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ABSTRACT. We show that some singular maximal functions and singular Radon transforms satisfy a weak type
Lloglog L inequality. Examples include the maximal function and Hilbert transform associated to averages
along a parabola. The weak type inequality yields pointwise convergence results for functions which are locally
in Lloglog L.

1.Introduction

Let ¥ be a compact smooth hypersurface of R?, and let i be a compactly supported smooth density
on Y, i.e.
p = xdo

where y € C§°(R?) and do is the surface carried measure on X.
Unless stated otherwise we shall always make the following

Curvature Assumption. The Gaussian curvature does not vanish to infinite order on 3.

We consider a group of dilations on R?, given by t© = exp(Plogt), t > 0, and we assume that P is a

d x d matrix whose eigenvalues have positive real part. For k € Z we set d;, = 2" and define the measure
Hi by
(1.1) (ks ) = (p, [ (0k))

We shall consider the convolutions u * f and study the behavior of the maximal function

(1.2) M () = sup |pg * f ()]

kEL

and some related singular integrals. By a rescaling we may assume that the measure y is supported in the
unit ball {z : |z| < 1}.

The first complete L? bounds (1 < p < 00) for a class of such operators (Hilbert transforms on curves)
seems to be due to Nagel, Riviere and Wainger [9]. A classical reference is the article by Stein and Wainger
[17] containing many related results; see also the paper by Duoandikoetxea and Rubio de Francia [6] which
contains general results for maximal functions and singular integrals generated by singular measures, with
decay assumptions on the Fourier transform. Concerning the behavior on L' it is presently not known
even for the special classes considered here whether the maximal operator M is of weak type (1,1), i.e.
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whether it maps L* to the Lorentz space L**°. This question had been raised in [17]. For some "flat’ cases
counterexamples are in [3], but these do not seem to apply in the case of our curvature assumption.

We shall examine the behavior of the maximal function on spaces “near” L!'. Two results in this
direction are known: Christ and Stein [4] showed by an extrapolation argument that if f is supported in
a cube Q and f € Llog L(Q) then the maximal function M f belongs to L1'*° (again under substantially
weaker finite type assumptions). Moreover Christ [2] showed that the lacunary spherical maximal function
maps the standard Hardy space H'(R?) to L'*°, and that maximal functions and Hilbert transforms
associated to a parabola in R? map the appropriate Hardy space with respect to nonisotropic dilations to
LY>°. Weak L' (see also Grafakos [8] and our recent paper [12] for related results). For the two operators
associated to the parabola (t,t?) it is also known ([11]) that they map the smaller product-type Hardy

space H! 4(R x R) to the smaller Lorentz space L'?.

We recall that for f to belong to a Hardy space H' a rather substantial cancellation condition has to
be satisfied. If locally the cancellation is missing one has a restriction on the size of f; more precisely if
a function f € H! is single signed in an open ball then f belongs to Llog L(K) for all compact subsets
K of this ball. This can be deduced from the maximal function characterization of H' and the fact that
fo € LlogL(qo) if fo is supported on the cube go and the appropriate variant of the Hardy-Littlewood
maximal function of fo belongs to L'(qo), see [15, §1.5.2 (c)]. Here we are interested in the behavior in
Orlicz spaces near L' without assuming additional cancellation conditions.

Our main result is that the maximal operator acts well on Lloglog L and the global version satisfies
weak type Lloglog L inequalities. We first give a

Definition. Let ® : Rt — R™ be a convex function and let T be an operator mapping simple functions on
R? to measurable functions. T is of weak type ®(L) if there is a constant C' so that the inequality

(1.3) o € R : |Tf(2)] > ol g/@(m)dx

a

holds for all o > 0.

Abusing the notation slightly we shall say that T is of weak type Lloglog L if there is a constant C' so
that the inequality (1.8) holds with ®(t) = tloglog(e? + t).

Theorem 1.1. The mazimal operator M is of weak type Lloglog L.

We also prove a related theorem on singular convolution operators with kernels supported on hyper-
surfaces (assuming our finite type curvature assumption).

Let uy be as in (1.1) and assume that in addition

(1.4) [dn=0.
For Schwartz functions f define the singular integral operator (or singular Radon transform) 7' by

(1.5) Tf(x)=) m*f.

kEZ

Theorem 1.2. T extends to an operator which is of weak type Lloglog L.



1.3 Remarks and examples.

1.3.1. Theorem 1.1 implies an estimate on the Orlicz space ®(L)(Qo) where Qo is a unit cube and
the norm on ®(L) is given by |[|f||lez) = inf{a > 0: fQu ®(|f(x)|/a)dx < 1}. Consider the local maximal
operator

Mioef(x) = sup |pr * [fxQ,](®)];
k<C

then M. maps Lloglog L(Qo) to L">. To see this we may assume that || f||110g10g £(Q,) = 1. Then the
estimate

Ho € Qo : Mioef > a}| Sa™t

is trivial for a < 1 while for o > 1 it follows from the better estimate (1.3).

We note that conversely the better estimate [{z € R" : Moo f > a}| < [ @(C|f(x)|/a) can be deduced
from the Lloglog L(Qo) — L''*° boundedness by the Orlicz space variant of Stein’s theorem [14]. Then
the global variant of Theorem 1.1 follows by scaling and limiting arguments.

1.3.2. Similarly if we assume the cancellation condition (1.4) then the local singular Radon transform
2hec Mk * [fXQ,](¥) maps Lloglog L(Qo) to L.

1.3.3. Suppose that [ du = 1 and suppose that the measurable function f belongs locally to Lloglog L;
Le. [ |f(x)loglog(e? +|f(x)|)dx < oo for every compact set K. Then limy—, oo pix * f(x) = f(2) almost
everywhere.

This follows by a standard argument. Observe that we have [ a!|f(z)|loglog(e? +a~ | f(z)|)dx < oo,
for every a > 0. Fix a > 0 and let

Qa(f) = {o: limsup o * f(2) = liminf o = f(2) > a}.

Given € > 0 we show that [Q2,(f)| < €. One can find a bounded function i with compact support so
that [ ®(2C|f — h|/a)dz < e and since p; * h — h almost everywhere we see that €,/,(h) has measure
zero. Moreover Qo (f)] < [Qa/2(f = h)| +|Q4/2(h)| and by Theorem 1.1 we see that Q,/,(f —h) and thus
Q4 (f) has measure < 2e. Since £ was arbitrary we see that Q,(f) has measure zero; thus U,, Q- (f) has
measure zero and the result on pointwise convergence follows.

1.3.4. Examples of Theorem 1.1 include the lacunary spherical maximal operator where uy * f is the
average of f over the sphere of radius 2* centered at x (for the early L” results see [1], [5]). The sphere
may be replaced by any smooth compact hypersurface for which the curvature vanishes of finite order only,
and the isotropic dilations may be replaced by nonisotropic ones. We remark that the proof of Theorem
1.1 for isotropic dilations is much less technical, see the expository note [13].

1.3.5. Other examples of Theorem 1.1 concern the averages along a parabola
1 T
P.flz) = ;/ flzy —t, oy —t°)dt
0

or higher dimensional versions for paraboloids (t',[t'|’), b # 1. Again if f belongs locally to Lloglog L
then lim,_,o P, f(z) = f(z) almost everywhere.

1.3.6. Similarly Theorem 1.2 can be used to deduce the weak type Lloglog L inequality for the Hilbert

transform o Ut
Hf(x) =P~U-/ flzy —t,m2 —tb)T-

We give a brief outline of the paper. The main novelty in this paper is a stopping time argument
based on the quantities of thickness ©,, and length A, associated to a density v(z)dz (depending on an
additional parameter n). Basically, the point is that the length A,[v] is used to control the size of an
exceptional set while the thickness ©,[v] is used to control the L? norm of an essential part of the maximal
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function outside of the exceptional set, for suitable choices of v. The quantities of length and thickness
are complementary in some sense; this and other basic properties are discussed in §2. In §3 we include
preliminary and standard arguments from Calderén Zygmund theory. These arguments can be skipped
by the experts; they may be used to reprove the known L log L estimates. In §4 we describe the stopping
time argument based on length and thickness. The proof of the weak-type Lloglog L inequality for the
maximal operator is given in §5. The bounds for the singular Radon transforms are discussed in §6.

