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A rough description of Part B of the course

In Part B of the Course, we further our discussion of relations bewteen Black-
Scholes type formulae and distributions of last times, begun in Notes 1 to 5
of Part A ([{]).

In Note 6, following a suggestion by J. Akahori, we consider, instead of
the last passage times G, which “look into the filtration up to time oo”,
the times : gl(y)(t) = sup{s < t, BY) = [}' which present the advantage,
although they are not stopping times, to look into the filtration only up to
the finite horizon ¢t. Computing the associated Azéma’s supermartingale :

Zey =P (gl(y) (t) > s|fs), for s < t, leads us to study (super-)martingales

with respect to the two-parameter filtration F,; = J{Bq(f),u < s,BY v >
th,0<s<t<oo.

In Note 7, we no longer make the assumption that (M;) is continuous,
and we discuss which of the results from the previous notes still hold, or how
they may be modified. In particular, some of our discussion applies to the
Esscher martingales : £ = exp (AX, — t¥)(\)), t > 0, associated with a Lévy
process (X;) with some exponential moments.

In Note 8, we discuss a recent result by P. Carr, C. Ewald and Y. Xiao as-

serting that E [(%AT - K)Jr} is increasing in 7', when A; = fot ds exp (Bs — %),
clearly, our previous discussion does not apply there.

In Note 9, we examine how careful one should be when changing “puts”
into “calls”, and examining the modifications one should make in our previous
discussions.

Note 10 concludes : a number of our results may be stated in quite some
generality, at the cost of introducing certain conditional expectations, which,
in the Markovian context, are easily computed, but in the general martingale
framework, bring some fundamental “unknowns” into the discussion. Thus,
this case study may be seen as a further illustration of the passage from
a Markovian discussion to a “general theory of stochastic processes” type
discussion.

Finally, an appendix, presents a number of developments/ solutions for
some of the exercises suggested in the different notes of both Part A and Part
B.

Throughout the text, we may refer to some of the results of Part A; when
we do so we write e.g : A — (65) for the equation (65) in Part A.

'In general, we use capital letters such as K for “geometric type” objects, and small
letters such as [ for items related to Brownian motion with drift, with the correspondence
l=InK.



6 Note 6 : Working under a finite horizon

This note aims to counterbalance the difficulty of bringing into the picture
quantities such as Gx = sup{t, M; = K} which take into account the whole
history of M (or (F)).

Thus, we are now interested in finding formulae up to finite maturity,
which may replace our previous formula :

P <) =(1-35) 0

when M € M{, or even the more general?® :
E[(Gx <t); (K —My)")] =E [(K — M,)"] (2)

The following developments are most recent®, therefore we shall study only
the particular case where : M; = & = exp (Bt — %), and G is replaced by
Gk (t) =sup{s <t,& = K}.

6.1 Past-future (sub)martingales

Rather than starting with some “explicit” computation about Gg(t), it seems
of interest (see below !) to introduce the past-future filtration of Brownian
motion :

Fsr=0{By,u<s,B,,v>t}

indexed by pairs (s,t), with 0 < s <t < 0.
Note that, for s = ¢, Fys = Fu, and that, if [s,¢] C [¢/,¢], then :
Jrs,t 2 fs’,t’-

In this note, we shall naturally deal with :

i. (Fs.) positive submartingales, i.e : R valued, (F;,) adapted processes
(Xs,) such that :
E [Es,t|fs’,t/] Z Z]s’,t’; (3)

ii. (F,.) positive martingales, i.e :

E [M57t|f.5/7t/] - MS’,t’- (4)

ZWe often write E [A; X] for E [15 X]
3They were very much motivated by some computations of Akahori-Imamura-Yano [m],
which Madan-Roynette-Yor [24] have later shown to match formula ([LJ) below.



Here are some particular examples of such processes : let I' be a Borel set in

R, and define :
th =P ({Vu € (s,t), B, € '} | Fsr) (5)
and the sets :
AL, ={Vue (st),B, €T}
They satisfy : AL, D AL, which implies that X[, satisfies ().
Moreover, from the Markov property of Brownian motion, there exists a
function fT(s,t;z,y) such that :
Xio = (s, By, By). (6)

We shall call such functions f (depending on the 4 arguments) past-future
subharmonic functions (PFS-functions). Naturally, we may also be inter-
ested in past-future harmonic functions h(s,t;x,y) (PF H-functions) such
that :

S, = h(s,t; By, B;) isa(F,;)—martingale.
Thanks to basic properties of Brownian motion, i.e : stability by time in-
version, that is : if (B;,t > 0) is a Brownian motion starting from 0, then

(ét — tBl/t,t > O)
is also a Brownian motion (which extends to 0, by continuity), and so on,
the following Proposition is easily obtained :
Proposition 6.1. i. If f(= f(s,t;x,y)) is PFH, resp PFS, then f is
also PFH, resp PFS, where :

flstimm) =16, 00) O<s<toyer) (1)
We also note that the application f — f 18 1nvolutive, i.e :
f=r
w. If f is PFH, then, for any v, A € R :
foi(s,tix,y) = f(s, o +vs+ Ly +vt+1) (8)

is PFH.
ii. If fis PFH, then for any a > 0,
fa(s,t:2,y) = f(a®s, a’t; ax; ay) (9)
s also PFH
Proof. We leave the proof to the reader. O



6.2 The case of Brownian motion with drift
6.2.1

Here are some particular examples of the previous discussion, which are
closely connected with our random times :

gl('/) (t) = sup{s < t, Bg”) =1},

where :
B = B, + vs.

Indeed, for s <t :

(o) < 5) = A%, + AL, (10)
where :
AL, ={Vue(s,t),BY > 1} (1)
Ay, = {Vue (st),BY <1},
Therefore,
20 P (g ) < s1F)
= Es,t + E;tv
with
Y =P (AL |F,
e = PlAAT) (12)
Zs,t =P (As,t|f8,t)
Our main result here is :
Theorem 6.1.
(L,v) 2 oW ) '
24 = (1—exp (2= (BY (B~ 1) (13)
' — 5
Thus the function :
9 +
f (st x,y) = (l—exp <— (:E+1/s—l)(y+l/t—l)))
- (14)

=1—exp (—tfs((x+ys—l)(y+ut—z))+)

is PFS.
This leads us naturally to the next theorem :

7



Theorem 6.2. The function :

2
W) (s, t; 2, y) = exp <—t

(x+vs—1)(y+ vt —l)) (15)

s PFH.

The sequel of this note consists in proving both theorems.
As an illustration of both theorems, and of Proposition p.J], an elementary
computation shows that :

m = h(y’l)‘ f/(l-z = f(Vvl) (16)

9

6.2.2 A connection with Section 4.3 (Part A)

We now interpret our result ([J) in terms of the martingale : (&,,u < t),
which terminates at & > 0. Now, with the same notation as in Section 4.3
(Part A), the Azéma supermartingale : (ZX s <t) is :

ZK=1-x0Y

s st

with [ = log (K) and v = —3.
Hence :

[N

75 — exp (_(t E - <(B§_1/2> _ (B - l)>+)_

We consider the easiest case : K =1, hence : [ = 0, so that :
Gi1(t) = sup{s < t, B, — ; = 0},

and we wish to compute :

oxp (B — & _ E[f (exp (By) exp (—5)lg:]
=[s (o) 0] - =S 7

where : g, = sup{u < ¢, B, = 0}.

