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Introduction

Stochastic analysis is the study of continous time stochastic processes. In Stochastics 11 we
have encountered discrete time processes and have seen how they can be constructed and
used to model different phenomena that evolve in discrete time steps and undergo random
influences. Since physical time is continuous, it is the natural next question how to extend
this to model continuous time phenomena. Naturally, this is more complex because now it
does not suffice any more to describe how the system transitions “from one step to the next”.
We will only consider stochastic processes with values in the Euclidean space R, but many
of the tools we develop are useful also in more complex situations. And in fact the Euclidean
case is already complicated and interesting enough in its own right.

To motivate the tools and results that we develop in the lecture, let us look at some
examples.

Example 0.1 We all know the pictures of stock price trajectories and that they look very
irregular, bouncing up and down constantly. We will see that a reasonable first model for
the evolution of stock prices is a (time-changed) Brownian motion. Recall that a Brownian
motion is a continuous time stochastic process (By)¢>o with continuous trajectories, such that
By ~ N(0,t) for all t > 0, where N(0,t) is the normal distribution with mean 0 and variance
t, and such that Byis — By is independent of (B;)o<r<:. We will see later in the lecture how
to construct such a process and that the description above characterizes it uniquely. And we
will study some basic path properties of the Brownian motion to see that it indeed behaves
quite wildly (PLOT). For example it has no isolated zeros, meaning that if B; = 0 for some
t, then in any small interval [t — e, + ¢] there are infinitely many s with By = 0. We will also
see that B is nowhere differentiable and behaves roughly speaking like

Bt+dt - Bt ~ \/&

Of course, this is not a mathematical statement and part of the work will be to find a suitable
mathematical statement that we can actually prove.

Example 0.2 From Stochastics II discrete time processes are familiar. An example for a
discrete time evolution is the difference equation

XnJrl = Xn + b(Xn) + f(Xn> Yn)>

where Y, is random influence, “noise”.



A concrete example would be the Malthusian population growth model, where
Xn+1 =Xn+ bXn + XnYn)

with b describing the deterministic growth rate and (Y},),en being a centered family of inde-
pendent and identically distributed (i.i.d.) random variables that models randomly occurring
deviations from the deterministic growth rate.

If we assume that the random influence Y;, is small, we can apply Taylor’s theorem to get

Xnt1 >~ Xy +b0(Xp) + f(Xn,0) + 0y f(Xn, 0)Y,,.

If we assume again that the (Y},),en are a centered family of (i.i.d.) random variables with
finite variance, then we know from Stochastics II that S, = Y, Y} can be rescaled so that
it converges to a Brownian motion. When performing this scaling limit we say that S is
evolving in discrete time steps, but the steps are essentially infinitely small so that we can
approximate them by continuous time steps.

It then seems reasonable to expect (and indeed it can be shown under suitable assump-
tions) that if X is evolving in very small time steps, then it can be rescaled in such a way
that it converges to a process (Z;)¢>o satisfying for t > 0 and h > 0

Zyyn = Zy + (0(Zs) + f(Z4,0))h + 0y f(Z4,0)(Biyn — By),

where B is a Brownian motion. Bringing Z; to the left hand side, dividing by h and letting
h — 0, we get formally

87y = b(Zy) + £(Z1,0) + 8, f(Z:,0)8, By.

But the problem is that B is not differentiable, so it is not clear how to interpret this equation!
To make sense of such “stochastic differential equations” will be one of the main goals of the
lecture.

Example 0.3 Another situation where stochastic differential equations appear is the follow-
ing: Applied scientists are often able to derive an ordinary differential equation (ODE)

X, = b(Xy)

to describe the time evolution of a given system. However, in reality the system will not
be isolated from its environment, so the environment will influence the system. Now we
have two choices. Either we increase the dimension of our system by attempting to also
model the entire environment, which ultimately leads to an infinite-dimensional system and
is actually unfeasible because nature is just too complex. Or we try to model the influence of
the environment as “random”. Under suitable assumptions we should be able to invoke the
central limit theorem, so that these random influences should be centered Gaussians. In many
situations it is also reasonable to assume that they are stationary in time, and independent
for different times. So formally we end up with an equation

X = b(Xy) + &,

where (&)¢>0 is an i.i.d. family of centered Gaussian variables. It turns out that this equa-
tion does not make sense, because it is not possible to construct “a version” of ¢ that has



measurable trajectories and then it is not clear how to interpret the equation. The solution
to this problem is to formally assume that £(¢) has infinite variance for fixed times. We will
see how to make this rigorous and how to model an ODE forced by a “white noise” (which
turns out to be the time derivative of Brownian motion).

Example 0.4 A more concrete version of this example is a particle in a double well potential.
Assume that we take z : [0,00) = R and b(z) = U’(z) for U(z) = $2* — 12%. One can easily
verify that there are two stable fixpoints for the dynamics, {—1,1} (PLOT, imagine a ball
rolling down, except damping at the bottom), and one unstable fixpoint {0}. So if we start in
x < 0 we will converge to —1 for t — 0o, and if we start in z > 0 we will converge to 1. Such
a simple system can be already used to model the qualitative behavior of earth’s climate:
Assume —1 represents an ice age and +1 a warm period. These two states are relatively
stable for the climate, after all we are not constantly switching between ice ages and warm
periods. But from time to time there are transitions, and in the deterministic model we wrote
down we will never see them. But if we add a very small random forcing of white noise type,
as described above, then the forcing can “kick” the solution over the hill into the domain of
attraction of the other stable fixpoint. It is then for example interesting to calculate how long
this should take.

Example 0.5 Observe that if B is a Brownian motion, then for ¢ > 0 the random variable
B; has the density

1 2
T
p(t,f]f) = \/ﬁ exXp (_2t> .

Now it is a simple exercise to verify that p solves the heat equation:

1
*8533]9(15, JZ‘)

for all t > 0 and = € R. As a consequence, we get that if ¢ is a nice function, then
u(t,z) = Elp(z + By)]
solves

Oult, z) = 3t/ oz +y)p(t, y)dy—/ 90($+y)%

1
/ 5 02,0z + y)p(t, y)dy —/ 02, 0(x +y)p(t,y)dy = 53311&(@ ), (2)

a;,p(t, y)dy (1)

where we applied integration by parts to shift 8§y from p to ¢. Moreover, obviously
u(0,x) = ¢(x), so that we found a solution to the equation

Opu = 02, u, u(0) = .

This suggests a link between stochastic processes and partial differential equations, and in
fact this link is quite deep and powerful. For example if for x € IR the process X* solves the
stochastic differential equation

O X} = b(XY) + o(X{)0 By, Xo ==,



then u(t, x) = E[p(X})] solves the partial differential equation (PDE)
1
Owu(t, x) = b(z)0pu(t, ) + 502(36)853011(1‘/,3;), u(0) = ¢,

and conversely the PDE can be used to characterize the law of X*.

Hopefully these examples show that there are many interesting questions to be asked and
problems to be studied. We will now start to develop the basic tools and methods of stochastic
analysis. The notes are based mainly on Le Gall’s notes and on those of Jacod.

Notation and conventions

N = {1,2,...}, Ng = NU {0}, Ry = [0,00). Inner product on R% is z -y = E?:l z;Y;.
Transpose is denoted with A”. The Borel sigma algebra of a topological space F is B(E). If
we do not specify it, we always assume an underlying probability space (€2, F,P) as given.

a < b means there exists some C' > 0, independent of the variables under consideration, such
that a < Cb.

1 Gaussian processes

1.1 Quick recap on Gaussian random variables

Definition 1.1 A random variable X is called standard Gaussian (or standard normal) if X

has the density
1 z?

with respect to Lebesgue measure.

Definition 1.2 Let m € R and 0 > 0. A random variable Y has the Gaussian distribution
N(m,c?) if there exists a standard normal variable X such that

Y=m+oX. (3)
Equivalently, Y ~ N(m,d?) if
E[eiuY] — eiumeZuQ/Q’ u e R. (4)

A random variable Y is (centered) Gaussian if it has distribution N'(m,c?) for some m € R
(m=20),0>0.

Remark 1.3

i. Let 0 > 0 and m € R. Then Y ~ N (m,o?) if and only if Y has the density

py(y) = ! exp<—(y_m)2>.

2mo? 202

For 0 = 0 we have Y ~ N(m,0?) if and only if Y = m almost surely.



ii. fY ~ N(m,0%) and Y ~ N (m,5?) are independent Gaussian random variables, then
(4) immediately yields that Y +Y ~ N(m + m, o2 + 2).

Lemma 1.4 Let (X,)nen be a sequence of Gaussian random variables such that X, ~
N(mp,02). Then X,, converges in distribution if and only if there exist m € R and o > 0
such that m, — m and o, — o. In that case the limit in distribution X of the (X,) satisfies
X ~ N(m,0c?).

Definition 1.5 Let d € N and let X be a random variable with values in R%. Then we say
that X is Gaussian if for every u € R¢ the random variable

d
u-X = E ’LLij
j=1
is Gaussian.

Lemma 1.6 If X is Gaussian, then there exists m € R? and a symmetric positive semi-
definite matriz C € R>? such that for all u € RY

Efu-X]=u-m, var(u - X) = u’ Cu.
In particular, the characteristic function of X is given by
E[ei“'x] — eiu-m—(uTCu)/Q = Rd

and m and C determine the law of X uniquely. We therefore also write X ~ N (m,C). If
m = 0 we say that X is centered.

Corollary 1.7 Let m € R%, let C € R¥™? be a symmetric and positive semi-definite matriz,
and let X ~ N (m,C). Then X has a density px with respect to the d-dimensional Lebesgue
measure if and only if C' is invertible. In that case

1 1 _
px (o) = sy o (3 - O e - m). )

Corollary 1.8 Let m € R%, let C € R¥™? be a symmetric and positive semi-definite matriz,
and let X ~ N (m,C). Then the coordinates (X1, ..., Xq) are independent if and only if C is
a diagonal matrix.

Remark 1.9 If X; and Xy are Gaussian random variables with cov(X7, X2) = 0, then it is
not necessarily true that X; and X5 are independent. For Corollary 1.8 we need that (X7, X2)
is a two-dimensional Gaussian vector, which implies that X; and X5 are Gaussian random
variables but is stronger than that.

Corollary 1.10 Let m € R%, let C € R¥™ be a symmetric and positive semi-definite matriz,
and let X ~ N(m,C). Let Y ~ N(0,I) where I is the identity matriz in R4, Then X has
the same distribution as

m—i—\/EY,

where \/C is a symmetric square root of C, that is a symmetric and positive semi-definite
matriz such that /CV/C = C. In particular, for every m € R% and every symmetric and
positive semi-definite C € R4 there exists a random variable with distribution N'(m,C).



1.2 Stochastic processes

Definition 1.11 Let (E,E) be a measurable space and let T be an index set. A stochastic
process (Xi)ieT (indexed by T) with values in E is a family of random variables with values
in E. If we do not specify (E,E), then we usually mean E =R and € = B(R). The maps

T>t— X¢(w) € F, w e Q,

are called the trajectories of X.

Definition 1.12 Let (E, ) be a measurable space and let T be an index set. The Kolmogorov
sigma algebra on E™ is defined as the smallest sigma algebra with respect to which the maps

E'szw—azt)eE, teT,
are measurable. We denote it with E€T .

