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1 Probability “review”

1.1 o-fields

In probability, the fundamental set Q describes the set of all possible outcomes (or realizations) of a given
experiment. It might be any set, without any particular structure, such as for example Q = {1,...,6}
representing the outcomes of a die roll, or Q = [0, 1] representing e.g. the outcomes of a concentration
measurement of some chemical product. Notice moreover that the set €2 need not be composed of numbers
exclusively. It is e.g. perfectly valid to consider the set {2 = {banana, apple, orange}.

Given a fundamental set €, it is important to describe what information does one have on the system,
namely on the outcomes of the experiment. This notion of information is well captured by the math-
ematical notion of o-field, which is defined below. Notice that in elementary probability courses, it is
generally assumed that the information one has about a system is complete, so that it becomes useless
to introduce the concept below.

Definition 1.1. Let 2 be a set. A o-field (or o-algebra) on  is a collection F of subsets of  (or events)
satisfying the following three properties or azioms:

(i) 0 e F.
(ii) If A € F, then A° € F.
(iii) If (A,)52; C F, then U~ A, € F. In particular, if A, B € F, then AUB € F.

The following properties can be further deduced from the above axioms (this is left as an exercise):
(iv) Qe F.

(v) If (A,)52, C F, then N, A, € F. In particular, if A, B € F, then AN B € F.

(vi)If A,B € F and A C B, then B\A € F.

Terminology. The pair (2, F) is called a measurable space and the events belonging to F are said to be
F-measurable, that is, they are the events that one can decide on whether they happened or not, given
the information F. In other words, if one knows the information F, then one is able to tell to which
events of F (= subsets of Q) does the realization of the experiment w belong.

Example. For a generic set (2, the following are always o-fields:

Fo = 10,92} (= trivial o-field).
P(§2) = {all subsets of 2} (= complete o-field).

Example 1.2. Let Q = {1,...,6}. The following are o-fields on :
Fr={0,{1},{2,...,6},Q}.
Fa = {ij {17 3, 5}7 {27 4, 6}7 Q}

Example 1.3. Let Q = [0,1] and I, ..., I,, be a family of disjoint intervals in Q such that [;U...UI, = Q
({I1,...,I,} is also called a partition of ). The following is a o-field on Q:

Fs={0,1,...,1,,LUIL, ..., UL UI;s,...,Q} (NB: there are 2" events in total in F3).

o-field generated by a collection of events.

An event carries in general more information than itself. As an example, if one knows whether the result
of a die roll is odd (corresponding to the event {1,3,5}), then one also knows of course whether the
result is even (corresponding to the event {2,4,6}). It is therefore convenient to have a mathematical
description of the information generated by a single event, or more generally by a family of events.



Definition 1.4. Let A = {A;, i € I} be a collection of events, where I need not be a countable set. The
o-field generated by A is the smallest o-field on  containing all the events A;. It is denoted as o(A).
Example. Let Q = {1,...,6} (cf. Example 1.2).

Let A; = {{1}}. Then o(A4;) = F1.
Let As = {{1,3,5}}. Then o(As) = Fo.
Let A= {{1},...,{6}}. Then o(A) = P(Q).

Exercise. Let A = {{1,2,3},{1,3,5}}. Compute o(A).

Example. Let Q = [0,1] and let A3 = {I3,...,I,} (cf. Example 1.3). Then o(A3) = Fs.

Borel o-field. Another important example of generated o-field on ©Q = [0, 1] is the following:
B([0,1]) = o({]a,b[: a,b € [0,1], a < b}),

is the Borel o-field on [0,1] and elements of B([0,1]) are called the Borel subsets of [0,1]. As surprising
as it may be, B([0,1]) # P([0,1]), which generates some difficulties from the theoretical point of view.
Nevertheless, it is quite difficult to construct explicit examples of subsets of [0, 1] which are not in B([0, 1]).

Sub-o-field.

One may have more or less information about a system. In mathematical terms, this translates into the
fact that a o-field has more or less elements. It is therefore convenient to introduce a (partial) ordering on
the ensemble of existing o-fields, in order to establish a hierarchy of information. This notion of hierarchy
is important and will come back when we will be studying stochastic processes that evolve in time.

Definition 1.5. Let Q be a set and F be a o-field on Q. A sub-o-field of F is a collection G of events
such that:

(i) If Ac G, then A € F.
(ii) G is itself a o-field.

Notation. G C F.

Remark. Let Q be a generic set. The trivial o-field Fo = {0, Q} is a sub-o-field of any other o-field on
Q. Likewise, any o-field on Q is a sub-o-field of the complete o-field P(Q).

Example. Let Q = {1,...,6} (cf. Example 1.2). Notice that F is not a sub-o-field of F» (even though
{1} € {1,3,5}), nor is F5 a sub-o-field of F;. In general, notice that

1)If A€ G and G C F, then it is true that A € F.

but

2) A C B and B € G together do not imply that A € G.

Example. Let = [0, 1] (cf. Example 1.3). Then F3 is a sub-o-field of B([0, 1]).

1.2 Random variables

The notion of random variable is usually introduced in elementary probability courses as a vague concept,
essentially characterized by its distribution. In mathematical terms however, random variables do exist
prior to their distribution: they are functions from the fundamental set €2 to R. Here is a preliminary
definition.

Definition 1.6. On the set R, one defines the Borel o-field as
BR) =oc({]a,b[: a,b € R,a < b}).
The elements of B(R) are called Borel sets. Again, notice that B(R) is strictly included in P(R).



Definition 1.7. Let (2, F) be a measurable space. A random variable on (2, F) is amap X : Q@ — R
satisfying
{weQ: X(w)e BteF, VBeB(R). (1)

Notation. One often simply denotes the set {w € Q : X(w) € B} = {X € B} = X !(B): it is called
the inverse image of the set B through the map X (watch out that X need not be a bijective function in
order for this set to be well defined).

Terminology. The above random variable X is sometimes called F-measurable, in order to emphasize
that if one knows the information F, then one knows the value of X.

Example. If F = P(Q), then condition (1) is always satisfied, so every map X : @ — R is an F-
measurable random variable. On the contrary, if 7 = {0, Q}, then the only random variables which are
F-measurable are the maps X : 2 — R which are constant.

Remark. Condition (1) can be shown to be equivalent to the following condition:
{we: X(w)<theF, VteR,
which is significantly easier to check.

Definition 1.8. Let (€2, F) be a measurable space and A € F be an event. Then the map 2 — R defined

as
1 ifweA,

0 otherwise,

w— 1a(w) {

is a random variable on (2, F). It is called the indicator function of the event A.

Example. Let Q = {1,...,6} and F = P(Q) (cf. Example 1.2). Then X;(w) = w and Xs(w) =
111,351 (w) are both random variables on (2, 7). Moreover, X3 is Fp-measurable, but notice that X; is
neither Fi- nor Fy-measurable.

Example. Let Q = [0,1] and F = B([0,1]) (cf. Example 1.3). Then X3(w) = 377, ;15 (w) and
X4(w) = w are both random variables on (€, F). Notice however that only X3 is Fs-measurable.

We will need to consider not only random variables, but also functions of random variables. This is why
we introduce the following definition.

Definition 1.9. A map g : R — R such that
{r eR : g(x) € B} € B(R), VB e B(R),

is called a Borel-measurable function on R.

Remark. A Borel-measurable function on R is therefore nothing but a random variable on the measurable
space (R, B(R)).

As it is difficult to construct explicitly sets which are not Borel sets, it is equally difficult to construct
functions which are not Borel-measurable. Nevertheless, one often needs to check that a given function
is Borel-measurable. A useful criterion for this is the following (given here without proof).

Proposition 1.10. If g : R — R is continuous, then it is Borel-measurable.

Finally, let us mention this useful property of functions of random variables.

Proposition 1.11. If X is an F-measurable random variable and g : R — R is Borel-measurable, then
Y = g(X) is also an F-measurable random variable.

Proof. Let B € B(R). Then
{YeBy={g(X)eB}={Xeg ' (B)} e,

since X is an F-measurable random variable and g~1(B) € B(R) by assumption. O



o-field generated by a collection of random variables.

The amount of information contained in a random variable, or more generally in a collection of random
variables, is given by the definition below.

Definition 1.12. Let (€2, F) be a measurable space and {X;, i € I'} be a collection of random variables
n (2, F). The o-field generated by X;, i € I, denoted as o(X;, i € I), is the smallest o-field G on 2 such
that all the random variables X; are G-measurable.

Remark. Notice that
o(X;,iel)=c({{X; € B},i€l, BeB(R)}),

where the right-hand side expression refers to Definition 1.4. It turns out that one also has
o(Xy,iel)=c({{X; <t},iel, teR}).

Example. Let (2, F) be a measurable space. If X is a constant random variable (i.e. Xp(w) = ¢ €

R, Vw € Q), then o(Xg) = {0, Q}.

Example. Let Q@ = {1,...,6} and F = P(Q) (cf. Example 1.2). Then 0(X;) = P(Q) and o(X3) = Fo.

Example. Let = [0, 1] and F = B([0, 1]) (cf. Example 1.3). Then o(X3) = F3 and o(X4) = B([0, 1]).

Following the proof of Proposition 1.11, the proposition below can be easily shown.

Proposition 1.13. If X is a random variable on a measurable space (2, F) and g : R — R is Borel-

measurable, then Y = ¢g(X) is a o(X)-measurable random variable (this applies in particular to Y = X).

As a matter of fact, it turns out that the reciprocal statement is also true: if Y is a o(X)-measurable
random variable, then there exists a Borel-measurable function g : R — R such that Y = g(X).

1.3 Probability measures

Definition 1.14. Let (2, F) be a measurable space. A probability measure on (2, F) is a map P: F —
[0, 1] satisfying the following two axioms:

(i) P(@) =0 and P(Q) =

(i) If (A,)5°, C F is such that A, N A,, =0, Vn # m, then P(UX, A,,)

=2 o1 P(An).
In particular, if A, B € F are such that AN B = (), then P(AU B) = ( )+ P

(®).

The following properties can be further deduced from the above axioms:

(iii) If (A,)22; C F, then P(US2,A4,) <> °  P(A4,).
In particular, if A, B € F, then P(AU B) < P(A) + P(B).

(iv) If A,B € F and A C B, then P(A) < P(B) and P(B\A) = P(B) — P(A).
In particular, P(A°) =1 — P(A).

(v) If A,B € F, then P(AU B) =P(A) + P(B) — P(AN B).
(vi) If (4,)52, C F is such that 4, C A,41, Vn, then P(U2; A,,) = lim,, oo P(Ay).
(vii) If (A,)52, C F is such that A, D A,41, Vn, then P(N22; A,,) = lim, o P(4,).

Terminology. The triple (Q,F,P) is called a probability space. Property (ii) is referred to as the
o-additivity (or simply additivity in the finite case) of probability measures.

Example. Let Q = {1,..,6} and F = P(Q) be the measurable space associated to a die roll. The
probability measure associated to a balanced die is defined as

Pi({i}) = 2, Vie {1,...,6},



and is extended by additivity to all subsets of 2. E.g.,

1 1 1 1

The probability measure associated to a loaded die is defined as
Py({6}) =1 and P2({i})=0, Vie{1,...,5},

and is extended by additivity to all subsets of .

Example. Let Q = [0,1] and F = B([0,1]). One defines the following probability measure on the

subintervals of [0, 1]:
P(]a,b]) =b — a.

Fact. P can be extended by c-additivity to all Borel subsets of [0, 1]. It is called the Lebesgue measure
on [0, 1] and is sometimes denoted as P(B) = |B].

1.4 Distribution of a random variable

Definition 1.15. Let (2, F,P) be a probability space and X be a random variable defined on this
probability space. The distribution of X is the map ux : B(R) — [0, 1] defined as

ux(B) =P({X € B}), BeB(R).

Remark. The triple (R, B(R), ux) forms a new probability space.

Notation. If a random variable X has distribution u, this is denoted as X ~ u. Likewise, if two random
variables X and Y share the same distribution u, then they are are said to be identically distributed and
this is denoted as X ~ Y ~ p.

