DOOB-TYPE ESTIMATES FOR DIFFERENTIALLY
SUBORDINATED MARTINGALES

ADAM OSEKOWSKI

ABSTRACT. Let X, Y be local martingales such that Y is differentially subor-
dinate to X. The paper contains the proof of the sharp estimates

p
[[sup Ye|lp < —— || X|lp, 1<p<2,
t>0 p—1
[[sup Ye|lp < pl|X|lp, 2<p<oo.
t>0

As an application, we establish sharp inequalities for stochastic integrals with
respect to Brownian motion in R, derive some maximal bounds for harmonic
functions and Riesz system, and present tight estimates for a stopped three-
dimensional Bessel process.

1. INTRODUCTION

Let (Q, F,P) be a complete probability space, equipped with a filtration (F;):>o,
a nondecreasing right-continuous family of sub-o-fields of F. As usual, we assume
that Fo contains all the events of probability 0. Let X = (X;):>0 be an adapted
real-valued local martingale with right-continuous trajectories that have limits from
the left. Let Y = H - X be the It6 integral of H with respect to X,

Y, = HoXo + HSdXS) t >0,
(0,t]

where H is a predictable process with values in [—1, 1]. Denote by X *and | X |* the
one- and two-sided maximal functions of X, given by sup,~, X and sup,s | X¢|*
respectively. Furthermore, we shall write || X||, = sup;~q |[X¢||, for the p-th mo-
ment of X, 1 < p < co. B

The purpose of this paper is to determine optimal constants in some basic max-
imal inequalities involving X and Y. The literature on this subject is very ex-
tensive and it is impossible to review it here, so we shall only focus on recalling
results and methods which are closely related to those appearing in this paper. In
[8], Burkholder invented a powerful technique of proving estimates for martingale
transforms and stochastic integrals, and used it to show the following.

)

Theorem 1.1. If X and Y are as above, then we have

(L.1) Y1 < AIHXT
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where v = 2.536 . .. is the unique solution of the equation

1—
7—3:—exp(%).

The constant is the best possible.

Then it was proved by author in [11], that if X is nonnegative, then the constant
decreases to 2 + (3¢)”! = 2.1226.... The paper [12] contains the proof of the
related estimate in which the first moment of Y is replaced by the first moment of
its one-sided maximal function. Precisely, it is shown there that

(1.2) Y[l < all X,

where n = 2.0856 . . . is the unique positive solution to the equation 2 log (% —-n) =
1 — n. In addition, if X is assumed to be nonnegative, the best constant in (1.2)
equals 14/9 = 1.555.... This result has been considerably strengthened in [13],
where it was proved that

YT < 34351 ] [XT ][,

with the constant arising from an intrinsic complicated system of differential equa-
tions. For X > 0, the optimal constant reduces to 3 ([14]).

In the present paper we shall study related estimates which compare the p-th
moments of X and Y*. In fact, our approach works for a wider class of processes:
we show the maximal estimates under the assumption of differential subordination.
Suppose that X, Y are adapted R%valued local martingales with the usual assump-
tions on the paths and let [X, X], [V, Y] denote the quadratic covariance processes
of X and Y (when d = 1, see e.g. Dellacherie and Meyer [9] for details; in the vector
case, we let [X, X]| = Zzzl[X’“,Xk], where X* stands for the k-th coordinate of
X). Following Banuelos and Wang [1] and Wang [20], we say that Y is differen-
tially subordinate to X if the process ([X, X]; — [Y,Y]s)i>0 is nondecreasing and
nonnegative as a function of t. For example, as in the beginning of this section, if
X isreal and Y = H - X, for some predictable H taking values in [—1,1], then ¥
is differentially subordinate to X. This is a consequence of the identity

t
XXl - Y= [ - P XL, ez
0
Some further examples will be presented in Section 5 below.
Our main result can be stated as follows.

Theorem 1.2. Let X, Y be real local martingales such that Y is differentially
subordinate to X. Then for any 1 < p < oo we have

(1.3) 1Y ]lp < Col | XIlp,

where Cp, =p/(p—1) for 1 <p <2 and Cp = p for p > 2. The inequality is sharp,
even if X is assumed to be a stopped Brownian motion and Y is the Ité integral
with respect to X of some predictable process taking values in {—1,1}.

This is a very surprising result, both for 1 < p < 2 and p > 2. In the first case,
the constant is the same as in the one-sided version of Doob’s maximal inequality

* p
(1.4) X5l = =7 X, 1<p<oo,
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which is known to be sharp (see e.g. Peskir [15]). Thus, (1.3) can be regarded as a
considerably stronger version of this classical estimate. For p > 2, our bound is an
immediate consequence of (1.4) and a celebrated inequality of Burkholder

Yl < (" = DIIX|lp,  1<p<oo,

where p* = max{p,p/(p — 1)} (see [4] and [7]). What is quite unexpected, C, = p
is the best possible in (1.3).

A few words about the proof and the organization of the paper. As already
observed above, we need to establish (1.3) only for 1 < p < 2. We shall exploit
Burkholder’s method from [8], which translates the problem of showing (1.3) into
that of finding a certain special function which has some convex-type properties.
However, in comparison with the reasoning appearing in [8] and [11]-[14], our ap-
proach will require some additional effort. Namely, the special function we manage
to construct in the next section does not allow to handle local martingales with
jumps. Nonetheless, it has all the necessary properties to establish (1.3) in the case
when X is a stopped Brownian motion and Y = H - X for some predictable H tak-
ing values in {—1,1}. Using embedding, this enables us to show the discrete-time
version of (1.3). Having this done, the results from [8] provide us with another,
abstract special function. This object has all the properties we need and hence we
are able to establish (1.3) in full generality. This three-step proof of (1.3) is carried
out in Section 3. Section 4 contains the construction of examples showing the op-
timality of C},. The final part of the paper is devoted to some higher-dimensional
generalizations and applications of Theorem 1.2. These include maximal estimates
for harmonic functions on Euclidean domains, a tight inequality for a Riesz system
in R**! and some sharp bounds for infimum of three-dimensional Bessel process.

