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Elementary probability prerequisites

These pages remind some important results of elementary probability theory that
we will make use of in the stochastic analysis lectures. All the notions and results
hereafter are explained in full details in Probability Essentials, by Jacod-Protter, for
example.

Probability space

Sample space (2 Arbitrary non-empty set.

o-algebra F A set of subsets of 2, including the empty set, stable
under complements and countable union (hence
countable intersection).

Probability measure P A function from F to [0, 1] such that P(2) = 1 and
P(U;A;) = >, P(A;) for any disjoint elements in F.

Probability space (2, F,P) A triple composed on a set €2, a g-algebra F C 29,
and a probability measure on F.

Random variable X Given a probability space (Q,F,P) and a metric
space (G,G), X :  — G is measurable in the sense
X~1(g) € F for any g € G.

Wiener space In these lectures, €2 can be the set W of continuous
functions from [0, 1] to R (Wiener space) vanishing
at 0, F = 0(W,,0 < s < 1) is the smallest o-algebra
for which all coordinates mappings w — W (w) =
w(t) are measurable, and G = R¢ endowed with its
Borel g-algebra.

Monotone class theorem For C C 29, let o(C) be the smallest o-algebra
containing C (uniquely defined as an intersection of
o-algebras is a o-algebra). Let P and Q be two pro-
bability measures on o(C). If C is stable by inter-
section and P, Q coincide on C, then P = Q.

Conditional expectation

Definition On a probability space (2, F,P), given an inte-
grable random variable X : 2 — G and a sub-o-
algebra G C F, a conditional expectation of X with
respect to G is any G-measurable random variable
E(X|G) : w — G such that [, E(X | G)(w)dP(w) =
S5 X(w)dP(w) for any A € G.

Existence Given by the Radon-Nikodym theorem, hence an
absolute continuity condition. In practice, the exis-
tence is often proved in a constructive way, i.e. by
showing a random variable with the desired proper-
ties (e.g. the Brownian bridge).

Uniqueness In the almost sure sense, i.e. two conditional expec-
tation of X with respect to G only differ on a set of
probability measure 0.

Property E(E(X | G)) = E(X) whenever G C F.



Closed operator

Riesz representation

LP — L9 duality

Almost sure

LP

In probability

In law

Portmanteau’s theorem

Implications

Partial reciprocal

Paul Lévy’s theorem

Paul Lévy : the easy impli-
cation

Elementary probability prerequisites

Functional analysis

Let F : D(F) C A — B be a linear operator, A, B
being Banach spaces. The operator F is said to be
closed if for any sequence of elements a, € D(F)
converging to a € A, such that F(a,) — b € B,
a € D(F) and F(a) = b : the graph of F is closed in
the direct sum A @ B.

Any element ¢ of the dual H* of a Hilbert space H
can be uniquely written ¢ = (z,-) for some x € H.
If 1/p+1/q = 1, pjg > 0, then [flor =
SUP|ig e <1 (S5 9)-

Convergence types

On the same probability space (Q,F,P), X,
converges almost surely to X if P(X,, — X) =1,
n— oo

where the limit is in the sense of the metric of the
space G.

On the same probability space (Q,F,P), X,
converges to X in L? (p > 0) if E(|X,, — X|?) = 0,
where the distance is in the sense of the metric of
the space G, and E is the expectation with respect
to P.

On the same probability space (Q,F,P), X,
converges to X in probability if for any ¢ > 0
P(|X, — X| > ¢) T 0, , where the distance is
in the sense of the metric of the space G.

On possibly distinct probability spaces, but identi-
cal image space (G, G), X,, with law P,, converges in
law (or in distribution, weakly) to X if for any boun-
ded continuous function f on G, E,(f(X,)) i
E(f(X)).

Any of the following implies the convergence in
law : (i) the test function f only needs to be Lip-
schitz (ii) if G = R? it only needs to be infini-
tely differentiable (iii) for any closed subset C of G,
limsup,, , o Pn(C) < P(C) (iv)for any open subset
O of G, liminf,,,, P, (O0) = P(O).

Almost sure Lr — L¢
(g>p>0)
e {
In probability
1
In law

Convergence in probability implies the almost
convergence along a subsequence.
Take G = R%. If, for any u € R?, E, (el Xn) —

n—oo
f(u) := E(e*X) and f is continuous at 0, then X,
converges in law to X.
If X,, converges in law to X, E(e converges to
E(e*X) uniformly in compact subsets of R?.

iu-X, )
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Strong law of large numbers

Central limit theorem

Borel-Cantelli

Borel-Cantelli, independent
case

Fatou

Theorems

For i.i.d. random variables X;’s with finite expecta-

tion, £ Y1 X; converges almost surely to E(X;).

n
For i.i.d. random variables X;’s in L2, with expecta-
tion p and variance o2, ﬁ S T(X; — p) converges

in law to a standard Gaussian random variable.
Useful lemmas

On a probability space (2, F,P), if A, € F and
> P(Ay) < oo, then P(NJ2 ) Upyzn Ayy) = 0.

On a probability space (Q,F,P), if A,, € F, the
A,’s are independent and ) P(A,) = oo, then
P(“?f:l Um>n Am) =1
On a probability space (Q

,F,P), if X, > 0, then
E(liminf X,,) < liminf E(X,,).






Motivations

It is very natural to think about these random functions imagined
by mathematicians, and that were wrongly only seen as mathema-
tical curiosities.

Jean Perrin
Les atomes, 1913

In the above quote, Perrin refers to his derivation of the Avogadro number' : pre-
vious works by Einstein, supposing that molecules move randomly, yield to a theo-
retical derivation of this physical constant ; Perrin’s work gave further experimental
support to Einsein’s hypothesis on the particles motion.

These trajectories, known now as Brownian motions, appeared first in the work
of Brown about pollen particles moving on the surface of water. They exhibit strong
irregularities (infinite variation, nowhere differentiable, uncountable set of zeros) and
are universal in many senses presented hereafter. These lecture notes aim to give a self-
contained introduction to these random paths, through the important contributions
of Lévy, Wiener, Kolmogorov, Doob, It6, but also to show how they enlighten non-
probabilistic questions, such as a the Dirichlet problem and concentration of measure.

A first approach towards Brownian motion consists in an asymptotic analysis of
random walks. Let X; be independent Bernoulli random variables, i.e. P(X; = 1) =
P(X; = —1) = 1/2. Consider the partial sum S,, = ", ; X;. The central limit theorem
states that g

\/—% BN, (0.1)
a standard Gaussian random variable. Many other questions of interest about S,, in-
clude the asymptotic distribution of sup; ¢, S; or [{i <n|S; > 0}| for example. In
the case of Bernoulli random variables, these problems can be handled by combina-
torial techniques involving the Catalan numbers, but for more general variables X; in
L2, what is required is a weak limit of (S,,n > 0), the entire process.

In order to get a functional limit of
Sn, (0.1) gives the required normaliza-
tion. More precisely, let

_ S\_ntj
\/ﬁ ’

and B,, be the unique continuous piece-

wise affine function such that B,(t) =

Sn(t) when nt € N. In the Bernoulli

case, as the jumps of the function S,, are ~ Figurel. Samplesof B,,0 <t <1:n=
+1/y/n, for any s < 10 (red), 100 (blue) and 1000 (black).

Sn (%)

sup Z By (tks1) — Bu(te)| = (t — s)v'n — oo,

s=to< - <tm=t n—oo

1. Approximately 6 x 1023, defined as the number of atoms in 12 gram of carbon-12 atoms in
their ground state at rest. In his PhD thesis, Einstein derived from a Brownian motion hypothesis
equations for diffusion coefficients and viscosities in which Avogadro’s number appears. From expe-
rimental values of the diffusion coefficients and viscosities of sugar solutions in water, he obtained
an approximation, improved by Perrin.
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so if the path B,, converges in some sense to a limiting object B, this is of infinite
variation on any nonempty interval.

Now, given any increasing sequence 0 =ty < t1 < ..., the central limit theorem
yields that By, (t;4+1) — Bn(t;) converges as n — oo to a normally distributed random
variable with variance ¢;41 — t;. More precisely,

(Bn(tl)?Bn<t2) - Bn(tl), s ;Bn(tk+1) - Bn(ﬁk))
2 NV — BN, T — TiN) (0.2)

where N7, ..., N} are independent standard Gaussian random variables. This suggests
the following definition.

Definition. A random trajectory (B, t > 0) with values in R is a Brownian motion
if the following four conditions are satisfied :

(i) Bo = 0 almost surely ;

(ii) for anyn >2,0<t; <- - <tn, (Bt, B, —Byy,.-.,Be
vector with independent components ;

—B:,_,) is a Gaussian

n

(i11) for a any 0 < s <t, By — By ~ N (0,1 —s);
(iv) B is almost surely continuous.

Note that such a definition implies strange properties of the sample trajectory.
For example, for any ¢t >0, s =ty < -+ <t,, =1

E (Z IB(tit1) — B(ti)> vl > Vi — GE(N|) = E(M|)WVE=sv/m,
i=1 i=1

by the Cauchy-Schwarz inequality, so as expected the L'-norm of the total variation
of B on [s, ] is oo.

More interesting than the total variation is the quadratic one : from the conver-
gence in law (0.2),

E (Z 1B (tit1) — Bn(ti)|2> ot
=1

suggesting that the quadratic variation of a Brownian path till any time ¢ must be ¢.
One can even prove from the definition of the Brownian motion that

lim (Z IBn(tiz1) — By (t:)> — (t — s)) =0

where the limit is in the sense of the time step going to 0 for the subdivision s =
to < --- < t,, = t. These observations can make skeptical about the existence of
such paths. We will prove in Chapter 2 the following theorem, together with the first
properties of Brownian motion. As a prerequisite, properties of discrete martingales,
like S,,, will be studied in Chapter 1.

Theorem. The Brownian motion exists. More precisely, there is a measure W on
€°([0,1]) such that :

(1) W({w(0) =0}) =1;

(ii) for any n = 2, 0 < t; < -+ < tp, the projection of W by w — (wy,,ws, —
Wiy oWy, —we, ) 1S a Gaussian measure ;
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(iii) for a any 0 < s < t, the projection of W by w — w; —wj 1is the centered Gaussian
measure with variance t — s.

Moreover, this measure is unique and is called the Wiener measure.

Moreover, this measure is the weak limit of the random paths B,,, no matter which
distribution the normalized X;’s have. This is Donsker’s theorem.

Theorem. Let B,, be constructed as previously from iid X;’s, E(X;) = 0, E(X?) = 1.

Then for any bounded continuous (for the L norm) functional F on €°([0,1]),

E(F(Bn(s),0 < s<1)) — Ew(F(B(s),0 < s < 1)).

n—oo
We say that the process B,, converges weakly to the Brownian motion.

To some extent, the Brownian motion is the only natural random function. More
precisely, take any continuous integrable random curve (X;,s > 0) satisfying the

martingale property
E(X; | Fs) = X;

for any s < t, where Fs = 0(Xs,s < t). Then a theorem by Dubins and Schwartz
states that there exists a nondecreasing F-measurable random function f such that

(X¢(s),5 2 0)

is a Wiener process. This means that, up to a change of time, any martingale (which
does not presuppose normality) is a Brownian motion. In particular, this implies that
any martingale must either be constant or have infinite variation on any interval :
there are no smooth nontrivial martingales. A study of martingales is the purpose of
Chapter 3.

Chapter 4 relates martingales and the Brownian motion through the It6 calculus.
This requires the definition of a stochastic integral, as the limit in probability of

t
X = [ (BB, = tim 37 a(B,)(B,,, ~B)
under proper integrability assumptions for a. The It6 calculus gives the decomposition,
as a stochastic integral, of transforms of the process X.

One application of the It6 formula will be the links between Brownian motion and
harmonic functions.

More precisely, for example,
consider a connected D C R? with
smooth boundary 9D. The Dirichlet
problem consists in finding a func-
tion f: R? — R such that

f(z) =u(z) <D,
Af=0 ,x €D,

Given a bidimensional Brownian
motion B = (B;1,Bs) (B; and Bs
independent Brownian motions with
values in R), a solution to the Diri-
chlet problem is

Figure 2. A bidimensional Bownian
motion till hitting the peanut frontier.

f(z) =E(u(Br) [ Bo = 2))
where T = inf{t | B; € U}. This is an example of existence results proved by proba-
bilistic means.
Chapters 5 focuses on stochastic differential equations, here existence and unique-
ness results for dynamics driven by a Brownian motion. Some analogies with ordinary
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differential equations appear, for example if the coefficients a and b are Lipschitzian,
there is a unique path X measurable in terms of B (X; = f(Bs, s < t)) such that

t t
th/ a(xs)stJr/ b(X,)ds.
0 0

Surprisingly, we will see that in other situations solutions to stochastic differential
equations require less smoothness assumptions than in the deterministic case. For
example, for

t
Xt = Bt +/ b(Xs)dS,
0

the measurability and boundedness of b yield to existence and uniqueness of a solution.
The question, important in filtering theory, whether X is a function of B in the above
equation will be addressed.

Chapters 6 has a more functional analysis content. First, we deal with represen-
tations of random variables. For example, any F;-measurable® random variable X in
L? can be written as

1
X = / asdB, (0.3)
0

for some adapted process a. This implies in particular such random variables can
be decomposed into an orthogonal basis generated by multiple stochastic integrals,
the so-called chaos decomposition. Then the Gross-Sobolev derivative is introduced.
This allows to investigate questions like the infinitesimal variation of F(B) (F being
Fi-measurable, say) when B is perturbed by a deterministic element h, such that
h(t) = fot h(s)ds, ||h]|Z = fot |h(s)|>ds < oo : for a suitable function F, by the Riesz
representation theorem, there is an element VF(B) € H such that

lim F(B+¢h) — F(B)

€ e

— (VF(B), h).

This VF is called the Gross Sobolev derivative of F, and will make it possible to
give a complete description of what the processus a is in It&’s representation theorem
(0.3). This is important in control theory : it enables to get a random variable X by
integrating predictably along the random path B.

Finally, we give two applications, of independent interest, of the stochastic analy-
sis. The first one is about concentration of measure, in Chapter 8. Examples of such
a concentration appear on any compact Riemannian manifold with positive Ricci
curvature. For simplification here, consider the case of a n-dimensional unit sphere
", with uniform probability measure p,,. Then, for any Lipschitz function F with
Lipschitz constant ||F||z, there are constants C, ¢ > 0 independent of n, F such that

2
—e(n=1) g

pn {[F — Eu(F) > e[} < Ce
In particular, choosing
F(z) = min(dist(z, M), €)

where M is the Equator, M = {z; = 0}N
Zn, yields for some constants C,c¢ > 0

-1 0 1

2

e _ —cne
'u"(dlbt(x’M) < E) >1-Ce ’ Figure 3. Density of x; for the uni-
form measure on ", n = 20 (pink),

i.e. all the mass of the uniform measure 30 (red), 40 (blue), 50 (black).

concentrates exponentially fast around

2. Fs = 0(Bu,u < s)
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the Equator ! How are these results related to stochastic processes 7 A method to prove
concentration, initiated by Bakry and Emery, roughly speaking consists in seing the
uniform measure as the equilibrium measure of a Brownian motion on the manifold :
F—E,(F) is the different between ¢t = 0 and ¢ = oo of an evolution along the Browian
path, whose differential can be controlled.

This shows an application of Brownian paths, and more generally dynamics, to
time-independent probabilistic statements.






Chapter 1

Discrete time processes

Although these lectures focus on the continuous time setting, which involves phe-
nomena not appearing in discrete time, this chapter aims to give the intuition and
necessary tools for the following ones. On a probability space (£2, F,P), an increasing
sequence (F,)n>0 of sub-c-algebras of F is called a filtration :

FoCFHFL C---CF,C...

Intuitively, the index n is a time and a random variable is F,,-measurable if it only
depends on the past up to time n.

1. Martingales, stopping times, the martingale property for stopping times

Definition 1.1. A sequence (X,,)n>0 of random variables is called a ((Fp)n>0,P)-
martingale if it satisfies the three following conditions, for any n >0 :

(1) E(|Xa]) <o0;
(i) X, is Fp-measurable;
(iii) E(X,, | Fm) = X, for any m < n, P-almost surely.

The submartingale (resp. supermartingale) is defined in the same way, except that

E(X, | Fm) = X (resp. E(X,, | Fin) < Xin)

The above conditional expectations are assumed to exist, and there is no ambiguity
on the choice (necessarily made up to a set of measure 0). Note that, as a direct
consequence of the above definition, a martingale X vanishing almost surely at time
n vanishes almost surely on [0, n].

As an example, if the X;’s are inde-
pendent Bernoulli random variables with
parameter 1/2 and F,, = 0(Xq,...,X,),

Sy = nu—l—ZXi (1.1)
i=1

is a (Fy,)n>o-martingale for y = 0, a sub-
martingale for p > 0, and a supermartin-
gale if p < 0. This process is called the

biased random walk with parameter f. Figure 1.1. Examples of trajectories for

The submartingales are stable when S, for 100 steps : martingale (. = 0,
composing with a no-decreasing convex black), submartingale (1 > 0, red), su-
function, and a similar result holds for permartingale (u < 0, blue).

supermartingales, taking the opposite.

Proposition 1.2. Let X be a (Fy,)n>0-submartingale and f a Lipschitz convex non-
decreasing function. Then (f(X,,),n = 0) is a (Fpn)n>0-submartingale.

We will often use the following special case : if X is a submartingale, so is sup(X, 0).

11
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Proof. The Lipschitz hypothesis is just a condition ensuring that f(X,,) is integrable.
Now, for n > m, by Jensen’s inequality

E(f(Xp) | Fm) 2 f (EXn [ Fin)) -
As E(X,, | Fim) = X, and f is non-decreasing, this is greater than f(X,,). O

Now, consider a specific class of random times adapted to the filtration : their
values are determined in view of the past.

Definition 1.3. A function T : Q@ — NU {+o0} is a stopping time if {T < n} € F,
for any n > 0.

An example of stopping time is T, = inf{n > 0| S,, > a}, the time when the
process (1.1) reaches the level a € R.
The definitions prove that the set

Fri={A€eF|VneNAN{T <n} € F,}

is a o-algebra. Intuitively, Fr is the information available at time T"'. Other straight-
forward properties are (i) if S < T, Fs € Fr and (ii) T and Xplrco are Frp-
measurable.

Proposition 1.4. Let X be a (Fp)n>o0-submartingale and (H,,n > 0) be a bounded
nonnegative process, with H,, € F,_1 forn > 1. Then the process Y defined by Yo =0
and Y, =Y—1 +H (X, — Xp1) is a (Fp)nso-submartingale. In particular, if T is
a stopping time, (Xpar,n = 0) is a submartingale.

Proof. For the first statement, note that when n > m

= E(Yn,1 + HnE(Xn - anl | ]:nfl) ‘ ]:m> = ]E(Ynfl | ]:m)

By an immediate induction, this implies E(Y,, | F.n) = Y.,. The second statement
follows when choosing H,, = 1,<7, which is F,_;-measurable by definition of a
stopping time. O

Note that the above result implies that a martingale frozen at a stopping time is
still a martingale.

A natural question is whether the martingale property E(X,, | F,) = X, remains
when m, n are random times. The answer is yes for bounded, ordered stopping times,
as shown by the following theorem. To prove it, we first note that if T < ¢ is a stopping
time, then E(X1) = E(Xj). Indeed, as {T = n} € F,,

E(Xr) =Y E(Xplr=p) = > E(EX. | F)lr=n)
n=1 n=1

n=1

Theorem 1.5 (Doob’s first sampling or stopping theorem). Let (X,)n>0 be a mar-
tingale, and T, S two stopping times such that S < T < ¢ for some constant ¢ > 0.
Then almost surely

E(Xt | Fs) = Xs.

1. Example : let T is the first sunny day of the year in Paris, A the event my hibernation has been
longer than 60 days this year, and B the event at some time in History, Mars is aligned with Jupiter
and Saturn. Then, assuming one does not hibernate on sunny days, A € Fr and B € Fr. Note that,
when replacing Paris with London in the above example, remarkably B € F.



Discrete time processes 13

Proof. First, Xo < Y_;_|X;| is clearly integrable and Xg is Fg measurable, so from
the definition of the conditional expectation we need to check that for any Fg mea-
surable bounded random variable Z,

E(X1Z) = E(XsZ).

The random variable Z can be chosen of the form 1, where A € Fg (by approxima-
ting nonnegative random variables by linear combinations of such indicators, and a
substraction gives the result for any bounded Z).

Now, define U as the random time S if w € A and T if w € A. Then U is a
stopping time, bounded by ¢, so E(Xy) = Xp = E(Xr). A simplification, writing
Xy = Xgla + Xplae yields the expected result E(X1la) = E(Xsly). O

This theorem has an immediate equivalent form for submartingales and supermar-
tingales evaluated on bounded stopping times. Moreover, note that this boundedness
assumption is essential : if S is the random walk (1.1) with parameter g = 0, and
T =inf{n >0|S, = 1}, the (false) equality E(St | Fo) =S¢ yields 1 = 0.

Finally, the above result gives easy proofs of not being a stopping time. As an
example, let m > 1 and T = sup{n € [0,m] | S,, = Sup[o,10] Si}. The (false) equality
E(St | Fo) = Sp would give E(St) = 0, obviously false as E(St) > P(S; =1) = 1/2.
Hence T is not a stopping time.

2. Inequalities : LP norms in terms of final values, number of jumps.

Both theorems below are stated for nonnegative submartingale. By by replacing X
by X4 = sup(X,0) — a submartingale from Proposition 1.2 — they also give estimates
for general submartingales.

Theorem 1.6 (Doob’s maximal inequality). Let (X,,)n>0 be a non-negative submar-
tingale, and X;, = supyg , X;. Then for any A >0

A
Proof. Hence for any bounded stopping time T < n, E(Xt) < E(X,,).
Take T = inf(n,inf{k | X > A}) :

which is the expected result. [

Theorem 1.7 (Doob’s inequality). Let (X,)n>0 be a non-negative submartingale.
Then for any p > 1

B0 < (27) B,

may the right member be infinite.

Proof. Note that the proof of Doob’s maximal inequality yields slightly more than
stated :
AP(X5 > A) < E(Xplx:>a).

Indeed, still writing T = inf(n,inf{k | Xj > A}), as Ix: > is Fr-measurable and
T < n,

E(Xn]lx;;>)\) > E(Xqﬂlx;})\) > E()‘]IXT>)\]1XZ>)\) = /\P(XT > )\)
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Hence we only need to prove that for nonnegative random variables X and Y, if for
any A > 0

AP(Y > ) < EX1ysy), (1.2)
then E(YP) < (%)p]E(Xp). First note that, as y* = [/ pAP~ldA, E(YP) =
fooo pAP~IP(Y > M)dA. This yields, using successively the hypothesis and Holder’s
inequality (we define ¢ by 1/p+1/q=1),

o0 o0
E(YP) = /0 PAPTIP(Y > \)dA < /0 PP T2 E(XTysy)dA
Y
" (X/ Wﬂ‘“) = qE(XY?™ 1) < gl X[lro [ Y? Y |La-
0

If E(YP) < oo, the inequality E(Y?) < ¢||X||lL»||Y?~}||« can be simplified and gives
the required result. If E(Y?) = oo, for any m > 0 define T,,, = inf{k > 0 | |X)| >
m} A n. Then by using the previous result for the submartingale (X,aT,,)n>0, We
obtain

p
p
[ sup Xpar,, |7 < <1> XI5 -
0<k<n p—

By monotone convergence, taking m — oo allows to conclude. O

Remark. For p = 1, a similar inequality holds :
. e
E(X;) € — (1+E(Xq[log, [X,]).

Both of Doob’s inequalities above will be important in the next chapters as it
allows to control uniform convergence of martingales from their distribution at a
given time.

Theorem 1.8 (Doob’s jumps inequality). Let (X,,)n>0 be a submartingale and a < b.
Let U,, be the number of jumps from a to b before time n. More precisely, define by
induction To =0, Sj41 = inf{k > T; | X < a} and Tj41 =inf{k > S;j11 | Xy > b}.
Then U,, =sup{j | T; < n}.

Then

Proof. Let Y,, := (X,, — a)+. By definition, Y1, — Ys, > b — a for the above stopping
times T;, S; smaller than n. Consequently,

Yn = Ysl/\n + Z(YTiAn - YSi/\n) + Z(YSiJrl/\'rz - YTi/\n)

i>1 i>1

2 (b — a)Un + Z(YS,;+1An - YTi/\n)'

i>1

Now, as ¢ — (z — a)+ is convex and X is a submartingale, so is Y, from Propo-
sition 1.2. Consequently, as S;41 An > T; A n are increasing bounded stopping
times, E(Ys,,,an) = E(YT,An), so taking expectations in the previous inequality
yields E(Y,) = (b — a) E(U,,), the expected result. O

3. Convergence of martingales.

Theorem 1.9 (Convergence of submartingales). Let X,, be a submartingale such
that sup,, E ((X,)4+) < oco. Then X,, converges almost surely to some X € R and
X e LY(Q, F,P).
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Proof. Given any a < b, let U, (a,b) be the number of jumps from a to b before time n,
like in Theorem 1.8. By monotone convergence, E(Uy(a,b)) = lim, o E(Uy,(a,d)).
But E(U,(a,b)) is uniformly bounded :

1 1

E(Un(a,b)) < 7= B((Xn —a)y) < 7—

(E(X,)+ +a).

Consequently, E(Uy(a, b)) < 0o, s0 Us(a,b) < oo almost surely. From the inclusion
of events
Na<b,a,bc0{Usc(a,b) < 0o} C {X,, converges}

we conclude that X,, converges almost surely. The limit X eventually can be +00, but
this is not the case. Indeed, note that |x| = 2z, — z, so

E(Xn]) = 2E((Xn)+) — E(Xn) < 2E((Xn)+) — E(Xo)

because E(X,,) > E(Xp) (X is a submartingale). Hence, from the hypothesis, E(|X,,|)
is uniformly bounded, and using Fatou’s lemma

E(|X|) = E(lim |X,|) < liminf E(|X,,|) < occ.

We proved that |X]| is integrable, so X € R almost surely. O

For the following result, the notion of uniformly integrable family of random va-
riables is required : this is a set {X,,},>0 of elements in L' (€2, F,P) such that

lim sup E(|X,|1x, =) = 0.
A—=00 n

A (Q, F,P)-martingale X is said to be uniformly integrable if {X,,},>0 is uniformly
integrable. There are many criteria to prove uniform integrability. For example if, for
some p > 1, sup, E(|X,|P) < oo, the family is uniformly integrable. If there is an
integrable Y such that, for any n, X,, <Y, then the family {X,},>0 is integrable.
A straightforward reasoning yields that if X is integrable, X,, := E(X | F,) is a
uniformly integrable martingale. The following result shows that the converse is true.

Theorem 1.10 (Convergence of martingales). Let X,, be a uniformly integrable mar-
tingale. Then X,, converges almost surely and in L1 (2, F,P) to some integrable X € R
and X, =E (X | F,,) for any n > 0.

Proof. As the family is uniformly integrable, for some € > 0 there is a A > 0 such
that sup,, E(|X,[1}x,|>1) < €. Hence

E((Xn)+) < E(Xn|) = E(1XnTx,>2) + E(IXn|Lx,1<0) <€+ A,

so sup,, E((X,,)+) < oo and the convergence of submartingales, Theorem 1.9, implies
that (X,,)n>0 converges almost surely to some X € L1(, F,P).
Now, take any € > 0 and note, for any A > 0,

f)\(x) = l']l|x\<>\ + AMpsy — Ay
The uniform integrability implies that there is a sufficiently large A > 0 such that
E(|X, — H(Xy)]) < e. (1.3)

Moreover, as X € LY(Q, F,P), dominated convergence implies that, for sufficiently
large ),
E(X - (X)) < =. (1.4)

Finally, X,, — X a.s. so fu(X,,) — fua(X) a.s. by continuity of fy. This implies by
dominated convergence that given A, for sufficiently large n

E([/x(X) = [a(Xp)]) <e. (1.5)
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Equations (1.3), (1.4) and (1.5) together prove that X,, converges to X in L!.
Our last task is proving that X,, = E(X | F,,). As usual, taking some A € F,,, we

need to prove that
E(X,1a) =E(X14). (1.6)

For any m > n, as X,, = E(X,,, | F»), E(X,14) = E(X,,14). Consequently,
|E(X7L]1A)_E(X]1A)‘ < |E(X7L1A)_E(XW1A)|+‘ E(Xm]lA)_]E(X]lA)I < E(|Xm_X|)-
As X,, — X in L', this converges to 0 as m — oo, which proves (1.6). O

Theorem 1.11 (Doob’s optional sampling or stopping theorem). Let (X,,)n>0 be a
uniformly integrable martingale, and T, S two stopping times such that S < T. Then
almost surely

E(Xt | Fs) = Xs.

Proof. We first prove the result when T = co. We know, by Theorem 1.10, that X,,
converges almost surely and in L! to some X € L!. Then, note that for any n € N,

E(X | Fs)ls=n = E(X | Fp)Ls=n. (1.7)

To prove the above identity, note that both terms are F,-measurable and that, for
any A € F,,

/ E(X | Fp)dP :/ XdP :/ E(X | Fg)dP
AU{S=n} AU{S=n} AU{S=n}

because A U {S = n} is both in F,, and Fgs. Now, using Theorem 1.10 and (1.7),

Xs =Y Xplson = Y EX | Fo)lsn = Y E(X | Fs)ls—pn = E(X | F),

where the summation over n includes the case n = oo, corresponding to Xg = X, in
case S is co with positive probability. This gives the expected result when T = oo,
and the conditioning

Xg=EX | Fs) =EEX| Fr) | Fs) =EXr | Fs)
yields the general case. O

We end this chapter with a convergence result about processes indexed by —N,
this will be useful when extending Theorem 1.11 to the continuous setting. An inverse
martingale is a sequence of random variables (X_,,n > 0) in L! such that for m >
n>0

EX_p | Fom) =Xom

almost surely, where F_,, C F_, : (F_n,n = 0) can be thought of as a filtration
indexed by negative times.

Theorem 1.12. Let (X_,,n > 0) be an inverse martingale for the filtration
(F_n,n =0). Then, as n — 0o, X,, converges a.s. and in L' to some X € L1,

Proof. The proof is very similar to the one of Theorems 1.9 and 1.10. First, for any
a < b the number of jumps from a to b is almost surely finite from the Doob’s jumps
inequality Theorem 1.8 :

E(U(a,b)) = lim E(Un(a,8)) < —

n—00 b—a

E((Xo —a)+) < oo,
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where U, (a,b) is the number of jumps between times —n and 0. As a consequence,
X_,, converges almost surely to some X, eventually equal to £o00. As x; is convex
and nondecreasing, Fatou’s lemma and Proposition 1.2 yield®

E(X,) < liminf E((X_n)4) < E((Xo)4) < oo.

n— oo

In the same way one can consider —X, giving X € L', so in particular X is finite. The
last step consists in proving the convergence in L. Copying the proof of Theorem 1.10,
we just need to know that the family of random variables (X_,,n > 0) is uniformly
integrable. This is automatic because X_,, = E(Xg | F_p)- O

2. The only difference with the proof of Theorem 1.9 is that here the condition sup,, E((X—-»)+) < oo
is automatically true thanks to the negative indexation






Chapter 2

Brownian motion

After reminding some elementary facts about Gaussian random variables, we will
be ready for constructing one specific random trajectory, the Brownian motion, and
study its basic properties. At the end of the chapter, it is shown to be universal as
a continuous limit of random walks. In the next two chapters, it will be shown to be
universal amongst continuous martingales.

1. Gaussian vectors

This section is a reminder about properties of Gaussian vectors useful in the
following. First, a random variable X is said to be Gaussian with expectation p and
variance 02 (X ~ N (u,0)) if its law has density

1 _(==pw?
2

— ¢ 20
V2mo?

with respect to the Lebesgue measure. By convention, the Dirac measure §, is
law

Gaussian with distribution N (,0). Hence, if X ~ N(u,0%), X = u+ oY where
Y ~ N(0,1).

Theorem 2.1. If X ~ N(p,0?), for anyt € R

E(eitx) = elth— (6732

If Xy and X are independent Gaussian random variables (X; ~ N(,ul,crf),XQ ~
N (u2,03)), Xg + Xg is Gaussian with expectation py + pz and variance o3 + o3.