Now, we use the fact that : B, = By, (t—g,) = /T — g: 1 where m; = ev/2e,
and ¢y, €, e are independent. € is symmetric Bernoulli, and e is a standard
exponential variable.

Since :

- I,
P (i € dp) = 5 |ule™ *dp. (4 € R),



we obtain with A = \/t — ¢; :

foo dum|€ /2 fAu/2f( Au)

B (€)16:0)] = = g e (18)

which provides us with an explicit form of the law v4 (dm) defined in PartA—
(125). From there, all quantities found in Subsection A — 4.3 can be made
explicit.

6.3 Proof of Theorem (.2

It will follow from the next proposition

Proposition 6.2. A regular function h(s,t;x,y) is PFH if and only if it
satisfies the following system :

—x 1
hls<37t;xuy)+gf{_—sh;<s7t;x7y>+§ Z2(S,t;l’,y) =0 <_)

- 1
- h;(S,t,{L‘,y) - ?;_—shé(satvxay) + ahg2($,t,l‘,y) =0 (+)

e The proof of this proposition hinges on the following lemma :

Lemma 6.1. Let
M/, = f(s,t: By, By),

for f a regular function; it is a past-future martingale if and only if :
a) for fized t, {(M, )s, s<t}isa (fég , s < t)-martingale, where :
FO =F.Voa(By),
b) for fized s, {(Mf,t)t,t > stisa ((S)]-}(Jr),t > s)-martingale where :
©FH = o(Bs)V FP and FP = o(By,v>t)

Proof. Note that (M,) is an (F,,)-martingale if and only if :
for every ¢y € b(Fy), v € b(ft(,+ ), with " < s <t <, one has :

by M by | =B | ¢y M by | . (19)
E M| =B | ]

We now prove :



1. [9)= a) and b) :
Take s < s <t =t/ and ¢y = g(B;) for a generic bounded
function g; this proves ([J) = a), and by past-future symmetry,

(@) = b).

2. a) and b) = ([9) :
We wish to prove ([J). From the Markov property, the LHS of

(), say [, is equal to :

| =E oo MIA(t, B)] .

where

v(t, By) = E [y | F] = E [ty |By] .

From a), we now get :
|=E [qu/M;fﬂ(t, Bt)] K [qu/Msf,,twt/} .
Again, from the Markov property, we get :
I=E [ﬁ(s’, BS,)MSJi’t@th,] ,

where :
ﬁ(sla By) =E[¢s|By].
Now, using b), we get :

| =B [8(', Bo)M] e | = E |6 M], ]

The lemma is proven?.

e We now give a proof of Proposition :

Proof. For fixed t > 0, (Bs,s < t) is a (fs(t),s < t) semimartingale,
with : .
Bs - ﬁgt) + / du
0

and (B, s <t) a (F{”, s < t) Brownian motion (see [[§; also [Bd]).

Bt_Bu
t—u

: (20)

4We remark that these arguments only make use of the Markov property and not of
the Brownian framework. A further discussion is provided in ]

10



We now apply [t6’s formula to (Mit, s < t) in the filtration (.7-"5(”, s <t).
We obtain for u < s <t :

Moy = Mo, + / dh !(h,t; By, By)

s B, — B
+ [ v P2 s BB @)
1 S
+§/ dhf;lz(h,t; Bh,Bt).

u

Hence, the martingale property holds if and only if :

il tiy) + S s, tny) (s B0 y) =00 (22)

Thus, we have obtained (—). We might obtain (4) using some similar
arguments; however a time inversion argument is much quicker and
reduces the obtention of (+) to (—). O

e Elementary computations now show that A(-*) is PF H; that is we have
proven Theorem [6.3.

Exercise 6.1. Consider h'“") as a generating function, depending on the 2
parameters [,v. We write :

O )u+ve-)
= ZZZ vi Hy (s, t;2,y).
p=0 ¢=

Prove that for any p,q, Hy, 4 is PFH, and give an expression for H,

Exercise 6.2. Introduce the 5 variables Hermite polynomials Hy 4(a, b, ¢, d, f)
defined by the generating function :

cv?  di? b
exp (al +by — —= — =+ flv) = Z PV H,, 4(a,b,c,d, f).
p=0,q=0
Write H, , in terms of H,, 4.

Solutions to Exercises f.1] and .9 are given in the Appendix.

11



Exercise 6.3. (A second family of PFH functions). Check that, for any

a €,

— 2
R\ (s, t;z,y) = exp (ay T % )

t—s t—s
1s a PFH function.
Hint: recall that, if

then :
E [Bpsq|Fs 0] = Bise-

(23)

This property of (By) is the Harness property, which holds more generally
for any integrable Lévy process. More generally, see Mansuy-Yor ([23]) on

Harnesses. We refer to [li] (exercise 6.19), [L4/, 53], B4/

Exercise 6.4. Give other examples of PFH functions for other Lévy pro-

CesSses.

An excellent candidate is the Gamma process (7, t > 0), since the Harness

property in this case :
E [’Y[S,tﬂfS,,t/] = Vs',t']»
is reinforced as follows :

s g independent from Fy 4,
T — Vs

and is distributed as :

Bt — s (' =) = (t—s))

where B(a;b) is the beta variable with parameters a and b. Thus, we have,

for any m >0 :

- Ku)m ‘fs/,t/:| _ Ié:?[[(% — 7)™ |

Vi = Y (v = 7)™
e : for any m >0 :

(’Yt - 78)m (’Yt - 78)m

= is a (Fs) martingale.

El(y =)™ Tlm+(t—s))/T(t =)

For more references about the nice properties of the Gamma process, see, e.q.

BY.

Exercise 6.5. Give a version of Proposition[6.3, i.e : the differential system

( (=) and (+) ), when Brownian motion now takes values in R".

(Solution : *=Zhl is replaced by : *=7 -V h, and h!}, is replaced by : A,h,

t—s
and so on...)

12



6.4 Proof of Theorem [B.]]

We have :
2t =gy P ( inf (BY) —BY) >1-BY|B" - ng) . (24)

{s<u<t}

Thus, we need to compute, for [, and A =1 — Bg”) :

(int, (B~ B) > 1= BB B9 = m)

s<u<t} * (25)
=P (T\ > (t — 8)|Bi—s) =m),

since :

i. the quantity in (R3) clearly depends only on (¢ —s) and not on the pair

(S7t>7

ii. the law of the Bridge from a to b, over the time interval [0,«] of a
Brownian motion with drift v does not depend on v.

Thus, from (PF), we need to compute :
P(T\ > (t — 8)|By-sy =m) =1 =P (T) < (t — 5)|By—sy =m) .  (26)

Let us denote by P the law of the Brownian bridge of length u, starting

0—m

at 0, ending at m. Then, there is the result :

(2A(A — m))* )

u

]p(u)

oo (Th < u) = exp (— (27)

Comment : We learnt from G.Pages [B7 that the Brownian Bridge method
to estimate the error due to discretization for path dependent options relies
upon formula (P7), which is also proven in Section 7.7 of [R7].