Lemma 1.13 Let (E,E) be a measurable space and let T be an index set. Given I € T let
us write G(I) for the sigma algebra generated by (z(t))icr, that is the smallest sigma algebra
with respect to which the maps

EY s a(t) € E, tel,

are measurable. In particular G(T) = E¥T. Then

gr=\dan= 1\ 6=\ g6dw. (6)

ICT ICT:|I|<oco teT

Moreover, G° = Urcr <00 9(1) is an algebra (but in general not a sigma algebra).

Definition 1.14 The law of X is the probability measure law(X) =P o X~ on (ET,£%T).

Definition 1.15 The family of finite-dimensional distributions of a stochastic process X in-
dezed by T is the family of probability measures (uy : I C T, |I| < o0), where we write for
IcT

:U’I = IP © (Xt)t_elja

s0 that pr is a probability measure on (ET,£21). If u is a probability measure on (ET,E9T),
then we define the finite dimensional distributions of p as those of the canonical process on
ET.

Lemma 1.16 If i and i are two probability measures on (ET,E9T) that have the same finite
dimensional distributions, that is ur = iy for all I C T with |I| < oo, then u = fi.

Theorem 1.17 (Kolmogorov’s extension theorem,)

Let E be a Polish space (complete separable metric space) and let € be the Borel sigma
algebra of E. Let T be an index set and assume that for every I C T with |I| < oo we
are given a probability measure ur on (ET,E®!). Then there exists a stochastic process X
with finite dimensional distributions (uy : I C T, |I| < o0) if and only if the (ur) satisfy the
Kolmogorov consistency relation

progey (A x E) = pr(A), Aeg®,
for all I C'T finite and allt € T.



1.3 Gaussian proceses

Definition 1.18 Let T be an index set. A real-valued stochastic process X = (Xy)er is called
a (centered) Gaussian process if for every finite subset I C T and for every (oy)ier € R! the
random variable ), ; ;X is (centered) Gaussian.

Theorem 1.19 Let T be an index set, let m : T — R, and let " be a symmetric and positive
semi-definite function. Then there exists a Gaussian process X with mean m and covariance
I, and the law of X is uniquely determined by m and I'.

Example 1.20 Let (E, &, u) be a sigma-finite measure space. Then there exists a (unique-
in-law) centered Gaussian process (£(f) : f € L?(E, u)) such that

cov(€(f),£(9)) = BIE(FE()] = /E F@)g(@)u(dz) =: (.9 2. Fr9 € (B p).

The process ¢ is called Gaussian measure with intensity p. We have for f,g € L*(E, )

E[lE(f +9) — (€(F) + £9)I°] = BIE(f + 9)°] + E[E(f)*] + ElE(9)?] (7)
—2B[E(f + 9)&(f)] — 2E[E(f + 9)&(9)] + 2E[E(f)E(9)] (8)
=(f+a,f+9r2En + [ Hreew +1(9,9) 2 9)

=2(f+ 9, 2w — 2{f + 9,9 250 + 2(f 9) L2(E ) (10)
=2(f, N2 +2(9: 9 2 + 2, 9) 220 (11)
—(fs F 2 — 209, 9 2 — 2(f, 9 r2ew =0, (12)

so that £(f +g) = &£(f) +&(g) almost surely and therefore € is a linear map from L?(E, )
to L?(Q,P). In combination with E[¢(f)?] = ||f||i2(E ,» We deduce that £ is an isometry

from L*(E,u) to L*(Q,P).

Remark 1.21 Let £ be a Gaussian measure with intensity ;1 and define the set function
G(A) = £(I4) for all A € £ with u(A) < co. Then we have G() = 0 almost surely. If
(Ap)nen is a disjoint family of sets in £ with pu(U,A,) < oo, then ) T4, converges to Iy, 4,
in L2(E, u). So since ¢ is an isometry, we obtain

G(UpAp) = €Iy, 4,) Zgh =) G(A

where the equality holds almost surely and the right hand side converges in L?(2,P). This
suggests that G might be a (signed) measure. However, this is nearly always false because we
have to be careful with the position of “almost surely”: It is in general not possible to isolate
one null set N such that for w € 2\ {0} and for every sequence (A, )nen of disjoint sets in £

the indentity
= G(4)(w) (13)

holds. Instead, the null set where (13) fails depends on the sequence (A;) and of course in
general there are uncountably many sequences of disjoint sets.



Example 1.22 The Gaussian measure on (R4, B(R4)) with Lebesgue measure as density is
called white noise. If £ is a white noise, then

By =¢(Io,q), t>0,

is a centered Gaussian process with covariance

COV(B57 Bt) = E[Bth] = E[f(ﬂ[oyt])f(]l[oﬁ])] = /]R ]I[()’t}(a:)]l[o,s] (a:)dw =sAt,

+

where we write s At = min{s,¢}. The centered Gaussian process with this covariance is called
pre-Brownian motion.

Remark 1.23 Physicists usually say that the white noise is the centered Gaussian process
with covariance E[¢(z)¢(y)] = d(z — y) for z,y € R, where § is the Dirac delta in 0. This
does not make sense rigorously, but let us see how to relate it to our definition: If £ has this
covariance, then we formally have

BlE(f)¢(g)] = B [ s [

R+

g(y)f(y)dy] _ /R  T@)EE)e)dady
(14)

(z)g(z)dz, (15)

R+
- / f@) 9@ —y)dady = [ f
Ry xRy Ry

so £ is a white noise. So formally we obtain that a white noise is a family (§(z))zer, of
independent centered Gaussian variables, such that var({(x)) = 6(0) = oo for all x € Ry. Of
course all of these manipulations are only allowed for physicists and not for mathematicians,
and in particular we cannot evaluate a white noise in a single point but only test it against
L?*(R,,dz) functions!

Lemma 1.24 Let (By)i=0 be a real valued stochastic process. Then B is a pre-Brownian
motion if and only if the following conditions are satisfied:

1. Bp = 0 almost surely;
it. for all 0 < s <t the random variable B, — By is independent of the variables (By)o<r<s;

iii. for all 0 < s <t we have By — Bs ~ N(0,t — s).

2 The Brownian motion

2.1 Continuity of stochastic processes

We say that a stochastic process X = (X;)i>0 with values in R? is continuous if all of its
trajectories are continuous.

Definition 2.1 A stochastic process (By)i>o is called a Brownian motion if it is a continuous
pre-Brownian motion. Such a process is also referred to as Wiener process.



Example 2.2 Let X be a continuous stochastic process with values in IR, and let T" be a
random variable which is uniformly distributed on [0, 1]. Then

Xy = Xi + Ly (2), t >0,

is discontinuous for all w and satisfies P(X; = X;) = 1 for all t > 0. In particular, X and X
have the same finite-dimensional distributions and thus the same law by Lemma 1.16.

Definition 2.3 Let X = (Xi)ieT and X = (Xt)teqp be two stochastic processes with values
n K.

i. We say that X is a modification of X if P(X; = X;) =1 for all t € T;

#. if outside of a null set we have X; = X, for allt € T, then X and X are called indistin-
guishable.

Definition 2.4 Define the Haar mother function x : [0,1] — R as

X(t) = To,1/2)(t) — L1 y2,1)(1)-

Forn € Ny and 0 < k < 2™ we set

Xnge(t) = 22X (2" — k) = 2" (Tjg-nj, 9-n—1(2+1)) (t) — Tp—n—1(2k 1) 2-n (1)) (1))-

We also define x—1,0(t) = Tjo1)(t). The functions (xnk :n = —1,0 < k < 2") are called
the Haar wavelets. By definition, all xy satisfy fol IXn.k(t)|2dt and it is not hard to see

that fol Xk (8)Xm,e(t)dt = 6 mdie. As an exercise you may use that the indicator functions
(Tika—n (kt1)2-n), m € No, 0 < k < 2") are dense in L*([0,1],dt) to show that the Haar wavelets
form an orthonormal basis of L*([0,1],dt).

The integrated Haar functions will play an important role in what follows, so let us
introduce the notation

t
@n,k(t) :/ Xn,k(s)d57
0

and we call (pp 1 :n > —1,0 <k < 2") the Schauder functions. Observe that for n > 0 and
0<k<2m

(' Xa) p2(0.a1.an = 272 (2F (271 (2K + 1)) = f(27"k) — f(27"(k + 1)),

which makes sense for any function f and does not require differentiability.

Definition 2.5 For o« € (0,1) and T > 0 the space of a-Hélder continuous functions is
defined as

1)~ fs)]

CU0,TLR) ={f : [0,T] = R, [[flla < o0}, where || flla = it = s

Lemma 2.6 (Ciesielski)
Let a € (0,1) and let (fnr:n > —1,0 < k <2") be real numbers such that

gr(a=1/2) =C < oo. 16
Sup max, | frk] 00 (16)



Then the series Zn’k frkPni converges uniformly and absolutely, and the limit f is a-Hélder
continuous and satisfies || flla S C.

Conversely, if f € C([0,1],R) and fos = (f, o) 2(01],a1) then

2n(a—l/2) / < .
S max, [ Xn k) 220.a1.an] S 1 lla

Remark 2.7 Since Ciesielski’s result, the relationship between many function spaces and
(wavelet) bases has been explored in countless works. For an overview see Triebel.

Lemma 2.8 Let o« € R and p € [1,00] and let (frr:n > —1,0 < k < 2") be real numbers.
Then we define

1/p
1(fai) lBg = (ZT”(“”“/” (ern,up)) — |22 (f )kl dnllee (17)
k

n
with the usual interpretation as supremum norm if p = oo. Then we get for all 1 < p <
g <00
()l ga-arm-1/0 < [ (fap)llBg-
q

Theorem 2.9 (Kolmogorov’s continuity criterion)
Let T > 0 and let (Xt)te[ng] be a real valued stochastic process such that there exists
p € [l,00), a € (1/p,1] and M > 0 with

E[|X; — X|P]V/P < M|t — s|°. (18)

Then there exists a continuous modification X of X such that for every 8 € (0,cc—1/p) there
exists a constant C = C(«, 8,T) = 0 with

E[| X[ < CAM.
Remark 2.10 Actually we never used that X was real valued, Kolmogorov’s continuity

criterion also works if X takes values in a Banach space. But to simplify the presentation we
restrict ourselves to real-valued processes here.

Corollary 2.11 The Brownian motion B exists and if T > 0, then (By)ic[o,1] is almost surely
in C*([0,T],R) whenever o < 1/2 and we even have

E[HBH%a([QT]’R)] < 09, p € [1,00).

Remark 2.12 Paul Lévy’s original construction of the Brownian motion was exactly the
same as ours, except written in a slightly different language. Translated into our terminology,
he considered a sequence (Z, ) of independent standard normal variables and defined B; =
Y ok Znkenk(t). Note that the (Z, ) have to be independent because if B is a Brownian
motion, then ((B', Xn.k) £2(j0,1],t) )nk: 1S & centered Gaussian process with

E[(B’, Xnk) £2(0,1],dt) (B's Xm.0) £2((0,1],a0)] = EIEXnk)E(Xom,0)] = OnmOk.e,

where ¢ is a white noise, we used the construction By = {(I[gy) of a pre-Brownian motion,
and also that (x, ) is an orthonormal basis of L?([0, 1], d¢)

10



Remark 2.13 The Brownian motion is only Holder-continuous on compact intervals, but not
on Ry: The variables (Bp+1 — Bn)nenN, are independent standard Gaussians, and therefore
their supremum is almost surely infinite: For any C € R

IP( sSup (BnJrl - Bn) < C) =P m {Bn+1 - Bn < C} = H P(Bn+1 - Bn < C),
nelNo neNg n€eNy

and since P(B,+1 — B, < C) = P(B; — By < C) < 1, the infinite product on the right hand
side is 0. In particular we have almost surely

B; — B B - B
sup 7| t S‘ = sup 7| ntl n| = 00

b
O<s<t<oo |t — s|¥ neNy 1«

independently of o € IR.