Proof. To prove the form of the characteristic function, as X faw w~+ oY where Y ~
N(0,1), we only need to prove that

f(t) = E(eY) = e~

Derivation into the integral sign is clearly allowed, and a subsequent integration by

parts yields
1 : 2
"t) = — [ ize'™e 7 = —tf(t).
ro=-—| 50
As f(0) = 1, the unique solution is f(t) = efé.
Now, for X; and X5 as in the hypothesis, by independence

(03 +03)t2
2

E (eit(X1+X2)) -F (eitxl) E (eith) — oit(uatpa)—
As the characteristic function uniquely determines the law, this means that X; 4+ X5

is Gaussian with mean 1 + po and variance 0% + o3. O

The rigidity of the family of Gaussian measures implies that it is stable by conver-
gence in law, and that convergence in probability implies L” convergence.

Theorem 2.2. Let X,, ~ N (\,,02).

19



20 Brownian motion

law

(i) If X, — X, then X\, (resp. 02) converges to some A\ € R (resp. 0% € Ry ) and
X ~ N\, o).

(ii) If X, 2x then, for any p > 1, X, L_p> X.

Proof. Concerning (i), we know that the convergence in law implies the uniform
convergence of characteristic functions on compact sets, i.e.

X\ it — B itX
E(e )—e” 2 n:;E(e )
Taking the modulus, o2 converges to some 02 € R, (02 = oo is not possible as
E(e'™®) would be discontinuous, 1;—0). If (un,n > 0) is bounded, this implies that
tn — ¢ € R because for any accumulation points u, ¢/, for any t, el* = eit”/, SO
i = p', and by convergence of the characteristic functions X,, converges in law to
Gaussian N (u, 0?).

The unbounded case is impossible : if for example a subsequence p,, — oo, then
as the variables are Gaussian and o2 is bounded P(X,,, > \) — 1 for any A, so by
weak convergence P(X > ) = 1, a contradiction when A is large enough.

For (ii), first note that we just proved that u, and o2 are bounded. Hence we have
sup,, E(|X,,|?P) < oo for any p > 0. By Fatou’s lemma, as X,,, converges almost surely
to X along a subsequence, this implies that E(|X|?") < oo, and therefore sup,, E(|X,, —
X|?P) < co. Hence the sequence (X,, — X,n > 0) is bounded in L? and converges to 0
in probability, hence it converges to 0 in L', as expected. O

We now come to a multidimensional natural generalization : a random variable X
with values in R is called a Gaussian vector if any linear combination of the coordi-
nates is a Gaussian random variable : for any u € R?, « - X is normally distributed.

For example, if Xi,...,X, are independent Gaussians, X = (Xy,...,Xy) is a
Gaussian vector. Under the same hypothesis, if M is a d’ x d, MX is still a Gaussian
vector with values in RY . Note that there are vectors with Gaussian entries which are
not Gaussian vectors. For example, if X ~ A(0,1) and ¢ is an independent random
variable, P(e = 1) = P(e = —1) = 1/2, then (X, eX) has Gaussian entries but is not a
Gaussian vector : the sum of its coordinates has probability 1/2 to be 0.

Theorem 2.3. Let X be a Gaussian vector. Then its entries are independent if and

only if its covariance matriz (cov(X;, X;))1<i,j<d is diagonal.

Proof. If the entries are independent, the covariance matrix is obviously diagonal.
Reciprocally, if the matrix is diagonal, for any u € R?

:ZuﬂE X;

var(u - X) E ujug cov(X;, X;) g u var(X
7,k
Hence the Gaussian random variable u - X has characteristic function

d n
]E(eiu~X) :6i]E(u~X) Var(“ X) H iug E(Xg)— var(xk) H 1uka

As a consequence of this splitting of the characteristic function, the Xj’s are inde-
pendent. O

Finally, in this section we want to give a useful estimate of the queuing distribution
of Gaussian random variables.

Lemma 2.4. Let X ~ N(0,1). Then, as A — oo,

1
}P’(X>)\)~/\\/ﬂe 2
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Proof. By integration by parts,

T | 22 1 A2 1 [®e2/2
]P’X>)\:—/ —(—x)e” 7 = 6_7——/ ——dz.
( ) V2 Sy X (=2) AV 2w V2 Ja x?

Obviously,

1 [®e /2 1 * et
m/)\ . dxg)\Qm/)\ e dz =0 (P(X > N)),

concluding the proof. O

2. Existence of Brownian motion

Definition 2.5. (X;,t > 0) is a Gaussian process if for any (t1,...,t,) € R},
(Xty,y...,Xt,) is a Gaussian vector.

Definition 2.6. A process B = (By,t > 0) is called a Brownian motion if :
(i) it is a Gaussian process;

(i) it is centered : for any t > 0, E(B;) =0;

(iii) for any (s,t) € R, E(B,By) = sAt;

(iv) it is almost surely continuous.

Note that this definition implies Bg = 0 almost surely. One refer sometimes to
this process B as a standard Brownian motion, in contrast to x + B which is called a
Brownian motion starting at x. Some variants of the definition also englobe the finite
horizon possibility, refering to a Brownian motion on [0, T].

The above definition is equivalent to another one, with independence of the incre-
ments.

Proposition 2.7. The process (B, t > 0) is a Brownian motion if and only if
(a) Bo =0 almost surely;

(b) foranyn>2,0<t < <ty, (Byy,Bt, —Bey,..., B, — By, _,) is a Gaussian

n n—1
vector with independent coordinates.
(c) for any (s,t) € R2, B, — By ~ N(0,]t — s]) ;
(d) it is almost surely continuous.

Proof. Let us first prove that (i), (i), (¢4¢) implies (a), (b), (¢). By (éii), Bo = 0 a.s.
which is (a). Moreover, X = (B¢,,Bt, — By, ..., B, — By, _,) is clearly a Gaussian
vector, because by (i), (B¢,,Bt,,...,Bs,) is a Gaussian vector. To prove that the
coordinates are independent, we just need to prove that the covariance matrix is
diagonal. This is a direct calculation, using (iii) : for t; < to < ¢35 < tq,

COV(Bt4—Bt3,Bt2—Bt1) = E((Bt4—Bt3)(Bt2—Btl)) = t4/\t2—t4/\t1—t3/\t2+t3/\t1 =0.

By (i), By — B is a Gaussian random variable, with expectation E(B;) — E(Bs) =0
by (ii) and variance

E((B; — B,)?) = E(B?) + E(B?) — 2E(B;B,) =ts — 2s At = |t — s|,

by (i), proving (c).
Now, assume points (a), (b), (¢). For any t; < -+ < t,, as (B¢, , By, — By, ..., B, —

n

B;, ,) is Gaussian by (b), so is (By,,By,, ..., By, ), because (z1,...,z,) — (z1,22 —
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T1,..-,Tp — Tp_1) is invertible. This proves (). Point (i) follows from By ~ N(0,¢),
by (a) and (¢). Finally, using the independence of the increments in (b), the previously
proved fact that B is centered, and the variance of B given by (c), for ¢ > s

E(B:B,) = E(B?) + E((B; — Bs)B,) = E(B?) + E((B; — Bs)B,) = s = s A t,
which proves (7). O

In the following, we give two constructions of Brownian motion. The first one, by
Paul Lévy, is intuitive and proceeds by almost sure uniform convergence of properly
chosen piecewise affine gaussian processes. Then a more functional analytic proof will
be discussed, originating in the work of Wiener and substantially generalized by 1to6
and Nisio. Both proofs exhibit a Brownian motion on [0, 1], extending to the existence
in Ry by simple juxtaposition of independent ones on [0, 1].

Theorem 2.8. The Brownian motion exists.

Proof. We proceed by induction to construct piecewise affine Gaussian processes
converging uniformly. First, take a Gaussian random variable No o ~ AN(0,1), and
define fy(t) = Ngot, 0 < ¢ < 1. This is a Gaussian process with the same distribution
as Brownian motion at time 1, but not on (0, 1). To avoid this problem, define another
N(0,1) random variable Nq; and the Gaussian process fi, piecewise affine, conti-
nuous, such that fi and fo coincide on 0 and 1, but f1(1/2) = fo(1/2) + 1Ny ;. Now
the process f1 has the expected covariance function on the set of points {0,1/2,1}. We
proceed in the same way on further intervals, defining for any n > 1 the continuous
function f,,, affine on [(k — 1)/2",k/2"] for any k € [1,2"], by

{ ng%) = fo-1 (57)

) *fn 1( ) 27L+1N£n

»—AS

where the N,,,, n > 0,1 < £ < 2"~ are independent standard Gaussians. Then
an immediate induction proves that for any n > 1, (f,(¢),0 < ¢ < 1) is a centered
Gaussian process, and with covariance function

(0 (2) () 2k

the normalization 2~ "3 in the definition of fn being chosen to get the above appro-
priate covariance.
We are now interested in the uniform convergence of f,,n > 0. Let

A” = {[Sup] |f7b N fn_ll(t) > 2_71/4}
0,1

As |fn — fn—1| is continuous affine on [(k—1)/2",k/2"] for any k € [1,2"], and O if k
is even, its maximal value is obtained at some t € {(2¢ —1)/2",1 < ¢ < 2"71}, hence

P(A,) =P ( sup |2_HT+1Ng,n| > 2_"/4>

1<eg2an—1

271.71

<P (INew| > 27/

=1
P(An) < 290752

for some absolute constants c;, ¢ > 0, where we used Lemma 2.4. Hence ) P(A,) <
00, which means by the Borel-Cantelli lemma that almost surely, there is an index
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no(w) such that if n > ng(w) then ||f, — fa_1llee < 27"/ This implies the almost
sure uniform convergence of f,, on [0, 1], to a random function called f.

This process is almost surely continuous, as the a.s. uniform limit of continuous
functions, and this is Gaussian process because the a.s. limit of Gaussian vectors is a
Gaussian vector, by Theorem 2.2.

Our only remaining point to prove is

E(f(s)f(t)) =sAt. (2.2)
Let Kgf), ng) be integers such that

(s) (s) (t) (t)
Oy < <€n +1 4 <t<£n +1'

on on on

2n 7 o2n

From the uniform convergence of f,, the Gaussian vector (fn(égf)/Q”)jn(ﬁg)/Q"))
converges almost surely to (f(s), f(¢)), hence in L? by Theorem 2.2. This implies

E(fn (0 /27)Fa(05/27) = E(f(5) (1)),
and this first term also obviously converges to s A ¢ by (2.1), proving (2.2). O

We note that there is only one Brownian motion : the subsets of type
{w:w(t1) € Ar,...,w(tm) € Al

where the A,,’s are Borel subsets of R, have a unique possible measure given the
definition of Brownian motion. As they are stable by intersection and generate the
sigma algebra F = o(w(s),0 < s < 1), by the monotone class theorem there is only
one measure on F corresponding to a Brownian motion. The Wiener measure, noted
W, is the image of the Gaussian product measure (for the N’s) on €°([0,1]) in the
above construction.

For another construction of Brownian motion, we need the following theorem by
Ité and Nisio [6], where E is a real separable Banach space, with its norm topology,
E* its dual and &£ its Borel algebra.

Theorem 2.9. Let (X;);>0 be independent E-valued random variables, and S, =
Y1 X, with law pi,,. Then the following three conditions are equivalent :

(a) S, converges almost surely;
(b) S, converges in probability ;

(¢c) pn converges for the Prokhorov metric'.

Moreover, if the X;’s have a symmetric distribution (X; faw —X;), then each of the
above conditions is equivalent to any of the following ones :

(d) i is uniformly tight ;
(e) there is a E-valued S such that for any z € E*, (z,S,) = (2,9);

(f) there is a measure p on E such that for any z € E*, E (ei<z’S">) — [l dp(x).

1. The Prokhoov distance between two measures p and v is
w(p,v) =inf{e > 0: VA € B, n(A) —v(Ac) <&, u(A®) —v(A) <e},

where A. is the set of points within distance at most € to A.
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In finite dimension, the symmetry condition for points (d), (e), (f) is not necessary,
but it is essential in infinite dimension, as shown by the following example : if (e;);>1
is an orthonormal basis of a Hilbert space, and X;(w) = e1, X, (w) = e, — e,—1 for
n > 2, then S, (w) = e,, so (z,5,) — 0 but S,, does not converge almost surely.

The application of the previous general result to Brownian motion is for E =
(%([0,1]), ||/lcc), the space of continuous functions on [0,1] endowed with the sup
norm.

Theorem 2.10. Let (¢n,)n>1 be an orthonormal basis of L2([0,1]), composed of conti-
nuous functions, and (Ng)k>1 a sequence of independent standard normal variables.

Then
n t
Sn(t) = ZN’“/ o (u)du
k=1 0

converges uniformly in t € [0,1] as n — oo. The limit S is a Brownian motion.

Proof. Elements in E* can be identified with bounded signed finitely additive mea-
sures on [0,1] that are absolutely continuous with respect to the Lebesgue measure
on [0,1], see [4].

Let dz be such an element : we first prove point (f) in Theorem 2.9, by writing

E(=$)) = [ E (eiNk<z,f0- m) = [k i)l
k=1 k

=1

— o2 i (fy a2 [y er(9)ds)” _ =3 il (S wrl)dsz(ls.1])

_ e_%fol dsz([s,1])* _ e—%f[(),l]z(s/\t)dz(s)dz(t)
n—oo

)

where we used the orthonomality of the ¢;’s between the second and third lines.
Now, if B is a Brownian motion, as proved by approximations by Riemann sums,
(2,B) is a Gaussian random variable with variance f[OJ]Q(s A t)dz(s)dz(t). Conse-
quently, E(el(*:5)) converges to [ €!{**)dW(z) where W is the Wiener measure. As
X = (Ng fot wr(u)du,0 < t < 1) is symmetric, by Theorem 2.9 S,, converges almost
surely uniformly on [0, 1].
The limit is a Brownian motion : all the characteristic properties of B (independent

Gaussian increments) are proved by choosing z = Z:;l dt,, in the above calculation.
O

3. Invariance properties

One of the useful features of Brownian motion is the invariance of the Wiener
measure under many transformations, i.e. symmetry, time reversal, time inversion
and scaling.

Theorem 2.11. Let (By,t > 0) be a Brownian motion. Then the following processes
are Brownian motions :

(i) Xy = Byt >0;
(ii) X; =Br —Br_y, 0< t < T;
(iii) Xy =tBi if t >0 and 0 it t =0
(iv) Xy = %B)\t, t > 0, for some given parameter \ > 0.

Proof. 1t is an easy task to prove that all of these processes are centered Gaussian
processes with covariance function E(X;X;) = s A t. The only problem consists in
proving the almost sure continuity of X at 0 in the case (ii).
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As (Bs, s > 0) has the same law as (sBy/4,s > 0), for any € > 0

P (N Uregn(o,1/n) {ItB1/t] > €}) =P (Mn Uregn(o,/m) {IBt] > €}) -

This last term is 0 because almost surely By = 0 and B is continuous. Hence sB;/, — 0
along positive rational numbers, hence along R, by continuity. O

Note that as B; — 0 almost surely as ¢t — 0T, point (i4i) implies that % — 0 as
t — 00. One can directly show that

—_t
Mt = €Bt 2

has constant expectation, and thanks to the above property it converges almost surely
to 0 : this is an example of almost sure convergence but no convergence in L.

4. Regularity of trajectories

In this section, we are interested in the Hélder exponent of the trajectories of B,
i.e. the values of a such that there is almost surely a constant c¢,(w) such that, for
any s and ¢t in [0, 1],

‘Bt - Bs| < Ca(w)|t - S|a'
This set of possible values for « is of type [0, ap] or [0,ap), and in the next section
we will give the precise value of ay.

First, before giving the important criterium by Kolmogorov for Hélder-continuity,
we need to introduce the following notions.

Definition 2.12. Let (X;)ie1 and (Xt)tel be two processes.
(i) X is called a version of X if, for anyt € I, P(X, =X;) =1;
(ii) X and X are called indistinguishable if P(Vt € 1, X, = X;) = 1.

Is X and X are indistinguishable, each one is a version of the other. The converse
is false, as shown by X(t) = 0,0 < ¢t < 1 and X; = 0 on [0,1] except on U, uniform
on [0, 1], where X is 1. Then on a given ¢ both processes are almost surely equal but
almost surely, they differ somewhere along the trajectory.

Note that if I is countable, or if X and X are almost surely continuous, then being
a version of the other implies the indistinguishability.

Theorem 2.13. Let I be a compact interval and X a process on 1. We suppose that
there exist p, € and c positive numbers such that for any s,t in 1

E (X, — X¢[P) < cft — s|'T=.

Then there exists a version X of X whose trajectories are Hélderian with index o for
any a € [0,£/p) : almost surely, there is cq(w) > 0 such that for any s,t in 1

X, — Xo| < ca(w)]t — s]°.

Proof. If a = 0 the result is obvious by compactness of the support, so we suppose
a € (0,e/p) in the following. We can suppose I = [0, 1], and we will first show the
Holder property for X on the set Z of dyadic numbers, i.e. of type

m
€k
> 5k
k=1
for some m € N*, and ¢, = 0 or 1. We want to prove that for a € (0,¢/p),

|Xt B XS|
sup ———
s,tED sFt [t — s]®
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Let us first prove that
X — X1
Pi oM

do = sup sup

< o0 2.3
n>01<i<en  |1/27|@ 23

almost surely. For this, let A" = {IX, —Xia|>2m} As

P(|X; — X, > a) < a PE(|X; — Xs[P) < ca™P|t — s|*TF,

we have P(A\™) < c2Pa=1-9)n Ag poy — & < 0, this yields
S (U Al <o,
n>=0

so by the Borel Cantelli lemma d, < co almost surely.
We now want to extend the result to dyadic numbers. For this, for given s < ¢ in
2, let g be the smallest integer such that 27¢ < t — s. We can write

s =k271— Zle g;27171
t =k2794 3" eh2ma

for some integers k, ¢ and m, and the ;’s, €/’s being 0 or 1. Define for j € [0, ¢] and

0 € [1,m],

s; =k279 =37 270
th = k27948 elomai

Then, using (2.3) between successive s;’s and t;’s

|Xt - Xs| < Z |XSJ- - X5j71| + Z |th - th—1|

j=1 k=1
¢ m
<d, Z 9~ (a+ia Z 9—(g+k)a
j=1 k=1
1
<2d,———97P
*1 -9«

Xy — Xs| < ealt — 8|9,

proving that X is Holderian with exponent « on dyadic numbers. Define X as 0 if
do(w) = oo (event with measure 0) and the continuous extension of X from Z to
[0,1] otherwise, which exists and is unique thanks to the previous results : X is still
Holderian for the exponent «, and we just need to prove that it is a version of X.
For a given t € [0, 1], consider a sequence (s,,)n>0 of diadic numbers converging to ¢.
From the hypothesis, X converges to X; in L, hence in probability, hence almost
surely along a subsequence. Moreover, along that subsequence, X, converges to X,

by definition of X. Consequently, almost surely both limits coincide, i.e. P(X; = Xt) =
1. O

Corollary 2.14. Let B = (B;,0 < t < 1) be a Browian motion. Then B is almost
surely Holderian with exponent « for any o € [0,1/2).

Proof. For any s and t,, if X ~ N(0,1),
E (1B = By[P) = E(IX[P) [t — s["/2.
For p > 2, if e = § — 1 in Theorem 2.13, we see that B has a Hélderian version with

exponent « for any o € [0, % — %) As B and its version are almost surely continuous,

they are indistinguishable and taking p — oo previously proves that B is almost surely
Holderian for any exponent « € [0,1/2). O
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Section 6 will prove that the set of values of a for which a Brownian trajectory is
almost surely Holderian is exactly [0,1/2).

5. Markov properties

Let F; = 0(Bs,0 < s < t), i.e. F; is the smallest o-algebra in  such that all
Bs: Q = R, 0 < s < t, are measurable.

Then the weak Markov property states that, writing Bt = By;+s — Bg, Bis a
Brownian motion independent of F,. Being a Brownian motion is a straightforward
consequence of the definition. To get the independence property, by the monotone class
Theorem, it is sufficient to prove that for 0 <t; < --- <tp,, 0<s1 < -+ < 8 < 8,
the vectors b= (By,,...,B;, ) and b= (Bs,,...,Bs, ) are independent. Note that

COV(Btj’BSk) = E((Bs+tj —By)Bs,) = E(Bs+tj —Bs)E(Bs,) =0,

thanks to the independence of increments of the Brownian motion and s < s < s+t;.
Hence for any A = (A1,..., A\m) and g = (p1, ..., f4n), the Gaussian vector (\-b, - b)
has a diagonal covariance matrix, and by Theorem 2.3 A-b and p - b are independent.

This being true for any A and p, b and b are independent, as expected.
The above result can be extended to a o-algebra potentially bigger than F,, namely

FF =N Fe

Theorem 2.15 (Weak Markov property). Let Bt = Byys—Bs. Then B is a Brownian
motion independent of FF

Proof. Proving the independence property requires some work. By the monotone class
Theorem, a sufficient condition is that for any A € FF, n >0,0<t; < --- < t,, and
F :R™ — R bounded and continuous,

E(F(Br,, . Bi)la) =E (F(Bu,....B,) ) E(La). (2.4)

For any € > 0, as (B¢ts+e — Bsye,t = 0) is a Brownian motion independent of Fg .
and A € Fyyo,

E (F(Bt1+s+a - Bs—i—aa s 7Btn+s+5 - Bs—i—e)]lA)
=E(FBt,+s+e = Boyes -, Bt qsre = Boge) ) E(14) -
By dominated convergence, ¢ — 0 in the above equation yields the result (2.4). O

As a consequence of the weak Markov property, the o-algebra }-gr is trivial : there
is no information in the germ of the Brownian motion.

Theorem 2.16 (Blumenthal’s 0-1 law). For any A € F , P(A) =0 or P(A) = 1.

Proof. From Theorem 2.15, A is independent of (B; — By, ¢ > 0), hence independent
of 0(Bs, s > 0). Moreover, A € F C 0(Bs, s > 0), hence A is independent of itself :

P(A) = E(1al) = E(1A)E(14) = P(A)?,
so P(A) =0or P(A) =1. O
Corollary 2.17.
(i) Let 71 = inf{t > 0:B; > 0}. Then 71 = 0 almost surely.
(i) Let 7o = inf{t > 0:B; = 0}. Then 72 = 0 almost surely.
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(i1i) Let 73 = sup{t > 0: B, = 0}. Then 73 = co almost surely.
Proof. First note that

{7'1 = O} = ﬂn>1{ sup Bg > O} € NesoFt = Fo+,
[0,1/n]

so, from Theorem 2.16, P(7; = 0) = 0 or 1. Moreover, by monotone convergence,

P(rp =0) = Eli_r)I%)IP(Tl <eg) > Eli_I%IP’(BE >0)=1/2,
so P(p = 0) = 1, proving (7). By symmetry, inf{¢t > 0 : B < 0} = 0 a.s. so
point (iz) comes from the a.s. continuity of the Brownian path and the intermediate
value theorem. From Theorem 2.11, (tBy ¢, t > 0) is a Brownian motion, so (ii) gives
inf{t > 0:tBy,; = 0} = 0 almost surely, i.e. sup{t > 0: B; = 0} = oo almost surely,
proving (4i1). O

We now prove the strong Markov property, i.e. an analogue of Theorem 2.15 where
the shifted Brownian motion begins from a stopping time. For this, we need to define
notions analogue to what was discussed in the discrete setting, Chapter 1.

Definition 2.18. On a probability space (2, F,P), a filtration (F;)i>o is an increasing
sequence of sub-c-algebras of F.

A random variable T : Q@ — Ry U {oo} is called a stopping time with respect to a
filtration (Fy)i>o if, for anyt > 0, {T <t} € F;.

Examples of stopping times with respect to the Brownian filtration include
T, =inf{t >0:B; =a}.

Indeed, if for example a > 0, {T, < t} = {supyyy Bs > a} = {supy yng Bs = a} by
continuity of the Brownian path, so {T, < ¢} is a countable union of F;-measurable
events, hence it is in F;. As we will see thanks to the stopping time theorems, not all
F-measurable times are stopping times. As an example, g = sup{t € [0,1] : B; = 0}
is not a stopping time.

Given a stopping time T, the information available till time T is defined as

Fr={AeF :¥>0AN{T<t}eF}

As an exercise, one can prove that this is a o-algebra, and that T,Brljr. are
JFr-measurable.

Theorem 2.19 (Strong Markov property). Let B be a Brownian motion and T a
stopping time with respect to (Fy)i>0, Fir = 0(Bs,s < t).

Then conditionally to {T < oo}, noting l~3t =Bry:—Br, B is a Brownian motion
independent of Fr.

Proof. First assume T < oo almost surely. We need to prove that for any A € Fr,
n>0,0<t < <ty,and F: R” — R bounded and continuous,

E (F(Btl, . ,Bt”)nA) =E(F(Bi,,...,By,))E(14). (2.5)

Indeed, the case A = Q will prove that B is a Brownian motion, and general A the
independence property, by the monotone class theorem. Note that, for a given w, as
T < a.s.

F(Biy,. o Bi)Ta = Tim 3 F (B, =B Buyy — B ) Talls g

=1
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By dominated convergence, when taking expectations they can be reversed with the
limit. As A € Fr, by definition of Fr the event AN {T < -} is 7. measurable.

Hence AN {=1 < T < L} is F. measurable, so by Theorem 2.15

m

,...,B%_H" *B%> 1A1%<T<i’>

—E(F(By,,....B,))E (hﬂ%agi) .

m

E(F (B, ~B

i
m

The proof of (2.5) now follows by summation. In the case P(T = co0) > 0, the proof
goes the same way by replacing A with AN {T < co}. O

One of the most famous applications of the strong Markov property is the following
reflection principle. Please note that it is not just a curious example of an integrable
law : the queuing distribution of the maximum of B will be useful to prove tightness
in the forthcoming sections and chapters.

Theorem 2.20. Let S; = supgg,<; Bu. Then for anyt > 0,a >0 and b < a

P(S; > a,B; < b) = P(B; > 2a — b).

In particular, S faw |By].
Proof. Let T, = inf{t > 0: B; = a}. Define the process B on [0,] by

B* BS ingTa
71 2a—B; ifT,<s<t

By Theorem 2.19, (B, s — Br,,s > 0) is a Brownian motion independent of Fr_,
hence its reflection (B, s — Br,,s > 0) is also a Brownian motion independent of
Fr,. Being the juxtaposition of the Brownian motion B till T, with another inde-
pendent Brownian motion, B is a Brownian Motion. Consequently,

]P’(sup Bu2a,Bt<b):P(sup Bu>a,]~3t<b>

0<u<t o0<u<t

(Ty <t,B; > 2a—b) =P(B; > 2a —b)

P
because, as 2a—b > a, By > 2a—b implies T, < t by the intermediate values theorem.
To conclude, we can write

]P)(St > a) = ]P)(St > G,Bt < a) +]P(St 2 G,7Bt > a)
= ]P)(Bt 2 a) +P(Bt > a) = ]P)(|Bt| 2 a),

SO St lgv |Bt| O

6. Iterated logarithm law

We now turn to the exact estimate of the optimal Holder coefficient of a Brownian
trajectory : for any a € [0,1/2), we proved in Corollary 2.14 that there is a constant
¢o(w) such that for any s,¢ in [0, 1]

IB: — Bs| < calw)|t — s]“.

Point (i¢) in the following theorem proves that the trajectory is not Holderian
with exponent 1/2.

Theorem 2.21 (Iterated logarithm law). Let B be a Brownian motion.
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(i) Almost surely, limsup,_, . ﬁ =1.

(ii) Almost surely, limsup,_, o+ ———te— =1

v/ 2t log(—logt)

Proof. Note that (i) is a simple consequence of (i) by time inversion, Theorem 2.11.
To prove (i), for given A > 1 and ¢ > 0, we write

Ap = {Bye > cf(\)}

where f(t) = /2tloglogt. Then, using Lemma 2.4, if X ~ A(0,1) then

1 1 2 k
P(Ag) =P [ X = ¢y/2loglog(A\F > ~ e~¢ loglog(A%)
(A) ( glog(A*) k=00 /21 c\/21og log(\F)

1 1 \° 1 1 ¢ (2.6)
k—oo 2¢y/m \ log A Viegk \ k ’

Hence ), P(Aj) converges (resp. diverges) if ¢ > 1 (resp. ¢ < 1). This proves by the
Borel-Cantelli lemma that

lim sup f]?il;) <1 (2.7)

almost surely, and equality would hold if the Ay’s were independent, which is not

true. But there is a sufficiently small correlation between them and this problem can
be handled. More precisely, noting

Cr, = {Byr+1 — Bye = cf (AT — M)},

a calculation similar to (2.6) yields

P(C) 1 1\ 1 (1)
M kS 2ey/m \logh) iogk \k)

This diverges if ¢ < 1, so thanks to the independence of the increments of B, P(N,U>n
Ck) =1:if ¢ < 1, in infinitely many times

Byeri f(A’foAk)+ FON) By
PO Z ORI T FORD) TN

But using symmetry and (2.7), for any € > 0, almost surely for sufficiently large k

By
> —-1—c.
fFF)
As a consequence, infinitely often
B ARFL K Ak 11
Ak+1 > f( >—(1+E) f( ) _ o te

FORFD) 2 VT I\

By choosing A arbitrary large, we have proved that

FOWFLY = ¢ FORFD)

: B,
lim sup

I S |
t—oo V/2tloglogt

Our last task consists in controlling what happens between A\* and A\**! to extend
(2.7) to a limsup with argument t. Let ¢ € [A\¥, A¥T1]. Then, still for any A > 1,

B _ By f(\)  Bi—By _ B BBy
ft)  fOF) f(t) ey T FOF) R
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Consider the event

B: — By
D, = sup ———— > Qap,
{[)\k,/\kﬂ] FOF) }

for any given o > 0. Using that (B, y» — Bk, s > 0) is a Brownian motion and the
scaling property in Theorem 2.11,

P(Dy) =P ([SOHEBU > %) = 2P (Bl > W)

where we used Theorem 2.20. Lemma 2.4 therefore yields

o2
c1 1\ -1

P(Dy) ~ ——m— (-

SON Tog k (k:)

for some ¢; > 0. Hence, if a®> > X\ — 1, a.s. for sufficiently large k, t € [A¥, \¥*1], then

BB

f@&) = f(F)
This proves that limsup B/ f(t) < 1+« for any o > /A — 1, hence limsup B;/ f(¢) <
1. O

Note that, by giving for any € > 0 easy upper bounds to the probability of the
events E, = {supy,, ,+1] [Bs — Bn| > €}, the above Theorem proves

lim sup B _ 1 (2.8)
n—oo v/2nloglogn

a.s. where B,, = Z’f X, where the X ’s defined as By, —Bj_1 are independent standard
Gaussians. One may wonder if this extends to the arbitrary centered reduced random
variables Xj’s. The answer is yes, and a possible proof makes use of the Skorokhod
embedding, proved in the following section : for any X with expectation 0 and variance
1, given B a Brownian motion with natural filtration (F;);>0, there is a stopping time
T with expectation 1 such that

law

Br = X. (2.9)
Theorem 2.22. Let X1,Xs,... be iid random variables with expectation 0 and va-
riance 1, and S, = 22:1 Xk. Then almost surely
Sr,

lim sup

B S—
n—oo V/2nloglogn

Proof. For the given Brownian motion B, define by induction the sequence of stopping
times

To=0
Thi1 =Ty + T(wy)

where T is the stopping time related to the Skorokhod embedding (2.9) and w,, =
(Bt, +s — Br,,s = 0). Note that E(T) = 1, hence T,, < oo almost surely, so by the
strong Markov Theorem 2.19 w,, is independent of Fr . This implies that :

(i) the random variables T, 11 — T, are independent, with expectation 1, so by the
strong law of large numbers T,,/n converges to 1 almost surely ;

(ii) (Sp,m > 0) faw (B, ,n = 0). Consequently, we need to prove that

B
lim sup Tn — 1,

n—oo f(1)
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where f(n) = +/2nloglogn, as previously. By (2.8) we only need to prove that

Br, =Bn |
f(n) n—»00

almost surely. To prove this, we split the randomness coming from the Brownian
motion and the stopping time by writing, for any € > 0 and ¢ € (0, 1),

B:=Bn)
f(n)

on

f(n)
As T,/n — 1 a.s. the first event of the RHS doesn’t occur for sufficiently large
n. Concerning the second, if A := 1+ § and k, is the unique integer such that

Nen < m < A\Fet1 ) then
sup >ep C sup > €
{Se[n,(1+5)n] } {SG[)\kn,)\’WH'?] f()\kn) }
BS - B n B n Bn
C sup | > g2 u{‘kk
sE[\Fn Ak t2] f(AFn)

J(AF)
Bs — Bykn
= sup _—
s€[\en Akn+2]

J(AFm)
A calculation similar to the one performed in the proof of Theorem 2.21 proves that
if €2 > A? — 1 (true by choosing § small enough), >, P(Ex) < oo so, for sufficiently
large k, E; does not occur almost surely. Hence, for n large enough,

0

>E}C{|Tn—n|>6n}u{ sup

s€[(1=6)n,(1+8)n]

Bs - Bn
fn)

Bs*Bn

> 6/2}

> 8/2} = Ekn-

sup | D2 DBn
sein,(i+oyn) | f(n)
The analogous result for the maximum on [(1 — §)n, n| holds similarly, concluding the
proof. O

7. Skorokhod’s embedding

Before making explicit the solution to (2.9), we prove the following useful lemma.

