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A SHARP WEAK TYPE (p,p) INEQUALITY (p > 2)
FOR MARTINGALE TRANSFORMS
AND OTHER SUBORDINATE MARTINGALES

JIYEON SUH

ABSTRACT. If (dn)p>0 is a martingale difference sequence, (€n)n>0 a sequence
of numbers in {1, —1}, and n a positive integer, then

m n
P >1)< P,
(Oggén \ kzo%dd > 1) < apll kz_odk”p

Here a; denotes the best constant. If 1 < p < 2, then ap = 2/T'(p + 1)
as was shown by Burkholder. We show here that a;, = pP~1/2 for the case
p > 2, and that pP~1/2 is also the best constant in the analogous inequality
for two martingales M and N indexed by [0, co0), right continuous with limits
from the left, adapted to the same filtration, and such that [M, M]¢—[N, N]; is
nonnegative and nondecreasing in ¢. In Section 7, we prove a similar inequality
for harmonic functions.

1. INTRODUCTION

Most of the paper is devoted to the proof of this sharp inequality for p > 2 in
the simple setting described below. The biconcave function that we construct in
Section 3 is used to obtain the upper estimate p?~'/2 for the best constant in this
setting. In Section 6 the same function is used to show that p?~!/2 is also an upper
estimate of the best constant in the general case. Section 2 contains the proof that
pP~1/2 is a lower estimate in the simple case and therefore must also be a lower
estimate in the general case. Therefore, pP~1/2 is the best constant in both cases.

Let (fn)n>0 be a sequence, denoted by f, of real integrable functions on a prob-
ability space (2, F, P) and (d,,)n>0 its difference sequence: f, = Y ;_qdk, n > 0.
If for all n > 1, the expectation of the product of d,, and ¢(do, - - ,dn—_1) is zero for
all real bounded continuous functions ¢ on R", equivalently, the conditional expec-
tation F (dy|do,- - ,dn—1) = 0 almost everywhere, then f is a martingale. Given
such a martingale f and a sequence of numbers ¢,, € {1, —1}, the transform g of f
by (en)n>0 is defined by g, = EZ:O €rdy. Notice that g is also a martingale. The
maximal function of g is defined by ¢g*(w) = sup,, |gn(w)|, w € 2, and the p-norm
of f by [Ifllp = sup,, [ fallp-

Here are some typical martingale results specialized to this setting. For martin-
gales f as above (see Doob [I16] and the references there to earlier work):

(i) IfllL < oo = f converges a.e.,
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(ii) APP(f* =) < IfIIb ifl<p<ooand A>0,

(i) [1/*Mlp < allfllp if1/p+1/g=1and1<p<oo.
For f and g as above, Burkholder [6], [7] proved that:

(1) ||f]l1 < o0 = g converges a.e.,

(i) WP(g* 2 \) < ramlIfllp - i1 <p<2and A >0,

()" llglly < (0" = DIy if 1 <p < oo and p* = max{p, ¢},
and the constants in (i)’ and (iii)’ are the best possible. See Burkholder [8], [9],
Banuelos and Wang [3], and Wang [22] for some of the later related work. Notice
that (ii) and (i)’ follow from the special case in which A is replaced by 1. Also
notice that the best constants in (ii) and (i)’ are strikingly different. Inequality
(iii)" implies that the best constant in (ii)’ for p > 2 is less than or equal to (p—1)P.
But what is the best constant? In the first part of the paper, we study this natural
question. Our answer is contained in the following theorem.

Theorem 1.1. Let p > 2 and X\ > 0. If f is a martingale and g is a transform of

f by (ek)k>0 as above, then

P!
2

(1.1) NPP(g" > \) < 15

and pP~1/2 is the best constant.

Proof. Let 8 < pP~1/2. In the next section, we shall show that there is a probability
space, a martingale f defined on this space, a transform g of f as above, and a
positive integer n such that

P(lgn| = 1) > Bl fall}-

This and the inequality g* > |g,| imply that pP~1/2 is a lower estimate of the best
constant.

To prove that pP~1/2 is also an upper estimate, let f be a martingale and g the
transform of f by (ex)r>0 where e, € {1,—1} as above. We can and do assume
that || f||, is finite. Let Z, = (X,,Y,) for n > 0 where

n

Xn = fn +gn = Z(l + Ek)dk;

k=0
n
Y, = fn —On = Z(l - €k)dk,
k=0
SO frn = X”;Y" and g, = % Define the function v on R? by
Pz +y” _
vizy) = 1-—=|= if 25> 1,
PP e ty” e
= 55 if [ <1
Then

p!
Pllgal 2 1) = Z—llfally = Bo(Z0).
But Ev(Z,) <0 for all n > 0, as we shall show, so

prt
(1.2) P(lgnl = 1) < = full}
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and (LI easily follows by a standard stopping-time argument, which here goes
as follows. Let 7(w) = inf{n > 0 : |g,(w)| > 1} so that P(maxo<p<n |gk| > 1) =
P(lgran| > 1), apply (I2) to the martingale (fran)n>0 and its transform (g-an)n>0
and then use the inequality || franllp < [|fnllp- This yields P(g* > 1) < p?~1/2| f]l,
for all f and g as above and gives (LI with strict inequality on the left side. The
limit of nP(g* > n) asn T Ais AP(g* > A) so ([L1]) holds as stated. In Section 3, we
show that there exists a biconcave majorant u of v on R? satisfying u(0,0) = 0. The
function w has the further property that «(0,y) = u(0, —y) and u(z,0) = u(—=z, 0).
Therefore, Fv(Z,) < Ewu(Z,) and u(z,y) < 0 for all z,y € R satisfying zy = 0.
The next step is to show that Ewu(Z,) < Eu(Z,-1) for all n > 1. To do this

assume that €, = 1, the case €, = —1 being similar. Then by the conditional form
of the Jensen inequality for concave functions, we have that almost everywhere
E[U(Zn)|d07 ;dn—l] - E[U(Xn—l+2dn7Yn—1)|dO;"' )dn—l]
< U(Xn—1+2E(dn|dO;"' adn—l)aYn—l)
= U(anl).

