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Abstract

We give a proof of the maximal inequalities of Burkholder, Davis and Gundy for
real as well as Hilbert-space-valued local martingales using almost only stochastic
calculus. Some parts of the exposition, especially in the infinite dimensional case,
appear to be original.
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1 Introduction

The aim of this work is to provide a self-contained proof of the Burkholder-Davis-Gundy
(BDG) inequality for local cadlag martingales, both in finite and infinite dimension,
using only stochastic calculus and functional-analytic arguments. In particular, in the
case of real local martingales we provide a proof entirely based on stochastic calculus
for semimartingales, and, in the case of Hilbert-space-valued local martingales, the proof
uses some (relatively elementary) techniques from duality of Banach spaces, interpolation
of operators, and vector measures. We also include a (known) proof for continuous local
martingales, entirely based on stochastic calculus, which serves as motivation for the
general case. Even though we do not claim to have any original result, some of the
proofs appear to be new.

Let (Q, F,F,P) be a filtered probability space and H a real separable Hilbert space
with norm ||| and inner product (-,-). The goal is to prove the following theorem.

Theorem 1.1. Let M be an H-valued F-local cadlag martingale with My = 0. Then
one has, for any p € [1,00[ and for any F-stopping time T,

E[M, M2 5, Esup IMLP S E[M, M]2/2. (L.1)
ST

Moreover, if M is continuous, then (1.1) also holds for p €]0,2], i.e.
Esup|| M| =, E[M, M]?/* = E(M, M)?/ (1.2)
t<rt

for all p €]0, 0.
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Here [M, M] and (M, M) denote the (scalar) quadratic variation and Meyer process of
M, respectively. Throughout the paper we use standard notation and terminology from
the general theory of processes, our main reference being [12]. Setting L, := L,(Q2,P)
for convenience of notation, one can equivalently write (1.1) as

J222],, = 0 3012
where M} := sup || Ms||.

A proof of the Davis inequality (i.e. of (1.1) with p = 1) for real martingales that uses
only stochastic calculus was given by Meyer [13], adapting the corresponding proof for
real continuous martingales by Getoor and Sharpe [5], the key tool being a continuous-
time version of Davis’ decomposition, also proved in [13]. The contribution of this
paper is to extend the stochastic calculus method of Meyer to the full range p € [1, 00|
and to the Hilbert-space-valued case. As we are going to see, a proof based only on
stochastic calculus is available for real martingales, but (unfortunately, perhaps) we
have not been able to provide such a proof for Hilbert-valued martingales. Additional
functional-analytic tools seem necessary. In particular, we could not extend an L, (p > 1)
inequality for compensators of processes with integrable variation to the Hilbert-valued
case, although this problem was circumvented using a different estimate (which involves
the quadratic rather than the first variation of compensators) and a simple duality
argument.

While we are not aware of any standard reference where the BDG inequalities for
general local martingales (i.e. not necessarily pathwise continuous) are proved by means
of stochastic calculus only, a proof based on Garsia-Neveu-type lemmata can be found,
for instance, in [3, 8, 11]. The latter proof covers also the more general case (not
considered here) where the L, norm is replaced by an Orlicz norm.

We conclude this section with a few words about notation: we shall write a < b
to mean that there exists a positive constant N such that a < Nb. If the contant
N depends on the parameters pi,...,p,, we shall also write N = N(p1,...,p,) and
Spi,...pn- The expression a =~ b is equivalent to a S b < a. The operator norm of an
operator T': E — F, with E and F two Banach spaces, will be denoted by ||7T'|| 5_, s
The spaces of bounded linear and bilinear maps from E to F' will be denoted by L(E, F')
and Lo(E, F), respectively. Furthermore, every (local) martingale appearing below is

assumed to be cadlag.

Acknowledgments. The second-named author is supported by the DFG through the
SEFB 701.

2 First steps

Let us start with a simple but helpful remark: given a local H-valued martingale with
respect to the filtration IF, one has, for any F-stopping time 7, [M™, M| = [M, M|, and
MY = (M7)%,, where M7 denotes the stopped martingale t +— M;,,. Therefore, by the
monotone convergence theorem, proving (1.1) is equivalent to proving the inequalities

(2.1)

1M, Sp (1M, MIZ2)y,, S 1M

I, I,



for any H-valued martingale M such that My = 0. (We shall assume throughout,
without explicit mention, that all (local) martingale start at zero). For convenience, we
shall call “upper bound” and “lower bound” the left-hand and the right-hand inequality
in (2.1), respectively.

In this section we are going to show, using only stochastic calculus, that the upper
bound holds for any p > 2, and that the lower bound holds in Ly, provided the upper
bound holds in L,,.

Proposition 2.1 (Upper bound, p > 2). Let M be an H-valued martingale. One has,
for any p € ]2, 00|,
1Ml Sp 1M, ML - (2.2)

Proof. Let us introduce a sequence of stopping times (7},),cn defined by
T, := inf {t >0: || M| > n}

Let n € N be fixed for the time being, and consider the stopped martingale M7T».
The first and second Fréchet derivatives of the function ¢ : H 3 z — ||z]|’ € R at a
generic point x € H are given, respectively, by

H~ L£(H,R) 3 Do(z) : u — p||z|P (2, u)

and
H o H =~ L£5(H,R) > D26(2) : (u,v) = p(p — 1)]l2ll” (2, u) (z,v).