We give two proofs of (P7) :

e A first proof via the reflection principle :

(a) By scaling, we can restrict ourselves to u = 1;

(b) In [BY], it is remarked, following [BI]}, that if S; = sup,<; By, then
251(S; — By) is independent from By, and satisfies :

251(51 — Bl) e e,

13



where e is a standard exponential variable. Thus :

P

0—m

(TA < 1) = Péllm (Sl > )\)
= P, (25.(5) — By) > 2A(A — m))
= exp(=2A\(A —m))

(here, we have assumed a priori : A(A —m) > 0.)

e A second proof via Doob’s maximal identity : In order to show

Prm =P |sup B, > A\|B; = m} = exp (—2A(A —m)), (28)
u<l
(A >m, A >0), we use time inversion :

Pxm = P SupBl/t > >\|Bl :m]

| t>1

t>1

5 A
=P suth>)\\Blzm]

— pla>1, (Bt — At) > 0|B; = m]
— P|3u >0, (BHU — A1+ u)) > 0|B; = m}
- Pl >0, ((éuu —B)) - )\u) > (A — m)}

=P -sup(Bu —Au) > (A — m)]

Lu>0

= P -sup exp (2)\(Bu — )\u)) > exp (2)\()\ — m))}

Lu>0

— P % > exp (2A(\ — m))]

= P [U < exp (—=2A\(A — m))]
= exp (—2A(A —m)).
We note that since we derive formula (B§) from Doob’s maximal iden-

tity, we can recover the joint law of (57, B;) from this identity; tradi-
tionally, this joint law is obtained from the reflection principle.

Exercise 6.6. a) Prove (R7) with the help of the absolute continuity re-
lationship between PY  and Py on Fi, for any t < u.

0—m

14



b) Compute the law of T\ under Po@m-
The answer is :
pu7t<)\7 m)

B .
pu(0,m)

0—m

A
(T € dt) = dtgpt(O, A)
Exercise 6.7. Compute :

B,
P MNBy =m).
(ngllf <a+bt) > AlB: m)

The previous method yields :

P <Sup <a ftbt) = \B = m) — exp (=2a(Ma +b) — m)),

t<1

Jor A> 5 A >0,

6.5 Towards an integral representation of the positive
PFH functions

So far, we have discovered two families of PFH functions, i.e : h>*) on one
hand and A on the other hand. It would be nice to exhibit a unifying
formula for all these PF H functions.

In fact, we are interested in the following question : is there an inte-
gral representation of all positive PFH functions? We were motivated to
raise this question from the following classical result, due to D. Widder [BZ],
see also J.L. Doob [[3], concerning positive space-time harmonic functions
(of Brownian motion) : h > 0 is space-time harmonic, if, by definition,
{h(Bs,s),s > 0} is a Brownian martingale. Thus, there exists a positive
finite measure u(d\) such that :

h(z,s) = / T i) exp <>\x - %) (29)

o)

Comment on (B9):
In chapter T of [Bg|, a probabilistic proof of Widder’s result is obtained with
the help of the non canonical Brownian motion :

t
d
B’:Bt—/ B, >0
t
0o S

It would be most interesting to obtain a representation of the PF H functions
by constructing a two-parameter process, with a past-future filtration F,
such that :

fs,t = f;,t V O'(Bs, Bt),

15



and F;, is independent from the pair (B, B;).Such a filtration is exhibited
in the next exercise :

Exercise 6.8. The past-future Bridge filtration.
1. Let us consider the following two-parameter filtration :
Foy=0{By — %Bs,u < 8; By — By, h > 0}.
Note that the o-field Fs; satisfies :
For = ]‘—;t V o(Bs, By),

and that F , is independent from o(Bs, By), in fact from Fis g = 0{ By, s <
u <t}

ii. Prove that (F7,)
ated with :

*d 1 < d
Xstz(Bs—/—“Bu)+(—Bt—/ —ZBU),
’ 0 U t P

Fop=Ze = 0{Xypyu < 5,0 >t}

1s the natural two-parameter filtration associ-
0<s<t<oo

that is :

Hint : simply show that :
E[Xs,tBs] = E[Xs,tBt] =0,
and proceed from there.

145. Note that :
Xst == X(_) +X(+)

where : X\ = B(B),; X[ = B(B) 11, and : B(B — Jo B
is the Brownian motion introduced in Chapter I of Yor Zumch [24/.
Furthermore : B, = uB/,.

Question 6.1. [t may also be of interest to consider the family of interval-
o-field : Fioq = 0{By,s < u < t}, and to look for the “generation” of ‘7:[/8715}’
a sub o-fields of Fisy -

Bu_BU Bt_Bs

Fla=o0 — s <u<w<th

[5.1 { u—v t—s susvsi)

Can one give a simpler description of .7-"[’3715]? Note that, iof I,..., I are
disjoint intervals then Fy ..., F; are independent

16



Independently from the previous exercise, we have obtained the following
partial answers presented in the next two propositions.

Proposition 6.3. Let h(s,t;z,y) = ¢(-; L=2) for a function ¢(u, z). Then,

t—s? t—s

h is PFH if and only if ¢ is space-time harmonic, i.e :
/ 1 /"

Proof. The LHS of the first equation in (—) writes, in this case : (with :

u=1/(t—s);z=(y—x)/(t—s))

! —H(u,2) +

m%(ua z) — (f—is)? <Z5Iz/2- (31)

y—r
EE A (S

Hence, the result. O

Proposition 6.4. Let h(s,t;z,y) = F(\/f:, \/i/_fs) for a function F. Then,
h is PFH if and only if :

aF)+ (2a —b)F, + Fj; = (32)
(2b—a)F, +bF, + F!, =0
Proof.
1 x 1 Y
B o—-_— " - A
S Y ES ER  Y T e
hl — 1 FI‘
* t—s @
//2 — 1 //2
x t_ s a“”
We must have :
1 y—u
1 1 x / Yy FI F/I — 0
bt [vsr s ) Ay T S
Hence : . .
3 (aF, 4+ bF)) + (b—a)F, + 3 "y = 0.
We leave the end of the proof to the reader. O

17



Note that F', solution of (B3), is harmonic for the 2-dimensional Ornstein-

Uhlenbeck process (X,Y") defined by :

t t
thﬁw/ sts;Ytzw/ X, ds,
0 0

where (8 and 7 is a 2-dimensional Brownian motion.

A question :
We dispose of the equations (—) and (+). We would like to find a more
general family of PF'H functions, than the ones we obtained in Proposition
and Proposition p.4. More precisely, we consider the functions defined by

B(s, t:2,y) = oxp (a(s, oy + bls, )z + (s, )y + d(s, ),
associated to the four time dependent functions a, b, ¢, d.

e h satisfies formula (—) if and only if : (after computation of ), hl,, h!,
and identification of the terms in zy, %, z, y and the constant parts)

(1) 38 =5als0)
() a(s.1) (7 + a(s.0) = 0
(3) 2=_Lb(s,t)=0 (33)
(4) 2 +b(s,t) (7= +a(s,t) =0
((5) 2+ Lp(s, )2 =0
(2) gives :
2
t) = t) = —
a(s,t) =0, or af(s,t) P
(3) gives :
p(t)
b(s,t) = :
(5.0 = 21
Let us take a(s,t) = —% (leaving the case a(s,t) = 0 aside for the
moment). Then (4) gives :
p(t)
t) = t).
()= 20 g
(5) gives :
15(t)?
d(s,t —= o(t).
(5. = 52 4500
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e N satisfies formula (+) if and only if : (after computation of h, ki, h,
and identification of the terms in zy, %, z, y and the constant parts)

(1) =5 = salst)
(2" a(s,t) (i + %a(s,t)) =
(3) =2 4 a(s,t)c(s, )+ =0 (34)
(4) (LX) +cls,t)=0
L(5) % +c(s,1)>=0
Again (2') gives :
a(s,t) =0, or af(s,t)= S
(4") gives :
(5,1) = A(s)(t — ).
(3') gives : A
bs,t) = —3(s)t + B(5)
(5') gives :

d(s,t) = 4(s)*

We now have to compare the different expressions we have obtained for a, b,
¢, d and determine 6 functions of one variable, i.e : 3, 7, 0 on one hand and
B3, 4, 6 on the other hand.