2.2 Path properties of the Brownian motion

Proposition 2.14

i. (—Byt)t=0 is a Brownian motion;
ii. more generally (\"1By2;)i=0 for A € R\ {0} is a Brownian motion;

it1. (Bits— Bs)i=o for s > 0 is a Brownian motion, and is independent of (B,),cjo,s] (Markov
property);

. (tB14)i=0 where we set 0By o := 0 is indistinguishable from a Brownian motion.
Theorem 2.15 With probability 1 there exists no t > 0 at which B is differentiable.

Exercise 2.16 Adapt the proof of Theorem 2.15 to show that if & > 1/2, then with probability 1
there exists no ¢t > 0 with

Why does the same argument not work for a = 1/27

Exercise 2.17 Indeed it is not true that the Brownian motion is nowhere 1/2-Hélder continuous:
there are so-called “slow points” where the Brownian motion shows an exceptional behavior. This is
beyond the scope of our lecture. But show that if ¢ > 0 is fixed, then almost surely

|Bs B Bt|

limsup —————— = o0
ot Js — 1172

Conclude that almost surely there exists no interval [S,T] with 0 < S < T on which the Brownian
motion is 1/2-Hoélder continuous.
Hint: The argumentation in Remark 2.13 might be helpful.

Corollary 2.18 With probability 1 we have for any o > 1/2

0= limsup@ < limsup@ =
t—o0 @ t—o0 t1/2

11



Proposition 2.19 (Quadratic variation)
Let t > 0 and let 0 = tf <t} < ... <t} =1t be a sequence of partitions of [0,t| with
maxo<i<k, |tjy, — ti'| converging to zero as n — oco. Then
kn—1
. 2
lim Z (Btffﬂ o Bt?) =t

n—0o00 4
=0

where the convergence takes place in L*(Q,P).

3 Filtrations and stopping times

3.1 Filtrations and stopping times

Definition 3.1 A filtration is an increasing family F = (Fi)i>0 of sub sigma algebras of F,
i.e. such that Fs C F; C F whenever 0 < s < t. In that case we write

Fo=\/F R and Fy=()F, t=0

t=0 s>t

A filtration is called right-continuous if Fyo = Fy for all t > 0. If F is a filtration we write
Ft = (]—';’)t>0 for the smallest right-continuous filtration containing I, given by

Fr=(Fe=Fs. t=0.

s>t

Note that (FT)™ = F* for every filtration.

Example 3.2 An important example is F; = 0(Xs : s < t), where X is a stochastic process.
In that case we write (Ft)i>0 = FX and we call FX the canonical filtration of X. We also
write FX+ = (FX)*. In general we have FX+ £ FX even if X is continuous and real valued:
For example we have

A :={w: X (w) has a right derivative in t} € .7-"tX+,
but in general A & F/X.

Definition 3.3 A stochastic process (Xi)i=o is called adapted to a given filtration F if X is
Fi-measurable for all t > 0.

Definition 3.4 Let IF be a filtration. An F-stopping time (or simply stopping time if there
is no ambiguity about the filtration) is a map T :  — [0, 00| such that

{T < t} € Fy
forallt > 0. If T is a F-stopping time, then we write
Fr={AeF:An{T <t} € F forallt >0} (19)

for the sigma algebra of events determined until T'.
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Exercise 3.5 Let IF be a filtration and T' a stopping time.

i.

ii.

iii.

iv.

vi.

Vii.

viii.

ix.

Xi.

Show that Fr defined in (19) is indeed a sigma algebra.

Show that if S(w) = ¢ for all w, where ¢ € [0, 00] is fixed, then S is a stopping time and F; = Fg
where Fg is defined in (19). So our definitions are conistent.

Show that T+ is a stopping time whenever ¢ € [0, 00]. We write Fry = (),5o Fr4¢. Is the same
true for T' — ¢7

Show that S is a FT-stopping time if and only if {S < t} € JF; for all ¢ > 0.
Show that
Ff={AeF:An{T <t} € F forallt>0}.
Show that T is Fr measurable.
Show that Fry = F;, where Fr = Niso Frse-
Show that if S is a stopping time with S(w) < T'(w) for all w € €2, then Fg C Fr.
Show that if S is a stopping time, then S VT and S AT are stopping times and Fgar = Fs N Fr.
Hint: Use iv. and that AN{SAT <t} =(AN{S<tHUAN{T < t}).

Show that if (T},)nen is a sequence of [F-stopping times, then sup,, T;, is a [F-stopping time and
inf,, T, is a IF"-stopping time. Moreover, Fin¢, 1,)+ = [\ F T+

Show that if S is a IF* stopping time, then there exists a sequence of F-stopping times (S, )neN
with lim,,— 00 Sp(w) = S(w) for all w € Q, such that every S,, only takes finitely many values, we
have Sp41(w) < Sp(w) for all m € N and w € Q, and Sy, (w) > S(w) for all w € Q with S(w) < 0o
and all n € N.

Hint: Take for example S,, = (k+ 1)27" on the set {S € [k27",(k+1)27")}, k=0,...,n2" — 1,
and S, = oo on the set {S > n}.

Definition 3.6 Let X = (Xy);>0 be a stochastic process taking values in a measurable space
(E,&). For A € £ we define the entrance time of X into A as

Ty(w) =inf{t > 0: X;(w) € A},

with inf ) = oco.

Proposition 3.7 Let E be a metric space and £ be its Borel sigma algebra, and let X be
adapted to the filtration IF.

1.

1.

110

If A C E is open and X is right-continuous or left-continuous, then Ty is an T -stopping
time.

If A C E is closed and X is continuous, then Ta is an F-stopping time.

If E =R, A=K, ), and X is right-continuous and increasing, then Ty is an IF-
stopping time.

Definition 3.8 A stochastic process X = (Xt)i>0 with values in E is called measurable if the
map

Q ><]:RJr > (w,t) i—)Xt(LL)) eé&

is F @ B(Ry) — & measurable.
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It is called progressively measurable if for all t > 0 the map
Qx[0,t] 3 (w,s) — Xs(w) € €

is Fr @ B([0,t]) — & measurable. The progressive sigma algebra consists of all A € F @ B(R4)
for which the process 14 is progressively measurable.

Lemma 3.9 Let (Xy)i>0 be a stochastic process with values in E.

i. If X is progressively measurable, then it is adapted and the map t — X¢(w) is B(R4+) — &
measurable for all w € €.

. If E is a topological space and X is right-continuous and adapted, then X is progressively
measurable.

Remark 3.10 If X is left-continuous and adapted, then a simple adaptation of the arguments
gives the same result as in ii.

Corollary 3.11 If T is a stopping time and Y with values in R is Fp-measurable, then the
following processes are progressively measurable:

YTirey)izo,  (Ypeyy)iso, (Y=g} )e=0-

Lemma 3.12 Let X be a progressively measurable process and let T be a stopping time. Then
w— Xp(w) is Fr — € measurable.

Corollary 3.13 If X is progressively measurable and T is a stopping time, then the stopped
process
XtT = Xiar = Xt]I{th} + XT]I{t>T}

s progressively measurable.

Definition 3.14 A filtration IF satisfies the usual conditions if IF is right-continuous and for
all t > 0 the sigma algebra F; contains all P-negligible sets (with respect to F).

Given a filtration F, we construct an enlargement FHF of F that satisfies the usual
conditions as follows: Write N'T for the P-negligible sets (with respect to F), and set

FrP =o(FFNT), t>0.

One can show that C' C Q) is in ]-'t+ F if and only if there exists A € F;" such that AAB =
(A\ B)U(B\ A) € NF. One can also show that F+¥ is the smallest right-continuous sigma
algebra containing Y, where Ff = o(F;, NT) for t > 0.

Theorem 3.15 (“Debut theorem”)
Assume that IF satisfies the usual conditions, let X be a measurable process with values in
a measurable space (E,E), and let A € E. Then the entrance time Ty is a stopping time.

Proposition 3.16 Let P be a probability measure on (0, F) and let T be a FF-stopping
time. Then there exists a T+ -stopping time T such that the set {T # TT} is P-negligible.
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3.2 Applications to Brownian motion

Definition 3.17 A d-dimensional Brownian motion is a stochastic process B = (B', ..., BY)
consisting of independent (1-dimensional) Brownian motions B, j =1,...,d.

Definition 3.18 LetF be a filtration. A (d-dimensional) F-Brownian motion is a continuous
stochastic process that is adapted to IF, and such that for all s,t > 0 the vector Biys — By is
independent of F; and has law N(0, (t — s)I) (where I denotes the identity matriz on R?).

Theorem 3.19 (Strong Markov property)

Let ¥ be a filtration and let B be a d-dimensional IF - Brownian motion. Then for any finite
stopping time T the process BT = (B4t — Br)i>0 is a d-dimensional Brownian motion and
independent of Fr.

Remark 3.20 Let 7' be a not necessarily finite stopping time with P(7" < co) > 0. Then
the proof of Theorem 3.19 still shows that

E[Lin (<} G(BM)] = P(AN{T < 00})E[G(B)]
for all A € Fry. Dividing both sides by P(T < o), we deduce that
E[l4G(B™)|T < o] = P(A|T < 00)E[G(B)],

which shows that under the conditional probability measure IP(-|T" < 0o0) the process (Bryt —
Br)i>0 (defined as 0 on the set "= o0) is a Brownian motion independent of Fp .

Corollary 3.21 (Blumenthal’s 0-1 law)
Let B be a (d-dimensional) Brownian motion and let A € F.. Then P(A) = 0.

Corollary 3.22 Let B be a one-dimensional Brownian motion. Then with probability 1 we
have for all e > 0

sup Bs >0, inf B <0.

s€[0,e] s€[0,¢]
Moreover, if for a € R we set T, = inf{t > 0 : B, = a}, then T, < oo for all a € R with
probability 1, so that in particular

liminf B; = —0o < 0o = limsup By.
t—o0 t—o0

Remark 3.23 It is a priori not obvious whether sup,c(y . Bs is measurable. To see this
recall that B is continuous, and therefore sup,¢(g ) Bs = sup¢(o jng Bs- In the following we
will often implicitly use this kind of argument when dealing with continuous (or right- or
left-continuous) processes.

Theorem 3.24 Let B be a one-dimensional Brownian motion. Then almost surely the set
Zeros = {t > 0: B; =0}

is closed and has no isolated points (such a set is called perfect). Moreover, Zeros has Lebesgue
measure zero and it is unbounded (not contained in [0,n] for any n € N).
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Exercise 3.25 Show that the complement of Zeros consist of countably many open intervals.

Exercise 3.26 Let B be a one-dimensional Brownian motion and write Sy = sup,¢(g 4 Bs. Show that
for all @ > 0 and b < a we have

P(S, > a,B; <b) = P(B; > 2a—b).

Deduce that
P(S; > a) =2P(B; = a) = P(|B| > a),

so in particular S; has the same distribution as |By|.
Hint: Consider the stopping time T, = inf{t > 0 : B; = a} and apply the strong Markov property.

4 Continuous time martingales

4.1 Path regularity

Throughout this section we fix a probability space (€2, F,P) equipped with a filtration F. A
stochastic process X is called integrable if E[|X;|] < oo for all ¢ > 0. If p > 0, then we call X
p-integrable if E[| X;|P] < oo for all £ > 0.

