v,

= ([l (@, 1), [ (, 1), p (2, ), (2, 1))

lies in D, for any (z,t) € R3. Also we can fix any compact subset M of
the open set ]Ri and guarantee that for (x,t) € M, the vector v lies in a
compact K. In fact, notice that for compactly supported ¢, 1) the mapping
(z,t) — v(z,t) maps compacts in R3 to compacts in D,,. Now just take K



large enough according to M which will run (in our future considerations)
over larger and larger compacts in Ri.

We want to apply Green’s formula to b(x,t). To do this, we introduce
a Green'’s function G(xz,t) as in [13]. Let us consider a sufficiently large
cylinder Q := Q; := D(0,1) x (0,1). Let ’Q = 8D(0,1) x (0,1). Consider
the following Green’s function.

<§t+A> GQ = —50’1 in Q,
Gq =0 on 0'Q,
G =0 whent=1.

Here dp1 is a ¢ function at the point (0,1).
||

Let k(z,t) := e~ ar , x := (x1,22) be a heat kernel in R3. One can
understand k(0,t) as the temperature of point (0,0) on the plain at time
t > 0 if initially (at ¢ = 0) one has delta distribution of temperature placed
at (0,0). It is important to keep in mind that

Gq(0,0) — k(0,1), when ! — oco. (3.1)

In fact, just compare the interpretation of k(0,1) with the fact that
Gq(0,0) is temperature at time 1 when the same initial distribution is given
but when also the temperature on 9’€); is kept to be 0. However, when [ is
large, it is clear that these two quantities are very close.

We also need a Green’s function in the cylinder Q(R, R?) = D(0,IR) x
(0,1R?):

(% + A) GE = —do.pe in QR,R?) = D(0,lR) x (0,IR?),
GE =0 on &Q(R,R*) = 0D(0,IR) x (0,1R?),
GE =0 when t =IR?.

One can easily see that the following holds:

Lemma 3.3. 1 ’
R o X
Gq(x,t) = _GQ(E’ "2

R? )-

We are ready to apply Green’s formula to b(z,t).

Let us first estimate b(0, R%) = B(|p|P(0, R?),--- ,%(0, R?)). Using
the first property of Theorem 3.2, we get (zr = (z1,x2) as always, and
1/p+1/g=1):

b(0,R?) < (14¢€)(p — 1)(|l? (0, R*)'/P(|4p|7(0, R?))"/4.



Thus,
9 1 |T|2 1/p
0.1 < ()0 1) (s [[ leP@e 5 )

(o //qu(me—%)”q |

Now by Green’s formula in C(R, R?):

b(0, R?) = /// ,b(z,t) (8 + A) E(x,t) dzydxodt
Q(R,R2)N{t>5} ot
R 0
= Go(z,t) | = — A ) bz, t) dezidxadt
Q(R,R?)N{t>65} ot
+// b(x,0)GE (x,8)dr d,
D(0,R)
+ / / ( o GE - 0G§ b> dsdt
E)’Q(R,RQ)O{t>6} anouter 8nou‘cer
R 0
= Gg(x,t) | = — A ) b(z,t) deidzadt
Q(R,R2)N{t>5} ot
+ // b(x,éﬁé(m,&)dmldfyg—i—// 0G§ bdsdt
D(0,lR) 0'Q(R, RQ)ﬂ{t>5}8n1nner

> /// GE&(x,1) (2 — A) b(x,t) dzydzodt .
Q(R,R2)N{t>5} ot

The last inequality is clear: the double integrals are both nonnegative,
because b is nonnegative and because G& is nonnegative and vanishes on
the side boundary. Let us combine estimates of b(0, R?) into (Qgs =
Q(R, R N {t > §})

// - GE(x,t) (% - A) b(x,t) <
e (/ ol (@ )Up (/ 1/1'1(:1:)6_5;)1/[1, (32)



Fix R and § > 0 and choose the compact set M ={(z,t): = € clos(D(0,lR)),
§ <t < IR?}. Vector function v maps M to a compact subset of the domain
D,,. Let it be called K. Choose B = B p kg from Theorem 3.2.

The next calculation is simple but it is key to the proof. In it

v = (lel"(2, 1), [9["(2,1), o(x, 1), P(, 1)) .
Lemma 3.4. If (z,t) € M then

0 9y Ov  Ov oy Ov Ov
(51 - 2) e = (”B)am’am%ﬁ((df?)m’axﬁw

Proof.