6.5.1 A first attempt to represent PF'H > 0 functions :

Let h(s,t; Bs, B;) be an F ;-martingale. Then, for fixed ¢,
s — h(s,t; By, B;) (s <t)isan F"martingale.

Hence : for fixed (t,y), h(s,t;z,y) is space-time harmonic for IP’gly, that

is : h(s,t; Bs,y)pi—s(Bs,y) is a martingale, (but only until ¢) for Brownian
motion, i.e (with obvious notations) :

H (s, z) = h(s,t;x,y)pi—s(x, y)is space — time harmonic in(s, x).

We shall note : (s, x)-space-time harmonic. Hence,

h(s,t;x,y) = H (s, ). (35)

Pe—s(@,y)
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Moreover, thanks® to Proposition .1}, we have also :

11y 1
h(=,—;=,—) = ——K 36
(t’ s’ t’ S) pt—s(l')y) t7y(s’x)’ ( )
where K, is a (s, x)-space-time harmonic function. Let us rewrite (BG) with
’U/:l ’U:l l‘lzg ’y/:E
t? s’ t? s
1 1
h o / — - /
(U,U,.T 7y ) p;,;(sy',tl") Jtx ( 7Sy)
u v 37)
1 19 (
- K50
pl,l(%7%) w’uw U U
Thus, H and K need to satisfy :
h(s, tia,y) = ————Hyy(s,x) = %K; z(l, 5. e8)
pi—s(7,9) pioa(§5) ettt
After some elementary computation, we have :
1 t 1 (sy — xt)?
Pg_%(p;) \/2m(t — s) 2 st(t—s)
Hence, (BY) becomes :
1 — xt)? —x)? 1
th<8,l’) —exp <3y xz ) _ (y .T}) K1 £<_7 g)
st st(t —s) t—s sttt (40)

If we assume that :

1y, [ y 7
’§<t’t>_/_ d’fﬂci,g(ﬂ)exp<t 57 )

[e.9]

K

W =

i.e : the representing measure of K, .(s,x)is absolutely continuous, it “is

likely” that :
1 x?
7 exp <_2_s) K

SHere, our treatment is not totally rigorous since we assume that an (s, x)-space-time
harmonic function, for s < ¢, may be extended to an (s, z)-space-time harmonic, for all
s > 0. Can one characterize such t-space-time harmonic functions? Our second attempt
(see 6.5.2) does not suffer from this abuse.

@ =

5(77),

)
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is (s, z)-space-time harmonic, i.e :

% exp (—ﬁ—i)’%,m _ / 7 (dN) exp <)\x - %25)

Using again (BY), and taking t = %, ¥ = uy = z, we have :

1 2
Ki(u,2) = \/Eexp (5 <x_ +22t)>H; = (s, )
s’s S S u’u

If we assume that :

[e.9]

H,y(s,x) = / dXHy (N exp <>\:c - —),

it “is likely” that :

1 22
ﬁ exp (E)Hi,g (A),

is (u, z)-space-time harmonic, i.e :

% exp (%Q)H () = / 05 (dp) exp (pz _ p%“)

It now remains to find a correspondence between 7, and 0,.......

g =
2 |

Exercise 6.9. Show from the above arguments that :

2B,B
efj) = exp (— ; t) is a (Fy4, s < t) martingale.

(42)

More generally, if (B,) is a n-dimensional Brownian motion, show that :

2B;e B
exp s is a PF martingale.
t—s

Solution : We need to show in particular that :

2B,
exp <_ : m)pt_s(Bs’ m) is a (Fs, s < t) martingale.

In fact, this expression is : pi_s(Bs, —m), which is of course a (Fs, s < t)

martingale!!

Exercise 6.10. ( : T. Fujita, M. Yor [1d]).
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i. Assume (X;) is a symmetric Lévy process, with semigroup density :
pe(z,y) = ¢(|x —y|), for ¢; a function on RT. Prove that, for any
a€R,

ptfs<Xs + a, _<Xt + (1))
ptfs<X37Xt> ’

is a Fsi martingale.
. Application : for the Cauchy process X; = Cy, one gets :

(t —8)*+ (Cy — Cy)?
(t—9)2+ (Cy + Cs + 2a)?

is a (Fst) martingale.

Question : does there exist an adequate extension of this result to non-
symmetric Lévy processes?

Exercise 6.11. Define R, = |B,|, the n-dimensional Bessel process asso-

ciated with B a Brownian motion in R™; compute the projection of egt) on
R

Exercise 6.12. Show that : egt) — 0 when s — t.

Identify the law of th) = sup{s < t, el = 1}, and more generally the law of

(t)
K

6.5.2 A second attempt to represent PF'H > 0 functions :
Recall again that : h(s,t;z,y) is PFH if and only if :
® .

O—>y7

i. Y(t,y), (s,z)— h(s,t;z,y) is harmonic under P

. h(s,t;z,y) = k:(%, %; .%2), where k is PFH; and we shall apply (i) to
k, for fixed (s, z).

Based on this, we can state the following :
Proposition 6.5. h is PFH > 0 if and only if :

a) Y(t,y), there exists a space-time harmonic function for Brownian mo-
tion : K((:ry)) such that :

t—uys
h(s t:z,y) = K& (2. 2 44
(S7 7x7y> (t,y) (t_87 \/%(t— S) ( )
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b) V(s,x), there exists a space-time harmonic function for Brownian mo-
tion : KU, such that :

(3.9
h(S,t;SL’,y):K(;) ( 8 ﬁ(y—l‘)) (45>

(o) \t—s t—s

To help the reader with these slightly complicated formulae, let us com-
pute K and K for :

2
h(S,t;l‘,y) = exXp <_ et )7

t—s

in the following exercise :

Exercise 6.13. a) Fizt andm; find K a space-time harmonic function

such that :
exp(—zxm):[((”( S ;xt—ms).
t—s t—s \t(t —s)

K (u, &) = exp (—=2m’¢ — 2m*u),

where m' = % (Note the remarkable fact that K™ depends only on
m’).

Answer :

b) Fiz s and x; find K a space-time harmonic function such that :
eXp<— Qxy):K()< ° ;\/E(y—x)).
t—s t—s t—s

KO, ) = exp (~22'(€ + 2'u),
where : ' = x/4/s.
(Note the remarkable fact that K= depends only on 2').

Proof. (of Proposition 6.9)

As explained just before stating that Proposition, the proof consists in ex-
pressing the generic > 0, space-time harmonic function h%)(s,x) for the
Brownian bridge BB(()zm in terms of a space-time harmonic function for
Brownian motion. The result is :

WO (s:2) = K (t — j;(;";) . (46)

we denote by HS? the set of the hg}? functions, space-time harmonic functions

for the Brownian bridge BB M and by H the set of the space-time harmonic

0—m>

functions for Brownian motion.