Definition 4.1 An adapted real-valued and integrable process X = (Xy¢)i>0 is called a
i. martingale if B[ X{|Fs] = X for all 0 < s < t;

ii. supermartingale if E[X¢|Fs] < X5 for all 0 < s < t;

iti. submartingale if B[ X¢|Fs] = X5 for all0 < s < t.

If X is a submartingale, then obviously —X is a supermartingale. For that reason we
state some of the following results only for submartingales, although they also hold for su-
permartingales.

Example 4.2 Let B be a d-dimensional [F-Brownian motion. Then
i. All components B’ are martingales for j =1,...,d:
E[B]|F,] = E[B] — Bi|F,| + B] = E[B] — Bl] + BI = 0.
i. Xy = (Bg)2 —t,t >0, is a martingale:
E[X|F] = E[(B] — B])* +2(B] — BI)B! + (B))?|Fy] —t = (t — s) + (B])* — t = X..
iii. Yy = Bng, t > 0, is a martingale if ¢ # j:
E[Yi|F] = E[(Bf — B)(B] — B)) + (B — B)BI + Bi(B] — Bl) + B{BI|F,] = Y.

ABI —22¢/2
RGN

iv. Zy =e 0, is a martingale:

E[Zt‘fs] — E[e)\(Bngg)‘J—_-S]e)\Bgf,\2t/2 (20)
_ E[GA(Bf—Bfg)]e/\Bg—AQt/ze)\Q(t—s)/2e/\B§—AQt/z — 7 (21)
= - S
by the formula E[e*U] = ¢**7*/2 for the Laplace transform of a A’(0, o) variable U.
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Example 4.3 Let ¢ be a white noise and f € L?(R,) and define X; = §(Mjo,f), t = 0. Then
X is a martingale in the filtration F; = o(X; : s < t): By orthogonality and Gaussianity we
get that (1|54 f) is independent of Fs, and therefore

E[X|Fs] = ElE[T o, f) + {1 Fs] = Xs + BT 4.0)] = Xs.

Example 4.4 Let N be a process with independent increments, such that Ny = 0 and for
all 0 < s < t the increment Ny — N is Poisson distributed with parameter \(¢ —s) for a fixed
A > 0. Then (N;y — At)s>0 is a martingale in the filtration (F3)i>0 generated by N:

B[N, — \|F.] = B[Ny — No|Fo] + No — M = A(t — s) + Ny — At = N, — As.

The process N is called Poisson process. One can show that it has a modification which is
an increasing right-continuous step function with jumps of size 1.

Remark 4.5 If X is a martingale and f is convex and such that E[| f(X;)|] < oo for all ¢ > 0,
then f(X) is a submartingale. If X is a submartingale and f is convex and increasing and such
that E[|f(X:)|] < oo for all ¢ > 0, then f(X) is a submartingale. Both of these statements
follow by a simple application of Jensen’s inequality. In particular, | X |? is a submartingale if
X is a p-integrable martingale and p > 1, and X T is a submartingale if X is a submartingale.

Definition 4.6 Let I be an index set and f : I — R. Fora < b, the number of downcrossings
of f across the interval [a,b] in I is the supremum over all n for which there exist times
Siytp € I, k= 1,...,n, such that s1 < t1 < s9 < tg < ... < 8y < t,, with f(s) = b and
f(te) <a forallk=1,...,n. We denote it with

D([avb];L f)

Lemma 4.7 (Doob’s downcrossing lemma)
Let X be a submartingale defined on a finite index set I C Ry and let T = max{t:t € I}.
Then for all a < b

B{D((a, ;1 X)] < 5

—a

E[(X7 —b)"].
Let us introduce the notation

li = i ;i = i
lim fls) =" lim f(s) lim fls) = lim f(s)
s>t s<t

and similarly limsupy, |, f(s), liminfsqy f(s), etc.

Definition 4.8 A function f: R4+ — R is called cadlag if it is right-continuous and at every
t > 0 the limit limgyy f(s) exists (but it is not necessarily equal to f(t)).

The acronym cadlag comes from French and stands for “continue a droite, limite a
gauche”, that is “continuous from the right, limits from the left”.

Exercise 4.9 Let f: Q4+ — R, where Q+ = Q N Ry, be such that for all £ € N and for all a,b € Q
with a < b we have

D(la b 0.HNQy: ) <00 and  sup  |f(s)] < oo
s€[0,E]NQ+
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Then the limit from the right

fl+) = am f(s)

exists for all ¢t > 0 and the limit from the left

flt=) = apm f(s)

exists for all ¢ > 0. Moreover, the function ¢ — f(t+), t > 0, is cadlag.

Lemma 4.10 Let X be a submartingale defined on a finite index set I C Ry and let T =
max{t:t € I}. Then for all X >0

AP (sup | X¢| = \) < 2E[X}] — E[X).
tel

Lemma 4.11 Let X be a submartingale. Then there exists a null set N such that for all
we Q\N the function (X, (w))req, has a right limit X (w) at every t > 0 and a left limit
Xi—(w) at every t > 0, and the function t — X4 (w) is cadlag.

Lemma 4.12 Let X be a submartingale and (ty)nen a decreasing sequence of positive num-
bers. Then the family (X4, )nen is uniformly integrable.

Definition 4.13 Let (Gy)ne—N, be a family of sigma algebras with G,—1 C G, for all n €
—No ={0,-1,-2,...}. An integrable process (Y )ne—n, which is adapted to (Gy,) is called a

i. backward martingale if E[Y,|Gn_1] = Yn—1 for alln € —Ny;

it. backward submartingale if B[Y,|Gn-1] = Yn—1 for all n € —Nj.

Lemma 4.14 Let (Y,)ne—n, be a backward submartingale with lim,_,_ o E[Y,] > —oco. Then
(Yy,,) is uniformly integrable.

Theorem 4.15 Let X be a submartingale in a right-continuous filtration IF. We define

Y;(w) :{ ‘S(tJr(w)’ lcfglg.iit,SEQjL XS((.U) exists,

Then
1. Y is a submartingale and almost surely cadlag;

i. there exists a modification Y of Y which is adapted to FY and for which all trajectories
are cadlag; moreover Y is a FF -submartingale;

1. for allt > 0 we have X; <Yy almost surely;

iv. Y is a modification of X if and only if the map t — E[X}] is right-continuous (in partic-
ular if X is a martingale because then E[X;] = E[Xy] is constant in t).
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4.2 The stopping theorem
Proposition 4.16 (Doob)

1. If X is a right-continuous submartingale, then we have for all T > 0 and A > 0

1 1
P(sup X; >\ < —E[X]], P(sup X; > \) < ~sup B[X,"].
+€[0,T] A >0 A >0

1. If X 1s a right-continuous martingale, then we have for all T > 0 and A > 0

1 1
P(sup |Xi| > ) < SBIXrl,  Plsup|Xi| > )) < 5 sup BIIX])
te[0,7) t>0 t=>0

and for all p > 1

» \*
1) sup E[| X¢|].
>0

P
E[ sup [X.J"] < (p) EXrP,  Blsup|Xi/ <(
te[0,T] p—1 £0

Proposition 4.17 Let X be a right-continuous submartingale with sup; E[X,] < co. Then
there exists a random variable Xoo € L' with lim;_.o X; = Xoo almost surely.

Example 4.18 Without having a condition like sup,( E[X;"] < oo convergence can fail: For
example the Brownian motion does not converge because

—o0 = liminf B; < lim sup B; = oo.
t—o0 t—o00

If X is a martingale that converges, then we do not have in general E[X ] = [E[X(]. Consider
for example X; = exp(B; — t/2), which is a positive martingale and therefore almost surely
converges. But we know from Corollary ?7? that given o € (1/2,1), for almost every w €
there exists C'(w) > 0 with |By(w)| < C(w)t® for all t > 0, so

lim X; < limsupexp(C(w)t* —t/2) =0,
t—o0 t—00
and of course 0 # 1 = E[X}] for all ¢ > 0.

Proposition 4.19 For a right-continuous martingale X the following conditions are equiva-
lent:

a) The family (X;)i>o is uniformly integrable (we say X is a uniformly integrable martingale);
b) X; converges almost surely and in L' to a limit Xo, ast — oo;

c) there exists Y € L' with X; = E[Y|F] for allt > 0.

In that case we can always take Y = X.

Corollary 4.20 Let X be a right-continuous martingale and p > 1 such that

sup E[| X¢[P] < oo.
=0

The we call X bounded in LP, and X is uniformly integrable and

p \? p \?
Efsup | X,J"] < () B[ Xo 7] = () sup E[[X,]”] < .
>0 p—1 p—1/) >0
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If T is a stopping time and X a right-continuous submartingale with sup,-oE[X;"] < oo
(which is in particular the case if X is a uniformly integrable martingale), then we define

X1 (w) = Lp)<oo} X1(w) (W) + L7 (w)=o0) Xoo (W)

Theorem 4.21 (Stopping theorem for u.i. martingales)
Let X be a right-continuous uniformly integrable martingale and let S and T be stopping
times with S < T. Then Xg and X7 are in L' and we have

E[X7|Fs] = Xs.

Corollary 4.22 (Stopping theorem with bounded stopping times)
Let X be a martingale and let S, T be stopping times with S < T < K for some K € R.
Then Xg, X1 € L' and
E[X7|Fs] = Xs.

Corollary 4.23 Let X be a right-continuous martingale and T be a stopping time. Then the

stopped process
Xl’ﬁT = Xt/\Ta t > 07

is a martingale. If X is uniformly integrable, then XT is as well and we have
X' = Xior = B[Xp|F], t>0.

Theorem 4.24 (Stopping theorem for positive supermartingales)
Let X be a right-continuous positive supermartingale. Then

i. there exists a random variable Xoo € L' with limy_,oo X; = Xoo almost surely;
1. if S <T are stopping times, then

E[Xr|Fs] < Xs;

iii. the process X} = Xiar, t >0, is a supermartingale.

Exercise 4.25 Let X be a positive supermartingale. Show that X is a uniformly integrable martingale
if and only if E[X] = E[X].

Proposition 4.26 Let B be a Brownian motion and write T,, = inf{t > 0 : B, = z} for
x € R. Let a,b> 0. Then

a
a+b

b
IP(Tfa < Tb) - m, ]P(Tfa > Tb) -

5 Continuous semimartingales

Throughout this section we assume that our filtration F' satisfies the usual conditions. By
being careful, it is possible to develop the entire theory that follows without this assumption,
but doing so would complicate the presentation and as the material is already technical enough
as it is, we prefer to work under the usual conditions..
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5.1 Processes of finite variation

Definition 5.1 Let 0 < s < t < co. A continuous function a : [s,t] — R is of bounded
variation on [s,t] if there exist two increasing functions a(+) and a(—) such that a = a(+) —
a(—). A continuous function a : Ry — R is of finite variation if a(0) = 0 and alj 7 is of
bounded variation whenever 0 < T < 0o.

If a:[0,7] — R with a(0) = 0 is of bounded variation, then a(+) and a(—) are of course
not unique: we can add any increasing function to both of them. But there is a minimal
decomposition that is unique: First note that a(+) and a(—) are the “distribution functions”
of two measures, determined via

pe(0,) = a(#)(®)  and - (10,4]) = a(=)().