Example 1.16. The probability space describing two independent (and balanced) dice rolls is =
{1,...,6} x{1,...,6}, F=P(Q) and

PUGIN = 5350 Vlir)) €0,

Let X1(¢,7) = i be the result of the first die, and Y (¢, 5) = i 4+ j be the sum of the two dice. Then

o (D) = B = 1) = PG D, (00 = g = 5 i€ {260,

and

py ({2}) =P{Y =2}) = P({(1,1)}) = %, py ({3}) = P{Y =3}) = P({(1,2),(2,1)}) = 1*18-

More generally:
, 6—[7—1 ,
pr (@) =20 i),

Cumulative distribution function.

Definition 1.17. Let (2, F,P) be a probability space and X be a random variable defined on this
probability space. The cumulative distribution function (or cdf) of X is the map Fx : R — [0, 1] defined

Fx(t) = px(] —o00,t]) = P{X < t}), teR.



Fact. The knowledge of Fx is equivalent to the knowledge of i x.

From the properties of probability measures, one deduces easily that the cdf of a random variable satisfies
the following properties:

(ii) Fx is non-decreasing, i.e. Fx(s) < Fx(t) for all s < t.
(iii) Fx is right-continuous on R, i.e. lim. o F'x (t +¢) = Fx(t), for all t € R.

Remark. F'x has at most a countable number of jumps on the real line. If Fx has a jump of size
p € [0,1] at t € R, this actually means that P({X =t}) = Fx(¢) — lim.jo Fx(t —¢) = p.

Two important classes of random variables.

Discrete random variables.

Definition 1.18. X is a discrete random variable if it takes values in a countable subset C of R, that
is, P{X e C}) = 1.

The distribution of a discrete random variable is entirely characterized by the numbers p, = P({X = z}),
where z € C. Notice that p, > 0 for all z € C and that ) .~ p, = P({X € C}) = 1. Moreover,

ux(B)=P{X € BY) = Y p., VBeB(R),

and
Fx(t) =P{X <t}) =) p., VLER,

<t
is a step function.

Example. A binomial random variable X with parameters n > 1 and p € [0, 1] (denoted as X ~ Bi(n,p))
takes values in {0,...,n} and is characterized by the numbers

=P =1 = ()@=t ke o,

!
where < Z ) = m are the binomial coefficients.

Continuous random variables.
Definition 1.19. X is a continuous random variable if P({X € B}) = 0 whenever B € B(R) is such that
|B| = 0 (remember that |B| is the Lebesgue measure of B).

In particular, this implies that if X is a continuous random variable, then P({X = z}) = 0 Va2 € R (as
{z}| =0 Vz € R).

Fact. If X is a continuous random variable according to the above definition, then there exists a
function fx : R — R, called the probability density function (or pdf) of X, such that fx(z) >0 Vz € R,
Jg fx(x)de =1 and

ix(B) =PUX € BY = [ fx(@)da. VB <B®).
Moreover,

e =PUX <t) = [ fx(o)dn, veeR,

is a differentiable function (whose derivative is F% (¢) = fx(t)).



Example. A Gaussian random variable X with mean y and variance o (denoted as X ~ N (u,0?))
takes values in R and has pdf

RV
fx(x) = \/2;7 exp (—(;6265) ), z € R.

1.5 Independence

The notion of independence is a central notion in probability. It is usually defined for events and random
variables in elementary probability courses. Nevertheless, as it will become clear below, the independence
between o-fields turns out to be the most natural concept (remembering that a o-field is related to the
amount of information one has on a system).

In the three paragraphs below, (2, F,P) denotes a generic probability space.

Independence of events.

One starts by defining the independence of two events in F.

Definition 1.20. Two events A, B € F are independent if P(AN B) = P(A) P(B).

Notation. A 1l B.

Proposition 1.21. If two events A, B € F are independent, then it also holds that

P(AN B%) = P(A)P(B°), P(A°NB)=P(A)P(B) and P(A°N B°) = P(A°)P(B).

Proof. One shows here the first equality (noticing that the other two can be proved in a similar way):
P(ANB®) =P(A\(ANB)) =P(A) —P(ANB) =P(A) —P(A)P(B) =P(A) (1 — P(B)) =P(A) P(B°).

O

For a collection of more than 2 events, the property P(4; N...NA,;) =P(41)---P(A,) does not suffice
to guarantee that the same property holds for complements of the events A;. A slightly more involved
definition of independence is therefore required.

Definition 1.22. Let {A;,..., A,} be a collection of events in F. This collection is independent if
P(ATN...NA) =P(A})---P(A})

where AF = either A; or AS, i€ {1,...,n}.

An intuitive reason why complements should be included in the definition of independence is the following.

Let us assume that one rolls a balanced die with four faces. Then the events {the outcome is 1 or 2} and

{the outcome is even} are clearly independent; more precisely, the different informations associated with

these events are. So the events {the outcome is 1 or 2} and {the outcome is odd} are also independent.
This motivates the extension of the definition of independence to o-fields in the next paragraph.

Fact. It can be shown that Definition 1.22 is equivalent to saying that

P <ﬂ Ai> =[P4, vIc{i...,n}

icl i€l

From the above fact, one deduces that a collection of events might not be independent, even though its
events are two-by-two independent.



Independence of o-fields.

Definition 1.23. Let {Gi,...,G,} be a collection of sub-o-fields of F. This collection is independent if

P(A1N...NAp) =P(Ay)--P(A,), YA €Gi,..., An € G

Example. Let again {4;,...,4,} be a collection of events in F. Then the collection of events
{44,..., A} is independent (according to Definition 1.22) if and only if the collection of o-fields {o (A1),
...,0(An)} is independent (according to Definition 1.23). In order to see this, observe that o(A4;) =
{0, A;, A5, Q}.

Independence of random variables.
Definition 1.24. Let {Xi,...,X,} be a collection of random variables defined on (£, F,IP). This
collection is independent if the collection of o-fields {o(X1),...,0(X,)} is independent.

Since o(X;) = o({X; € B}, B € B(R)), the collection {X1,...,X,} is independent if and only if
P({X, € Bi,...,Xp € By}) = P({X, € B1})---P({X,, € By}), VBi,...,Bn € B(R).

But one also knows that o(X;) = o({X; < t},t € R), so it turns out that {X1,...,X,} is independent if
and only if

PH{X; <t1,....Xn <tp}) =P{X; <t1})---PH{X, < tn}), WVt1,...,tn €R.
For discrete random variables taking values in a countable set C', this reduces to
P{X1=21,.... X, =z,}) =P{X1 =21}) - - P{ X, = zn}), Va1,...,2, €C.
And for jointly continuous random variables with joint pdf fx,, .. x, , this reduces to the classical relation

fxooxo (@, o) = fx (1) - fx, (@n), Vzi,...,2, € R

The advantage of the above theoretical definition involving o-fields is the following. Assume {X7,...,X,}
is a collection of independent random variables and let g1,...,9, : R — R be Borel-measurable func-
tions. Then one directly deduces from the definition (and the fact that g;(X;) is o(X;)-measurable)
that {g1(X1),...,9.(Xn)} is also a collection of independent random variables, which might have been
cumbersome to check using any of the other “simpler” definition.

Example. Let (Q, F,P) be a generic probability space and let Xo(w) = ¢ € R, Yw € £ be a constant
random variable. As o(Xy) = Fo = {0,Q}, Xy is independent of any other random variable defined on
(Q,F,P).

Example. Let (Q, F,P) be the probability space describing two independent dice rolls in Example 1.16
and let X1(i,7) = ¢ and X2(7,5) = j. One verifies below that these two random variables are indeed
independent. It was already shown that P({X; =i}) = &, Vi € {1,...,6}. Likewise, P({Xs = j}) = &,
Vjie{l,...,6} and

PUX) =i, X2 = 7)) = B{(0.))) = 55 = B = D B(Xa = 7)), V(i) € 2

so X7 and X5 are independent.
1.6 Expectation
From the point of view of measure theory, random variables are maps from {2 to R. Correspondingly, the

expectation (or mean) of a random variable X is the Lebesgue integral of the map X, that is, the “area
under the curve w — X (w)”, where the horizontal axis is measured with the probability measure P.

10



Definition.

Let (2, F,P) be a probability space and X be a random variable defined on this probability space. The
expectation of X, denoted as E(X), will be defined in three steps.

Step 1. Assume first that X is a non-negative discrete random variable, i.e. that X may be written as
o0
X(w) = sz 14, (W),
i=i

where x; > 0 and A; € F (notice that if the z; are all different, then A; = {X = z;}). The expectation
of X is then defined as

E(X)=> x;P(A),
i=1

which corresponds to the traditional definition of expectation in elementary probability courses. Notice
here that since the sum is infinite, E(X) may take the value 4+o00; but because of the assumption that
z; > 0, E(X) is always non-negative.

Notice also that in the particular case where X = 14, with A € F, one has E(X) = P(A).

Step 2. Assume now that X is a generic non-negative random variable (i.e. X(w) > 0, Vw € Q). Let us
define the following sequence of discrete random variables:

o7

-1
Xn(LU) = 2271{@—1<X§2%}(w).
i=1

Notice that x; = ’2_1 > 0 and that {’2_—1 <X < 2i} € F, since X is F-measurable. So according to Step

1, one has for each n

o0

E(X,) :Zi;lp({i;l <X < ;ﬂ}) € [0, +00)].

i=1

It should be observed that (X,,, n € N) is actually an increasing sequence of non-negative “staircases”,
that is,
0<Xy(w) < Xpp1(w), Vn.

As the size of the steps is divided by two from n to n + 1, the staircase gets refined. Likewise, one
easily sees that E(X,,) <E(X,1) for all n, so (E(X,),n € N) is an increasing sequence, that therefore
converges (possibly to +00). One defines

oo

1 1 .
E(X):nhigoE(X"):nlggozlzn P({ZQn <X<22n}>e[0,oo].
i=1

Step 3. Finally, consider a generic random variable X. One defines its positive and negative parts:
X (w) = max(0, X (w)), X (w)=max(0, —X(w))
Notice that both X (w) > 0 and X~ (w) > 0, and that
XH(w) = X~(@) = X(@), X*(@)+ X~ (@) = X ()|

In measure theory, one does not want to deal with ill defined quantities such as co — co. One therefore
defines E(X) only when E(|X|) =E(XT)+E(X ™) < oo:

E(X)=E(X*) - E(X").

11



Two important particular cases. Let X be a random variable and g : R — R be a Borel-measurable
function such that E(|g(X)|) < oo (this last condition is verified if for example g is a bounded function).

- If X is a discrete random variable with values in a countable set C', then

E(9(X)) = Y g(z) PUX = a}).

zeC

- If X is a continuous random variable with pdf fx, then

E(g(X)) = / o(2) fx (@) da.

R

Terminology. - If E(|X]|) < oo, then X is said to be an integrable random variable.

- If E(X?) < oo, then X is said to be a square-integrable random variable.

- If there exists ¢ > 0 such that | X (w)| < ¢, Vw € Q, then X is said to be a bounded random variable.
-If E(X) =0, then X is said to be a centered random variable.

One has the following series of implications:

X is bounded = X issquare-integrable = X is integrable,
X is integrable and Y is bounded = XY is integrable,
X,Y are both square-integrable = XY is integrable.

Negligible and almost sure sets. An event A € F is said to be negligible if P(A) = 0. On the
contrary, an event B € F is said to be almost sure (a.s.) if P(B) = 1. For example, if P{X > ¢}) =1,
one says that “X > ¢ almost surely”.

Basic properties of expectation.

Linearity. If ¢ € R and X, Y are integrable, then E(cX +Y) = ¢cE(X) + E(Y).
Positivity. If X is integrable and X > 0 a.s., then E(X) > 0.

Strict positivity. If X is integrable, X > 0 a.s. and E(X) = 0, then X =0 a.s.
Monotonicity. If X, Y are integrable and X > Y a.s., then E(X) > E(Y).

Inequalities.

Cauchy-Schwarz’s inequality. If X, Y are square-integrable random variables, then the product XY

is integrable and
E(IXY]) < VE(X?) VE(Y?).

In particular, considering Y = 1 shows that if X is square-integrable, then it is also integrable.

