ON CHANGES OF MEASURE AND REPRESENTATIONS OF
THE FIRST HITTING TIME OF A BESSEL PROCESS
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ABSTRACT. In this work we relate systems of coupled backward and forward
Kolmogorov equations. These in turn are used to derive changes of measure
and/or dual representations of SDEs. The first coupled system of PDEs allows
us to transform problems of SDEs with drift into problems of SDEs without
drift, under an appropriate change of measure. The second, in turn, allows
us to obtain a dual representation of problems of SDEs with drift, under an
appropriate change of measure.

The results are illustrated by revisiting the problem of finding the den-
sity of the first time that a 5-D Brownian motion hits a ball, of radius a,
from inside. As opposed to the standard literature, we do not make use of
a Laplace-Gegenbauer transform. Furthermore we find the probability that
a Bessel process of order negative —1 hits level a > 0 before reaching zero.
This in turn gives analytical insight as to why the Bessel processes of or-
der 5, 3, and —1 together with a squared one-dimensional Brownian motion
are intrinsically related. As a final example we study the non-homogeneous
Ornstein-Uhlenbeck process.

1. Introduction

Alternative representations of a problem are often used in Stochastic Analy-
sis. Such is the case of Girsanov’s theorem—removal of a drift [see Section 3.5
in Karatzas and Shreve [10]]—Doob’s h-transform [see Chapter 6 in Rogers and
Williams [15]], or the absolute continuity property for the laws of the Bessel pro-
cesses with different indices [see Chapter XI in Revuz and Yor [14]].

In this work we derive three systems of coupled Kolmogorov backward and for-
ward PDEs which are used to derive changes of measure and/or dual representa-
tions of SDEs. [see Hernandez-del-Valle [6] for an application of similar techniques
in hitting densities of Brownian motion, Hernandez-del-Valle [7] for alternative
results on the procedure described within, or Hernandez-del-Valle [8] for an appli-
cation in the 3-D Brownian motion case]. Applications of the techniques described
in this work is finding the transition probabilities of, at first sight, “strange” SDEs
[see Section 5]. For instance, we find the density of a one-dimensional Wiener
process started within a range [0, a] and that hits level a for the first time at time
v > 0 (before ever reaching level 0).
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As an application of one of the coupled PDE systems, we obtain (for a special
case) Bessel’s absolute continuity property, as well as a PDE interpretation of the
so-called “Bessel process with negative dimension” [see Chapter XI, Section 1 in
Revuz and Yor [14], and Going-Jaeschke and Yor [5]]. We also illustrate the results
by deriving the density of the first time that a 5-D Brownian motion hits a ball
from within: (1) in terms of a functional of a one-dimensional Brownian motion
absorbed at 0 and a, and (2) in terms of the mean of a cubed Bessel process with
dimension d = —1, absorbed at 0 or a.

The paper is organized as follows. In Sections 2 and 3, equivalent systems of
backward and forward PDEs are derived. These in turn are used to derive changes
of measure and/or dual representations of SDEs. Next, in Sections 4 and 5, the
results in Section 2 are used to derive: (a) the transition density of a Brownian
motion, started at y (for 0 < y < a), which is absorbed at 0 and that reaches level
a at a time u, and (b) an alternative derivation of the density of a 5-D Wiener
process hitting a ball from within.

In Section 6, we relate Bessel process of order 5 and —1 and find the density of
the first time that a Bessel —1 hits level a > 0 before reaching zero. To this end,
we make use of the ideas developed Section in 5. We conclude in Section 7 with
some final comments.

2. Coupled systems of PDEs I

Remark 2.1. (On notation.) In our results below we consider real valued differen-
tiable functions h, u, v, and w, depending on variables (t,z; s,y) € Rt xRxRT xR.
As in the analysis of diffusion processes, PDEs with derivatives with respect to
(t,z) are called backward equations, whereas PDEs with derivatives in (s,y) are
called forward equations.