Itd’s formula (in the form stated in [12, Thm. 27.2, p. 190]) yields, denoting the bilinear
form (x,-) (x,-) by x ® x, and writing 7" instead of T,, for simplicity,

T
M| = p / M, P2 M, dM,
0

1 T _ .
+gpo=1) [ 1000, M) [t M (23)
£ 30 (I = M7 = p| M P2 -, AM)).

s<T

Let (e;);en be an orthonormal basis of H, and set M® = (M, ¢;) for all i € N. Then we



have, thanks to Kunita-Watanabe’s inequality,

T
/ | M, [P~ (M, ® My) d[M, M
0

T
=5 [ 1w tagaran, o

1/2

3 ([ narp=sany? d[Mﬂ‘,Mf]z)m ([ sy aos are)

S Y < o
by —

1/2
ij ij b

le, 1971,

i7j
1/2 1/2

T T
Y / | M |[P~* (M) d[M7, M7TS Y / | M |[P~4(MZ)? d[M*, M)
— JO - JO
,] 2¥)

T
— / | M, [P=2d[M, MS < (M3)P~2 [M, M5
0

Using Taylor’s formula with remainder in Lagrange form, one obtains

> (IM|P = | M- ||P = pl| M |[P~2(Ms—, AM))
s<T

plp—1 PP —1) ey
S a7 Y s < P gy v ar,
s<T

IA

hence also

1 r _ .
50— 1) [ 1ML (M 0 M) M, M
0
+ 3 (I = M- P = P M- P20, AM) )
s<T

pp—1) - pp—1) -
< S (M) (M, MG+ M, M) = = (M7)P 2 [M, M]r.
Since M} < n + [M, M]IT/2 and [M, M]%F/2 € L, imply M7 € L, the first term on the
right-hand side of (2.3) is a martingale, hence its expectation is zero. Therefore, taking
expectation in (2.3), Doob’s and Hoélder’s inequalities yield

E(M;) <, Bl Myl <, (B(ME)P) T (E[M, M2,

which is equivalent to

1/2
102, ., Sp 11V, Mgl -
Passing to the limit as n — oo, the proof is completed thanks to the monotone conver-

gence theorem. O

Corollary 2.2 (Lower bounds by upper bounds). Let M be an H-valued martingale,
and assume that the upper bound (2.2) holds for some p > 1. Then one has

I, M1, S 1M,



Proof. The integration by parts formula [M, M| = | M ||2 —2M_ - M yields

M, MY < M2, + V2 /(- M,

which implies, by the previous proposition,

a2, P2, < (1Bl + V2L - M)

o 1My, + 102 M M

One easily sees that, for any predictable process ® with values in £(H,R) ~ H, one has
[@-M,® - M] < ||®| -[M,M]. Therefore, by Young’s inequality, for any ¢ > 0 there
exists N = N(g) such that
(M- M, M_ - MY2 < (| M_||? - [M, M) 2
< MZ M, M2 < N(ME) + e[M, Mo,

whence
[{ L .7 A 4 | R CL7 A s 1178974 S
= N||Mg|;,, +ell v M2
which in turn implies
082, M2, Sp (U V)| ME|, + VEIIIM, M2, -
The proof is completed by choosing ¢ sufficiently small. O

Remark 2.3. We learned about the simple arguments of the above proofs in [12], where
the upper bound is stated as exercise 6.E.3. Later we found that the argument used in
the proof of the lower bound is the same used by Getoor and Sharpe [5] (in the simpler
case of real continuous martingale), who in turn attribute it to Garsia (probably in the
form of a personal communication or an unpublished manuscript). Metivier actually
writes that the lower bound is “easy” for any p > 2. Unfortunately we have not been
able to find an easy proof for the case 2 < p < 4. Let us also mention that the proof of
the above corollary appears also in, e.g., [14] (for continuous real martingales, but the
argument above is almost literally the same).

3 Continuous local martingales

We provide a proof of (1.2) based only on stochastic calculus, following [5] (this proof has
been reproduced verbatim in some textbooks, see e.g. [6, 15]). This way one can clearly
see the arguments that will be used in Section 5 to treat discontinuous martingales,
without the many complications that appear in the general case.

The main idea is that, since we do not have “tools” to estimate the IL,-norms of M

and of [M, M ]%2, we try to reduce to a situation where estimates of La-norms of the
maximum and of the quadratic variation of an auxiliary local martingale N (that are



already known to hold) would suffice. Reading the proofs in [5], it might not be clear,
at least at a first sight, how the auxiliary martingales N are chosen. Our (very minor)
contribution is to show why it is natural to choose precisely those V.

The proof of (1.2) is split in several propositions.

Proposition 3.1 (Upper bound, p < 2). Let M be an H-valued continuous martingale.
One has, for any p €0, 2],

1M, S 10 ML, = ([, MO -

I,

Proof. We apply the “principle” outlined above, that is, we look for an auxiliary (lo-
cal) martingale N which is more manageable than M, and we exploit the inequality
E(N%)? < E[N,N]w. Let us set N = H - M, where the integrand H is a predictable
real process to be determined. Note that the identity [N, N] = H? - [M, M] holds and,
by the fundamental theorem of calculus,

o

a2 = 8 [ vt o, o
0

It is thus natural to choose H = y/p/2(e + [M, M])p/471/2, so that [N,N] = (¢ +

[M, M])P/2, where ¢ > 0 is introduced to avoid singularities. Let us now try to obtain

a relation between NZ and M7 . Observe that, by the associativity property of the

stochastic integral, we have M = H~!'. N, as well as, by the integration by parts

formula,

oo
My = (H ' N)o = H !Ny —/ NydH ",
0

which implies (taking into account that s — Hy is decreasing, hence s — H, ! is increas-
ing)
o0
Mol < BN+ N [ ;= 2HIN,
0
thus also M2 < 2H 'NZ%, as well as [|[MZ ||, < 2||H ' NZ||L,. In order to obtain an
expression involving the Ly norm of NZ , we apply Hoélder’s inequality in the form

1 1 1
1XY e, < 1X0, Ve, =5+ o
which yields

1Mz, < 2 H NG, < 2018 L, 1N,

By the definition of H and the identity ¢ = 2p/(2 — p), one has

1M, = v/27pll(e + [, MDY 772,

as well as
HN:OH <2H[N,N]éé2H ——2H(5+[M,M])¥2Hp/2,
Lo — Lo P

which allows us to conclude that
M5l < 4v/2/p (e + (M, MDY, .