Lemma 2.23 (Wald’s identities). Let B be a Brownian motion and T a stopping
time such that E(T) < co. Then the following identities hold :

(i) E(Br) =0;
(ii) E(BY) = E(T).
Proof. To prove (i), we can bound
LT)
Biar < Z sup |Biyr —Bi| =M,

oy 0<t<1
and observe that M is in L! :
oo
BM) = 3 (Lrs sup [Bros B
Pt 0<t<1

=> P(T> k)E( sup |Bt+k—Bk|> <E(T+1)E < sup |Bt|) < 0.

- 0<t<1 0<t<1
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As a consequence, (Biar,t = 0) is uniformly integrable, and the straightforward
continuous analogue® of Theorem 1.11 allows to apply the stopping time theorem at
time T, thus E(Bt) = 0.

To prove (ii), let T,y = inf{t > 0 : |B;| = n}. Then (B}, v — (AT, AT),t>0)
is a martingale, bounded by n? + T, which is in L!, hence this martingale is uniformly
integrable so

E(Binr,) =E(T AT,).

By Fatou’s lemma, this yields

E(B%) = E(liminf B, p ) < lim' inf E(Bfxp, ) = liminf E(T A T,,) = E(T)

n— n—oo

by monotone convergence. Conversely, note that for any stopping time S < T,
E(BY) = E(Bf)+E((Br—Bs)®)+2E (Bs E(Br — Bs | Fs)) = E(B§) +E((Br—Bs)?),

because E(Bt | Fs) = Bg, by the stopping time theorem applied to the uniformly
integrable martingale (B¢aT,t > 0). As a consequence, E(B%) > E(B2), which applied
toS=T AT, yields

E(B}) > lim E(Bi,r,) = lim E(TAT,)=E(T)

n—oo
by monotone convergence. This concludes the proof. O

We now come back to the embedding problem. First, note that given any random
variable X (with a bounded density for the sake of simplicity here), finding a stopping
time such that Bt ~ X is an easy task.

1) There is a Fj-measurable Z with Z ~ X : by independence of the increments of
Brownian motion, there is a family of independent standard Gaussians, and from
this family Z is obtained by rejection sampling.

2) The choice T = inf{s > 2 : B; = Z} is almost surely finite stopping time, and
obviously By ~ Z.

However, it is easy to prove® that E(T) = oo, which is not nice for applications. For
example, E(T) < oo is essential in the proof of Theorem 2.22.

Note that, by the Wald identities, if E(T) < oo, then E(Bt) = 0 and E(B2) =
E(T), so the expectation 0 and finite variance hypothesis in the following theorem
are not restrictive. Moreover, the variance can be assumed to be 1, by the scaling
property of Brownian motion.

Theorem 2.24 (Skorokhod’s embedding). Let X be a centered random variable with
variance 1. Then there is a stopping time T with expectation 1 such that

law

Br & X.

To prove this result, we follow the construction of T by Dubins. There are many
other constructions, at least twenty one of them being listed, with extensions and
applications, in Obloj’s survey [14].

To prove the above Skorokhod embedding, a central tool is the convergence of a
special type martingale to a random variable with law X. More precisely, a discrete
martingale is said to be binary splitting if conditionally to the past, it only can take
two values :

H{Xnt1(w) 1 Koy .-y Xp)(w) = (zo, ..., 20)} < 2.

2. This continuous extension will be proved in Chapter 3.
3. For this, note that E(Tq) = oo, where Tq = inf{s > 0 : Bs = a} and a # 0; indeed, if not,
Wald’s identity would give 0 = E(Br,) = a. Then the result follows by conditioning on Fi.
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Lemma 2.25. Let X be a random variable with finite variance. Then there is a binary
splitting martingale (Xp)n>0 such that X,, — X almost surely and in L2.

Proof. Define the sequence of random variables (X, ),>0 by, at rank 0,

{XO = E(X)

o = 1if X > Xp,—1 otherwise ’
and for any n > 1

gn = U(CO)"'?Cnfl)
¢, = 1if X >X,, —1 otherwise

In the following, the values +1 for (, play no role, any distinct two numbers are
sufficient. The process (X,,)n>0 is a martingale, because X is integrable and (G, )n>0
is a filtration. Conditionally to (X, ..., X,—1), X, may be in one of the n+1 intervals
and then one may think X,, can take n + 1 values. But X,, is actually constrained
to be in only 2 possible intervals the smallest ones surrounding X,,_; : a calculation
shows that X,, — X; has the same sign as X, — X, for any ¢ > k. Hence X has the
binary splitting property.
Moreover,

E(X?) = E(X}) + E(X = X3)?) + 2E (Xo EX = X5 | Gn))
=E(X}) + E(X - Xa)?) > E(X}),

as a consequence (X,),>0 is a L2-bounded martingale, hence it converges almost
surely and in L?, to a random variable noted X.

We still need to prove that X = X. Note that :

e as X,, is uniformly L2-bounded and X € L2, Y,, := (,(X,,+1 — X) is bounded is
L?;

o lim, ... Y, = |X —X| = Y as. because if X > X, for sufficiently large n
X, < X, and the same way if X < X.

If Y,, is uniformly bounded in L? and converges almost surely to some Y € L2, then*
E(Y,) — E(Y). In our situation, as ¢, is G,i-measurable, E(Y,,) =0, so E(Y) =0,
which is the expected result : X = X almost surely. O

Proof of Theorem 2.24. From the previous lemma, there is a discrete martingale
converging in L2 and a.s. to X, and for any n the support of X,, is noted {an,b,} =
FO (Ko, ., Xno1):

Define T,, recursively by Tg = 0 and

T, =inf{t >T,_1:B, € fBrp,,...,Br, )}

Then obviously (B, )n>0 and (X,,)>o have he same law as, for a binary splitting
martingale, there is only one possible choice in the transition probabilities.

Let T = lim,,_, T;,. One easily checks that this is a stopping time. The expec-
tation of T, is finite : there are finitely many possible a,, and b,’s, so T, (w) < S :=

4. To prove it, note that for any a > 0
E([Yn = Y[) =E(Yn = Y[ly,<a) + E(|Yn — Y[ly, >a)
SE([Yn — Y[y, <a) + E([Yn — Y[)V2P(Y, > a)/2.

The first term converges to 0 by dominated convergence, and in the second E(|Y,, —Y|?) is uniformly
bounded and as P(Y,, > a) < E(Y2)/a?, the second uniformly goes to 0 as o — 0, concluding the
proof.
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inf{t > 0 : B; € {—a,a}} for sufficiently large a, and this last stopping time has a
finite expectation®. Hence, as a consequence, by Wald’s lemma, E(B?rn) =[E(T,) and

by monotone convergence

E(T) = lim E(T,) = lim E(B% ) =E(X*) =1,

n—oo

as (Br, )n>o0 taw (Xn)>0 and X,, converges to X in L2. To conclude, finally note that
O

Br, converges in law to X and almost surely to B, hence Bt ~ X.

8. Donsker’s invariance principle

Let Xi{,Xs,... be iid centered random variables, with variance 1, and S,, =
> p—q Xj. These partial sums can be extended to continuous argument by writing
St =Sy + (¢ = [t])(Se)+1 — Spey)- (2.10)

Consider the normalized function

S<">(t):% 0<t<1.

vn'
Theorem 2.26. On the set of continuous functions on [0,1], as n — oo the process

S™M converges in law to a Browian motion B.
The meaning of this convergence in law is : for any bounded F : €([0,1]) — R,

continuous for the L* norm,
E(F(S™)) — E(F(B)).

n— oo

As an example of application, using Portmanteau’s theorem and the reflection prin-
ciple Theorem 2.20, if (S,),>0 is a standard random walk, and A > 0,

2 [ .2
]P’(sup Sk>)\\/ﬁ> — 117/ e~z dz.
n—o00 T Jy

[1,n]

Proof. Let B be a Brownian motion. From the Skorokhod embedding Theorem 2.24,
there is a stopping time T(w) such that E(T) = 1 and Bt ~ X;. Define a sequence of

stopping times (T,)n>0 by
To=0
Tpy1 =T, + T(wn)

where w, = (Br, +s — Br,,s > 0). By the strong Markov Theorem 2.19,

(Br,,n > 0) "= (S,,n > 0).

[t])(Br,, ., —Br,,), which is an inoffensive redundancy

Define S; = Br|, + (t —
with (2.10) as both functions have the same law. Imagine we can prove the tightness

condition : for any € > 0
Bnt Snt

WA

> 5}. (2.11)

P(A,) — 0, A, := {sup
[0,1]

n— oo

5. E(S) = [P(S > t)dt < [P(Vs € [0,¢],|Bs| < a)dt, and this integrand has bounded, for ¢t > n, by
P(|B1 — Bo| < 2a,...,|Bx — Bg_1] < 2a), hence decreases exponentially.
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Then the proof of the theorem easily follows : for any compact K C (%([0,1]), ||/|cc)
with e-neighborhood noted K¢,

Sh. B,.
P n€K><P<n€K5)+P sup |—
<\/ﬁ Vn [0,1]

so using (2.11),

_ St

Sn. B,
limsupP | X e K| <P| =X €K®).
n—>oop ( vn ) ( Vn )
As e — 0, this converges to P (B € K) by monotone convergence (K is closed). This
proves the convergence in law by Portmanteau’s theorem.

We are therefore led to prove (2.11). First note that, as S,,; is affine on any interval
of type [k/n, (k + 1)/n], the event A,, is included in
5}

> e U{qsup
{ 0 1] } {[o 1N Vn
B BT[ntj+1+1

Bnt BTLntj
sup >ecpUSsup|—= — >ep.
[0,1] [0,1]

VD vn vn
For any given § > 0, the previous events union is included in Ag) UAgf) U A,@ U Af{l),

where
> }

B S Plnt]

NG

Bt S Plnt]+1

Bnt B.s

AL = {a(s,t) €10,2]%: s —t <9,

1

1
A"(,?) = {Et € [O, 1] . E|TtntJ+1 — nt‘ 2 6},

Aﬁf):{T”>2}.
n

From the strong law of large numbers, for sufficiently large n, A,(fl) does not occur.
Concerning A and A, note that if Ty /n — 1, then suppy ,,p [zx — k[/n — 05 as

T, /n — 1 almost surely, there is a.s. an index ng(w) such that neither A nor AP
occur for n > no(w). Finally,

PAY) = P(3(s,1) € (0,2 : |s — ] <4, [By — By| > o),
converges as d — 07 by monotone convergence to
P(Ns>0{3(s,1) € [0,2] ¢ [s — 1] <4, [Bs — By| > ¢}).

This event is included in the non absolute continuity of Brownian motion, which is of
measure 0 as B is a.s. continuous on the compact [0, 1]. Hence P(A%l)) — 0, uniformly
in n, as § — 07, and all together allows to prove (2.11). O



Chapter 3

Semimartingales

In this chapter, we aim to forget Brownian Motion to study more general stochastic
processes, irrespectively to their Gaussian or Markovian structure.

For the sake of concision, all processes in this chapter have values in R. All results
are true in the R? case (and normed vector spaces I guess).

1. Filtrations, processes, stopping times

Definition 3.1. Given a probability space (0, F,P), a filtration (Fi,t > 0) is an
increasing family of sub-o-algebras of F.

For instance, if X = (X;,¢t > 0) is a process (i.e. just a collection of random
variables, here indexed by RT), F; = (X4, s < t) defines a filtration'. Given a
filtration (F;,t > 0), one can define another one, (F,",t > 0), by

Fim = NestFs.

In general, both filtrations are not the same”. If case of an equality, the filtration is
called right-continuous.
A given filtration (F;,t > 0) is called complete if

N ={AeF|PA)=0}C Fo.

From a filtration (F¢,t > 0), one can build its usual augmentation by making it
complete and right continuous, adding N to (F, ,t > 0).

Definition 3.2. Given a filtration (Fi,t > 0), a process (X4, t > 0) is called adapted
if, for any t > 0, X; is Fi-measurable.
It is called progressively-measurable if for any t > 0

0,t]xQ2 — R
(s,w) — Xs(w)

is measurable for the o-algebra B([0,t]) @ F;.
The set of A € B(Ry) ® F such that 1a(s,w) is progressively measurable is a
o-algebra, called the progressive o-algebra.

It is clear that a progressively-measurable process is adapted. An example of non-
progressively-measurable adapted process is the following : if the X;’s are independent
Gaussian standard random variables, and F; = o(X,, s < t), then obviously X is an
adapted process. But it is not progressively-measurable : P-almost surely (hence in
particular for some w € Q) {s < t | Xs(w) > 0} is not a Borel subset of [0,¢]. Ho-
wever, under reasonable continuity assumptions, adapted processes are progressively-
measurable.

1. This is usually called the canonical, or natural, filtration of the process. More precisely, we will
use this expression in the following for the usual augmentation of the filtration described hereafter.
2. For example, Let X = et, where € is a Bernoulli random variable. Then, if 7; = 0(Xs,s < t), €
is ]—'0+ -measurable but not Fp-measurable

37
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Proposition 3.3. Let X be right-continuous and adapted. Then X s progressively-
measurable. This is also true if X is left-continuous.

Proof. Let Ff = Fite. Then an adapted process is progressively-measurable with
respect to (Fz, ¢ > 0) if and only if it for any € > 0 it is progressively-measurable with
respect to (Fj,t > 0). Indeed, one implication is obvious because F; C F;. Assume
X is progressive with respect to any (Fg,t > 0), € > 0. This implies that, defining

Xi = Xs]lse[O,tfs] + Xils=¢,

the application (s, w) — X%(w) is B([0, t]) ® F-measurable. As X is the pointwise limit
of X¢ on [0, #], this implies that (s,w) — Xs(w), defined on [0, ] x Q, is B([0,t]) ® F¢-
measurable3.

As a consequence, we only need to prove that given € > 0, X is progressive with
respect to (Fg,t > 0). Define the process X" by

Xp =D Xalpis s
k=1

If X is right-continuous, X" converges pointwise to X. Moreover, X" is progressively-
measurable with respect to (F3,¢ > 0) if € > 1/n. This proves that X is progressively-
measurable with respect to (F5,t > 0), concluding the proof. If X is left-continuous,
the proof does not require the filtration (F5,¢ > 0) : X is the pointwise limit of

o0
n __
XP = ngnte]w:l],
k=1

and each process X" is progressively-measurable for (Fy,t > 0). O

We now introduce the strict analogue of stopping times of Chapter 1, in the
continuous setting. As in the discrete case, a random time is a stopping time if at
any time the past allows to determine if it takes values in the past. The o-algebra
associated to a stopping time T is the set of events determined by history till T.

Definition 3.4. Given a probability space (2, F,P) and a filtration (F¢,t = 0), a
random variable T : Q@ — Ry U {oo} is (Fy,t = 0)-stopping time if, for any t > 0,
{T < t} e Fs.

To any stopping time is associated a o-algebra

Fr={AcF|vt>0AN{T<t}eF}

Checking that this is indeed a o-algebra is straightforward. Other easy properties
are (i) if S < T, Fs C Fr and (ii) T is Fr-measurable. Other useful properties are
listed below.

Proposition 3.5. (i) A random wvariable T : Q@ — Ry U {oo} is a (Fig,t = 0)
stopping time if and only if, for any t > 0, {T <t} € F;.

(i) If S and T are stopping times, so are SAT and SV T.

(iii) If S, is an increasing sequence of stopping times, then S = lim,, o, Sy, is also a
stopping time.

(iv) If Sy, is an decreasing sequence of stopping times, then S = lim, o S, s also a
stopping time for the filtration (Fiy,t > 0).

3. The pointwise limit of a measurable functions is measurable, see e.g. 3]
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Proof. To prove (i), assume first that T is a (F4,t > 0)-stopping time. Then
{T <t} =Ust{T < 8} € Uset (Nyy>s Fu) C F.
Conversely if, for any ¢, {T < t} € Fy, then
{T<t}=Nsxt{T <8} €Ngst Fs = Frp.

Point (ii) follows from

and (iii), relies on

Finally, (iv) follows from
{S<t}=U{S, <t} e F,
and (i). O

Most of the stopping times we will consider are hitting times of open or closed
subsets of a metric space (E, d), where X takes values in E. If X is right-continuous and
adapted, and O open in E, then To = inf{t > 0| X; € O} is a (F4,t > 0)-stopping
time. Indeed,

{To <t} = Usepo,noiXs € O} € Fy.

If X is continuous, adapted, and C is closed in E, then Tc =inf{t > 0| X; € C} is a
stopping time :
Te <t} ={inf d(X,,C) =0} = { inf d(X;,C) = .
{To <t} = {inf d(X,,C) = 0} = { inf d(X,,C)=0}€F

More general examples of stopping times can be obtained through the following ge-
neral result.

Theorem 3.6. Suppose that the filtration (Fi,t > 0) satisfies the usual condi-
tions (right-continuity and completeness). Let A C Ry x Q such that the process
(1a(t,w),t = 0) is progressively-measurable, and define the beginning of A by

Ba(w) =inf{t > 0| (t,w) € A} (inf @ = c0).
Then Ba is a stopping time.

Proof. The proof relies on the following difficult result of measure theory? : if (E, £)
is a locally compact space with a countable base, endowed with its Borel o-algebra
&, and if (Q, F,P) is a complete (in the sense that K € F and P(K) = 0 imply that
if L C K then L € F) probability space, then for every K € £ ® F, the projection

T7(K)={weQ|Je€ckE, (e,w) € A}

of Kon Qisin F.

Omne can apply this result, for a given t > 0, for F = F;, E = [0,¢[ and K =
AN ([0,¢[xQ). As (1a(t,w),t > 0) is progressively-measurable, K is B(R) ® Fi-
measurable, so m(K) € F;. From the definitions we have

{Ba <t} =7n(K) € Fq,

so Ba is a stopping time because the filtration is right-continuous. O

4. A proof can be found in [2]
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2. Martingales

Definition 3.7. Let (Q, F,P) be a probability space, and (F,t > 0) a filtration. Then
a process (Xy)i>o0 adapted to (Fy,t > 0) is a P-martingale if it satisfies the following
conditions, for anyt >0 :

(i) E(|X¢]) < o0
(ii) E(X: | Fs) = Xg for any s < t, P-almost surely.

A submartingale (resp. supermartingale) is defined in the same way, except that E(X; |
Fo) > X, (resp. B(X | F) < X,).

Examples of martingales are the following. Assume that, given a filtration (Fy,t >
0), X is an adapted process with independent increments (i.e. for any s < ¢, X; — X
is independent of F;). Then

o if, for any t, X; € L, (X; — E(X¢),t = 0) is a martingale

o if, for any ¢, X; € L2, (X? —E(X?),t > 0) is a martingale (note that there is no
such statement for higher powers of X);

e if there is A > 0 such that, for any ¢, E(e’*t) < oo, the following process is a
martingale :
e
(5 20).

The properties of discrete martingales from Chapter 1 have strict counterparts in
the continuous setting, given hereafter.

Proposition 3.8. If X is a (Fy,t > 0)-submartingale and f is a convex, Lipschitz,
nondecreasing function, then f(X) is a (Fi,t > 0)-submartingale.

If X is a (Fy,t 2 0)-martingale and f is a convez, Lipschitz function, then f(X)
is a (Fyi,t = 0)-submartingale.

Proof. Identical to Proposition 1.2, relying on Jensen’s inequality. O
Given a process X, we note Xj = supjg 4 Xs.
Theorem 3.9. Let X be a right-continuous submartingale. Then for any A > 0,t > 0,

E(Xilxi>y) _ E(X)
A = A

P(X; > )) <

The same result holds if X is left-continuous.

Proof. From Theorem 1.6, the result is true when considering the supremum over finite
subsets of [0,¢], and then over [0,¢]N A for any countable dense subset including ¢. As
X is right (or left) continuous, supjy ;jna Xs = supjg 4 Xs, concluding the proof. [

Theorem 3.10. Let X be a right-continuous submartingale. Then for any p > 1,
t>0,

» \?
B(XiP) < (S27) BOXP).
may the right member be infinite. The same result holds if X is left-continuous.

Proof. From Theorem 1.7, the result is true when considering the supremum over finite
subsets of [0, t], and then over [0,¢]N A for any countable dense subset including ¢. As
X is right (or left) continuous, supjy yna Xs = supjg 4 Xs, concluding the proof. [



Semimartingales 41

Theorem 3.11. Let (Xy,t > 0) be a right-continuous submartingale. Assume that
sup, E((X¢)y) < oo. Then it converges almost surely to some X € L. The same
result holds if X is left-continuous.

Proof. In the same way as the proof of Theorem 1.9, using 1.8, for any a < b the
number of jumps from a to b along any countable subset of R} is almost surely finite
(this is proved fo a finite set first and for countable sets by monotone convergence).
As a consequence, along Q. , (X, ¢ > 0) converges to some X in L!. The right (or
left) continuity assumption allows to state the convergence along R . O

Theorem 3.12. Let (X4, t > 0) be a right-continuous uniformly integrable martingale.
Then X; converges almost surely and in L1 (Q, F,P) to some integrable X € R, and
Xy =E(X | F) for any t = 0. The same result holds if X is left-continuous.

Proof. The proof goes exactly the same way as for Theorem 1.10, in which discre-
tization plays no role. The right or left-continuity are required only to make use of
Theorem 3.11. O

For the stopping time theorems, more care is required to adapt the discrete results
in a continuous setting. In particular, we prove the bounded case after the uniformly
integrable case, a fact clearly contrasting with the discrete case.

Theorem 3.13. Let (X¢)i>0 be a right-continuous uniformly integrable martingale,
and T, S two stopping times such that S < 'T. Then almost surely

E(Xr | Fs) = Xs.
Proof. Let

k k
T,=inf{— |keN,T < — 3.
in {Qn | 2n}
Then one easily checks that the sequence (T,,n > 0) is a sequence of stopping times
decreasing to T. From Theorem 1.11,

XT = E(XTn+1 | ]:Tn)v

n+1

so the sequence defined by Z_,, = X, is an inverse martingale with respect to the
filtration (Fr,,n € N). From Theorem 1.12, this inverse martingale converges almost
surely and in L'. For S < T another stopping time, defining in the same way

k k
Sp=inf¢ —|keN,S< —>,
in {2n | ke < 2n}
we know from Theorem 1.12 that Xg, = E(Xr, | Fg,), so for any A € Fg C Fg,,
E(1aXs,) = E(1aXr,).

The convergence in L! of Xg, (resp Xr, ) to Xg (resp. X) by right-continuity allows
to conclude that for any A € Fg, E(1aXs) = E(1oXr), the expected result. O

Note that in particular, the previous proof shows that for any stopping time T,
under the above hypotheses Xt € L.

Theorem 3.14. Let (X¢)i>0 be a right-continuous uniformly integrable martingale,
and T, S two stopping times such that S < T < ¢ a.s. for some constant c¢. Then
almost surely

E(Xt | Fs) = Xs.

Proof. One can apply Theorem 3.13 to (X¢nc,t = 0), which is right-continuous and
uniformly integrable because for ¢ < ¢, Xy = E(X. | F¢). This gives the expected
result. O
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We finish this martingale section with the stability of (uniformly integrable) mar-
tingales when frozen after a stopping time. This natural result actually requires the
stopping time theorems.

Theorem 3.15. Let T be a stopping time.
(i) If (X¢,t = 0) is a uniformy integrable martingale, so is (Xiar,t > 0).
(i) If (Xt = 0) 4s a martingale, so is (X¢at,t 2 0).
Proof. To prove (i), note that the equality
Xiar = E(Xp | Fyr) (3.1)

would be sufficient. Indeed, it would first imply uniform integrability, as any set of
random variables of type (E(Xt | F¢),t > 0) with X7 € L! is uniformly integrable
(indeed, X1 € L! from Theorem 3.13). Moreover, the martingale property would
follow from the calculation

EXinar | Fs) = E(EXT | Fi) | Fs) =EXr | Fs) = XsaT-
To prove (3.1), note first that by Theorem 3.13,
Xiar = E(Xp | Fiar) = E(Xrlrge | Fiar) + EXplrse | Fiar)-

The first term is also E(Xtlrg, | Fi) because Xrlrg, is both F; and Fiar-
measurable. The second term is also E(Xrlrts; | F¢) because for any A € Fy,
Lalrse € Fiear, so

E(Xrlpsila) = E(EXy | Fra)lrsila) = E(EXrLrs: | Frae)la).

This proves (3.1). To prove (i), note that for any ¢ > 0 the process (Xiac,t > 0) is
a uniformly integrable martingale, so from (i) the process (XineaT,t = 0) is also a
uniformly integrable martingale. In particular, for any s < ¢,

IE:(X;if/\c/\T | -7:5) = Xs/\c/\T'
Choosing ¢ > s V t concludes the proof. O

As a consequence of the above stopping time theorems, hitting times by Brownian
motion are well understood. In the following, B is a Brownian motion beginning at 0.
For z € R, let T, = inf{t > 0| B, = z}.

Corollary 3.16. For any a <0 < b,

b
P(Ta < Tb) == m == 1 - ]P(Ta > Tb)

Proof. Note first that both T, and T} are a.s. finite, because the Brownian motion is
a.s. recurrent :
P(T, < Tp) + P(Ty > Tp) = 1. (3.2)

Moreover, from Proposition 3.5 and Theorem 3.15, (Biar,aT,,t = 0) is a martin-
gale. As it is bounded, it is uniformly integrable and Theorem 3.13 applies, with the
stopping time T = oo (or Ty A T}) : in particular, E(Bp, at,) = Bo, i.e. using (3.2)

aP(T, < Tp) + bP(Ty > Ty) = 0. (3.3)

Equations (3.2) and (3.3) together give the result. O
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Corollary 3.17. The hitting time T, has the following Laplace transform : for any
A0,
E (e_AT“) = e lalV2y,

Ifa >0 and S, = inf{t > 0| |B¢| = a}, then
1

E (e_AS"' =

cosh(av/2X)
Proof. The process
2
ME”) = e“Bf*uTt, t>0,

is a well-known martingale, which is bounded when stopped at T,, and therefore
uniformly bounded. The stopping time theorem applied to (MgX)Ta,t > 0) at time
T = oo (or T,) therefore yields E(My, ) =1, i.e.

u2
Ele zTa ) = ¢ ne

because the Brownian motion is recurrent : Bt, = a almost surely. Up to a change
of variables, the above equation is the expected result. Concerning S,, look at the
martingale

Ny =M™ +ME™ ¢ > 0.

Then the same reasoning yields E(Ng,) = 2, i.e.

(e"a + 67‘“‘) E (eujs‘l> =2,

which gives the result by A\ = u?/2. O

The following application is more striking as it does not depend on any structure
of the martingale M. This is a first glimpse of universality which will be proved in the
next chapter through the Dubins-Schwarz theorem.

Corollary 3.18. Let M be a positive continuous martingale beginning at My > 0,
and converging to 0 almost surely®. Then

My

SUP; >0 M;

is uniform on [0,1]. As a consequence, for any pu # 0, sup;>q (uBt — %zt) has the

same law as an exponential random variable with parameter 1.

Proof. Take a > My and note here T, = inf{t > 0 | M; = a} (inf @ = c0). Then the
martingale (MiaT,,t > 0) is bounded, hence uniformly bounded, hence the stopping
time theorem yields, for T =T, (or o),

alP(T, < o0) = Mo,
because M is continuous and Mt equals 0 on {T = oo}. The above equation can be

written
P (Mo < MO> _ Mo

X )
sup;>o M a a

5. There are many examples of such martingales, like (eBt -3 ,t > 0), or any exponential martingale,
cf Chapter 4.
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12
which is the first statement. Concerning the second, note that (e“B‘*th, t > 0) isa

continuous martingale beginning at 1 and converging to 0 almost surely. As a conse-
2
B

quence, SuUp;>g e"Br=t ig distributed as the inverse of a uniform random variable on
[0, 1], noted U, so for any A > 0

p 1
P(sup(puB;i—=t)>X]|=P(log(=)>\]|=¢?,
>0 2 U

the expected result. O

3. Finite variation processes

The stochastic processes we will consider will have an oscillating (of martingale
type) part and a finite variation component. This section reviews some basic properties

of this last part, which is always assumed continuous’.

Definition 3.19. Given a filtered probability space (Q, F,(Fi)i=0,P), a process A :
Q xRy — R is called a finite variation process if all the following conditions are
satisfied :

1. For any w, A is continuous.
2. For any w, Ay =0.

3. For any w, there is a signed measure” p such that for any t > 0

Note that the continuity and initial value assumptions implies in particular that u
has no atoms. Moreover, this definition and the following results could also be given
in an almost sure sense. This makes no fundamental difference in the following of the
course, by defining processes to be constantly 0 on the set of w’s without the required
property : this will not change adaptedness as we will consider complete filtrations.

Note that the decomposition p = p4 — u— as the difference between two positive
measures is not unique. However, it is unique when constrained to

supp(pi4+) Nsupp(p-) = 2.

Indeed, the uniqueness of such a decomposition follows from the necessary identity
p4+(B) = sup{u(C) | C C B, C Borel set} . Concerning the existence, write first
W = fiq — fi—, for some positive measures fi; and fi—. Then fi; (resp. fi—) is absolutely
continuous with respect to i = iy + fi—, so by the Radon-Nikodym theorem it has a
density A; () (resp. A_(t)) with respect to fi. Then, the choice

pig-(dt) = max (A (t) — A (), 0)a(dt)
p—(dt) = max(A_(t) — Ay (1), 0)(dt)

gives the expected decomposition. Note S (resp. S_) the support of p4 (resp. u_),
and |p| = py + p—. Then dp/d[p| = 1g, —1s_.

Moreover, for a finite variation process, A(t) = mu([0,t]) — mu_([0,t]). As A is
continuous, p4 and p_ have no atoms (because they have disjoint supports), so A is

6. One can extend the notion of finite variation processes to the discontinuous case, but this is not
our purpose. Note that a contrario, in the preceding section we proved martingale properties also
in discontinuous cases, but this will be necessary when building the stochastic integral in the next
chapter.

7. This is the difference of two positive measures with finite mass on any compact.
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the difference of two continuous increasing functions beginning at 0. This proves that
for any t > 0
n
sup Z Ay, — Ay | < 00,
O=to<-<tn=t ;3
where the supremum is over all n > 0 and subdivisions of [0,¢]. The above result
justifies the name finite variation process. A less obvious fact is that the above su-

premum is the |u|-measure of [0,¢]. The proof is a beautiful example of a martingale
argument.

Theorem 3.20. Let A be a finite variation process. Then for any t > 0,

n

sup Z ‘Atk - Atk—1| = |N‘([Ovt])a

O=to<--<tn=t

where the supremum is over all n > 0 and subdivisions of [0,t].

Proof. The inequality supg_;, «..s = > pey A, — A, | < |1[([0,1]) is obvious be-
cause

[As, = Ae | = [p(tk—1, ]| < [l (Jtr—1, k).
Consider now any sequence of refined subdivisions of [0, t] with step going to 0, noted

0= tén) << tz(::,) = t, and the filtration 7y C --- C F,, C --- C B([0,¢]) defined
as subsets of the Borel algebra by

Fo=oa(t™, 111 <k < py).

This is indeed a filtration because the subdivisions are refined. Take = [0,¢], and
the probability measure
_lpl(ds)

~ |ul([0,1])
on . On (2, B([0,]), (Frn)n>0),P), look at the random variables

X(s) =1g,(s) — 1s_(s),
pQi20 1) A A

k—1> k—1

X (s) = B(X | Fo)(s) = kLo ———=L when s €]ty t{")],
Q6 67)  (ul e, 6]

these last equalities being easily verified by definition of the conditional expectation.
As (X,,,n > 0) is a bounded martingale, it converges almost surely and in L! to some
Y € LY, and X,, = E(Y | F,.). As a consequence, for any n, E(X =Y | F,) = 0.
As X and Y are in \/, F, (concerning X, this is a consequence of the time step
going to 0), this implies X = Y almost surely. Hence X,, — X in L, so in particular
E(|X,]) = E(|X]), which means that

P(ds)

Pn
; Ay = Ayen | — {ul([0,2]),

concluding the proof. O

If A is a finite variation process and F : [0,¢] — R a process, measurable for any
given w, such that fot [£(s)||p|(ds) is finite, then we define

/0 ' f(s)dA, = /0 ' f(s)u(ds)
/ F(ldA] = / " F()lul(ds).