Taking expectations of both sides gives Fu(Z,) < Eu(Z,-1). So
Eu(Z,) <--- < Eu(Zp).

But Fu(Zy) <0 since u(Zy) = u((1 + €o)do, (1 — €0)do) < 0, in which the product
of (14 ¢eg)dp and (1 — g9)dg is zero. Therefore, Ev(Z,) < Eu(Z,) <0. O

The function u that we have used in this proof is concave along horizontal and
vertical lines; it is also concave along every line of positive slope as we prove in Sec-
tion 4. We use this property in Section 5 to generalize Theorem 1.1 to differentially
subordinate martingales. A sharp weak type inequality for martingale transforms
more general than the plus-and-minus-one transforms of Theorem 1.1 follows at
once, and by approximation, so does a similar inequality for stochastic integrals.
The results of Section 4 and 5 lead to the proof in Section 6 of the following theo-
rem, the main result of this paper. In this theorem the probability space (2, F, P)
is complete, the filtration (F;)¢>0 is right-continuous, and Fy contains all the sets
of measure 0.

Theorem 1.2. Letp > 2 and A > 0. If M and N are right-continuous martingales
with limits from the left, adapted to the filtration (Fi)i>o0, and [M, M]¢ — [N, N]; is
nonnegative and nondecreasing in t for t € [0,00), then

p—1
(13) NP(N* = \) < E Ml

and the constant pP~1/2 is the best possible.

For background on the quadratic-variation process [M, M], see Dellacherie and
Meyer [15] or Protter [20]. The condition that [M, M];— [N, N]; is nonnegative and
nondecreasing in ¢ for ¢ > 0 was introduced and used by Banuelos and Wang [3]
and Wang [22]; see also [H], [5].

In the differential subordination setting of Section 5, the Banuelos-Wang condi-

tion takes the form
n

> _(di —ef)

k=0
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is nonnegative and nondecreasing in n and is equivalent to the condition (B.I)). In
the stochastic integral setting of [9] where the LP-norm of fot UsdM, and fg Ved M
are compared under the condition that the predictable processes U and V' satisfy

(1.4) |Vi(w)] < |Us(w)| forall weQ and s> 0,
it takes the form

/0 (U2 — [VaP)d[M, M),

is nonnegative and nondecreasing in ¢. The Banuelos-Wang condition makes it
possible to obtain sharp inequalities for a larger class of martingale pairs (M, N). In
this setting the special functions needed for the stochastic integral and discrete-time
cases again come into play. It is not known for most sharp martingale inequalities,
however, if the less restrictive condition (i) [N, N]; < [M, M]; for all ¢ > 0, or the
even less restrictive condition (ii) [N, N]eo < [M, M) would suffice; see Section 6
of [9].

In Section 7, we use the inequality (I3) to prove an analogous inequality for
harmonic functions.

2. A LOWER ESTIMATE OF THE BEST CONSTANT

Let p > 2 and 0 < 8 < pP~!/2. Then choose 8 € (0, pTTl) so that

(2.1) B < (1—0)rpPr=t/2.
Finally, choose an odd positive integer M satisfying both M > p and
, 4 (p—1\""" s s
(2:2) (M—1)"> w\ 5 p(p—1)(p—2)(0"" +6°77).
In this section, we construct a martingale F' such that G, the transform of F' by
the sequence (—1,1,—1,1,---), satisfies

P(IGul| = 1) > B FI5,

showing that the best constant for the inequality (LI) must be greater than or
equal to pP~1/2. For convenience in the proof, we define § by (M —1)§ = pp%l —0.

Consider the following R2-valued martingale Z, one that is also Markov. Here
Zn = (Xn,Yn), a function with all of its values in the set

2
{617"' sCM 3 Cxy 20y " ° aZM—l} CcR

where the elements of this set are defined as follows: zo = (6, —6); if n is an odd
integer such that 1 <n < M — 2, then

zn = (0 +nd, —0 — (n — 1)d);
if n is an even integer such that 2 < n < M — 1, then

zn = (04 (n—1)0, —0 — nd);
if n is an odd integer such that 1 <n < M, then

o = <§%§’(9 +(n—1)8),—0— (n— 1)5) :

if n is an even integer such that 2 < n < M — 1, then

tn = (04 (n—1)3, —i%‘;’(e +(n—1)8));
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FIGURE 1. One of the paths of Z for the case p =3

Before describing the probability framework, we remark that intuitively Z,, rep-
resents a Markov particle’s location at time n; Z starts at zg and then moves to z;
or cp; if not ¢1, then it moves successively through 21, 2o, - , z,—1 and then to z,
or ¢, if 1 <n < M — 1; once it arrives at a ¢, it stops; if it ever arrives at zps_1,
then it moves to cps or to ¢, and then stops. Figure 1 illustrates one of the paths
of Z in the case p = 3.

Let  denote the set {c1,ca, -+, cpm, e}, F the o-algebra of all subsets of 2, and
P the probability measure that assigns weight 7, to ¢, if 1 <n < M and weight
T« t0 cx. The weights depend on p, 6, and M as does 2. These weights need not
be given explicitly here because the probability structure will be described below
in a more useful way.

We define Z on Q as follows: Zy(w) = zp for all w € Q; if 1 <m <n < M, then
Zn(em) =cm; f 1 <n < M -1, then Z,(w) = z, for all w € {cpy1, - ,cm, ¢}
Zyn(ee) = cy; if n > M, then Z,, = Z,.