2. THE SPECIAL FUNCTION AND ITS PROPERTIES

Throughout this section, p is a fixed number from the interval (1,2). Let

Q. = ﬁ 8, = P
Top-T To(p-Dp-Dpt
and consider the subsets Dl, Dy of [0,00) x (—00,1], given by
Dy =A{(z,y):py < (p— Dz +1},

[0,

):p

Dy ={(z,y) :py > (p— Dz + 1}.
Introduce the function u, : [0,00) x

(z,y) € D, set

up(,9) = 1 — (x—yﬁ))pl (o +a-ves 12 (u-1)).

while for (x,y) € Ds, define

up(5y) = 1— B, <x+y_;),,1 (<p2—p+1>x—<p2—1> (y—;))

In the two lemmas below, we study the properties of u;,, which will be needed in
our further considerations. For any set A, let A° stand for its interior.

(—00,1] — R by the following formula. If

Lemma 2.1. (i) The function u, is of class C' on (0,00) x (—o0,1).
(11) We have limg o ups(x,y) <0 for any y < 1.
(i11) For any x > 0, the function upy(z,-) is conver on (—oo,1).
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(iv) For any x > 0 we have
lyl%lll [pup(x, y) - xupﬁ(xvy) - Upy(xvy)] < 0.

(v) For any (z,y) € [0,00) x (—o0, 1] we have
» \?
(2.1) up(x,y) >1— (p—l) zP.
(vi) For any y < 1, the function up;(-,y) is convez on (0,00).

Proof. (i) We easily check that u, is continuous: the limit of u, at a point (z,y) €

0D1NID; equals 1 — %xl’. Of course, u, is of class C* on DU DS. In addition,

a little calculation shows that
woa(.g) = —pay(e —y+ )P 2[(=p* +3p— Dz + (p— 2)(py — 1)]  on DY,
e —pBp(z+y— )P 2 —p+ D+ (2-p)lpy—1)]  onDg

and

Upy(l“, y) = {

(p = Day(z —y + 5)P*[p(2 —p)z + (p — 1)(py —1)] on DY,
(= DBp(z+y— )P 2 [p(2 = p)z+ (p+1)(py —1)] on Ds.
Since the partial derivatives match at 9D N0D3, the function u, has the postulated

smoothness.
(ii) We have
2 I\p—1 1
. —p*(2-plap(-y+ )P ify< s,
lim upx(oa y) = 2 ? 1 1;_1 . 11)
z]0 —p*(2 = p)ay(y — 5) if y > P

which is nonpositive.
(iii) We compute that if (z,y) belongs to Df, then

p—3
Upyy(T,y) = (p— 1)y <$ -y+ p) [(p* = 3p* +3p)z + (p— 1)*(1 — py)].

Now, if y < 1/p, then both summands in the square bracket are nonnegative. If
y > 1/p, then > (py — 1)/(p — 1) by the definition of D1, so the expression in the
square brackets exceeds
py—1

—1

Thus, upyy > 0 on D?. Similarly, if (z,y) € D3, then

py—1

(P —3p*+3p—(p—1)°) =

Uy () = (p— 1)5, ( fy- p),,_ (% +5p— )z + (0~ D(p+ D)oy — 1)]

and the expression in the square brackets is nonnegative. It suffices to use (i) to
get the convexity of u,(z, ).

(iv) We consider separately two cases: x > 1 and < 1. If the first possibility
occurs, we rewrite the estimate using the formulas for u,, and u,, on Df. After
some lengthy but straightforward computations we get the equivalent bound

1< (pz—p+1)P2p2—p)z+ (p—1)7.
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Both sides are equal for x = 1 and the right-hand side is a nondecreasing function
of x € [1,00): its derivative equals
P (p—1)2=p)(pz —p+ 1"z~ 1) >0,

so the desired inequality holds true. If x < 1, we use the formulas for the partial
derivatives of u, on D§ and transform the estimate into

1<2p—1)""(pa+p—1)PF"2 [p(2 = p)z+p* —1].

We have equality for x = 1 and the derivative of the right-hand side is given by
2p =)' PpP(p — )2 —p)(pz —p+1)P Pz~ 1) <0,

so the bound holds for z € [0, 1) as well.

(v) Fix > 0. Directly from the above formula for u,,, we infer that the

left-hand side of (2.1), as a function of y, is decreasing on (—oo, I’j%?x + %] and
increasing on [’;%fx + zlv’ 1]. Tt remains to note that both sides of (2.1) are equal
_ p=2 1
when y = gflx + 5
(vi) If (z,y) € DY, then
Upzra (JJ, y)

1\
=(p-1D2-pay (w —y+ p) [p(—p* +3p— Dz + (p° —2p—2) (py — 1)]

>(p-1)2-pay (x—er;) . [p(—p” +3p— Dz + (p° — 2p — 2)(p — 1)x]

1\"*
p(pl)(2p)204px(fvy+p> >0,

where in the second passage we have used the definition of D;. Similarly, when
(z,y) € Dg, then

Upzaa (T, Y)

=(-1)2-p)b (m +y— p)p_ [p(P* —p+ )a+ (—p* +6p—2) (py — 1)]

is nonnegative, since so are both summands appearing in the square bracket. It
remains to check that u,g, is continuous on (0,00) X (—o0,1); this can be done as
in (i) above. O

Lemma 2.2. The function u, is concave along the lines of slope £1 contained in
[0,00) X (=00, 1].

