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1 Stochastic Processes

In this section, we consider a probability space (£, F,P).

Definition 1.1 (Stochastic Process). Any family X = {X;,t > 0} of random variables taking
values in R? is called a continuous-time stochastic process, or simply a stochastic process.
A process X can be seen as a family of random variables indexed by time:

X we (O F) = X (w) € (RY BRY)).

Here, {t > 0} = R represents the time, Q is the sample space, B(R™) is the Borel sigma-algebra
on RT, and F is a sigma-algebra on Q. The process takes values in R?, which is equipped with the
Borel sigma-algebra B(RY).

We can then be interested in the distributions of the random variables Xy :
Definition 1.2. Let X = {X;,t > 0} be a stochastic process.

e [Stationary process] A process X is said to be stationary if for any h > 0, the process
X.in = A{Xtsn,t > 0} is equivalent to X.

e [Stationary increments - Independent increments] A process X is said to have station-
ary increments if for any t, the distribution of Xy — X does not depend ont. The process X
is said to have independent increments if for anymn > 1 and any 0 =tg <t < --- < t, € RT,
the random variables Xy, , Xoy — X¢yy oo+, Xt, — Xt are independent.
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e [Sample path of a process] For any w € Q, the function t — Xi(w) is called the sample
path of X (associated with the state w). The process is said to have continuous sample paths
if for any w € Q, the function t — X;(w) is continuous on RT.

o [Measurable process] A process X = {X;}i>0 is said to be measurable if the mapping
(t,w) = Xi(w) is measurable when defined on the product space RY x , which is equipped
with the product sigma-algebra B(RT) @ F.

This means that for any Borel set A € B(R?), the set
{(t,w) : Xy(w) € A}

belongs to B(RT) @ F.

2 Filtrations and Measurability

A stochastic process X models the evolution over time of a random quantity. Observing the
evolution of X over time conveys information: the past realizations of X and its current realization
can inform about its future evolution. The mathematical tool that allows us to translate this idea
of evolving information is the notion of filtration.

Definition 2.1. Let X = (Xy)i>0 be a stochastic process.

e [Filtration] A filtration is a family F = {F,t > 0} of sigma-algebras such that Fs C Fy C F
for all 0 < s <'t. If the probability space (0, F,P) is equipped with o filtration F, we refer to
it as the filtered probability space (Q, F,P; F).

o [Adapted process] We say that X = {X;,t > 0} is F-adapted if for all t > 0, the random
variable X, is Fy-measurable.

3 Gaussian Processes

This paragraph is dedicated to a particular type of process: Gaussian processes. Before defining
these processes, we start with a brief review of Gaussian vectors.

Proposition 3.1. Let X be a Gaussian random variable with E[X] = p and Var(X) = o2, then
its characteristic function is given by:

2 2
2x(6) = Bl e (ign — £,

Proof. Let X be a Gaussian random variable with mean E[X] = y and variance Var(X) = 2. The



characteristic function of X is:
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Thus, the characteristic function of a Gaussian random variable X is:
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Definition 3.2 (Gaussian Vector). Let X = (X1, -+, Xn) be a random vector defined on (Q, F,P).
It is said to be Gaussian if and only if every linear combination of its components is a Gaussian
random variable. That is, for any a € RN, the random variable {a, X) = Zivzl ap Xk is Gaussian.

Proposition 3.3. Let X1,--- , Xy be independent Gaussian random variables.

(X1, ,XnN) is a Gaussian vector.

Then the wvector

Proof. The proof uses the injectivity of the characteristic function (see section A.2 for details).
According to the definition of a Gaussian vector, it is sufficient to show that the random variable
(a,X) = aTX = Zf@vﬂ ap Xy is a Gaussian random variable for any a € RY. Let my = E[X}],

0% = var(Xy). Then
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Since X}, are independent,
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which is the characteristic function of a Gaussian random variable with mean (Zszl akmk) and

variance (Zszl aiai) . By the injectivity of the characteristic function, (a, X) is a Gaussian random
variable. O

Proposition 3.4. If X := (X3, -+, Xn) is a Gaussian vector, then its characteristic function is:

B 1§ € B o exp (16, BIX) - 5(6.56))

where X is the covariance matriz of X.

Proof. According to the definition of a Gaussian vector, for any ¢ € RY, the random variable
Efj:l £k X}, is a Gaussian random variable. Therefore,

O x)(1) = E[&X] = E [eifo:l €ka:|
N 1 N
=exp|i-E X | — —var X,
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Theorem 3.5. Let X := (X1,--- ,Xn) be a Gaussian vector. Its components are independent if
and only if they are uncorrelated.