It is clear that Z is Markov with P(Zy = z9) = 1. To force Z to be a martingale,
we assume that (here (an, by,) = cpn, (G, b)) = Cx, and (Tp, Yn) = 2n)

P(Zl = Zl) = M,
T —a
)

)
r1 — ay

P(Zl = Cl) =
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if n is an even integer such that 2 < n < M — 1, then

bn — Yn—-1
P(Zy = 2n|Zpn—1 = 2pn— = T
= 2l R P
20
P Zn = Cn anl = Zn— = ;
(= el R =
if n is an odd integer such that 3 <n < M — 2, then
Tn—1 — Q
P(Zn = Zn|Zn—1 = Zn—l) = ua
Ty — O,
20
P(Zn = Cn|Zn—1 = Zn—l) = ;
Ty — G,

and

P(Zy = ¢l Zp—1 = 2n—1) = M7

Ay — A)Nf

Gy — Tp—1

P(ZM:CM|ZM,1:ZM,1) = *7.
Ay — A)Nf

Observe that E[Z,,|Z,—1] = Zn—1 so by the Markov property
E[Zn|Zo, ey anl] = Zn,1 ifn Z 1.
Therefore, Z is a martingale. Also, Zy = (X0, Yo) = (6, —0) and if n > 1, then

n n
X, =9+Z(1+€k)dk and Y, = —9—|—Z(1 _5k)dk7
k=1 k=1
where ¢, = (—1)**! and d,, is given by X,, — X,,_1 = (1 +¢,)d, if n is odd and by
Y, —Y,-1=(1—¢€,)d, if n is even. Consequently, f and g defined by fo =go =0
and, for n > 1, by

n

fo=>_di and g, => exdy,
k=1 k

=1
are also martingales with g being a transform of f by (ex)r>0. For n >0,

X Y, X, Y,
fn=" n; = and f4gy=—F—
Using the function v defined in ([[Z2)), we have that
Xy -V, p T X4 Yar|?
Ew(Zy)] = p(‘u‘>1>_1) EH M+ Yy ]
2 2 2
P!
(2.3 = P+ aul =) - 21l

Here [[farllp = I fllp because | follp < -+ < |[fmllp = [fars1llp = ---. The main
step in the proof that pP~1/2 is a lower estimate for the best constant is to show

that
(2.4) E[v(Zyr)] > 0.
If (224)) holds, then by (23),

prt
P(lgu| 21 =0) = P(10 + gn| = 1) > == f5-




A SHARP WEAK TYPE INEQUALITY 1551

Using this and (21), we obtain
P!
(25) P(IGu| 2 1) > (1= 0P FI > B

where F is the martingale (1 — 0)~!f, and G = (1 — 6)~!g, the transform of F by
(=1,1,—-1,1,--+). So provided (24) holds, p?~1/2 is a lower estimate of the best
constant.
To prove (2:4)), define ¢ : R x [—pp%l,O) — R and v : (0, pTTl] x R — R by
o(x,y) = [(p — 2)y + pz)(~y)" ",
d(x,y) = [(2 = p)x — pyla? ",

and notice, for example, that ¢..(x,y) = 0 but that

(2.6) Voa(z,y) = —p(p — 1)(p — 2)(z + y)aP >,

(2.7) Yuwa(t,y) = —pp — D(p = 2)[~y + (x +y)(p — 2)]2" "
These imply that . (—y,y) =0 and ¢Y,p(z,y) < 0if 2 > —y > 0. If —ijl <y<

0 and f}%ﬁ’ygxg —y, let

u(z,y) = i (L>p1 o(x,y)

andalsoify:—pTTlandefgngl. If0<x§%and—x<y§f)%’1’x,let

u(z,y) = i <]%>plw(x,y)~

By the definitions of ¢ and v, the function u is continuous, and has continuous first
and second partial derivatives on the interior of its domain of definition.

Observe that u(w) = v(w) for all w € Q: both u(c.) and v(cy) are equal to
(2p —1)/(2p) and if 1 <n < M, then both u(c,) and v(c,) are equal to

Therefore, E[v(Zy)] = Elu(Zpr)] and the problem is reduced to showing that
(2.8) Elu(Zyr)] > 0.

The calculation of E[u(Zp)] shows that

Bzl = (525)  + 3 Bz, -z,

So ([2.8) will follow if we can prove that

M op p—1
(2.9) ;E[u(Zn) —ul(Zn )] > - (L) ,
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By Taylor’s formula with Lagrange’s remainder,

Elu(z2) —u(Zo)] = [uz0+ (8.0)) — u(z0)] =
Hlu(er) - u(z0)] —
I ai

52w -
= [ual20)0 + 5 Ra) =—

xr1 —ay
1)
+uz(20) (a1 — »”160)]331 T
82 xo—am
2.1 =
( 0) 2 Rl xr1 — ay

where, for some ¢* € (0,9), R1 = uze(20 + (6%,0)). By @8) and 7),
0> Ry > tga(20 + (6,0)) = —p(p — 1)(p — 2)0z% .