Proof. In virtue of the part (i) from the previous lemma, it suffices to check that
Upza T 2Upzy +Upyy < 0 on DYUDS. Suppose first that (z,y) belongs to the interior
of Dy. Then u, is locally linear along the line segment of slope 1 passing through
(%, 1), S0 Upgys(T,Y) + 2Upzy (T, y) + Upyy(z,y) = 0. Moreover, a little calculation
shows that

Upaa (T,Y) = 2Upay (T, Y) + Upyy (2, Y)

= - 4upa:y (ZL’, y)

p—3
=4dp(p—1)(2 — p)ay, <xy+p) [—(p— 1)z +py—1],
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which is nonpositive, by the definition of D;. Similarly, if (z,y) lies in the interior
of Dy, then it is evident that wpzq (@, Y) — 2upey (2, Y) + Upyy (z,y) = 0; in addition,

Upzx (l‘, y) + 2upa:y (.I, y) + Upyy (x, y)
= dupgy (z,y)

1\""?
=4p(p —1)(2-p)Bp ($+y—p> (p—1)z—py+1] <0,
which completes the proof. O

Let Uy, V, : R x R x (0,00) — R be given by

Up(o) = (v 2 (L2 L)

yVz yVz
P
p
Vp(z,y,2) = (y vV 2)P — <p_1> |zP.

In the next section we will study the properties of the process (U,(Xy,Y:, Yy")) >0
(for X, Y as in Theorem 1.2), using Itd’s formula. Since U, is not of class C?,
we need to modify it slightly to ensure the necessary smoothness. Suppose that
¥ 1 R® — [0,00) is a radial C°° function, supported on the unit ball of R3, sat-
isfying [;s 1 = 1 and such that ¢ (z,y,z) decreases as |(x,y,z)| increases. Let
D ={(z,y,2) : € R, z > max{y,0}}. For a given § > 0 and (x,y, z) € D, define

Ug(m, y,2) = /[ . Up(x + 07,y — 6+ s,z + 6 + 0t)y(r, s, t)drdsdt
~1,1
and
Vp‘s(z, Y, z) = /[ ] Vp(x +0r,y — 6+ 0s,2 + 8 + 6t)(r, s, t)drdsdt.
—1,1]3

Note that the use of the asymmetric expressions y — § + s, z + d — dt under the
integrals guarantees the following: if (x,y,2) € D, then y — § + ds < z + 0 — ot (at
least when (r, s,t) belongs to the support of ¢) and hence

|z 4+ d6r| y—39+0s
2+ 8+t 2+ 06+t

(2.2) Ug(x, Y,z) = / (z40-+3t)Pu, ( > Y(r, s, t)drdsdt.
[-1.1)8

This equation will enable us to transfer the key properties of u, to Uz‘f.

Lemma 2.3. (i) The function Ug is of class C°.

(ii) We have the majorization UJ > V.

(iii) Uy £ 208, + US,, < 0.

(iv) Fix e > 0 and N > 1. If § is sufficiently small, then ng(x,y,y) < e for
|z] < N and y € [N~1, N].

(v) For any (z,y,z) € D such that x > 0 and y < z we have

5
Upyy(xvya Z) > 0

and

(2.3) aUS (2, y,2) — Upy(,y,2) > 0.
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Proof. The property (i) is evident and (ii) follows from U, > V,,, which, in turn,
is a consequence of (2.1). The condition (iii) is due to Lemma 2.2. To check the
fourth statement, note that for r € R and 0 < y < z,

Upe(@,, 2) = 2 [pup(@/2,5/2) — (2/2)upa () 2,9/2) — (0 2oty 2/ 2,/ 2)]
SO
Up.o) = [ (8= 8 Al 1. )00 5, s,
[—1,1)%
where

r+dr y—030+90s
A(”T’y’r’s’t’é):pup(y+5—5t’y+6—5t>
T+ or r+or y—90+90ds
y+6—5tupm(y+6—6t’y+6—6t>
y—9+9ds r+or y—0+4s
_y+5—5tupy<y+5—5t’y+5—5t)'

Now we apply Lemma 2.1 (iv) and use the fact that the partial derivatives of u,
are locally Lipschitz. Consequently, if § is sufficiently small, then for x, y as in the
statement, the expression (y + § — §t)P~LA(x,y,7,s,t,0) does not exceed &.

(v) By part (iii) of Lemma 2.1, the function Up(z, -, z) is convex for any > 0 and
z > 0. This immediately yields the first estimate. To get the second one, observe
that both sides are equal for x = 0; hence it suffices to prove that U;fmm (z,y,2) >0
for (x,y, ) as in the statement. Consider the function s — wp,(|s],y)sgns, s € R
(for s = 0, set the value to be 0). Using Lemma 2.1, we easily see that this function
is odd and, when restricted to (0,00), it is convex and negative. Now we easily
check the midpoint convexity of UJ,(-,y,z) on (0,00), using (2.2) and the radial
monotonicity of . O

3. PROOF OF (1.3) FOR 1 <p < 2

3.1. Proof for stochastic integrals with respect to Brownian motion. First
we shall establish the inequality (1.3) in the special case when X = B" is a stopped
standard one-dimensional Brownian motion, starting from some zg € R, and Y is
an It6 integral, with respect to X, of some predictable process H taking values in
{—=1,1}. Let us start with some reductions. Of course, we may assume that xg # 0.
Next, it suffices to consider only those X, which are bounded in L? (otherwise the
claim is trivial). Then so is Y*, in virtue of Doob’s and Burkholder’s inequalities.
Finally, we may assume that Y satisfies Yy = |x¢| almost surely. Indeed, if it is not
the case, we replace it with Y = (V; +|Xo| — Yo)s>0 (or, in other words, change Hy
to sgn By). Then Y starts from | Xo| = |zg| > 0, is a stochastic integral as required
and, for any ¢t > 0,
Y, 2V >Yy> Y, > Y,

s |||, < [V |-

Now, suppose that ¢ > 0 and N > 1/|zg| are given and fixed. Let Ug be
the function constructed in the previous section, corresponding to the § for which
Lemma 2.3 (iv) is satisfied. Introduce the stopping time