Then the above definitions are compatible with sums of Riemann type for continuous
f for example.
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Proposition 3.21. Let A be a finite variation process and F : Q x [0,t] — R a
left-continuous process. Then for any w

t

/0 F(s)dA, :nlgr;OZF ™) (A o = Ay ), (3.4)
' (n)

| Pean = in Zf(tk_l)\At;;» Al (3.5)

for any sequence of subdivisions of [0,t], 0 = t(()n) < < tz(:,t) = t, with step going to

0. For (3.5), we require the subdivisions to be refined.

Proof. Let F,, be the process defined as F(t, ¢ 1) o ]t,(cn)l, (n)]. Then, the right hand

side of (3.4) is fo )u(ds), so the result follows by dominated convergence.
Concernmg (3. 5)

Pn t

>R DIA e — A |—/ F,(s)|dA,|
k—1 0
k=1
< ||F|Leeqo,y <M| ([0,2]) E |A, ()~ t(ml) ;

and from the proof of Theorem 3.20 this converges to 0 along any refined sequence of
subdivisions with step going to 0. Hence proving that

/ (|dA|—>/ 5)|dA,

is sufficient, and true by dominated convergence. O

The refinement of the subdivisions is actually not necessary for (3.5) : exercise!
Moreover, note that the result of the above theorem is true when changing the evalua-
tion of F(t,(;i)l) from F(té“)). This property will be false when considering stochastic
integrals in Chapter 4.

Finally, finite variation processes are stable in the following sense.

Proposition 3.22. Given a filtered probability space (2, F, (Fi)i>0,P), let A be a
finite variation process and F progressively-measurable such that for any w, t > 0,

3 [F4]|dA| < oo. Then

F-A:(w,t)— | Folw)dAs(w)

0
s a finite variation process.

Proof. Let pu be the signed measure associated to A. The process F - A begins at 0, is
continuous and has bounded variation because

(F - A)y = ([0,]), fi(ds) = Hop(ds),

with /i a signed measure with no atoms (the finite mass condition holds thanks to
fot |Fs||[dAs| < 00). Consequently, the only condition to verify carefully is the adap-
tedness of F- A. It is true that (F-A); is Fy-measurable if F is of type 1, ,)(s)1a (w)
where u,v < t and A € Fy. It is then true if F = 1 for any A € B([0,t]) ® Fy,
by the monotone class theorem. Finally, by taking linear combinations of such sums
approximating F from below, and using dominated convergence (domination by an
integrable process holds as f(f |Fs]|dAs| < 00), we get the result for general F, as the
pointwise limit of measurable functions is measurable. O
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4. Local martingales

Instead of considering only martingales, we focus on a more general class of pro-
cesses, defined below. The main reason is that together with finite variation processes,
they will have stability properties by composition (cf Chapter 4), a property not sha-
red by martingales. In the following, a probability space (2, F, (F¢)i>0,P) is given,
that satisfies the usual conditions.

Definition 3.23. A process (M;)>0 is called a local martingale beginning at 0 if all
the following conditions are satisfied.

(i) It is adapted.
(i) For all w, My = 0.
(i4i) For all w, M is continuous.

(iv) There exists a sequence of stopping times T, converging to co for any w such
that, for all n, MT» := (Myar,,t > 0), is a uniformly integrable martingale.

n?

For such a sequence of stopping times, one says that (T, n > 0) reduces M. A process
M is called a local martingale if My = Mg + Ny, where My € Fg and N is a local
martingale beginning at 0.

Note that one could give a similar definition of a local martingale in the discrete
setting. However, for such a definition, a discrete local martingale X is a martingale
if and only if, for any n, X,, € L. This characterization is not true in the continuous
setting, allowing local martingales to have much more exotic structures®.

Proposition 3.24. For a given filtered probability space (2, F,(Fi)i>0,P), all the
following statements hold.

(i) Any continuous martingale is a local martingale.

(i) In Definition 3.23, condition (iv) can be equivalently replaced by : there exists a
sequence of stopping times T,, converging to oo for any w such that, for all n,
MTn := (Mynr,,t = 0), is a martingale.

n?

(iii) If M is a local martingale and T is a stopping time, then MT = (MyaT,t = 0)
is a local martingale.

() If M is a local martingale, (Ty,)n>0 reduces M, and (Sy,)n>0 are stopping times
converging to co, then (S, A'Ty)n>o reduces M.

(v) The set of local martingales (e.g. with values in R) is a (e.g. real) vector space.

(vi) If M is a monnegative local martingale and My € L', then M is a supermartin-
gale.

(vii) If M is a local martingale and, for all t > 0, |M;| < X where X € L, then M is
a martingale.

(viii) If M is a local martingale beginning at 0, then T, = inf{t > 0 | |M;| = n}
reduces M.

Proof. Point (i) follows from the possible choice T,, = n : for any constant ¢ > 0,
(M¢nc) is uniformly integrable, as all of its values are of type E(M, | G) for some o-
algebra G and M. € L. For point (i), note that if T,, — oo and M is a martingale,
then MT»" is uniformly integrable, as shown for (i), and T,, An — oc. To prove (ii4)
and (iv), note that by Theorem 3.15, if MT» is a uniformly integrable martingale, so

8. See Chapter 4 for an example of a local martingale which is L'-bounded but not a martingale.
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is MT»AT. The stability by addition mentioned in (v) is a direct consequence of (iv),
by choosing (T,,)n>0 reducing the first martingale and (S,,),>0 reducing the second.
Point (vi) is a consequence of Fatou’s lemma : if M = My + N and (T,),>0 reduces
N, then

EM; | Fs) = EQim Miar, | Fs) < liminf E(Miar, | Fs) = liminf Mg, = M.
n n n

Note that M; is in L! precisely thanks to the above equation. The result (vii) relies
on dominated convergence applied to the identity

Ms/\Tn = E(Mt/\Tn | '7:5)’
where (T,,)n>0 reduces M. Finally, (viii) is a direct consequence of (i) and (vii). O

The following result states that local martingales and finite variation processes are
disjoint, up to the constant processes. Some weaker statements are intuitive and easy
to prove. For example, if M is € and there exist ¢ > 0 such that supy ; [M'| < ¢
almost surely, then M cannot be a nontrivial martingale : the martingale property

gives for any € > 0
Mt — M
E( t+s€ t |]:t> _ 0’

so by dominated convergence E(M, | F;) = 0. But M} is F;-measurable (by conside-
ring increasing rates on the left now), so M} = 0 almost surely, and as M’ is continuous
M is constant almost surely. This result extends to finite variation processes®.
Theorem 3.25. Let M be a local martingale beginning at 0. If M is a finite variation
process, then M is indistinguishable from 0.

Proof. Assume M is a finite variation process, and chose

t
Tn:inf{t20|/ (M| > n}.
0

Then T,, — oo and T,, is a stopping time, for example by Theorem 3.6. The local
martingale MT» is bounded by n, so it is a martingale by Proposition 3.24. As a
consequence, for any subdivision 0 =ty < --- <t, =t,

P P

E (7)) = > E (] M%) = 3B (v - M )?)
k=1 k=1

) <nE <m?x‘Mth” MIn

to—1 th—1

’MTn MTn

As this maximum is bounded by n and M has continuous trajectories, dominated
convergence allows to conclude that

E((Mf")?) =0,

te—1

gEGﬁﬂM —MTn

by choosing subdivisions with time step going to 0. By Fatou’s lemma, one can take
the n — oo limit to conclude E(M?) = 0, so M; = 0 almost surely. As M is continuous,
this is equivalent to being indistinguishable from 0. O

9. Pessimistic people will conclude that that there are no physically reasonable fair games. Opti-
mistic people will conclude that, as fair games exist, infinite variation processes exist.
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5. Bracket

Theorem 3.25 proved that nontrivial local martingales have infinite variation. But
rescaling the increments, there is a process measuring the oscillations that is not
trivial : the good scale consists in considering the square of the increments; this
limiting process is defined in the important theorem hereafter.

Theorem 3.26. Let M be a local martingale. Then there exists a unique (up to
indistinguishability) increasing continuous variation process process, noted (M, M),

such that (M? — (M, M)y, t > 0) is a local martingale. Moreover, if (0 = tg") < tgn) <
...,n = 0) is any sequence of subdivisions of Ry with step going to 0, then

) 2
(M, M); = JE{}O Z (Mtff"At - Mti_ﬂ/\t) ;
k=1
uniformly in the sense of convergence in probability™®. The process (M, M), often noted

(M), is called the bracket (or quadratic variation) of M.

As an example, if B is a Brownian motion then (B? —¢,¢ > 0) is a martingale, so
(B); = t. Note that in general the bracket is not deterministic.

Proof. Uniqueness of quadratic variation is an easy consequence of Theorem 3.25

We will first prove the existence of the bracket when M is a true martingale, and
|M]| almost surely bounded by some K > 0. For a subdivision 6 = {0 =ty < t1...}
and a process Y, we note (Q for quadratic)

2
(Y,8) _ _
t _E: Yté")/\t Ytg“”jlm )
k=1

By a simple calculation""

) M,d
X{ = M2 = QMY =23 Moo My, = Mo, ) (3.6)
k>1 ) ) )

Therefore, (Xgé), t > 0) is a continuous martingale (just like in the case of Proposition
1.4). For a sequence (d,,n > 0) of subdivisions with step going to 0, we want to find
a subsequence of (X(‘S"), n > 0) converging uniformly on compact sets. Note

n,m On Om Om On
A = X - X = QM) — Qo)

which is a martingale, so
n,m 2 (n,m)
((Ai ) I 0)

is a martingale as well, by the same decomposition used to prove that X is a

2
martingale. As a consequence, the expectation of (Agn’m)) is also a discrete analogue

of the quadratic variation of a finite variation process. We therefore expect this to go

10. This means that for any £ > 0,
2
P| sup [(M,M)s — (M ny, —M )
s€[0,t] ( )e Z £ As ¢ ns

k>1
11. For any numbers a} s, a2 =S _(ag —ar—1)2 =237 _jap_1(ax —ar—1).

>5) — 0.
n—oo
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to 0, which would prove that the sequence of the (X,E&"), n > 0) is a Cauchy sequence
in L2, hence converging. Let us prove it. Note that, as (a — b)? < 2(a? + b?),

A—B,s A8 5
Q" <2 (0 + ),

2
so in order to prove that E ((Ain’m)> ) converges to 0, a sufficient condition is

B Q@) s o, (3.7)

n,m—00

Note &, the supremum of |M,, — M,| over all u, v, in [0, ] such that v — v is smaller
than the time step of §,,. Then if s;_1 and s; are successive elements of §,, UJ,,, then

QUM — QU] < e My, — My, |, hence

(Q™M-21) 5,,US,m,) 2 2
Qt g 5n Z (Msk/\t - Msk,l/\t) .
k>1

As the quadratic increments is uniformly bounded in L? by 8K*, we get by the
Cauchy-Schwarz inequality

E (QEQ(M,«Sn)ﬁnu&n)) < (8K4 E(Ei))1/2 . (38)

By dominated convergence (g, — 0 a.s. and &,, < 2K), this goes to 0 as n — co. We

have therefore proved (3.7), so AE””“) converges to 0 in L2 as n,m — oco. By Doob’s
inequality, this implies that

2
E (sup(X(é")—X(‘sm))> — 0,

[0 t] n,Mm—oo

so there is a subsequence of the X(*»)’s converging almost surely, uniformly, on [0, t].
Let X denote this (continuous) limit. As the subsequence of the X(9»)’s converges
to X, in L2, their martingale property is preserved in the limit : X is a martingale.
Moreover, from the definition of QgM’é), M2 — X is an increasing process. This
property remains for M? — X by uniform convergence. For s € [0,], define

(M), = M? - X,.

From the previous discussion, (M) satisfies all required properties of the bracket on
[0, ¢]. By uniqueness of the bracket, the value (M), is independent of the choice of the
horizon t > s, and of the choice of the subsequence providing uniform convergence.
Moreover, the above reasoning has proved that Xgé") — X0 s a Cauchy sequence
in L2, and as &, in (3.8) can be chosen identical for any choice of s € [0,t], the

convergence is in L? and uniform on compact sets.

12. To prove this, first check for any subdivision § = {0 = tp < t; < ...} the identity
M,8)\ 2 4 M,s M,8 M,s M,s
(QE )> = Z(Msk/\t - Mskfl/\t) +2 Z (ng/\t) - ng—l)/\t> ( £ ) - Q-Ek/\t)> .
k>1

k>1

As X is a martingale, E(Q™? — Q"0 | Fapne) = E(M? — M2, | Fay ), so using M| < K

2((@)) <o (2(a) + 5 (0 -0 |

k>1

= 8K?E (Q{™”) = 8K2E (M?) < 8K*.
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This bounded martingale case extends easily. First, note that if the result is true
for local martingales beginning at 0, it is true for local martingales : if M; = Mg + Ny
with My € Fp and N a local martingale beginning at 0, as MgN; is a local martingale,
so is M? — (N); = N? — (N); + M2 + 2MN;.

Hence we can assume My = 0. We localize M by T,, = inf{t > 0 | |M;| = n}.
Then, by Proposition 3.24, M™ is a local martingale, bounded by n, so we can
apply the previous study : there is an increasing process, noted <M)("), such that
(MT=)2 — (M) is a martingale. By uniqueness, for m < n, ((M)(™)Tm = (M)(™),
Thanks to this coherence property, one can define a a process (M) such that for any n,
(MT7)2 —(M)T» is a martingale. As T,, — oo almost surely, this means that M? — (M)
is a local martingale.

Concerning the uniform convergence of quadratic increments to the bracket, this
property is true for MT=)2 — (M)T» in L2. This with the asymptotics (by dominated
or monotone convergence)

P(T, <t) — 0

n—oo

allows to conclude that, uniformly, the convergence holds in probability. O

Note that equation (3.6) can be read in the limit as M? — (M), = 2 fot M.;dM;. This
is the first example of an It6-type formula, from which we will derive more general
stochastic calculus rules in Chapter 4.

As we defined the bracket of one local martingale, we can define the quadratic
variation for two local martingales by polarization.

Definition 3.27. Let M and N be two local martingales. Then
1

Thanks to Theorem 3.26, the reader will easily check the following properties of
the bracket :

(i) Up to indistinguishability, (M, N) is the unique finite variation process such that
MN — (M, N) is a local martingale.

(ii) The function (M, N) — (M, N) is symmetric, bilinear.

(iii) If (0 = tén) < tgn) < ...,n > 0) is any sequence of subdivisions of R, with step
going to 0, then

(M,N); = lim ]; (Mo =My ) (N =Ny )5 (39)
in probability, uniformly for ¢ in compact sets.
(iv) For any stopping time T, t > 0, (M, N);ar = (MT,N), = (MT,NT),.

As an example, consider on the same probability space two independent Brownian
motions B; and Bs. Then B1Bs is a local martingale, so (B1,Bs) = 0. If B=B; and
B = pB; 4+ /1 — p?Bs for some p € [—1, 1], bilinearity implies

<B, B>t = pt

As the bracket is a finite variation process, one can consider, as in Section 3, integrals
with respect to it. Then these integrals with respect to cross and diagonal brackets
are related by the following inequality, by Kumita and Watanabe.
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Theorem 3.28. Let H, K be two progressively-measurable™ processes and M, N, two
local martingales. Then, for any t € Ry U {oo},

[ oo < ([ n d<M>s)m ([ K§d<N>s)m ,

may some terms be infinite.

Proof. First note that, by the approximation (3.9) and the Cauchy-Schwarz inequality,
for any given s < t,

(M, N); — (M, N)| < (M), — (M)s)? ((N), — (N))'/2,

almost surely. As these are continuous processes, this inequality holds almost surely
for any s < t. Using Cauchy-Schwarz again, for s = to < --- < t, = t, the above
inequality yields

Z ‘<M7N>tk - <M7N>tk—1’ < Z (<M>tk - <M>tk—1) (<N>tk - <N>tk—1)

k=1 k=1

n 12 , 1/2
< (Z (<M>tk - <M>tk1)> < (<N>tk - <N>tk1)>

k=1 1
= ({(M)s — (M))"Z (N}, — (N))'/2,

so using Theorem 3.20, we get

/ a0 N) < (/ t apu.) - (/ t am. )

This inequality can be extended to any Borel bounded set B in R, first through
the finite number of intervals case (still by Cauchy-Schwarz) and then by monotone

classes :
/B|d<M,N>u\ < (/B d(M)u)1/2 (/Bd<N>u>1/2.

Now, for functions of type H = > hylp,, K = > k/1p,, with disjoint bounded Borel
sets B;’s,

1/2

/ [HLK| [, N = 3 [heke] / A(M, N, |
I ‘

< e ( / [ d<M>u)1/2 ( / 4 d<N>u)1/2
< (%3 [ ed<M>u) " (Eej i [ ed<N>u>

-(/ t Hfd<M>s>1/2 (f t K§d<N>s)1/2.

Approximation of progressively-measurable processes as increasing limit of such func-
tions ends the proof. O

1/2

13. The proof actually does not require adaptedness : (w,t) — H¢(w) being B(R4) ® F-measurable
(and the same for K) is sufficient, but in the following we will always apply it in the progressively-
measurable case.
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Another important property of the bracket is that it characterizes integrability of
local martingales.
Theorem 3.29. Let M be a local martingale, Mgy = 0.
(i) The process M is a L2-bounded martingale™ if and only if E(M)s) < co. In
such a case, M2 — (M) is a uniformly integrable martingale.
(ii) The process M is a square integrable martingale™ if and only if for any t > 0,
E((M);) < co. In such a case, M? — (M) is a martingale.

Proof. For (i) assume first that M is a L2-bounded martingale. It is therefore uni-
formly integrable and converges almost surely to some M,,. Moreover, from Doob’s
inequality,

E (sup Mf) <4supE (M) < oo. (3.10)
20 =

As a consequence, if we define T,, = inf{¢t > 0 | (M); > n}, (this is easily shown to be
a stopping time because the bracket is progressively-measurable)

(M, — (M)at, .t = 0)

is a local martingale (by Proposition 3.24) bounded by (supt>0 M?) +n €Ll soit is
a true martingale (still by Proposition 3.24), so

E (<M>t/\Tn) =E (M?ATn) .

Dominated convergence allows to take t — oo on the right hand side, and monotone
convergence on the left hand side :

E((M)r,) =E(M7,).
Now, monotone convergence on the left and dominated convergence on the right yield
E((M)s) =E (MZ).

In particular, E ((M)y,) is finite. This implies that M? — (M) is bounded by an inte-
grable random variable ((sup;>oM?) + (M) ), so it is a uniformly integrable martin-
gale.

Suppose now that E ((M)s) < 0o and note T,, = inf{t >0 | [M| > n}. Then M™»
(bounded by n) and (MT»)2 — (M)T» (bounded by n? + (M)T» € L!) are uniformly
integrable martingales. Hence, for any stopping time S, by Theorem 3.13,

E(M2,5,) = E(M)g,z,)-
Fatou’s lemma therefore yields
E(MZ) < E((M)s) < E((M)) < c0.
In particular, M is L?-bounded. Moreover, it is a martingale : in the identity
E(Mt/\’i‘n | Fs) = Ms/\’i’n’

the limit n — oo is allowed by dominated convergence. Indeed, the M, 4 ’s are

bounded in L? (E(sup, M?) < oo, so E(sup,, MfATn) < 00), hence in L.

For (ii), by Doob’s inequality, if M is square integrable, (Mgn,c = 0) is L2-
bounded so, by (i), E((M):) < co. Reciprocally, if E((M);) < oo then (i) implies that
(Msaz,¢ = 0) is bounded in L2, in particular E(M?) < oo. Finally, in such a case,
from (i) the process (M2,, — (M)4at, s = 0) is a (uniformly integrable) martingale, so
M2 — (M) is a martingale. O

14. supyso E(IM¢[?) < o0
15. For any ¢ > 0, E(|M¢|?) < oco.
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Part (i) of Theorem 3.29 has the following easy consequence.

Corollary 3.30. Let M be a local martingale, with My = 0 almost surely. Then M is
indistinguishable from 0 if and only if (M) is identically 0.

Proof. If M is indistinguishable from 0, it is clear that the bracket vanishes (as a limit
of quadratic increments). Reciprocally, if (M) = 0, then by (i) in Theorem 3.29 M?
is a martingale so, for any given ¢, E(M?) = 0, so M; = 0 almost surely. One can
conclude by continuity that M is indistinguishable from O. O

Finally, the class of processes we will consider in the next chapter, and for which
a stochastic calculus will be developed, are of the following type, gathering the types
we have considered till now.

Definition 3.31. Given a probability space (Q, F, (Fi)t>0,P), a process X is called
a semimartingale if it is of type

X=Xo+M+A

where Xg € Fo, M is a local martingale beginning at 0 and A is a finite variation
Process.

Note that, by Theorem 3.25, such a decomposition is unique, up to indistin-
guishability. As a consequence, one can define without ambiguity the bracket of
X=Xo+M+Aand X=Xg+M+ A as

(X,X) = (M, M).

In particular, the bracket of a finite variation process with any semimartingale is
always 0. Then the reader can prove that the bracket is still given as a limit of
increment (the finite variation part does not contribute) : if (0 = t(()n) < t§”) <
...,n > 0) is any sequence of subdivisions of R, with step going to 0, then in the
sense of convergence in probability

XK= Tim > (Ko = Xy ) (Ko = Kym ) - 311)

n— oo
=

After these many efforts to define semimartingales, the reader may reasonably
wonder whether this is a natural class of processes to consider. One possible reason
for paying attention to these processes is that they are stable when composed with
smooth function (of class ¢?) : this is part of the next chapter, through the famous
It6 formula. Another reason is that, up to a deterministic part, processes with inde-
pendent increments are semimartingales : the proof of the following result (that we
state only in the continuous case) can be found in [7].

Theorem 3.32. If, given a probability space, the process Y is continuous with inde-
pendent increments, then it takes the form

Y =X+F,

where X is a semimartingale with independent increments and F is a deterministic
continuous function.



Chapter 4

The It6 formula and applications

The purpose of this chapter is to give a rigorous meaning to

/ H,dM;,

where H is a progressively measurable process and M is a local martingale. Once such
integrals defined, calculus rules are given for composing sufficiently smooth functions
with semimartingales (It6’s formula), allowing in particular to prove that semimartin-
gales is a class of processes stable when composed with €2 functions. Consequences of
this in terms of occupation properties of Brownian motions, partial differential equa-
tions (the Dirichlet problem) and change of measure on the Wiener space (Girsanov’s
theorem) are then developed.

1. The stochastic integral

Definition 4.1. We note H? the set of (continuous) L?-bounded martingales : M € H?
if sup; > E((M;)?) < oc.

Note that, if M € H2, it converges almost surely and has a finite bracket :
E({M)s) < co. Moreover, as a simple application of the Kunita Watanabe inequality,
if M and N are in H?,

E(I{M, N)oo|) < E((Moo) " E ((N)oo) /2.
This means that we can define a scalar product on H? by
(M,N)ggz = E((M,N)o),

and | M|z = ((M)oo)/? defines a norm, associated to this scalar product : we have
already seen that if |[M|gz = 0, then M is indistinguishable from 0. An important
point is that the space (H?,||||y2) is complete.

Proposition 4.2. The space (H2, ||||g2) is a Hilbert space.

Proof. We only still need to prove that this space is complete. Consider a Cauchy
sequence (M), :

lim E ((Mgg) - Mgg“>)2) ~= lim E ((M(”) - M(m)>oo> =0.

m,n— o0 m,n— oo

Hence, by the Doob inequality,
lim E (sup \Mgn) - Mgm)|2> =0, (4.1)
>0

m,n— oo

so we can find an increasing sequence (ny)r>o such that
oo (') 1/2
E Zsup M) v < ZE (sup M) Mg""'l)|2> <oo. (4.2)
k=120 k=1 \t20
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As a consequence, Y 7, Sup;s M) — M) is almost surely finite, so M)

converges uniformly to some continuous adapted (the pointwise limit of measurable

functions is measurable) process M. For any given s and ¢, as Mﬁ"’“) (resp. Mgn"))

converges in L2 to M; (resp. M), in the martingale property
(M | Fo) = M{™),

one can take the limits to conclude that M is a martingale. Moreover, as the M("+)’s
satisfy (4.1), all Mgn’“)’s are uniformly bounded in L? and M € H2. Finally, M)
converges to M in H2, because

E ((M(”k) - M)oo> —E ((Mf;}k) - MOO)Z) -0,
e.g. by (4.2). This implies, by the Cauchy condition, that M) converges to M in H?
as well. 0

Definition 4.3. For M € H2, let L2(M) be the space of progressively measurable

processes H such that
E (/ H§d<M>S) < 0.
0

Note that, as an L? space (more precisely, one can easily check that L?(M) =
L*(RyxQ, F,v), with F is the progressive o-algebra and v/(A) = E( [ 1a(s,)d(M),
is a well-defined finite measure), this is a Hilbert space for

(H,K)2) = E </ HSKSd<M>S)
0
in the sense that ||[H||r2qp) = 0 if and only if v-almost surely H = 0. Note also that
in the above definition, H is not necessarily continuous.

Definition 4.4. The vector subspace of L?(M) consisting in step processes is noted
E. More precisely, H € £ if there is somep > 1 and 0 =ty < --- < t, such that

p—1
Ho(w) =Y Hi(@) Ly, 4,,4)(5)s
k=0

where Hy, € F3, is bounded.
Proposition 4.5. For any M € H?, £ is dense in L2(M).

Proof. We need to prove that if K € L2(M) is orthogonal to &, then K = 0. If K is
orthogonal to Fl, ) € £, where F € F is bounded, then

E <F /St Kud(M>u) =0. (4.3)

Let X; = fot K,d(M),. Then X; € L!, as a consequence of the Cauchy-Schwarz
inequality and M € H?, K € L?(M). Then (4.3) means that, for any bounded F € Fg,
E((X; — X5)F) =0, so Xy = E(X; | Fs) : X is a martingale. But this is also a finite
variation process, so it is indistinguishable from 0. In other words, for any ¢ > 0,

t
/ K,d(M), =0,
0

so K = 0, v-almost everywhere on Ry x €. O
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Theorem 4.6. Let M € H2. To H € €, written Hy(w) = Zi;é Hi (W) 1)ty 0401 (8), we
associate H-M € H? defined by

p
(H- M), = ZHk (Mtkﬂm - MtkAt) .
k=1

Then the following results hold.

(i) The map H+— H-M can be uniquely extended into an isometry from L2(M) to
H2.

(ii) The process H-M obtained by the previous extension is characterized by* * : for
any N € H?,
(H-M,N)=H- (M,N).

(iwi) If T is a stopping time, then

(1jpmH)-M=H-M)T =H-M".

(iv) The so-called stochastic integral H-M of H with respect to M satisfies the follo-
wing associativity relation : if G € L2(M) anf H € L2(G - M), then GH € L*(M)
and

(GH)-M=G-(H-M).

Proof. To show (i), we first need to check that

E — B2
H — H-M

is an isometry from &£ to H2. First, one easily gets that H - M is a L? bounded mar-
tingale, and as (H - M); = Zﬁ;i HZ (M), one — (M)ene)s

H-M[f: =E (p_ HZ (M), — <M>tk)> =E mH§d<M>s = [|H|[f2n1)-
> () mea00. ) = imitaq,

From the two preceding propositions, £ is dense in the Hilbert space L?(M), so this
isometry can be extended in a unique way as an isometry between (L2(M), ||||r2(w))
and (H?, [|[|p2)-

Concerning (i), a calculation allows to prove the expected relation when H € £ :

1. In the following equation, the notation H - (M, N) refers to the usual Stieljes-type integral with
respect to a finite variation process, in the sense of Proposition 3.22
2. This characterization also can give a definition of the stochastic integral : as
HZ2 — R
N = E(H (MN)))
is continuous (by Kunita-Watanabe) and linear, by the Riesz representation theorem there is a unique
element H - M € H? such that for any N € H?

E((H - (M, N))oo = E((H - M, N)oo)
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k=1
p
=Y Hp(Myya = Mya, N)
k=1
p
= Hi (M, N)gy e — (M, N)pn0)
k=1
t
= Hd(M, N),
0

To prove this formula for general H € L?(M), consider a sequence H™ in &
converging to H in L2(M). Then, by the isometry property, H(™ . M converges to
H-M in H2. We will justify the steps of the following equalities afterwards :

(H-M,N)y = lim (H™ . M, N)o
n—oo
-k (n) .
Jim (HY - (M, N) oo

= (H- (M;N))oo

The first equality is in the sense of a L!-limit, and a consequence of the Kunita-
Watanabe inequality, where we take X = H™ .M —H-M :

E(|(X,N)oo|) < E({X)o0) /* E((N)oo) /2 = [IX |z E((N)oo) /2.

The second equality has just be proven and relies on H(™) e £. Finally, the third
equality holds as a limit in L' and relies on Kunita-Watanabe as well :

E

/0 (HO) — H)d(M, N),| < E ((N)oo) [IH) = Hilgz .

We have proven that E(|(H - M,N),, — (H- (M, n))s|) = 0 which yields that almost
surely
Choosing N stopped at time ¢ in this identity proves the expected result.

To get the unique characterization of H - M by the identity in (i), not that if X
satisfies the same property as H - M, then for any N € H?

(H-M—-X,N)s =0.
The choice N = H-M — X proves that H- M and X are indistinguishable.

For (iii), we can for example first prove (1jorH)-M = (H-M)T. For this, we just
need to check that for any N € H?

(1o mH) - M,N)oe = (H-M)T,N) .

The left hand side is also ((1jo,rjH) - (M,N))o = (H- (M,N))r, and the right hand
side is (H - M,N)1. As (H-M,N) = H- (M, N), this achieves the proof. Concerning
the proof of (H-M)T = H- M7, it proceeds the same way.

Finally, the first assertion of (iv) follows from definitions : as (H-M) = H-(M,H-
M) = H?(M),

/OOO(GH)Qd(M)S = /OOo H?d(G - M), < o0
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because H € L?(G - M), so GH € L?(M). To prove the second assertion, we just need
to test it with respect to any N € H2, using the associativity for integrals of Stieljes
type :

(GH) -M,N) = (GH) - (M,N) =G - (H- (M,N)) =G - (H-M,N) = (G- (H-M),N),
so (GH)-M=G-(H-M). O

In the following, we will often use the notation

t
(H-M)t:/ H,dM,.
0

In this way, property (iv) of the previous theorem appears as a formal evidence :

t
0

/Ot G (H,dM,) :/ (G H, )M,

Moreover, property (i4) when iterated yields the joint bracket of two stochastic inte-
grals : as ([, HidM,,N), = fg Hd(M,N),, we get for H € L?(M) and G € L?(N)

</0‘ Hdes,/O- GsdMy); = /Ot(GsHs)d(M,N)S. (4.4)

In particular, the first two moment of stochastic integrals are well-known :

| E(étHdes>:0 |
E ((/0 Hdes> (/0 GSdNS)> =E </0 (GsHs)d(G,H)S> :

We want to emphasize that the above relations are not always true when considering
the following extension of stochastic integrals to local martingales. For this, we will
consider integration with respect to a local integral martingale of processes H locally
integrable in the following sense :

t
L. (M) := {progressively measurable H | for any t > 0, / H2d(M), < oo a.s.} .
0

Theorem 4.7. Let M be a local martingale beginning at 0. For any H € L2 (M),
there is a unique local martingale beginning at 0, noted H - M, such that for any local
martingale N

(H-M,N) = H- (M,N). (4.5)

This definition extends the one from Theorem 4.6. Moreover, for any stopping time
T

)

(LjpmH)-M=H-M)T =H-M". (4.6)
Proof. Note
t
t, =t {ezo] [a+maon, =},
0

Then MT» € H? and H € L2(M™"), so we can consider the stochastic integral H- M=
from Theorem 4.6. From (iii) of this Theorem, for m < n, (H-M™m)T» = H.MT».
This coherence relation proves that there is a process, noted H - M such that, for any
n >0, (H-M)T» =H-MT". Moreover, as H € L2 (M), T,, — oo almost surely with
n, hence as (H-M)T» is a martingale, H- M is a local martingale.
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To prove relation (4.5), take N a local martingale and T,, = inf{t > 0 | [N;| = n}.
Then if S,, = T, A T, N5 € H?, so we can write

(H M, NYS» = ((H - M)+, NS=) = ((H - M™)S%, NS) = (H - MT»NS)
=H-(M",N°) =H- (M,N)" = (H- (M,N))>
As S, — oo a.s. we get the expected result (4.5). Concerning the proof of (4.6),
it proceeds exactly as for (i74) in Theorem 4.6, relying only on (4.5). Finally, our

definition coincides with the H* and L?(M) case by just noting that (4.5) characterizes
H-M. O

To extend the notion of stochastic integral to semimartingales, we need to work
with locally bounded processes : a progressively measurable process H is said to be
locally bounded if for any ¢ > 0, almost surely

sup |Hy| < oo.
[0,2]

Note that if H is locally bounded and M is a local martingale, then H € L _(M).
Moreover, if A is a finite variation process, then for any ¢ > 0 almost surely

fot |Hs||dAs| < oo. As a consequence, for a semimartingale X = Xo + M + A, and
a locally bounded progressively measurable process H, the definition

H-X=H-M+H-A
makes sense. We will mostly note it fo H,dX,.