So 2I0), (xo — a1)/(xz1 —a1) € (0,1), and 8 < z1 < % <1< § imply that
(2.11) Elu(Z,) — u(Zy)] > —%p(p —1)(p—2)8%22% > —C, 96°
where Cp g =p(p—1)(p —2)(037P + 6P73). If 2 < n < M, then
(2.12) Eu(Z,) — w(Zyn_1)] > —C, 06°
also holds as we shall see. Since Z,,(w) # Z,,—1(w) if and only if Z,,_1(w) = z5,—1,

Elu(Zn) —u(Zn1)] = Elu(Zn) —w(Zn1)|Zn # Zna]|P(Zn # Zn-1)

+Eu(Zy) — uw(Zn-1)|Zn = Zn1]P(Zn = Zn-1)
= FEu(Z,) —u(zn-1)|Zn-1 = 2n-1]P(Zn-1 = 2n-1)-

The case n = M is easy: u is affine on the line segment with endpoints cj; and ¢,
so Elu(Zy) — u(zpr—1)|Zp—1 = zpm—1] = 0 and

(2.13) Elu(Zar) = u(Zar—1)] = 0.
Nowlet2§n§M—1and’yn:Z"+2¢. If n is odd, then

Tp_1 — Qn 20
FElu(Z )| Zn-1 = 2n— = u(zp)— + ule,
(WlZ0)|Zums = 2] = () R s u(a) ———

2 —
= [ul) + e ()8 4 T Ru]

n — O0n

26

n — Gn

+u(vn) = uz(yn)(Tn—1+ 6 — an)]

2
O g, Tt
— R,
2 Ty — Qp

= u('Yn) — Ug ('Yn)(s + —n

where, for some 9} € (0,0), Ry = gz (vn + (0,,0)). Here
0> Ry > tuze(vn + (6,0)) = —p(p — 1)(p — 2)0a5°
and 0 > E[u(Z,) — w(z2n—-1)|Zn—1 = 2n—1] > —C),96> follows. But this implies that
Elu(Zy) —w(zn_1)] > —Cped*P(Zpn_1 = 2n_1)
> —Cped°.

The same inequality is obtained by similar means if n is even.
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; ; _ p—1
Consequently, by (ZIT), (212), ZI3), @2), and (M - 1)5 = &=L —6 < 1,

M
> Eu(Zn) —u(Zn-1)] > —(M —1)Cp0°

3
P 1
g C”ﬂ(p—l 9) ar 1)

o» Pt
562
4 \p—1

and (2.9), hence (2.8), holds. This completes the proof that if p > 2, then the best
constant for the inequality (L)) is greater than or equal to pP~1/2.

3. A BICONCAVE MAJORANT OF v

Here p > 2 and v is the function on R? defined in the proof of Theorem 1.1. The
function identically 1 on R? is a biconcave majorant of v but more is needed as can
be seen from that proof. In this section we show there is a biconcave majorant u
of v on R? with u(0,0) = 0. Our first step is to prove that there is a function

-1 -1
g:[57,00) =[5, 00)

with the following properties:

(3.1) g is strictly increasing and continuous on [pT?l, 00),

— p—1
(3.2) g(x) >z —2forall z > 2=,
(3.3) g is differentiable on (ijl, o0) and satisfies
9'(@) = i (9(2) — 2 +2)~2(g(a) + 127 for all & > E=L,
p=ly_ _p-1 p=ly_— 1
B4) g5 =-57 9 (5 +H) = -
An equivalent problem is to show there is a function

G+ (25, 00) — [552, 00)
such that
(3.5) G is strictly increasing and continuous on [—ijl, 00),
(3.6) mm<y+2mmmyz—%%
(3.7) G is differentiable on (—pTTl, oo) and satisfies
G'(y) = ZE(y + 2 - G(y))2(y + )P~ 2 for all y > —2=2,
—p=ly _pl =iy — o)
(3.8) G(-57) =5, G (-5+)=p- 1L

To see the equivalence of the two problems, note that if g satisfies ([B1)—(B.4), then
its inverse function satisfies (3:0)—([B-8), and if G satisfies (35)—(3:8), then its inverse

satisfies (B:1)—(B:4).

Notice that the differential equation for G in [B7) has the Riccati form. Using
the transformation
Yol -1

o) hw—esl

P

(z+1)P2(2 +2 - G(2)) dz]
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(see, for example, Polyanin and Zaitsev [19]) we obtain the following differential
equation for h(y):

(310) (D) + @ () - T

Two linearly independent solutions of this differential equation on the interval
(—1,00) are given by

y+1)P"h(y) = 0.

M) = VI L (20)
haly) = V(4P oo (20),

where 2o = /p?~2(p — 1)(1 + y)? and I, is the modified Bessel function of the first
kind (see Abramowitz [1]). Here a € {(p — 1)/p,—(p — 1)/p},

0 (%)2k+a
fa(z) = k2=0 KD(a+k+1)

and
(3.11) 22T0(2) + 214 (2) — (22 4+ a®) I (2) = 0.

If « > —1, then I, is infinitely differentiable on (0, c0), which implies that h; and
ho are infinitely differentiable on (—1,00). By (@B.Idl), h1 and ho satisfy (B.10):
substitute h; for h on the left side of (BI0) to obtain

1 p—
(3.12) ZpQ(l + y)TS (221" (20) + 201, (20) — (22 + a*)14(20)] = 0.
Let h = a1h1 4+ asho where a1, as are real numbers such that
(3.13) h(—251) =1 and B/(-21) = 2221,

Then, for y > —1,

" _ / pp(p - 1) p—1
(3.14) Y+ DA (y) == 2h(y) + —— ¥+ 1" h(y)
so if we can show that A > 0 and A’ > 0 on [—%,oo), then A" > 0 on [—pT?l,oo)
and

(3.15) h is strictly increasing and convex on [—%, 00).
By (313)) and the continuity of A, there is an interval [—pTTl, ¢) on which A’ > 0.
Let

b=sup{c:h’ >0 on [—ijl,c)}.

Then A’ > 0, hence h > 0, on [—pp%l,b), implying, by (BId), that A” > 0 on

[—ijl, b). Therefore, h’ is strictly increasing on [—pp%l, b). Consequently, b is infi-

nite; otherwise, there is a ¢ > b such that b’ > @ > 0on [—pp%l, ¢) contradicting
the maximality of b. So h,h/, and I’ are strictly positive on [—pTTl, 00).