T=1inf{t > 0:|Xy| > N or |Y}| > N}
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and consider the process (Z)i>0 = ((Xrats Yrae: Yins))i>0. By Itd’s formula, for
any t > 0,

(3.1) UY(Zy) = U (Zo) + Iy + Ip + I3/2,
where
TAL TAL
L = / Up,(Zs)dX, + / U, (Z)dYs,
0+ 0+

TAL TAL TAt
b= [ ULAZ)AXX)w2 [ UL (20X Y]+ [ U, (20,
0 0+ 0+
Let us now analyze each of the terms Iy, I, I3 separately. The stochastic integrals
in I are martingales, so EI; = 0. To deal with Is, note that the support of dY;
is contained in the set {(z,y,2z) : N™! < |zo| < y = z < N}, on which UJ, is
bounded from above by e: here we use the part (iv) of Lemma 2.3. Consequently,
I, <e(Yi,—Yo) <eYr.,. Finally, since X is a Brownian motion and H € {—1,1},

T

TAL

Is = / (U8 (Zs) + 22U}, (Z)Hs + US,,(Z)] ds < 0,
0+

in virtue of Lemma 2.3 (iii). Therefore, integrating both sides of (3.1) and applying

Lemma 2.3 (ii), we get

EV?(Z;) < BUS(Zo) + eEY/y,.

Letting § — 0 yields, by Lebesgue’s dominated convergence theorem (X and Y are
bounded in LP),
EVy(Z:) < EU(Zo) + cEY], < eEY],,

where the latter passage follows from the estimate u,(1,1) < 0. Now let € — 0 and
N — oo to obtain EV,(X;,Y;,Y;") <0, or

p \’ r \’
*\P < P < D
By < (1) B < (1) X

It remains to let ¢t — oo and the proof is complete.

3.2. Proof for martingale transforms. Now we shall prove the estimate (1.3)
in the discrete-time setting. Let us provide the necessary definitions. Assume that
(Fn)n>o is a discrete filtration and let f = (f,)n>0 be a martingale, with the
difference sequence df = (df,,)n>0 given by dfy = fo and df,, = f,, — fn—1 forn > 1.
Let g be the transform of f by a predictable real sequence v = (v, )n>0 bounded in
absolute value by 1. That is, assume that we have dg, = v,df, forn=0,1, 2, ....
We shall establish the bound

. p
(3.2) lg™[lp < ﬁllf\lpa

where ||f||, and ¢* are defined in analogy to the continuous-time case. As in the
previous subsection, we may restrict ourselves to f € LP and to g satisfying go > 0
with probability 1. We shall exploit the following version of the decomposition
lemma of Burkholder (see Lemma A.1 from [7]). The proof is identical as in the
original setting and we do not present it here.
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Lemma 3.1. For any f, g as above, there exist martingales F7 = (FJ),>0 and
Borel measurable functions ¢; : [—1,1] — {—1,1} such that, for j > 1 and n > 0,

(o)
f" = F2jn+1’ gn = ZZ_J¢j (’UO)G%n-&-l'
j=1
Here G9 s the transform of FI by V = ((=1)*)x>0 and satisfies G > 0 almost
surely.

Now, for any fixed j, there is a Brownian motion X and a stochastic integral Y as
in the previous subsection such that the martingale pair (F7, G’) can be embedded
into (X,Y). That is, there is a nondecreasing sequence (7, )n,>0 of stopping times
(depending on j) such that ((FJ,GY)),>0 has the same law as ((X,,,Ys,))n>o0-
Consequently, for any n,

p D i
(Gl < (Y7 HpﬁprHXrn p:ﬁHFiﬂp-

Since G, > 0 almost surely, we have (G4,)* > 0 for each n and thus

llgnllp < 22 T(vo)( 2n+1)

P
< el

< Z 277 ‘ ‘(Gén-‘rl)*
=1

It suffices to let n — oo to obtain (3.2).

p
|Fhua|, = S 25 1wl

3.3. Proof in the general case. The inequality for martingale transforms gives
rise to another special function, which can be regarded as an enhancement of U,.
For any z, y € R, let M(z,y) denote the class of all pairs (f, g) of simple discrete-
time martingales, given on the Lebesgue’s interval ([0,1],B([0,1]),] - |), such that
(fo,90) = (z,y) and dg, = vpdfn, n = 1, 2, ..., for some deterministic sequence
(Un)n>1 taking values in [—1, 1]. Let v be an arbitrary constant larger than p/(p—1).
For z, y € R and z > 0, define

W (z,y,2) =sup {[lg" V 2|5 =I5},
where the supremum is taken over all (f, g) from the class M(z,y).

Lemma 3.2. The function W), has the following properties.

(i) Wy(z,y, 2) is finite for any (x,y,2) € R x Ry.

(”) Wp(x7y7z) 2 va(l”»%z) = |y N Z|p - ,yp|x‘p fO?" (m,y,z) € R? x R+'

(111) Wp(z,y,21) < Wp(z,y,22) forz, y € R and 0 < z; < 2.

(iv) For any x € R and z > 0, the function W,(x, -, z) is convezx on (—o0,2].