In this section we relate systems of coupled backward and forward Kolmogorov
equations, through a pair of backward equations [see (2.5.a) and (2.7.a), or equiv-
alently (2.9.a) and (2.11.a)]. This in turn allows us to transform problems of
diffusions with drift (or convective mass transfer) into problems of diffusions with-
out drift (or with potential), under a suitable change of measure. In particular,
the drift is at most a sum of two functions which in turn are solutions to backward
heat equations.

We will clarify the last sentence of the previous paragraph with the following
example.

Example 2.2. (i) (Bessel process of order 3.) First note that h(t,z) = = is a
solution to the backward heat equation

1
_ht = §hza:
Let us suppose that the process X satisfies that

1
t
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Since h,/h = 1/x we may express (2.1) as

hw(ta Xt)

WX = x)

dt + dWry, Xo=z>0.
(ii) (Bessel process of order 5.) Suppose the process Y is such that
2
dYy = —dt +dWe, YYo=y >0, (2.2)
t

and set k(t,x) = h(t,z) = . Then we may express (2.2) as

hy(6Y0) | Ryt Y0)
h(t,Y) k(t,Y:)

(iii) (Brownian bridge.) Suppose Z has the dynamics
Z

s—t

dY, =

}dt+th, Yo=y>0

and set

q(t,x):\/%(lsi_t)exp{—Q(th)}.

Since q,/q = —x/(s — t), it follows that we may express (2.3) as

4 t7Z
Az, = Mdt + dWy, t<s.

q(t7 Zt)
Proposition 2.3. Let o0 : RY = R, and h, v, w and k be of class C1'2. Suppose
that v, w, and h satisfy the following identity
w(t, )
h(t,x)
and h(t,x) # 0 for some strip in RT x R. If h and v satisfy respectively (a) and

(b)

v(t,x) = (2.4)

—hy = 30%hy, (a)
—V = %021%1 + o? [hhfz + %] Vg (b) (25)

then (c) holds.
Proof. From (2.4) and (2.5.b) we have

hyw — hw; 1 o Wyzh — Whyy B 5 ha(wzh — why)
12 - 37 h2 7 B
hy(weh — why,) ke ((hw, — hyw
2% T T 2 v x T
I B A <h> :
Equivalently

hiw — hw; 1 yweah —whgy o ks [ hwg — hyw
2 = 37 2 T 2 '
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In turn, from (2.5.a) it follows that

k. w ki b
2fe Wo  2Rs Na
noo" T T T e e

Wy 1 swey

O
Proposition 2.4. Let 0 : Rt — R, and u, w and k be of class C*2. Suppose that
w, u, and k satisfy the following identity
u(t, x)
k(t, z)
and k(t,z) # 0 for some strip in RT X R. If k and w satisfy respectively (a) and

(b)

w(t,z) = (2.6)

_kt = %O’Qk;pz (a)
—u+o? [l u = joun, ®) 27
—wy +0? [%%] w = %O'mex + Uz%ww (C)

then (c) holds.

From Propositions 2.3 and 2.4 we have.

Corollary 2.5. Let h, v, k and u be of class C1? as well as solutions to (2.5.a),
(2.5.b), (2.7.a), and (2.7.b), respectively. Then they satisfy the identity

u(t, x)
k(t,x) - h(t, )

giwen that k(t,x) - h(t,x) # 0 for some strip in RT x R.

u(t,z) =

Remark 2.6. Propositions 2.3 and 2.4 suggest that for j = 1,...,n and given

hi(t,x)
0i(t,x) = ==
]( 71:) h] (t,.’l?)
where each h7 is a solution to
1.
—hl =-h?_.
t 2 xT

A backward equation of the following type

1 n
—v = §Um + zg&j(t,x) Vg
=

may be solved using the procedure described above.

