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On hyperbolic Bessel processes and beyond
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We investigate distributions of hyperbolic Bessel processes. We find links between the hyperbolic cosine of
hyperbolic Bessel processes and functionals of geometric Brownian motion. We present an explicit formula
for the Laplace transform of the hyperbolic cosine of a hyperbolic Bessel process and some other interest-
ing probabilistic representations of this Laplace transform. We express the one-dimensional distribution of
a hyperbolic Bessel process in terms of other, known and independent processes. We present some applica-
tions including a new proof of Bougerol’s identity and its generalization. We characterize the distribution
of the process which is the hyperbolic sine of hyperbolic Bessel process.
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1. Introduction

The important role which functionals of Brownian motion play in many fields of mathematics
(including mathematical finance, diffusion processes in random environment, probabilistic stud-
ies related to hyperbolic spaces etc.) is a motivation to study the wide class of different diffusion
processes connected to those functionals somehow (see, e.g., [6,9,12,17] and [18]). In this work,
we consider a special class of such diffusions: Brownian motion with a special stochastic drift.
It is well known in the literature that processes like Ornstein—Uhlenbeck processes, Bessel pro-
cesses or radial Ornstein—Uhlenbeck processes are examples of Brownian motion with stochastic
drift connected to special functions: parabolic cylinder, Bessel or Kummer functions (see [5]).
In this work, we consider another interesting class of such diffusions — hyperbolic Bessel pro-
cesses which are connected to Legendre functions. We establish the distribution of a hyperbolic
Bessel process. Borodin presented the computation of the transition density function for a hyper-
bolic Bessel process (see formulas (5.4) and (5.5) in [5]). His method relied on the connection
between the Laplace transform of the transition density function and two increasing and decreas-
ing solutions of some ordinary differential equation of the second order (for more details of this
method see also [6]). Gruet established the transition density functions of hyperbolic processes
by methods of planar geometry (see [13,14]). However, the results obtained by both authors are
technically very complicated. The role of the hyperbolic Bessel processes in the world of Brow-
nian motion functionals was mentioned also by Byczkowski, Matecki and Ryznar [8].

Our approach to hyperbolic Bessel processes is completely different and purely probabilis-
tic. We present results for hyperbolic Bessel processes with index o > —1/2 and for fixed time.
We find a link between the hyperbolic cosine of a hyperbolic Bessel process and functionals of
geometric Brownian motion. We present different probabilistic representations of the Laplace
transform of the hyperbolic cosine of a hyperbolic Bessel process R. We also give probabilis-
tic representations of the density of cosh R;. The link between hyperbolic Bessel processes and
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functionals of geometric Brownian motion enables us to establish a simple explicit form of the
Laplace transform of the vector (e the f(; e2(Butku) du) for a standard Brownian motion B and
a nonnegative integer k. These results are obtained for fixed ¢ (and not for stochastic time) and
so they can be effectively used in numerical computations. We express the distribution of a hy-
perbolic Bessel process R in terms of a squared Bessel process X and a vector (B, AW) of
Brownian motion with drift and the integral of geometric Brownian motion, which is indepen-
dent of X. The joint distribution of (B, A®) is known in the literature and is expressed via the
density function (e.g., see [17]). As an interesting example of applications, we find an alternative
simple proof of the well known Bougerol identity (for a thorough study, we refer the reader to
[1,2] or [11]). We also characterize the distribution of sinh(R) for R being a hyperbolic Bessel
process. It is interesting that this distribution is deduced from the stochastic process which is in a
sense a generalization of a squared Bessel process. At the end, we outline the case of exponential
random time independent of the Brownian motion driving the hyperbolic Bessel process. In this
case, many explicit and computable results are known in the literature (see, e.g., [6,17] or [18]).