So pt = p4 — p— is a signed measure on ([0,77,B([0,77)), i.e. a set function p : B([0,7]) — R
such that p(0) = 0 and p(UpAy) =Y, t(Ayn) with absolutely converging series on the right
hand side whenever (Ay,)y is a sequence of disjoint sets in B([0,7]). Therefore, there exists
a unique Jordan decomposition of u, denoted by abuse of notation again by u = uy — pu—,
where p4 and p— are still positive measures, but now they are also mutually singular (there
exists By € B([0,T]) with py = p4(-NBy) and p_ = p_(- N BYT)).

Definition 5.2 Let a be of finite variation and let i be the signed measure associated to it.
The total variation of u is the measure

|/‘L| = K+ +/'L—7

where (p4, u—) is the Jordan decomposition of . We also call

V(a)(t) = p+([0,2]) + p—([0, ])

the total variation of a, and we write a(+)(t) = p+([0,t]) and a(—)(t) = p—([0,t]). Then
a(+) and a(—) are increasing functions with a = a(+) — a(—), and if f and g are increasing
functions with a = f — g, then a(+) < f and a(—) < g.

Note that
(1W(B)| = |p+(B) — p—(B)| < p4(B) + p—(B) = |u|(B)

for all B € B([0,T]). Since a is continuous, also V'(a) is continuous because p({t}) = u4({t})—
pu—({t}) = 0 for all ¢ > 0, which by the mutual singularity of py and p— yields py ({t}) =
p—({t}) =0 for all ¢ > 0. Similarly we get V(a)(0) = 0.

Proposition 5.3 Let a be of finite variation. Then we have for all t > 0

n—oo

n—1
V(a)(t) = sup Z la(tj+1) —a(t;)| :neN,0=ty < ... <t, =t = lim V"(a)(t),
=0

where

Vi@t = Y la((k+1)/n) —a(k/n)].

k:(k+1)/n<t
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Definition 5.4 Ifh: Ry — R is measurable and satisfies f(;f |h(t)||p](dt) < oo for allT > 0,
then we set

| ns)aate) = [ Toa(o)h(sn(ds) = / RCLCTER / T (- (as),
t>0, and .
[ v @) = [ Tog@h)n@s),
0 Ry

Both [y h(s)da(s) and [y h(s)dV (a)(s) are of finite variation and the associated measures are
h(s)yu(ds) and h(s)|ul(ds).

Example 5.5 If a € C'(R,R), then a is of bounded variation and we have for ¢ > 0

/Oth(s)da(s):/Oth(s)a’(s)ds, /h )V (a /h J[a/(s)|ds.

Indeed it suffices to note that the measures a’(s)ds and p assign the same value f '(s)ds to
any interval (u,v] C Ry.

Lemma 5.6 Let a be of bounded variation on [0,T], let h : [0,T] — R be left-continuous
and bounded and let 0 = t§ < ... < t{n = T be a sequence of partitions of [0,T] with
maxg<n, [tj,; — th] = 0 forn — co. Then

N™—1

T
| woaato = i > Hsaltyen) = alty)

Definition 5.7 A stochastic process A = (At)i>0 1S a process of finite variation if it is adapted
and the function A(w) is of finite variation for all w € Q. In that case we write A € A. If
furthermore A(w) is increasing for all w € Q, we write A € A™.

Proposition 5.8 Let A € A and let H be a progressively measurable process such that for
allweQ and allt >0

/0 |Hg|(w)dV (A)s(w) < oo

(H - A)y(w) = /0 H,y(w)d Ay (w)

defines a process of finite variation.

Then

Remark 5.9

i. We will often only have the condition fg |Hg|dV (A)s < oo satisfied outside a null set. In
that case we set

{ ¥ Hy(w)d Ay (w), f?T |Hy|(w)dV (A)4(w) < oo for all T > 0,

which still defines a finite variation process because we assumed our filtration IF to satisfy
the usual conditions, so altering a process on a null set does not change its adaptedness
properties.
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ii. If almost surely fg |Hg|dV (A)s < oo and fot |GsHs|dV (A)s < 00, then we have
G-(H-A)=(GH) A,
which holds because (H - A) is a finite variation process associated to the measure Hqdy,
where p is the measure associated to A.
5.2 Local martingales and their quadratic variation

Definition 5.10 An adapted continuous process M is called a local martingale if there exists
an increasing sequence of stopping times (T,,) with lim,_,o T, = 0o almost surely, such that
all of the stopped processes M are martingales. In that case we write M € Moo and call
(T},) a localizing sequence for M.

Any increasing sequence of stopping times (Sy) with lim,_, S, = oo almost surely is called
a localizing sequence. We also write M for the set of all continuous uniformly integrable
martingales.

Remark 5.11

i. We do not require that local martingales are integrable.
ii. Every continuous martingale is a local martingale. It suffices to take T}, = oc.

iii. If M € My, (respectively M € M) and T is a stopping time, then M7 € M), (respec-
tively M € M): apply the stopping theorem and note that (M7T)Tn = (MT»)T,

iv. If M € M, is localized by (7),) and (S,) is a sequence of stopping times with S, < 7T,
for all n € N and lim,,_,o, S,, = 0o almost surely, then (S,) is also a localizing sequence
for M (apply the stopping theorem).

v. For every M € M), there exists a localizing sequence of stopping times (7},) such that
M™ € M for all n € N. (Take T}, = S, An for a localizing sequence (S,,) for M).

Proposition 5.12 Let M € M.
1. If M 1is positive, then it is a supermartingale.
ii. If there exists Z € L' with My < Z for allt > 0, then M € M.
iii. If My =0, then T, = inf{t > 0: |My| > n}, n € N, is a localizing sequence for M.

Remark 5.13 Given point ii. one might be lead to believe that a local martingale M for
which (My)=0 is uniformly integrable is always a martingale. This is false, as Exercise ... will
show!

Lemma 5.14 Let M € AN Mo.. Then almost surely My =0 for all t > 0.
Remark 5.15 This lemma shows that any nontrivial continuous martingale is almost surely

of infinite variation. For discontinuous martingales this is not at all true: Recall for example
the compensated Poisson process of Example 4.4.
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Theorem 5.16 Let M € M,.. Then there exists an increasing process (M, M) € AT,
unique up to indistinguishability, such that M? — Mg — (M, M) € My,.. We call (M, M) the
quadratic variation of M.

Remark 5.17 We will later see that if (T} : n,k € Np) is a family of stopping times with
0=17 < T < T3 < ...and limy_,o T}’ = oo for all n and such that for all ¢, K > 0 we

have
: . n _ qm n —
nh_r}r;o]P(Elk: : ‘Tk+1 | > g, Ty, < K) =0,

then

n—00 k+1

o
(M,M); = lim Z(MT" At — MTg/\t)27 (22)
k=0

where the convergence is in probability, uniformly in ¢ on any compact set. A typical example
of stopping times 7}’ that satisfy these assumptions are the deterministic times T}' = k/n.

Lemma 5.18 Let M € M with E[M2] < oo, let (T))rex be an increasing sequence of
stopping times with limg_,o Ty, = 00, and let C' > 0 be such that for every k the random
variable Hr, is Fr,-measurable and satisfies |Hr, | < C. Then for

[e.e]
Hy =Y Hplg,r,,)(t), t=0,
k=0
we define

o
(H- M) = ZHTk(MTk+1/\t — Mr, pt), t>0,
k=0

which is a martingale in M that satisfies

Elsup |(H - M),[*] < 4C*(E[MZ] — B[Mg]).

=0
Remark 5.19 In the proof we showed that whenever T is a stopping time, then
(MT, M™y = (M, M)*
by the uniqueness of the quadratic variation. Moreover, we have
(M, M) = (M — My, M — My).
Theorem 5.20 Let M € My with My = 0.

1. The following conditions are equivalent:

a) M € M and M is L*-bounded;
b) E[(M, M)] < co.

In that case M? — (M, M) € M and in particular E]M2] = E[(M, M)].
1. The following conditions are equivalent:

a) M is a martingale and E[M?] < oo for all t > 0;
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b) E[(M,M);] < oo for allt > 0.

Proposition 5.21 Let M € M. be such that (M, M) is indistinguishable from 0. Then
M; = My almost surely for all t > 0.

Definition 5.22 Let M, N € Mjo.. Then we define
1
(M, N) = (M + N, M+ N) ~ (M~ N,M ~ N)) € A

and call (M, N) the quadratic covariation of M and N.

The definition of (M, N) is in analogy to the formula

1 1
<ay>=(<etyrty> - <z-yr-y>)=(lz+yl - e yl?)

which links the inner product and the norm on a Hilbert space. Note that once we proved
the convergence (22) for all local martingales, it will follow directly that

[e.e]

(M,N); = lim Z(MT,;LHM — Mypae)(Nrp e — Nopat)-
k=0

Proposition 5.23 Let M, N € Mjqc.

i. (M, N) is the unique (up to indistinguishability) process in A for such that M N — MyNy—
(M, N) is a local martingale.

it. The map (M,N) — (M, N) is bilinear and symmetric.
iii. If T is a stopping time we have (M, N)T = (MT /NT) = (MT N).
. (M,N) = (M — My, N — Np).

v. If M and N are L?-bounded martingales, then MN — MqNg — (M, N) € M, and in
particular (M, N)oo = limy_,oo (M, N); exists and satisfies

E[<M7 N>oo] = E[MooNoo] - E[MONO]'

Example 5.24 If B! and B? are independent Brownian motions we have seen that B'B? is
a martingale, so we must have (B!, B2) = 0.

6 Stochastic integration

Let (Q,F, (Ft)t>0,P) be a filtered probability space, where (F¢)¢>0 is a filtration satisfying
the usual conditions, and let B be an (F;)-Brownian motion. We want to define the integral
fg ¢sdB; for a suitable class of processes ¢. The Brownian motion is not of finite variation,
we cannot define it path by path.

6.1 Integration against Brownian motion

Before defining the stochastic integral against Brownian motion, we need to introduce the
stochastic integral for elementary processes.
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6.1.1 Stochastic integration for elementary processes

Definition 6.1 An elementary process is a process of the form ¢; = Z?:_ol i Ly, 10,01 (1),
t >0, where n € N, u; is a bounded and F;,-measurable random varibale and 0 < tg < t1 <
<t

We denote by £ the set of elementary processes. For ¢ € € and 0 < t < oo, we define the
stochastic integral of ¢ against B by:

n—1

t
/ ¢sdBs == Zuz’(BtH_l/\t - Bti/\t)-
0 i=0

H?2 denotes the set of L2-bounded continuous martingales M such that My = 0. The following
proposition gives important properties of the stochastic integral defined above.

Proposition 6.2 Let ¢ € £. Then
t t
M, ;:/ $sdBs,t > 0, belongs to H? and for all t > 0, (M, M), :/ P3ds.
0 0

In particular,

E[/Ooogésst] =0 andE[(/oooqbsst)?} :E[/Ooogﬁds]

6.1.2 Stochastic integration against Brownian motion

We introduce A? := L*(Ry x €, Prog, A ® P) as the set of progressively measurable real

1/2
valued processes (¢¢):>0 such that ||¢|x2 := (E[fooo gbgds}) < 0o. Note that (A2, ||.|[x2) is
a Hilbert space. Since & C A%, the map

I:¢p— I(6) ::/0 ¢sd By

is a linear isometry on &, then it is uniquely extended to a linear isometry on €. In the next
propositon, we identify £.

Proposition 6.3 £ is dense in (A2, ||.|[52).

Consequently, the linear isometry I is extended to a linear isometry on A2, denoted again I.
This is the aim of the following theorem.