Proposition 2.7. Let h, v and w be of class CY2. Suppose that v, h, and w
satisfy the following identity

U(Say) = h(svy) : w(sa y) (28)
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and h(t,x) - k(t,x) # 0 for some strip in RT x R. If h and v satisfy respectively

(a) and (b)

—hs = %hyy (a)
hy ky
Uszévyy—a% [(T"" k)v] (b) (2.9)
ky h ky
ws + [ffy} w = 3wy a% {Tw} (¢

then (c) holds.
Proof. From (2.8) and (2.9.b) we have

1 1
hsw + hwy = §hyyw + hywy + §hwyy

o [(hy Ky
ay KhW) f“”]

1 1
= ihyyw + hywy + §hwyy

= %hyyw + hywy + %hwyy
hyyw — hyw, 3%/ []ZJ ] h %hyw
= —%hyyw+%hwyy % {k];y } - %hyw-
Equivalently, from (2.9.a),
hws + k—kyhyw = %hwyy — (% ﬁjw} h

(]

Proposition 2.8. Let k, u and w are of class CY2. Suppose that w, k, and u
satisfy the following identity

w(s,y) = k(s,y) - u(s,y) (2.10)
and k(t,x) - h(t,z) # 0 for some strip in RT™ x R. If k and u satisfy respectively

(a) and (b)

—ks = 1ky, (a)
ky hy _1

Us + | F5 7 | U= gUyy (b) (2.11)
ky h’y — ky

ws + | TR w*%wyy*a%[?w}a (c)

then (c) holds.

From Propositions 2.7 and 2.8 we have.
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Corollary 2.9. Let h, v, k and u be of class C*2, as well as solutions to (2.9.a),
(2.9.b), (2.11.a), and (2.11.b), respectively. Then they satisfy the identity

v(s,y) = his,y) - k(s,y) - uls,y).

Theorem 2.10. Let h and k be of class CL2(RT x R) as well as solutions to the
backward equations (2.5.a) and (2.9.a) [or equivalently (2.7.a) and (2.11.a)] respec-
tively. Furthermore, consider processes X, Y, and Z, which respectively satisfy (at
least in the weak sense), the following equations (each under their corresponding
measures P, Q, and Q),

o [he(t X)) ka(t, Xy)
(P) dX, = [h(t,Xt) + k(X)) } dt + dB;
(Q) dz, = [%} dt + dB, (2.12)
(Q dyy = dB.

Moreover, suppose that

k.(7,2) ho(7,2)

flr,2) = k(r,2z) h(r,z)

(2.13)

and k(t,z) - h(1,2) # 0 for some strip in RT x R. Then the following identities
P (Xs € A)

hold
e - [ 20 )
O [k(sY)h( V)

Kty) bty { / fr¥7) dT}HwEm} (2.14)

Proof. Let X be a process with dynamics as in (2.12.P). Hence, its transition
density G is simultaneously a solution of (2.5.b), in the backward variables (¢, ),
and a solution of (2.9.b), in the forward variables (s,y). In turn, from (2.4) and
(2.8) we have that

E

N O

G(t,z;s,y) = v(t,z) G(t,x;8,y) = v(s9)

w(t, )
= h(t,x) = h(S,y)-W(S,y)

respectively. Next, if we let H be simultaneously
H(t, z;s,y) = w(t, z) and H(t, z;s,y) = w(s,y)

we have that
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That is, if G is the transition density of process Z, which has dynamics as in
(2.12.Q) it follows

Py (Xs € A)

G(t,x;s,y)dy

Our goal is to characterize Z under Q. To this end, and given that f is as in
(2.13), we have from Ito’s lemma

d [h(s,Zs)exp {— /t £, Z,)dTH

= exp {—/ f(r, ZT)dT} ({hS — fh+ %hzz + hzl{;} ds + hdeS>
t

= exp { /t F(r, ZT)dT}

k. h, 1 k.
X <[hs T h+ ihzz + hzk} ds + hdes>

= exp {—/S f(r, ZT)dT} h.dBs;.

hence h(-, Z.)exp{— [, f(7,Z;)dr} is a Q-martingale, and such that

EZ, {hé‘ai)) exp{/tsf(T, ZT)dT}:| ~ 1

z—ow{- [ frzar}.