These properties of h imply the existence of a function G with the properties
(BH)-B3). This function is defined on [—ijl, o0) by

4" (y)

(3.16) GO =yt 2 T DGy + D
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The function g : [pT?l, o0) — R is the inverse of G. We now define a biconcave
majorant u of v on R?, first on the subdomains Dy, - - - , Ds:
Dy = {(wy)|0<w<PH, —x<y< Tha},
Dy = {(z,y)|z >4, g(x) <y < 29(z) —z+2},
Dy = {(z,y)|z>E2 B2V (x-2) <y <g(a)}
Dy = {(z,y)|z> %, (—z)V(z—-2)<y< 1%’)},
Ds = {(z,y)| —z<y<z-2}
Dy = {(z,y)|z>0, —z<y<a}n (D1U~-~UE5)C.
On Dy U ---U Ds, the function u is defined as follows:
—2 =) if (2,) € Do,
—1
L) @ e - e if (2.1) € D1,
2 (9() + )P ((p — D)g(x) — pa + 2p — 2) 2ol oy
p—1 —g(x .
— P (g(@) + 1P 52 if (z,y) € Ds,
u(z,y) = pT’4*1 (y+1)p—1 ((f——1 2)y +2p — 2 — pG(y)) %
+(1- 2+ 1) 5 if (z,9) € Ds,
o= (PP (y + 1)P - Py + 1)+ 2p(p — 1) 25E
p— - .
+ (1 - —(y+ 1)1’) Qyt:g if (z,y) € Da,
1,p"2*1 % P if (z,y) € Ds.

This function u can be extended to a continuous function on {(x,y)|—z <y < x}.
We use the same letter u to denote this extension and define it further on R? by
(317) u(x, y) = u(ya (E) = u(—x, _y) = u(_ya —LE).

The function u is continuous on R? and the partial derivatives u, and u, exist and
are continuous on the set S = {(z,y) € R? : [z —y| # 2}. Furthermore, u(0,0) = 0.
The proof of these properties of u is routine and is omitted. Note that u is not C!
on R2. For example, if y > —pp%l, then

1

3.18 2)— = 2 —_—
> ua((y +2)+,9).

We now show that u is a biconcave majorant of v on R? and begin by showing

that on each of the subdomains Dy, -, D5 the function u is biconcave. On Dy
and Ds, the function u is biconcave since on these subdomains
CpPp—1) [z+y[P

umx(xay) = uyy(xay) = < 0

8

We notice that w is a linear function of y for (z,y) € D; U Dy, and is a linear
function of z for (z,y) € D3UD4. So uyy =0 on D;UDs and g, = 0 on D3 U Dy.

2
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Therefore the biconcavity of v on Dy and Dy follows from the calculations

walon) = 1 (525) W= DE-2 w40 <0 o Dy

1 _
Uyy (T, Y) —pr(p—Q)(l—f-y)p 3(x4+y) <0 on Dy

Here we have used the assumption that p > 2. It remains to show that u,, <0 on
Dy and uyy < 0 on D3. The common boundary of Dy and Dj is the graph of ¢
and the common boundary of Dy and D5 is the graph of f, where f is defined by
f(z) =2g(x) —x + 2 (so g(z) is the average of f(z) and z — 2).

We now show that u,, <0 on Dy. If z € (pT?l, o0) and g(z) <y < f(z), then

(319)  uwl(z,y) = M(g(@+1)”_3[—29'($)(9($)+1)

—(¢'(@))*(=2p+pzr+2 -2z —2(p— 1)g(z))
—(—2g(z) +z —2)g" () (g(x) + 1)
—1(g'(@)*(p — 2) + (9(z) + 1)g" (=)]y].

This is linear in y. Therefore, to show that u..(z,y) < 0 for all (z,y) € Da,
we need to show only that ug.(z, f(z)—) < 0 and ug(x,g(z)+) < 0. Indeed,
Ugz(2,g9(x)+) = 0 as can be seen from ([BI9) by using the differential equation

B3) for g. Similarly,

e, £(2)-) = 58 (p — D{g(x) + 1P (g () ~ )g/(0).

By 1) and (334), g(z) +1 > % > 0 so, by (32) and B3), ¢'(z) > 0. Also, as we
shall show, ¢'(z) < 1. Therefore uzy(x, f(z)—) < 0.
The inequality ¢'(z) < 1 for all z € (%, 00) is equivalent to the inequality

(3.20) G'(y)>1forallye (—ijl, 00).
Suppose that 320) does not hold. Then there exist numbers a and b such that
inf{G'(y) : y > —pTTl} <b<a<l.
Let
yi = inf{y > -2 G'(y) = b},
wo = sup{y> -2 G (y) =a,y <y}
Recall that G'(—pTTl) = p—1 > 1. This and the continuity of G’ imply that
—ijl < yo < y1. Moreover,
(3.21) b<G'(y)<a=G'(y) <1

for all y € (yo,y1). But there is a number € > 0 such that

Gly) = Gyo)

< 1 for all y € (yo,yo0 +€)
Y—%o
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which, by (B1), implies that for such y,
4

mG'(ZJ) = (y+2-Gy)’y+1)r?

2
_ (yo+2—G(yo)+(y—yo) 1—M]> (v + 1)

> (yo+2—G(yo))?(yo +1)P2
i,
= mG (o),

and gives G'(y) > G'(yo). For y € (yo0,y0 + €) N (yo,y1), this is a contradiction to
(BZ0)). Therefore, (B20) holds.