Jensen’s inequality. If X is a random variable and ¥ : R — R is convex and such that E(J¢(X)]) < oo,
then

Y(EX)) < E((X)).
In particular, |[E(X)| < E(|X]).
Also, if X is such that P({X = a}) = P({X = b}) = 1/2, then the above inequality says that

w(“jb) < YRV

which is pretty much the definition of convexity for .
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Chebychev’s inequality. If X is a random variable and ¢ : R — R, is increasing on R and such that
E(¢(X)) < oo, then for any a > 0, one has

P{X > a}) <

In particular, if X is square-integrable, then taking ¢(z) = 22 gives

E(X?)

PHX > a}) < —

a

Variance, covariance and independence.

Definition 1.25. Let X,Y be two square-integrable random variables. The variance of X is defined as
Var(X) = E((X — E(X))?) = E(X?) — E(X)? >0
and the covariance of X and Y is defined as

Cov(X,Y) = E((X — E(X)) (Y — E(Y))) = E(XY) — E(X)E(Y).

Terminology. If Cov(X,Y) =0, then X and Y are said to be uncorrelated.
Fact. If XY are independent square-integrable random variables, then
a) Cov(X,Y) =0, i.e. X and Y are uncorrelated (but the reciprocal statement is wrong).

b) Var(cX +Y) = ¢% Var(X) + Var(Y), for any c € R.

1.7 Convergence of sequences of random variables

For a given sequence of random variables (X,,, n > 1) defined on a common probability space (2, F,P),
there are several notions of convergence to a limiting random variable X. Let us review the most important
ones.

Convergence in probability. The sequence (X,,) is said to converge in probability to X (and this is
denoted as X,, — X) if for all € > 0,

lim P({|X, — X| > ¢}) = 0.
n—oo

Almost sure convergence. The sequence (X,,) is said to converge almost surely to X (and this is
denoted as X,, — X a.s.) if
P ({ lim X, = X}) 1.

Fact. Almost sure convergence implies convergence in probability, but the reverse implication is wrong.
Nevertheless, it holds that X,, — X a.s. if for all € > 0,

oo

> P{|Xn — X| > €}) < o0

n=1

Quadratic convergence. Let us moreover assume that the random variables X,, and X are square-
integrable. The sequence (X,,) is then said to converge quadratically to X if

lim E(|X, — X|?) =0.

n—00
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Fact. By Chebychev’s inequality, quadratic convergence implies convergence in probability (but not
almost sure convergence).

Convergence in distribution. The sequence (X,,) is said to converge in distribution to X (and this is

denoted as X, -5 X) if
lim Fxn(t) = Fx(t),

n—oo

for all ¢ € R which are continuity points of Fx.

Remark. For this last definition, the random variables X,, need not be all defined on the same proba-
bility space (2, F,P). The knowledge of their respective distributions suffices.

“Examples”: limit theorems.

Weak law of large numbers (not the standard version). Let (£,, n > 1) be a sequence of square-
integrable and uncorrelated random variables with a common expectation E(¢,) = p and a common
variance Var(¢,) = o2. Let also S,, = &1 + ...+ &,. Then

Sn]P
— = .
n

Remark. The convergence is also quadratic in this case.

Strong law of large numbers. Let (¢,, n > 1) be a sequence independent and identically distributed
(i.i.d.) random variables such that E(|&;1|) < co. Let also p =E(&) and S, =& + ... + &,. Then

S
— — U a.s.
n

Example. Assume that P({{; = 1}) = P({§& = 0}) = 1/2 (so ¢ = 1/2). Then the above theorem says
approximately that as n gets large,

Sy~ g with high probability.

The next question is: for a given n, how close is S,, from n/2? The answer is given by the following
theorem.

Central limit theorem. Let (&,) be a sequence of i.i.d. random variables such that E(£2) < oco. Let
also u = E(&1), 02 = Var(&y) and S, = &1 + ... +&,. Then

Sn—n,ui

T Z ~ N(0,1).

This more specifically says that

. Sn—np ¢ 1 22
— < = _
(Pt g) - [ e () e

for all ¢t € R (as the cdf of N(0,1) is continuous on R).

Example. Assume again that P({&; = 1}) = P({§&1 = 0}) = 1/2 (so p = 1/2 and 0 = 1/2). Then the
above theorem says approximately that as n gets large,
\/ﬁ Z7

n
Sy~ — + ~—
2+ 2

where Z is a standard Gaussian random variable. So typically, the standard deviation of S,, from its
mean n/2 is of order \/n.
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1.8 Conditional expectation

Let (Q, F,P) be a probability space, as usual.
Conditioning with respect to an event B € F.
The conditional probability of an event A € F given another event B € F is defined as

P(AN B)

P(AIB) = g

given that P(B) > 0.

In a similar way, the conditional expectation of an integrable random variable X given B is defined as

E(X1g)

E(X|B) = “pr57

given that P(B) > 0.

Conditioning with respect to a discrete random variable Y.

Let us assume that the random variable Y (is F-measurable and) takes values in a countable set C.

PAJY) =¢(Y),  where o(y) =P(A{Y =y}), yeC.
E(X|Y)=4(Y),  where ¢(y) =EX|{Y =y}), yeC.

If X is also a discrete random variable with values in C', then

E(X|Y) = oY), where p(y) = s k=) _ g~ Bllixant=n) _ §~, piix = 2|y = ).

P{Y =y}) P{Y =y})

zeC zeC

Important remark. ¢(y) and ¢(y) are regular functions, but P(A]Y) and E(X|Y) are random variables.
They both are functions of the outcome of the random variable Y, that is, they are o(Y')-measurable
random variables.

Example. Let X7, X3 be two independent dice rolls and let us compute E(X; + X5|X5) = ¢(X3), where

E((X1 + X2) Lix,=y})

Oly) = B+l =yl = — 5
E(X11x=p)) + E(X2 1ix,=)) (@ E(X) E(x,=p)) +E(Y 11x,=4))
B((Xs = u]) P{X> = y})
_ EO)P{ X =) +yPUXe=0}) oy,

P{ X2 =y})

where the independence assumption between X; and Xs has been used in equality (a). So finally (as
one would expect), E(X; + X2|X2) = E(X;) + Xo, which can be explained intuitively as follows: the
expectation of X7 conditioned on X5 is nothing but the expectation of X7, as the outcome of X5 provides
no information on the outcome of X; (X; and X being independent); on the other side, the expectation
of X5 conditioned on X5 is exactly X5, as the outcome of X5 is known.

Conditioning with respect to a continuous random variable Y?

In this case, one faces the following problem: if Y is a continuous random variable, P({Y = y}) = 0 for
all y € R. So a direct generalization of the above formulas to the continuous case is impossible at first
sight. A possible solution to this problem is to replace the event {Y =y} by {y <Y < y + ¢} and take
the limit ¢ — 0 for the definition of conditional expectation. This actually works, but also leads to a
paradox in the multidimensional setting (known as Borel’s paradox). In addition, some random variables
are neither discrete, nor continuous. It turns out that the cleanest way to define conditional expectation
in the general case is through o-fields.
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Conditioning with respect to a sub-o-field G.
In order to define the conditional expectation in the general case, one needs the following proposition.

Proposition 1.26. Let (Q, F,P) be a probability space, G be a sub-o-field of F and X be an integrable
random variable on (2, F,P). There exists then an integrable random variable Z such that

(i) Z is G-measurable,

(ii) E(ZU) = E(XU) for any random variable U G-measurable and bounded.

Moreover, if Z1, Z, are two integrable random variables satisfying (i) and (ii), then Z; = Z; a.s.
Definition 1.27. The above random variable Z is called the conditional expectation of X given G. It is
defined up to a negligible set.

Notation. Z is denoted as E(X|G).

One further defines P(A|G) = E(14|G) for A € F.

Remark. Notice that as before, both P(A4|G) and E(X|G) are random variables.

Properties.

The above definition does not give a computation rule for the conditional expectation; it is only an
existence theorem. The properties listed below will therefore be of help for computing conditional expec-
tations.

- Linearity. E(c X +Y|G) = ¢cE(X|G) + E(Y|G) a.s.

- Monotonicity. If X > Y a.s., then E(X|G) > E(Y|G) a.s.

- E(E(X|9)) = E(X).

- If X is independent of G, then E(X|G) = E(X) a.s.

- If X is G-measurable, then E(X|G) = X a.s.

- If Y is G-measurable and bounded, then E(XY|G) = E(X|G)Y a.s.

- If H is a sub-o-field of G, then E(E(X|H)|G) = E(E(X|G)|H) = E(X|H) a.s.

Some of these properties are illustrated below with an example.

Example. Let Q = {1,...,6}, F = P(Q) and P({w}) = § for w = 1,...,6 (the probability space of the
die roll). Let also X(w) = w be the outcome of the die roll and consider the two sub-o-fields:

G =0({1,3},{2},{5},{4,6}) and H =o0({1,3,5},{2,4,6}).
Then E(X) = 3.5,

2 fwe{l,3}orw=2 /3 ifwe{l,3,5}
]E(X|g)(“’)_{ 5 ifwe {46 orw=5 N9 ]E(XW)(“’)_{ 4 ifwe{2,4,6}

So E(E(X19)) = E(E(X|H)) = E(X). Moreover,

s - { 13525073 122028 _sxpoy

and
BECHI0@ ={ § oS i oe ) —Bame)

On other words, the smallest o-field always “wins”.
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Proposition 1.28. Let G be a sub-o-field of 7, X, Y be two random variables such that X is independent
of G and Y is G-measurable, an let ¢ : R> — R be a Borel-measurable function such that E(|¢(X,Y)]) <
oo. Then

E(@(X,Y)|G) =¢(Y) as., where ¢(y) = E(p(X,y)).

This proposition has the following consequence: when computing the expectation of a function ¢ of two
independent random variables X and Y, one can always divide the computation in two steps by writing

E(p(X,Y)) = E(E(p(X, Y)[Y)) = E(¢(Y))

where ¢ (y) = E(¢(X,y)) (this is actually nothing but Fubini’s theorem).

Finally, the proposition below shows that Jensen’s inequality also holds for conditional expectation.

Proposition 1.29. Let X be a random variable, G be a sub-o-field of F and 9 : R — R be convex and
such that E(|#(X)|) < co. Then

P(EX]|9)) <E@(X)G) as.

In particular, |E(X|G)| < E(]X||G) a.s.

Conditioning with respect to a generic random variable Y.

Once the definition of conditional expectation with respect to a o-field is set, it is natural to define for a
generic random variable Y':

E(X|Y)=E(X|o(Y)) and P(A|G) =P(A|o(Y)).
Remark. Since any o(Y)-measurable random variable may be written as g(Y), where g is a Borel-
measurable function, the definition of E(X|Y) may be rephrased as follows.
Definition 1.30. E(X|Y) = ¢(Y), where ¢ : R — R is the unique Borel-measurable function such that
E@(Y)g(Y)) =E(X g(Y)) for any function g : R — R Borel-measurable and bounded.
In two particular cases, the function ¢ can be made explicit.
- As already seen above, if X, Y are two discrete random variables with values in a countable set C', then
E(X[Y)=¢(Y), where ¢(y) =Y «P({X =a}{Y =y}), yeC.
zeD

- If X,Y are two jointly continuous random variables with joint pdf fx y, then

E(X|Y) =¢(Y), where t(y) = / o XX@Y) g g

R fy(y)

and fy is the marginal pdf of Y given by fy (y) = fR fx,v(z,y)dy, assumed here to be strictly positive.
Let us check that the random variable ¥(Y) is indeed the conditional expectation of X given Y according
to Definition 1.30: for any function g : R — R Borel-measurable and bounded, one has

E(@(Y)g(Y))

/R V() 9(v) fr () dy

/]R (/R ! w dy> 9(y) fr (y) dy

J[L w9t (e dody = B (1),
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1.9 Random vectors

Preliminary. - The Borel o-field on R™ is defined as
B(Rn) =0 ({}al,bl[x Ce x]an,bn[ Doa; < b, Vl})
It contains nearly all possible subsets of R™ (not only rectangles!).

- The Lebesgue measure on R” is defined as

n

ax, ba[x ... XJan, bal| = [ (b: — ax)

i=1
and can be extended by o-additivity to any Borel subset of R™.
Let now (2, F,P) be a probability space.