The second identity follows using similar arguments. O

This yields

3. Coupled systems of PDEs I1

In this section we relate systems of coupled backward and forward Kolmogorov
equations, through a backward equation [see (3.5.a), or equivalently (3.7.a)]. This
in turn allows us to obtain a dual representation of SDE problems under a proper
change of measure.

To clarify the last sentence of the previous paragraph with the following exam-
ple.
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Example 3.1. Let process X and Y be such that

2
dX;, = —dt-+dB
t X, + d5y
1
dY, = ——dt+dB;.
t Y, + aby

It is known that these two processes are related; X is a Bessel process of order
5, and Y of order —1; see Going-Jaeschke and Yor [5]. We will give a PDE
interpretation of how these two processes are linked. To do so, let us consider the
backward Kolmogorov equations associated to the processes X and Y, namely,

1 2
(X) — vy = ivxx + ;Uz (31)
1 1
Y) —w = FWae = —Wa- (3.2)
Next note that the sum of the drifts of X and Y, which add up to
2 1 3
r x
can be expressed in terms of functions A and p, which are solutions of
1 1
—ht = §hwa: — ;hw, and (33)
1
—Dpbt = §pwa:
respectively. To do so, let p = x and h = 23, i.e.
2 z Dy
2 P _ha
r p h

In particular, in this section we will show, that for real valued functions v, w,
and h which satisfy respectively (3.1), (3.2), and (3.3) the following identity holds
h-v = w.

In turn, the previous relationship will allow us to give a systematic procedure to
transform a process X (with drift) into another process Y (with drift) under a
suitable change of measure.

Proposition 3.2. Let a: R — R be a real valued function, and h, v and w be of
class CY2. Suppose that v, w, and h satisfy the following identity
w(t, )

h(t,x)

and h(t,x) # 0 for some strip in RT™ x R. If h and v satisfy respectively (a) and
(b)

v(t,x) =

(3.4)

—hy = Lhee + a(z)hy (a)
—vp = 204 + [o(z) + h,—j] vy (D) (3.5)
—wy = %wm + a(z)w,, (c)

then (c) holds.
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Proof. From (3.4) and (3.5.b) we have

hyw — hw, lwmh — Whyy B hy(weh —why,)
h? 2 h? h3
he(weh — why) wzh — wh
alternatively
1 1
hw — hwy = gwmh - iwhm + a(z)wh — a(z)wh,.

Rearranging terms it follows that

1 1
—h |ws + iwzz + Cl(x)wz:| = —w |:ht + ihzz + a(z)hs | -

O

Proposition 3.3. Let a: R — R be a real valued function, and h, v and w be of
class CY2. Suppose that v, w, and h satisfy the following identity

v(s,y) = w(s,y) - h(s,y). (3.6)
and h(t,x) # 0 for some strip in RT™ x R. If h and v satisfy respectively (a) and

(b)

—hs = %hyy + a(y)hy (a)
ve=bvy = [0 +5) 0] ) (3.7)
ws = 3wy — 5, [a(y)w] (c)

then (c) holds.
Proof. From (3.6) and (3.7.b) we have

1 1
wgh +why = §wyyh—|—wyhy—|—§whyy

O fotwywh] — 2 [yl

Oy y
1 1
= §wyyh + wyhy + §U’hyy
0
"oy la(y)w] h — wa(y)hy — hyyw — hyw,
1 1 o0
= §wyyh - §U’hyy - @ [(y)w] h — wa(y)hy.

Equivalently, rearranging terms we have

h{ws— lwyy + 9 [a(y)w] ) = —w | hs + 1hyy + a(y)hy | .
< 2 dy ) ( 2 )
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Theorem 3.4. For a given o : R — R let h be a solution to (3.5.a) [or equivalently
(3.7.a)]. Furthermore, let processes X andY be well defined (at least in the weak
sense), with the following dynamics (each under their corresponding measures PP,

and Q),

. ha(t, Xt)
(B) dX, = [m&wm] dt + dB,
(Q) adY; = «(Y;)dt+ dB;.