2. Hyperbolic Bessel processes with fixed time

We consider a complete probability space (€2, F, IP) with filtration F = (F;);¢[0,00) satisfying the
usual conditions and F = F,, and with a standard Brownian motion B. We define a hyperbolic
Bessel process R of index « € (—4; 00) as a nonnegative diffusion, starting from a nonnegative
X, given by

1 t
R,:x+B,+(o¢+§>/ coth R, du. 2.1)
0

For o = —%, we define the hyperbolic Bessel process as the reflected (at 0) Brownian motion
starting from a nonnegative x, that is,

R; = |x + By|. 2.2)

Now, we discuss properties of solutions to (2.1) which follow from general theory on SDE (see,
e.g., Cherny and Engelbert [10]). The behavior of R depends on the index «. For o € (-1, 00,
the point 0 is an isolated singular point of (2.1). For o € (—%, 0) and x > O there exists a positive
solution of (2.1) defined up to T, = inf{r > 0: R; = a} for every a > x > 0 and such a solution is
unique. This solution hits zero with a positive probability (see [10], Theorem 2.12), but the point
zero is instantaneously reflecting. Indeed we check that m({0}) = O for m the speed measure of
the hyperbolic Bessel process (for the boundary classification see, e.g., Borodin and Salminen
[6], pages 14—-16). Therefore, by analogy with a SDE defining §-dimensional Bessel process, in
the case o € (—%, 0) we understand (2.1) as SDE

1
dR; = B; + (Ol + E)I{Rﬁéo} coth R; dt, Ro=x. (2.3)

For the case o > 0, we have two possibilities. If x > 0, then there exist a unique strictly positive
solution defined up to T, for every a > x > 0. If x = 0, then there exists a positive solution
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of (2.1) defined up to 7,, and such a solution is unique. Moreover, R > 0 on ]0, 7,] (see [10],
Theorem 2.16). Summing up, general theory implies that for o > —% and x > O there exists a
unique positive solution defined up to the explosion time.

Recall that Gruet [13] defines a hyperbolic Bessel process of index o > —1/2 as a nonnegative

diffusion R with generator

1 d? 1 d
A= E@ + <0[+ E) COth(x)a. 2.4)
In the case of —1/2 < « < 0, the definition is completed by the requirement that O is an in-
stantaneously reflecting point. It is also assumed that the starting point is nonnegative. A similar
definition of hyperbolic Bessel process can be found in Borodin [5]. In [13], by the identification
of the Green function, it is stated that a reasonable candidate for a hyperbolic Bessel process with
o = —1/2 is a reflected Brownian motion (see the end of Section 3 in [13]).
To start the discussion of the properties of hyperbolic Bessel processes, we define a process 6
to be the solution of the SDE

dé; =md3t+(a+ 1)16;]dt, (23)

where o > —1/2, and such that §) = x > 1. Observe that for x € R and coefficients o (x) =

VIxZ =1], b(x) = (o + 1)|x| we have
lo )]+ [b(x)| = @+ o) (x| + 1),

so there exists a weak solution, which does not explode. Using Ex. 3.14 [19], Chapter IX (with
g=1,c=3,5 =1), we see that pathwise uniqueness holds for (2.5). Thus, the SDE (2.5) has a
unique strong nonexploding solution.

Now, we consider the diffusion n; := 6; — 1. It is a diffusion with drift and diffusion coefficients
equal to l;(y) =(a+ D]y + 1] and 5(y) = +/|y% + 2y|, respectively. We observe that 0 is an
isolated singular point for 5. For « > 0 and a > 0, we have

a a 5 a 2 2 a+1 a
/ exp(/ — ) dy) dx :/ (az—i-ia) dx > acx—H / x—(a-H)dx — 0.
0 X 02(),) 0 \x°+2x 0

Therefore, from [10], Theorems 2.16 and 2.17, it follows that n; > O for all ¢ > 0, provided
no > 0. So, if 6y > 1, then 6; > 1 for all r > 0. Hence, the process 0 satisfies for @ > 0 the SDE

d; =+/62 — 1dB; + (a + 1)6, dr. (2.6)

It turns out that in the case of « > 0 we can recover a hyperbolic Bessel process from the pro-
cess 6. As usual, by arcosh we denote the inverse function of cosh.