2. Length and thickness

In this section let v be an integrable nonnegative function which vanishes in the complement of a
dyadic cube ¢. Dyadic cubes are supposed to be ‘half-open’, i.e. of the form H?Zl[nﬂm, (n; +1)2™) where
ng,m € 7.

We define a dyadic version of a one-dimensional Hausdorff content or simply length A(E) to be

(2.1) A(E) := inf > Q)

Qe

where Q ranges over all finite collections Q of dyadic cubes with £ C [Jg.o @, and [(Q) denotes the
sidelength of ). Note that this definition differs from the usual definition of a one-dimensional Hausdorff
measure as A(E) <I(Q) if E is contained in the dyadic cube Q.

Given n € Z we denote by E,,[v] the conditional expectation of v, for the o-algebra generated by dyadic
cubes of sidelength 27"; thus

Ealol@) = 3 xo@)[Q|™ / (v)dy
Q

v
Q

where of course the sum runs over all dyadic cubes of sidelength 27™. We also define

(2.2) Gp(v) = {z : By[v](z) # 0}.

Notice that v(x) = 0 for almost every x € R? \ &,[v] since v is nonnegative. Now define

(2.3) Aulo] = A&, (v)).

Note that &, (v) is a union of dyadic cubes of length 27" and therefore the infimum in the definition

of A becomes a minimum; i.e. there is a collection Q of dyadic cubes covering the set &,,(v) so that
Anlv] = 32 0eo Q). Here the cubes in Q have to be chosen to be of sidelength at least 27",

Next we define the thickness of v to be the quantity
(2.4) O,lt] i=sup ;o [ oo
. v] :=sup —— [ v(x)dz
" Q Q) Jg

where @) ranges over all dyadic cubes of sidelength [(Q) > 27". Clearly, if v vanishes off a dyadic cube ¢
it is sufficient to only consider dyadic subcubes of ¢ in (2.4).

We note that the restriction to dyadic cubes in the definition of length and thickness is convenient
but not essential. Since every cube of sidelength 27 (L € Z) is contained in a union of 2¢ dyadic cubes of
sidelength 2% we observe that

(2.5)



The quantities of length and thickness are complementary. Namely, it is immediate from the definitions
of A,, and O,, that

(2.6) /U(x)dx < Ay [v]©y[v].

The bound (2.6) can be attained, for instance if v is the characteristic function of a dyadic box. It would
be desirable to have a converse to (2.6), with bounded constants, but this generally does not hold as the
following example shows. Let E, be the union of n + 1 rectangles R,, parallel to the coordinate axes,
with dimensions (27%,1) so that the left lower endpoint of R, has coordinates (v,0), v = 0,...,n. Let
Un = XE,- Then Ayfv,] = n+1, [v,(z)de < 2 and ©,[v,] = 1; thus the converse of (2.3) fails with a
uniform constant.

However we shall show that v can be efficiently decomposed into a sum of functions for which a converse
of (2.6) does hold. The main result needed to achieve this is

Proposition 2.1. Let q be a dyadic cube with I(q) > 27™. Suppose that v is a bounded nonnegative
measurable function supported in q. Then there exists a decomposition

v=g-+h

with nonnegative functions g and h and g, h vanish in the complement of the set &,,(v) C q; moreover the
inequalities

(2.7) Aull] < 5A000]

and

(2.8) A, [10,le) <8 [ glo)de
hold.

In particular we see from (2.7/8) that the function ¢ satisfies

Au[g]0nlg] < 8 / g(x)da,

thus a converse to (2.6).

We shall first prove a technical result which states that for each dyadic cube one may construct a
function v; from v so that v; has ‘controlled’ thickness and ‘large’ integral.

Lemma 2.2. Let v > 0. For any dyadic cube I of sidelength > 27", there ewists a (possibly empty)
collection Q[I] of disjoint dyadic cubes of sidelength > 2™ contained in I, and a measurable function vy
such that

(2.9) 0 <wr(x) <woxr(x)

for all v € R?,

(2.10) Onlor] <2y

and

(2.11) 2 [ vr(x)dx > 2y HQ)+ v(x)dz.
/ QEZQ[I] /I\ Uoeorn @
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Proof. We prove this by induction on the sidelength of I. We first assume that I(I) = 2~™. Notice that

in this case we have )

© =— dx.
Aol = g [ vleds

We distinguish two cases. First if ©,vx;] < 2y we choose v; = vy and take for Q[I] the empty
collection. Clearly (2.9), (2.10), (2.11) are satisfied.

Next if ©,[vxs] > 27 we may choose a measurable function v; which vanishes outside I such that
0 <wvr(z) <wyr(w) for all z € R and

(2.12) v < % /vl(x)dx < 27.

I
Clearly ©,[vr] < 2v. For Q[I] we take the singleton collection {I} and (2.11) is satisfied because of the
first inequality in (2.12).
Now fix a dyadic cube I with {(I) > 27" and suppose that the lemma has been proven for all proper

dyadic subcubes I' of sidelength at least 2~". Partition I into 2¢ subcubes Iy, ..., I,a of sidelength
%l (I). By the induction hypothesis, we may construct collections Q[I;] and measurable functions v;; for
j =1,...,2% satisfying the properties of the lemma relative to I;.

To prove the assertion for I we again distinguish two cases. First suppose that
2d
(2.13) > / v, (x)dr < 291(I).
=1

In this case we simply define v;(z) = E?il vy (z) and Q[I] := U?il Q[I;]. Then by the induction
hypothesis

2d 2d
2/v1(x)dx = 22/1)1]. (x)dz > Z [27 Z HQ) +/ U(x)dx]
j=1 j=1 QeQ[I;] 1i\Ugeeorr;1Q
which is equal to the right hand side of (2.11). From (2.13) it follows that
L /v (z)dx <2
0) I > 2y

and if @ is a proper dyadic subcube of I then @) C I; for some j and

! 1
@‘/Q’U]($)d$ = @‘/QU]]. (:L’)dx < 2,)/

by the induction hypothesis. Altogether (2.10) follows in case (2.13).
Now suppose that

(2.14) > / v, (x)de > 271(I).
7j=1

od
In this case we can find a function v; so that v;(z) < Ejzl v (z) and

(2.15) YI(I) < /vzdx < 29I(1).
6



We then take for Q[I] the singleton set {I}. Then (2.11) is immediate by (2.15). Clearly also by (2.15)
ﬁ Jvi(z)dz < 27y. As above we can use the induction hypothesis to see that if @ is a proper dyadic

subcube, thus contained in an I;, we have ﬁ Jovi(@)de < ﬁ Jovr; (w)de < 27, thus altogether (2.10)
also holds in this case. O

Proof of Proposition 2.1. We define the critical thickness 9,(v) to be the largest non-negative number
~ such that the inequality

(2.16) <2 YU+ [ v(a)da

QeQ N\Ugee @

holds for all finite collections Q of dyadic cubes of sidelength 27" (here the empty collection is admitted).
Equivalently, one can define 4,,(v) by

. le\UQeQQU(x)d$
(2.17) Un(v) =i 23 0eol(@))+

Observe that since v vanishes in the complement of ¢ and since all cubes have sidelength at least 27" we
are in effect taking the infimum over a finite set of collections, each consisting of a finite number of cubes,
so that this infimum becomes a minimum, and (2.16) holds with v = 9, (v).

Clearly ¥,,(v) < Ap[v]™! [v(z)dz. Observe also that ¥,(v) > 0 since AU, QQv(x)dx is positive
€
whenever 35 o [(Q) < Ap[v]/2.
We can now find a finite collection Q; of dyadic cubes in ¢, of sidelength at least 27", so that

(2.18) I () Ap[v] = 20, (v) Q)+ v(x)dz
QEZQl ‘/E*
where
(2.19) E.:=q\ |J @
QEQ1

We claim that
(2.20) Onlvxe,] < 20, (v).

Indeed, suppose for contradiction that there existed a dyadic cube Q' such that
(2.21) / v(z)dz > 29, (0)I(Q").
E.NQ’

By (2.21) and v, (v) > 0 we have |E, N Q'| > 0 which implies that @' ¢ Q;. If we apply (2.16) to the
collection Q7 U {Q@'} we obtain

0,004, 00) £ 20,00 (1Q) + 3 1Q) + [ (o,

QEQ EAQ

but by (2.18) this implies



contradicting (2.21). This proves (2.20).