Then the following identity holds

h(s,Ys)
Pi.(Xs € A) = EQ | =T :
t,x( E ) y {h(t,y) (YSEA):|
Proof. The proof is carried out in the same way as the proof of Theorem 2.10.
That is, It follows from Kolmogorv’s backward and forward equations together
with Propositions 3.2 and 3.3. (]

Corollary 3.5. Under the assumptions of Theorem 3.4, the process h(-,Y.) is a
Q martingale.

Proof. This corollary follows from Ito’s lemma, the fact that h is a solution to
(3.5.a) and

dY, = a(Y;)dt+ dB,.

4. Bessel process I

In this section, making use of the ideas presented in Section 3, we revisit the
problem of finding the density of the first time that a 5-D Brownian motion hits
a ball from within. Our derivation, however is new and does not make use of a
Laplace-Gegenbauer transform as in, Wendel [17], Hsu [9], Yin [18], and Betz &
Gzyl [1, 2]. Recent results on the subject can also be found in Byczkowki et. al
[4] and references therein. Standard references in the theory of Bessel processes
are Knight [11], Ray [13], Lamperti [12] or Revuz and Yor [14].

Remark 4.1. In the next two sections we will make use of the following notation:

p(tiy,z) = ;mexp{—(y;:)}, (4.1)
p—(ty,2) = p(ty,2) —plty, —=2).

In addition, if T' and Ty are respectively the first time that a one-dimensional
standard Brownian motion B started at y reaches level a and level 0 respectively,
let

Py (T €s,Ty>s) = Z

V S - t n=-—00

xexp{—WH, (4.2)

(2na+a—vy)
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and

Py y(Bs €dx, T NTp > s) := Z p—(s —t;y,z + 2na)dx. (4.3)

n=—oo

Which is the probability of a Brownian motion B started at y € (0,a) before
reaching levels 0 or a.

Remark 4.2. Let X be a Bessel process such that
2
dX; = —dt+dB;.
t X, + aby

Next, note that h(t,x) = k(t,z) = x are solutions to the backward heat equation
(2.5.a) and (2.7.a) respectively (with 02 = 1). Hence the latter SDE for X can be
expressed, in terms of h and k, as
hx(t7Xt) ka:(t7Xt)
dXy = dt + dBy. 4.4
© T DX TRex P o
From Theorem 2.10 it follows that process X is a Q-Wiener process

dY, = dB, (4.5)

absorbed at 0.
For X asin (4.4) and X, < a, let
T:=inf{t >0/X;=a}. (4.6)

From (2.14), in Theorem 2.10, the probability of hitting a, starting from within
the ball, satisfies the identity

0 Y*SZ s q
P(T<t)=E; |5 exps— [ —5duplimssres)
Yy 0 Yu
where Y is as in (4.5) and, under Q,
Tp :=inf {t > 0|Y; = 0}. (4.7

Lemma 4.3. Let Y be a process with Q-dynamics as in (4.5) (an absorbed Wiener

process at zero). Then
Y2 . exp {— /S ldu}
’ e Vi

is a Q-martingale.

Proof. Set

i.e.,
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By Ito’s lemma
d(Y? - R) = 2YiRdY, + Rydt —Y? (f,;) dt
t
= 2RY,dY.

Proposition 4.4. ForY, as in (4.5), To as in (4.7), and
Q) T :=inf{t > 0|Y; = a}

}/52 £} 1
5[5 (- g

t a2 u 1
/ ?]E? [exp {—/ Y/Qdu}] Py, (T € du, Ty > u).
0 0 u

where Y is a process which starts at y, is absorbed at zero, and reaches a, for the
first time at t = u.