Answer :
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1. Clearly, by scaling,

S T

2. Let h € H%); then, we shall show that there exists K € H such that :
1 m+y 1y
h ; =K|—;=]. 4
<T+1’T+1) (T’T) (48)
Then, we obtain (f6) from ({7) and (£g).

3. It now remains to prove ().
In order to state properties in Brownian terms, and not in terms of
Brownian bridges, we use time inversion (in a first instance) :

B:j = ’UBl/U.
Then, the martingale property for h writes : (s < s’ < 1)
! ]' 1 / /
E|F uBl/u,E > 7 h(s;sBl/s) |By =m| =

1 1
E [F ('U,Bi/z” a Z —/> h (SI;S/ i/s,) |Bi = m:| .

S

We use : 0 =1/s; 0’ =1/5, then :

1 B
E |:F<B;,UZUI)}L<—;—U) | B} :m} —
oo

1 B,
E {F(B;,v >o')h (—,;—‘:) | B} :m] :
o’ o

We now shift time by 1: o =7+ 1; o' = 7 4+ 1; and we introduce :
B, = B — B}, a new Brownian motion. Then :

(u+1)
_ 1 B
F(Bu,uzT')h ;mjL a
T+1 7+1

_ 1 B,
F(Bu,uZT’)h ;m—l— u
T74+1 7741

It is advantageous to introduce the notation :

H(T,x):h(L m”).

T+1 741

E

E
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The previous equality writes :
E [F (Bu,u > 7") H (7‘; BT)} =E [F (Bu,u > 7") H (7”; BT/)] .

Finally, we shall bring time “back in order” by introducing 3 such that :
By, = uf /4, (time inversion : second instance), and : L=-¢< % =4.

Hence : !
EV(&W%SW)H<%%@}=
EV(&m%gﬂ)H<g§m)]
(49)

Consequently, K(0;x) = H (%; %) belongs to H. We have obtained

B).

O

6.6 An explicit expression for the law of g;(cy) (1)

In Note 2, we discussed the Black-Scholes formula in relation with the law of
Gk . Similarly, here in our finite horizon framework, we would like to give an
explicit expression for the law of :

g(t) = sup{s < t, B = x}.

Already, in the case v = 0, the following result has been obtained (see [B7]
and alsoo [[]] Proposition 4.3.3.3) :

0 o du 2 "
P (o) € ) = — p(-5,) ©<u<o. o)

Note that this is a sub-probability, since du 0 < u < t) is the arcsin
p y = ( )

distribution; indeed,

P(g0(t)=0) = P(T,>1)
_ l=|
_.PQNKAE)

We are now interested in the general case : v # 0; we shall compute, for
0<s<t:

e (s) Z PO < gl (1) < 9).

xT
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V2t

yi”g(s) =E {1{0@&0)“)&} exp (VBt — 7)} : (51)
On {0 < g (t) < s}, we have : T, < s, and introducing :
B, = B, 4u — @,
a new Brownian motion, independent from Fr,, we have :
g(t) =T+ §(t — T.),
where §(h) = sup{s < h, B, = 0}. We have :

~ Vvt
L, <silig(-10)<s—1) €XP (V(x + Bt—Tx)T)}

V2t
= X Ve — —
P 2

E [1{Tz+g(t7n)gs} exp <V\/(t —T,) —g(t — Tx)ﬁ%)] :

"Ws) = E

where we have used the factorisation :

Bt*Tz = \/<t - T:v) - .é(t - Tx)mlv

with m; = em; independent from (7}, g(t — T,)), € is Bernoulli, m; = /2.
We introduce the function :

d(\) = Elexp (Amy)] = E[cosh (Amy)] = /OOO dt e~ cosh (A\V/2t). (52)

An integration by parts shows that :
6(A) = 1+ 2AV2rP (IN] < |A)). (53)
See [ for similar computations. Consequently, we obtain :
W) =P (Locpmzg ™ T or/T=.00)) (54)

which from (p7), gives :

P(g¥)(t) € du) = diu) exp ( xZ)gb(l/\/—t —). (55)

m/u(t —u 2u

Very close computations may be found in Chapter 4, subsection 4.3.9 in 7).
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6.7 On the time spent below a level by Brownian mo-
tion with drift

Consider : .
AW () = /0 ds 1{B§”)gx}’ x> 0.
Thus, it is shown in [B7], that, for v =0 :
A0(0) = 0(1). (56)

Question 6.2. We may ask whether this identity in law also holds with (B™))
instead of (B).

Question 6.3. Another question consists in studying :
P (AYV(t) < s|F) .
(Maybe already studied by Dassios [[1], and Embrechts, Rogers and Yor [I4])

6.8 Another class of past-future martingales

(To appear in second edition of Chaumont-Yor, [, Chapter 7). We are
interested in constructing (Fs,) martingales from the simple recipe :

it Fe LY(W,F,), then :

M,,(F) = E[F|F.,] is a (F,,;)—martingale.

For a number of functionals F', we are able to compute M, ,(F).

F =exp (/OO f(u)dB, — %/OOO fQ(u)du), (57)

where f € L*([0,00),du). Then,

E[F|F.] = exp (/ flu dBqu/oo f(u)dBu—%/Ooo f2(u)du)
« E[exp(/ fu dBu)|}“st]

We know that :

e[ [ wasiz] = ([ s - s

Example 6.1.




Hence :

E [exp </St f(u)dBu) |f84 = exp <(/: f(U)dU) B[s,t])
1
2

exp

Finally, we have obtained :

E[F|F,,]=FVFSFY, (58)

s

where :
Ff’(l):eXp(fo flu dB__fo fAu )

F& = du) B L ([ fwdu) (59)
st — €Xp (f f( ) u) [s,¢] — 2(t—s) (fs f<u> u)
F® = exp ()7 flwdB, — % [ f2(u)du).

Wishful thinking : Recall that the computation of E[F|F;], for F' in
(F7), and the fact that these functionals are total in L'(W, F.) easily leads
to the representation result of Brownian martingales as stochastic integrals
with respect to Brownian motion. Could there be an analogous result for the

(Fs4) filtration? What might be the PF martingale of reference, perhaps :
B[Sﬂ?

Exercise 6.14. Compute :

h we M
EUO d f(Bu>|fs,t].

A first attempt :

E { /0 h du e M f(Bu)|}"s,t} =

S

due ™ f(B,) + /OO due ™ f(B,)

T—

We observe that, for s <u <t :
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with R independent of (B, By — By) and E [R?] = r? = % Hence :

1
vV 2mr?

We also note that we have obtained :

E [f(Bu>|fs,t] =

o0 :1;2
/ dre 22 f(x + By + (u — 5) B ). (60)

(v-Bot =By )

1
v E R’ 67 272
Y \V2mr?

is a (Fst) martingale for s < u < t, but we need to compute :

/t due ME[f(B,) | Fs.t]

with the help of (£4)
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7 Note 7 : Which results still hold for dis-

continuous martingales?

7.1 No positive jumps

In this section, (M;,t > 0) denotes a cadlag R*-valued local martingale, such
that : My = 1, lim;_., M; = 0, and (M) has no positive jumps.
Then, our previous main results still hold; precisely :

Proposition 7.1. Under the previous hypotheses,

a)
M law ]-
su s = T3
321(:)) U
b) if G (M) = sup{s > 0, M, > K}, with K > 0, then, for any stopping
time T :

P (Gy (M) > T|Fr) = (%) Al (61)

Remark : In the same vein, we mention that the so-called “Azéma-Yor
martingales” F'(Sy, My), with S; = sup,., M, admit an extension (with no
formal change in the formula) to the family of martingales with no positive
jumps. See L. Nguyen- M. Yor [2q].