Now we check that uy, < 0on Ds. Fixy € (—pp%l, 00). Then uy,(G(y)+,y) =0
and, on Ds, u(z,y) = A(y) + B(y)xz where A(y) and B(y) are functions of y only.
For G(y) < z < y+ 2, uyy(z,y) is a linear function of x. Since u,,(G(y)+,y) =0
and

_ — ; _ l _ D pP—2 _
we see from (B:20) that u,, <0 on Ds.

The function u is biconcave not only on Dy, - - - , D5, but also, by (3.14), on each
of the reflected subdomains. As can be checked, the function u is concave on each of
the horizontal and vertical line segments included in the complement of the union
of these open sets. The following elementary lemma easily yields the completion of
the proof that u is biconcave on all of R?.

20 -G'(y)
(y+2—-G(y))?

Lemma 3.1. Let a < ¢ < b. If ¢ : (a,b) — R is concave on (a,c), concave on
(¢,b), continuous at ¢, differentiable on (a,c) U (c,b), and ¢'(c—) > ¢'(c+), then ¢
is concave on (a,b).

We now prove that u is a majorant of v on R2. By (B.17), it is enough to prove
this for {(z,9) : —x <y < x}. On Dy and D, we have equality: u = v. So by the
continuity of u and v on {(x,y) : |*5¥| < 1}, it is enough to show in the following
that v > v on Dy,---, Dy4. To do this, we use that uy, = 0 on D;UD; and uz, =0
on D3 U Dy as well as vz, < 0 and vyy < 0on DyU---UDy. For example, consider
D;. On the upper part of its boundary, that is, on Dy N Dy,

(3.22) uy(z,y) — vy(z,y) =0.

This follows from the continuity of u, on the closure of D U Dy and the equality
u=wv on Dg. On D1, uyy(x,y) — vyy(x,y) = —vyy(z,y) > 0, 50 uy(z,y) — vy(z,y)
is strictly increasing in y. Therefore, by (322,

uy(x,y) —vy(x,y) <0 on Di.
This implies that u(x,y) — v(z,y) is strictly decreasing in y, so the equality u = v
on Dy N D gives
u(z,y) —v(x,y) >0 on Dj.
The proof that w > v on D5 is the same if D; is replaced by Ds.

Now consider D3. Let y > —ijl and let w be the linear function on the interval

[G(y),y + 2] such that w(G(y)) = u(G(y),y) and w(y + 2) = v((y +2)—,y). Then,
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as we shall show,

(3.23) v(z,y) < wz) < u(z,y)

for all z € (G(y),y + 2), proving that w > v on D3. Because u(-,y) is also linear on
[G(y),y + 2] and

(3.24) wly+2)=uly+2,9) — 1 <uly+2,y),

the right side of (8:23]) holds. The left side of (B:Z3)) also holds since v(-,y) is strictly
concave and

(3.25) we((y +2)=) = va((y +2)—,9)-

This equality can be checked by using

v2 (Y +2)=,9) = va((y + 2)+,9) = ua((y +2)+,9),
and (BI8), which is equivalent to
u(y +2,y) —u(Gy),y) 1
=0(W+2)—y)+ ———F= -
y+2-G(y) oy +2)=) y+2-G(y)
By the equality in ([3:24)), this is equivalent to
w(y +2) — w(G(y))
y+2-Gly)
Therefore, (3.25) holds and u > v on Ds.
Now consider the remaining subdomain Dy4. If y € (-1, —pTTl), then wu(-,y) is
linear and v(-,y) is concave on [—y,y + 2]. Therefore, u(-,y) — v(-,y) is a convex

function on [—y, y+2]. To finish the proof that u > v on Dy, it is enough to observe
that

=v((y +2)—,v).

u(=y,y) —v(-y,y) = Zﬁ%jﬂﬁw+lﬁ—ﬁ@+lﬂﬂmp—ﬂ)
> §H;jﬁpﬂp—n—p%y+m
> P22
T o20p-1)
and
_ — v (— :p2_pp(y+1)p—l
g (=Y, y) — va(—y,y) -1 > 0.

This completes the proof that u is a biconcave majorant of v on R? with u(0,0) = 0
and the proof of Theorem 1.1.
4. CONCAVITY ALONG THE LINES OF POSITIVE SLOPE

This property of u, stronger than biconcavity, will be used in the proof of The-
orem 5.1. Here of course u is the function defined in Section 3 and p > 2.

Lemma 4.1. Ifx,y,h,k € R and hk > 0, then the function ¢ : R — R defined by
o(t) = u(z + ht,y + kt)

s concave on R.
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Proof. If (x,y) € DoU---UDs, then ug,(x,y) <0, uyy(z,y) <0, and ugy(z,y) < 0.
The first two inequalities have been proved in Section 3, and the third also holds:
~L(5E) %P2 for (z,y) € Dy,

_(2fz+1‘q(x))2 for (J), y) € Do,

1
Ugy(z,y) = (CEETRIEn)E for (z,y) € Ds,

—%(1 +y)P—2 for (z,y) € Dy,

P (2huye=2 for (,y) € Dy U Ds.

Therefore, if (x + ht,y + kt) € Dy U --- U Ds, then
(4.1) @"(t) = Uga(+ht, y+kt)h2 420z, (x+ht, y+kt)hk+u,, (x+ht, y+kt)k* < 0.