Proof. Let M =Y?-R.
o [YY ° 1
Ey [2 {—/ Ygd“}H(Tm)H(T«)}
0 u
M,
[yZH(T0>S)H(T<S):|

M
x|

s
Y2

we have

fs/\To/\T] H(TO>S)H(T<S):|

(by the optional sampling theorem)

[ MsaTonT
=Ey 7;2°A H<T0>s>H<T<s>}

:MT
=Ey yQH(To>S)H(T<S):|

_aQ |
:Eg ?eXp —/0 Wdu H(T()>S)H(T<S)

-aQ T
:Eg ?QXP _/0 Wdu H(To>s,T<s)
u

(conditioning with respect to T')

t a2 v 1
:/ EES [exp{—/ Y2du} ’T =v,1p > v}
0 0 u

xPy, (T € dv, Ty > v)

t G/Q v 1
= / EES [exp {—/ YQduH Py, (T € dv, Ty > v).
0 0 u

O
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5. Dynamics of the process Y

In this section we derive the dynamics of process Y.
Proposition 5.1. Let
P (T € 5, Ty > s) (5.1)

be the probability density of a one-dimensional standard Brownian motion absorbed
at the origin defined in (4.2). Since (5.1) is a function of only s —t and x let

hi(s —t,x) =Py (T € 5, Ty > s).

Then'Y , which is a process absorbed at 0 and that reaches a for the first time at
t = s (and given that h, stands for differentiation with respect to y) satisfies that

- hy(s —t,Ys)
dy, = 22" Vgiaw, 0<t<s (5.2)
he(s —t,Y;)
Y, = a.

In particular it has the following transition density

he(s —T,x)

G(ty;ﬂx):m

P, (Y, € de, T A'Ty) (5.3)

where Py, (Y> € da, T N'Ty) is defined in (4.3).

Proof. We will construct the finite dimensional distributions of an absorbed Brow-
nian motion at 0, and that reaches level a for the first time at ¢t = s.
Given tg < t; < --- <t =s, we shall compute

Py (Y, € dy1,Ys, € dya, ..., Y;, € dys|T = s,Ty > s) (5.4)
Py, (Y, € dy1, Yy, € dys,....Y,, € dy,, T €ds, Ty > s)
P, (T € ds, Ty > s)

By the independence of increments of Brownian motion Y, the numerator of the
previous expression is

]P)to’y(yvtl e dyl,T/\ TO > tl)]P)tl,yl (thz e dyg,T/\ TO > tQ) X oee
X Py g (Ve € dyn, T ANTo > )Py, (T € ds, Ty > s).

This in turn implies that (5.4) equals

Ps, oy, (T € ds, Ty > s
P, (T € ds, Ty > s)

) 1P, (Y, €dy;, T ATy > t). (5.5)

Jj=1
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However, since

Py, 4, (T €ds, To > s)
P, (T € ds, Ty > s)
Py, (Teds, Ty >s) Pi, 4, (T €dtn,To> tn)
T OP(Teds,To>s) Py, gy (T€dty, Ty >t,)
Py, o (T €ds, Tp > s)
a Py, (T €ds, Ty > s)
b Py, (T €s, Ty > s)
S T Tes T, > s)

j=1

(5.5) equals

N Py (T es, Ty > s)
H Pt EALE ]Ptj—hyj—l(}/tj S dyj,T N1y > tj).

S (T €s,Ty>s)

On the other hand, to show that equation (5.3) is the transition density of Y,
with dynamics as in (5.2), we make use of Propositions 2.4 and 2.8 by noting that
h® is a solution to the backward equation (2.7.a) [or equivalently (2.11.a)] (with
oc=1and h=0). O

Proposition 5.2. Let Y be a process with dynamics as in (5.2). Then

u(t,y) =E2, [exp {— /t YlduH (5.6)

u

is equivalent to the following Cauchy problem

1 hy(s —t y)
_ oy = = A 5.7
MR T 3 ey >0
u(s,y) = L
Furthermore,
- v
u= g
where
1 1
_”t+y7” = 5l (5.8)

Proof. The equivalence between (5.6) and (5.7) follows from the Feynman-Kac
theorem [see for instance pp. 366-367, Theorem 5.7.6 in Karatzas and Shreve [10]].
On the other hand equation (5.8) follows from Proposition 2.4 and by noting that
h® is a solution of the backward equation (2.7.a) [or equivalently (2.11.a)] (with
oc=1and h=0). O
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Theorem 5.3. Let X be as in (4.4) and T as in (4.6), then the probability that a
5-D Brownian motion started at 0 hits a ball of radius a is

P(T € dt)/dt
N2 N 13

(1= A%)sin(X;) — Ajcos(A)
2X% + A sin(2)) + 2 cos(2);) — 2

where \; is the j-th root of the Bessel function J3,5 of the first kind.