Theorem 6.4 There exists a unique linear map I : A?> — L*(Q, F,P) such that:

i) For all ¢ € A2, ||1(9)l|12(0) = 4]l a2-

ii) Let s <t. If ¢ := ul(sy, where u is an Fs-measurable random variable, then

In addition, E[I(¢)] = 0.

26



We write I(¢) = [ ¢sdBs and we call 1(¢) the stochastic integral of ¢ against B on R.
For t > 0, we set A*(t) := L*([0,1] x Q,Prog, N|gy ® P). Then, we define fg ¢sdBs as
follows:
If € A%(t), the process (Ljo,g(s)9)s belongs to A?, and we define

t 00
/ ¢sdBs 5:/ IL[0,15](8)(1)561-83-
0 0
In this case, we have the following.

iii) B [y 6saB,| = 0 and B[( J; qssst)?} —B| Jy ¢ds|.

i) If 6,0 € A2(t), then ]E[/Ot ¢dBs /Ot deBS} :E[/Ot qﬁszpsds]

For ¢ € A2 and t > 0, M, := fg $sdBy is a class of L? (since it is defined up to an equivalence).
Thus, a natural question is to find a continuous version of M. This is the aim of the next
theorem.

Theorem 6.5 For all ¢ € A2, there exists M € H? such that for all t, M; = fot ¢sdBs almost
surely and M? — fg $2ds is a martingale.

From now on, for ¢ € A2, ( fg gbsdBS) will denote the continuous martingale M such that
t

for all ¢, M; = fot ¢sdBs almost surely. M is called the stochastic integral of ¢. Its main
properties are given in the following corollary.

Corollary 6.6 Let ¢ and ¢ € A2. Fort >0, set M; := fot ¢sdBs and Ny := fg PsdBs.
a) (M,N); = fg ¢ssds and MyN, — (M, N); is a martingale.
b) If T is a stopping time, then E[MtTNtT} = E[ DMT qﬁswsds]

6.2 Stochastic integration against general local martingales

Let (Q,F, (Ft)t>0,P) be a filtered probability space, where (F¢)¢>0 is a filtration satisfying
the usual conditions.

6.2.1 Stochastic integration against L?>-bounded martingales

By Theorem 5.20, if M € H2, then E[(M, M)] < co. Thus, for M, N € H2, we have
E[(M, M)] < oo using Theorem 6.7. Consequently, we can define a scalar product on H2 by
setting (M, N)y2 := E[(M, M)]. We can easily check that |[.|[42 is a norm since by using
Lemma 5.14 (and identifying indistinguishable processes), we have that [|[M|y2 = 0 if and
only if M = 0.

Now, we give an important inequality which is a generalization of Cauchy-Schwarz in-
equality to integrals against the quadratic covariation of local martingales.

Theorem 6.7 (Kunita- Watanabe inequality)
Let M, N € M. and let H and K be measurable processes. Then
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/ H K d(M, N,
0

< Oo]Ht|2d<M,M>t v OO|Kt|2d(N,N>t 1/2. (24)
(] ) ( )

Now, we are in position to define the stochastic integrals against L?-bounded martingales.

< / | HI AV (M N, (23)
0

Definition 6.8 For M € H2, we set L?>(M) := L*(R4 x Q, Prog,dPd(M, M)), the space of

c

progressively measurable processes H satisfying the condition E[fooo H2d({M, M>s] < 00.

First, note that L?(M) is a Hilbert space for the canonical scalar product defined be (H, K) 12y :=
]E[fooo HyKsd{M,M)s|. Then, we give a density result which will be a key tool in the con-

struction of the stochastic integral against L?-bounded martingales. We recall that £ denotes
the set of elementary processes.

Proposition 6.9 For all M € H2, € is dense in (L*(M), -l z2a)-

Now we define the stochastic integral for an elementary process H against M € H2.
Definition

Let M € H?2. For all H € € i.e. of the form H := Zf;& Hily,, we define the stochastic

ti+1] )
integral of H against M by
p—1
(H-M); =Y Hi(My,n— Myp),  t20,
i=0

Proposition 6.10 For M € H? and H € £, we have
i) H-M € H2.
ii) For all N € H2,
(H-M,N)= /OtHSal(M,N)S =H - (M,N).

Theorem 6.11 Let M € H?. The map H € £ — H - M is uniquely extended to a linear
isometry on L*(M) with values in HZ2. In addition,

i) H - M is characterized by the equality:

For all N € H2,(H-M,N) = H - (M, N).

it) If T is a stopping time we have
(Hlpg) M= (H-M)"=H-M".

With the integral notation, we write:

t tA\T t
For autzo,/ HIL[(]’T])dM:/ HdM:/ HdM™".
0 0 0
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Proposition 6.12 Let M € H? and K € L*(M), H € L*>((K - M)). Then HK € L*(M)
and

(HK) M) = (H - (K- M)).
We should read this formally as

/HSKSdMs:/Hsd (/ KrdMT> .
0 0 0 s

Remark 6.13 Let M,N € H? and H € L*>(M), K € L?>(N). Then for all ¢ € [0, 0]
E[(H-M)] =0, E[(H M)}(K-N)] [/ H,K,d(M, N), ]

so in particular

E[(H - M)?] [/ H2d( MM)}

6.2.2 Stochastic integration against general local martingales

Definition 6.14 For M € M. with My = 0, L?(M)y,. denotes the set of progressively
measurable processes H such that for all t <0, fg Hfd(M, M)s < oo almost surely.

Theorem 6.15 (Localization of the stochastic integral)
Let M € Moe with My = 0 and let H € L _(M). Then there exists a unique process
H-M = [ HdM, € Mio such that (H - M)y =0 and for all N € My

(H-M,N)=H-(M,N).
If T is a stopping time we have
(Hlpg) M= (H-M)" = (H-M").
IfKeL} and He L} (K-M), then HK € L} (M) and
H. (K- -M)=(HK) M.

If M € H? and H € L*(M), then H - M is the same process that we constructed in Theorem
6.11.

Remark 6.16 Let M € My, and H € L2 _(M). If E [fg H2d(M, M)S} < oo forallt >0,
then H - M is a martingale and

E[(H-M)] =0, E[(H-M)? [/ H2d( MM>} t>0.

If even E [ [7° H2d(M, M),] < oo, then H - M € H2. This follows from Theorem 5.20.
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6.3 Ito’s formula
6.3.1 Continuous semimartingales

Definition 6.17 Recall that a continuous semimartingale X is an adapted process
X =Xo+ M+ A,

where M € Mo with My = 0 and A € A (so in particular also Ag = 0), and that this
decomposition is unique because AN Mo = {0}. If X is a semimartingale and H € L% (M)
is such that almost surely

t
/ [HL|AV (A), < o
0

for allt > 0, then we define
(H-X) ::/ HydXs:=(H-M)+(H-A).
0

In that case we write H € L(X).

Remark 6.18 Let Hs(w) = Zf;ol Hi(w)Ly, 1., (8) with Fy,-measurable H;. Then H € L(X)
for any continuous semimartingale and

p—1
(H-X)i =Y Hi(Xene — Xeont).
=0

Indeed it suffices to show the equality for X = M € M), because it is obvious for the finite
variation part. Then the only difficulty is that H ¢ £ because we did not assume the H; to
be bounded. So let T}, := inf{t > 0: [H¢| > n}. Then Hl|y,) € £ and

p—1
(H-M)™ = (HTjorp,) - M = Hilgy e,y (M, 00 — M)
i=0

Now simply let n — oo.

Proposition 6.19 Let X be a continuous semimartingale and H be adapted and continuous.
Then H € T(X) and if t >0 and 0 = 1§ < ... <ty =1t is a sequence of partitions of [0,1]
with limy, o max{[t}, | — ][} = 0 (we say the mesh size of the partition goes to zero), then

pn—1 S
ti sup | Y i (X, e — Xgao) = [ H,AX,
0

n—oo s<t =0

=0,

where the convergence is in probability.

Definition 6.20 Let X = Xg+ M + A andY =Yg+ N + B be continuous semimartingales.
Then we define
(X,Y):=(M,N).
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Proposition 6.21 Let X,Y be continuous semimartingales. Let t > 0 and 0 =t < ... <
ty, =t be a sequence of partitions of [0,t] with lim, . max{[t} ; —t}!|} = 0. Then

pn_l
nll_{gosgg kg 0 Xepns,tn,  nsYepnse, ns — (X, Y)s| =0,

where the convergence is in probability. Here we introduced the notation

T 1= Zy — Zu.

6.3.2 Itd’s formula

Theorem 6.22 (Ité’s formula)

Let X = (X',..., X% be a d-dimensional continuous semimartingale (i.e. every X' is a
continuous semimartingale) and let F € C*(R%, R). Then F(X) is a continuous semimartin-
gale and

F(X;) = F(Xo) +Z/ OF(X,)dX! + = Z/ 9;0;F(X5)A(X", X7)s, t>0. (25)

1,j=1

Remark(for tutorial)
If x € C1([0,0),R), then the fundamental theorem of calculus gives for f € C*(R,R)

)~ fGao) = | 0, F(a))ds = / () Ohds = / ' f(es)des.

The fundamental theorem of calculus is shown by considering telescope sums. So let us try
to mimick the proof say for x replaced by a Brownian motion B. Then formally

F(B) = f(Bo) = Y _(f(Biyar) — f(Br) = > _{f'(Be)(Brrar — Br) + O((Bryar — Br)*)}.

dt dt

But now very formally (Byyq; — B;)? = O <(\/CT ) > = O(dt), so we cannot hope the second

contribution to vanish. Instead we need to go one order higher in the Taylor expansion and
get

F(B) = f(Bo) =) {f/(Bt)(Bt—i-dt — By) + %f”(Bt)(BH-dt — B)* + O((Btyar — Bt)g)} :
at

Now the last term should be of order (dt)®/? and thus its contribution should vanish, and
since >_ 4, (Btyatr — Bt)? = (B)t = t, we guess

F(By) — (By) = /f dB+/f”

which is exactly It6’s formula which involves the additional second order term compared to
the smooth setting. Now it only remains to make this formal argumentation rigorous in the
general semimartingale setting, which is not much more difficult than what we sketched above.
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Corollary 6.23 (Integration by parts)
If X andY are continuous semimartingales, then

t t
X,Y; = XYy + / XY, + / YadXet+ (XY}, £30,
0 0
and in particular
t
X} =X2+ 2/ X, dX, + (X, X);, t>0.
0

If M is a local martingale, we find again that
M? — MZ — (M, M) = 2/ M,dM,
0

s a local martingale.

Remark 6.24 If B is a d-dimensional Brownian motion, then (B, B), = §; ;t, and therefore
Ito’s formula applied to F : Ry x R? — R and the d-dimensional semimartingale (¢, B)i>0
gives

d_ rt t
A 1
F(t,B,) = F(t, Bo) + Z/ 8 F (s, B,)dB: +/ <65F(s, X,) + 2AF(5,XS)> ds, t>0,
=170 0
where AF(z) = Z;i:l O2F (z) is the Laplacian of F.

In the following we will apply It6’s formula also to complex valued functions, which can be
done by treating the real and the imaginary part separately. Similarly, a complex valued
continuous stochastic process is a (local) martingale if its real and its imaginary part are both
(local) martingales.

Proposition 6.25 Let M € Mjo. and A € C. We set
EAM) := exp(AM; — N2(M, M);/2), t>0.