Q s R'ﬂ,

Definition 1.31. A random vector of dimensionn > 1isamap X : { Wi X(@) = (X1(@), .., Xo(w))

such that
{weQ : X(w)eB}eF, VBeBR").

Proposition 1.32. - X = (X4,...,X,) is a random vector if and only if
{we: Xj(w) <t1,....X,(w) <t,} €F, Vti,...,t, €R.
- If X is a random vector, then each component X; is a random variable, but the reciprocal statement is
wrong.
Two important classes of random vectors.
Discrete random vectors.

Definition 1.33. X is a discrete random vector if it takes values in a countable subset C' of R™.

If g : R™ — R is a Borel-measurable and bounded function, then

E(g(X1,.... Xn) = > glarn,....zn)PUX1 =21,..., X = 2,}).

Proposition 1.34. X is a discrete random vector if and only if each X;, 1 < i < n, is a discrete random
variable.

Continuous random vectors.

Definition 1.35. X is a continuous random vector if P({X € B}) = 0 for every B € B(R"™) such that
|B| = 0.

Fact. If X is a continuous random vector, then there exists a Borel-measurable function fx : R® — R
such that

fx(@1,...,zn) >0, V(z1,...,z,) € R", fx(@1,...;zn)dxy - -dxy, =1
Rn

and
P{X € B}) = /BfX(osl,...,zn)dzlu'dxn, VB € B(R").

Terminology. fx is called the joint probability density function of the random vector X.

If g : R® — R is a Borel-measurable and bounded function then

E(g(Xy,...,X,)) = /ng(xl, ces @) fx (X1, T day - - day.
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Proposition 1.36. If X is a continuous random vector, then each X;, 1 < i < n, is a continuous random
variable, but the reciprocal statement is wrong.

Here is a counter-example. Let Y be a continuous random variable and X = (Y,Y); then X is not a
continuous random vector (indeed, let A = {(z,y) € R? : x =y}: |A| =0, but P({X € A}) =1).

Expectation and covariance of random vector.

Let X be an n-dimensional random vector such that each component X;, 1 <14 < n, is square-integrable.
Expectation (or mean) of X : E(X) = (E(X3),...,E(X,)), n-variate vector.

Covariance (matrix) of X : Cov(X) = K, n x n matrix, where

Properties. - K is symmetric, i.e. K;; = Kj;.

- K is positive semi-definite, i.e. Vecq,...c, € R, Z?Fl cic; Kij > 0. Indeed,

i CiCjKi': i CiCjCOV(Xi,Xj):COV iCiXi,iCij = Var (iCZX1> ZO
i,j=1 i,7=1 i=1 j=1 i=1

Remark. If K is a symmetric n X n matrix, then K is positive semi-definite if and only if all its
eigenvalues are non-negative.

Proposition 1.37. If X;,..., X, are independent and square-integrable then X = (Xi,...,X,,) is a
random vector and Cov(X) is a diagonal matrix (i.e. Cov(X;, X;) =0, Vi # j).
Gaussian random vectors.

Convention. If Y(w) = ¢, Vw € , then Y is said to be a Gaussian random variable with mean ¢ and
variance 0 (Y ~ N(c,0)).

Definition 1.38. A random vector X = (X7,...,X,,) is Gaussian if Veq,...,¢, € R o1 X1 4+ ... + e Xy,
is a Gaussian random variable (possibly with variance 0).
Remark. This is more than saying that every X;, 1 <i < n, is Gaussian (see below)!

Proposition 1.39. If X;,..., X,, are independent Gaussian random variables, then X = (X;,...X,,) is
a Gaussian random vector.

Proposition 1.40. Let X = (X3,...,X,,) be a Gaussian random vector. Then the random variables

X1,..., X, are independent if and only if Cov(X) is a diagonal matrix.

But. If X;,..., X,, are Gaussian random variables, then it is not necessarily true that X = (X1,...,X,,)
is a Gaussian random vector. Also Cov(X;, X;) = 0, Vi # j does not imply in general that X,,..., X,
are independent!

Remark. If X is a Gaussian random vector with mean m and covariance K, this is denoted as X ~
N(m, K). Moreover, X is entirely characterized by its mean m and its covariance K.

Let X be an n-dimensional Gaussian random vector with mean m = E(X) and covariance K = Cov(X).

Definition 1.41. X is non-degenerate if rank(K) = n.

Reminder. Let K be an n x n symmetric matrix.

- rank(K) = n if and only if K is invertible if and only if det(K) # 0 if and only if all its eigenvalues are
non-zero.

- More generally, rank(K) = number of non-zero eigenvalues of K.
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Proposition 1.42. Let X be a non-degenerate n-dimensional Gaussian random vector, with mean m
and covariance K. Then X is a continuous random vector with joint pdf

n

fX(xl,...,xn):;exp fEZ(xifmi)(Kfl)ij(:rj—mj) ;o (x1,...,2,) ER™

(2m)" det(K) 2,53

Proposition 1.43. Let X be an n-dimensional Gaussian random vector with mean 0 and covariance K.
Let also k = rank(K') € {0,...,n}. Then there exist k i.i.d. random variables Uy, ...,U; ~ N(0,1) and

a; ER(1<i<n,1<j<k) suchthatXi=Z§:lozijUj,i:l,...,n.

Remark. In matrix form, X = AU and AAT = K.
Example. Let X = (Y,Y), where Y ~ N(0,1). In this simple case, we have

Cov(X):K:(i })

sok=1,and Uy =Y, aj1 = a9 = 1.

2 Discrete-time stochastic processes

A discrete-time stochastic process can be viewed
a) either as a collection of random variables (X,,, n € N)

QO —» RN

b) or as a random sequence X : { o o (Xa(w),neN)
Canonical example: the random walk.

Let (&,, n > 1) be a collection of i.i.d. random variables such that P({{; = +1}) = P({& = —1}) = 1/2.
Let So =0, S, =& + ...+ &, n> 1: the process (S, n € N) is called the simple symmetric random
walk. As simple as it may be, this process exhibits already many fascinating properties.

Remarks. - E(&) =0, so E(S,) =E(&) + ...+ E(&,) =0.
- Var(&;) = 1, so by independence, Var(S,,) = Var(&;) + ... + Var(&,) = n.

Sy
- By the (strong) law of large numbers, we know that — — 0 a.s.
n n—oo

- By the central limit theorem, we also know that S L7z~ N(0,1),ie. S, ~/nZ.

vn

Variations.

- simple asymmetric random walk: S, =& + ...+ &, with P{& =+4+1}) =p=1—-P({& = —1}) and
p#1/2.
- random walk with values in R : S, =& +...+ &, with & ~ AN (0,1) e.g.

- continuous-time random walk = Brownian motion (see next chapter).
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2.1 Martingales

Let (Q, F,P) be a probability space.

Definition 2.1. A filtration is a sequence (F,,, n € N) of sub-o-fields of F such that F,, C F,, 41, Vn € N.
Example. Let Q = [0,1], F = B([0,1]), Xn(w) = n'" decimal of w, for n > 1. Let also Fy = {0, Q},
Fn=0(X1,...,X,). Then F,, C Frq1, Vn € N.

Definitions 2.2. - A discrete-time process (X, n € N) is said to be adapted to the filtration (F,,, n € N)
if X,, is F,-measurable Vn € N.

- The natural filtration of a process (X,, n € N) is defined as FX = (Xo,...,X,), n € N. It represents
the available amount of information about the process at time n.

Remark. A process is adapted to its natural filtration, by definition.

Let now (F,, n € N) be a given filtration.

Definition 2.3. A discrete-time process (M,,, n € N) is a martingale with respect to (F,,, n € N) if
(i) E(|M,]|) < oo, ¥n € N.

(ii) M, is F,-measurable, Vn € N (i.e., (M,, n € N) is adapted to (F,, n € N)).

(iil) E(My41|Fn) = M, as., ¥n € N.

A martingale is therefore a fair game: the expectation of the process at time n + 1 given the information
at time n is equal to the value of the process at time n.

Remark. Conditions (ii) and (iii) are actually redundant, as (iii) implies (ii).

Properties. If (M,,, n € N) is a martingale, then

-E(My41) =E(M,) (=... =E(M,)), Vn € N.

-E(Myu11 — M| F,) =0 as.

- E(Mysm|Fn) = M, as., Yn,m € N.

This last property is important, as it says that the martingale property propagates over time.
Example: the simple symmetric random walk.

Let (S, n € N) be the simple symmetric random walk : Sp =0, S, =& + ... + &,, where the &, are
iid. and P({& = +1}) = P({& = —1}) = 1/2.

Let us define the following filtration: Fo = {0, Q}, F,, = o({&1, ..., &x}), n > 1. Then (S,, n € N) is a
martingale with respect to (F,,,n € N). Indeed:

1) E(|Su) <E(l&)+..-+E(&]) =14+...+1=n < oo, Vn €N.
(i) S, =& + ... + &, is a function of (&1,...,&,), i.e., is 0(&1, ..., &) = Fr-measurable.
(iii) We have

E(Sn+1|«7:n) = E(Sn + §n+1|~7:n) = E(Snu:n) + E(gn-&-l‘}—n)
= S, +E¢n+1)=5,+0=S5, as.

The first equality on the second line follows from the fact that S,, is F,,-measurable and that £, is
independent of F,, = o(&1,...,&).

Generalization. If the random variables ,, are i.i.d. and such that E(|&1]) < oo and E(&) = 0, then
(S, n € N) is also a martingale (in particular, & ~ N(0,1) works).
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Definition 2.4. Let (F,, n € N) be a filtration. A process (M,, n € N) is a submartingale (resp. a
supermartingale) with respect to (F,, n € N) if

(i) E(|M,|) < oo, ¥n € N.
(ii) M, is F,-measurable, Vn € N.
(iil) E(Mp41|Fn) = M, a.s., Vn € N (resp. E(My,41|F,) < M, a.s., Vn € N).

Remarks. - Not every process is either a sub- or a supermartingale!
- The appellations sub- and supermartingale are counter-intuitive. They are due to historical reasons.
- Condition (ii) is now necessary in itself, as (iii) does not imply it.

- If (M,,, n € N) is both a submartingale and a supermartingale, then it is a martingale.

Example: the simple asymmetric random walk.
-IEP{& =+1}) =p=1—-P({& = —1}) with p > 1/2, then S,, =& + ... + &, is a submartingale.
- More generally, S, =& + ...+ &, is a submartingale if E(£;) > 0.

Proposition 2.5. If (M, n € N) is a martingale with respect to a filtration (F,,, n € N) and ¢ : R = R
is a Borel-measurable and convex function such that E(|p(M,)]) < oo, Vn € N, then (p(M,), n € N) is
a submartingale.

Proof. (i) E(|¢(My,)]) < co by assumption.
(ii) p(M,) is Fnp-measurable as M, is (and ¢ is Borel-measurable).
(ili) E(e(Mn+41)|Fn) 2 @(E(Mp41]F)) = (M) as.

In (iii), the first inequality follows from Jensen’s inequality and the second follows from the fact that M
is a martingale. O

Example. If (M, n € N) is a square-integrable martingale (i.e., E(M?2) < oo, Vn € N), then the process
(M2, n € N) is a submartingale (as z +— z? is convex).

Doob’s Decomposition theorem.

Definition 2.6. A process (A,, n € N) is said to be predictable with respect to a filtration (F,,, n € N)
if Ag =0 and A,, is F,,_1-measurable Vn > 1.

Remark. If a process is predictable, then it is adapted.

Theorem 2.7. Let (X,,, n € N) be a submartingale with respect to a filtration (F,,, n € N). Then there
exists a martingale (M,,, n € N) with respect to (F,, n € N) and a process (4,, n € N) predictable with
respect to (F,, n € N) and increasing (i.e, A, < A, 1 Vn € N) such that Ag =0 and X,, = M,, + A,,
Vn € N. Moreover, this decomposition of the process X is unique.