7.2 A formula in the Lévy process framework

We would like to apply the preceeding to M; = exp (X; — t¥(1)), t > 0,
where (X;,t > 0) is a Lévy process with no Brownian component.
A general version of Tanaka’s formula ( see [BH]) is :

t
(M, — K)" = (My — K)* + / Vs sy M + 549, (62)
0

where :

500 = (L smy (M = K) ™+ Lqar_<iy (M = K)T) . (63)

s<t

Let v(dz) denote the Lévy measure of X. Then, Lévy’s compensation formula

30



gives :

with :
(s, K) = /O;du,u(]O,UDE [Ms 1{K<Ms<§}] (65)
+/1 du p([u, oo[)E |:Ms 1{%<MS<K}:| ;

where 1 is the image of v by the exponential application : z — exp ().
Finally, we have obtained :

E[(M, - K)'] = (M, — K)" + /Ot ds ¢(s, K),

which plays the same role as Tanaka’s formula in the continuous framework.
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8 Note 8 : Other option prices which increase
with maturity

The contents of this note are taken entirely from a preprint by Carr-Ewald-
Xiao [[], to whom we are grateful for free access.
The main result of that paper is the following :

Theorem 8.1. Let g be a continuous convex function; then, the function :

1 t
o-sh( foe]

s an increasing function of t.

Exercise 8.1. Compute, for any n > 1, the function :

an(t):E[G/Otdsgsﬂ = ’;ff).

Partial solution and hints :

Q

o ai(t) =1;
o ay(t) = 2(6—1—75)‘

e [n order to compute a,(t), it may be useful to first prove the following
formula : for a sufficiently large,

S B n!
/0 dt e “an(t) = a2(a —1)(a —3) ... (o — M2y’

i, (t) = E [(/Ot dsgsﬂ = t"a,(1);

e More directly, we obtain :

/ ds; / dss . . / ds,

el
exp ( B, +---+B,)— 2(81 ot Sn))]

_'_
|t t t 1
- dsl/ dsg.../ ds, exp | =C(s1,...,5n)
t 0 S1 Sn—1 2

32

where

an(t) =



where :
C(s1,...,80) =B [(Bs, + -4 Bs,)?] — (s1+ -+ 85).
and we find :
E[(Bs, + -4 By,)?] =n’s1+ (n—1)%(sa — 51) 4+ + (85, — Sn_1).

Hence :

i
L

Q
—
[Va)

=
[Va)
3

~—
Il

((n—=34)*=(n—13)) (sjr1 — s)

3 .
Il
—_ O

(n=7)(n =G+ 1)) (s541 = 55)

o

<.

o Finally, it may be useful in order to solve this question to use the “Asian
Option identity in law” :

lgv ﬁl,a
2’)/5, ’

Ty
Agﬁ;) = /0 ds exp 2(Bs + vs)

where T is an independent exponential time with parameter A, and 3 ,
and v, are 2 independent random wvariables, respectively distributed as

beta(1,a) and gamma(b), with a = L2, b = L2 and p = V2X + 12

2
For a compendium of results/papers on this topic, see Yor [Q].
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9 Note 9 : From puts to calls : more care is
needed!

9.1 Why should one be careful?

In pricing financial options , the LH S of Part A-(12) arises very naturally in
terms of put options, i.e. when considering :

E[(K — M,)"] (66)
On the other hand, the price of a call option is :
E[(M; — K)'] (67)

A most common argument to “reduce” (67) to (fg) is to invoke “call-put

parity” and/or “change of numéraire”. Mathematically, this means that we
consider the new probability Q defined via :

Qlr, = M- P, (68)

and the martingale (M%,t > 0) under Q, since :

Ep [(M; — K)"] =Eq

However, two difficulties arise in order to perform these operations
rigorously :

i. in order that Q, as defined via (F§), be a probability, we need that
(M;,t > 0) is a true martingale under P, i.e : it satisfies in particular
E]}D(Mt) = ]_,

ii. some care is needed also concerning (pJ); in particular M; might take
the value 0 on some F;-set of positive P-probability.

To summarize, (Bg) and (B9) are correct
if (M;,t > 0) is a strictly positive true martingale under P.
Formally, this may be stated as :
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Proposition 9.1. If (M) is a strictly positive true continuous martingale
under P, define PM via :

IP>]V[|.7'—t - Mt ' ]P)|~7'—t'

Denote :
gc(é) = sup{t > 0, M, = 1}.
Then :
1. Ep [Ft (M; — 1)+] =EM [Ft l{gg}jgt}] , for every F, € F;;
ii. By [FIM, — 1] =Be [F 10| +BY (R0,

114, g(()i,) has the same distribution under P and under PM.

A5

_ EM [Ftl

Proof. i. We write :

Ep [y (M, —1)"] = EY

{gé?gt}] '

from Theorem 1.1 (Part A), since (Mit,t > 0) is, under PM, a martin-

gale which converges to 0 as t — oo.
ii.
Ep [Fy|M; — 1)) = Ep [Fy (M, — 1)7] + Ee [F, (1 — M) "],
and we apply both the previous result and Theorem 1.1 (Part A).

iii. Taking F; =1 in i., we obtain :

PY (gl <t) = Eeo[(M;—1)"]
[

= EP

from Theorem 1.1 (Part A).
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We note that Proposition P.]] extends in the case when (M;) is a true con-
tinuous martingale, taking values in R™, but it may vanish, i.e : P (Tp < o0) >
0. Indeed, under PM, Ty = oo a.s., and the previous arguments are still valid.

In order to obtain some analogue of Theorem 1.1 (Part A) for :

E[F (M, — K)']

in the general case when (M) is a local martingale belonging to ,C(()+), we
shall proceed directly.

9.2 The “common” Bessel example

Before discussing in a general framework, we write some version of the iden-
tity Part A-(12) for (M, = 3-,t > 0), where R is a BES(3), starting from 1.

We denote by W, and P (a > 0) the respective laws of Brownian mo-
tion and BFES(3) starting at a > 0, on the canonical space C(R*,R), with
Xi(w) = w(t), and F; = 0{Xs, s < t}; then, there is the well-known Doob’s
h-transform relationship :

X
]P)((lg)|~7:t = =T Wa|~7:t’ (70)
a
Proposition 9.2. There is the identity :
1 +
Fl—=-1
t <Xt )

for every Fy € F;, and v = sup{t < Ty, X; = 1}.

E =Wy (F Lgy<icny) 5 (71)

Proof. Thanks to (70), the LHS of ([1]) equals :

Wy (F (1 - Xian) " lg<myy)

which is equal to the RHS of ([1) thanks to formula Part A-(12), applied
with Ftl = F;t 1{tSTo}' ]

Remarks.

a) We understand that the present discussion is close to recent work by
S. Pal and P. Protter motivated by financial bubbles. In fact, we had
acces to their preprint g, at the beginning of April 2008 and after
writing this Note 9.
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b) It is worth noting that, as a consequence of ([[1]), there is the identity

(%_1)1 W, (y<t<T,

which shows clearly that the LHS is not an increasing function of
t; indeed, the RHS converges to 0 as t — 00, as a consequence of
Lebesgue’s dominated convergence theorem.