Proof. The proof of ”independence implies zero correlation” is immediate. Now suppose that the
components X} are uncorrelated. Then the matrix X is diagonal. By the previous proposition,

®x(6) = exp (i (6 ELX] - (659

Since ¥ is diagonal,
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which implies, via Proposition A.1 on page 188, the independence of the components of the vector
X. O

Definition 3.6 (Gaussian Process). Let X := {X;,t > 0} be a stochastic process defined on the
probability space (Q,F,P). The process X is said to be Gaussian if for all N € N and for all
to < --- <ty € R, the vector (Xy,, -, X¢y) s Gaussian.

If X is a Gaussian process, then (by Proposition 2.2) its law is completely characterized by its mean
function ex : t — E[X;] and its covariance operator X : (s,t) — cov(X,, Xt). Some examples:

e The Brownian motion starting from zero (to be studied later) is a Gaussian process B =
{By,t > 0} with continuous sample paths, whose mean function eg and covariance operator
Kp are given by ep(t) =0 and Kp(s,t) = min(s, t).

e The Brownian bridge is a Gaussian process Il = {II;, t € [0,1]} with continuous sample paths
satisfying e (t) = 0 and Kn(t,s) = min(s,t) — st.

4 Martingales in Continuous Time

Definition 4.1 (F-martingale in continuous time). Let M = {My, ¢t > 0} be an adapted stochastic
process defined on the probability space (2, F,P) equipped with the filtration F. We say that M is
a martingale if:

1. For all t > 0, the random variable My is integrable;
2. For all 0 < s <t, E[M|F,] = M,.

When, instead of point 2, the process My satisfies Vs < t : My < E[M;|Fs] (resp. Vs <t : Mg >
E[M¢|Fs]), the process M is called a sub-martingale (resp. super-martingale).

Intuition 2.2.1 If we consider a game where one gains M; at any instant ¢ and we compare the
expected gain at time ¢ given that at the present time s <t the gain is My, then a martingale is a
fair game, a super-martingale is a losing game, and a sub-martingale is a winning game.

Definition 4.2 (Stopping time). Let F = {F;,t > 0} be a filtration. A random variable 7 : Q —
RT U{+oc} is a stopping time if for allt >0, {T <t} € F;.

Definition 4.3 (Local F-martingale in continuous time). Let M = {M;,t > 0} be an adapted
stochastic process defined on the probability space (Q, F,P) equipped with the filtration F. The
process M is said to be a local martingale if there exists a strictly increasing sequence of stopping
times (Ty)n>1 such that:

1. The sequence T,, converges almost surely to +o00;



2. For allm >0, the process M := {Mysr,,t > 0} is a martingale.

Proposition 4.4. Let M = {M,,t > 0} be a martingale defined on the probability space (Q, F,P)
equipped with the filtration F. Let ® : R — R be a conver function such that for all t > 0, the
random variable ®(My) is integrable. We define the process M® by: M® := ®(M), t > 0.

1. M?® is a sub-martingale on (0, F,P; F);

2. If M is only a sub-martingale but ® is increasing, then M® is also a sub-martingale.

Proof. One needs to use Jensen’s inequality for conditional expectations (see section A.5, Proposi-
tion A.5, point 9 on page 192).
O

The result of Proposition A.7 on page 194, valid for discrete-time sub-martingales, can be extended
to sub-martingales (and in particular to martingales) with continuous paths. In fact, it is sufficient
to have processes with cadlag paths (right-continuous with left limits, see [15]). We obtain:

Proposition 4.5 (Doob’s maximal inequality). Let M = {M;,t > 0} be a sub-martingale defined
on the probability space (2, F,P) equipped with the filtration F. Suppose M has continuous paths.
Then for all0 <7 < T and all X\ > 0, we have

AP ( S[UPT] M > )\> < E[Mrisup, ., 7 M2} < E[[Mr]].
se|T,

Important technique 2.2.1 The result is demonstrated in the appendix for the discrete-time case.
To pass to continuous time, we will use the (countable) set of rational times and use continuity for
the other times.

Proof. Let D be the countable set D := ([, 7] N Q) U{T'}.