Proposition 4.8. The stochastic integral of a locally bounded progressively measu-
rable process with respect to a semimartingales satisfies the following properties.

(i) The application (H,X) — H-X is bilinear.

(i) If G and H are locally bounded, G - (H-X) = (GH) - X
(i) If T is a stopping time, (1jomH) - X = (H-X)T =H- X",
(iv) If X is a local martingale, so is H - X.

(v) If X is a finite variation process, so is H - X.

(vi) If H is a step process (Hy = > 5_ Hk]l Jtn.tiia](8)), then

p—1
(H : X)t = Z Hk(th+1At - th/\t)-
k=0

(vii) If H is also assumed to be left-continuous, then in the sense of convergence in
probability

pn—1
/0 HodX, = lim Z Hyo (X =X )

(n)

where the sequence of subdivisions 0 = tén) < < tp, =1 has a step going to

0.

Proof. All the above results are easy consequences of previous analogue statements
concerning local martingales and finite variation processes, except (vii). To prove it,
we can suppose that X is a local martingale, a similar statement being proved for
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finite variation processes in Proposition 3.21. Let H(™ be the process equal to H
k

on ]t;n),tgfl], 0 otherwise, and
T =inf{¢t > 0| |Hs| + (M)s; = m}.

Then M™™ and H™ are bounded on [0, T,,], so the definition and properties of the
stochastic integral in the H2/L?(M™™) case allow to use the isometry property :

tAT,,
E (((Hn]l[o,Tm] M), — (Hlo, 7,1 - M)t)2> =E (/0 (HY — Hs)2d<M>s> .

As H is left-continuous, this last term converges to 0 as n — oo by dominated conver-
gence. Hence (H”-M); ™ converges in L% to (H-M)}™. As P(T,, > t) — 1 for m — oo,
we can conclude that (H™ - M), converges in probability to (H - M);. O

2. The Ito formula

One of the most important formulas in analysis is the change of variable formula.
For example, in dimension 1, it states that if A is a continuous finite variation function
and f € €1, then

F(A) = f(Ao) + /0 F/(AL)dA,.

When A is a semimartingale, we want a similar formula. This is the cornerstone of
the following of this lecture.

Theorem 4.9. Let F : RY — R be of class €2, and X*,...,X? (continuous) semi-
martingales. Then F(X,... X%) is a semimartingale and

d t
F(X,},...,Xf):F(Xg,...,XgHZ/ 9y, F(X!L, ..., X%)axk
k=170

1 t
* 5 Z /0 8$k$ZF(Xi’ e ,Xg)d<Xk7 Xé>s-

1<k, £<d

Note that the the Ité formula gives the decomposition of F(X!,...,X?) as a sum
of a local martingale and a finite variation process.

Proof. We first prove this formula when f(z,y) = xy, which is equivalent to proving
a stochastic integration by parts formula. For this purpose, by polarization, we just
need to prove it for f(r) = 2% :

¢
X2 = X2+ 2/ X,dX, + (X);.
0
We know by (vii) in Proposition 4.8 that
pn—1

t
2 / XedX, = lim 2 ; X (X, ~Xyo).

where the sequence of subdivisions 0 = t(()n) < e < tj(gz) =t has a step going to 0,

and the limit is in probability. Writing this as

pn—1 pn—1 9
im (3 (X2, -X2, ) - (X Yy =X )
n— o0 t;?jr)l t;(cn) tgci)l tgcn)

k=0 k=0



62 The It6 formula and applications

and using (3.11) proves the It6 formula in the quadratic case, by uniqueness of the
limit in probability. We proved that the formula is true for F being constant, linear
of of type x;z;. As a consequence, if the result holds for F(z), a simple calculation
proves that it is true for F(z)z;. Hence, iterating this reasoning, the result holds for
any polynomial in the variables x1,..., x4 of arbitrary degree.

Moreover, by localizing our processes Xi,...,Xy through their first exist time
from the ball with radius n, and taking n — oo at the end, we can assume that the
processes remain in a compact K. As F is €2 on K, the Stone-Weierstrass theorem
gives a sequence of polynomials (P,,> 0) in the variables x1,...,x, such that P,,
its first and second order derivatives converge uniformly to those of F on K. One
can easily show by dominated convergence that if H and the H™’s are continuous
uniformly bounded progressively measurable processes, H,, converging almost surely
to H on [0, ¢t], then for any semimartingale X

t t
/ HdX, — [ H.dX,
0

n—oo 0

in the sense of convergence in probability : the result is true in the almost sure sense
if X is a finite variation process by the usual dominated convergence; if X is L2-
bounded martingale the convergence holds in L2 by the isometry property; if X is a
local martingale, the convergence holds in probability by localization. Thus, writing
the 1t6 formula for the polynomials P,,’s and taking the limit n — oo yields the result
for F, by uniqueness of the limit in probability.

Finally, as the formula is proved, it is obvious that F(Xy,...,X ) is a semimartin-
gale, Ito’s formula giving its explicit decomposition (as F is €2, all integrated terms
are locally bounded, so the stochastic and Stieljes integrals make sense). O

In the following, the It6 formula will often be mentioned in its differential form :
4 1
dFR(XE, ..., XH =) 9. F(XL, ..., XHaxk 4 = D F(XL, .., XDHaXF, XY,
( ts ’ t) ; k ( 50 ’ s) S+21<k27;<d ke ( 50 ’ s)< ’ >

To see how the It6 formula works in practice, the following is an important familly
local martingales. Note that a complex process is called a local martingale if both its
real and imaginary parts are local martingales.

Corollary 4.10. Let M be a (real) local martingale and A € C. Then the process
(@M—%(M)t,t > 0)

is a local martingale.

Proof. Let F be a €2 function from R? to R. Then, by the Ité formula, for a semi-
martingale M,

1
dF (M, (M),) = (0, F)dM, + (9,F)d(M), + E(GMF)d<M>t.
As a consequence, if M is a local martingale and
1
<ay + 2%) F =0, (4.7)
then F(M, (M)) is a stochastic integral with respect to M, hence a local martingale. In

2
our case, both the real and imaginary parts of f(x,y) = e =Ty satisfy (4.7), which
yields the result. O
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A fundamental application of the It6 formula is the following characterization of
the Brownian motion, that we will refer to in the following of the course as Lévy’s
criterion.

Theorem 4.11. Let MM ... M@ be local martingales beginning at 0. Then the
following assertions are equivalent.

(i) The processes MY ... M are independent standard Brownian motions.

(i) For any 1 <k, <d andt >0, (M* MO, =1,_,t.

Proof. Point (i) implies (i7) because (Mgk)2 —t,t > 0) is a martingale, as well as
MEIMO ¢ > 0) when k # ¢.

Assume (i), note M = (MM, ... M) and consider some u € R% Then u - M
is a local martingale with bracket (u- M), = |u|?t. As a consequence, from Corollary
410,

(ein—%\uzhﬁ’ t > 0)

is a local martingale. As it is bounded, it is a martingale :
E (eiu-Mt7%|u2|t | F ) _ eiu~M57%|u2\s
s) = .
As a consequence, for any A € Fj,
E (eiu.(Mt—Ms)ﬂA) — 67%\u|2(t—s)P(A)'

The choice A = Q proves that M; — M; is a Gaussian vector with covariance matrix
(t — s)Idg, hence with independent coordinates. Moreover, the above equation also
proves that M; — M; is independent of F,. This concludes the proof. O

As an example, consider a Brownian motion B, and define the process B through

t
Bt:/ sgn(Bg)dBg,
0

where sgn(z) = 1if z > 0, —1 if < 0. Then B is a local martingale and from (4.4),
its bracket is (B>t = t. As a consequence, B is a Brownian motion.

Another byproduct of Lévy’s criterion is that, in the multidimensional setting,
the Brownian motion has a rotation invariant distribution : it does not depend on
the chosen orthogonal framework (in the next section we will see that for d = 2 the
Brownian motion satisfies the more general property of conformal invariance). More
precisely, consider a d-dimensional Brownian motion B = (B!,...,B?) beginning at
0 and an orthogonal matrix O € O(d). Then

B=0OB
is also a Brownian motion. Indeed,
(BY, B = (O 0miB",> 0B); = 04i04(B') = (Of - O))t = Tt
i=1 j=1 i=1

which concludes the proof by Theorem 4.11.

An important consequence of the Lévy criterion is that up to a change of time,
any martingale is a Brownian motion : the natural clock of martingales is the bracket.
This is the Dubins-Schwarz theorem.
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Theorem 4.12. Let M be a local martingale such that (M)o, = oo almost surely.
Note
T; =inf{s > 0| (M), > t}.

Then for any given t the random variable Ty is an almost surely finite stopping
time, and the process® By = Mr, is a Brownian motion with respect to the filtra-

tion (Gt)t>0 = (Fr,)t=0. Moreover?,

M; = Bayy,-

Proof. First, as all expected results are in the almost sure sense, we can suppose that
for any w the process M begins at 0, is continuous, and (M),, = oo. The process
(T4)¢>0 is nondecreasing, right-continuous, and finite. Moreover,

(M); =inf{s > 0| Ts > t}.

Note that the processes M and (M) have the same constance intervals : if M is constant
on [S,T] so is (M) thanks to the characterization of the bracket as a limiting sum of
squares of increments; conversely, if (M) is constant on [S, T], as a local martingale
with null bracket is indistinguishable from 0, then the result follows by considering a
proper shift of M after a stopping time.

To prove that B is continuous, note that this is obvious at points ¢ where ¢ is
continuous, and if T is not continuous at ¢ this follows from the above coincidence of
constance intervals. By Lévy’s criterion, we therefore just need to prove that B and
B? — ¢t are local martingales with respect to the filtration (Gt)i>o.

Let X denote M or (M7 — ¢t,t > 0). Let S,, = inf{¢t > 0 | |Xy| > n}. Then
Sn = (M)g, is a (G;)¢>o-stopping time. As X5 is a bounded (F;);>o-martingale, the
stopping time theorem yields

X% =E (X% | Fr,) .

This means that X_ .5 isa (Gi)i>o-martingale, so as (M)g, — oo we get the expected
result. O

Note that one can state a similar result when P({M).,) > 0, by constructing B on
an enlarged probability space. See [16] for more details. A consequence of the Dubins-
Schwarz theorem is that any local martingale M have many common properties with
a Brownian motion.

e In the interior of non constant intervals, M is nowhere differentiable, has a
Holderian index 1/2.

e If the bracket has a strictly positive right increasing rate at t, M satisfies an
iterated logarithm law.

e Up to a null set, {w | M converges in R} = {w | (M) < c0}.
e Up to a null set, {w | limsupM = oo, liminf M = —oo} = {w | (M) = 00}

Finally, the following multidimensional extension of the Dubins-Schwarz theorem
can be proved in a similar way (with the additional difficulty that independence of
processes must be proven, see [16] for a proof). It will be useful in the next section.

Theorem 4.13. Let MW ... M@ be continuous local martingales beginning at 0
such that, for any 1 < k < d, (M®)), = 0o ast — oco. If, for any k # £, (MF) M©®)) =
0, then there exist BV ... B independent standard Brownian motions such that,

forany 1 <k <d, Mgk) = BEIE/}M

3. defined up to a null set
4. still up to a null set
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3. Transcience, recurrence, harmonicity

We are now interested in properties of the Brownian curve in connection with
classical harmonic analysis problems. First, as we will see, transcience or recurrence
properties of the Brownian motion in dimension d depend on the asymptotic behavior
of harmonic functions Then, more generally, we will give a classical interpretation
of solutions to the Dirichlet problem through harmonic measures defined from the
Brownian motion. This point of view will be developped in the next chapter when
existence and uniqueness of solutions to some stochastic differential equations will be
proved.

To begin our discussion, we need first the following highly intuitive result. Note
however that there exist continuous mappings from the unit interval to the unit square
[15].

Theorem 4.14. Let d > 2. Then for a Brownian motion B in dimension d points
are polar : for any x # By,

P(3t>0]|B;=x)=0.

Proof. First, by projection on a subspace of dimension 2, proving the result for d = 2
is sufficient. Moreover, by scaling and rotation-invariance of Brownian motion (cf the
previous section), we can consider that z = (—1,0), and that the bi-dimensional
Brownian motion (X,Y) begins at (0,0). Let M; = Xt cosY; and N; = Xt sinYy,.
Then an application of It6’s formula yields

th = Mtht - NtdYt
dN; = N;dX; + M,dYy,

so M and N are local martingales. Moreover, (M, N) = 0 and

<N>t = <M>t :/O €2Xtdt.

The recurrence of the Brownian motion X easily implies that these brackets go to oo
almost surely. As a consequence, one can apply Theorem 4.13 to conclude that there
are two Brownian motions B!, B2 such that
_nl _ p2
M — 1= Bpy,, Ne =By,

As a consequence, (M) being continuous and with almost sure range [0, oo, noting
B = (B!,B?),

P(3t>0]|B;=(-1,0)) =P(3t > 0| (M¢,N¢) = (0,0)).

As |(Mg,Ny)| = €X¢ and almost surely X; is finite for any ¢ > 0, this last event has
probability 0. O

Although the Brownian motion will not visit a given point, it will almost surely
visit any of its neighborhoods when d = 2.

Theorem 4.15. Let B be a Brownian motion in dimension d = 2, and O C R? be
open. Then
P(3t>0|B, €0)=1.

Proof. We can assume By = a # 0, and we want to prove that for any r > 0 the
probability that for some ¢, B is in Z(r) (the ball with radius r) is 1. We note here
Xt == ‘Bt|2.
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First, note that the process log X; is a local martingale. Indeed, for a given function
f of class €2 on R?,

A7 (BLB) = (01 F)AB? + (0)0B3 + S(Af)dr

For f(x,y) = log(z?+4?), Af = 0, so log X is a local martingale® Let 0 < r < |a| < R,
and T, = inf{¢ > 0| |B:| = «}. The stopping time theorem applied to log(XiarTrAaT, )
(this is a bounded, hence uniformly integrable martingale) yields

E(log(Xrpat,)) = log|al. (4.8)

As the one-dimensional Brownian motion is recurrent, Tg < oo almost surely, so
P(T, < Tgr) + P(Tr < T,) =1, and (4.9) means

(log)P(T, < Tr) 4+ (logR)P(Tr < T,) = log|al.

This implies that
log R — log |al
P(T, < TR) = ——————,
( ®) logR — logr
so when R — oo we get by monotone convergence P(T, < o0o) = 1, concluding the
proof. O

Note that the previous theorem can be strengthened to prove that there are arbi-
trary large ¢ such that By € O. Indeed, for any n > 0,

P(F >n|B; €0) =E(E (La:snp.e0 | Fn))

and E (]13t>n‘]3teo | fn) is constantly one as, from the Markov property, this is also
P(Et>0| B, € 0,,) where O,, = O+ B,, and B is a Brownian motion independent of
B,.

The above property is often referred to as the recurrence of the Brownian motion
in dimension 2. It strongly contrasts with dimension d > 3 : for any compact set
outside of the initial point, with strictly positive probability the Brownian motion
will never touch it. °

Theorem 4.16. Let d > 3 and B be a Brownian motion of dimension d. If K ¢ R?
is compact, simply connected and By € K, then

P(3t>0|B; €K) <1,

Proof. First, as K is simply connected and bounded, and By ¢ K, there is a path
v = (x(t),0 < t < 1) such that 2(0) = By and x(1) is strictly separate from K by an
hyperplane H. As K is closed there is some £ > 0 such that 7. = {z € R? | dist(z,v) <
e} is disjoint from K. Moreover, from Corollary 4.29 in the next section, one sees that

P(Vt € [0,1],B; € 7.) > 0.

As a consequence, by considering (thanks to the Markov property) (B;+1 —Bi,t > 0)
instead of B and embedding K in a sphere not intersecting H, we just need to prove
the following : if Bg > 7, then

P(3t>0] (B <r) < 1.

5. The function log diverges at 0, so strictly speaking we cannot apply this formula directly. But
the result is true, because 0 is a polar point : writing S, = inf{t > 0 | X; < %}, the 1t6 formula
yields tAS 19Rp1 29R2

log Xins, :10gX0+2/ "M
" 0 Xs
From Theorem 4.14, when n — oo, S;, — oo a.s. so the above formula holds when replacing t A S,
by t.

6. An isotropic dog with independent increments will always come back to his kennel, but such an

astronaut will not necessarily find back the International Space Station.
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|27d

To prove this, first the process |B; is a local martingale. Indeed, for a given

function f of class €2 on R¢,

d
AF(BL,.. BY) = S (@ /)dBE + L (Af)dr.
k=1

For f(z1,...,2q) = (22 +-- -+x3)1’%, a calculation proves that Af = 0, so |B;|>7¢ is
a local martingale (note that, as in the proof of Theorem 4.15, the considered function
is not €2 in R%, so we first need to localize the process outside of arbitrarily small
neighborhoods of the origin and then use the polarity of 0). Let 0 < r < |a] < R,
and T, = inf{t > 0| |B;| = 2}. The stopping time theorem applied to |XiatpaT, |? ¢
(this is a bounded, hence uniformly integrable martingale) yields

E(|Broar, ) = [al*~". (4.9)

As the one-dimensional Brownian motion is recurrent, Tg < oo almost surely, so
P(T, < Tg) +P(Tr < T,) = 1, and (4.9) means

r2IP(T, < Tr) + R*P(Tg < T,) = |a]*~ %

This implies that
R2—d _ |a|2—d

P(Tr <Tr) = fo-a— 20

so when R — oo we get by monotone convergence

N
P(T, < ) = () <1,
|al
concluding the proof. O

Note that the above proof holds for d = 2 (resp. 1), but it gives a trivial resp.
contrary) conclusion. The above result alone is not sufficient to conclude that for
d > 3, almost surely |B;| — oo as t — co. We say that in dimension greater than 3
the Brownian motion is transcient, and this is proved hereafter.

Theorem 4.17. Let B be a Brownian motion in dimension d > 3. Then, almost
surely,

lim |B¢| = co.

t—o0

Proof. By a projection argument, we just need to prove it for d = 3. By shifting B,
we can suppose Bg = (1,0,0). The proof of Theorem 4.16 involved the fact that

1
—t>0
(mrt>0)

is a local martingale. As it is positive, it is also a supermartingale and converges
almost surely, to some random variable X. We want to prove that X = 0 a.s. and as
X > 0 we just need to prove E(X) = 0. By Fatou’s lemma,

1
< i —
E(X) < tliglo]E <|Bt|> .
This limit is 0, because

1 1 1\?2 e
_ I o 2 2
() = 18 «M ﬁ>+M+M> |

where N7, N5, N3 are independent standard normal variables, and the above expec-
tation uniformly bounded : 1/|z| is integrable around 0 in dimension d > 2. This
concludes the proof. O
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The interested reader can also prove Theorem 4.17 by using the estimates on pro-
bability of hitting a ball in the proof of Theorem 4.16 and a Borel-Cantelli argument.
One advantage of the above proof is that it gives a first example of a strict local
martingale, justifying our efforts of the previous chapter to introduce this notion :

when d = 3,
( ! t>0)
|Bt|7 =

is a local martingale but not a martingale, as its expectation converges to 0.

The previous discussion highlights the links between Brownian motion and Harmo-
nic functions. The following gives some flavor about how from the Brownian motion
allows to prove some results of Harmonic analysis.

Proposition 4.18. Let f : U — R be a function of class €2, where U is open and
connected. Then the following points are equivalent.

(i) The function f is harmonic : Af =0 on U.

(ii) For any x € R and any r > 0 such that the ball B(z,r) is included in U,

f(z) = / £ (w)don (),

where o, is the uniform measure, normalized to 1, on OB(z,r).

Proof. Let B be a Brownian motion beginning at x and 7, = inf{¢t > 0| |B, —z| =r}
The It6 formula yields

fB.) =)+ [ VBB g [ asmas

Consequently, assuming (7),

B(/(B.)) = 1)+ 5 ([ V1) -a.)

As the Brownian motion is invariant by rotations (cf previous section), the left hand
side is [ f(y)do,(y). Moreover, as |V f| is uniformly bounded on the ball B(z, r) with

center z and radius r, (fot/\” Vf(Bs)-dBs,t > O) is a martingale with the expecta-
tion of its bracket being uniformly bounded” by

sup |Vf|?E(r,) < oo.
B(z,r)

As a consequence, it is uniformly integrable and in particular, the stopping time
theorem at time 7,. implies that

E </OT V£(B,) ~st) —0,

proving (ii). Assume now that you have the mean value condition, and suppose that,
at some point x € U, Af(x) # 0. Up to considering —f, assume Af(z) > 0 for
example. Then, by continuity, one can find r > 0 such that Af > 0 on B(z,r) C U.
From the previous discussion, the It6 formula and the uniformly integrable aspect of
the stochastic integral yield

B (B)) = S0+ 3 ([ aseos)

7. to prove that E(7) < oo, just note that it is sufficient to prove it when d = 1, and it is true by
Corollary 3.17.
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Condition (7) and the invariance of Brownian motion by rotation therefore yield

E </OT Af(Bs)ds) —0.

As Af is strictly positive along this trajectory this is only possible if 7, = 0 almost
surely, which is not the case, concluding the proof : Af(z) = 0 necessarily. O

As an exercise, the reader can prove in the same way the maximum principle for
subharmonic functions.

Consider now the following classical Dirichlet problem from partial differential
equations. For a connected open subset U C R?, bounded, with boundary U, and a
continuous function ¢ : U — R, we want to find a twice continuously differentiable
function u : U — R such that

Au(z)=0 forzeU
{ u(z) = p(x) for x € U (4.10)
The existence of a solution depends on the smoothness of the boarder JU. In the
following, we will say that a point « € U satisfies the Poincaré cone condition (or is
regular) if there exists some § > 0 and a cone C with vertex z and strictly positive
angle such that
CnB(x,0) C U,

where B(z,0) is the ball with center x and radius ¢, and U is the complement of U
in RZ.

Theorem 4.19. Let U and ¢ satisfy the
above hypotheses, and consider the Dirichlet
problem (4.10).

(i) If there is a solution u to the problem,
then it coincides with

v(z) :==E(o(B;) | Bo = ),

where B is a d-dimensional Brownian
motion and T = inf{t > 0 | B; € 0U}.
In particular, there is at most one so-
lution.

(ii) The above v is harmonic and conti-

nuous at any reqular point of OU. In Figure 4.1. A Tridimensional

particular, if OU is everywhere reqular, Brownian motion till hitting a
v s the unique solution of the Dirichlet sphere.
problem.

Proof. To prove (i), by the Ito formula
T 1 T
u(B;) = u(x) +/ Vu(By) - dB, + 5/ Au(By)ds,
0 0

where B is a Brownian motion beginning at x. By the same argument as in the proof
of Proposition 4.18, the expectation of the above stochastic integral is 0 (because
E(7) < oo and |Vu| is bounded). As a consequence,

E(u(B;)) = u(z).
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But the left hand side is also E (¢(B,) | Bg = ), concluding the proof of (7).

Point (4¢) is more subtle. We first prove that v is harmonic. Take a ball B(z, ) C U,
and 7 = inf{¢t > 0 | By € B(x,6)}. Then as 7 < 7, Fz C F,, so using the strong
Markov property for the Brownian motion,

v(z) = Es (0(Br)) = Es (Ee (9(B7) | F7))

— E, (Es, (¢(B,))) = E.(v(B)) = / o(y)or(dy),

where we used the invariance of B by rotation around x in the last equality, and o, is
the uniform measure, normalized to 1, on the sphere with radius r and center x. As
a consequence, using Proposition 4.18, v is harmonic in U.

We still need to prove that v is continuous at regular points. Let x € 9U be a
regular point and take § > 0, a cone C with vertex = and strictly positive angle such
that

CnB(x,0) C U

Take a given € > 0. As ¢ is continuous on dU, we can chose the above § such that

sup o(y) — p(z)] <e.
y€AUNB(x,5)

For a Brownian motion B, assume that there is some 0 < 6 < § such that if |z —2| < 0,
ze U,
P.(rc <75) >1—c¢, (4.11)

where this is the probability for a Brownian motion starting at z, 7¢ is the hitting
time of CN B(x,d) and 75 is the hitting time of 0B(x, §). Then this would imply that
for |z —z| <0,z €T,

[v(2) = v(@)] = [E.(¢(Br) — ¢(2))] < 2llpllocP: (75 < 1) + & < e(2l|Plloc + 1)

Hence continuity will follow if we can prove (4.11). For this, by rotation invariance
we can assume that By corresponds to the axis of the cone, with angle a.. Note that

1
tan «

{rc <75} C U0 ({Bl(t) > (Ba(t)* + -+ Bd(t)Q)l/z}

nnd_, {Sup IBi| < c})
[0,1]

for some absolute constant ¢ > 0 depending only on § and o. When ¢ — 0, these last d
events have a probability converging to 1. Concerning the first event, the probability
that it happens for some arbitrarily small ¢ > 0 converges to 1 as well : this is an easy
consequence of the iterated logarithm law (B (¢) gets as big as 4/t log(—logt) almost

surely) and the independence of B; from the other (Bi>§l:2- O

Concerning links with harmonic analysis, stochastic processes yield easy proofs of
classical statements like the following famous Liouville’s theorem.

Theorem 4.20. Let d > 1. Bounded harmonic functions on R? are constant.

Proof. Let f : RY — [—=m,m| be an harmonic function. As a direct consequence of
the It6 formula and harmonicity, for any ¢ > 0

£, (/(80) = )+ | VB as.) (1.12)
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where B is a Brownian motion (beginning at x). Chose x and y distinct points in
R?, note .#(™ the sphere with center £% and radius n > || £5%||, and H the median
hyperplane between x and y. Note

T, =inf{t > 0|B; € ™}, Ty =inf{t >0 B, € H}.

As |Vf| is bounded inside the sphere .#("), at time ¢t A T,, the expectation on the
right hand side of (4.12) is 0, so

f(x) =E; (f(Biat,)) = Ez (f(Biat, ) Lru<iat,) + Ez (f(Biat, ) LrgsiaT,) -

The same formula holds concerning f(y), and from the reflection principle

E; (f(Biat, ) Lru<int,) = Ey (f(Biat, ) Lry<iaT, ) -

We therefore get

|f(@) = fW)] = [Ex (fBeat, ) Lrusear,) — By (f Bear, ) Iry>ent,)
<2mP(Ty > tAT,).

When both t and n go to oo, this last probability converges to 0, concluding the
proof. O

The links between harmonic functions and the Brownian motion satisfy additional
features when considering in a more specific way dimension d = 2. For example, in the
following discussion, it will appear that up to a time change, entire functions of the
Brownian motion are still Brownian motions®. In the following, a complex process is
said to be a local martingale if both its real and imaginary parts are local martingales.

Proposition 4.21. Let Z = X +1iY be a complex local martingale. Then there exists
a unique complex process with finite variation beginning at 0 such that Z? — (Z) is a
complex local martingale. Moreover, the four following statements are equivalent.

(i) The process Z* is a local martingale.

(i) The process (Z) is identically 0.
(iii) The brackets of the real and imaginary parts satisfy (X) = (Y) and (X,Y) = 0.
() There is a Brownian motion? such that Z, = Bxy, .

Proof. The existence of the bracket is given by
(Z) = (X +1iY, X +1Y) = (X) — (Y) + 21(X, Y),

which satisfies all required properties. Uniqueness is a consequence of Theorem 3.26,
and the equivalence between (7), (i), (i4i) is an immediate consequence of the above
formula. Moreover, (iii) implies (iv) by the general Dubins-Schwarz Theorem 4.13,
and (iv) obviously implies (i7). O

A local martingale is called conformal if any of the above properties is true. To
prove that entire functions of B are conformal (this is called the conformal invariance
property of Brownian motion), let us first discuss the translation the It6 formula in
the complex analysis setting. We note

9. = %(am _i9,), s = %(am +i0,).

8. This property was used in the proof of Theorem 4.14
9. defined on an enlarged probability space if (X)oo < co with positive probability
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A function f : C — C is called holomorphic (resp. harmonic) of dzf = 0 (resp.
Af = 40,0-f = 0). For a general f of class 2 and Z a conformal local martingale,
the It6 formula takes the form

120 = 5@ + [ 0spaz + [ ocs@)at. 5 [ Arz)ace).

As a consequence, if f is harmonic then f(Z) is a local martingale as well, and if f is
holomorphic then the local martingale f(Z) has the following easy decomposition

1) = 12+ [ 1)z, (4.13)

Theorem 4.22. Let f be entire'® and non constant, and B a standard complex Brow-
nian motion . Then f(B) is a time-changed Brownian motion :

fBi) = f(Bo) + B,

where B is a standard Brownian motion, and (X), := fot |f/(Bs)|?ds is strictly increa-
sing and converges to cc.

Proof. As f is an entire function, so is f2, so f?(B) is a local martingale, so f(B) is
a conformal local martingale. By (iv) of Proposition 4.21 there is a Brownian motion
B such that R

f(Be) = f(Bo) + B(x),,

where X = Re(f(B)). From 4.13, (X); = fot |f'(Bs)|?ds. As f’ is entire and not
identically 0, it has a countable set of zeros so (X) is strictly increasing. It converges to
oo almost surely thanks for example to the recurrence property of the bi-dimensional
Brownian motion. O

As an example the above property implies the famous d’Alembert’s theorem : any
non-constant complex polynomial has a complex zero. Let P be such a polynomial,
and Z a complex Brownian motion. From the previous theorem,

P(B;) = Bioe(p(8.))),

for some Brownian motion B, with the bracket going to co. As B is recurrent, this
implies that for any € > 0
{2:[P(2) <} # 2,

concluding the proof, the intersection of nonempty embedded closed sets being no-
nempty. Another example of application for the conformal invariance property is about
the winding number of the bi-dimensional Brownian motion around one point. This
is known as Spitzer’s law.

Theorem 4.23. Let B be a planar Brownian motion beginning at By # 0. Define its
argument at time t, 0; continuously from 0y € [0,27) at time 0. Then, as t — oo,

915 law. C
H -,
logt 2

where C is a standard Cauchy random variable".

10. i.e. everywhere holomorphic

11. This means that C has density with respect to the Lebesgue measure.

1
m(1+z2)
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Proof. By invariance by rotation and scaling, we can assume By = (1,0). From Theo-

rem 4.22, if X and Y are independent standard real Brownian motions, then B defined
by B

BfJ 2Xeds = eXt+1Yt
is a complex Brownian motion beginning at (1,0). Let @ > 1 and S, = inf{¢t > 0 |
|B¢| = a}. We will first prove that

arg Bg, C
loga

The winding number arg Bg, is also the value Yr,,,, where T, = inf{t > 0| X; = z}.
By scaling, proving that Y, ~ C is sufficient : we therefore just need to know the
law of Ty and compose it with that of Y.

e The distribution of Ty is well-known, for example by the reflection principle
2.20 :

1
P(T < #) = PlsupX > 1) = P(|X,| > 1) = P <2 < t> ,
0.4 Xi
so Ty ~ 1/N? where N is a standard normal random variable.

e The density of Yr, is also that of v/T;Y1, by conditioning on T;. Hence it has
the same law as N/ /A, both random variables being independent and standard
Gaussian. This is known to be a Cauchy distribution (for example by calculating
the characteristic function).