The proof is finished by observing that € > 0 is arbitrary, hence the previous inequality
also holds with € = 0. a



Proposition 3.2 (Lower bound, p > 2). Let M be an H-valued continuous martingale.
One has, for any p €]2, 0],

a2, A2, = (M MIE L, Sp 1ME -

Proof. Let us set, in analogy to the proof of the previous proposition,
N:=H-M,  H:=\/p/2[M, M]P/*~1/2
so that [N, N] = [M, M]P/2, which implies

1z, A2\ = [V N, = [ Neollgy ) < V2 -

The integration-by-parts formula yields
oo
Noo = (H - M) = Hoo My —/ Mg dHg,
0
from which one infers, since s — Hy is increasing (because p/2 — 1 > 0), that || Ny <
NX <2H, MZ . This in turn implies

< 2||Hoo M,

oll, = 20Hooll, |2

(A ol

where 1/2 =p~1 + ¢!, i.e. ¢ =2p/(p —2). Using the definition of H, one has

HHOOHLq = \/I%H[M’ M]i?Hif_l?

hence o _ /21
a2, ML < NG, < v/p/2][[M, M1\ M
which implies the results by simplifying and rearranging terms. O

Note that both inequalities proved in the last two propositions relied on (essentially)
the same auxiliary local martingale. However, unfortunately it seems difficult to use once
again the same construction to prove the lower bound in the case p €]0,2[. One can
immediately convince himself about this by inspection of the proof of Proposition 3.1.
On the other hand, a similar proof will still do, provided a different auxiliary martingale
is used.

Proposition 3.3 (Lower bound, p < 2). Let M be an H-valued continuous martingale.
One has, for any p €]0,2],

/2
11, M1, Sp [ ME -

Proof. We introduce once again an auxiliary local martingale N := H - M, and then we
compare the Lo-norms of [N, N ]%2 and N2 . It is (intuitively) clear that, in order to
exploit the inequality H [N, N] Y QHL < HN * HLQ, one would need to establish an upper
bound for NZ in terms of MZ, * . For this purpose, let us use once again the integration-
by-parts formula, assuming that H is a real predictable process with finite variation
which will be defined later. Then one has

t
Ny = (H M), = HtMt+/ M,d(—H,)  Vt>0.
0

7



This “starting point” already suggests how to choose H: in fact, neglecting the integral
on the right hand side, we see that E|N;||? should be of the order of EH?(M;)?, and
we would like this term to be of the order of E(M;)P, which suggests that we may try
taking H of the order of (M*)?/2~1. Let us then set

H:= (e + M*)P*

where € > 0 is arbitrary and is introduced to avoid singularities. The identity [N, N] =
H? . [M, M] implies [N, N]oo > H2 [M, M]s, because s — H?Z is decreasing. Similarly,
the integration-by-parts formula, the definition of H, and elementary calculus imply the
estimate

t
Ny < HoMs+ [ Mzd(-)
0

< (5+M§O)p/2+/ (e + MF)d(—(e + MPP71)
0

< e+ ML) W=py2) [T+ M a4 )
0
2 /2
€+M* p
<2(er )

Collecting estimates and taking [Lo-norms, we have

HL

];H(e + M)y, = H6 + M

[ Hoo [, MIZ |, < ([N, NI

< [Nl =
In order to obtain a term depending on the L, norm of [M, M ]1/ ? on the left-hand
side, we proceed as follows: let ¢ > 0 be deﬁned by the relation p~! = 1/2 4+ ¢71, i.e.
q =2p/(2 — p), and write, using Holder’s inequality,

lag, M|y = S Hoo M, MIEZ | < (| HE |, ([ Hoo [, M1,
2 e
< HL e+ M
where, by the definition of H and elementary computations, HHC;O1 H]Lq = Ha—i— Hl /2,
1/2

We have thus proved the inequality ||[M, M]s) HL < (2/p)||e + MZ||, , which is valid
P
also for € = 0, since ¢ is arbitrary. The proof is thus finished. O

Remark 3.4. Tt is possible to give an alternative very short proof of (1.2) that involves
little more than just It6’s formula. In fact, appealing to Lenglart’s domination inequality
(see [10]), one can show that once either the (lower or upper) bound holds in L,, then it
holds in L, for all ¢ €]0,p[. In particular, the bounds of Section 2 are enough to prove
Theorem 1.1 for continuous local martingales (cf. [14] for more detail, as well as [9] for
a similar proof). This method, however, does not work for general local martingales.



4 Auxiliary results

4.1 Calculus for functions of finite variation

We shall denote the variation of a function f : R, — H by fooo |df|. Recall that, if f
has finite variation and f(0) = 0, then f* is bounded by the variation of f (in fact, f*
is bounded by the oscillation of f, which is in turn bounded by the variation of f).

Let U and V be two H-valued functions with finite variation. Then the following
integration-by-parts formula holds

(UV)=U_-V+V_-U+) (AUAV).

Since the series in the previous expression can be written as (V' — V_) - U, one also has
(U,V):U-V+V~U=/UdV+/VdU. (4.1)

Using the integration-by-parts formula for semimartingales, it is immediately seen that
(4.1) still holds if only one of U and V' is a process with finite variation and the other
one is a semimartingale (and appropriate measurability conditions are satisfied).