Then E(AM) is a local martingale and solves the stochastic differential equation
¢
EMM); = Mo 4 ) / E(AM),d M.
0

For A\ =1 we call E(M) the stochastic exponential of M.

6.3.3 Some applications of It6’s formula

Theorem 6.26 (Lévy’s characterization of the Brownian motion)

Let X = (X',..., X% be a d-dimensional adapted continuous process with X =0 for all
1. Then X is a d-dimensional IF-Brownian motion if and only if the following two conditions
hold:

i. All components X' are local martingales and
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di. (X' XT)y =6; it for allt > 0.

In particular, a continuous local martingale M with My = 0 is a Brownian motion if and only
if (M, M)y =t. This is false if M is allowed to jump!

Lemma 6.27 Let M € Myo.. Then M and (M, M) almost surely have the same intervals of
constance. That is, for almost all w € Q we have for all 0 < s <t

M, (w) = Ms(w) for all r € [s,t] & (M, M) (w) = (M, M)s(w).

Theorem 6.28 (Dambis, Dubins-Schwarz)
Let M € My with My = 0 and (M, M) = oo almost surely. Then there erists a
Brownian motion 8 such that almost surely

M = By t>0.
In other words, M is a time-changed Brownian motion.

Remark 6.29 i. The assumption (M, M), = oo is not necessary, but without it we might
have to enlarge the probability space (think of || = 1, F = {0,Q}, M = 0). See
Revuz-Yor Theorem V.1.7 for a proof.

ii. The Brownian motion 3 is in general not adapted to our original filtration, but instead
to a “time-changed filtration”, as we will see in the proof.

Theorem 6.30 (Burkholder-Davis-Gundy)
For every p > 0 there exist c,,C, > 0 such that for all M € M. with Mo = 0 and all
stopping times T

(M, M) < Blsup |Mil?] < CoBI(M, M)
i<
Now we will establish that if the filtration on €2 is the natural filtration of the Brownian

motion, then all martingales can be represented as stochastic integrals against this Brownian
motion.

Theorem 6.31 (Martingale represntation theorem)

Assume that (Fi)¢>o s the natural (completed) filtration of the standard Brownian motion
B. Then, for all random variable Z € L?(S), F,), there exists a (unique) process h € L*(B)
(in particular progressively measurable then adapted) such that:

Z =R[Z] +/ hsdBs.
0

Consequently, for any continuous L*-bounded martingale (respectively for any M € M),
there exists a (unique) process h € L?(B) (respectively h € L2 (B)) and a constant C € R
such that:

t
M, = C+/ hedBs.
0

33



Lemma 6.32 Under the assumptions of the previous theorem, the vector space generated by
the random wvariables

n
expiZ)\j(Btj —Btj+1), forO=ty <ty <...<ty, and A1,...,\y € R,
j=1

is dense in La,(Q, Foo).

6.4 Girsanov’s theorem

[t6’s formula explores how a semimartingale is transformed when we apply a smooth trans-
formation. Girsanov’s theorem study the question how a semimartingale is transformed when
we apply a change of the probability measure P.

Throughout this section, (2, F, (Ft)i>0,P) denotes a filtered probability space, where (F):>0
is a filtration satisfying the usual conditions.

6.4.1 Stochastic logarithm

The martingale property is related to the probability used: if we change P into (), a martingale
under P has no reason to be a martingale under Q.

In this section, we study how a semimartingale behaves under a change of measure from P to
Q. We will write X is a P-martingale, or is a (F;, P)-martingale. We also write Ep for any
expectaction under P.

In the sequel, Q << P on F,. This implies that for all t > 0, Q) << P on F;. We denote by
D; the Radon-Nikodym derivative of Q w.r.t. P on F;.

Proposition 6.33 (Radon-Nikodym derivative process)
1) D is an (Fy)-martingale uniformly integrable.
2) D has a cadlag modification. For this version and for any stopping time T,

dQ

Dp = 22 5
T= gl

3) If Q@ ~ P on Fu, then almost surely for allt > 0, Dy > 0.

In the sequel, we assume that D has continuous trajectories.

Proposition 6.34 (Stochastic logarithm) Let D € Mo and positive. Then, there exists a
unique L € Mg, called the stochastic logarithm of D, such that for all t > 0,

1
forallt >0, Dy =exp{L; — §<L,L>t}.

Moreover, L satisfies:

¢
for allt >0, Ly =log Do + / Ds_lst
0
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Proposition 6.35 (P-martingale and Q-martingale)

Let Q ~ P and L be the stochastic logarithm associated to the martingale Dy = %L}‘t that
we assume to be continuous. Let X be a continuous adapted process and T be a stopping time
such that (X D)7 is a P-martingale. Then, X T is a Q-martingale.

In particular, if XD is a P-martingale, X is a Q-martingale.

6.4.2 Girsanov’s theorem

Theorem 6.36 (Girsanov’s theorem)
Let Q@ ~ P and L be the stochastic logarithm (assumed continuous) associated to the
martingale
dQ

= a7
If M is a continuous adapted (F; — P)-local martingale, then the process

Dy

M := M — (M, L)
is a continuous (Fy — IP)-local martingale.

Remark 6.37 i) Under the assumptions of the previous theorem and denoting M =
Gg(M ), the map Gg satifies the following.

- Gg send the set of continuous P-local martingales into the set of continuous Q-local
martingales.

~ G20 GE =1Id.

— Gg commutes with the stochastic integral.

ii) A continuous (F; — IP)-local martingale M is a continuous (F; — @)-semimartingale, by
the decomposition M = M + (M, L).

iii) Under the assumptions of the previous theorem , the classes of continuous (F; — P)-
semimartingales and continuous (F; — @)-semimartingales coincide.

iv) Let X and Y be two continuous semimartingales ( with respect to P or @)). Then, the
quadratic covariation (X,Y’) remainds unchanged under P or Q.

v) Let T'> 0 and Fic[o7] be a given filtration satisfying the usual conditions.
If @ ~ P, we define as previously the martingale D;c[o.7), and if D has a continous
version, we define the martingale (Ly)yc[o, 7). Then, the analogue of the previous theorem
(Girsanov) reminds true for [0, 7.

Corollary 6.38 (The Cameron-Martin formula) Let T > 0, let B be an (F; — P)-Brownian
motion and f € L*([0,T)). Then, we have the following.

1) The random variable

Dy =exp { /OTf(s)dBS - % /OT f(5)2d8}

is a probability density defining a probability measure Q (by dQ = DpdP).
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2) The process
tAT

B? = By — f(s)ds
0

18 a Q-Brownian motion.
That is , under @, the P-Brownian motion is written as
tAT

B, = BtQ + f(s)ds.
0

Example 6.39 (The supremum of a drifted Brownian)
To study the distribution of the supremum of B; := By + bt on [0,T], it is sufficient to
know the distribution of (Br,sup,<r B;). Indeed, by the Cameron-Martin formula,

1
]P[fllg(Bt + bt) > .73] = E]P [exp {bBT - §b2T}ﬂ{Supt§T(Bt)Zw}] .

7 Stochastic differential equations (SDEs)

In this chapter, we deal with Brownian Stochastic differential equations (SDEs in short). In
next section, we motivate the study of SDEs as a generalization of

7.1 Introduction and definitions

Standard differential equations rule may deterministic phenomenas. To take into account
random phenomena, we must take into account “Sochastic differentials”, which transforms
Differential equations into SDEs.

Differential equations are of the form

#(t) = alt, (1)),

where the unknown is the function ¢ — z(t), satisfying an equation involving #(t) and x(t)
itself.

SDEs are a generalization of the previous equation differential equation, where the determin-
istic dynamic a is disturbed by a random term, generally modeled by a Brownian motion B
and an intensity of the noise o (¢, x):

dX; = a(t, Xt)dt + G'(t, Xt)dBt

Note that the previous equation is symbolic since dB; has no sens (B is not differentiable).
We should write this equation under the form

t ¢
X, :X0+/ a(s,Xs)ds+/ o(s, Xs)dBs.
0 0
We generalize this definition to the multidimensional case.

Definition 7.1 (Stochastic diferential equations)
A stochastic diferential equation (SDE) is an equation of the form:

dX; = a(t, Xy)dt + o(t, Xy)dBy, (E(a,0))
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where the unknown is the R%-valued process X .
(E(a,0)) is also written

t m t
Xi :Xg+/ ai(s,Xs)ds—l—Z/ 0ij(s, Xs)dB],1 < i <d,
0 : 0
J=1

where for m,d € IN:

- a(t,z) = (ai(t, 7)) 1<i<d is an R¥-valued measurable function defined on Ry x R?, called
the drift.

- o(t,z) = (04, (t, 7)) 1<i<di<j<m s an R ™-valued measurable function defined on R X
R, called the diffusion coefficient.

- B=(By,...,By) is a standard m-dimensional Brownian motion.

Definition 7.2 (Solution of an SDE)
A solution of the SDE (E(a,0)) is

- A filtered probability space (2, F, (Ft)i>0, P) satisfying the usual conditions,
- An (F)-Brownian motion B = (By, ..., By) defined on the given probability space.
- An (Fy)-adapted continuous R%-valued process X satisfying equation (E(a,0)).
If in addition Xo = x € R?, X is said to be solution of the SDE (E,(a, o))
Examples

e The Ornstein-Uhlenbeck process: when a(t,z) = —az,a > 0, and o(t,z) =0 € R.

e The Geometric Brownian motion: when a(t,x) = az and o(t,z) = ox.

7.2 Existence and uniqueness of solutions of SDEs

Definition 7.3 Consider the equation (E(a,0)). We say that we have:
o Weak existence if: for all x € R?, there exists a solution of (E.(a,)).

o Weak existence and uniqueness if in addition: x being fized, all the solututions of
(Ex(a,0)) have the same distribution.

e Pathwise uniqueness if: when the filtered probability space (U, F,(Ft)i>0,P) and the
Brownian motion B are fized, any two solutions X' and X of (E(a, o)) such that X{, =
Xo almost surely are indistinguishable.

In addition, we say that a solution X of (E;(a,0)) is a strong solution if X is adapted to

the natural filtration of B. We have strong uniqueness for (E(a, o)) if for any Brownian
motion B, any two strong solutions associated to B are indistinguishable.

Remark 7.4 We can have weak existence and uniqueness without having pathwise unique-
ness.
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The next theorem gives the link between these notions. For its proof, see Karatzas-Shreve,
Proposition 3.20.

Theorem 7.5 (Yamada-Watanabe)

Weak existence and pathwise uniqueness imply weak uniqueness. In addition, in this case,
for all filtered probability space (2, F,(Ft)i>0,P) and all (F;)-Brownian motion B, for any
x € RY, there exists a (unique) strong solution of (E,(a,o)).

In the sequel, we make the following assumptions:

Lipschitz assumptions
The functions a and o are continuous on R, x R? and Lipschitz in z i.e. there exists a
constant K > 0 such that: for all ¢ > 0 and all z and y € R?,

la(t,z) — a(t,y)| < K|z -yl
‘U(tvx) - U(t,y)’ S K’x - y!,

and fOT la(t,0)| + |a(t, 0)|dt < oo, for all T' > 0.

Theorem 7.6 (Cauchy-Lipschitz for SDEs)

Under the Lipschitz assumptions given above, there is pathwise uniqueness for (E(a,o)).
Moreover, for all filtered probability space (0, F, (Ft)e>0,P) and all (F;)-Brownian motion B,
for any x € RY, there exists a (unique) strong solution of (E.(a,o)).