From the previous discussion,
arg Bg C

logt 2’

hence the proof will be complete if we can show that

arg B; — arg Bsﬁ

logt

converges to 0 in probability. For this, consider 7 the inverse of the clock, defined by

Tt
/ e2Xeds = t.
0

For some parameters d € (0,1) (it will go to 0) such that §v/¢ > 1 and A > 0 (it will
g0 to 00), consider the events

A={Ssys <t <S5},

B = sup Ys — Y.

R

| >

[Tséﬁ’Tsa—lﬁ]

Then ANB C {| arg By —argBs .| < /\}7 so we just need to prove that the probability
of A goes to 1 as § — 0, and that of B goes to 1 as A — oo, for any given §.

e Concerning A things are easy because

{IBe| > 6vt} N {sup [B| < 67" Vt} € A,
0.

and both events have a probability going to 1 a § — 0, independently of ¢ by
scaling.
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e Concerning B, note that
1s, = inf{u > 0] X, = loga},
so from the strong Markov property

TSy-1ys — TS5z ~ L—2log s

where as previously T, = inf{t > 0| X; = z}. As Y is independent from X, this
means that

sup [Ys — YTs<aﬂ>| ~ sup |Ys|,
[Ts(svB) Ts(s—1vo) (0,A]

where A is an almost surely finite random variable independent of Y, and with
law depending on ¢ but not on ¢. As a consequence, P(B) is independent of ¢
and goes to 1 as A — oo.

This concludes the proof. O

4. The Girsanov theorem

In this section, the influence of the probability measure P on the semimartingale
notion is discussed. As an example a probability space (2, F, (Fi)ogi<i,P), and a
Brownian motion B on this space, one can define a new probability measure by

dQ _ supgnB
dP E (sup[oyl] B)

The process B is certainly not a Q-Brownian motion, as the symmetry property
does not hold anymore, but is-it a Q-semimartingale ? The main motivations for such
questions are the following :

e practicing importance sampling on trajectories spaces;

e deriving properties of the Wiener measure itself by looking at its behavior under
some transformations;

e just like changing variables allows to solve equations, changing the measure on
the path space is the main tool to perform some expectations.

Before stating the general result, we need the following two propositions.

Proposition 4.24. Assume Q < P on F(= F). Fort € [0, 00|, note

b= 92|
dP |z,
(i) The process D is a uniformly integrable martingale.

(it) If D is assumed right-continuous™, then for any stopping time T

dQ

D:
T ar

Fr

(i5i) If D is assumed right-continuous, and Q ~ P on F then, for any t > 0, Dy > 0.

12. This is not a very restrictive hypothesis, one can show that there is always a right-continuous
version of the process D, see [12].
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Proof. For (i), note that for any ¢t > 0 and A € F;
Ep(1AD;) = Eg(1a) = Ep(1aD) = Ep(1a E(D | Fy)).

where D = % | - By uniqueness of the Radon-Nikodym derivative, this implies D; =

E(D | F¢) almost surely, concluding the proof as D € L!.
Point (i¢) relies on the stopping time Theorem 3.13, which implies that Dy =
E(D | Fr). As a consequence, for any A € Fr,

Ep <]lA % ) = EQ(]IA) = ]E]p(]lAD) = ]E]p(]lADT),
Fr

so Dp = ‘;%LTT.
Finally, (iiz) follows from (éi) : for T = inf{t > 0 | D; = 0}, by right-continuity
Dt =0on {T < oo}, so

Q(T < OO) = EP(]IT<00DT) =0.
As Q > P, this implies P(T < oo0) = 0, as expected. O

Proposition 4.25. Let D be a strictly positive continuous local martingale. Then
there exists a unique continuous local martingale L such that

Dt = S(L)t = eLt_%<L>".

Proof. For uniqueness, note that if L. and L are solutions, then

L= (- @)

is a finite variation process and also a local martingale, so it is indistinguishable from
0. For the existence, the choice

t
dDy
Lt = IOg DQ —+ A DS

makes sense as D is strictly positive and, by the Itd formula,

tdD, 1 [*d(D),
2, D2

=L — 5L,

1
log Dy :10gD0+/ 3

o Ds 2
concluding the proof. O

Both results imply the following, known as Girsanov’s theorem, or Cameron-
Martin’s theorem in the special case of deterministic shifts.

Theorem 4.26. Let Q ~ P on F. Assume that the process defined by

_

D, = —
¢ dP |z,

is continuous, and write" it as D = E(L), with L a local martingale. Then if M is a
P-local martingale the process

M :=M — (M, L)

is a Q-local martingale.

13. This is possible by Proposition 4.24 (iii) and Proposition 4.25
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Proof. We first prove that if a process XD is a P-local martingale, then X is a Q-
local martingale. For this, we show that for T' any stopping time and X a continuous
adapted process such that (XD)T is a P-martingale, then X" is a Q-martingale :

e First the integrability condition is satisfied : from Proposition 4.24 (i),
Eq(IX/]) = Er(IX/]ID}) < 00
because (XD)T is a P-martingale.

e Moreover, for s < t and A € Fg, still using Proposition 4.24 (i) for the second
and fourth equalities, and the martingale property for (XD)T in the third one,

Eo(1aX{) = Eg(Lanir<s}X?) + Eo(Lanr=s X7 )

Hence XTI = Eq(X} | Fs).

Thanks to the previous discussion, MD being a P-local martingale is enough to
prove that M is a Q-local martingale. The It6 formula yields

d((M = (M,L))D), = (M — (M, L));dD; + (dM, — d(M, L);)D; + d(M, D),
= (M — (M, L));dD; + (dM; — d(M, L);)D; + Dyd(M, L),
= (M — (M, L)),dD; + D;dM,,

where in the second equality we used the fact that dD; = D;dL;¢. So MD is a stochastic
integral with respect to the P-local martingales D and M, so it is a P-local martingale,
concluding the proof. O

One particularly interesting case of the above result is the case when M is a P-
Brownian motion.

Corollary 4.27. One can replace local martingale by Brownian motion in the hypo-
thesis and conclusion of Theorem 4.26.

Proof. If M is a P-Brownian motion, then M is a Q-local martingale (by Girsanov’s
theorem) and its bracket is ¢ (by the sum of quadratic increments formula in Theorem
3.26, the bracket does not depend on the underlying probability measure), so Lévy’s
criterion Theorem 4.11 applies. O

The condition Q ~ P on F in the hypothesis of the Girsanov theorem is quite res-
trictive. The following lines explain why, and a way to overcome this. As an example,
if M = B is a Brownian motion, one could try to use Girsanov’s theorem till infinite
time to study the properties of the Brownian motion with drift M = (By —vt,t > 0).
For this, we want a measure Q on F such that for any ¢ > 0

dQ _ uBt—ﬁt
ap |, =e 2" (4.14)

By Theorem 1.3.5 in [18], such a measure Q exists. But it is not absolutely continuous
with respect to the Wiener measure P : the reader could prove that if v > 0 the event
{liminf B¢/t > 0} is almost sure for Q and its complement is almost sure for P. To
avoid this problem, the applications of the Girsanov theorem can be performed up
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to a finite horizon : if Q ~ P on Fy, then M is a Q-local martingale when one only
considers its restriction to [0,¢] : this is true by applying the general statement with
a modified filtration such that F, = F; when u > t.

Coming back to (4.14), we get that (Bs; — vs,0 < s < t) is a Q-Brownian motion,
hence for any bounded continuous functional F,

Eg (F(Bs —vs,0< s <t)) =Ep (F(Bs,0< s < 1)).

When F is a cylindric function, this is just a change of variables formula for finite-
dimensional Gaussian measures. If F depends only on the trajectory up to a stopping
time T < ¢ a.s. the above equation together with Proposition 4.24 (i7) yield

Be (F(B, - 5,0 < s < T)e”BT_;T> — Ep (F(B,,0 < s < T)). (4.15)

As an example of application, the above equation allows to prove the following law of
hitting time of a Brownian motion with drift.

Corollary 4.28. Let T,(;') =inf{s > 0| Bs +vs =a}. Then for any A >0

7)\T{(,”) _ va—|a|V2X+v?
]E]p (]ngy)<OO€ ) =€ .

AT

Proof. Consider the random variable F = 1 " (which is Fyar,-measurable)

in (4.15). Then

Tg'/)gte

ATE VB _p2a0 | AT
E[p (]ngo)gte € @ 2 e = E[p ]th(ly)gte .
Dominated convergence as t — oo yields
2
—(,\+%)Tg°> va) —AT®)
E]p (]lel°><ooe (& —EP ]ngu)<Ooe .

The left hand side is known thanks to Corollary 3.17, so

—AT((L") _ va—|a|v2X+v?
E]p <1Tgy)<ooe ) =€ s

the expected result. O

A simple yet sometimes useful consequence of Girsanov’s theorem is that the
Wiener measure gives positive mass to any open subset of continuous functions on
[0, 1].

Corollary 4.29. Let f be continuous on (0,1), f(0) =0, and note V.(f) the set of
continuous functions g on (0,1), beginning at 0, such that sup 1y |f(x) — g(z)| < e.
Then P(V.) > 0.

Proof. First, for a given € > 0, there exists a continuous fy, beginning at 0, such that
its e-neighborhood has a strictly positive probability (otherwise the measure would be
null). We want to prove it for general f By interpolation and up to choosing a smaller
g, we can suppose that h := f — fo is €*. In the Girsanov theorem take M = B, a
Brownian motion, and L, = [, 7,dB,. Then M — (M, L) is B — A, and

"1 7 _ 1 rlj24e
P (B = flL=1) <€) =Es (1\Bff0|Loo(o,1)<eeJO hedBa=3 o hod ) .

This right hand side is strictly positive because IP’(\B — folree(0,1) < 5) > 0 and
fol hedB, > —oco almost surely. O
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We finally consider the question of checking the hypotheses to apply Girsanov’s
theorem. In most applications, a P-local martingale L is given, and one makes the

choice
@ — le—5(L)
dpP 7 ’

hoping that the expectation of the right hand side is 1. Note that £(L) is a positive
local martingale, hence a supermartingale, hence it converges almost surely and

E(£(L)) < 1. (4.16)

There is equality if and only if £(L) is a uniformly integrable martingale'*. Moreover,
if £(L) is uniformly integrable, then when defining

aQ|
|, E(L)oo,

we obviously have Q ~ P. Hence, checking the uniform integrability of an exponential
local martingale is important to apply Girsanov’s theorem, and a famous criterium
by Novikov is given hereafter.

Theorem 4.30. Let L be a local martingale beginning at 0. If
E (e%@w) < o0, (4.17)

then E(L) is a uniformly integrable martingale.
Proof. We first prove that (4.17) implies that L is uniformly integrable and that
E (e%Lx> < 00, which in turn implies the result, as we will see after.

Obviously, by (4.17) E((L)s) < oo, so L is bounded in L? by Theorem 3.29.
Hence L is a uniformly integrable martingale. Moreover, by a simple application of
the Cauchy-Schwarz inequality and using (4.16),

(o)~ (s (emo)%)

Lm) < 00. Now, we want to prove the uniform integrability of £(L). From

the discussion before Theorem 4.30, a sufficient condition is E(€(L)s) = 1.

so E (e%
e First, as L is uniformly integrable, L; = E(Ly, | F¢), so by convexity exlt <
E (e%LOO \ .7-}). This proves that (e2™,¢ > 0) is uniformly integrable.

e Moreover, as the exponential is convex and increasing, (e%Lt ,t > 0) is a submar-
tingale, uniformly integrable from the previous point. Hence, for any stopping

time T, ezl < E (e%L“’ | ]:T> : the family

{e%LT | T stopping time}

14. If this is a uniformly integrable martingale, obviously we need to have E (£(L)ss) = 1 by the
stopping time theorem. Reciprocally, if we have equality, as the function ¢t — E (£(L);) decreases, it
needs to be constant. Hence, for ¢ > s, E(E(£(L)¢ | Fs) — £(L)s) = 0, and as the integrated term is
non-positive, we have E(E(L); | Fs) = £(L)s almost surely : £(L) is a martingale. Moreover, as an
easy consequence of Fatou’s lemma

EML)e Z E(E(L)oo | Fr),
and as both random variables above have the same expectation they are equal : £(L); > E(£(L)oo |
Ft), so (L) is uniformly integrable.
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is uniformly integrable.

e We would like to prove that {£(L)r | T stopping time} is uniformly inte-
grable. This is slightly too much required. We can show that {E(AL)r |
T stopping time} is uniformly integrable for any 0 < A < 1. Take any A € F
(typically, A = {E(AL)T > x}). Then

£ (]IAE()‘L)T) =E (]IA(E(L)T))\QE)\(l*/\)LT)

2 1-X?
<EE@)n)VE (1ae™30T)

<E (]lAe%LT> A=Y

where we used in the second inequality that for a positive supermartingale M
and any stopping time T, E(Mt) < Mg (this is true for bounded stopping times,
and then for any of them by Fatou). The last inequality relies on the concavity
of x — 2% when a < 1. The last term above being uniformly integrable (from
our second point), the set {E(AL)r | T stopping time} is uniformly integrable
for any 0 < A < 1.

e This implies that £(AL) is a uniformly integrable martingale.As a consequence,

1= E(E(L)w) S E(EL)o) E (e3=) 0

Taking A — 17 yields E(€(L)s) > 1.

This achieves the proof. O






Chapter 5

Stochastic differential equations

Ordinary differential equations aim to find, from local data

ax,

a — X,

a global solution X. Some criteria on b (e.g. the Cauchy-Lipschitz theorem) yield to
existence and uniqueness of solutions to such equations. They describe the evolution
of a deterministic physical system. A random perturbation of such a system is per-
tinent in many contexts : to study stability of such trajectories (e.g. bifurcations in
dynamical systems), or directly because the physics of the deterministic problem are
too intricate, hence this mixing property is simplified as an independence hypothesis
(e.g. pollen particles floating in water) or directly because the physical assumption in-
cludes randomness (e.g. quantum mechanics). Such a random equation can be written
as
dXt = O'(Xt)dBt + b(Xf)dt

The meaning to give to this local evolution is that X is a semimartingale such that,
almost surely, for any ¢ > 0,

X, = Xo + / (0(X)dB. + b(X.)ds).
0

Note first that these random perturbations of ordinary differential equations are per-
formed through a Gaussian noise. This is not very restrictive : by the Donsker Theorem
2.26, any independent increments in L? lead to a Brownian motion. A more subtle
discussion is required concerning whether the solution of the stochastic differential
equation is a deterministic function of the random trajectory B (strong existence and
uniqueness of the solution) or if it given by a law of the trajectory (weak uniqueness of
the solution). This point is the purpose of the next section. In Section 2, an analogue
of the Cauchy-Lipschitz theorem for the existence of strong solutions is given, based
of Picard’s iteration as well. The strong Markov property associated to these solutions
will allow us to discuss generalizations of the Dirichlet problem, already considered in
Chapter 4, when the second order differential operator is not necessarily the Euclidean
Laplacian anymore (Section 3). After that, a practical way to perform simulations of
stochastic differential equations (e.g. for Monte Carlo purpose) is given, as one (of the
many) application(s) of the Stroock-Varadhan martingale problems theory (Section
4). Finally, we will study in details the case ¢ = 1, pertinent in filtering theory and
revealing a wide variety of existence/uniqueness cases, in Section 5.

1. Weak and strong solutions

In the following definition, ¢ and b depend not only on the current point X; but
also on ¢t and the entire trajectory till time ¢. Moreover, they are assumed to be
multidimensional :

0 = (0ij)ii<d1<j<m, b= (bi)y

IN

i<d>

each o;;, b;, being a function from R} x € to R, o(t,w),b(t,w) € X; where &; =
o(ws,s < t).

81



82 Stochastic differential equations

Definition 5.1. A solution to the equation
dX; = o(t,X)dB; + b(t, X)dt
on Ry is the collection of :
o «q filtered probability space (2, F, (Fi)i>0,P) ;
e a (F;)-Brownian motion B = (BW ... B with BY) o (F;)-martingale and
(B®, BU)Y, = Lizjt;
e a (F})-adapted process X = (XM, ... XD such that

t t
Xy = Xg —|—/ o(s,X)dBs —|—/ b(s,X)ds.
0 0

This is abbreviated by saying that the process X is a solution of E(o,b). When imposed
to Xg =z, X is said to be a solution of E,(0,b).

This definition has an obvious extension to the solution of the stochastic differential
equation with a finite time horizon T. The main notions of uniqueness and existence
are the following.

Definition 5.2. For the equation E(c,b), we say that there is
o weak existence if for any x € R? there is a solution to E,(o,b) ;

o weak existence and uniqueness is for any x € R? there is a solution to E,(o,b)
and all solutions to E,(o,b) have the same law;

o pathwise uniqueness if, given (Q, F, (Fi)iz0,P) and B, two solutions X and X’
such that Xo = X{, P-almost surely cannot be distinguished.

Moreover, a solution X of E,(0,b) is said to be strong if X is (B:)-adapted, where
B: = 0(Bs,s < t).

We now want to illustrate the above definitions by some examples. Suppose given
a Brownian motion (8;)i>0 on a probability space (2, F,(Ft)t>0,P), for example
Fi = 0(Bs,s < t) and P is the Wiener measure.

o Weak existence. Consider the stochastic differential equation
dX; = 3sgn(Xy)|X¢|?/3dB; + 3sgn(X,)[X,|V/3dt, Xy = 0.
From It6’s formula, X; = B} is a solution.
o Weak uniqueness. Consider the equation
dX; = f(X;)dB;

where f : R — R is any measurable function with |f(z)| = 1 for any z € R.
Then any solution X of the equation is a F-martingale with bracket (X); = ¢,
hence it is a Brownian motion. This proves uniqueness in law.

o Pathwise uniqueness. The following equation is the one describing the so-called
geometric Brownian motion :

dX,; = X,dB;, Xo = 1.

Then B = 3, X; = eB*~ % is a solution. Given (Q, F, (F;)i>0, P) and B, if Y, is
another solution, from the It6 formula

Y.\ dY, VX, | Y, 1
(%) 10955

Xy X? X}

d(X,Y); = 0.

Consequently X and Y cannot be distinguished.
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o Weak existence with no weak uniqueness. Consider the same equation as pre-
viously,

dX; = 3sgn(X,)|X¢|?/3dB; + 3sgn(X,)[X,|Y/3dt, Xy = 0.

From Ité’s formula, B = 8 and X; = B} are solutions, as well as X = 0. This
example shows as well that there can be various strong solutions.

o Weak existence and weak uniqueness with no pathwise uniqueness. From the
original Brownian motion 3, define another Brownian motion (Lévy’s criterion)
by

t
B; = / sgn(fBs)dss,
0
where sgn(z) = 1 if 2 > 0, -1 otherwise. Then 8 and —f are solutions of
dX; = sgn(X;)dB;s, X =0,

because fot 15,—0ds = 0, hence fot 13,—0dBs = 0. Moreover, any solution is a
Brownian motion, once again by Lévy’s criterion.

Section 5 will in particular give an example of weak existence, weak uniqueness,
and non existence of a strong solution. Note that one cannot have pathwise uniqueness
and no weak uniqueness, or pathwise uniqueness and solutions not measurable in B’s
canonical filtration, this is a famous result of Yamada and Watanabe.

Theorem 5.3. If for the equation E(o,b) pathwise uniqueness holds, then there is
also weak uniqueness, and any solution is strong.

Proof. For notational convenience, we consider the case d = m = 1. Proving the
theorem for E (o, b) is sufficient, by conditioning on the initial value. Note that some
care is needed for this conditioning , as the event has no positive measure. However,
as ¢ (R, R?) is a Polish space, there is a regular conditional distribution P(w, -) of P,
the law of (X, B), with respect to By. See [16] for more details about this conditioning,.

Let (B,X) and (B, X’) be two solutions to E;(c,b), eventually defined on distinct
probability spaces. We note W = % (R*T,R), with the compact uniform topology,
B(W) the topological Borel field on W, B;(W) = o(ws, s < t). The same objects are
easily defined on W x W, W x W x W. Let P(dw, dw’) (resp. P’) be the law of (B, X)
(resp. (B, X)) on (W x W, B(W x W)). Finally, we introduce P, (dw’) the regular
conditional distribution of P(dwdw’) given w, i.e.

(i) for any w € W, this is a probability measure on (W, B(W)),
(i) for any A € B(W), P, (A) is B(W)-measurable as a function of w,
(iii) for any (A,A’) € B(W x W),

P(A x A') = / PL(A)R(dw)

’

where R is the law of B on (W, B(W)), i.e. the Wiener measure.

For the existence of this regular conditional distribution, we refer to [9]. In the same
way we define P/ (dw).

To make use of pathwise uniqueness in the proof, we need to consider both solu-
tions (B, X) and (B’,X’) in the same probability space. For this purpose, let Q be the
probability distribution defined on (W x W x W, B(W x W x W)) by

Q(dwydwedw) = Py, (dw )P, (dws)R(dw). (5.1)
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Note that the projection of @ on along the second coordinate is P, and P’ along the
first coordinate. We want to prove that w is a (Q, B(W x W x W);) Brownian motion.
Let Fq,Fa,F be three B;(W)-measurable functions, and u > ¢. Then

Eq ((w(u) = w(t))F1(w1)F2(ws)F(w))

= [ )=o) ([ Pa@anpion) ([ Pol@enFaen)) FiR(a)

By the following important Lemma 5.4, [\, Py, (dwi)F1(w1) and [i; Py, (dwa)Fa(ws)
are B (W)-measurable in w, so by conditioning on B(W) and using that w is a
(R, (B:))-martingale (a Brownian motion actually), the above term vanishes. In the
same way,

Eq (((w(u) —w(t))? = (u—1)%) F1(w1)F2(ws)F(w)) =0,

sow is a (Q, (B:(W x W x W)))-martingale with bracket (w)s = s : it is a (Q, (B:(W x
W x W)))-Brownian motion. To sum up, we have proven that on the probability space

(W x W x W, B(W x W x W), (B:(W x W x W)),Q)

the processes (B,X) := (w,w;) and (B/,X) := (w,ws) are solutions to E,(o,b). By
pathwise uniqueness, w; = wy Q-almost surely. Looking back at (5.1), this implies that
P = P’ and there is a B(W)-measurable function F such that w; = F(w), wy = F(w).
By Lemma 5.4, F is adapted, hence any solution is strong. O

Lemma 5.4. Let P(dwdwq) be the law of (B,X), a solution of E,(o,b).
For A € By(W), the applications w — P,(A) and w — P/ (A) are B:(W)-
measurable.

Proof. If 01,09, 0 are three o-algebras such that o1 V 09 is independent of o under a
probability measure p, it is a general fact that for A € o1, p-almost surely

w(A [ og) = p(Af oy Vo).

We apply this to o1(t) = o(wi(s),s < t), 02(t) = o(w(s),s < t), o(t) = o(w(u) —
w(t),u > t) and the measure P(dwdw;). As, for some filtration (F3), w is a (F;)-
Brownian motion, and X is (F;)-adapted, we have o1(t) V 02(¢) independent of o(t).
Hence the above result reads, P-almost surely

P(,A) = Ep(1a | 02(c0)) = P(-,A) = Ep(1a | 02(t) Vo(t)) = Ep(1a | 02(2)),

which is obviously B;(W)-measurable. O

2. The Lipschitz case

Like for ordinary differential equations, we will show existence and strong unique-
ness for E(o,b) under the Lipschitz hypothesis

lo(t,w) — o(t,w)| + |b(t,w) — b(t, )| < Ciglt) |w(s) — w'(s)].

Theorem 5.5. Under the above hypothesis, there is pathwise uniqueness for E(o,b).

Moreover, for any filtered probability space (U, F, (Fi)i>0, P), any F-Brownian motion
B, and any x € R? there is a strong solution to E,(c,b).

Remark. There is only one strong solution in the above theorem, by pathwise uni-
queness. Moreover, the above result also proves weak existence, and by the Yamada-
Watanabe theorem weak uniqueness.
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Proof. We assume m = d = 1 to simplify notations, the general case being absolutely
similar. We first prove pathwise uniqueness : given (2, F, (F;)i>0, P), a F-Brownian
motion B, let X and X’ be two solutions of the related stochastic differential equation
such that Xo = X{, almost surely. To avoid integrability problems, consider L > 0 and
the stopping time

T=inf{t > 0| |X¢| > L or |X}| > M}.

Then, for any t > 0,

AT tAT
Xonr = Xo+ / o (s, X)dB, + / b(s, X)ds,
0 0

and a similar equation holds for X’. Consequently, assuming that ¢ lies in a boun-
ded set [0,T] and using the elementary identity (a + b)? < 2(a? + b?), f(t) =
E (sup,<;(Xsar — X)1-)?) is bounded by

2E (iiﬁ’ ( /O o X) a(u,X'))dBu>2)
4+ 2E (S;ZI? ( /0 b x) - b(u,X/))du>2> .

By the Doob (resp. Cauchy-Schwarz) inequality for the o (resp. b) term, this is lower
than

SE ((/OW(O(S,X) - a<s,x’))st>2> +OTE (/OW@(S,X) - b(s,X’))st)

=8E </0W(a(s,x) - J(S,X’))2d5> +2TE (/OMT(b(s,X) - b(s,X’))st) .

We used that the expectation of the square of a martingale is also the expectation of
its bracket (the stochastic integral is L2-bounded thanks to the stopping time 7 and
the boundedness of o by the Lispschitz hypothesis). Now, we can use the Lipschitz
hypothesis on ¢ and b to obtain finally

ft) <2634+ T)/O f(s)ds.

As Xy = X{, almost surely, f(0) = 0 a.s. and Gronwall’s lemma' applied to the above
inequality yields f(t) = 0 a.s. for any ¢t € [0, T], hence for any ¢ > 0. This means that
almost surely, for any t € [0, T]|, X¢ar = X}1,. By making L — oo, the processes X
and X’ cannot be distinguished.

Now, given a probability space (2, F, (F;)i>0,P), a F-Brownian motion B, and
any initial value x, one can construct a solution to E,(o,b) which is adapted to the
canonical filtration (B:):>o of B using Picard’s approximation scheme :

X,EO) =z,
XM = [Y (s, X=)dB, + [ b(s, X("D))ds.

These processes are properly defined as an immediate induction shows that for any
n >0, X is B-adapted, and still by induction for any T > 0 and any n > 0 there is

a constant ¢(™ such that
2
E (sup (Xi’”) ) <™, (5.2)

t<T

1. This lemma states in particular that if, on R, f/(t) < af(t), then f(¢) < f(0)e*’. Proof :
f(t)e~ decreases, by differentiation and application of the hypothesis.
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This is obvious at rank n = 0. Assuming the property at rank n — 1, the rank
n case follows by using the Lipschitz conditions (in particular |o(t,w)| < ¢ +
esuppy myw, |b(t,w)| < ¢’ +esupyy pyw for any ¢ € [0, T]) and the identity (a+b+c)? <
3(a® + b + ¢?), by convexity of x — 22 :

2
E ( sup (X{™ )
(s ()
t 2 t 2
<3|z +3E (Sup (/ J(S,X("l))st> ) +3E (sup (/ b(s,X(nl))ds> )
t<T \Jo t<T \Jo

T 2 t
<3lz|* + 12E (/ a(s7x("—1>)st> +3T]E</ b(s7X("_1))2ds>

0 0

T

t
=3|z[* + 121E< o(s,X<"—”>2ds> +3TE ( / b<s,x<n—1>)2ds>
0

0

T 2 T 9
Bzl + 12/ (CI + cE(sup Xm_l))) ds + 3T/ (c’ + ¢E(sup X(”_l))> ds
0 0

us uss

<B(|z2 + 2T (4 + T)(¢? + AcmDy)

where we used in the first inequality the Doob and the Cauchy Schwarz inequality as
previously in the proof. This achieves the inductive proof of (5.2) by taking the above
constant for ¢().

The a-priori local martingale fg o(s, X("))st is actually a L2-bounded martingale
from the above estimate (5.2). This allows the following upper bound for the infinite
norm between X"t and X(™) on [0, T], along the same steps as previously :

s 2
E Sup(X(n+1) _ X(n))z <2E [ sup (/ (O.(u7x(n+1)) _ a(u,X("))> dBu)
[0,t] s<t \Jo

([ o )
([ xer suenmny)

+9TE (/Ot (b(s, XDy (s, X<">))2 du)

t
E (sup(X("H) _ X(n))2> <204+ T)CQ]E (/ sup (XSZH_D _ XS{”Pdu) .
0

[0,t] o<v<u

This can be written, for ¢ € [0,T], f™*tV(t) < e fot fO (w)du, with fOH+D (1) =

E (SUP[o,f,] (X(n+1) X("))2), cr = 2(4 + T)c?. An immediate induction therefore
yields

) < (Sup f(O)(S)> ey

[0,T]

In particular, Y7 o/ f("(T) < oo, ie.
S lsup (X — X0 1 < oo,
[0,T]

80 ), Supjo,1) (X(+1) — X)) is bounded in L?, hence a.s. finite : almost surely X (™)

converges uniformly on [0, T] to a continuous process X. As X is adapted to the
canonical filtration of B, X is adapted as well.
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We now need to check that X is a solution of E; (0, b) : as [|supyy 1 (XM —X)|p2 <
Y omsn V FM(T) — 0, the similar inequalities as previously imply that, in L?

t t
/ o(s,X")dB, — / o(s,X)dBs,
0 0

t t
/b(s,X(”))dBS%/ b(s,X)ds.
0 0

Injecting this in the induction relation between X and X1 we get that

t t
Xy :/ o(s,X)dBs +/ b(s, X)ds,
0 0

first in L2 but almost surelyas well®. O

3. The Strong Markov property and more on the Dirichlet problem

4. The Stroock-Varadhan piecewise approximation

This section is devoted to approximations of the law of stochastic processes. How
can one make a reasonable simulation of the trajectory of the strong solution of
a stochastic differential equation? More generally, the Stroock-Varadhan piecewise
approximation [18] provides the convergence in law of a discrete Markov chain to the
solution of a martingale problem.

The reason why we consider their approach is that it ensures convergence in law
of processes under very weak conditions, provided that the associated martingale
problem admits a unique solution.

4.1. Martingale problems

The Stroock-Varadhan approach allows to define Markov processes through their
generator with no explicit construction of the semigroup. In the case of diffusions,
two other classical representations of diffusions are the following.

e Kolmogorov and Feller expressed the transition probabilities as the solution of
a forward partial differential equation.

e It6 introduced its stochastic calculus and therefore represents the diffusions as
solutions of stochastic differential equations.

Consider ¢ a d x d matrix function, a = o' and b : R? — R<, all of them being
measurable.

Definition 5.6. A process (Xi,t > 0) with values in R?, together with a filtered
probability space (U, F, (F),P), is said to solve the martingale problem M(a,b) if for
any 1 <1,5 <d

fo s)ds, t > 0),
Y’Y] fo a;;(X ds t>0),

are local martingales. If a solution to M(a,b) has a unique possible law, the problem
is said to be well posed.

2. If Y,, converges to Y1 in L2 and Y2 a.s., then Y; = Y2 almost surely : Y,, converges to Yo in
probability, hence almost surely along a subsequence; by uniqueness o the limit, Y1 = Ya.
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We will study the martingale approach for the following reason : Theorem 5.9
hereafter states the weak convergence of discrete time Markov processes towards so-
lutions of sde under the uniqueness condition of the the solution of the limiting martin-
gale problem. This is a more general condition than pathwise uniqueness for example.
Very general conditions for well-posedness of M(a, b) are given in [18]. For example,
in dimension 1, measurability, boundedness for a and b and uniform positivity for a
are sufficient.

Moreover, a martingale problem is well-posed if and only if there is uniqueness
in law for an associated stochastic differential equation. More precisely, if ¢ and b
are Lipschitz, there exists a unique strong solution (i.e. a filtered probability space
(QF, (F),P), Fr = 0(Bs,s < t) where B = (By,...,Bq) is a Brownian motion and
an F-adapted X) to the stochastic differential equation E(a,b) :

dXt = O'(Xt)dBt + b(Xt)dt

Then X together with (€, F, (F);, P) solves the martingale problem M(a, b), a = o ‘0.
An interesting point is that a reciprocal is true, with weaker assumptions on o, b. For
technical reasons, we assume that b is continuous and a = o *o is elliptic, but these
hypotheses can be seriously weakened, as remarked later.

Theorem 5.7. Assume the above hypotheses and that X, (Q, F, (F)t, P) is a solution
to M(a,b). Then there exists a F-Brownian motion B in Résuch that X,B solves
E(o,b).