Calculus rules for functions (and processes) of finite variation may differ substantially
from the “classical” calculus rules for continuous functions. In this section we collect
some elementary identities that will be needed in the sequel. In particular, if U = V|,
(4.1) yields

dU? = (U_ + U)dU, (4.2)
which also implies, if U > 0,
1

dUY?) = ———qU. (4.3)
Ul gt/

Assume now U > § for some § > 0, and set V' =1/U. Then (4.1) yields

| = U = /U d(—1/0) +/(1/U) i,

or equivalently

d(—1/U) = ﬁ . (4.4)

Lemma 4.1. Let V' be an increasing function with Vo = 0. Then one has
t q— 1
/ Vdva )y < Ty vy e o)
0 q

and

t
1 —
/ Voo d(-VIh < — qvﬂ Vq €]0,1].
0



Proof. Let 0 =1ty <t} <--- <t, =t be a finite partition of [0,¢]. For ¢ > 1, one has

n—oo

/ Ve d(Vq 1 = lim ZVt t2+1 th 1)7
0

hence the first inequality is proved if we can show that

ay(zd -2 < qgl(xg—x‘{) V0 <2y < o,

In fact, by the fundamental theorem of calculus, one has 23 — 2 < g(z2— xl)a:g_l, which
implies, after a few elementary computations,

1 q

> q
q_1x1+q_1

q
Ty =

q—1
1Ty

hence also

T (o — o) 2 (s — 7).

Let us now turn to the case 0 < ¢ < 1. Note that, in principle, we cannot write

t
1 1 1
/OVS_d( VA = lim th (vt -y

n—o0

because Vy = 0. However, a simple regularization of the type Vj = ¢ > 0 and then
passing to the limit as € — 0 at the end of the computations would suffice. Hence we
can proceed in a slightly formal (but harmless) way accepting the previous identity as
true, and, in analogy to the case ¢ > 1, it is enough to show that
1 1 1—
VL v < =

tiv1 /) =

-V vie {0,1,...,n—1}.

i+1

The latter inequality certainly holds true if one has

xl(m(f_l — xg_l) V0 < 21 < 9.

Let 0 < z; < 5. Since z — z97 ! is decreasing, the fundamental theorem of calculus
yields

2

_ 1
x%—x‘{:q/ yitdy > qrd — quy 0
x

1

Rearranging terms, this implies

1 _
xgzl_qx’f—lz 33195% 17
hence also
zd— 21> 1 E p (2 — 223,
which is the desired inequality. O

10



We shall also need some L, estimates for compensators of processes with integrable
variation.

Proposition 4.2. Let V be a real increasing process with compensator V. Then

/ 4V / av|
0 0

Proof. Since V is increasing, then V is also increasing', hence we only have to prove
IVecllr,, < p[[Vas]ly,,- We have

V1l <p<oo.

<p;

Lp Ly

‘700 = sup IE{VOO,
Vool S

where ¢ is the conjugate exponent of p and B;(L,) stands for the unit ball of L,. Let
¢ € Bi(Ly) be arbitrary but fixed, and introduce the martingale N defined by N; :=
E[¢|Fi], t > 0, Noo := . The integration-by-parts formula yields

hence, using the definition of compensator, the fact that V is increasing, and Holder’s
inequality, one obtains

EVoo = E(N- - V)oo S ENS Voo < [ING |l Vool
Since, by Doob’s inequality, one has
INGe, =PIV, = plléll, <P
the conclusion follows because £ is arbitrary. O

The following proposition extends, in the case p = 1, the previous inequality to
Hilbert-space-valued processes.

Proposition 4.3. Let X : Ry — H be a right-continuous measurable process such that
E [|dX| < co. Then X admits a dual predictable projection (compensator) X, which
satisfies

E/ ydfng/ dX]|. (4.5)
0 0

Proof. The existence of X, as a process with integrable variation, follows by a result due
to Dinculeanu (see [4, Thm. 22.8, p. 278]). Let M := B(Ry) ® F. By [4, Thm. 19.8,
p. 220], there exists a o-additive measure px : M — H with finite variation |px| such
that

MX(A):E/ 14dX VAeM
0

and -
\,uX](A):E/ 14]dX]| VA e M.
0

! An overkill proof of this fact is that V is a submartingale, and V = (V — f/) + V is its Doob-Meyer
decomposition.

11



The dual predictable projection p4 of pux is defined by
ph M3 A Pladpx,
R+XQ

where PY" denotes the predictable projection of a measurable process Y. The dual
predictable projection (compensator) X is constructed as the unique process associated
to the measure ué’( =: ug. We can thus write

o
B[ ClXI= [ vdegl= [ vdig)
0 R+XQ R+XQ

where, by [4, Thm. 22.1, p. 272], || < |px|P. Taking into account that, if there exists
a constant N such that |Y'| < N then |PY| < N outside an evanescent set (see e.g. [3,
§VI.43]), one has, by the definition of dual predictable projection of a measure,

E/ de\g/ 1dyuX\pg/ 1duX\:E/ |dX|. O
0 R+><Q R+><Q 0

4.2 An extension of the Riesz-Thorin interpolation theorem

We quote, omitting the proof, a generalization of the Riesz-Thorin interpolation theorem,
dealing with L, spaces with mixed norm.