Remark 7.7 The continuity assumption on the variable ¢ can be relaxed, since it is useful
essentially to upper bound sup,«7 |o(t, )| and sup,<7 |a(t, )| for x fixed:

We can localize the Lipschitz assumption on a and o and assume only having a constant K
depending on the compact set on which ¢ and x are considered. In this case, we need to keep
the assumption:

lo(t,2)] < K(1+ |z]),|o(t,2)] < K(1+ |z]), for all t > 0,z € R

7.3 Flows on the Wiener space

In this section, we interpreat the solution of the SDE (E(a, o)) as a functional on the Wiener
space (C(R+, R™), B(C(R4+,R™)), W) i.e. space of trajectories of a standard Brownian mo-
tion. Here W denotes the Wiener measure (See J.F. Le Gall lecture notes, section 2.2 for a
reminder on the Wiener measure and the Wiener space).

[z]t == {s — x5 : 0 < s <t} will denote the trajectory of a function x on [0, ].

Theorem 7.8 Under the Lipschitz assumptions, for all z € RY, there exists a measurable
function

E,: C(Ry,R™) — C(Ry,RY)
w — Fp(w)

(when C(R4,R™) is equipped withe the Borel o-algebras completed witth the W -null sets)satisfying
the following properties:
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i) For all t > 0, Fy(w); coincide W(dw)-almost surely with a measurable function of
[w] = (w(r) : 0 <r <t). We denote it by Fy(t,[B]).

i) For all w € C(Ry,R™), the map: RY — C(Ry,RY), z +— F.(w) is continuous.

iii) For all x € R%, for any choice of the filtered probability space (0, F, (Fi)i>0, P) and any
m-dimensional (F;)-Brownian motion B, the process X defined by Xy = Fy(B:) is the
unique solution of (E;(a,o0)).

Moreover, if Z is a Fo-measurable random variable, the process Fz(By) is the unique
solution with inital value Z.

Remark 7.9 Point iii) of the previous theorem shows in particular that there is weak exstence
for the SDE (E(a,0)): the solutions of (E,(a,0)) are all of the form F;(B) and then have
the same distribution, image of the Wiener measure W by F,.

FLow property

We assume always the Lipschitz conditions. Now we consider the general case of an SDE
(E(a, o)) starting from z at time r i.e. X, = z. Denote by X, " that solution at time ¢ > r.
By the previous theorem, one can write

thx = F(’I",l',t, [B - BT]t)7

where (B, — By)str := Bstr — By,s > 0, which is a Brownian motion by the Markov property
of B.

Theorem 7.10 (Flow property)
Under the Lipschitz assumptions, the solution of the SDE (E(a,0)) with X, = x
satisfies the flow property: forty >r >0 andt > 0,

F(r,z,to+t,[B. — Bylyytt) = F(to, X;2" to + t, [B. — Brlig11)
ie. X[t =X
This property is extended to bounded stopping times: let T be a bounded stopping time, then
F(r,z,T +t,[B. — Brlryt) = F(T, X3", T + t,[B. — Brlr4+t)

. /]""’E _ T,X;—JZ
7.e. XT+t —XT_H

7.4 Strong Markov property for homogeneous SDEs

In this section, we assume always the Lipschitz assumptions. We also assume that the
coefficients of the SDE do not depend on time i.e. a(t,y) = a(y) and o(t,y) = o(y). In this
case, the SDE is said homogeneous.

For any = € R?, we denote by P, the distribution on C(R., R?) of the solutions of (E,(a, o)),
since by Theorem 7.8, we have P, = WF, 1.

The point ii) of Theorem 7.8 shows that x +— [P, is continuous for the topology of weak
convergence. We deduce by a monotone class argument that for any Borel function ¢ defined
on C(Ry,RY) with values in R, the map

is measurable. Here E,[.] denotes the expectation against the measure P,.
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Theorem 7.11 (Strong Markov property for homogeneous SDEs)

Let X be a solution of (E(a,0)) on a filtered probability space (2, F,(Fi)i>0,P) and
let T be a stopping time which is finite almost surely. Then, for any Borel function ® :
C(Ry,R%Y) — Ry, we have

E[®(X7y : t > 0)|Fr] = Ex, [®]

that is for any positive Fr-measurable random variable U,

E[U®(Xrye:t>0)] = E[UEx,[®]]

In other words, the conditional distribution of (X7 : ¢ > 0) knowing Fr (the past) is
equal to the distribution of (X : ¢ > 0) starting from X7 (which depends only on the present
at time 7).

Lemma(Change of variable for the stochastic integral)

If h is a continuous adapted process and T is a stopping time which is finite almost surely,

then for all ¢ > 0,
T+t t
/ hedBs = / hr i odBT),
T 0

where Bt(T) = Bryy — Bp,t > 0.

7.5 Probabilistic representation for solutions to partial differential equa-
tionss

(Q, F, (Ft)t>0,P) denotes again a filtered probability space satisfying the usual conditions
and B is a given (F;)-Brownian motion. We assume that the coefficients do not depend on
time and that the Lipschitz assumptions hold.

We know that there exists a bicontinuous process (X7 : t > 0,z € R?) such that for ¢t > 0,

t t
Xy :x+/ a(XS)ds+/ 0(Xs)dBs.
0 0

Moreover, we have for every p > 0 and all T" > 0, ]E[suptST \Xﬂp] < oo. We introduce L as
the second order differential operator given by

d 2
L= ai(x) aii + % > (”(x)UT(x))ijaaf@xj’

i=1 i,j=1

The main result is the aim of the next theorem.

Theorem 7.12 Let f : RY — R be a Borel function with polynomial growth i.e. there exists
k > 0 such that
[f(@)] S (L +|a]"), for all z € R

Let u: Ry x R — R be a solution of the Cauchy problem:

ou

E(tja:) = Lu(t, ),
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u(0,z) = f(x).
If there exist a locally integrable function C and k' > 0 such that for allt > 0 and all x € R™,

Vu(t, 2)| < O()(1+ [2]*),
then u(t,z) = E[f(X})].

Last lecture: Regularization by noise
The following is only for entertainment and not exam relevant.

1 - ODEs with more than one solution

Consider the ordinary differential equation for x : [0,7] — R

Opx(t) = b(z(t)), z(0) = xo.

If b : R — R is Lipschitz-continuous, then we know from analysis (or from the fact that this is
a special case of an SDE) that there exists a unique solution. If b is continuous and bounded,
then one can approximate b by a sequence (b,,) of Lipschitz-continuous functions and apply
the Arzela-Ascoli theorem to show that the associated solutions (z,,) are relatively compact
in C([0,7],R), and that any limit point z solves the equation. But in general there is no
uniqueness: Consider for example

b(z) = 2sign(z)/|z].

Then for x(0) = 0 there are infinitely many solutions: for example

or more generally
.Cll‘(t) = jﬂIt}tO (t — to)Q

for all tg € [0,T]. Of course this b is unbounded, but this is not why uniqueness fails (indeed
we can replace b by (b A (T? +1)) V (=T? — 1) and note that the truncation is never active
on [0,7]). Uniqueness fails because b is not Lipschitz-continuous in 0. On the other hand if
say zo > 0, then there exists a unique solution (x(t))ycp,7] to

Opx(t) = 2sign(z(t))+/|z(t)], z(0) = xo.

Indeed, we have z(t) = (,/zo + t)2.

2 - Addition of noise restores uniqueness in law

Let us see what happens if we add a Brownian motion to the right hand side of our
equation. We first show that then the law of any solution is unique. So we fix b : R — R and
we consider a solution X to the equation

dX; = b(X,)dt + dB;,  Xo ==,

where we assume that b is bounded and measurable. Define a new probability measure @Q by

d T 1 T
% = exp (/0 ~b(X5)dB; — 2/0 b2(X5)ds> :
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Then under @ the process
t
By ~|—/ b(Xs)ds = Xy — x, t € 0,7,
0

is a Brownian motion by Girsanov’s theorem. So let I' be in the Kolmogorov sigma algebra
B(R)®%T], Then

P(X el') =Eq [HXGFS(E] =Eq |Ixer (j(g) - (26)
_ Eq []Ixep exp < /0 b(X.)dB. + % /0 ' bZ(Xs)dsﬂ (27)
_ Eq [ﬂXep exp ( /0 X dx, % /0 ' bQ(Xs)ds)] , (28)

where in the last step we used that dBs; = d X — b(X,)ds. But since under @ the process
X — x is a Brownian motion, the right hand side is given by

T 1 /T
E |:I[I+Ber exp (/ b(x + Bs)dBs — 2/ v (x + Bs)dsﬂ ,
0 0

and does not depend on the specific solution X we started from. So every solution to our
SDE has the same law!

In particular, in the b(x) = 2sign(x) \/m, Xo = 0 example it cannot happen that one
solution stays almost surely around 0, another one around +t*> and another one around —t.
On a quite intuitive level the reason is that the Brownian forcing pushes the solution away
from 0 before it is able to note the singularity of b in that point.

Note also that starting from a Brownian motion and performing a change of measure, we
easily get the existence of a weak solution to our SDE (exercise!).

3 - Addition of noise gives pathwise uniqueness

So far we showed that contrary to the deterministic case, the law of the solution (X¢)ejo,7)
to

dX; = b(Xy)dt + dBy, Xo =z,

is uniquely determined whenever b : R — R is bounded and measurable. Let us next show
that if b is continuous and bounded, then we even have strong uniqueness. For that purpose

consider the solution N y
s(z) = / exp (/ —Zb(z)dz> dy
0 0

ba)s (z) + %s”(m) ~0.

Of course there are many solutions to that equation because we did not fix any initial condi-
tions, but this specific one will do. Since

s/(z) = exp ( /0 ' —2b(z)dz> >0,
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we know that s is strictly increasing and in particular there exists an inverse function s—1.

Moreover, since b is continuous we have that s € C2(IR,R). So by Ito’s formula, the process
s(X) solves

dS(Xt) = Sl(Xt)dXt + %Sll(Xt)(MX, X>t = <S/(Xt)b(Xt) + ;S”(Xt)) dt + S/(Xt)dBt (29)

= s'(s71(s(Xy)))dB;. (30)
In other words, Y = s(X) is a solution to the SDE
dy; = (s os H(V)dB;, Yy = s(x). (31)

But the function s’ o s~! is Lipschitz-continuous: by the inverse function theorem we have

2 —1 "
(s§os7l) = o (2 )es!
- 1 / )

s’ os™ s

and

= —2b(a)

which is bounded uniformly in # € R because b is bounded. So the solution Y to (31) is
unique and therefore X = s71(Y) is uniquely determined as well, and not just its law. This
observation is due to Zvonkin (1974). Actually the same argument also gives the existence of
X, but existence can anyways be easily obtained (as explained above).

The phenomenon that the addition of noise can restore the uniqueness of solutions to
otherwise ill-posed deterministic equations is called regularization by noise and also today it
is an active research field.

Appendix

A Monotone class theorem

Theorem A.1 (Ethier and Kurtz, Appendiz, Corollary 4.4)
Let H be a linear space of bounded functions on 2 such that

— H contains all constant functions;

— if (hn)nen C H and there exists h : @ — R with sup,cq |hn(w) — h(w)| = 0, then
he H;

— if (hn)nen C H is such that —C < hy < hg < ... < C for some C € R and such that
there exists h : Q — R with h,(w) — h(w) for allw € Q, then h € H.

Let Hy C H be closed under multiplication (that is fg € Hy whenever f,g € Hy). Then H
contains all o(Hp)-measurable functions.
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