Proof. (main idea)

E(X,+1|Fn) > X,, so a natural candidate for the process A is to set A9 = 0 and A,+1 = A, +
E(X,+1|Fn) — X (> A,), which is a predictable and increasing process. Then, My = Xo and M,,+1 —
M, = X1 —Xn— (Angt1 — An) = Xpp1 — E(X,41]F,) is indeed a martingale, as E(M,, 11 — M,|F,) =
0. O
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2.2 Stopping times

Definitions 2.8. - A random time is a random variable T' with values in N U {+4o00}.
- Given a process (X, n € N), one defines X7 (w) = Xp)(w) = >, cn Xn (W) Lir=n} (w).

- A stopping time with respect to a filtration (F,,n € N) is a random time T such that {T < n} € F,,
Vn € N.

Proposition 2.9. T is a stopping time with respect to (F,, n € N) if and only if {T'=n} € F,, ¥n € N.

Example. Let (X, n € N) be a process adapted to (F,, n € N) and @ > 0. Then, T, = inf{n € N :
| X,| > a} is a stopping time with respect to (F,, n € N). Indeed:

{T.=n} = {|Xi|<a, V0<i<n-—1and|X,|>a}
n—1
= (] {Xil<a} n {|X,|>a}eF, VneN
i=0 ——

€FiCFp Vi=0,...,n—1

Definition 2.10. Let T be a stopping time with respect to a filtration (F,, n € N). One defines the
information one possesses at time T as the following o-field:

Fr={AeF : An{T =n} € F,, Vn € N}..

Facts.
-If T(w) = N, Yw € Q, then Fpr = Fn.
- T (w) < To(w), Yw € Q, then Fr, C Fr,.

[Here is an example of stopping times T3, Ty such that 77 < Th:
let 0 < a < b and consider 71 = inf{n € N : |X,,| > a} and T» = inf{n € N : |X,,| > b}]

- A random variable Y is Fr-measurable if and only if Y 17—, is F,,-measurable, ¥n € N.
As a consequence:

- If (X5, n € N) is adapted to (F,, n € N), then Xp is Fp-measurable.

Doob’s optional sampling theorem.
Let (M,, n € N) be a martingale with respect to (F,, n € N) and T;, Ty be two stopping times such
that 0 < T1(w) < Th(w) < N < o0, Yw € Q. Then

E(MT2|fT1) = ]\47"1 a.s.
In particular, E(Mz,) = E(Mr,) (this consequence is referred to as the optional stopping theorem).
In particular, if T is a stopping time such that 0 < T'(w) < N < oo, Yw € Q, then
E(Mr) = E(Mp).

Remarks. - The above theorem says that the martingale property holds even if one is given the option
to stop at any (bounded) stopping time.

- The theorem also holds for sub- and supermartingales.

Proof. - We first show that if T is a stopping time such that 0 < T(w) < N, then E(My|Fr) = M7 (*):

Indeed, let Z = My = Zgzo My 1yr—py. We check below that Z is the conditional expectation of My
given Fr:
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i) Z is Fp-measurable: Z 1gp_,v = M, 1r7—,1, so by the above mentioned fact, Z is Fp-measurable.
{T=n} {T=n}

(ii) E(ZU) = E(MNU), YU Fp-measurable and bounded:

N N N
E(ZU) =Y E(Mulir—nU) = > EEMy|F)) Lig—mU )= E(Mylig_nU) =EMyU).
n=0 n=0 — n=0

F,—measurable

- Second, let us check that E(Mp,|Fr,) = Mp,:

Mr = E(My|Fr,) _ =_ E(E(My|Fr,)|Fr,)

| L = E(MT2|fT1)'
*) with T=T, Fr, CFr. %) with T=T»
1 p

This concludes the proof of the theorem. O

2.3 Martingale transforms

Let (F,, n € N) be a filtration, (H,, n € N) be a predictable process with respect to (F,, n € N) and
(M,,, n € N) be a martingale with respect to (F,, n € N).

Definition 2.11. The process G defined as

Go=0, Gn=(H-M),=Y H(M~-M_), n>1,
i=1

is called the martingale transform of M through H.

Remark. This process is the discrete version of the stochastic integral. It represents the gain obtained
by applying the strategy H to the game M:

- H; = amount bet on day ¢ (F;_1-measurable)
- M; — M;_, = increment of the process M on day 1.
- G, = gain on day n.

Proposition 2.12. If H, is a bounded random variable for each n (i.e, |H,(w)| < K, Yw € ), then
the process G is a martingale with respect to (F,, n € N).

In other words, one cannot win on a martingale!
Proof. (i) E(|Gal) < 3230 B(H;| [M; — M;—1|) < 320, Ki (B(1M;]) + E(|M;-1])) < o0.

(ii) Gy, is Fy,-measurable by construction.

Example: “the” martingale.

Let (M, n € N) be the simple symmetric random walk (M,, =& + ...+ &,) and consider the following
strategy:
2H,, if&=...=&, =1,

Ho=0,H =1 Hyy1 = { 0. otherwise.

Notice that all the H, are bounded random variables. Then by the above proposition, the process G
defined as

n

Go=0, Gn=)Y Hi(Mi—Miy)=> H&, n=>1,
i=1

i=1
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is a martingale. So E(G,,) = E(Gp) =0, Vn € N. Let now
T=inf{n>1:¢, =+1}.

T is a stopping time and it is easily seen that Gr = +1. But then E(Gr) =1 # 0 = E(Gy)? Is there a
contradiction? Actually no. The optional stopping theorem does not apply here, because the time T is
unbounded: P(T'=n) = 27", Vn € N, i.e., there does not exist N fixed such that T'(w) < N, Vw € Q.

2.4 Markov processes

Let (X,,, n € N) be a discrete-time process adapted to a filtration (F,, n € N).

Definition 2.13. (X,,, n € N) is said to be a Markov process with respect to (F,, n € N) if
P(Xps1 € B|Fo) = P(Xps1 € B|Xn), VneN, B e B(R).
(remember that P(X,,+; € B| X)) = P(X,41 € B|o(X,)) by definition.)

Proposition 2.14. (X,, n € N) is a Markov process with respect to (F,, n € N) if and only if
E(g(Xn-l-l)‘]:n) = E(Q(Xn-i-l)'Xn), VneN

and Vg : R — R Borel-measurable and bounded.

Particular class of Markov process. Let (§,, n > 1) be a sequence of independent random variables
(not necessarily i.i.d.) and

]:O:{wv Q}7 fn:o’(fb'":fﬂ)'

Then any process defined recursively as
XO = CSta Xn+1 - f(Xnagn—i-l)v n Z 07

with f: R? — R a Borel-measurable function, is a Markov process with respect to (F,, n € N).

Proof. As X,, is both and F,,-measurable and o(X,,)-measurable, and &, is independent of F,,, and
therefore of X,,, we have by Proposition 1.28:

E(g(Xnt1)|Fn) = E(g(f (X, Ens1)|Fn) = ¥(Xy),  where ¥(y) = E(g(f(y,&nv1)))

and also
E(9(Xn+1)[Xn) = E(g(f(Xn, &n+1))|Xn) = (Xp).
O

Example. Let S be a “generalized” random walk with independent increments, i.e. So = 0, S, =
&+ ...+ &, n > 1, where the random variables &; are independent. Then S, 11 = S, + £,41 is indeed
a Borel-measurable function of .S,, and &,,11; it falls therefore into the above-mentioned class of Markov
processes.

Remarks.

- It is important not to mix martingale property (E(X,i1|F,) = X,) with the Markov property
(E(9(Xn+1)|Fn) = E(9(Xn+1)|Xn), Yg). None of the two implies the other one.

- Markov chains form a particular class of Markov processes (those with discrete state space).

- Stationarity is not included in the above definition of a Markov process.
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3 Continuous-time stochastic processes

Definition 3.1. A continuous-time stochastic process is a collection of random variables (Xy, t € Ry)
defined on a common probability space (2, F,P). Alternatively, a stochastic process may be seen as a

random function
X - Q — {f:Ry —R}
lw e {te Xi(w)}

Remark. In order to describe a continuous-time stochastic process, one generally needs a LARGE
probability space 2!

Question. For a single random variable X, the knowledge of its cdf P(X < z), Va € R characterizes
entirely the random variable. In the case of a stochastic process (X;, t € Ry), what is needed in order
to characterize the process entirely?

First answer. Specify P(X; < z), Vt € R4, Vo € R ? This is insufficient. Here is why: assume we only
know that X; ~ N (0,¢), V&t € Ry. Let us then define

XM = VEY, where Y ~ N(0,1).
- Xt(Q) = standard Brownian motion (defined below).

It turns out that these two processes satisfy both Xt(l) ~ N(0,t) and Xt(z) ~ N(0,t), Vt € Ry, even
though they have little to do with each other!

Second answer. Specify P(Xy, < z1,X:, < 23), Vi1, ta € Ry, 21, 29 € R? This is better, but still
insufficient! (Actually, it is sufficient for Gaussian processes: see below).

nt" answer. Specify P(Xy, < x1,...,Xs, < ), Vt1,...,t, € Ry and n > 1! This is the correct

answer. Specifying all these joint distributions is cumbersome in general, but we will focus our attention
on specific classes of processes for which a simpler description is possible.

Processes with independent and stationary increments

Definition 3.2. The random variables X; — X, for t > s > 0, are called the increments of the process
X = (Xt, te R+)

Definition 3.3. A process X = (X;, t € Ry) is said to have independent and stationary increments if
- Xy — X L FX =0(X,, 0<r <s),Vt>s>0 (independence).
- Xy — Xg~ Xy s — Xo, Vt > s > 0 (stationarity).

(Remember that X ~ Y means “X has the same distribution as Y”).

For such process, it is sufficient to specify the distribution of Xy and X; — Xy, V¢t € Ry, in order to
fully characterize the process. So in some sense in this case, the first answer above is valid. But having
independent and stationary increments is a strong requirement for a continuous-time process.

Processes with continuous trajectories

Definition 3.4. A process X = (X;, t € Ry) is said to have continuous trajectories if

P({w € Q : the function t — X;(w) is continuous }) = 1.

We now have all the concepts in our hands in order to define the standard Brownian motion, which
exhibits many interesting properties and plays a central role in the theory of stochastic calculus.
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3.1 Standard Brownian motion

Definition 3.5. (first version) A standard Brownian motion is a continuous-time stochastic process
B = (B, t € R;) such that

- By=0a.s.

- B has independent and stationary increments.

- By ~ N(0,t), Vt € R,

- B has continuous trajectories.

Basic properties. - E(B;) =0, E(B?) =t, Vt € R.
-By—B,~B;_s—By=DB;_s ~N(0,t —s),s0 E(B; — B,) =0, E((B; — Bs)?) =t —s,Vt >5>0.
B

- By the law of large numbers, lim; . 5+ = 0 a.s.

- Moreover, % ~ N(0,1), Vt > 0, so the central limit theorem applies trivially here: % 4z~ N(0,1),
n—oo

. Bt /I 1 2
ImP|—=<z|= —— exp(—y“/2)dy, VzxeR.
i (<o) = [ eata

Remarks. - These properties are reminiscent from those of the random walk.

ie.

- The existence of a process B that satisfies all the above properties is ensured by a deep and important
theorem of Kolmogorov, but we shall not state it explicitly here.

Construction from the random walk.

- Let (S, n € N) be the simple symmetric random walk (i.e Sop =0, S,, = & + ... + &, with & i.id.,
P(¢& =1) =P(& = —1) = 1). Remember that by the central limit theorem, \/TL i Z ~N(0,1).
- Let now

=S+t —[thE&y+1, t €Ry, e, ift=n+eececl0,1], thenY; =5, +ecns1.

This process is known as the broken line process.

Remark. Y is not a process with independent increments, nor is it a standard Brownian motion!

- Let us define B, (m) — \F’ t € R, : this amounts to looking at the process Y from far away, rescaling the

z-axis by a factor n, while rescaling the y-axis by a factor y/n. Assume now for simplicity that nt € N.
Then

B{™ = St _ Jiﬁ VEZ ~N(0,t) ie. P(BM™ <z) — P(B,<z).

as By ~ N(0,1).

- Similarly, one can show that

P(BM <w1,...,B") <2,,) — P(By <zi,...,Bi, <om),

Vti, ... tm € R, &1,...,%m € R and m > 1. This shows that the sequence of processes B(™ converges
in distribution to the process B.