Proof. Given a variable 7 which satisfies 0 < ¢t < 7 < s, let 6 = 7 —t. Then
equation (5.8) becomes

1 1

Vs = 5y — ?v. (5.10)

For constants p > 0 and A € R, a solution to (5.10) is given by

v(,y) = Ae™ 30T Ty 0 (1y).
In fact (in terms of t) the following linear combination is also a solution

A

o0

1

v(t,y) = E cje Za
J=1

Let the previous function satisfy the following boundary condition at t = 7
’U,(T7 y) = h‘a(s -7, y)

From the two previous expressions we have that

%

¥

e (48)

o c- y
h(s —T1,y) = ZCj\/ng/Q (Ajg> .
j=1
Hence, by the orthogonality properties of the Bessel function J3, we have that

@ T @ T
/0 V- h (s —71,2)J3/0 ()\jg) dr = cj/o T - J§/2 ()\]E) dx.
This implies that

_ foa Vah®(s —7,x)J5)9 ()\J%) dx.

9 foax : J32/2 (Ajg)da

Since we will only study the case when y = 0, we will make use of the following
fact in the sequel

B ENES

lim y~%/%J =
lim y 3/2(Hy) = 3 -



16 GERARDO HERNANDEZ-DEL-VALLE
Ifwe let bj = )\j/a
d
pi(x) = . [VzJs32(bjx)]

/2 1 :
= 2 [(b?xz — 1) sin(bjz) + bjz cos(b;z)] .
by
Given that p is as in (4.1), we need to find the limit as 7 — s of

/0 ﬁ-h“(s—T,x)Jg/g (&%) dx
= Z /0 \/5~J3/2(/\jg)dp(s—Tﬂna—&—a,x)

== > / pj(®)p(s — 7:2na + a, x)dz,
n=—oo 0

The second line of the previous expression follows from the integration by parts
formula and by noting that J5,5();) = 0, and on the other extreme we have V0
for all n. Next we make the following change of variable

_ 2nata-x
 s—T7
That is, for each p;

2na

Vi 1 22
— e 7p;(2na+a—zvs—T)dz.
Qn:.ja \ 2

However notice that as 7 — s the only term that survives is when n = 0 in which
case we have

0 1. 1
—/ 6_72]%‘(0/—2\/8—7')6[2: -pj(a).

2ete /2 2
Equivalently,
L, = ! ! A —1)sin();) + ) Aj
ipy(a) = \/%F [( j )sin(;) + A cos( J)]
Since
a 2 2a2b? + ab; sin(2ab;) + 2 cos(2ab;) — 2
J3/2(b; dr = J
/0 33[ 3/2( 133)] z 27rab?
_ 2 2X\% + A sin(2);) + 2cos(2)) — 2
21\

we conclude that

Vi 277)\?/2

ab/2

(1- )\3) sin(A;) — Aj cos(A;)
2X% + A sin(2);) + 2 cos(2);) — 2

Cj
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which in turn yields

2 A7 13
D341 "t

j=1

(1= A%)sin(X;) — Ajcos()))
2M% + Ajsin(2);) + 2 cos(2);) — 2

or after multiplying the previous expression by a?

i X exp 71)ﬁu (1= A7) sin(A;) — A; cos(;)
=3 a? 2 a? 2X% + A sin(2);) + 2 cos(2);) — 2

which is (5.9). O

6. Bessel process 11

In this section we will make use of the ideas presented in Section 4 to find the
probability that a Bessel process with negative order hits level a > 0 before hitting
Zero.