As mentioned in Section 3, u, and u, exist and are continuous in the open set
S = {(x,y) € R?: |z — y| # 2}. Therefore, the first derivatives of ¢ exist and are
continuous on the set {t € R : (x + ht,y + kt) € S}, so by (@I) and Lemma 3.1,
@ is locally concave on this set. It follows from Lemma 3.1 and calculations such
as (BIR) that u is concave on the graph {(x + ht,y + kt) : t € R} of any line with
(z,y) € S and hk > 0. The continuity of u then assures the concavity of u on the
graph of each of the lines with (z,y) ¢ S and h = k = 1. Therefore, ¢ is concave
on R under the condition hk > 0. O

In the next section, we shall use the smooth approximation u™ of v obtained by
convoluting u with the Gaussian density m exp[—mm(z% + y?)]. The function u™
is infinitely differentiable, and u™ — wu pointwise as m — oco. Moreover, u™ has
the concavity property of Lemma 4.1 since the integration that gives u" preserves
this property of u. Let hk > 0. Then the function ¢, associated with "™ satisfies
or <0onR,so
(4.2) wllt(z,y)h* + 2ully (x,y)hk + uy (z,y)k* < 0.

Thus, ¢, is decreasing which gives ¢, (1) — v (0) < @7 (0) by the mean value
theorem. Therefore,

(4.3) W@+ by + ) — a2, ) < ul (@, g)h -+l (o y)k

Using the equality u;*(0,0) = u'(0,0) = 0, which follows from the analogue of
BI7) for u™, and the inequality (E3)), we obtain

(4.4) u™(h, k) <u™(0,0).

The condition hk > 0 is necessary for (£.2), (43)), and ([@4) to hold. Also, there is
a positive real number c,, the same number for each m, such that

(4.5) lu™(@,y)l < cpllaf” + [yl”) + e,

(4.6) g (@)l < (2P + yPh) + ¢,

with a similar bound for |uy'|. To prove (L3]) and (&G), use, for example, the

biconcavity of ™ so that u}'(-,y) is nonincreasing on R, and the definition of « on
the set {(z,y) € R? : [554| > 1}.
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5. DIFFERENTIAL SUBORDINATION

In this section, we give a simple application of the results of the previous section
to martingales f and g where g is not necessarily a transform of f. Let (2, F, P)
be a probability space and (F,)n>0 a filtration of F: a nondecreasing sequence of
sub-o-algebras of . We assume that f,, and g, are F,,-measurable, f, = ZZ:O dg
and g, = Y_r_, e for all nonnegative integers n, and that

E (dnlfn—l) =F (enlfn—l) =0
almost everywhere for all n > 1, that is, f and g are martingales adapted to this
filtration. If f and g satisfy
(5.1) len(w)] < [dn(w)]

for all w € Q and n > 0, then g is differentially subordinate to f. One example
is given by e, = €,d,,, n > 0, as in Theorem 1.1. Another example, which leads
in many contexts to sharp inequalities for stochastic integrals (see, for example,
[7, [9], [13]), is given by e, = vnd, where v, is F(,_1)yo-measurable and satisfies
|[vn(w)] < 1 for all w € Q and all n > 0.

Theorem 5.1. Let p > 2 and A > 0. If f and g are martingales adapted to the
same filtration and g is differentially subordinate to f, then

. P!
(52) WP =3 < P
and the constant pP=1/2 is the best possible.

Proof. That pP~!/2 is a lower estimate for the best constant is a consequence of

Theorem [[LI] That it is also an upper estimate can be seen as follows. Assume as

before that || ]|, is finite. As in the proof of Theorem 1.1, it is enough to show that
Pt

— I/l

This is equivalent to proving that Fuv(Z,) < 0, where v is defined in Section 1,
and Z,, is defined here by Z,, = (X,,Y,) with X,, = Zzzo(dk +er) and Y, =
> r_o(di — ex). The function u of Sections 3 and 4 is a majorant of v, therefore
the theorem will be proved if we can show that

(5.3) P(lgn| 2 1) <

(5.4) Eu(Z,) <0
for all n > 0. The first step of the proof of this is to show that
(5.5) Eu™(Z,) <--- < Eu™(Zy)

for all positive integers m and n. Let H,, = d,, + e, and K,, = d,, — e,,. By (B,
H,K, >0, and by [@3),
um(Zn) - um(anl +Hn;Yn71 +Kn)
< um(Zn_l)—I—u;n(Zn_l)Hn+u;n(Zn_1)Kn

By 1), (@6), and the finiteness of || f||,, each term of this inequality has fi-
nite expectation. By the martingale condition, £ H,, = E K,, = 0. Therefore,
Ew™(Zy)| Fn-1] < u™(Zp—-1), which implies that Fu™(Z,) < Eu™(Z,—1). Con-
sequently, (B.5)) holds for m,n > 1. By (&), XoYs > 0 which gives, by (£4), that
Eu™(Zy) <u™(0,0). Thus, by (5:5),
(5.6) Eu™(Z,) <u™(0,0)
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for all m > 1 and n > 0. By (@3,
E[sup [u"™(Zp)|] < ep(E | Xn|" + E[Ya]P) + cp,
m>1

in which E|X,|P and E|Y,|P are finite, a consequence of the finiteness of || f]|,.
Therefore, taking the limit of both sides of (5.6) gives Fu(Z,) < u(0,0) < 0 and
(B4) is proved, which completes the proof of the theorem. O

6. PROOF OF THEOREM 1.2

The proof has the same pattern as the proof of Theorem 5.1. Let Z = (X,Y)

where
X=M+N and Y=M-N.
The inequality (3) will follow if we can show that for ||M]||, finite,
Eu™(Zy) <u™(0,0).

This holds for ¢ = 0 just as in Section 5, so it remains to show that for ¢ > 0,
(6.1) Eu™(Zy) < Eu™(Zy).