(v) For any z > 0, the function Wy(-,-,z) is concave along any line segment of
slope in [—1,1] (contamed in R x (—o0,z2]).

Proof. (i) For any (f,g) € M(x,y), we have ||g* V z|[b < ||g*|[b + 2P. Furthermore,
by Jensen’s inequality, there is an absolute constant ¢, depending only on « and p,
such that

p
11> (5 ) =+ 71 = ool
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Therefore, we obtain

p
* * p
o v 21 =A< 2+ ertle = o+ (Il - (52) W=+ A1)

and the expression in the square brackets is nonpositive, due to (3.2) (since g is a
transform of y —x+ f). It remains to take supremum over (f, g) to get the finiteness
of W,

(ii) This follows immediately from the fact that the constant pair (x,y) belongs
to M(x,y).

(iii) This is evident from the very definition, since for any g we have g* V 21 <
g* V zo almost surely.

(iv) Take any y1, y2 < z, A € (0,1) and put y = Ay; + (1 — X)yo. For any (f,g) €
M(z,y), we have that (f,y1 —y+g) € M(x,y1) and (f,y2 —y + g) € M(z,y2).

Furthermore, for any n,
E(g, vV 2)P SE[(AMy —y+ )5+ (1= N)(y2 =y +9)5) v 2]"
<ENM@—y+9)5va)+ 10— —y+9)5v2)]"
SAE((y1 —y+9)5 V2) + (L= NE((y2 —y +9), V2)",
which implies
E(gy, V 2)? = APE|fnl? < AWp(z,y1,2) + (1 — M)Wy(2, y2, 2).
It suffices to take supremum over f, g and n to get the convexity.

(v) This can be done by modifying appropriately the so called “splicing argu-
ment ”due to Burkholder. See e.g. page 11 in [7] for details. O

Now we shall follow the pattern from Subsection §3.1 and approximate W, by a
smooth function. For ¢ as above and § > 0, introduce W[‘f, (Vp“f)‘s onD = {(z,y, %) :
z € R, z > max{y,0}} by the convolutions

Wz‘f(x, y,z) = /[_1 » Wy(x + dr,y — 0 + ds, 2+ 6 + 0t)(r, s, t)drdsdt
and
(VJ)‘S(JC7 Y,2) = / V(@ +0r,y — 0 + 88,2 + 0 + 6t)y(r, s, t)drdsdt
[_1a1]3
(recall that V) (x,y, 2) = |yV 2P —yP|z|? for (z,y,2) € R* xRy). It is evident that
6 . . . . . . cee

W, satisfies appropriate versions of the properties (i), (ii) and (iii) of Lemma 2.3.
Even more, the partial derivatives of Wg can be extended to continuous functions
on the whole D and

(3.3) We, . +2sW2  +s2WS <0 for |s| <1,

prT pry pryy

since in the part (v) of the above lemma we allow the slope to be an arbitrary
number from [—1,1]. The main advantage of W;f over Ug is that the new function
satisfies the following stronger version of Lemma 2.3 (iv):

4
(3.4) Wy (z,y,2) <0 forx eR, y < z.

The validity of this bound is an immediate consequence of Lemma 3.2 (iii). This
stronger property will enable us to handle the jump part of the pair (X,Y’). Namely,
we shall prove the following statement.
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Lemma 3.3. For any (x,y,2) € D and any h, k € R such that |k| < |h| we have
(3.5) Wy (x + hyy + k. 2) > W) (2,y,2) + Wy, (2, y, 2)h + W, (z,y, 2)k.

Proof. We may assume that h # 0. When y + k < z, then the assertion follows
immediately from (3.3); thus, it suffices to deal with y+k > z and, again by (3.3), we
may assume that y = z. Fix k > 0. Let X be a standard Brownian motion, starting
from 0, let Y = kX/h and consider the stopping time 7 = inf{t : X; € {—«xh, h}}.
Observe that the process

([t + Xoo+ X — [y + Y,y + Y])izo = (2% —y* + [X, X]e — [V, Y])ex0

is nondecreasing as a function of ¢. In consequence, the argumentation presented
in §3.1 leads to the inequality

Ewg(I+X7At7y+YT/\t7Y:/\t\/Z) SWIf(x,y,z), tZO

Therefore, letting ¢ — oo and using Lebesgue’s dominated convergence theorem
yields
)
Wi (z,y,2)
>EW)(z + Xr oy + Y7, YV 2)
= EWS(x +Xy+ Y, YV Z)l{XT:h}
+EWS (@ + X,y + Yo, YV 2) L x, =iy
K 1
>

5 S _ _
71+HWp(x+h,y+k,(y+k)\/z)+1+HWp(x kh,y — Kk, (y — kk) V 2),

where in the latter passage we have used (3.4). It suffices to subtract VVI‘,S (r—rh,y—
kk,(y — kk) V z) from both sides, divide throughout by x and let x — 0 to obtain
the claim. (]

Lemma 3.4. For any (x,y,z) € D there is c = c¢(x,y,2) < 0 such that if h, k € R,
then

(3.6) W2 (x,y,2)h?+ 2W£wy(x, y, z)hk + W?

prx pyy

(xvyvz)kQ < C(xayvz)(hQ - kQ)

Proof. By Lemma 3.2 (iv) and (v), we have W), >0, W}, <0 and

pxrx

(3.7) WO (x,y,2) £ 2W°  (x,y,2) +W?

P pry Pyy
We shall prove that the claim holds with ¢ = (W}, —W},,)/2. Indeed, this function

prT
has the required sign and the bound (3.6) can be rewritten in the form

(Wyea (2,9, 2) + Wy, (2,9, 2)) (0 + K%) + AW, (2,9, 2)hk <0,
which follows immediately from (3.7) and the trivial estimate 2|hk| < h% + k2. O

(x,y,2) <0.