In fact, we can compute explicitly this RHS, which equals :

r(t)

3
EY

Wi (To = 1) =Wy (y > 1)
(I=W;(To <) —(1-Wi(y<t)
Wl(WSt)—Wl(Togt).

Recall that, under Wy : Ty = 2, and v = —122; thus :
1 1

=P (15l < ) - P (131 < 292, (72

that is :

< +
2 g 2 2 [ 2
r(t) =1/— U dpet )2 dre /2 1—@ (73)
T Jo T Jo 2

In particular, it easily follows from ([(3) that :

F(t) ~opno | —o (é) . (74)

t3

It is also easily proven directly that :

r(t) ~eo \/g (75)

Formulae ([4), ([[3) are proven in the Appendix.

Exercise 9.1. Prove the formula :

00 1 — —2¢/2X
/ e Mdtr(t) = R S E2Y
0 2V2)\
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b) There is an extension of formula ([[1])) for pairs of Bessel processes with
respective dimensions § € (0,2), and 4 — §; formula ([Q) generalizes as

4-6 1 ’ g
P (Ft <W a 1) ) =P (Fi Lipeemy) -
t

for every Fy € F;, and v = sup{t < Ty, X; = 1}. Proposition P.9 leads
us easily to a general statement, whose proof simply mimicks that of
Proposition P-3, hence it is left to the reader.

Proposition 9.3. Let Q| = M;-P|g,, with My = 1, and let us assume
that Ty = inf{t, M; = 0} < oo P a.s.

Then, M| = 1“]\}—?‘” is well defined and strictly positive under Q;

M e Eéﬂ ; moreover it is a strict local martingale under Q.
Finally :

EQ [Ft (Mt/ — 1)+} — E]p [F’t ]-{'y§t<T0}} ) (76)
where v = sup{t < Ty, My = 1}.

Note that, as for Proposition 0.3, the RHS of ([(@), for F; = 1, is no
longer an increasing function of ¢.

The result ([G) should be compared with the general expression given
in [0, Proposition 2, p.160, for Eq [(M] — K)*].

The contruction of (M) in Proposition f.3 is very close to the discussion by
Delbaen-Schachermayer [[[J] of arbitrage within the Bessel processes frame-
work.

9.3 A general discussion

This is based on [B{]; extensions of that discussion to discontinuous local
martingales have been done by Chybiryakov [[], Kaji [I9].

Let (M;,t > 0) denote an RT-valued continuous local martingale, with
My = a > 0. We denote by (LE ¢ > 0) the local time at level K of (M;,t >
0).

The following theorem shows how careful one should be when “integrating
Tanaka’s formula” when (M;s,,t > 0) is not a uniformly integrable martin-
gale, with 7 a stopping time. This care should be taken in particular for fixed
time 7 when (M,;) is a strict local martingale.
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Theorem 9.1. [[20/, Theorem 1] With the previous notation, and hypotheses,
there is the formula :

E[(M,-K)']=(a-K)" + %E [LE] — em(r), (77)

where the “correction term” cp (1) does not depend on K, and is equal to
either of the four following quantities :

i. Ela — M,);
ii. limg oo 3 E [LK];

191, lim,_,oc 0P (supuST M, > a) ;

w. limg_o0 /3 (qIP’( (M), > q))

See [R0] for a discussion of the financial meaning of ([4). Let us insist,
once again, about the formula different, from ([(7), which one obtains when
considering the put quantity : E [(K — MT)+], instead of the call quantity :
E[(M, - K)']:

E[(K—-M)"]=(K-a"+ %E [£X]. (78)

Clearly, there is agreement between the identities ([7),(f§) and the expression
(2) of cpr(7).
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10

Note 10 : A temporary conclusion

10.1 What have we learnt?

a)

10.2

Clearly, the knowledge of the call/put quantities :
E [(Mt - K)i] )
for all strikes and maturities, is equivalent to the knowledge of the 1-

dimensional marginals of M. We have learnt that it is also equivalent
to the knowledge of the laws of last passage times G.

In our discussion, some fundamental quantities are certain conditional
expectations, namely :

E[My|Ss] and E [03|M5} ,

which would certainly deserve more study. However, once introduced,
they allow to develop our discussion in a purely martingale framework
instead of the more usual Markovian framework.

Where is all this going?

This course seems to open a number of fairly general questions :

a)

b)

)

(Note 1). May the universal character of the law of sup,-, M, be ex-
tended to a study involving :

/ d{M), f(M,), for suitable f's?
¢

(Note 6). Can one develop a stochastic calculus with respect to the
two-parameter filtration (F;,)? Creating a two-parameter [t6 stochas-
tic integration has already been done, in the context of the study of
double points of 2- and 3-dimensional Brownian motion by J. Rosen,
M. Yor B9]. We would also like to connect this study with the fairly
well developed Markovian Fields theory. (see, e.g, Dang-Ngoc-Yor [I{],
Royer-Yor [B0]).

(Note 8 )The Black-Scholes formula has been the first fundamental
option pricing formula, and may be considered to have fathered many
other such formulae, e.g : for quantile options, Asian options, and so
on... Could one develop a last time or more generally a past-future
viewpoint for these options?

We plan to develop answers to some of these questions in [f.
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10.3 Dealing with last passage times :

Throughout both Part A and Part B, last passage times (of local martin-
gales) play a crucial role. It has been comforting that in private discussions
around these lectures we did not experience. The reluctance about these
“non-stopping times”, which existed during the seventies, as K. L. Chung [{]
describes very well : “For some reason, the notion of a last exit time would
not be dealt with openly and directly. This may be due to the fact that
such a time is not an “optional”, or “stopping time”, does not belong to the
standard equipment, and so must be evaded at all costs.”

The positive attitude (which we experienced in these private discussions)
may be partly be due to the fact that the main results of enlargments of
filtrations theory are nowadays reasonably well-known.

On the other hand, one should not deny that, when dealing with last
passage times, difficulties occur, due to the fact that these times look forever
into the future. Undoubtedly, J. Akahori’s suggestion (Note 6) originated
from these diffculties.
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11 Appendix : Developments of some partic-
ular points-solutions to the exercises for
both Part A and Part B

This appendix is decomposed into sections 11-1, 11-2, ... which correspond
to the Notes 1, 2, ...

11.1 Note 1

e Solution to Exercise 1.1 :
From the strong Markov property :

GV = sup{t,Bﬁy):a}

= TCE”) + supqu, B’;?')—i—u —

a =0}
- T,

where : ééy) = sup{u, B, + vu = 0}, and (B,,u > 0) is a Brownian
motion starting from 0 and independent from (B;). Now, the law of
G((]V) has a simple expression, since :

G(()V) = sup{u, B, = —vu}

1
— (: time inversion)
T®)(B)

E

15

1 .
AT, (: scaling)

B

2

II%

(: classical result).

Hence :

2

T0) Y = [ e ) B}
(a 7Ga ) a 'Ta + )

with f?l independent from Ta(y).

e Solution to Exercise 1.2 :
We first have thanks to Theorem A — 1.1 :

E[(& - K)T] = KP(0<GL/P <t).
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The laws of G and G$™) are related via the Cameron-Martin formula

W) | FeuN(Ga>0) = €XP (—ZVQ)W(”) |7, - (79)

Hence :

PGS e dt|GS) > 0) =P (GY) € dt).
Moreover thanks to ([[9) :

P (G{) > 0) = exp (—2va).