By It6’s formula as extended by Kunita and Watanabe [18] and Meyer (see [15]
and the references given there),
(62) ’U,m(Zt) Zum(Zo) +It—|-Jt +Qt/2+5t7

where

It = / ’LLZL(ZS_)dXS,
(0,1]
5= / W (Z,_)dYs,
(upy(Zs-)d[ X, X s + 2“%(287)61[)(67 Y5 + uy,
(u™

yy(

0.1]
Zs-)d[Y*,Y"s),
0.1]

(
@ - |
(,
-y
0<s<t
Here X€¢ is the continuous part of X and AX; = X, — X, for s > 0. The
Banuelos-Wang condition that [M, M]; — [V, N]; is nonnegative and nondecreasing
in ¢ implies that (AM;)? — (AN,)? > 0 for all s > 0 (see Lemma 1 of Wang [22]).
Therefore, (AX;)(AYs) > 0 and, by [3), St < 0. Also, [X¢, Y|, which is equal to
[M¢, M¢)s — [N N€s, is nonnegative and nondecreasing in s. Therefore, @Q; < 0.
We now show that EI; = 0. A similar argument shows that F.J; = 0 so the

expectation of the right side of ([G.2)) is less than or equal to Fu™(Zy) and (EJ])
holds. Using the Banuelos-Wang condition, we see that [N, N]s < [M, M| so

[Nl = E[N,N]o < E[M, Mo
= [IM]l2 < [[M]lp < o0,

(Zo) = u™(Zs—) = ul (Zo- )AX, — ul"(Zs_)AYS),

and X, the sum of M and N, is a martingale satisfying || X ||2 < oo. Thus, (I})i>0
is a local martingale (see Theorem 20 on page 56 of [20]). In fact, (It)i>0 is a
martingale as we now show. By (4.0),

lug' (Zs-)] < Cp(|Xsf|p71 + |st|p71) +¢p
< (X (V)P 4oy
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We denote the last expression by W. Let ¢ = p/(p — 1). By Doob’s maximal
inequality,
I(M*)PHE = BI(M*)P] < ¢?|| M| < oo.

Therefore, (M*)P~! € L. By a special case of the Burkholder-Davis-Gundy in-
equality (see, for example, page 287 of [15]),

E[(N'F] < ¢E(N,NI%)
¢ E (M, M%)
B [(M7)7],
so (N*)P~! also belongs to L?. This implies that (X*)?~! and (Y*)?~! belong to

L9, Thus, W € L?. Using the Burkholder-Davis-Gundy inequality again, we see
that

IN N

E[sup |L] cB[([  W2dX,X])?]
0<s<t (0,]

= cEW( /( A X1%)

< cEW(X,X] - [X, X]o)?].

IN

Therefore, by the dominated convergence theorem, the right continuity of [X, X],
and

1 1
By Hélder’s inequality, E[W[X, X]%] < [[W|I[X, X]&ll, < W1 X, < oc.

|E 1| < cE[W([X, X]; - [X, X]o)],

FE I, converges to 0 as t — 0. Moreover,

E [sup L[] < E[W[X, X]&] < o,
t>0

which implies that the local martingale (I;):~¢ is a martingale. Consequently,
El;=EI for all s,t >0 so EI; = lims_,g E Iy = 0 completing the proof of (E1])
and Theorem [[.2]

7. AN INEQUALITY FOR HARMONIC FUNCTIONS

Let D be an open connected set of points © = (x1,---,z,) € R", v and v
harmonic functions on D, and |Vu(x)| the Euclidean norm of the gradient vector
(g, (), ,ug, (x)). Then v is differentially subordinate to u if, for all z € D,

Vo(z)] < [Vu(z)].

Fix a point £ € D and let Dy be a bounded connected subdomain of D satisfying
£ € Dy C DyUdDy C D. Denote by ugDO the harmonic measure on 9Dy with
respect to €. If 1 < p < oo, let

(r.) July = supl | fu(o) iy, (o))

0

where the supremum is taken over all such Dy. Assume that |v(€)] < |u(§)].
For any such Dy, let 7(w) = inf{¢t > 0 : |Zy| ¢ Do}, My = u(Zirr), and
Ny = v(Zip+), where (Z;)¢>0 is a Brownian motion in R™ that starts at £ : Zy = .
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Then M and N are martingales. They also satisfy the Banuelos-Wang condition
as can be seen from

MM = Ju©)]? + / " \Vu(z,)2ds,

[NaN]t

tAT
[w(€)? + / Vo(Z,)ds.

Theorem 7.1. Let p > 2. If u and v are harmonic functions on D such that
[v(&)] < |u(€)| for some & € Dy as above, and v is differentially subordinate to u,
then

P!
(7.2) Hp,({z € 0Dy : |v(x)| > 1}) < 5 llullp-
Proof. Since Dy is bounded, we have that P(r < o0) = 1, P(Z, € dDg) =1, M is
a uniformly integrable martingale, and ||M]||, = ||u(Z:)|p, < oco. The distribution

of Z,; on 0Dy is the harmonic measure /fDO. Therefore, by Theorem 1.2,

Hp, ({2 € 0Dy : [u(2)| > 1}) Plo(Z7)[ = 1)

< P(N*>1)
P!
< i
P!
= P P, @)
ODg
!
< Pl

O

Remark. The best constant for the inequality (22) is unknown if n > 2 and p > 2.
It is also unknown if n > 2 and 1 < p < 2 (but see [2I]). If n > 1 and p =1, it is
known to be 2 (see [10] and page 1023 of [12]). In the classical case in which n = 2,
D is the open unit disk, u is harmonic on D, v is its conjugate with v(0) = 0, and
& =0, Davis proved that for p = 1, the best constant is

1+ +g+az+--
L L

Later Baernstein [2] gave another proof. Modifying Baernstein’s method, Toma-
szewski [21] found the best constant in a related case in which 1 < p < 2. In the
conjugate harmonic function case, the best constant for p > 2 is still unknown as
far as we know, although Essén [I7] has some deep results that may lead to the
answer.
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