1. First, we show that sup,c(, 71 Ms = sup,cp Ms. Since D C [, T, it is clear that sup ¢, 71 Ms >
supsep Ms. Let t € [7,T] and w € 2 be arbitrary but fixed. We can find a sequence s,, € D
such that s,, — t. Then sup,cp Ms(w) > M,, (w) for all n. By taking the limit and using
the continuity of the path, we obtain sup,cp Ms(w) > M;(w). Since this holds for arbitrary
t and w, we get sup,ep Ms(w) > supye,, 1) Mi(w), leading to the announced equality.

2. It is possible to consider a sequence of finite sets (F})p>0 such that F,, C F,4.qy C D, T =
max F), for all n, and | J,, F;, = D. Proposition A.7 applied to the sub-martingale {M,, s € F,,}
gives:

AP (Su}? My > >\> < IE:[|—]\4'T|]-{supsan MSZA}] < EHMT“{supSe[T’T] MSZA}]'
SEF,
Since the sequence of sets F, is increasing:

}P’(SupMS >)\> = lim ]P’(sup M, >)\>.

s€ED n—00 sEF,



We then conclude that:

AP (Sup M, > A) = lim AP (sup M, > A) < EHMTH{SHPSE[T.T] M,>2}-

s€D n—00 seF,

The following result is a consequence of Proposition 2.4.

Proposition 4.6 (Doob’s inequality II). Let M be a martingale defined on the probability space
(Q, F,P) equipped with the filtration F. Suppose M has continuous paths. Then for all0 <17 < T

and p > 1, we have
p
pP
B sw ) | < E{|Mr 7).
l(SE[T,T] > ‘| (p - 1)p

Proof. Let M* := sup,¢(, 11| Ms|. Let L be a positive real number. Then

L L
E[(M* A L)?] = / PAPTIP(M* > N)dA = / PN > aydA
0 0

By Fubini’s theorem, we have
L
E[(M* AL)*] = / PAPTIP(M* > N\)dA.
0

Applying Proposition 2.4 to the sub-martingale | M|, we get:

L

L
E[(M* A L)) < / PN M |1 g sy dA = / NP2 E[| Mz [Lag- )N
0

0
Applying Holder’s inequality, we get:
1 . p—1

E[(M™ A L)P) < (E[[Mz[P])? (E[(M* A L)"]) 7.

It follows that:
pP

(p—1)7
Finally, letting L — 400 and using the monotone convergence argument (see Proposition A.2, point
A.2 on page 190), we obtain the desired inequality.

E[(M* A L)P] <

E[| Mz ["].

O

Intuition 2.2.2 The previous inequalities are useful to obtain information about the behavior of the
entire trajectory of a sub-martingale {M;,t > 0} using only the values of Mr at the final time T



5 Brownian Motion

Definition 5.1 (Real Brownian Motion). Let W = Wy, t > 0 be a process defined on the filtered
probability space (Q, F,F,P):

1. W is a process with continuous paths;

2. W has independent increments, i.e., for all 0 < s < t, the random variable Wy — Wy is
independent of Fs;

8. For all 0 < s < t, the random variable Wy — Wy follows a normal distribution with mean 0
and variance t — s.

If additionally Wy = 0, we say that W is a standard Brownian motion (respectively non-standard
Brownian motion). When the filtration F is given a priori, a process F-adapted that satisfies the
above conditions is called an F-Brownian motion. In all that follows, unless explicitly stated other-
wise, we will assume Wy = 0.

5.1 Remarks

There is a lot of information in this definition that needs to be detailed.

1. The state of the system at time ¢, W, is a Gaussian random variable with mean 0 (E[IW;] = 0)
and variance E[W?] = ¢, which increases the longer the system evolves.

2. The probability that W; belongs to a small interval [z, z+dz] is given by the Gaussian density:

1 2
P(W, € [z, + dz]) = g(t, z)dx = ﬁexp (—) dx.

In particular, with at least 95% probability, |W;| < 2/t (see Figure 1.1). This does not
exclude the possibility of a large movement in a short time, but it is unlikely. Such bounds
play a significant role in finance.

3. The random variable W; is the sum of its increments, i.e., the sum of independent Gaussian
random variables with the same distribution. This infinitesimal decomposition is the basis of
stochastic differential calculus.

4. This property is a consequence of a classic result about Gaussian variables with distribution
N(m,o?):
P(|X — m| < 20) ~ 0.95.
6 Properties of Brownian Motion

Proposition 6.1 (Properties of Brownian Motion).

1. Symmetry Properties: If {W;;¢ > 0} is a standard Brownian motion, then {—W;;¢ > 0}
is also a standard Brownian motion.