Remark. From this, we deduce that even though the limiting process B has continuous trajectories,
these are nowhere differentiable. Indeed, the slope of Bt(") is £4/n, so the “slope” of B; is +0o. The
derivative of By is formally called the white noise process (although this process does not exist!).
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3.2 Mean and covariance

Let X = (X;, t € R}) be a square integrable (i.e. E(X?) < oo, V¢ € R) continuous-time process.

Definition 3.6. - The mean of the process X is the function m : Ry — R given by m(t) = E(X,),
teR,.

- The covariance of the process X is the function K : Ry x Ry — R given by K(¢,s) = Cov(X;, X),
t, ENS R+.
Properties. - K is symmetric, i.e. K(t,s) = K(s,t).

- K is positive semi-definite, i.e.

n
ZCiCjK(ti,tj)ZO, Vei, ..o, cn €R, tl,...t,LER_,_ and n > 1.
i,j=1
The proof of this follows the same lines as the proof for the covariance of a random vector.

In general, the mean m and the covariance K alone do not fully characterize a process X (as it is the
case for random variables and random vectors). The only exception is given in the following paragraph.

3.3 Gaussian processes

Definition 3.7. A Gaussian process is a process (X, t € R ) such that ¢; Xy, +...+¢, X}, is a Gaussian

random variable Vep,...c, € R, t1,...,t, € Ry and n > 1.
In other words, the process X is a Gaussian process if and only if each sample (X5, ..., X} ) is a Gaussian
vector.

Theorem 3.8. (Kolmogorov) Given m : Ry — R and K : Ry x Ry — R symmetric and positive
semi-definite, there exists a Gaussian process X with mean m and covariance K. In addition, m and K
characterize entirely the process X.

Proposition 3.9. (second possible definition of the standard Brownian motion)
The standard Brownian motion B = (By, t € R;) is a Gaussian process with continuous trajectories,
with mean m(t) = 0 and covariance K (¢,s) =t A s (= min(¢, s)).

Proof. (that the first definition implies the second)
- One should first check that ¢; By, +. . .4+c¢, By, is a Gaussian random variable Vep, ..., ¢, € R, t1,...,t, €
R4 and n > 1. Let us simply check that B; + B, is Gaussian V¢t > s > 0:

B+ B = B, — Bs + 2B, is Gaussian,

as By — Bs and 2B, are independent and Gaussian. The proof in the general case follows the same idea.
-m(t) =E(B;) = 0.
-Lett>s>0:

K(t,s) = E(ByBs)=E((B; — B, + B,)Bs) = E((B, — B,)B,) + E(B?)
= E(B; — B,)E(B,) + E(B?) = 0+ E(B?) = s = min(t, s).
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3.4 Markov processes

Definition 3.10. A (continuous-time) Markov process with respect to a filtration (F;, t € Ry) is a
process (Xy, t € Ry) such that

P(X, € B|F,) =P(X, € B|X,) Vt>s>0,VBecBR).

Equivalently,
E(g(Xe) | Fs) =E(g(Xe) [ Xs)  VE=2s2>0

and g : R — R Borel-measurable and bounded.

Proposition 3.11. The standard Brownian motion is a Markov process with respect to its natural
filtration F2 = o(B,, 0 <r < s).

Proof. - E(g(By)| FB) =E(g(B; — Bs + Bs) | Fs) = ¢(Bs), where ¥(y) = E(g(B; — Bs +y)) (this follows
from the fact that By — Bs 1L F, and that B; is Fs-measurable).
- Similarly, E(g(B:) | Bs) = E(g9(B: — Bs + Bs) | Bs) = ¢(Bs) given above. O

Remark. More generally, any process with independent increments (but not necessarily stationary) is a
Markov process with respect to its natural filtration.

3.5 Martingales

Let (2, F,P) be a probability space.

Definitions 3.12. - A (continuous-time) filtration is a collection (F, t € R4) of sub-o-fields of F such
that F, C Fy, Vt > s > 0.

- A process (X;, t € Ry) is said to be adapted to the filtration (F;, ¢ € Ry) if X; is Fy-measurable
Yt € Ry

- The natural filtration of a process (X;, t € R,) is defined as ;¥ = 0(Xs, 0 < s<t),t € Ry.

Remark. Every process is adapted to its natural filtration.

Definition 3.13. A process (M, t € Ry) is said to be a (continuous-time) martingale with respect to a
filtration (F3,t € Ry) if

(i) E(|My]) < o0, YVt € R,

(ii) M, is Fi-measurable, V¢ € R.

(iil) E(My | Fs) = Mg, Vt > s > 0.

Generalization. The process M is said to be a submartingale (respectively a supermartingale) if condi-
tion (iii) is replaced by E(M; | Fs) > M, (respectively E(M; | Fy) < M), Vt > s > 0.

Proposition 3.14. If (M, t € R, ) is a martingale and ¢ : R — R is convex and such that E(|o(M)|) <
oo for all t € Ry, then the process (¢(M;), t € Ry) is a submartingale.

Proposition 3.15. The standard Brownian motion (B, t € Ry ) is a martingale with respect to its
natural filtration (FF, t € R,).

Proof. (i) E(|B:|) < VVE(B?) =Vt < 00, Vt € Ry.
(ii) B; is FCP-measurable, by definition, Vt € R..
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(i) Let t > s > 0:
E(B; | FB) = E(B; — B, + Bs| F2) = E(B; — B, | FB) + (B, | F?) = E(B; — Bs) + B, = 0+ B, = B,.
O

Proposition 3.16. The following processes are also martingales with respect to (FF, t € R,):
- (My=B?—t, teR,).

- (Ny = exp(B; — 5), t € Ry).

Theorem 3.17. (Lévy) (third possible definition of the standard Brownian motion)

Let (X;, t € Ry) be a process with continuous trajectories, adapted to a filtration (F;, ¢ € R4 ) and such
that Xo =0 a.s. and

(i) (Xi, t € Ry) is a martingale with respect to (Fi, t € Ry).
(i) (X? —t, t € Ry) is also a martingale with respect to (F;, t € R.).
Then (X, t € Ry) is a standard Brownian motion.

Definitions 3.18. - A stopping time with respect to a filtration (F;, t € Ry) is a random time T with
values in Ry U {400} such that {T' <t} € F3, Vt € R

- If X is a process, then Xr(w) = X (w), w € Q (process evaluated at time 7).
-Fr={AeF : An{T <t} € F, Vt € R;} (information one possesses at time T').

Doob’s optional sampling theorem.

Let (M, t € Ry) be a martingale with respect to a filtration (F;, t € Ry ), with continuous trajectories
(from now on, we will also say equivalently: a continuous martingale). Let T7, T» be two stopping times
such that 0 < Ty(w) < Th(w) < K < o0, Yw € Q. Then E(Mrp, | Fr,) = Mp, as. In particular,
E(Mr,) = E(Mr,) (optional stopping).

Remarks. - The proof of the theorem is much more involved than in the discrete-time setting.

- The theorem remains valid for sub- and supermartingales (with corresponding inequalities).

Doob’s inequalities.
Let (M, t € Ry) be continuous square-integrable martingale with respect to (F, ¢ € R;) such that
My =0 a.s. Then

a) P(supgcs<q [Ms| > A) < w, vt >0, A > 0.
b) E(supp<g<; |M,|?) < 4E(|M;]?), ¥t > 0.

Doob’s decomposition theorem.

Let (X, t € R}) be a continuous submartingale with respect to a filtration (F3, ¢ € Ry). Then there
exists a unique process (A, t € Ry) which is increasing (i.e. Ay < A, if s <), continuous and adapted
to (Ft, t € Ry) such that Ag =0 and (X; — Ay, t € Ry) is a martingale with respect to (F, t € Ry).

Application. Let (M, t € R;) be a continuous square-integrable martingale with respect to (Fy, t €
R ). Then there exists a unique process (A, ¢ € R;) which is increasing, continuous and adapted to
(Fi, t € Ry) such that Ag =0 and (M? — A, t € Ry) is a martingale with respect to (F, t € Ry).

This process will play a particular role in the following.
Examples. - If M; = By, then A; =t (indeed, B? — t =martingale)
- If M has independent increments, then A, = E(M?) — E(Mg).
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4 Stochastic integral

4.1 Functions with bounded variation

Definition 4.1. A function g : Ry — R is said to have bounded variation if ¥t > 0,
n
SUPZ lg(ti) — g(ti—1)| < oo,
i=1

where the supremum is taken over all partitions 0 =ty < t; < ... <t, =t of [0,¢] (and n is arbitrary).

Examples. - If g is increasing (or decreasing), then g has bounded variation. Indeed, in this case:

n

D lg(t) = g(timn)l = D_g(t:) = g(tiz1) = g(ta) = g(to) = g(t) = 9(0)

=1

for all partitions of [0, ], so

sup Y _ |g(ti) — g(ti—1)| = g(t) — g(0) < oc.
i=1

- If g = g1 — g2, where g; and g are both increasing, then g also has bounded variation.

- If g is continuously differentiable, then g has bounded variation. Indeed,

t; n t; t
| g@asl =Y [ 1gelds= [ 19)ds <.
ti—1 i=1 Y ti—1 0

Again, this expression does not depend on the chosen partition, so

n

Z lg9(t:) — g(ti-1)| = Z
i=1

=1

sup D lg(t) — glti-1)] < /0 19/(5)] ds < oo.

Generalization to processes.

Definition 4.2. A continuous-time stochastic process (X, t € Ry ) is said to have bounded variation if
its trajectories have bounded variation a.s.

We will see that the trajectories of the standard Brownian motion have unbounded variation, a.s.

4.2 Quadratic variation

Quadratic variation of the standard Brownian motion.

Let (Bt, t € R;) be a standard Brownian motion. For ¢ > 0 and n > 1 fixed, let

£ 0(2)-0(552)"

Notation. We use indifferently the notation B; = B(t).

Definition 4.3. The (almost sure) limit (B); = limnﬂoo<B>§”) is called the quadratic variation of the
Brownian motion. We show below that it exists and is equal to t.
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Proposition 4.4. For every fixed t > 0, (B); = t, a.s.

Proof. Recall that in order to show that Z,, — Z a.s., it is sufficient to check that

> P({|Zy - Z| > }) <00, Ve>0.

n>1

Here, Z,, = <B>§”) and Z =t, which is fixed. Let us first compute E((B)E")) and Var((B)E")):

E(B)") = iE((B(g,Z) - B ((i;pt)y) :i_:;” _,
- ~ N0, L) .
Var((B){") = i:Var((B (it)-B ((gint) )2)

by independence of the increments of B. Moreover, if X ~ N(0,0?), then

and

2’?’1
Var(X?) = E(X*) — E(X?)? =30% —0* =20%, 5o Var((B){")) =) 2()”
=1

Therefore, by Chebychev’s inequality,
P{(B)"” —t] > <)) < S E(UB)"Y — 1)) = 5 Var((B)")

and

n t?
SBUBYEY —tl > D) < 5 D gy <oo, Ve >0,
n>1 n>1
N—_——

so the proposition is proved.
Corollary 4.5. For all £ > 0, we have
2’”.

Jim 2

=1

()5 (55

Consequently, the process (By, t € R,) has unbounded variation, a.s.

Proof. Let us first check that if g : Ry — R is a continuous function such that

271,
lim E
n—oo

i=1

Indeed,

i 3 (o () -0 (452))

. . 2™
it (i—1)t )
() o (5)] - X

< lim max
n—oo 1<3<2n

g<;>g(u;nﬁ‘<m,tmn<mt7g&§;@<;)g<.

t2
on—1"

=0
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So, as we know that the Brownian motion B has continuous trajectories, if it was the case that

# (3]s (5) -5 ()] <) >0

i=1
then this would imply that P((B); = 0) > 0, which is in contradiction with the previous result ((B); =t

a.s.). In conclusion,
on ) .
. it (t—1)t
P 1 E Bl—)—-B = =1

i=1
Final remark. Notice that B} — (B); = B? — t is a martingale. This is not a coincidence.

Quadratic variation of a martingale.