We shall also need the following decomposition lemma of Wang [20]. Recall that
for any semimartingale X there exists a unique continuous local martingale part
X¢ of X satisfying

(X, X]e = | Xo* + [X°, X + > |AX
0<s<t

for all t > 0. Here AXy = X, — Xs_ denotes the jump of X at time s. Furthermore,
we have that [X¢ X¢] = [X, X]¢, the pathwise continuous part of [X, X].
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Lemma 3.5. If X and Y are semimartingales, then Y is differentially subordinate
to X if and only if Y is differentially subordinate to X¢, |Yo| < |Xo| and |AY;| <
|AX,| for all s.

Now we are ready to establish (1.3) in the general case. As above, we may
assume that X is bounded in L? and Y satisfies Yy > 0 almost surely. For any
N > 1,let 7 = inf{t > 0 : |Xy| + |Y;] > N} and consider the process Z =
((Xrnt, Yene, Y0))e>0. An application of It6’s formula gives

(3.8) Wo(Zy) = W)(Zo) + I + I + I3/2 + I,

where
TAL TAt
I :/ W;fz(Zs,)dXs—k/ WP, (Zs-)dYs,
0+ 0+

TAL

I = W2.(Z-)dYy,
0+
TAL
+2/ W, (Ze_)d[X, YIS / W (Z )Y, Y]

and

Li=Y [W)(Z) =W (Ze) = Wp,(Ze ) AXs = W), (2, )AY,] .
0<s<t
We have that I is a local martingale and hence we may assume that EI; = 0 (if
this is not the case, we take the localizing sequence (7,)n>0, repeat the reasoning
with Z replaced by Z™ and take n — oo at the end). Using (3.4) and arguing
as previously, we see that I < 0. To deal with I3, fix 0 < sg < 57 < t. For
any 3 >0, let (n )1<Z<17 be a sequence of nondecreasing finite stopping times with
170 S0, 771 = 51 such that hijOO maxi<i<;—1 |77H_1 — 772| = 0. Keeping j fixed,
we apply, for each i =0, 1,2, ..., 4;, the estimate (3.6) to x = X, y = Y,
z=Ys and h= hl = Xc - XC Jk=k = Yc - Yncj. Summing the obtained

L+1 L+1
i; 4+ 1 inequalities and letting 7 — o0 yields

§ c c1s 5 c c1s §
Wp.LaL( )[X ’X } . +2szy( )[X 7Y ] o +Wpyy(

S C(ZSU—)([XC7 Xc]z(l) - [ch Yc]so) S 0’
where we have used the notation [S, T[5! =[S, T]s, —[S, T]s, and the last inequality
is due to the differential subordination of Y'¢ to X¢ (see Lemma 3.5). This implies
I3 <0, by approximation of I3 by discrete sums. Finally, I, < 0 follows from (3.5)
and Lemma 3.5. Thus, taking expectation in (3.8), we get
E(V;)*(Ze) < EW)(Z:) < EW,)(Zo).
Letting § — 0 and using Lebesgue’s dominated convergence theorem gives
EV)(Z:) <EW,(Zo) <0,
where the latter estimate is due to the pointwise bound W, (z,y,y) < 0 for z > y,

a direct consequence of the definition of W,,. It suffices to let N, t — oo to get
Y[l < A1X]lp-

oYY
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Since v > p/(p — 1) was arbitrary, the result follows.

4. SHARPNESS

4.1. The case 1 < p < 2. Let B be a standard, one-dimensional Brownian motion
starting from 1. It is well known that the inequality

* p
1B:lly < SES11B N e n

is sharp; for the sake of completeness, let us outline this fact. Fix v < p/(p — 1)
and introduce the stopping time 7 = inf{t > 0 : B = vB;}. Obviously, 7 is
finite almost surely and ||BZ|[, = 7||B:||p, so we will be done if we show that
both sides are finite (or equivalently, 7 € LP/2 due to Burkholder-Davis-Gundy
inequality). To do this, consider the function K : Rx[0,00) — R given by K (z,y) =
pyP~! (y — ppj|:17|) This function is of class C* on (0,00) x (0,00) and satisfies
K,p(z,y) =0, Ky(y,y) = 0 for z, y > 0. Consequently, applying Itd’s formula
yields
p

(4.1) _F = K(1,1) = EK(Brnt, Bipy)-
On the other hand, by the definition of 7,

* * — * p * p p *
K(Brat, Biny) < p(Bin)” ! (Br/\t - MBTAt> = ; ('7 - pl) (Bia)"s

so Bf € LP and we are done. Let us mention here that letting ¢ — oo in (4.1) yields

—1
* p
HBTm=(7—p+1)

so in particular ||7||,/2 — oo asy — p/(p—1), in virtue of Burkholder-Davis-Gundy
inequality.