Let (X1,p1), (X2,p2),...,(Xn, n) be measure spaces, and p1,pa,...,pn € [1,00].
Setting p = (p1,p2,...,pn) and 1/p := (1/p1,1/p2,...,1/py) for convenience of nota-
tion, let us define the following spaces of integrable functions with mixed norm:

Lp:=Lp,.p, = Lp (X1 = Lpsy,ps 1) - Lp, 1= Lp, (X i)
The following result is due to Benedek and Panzone [1, p. 316].
Theorem 4.4. Let T be a linear operator such that

< MO, < Mlv

(M [P [ [P—

with po, P1,do,d1 € [1,00]|". Let 8 €]0,1[ and define p, q through

0 1-06 1 0 1—-6 1
— + = —, — 4+ = —
P1 Po p q1 d0 q
Then one has
[leall < MOM0
Lp—Lg — 770 1-

Let (X1, u1), (X2, u2) be two measure spaces, and H a real separable Hilbert space.
We shall say that a map T : Lo(X1 — H, p1) — Lo(Xa, u2) is sublinear if

(@) |T(fi + f2)| < |Tfrl +|T f2| for all fi, fo € Lo(X1 — H, p1);
(b) |T(af)| = |||Tf] for all @« € R and f € Lo(X1 — H, p1).

12



The following result can be deduced by the previous theorem identifying H with /s,
and by using the linearization method of [7] (cf. also [2]) to cover the case of sublinear
operators.

Theorem 4.5. Let T be a sublinear operator such that

§M07 <M17

HTHLPO (X1~>H)4)Lq0 (XQ) HTHLpl (Xlg)H)ﬁ)qu (Xz) -

with po, p1, qo, q1 € [1,00]. Let 6 €]0,1[ and define p, q through

010 1 0 10 1
p1 Po p 0 q0 q
Then one has
1T 1, 0 iy s Ly (30) < My~

4.3 Stein’s estimate for predictable projections of discrete-time pro-
cesses

In the proof of the BDG inequality for Hilbert-space-valued martingales we shall use a
slightly extended version of an I, estimate for the quadratic variation of the predictable
projection of an arbitrary discrete-time process, due to Stein (cf. [16, Thm. 8, p. 103]).
For the sake of completeness, we include its simple and elegant proof, which relies on
Theorem 4.4 above.

Theorem 4.6 (Stein). Let (2, F, (Fn)nen, P) be a discrete-time stochastic basis and
(fn)nen an H-valued process. For any p €]1,00[ and any sequence (ng)ken of positive
integers, denoting conditional expectation with respect to Fp, by E,, one has

[(Siznnl?) ™| =)™ -
k Ly k L,

1.€. H(Enkfk)kHLp(gQ(H)) Sp HfHILp(Zz(H))'

Proof. Define the linear operator

Let us show that T is bounded on L,(¢,(H)): one has, by the conditional Jensen in-
equality and Tonelli’s theorem,

HTfHJLp (6p(H)) = Ix "kfk)Hle (6p(H)) — EZHEnkkap
k
< EZEnkaka = ZEEnkaka < E|fll?
k

_EZ | fillP = HfHLpap

13



Let us also show that 7" is bounded on L, (¢s(H)): one has
HTinp(eoo(H)) = ESI;PHEnkkap < ES%P(EnkakH)p

< Esup(E, sup I f&ll)? = Esup|ek|?
n n

Y

where n — &, = E,{x, with £ := supy || fx]|, is a real-valued martingale. Doob’s
maximal inequality then yields

Esgp‘gnv Sp E‘goovj = E(Sllip ”fk”)p = HfHILp(EOO(H))'

Identifying H with f5, we have shown that

< 090, < 00,

[/ P—— [ [P

hence Theorem 4.4 implies that

HTH]LP(EQ(H))H]LP(&Z(H)) = HTHLP’q,ﬁLp,qyg <000 Vl<p<g<oo.

In particular, this proves the theorem in the case 1 < p < 2. Let us show that T is a
bounded endomorphism of L, (¢2(H)) also if p > 2. Let p > 2 and f € L,(¢2(H)). Then
one has, denoting the duality form between L,(¢2(H)) and L, (¢2(H)) by (-,-) and the
unit ball of L,/ (¢2(H)) by Bi, taking into account that T is self-adjoint on Lo (¢2(H)),

1T e, taary) = T b {Tf.90 = HSEHBPl<f o

< Sup ||f||ILp(£2 y I T9ll L (£2(H))
g€

< ”f”]l,p(fg(H)) TN, 60 11y -1, 02 1))

where the operator norm of 7" in the last term is finite because, as already proved, T is
a bounded endomorphism of L,y (¢2(H)). O

5 General case

5.1 Predictably bounded jumps

Proposition 5.1 (Conditional lower bound, p = 1). Let M be an H-valued martingale
and D an increasing adapted process such that ||AM_|| < D_. Then one has

1M, M|, S 1M + Doy, -
Proof. For a fixed € > 0, let us introduce the local martingale N := H_ - M, where
—-1/2

H:=(e+D+ M)

We are going to compare the Ly norms of [N, N]s and of || Nul||?. To this purpose, note
that, since s — Hj is decreasing, one has

[N,N)oo = H? - [M, M] > H> [M, M,

14



hence also HH [M, M] L QHM < H [N, N] L QHL Moreover, the Cauchy-Schwarz inequal-
ity yields
082, ML, = ([, MY Hoo H |y, < ([, M1 Hoo | [ S, 5.1)
< [N NI 1, = Vool [
where

|2 N, = N6 + Doo + M) 2|y, = lle + Do + Mg |1/
Thanks to the integration-by-parts formula H_ - M = HM — M - H, one has

HMJSEM&+/\WMM@
0

which implies, by the inequality || M| < ||Ms—|| + ||[AM;|| < e+ M} + D,s_ and the
definition of H,

| Noo|| < (e + Do + M2 )Y/? +/ (e+ M} +Ds_)d(—(c+Ds+ M;‘)*l/?).
0

Setting U := H™' = (¢ + D+ M*)Y/2, the integral on the right hand side can be written

as
o0 o0 U2 o]
[Trracyn = [T [Tav = e Dt
. o UU )

hence " »
[Noollyiny < (e + Doo + M%) 7|, = lle + Doo + M|/

Taking (5.1) into account and recalling that £ > 0 is arbitrary, the proof is completed. [