Proof. In the following, all (stochastic) integrals make sense thanks to our (strong)
assumptions on a and b. As X is a solution of M(a, b),

t
Y= (Xi— / b (X,)ds, t > 0)
0
is a local martingale, and d(Y?, Y7); = a'(¢)dt. Let

(1

This is a local martingale and the joint brackets are

d
(0™ ip(Xo)dYR t > 0> : (5.3)
1

d t
BB = Y [ ) (X ds.

k=1
But the definition of the inverse yields
d d

> (e Nale et =D (07 ikl )u(0)km ‘T = Lizy.

k=1 km=1
By Lévy’s criterion, the B%’s are Brownian motions, and from (5.3)

dXt = O'(Xt)dBt + b(Xt)dt,

which concludes the proof. ]

Remark. This result of the theorem actually holds under weaker hypotheses, in par-
ticular without the invertibility /ellipticity condition, by letting B go independently
for any time s such that o(Xy) is not invertible.
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4.2. Convergence of Markov chains

Consider a Markov chain (Ugf)),@o, depending on a parameter £ > 0, with a
transition kernel P(®) :

P(UY), € B|U® =2) = PO (z,B).

In the context of the strong solution a stochastic differential equation in R? (e.g. with
Lipschitz coefficients),
dXt = O'(Xt)dBt + b(Xt)dt,

one can think about Uffll as

Uy = U,
UL = U +o(UR)VEN, +b(U))e,
where N1, Na, ... are independent standard Gaussian vectors in R?.

Assume now that a;;, b;, are continuous coefficients in R? such that the martingale
problem M(a, b) has a unique solution in distribution : for any 2 € R? there is a process
X, with unique possible distribution, such that

t t
Yi = X;’-/ b;(Xs)ds, YiY] —/ a;;(Xs)ds
0 0

are local martingales. Note that, in the above context of Lipschitz coefficients, writing
a = 0’0, the martingale problem has a unique solution o (a,b), which is the strong
solution of the differential equation.

Assume that the scaled means and variances of the jumps of U®) are uniformly
convergent to a and b on any compact K, as e — 0 :

1

e / (yi — 2)P© (2,dy), lim sup [6”) — b;| =0, (5.4)
ly—=|<1 =0 K

b (@) =

©) (. 1 e Vs — 2 P© ' © .
Q;j () ._5/y1|<1(y1 zi)(y; — ;)P (z, dy), i%sip‘aw aij| = 0. (5.5)

Moreover, assume that for any § > 0 the probability of a jump greater than § is o(e),
uniformly in any compact K :

lim sup Lpe (z,B(x,0)°) =0 (5.6)
e—0 K £

Lemma 5.8. Conditions (5.4), (5.5) and (5.6) together are equivalent to

L [ - 1P dy) — Li(w) (57)

£

uniformly on compact sets, for any f € €°, where

d d
1
L= 5 i]zzzl aij(x)aij + ;bz(x)&

Proof. Assume first that the conditions (5.4), (5.5) and (5.6) hold, and note L(*) the
analogue of L for the coefficients az(-;), bgs). It is clear, thanks to (5.4), (5.5), that
L) f — Lf uniformly on compacts, so we just need to prove that

! / (F(w) — F@)PE (z,dy) — L f()| — 0 (5.8)

& e—0
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uniformly on compacts. By Taylor’s theorem, for an absolute constant cy,

d d
fly) = f(z) - Z(yi —x;)0; f(x) — % Z (yi — ) (y; — 25)05 f ()| < eply — 2],

so the left hand side of (5.8)is bounded by

_ PO dy) iy PO dy)
N e R C] .

ly—z|>1 €

The second term is bounded by 2| f||oc 2P (2, B(z, 1)°), hence converges to 0, using
(5.6). Concerning the first one, for any 0 < § < 1 it is smaller than

(e) (e) c
o 5/ P (z,dy) - g2+ P (z,B(x,6)°) .
lz—y|<d €

3

This last term converges to 0 by (5.6) and the first one is uniformly bounded on a
compact set K by

d
252”aiiHL°°(K)7
i=1

for sufficiently small ¢, from 5.5. Hence it converges uniformly to 0 on K.
Conversely, assume that (5.7) holds. We first prove (5.6), which is equivalent to :
for any § >0, z. - z as ¢ — 0,

1
EP(E) (22, B(2e,6)) = 0. (5.9)

Chose ¢ € € with ¢ = 1 on B(z,4/4), ¢ = 0 out of B(x,6/2), 0 < ¢ < 1. For ¢
sufficiently small, ¢ < 1g(,_s) and o(z:) =1, s0

2 [ o)~ p)POady) = 2 [ pw)PO (o dy) >

6 P.(z.,B(zc, 9)°).

(L=

Now, by (5.7) the left hand side converges to 0, as L = 0 on B(zg, d/4). This proves
(5.9), hence (5.6). Now, proving (5.4) and (5.5) is easy : we only need to prove that
for any compact K, f € € with support included in K,

1

— sup — 0,
e—0

G @Oy ~Ls

because specializing f to z; (resp. z;x;) in K and 0 out of K = {z € R? | dist(z, K) <
1} yields (5.4) (resp. (5.5)). As we have the uniform convergence hypothesis (5.7), the
above result follows from

1
sw>| [ (@) - f)PO e dy)| 0
f{ & \z—y|>1 e—0
which is a straightforward consequence of (5.6) that we have proved. O

In the following Theorem and till the end of this section, we will talk about the
weak convergence of cadlag processes (emerging from Markov chains) to continuous
solutions of martingale problems or stochastic differential solutions. This is justified
by using the Skorokhod topology, see [7]. The reader uncomfortable with this topology
can replace the following discontinuous processes by the continuous affine extension
of the Markov chains.
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Theorem 5.9. Let X,(f) = U(Li)/ej' Assume that (&) = Xés) — x9 as € — 0, and
that conditions (5.4), (5.5) and (5.6) are satisfied. Then, if M(a,b) is well posed,

X converges weakly to X, unique solution in distribution of the martingale problem
M(a, b).

Proof. We first prove the result under the additional hypotheses

lim sup |6\ — b;| =0, (5.10)

e—0 Rd

im s ©) gl =

ilg(l) sﬂ;}})\aij a;;| =0, (5.11)
1

i —pe ey —

;l_I)I(l) sﬂgf aP (x,B(x,0)¢) = 0. (5.12)

For a given T > 0, let Pg(fe) be the law of (ng),O < t < T). The proof relies on
two points. First the tightness? of these processes holds, i.e. the set {Pg(fs),e > 0} is
pre-compact. Here we refer to Theorem 1.4.11 from [18], which asserts that the two
following criteria are sufficient to deduce tightness :

o for any smooth compactly supported f there is a constant ¢ such that for any
e>0
(X (ke)) + ke, (Fie)r, PE))

is a discrete submartingale. This is true as, from our assumptions (5.10), (5.11)
and (5.12), there is an absolute cs such that sup,~ 2 [(f(y)—f(z))P) (z,dy) <
cf < 00;

e the probability of a large gap is bounded by our assumption (5.12) : for any
60> 0,

Z P;?(\X(E)((k +1)e) — X (ke)| > 6) < [T/e] sup P (2, B(x, 6)°),
0<je<T Rd
which converges to 0 as ¢ — 0.
Secondly if, for ¢, — 0, P;i’l) converges weakly to a measure P, then P solves
the martingale problem M(a, b) starting from (. Indeed, to prove it, note first that
necessarily P(Xog = x9) = 1. Moreover, let s < ¢, f € €°(R%) and F : O — R

bounded, continuous and F-measurable. Then, writing k,, = |s/e, |+1, b, = |t/en ]+
L,

lyn—1

Epen | | f(Xeuen) = FKkpe) = D / (f(y) = F(Xje, )P (Ko, dy) | F | =0,
j=kn
because
k—1
(X ) / (F(5) — F(Xj)) PE (X dy) | > 0
j=0

is obviously a (Fge, )-martingale. Moreover, using Lemma (5.8),

£n—1

FX(lnen)) = FXpe,) = Y / (f(y) = F(Xe,))PE (Xye,,, dy)

J=kn

s F(X) — f(X) — / LF(X,)du.

n—oQ s

3. A sequence of measures (pun,n > 0) is called tight if for any e > 0 there is a compact set K such
that, for any n, pun(K) > 1 —e.
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uniformly on compact sets. As a consequence,

e ( (100 - 7% - [ t Lf(X,)du) F) =0,

S

hence (f(X¢) — fot Lf(X,)du, (F;),P) is a martingale. Specializing f and localization
prove therefore that X together with the probability space (Q, F, (F:),P) solves the
martingale problem M(a, b).

To remove the extra assumptions (5.10), (5.11) and (5.12), we proceed by loca-
lization : for k > 1, let o be smooth such that ¢ = 1 on B(0,k) ¢ = 0 out of
B(0,k+1),0<pr <1,

PE (@, T) = g (2)PE) (@, T) + (1 = gk () Lyer

Then he coefficients a,(f") (resp. b,(f")) associated to P,(f"

)
R? and n, and converge to wra (resp pxb) on compacts. Hence, from the previous
discussion, the sequence of associated measures (P}), >0 is pre-compact and all its
limit points solve the martingale problem for pga, @ib. This implies that any limit
point of (P})n>0 equals Px on F,, where 7, = inf{t > 0 | |X;| > k} (see Theorem
10.1.1 in [18]). As P = P" on F,,, any limit of P" coincides with Px, on F,.
Taking k — oo is allowed and yields the result (see Lemma 11.1.1 in [18]). O

are uniformly bounded in

Amongst the many applications of Theorem 5.9, the following is linked to an
important problem in the History of statistical physics. After Gibbs and Boltz-
mann, the following paradox emerged, being the source of some disputes with Poin-
caré and Zermelo. For a system of particles in a closed container, in the (com-
mon) ergodic case we expect that any state is recurrent, in particular the ini-
tial one. However, Boltzman’s work and its H-entropy theorem, based on Newto-
nian dynamics, proves non-reversibility, through the monotonicity of its entropy.
Smoluchowski formulated the following
explanation : the states far away from
equilibrium have a considerable recur-
rence time, so the system appears to be
irreversible only for reasonable observa-
tions. Paul and Tatiana Ehrenfest for-
malized this idea by the following simple
model, known as Ehrenfest’s urn : it is
exactly solvable and they proved that B soa.
it has a very large recurrence time for
states far from equilibrium.

Consider 2m particles, in 2 urns com-
municating through a small hole. At

A
time n, chose uniformly one particle WMW \W‘M M
: | WWWV\M h

amongst 2m and change its urn : it is a
model for the gaz diffusion between two
urns through a small hole. Let NI™ be
tbe numléer Ofé)artfles on the ;g(ffn;lr; ;t Figure 5.1. Samples of X for m =
tlmde n. Consider the process efi- 50000, 0 < t < 6 (i.e. 300000 ex-
ned as

300000

changes in the urn) : for Xém) = 50

N m (upper graph), the dynamics are first
Lmt] £>0 irreversible, then recurrent, like in the
vm ’ lower graph, beginning at Xém) = 2,
discrete approximation of an Ornstein-

The following corollary of Theorem 5.9 Uhlenbeck process.

goes in the direction of Hilbert’s wish in
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1900 : Boltzmann’s work on the principles of mechanics suggest the problem of deve-
loping mathematically the limiting processes (... ) which lead from the atomistic view
to the laws of motion of continua.

Corollary 5.10. Assume that, as m — oo, N(()m) —m ~ ay/m. Then, as m — oo,

for any finite horizon T > 0, the process (X,E””,o <t < T) converges weakly to the
unique (strong) solution of the Ornstein-Uhlenbeck stochastic differential equation

dX, = —X,dt+dBy,
XO = Q.

Note first that the above continuous limit visits all states, hanks to small fluctua-

tions from the mean in the initial condition : Ném) —m o~ aym. If Ngm) —m ~ am for
some « € (0,1), then there is no diffusive limit, the way to equilibrium being deter-
ministic and non-reversible, the random term is not visible compared to the drift one.
On a different topic, the above stochastic differential equation clearly has a unique
strong solution because its coefficients are Lipschitz, and using the It6 formula the
reader can check that the explicit solution is

t
X, =et (a —|—/ eSst> .
0

Proof. The set of possible values for Xgm) is {#, —m < k < m}, and the probability
transitions are

1 1 T 1 1 T
p(m) =z __=  pm - =4+
<”+\/m> 2 " aym’ nrem) T et aym
As a consequence, with notations analogous to (5.4) and (5.5), a direct calculation
yields
b (z) = —z, o™ (z) = 1.
As condition (5.6) is clearly satisfied and X(()m) — «, the result follows by the

m—r o0

general Theorem 5.9. O

5. Shifts in the Cameron-Martin space

The purpose of this section is to consider stochastic differential equations corres-
ponding to shift of the Bownian motion along a predictable element of the Cameron-
Martin space :

dX; = dB; + b(X,,0 < s < t)dt. (5.13)

By the Girsanov Theorem, we know some properties of any measure weak solution to
this equation : it is absolutely continuous with respect to the Wiener measure, with
an explicit density.

A more subtle question concerns the existence/uniqueness of a weak/strong so-
lution to this equation. We will show that in the Markovian case, under very weak
hypotheses on b, there is a unique strong solution (Zvonkin, [26]). It was conjectured
that the Markovian hypothesis on b could be relaxed, which was shown to be false
in a famous counterexample due to Tsirelson ([22], see also [25]). Finally, a necessary
and sufficient condition on b for existence/uniqueness of a strong solution to (5.13) is
given, from the work of Ustunel [24].

5.1. The Zvonkin theorem

Consider a general Markovian differential equation



94 Stochastic differential equations

A natural idea to study the existence/uniqueness of such an equation consists in
changing the variable, Y; = f(X;), with f € €2 : Itd’s formula yields

dY; = (of")(X;)dB; + (;az "+ bs’) (X;)dt,
so Y is a local martingale if and only if
L o r_
501" b =0, (5.15)
Assume that bo~? is locally integrable, then

_ et g

f(w) = e IR

is a solution to (5.15)*. The function f is strictly increasing, so f~1 is well defined,
and Y solves the stochastic differential equation

with s(z) = (of’) o f~1. The above stochastic differential equation (and therefore
general markovian shifts in the Cameron-Martin space) has a unique weak solution,
as shown by the following lemma and delocalization (make e — 0 hereafter).

Lemma 5.11. Let s be a measurable function with s(x) > e > 0. Then (5.16) admits
a unique weak solution, which is a local martingale.

Proof. Let Y be a solution of (5.16). Then its bracket converges to oo, as

t
Yy, = / g(Y)2ds > et.
0
Hence, by the Dubins-Schwarz theorem, 5 defined by

Beyy, = Y

is a Brownian motion. More explicitly,

Bt =Y )

7(t)
/ 5(Y,)%du = t.
0

Differentiating the above equation yields

1=7"(t)s(Yr())* = 7'(t)s(Be)*.

where

This yields an explicit expression of (Y); in terms of 3 :

u u
d
(Y) = inf{u | 7(u) > t} = inf{u | / 7'(u)du >t} = inf{u | 7u2 >t}
0 o 8(Bu)
Consequently, Y is a continuous function of the Brownian motion 3, hence there is a
unique possible law for it. O

4. n.b. : such an f is not necessarily %2, but this is overcome by IV.45.9 in [17]
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Much better than the above uniqueness in law, strong existence and uniqueness
hold under weak assumptions : Zvonkin observed that when ¢ is Lipschitz, bounded
away from 0, and b only bounded and measurable, the function s in (5.16) is locally
Lipschitz, hence there is a unique strong solution to (5.16). As f is invertible, there
is a unique strong solution to (5.14), and in particular to (5.13) where 0 = 1 and a
bounded b depends only on the current point (Markovian case).

By scaling, the above discussion proves that there is always a strong solution to

dYt = EdBt + b(Yt)dt,
no matter how small € > 0 is. This contrasts with the ordinary differential equation
dY,; = b(Y,)dt

which can have several solutions® for a bounded measurable b.

5.2. The Tsirelson example

The preceding paragraph contrasts with the following example where b depends
on all the past. Note the fractional part

fe} =2 |z

and consider the ounded predictable drift

(o) crcn,
b((XS)Ogsgt) = te—tk—1 ' X Uk+ 7
0 if t=0

where (tx)rez is an increasing sequence converging to 0 as k — —oo. Then b is
a bounded measurable function, so from the Girsanov theorem for the stochastic
differential equation

dXy = dB; + b((Xs)ogs<t)dt (5.17)

uniqueness in law holds (here (Q,F, (F:),P) is a filtered probability space, B is a
((F),P)-Brownian motion and X is (F;)-adapted). However, there is no strong so-
lution : for any solution X to the above equation, surprisingly for any ¢ > 0 the
fractional part {(AX):} of the slope (t; <t < tgpt1)

Xt - th

AX)y =
(AX) = ——
is uniform on [0, 1] and independent of Bs; = 0(B,,0 < u < s) for any s > 0.

Theorem 5.12. For anyt > 0, {(AX):} is uniform on [0,1] and independent of Boo.
Moreover, noting Xy = 0(Xs, s < t), forany 0 < s <t

X, = B,V o({(AX),}). (5.18)
Proof. Similarly to (AX);, let
B, — By
AB); = ———*
(AB)i === tr

for ¢, <t < tg1. Then, from the stochastic differential equation (5.17), for t5_; <
t <ty
(AX)¢ = (AB)¢ + {(AX)¢,_, }-

5. Example : dY; = 2sgn(Y:)|Y¢|'/2dt has three solutions 0, +t2, due to the bifurcation choice at
t = 0. Such a phenomena cannot exist in the stochastic case because the Brownian motion prevents
from making any initial choice.
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This yields, for any p € Z

E (ei2‘n’p{(AX)tk}) ) (ei%p((AB)tﬁ(AX)tk,l))

2n2p2

- (6i27rp(AB)tk) E (eiQﬂ'P(AX)tk,1> —e¢ w1 | (eiQT"p{(AX)tk,l}) ,

where we have used the independence between (AB);, and F;, , : Bis aBisa (F)-
Brownian motion, hence B; — By is independent of F; for ¢ > s. An iteration of the
above equality gives for any n > 1 the upper-bound

’E (eiQﬂp{(AX)tk})‘ < R

i2 AX —ox2p?
E (el mp{( )f,k,"}>‘ <e 2m°p ekm

where ¢, = infocp(te — to—1)~' > 0. This proves that for any p € Z* and k € Z
E <€i27rp{(AX)tk}) —0,

ie. {(AX)y,} is uniform on [0,1]. Moreover, for any ¢, < t < try1, (AX), =
(AB); + {(AX)y, }, where the last term was just proven to be uniform on [0, 1], and
is independent of (AB);, hence {(AX);} is uniform on [0, 1] for any ¢ > 0.

Now note BY = 0(Bs,u < s <v),0<u<wv. Forany v >0, p€Z,

E (ei27rp{(AX)t} | Bv> = lim E (ei2ﬂ'1){(AX)t} \ Bqtjn)’
n——00

and this last term vanishes : for sufficiently large n, t,, < tx < t < tx41 and supposing
t<w,

E (2771800 | B ) = | (200 H@3B)n 0t H A (330 | i)
— o27P((AB)e, ,y ++(AB) ¢ ++(AB)) (ei2ﬂp(AX)tn |Blt)n)
_ i27P((AB),, |+ (AB)y 4+ (AB)) g (eiQﬂp(AX)tn)

where the last equality relies on the independence of Bi» and JF;, . We proved that
E (272Xt ) = 0 for p € Z*, hence if 0 < t < v

E <eiznp{<AX>t} | Bv) -0,

which concludes the proof that {(AX),} is independent of B, whenever v > t, hence
independent of any B,, v > 0.

Finally, to show that {(AX),} is exactly the missing information to get X from
B, i.e. (5.18), we proceed by double inclusion.

First, from the stochastic differential equation (5.17), B is a functional of X so
By C X;. Obviously o({(AX)s}) C &X; (s < t), so

o({(AX)s}) VB C X

Concerning the other inclusion, we make the observation that (b(X,),0 < u < t)
is a function of (By)ogug: and {(AX),} for any choice of 0 < s < ¢. Indeed, if
tr <8 < try1,

(AX)s = (AB)s + {(AX)q, },

so {(AX)¢, } € o({(AX)s}) VB, (n.b. : {a —b} = {{a} — {b}}). Moreover,

(AX)t, = (AB)y, + {(AX)s, 1},
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s0 {(AX)y,_, o ({(AX) ) VB, C o({(AX)s})V Bs, and by induction any {(AX),, },
n < k,is 0({(AX)s})VBs-measurable. Proving the measurability of the drifts for ¢ > s
is also straightforward :

{(AX) 4y, b = {(AX) 0} + (AB)i, } € o({(AX)1, }) V By

so by an immediate induction for any n with ¢, < ¢, {(AX):, € oc({(AX)s}) V B:.
By going below and up s, we proved that, for any v < ¢, b((Xy)ogogu) is always
o({(AX)s}) V Bi-measurable, hence for u < ¢

X, = [ (X, )ocye)do + B € o({(AX).) v B
0
which concludes the proof. O

5.3. Energy, entropy.

A simple characterization of the existence of a strong solution to
dX; = dBy + 4, dt, (5.19)

where u; € Xy = 0(X,, s < t), was given in [24]. We abbreviate the above equation
as B = (Id — w)X and wonder about P-almost sure invertibility of Id — u. To avoid
integrability problems, we assume that ; is uniformly bounded in w and t. Note
that by the Girsanov theorem the law R of X is uniquely determined and absolutely
continuous with respect to that of B. Hence the P-almost sure and R-almost sure
invertibility conditions are the same, so for notational convenience we will consider
the equation
X=(Id—-u)B

instead (for the same function w, where 4; € B, = 0(Bs,s < t) now), and wonder
about its P-almost sure invertibility. From the above equation, it follows that

X, Cc B, C Fy.

As previously, (Q,F,(F;),P) is a filtered probability space, B is a ((F),P)-
Brownian motion and X is (F;)-adapted. Moreover, we consider the context of a
finite horizon (0,1). Let

_dg

L = —
"TdP |,

=Ep(L; | F2), Q= (Id — u)P,

and we will abbreviate L for Ly. By the Ito representation theorem, L; = p(—dy?) for
some F-adapted y, fg y2ds < 0o a.s., with the notation

P(—(5yt) =e J§ vsdBs—% [ Z)?ds.

Indeed, the Ito6 representation yields L; = 1 + fot asdBg for some adapted «, and as
Ls > 0 a.s., this can be written

Qg
st = (]’_‘S> Lsst,

so L is an exponential martingale.

Theorem 5.13. The application Id — u is P-almost surely invertible, with inverse
Id + y, if and only if

1
Ep(LlogL) = & Ep (|[ullf;) -
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Remark. The above equation means that the relative entropy H(Q | P) coincides with
the kinetic energy of u. The following proof yields to the unconditional inequality

1
H(Q| P) < 5 Ep (Jlulfh) -

As entropy measures the number of accessible states, the theorem means that the
application is invertible if and only if it has just enough energy to fulfill the accessible
states.

Proof. Assume first that Ep(LlogL) = 2 Ep (||ul|%) . By substitutions,

1 1 1
Ep(LlogL) = Eq(logL) = EQ(—/ YsdBs — 5/ jsds)
0 0
t

1
1
0 0

From the Girsanov theorem, (B + fos ¥sds)s>o is a (F, Q)-Brownian motion. As g, is
Fs-adapted, this implies that Eq(— fol Us(ysds + dBs) = 0, so

Be(LlogL) = 3 Ea(luld) = 3 [If3 5 ap
=5 IR - 1) (@) = 5 Belly o (1d = wf).

Moreover, as X represents LdP, from Lemma 5.14, g0 (Id —u) = Ep (s | Xs) ds x dP-
a.s., SO

Ep(LlogL) = 5 Ep ( / (Eoin Xs»?ds) ,

and using the hypothesis

Ep (/Olugds> _Ep (/Ol(Ep(us | Xs))2d3> ,

which easily implies
1
Ep (/ (s — Ep (i | XS))2ds> =0,
0

ie. is=Ep(us | Xs dt x dP almost surely. Hence
o(Id —u) =1,
dt x dP a.s. which means that Id + y is the almost sure inverse of Id — u. O

Lemma 5.14. Keeping the previous notations, in particular

d(Id — w)P ot 1 s
L= WO | (gt = o SivtBemt e

then gs o (Id — u) = Ep(us | Xs) ds x dP-almost surely.
Proof. An easy substitution yields

Lio(Id —u)=e" Jo (g=0(1d—u))(dBs+isds+ 5y 0(Id—u)ds) (5.20)

On the other hand, applications of the Girsanov theorem yield the following expres-
sions.
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e First,
(L¢ o (Id — u)) E(p(—0u’) | &;) = 1. (5.21)

Indeed, for any F;-measurable f, from the Girsanov theorem,
E (f o (Id —u)L; o (Id — u)p(—du’)) = E(fL;) = E(f o (Id — u)),

where the last equality just translates L; = w |

7, Hence
E(fo(Id—u)(fo(Id—u)Lo (Id — u) E(p(—du’) | &) — 1)) = 0.

We have B := E(p(—du') | X;) € X; and the above equation means E(AB) = 0
for any A € X}, so B =0 P-a.s., proving (5.21).

e Moreover, defining Z by X; = Z; + fot E(us | Xs)ds,

E(p(—6u) | &) = = Js Bl X%~ 4 [[EGIX%s (. ) (5.22)
, by a double application of the Girsanov theorem :

E(f o (1d — u)p(=5,)) = E(f) = E(f o (Id — w)fy),

the last equality relying on the fact that Z is a X-Brownian motion (it is a
X-martingale with bracket (Z); = t). In the above equality, conditioning on X
implies the expected result (5.22).

Gathering (5.20), (5.21) and (5.22) yields

1= (Li o (1d - u)) E(p(~6u') | X,)

— o= Jo (gs0(1d—w))(dB,+isds+ ggso(ld—u)ds) ,— [o B(is| Xs)dZs— 5 [§ E(is| Xs)?ds

Make he substitution dZ; = dB;+ (s —E(is | Xs))ds in the above formula shows that
a continuous semimartingale vanishes almost surely for any ¢ > 0, hence its bracket
is 0, which means g5 o (Id — u) = Ep(us | Xs) dt x dP almost surely. O






Chapter 6

Representations

1. The It6 representation
2. The Gross-Sobolev derivative
3. The Clark formula
4. The Ornstein-Uhlenbeck semigroup
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Chapter 7

Concentration of measure

Obtaining sub-gaussian tails for probability measures, like
P(|X — E(X)| > 6) < Ce ", (7.1)

is an important goal and tool, making it possible to quantify fluctuations of a random
variable around its mean. For instance, for random variables depending on an index
n (often the dimension), this allows to bound the variance and therefore to prove
tightness, which is an important step towards convergence in law.

To motivate our study and understand the nature of concentration results (high
dimension, small fluctuations around the mean), we consider in this introduction some
examples proved in the following sections. First, let o be the uniform probability
measure on the unit sphere .#(™ C R"*! and S a subset of .#(") such that u(™(S) >
1/2. Consider the neighborhood

S. = {z e ™ | dist(x,S) < €}, (7.2)

where dist is the geodesic distance on the sphere. Then

_ (n=1)e?

oS)=1—e 7. (7.3)

In particular, as n — oo the uniform measure gets concentrated in a belt around the
equator. This result (7.3) can be shown by first proving that the minimum of o(S;)
is obtained for an hemisphere, and then by a direct integration. The intuition behind
this last step is that a unit vector of R™ has typical amplitude O(1/+/n) for the nth
coordinate, so the volume of the neighborhood will be close to 1 if ne? > 1.

Concerning the first step, this isoperimetry result holds for all compact manifold
with strictly positive Ricci curvature, as shown by Gromov, Lévy. More precisely, let
A be a compact manifold with Riemannian metric ¢ and Riemannian probability
measure p. Let R(.#Z) be the infimum of Ric(u, u), over all unit tangent vectors u on
A, and assume R(.#) > 0. For some r > 0, R(.#) = R(Z"(r)), where .7 (r) is
a Euclidean sphere of dimension n and radius r, with uniform probability measure
noted o,. Then, if some Borell subsets M C .#, S C ., have the same measure
(W(E) = 0..(5)),

w(Me) = 0,(Se),

for any € > 0'. Note that, by the Minkowski content formula, this implies that the
length of the border OM is greater than JS : this is an isoperimetry result.

As 0,(Se) can be easily estimated, we get that for any e > 0, if u(M) > 1/2, for
some absolute constant ¢, C > 0

p(M.) > 1— CemRe’, (7.4)

We will directly prove such results for any Lipschiz® function F by using stochastic
analysis tools, regardless isoperimetry considerations.

1. for a Riemannian manifold M with metric g, the geodesic distance allows to define a neighborhood
M. of M C . up to distance ¢ in the same way as (7.2)

2. in this chapter, the Lipschitz constant ||F||z of a Lipschitz function F : R® — R is defined with
respect to the Euclidean norm : for all z, y in R™, |F(2) — F(y)| < [[Fllzlz — ylp2@n)
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Theorem 7.1. For some C,c > 0, independent of the manifold .# and the function
F with Lipschitz constant (with respect to the Riemanian metric) |F||z

2

—cR( M)~
p{lF —E,(F) > e[y < ce "

There are two interesting regimes for these results. For ¢ — 0, this can yield iso-
perimetric estimates like (7.3). For € > 0, as the dimension increases, this often yields
concentration, because the curvature of the sphere .# (") with radius 1,is R =n — 1.
Note that Theorem 7.1 easily implies (7.4), by choosing F(z) = min(dist(z, M), ¢).

Bounds like (7.1) or more specifically (7.3) are called concentration inequalities,
and many general criteria allow to prove them. Our aim consists in giving a non-
exhaustive (see [10] for a review of the concentration phenomenon) description of
sufficient conditions, emphasizing on how, quite surprisingly, some stochastic processes
allow to prove these time-independent relations. For example, concentration yields a
good understanding of the maximum of any Gaussian process, at first order.

Theorem 7.2. Let g(t)ier be a centered Gaussian process indexed by a countable set
E, and such that supg g(t) < oo almost surely. Then E(supg g(t)) < oo and for every
6=20

52

P (1sup () - Blsupg()] > 5) < 2757,
E B
where o is the mazimum of the variances®, supg E(g(t)?).

As we will see, this result by Borell is for example a consequence of the hypercon-
tractivity of the Ornstein-Uhlenbeck semigroup.

Going to the discrete setting, hypercontractivity is an important tool in computer
science for example. Consider the state space {—1,1}¢ endowed with the uniform
probability measure. To a function f : {~1,1}¢ — {—1,1} (f can be thought as a
decision*, function of d individual behaviors) one associates the function, T,f equal
at point z to E(f(u)), where u is obtained from z by independently flipping each
bit with probability % : T, is called the noise operator, and is an analogue of the
Ornstein-Uhlenbeck semigroup®. Then this semigroup satisfies an hypercontrativity
property, which is fundamental in the proof of the following famous result with from
Kahn, Kanal, Linial [8] (the slightly stronger version stated here comes from Talagrand
[20]).

For z = (x1,...,74) € {—1,1}4, define the influence of individual i as the proba-
bility that changing z; changes f. Let —i for the vector of size n — 1 obtained from
(1,...,d) by removing the ith coordinate, and Eg the expectation with respect to the
uniform measures for coordinates in S C [1,d],

Hlﬂ7 (f) = E_i V&I‘i(f).
Then, an easy calculation proves that

d

Zinﬂi(f) > var(f).

i=1

Indeed, one naturally expects that the influence of each coordinate on f will be of order
1/n times the variance. The remarkable result from [8] is that for some individuals,
the influence goes till % times the variance.

3. That 02 < oo is an easy consequence of E(supg g(t)) < oo

4. eg. f(z1,...,24) = x1 is called the dictatorship case, f(x1,...,24) = ®1...x4 is the parity, and
f(z1,...,2q) =sgn(xz1 + -+ - + x4) is the majority.

5. Think about p = e~t, with t a time, so that T1f = f and Tof = E(f) are natural
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Theorem 7.3. Under the above assumptions, thee is a constant ¢ > 0 not depending
on d such that for any Boolean function f

d .
infl (f)
2 Tloginy ) 7 )

This statement allows to give a framework for sentences like 3% of the population
can decide about the ending of the vote with probability 99%. Of course, the proof
will not be constructive, so gives no clues about how to find this precious sampling
amongst the coordinates. In the proof we will give, the noise operator is useful because
it improves integrability (hypercontractivity) but also because T, f very explicit in
terms of f, when this function is expanded on a Fourier basis. This is very similar to
the use of the Ornstein-Uhlenbeck semigroup to prove continuity of chaos in LP, see
Chapter 6.