4.2. The case p > 2. Here the example is a bit more complicated. As previously,
let B be a standard Brownian motion starting from 1 and consider the process

D = (1 — fot 4 sgn Bsst> o’ which, by Ito-Tanaka formula, is another Brownian
>0

motion starting from 1. In order to define the martingales X and Y, we need to
stop B and D appropriately. Introduce n = inf{t > 0 : B; € {0,2}}. Next, for
afixed y >p—1,set 7 =non{B, =2} and 7 = inf{t > n: D, = v|B|} on
{B; = 0}. Finally, define X = B™ and Y = D7. By It6-Tanaka formula, we have
that |B| + D = 2 4+ L, where L stands for the local time of B at 0. In particular,
this implies

(4.2) |B|+ D = D* on the set {B,, = 0},

since the measure dL7 is concentrated on {B = 0}. Therefore, on the set {B,, = 0}
we have

1
T:inf{th:Dt:7|Bt}:inf{72n:Df:’7+Dt}.
v
We have %‘H < p% and limy_,p_1 VT'H = ﬁ. In consequence, using the strong

Markov property and arguing as in the case 1 < p < 2, we show that 7 € LP/? and



14 ADAM OSEKOWSKI

||7l|p/2 — o0 as v — p — 1. In addition, on {B, = 0} we may write
. «_7Ttl
v =D; = 12D, — (v IB = (4 DIX|
(see (4.2)), so for any € > 0,
Yy =2 Y 1m,=03llp = (v + DI X 15, =0} I
(v + DXl = (v + DI[X-Lim, =23l
(v+ DX —2(v+1)
(v+1-=29)l[X]lp

provided « is sufficiently close to p — 1. This shows that the constant p is indeed
the best possible in (1.3).

>
>
>

5. FURTHER EXTENSIONS AND APPLICATIONS

5.1. Vector-valued case. We will prove the following generalization of Theorem
1.2 to the higher dimensional setting, under the additional assumption of the con-
tinuity of paths.

Theorem 5.1. Suppose that X is an R%-valued continuous-path martingale and
that Y is a real, continuous-path martingale which is differentially subordinate to
X. Then for 1 < p < oo we have

(5.1) Y [lp < Col I X]lp
and the inequality is sharp.

Essentially, the proof goes along the same lines as in §3.1 and §3.3, so we shall
only present the necessary modifications and leave the details to the reader. We
need to establish (5.1) only for 1 < p < 2; for the remaining values of p the inequality
follows from the bounds of Doob and Burkholder. The proof for p € (1,2) rests
on the following vector version of the function Ug . For 1 < p < 2, introduce
U : R x R x [0,00) — R by

s )
Uy (z,y,2) = Uy(|zl,y, 2).
We have the following counterpart of Lemma 3.4.
Lemma 5.1. For any z € R?\ {O} z > max{y,0} and h € R%, k € R we have
d
Z D i, (0, 2)hih; +Z 0 @y, 2)hik + US, (2, 2)k?

i=1

(52)

w(|x\,y, Z)(|h‘2 - k2)7

where w = (U

Proof. Let (x1,2) denote the scalar product of x1, 2o € R%. We have
20y (@], y,2) <| & >k < 2|U3,, (|2, y, 2)hk]

and, by Lemma 2.3 (v),

Ul (|z],y, 2 T 2 )
(Uﬁmﬂwl,y,z)—”(l;f’)) <<|xh> — |h| ) <0



MAXIMAL INEQUALITIES 15

If we add these two inequalities, we get the estimate which is equivalent to

2}pwlx%)hh+22:mﬂxy,mk+%wwwwm2

i,j=1 i=1
<ngz(|x‘ Y,z )|h‘2+2| pry |x|7ya ||h‘|k‘+ pyy(x,y7z)k2‘

The right-hand side does not exceed w(|z|,y,z)(|h|?> — k?). This is done exactly
in the same manner as in Lemma 3.4, with the aid of part (iii) of Lemma 2.3. To
check the sign of w, write 2w = (U;fm +Up,,) — 2U},, and note that AU < 0 by

Lemma 2.3 (iii) and Ugyy > 0 by Lemma 2.3 (v). O

Proof of Theorem 5.1. Fix € > 0, N > 1 and pick § > 0 such that Ug satisfies the
property (iv) from Lemma 2.3. The function L{g has a singularity at each point of
the form (0, y, z), so we need an additional argument to ensure that the process | X|
stays away from 0. Increasing the dimension d if necessary, we may and do assume
that X', the first coordinate of X, vanishes for all ¢t with probability 1. Introduce
the stopping time

=71 =inf{t: | X, +|V;| > N}

and the process
d *
Z = ((57 X72'/\t7 Xv?—’/\m s Xoae) Yoat, YrAt))tZ(y

Now we are allowed to apply Itd’s formula to get

(5.3) UNZy) =UN(Zo) + 1 + 1o + I3/2,
where I, I are as in §3.1 and
d TAL
B= 3 [ U (2l x0)
i,j=1"0
d TAt P
+2Z/o Upzy(Zs5)d / pyy )dlY, Y.
i=1

Repeating the reasoning from that subsection we get U,(Zp) < 0, EI; = 0 and
Iy <eY},,. Using the approximation arguments from §3.3, we see that Lemma 5.2
gives I3 < 0. It remains to let § — 0, ¢ — 0, N — oo and apply the majorization
Vp < U, to obtain

p \" p \"
ElY P < ——= ) E[Xu P < | — | [IXI[}.
p—1 p—1 P

Letting t — oo yields the claim. O

5.2. Improved bounds for stochastic integrals. Assume that B is a Brownian
motion in R”, starting from an arbitrary point, and let H, K be two predictable
processes taking values in the class of matrices of dimensions d x n and 1 X n,
respectively. Define X, Y by stochastic integrals
t t
Xy =Xo+ H,-dBg Y=Y+ K, -dBs,
0+ 0+
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for any ¢ > 0. For any matrix A = (a;;)1<i<d, 1<j<n, its Hilbert-Schmidt norm is
given by

1/2
d n /

14lls = { 222 _a;
i=1 j=1
Theorem 5.2. With the above notation, if |Yo| < |Xo| and |Ks| < ||Hs||lus for
any s > 0, then
Yy < GpllXlp,  1<p<oo,
and the inequality is sharp.