Proposition 5.2 (Conditional upper bound, p = 1). Let M be an H-valued martingale
and D an increasing adapted process such that ||AM_|| < D_. Then one has

1825

Sl S M, M2+ D

oo,

Proof. We adapt the proof of Propositon 3.1. Let
H:=/12(M,M]+ D> N:=H_ .M,
so that M = H~'- M and, by the integration-by-parts formula,
Moo = (HZ" N)oo = H) Nog — (N - H V)oo

Taking norm on both sides and recalling that s — H, ! is increasing, one has
[e.e]
My < HNG + N [ () = 2HNG
0

hence also, using the Cauchy-Schwarz and Doob inequalities,
<2 Ho N, < 20 HG I, 1

< AH L, 1Nl ) = 4 HS

ol
H N N 1/2

1M,

e o I,

15



where

1L, = V21 e+ M. Moo + DR) |, = V2| (e + (M, Moo + D),

Moreover, by definition of IV, one has

[N, No = ;/OO([M, M), + D2)" V2 aim, My,
0

hence, noting that [M, M|, + D?_ > [M, M],_ + |AM,||?> = [M, M]; for all s >0,

NN < [T,
o 2[M, MY

o0 1
<
~ /0 (M, M2 + (M, M)

d[M, M|, = [M, M]%/?,

where we have used (4.3), as well as the fact that [M, M] is an increasing process and
&+ 2~ /2 is decreasing. This implies

[N NI, = (100 M0, = (1 M2 < (e o (M. Mo + D)

and the proof is finished by combining the estimates. O

We now consider the case p €]1,2[, whose proof proceeds along the lines of the
previous one, but is technically more complicated.

Proposition 5.3 (Conditional lower bound, 1 < p < 2). Let M be an H-valued mar-
tingale and D an increasing adapted process such that ||AM_|| < D_. Then one has,
for any p €]1,2],

100, ML, Sp (M2 + D

ool

Proof. Let us introduce the local martingale N = H_ - M, with
H:= (e + M*+D)"*",
Defining ¢ > 0 by p~! =1/2+ ¢!, i.e. ¢ =2p/(2 — p), Hélder’s inequality yields

I, ML, = (1M, MU o B, < (|0 ML Hoc |y ||,

where, by definition of H and elementary computations,
1<, = lle + Mz + Deolly, ™.

Moreover, since s — H is decreasing, one has [N, N]oo = (H2-[M,M]) > H3,[M, M,

which implies ||[M, M]&*Hu| | < [|[N, NJ&£*[|,.. hence also

I

ML ML), < oMot Dol P2 N, NL2], = [l Mo+ Dol Moo

L, L, H]LQ (H)'

The integration-by-parts formula

Noo = (H- - M)Oo = H M +/ M d(—Hy)
0

16



and the inequality || M| < ||Ms—| + ||AMS|| < e+ M} + D, (valid for all s > 0) yield

o0
N* = (e 4+ Do + M )P > M + / M d(—(e + Dy + MZ)P/?71)
0

< (e Do+ MLP2+ [T M+ Du)d(—(e 4 D+ M),
0

Setting V := ¢+ M* + D and appealing to Lemma 4.1, one obtains the estimate
oo
/(HWC+QJ%%+Q+MW”5
0
o
9 _ _
_/ Vod(-vrr Ty < 2 Pyr2 2Py s 4 )P,

0 p p

which yields

2 N %
INoell oy <INl < Sl + M + Do), = *H€+M + D[22
Collecting estimates, one concludes that
(2, MJL2]l,,, < *H€+M* + Decl|,-

The proof is completed by recalling that € > 0 is arbitrary, hence the last inequality
holds also with ¢ = 0. O

Proposition 5.4 (Conditional upper bound, 1 < p < 2). Let M be an H-valued mar-
tingale and D an increasing adapted process such that ||AM_|| < D_. Then one has,
for any p €]1,2],
1/2
1M, Sp 1M MIEE + Dol

Proof. Let € > 0 be arbitrary, and define the processes
H:=/p/2(c+ M, M|+ D>"*"'?  N:=H_ .M,

so that M = H_'. N, hence also, exactly as in the proof of Proposition 5.2, M <
2H ' N, which in turn implies, by Hélder’s inequality,

< 2||HZ'N;

Solle, < 2HLL, [N

1M, ol

where ¢ > 0 is defined by p~! = 1/2+ ¢!, i.e. ¢ =2p/(2 —p). By definition of H, one
has

|, = V7RIl (e + (M Moo + D2) PO

< /9 H + M, M1/2—|—D) —JD/ZH]L /5 H5+ (M, M]I/Q—G—Dul p/2

Moreover, since

[N,Nloo = (H? - [M, M]) __ = g/m(s+ (M, M, + D2_)"*""ajm, M,
0

17



and [M, M]s_ + D> > [M, M]s_ + ||AM;]||?> = [M, M, one has
p [~ p/2—1
[N, N]o < 2/ (e + [M, M) d(e + [M, M]s),
0

because  +— zP/>~1 is decreasing (recall that p/2 — 1 < 0). Setting V = ¢ + [M, M] and
recalling the integration-by-parts formula (4.1) as well as Lemma 4.1, one has

/Ooo(e + M, M) d(e + M, M)

V2P [TV d(-v) < 2R = 2 e M),
0

in particular [V, N}})f < (e +[M, M]})é2)p/2. Doob’s inequality then yields
HN:oHLQ = 2HNO<>HJL2(H) - 2H[N’ N]iéQHLZ

< 2| e+ (M, M2 |, < 2lfe + [V, MIL2 + D2

I,

Collecting estimates, one ends up with
1MLy, < 4v2/p |l + M, ML + Do, -

The proof is completed, once again, simply by recalling that € > 0 is arbitrary. O