2. Scaling Properties: If {W;;¢ > 0} is a Brownian motion, then for any ¢ > 0, the process
{We;t > 0} defined by {%Wct; t> 0} is also a Brownian motion.

3. Time Reversal: The time-reversed process W = {Wy — Wy_;t € [0,T]} is a Brownian
motion on [0, 7.

4. Time Inversion: The time-inverted process {%Wl/t;t >0,Wy = 0} is a Brownian motion.

Proof:

1. Symmetry Properties:

Let {W,;;t > 0} be a standard Brownian motion. We need to show that {—W;;t > 0} is also
a standard Brownian motion. We check the three defining properties of a standard Brownian
motion:

(a) Continuous paths: Since W, has continuous paths and the negative of a continuous
function is also continuous, {—W4;¢ > 0} has continuous paths.

(b) Independent increments: For any 0 < s < t, Wy — W is independent of Fs. Since
Wi + W, = —(W; — Wy), and the negative of an independent increment is still an
independent increment, {—W;;¢ > 0} has independent increments.

(¢) Normal distribution of increments: For any 0 < s < ¢, W, — W, ~ N(0,t — s). Thus,
—W; + W ~ N(0,t — s) since multiplying by —1 does not change the mean or variance
of a normal distribution. Therefore, —W; + W, ~ N(0,t — s).

Hence, {—W;;t > 0} is also a standard Brownian motion.

2. Scaling Properties:

Let {Wy;t > 0} be a standard Brownian motion. We need to show that the process {ﬁWct; t> 0}

is also a standard Brownian motion. We check the defining properties:

(a) Continuous paths: Since W has continuous paths, W, has continuous paths for any
¢ > 0. Multiplying by a constant ﬁ does not affect continuity, so {%Wct;t > 0} has
continuous paths.

(b) Independent increments: For any 0 < s < t, Wy — Wy is independent of F,. Hence,
Wee — Weg is independent of F.s because F.s C F;. Multiplying by % does not change
the independence of increments.

(¢) Normal distribution of increments: For any 0 < s <t, Wy — Wy ~ N(0,t —s). Then,
Wet—Wes ~ N(0,c(t—s)). Hence, %(Wd —Wes) ~ N(0,t—s) because scaling a normal

random variable by % scales the variance by %

Therefore, {%Wd; t> O} is also a standard Brownian motion.

3. Time Reversal:

Let {W;;t > 0} be a standard Brownian motion. We need to show that W™ = {Wr—Wrp_;;t €
[0,T]} is a Brownian motion on [0,7]. We check the properties:



(a) Continuous paths: Wy has continuous paths, so Wr — Wr_; has continuous paths since
it is composed of continuous functions.

(b) Independent increments: For any 0 < s < t < T, consider the increments 4 — W =
(W —Wrp_,)—(Wpr—Wrp_y,) = Wr_y, —Wrp_y,. Since W, has independent increments,
Wr_y, — Wr_y, is independent of the past increments of the form Wr_, — Wr_,, for
u < 8 < ty. Thus, W" has independent increments.

(¢c) Normal distribution of increments: For any 0 < s < t < T, the increment Wp_, —
Wr_t ~ N(0,t —s). Thus, W[, — W[ ~ N(0,t; — t2).

Hence, W' = {Wr — Wr_4;t € [0,T)} is a Brownian motion on [0, T7.

4. Time Inversion:
Let {W¢;t > 0} be a standard Brownian motion. We need to show that the process {%Wl/t; t>0,W,= 0}
is a Brownian motion. We check the properties:

(a) Continuous paths: Wy has continuous paths. The mapping ¢ — % is continuous for

t > 0, and Wj,, has continuous paths. Multiplying by % does not affect continuity, so
{%Wl/t; t > 0} has continuous paths.

(b) Independent increments: Consider 0 < s < t. The increments of the time-inverted
process are given by %Wl/s - %Wl/t. For 0 < s <t, Wy, — Wy is independent of F ;.
Scaling by % and % does not change the independence of these increments.

(¢) Normal distribution of increments: The increments %Wl /s — %Wl /¢ are normal because

; 1 1 11\ Wiy —Wyy
Wije — Wiy ~ N(0,1/t — 1/s). Scaling by $ and ;, we get (g - ;) ﬁ ~

N(0,1/t —1/s).

Hence, {%Wl/t;t > 0,Wy = O} is a Brownian motion.
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