We shall now invoke Lemma 2.2 with v = ¢,,(v) and I = ¢, thus finding a function v, and a collection
Q[g] obeying the properties in the lemma. We define

9(x) = v(z)xp. (7) + vq(2)Xq\£. ()

and
h(z) = (v(z) — vg(x)) X\, (2)-
Observe that g and h are nonnegative functions. To show (2.7) we use that A,[h] < A(g \ E.) since the

latter set is a union of dyadic cubes of sidelength 27". Thus we observe

Ay Jv],

N =

Anlhl < Y UQ) <

QeQ:

by (2.18). This gives (2.7).
To show (2.8) we use that v, < v and observe that by (2.11)

/g(x)dm > /Uq(x)dx > %(Zﬁn(v) 3 l(Q)+/

Qe9lq] \Ugeolq@

v(x)dx),
since now 7 = ¢J,,(v). By (2.16) we thus see that

[ stz > Sl e,
By (2.20) and (2.10)
Gn[g] < en[UXE*] + en[vq] <20, (v) + 205 (v) = 49, (v),

we see that ©,[g] < 8A,[v]™" [ g(x)dz which is (2.8). O

Remark. There are analogues of Proposition 2.1 where for 0 < § < d the length A(E) is replaced by the
[B-dimensional Hausdorff content

As(E) =inf 3 1(Q)°
Qe

where again Q ranges over all finite collections Q of dyadic cubes with £ C Ugeo@. Then if we define
Agn(v) = Ag(6,(v)) and the S-thickness by

1
Op.n[v] == sng/Qv(x)dx

then an assertion analogous to Proposition 2.1 holds true. The proof requires only notational changes.

In what follows it will be convenient to extend the definition of length and thickness to not necessarily
nonnegative functions, and we simply put

Proposition 2.1 can be applied iteratively. This leads to
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Proposition 2.3. Suppose that f is integrable and vanishes in the complement of dyadic cube of length 1.
Set ho(z) = f(z). For m > 1 we may decompose

f= hm+zgu
v=1

almost everywhere, so that the following properties hold.

(i) hi () and the g,(x) are nonnegative if and only if f is nonnegative, and h,,(x) and the g,(z) are
nonpositive if and only if f is nonpositive.

(i) Onlgy]Anlhy—1] < 8 [ |g,(2)|dz.

(i63) Anlhm] < 27 A [f].

() If m > n then gm+1 = Ry, hms1 = 0.

Proof. We first extend the statement of Proposition 2.1 to not necessarily nonnegative functions, in the
obvious way. We simply decompose | f| = G+h as in Proposition 2.1, and then define g(z) = g(z)sign (f(z)),
and h(z) = h(x)sign (f(z)). We can then iterate this procedure (decomposing in the second step the
function |h| = s + hy etc.) and obtain the above decomposition so that statements (i), (ii), (iii) hold.

Also observe that if A,[|h]] < 27™ then &,[h] is contained in a dyadic cube of sidelength 2~™ and we
thus know that ©,[|h|]Ax[|R|] = [ |h(z)|dz. This implies statement (iv). O

We now describe how the quantities of length and thickness are used in certain convolution estimates
involving the measure p and appropriate localizations u™. To define the localization we choose a C'*
function ¢ with compact support in {x : |z| < 1/2} such that [ ¢(z)dz =1 and such that

[ @ @) - P =0
for all polynomials of degree < d. Set ¢,,(z) = 2"%¢(2"z) and let
(2.22) ut = op * p.
Lemma 2.4. Let f be supported on a set of diameter at most 10. Then

meas(supp (u" * f)) < Au[f]-

Proof. Note that if @ is a cube with center ¢ and sidelength /(@) with 27" < [(Q) < 100 and fq is
supported in () then p™ * fg is supported on the xzg-translate of a tubular neighborhood of ¥ of width
O(1(Q)), thus on a set of measure O(I(Q)). The assertion follows by working with an efficient cover of the
support of f arising from the definition of A,,. O

The quantity ©,[f] can be used to estimate the L? norm of the support u" * f provided that one has a
lower bound for the curvature. To make this precise we first prove a slight variant of an observation in [7].

Lemma 2.5. Let v be a real valued C* function on [—1,1]¢, so that SUp|q|<3 [0%Y(x)] < As; here A3 < 1.
Suppose |det " (yo)| > B and Q C [—1,1]%! is a d — 1 dimensional cube of sidelength €13, containing yo,
here g1 < [10(d — 1)*A3]) L.

Let x be a O function supported on Q so that the inequalities ||0“X||oo < cal(e18)71% hold. Define
the measure v by

(v,f) = /X(y’)f(y’,w(y'))dy’
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and define the reflection (v, f) = (v, f(—-)).

Then there are constants Cy, so that

1051+ P)(x)] < Cap? >l 77100,

Proof. We assume that d > 3 but after notational modification the proof applies also to the case d = 2.
Since v x v does not change if we translate the measure we may assume that yo = 0.

We compute
(w7, f) = / £ — y)dv(z)dv(y)
—Z/ W PGS0+ ) = Vi = ()

where the (, form a partition of unity on the unit sphere in R?~! which is extended to a homogeneous
function of degree 0. We assume that the restriction of (; to the unit sphere is supported on a set of
diameter < 13 and the summation is over O((13)'~¢) terms. The (} satisfy the natural estimates

10°C(u')] < Culerf) I/ |7le,

Note that in the integral defining Ij, the variables u" and y’ are restricted to a ball of radius < ;4 and o'
is further restricted to a sector with solid angle ;5.

Now note that by |8§iz]_1/)| < As, | det 4" (0)] > S and Cramer’s rule we have

(2.23) '] < B7H(d = 1) AL ).
We now pick a unit vector 6 € supp (.
Let
¥"(0)0),
Ok = T 0L
|4 (0)0|
and let by o,...,0; 4—1 be an orthonormal basis of the orthogonal complement of Rov, and with ¢/ =

ta,...,tq—1) define w(¢'") = =14 ), .. Now write y' =t (t") + t10; and we get
=2 ’

/ / / (' 410y (#") + trog) f(u', Oy (ty, " u"))dty du’ dt”
t Jur Sty
where
W (ty,t",u') = (g (t") + trog +u') — (g (t") + t1og)
1
= u’,/ Vz/)(mk(t”) + t10 + su’)ds}.

0

We wish to change variables in the inner ¢;-integral. Observe that

d n ! ! "
%‘llk(tlvt ,U) :|U |<0/ww (O)Uk>

+|u|/ O, [0 (i (") + t1og + su') — " (0)] vy )ds

+ |U’| ‘/0 <m - ek,ﬂ)”(mk(t”) + t10g + SU’)Uk>dS

(224) :|U’| |1p”(0)9k| + e (tl, t”, u') + es (tl, t”, u')
10



where by our assumption on the third derivatives the error term e; is bounded by 2(d — 1)2Ase; 3|u/|, and
since v’ € supp ( the error term ey is bounded by (d — 1)?Aze13[v|. The main term is |u/|[¢)"(0)60)| >
|u'|B(d — 1)"2A3™% and thus the derivative 9, ¥}, is single signed and of size ~ fB|u’|. Therefore we may
perform the change of variables t; > ug = Uy (t1,t"”,u’') with inverse ¥ (ug;u’, ") and obtain

(2.25) (v*v,f) = fu' s ug) He (u' ug, t")dugdu' dt”
;/// a)Hy, d d

where
G (u")x(u)x (v’ + g (") + tiog)
|at‘llh(tlf (utﬁ U’, t”)7 t"7 u’)|

Hk (u', Uq, t”) =

We have the estimate

|H/9(U’, 5, t”)| S ﬂ_1|u’|_1
and Hy(u',ug,t") vanishes if |u'| > Clug| or |u'/|u'| — 6| > €15 or |t"| > 5. Integrating in t" yields a
factor of O(ﬂd_2) and since ), (x(u') = O(1) we obtain the claimed estimate for a = 0. The estimates for

the derivatives follow by a straightforward examination of the derivatives of t§ (ug4;u’,t") and applications
of the chain rule. We omit the details. O

Now let ¢,, be as in (2.22).

Lemma 2.6. There is a small constant 1 depending only on X so that the following holds for § < 1.