Proposition 5.5 (Conditional lower bound, p > 2). Let M be an H-valued martingale
and D an increasing adapted process such that ||AM_|| < D_. Then one has, for any
p €]2,00],
1/2 *
102, M1, Sp M, + [[Dell,
Proof. Let us set
H=/p/2(IM,M]+D?)"*"'?  N=H .M,
so that

NN =5 [ (r s D2 ) ), >

VRS

o0
/ [M, MPP/27Yd[M, M,
0
where we have used the inequality [M, M]_ + D% > [M, M]_ + ||[AM]|]? = [M, M]. Let

us show that [NV, Ny > [M, M]gf: setting V' := [M, M| and ¢q := p/2 for notational
convenience, one has, using the integration-by-parts formula (4.1),

[MNMZq/‘”HWZQOQ—/ uﬂw10.
0 0

Lemma 4.1 then yields

[MthqOQ—AMWﬂW102%®%W%VW§=MLM%?
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hence, immediately,

H[M M] 1/2 < H [N, N 1/2H2/p _ HNOOHZ/p H HQ/p.

I,

Moreover, integrating by parts, one has
o0
Ny = (H- - M)o = Hoo M —/ M, dHy,
0

which implies N < 2H M7, thus also, setting ¢ := 2p/(p — 2),

< 2||Ho M, <2||Hully, M, < V20| (1M, M]oo+ D2, )1/2Hp/2 g

1N, ol

The last two estimates and the elementary inequality (a + b)l/ 2 < g1/2 4 p1/2 yield

H[M M 1/2H < (2p) l/p H [M, M) 1/2 +Doo|’i;2/p“ HQ/p
Let us apply Young’s inequality in the form
al b 11 S
abﬁa;%—N(a)?, 6+?:1’ N(e) = g~

choosing ¢ = p/(p — 2), hence ¢’ = p/2, and ¢ = g(2p)*1/p: we obtain

1 *
2, M2 < 51, MY + Dol + N (o) | M,

1 1
< Ljar a2y, + Hoal, + N,
with N (p) = 2P/2*1 (which is not the optimal constant), hence, collecting terms,

(0, M1eL7|y, < 2722 | ML, + | Dol

5.2 Davis’ decomposition

ol

The following result, known as Davis’ decomposition (whose continuous-time adaptation
is due to Meyer [13]), is the key to extend the maximal estimates of the previous subsec-
tion to general martingales without any assumption on their jumps. The proof we give

here follows closely [13].

Lemma 5.6 (Davis’ decomposition). Let M be an H-valued martingale, and define
S:=(AM)*, i.e. Sy :=supg<i||AMsl| for allt > 0. Then there exist martingales L and

K such that
(i) M=L+K;
(i) AL <45

(iii) K = K' — K2, where [;°|dK'| < 2S5 and K? is the compensator of K*.
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Proof. Let us define the process K' by

Kl =Y AMJIgam,s2s7 ¥t =>0. (5.2)

s<t
Note that, if ¢ is such that ||AM;|| > 2S;_, one has
[AM|| + 25— < 2||AM|| = 25,

hence ||AM;| < 2(S; — S;—), which implies that the process K! has variation bounded
by 284. Let K = K' — K2, where K?2 is the (predictable) compensator of K, so that,
in particular, K is a martingale. Furthermore, let us set L' := M — K, L? := —K?,
and L = L' — L?. 1In particular, L = M — K is a martingale. It remains only to
prove (ii): since L = L'+ K? and K? is predictable, it follows that, for any totally
inaccesible jump time T, one has ALy = ALL (e.g. by [12, Prop. 7.7]), hence also,
by (5.2) and by definition of L!, |ALz| < 2Sy_. Moreover, for any preditable jump
time 7', one has E[ALy|Fr_] = 0 because L is a martingale, and E[ALZ|Fr_] = ALZ
because L? is predictable, thus also AL2. = —E[ALL|Fr_]. This implies, again by
(5.2) and by definition of L', that ||ALZ| < 2E[Sy—|Fr_] = 2S7_, hence also that
|ALr| < ||ALL|| + ||ALZ|| < 4Sr—. By general decomposition results for stopping
times (see e.g. [12, §7]), it follows that ||AL|| < 4S5_. O

5.3 Real martingales

Throughout this section we shall use the symbols L, K and S as they have been defined
in Lemma 5.6 above.
We start with a simple corollary of Davis’ decomposition and Proposition 4.2.

Lemma 5.7. Let M be a real martingale with Davis’ decomposition M = K + L. Then
one has || [ K[|, Sp [|Solly,-

Proof. Note that we can write K' = K'* + K1~ where KT has only positive jumps
and K~ has only negative jumps. Then it is immediate to see that K? = K1+ 4+ K1-,
which, taking Proposition 4.2 into account, implies that

/ k|| < ‘/ K| +‘/ dKH| + / dK| +‘/ dKT|
0 L, 0 Ly 0 Ly 0 L, 0 Ly
<@ [Tt )| [
0 Ly 0 Lp
Since the total variation of both K'* and K'~ is bounded by 2S5, we conclude that
H/ K[| <4+ 1) Swl,,,- =
0 L P

P

Proof of Theorem 1.1 (H =R). Note that the upper bound for p > 2 has already been
addressed. We treat the remaining three cases separately.
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LOWER BOUND, 1 < p < 2. Let M = L + K be the Davis’ decomposition of the
martingale M. Then one has [M, M]ééz <|[L, L]ié2 + [K, K]}X/P, hence also

a2, M1, < N2 22N, + 1T KT,
where, by Propositions 5.1 and 5.3,
2 212N, <o 125, + 19e]ly,,-
Note that M = L+ K also implies L* < M*+ K*, and, by definition of .5, it is immediate
that Soo < 2MZ . Therefore, taking Lemma 5.7 into account, one has