Proof. We have that X, Y are continuous-path martingales taking values in R? and
R, respectively, and Y is differentially subordinate to X. Indeed, for any ¢ > 0,

t
XX = Y= X3 Y3+ [ (1 = 1K)
+

Therefore the assertion follows from Theorem 5.1. O
5.3. Bounds for harmonic functions on Euclidean domains. Suppose that
n > 1is a fixed integer, let D be a connected open subset of R™ and fix £ € D. Let
Dgy be a bounded subdomain of D, satisfying £ € Dy C Dy U 0Dy C D. Denote
by u%o the harmonic measure on 9Dy with respect to £. Consider two harmonic
functions u, v on D, taking values in R? (in other words, each coordinate of u
and v is a real harmonic function). Following [6], we say that v is differentially
subordinate to w if

(5.4) |[Vo(z)| < |Vu(z)| for z € D,
where the gradient of a vector-valued function u = (u',u?,... u?) is given by
d 41w |2
2 _ 12 _
Vul 7Z|vuj| *ZZ B
j=1 J=1k=1

Define the p-th norm of u by

fall = [ [ uteru, ) "

Suppose that B is a Brownian motion in R"™, starting from £, and let 7 = inf{t >
0: By ¢ Do} be the exit time of B from Dy. We define v*, the Brownian maximal
function of v, by the formula v* = v*(§) = sup,¢(o,, v(Bs)-

Theorem 5.3. Assume that u is R%-valued harmonic function and v is a real-
valued harmonic function which is differentially subordinate to w. If, in addition,
we have |[v(€)] < |u(€)|, then

1™ [lp < Cyllullp-

Proof. The processes X = (u(Brat))t>0, Y = (v(Brat))t>0 are martingales, which
have the representation

TAL TAL
X =u(§)+ /0+ Vu(Bs) - dBs, Y =v(€) + /0+ Vu(Bs) - dBs

for ¢t > 0. It suffices to apply Theorem 5.2, the assumptions of which are satisfied
due to the properties of v and v. [
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A particularly interesting example corresponds to the case when D is the upper
half-space (0, 00) x R"~!. We shall prove the following statement (see Burkholder,
Gundy and Silverstein [2] and Burkholder [3] for related results and further con-
nections to nontangential maximal functions).

Theorem 5.4. Let u, v be real valued harmonic functions on D satisfying (5.4).
Then

1/p 1/p
sup [/ E|v*(t,x) — v(t,x)|pdx} < Cpsup [/ |u(t7x)|pdx] .
Rn—1 Rn—1

>0 >0

Proof. We may and do assume that the right-hand side is finite. Fixt > 0, z € R*~!
and apply the previous theorem to u, v — v(t,z), & = (t,z) and the rectangle
Dy = (e,M) x (—N,N), where ¢, M, N are chosen so that £ € Dy. Letting
M, N — oo yields

E|supv(Bs) —v(t,z)|P < CZI,’/ |u(e, r)|P Py gz e (r)dr,
s<T Rn—1
where 7 = inf{s > 0: B! = ¢} and P, , . stands for the Poisson kernel
I'(n/2) t—e
/2 (o =72+ (t —e)?)v/2’

It suffices to integrate both sides over x with respect to the Lebesgue measure on
R"~! and use the equality fRn,l P, 4..dx = 1. The proof is complete. ([

P, yc(r)=P(B; €dr) =

5.4. An application to Riesz system of harmonic functions. Put D =
(0,00) x R™ and let u be a real harmonic function on D. Let us introduce u, =
Ou/0xy, and uj, = 0*u/0x;0zy, for j, k € {0, 1, 2, ..., n}. Then ug, uq, ..., up are
harmonic and satisfy the generalized Cauchy-Riemann equations

(5.5) Zujj =0 and Ujk = Ukj-
j=0

This system of harmonic functions was studied in depth by Stein and Weiss [19].
They showed it is a natural object on which the classical theory of Hardy spaces
can be extended.

To apply our results, observe that the function wug is differentially subordinate

to n'/2w = n'/?(uy, usg, ..., u,). Indeed, using (5.5), we obtain

n
Vuo|* = |ugol” + ) |uox/?
k=1

n 2 n
D uek| + D lukol?
k=1 k=1
n n n
<(n-1) Z luk|® + (Z lukk)® + Z |Uk02>
k=1 k=1 k=1

< (n—1)|Vw|? + |Vuw|?

= n|Vw|?.
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Note that the constant n is optimal here: consider the gradient of na—z% —...—22.
Consequently, if £ € D satisfies |ug(€)] < n'/2|w(€)|, then for any 1 < p < co we

have
1/2

n
lugll, < Co|[| D usl?
j=1

P
See Essén [10] and Stein [18] for related results and further discussion.

5.5. A sharp bound for three-dimensional Bessel process. Let us turn to
our final application. Assume that B is a Brownian motion in R? starting from 0
and let p = (|By])¢>0 be the three-dimensional Bessel process. Theorem 1.2 allows
us to obtain some sharp estimates for the stopped infimum of p. To be precise, we
shall prove the following fact.

Theorem 5.5. Let p be as above and let 3 be an adapted one-dimensional Brownian
motion. Then for any 1 < p < oo and any stopping time T € LP/2,

I gllipup < CPHIB‘FHP

and
< 1 .
118-1lp < Cpl\gﬁp\lp

Both inequalities are sharp.

Proof. By Pitman’s theorem (see e.g. Pitman [16] or Revuz and Yor [17]), there
is an adapted standard one-dimensional Brownian motion D such that (p,J) =
(2D* — D, D*). Then D is differentially subordinate to § and § is differentially
subordinate to D, since both processes have the same square bracket. Thus, the
desired inequalities follow at once from (1.3). To get the optimality of the constant
Cp, use the reasoning from Section 4 to construct the appropriate Brownian motion
06 and the stopping time 7. O
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