This chapter only gives a partial view of concentration results. Another aspect I
particularly like (but we won’t treat in this class) is the Talagrand inequalities [21].
They allow for example to prove this visual example of concentration, given by Tao
and Vu [19], which is an important tool in Random Matrix Theory.

Theorem 7.4. Let Xq,...,X, be i.i.d. centered® Bernoulli random variables, X =
(X4,...,X,), and V a given subspace of R™ of dimension d. Then

P(|dist(X, V) — vVn — d| > §) < Ce™",
for some constants C and c¢ independent of n and d.

The above result means that the typical distance between a random element of
the hypercube and a subspace of dimension d is v/n — d, with small (concentrated
with no normalization) deviations from the mean.

1. Hypercontractivity, logarithmic Sobolev inequalities and concentration

1.1. Diffusion semigroups

On R? endowed with a measure y, consider a family of operators (P;);>0 acting
on bounded measurable functions through a transition kernel

Pf@) = [ fm(ed),

the measures p;(z, -) being bounded and positive, ¢ > 0. We will only consider cases
in which the domain of P; can be extended to L?(u) : [Py flr2(u) < c(t)]fllr2(n)- We
are interested in the case of continuous semigroups, meaning :

e the semigroup property : PyoP, =Py, s,t > 0;
e the continuity in L?(u) : for all f € L2(u), as t — 0,

P .
th2—(#>)f

Moreover, if P; 1 =1 for any ¢t > 0 (Markovian semigroup), there exists a Markov
process (X;)i>o such that”

P f(z) =E(f(Xe) [ Xo = 2).

6. PX1=1)=1/2, P(X1 =-1)=1/2
7. Cf the Hille-Yoshida theorem
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Definition 7.5. The domain Dy(L) C L%(u) is the set of functions f € L?(n) such
that the limit
Pof—f
t

Lf:=Ilim

t—0

exists in L2(u). Then Dy(L) is dense in L?(u) and L characterizes the semigroup :
0Py f=LP; f=P:LJ.

The semigroup (Py)i>0 is said to be a diffusion semigroup if for any fi,..., fn in the
domain and ® : R™ — R in €

L@(flavfn) = Zazq(p(flvvfn)Lfl +Zazq‘,zj(fla-~~7fn)rl(fiafj)>

0,J

where T'1(f,9) = 3 (L(fg) — fLg — gL f) is the operator carré du champ.
The measure [ is said to be invariant by (Py)i>o if for any f € L'(p), t >0,

/ P, fdu = / Fdp.

The measure p is said to be reversible by (Pi)i>o if for any f,g € L' (p),t>0

/(Pt fgdp = /g(Pt £dp.

Note that, for Markovian semigroups, the reversibility implies the invariance. Mo-
reover, for a diffusion semigroup, L(1) = 0, so the semigroup is Markovian.

1.2. Logarithmic Sobolev inequalities

The Sobolev inequality bounds the fluctuations of a function in terms of its
derivative, and therefore can somehow yield to some concentration. For example,
any compactly supported smooth function f : R® — R, if f € L,(R",dz) and
On, f € Lp(R™,dz), 1 <i < n, then f € Ly« (R",dz) and

£ llp= < c(n, DIV £l (7.5)

where 1 < p < n, p* = n"—f;) > p : a Sobolev inequality provides an improved inte-

grability on f in terms of that of its derivative. In probabilistic terms, this allows for
example to bound a variance in terms of the Lipschitz constant. One may want to
quantify the fluctuations of the function in terms of its gradient in a dimensionless
inequality, which cannot be achieved in (7.5) (e.g. p* — p as n — oo, hence it doesn’t
give additional integrability on f).

General concentration estimates, of type (7.1), can be obtained as a corollary of
the following logarithmic analogue of (7.5).

Definition 7.6. A measure p on some space8 X is said to satisfy a logarithmic
Sobolev inequality with constant ¢ > 0 if for any non-negative f

E, (f2 IOg(fZ)) -E, (f2) logE, (f2) <cE, (‘vf‘z) .

Here, the definition of Vf depends on the context and its modulus is considered as co
in the non-differentiable case.

We will see later general very efficient criteria on p for satisfying this general
inequality. The above-stated logarithmic Sobolev inequality, corresponding to p = 2,
implies analogues for any p > 2.

8. In this course X will be either a Riemannian manifold or {—1,1}".
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Lemma 7.7. Let (Pt)i>0 be a diffusion semigroup with invariant measure . Assume
that u satisfies a logarithmic Sobolev inequality with constant c.

Then for any p = 2 and any positive function f € D
2

By (f7108(f7)) ~ Eu (f7) log By () < —eqm—5

E, (fp’l Lf).

Proof. If (Pt):>0 is a diffusion semigroup?, then

B (L) = LB ()
4(p—1) 4
=L, (£ )
= *gEu (Fl(f%)>
4(;’:) Eu (77 Lf) =B, (FEL7E),
hepnce the expected result is the logarithmic Sobolev inequality applied to the function
f=. O

An interesting feature of logarihmic Sobolev inequalities is that they tensorize, in
the following way. This will be useful in Section 4. To state this property, given a
function f on X = X7 X - -+ x X4, note

fZ(xl) = f(xlv s 7l‘n),
the function f; depending on the frozen coordinates x1,...,2;—1,Z;y1,dots, zq.

Proposition 7.8. Assume that for any 1 < k < d the measure uy on Xy satisfies a
logarithmic Sobolev inequality® with constant ci, : for any non-negative function h

Ent,,, (h?) <ck/ |V eh|2dus.
Xk

Then pp = 1 ® -+ ® uy satisfies a logarithmic Sobolev inequality with constant ¢ =
maxigr<d Ck © for any non-negative function f on X

Ent,(f2) < /X IV Pdp,

where |V f|? is defined as ZZ:1 IV frl?.

Proof. The statement easily follows from the inequality

d
Bat,(f) < [ 3 Buty, (o), (7.6)
k=1
that we will prove by an extremal characterization of the entropy :

Ent,(f) = sup{/ fhdp | /ehdﬂ <1} (7.7)

9. we know that for diffusion semigroups

Ti(F(f),9) = F'(NHT1(f,9), Eu(F'(FL ) +EL(F"(HT1(f)) = 0.

10. Here, as in Definition 7.6, the definition of the gradient is arbitrary/depending on the context
and has no influence on the conclusion of the proposition
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Indeed, first note that we can suppose that [ fdu = 1 by homogeneity (if A > 0,
Ent(Af) = AEnt(f)). Then, Young’s inequality (f non-negative and ¢ real) fh <
flog f — f + e” yields, once integrated,

/fhdu < Ent,(f) -1+ /ehd,u.

This proves that the left hand side of (7.7) is greater than the right side. The reverse
inequality is obtained by choosing h = log f. As a consequence of (7.7), a sufficient
condition to prove (7.6) is that if [e"du < 1 then

d
/fhdu < /ZEntuk(fk)du.
k=1

This is true by interpolating between 1 and h in the following way. For 1 < k& < n, let

R (2, .. an) = log (/ eldpy . .. duk_1> —log </ eldus .. .d,uk> .

Then, as [etdp < 1, ZZ:1 h*¥) > h. Moreover, obviously fehik)d,uk = 1. Hence

d d d
Fhdp < FRPdp = ( fuhiPd -)d < Ent,,, (fr)d,
T S Y (L Ly poeet

as expected. O

1.3. Herbst’s lemma
The link between Logarithmic Sobolev inequalities and concentration lies in the
following Lemma, by Herbst.

Lemma 7.9. Assume that u satisfies a logarithmic Sobolev inequality on R™ with
constant c. Let F : R® — R be a Lipschiz function, with Lipschitz constant ||F||z.
Then, for any \ € R,

E, (eA(FfJEu(F))) < N IFIZ/A, (7.8)
In particular, for any § > 0,

__3s2

p{|F —E,(F)] > 6} <2 °IFlz. (7.9)

Proof. First note that (7.9) is a consequence of (7.8) : for any A > 0, by the Bienaymé-
Chebyshev inequality,

p{IF — B, (F)| > 6} < e B, (A5

<e N (Eu (e/\(F—lEu(F))) +E, (e—MF—Eu(F)))) < 26NN IFIZ/A,
The optimal choice A = ﬁ yields (7.9).
L
To prove (7.8), assume first that F is differentiable, with uniformly bounded deri-
vatives :
IF||z = suﬂg) IVE||L2(z) < .
wERn

Moreover, we can suppose E, (F) = 0. Let f(\) = log|le*"||Lx, A > 0. Then a direct

calculation yields

if( ) = 1 E,(20Fe*) — E,(e*) log E,,(e*Y)
dA a2 E, (€2 F) ’
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which is bounded by the logarithmic Sobolev inequality by

cE,(|Ver|E.)

2
A2 E,, (e2'F) < CSﬂé{PHVFHLZ-

Moreover, as E,(F) = 0, limy_,o+ f(A) = 0, hence f(X) < Acsupg.|VF|[f. for all
A > 0, which is the expected result. If A < 0, the same result holds by considering
—F.

If F is not differentiable with uniformly bounded derivatives, then we proceed by
approximation :

e We note, for ¢ > 0, Fo(z) = F(z) if —1/e < F(z) < 1/e, —1/¢ if F(z) < € and

1/e if F(x) > —1/e. Noting p. the Gaussian density p.(z) = 6_%/(271'5)"/2,
and the convolution F.(z) = p. «F, then F_(z) converges simply to F (|F.(x) —
F(x)| < ||F||zvEn), it is continuously differentiable and we will be able to apply
the above discussion to it.

e Indeed, the gradient of F.(x) is uniformly bounded : it is an easy exercise that
supgn ||VF:||r2 < ||F||z, thus from the differentiable case, we know that

E, (e*Fe) < e}EnFe) X IFIZ/4, (7.10)

e Thanks to the simple convergence we can use Fatou’s lemma, and get Eu(e)‘F) <
eliminf. 0 AE,(G.) ped?

E,F.

IFIZ/2, Hence the proof will be complete if lim._,gE, F. =

e From the concentration property of F. (7.10),
p{|F. — B, (F.)| > 6} < Ce,

with C and ¢ independent of €. Hence F. —E,, (F.) is uniformly integrable. If we
can show that E,(F.) is bounded, it will give the uniform integrability of F.,
hence the expected convergence lim._,gE,F. =E, F.

o As F. converges simply to F, by dominated convergence we can find K, ¢y such
that, for e < gg, p{|Fe| < K} > 3/4.

Moreover, from (7.10), for r sufficiently large, u{|F. — E,(F.)| < r} > 3/4.
Hence, for € < g, with probability at least 1/2, both |F.| < K and |F. —
E,(F.)| <r, hence E,(F.) < K+ r : this event, has measure 0 or 1, hence it is
almost sure.

O

1.4. Gross’s Theorem

Definition 7.10. Given a strictly increasing function ¢ : RT™ — [¢(0),00), a semi-
group (P¢)i>0 is said to be hypercontractive with contraction function q if, for any
feZand anyt >0,

IP: fllaey < N1 fllgc0)-

Theorem 7.11 (Gross). Let (P¢)i>0 be a Markov semigroup with invariant measure
w such that either p is reversible or (Py)i>o is a diffusion semigroup.

If (Py)¢>0 is hypercontractive with constant q(t) = 1+ e, ¢>0, then p satisfies
a logarithmic Sobolev inequality with constant c.

If u satisfies a logarithmic Sobolev inequality with a constant ¢ > 0, then for any
q(0) > 1 and q(t) = 1 + (q(0) — 1)e’*, (Pt)t0 is hypercontractive with contraction
function q.
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Proof. The proof relies on the differentiation with respect to t,
¢ ()
q(t)*Ey, ((Pe f)

f/(Ptf)’J(”d,ulog (/(Pt f)q(t)du> + ‘;Egj E, ((Pt £aO-1Lp, f)) . (7.11)

Suppose first that (Py);>0 is hypercontractive with contraction function ¢(t) =
l4+e« :

d
&bg”Ptqu(t) - (t)) (/(Pt f)q(t) log((P: f)q(t))dﬂ

IP: fllaey < IPo fllqe0s

hence the derivative of ¢ — log||P; f||4«) is negative at 0. From the above differentia-
tion, and as q(0)?/¢'(0) = ¢, this means

[ ros(r)an - [ auton ( / fzdu) < [ fLrap,

which is the expected logarithmic Sobolev inequality.
If p satisfies a logarithmic Sobolev inequality, with constant ¢ > 0, then Lemma
7.7 applied to P f yields

@O tog((Pe )~ [ (P ) Ot ( / “du)

2

For our choice q(t) = 1+ (q(0) — 1)e**/c,

A’ )
WO -1 " ¢@’

hence from the differentiation (7.11) the function ¢ + log||P; f|l4(+) is decreasing,
which means the expected hypercontractivity. O

2. Concentration on Euclidean spaces

2.1. Concentration for the extremum of Gaussian processes.

We are now in position to prove Borell’s inequality.

Theorem 7.12. Let g(t)icr be a centered Gaussian process indexed by a countable
set E, and such that supg g(t) < oo almost surely. Then E(supg g(t)) < oo and for
every 6 >0

52

P (Isup () - Blswpg()] > 5) < 2757,
E E
where o is the mazimum of the variances'', supg E(g(t)?).
Proof. Consider the Gaussian probability measure

1 1
dp= —e V@dz =

12
7 ) 73 e~ 2k=1 deml ... dz,
n )"

on R™. Obviously, Hess(V) > 1d,,, so u satisfies a Logarithmic Sobolev inequality with
constant 2, by the Bakry-Emery Theorem 7.13. Now, consider a finite set of points

11. That 02 < oo is an easy consequence of E(supg g(t)) < co
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t1,...,t, in E, and the Gaussian vector g = (g(t1),...,g(tn)), with covariance *VV :

1 . .
g £ Vz where z is a vector of standard centered Gaussians.
Consider  — sup;¢;<, (Vz);. This is a Lipschiz function with constant o :

F(z) = F(y)l < sup [(Va)i — (Vi)il =D Vij(z; — )]
j=1

1<i<n

n

2 Vi

Jj=1

N

T —ylr2 = /var(g(t;))|r — ylrz < olz —yl:.

Consequently, we can apply Herbst’s Lemma 7.9 and get

“(

Note that this upper bound does not depend on n, which makes us confident in
extending the result to a countable set T. We can achieve this in the following way.

First, E(supp g(t)) < oo. Indeed, let T,, be a finite subset of T. Then for any
a,b>0,

{E(supyg(t)) <a+b} > {sup g(t) > E(supg(t)) —a} N {St%p g(t) < b}

n n n

sup g(tx) —E( sup g(tk))‘ > 5) <e 27, (7.12)
1<kLn 1<kLn

From (7.12), for a large enough (and not depending on n), the first event has pro-
bability 3/4, and the second has probability at least 3/4 for b large enough, as
supr g(t) < oo almost surely. E(supy g(t)) is shorter than a + b with probability
1/2, thus with probability 1. Now, taking increasing subsets T,, — T (possible, as T
is countable), by monotone convergence E(supy g(t)) < oo.

To conclude, by dominated convergence, for an increasing sequence of subsets
T, — T and r > 0, by (7.12)

2
P(sup g(t) — E(supg(t)) > r) = lim P(supg(t) — E(supg(t)) > r) < e 37
T T n—ooo T, T
where § = r 4 | E(supy g(t)) — E(supt, g(t))|. For n — oo, § — r as previously seen,
by monotone convergence. This concludes the proof, applying the same method for
the lower bound. O

Theorem 7.12 can be applied to Gaussian processes indexed by an interval un-
der the continuity assumption (continuity obtained e.g. by Kolmogorov’s regularity

criterion). Note that for the Brownian motion on [0,1], ¢ = 1 and sup g(t) faw X1,
X ~ N(0,1), so
52
log P (|supg(t) — E(supg(t))| > 0) .~ —=-
— 00
coherent with the Theorem 7.12. However, for more general covariance structures,
this theorem is one of the very few general bounds on the law of extremes. It yields
the exact first order queuing probability for the maximum :

52
log P (sup g(t) > §) s 97

To prove the above estimate, of large deviations type, the upper bound is a straight-
forward consequence of Theorem 7.12, and the lower bound follows from
52
log P(sup g(t) > 6) > logP(g(s) >0) ~ —-—

J—o00 20‘3 ’

noting o5 = var(g(s)), and considering the supremum over the o’s.
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2.2. Convex potentials

Theorem 7.13 (Bakry, Emery). Assume that the potential V : R™ — R is strictly
convex, in the sense that for some ¢ > 0

Hess(V) > lId, (7.13)
c

for the partial order of symmetric operators. Then the probability measure

_ L
h=z

n

e V@ m)de  day,

satisfies the logarithmic Sobolev inequality with constant 2c¢, i.e. for any differentiable
function f:R" — R

[ 1o fau - ( / fdu> <log / fdu) <2 |Vl

Proof. The idea consists in integrating along the semigroup (P;);>0 associated with

the invariant measure < — :

[ 10s fan— [ sauiog [ san =¥ (0) - Feo)

where F(t) = [Py flogPy fdu. That F(co) = [ fdulog [ fdp follows from the ergo-
dicity result Lemma 7.14 (we can assume that f has bounded derivatives and that its
image is included in a compact of R* and conclude by dominated convergence).

We need to control the derivative

The second term makes no contribution because [ [~ & Py fdudt = [(f—[ fdu)dp =
0, still by ergodicity. The first term is

Fl(Pt f)
Py f

where we used [ f(Lg) = — [T'1(f,g) in the first equality. From Lemma 7.15, this is

greater than
¢ [ C/TIR,

_e_ c
P f

Now, by the Cauchy-Schwarz inequality, for any positive functions a and b,

Jwripyogp sau= [ 11 f10gPe = [ an,

L.

war (P (59)" (%),

P.b P b b
so finally
2¢ Tr 22 [T
F'(t) > —e © /Pt ( l(f)> dpy=—-e"" 1(f)du.
f !
Integrating yields F(0) — F(oo) < 2¢ [|V/f|?du, as expected. O

Lemma 7.14. If the curvature condition (7.18) holds, then the semigroup (Pt)i>o
is ergodic, in the sense that for any bounded Lipschitz [ € 9, almost surely (for the
Lebesgue measure)

Ptftjo /fdy.
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Proof. For given initial data and ¢ > 0, let

o(s) = Ps(T'1(P—s [)).
Then

¢ (s) = Po(LT1(Py—s ) + 2P (T1(Pi—s £,LPy_y £)) = 2P, To(Py_ f).  (7.14)

By the curvature condition (7.13), this is bounded by 2 P, I'1(P;_ f), hence ¢/(s) <

2¢(s), so by Gronwall’s lemma ¢(t) > o(0)est ie.

Ty (P, f) < e e Py (f). (7.15)

As f is Lipschitz, T';(f) is uniformly bounded in space, so P;T';(f) is uniformly
bounded in space and time, so I'1(P; f) converges uniformly to 0 in R™. Hence
P; f converges to a constant, uniformly on compact sets (|P; f(z) — Py f(y)] <
[v/T1(Pt f)loo|x —yl|). Moreover, for any € > 0 and x € R™ there is a compact K C R
such that x € K, u(K) > 1 —¢, so

IPtf(JU)—/fdul < /|Pt f(x) =Py f(y)ldu(y) < 2€|f\oo+/K|Ptf(x)—Ptf(y)\du(y),
and the last integral goes to 0 thanks to the uniform convergence on compacts. This

concludes the proof. O

Lemma 7.15. If the curvature condition (7.13) holds, then for all f € D

VI ) < et Py (VIR
Proof. Let '
U(s)=e ¢ Py\/Py_s f.
Then, noting g = P_; f,

W) =~ Lo+ et P, (LVET) - et <F(§?g§§)> |

Moreover, for F: R — R and f = (f1,..., fn),

LF(f) =) (0F)fi + Z(aijF)(f)Pl(fia i),

LT (g) I'(I'(g9))
LvIilg) =3 Ti(g) ATi(9)%2

This yields

PR LTi(g) —2I(9,Lg) Ti(Ti(g) 1
Y(s)=e"*Ps ( 21/T1(9) 4ry(9)%% ¢ Fl(g))
_ oz p. [4T1l9) (Tal9) — 2Ta(9)) — T1(P(1)(9))
= s 1T (g)2 .
This is positive thanks to Lemma 7.16, so ¥ (t) = ¥(0), as expected. O

Lemma 7.16. If the curvature condition (7.13) holds, for any f € D,

1) (F2) = 1120 ) = 1O ()
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Proof. An elementary (and long) differentiation yields, for F : R* — R, f =
(flw"af’ﬂ)a

T2(F(f) = D OF(HF(IT2(fis £5) +2 > GF(FuF (HHL) (S )

.5,k

+ > 05 F(NOuF(NT1(fi, f)T1 (5, 1)

i,9,k,1

where H(f)(g,h) = 5 (T1(g,T1(f,h)) +T1(h,T1(f,9)) = T1(f,T1(g, h))). Applying
this to F such that, at point (f,g)(zo),

1 0 =z
VF—(()),HeSSF—(x 0),
we get

Pa(F(f,)) = Ta(f) + 42H()(1,9) + 2001 (,0)° ~ T1()T1(g))
> STU(R(f,9) = L Ta ().

The discriminant of this positive binomial needs to be negative, which implies, (by
using H(f)(f,g) = T1(T1(f), 9) and T1(f,9)*> < T1(f)T1(9))

Lo T (D) <4 (o) = 10200 BT o)

and the expected result for g = I';(f). O

3. Concentration on curved spaces

Theorem 7.13 admits a Riemannian analogue, based on the same ideas, and which
only requires some basis on differential geometry.

Consider .# a compact manifold of dimension n with a Riemannian metric g.
Then g, is a positive definite bilinear map on the tangent space of .Z at point
x, Ty (A ). The natural underlying measure, u, associated with (7, g) is the locally
dp(z) = +/detg,dz. We are interested in whether smooth modifications of this volume
measure satisfy a logarithmic Sobolev inequality. Let

1 —V(x
pv(dz) = 26 M )du(@")

with V a smooth function on .#. A stochastic process with invariant measure py is
given through its semigroup

Pt - etLV7 LV(f) = Affg(vvavf)a

where A is the Laplace Beltrami operator on (.#,g), i.e. Af = divV f with divX =
> g(Ls, [L;, X]) in local coordinates'®. Equivalently,

/ g(Vf,X)dp = — / fdivXdp.
Finally, the Riemannian analogues of I'y and I'; are naturally given by
Li(f,h) = g(Vf,Vh),
Ln(f h) = % (Ly D1 (f,h) = T (L f,h) = D1 (F, Ly b)) .

Additionally to the Hessian of V, a Bakry-Emery type criterium needs to take into
account the shape, curvature, of .#. This is expressed through the Ricci tensor :

12. (L;j)1<ign is an orthogonal frame, for the metric g, at point z, and the Lie bracket of two vector
fields, noted [X, Y] = XY — YX, is defined as [X, Y]; = 3°7_, (X;0;Y; — Y;9;X;)
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e A connection is a bilinear operation associating to vector fields X and Y a third
one, VxY, such that for any smooth f

VixY = fVxY, Vx(fY) = fVxY + (Xf)Y.
The Levi-Civita connection is the unique torsion-free connection (VxY—-VyX =
[X,Y]) such that Xg(Y,Z) = g(VxY,Z) + g(Y,VxZ).

e The Riemann curvature tensor R(}-) associates to vector fields X, Y an operator
on vector fields R(X,Y) defined by (V is the Levi-Civita connection)

R(X,Y)Z = Vx(VyZ) - Vy(VxZ) - Vix v|Z

e The Ricci curvature tensor associates to vector fields X and Y the function
Ric(X,Y), smooth on .#, such that for any orthogonal local frame (L;)

n

Ric(X, Y)(z) = > g-(R(X, Li)L;, ).

i=1

In more intuitive words, the Ricci cirvature measures the first non-trivial order
of difference between the Riemannian metric and its Eucliden approximation :
in loal geodesic coordinates,

1 .
du = (1 — 6Rjk$J$k> dHEuclidean'

The iterated carré du champ operator I'; encodes both the Hessian of V and the
curvature, as shown by the Bochner formula, which is a key step in the next theorem :

To(f, f) = (Hess f, Hess f) + (Ric + Hess V)(V £, V),
where (Hess f, Hessh) = >~, . (Hess f)(L;, L;)(Hess h)(L;, L;).

Proof of Theorem 7.1. We closely follow the dynamical method of Ledoux [11], in the
same vein as the proof of the Bakry-Emery Thorem 7.13.
First, it is sufficient to show that, for some C, ¢ > 0, for any F with mean E,(F) =
0
) A2

E, (e'F) < Ce FIFIE, (7.16)

Indeed, like in the proof of the Herst Lemma 7.9, using the Bienaymé-Chebyshev
inequality,
—)\u+cL2
p{|F —E,(F) > ul} < Ce T IFTE,

and minimizing over A (take A = ﬁ) yields the result.
L

Now, to prove (7.16), we use the Bochner formula, which relates the Ricci curvature
to the Laplace-Beltrami operator, and can be written as

1
5A(|VF|2) — VF - V(AF) = Ric(VF, VF) + ||Hess F||us;

Consider the Brownian motion on .#, with associated semigroup P, = e*® ¢ > 0.
Note ¢(s) = Ps(|V(P;—sf)|?). Then, in the same way as (7.14),

@' (s) = Ps(AT1(P;_sF)) = 2P4(I'1(P;_s F,AP;_ F)) = 2Rp(s),
from the Bochner formula. Hence

V(P F)|? < e 2R P, (|VF|?). (7.17)
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This estimate will be important in the end of the proof. Let 1(t) = E,(e*FF). We
want to show that ¥(0) < CeCY' /R Note that

V() = AEL (AP F)er ) = - N2E,([V(P,F)[2er P F) > —2Ze2Rly(t).

This easily implies

o) )\2
log 0(0) ~ logv(o0) < [ et = 2,
0 2R
which concludes the proof, noting that by ergodicity ¥ (co0) = 1. O

Theorem 7.17. Suppose that for any p € M

1
Ric, +(Hess V), > —,
cYp
in the sense of partial order of positive operators. Then puy satisfies a logarithmic
Sobolev inequality with constant 2c. In particular, for any Lipschitz function F (with
respect to the geodesic distance on M ),

__s2

P., ([F—E,F|>6) < 2e clFIg

4. Concentration and Boolean functions

This section aims to give an idea about why hypercontractivity is an important
tool to quantify influences in discrete complex systems. This applies for example to
theoretical computer science and percolation theory (see [5] for a much more complete
analysis).

Let i be the uniform measure on E = {~1,1}¢. For S C [1,d] and = € E, let
xs(#) = [Ier @k These functions are a Fourier basis on L*(E, u) : for any f : E — R,
f(@) = 2Xscp,a f(S)xs(x), where f(S) = E(f(z)xs(z)).

For the Gaussian measure, we first proved hypercontractivity and then the loga-
rithmic Sobolev inequality ; the steps will be reversed in the following, concerning the
uniform measure on the hypercube.

Given a function f: E — R, let f_p(z) = f(21,...,Z6—1, — Tk, Tht1,- -, Td). We
define the differential operator as

1@) = fu(w)

Dy f(x) = 9

Theorem 7.18. The measure p satisfies the logarithmic Sobolev inequality with
constant 2, in the sense that for any f : E - R

d
Ent, (f?) <2 : > DefPdp.
k=1

Proof. We first prove it for d = 1, which means that for any real a and b

1 2 2 2 2 1N\2
5 (a%log(a?) + b log (b)) — = ;b log ;b < 2b> .

Assume a > b. Writing ¢ = (a+b)/2 and x = (a — b)/2. We need to prove that

o(x) = (¢ + 2% log(c® + 22) + 222 — (c + x)*log(c + z) — (¢ — ) log(c — x)
is positive. As ¢(0) = 0, this will follow if ¢’ > 0 on [0,c¢). A calculation yields

%g@’(x) =2z + 2z log(c® + 2?) — (¢ + ) log(c + x) — (z — ¢)log(c — =),
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which is 0 at = 0, so we just need ¢ > 0 on [0, ¢). Annyother calculation gives

1, 222 222
27 () = c? + z2 +log | 1+ c? — z2

concluding the proof when d = 1. The general case follows from the tensorization
property, Proposition 7.8. O

WV

0,

The above result implies hypercontractivity for the following semigroup. Given a
function f : E — R, let T, f(x) be the expectation of f(y) where y is obtained from

x by flipping each entry of x with probability 1;2” :

d d
1+p 1—0p
= E f(y) H( 9 1y, =z, +2]lyk——$k> H 1+puk
k=1

yeE k=1

In particular,

d d
Tyxs(z) = E(xs(zu H L+ pug,)) H 1+ puy)) = plSlxs(@).

As the xg’s are a basis of L%(E, ), this proves that (T,,0 < p < 1) is a semigroup
(note that here T; = Id : p needs to be thought of as e~! where ¢ is a time) :
Ty xTpy = Tpips-

The semlgroup T is contractive in L? for p > 1, as an easy consequence of Jensen’s
inequality. Like the Ornstein-Uhlenbeck semigroup, thanks to its smoothing property

it is even hypercontractive.

Theorem 7.19. For any p € [0,1] and 1 < p < q satisfying g < 1+ p~2(p — 1),

ITpfllLe < [1f]

Proof. We proceed like in Gross’s Theorem 7.11, showing that the logarithmic Sobolev
inequality Theorem 7.18 implies hypercontractivity for P, = T,.-:. For this, we need
to identify the generator of the semigroup P;. This is easy when looking at the base
functions :

Lp.

d d
Py, = —etISI
at T @€

so Lf = L(3 fsxs) = — 3 S| fsxs. In particular,

E(fLf) = ((Zsts> (Z|S\fs><s)) =Y IsI/s.

We need to prove that this coincides with E (3, [Dy f|?). For this, note that

Xs = _|S‘Ptha

Drxs = Tgesxs,

SO

B (Z |Dkf|2> Y s = I
k S

k

as expected. O

We are now in a position to justify Theorem 7.3. The function f now takes values
in {—1, 1}, and the influence of the kth individual is, for any p > 0,

infly (f) = P(Dy.f # 0) = E(|Dg f[*). (7.18)
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In particular, the Dirichlet form is also
Y _infli(f) =) ISIfE=> ) f§ = var(f) (7.19)
k S S#@

hence there are influences of order var(f)/d. We prove the following slightly weaker
version of Theorem 7.3, from [8]. The fact that there are influences of greater order
(var(f)logd/d) is a consequence of both following incompatible heuristics.

e If all influences do not exceed this var(f)/d estimate, all |fs| need to be small
for large |S| : the Fourier coefficients are concentrated on low frequencies.

o If the Fourier coefficients of f are all concentrated on low frequencies the ope-
rator T, does not change much f (remember that T,xs = p‘S‘XS), hence Dy f.
But it still improves integrability by hypercontractivity :

infl (f) = E(|Dxf|?) ~ E(|T,Dxf|?) < infl(f)*”

up to compatibility between p and p. This is not possible if 1 < p < 2 as the
influence is in [0, 1].

This explanation, is particular the ~ step, is made rigorous hereafter.

Theorem 7.20. There exists a universal constant ¢ > 0 such that for any d and
f:E—={=1,1} there exists 1 < k < d with

Proof. We know that
S h-1
S

In the above sum, if we make the distinction between summands with |S| < m and
[S| > m for some 1 < m < d, we can first bound

S <Y ()
[S|Zzm k

thanks to (7.19). For the other sum, we make use of the hypercontractivity property,
Theorem 7.19 in the case 1 <p <2, p</p—1,

infly (f) = E(|Dxf[") > E(T,Dif|*)P/>.
As T,Dyxs = Tp(lresxs) = Liesp®xs, E(|T,Dif]?) = g p*5 1 1es, so

St ()27 = 2 S f(9)
k

S|o<|S|<m

We finally obtain
1
var(f) < — g infly (f) + p—2™ g infl, (f)2/7.
m
k k

If, for any k, infl(f) < clogd var f, then choosing m = ¢’ log d yields

2/p
1< + 2P _2dd< 10§d> .

Choosing p = /p — 1, this will be impossible for large d if ¢ > ¢ and —c'log(p —
1) —2/p+ 1 < 0. Without caring about optimal coefficients, p = 3/4, ¢/ = 107 i
appropriate. O

Note that the spectral gap inequality only yields that there are indexes k with
infl,(f) = Q(1/d). We really need the (stronger) logarithmic Sobolev inequality to
prove the above theorem.
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