Let x € C§° 1is supported on a set of diameter €13 and suppose that the support of x contains a point
P on T where the Gaussian curvature satisfies |K(P)| > . Let v™ = ¢p, * u. Suppose that f is supported
on a set of diameter 1. Then

177 % 1" % flloo S B2 (1 +n)Onlf]-

Proof. After localization and a change of variable we may reduce to the situation of Lemma 2.5.

Notice that |v™(x)| < 2™ since v is a density on a hypersurface. By Lemma 2.5 we have

" % 0" x f(2)] < pd=3 /min{2n7 ﬁ”f(y”dy

and we observe that

/ 2" £ ()ldy < 290, [f]
|z—y|<2—m

and X
/ [ f(W)ldy < 27710,[f], 0<l<n.
a-t<ley|<a—t+1 [T — Y|
The asserted estimate follows by summing over { =0,...,n. O

Finally we also need the behavior of the quantities of length and thickness under nonisotropic dilations.
Here we will have to compare isotropic dilations to nonisotropic ones. Let 7 = trace(P) and denote by \;
the eigenvalues of P. Then we may choose positive constants a, A so that
(2.26) a<Re(M\j) <A<
Then there are positive constants ¢; < C so that for all «

(2.27) atz| < [tFa] < O ttz|,  t>1.

11



Lemma 2.7. Suppose that f is integrable and vanishes in the complement of a compact set.

Then there is a constant C depending only on the dilation group and the dimension, so that

(2:28) 0,[f(5;-)] < 2797 Do,[f], ifj>0
and

Proof. Let j > 0 and let @ be a dyadic cube of sidelength {(Q) > 2°". Then §;Q is contained in the
union of at most 2¢ dyadic cubes {g;}, of sidelength ~ 2/41(Q). Thus

1@ [ 1f0ide =21@ 7 |

<2797y Mi(g) / |f(u)ldu < C'22770 Y, [f].

If we take the supremum over all dyadic cubes we obtain (2.28).

Next let m > 0. Let Q1, ..., Qn~ be a cover of &,(|f]). Let QF be the double cube (dilated with respect
to the center of ();).

Now &,(|f]) = UM R, where the R, are dyadic 2" cubes with center z,, on which the expectation
E,[|f]] does not vanish. Let R, be the union of dyadic cubes of sidelength 27" which intersect d;, R, .
Then &,,(]f(0_y,-)|) is contained in Uﬂ/[:llR,*,’m.

Since m > 0 each R}, is contained in a 2-dilate of §,, R, relative to the center 6,,z,. Thus the union
of the R} . is contained in the union of the dilates 6,,Q;. Each §,,Q; is contained in no more than 4¢

v,m

dyadic cubes of sidelength 2!"4+311(Q;). Consequently

N
Aplf(6—m)] < C24™ Zl(@-).

If we work with an efficient cover of &, (|f]) we obtain (2.29). O

3. Preliminary Calderén-Zygmund reductions

We shall begin with some reductions from standard Calderén-Zygmund theory. The estimates in this
section together with a trivial L! estimate will only imply the known weak-type L log L inequality (see
Corollary 3.1 below) but they apply to more general operators than those discussed in the introduction.

In this section we shall assume that the measure u satisfies

(3.1) OIS @ +1Eh™

for some positive vy (without loss of generality v < (d —1)/2).

When estimating the singular integral operator (1.5) we shall assume the additional cancellation con-
dition (1.4). We note that the original hypothesis of the curvature not vanishing to infinite order implies
an estimate (3.1) for some v > 0, by an application of van der Corput’s lemma.

We shall apply a nonisotropic version of Calderén-Zygmund theory (see [10], [16]). Let p be a homo-

geneous distance function which satisfies p(tf'z) = tp(x) for all z and p(z) = 1 if |z| = 1. If 2o € R? and
12



po > 0 then we set B(xo,p0) = {z : p(x — x9) < po} and we refer to B(xo, pp) as the ball with center xq
and po (see [17] for a discussion of such distance functions). Notice that

B(zo,po) = {a : Iog " (@ = 20)| < 1},

We note that |z|*/® < p(z) < |o|V4 if |2| < 1 and |z]'/4 < p(x) < |z|/@ if |2| > 1, see (2.26/27) above.
Let My be the analogue of the Hardy-Littlewood maximal function associated to the family of these

nonisotropic balls, i.e. My f(x) = sup,ep|B|™" [5]f(y)|dy where the supremum is taken over all balls
B = B(xg, po) which contain x.

We now fix a > 0 and define Q = {z : My f > a} and thus

1 < oISl

By an analogue of the Lebesgue differentiation theorem we also know that |f(z)| < « for all z € R? \ (.

The Calderén-Zygmund decomposition is based on a Whitney type decomposition. According to [16,
p.15] there are constants Ky > 1, K» > 2, K3 > 1 (depending only on the distance function p), and a
sequence of balls By,...,Bj,..., with B; = B(z;,p;), and a sequence 20 of measurable sets (‘generalized
Whitney cubes’) wy, ..., wj,..., so that the following properties are satisfied:

(a) The Bj are pairwise disjoint.

(b) If Bf = B(x;, K1p;) then the numbers Ky p; belong to {27 : j € Z} and U; B; = Q. Moreover each

x € () is contained in no more than K3 of the balls B.

(C) Bj Cw; C B;F

(d) The w; are pairwise disjoint, and we have (Jw; = Q.

(e) If Bj* = B(x;, Kyp;) then B;* N (R \ Q) # 0.

(f) Each B;* is contained in Q" = {x : My (xa) > (10K2) "} and thus

(3.2) meas(Q) S a M Ifll S /‘I’(Ifl/a)dx-

We thus get a decomposition f = g + > oy fu Where fy(x) = f() if € w and |f(z)| > a and
fw(z) = 0 otherwise; moreover |g(z)| S a and |w|™* [ |fi,]dz S a for each w. The sets w play the role of
the usual Whitney cubes. For each w € 20 we assign a point x,, and an integer r(w) by setting z,,, = z;
and r(w;) = logy (K1p;).

In what follows we choose ¢ > 0 small, specifically the choice
(3.3) c< %min{l,y}
works. We then further decompose f,, by setting
fu@) = ful2) i 270" Va <|fy(2)] < 27

Observe that f, = > 77| f and

00

> qup [ 1N S
We also let

) — vy L[

by (€) = f1,(x) — gy (@),
13



and

Now
(3.4) S ln@) < = [ S 1wy vule) < / W)y o (@) < a:
n=1 b _|w| W n=1 Y _|w| w
moreover
(3.5) S o) S o
n=1
and
(3.6) S gl + 18201] < / F@)lde < aful.
n=1 w

It will also be necessary to decompose the measure p further. Let u™ be the regularization defined in
(2.22) and let

ui(@) =272 M),

For our basic decomposition of the singular Radon transform we set f* = 3 f= and using f =
g+, fr=g+>,9"+>, 0" wesplit

Zﬂk xf=Hr1+Hio+His+ Hy

keZ
where
Hiy =) g
keZ
Hpip =Y (s —pp) * f"
3.7) kE€Zn>1
Hig=) 3 nixg"
k€Zn>1
=YY up b
keZn>1

A further decomposition is necessary for H,. For given n > 1, I € Z we define
I = [in, (1 + 1)n)

(3.8) (I = —n, (I +1+ %)n]

and set



We split H, = H;; + Hyy; where

H[[ZZZ Z ,uZ*Bln

n>1 €L keZ\(I)*

HIH:ZZ Z uy * Bl

n>1€Z ke(Ip)*

(3.9)

Note that Hy; is the portion of Hj where the scaling of the measures u! is very different from the scaling of
the balls w, which enables us to use standard L' arguments in the complement of the set Q2*. The difficult
term to estimate is Hyyy.

We shall show that

3

(3.10.1) ST IHzl S o 2117
=1

(3.10.2) IHrrll L eavory Sl

From (3.10.1/2) we get by Chebyshev’s inequality

3 3 9
meas({x: 3 |Hra@)| > a/10}) S ™| 3 1Hu |
=1 =1
- 3 2
(3.11) Sa 2 [ YLl S a Al
=1
and
(3.12) meas({z € R* \ Q" : |H;(z)| > /10}) S a M| f]h-

We now prove the L? bounds (3.10.1) using standard arguments. The cancellation of p = u® implies
that pu0(¢) = O(|€]) and since o is smooth we get

(3.13) K0(€)] S minf¢], 1]V}

for large IN.