1o} ov
ab - (VB7 a)RG )
ov Ov ov Ov
_ 2py 27 Y 2py 22~ 27
Ab = ((d B)axl , 8x1>Re + ((d B)(?xg’ 8x2>R6 + (VB, Av)gs

We just used the chain rule. Now

0 ov ov Ov
G A) b= (VB (L~ Av)ge — ((@?B) 2, 2V
(5~ 2) =BG - dojw — (@B) 2 a)

_ (d2 B) &’ & )
8,@2 8{E2 RS
However, the first term is zero because all entries of the vector v are solutions
of the heat equation. O
By Theorem 3.2 in M
~d*B(X,Y,&,n) > 2||d¢||||dnl| - (3.3)

For (z,t) € M Lemma 3.4 gives:

d o o
Z > - .
(875 A) b( ) 2 (9 8331 (933’2 61‘2 (3 4>
Combining (3.2), (3.4) we get
o oY
R )
2// | Gal@) ( 0z1 | | 921 85C2 s )

§(1+4€7TR2 //‘ ”( 1/p/ ]9(2)) /7. (3.5)

9



dp | | O

Now it is time to use Lemma 3.3. So (3.5) implies

T
.// GQ E Ri ( 61‘1 8.132 8.132 )
R / P () /7 / pla@) e (3.6)

But M = {(z,t) : = € clos(D(0,R)), s < t < R?}. Let us fix any
compact My in Ri and choose R and 6 > 0 in such a way that My C M.
Restrict the integration in (3.6) to My and make R — oo. Taking into
account that

dp

Oy

Ga(z/R,t/R?*) — Gq(0,0),
we obtain

o I, (2 )
g““ //\ panr([[ @) @)

Now it is time to tend 2 = €; to Ri by making [ to go to infinity. By
(3.1) we conclude that G, (0,0) — 2. So (3.7) becomes

2 1], (o )
§<1+e><p—1></ o) 2 [[ Wi 38

But Mj is an arbitrary compact set in the upper half space and ¢ is an
arbitrary positive number. Therefore,

Y
al‘g

o0x1 8:102

9%
8952

8$1 (97:62

///111{3 < Oxq 5 38;/}2 )
< 0([[leP@)([[ pra)e. @)
This proves Theorem 3.1. U

10



4 The existence of Bellman function. Proof
of Theorem 3.2

We start with a simple “model” operator T,,. To define it, let D denote
a family of dyadic intervals on the line. To each I € D we assign its
Haar function: hy = 1/+/[I| on I and hy = —1/4/|I| on I_, I} and I_
being right and left halves of I respectively. Every nice complex-valued
function (continuous with compact support on one of I’s, say on [0,1])
can be written as its Haar series: f = 37(f, hr)h;. Consider the operator
T,f = Zror(f, hr)hs, where oy is any sequence of complex numbers with
absolute values 1. Notations: wee use (f); to denote |17‘ [; fdx.

The logic will be the following. We want to get a sharp estimate of
ITo|lr—re via p. This problem has been solved by Burkholder. He found
out in [10] that (p > 2)

sup [T [l <p—1. (4.1)

He proved (4.1) by constructing a certain function of two real variables
(actually another Bellman function) which has certain convexity and size
property. The reader is referred to the papers of Burkholder [10], [11], or the
book of D. Stroock [32] to study his approach. In particular, in [32], page
344, it is written about (4.1): “Quite recently Burkholder has discovered
the right argument:... it is completely elementary. Unfortunately, it is also
completely opaque. Indeed, his new argument is nothing but an elementary
verification that he has got the right answer; it gives no hint about how he
came to that answer”. Further on “for those who want to know the secret
behind his proof, Burkholder has written an explanation in his article” [10].
Here is Burkholder’s function (p > 2)

b(z,y) = (|| — (p— DIy (|| + [y~

Actually, stochastic Bellman PDE explains readily the way to write this
function, and this is made, for example, in [33].

We want to use this Bellman function of Burkholder in our problem.
But we are unable to do that. The reason is simple. Burkholder’s function
variables stand for certain martingales, which in his case are related to
each other: one is subordinate to the other. In our case we replace this
variables not by martingales but by functions: the first is R3¢, the second
is , where ¢ is a test function. There is no subordination here. The only
differential relationship between this two functions (actually between their

11



heat extensions) is the following

B 02
—Rip=-50¢.
ot 1 0z?

This is a differential relation of the second order, and being such it has no
connection with the subordination property, which interplayed so essentially
with a very special convexity property of Burkholder function (see [10]). It
would be connected with subordination property (and then with convexity)
would it be a differential relation of the first order. What we mean can be
illustrated by this oversimplified example. It is obvious that superposition
of convex function @ with linear function [ is convex, but superposition of
convex a and convex [ may not be convex (a(z) = e~%,l(z) = 2?). That is
exactly the obstacle to use Burkholder’s function and compose it with our
second order Riesz transforms.