So the result :
B (6 K)'] =P (G2 <),

follows. We leave the end of the proof to the reader (take derivative in

t of the RHS of (A —5) and recover the density of the law of Gl(rll/;
given in (A — 22).

e Solution to Exercise 1.3 :
We recall that :

E (6~ K)*] = (1~ K)* + JE [ (€)].

From the time occupation formula :

el [ e we] - [ e o 5| [ suocse x|,

and the change of variable e¥~2 = K, we deduce :

oo 6y—§ 623} Se” 25d _/ / Ke 2S(logKJFQ) dK,
/ V2Ts ) Y V2ms K

so that :

t ds 1 (10 5)2
E [ﬁf((g)] = 27T8 Ke 2s (1 gK+2)

_ \/—/ <logK> s

27?5
(log K)*
35?2

since the density of the r.v B? is : \/‘é‘%e*%l[o,oo[(s).
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11.2 Note 2

e Discussion of Example 2.1 :
Thanks to time reversal, one has :

(Bry—u:t < Ty) = (Ru,u < G1(R)),

where (R,,u > 0) is a BESy(3) and G1(R) = inf{u > 0,R, = 1}.
Hence :
Ty — Gy (M) = Tye(R),

where on the LHS, Ty and G1(M) are independent and on the RH S,
Tk (R) = inf{u > 0, R, = K}. Taking the Laplace transform in ()‘—22) of
both sides, one obtains :

L MK
~ sinh \K

E[e-Fox0n], (80)

since :

2 2 MK
E [ —%To] —_e N E [ —%Gmm} _ ,
‘ ‘ ‘ sinh AK
Formula (B{) becomes :
“AA-K) _ - A1+E)

20K

1 1+ K
= ﬁ/ exp (—Ax) dx
1-K

1 1+K )2
= —/ Elexp——1.]|,
2K Ji_k 2

where T, is the first hitting time at level x of a Brownian motion (3;,t >
0) starting from 0; thus :

E|:€*§GK(M)] _ ¢

) 1 UK 222
E [e’%GK(M)} = — E [exp——}
2K Ji k 2%
N U?
= K [exp ———f} ,
2 B
since : )
x
T, = =,
i
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e Discussion of Example 2.1 :
We observe that :

1 1
sup{t > 0, o K} =sup{t >0,R; = ?}

We consider the process R as obtained by time reversal from a Brownian
motion (By,t > 0) starting from 7 and killed when it first hits 0. Hence,
with the same notation as before, we have :

To = Gg(M)+Ty(R), (withindependence).

Thus, taking once again the Laplace transform in ()‘72) of both sides,
one obtains :

Az A [ 2 (M)]
= E 2 UK
¢« sinh A L ’

E [e-¥ox0n] - % <exp (—)\(% - 1)) _ exp <—>\(% 4 1)))

1
1 [x*!
= —/ e M dax.
2 %71

We leave the end of the proof to the reader (conclude as above).

e Solution to Exercise 2.4 :
From It6’s formula, one obtains :

o, = sinh (B,)e” 2.

Hence : 02 = M}? — e *; therefore, using Theorem A — 2.1 :

1\* 1

We leave the computation of m,;(K) to the reader.

11.6 Note 6

e Solution to Exercise 6.2 :
We recall the generating function expansion of the Hermite polynomials

2 X \n
exp ()\x — %) = Z %Hn(x, w).

n=0
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Now we write :

2 2
exp (al — %) exp (bl/ — %) exp (flv)

N B jrme ml

k=0 J=0 m=0
O [Ftmyitm
= 2 i @ QH b0
k,j,m=0

Now, we may write :

> IPYTH, 4(a,b,c,d, f)
p,q=0

© lkerVjer

————Hi(a,d)H;(b,c) f™

171m)
eyl k!glm!

i e 4
Z (Z me—m(a, d)) (Z qu_m(b, c))

g=m

Z v ( Z Hpy—m(a, d)Hy—pn(b, c) ! )

|
p,g=0 m<p, q (p m) (q m)

Consequently, we have :

1
HZM](a’? b7 C, daf Z —-m CL d q— m(b C)

(p—m)l(g—m)!

m<p,q

Solution to Exercise 6.1 :
First, we need to write :

_<tfs)<“”8—l)(y+ut—n

_tzs [<x+VS>(y+Vt)—l<x+y+y(8+t))+l2:|

_tis [xy+’/(sy+tx)+’/2(5t)—l($+y)—l1/(3+t)+l2}
dr? cv?

al_7+bu—7+ﬂy
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Comparing the two developments as polynomials in (/,v), we obtain :

2(x +y)
a P t_8(3y+ )
4(st 4 2
A I S FE)
t—s t—s t—s
Consequently, we obtain :
2 +y) —2(sy+te) 4st 4 2(s+1t)
H t; = )
pals 62,9 Hp’q( t—s = t—s Tt—s't—s t—s

11.9 Note 9
e Asymptotic study of r(t), t — 0, and t — oo.

)

Now, using the decomposition :

a) (t —0): We use

~ EY [(1-x)7].

t—0

r(t) = EY

tds

X, =1 a
t + B + X

with () a one-dimensional Brownian motion starting from 0, one

obtains : .
tds
(o [2))
0 S

and, it is now easily seen that :

3
r(t) 5, B
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b) (t — o0) : From ([(J), we obtain :

rt) = P <|Bl\ < %) —P <|Bl\ < %)

2 ( [vi 22
= —(/ dre 2 —E
™ 0

(
= \/%(/Oldy <6_§—1) —E{QU/()ldy
(o ol (2

Hence :

From the representation ([3) of r(¢) :

2

U2

-2 (1<) -2 (< 2.

we can show :
2 & Tn
H=y/=) =
CRNE 3]

with :

(Note : ri = 3, rp = — 7
c) We recall that :

r(t) = Wy (To > t) — Wy (v > t).
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Figure 1: Graph of p
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0.04 /

0.0z /

Let 6y and 6, denote the respective densities of Tj and ~y; then :

(1) = —B0(t) + 61 (¢),

hence, 7’(t) = 0 if and only if : 6y(t) = 6,(¢). To be continued...

d) A simple integral formula and a graph.
From ([(J), it is easy enough to obtain :

with :

1 2 2u 502
plu) = 5 <1 — e ) - / dre 2.
u u

We now show the graph of p, for which we thank G. Pages.

e) Other properties of r :
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— We note that (r(¢),¢ > 0) is integrable over R, since : r(t) ~

t:,%, as t — o0o. More precisely, we have :

o o 1
/ dtr(t) :/ AW (y <t < Ty) = Wi (To—) = B (1) = .
0 0

— Moreover, [[*dttr(t) < oo iff =3 < a < 3.
— We note that 7(t) = 3r(t), is a probability density, and we
denote by R a random variable such that:

P(R € dt) = 3r(t) dt.

The Laplace transform of R is given by :

E [e’)‘ﬂ = / dt3e M W, (y <t <Tp)

0

= % W1 (G_A,y — G_ATO)

= ; W, (67/\7) W, (1 _ efA(Ton))
Since :

A
W, (e 2To—1) = EG) [o-AT1] — V22 ’
! (e ) 0 [6 } sinh (\/ﬂ)

and :

W, (6—)\7) W, (G—A(To—“/)) _ e_m,

we finally obtain :

o 3(1- e o2y
E [6_ } = .

(20)*7

Can we exhi~bit a “natural” Brownian variable which is dis-
tributed as R?
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