Even without such a cancellation assumption the difference p™ — u™ ! does have cancellation and using
the decay assumption (3.1) on the Fourier transform of yu it is straightforward to check that for m > 1

(3.14) (€)= ()] S 27 minf2 e, 27 E) N )

Indeed the left hand side of (3.14) is < (1 + [€])™7[4(27™E) — 4(2=™~1¢)| and since ¢(n) = 1 + O(|n|%)
we obtain the bound 27™7(27™[¢|)?~7 which yields the claim for |¢| < 2™*! since also d — v > 1. For
€] > 2™+ we use that [2™()] < Cn |77 (1 +27¢]) Y.

Since u7'(€) = 1" (6;€) we obtain using (3.13), (3.14) that

TGRS

(3.15) e
D oIHE) — QI S 27,
keZ

15



We recover the well-known result that T is L? bounded, and as a consequence of the last displayed
inequality we also get

| 2ot —miy 1], < ZHZ ) £, S 2l
kezZ

Now clearly
. 2
|Eally = | X pv ], S Mgl S all £l
kEL

and using (3.13) and (3.14) we also obtain
‘ 2
el < (3 | 0me =17 ) s (s
n>1
N ZTmllf"ll 272 e S all

n>1 n>1

by our choice of ¢ in (3.3). Moreover

n—
Il = [ > ( wz o) gt
keZn>1
(I o, + XIS e oo
kEZ n>1 n>m
o ] 2
(X o) salsin
m=0 n>m 2

Finally we prove the L! bound (3.10.2). Suppose that r(w) € IJ. For k > max(I})* (thus k — r(w) >
2n/a) we use the cancellation of b, and obtain with y,, € w

2

)

g, * by () = /27'” (1" (0-k(z —y)) = n"(0-r(z — yuw))] by (y)dy
=27 [ (510 = ), T 6o = v+ 5(y — ) DB )y
and since |0_(y — yw)| <207 =Fe for 4 € w and ||Vu™|l; = O(27) we get

/ af # bl (@) dr < 2720y

Moreover notice that by our assumption that p is supported in the unit ball we have that u} * b} is
supported in Q* if & < min(I}*)*.
Thus

> g +Blh

1 I€Z k>max(1*)*

Z Z Z on9 (r(w)— a“anl
€Z

k>max(1;*)* r(w)El]

Z > opll S A,
€Z

r(w)el
16
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by the definition of (I]*)*. Thus (3.10.2) is proved.

A decomposition similar to (3.7), (3.9) applies to the maximal operator where no cancellation on pu is
assumed. We have
sup |pg * f| < Mypy+ Mpo+ My + M+ Mg
k

where
My = sup |1 * gl
Mps = ZSUP| (b — p) * [
n>1 S
My 3 = Zsupluk xg"|
(3.16) n>1 HEL

M= ZZ sup |ug * By'|
n>1 1ez FEL\U)*

My = ZZ sup |NA * Bl'|

n>11ez *EUr)

Concerning the L? boundedness we observe that sup,, | * f| is pointwise controlled by the Hardy-
Littlewood maximal function My f, associated to the given dilation group. Therefore

(3.17) | sup g fll, S IF 2

Again by Fourier transform arguments as above

B . B N1/2
w1 = =) % A1l £ | (0 ==y £12)
k
—my “m /m——\l 21 7 2 1/2 —my || 7 —mry
<2 ([ I - ©PIF©RE) T S 2 mfle S 2 IS
k
This shows that we can repeat the arguments for H; above and get
3
: 1/2

(3.18) S IMplls S o3I f1

=1

In the definition of M;; we may replace the sup over k ¢ (I]*)* by the sum and the estimation is exactly
the same as for H;; above. This yields

(3.19) M1l reavaey S Nl

We combine these estimates with (3.2) and we see that in order to prove Theorems 1.1 and 1.2 we are left
to prove the inequalities

(3.20) meas{z : | M| > %a} < / @loglog(& + |fg)|)dx
(3.21) meas{z : |Hrrr| > %a} < / @loglog(é n Ug—xﬂ)daz

This will be done in §5 and §6 below.

Weak type LlogL estimates. We note that weak type Llog L inequalities for 7" and M can be already
obtained from trivial L' estimates for Hy;; and Mjrr. Here we are essentially reproving the result in [4].
17



Corollary 3.1. Let p be a compactly supported Borel measure satisfying

) < CL+ 1€~

Then M is of weak type Llog L. If in addition the cancellation condition [ du(xz) = 0 holds, then T is of
weak type Llog L.

Proof. Given our previous estimates we just have to estimate the measure of the sets where M;;; > «
or |Hrrr| > a. We simply use Chebyshev’s inequality and are left with estimating a=*||M/||; and
@™ |Hiprr]|1, respectively. Using that the L' norm of pf! is uniformly bounded in k,n we get

IHill <500 D0 kB S>> >0 > gl

n>1 lEZL AE(I”)* n>1 l€Z ke( I”) r(w)e]”
n n £
DR IPIRLTEP ITLIE [ 1r@iogte + L,
LIEZ r(w)el] n>1

and the same argument applies to M;;;. O

4. A stopping time argument

In order to refine the previous estimates for My and Hyrr we need a further decomposition of bj,.
Here we use a stopping time argument based on length A,, (and thickness ©,). The reader will note some
similarities with Christ’s stopping time argument in [2].

In what follows Qo will denote the set of dyadic unit cubes of the form (ny,...,nq) +[0,1)%, n; € Z.

Proposition 4.1. For every n and every w with r(w) € I there is a decomposition

(4.1) D

KE()*
so that the following properties are satisfied.
(i)
(4.2) SOOI = b,

we(ll)*

(i1) For every q € Qq, k € (I]")*

(4.3) IS < / £ (5l dy.

r(w)<w r(w)<w
(iii) For every q € Qo, and for every k € (I]')* and s > 1 with k + s € (I]')*,

(4.4) n[ D Fr(Orrs)Xg) < 16(n+ 1a.

r(w )<k

Proof. This is proved by an inductive construction.

G'= > b

w:r(w)EI]

We shall give a decomposition of

since the w are disjoint this will yield a decomposition of each b}}. Set Ky = max(I]")" and k; = K —

We shall establish the following

J-

18



Claim. For N =0,1,... we can decompose

N
GO = [H +5]+G"

Jj=0

so that
(i)) GV =HI+ ST +G if j>1
(ii) G = 2 e Zfile) G4, where GJ7 vanishes in the complement of 6,;q and

0,[G7(6,,-)] < 8av.

Moreover
L(j,Q) <n+1.

(iii)
HI(z) =0 ifx ¢ U w

r(w)<kj
Si(z) =0 ifx ¢ U w

r(w)=k;
GN(x) =0 ifx ¢ U w.

r(w)<skn

(iv) For each q € Qy,
Ay [Hj((sﬂj')Xq] < o / |Hj(6njy)|dy-

q

(v) For k > kj, k € (I]')* and each q € Qo,

O [H7 (3:)xa] + 0[S (5)x] < 16(n + 1)ev

(vi) The functions G7, G5, H, S7 are nonnegative at x (nonpositive) if and only if f(x) is nonnegative
(nonpositive).

If we accept the claim then in order to complete the proof of the proposition we observe that in the
above statement k = k; = k%" — 7 and thus we merely have to define

n,d

max

Hf =% (x) if v € w,r(w) <r < KPS,
W (X)) = q ST (1) ifvew,r(w) =k
0 ifedworif kK <r(w).

Then (4.1) follows from (iii) and (4.2) from (4.1) and (vi). (4.3) is a consequence of (iv) and (4.4) follows
from (v).

Proof of the Claim. We argue by induction and assume that either N = 0 or that N > 0 and statements
(i)-(vi) hold for all j < N — 1.

If N=0weset S°=H’=0and G° = G°. If N > 1 we begin by defining functions SV, G where
SN(x) =GN Y(x)ifz € Ur (w)=rn w and SN (z) = 0 otherwise, and GV (z) = GN~(z) — SN (x). Thus
gV is supported on Ur(w)<mv w and coincides with GN~1 there. Note that GV vanishes if kj < min I

and the construction stops then.
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We now use Proposition 2.3 to decompose for ¢ € Qg

L
GN (Grn2)xg(2) = gl + by
v=1

so that ©,[gYA,[h)4] < 8 [|g2+?|dx and hg’q vanishes for L > n + 1. Also the signs of the functions
g4, b)Y coincides with the sign of GV (0, ())xq(x) and we have h)% = gN¢ 4+ B4 for v > 1 with
A [RD] < An[R)24]/2.