Reminder(from Doob’s decomposition theorem). If (M;, t € R) is a continuous square-integrable
martingale, then there exists a unique process (A, t € Ry ) which is increasing, continuous and adapted
to the same filtration as (M;, t € R, ), such that Ag = 0 and (M7 — Ay, t € Ry) is a martingale.

Definition 4.6. The process A is called the quadratic variation of the martingale M and is denoted as
At = <M>ta te R""

Proposition 4.7. If (M, t € Ry) is a continuous square-integrable martingale, then

(M) = i (M (;) - M <(i 2n1)t>)2 = (M), VE>0,

i=1

where ((M)¢, t € R,) is the process defined above.

Remarks. - By the above definition, E((M);) = E(M?) — E(Mg).
- The process (M) is increasing : it therefore has bounded variation itself.

- The only martingales with quadratic variation equal to zero are constant processes! So all non-constant
martingales have unbounded variation!

Quadratic covariation.
Let M, N be two continuous square-integrable martingales (adapted to the same filtration (F;, t € Ry)).

Definition 4.8. The quadratic covariation of M and N is the unique process (M, N') which is continuous,
adapted, has bounded variation and is such that (M,N)o = 0 and (M;N; — (M,N);,t € Ry) is a
martingale.

Remark. (M, M), = (M);.
Proposition 4.9.

o= () w(52) (3 (£) -0 (452) o oo

Proposition 4.10. If ¢ € R and M, N are independent, then for all t € R,
(M,N); =0 and {(cM + N); = c*(M); + (N),.

Remark. From the above two propositions, we see that the quadratic variation of a martingale plays the
same role as the variance of a random variable. Likewise, the quadratic covariation of two martingales
plays the same role as the covariance of two random variables.
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4.3 Riemann-Stieltjes’ integral

Let T >0, f : Ry — R be a continuous function and g : Ry — R be a function with bounded variation.

Definition 4.11. The Riemann-Stieltjes integral of f with respect to g is defined as

/O " 1) dg(s) = Tim. z:f (s) (g (f) ~g ((;”T)) ,

(n) is a sequence of numbers such that (1_2# < sgn) < ;—f

where s;
Proposition 4.12. If moreover g is continuously differentiable, then fOT f(s)dg(s) = fOT f(s)g'(s)ds.

Proposition 4.13. (classical integration by parts formula)
If f, g are both continuous and with bounded variation, then

/ ﬂﬁ@@%=ﬂﬂgﬂv—ﬂmmm—/‘M$#@)
0 0

In particular,

(f(T)* = £(0)%).

NN

/0 " ) df(s) =

Generalization to continuous-time stochastic processes.

Definition 4.14. If (Hy, t € Ry) is a process with continuous trajectories and (V;, t € R;) is a process

with bounded variation, then
T T
(/ A, dV;) () :/ Ho(w) dVa(w).
0 0

Remark. If V represents the evolution of a stock price and Hj represents the amount of stock V' owned
at time s, then fOT H, dV; represents the gain made on the period [0, 7] by investing with the strategy H
on the stock V.

Now, what if the stock price evolution is a standard Brownian motion, or more generally a martingale?

Problem. The trajectories of the Brownian motion or a martingale have unbounded variation, almost
surely, so how to define fOT H,dB?

Partial solution. If H has continuous trajectories with bounded variation, then using formally the
above integration by parts formula, we could define

T T
/HsdBS:HTBTfHOBOf/ B, dH,,
0 0

as B has continuous trajectories and H has trajectories with bounded variation. This is fine, but then,
how to define fOT B, dB,?
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4.4 TIto’s stochastic integral

Our aim in the following is to define the process ((H - B); = fg H,dB,, t €10,T]), where
- T > 0 is a fixed time horizon,
- (B, t € Ry) is a standard Brownian motion with respect to a filtration (Fy, ¢ € Ry), that is:

(i) By is Fy-measurable, Vt € Ry,
(ii) By — By 1L Fg, YVt > s > 0,

- (Hy, t € Ry) is a continuous process, adapted to (F, t € Ry) and such that E (fOT H? ds) < 00

First step.
For n > 1 fixed, let us define

™ = ZH( )1]@27{”7%](1:), tel0,T).

Preliminary fact. Under the above assumption made on H, we have

T
]ET(/ (H§">—Hs)2ds> — 0.
0 n—oo

Let us now define, for a fixed n > 1,

e [[an S (52) (o) 0 (457))

i=1

For ease of notation, let us write t; = 227

2’"/
H(n) . B)T = ZHti—l(Bti - Bti—l)'
i=1

SO

Properties.
- Linearity: ((cH™ + K™) . B)y = c¢(H™ - B)y + (K™ - B)r.
-E((H™ - B)7) = 0. Indeed:

on

E((H(n) ' B)T) = ZE(HM71 (Btz - Bti—l)) = ZE(Hti—l)E(Bti - Bti—l) =0,

=1

as Hy, , is Fy,-measurable and B, — By, |, 1L F, |

- Tsometry property: Var((H™ - B)y) = E(H™ - B)2) (fo (H{™)? ds) Indeed:
gn
E((H(n) ’ B)%“) = Z E(Hti—l (Bti - Bti—l) Htj—l (Btj - Btj—l))
e

= Z]E H7521 1 Btz Btz 1) |‘7:t1 1 +QZE Hti—l (Bti - Bti—l)Htj—l(Btj _Btj—1)|ftj—1))

1<J

= Z]E(Hf%,l E((Btz - Bti—1)2|th,—1)) + 2ZE(Hf7—1 (qu - th‘,—l) Htj—lE(Btj - Btj—l‘ftg—l))

i<J
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as Hy, | is Fy,_,-measurable and Hy, _, (B, — By,_,) Hy;_, is F;;_,-measurable for ¢ < j. Therefore,

(n) . 2 = S 2 t. — D¢, 2 t; t; — P, t; t; — Pty
E((H™ - B)Z) > E(H , B((Bi = Bu 1)) +2 3 JE(Hy, , (By, = Bi ) Hi,y E(By, = By, )

i<j
—ti—ti_, J =0

2™ T
E <Z HE  (ti— ti1)> =E </ (H§”>)2ds> .
i=1 0

Similarly, if K is another continuous and adapted process such that E ( fOT K2 ds) < 00, then

CE((H™ - B)y (K™ - B)y) =E (fOT H kM ds).

Second step.

Let us now define, for ¢ € [0, 7] (and keeping the notation ¢; = £L):
(H™ . B), = ZHt — By, )+ H,  (Bi—By,_,), iftp_1<t<ty.

Proposition 4.15. For all n > 1 fixed, the process ((H™ - B),, t € [0,T]) is a continuous square-
integrable martingale with respect to (Fy, ¢t € [0,T7).

Proof. The fact that the process is continuous is clear from the definition. It is also easily checked that it
is square-integrable (and actually that E((H™ - B)?) (fo H(n ds), Vt € [0,T]). Let us now prove
that it is a martingale:

(i) E(J(H™ - B)|) < 00, as E((H™ - B)?) < cc.
(ii) (H™ . B), is clearly F;-measurable, for all ¢ € [0, T].
(iii) Let us now check that E((H™ - B)p|F;) = (H™ - B),, Vt € [0,T)], assuming that t5 1 < t < t;:

E((H™ - B)r|F,)

= E (Z Htifl (Bti - Bti—l) t) +E(Htk—1 (Btk Btk 1 |‘7:t +E < Z Ht - Bti—l) ft)
=1 i=k+1
2’71
= Z Hti—l (Bti - Bti—l) + Htk—l E(Btk - Btk—l |‘7:t) + Z E(E(Hti—l (Bti - Bti—1)|fti—1)|ft)
] i=k+1

as the first sum is F;-measurable, Hy, | is Fi-measurable and F; C F;, , for all ¢ > k + 1. Therefore,

on
]E((H(n) : B)T|]:t) = ZHti—l (Bti - Bti—l) + Htk—l (Bt - Btk—l) + Z E(Hti—l E(Bti - Bti—l) |‘7:t)
3 i=k—1

=0
= (H™.B),.

From this, we deduce that V0 < s <t < T,
B((H®™ - B)IF,) = BE(H™ - B)r|F)|F) = E(H™ - B)r|%,) = (H" - B),,

which proves the martingale property.
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Third step.

Important fact. For every continuous and adapted process H such that E ( fOT H? ds) < o0, there
exists a process ((H - B), t € [0,T]) such that

B ( s () B) - (- B?) = 0

0<t<T n—00

In particular, (H™ - B), L8 (H - B)¢, Vt € [0,T]. In addition, the process (H - B) possesses all the
properties mentioned above, namely :

-((cH+K)-B)y=c(H B):+ (K - B):.

CE((H - B),) =0, Vt € [0,T).

_E((H-B)?) =E (fOT H? ds>, vt € [0,7).

CE((H - B)(K - B),) :E( OMSHTKTdr), Vo<s<t<T.
- ((H - B)¢, t € [0,T1]) is a continuous square-integrable martingale.

Alternate notation. (H - B); = fot H,dB;.

Remark. In the definition of the Riemann-Stieltjes integral, the choice of the point sgn) € [(i_l)T T

on ) on
is arbitrary. But in the definition of Ito’s integral, the choice 51('") = (1_2# is crucial in order to preserve

the martingale property of the integral. Another choice leads to a different integral.

Example: Fisk-Stratonovic¢’s integral.

n—oo

=1

[\

(H-B)r + 3 (H,B)r,

where (H, B)r is the quadratic covariation of H and B defined as

- () -0 (1522) (0 (8) -(522)).

As soon as this quadratic covariation is non-zero, the process (H o B) is not a martingale. Notice that
in the case where H is a continuous process with bounded variation, the quadratic covariation is zero,
so the two definitions of integral coincide. It was already suggested at the end of Section 4.3 that in this
case, an alternate definition of the integral fOT H, dB; is possible.

Quadratic variation of the stochastic integral.

Proposition 4.16. Let H, K be continuous and adapted processes such that E (fOT H? ds) < oo and
E(J, K2ds) < oo. Then

((H-B)>t:/OtH§ds and ((H-B),(K-B)>t:/OtHssts, t €10,7].

That is, the processes ((H .B)2— [l H2ds, t € [O,T]) and ((H .B), (K -B), — [} H,Kds, t € [O,T])

are martingales.
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Remarks. - The process (((H -B)) = fg H2ds, t € [07T]) is continuous, adapted and increasing (as
H? >0). It therefore has bounded variation itself.

- The process (((H -B), (K -B)) = fg H;Ksds, t e [O,T]> is continuous, adapted and has bounded

variation.

-If H, =1, then ((H - B)); = (B); = t, as we already knew.

-E({(H-B));) =E (fot H? ds) = E((H - B)?), as we already knew also.

Particular case of stochastic integral: the Wiener integral.

If Hi(w) = f(t) is a deterministic function, then the stochastic integral (f- B) has the following additional
properties :

- ((f - B)t, t €]0,T)) is a Gaussian process with mean m(t) = E((f - B):) = 0 and covariance

K(t,s) =E((f - B): / fr

- ((f : B)f7 t €0, T]) has independent increments.

- ) = fo 2ds is a deterministic process.

5 Stochastic calculus

5.1 Ito-Doeblin’s formula(s)

Preliminary. If V is a process with bounded variation and f : R — R is differentiable, then

F(Vi) — F(Va) = / (Vo) av;

This rule changes if the process V' does not have bounded variation: this is Ito-Doeblin’s formula.

First version.

Theorem 5.1. Let (B, t € R+) be a standard Brownian motion and f : R — R be twice continuously
differentiable and such that E( fo By))?ds) < o0, Vt > 0. Then

£(By) — f(Boy) = /f )dB, + = /f” a.s. V> 0.

Remarks.

fo f'(Bs) dBs is a well-defined stochastic integral, because of the assumptions made.