We do not see the way to win over this difficulty. We prefer another
approach. It follows the approach in [30].

Idea: we formulate Burkholder’s inequality in equivalent form (just in its
dual form). The resulting inequality generates another Bellman function.
This will be our B from Theorem 3.2.

As we already said we will use the following lemma due to Burkholder:

Lemma 4.1. Let H be a separable Hilbert space. Let (X,,F,, P) and
(Y, F,., P) are H-valued martingales. If for almost every w

[ Xo(@)lla < Yoz, 1 Xn(w)=Xn—1(w)lla < [[Yn(w)=Yn-1(w)lla, Vn,
then, for each p € (1,00),

[ XnllLe(pay < max(p —1,1/(p = D) [YallLe(p.m) -
From the lemma one can easily obtain the following theorem.
Theorem 4.2. Let J € D, f € LP(J),g € L' (J). Let p > 2. Then

i ﬁ Srep, real(f)r, = A1) — @) ] < = DAY gl yP .

Proof. Without loss of generality J = [0, 1]. Let F,, be o-algebra generated
by all dyadic subintervals of J with length at least 27 ™. Consider w € [0, 1]
and put

Yo(w) == EICJ,\I|22*“(f7 hr)hr(w).

12



Fix any sequence of complex numbers o; = ', oy € R and consider

Xn(w) = Z[CL],|]|22*"O-I(f7 hr)hy(w).

Both (X,,, F,,,dz) and (X, F,,,dx) are martingales. Clearly Y, —Y,_1 =
ZICJ,\I|:2*’”(fa h[)h[, also Xn - Xn—l = ZICJ,\I\:?*”O'I(JC’ h[)h[. And
these martingales satisfy the assumptions of Burkholder’s lemma. The
Hilbert space H = R? is naturally identified with C. Now ||f|z» =
limy, oo | Yallzr (), 1 Tofller = limy, oo || Xn| e (my; Burkholder’s lemma
implies
1To fllze < (p = DIl fllze (4.2)

for p > 2 and for any sequence o as above.

Let us reformulate (4.2) as (T, f,9)| < (p — D||fllz»||lgll - Definition
of T, now implies

. 1 - R

Yoy =t lSien (fh)(g Rl < (= DS ()T (49)

Notice that (f,hr) = 2+/[I|({f)r, — (f)1_). We also have the right to vary
or. So the theorem follows.

O

Theorem 4.3. In the domain G = {(®,V,¢,9) ERXxRXxC xC: |¢|F <

®, [P < U} there exists a function B(®, W, ¢, ) such that for any 4-tuples

a=(D,9,0,¢), a_ =(P_,V_,¢p_,1¢_), ay = (P, Uy, 04,11) such that

a= % the following holds
1

B(a) = 5(Bla-) + Blay)) =

Also everywhere in G

|p— — Pl — Pyl

| =

0< B(a) < (p— 1)@ /Pwl/?"

For every compact subset of K of G one can find infinitely smooth func-
tions Bi on K such that the first estimate holds. Consider ¢ = &1 +iny, ¢ =
&9 +1ing, where &'s and n's are real. If we consider By as function of 6 real
variables, then we can consider its 6 x 6 Jacobi matriz and corresponding
second differential form—Hessian. Then the Hessian of Bx must satisfy the
following inequality

—d* By > 2/do||dy| = 2((d1) + (dni)?)/?((dé2)® + (dn2)?)'/?.
At the same time, given a positive €, Bg can be chosen to satisfy

0 < Bi(a) < (1+¢)(p—1)OY/Pul/?"

13



Proof. Fix (®,V,¢,9) € G. Consider all complex-valued functions f, g on
J such that ® = <|f|p>J7 U = <|g|p >J7 (b = <f>J7 ’(/J = <g>J Let

B(®.9.60.) = sup{ 3 77 Srem. sl ), = ()i lads, = ta)r 111}
where supremum is taken over all such f, g. This supremum does not depend
on the interval J. This observation helps to prove the first inequality B(a)—
$(B(a-)+B(ay)) > L|¢- — ¢4 || —1p| exactly as it has been done in any
paper on Bellman functions. On the other hand, the second inequality, 0 <
B(a) < (p—1)®'/7W1/?" is proved already—this is the claim of Theorem 4.2.

If we fix a compact K, we can also fix a very small ¢ (much smaller than
the distance from K to the boundary of G and we can consider E%S (%),
where S is a C§° function supported by the unit ball of R x R x C x C = RS
centered at zero. Then just mollify B by convoluting it with —5S(%). The
concavity inequality will hold with no change for the new function. The size
inequality can become (1 + Cke) times worse. d
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