Let L(N,q) be the minimal integer L so that

(4.5) A ] < 0 / 11 (4 dy.

Then L(N,q) <n+ 1 (since hg’q vanishes for L > n + 1).

NNOW Ap[h2%] > o=t [1hX4 (y)|dy for v < L(N, ¢), by the minimality of L(N, ¢), and since |g)4| <
|h, 2% | we get

a < g 19 W)ldy
(46) 0uls") < LU I < o <

Now define GY4(z) = g¥4(5_, @), for v < L(N,q), and GV () =2 e ZL(Mq GY-4(z). Moreover
HN4(z) = hg(?v 2 (§_nyw) and HY (z) = 2 ge HN:4(x). Then the statement (vi) about the sign of G2,

GY and H" holds. (iv) follows from (4.5). Statements (i) and (iii) hold by construction, and the inequality
for the thickness in (ii) holds by (4.6) by (4.6).

In view of (i), (vi) we also have |H™| + |SV| < |GN=L| < |GN=¢] for s > 1 so that by statement (ii)
for j < N —1 we get

@n[HN(5HN+S')Xq] + @n[sN(6HN+S')Xq] = G)n[HN((SHNﬂ')Xq] + G)n[SN((sHNﬂ«')Xq]
L(N—s,q)
<20, [GN T (B X 160 D OR[GY T (0. )] S I6L(N = s,q)a < 16(n + 1)

v=1

This implies (v) for j = N and the Claim is proved. O

5. The main estimate for the maximal function

We shall prove the nontrivial estimate (3.20) for the maximal function, assuming again that the cur-
vature assumption in the introduction is satisfied, and prove the inequality

(5.1) meas({x sup| Z pp = B > a}) < /‘I>(|f|/a)dx

/\/E(]”)*

with ®(t) = tloglog(e? + t).
We use the decomposition in Proposition 4.1 and form an additional exceptional set O;. To define it
we set for ¢ € Qo, k € (I])*,

(5.2) )= Y (@) (6.
r(w)el]
r(w)<w
20



and define

(5.3) _UU U U U suep (uf = 5745);

n=11€Z ke(I}')* ¢€Qo0 ke(I}*)*
k<k

moreover we define
(5.4) O=0,UQ"

where 2* is as in (3.2).
To estimate the measure of O; observe that supp (uf * Fjb*) = dpsupp (uff * [FybF(0;+)]) and since
for k < k the function Fq”’l”““(é;ﬂ) is supported in a set of bounded diameter we get by (2.29) and (4.3)
meas(supp (4] + F/)) = 2" meas(supp (uf + [F1"0%(5,7)]))
5 2kTAn[Fqn7l’H(6k')] 5 2kr2(nfk)AAn[qul,n((sﬂ.)]

S 2 itat [Enis(s gy S 206Nt [Epts)dy.

Thus, we can sum a geometric series in k < k and obtain

meas(0)1) iz OISR UTTETITES S) Sl ALAnITY

n=1l€Z ke (I}*)* ¢€Q0 n=1 w
(5.5) T35 / £ )ldy S at / 1F(y)Idy
n=1 w

and the measure of O = 01 U Q* satisfies the same estimate. Note that the contributions for k£ < k,
r(w) = k are also supported in O since p is assumed to be supported in the unit ball and thus

U U U U supp (u} *f{j’T(w)) c Q.

n=1I€Z w:r(w)el;" k<r(w)

It now remains to handle the contribution in the complement of O which only involves the scales k > &
and contributions for r(w) € I with r(w) < &; to simplify the notation below we set

T={rel:r <k}

We shall first cut out a contribution from 'flat’ parts of 3. We recall that the curvature does not vanish
to infinite order on ¥ and therefore there is a number 1 > 0 such that

(5.6) /E|K(x)|*”d0(x) < 0.

This is well known (for example, one may use an argument in [16, p.343] to reduce to an inequality in one
dimension where one can use Holder’s inequality and compactness).

By Chebyshev’s inequality (5.6) implies that

(5.7) {z e |K(a)| <n /M Sn
21



Now we use a partition of unity to write

o= Z Vi;n

eJm"

where each v*" is supported on a cube R; of diameter eyn =3/ (here ¢; will be as in Lemma 2.6) and the
supports of the v»™ have bounded overlap, independent of n. Note that then

(5.8) card(J") < A1/,

We split the index set into disjoint subsets as J™ = J;* U J5* where J3* consists of all i € J with the
property that |K(z')| < n=3/7 for all 2’ € supp R;.
Then by (5.7) we have that the sum of the total variations of the v“™, for which i € JJ*, satisfies the

bound
> s
ISVAS
Let
’ui,n — Vi;n % ¢n

and uln =92~ kT 1n(2 AP)
Since the cardinality of (I]*)* is O(n) and Eiejél
Dicy pi", k € (I")* can be handled by a straightforward L' estimate:

,uzn||1 = O(n~3) the contribution of the measures

meas({x sup‘ Z Z Z|,u * Z for

n,l  ke(I)T €T r(w)eln "
ke(IM)* r<k

a2 XX Yt X,

> a/lo})

mb ke(f)" RE(L])" 1675 r(w)el"
<k
LDV DD I ' DS
nl wE(IP)" ke(I]) " iETY r(w)el "
(5.9) Sa iy Yo nt 0 Wt Satiflh
nl keI r(w)el”

Next choose a large constant Cp; specifically the choice

100 d A Cy
(5.10) Co > 7(1 + 77) ax{l }+ 10 + log, (— o L)

will work where ¢; < (4 are as in (2.27). Then the contribution for the scales k < k < x4+ Cplogn is also
handled by an L! estimate:
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meas({x sup‘ Z Z Zp * Z f{j’“(x)‘>a/10})

ke(I])* ISVA r(w)el;”"”
AE(I,") k<k<k+Cplogn

X b Z DOREED DN LRI S

n,l ke(l KE(LM)* €T r(w)el"”
rk<k<k+Cylogn

aty > > )R Vi

n,l ke(I]")" wir(w) e[" " r<k<k+Cplogn

Sa'Y Y Y logalll

nl kE(IP)* r(w)el ™

(5.11) Sa 'Y lognl|fh S /@ loglog (* + —|fEf)|)dx

It remains to show

(5.12) meas({x sup‘ Z Z " Z Tt ( ‘ > a/lO}) Sa flh
kE(IM)* €T r(w)el""”
AE(I, )" k>k+Cologn

and this will be accomplished by proving L? estimates.

Reintroducing cancellation. The decomposition in (4.1) was needed to exploit the geometry of the
exceptional set; however we paid the price of destroying the cancellation properties of the 0. As the
information on the support of the f;»* has been used and is not needed anymore for the scales k >
k + Cplogn we shall now modify the functions f»* to reintroduce some cancellation. Namely let {Pz}f\i“l
be an orthonormal basis of the space of polynomials of degree < d on the unit ball {z : |z| < 1} and for
given w define the projection operator I1,, by

w

Mg
My [A)(®) = Xw(®) 3 P0—ru)(* = 7)) / h(Y) POy (y — 20))27 "7 dy.
Note that
(5.13) 1L, [1](2)] < cﬁ / Ih(w)ldy

where C' is independent of A and w.
Let

9" (€) = Wy [f7"] (),
by " (x) = foy™(x) — 9" (2),

so that b})" vanishes off w and for polynomials p
(5.14) / by (x)p(z)der =0 if deg(p) < d.
We observe that since the w’s are generalized Whitney cubes for  (see §3), we have

(515) L SRR o [ @l s



moreover by (5.13)

(5.16) D L0 + g™l S D Il 5/ |f ()] da.

n,K

Now (5.12) will follow from

2
(517) | sup | 2 > X wte Y e s el
KE(I)* ISR r(w)ell""'"'
/»E(I )" k>k+Cologn
2
(5.18) [ sup | o 3 2wt 3 ] alih

KE(I)* i€y r(w)el™"
/»E(I )" k>r+Cologn

The estimation (5.17) is straightforward. If do denotes surface measure on ¥ and doj the dilate
275" do(§_j-) then the maximal function

M f(z) = sup |doy, * f]
kEZ

defines a bounded operator on L% By the positivity of this maximal operator the left side of (5.17) is
bounded by a constant times

[am 1Y S Sl 50X X X ekl S allfl

n,l ke(I;')* w n,l ke(I]')* w

here we used (5.15/16).