Theorem 6.1. Consider X and Y satisfy that

2

P dXy = —dt+dB

( ) t Xt + ty
1

Q)  dY; = ——dt+dB.
Y,

Let also T be as in (4.6) and, under Q,
To = inf{t > 0|Y; = 0}.

Then

h(t,Yy)

P, (T <t) = Ej {h((),YO)H(T“’T"N)
Y3
= Eg {ygﬂ(T<t,To>t)] .
In particular
o3
P,(T <t)= EQ(T<t,TO >1).

Proof. Let a(xz) = —1/x. Then from equation (3.5) in Proposition 3.2 we have

that
—hi = 3haw — 2he
R
—Wi = §Way — $Wa
In particular a solution to (3.5.a) is h(z) = x3. Hence
—ht = 3hpe — The
o= Yo+ [2]

Lwg.

_ 1
—wy = §wza:_ T
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From (3.4) we know that

wlesls

Alternatively, from Theorem 3.4, we have that the processes X and Y that satisfy

2
P Xy = — B
(P) dXy Xtdt+d f
1
(Q) dYy = ——=dt+dB;
Y;
are related by
h(t, Yt)
P,(T >t) = ]Eg |:h(O,Y())]I(T>t’TO>t)

Ey |:yt3H(T>t,To>t)] :
From Ito’s Lemma
dY? = 3YPdY, +3Y,dt
= —3Y?dB;.
Thus Y? is a martingale and hence, from the optional sampling theorem
E? [V Lrce>n] = E®[E? [V Lo o0l Finmar]]

= EY [Y’J:EOAT/\tH(T<tA,Tg>t)]
a*Q(T < t, Ty > t).

O

Example 6.2. In Salminen [16] the author derives the density of a process X
with dynamics

1
dX; = [bXt + } dt 4 dB;.
Xi
This process X can be interpreted as the Euclidean norm of three independent
copies of an Ornstein-Uhlenbeck process with dynamics
dUy = bU; + dWs.

Making use of Theorem 3.4 in Section 3 we arrive at the same conclusion.
Namely, given processes X and Y with dynamics

t

(Q Y, = bY,+dB,
the following identity holds

1
(P)  dX, = [bXt—i—X} dt + dB,

Poo(X, € 4) =B [Yie "y cam |
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where
To :=inf {t > 0|Y; = 0}.
To do so, in (3.5)
—hy = %hm + a(z)h,
—vp = %vm + [a(m) + h—,{”] Vg (6.1)
—wy = %w” + a(r)w,
set a(z) = bx and as a solution of
—hy = %hm + bxh,
choose
h(t,z) = ze bt
Hence h,/h = 1/ and thus

—Ut

QUM alx A Vg

oot e 2]
= —VUt = =VUgy + bx+ — | Ug-
2 T

7. Concluding remarks

In this work we derive systems of coupled backward and forward Kolmogorov
equations which in turn are used to derive dual representations of SDEs under
a proper change of measure. In particular, the local drift of the corresponding
process must be a linear combination of solutions of backward heat equations.
Examples of process with this property are: Brownian bridge, 3-D Bessel bridge,
Bessel processes of order 1 and 2. We also derive, making use of the techniques
described within, the density of a Brownian motion started within some range
[0, a], which hits level a at time v > 0 before ever reaching zero.

We also derive, without making use of a Laplace-Gegenbauer transform, the
density of the first time that a Bessel process of order 5 hits level a > 0. Our
function is the same as the one appearing in equation (2.0.2) p. 398 in Borodin
and Salminen [3]. Next, we relate the previous result, with the density of the first
time that a Bessel of order —1 hits level a before reaching zero. Regarding a Bessel
process of negative order see Going-Jaeschke and Yor [5], and Revuz and Yor [14].

The coupled systems of one-dimensional backward and forward Kolmogorov
equations, described in this paper, seem to have a “nice” and useful analytical
structure. The extension of these results to d-dimensional PDEs as well as its
implementation is work in progress.
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