(0.9}
001, MU, p I, + IS, + 15 K2, < I, +2 [ s

Ly

< 15wl < [ 0

ol
UPPER BOUND, 1 < p < 2. Taking into account Propositions 5.2 and 5.4, the estimates
M2, < || Lill, + K2 ||, and [L, L]Y? < [M, M]Y? + [K, K]'/? yield
1My, o 108 ZI2 N, + 1Soolly, + 15,
< 0, ML, + [ Soell, + 10 KL, + (1K,
Noting that

S = (AM)” = (1AMP))7* < (Y 1an?) ™ < (v, w2,

1/2

hence HS HIL < H [M, M]5 we are left with

I,

S (1M, I, + (108 KL, + 16

1223 ol

oll, <

where, repeating an argument used in the previous part of the proof,

[ 1ax]
0 L

Collecting estimates, the proof is completed.

10, B2, + (16

lle, S S (185l < 1M, M2,

P

LOWER BOUND, p > 2. Davis’ decomposition M = L+ K implies [M, ]\J]cl,é2 <|[L, L]ééz—i—
(K, K ](1)42, hence also, taking Proposition 5.5 into account,

00, 122, < N 212, + N0 K12, S 125l + 1ol + 1105 KTl -

I, [

We can further estimate the terms on the right-hand side as follows:

] / dK|
L

125, < 1Melle, + 1K, < (13|, +

Y

P

1550 [, < 2(IMlly,,-

<22, < | [ o

hence the proof is complete, recalling that by Lemma 5.7

/ dK|
0 L

Y

Ly

So (15wl S 1M,

P
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5.4 Hilbert-space-valued martingales

Lemma 5.8 (Upper bounds by lower bounds). Let p €]1,00[ and assume that
IV, N2, S 1N,
for any H-valued martingale N. Then, for any H-valued martingale M, one has

ozl <

[M’ M]})é2 HILp/ )

where p' is the conjugate exponent of p, i.e. 1/p+1/p' = 1.

Proof. Note that the (topological and algebraic) dual of L,(H) is L,/ (H), with duality
form E(-,-). Therefore, denoting the unit ball of L,(H) by Bj, one has, recalling Doob’s
inequality,

HM;OH]LP, v MOOH]LP,(H) = 58611151 E(Mo, §).

Let £ € L,(H), E|¢||” < 1, be arbitrary, and consider the martingale t — N; := E[¢|F],
Ny = &. Kunita-Watanabe’s and Holder’s inequalities yield

< E[M7M]<1>é2[“aN]<l>éQ < H[M,M]})fHL ,H[N, N]éf”n, .
D P

By the hypothesis and Doob’s inequality, one also has

NN, N0 S IVl iy = 1€l ey < 1.
therefore we are left with E(M, &) <, ||[M, ]\4]<1x/,2||]L .- Since { € By is arbitrary, the
P
claim is proved. O

Lemma 5.9 (Interpolation of lower bounds). Let 1 < p; < pa < 00, and assume that,
for any H-valued martingale M, one has

82, M, o

M, Vi€ {12}

Then one has ||[M, M]éézHLp <p HM;‘OHLP for all p € [p1, p2].

Proof. Thanks to the martingale convergence theorem and Doob’s inequality, we can
identify the space of H-valued martingales such that [|MZ[|; < oo, p > 1, with L(Q —
H, F,P). For i € {1,2}, let us define, with a slight abuse of notation, the operator
T : Ly, (H) = Ly,
Mo = [M, M]/2,

which is immediately seen to be sublinear in the sense of §4.2. Taking Doob’s inequality
into account, one has

Tl = 1M, M2y, S

ML, S

i.e. T is bounded from L,, (H) to L,,, and from L,,(H) to L,,. Therefore, by Theorem
4.5 we infer that 7' is bounded from L, (H) to L, for all p € |p1, pa[. O

Mm\\Lpi(H) Vi € {1,2},
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Proof of Theorem 1.1. If p = 1, the proof of the previous section still works, if one
appeals to Proposition 4.3, which implies that

/ dK| / K|
0 0

By the results in Section 2 we know that the upper bound holds for all p > 2, and
that the lower bound holds for p = 2 and for all p > 4. Therefore, by Lemma 5.9, the
lower bound in fact holds for all p > 2. In turn, Lemma 5.8 yields the validity of the
upper bound for all p €]1,2[ (hence for all p > 1), provided the lower bound holds for
all p €]1,2[, which we shall prove now: letting M = L + K be the Davis decomposition
of M and proceeding as in the proof for real-valued martingales of the previous section,
one obtains

< S Seolln, S 1ML,

]Ll ]Ll

1002, M1, p M5, + IS, + 10 KL
Applying the upper bound to the martingale K, one has HKOOHJLP Sp H (K, K 1/2HJL ,
thus also
I ML, Sp M2, + 1T K2

To complete the proof, we only have to show that the second term on the right-hand
side is controlled by the L,-norm of M7 . To this purpose, recall that K = K I _ K2
where K, K2 have integrable variation and K? is the (predictable) compensator of K.
Therefore one has

K, K2 < (K KL + (K2, K22

and, by a reasoning already used in the proof of Davis’ decomposition,

K% K% = Y |AKT, |17,
neN

where AK% = E[AK% |F7,—] and (Ty,)nen is a sequence of predictable stopping times.

Applying Theorem 4.6 to the discrete-time process n — K7 ., one obtains H [K?, K?] 1/ QHLP
H (K K! 1/2H1L , hence also
i K12, & N L + P
St KL, < | [T s, -

P
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