For the remainder of this section we prove (5.18).

We first replace the sup in k by an ¢? sum and then, for fixed k, we apply Schwarz’ inequality in the
form [}, |a,|]? < 3 |na,|?. Next we observe that for fixed n the number £ is contained in at most 3+2/a
of the intervals (I')*. Then we apply Schwarz’ inequality for the sim in & yielding a factor of O(n) and
for the sum in ¢ yielding a factor of O(n?(@=1/7). Finally we group the sum over w into groups for which
r(w) = r, r € I and apply Schwarz’ inequality in r which yields one more factor of O(n). Thus we see
that the left side of (5.18) is dominated by a constant times

520 YT T T e s ¥ o,

k,n,l i< aeJ relm"” r(w)=r
ke(I)* k—Cplogn L (w)

We note that the some of the applications of Schwarz’ inequality above are not really necessary but it
turns out that the polynomial factors in n are irrelevant in the range x < k — Cy logn.

Now, for fixed k, k, define

(5.21) M(r, k) = [k — (k — K) L

C1
1 — +2
2A+0g261+]

where [v] denotes the largest integer < v. Note that for £ < k — Cy logn we have M (k, k) < k. Let R(x, k)
be the collection of dilates 0. k)¢, Where ¢ € Qo. For each w with r(w) = r < k we assign R € R(x, k)
so that wN R # (. We write R = R, (w) or simply R = R(w) if the dependence on k, & is clear.
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Let 5{(&,/{) be a subcollection of PR(k,k) with the property that if R,R' € R(k,k), R # R' and
R =60,k @ R = On(x,k)¢ then dist(g, ¢') > 10.
We shall show for fixed n, [, k € (I]))*, k € (I[")*, r € I;"" that

2
(5.22) H Z ,uk * Z b 25n2+3(d+3)/n2—(k—n)00a Z 116751

Rem (k,k) r(w)=r r(w)=r
R,ﬁyk(w):R

where
(5.23) cop = gmin{l,¥}

Given (5.22), the proof of (5.18) is a quick consequence. First note that R(k, k) can be split into O(lOd)
families of type R(k, k). Thus Minkowski’s inequality and (5.22) imply that (5.22) holds also with R(x, k)
replaced by M(k, k). Then we obtain from (5.20) and the modified (5.22) that the left side of (5.18) is
controlled by

DIED DEEED IS DD DI e S U D

nl kE(IP)*  wE(I])*: €T rell "™ r(w)=r
k<k—Cplogn

<Zn6+ 9(d—1) Z —(k— K/Coaz Z “bnnnl
=T

n,l,k k>k+Cologn rel]’ r(w)
r<m
Now we sum the geometric series

Z 2—(/0—%)60 < n_COCO

k>k+Cylogn

and using (5.23) and our choice of Cy in (5.10) we observe that n =00 < 5 =50(1+d/m): this yields that the
left side of (5.18) is controlled by

a3 Y Wl S allflh

Lk rel]”" r(w)=r
Thus the proof will be finished when inequality (5.22) is verified.

Proof of (5.22).
We split for fixed n,l, k,x € (I]')*, i € J* and r € I;"",

. 2
H e ST | =14 11
2
RER(k,k) r(w)=r
R(w)=R
where
(5.24) I= Z /uh * ™ % Z bk () Z b () da
RER(k,k) r(w)=r r(w')=r
(w)=R R(w')=R
(5.25) n= 3 / W Y o) Y @),
R,R'€R(k,k) r(w)=r r(w')=r
R#R' R(w)=R R(w')=R'



We shall first estimate 1. Fix w, w’ occuring in the expression (5.25). Then using the cancellation of
the b»" we get

™ 5 " 5 65" )|

—‘/2]”/10 *No(fh

d—1

(0 y = 20) V) " 5 1" (0 = ) |0 () dy

w|,_\

=0

<.

]- _S d ! —k 7,M 7K
= [ [ 20 ) YU sl s 50| 0)

(5.26
3 27kT|5_ — Ty d _—
,I(Zd (d—3)) / / |6 | ( )| |b , (y)uyjs

(x — Xy + STy — sy)|?HL

by Lemma 2.5 applied to the measure p5", with g = n=3/7.

Now if z € w', y € w with w' N R' # 0, wN R # 0, and if R # R’ then by the separation property of
the sets in R(x, k)

(5:27)  |ok(r = ww)| 2 2Oy (o= )| 2 10620074 > 50,27 (02
while
10 k(y — )| + |0_k(z — 20r)] < 20127807 < o0 270lk=R),

Thus for € w' we may replace |0_j(r — 2 + s, — sy)| in the denominator of (5.26) by [0_j(z}, — )|
We also take into account that [|b))"||1 < a|w'| and thus obtain the bound

9—kTo— (k—r)ad

(5.28) IT < pPdts)/ Z Z 1162 " II2 Z Z 0‘|w||5 (T — ) |71

ReR(r,k) R(w)=R R'€R(k,k) R(w")=
r(w)=r R#R'  r(w')=r

Now we calculate using (5.27)

271c'r27(k7r)ad

Z Z |w’||5 (T — T0)| 71 S gtk Z Z / Ju| ™" du

R/ ER (1) Rw) =K' R/ R (k) R(w)=R'* 0=k (ZTutw’)
R#R r(w')=r RER r(w')=r

527(107/‘;)(1(1/ |u| d— 1du<2 S(k—r)(2d— 1)
‘u|>2 k—r)a/2

Combining this with (5.28) yields the bound

(5.29) IT< n® dﬁ 9—5(k—r)(2d—1) Z Z Hbz,m“l
ReR(r,k) R(w)=R
r(w)=r

which is controlled by the right hand side of (5.22).

We now estimate the contribution I. Unfortunately, in introducing the cancellation and passing from
for® to b" we have obscured the geometrical information on the thickness of f*. As the cancellation is
not needed anymore for I we (partially) undo it and estimate

I<IL+1,
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where

(5.30) h= Y [wtemte 3@ Y @
RER(k,k) r(w)=r r(w')=r
R(w)=R R(w')=R
(5.31) I, = Z /’u’zn*uzn* Z Z b
RER(k,k) r(w)=r r(w')y=r
R(w)=R R(w')=R

Since |gly"(x)] < axw(z) we get

(5.32) L] <n 35 a > //I6 dylb?uc”(x)ldx

RER(k,k) T( )=r r(
R(w ):RR ’

and

27M(I‘L71€)T

7Ic'r
7@ < 2f(ka(m>>(rfA>/ dy
Z)_ / (z =yl R |67M(H7k) (z =yl
)=R

r(
R(w
< 9—(h=r)(r=A) / lu~Ldu < 2= (k=) (=A%
~ lul <1 -

Thus
(5.33) L] Sn3 5 a2 A ST $T
RER(k,k) 7(w')=r
R(w")=R

Finally for the main term I; we use Lemma 2.6, then (2.28) and then part (iii) of Proposition 4.1 to bound

NA *,U'k * Z fﬁ;’ﬂ(x)‘

r(w) r
R(w)=R
= ‘/ g Ok —y) D fﬁ’”(éky)dy‘
r(w)=r
R(w)=R
n173(d73)/n® Z fnn 6k
r(w)= 'r'
R(w)=
< pl- 3(d— 3)/7]2 (k=M (k,k))(T—A Z 6M(n B )]
7(w)=r
R(w)=R
< p2-3(d=3)/no—(k=M(k,k))(T—A)
Since k — M (k, k) > (k — k)a/2A we obtain
(5.34) 1| S a2~ (k=M= 2-352 §° Z 156
ReR(k,k) r(w')=r

R(w')=
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(5.33/34) and (5.29) certainly imply (5.22). This concludes the proof of Theorem 1.1. O

Remark. The above argument also applies to maximal functions associated to certain surfaces with low
codimension, for example if we assume that for every normal vector the Gaussian curvature is bounded
away from zero. In this case we have to work with the notions A,, g, ©,,,5 in the remark following the proof
of Proposition 2.1; here f is the codimension. The condition about nonvanishing Gaussian curvature is
never satisfied for manifolds with high codimension such as curves in three or more dimensions. In those
cases it is presently open whether the weak type Llog L inequality of Corollary 3.1 above can be improved.