-5 fo f"(Bs) ds is a correction term that arises because of the non-zero quadratic variation of B.
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Proof. (main idea) Let ¢; = 2% be a partition of [0,¢]. Then
on
F(By) = f(Bo) = Y _(f(By,) = f(Bi, )

i=1

Using the classical Taylor expansion

Fl) — F(@) = '@ (o~ )+ 5 @) (g — ) + olly — )

o(h?)

where by definition, limj, o =;z> = 0, we obtain
L2 on
f(Bt) _f(BO) = Zf Bt _Bti—1)+§zfll(Bti—l)(Bti _Bti—1)2+zo((3ti _Bti—1)2)
j i=1
/ J'(Bs)dBg += / 1"(Bs) d(B)s +0.
n—oo N’
=ds
by definition
In order to get an intuition as to why the second term converges to = fo f"(Bs) ds, remember that in the
case where f”(x) = 1, we have
271,
> (Bi =By 5 (B)i=
O
Examples. - Let f(z) = x: then f'(z) =1, f’(z) =0 and E (fo )2 ds) =t < 00, S0

t
Bt—B():/ 1dBs + 0.
0

Here, the classical rule applies.

- Let f(z) = 22: then f’(z) = 2=, f"(x) = 2 and
¢ ¢ ¢ ¢
1R 2 _ 2 _ 2\ 7. _ _ 942
IE</0 f'(Bs) dS)E</0 4Bsds)4/0 E(Bs)dsfél/o sds = 2t* < oo.

t 1 t t
Bf—Bngf:/2BSdBS+§/2ds:2/ BydB, +t
0 0 0

So

This is actually Doob’s decomposition of the submartingale B?: 2 f(f BsdBg is a martingale and ¢ is
an increasing deterministic process, which is the quadratic variation of the standard Brownian motion.
Notice that the above formula may be rewritten as

¢ 1
/ B.dB, = - (B? — 1)
O 2

and that the two processes on both sides are martingales (this by the way shows why the formula
[5 BydB, = 1 B? cannot hold, as § B} is a submartingale, but not a martingale).

- Let f(z) = e®: then f'(z) = f"(z) = €® and

o 2 _ t2BS _ t% 76%*1
E(/O(f(Bg)) ds)-E(/Oe ds)—/oe ds = g <
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So

t t
1
eBt—eB‘):eBt—lz/eBSst—i-f/eBSds.
0 2 Jo

This is again Doob’s decomposition of the submartingale e®* — 1: the stochastic integral is a martingale,
while the Riemann integral is an increasing process (as e®s > 0).

Remark. Let X; = eB*. The above formula then reads

t 1 t
Xt—lz/ XSst—i—f/ X, ds.
0 2 0

This is our first example of stochastic differential equation (in integral form!).

Second version.

Notation. For a function f of two variables ¢, z, we adopt the following notation for partial derivatives:
fife, f¥ and so on.

x9

R, xR — R
(tz) = f(ta)

continuously differentiable in ¢, twice continuously differentiable in z and such that

Theorem 5.2. Let (By, t € Ry) be a standard Brownian motion and f : be

e ([ t(f;.<s,Bs>>2ds) <oo. W0,

Then

t t t
£0.80 = £0.80) = [ fits.B)ds+ [ s Byabo+ g [ fLe By s as vizo

The proof follows the same lines as for the first version, this time using the Taylor expansion :
1
flsy) = () = filt,2) (s =) + fu(t,2) (y — @) + 5 fou(t,2) (y — )%+ o((s = 1), (y — x)?).

Examples. - Let f(t,x) = 22 — t: then f/(t,z) = —1, fi(t,z) = 2z, f! (t,7) =2, so

t t t t
1
Bf—t:/(—l)ds—i—/ 2Bsst+§/ 2ds:2/ B, dB,.
0 0 0 0

This is the same formula as above, actually.

- Let f(t,x) = e"~'/% then fi(t,2) = —5 f(t.2), fi = (t,2) = fI,(t,x) = f(t,2), s0

1t t 1t t
eBt’t/2—1:—7/ eBS’S/zder/ eBS’S/desan/ eBS*S/QdS:/ eBe=5/24B;.
2 Jo 0 2 Jo 0

Again, notice that the two processes on both sides are martingales.

Remark. Let Y; = eB+~%/2, The above formula then reads

t
Y}fl:/ Ys dB;.
0

This is our second example of stochastic differential equation (again in integral form).

Remark. In the above two examples, f/(t,z) + 3 fi.(t,2) = 0. From the Ito-Doeblin formula, we see
that if f satisfies this partial differential equation, then (f(t, B:), t € R4) is a martingale.
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Third version.

This version is yet a generalization of the previous one. Let (B, t € R, ) be a standard Brownian motion,
(H¢, t € Ry) be a continuous and adapted process such that

t
E(/ Hs2d3><oo7 Vvt >0,
0

and (K¢, t € Ry) be a continuous and adapted process. Let now M; = fg H,dBy (M is a continuous

square-integrable martingale) and V; = j;f K ds (V is a continuous process with bounded variation). Let
finally f : R x R — R be continuously differentiable in ¢, twice continuously differentiable in z and such
that

. </t(f;(V€’Ms))2H3 ds) <oo, Vt>0.
0

Then for all t > 0,
t t 1 st
POV = f(Vo M) = [V M) Keds [ £V M) HodBut 5 [ (VM) B2 s, as
0 0 0
Examples. - Let f(¢t,z) =t +x : then f/(t,z) = fi(t,x) =1, /., =0, so

t t
(Vt+Mt)—(Vo+MO):/ sts+/ H, dB;,.
0 0

- Let f(t,z) = ta: then f/(t,x) ==z, fi(t,x) =¢t, fV.(t,z) =0, so

t t
VtMt—VoMo:/ MSKSds+/ V, H, dB,.
0 0

5.2 Stochastic differential equations: a first approach through examples

A (time-homogeneous) stochastic differential equation (SDE) reads :

¢ ¢
X =z +/ f(Xs)ds+ / 9(Xs)dBs, in integral form
0 0

and
dXy = f(Xy)dt + g(X;) dBy,
in differential form.
Xo = zo,

Here zg € R, B is a standard Brownian motion and f,g : R — R are deterministic functions. Notice
that the differential form is deduced from the integral form, but has no meaning per se, as the Brownian
motion is not differentiable.

Remark. Solving an SDE is in general much more difficult than solving an ordinary differential equation
(ODE) of the form dX;/dt = f(X;). Beyond the issue of knowing whether a solution exists and is unique,
there are actually not that many functions f and g for which the solution is known explicitly. The
behaviour of the solution of an SDE is also very different from that of an ODE.

Terminology.
- The term with the function f is called the drift term.
- The term with the function g is called the diffusive term.

We are now going to see various examples of SDE’s.
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Black-Scholes equation.
dX; = p X dt + 0 X¢ dBy,
Xo=z0 >0,

where p € R is the drift, 0 > 0 is the volatility of the process X.

In the case where o = 0, the equation becomes an ODE:

dX
Tt =pdt, so InX;—1Inzy=put, X;=xoexp(ut).
t

In the case where o > 0, on could be tempted to solve the equation with the following WRONG reasoning;:
dX;

t

=pdt+0X;dB;, so InX;—Inzg=put+0oB;, Xi;=zoexp(ut+ ocB)?

But actually, the correct solution is X; = xg exp((u— "—;)t—&-aBt). This can be verified using Ito-Doeblin’s

formula (we have already seen this for p = 1, 0 = 1 and = 0, ¢ = 1, by the way). The rules of standard

calculus do not apply here! The mistake in the above reasoning is to “integrate” dX;/X; classically to
In Xt.

The process X describes (relatively) well the evolution of a stock price. Here are some important features
of X :

- X; >0, Vt > 0, as it is an exponential.
- Xi = exp(Gaussian), i.e. X; has a log-normal distribution.
- In(X,) is a process with independent increments.

Notice also that

B0t = e ( (1 - "2) () Blexplo ) = explu).

whereas )

o o?
Finally, X is a martingale if and only if 4 = 0 (as in this case, X; = z¢ + fot 0XsdBy).
Ornstein-Uhlenbeck’s process.
(also known as Langevin’s or autoregressive or mean-reverting process!)

dXt = —G,Xt dt + O'dBt,

Xog=x9 €R,
where a > 0 and ¢ > 0. The solution to this equation reads:
t
X, =xpe ¥+ a/ e~ =% 4B,.
0
Notice that even though X; may be written as a Wiener integral, it is not a martingale (even in the case
o = 0), as the integrand itself e~t=5) depends on t.
Here, E(X;) = zge™ % and
t —2at 2
, 1-
Var(X;) = 02/ et ge g2 (27 ) 1,
0 2a t—oo 2a

at

whereas when 0 =0, X(t) = zge” P 0 and when a = 0, X; = o B; diverges when ¢ — oco.
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Brownian bridge.
dX; =—

Xo=1x9 €R,
where T' > 0 and o > 0. The solution reads:

LTt
Xt:(T—t)x0+U/() (Ts) dB;.
Here, E(X;) = (T —t) zp and

t T— 2
Var(Xt):az/ ( t) ds =0’ t(T —t) — 0
0

T—s t—T

so X7 =0, in all cases!

Bessel’s process.
a
dXy = —dt +dB
S, + dby,

X0:0a

where @ > 1. An explicit solution is known when a = 251, for some integer n > 2; then X; = [|[W,||,
where W, is an n-dimensional standard Brownian motion.

5.3 Numerical simulation of stochastic differential equations
As stochastic differential equations are typically hard to solve, it is good to know how to obtain solutions

by means of numerical simulation. The aim here is to obtain approximations for expressions such as
E(h(X7)) where T > 0, h : R — R is some function and X is the solution of the SDE:

dXy = f(X¢)dt + g(Xt) dBy,
Xo=x0 € R.

A natural procedure is to perform M independent runs X ..., X(M) of the process X and to approx-
imate the above expectation by the empirical mean :

M
E( Z X(])

which is known to be correct up to a term of order O( r) by the central limit theorem. How to run

each process X9 up to time T is a more delicate question that is addressed in the following.

Euler-Maruyama’s scheme.

First remember that the above SDE reads in integral form:

Xt_z;o+/f dr+/ 9(X))dB,, t>0. 2)

From this, we deduce that for ¢t > s > 0,

X; = X, +/ f(X dr+/: 9(X;) dB;.
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If the difference ¢t — s is small, this gives us an idea as how to approximate the value of X; given the value
of X, by noticing that
X~ X+ f(Xs) (t— )+ g(Xs) (B — Bs) . (3)

~N(0,t—s)

:

From there, we define the following numerical scheme: let N > 1, A = % and

X(()N) = 2o,

X((in)A = X(N + f(XT(l]X)) A+ Q(XT(LJX)) \/me-l, 0<n<N-1,

where (£,, n > 1) is a sequence of i.i.d.~ AN(0,1) random variables. The process X at time T is then
approximated by X =~ X;N) = X](VNA) (and this has to be done for each independent run of the process).
Now, how close is X(TN) to X7 Without entering in to much detail here, let us simply say approximately
that if h is a continuous function and f and g are such that equation (2) admits a unique solution, then
Cr

E(h(XM)) — E(h(X1))| < —L£,

Ehe) B < SL
where Cr is a constant (growing exponentially with 7).

Remark. For ODE’s, the convergence of the corresponding Euler scheme is better, namely

(V) Cr
[R(X7) = h(Xr)| < S

The explanation for this difference in the order of convergence is that the approximation (3) is correct up to
a term of order O(t—s), whereas for ODE’s, the corresponding approximation gives X; ~ X+ f(Xs) (t—s)
up to a term of order O((t — s)?), therefore much smaller that O(t — s) when ¢ — s is small.

The final approximation formula is
M
E( Z X(]’
where X;j ) represents the final value at time 7 of the j** run of the numerical scheme.

Milstein’s scheme.

A better approximation than (3) turns out to be the following:

Xi ~ X, + f(Xy) (t—8) + g(Xs) (B — By) + 9(X5) ¢'(X) ((Bt —BS)Q2 - (t—s)) .

This approximation is correct up to a term of order O((t — s)3/2). From there, we define the following
numerical scheme:

XéN) = X0
(n+1)A — “*nA nA UACCIN nt1

2
+oXN) g () A (257). o<n<N -1,

where (£,, n > 1) is again a sequence of i.i.d.~ AN(0,1) random variables. Under additional regularity
assumptions on the function g, it can be shown that in this case,

ERO)) ~ Eh(Xr)| < S

which has the same order as that obtained for ODE’s with the classical Euler scheme (but here, a higher
order expansion is needed in order to obtain the result).
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