6. Estimates for the singular integral operators

The proof of the weak type L loglog L estimate for the singular Radon transforms relies to a large extent
on the same arguments as for the maximal operator. We shall just indicate the necessary modifications.

We need to prove inequality (3.21). The definition of the exceptional set O and estimate (5.5) remains
the same. Thus we are left to show (again with ®(s) = sloglog(e? + s))

(6.1) meas({ ‘Z Z [T Z Z forfl > %a}) S/Q(M)daj

n,.K a
n,l ke(Il) ke(I])" r(w)el]
n<k

Now, as in §5, we wish to decompose the measure into a part with curvature and a part with flatness
(with the splitting depending on n). Some care is needed now since we need to preserve the cancellation
of the measure when acting on the a-bounded contributions. Before doing this decomposition we shall
reverse the order of the steps (5.9), (5.11) and first get an analogue of (5.11) for the functions yJ'. Indeed
since ||p||1 = O(1) the argument for (5.11) yields

(6.2) meas({x : ‘ Z Z [ * Z Fonl >

n,l,K ke(I]')* r(w)el""
k<k<k+Cplogn

10}) 5/@("0?')@;

and therefore we have to bound

(6.3) meas({ ‘Z Z Z o * Z fu"

n,l we(")*  ke(l")” r(w)el""”
k>n+CU logn

o))

As before we split f" = g;»" + bll;" and we first show that

o eSS S e T o

nl ke(I)* kel r(w)el"
k>n+CU logn

<

We use the nonisotropic version of an inequality in [6, p. 548] for the maximal version of the singular
integral, namely we have

Ko

> gl S Nl

k=K,

(6.5) H sup
K1,K2

Here [ij, is the reflection of py. Indeed for (6.5) one just needs |fz(€)| < min{|¢[, ||~} for some v > 0 (cf.
(3.15)). In order to use (6.5) we have to split u}! = pr — (ur — pj})-
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From (6.5) and (5.17) we get

DO NS SRNTRNS S

. 2
n,l ke(I]") ke(I)* r(w)el;”"
l»>n+Co logn

" ez /Z 2 29 2 ﬁ’“*u(y)dy‘z

n,l kE(I])* r(w)el]" ke(I)*
k>k+Cologn

Zm*u\H > > | X ar
k=K n,l ke(I])* r(w)el™
(6.6) g T e

n,l ke(}')* r(w)el”"

< sup H sup
Jull2<1 " K1 ,K2

2
1

For each w and x € w we have

nn i K T i x)|dx o
OND DRNVFECIED DD SRR RTFA TSy WIS

n,l  we(l]") n,l  we(l")”
T(w)GI” " r(w)E]" "

and in view of the disjointness of the sets w the expression (6.6) is controlled by

(6.7) )3 1> > g1

n,l ke(I]") r(w)EI""

" S allflh

Moreover for fixed n, and m > n we get using (3.15)

HZZ A AREED DR DR

kE(I)* T(w)EI" K

ROV IDIEDY

U oke(I!) KE()" r(w)el"

and thus using the telescoping sum pjf — pip = > o0 (" ml

— uy

HZZ Z 2. ¢

) we obtain

n,l ke(l, )" r(w)el "

SESe(E Tl s T oa )
n m=n Loke(q)  we(;*)" r(w)el"

[T (Z X | 8 )]

L owir(w) k()"
err

which by the argument above is dominated by a constant times al| f]|;
Chebyshev’s inequality we see that (6.4) holds.

We are left to prove

(6.8) rneas({ ‘Z Z Z b Z b

S _}) < Il
. 10 ~ o«
n,l ke(I]")*  ke(] r(w)el”"”
k>fi+C’o logn
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We now let u>™™ = vb" % ¢,,, (which was previously considered only for the case m = n) and define
the L' dilate pi™"™ = 2757 b (§_y.). Split (with J7* and J3* as in §5)

i = g+ (g — 1)

(69) _lu'k+zz znm_ znm 1)+Z(’u’2nn_u§;n,0).

i€y m=1 i€y

Let A™™ = pb™™ — ™™ and hP™ = ey hi™™ . Using (6.9) we split

DD DD DN W U S § S §

n,l ke(I])*  ke(l])* r(w)el;"" m=1
k>rk+Co logn

where

LYY Y e Y o

n,l ke(I]')* ke(I*)* r(w)el;""”
k>k+Cologn

II—Z Z Z Z 1,Mm,M znO)* Z bZ/H

n,l ke(I]") ke(lr)" €Ty r(w)el""
A>h+C’0 logn

72555 31D SHD SIS I LMY GO D i

n>m | wke(I])*  ke(lr)* €I r(w)el""
k>Kk+Co logn

We show that

(6.10) 1L gavaey + L]l S fIlx
and
(6.11) 11,5 S (1 +m)~%allf]]s.

(6.10/11) imply that the sets where |I| > «/10, |II| > «/10, and Y’ , |III,,| > a/10 all have measure
< a7 f|l1. Combining this with the estimate (3.2) for the measure of Q* yields (6.8).

The inequality
Ml 1oy S I
follows from the standard estimates for singular integrals (in view of the regularity of u * ¢p). The bound
for ||I1||, is proved exactly as in estimate (5.9). Thus we are left to check (6.11).

Concerning the terms I11,, we apply Cauchy-Schwarz’ inequality and estimate

[ZACED I DO S VD LSS 2IVin + Vo
n>m RE(N)™  ke()r  Eed" r(w)en""
k>ﬂ+Cologn

where Cy > 10/a,

(6.12) V=3 n ZH 3 Z N D D 2
nzm Loke(I)” ke()r ey r(w)el" ?
A>A+C’ologn
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(6.13) szznz Z Z Z Z hlf,’n’ml*hﬁgn’m* Z bt Z W>

n>m l,l’ H7HI€(I{L)* k, kK'e I”)* 1,0 EJ” T‘(’LU)EI,”'H' ’l‘(w’)EI”'H"
[—1'|>C> k>r+Co logn v
k'>k'+Cplogn

The inner product in the second term is estimated by Plancherel’s theorem. By van der Corput’s
Lemma and cancellation there is the Fourier transform estimate

| Flhg™™1(€)| < min{l€], €77}
and thus _ y _ ,
|]_—[hz,;m,z % h:,,m,z” 5 2—|k—k la~y
which is O(2~=1e/2y if ke ()", k' € (I[})* 1 =1"] > Cy > 10/a. Set
gl n Z Z bZ’“(x)
KE(") r(w)el"

We may apply Cauchy-Schwarz and Parseval’s theorem to bound

Vi < Z pA+6(d—1)/n Z o—nll— l|7/|51 ||gl' §)|d¢

S Ll
[l=U"|>C>
D R e N PN 4 P08
S Ll
[l=U"|>C>
< Z pAH6(d—1)/n9— C°””Z|I&n||2

n>m
Now
léally S 2+ Va5 e

r(w) elln..;u-

where ¢ is as in (3.3) and hence we obtain

(6.14) Vin Sa ) 278 Z S b S

n>m KE(I")" r(w)el"

272 al| £l

For the term I'V,,, we have by Cauchy-Schwarz for the k£ summation and other applications of Cauchy-
Schwarz leading to (5.20)

My ey S|y yaene 3w,

= - 2
n>m )™ rE(I)* €T r(w)el;""”

k>rk+Cologn
i,m,m Z bn N

(6.15) s> 5*““2 Z > XY M

nzm RE(L)™ €I rertt r(w)=r
k>rk+Cologn
N LI gatishi il titati ti A idered in §5; i ticul
ow pk satisfies similar quantitative properties as My = ,uk considered in §5; in particular we

have |92 (5" % pi™™) (z)| < n-3d=3-2laD/n(2=m 4 |z|)~1-1el Thus the estimates for expression (5.20),
are apphcable and we obtain the bound

v, s a Z n8+9(d+1)/nz Z 9— (k—r)co Z Z “bn KHI

n>m Kk k>k+Cologn T or(w)=
(6.16) S Y nBHn=Conal| £l < (14 m)~allfll.
n>m

This shows (6.11) and thus (6.8) and the proof of Theorem 1.2. is complete. O
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