Theorem 2.1. If « > 0 and x > 1, then the process R; = arcosh(6;) is a hyperbolic Bessel
process of index o, where 6 is the solution of (2.6), 6y = x.
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Proof. Observe that, by definition,

R, = arcosh(6;) = ln(Ot +./6? - 1) > 0. 2.7)

As 0, > 1 for all t > 0, we can use the Itd lemma to conclude that R satisfies (2.1). O
Theorem 2.2. A hyperbolic Bessel process R of index o > —1/2 does not explode.

Proof. For « > 0, we use Theorem 2.1, which implies that R does not explode since 8 does not
explode. For o = —% the process R is given by (2.2), so it does not explode. For o € (—%; 0), we

observe that cosh(R) and 6 have the same generator .4y on CCZ, the space of twice continuously
differentiable functions with compact support. From the uniqueness of solution of the martin-
gale problem induced by Ay, we conclude that cosh(R) and 6 have the same distribution. The
diffusion 8 does not explode, so R does not explode either. |

Now we give a formula for the Laplace transform of cosh of a hyperbolic Bessel process with
a > —1 one of the most important results of this paper.

Theorem 2.3. Fix o > —%. If R is a hyperbolic Bessel process of index o and Ry = x > 0, then
fort>0and A >0,

)\42 t
E[exp(—AcoshR))] = E[exp(—k cosh(x)V, — > / V2 du>j|, (2.8)
0
where V, = e @tUD+B: 4nd B is a standard Brownian motion.

Proof. Set6; =cosh R; > 1, so 8y = cosh x. By the definition of R, the properties of the function
cosh and the It6 lemma we see that

a6, = /67 — 1dB, +ab) dr, 2.9)

where a = o 4 1. Using again the Itd lemma, we obtain

)»2
de ™ = —xe™*%,/02 — 1dB;, — rae %6, dt + 7e—M’r (07 —1)dt. (2.10)

The process fot e *%,/62 — 1dB, is a martingale since e *+/x2 — 1 <e~! forx > 1.
Thus, we infer from (2.10) that

t 2 ot
Ee " =e % —a) / E[e %0, ] du + % / E[e ™% (62 — 1)]du. 2.11)
0 0

Define p(t, ) := Ee ™% so the function p is bounded. Using (2.11), we deduce that p satisfies
the following partial differential equation:

9 e ap A% 92
P tptrarnl 200

= — 2.12
ot 2 A 2 92 2.12)
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with p(0, 1) = e 0. Set V, = Vye@+1/21+B: Then
dVl = VI dB[ + ClV[ dr
with a = o + 1. The generator of V is

x2 @2 d
+ax

Av=T et

Observe, by (2.11), that p € C 1.2((0, 00) x (0, 00)) and from the Feynman—Kac theorem (see
[16], Chapter 5, Theorem 7.6) we know that the only bounded solution of the partial differential
equation

ou x?

§=Avu— ?u, u(0, x) = e~

that is, (2.12), admits the stochastic representation

1 t
u(t,x) = Eexp(—GOVt - = / V2 du>,
2 Jo
where Vo = x. This implies the assertion of the theorem. (]

As an easy consequence, we obtain the following proposition.

Proposition 2.4. The Laplace transform of the vector (e, f(; e?Budu) is given by

)\‘2 t
Eexp(—yeB’ - 7/ ¢2Bu du) = Eexp(—Acosh(x + B)) (2.13)
0
fory > 0and ) > 0, where x = arcosh%.

Proof. The conclusion follows by applying Theorem 2.3 with ¢ = — %, and the observation that

cosh(R;) = cosh(x + B;), since cosh is an even function. This implies that for any A > 0,
Eexp(—cosh(x + B;)) = Eexp(—Acosh(R,)). 0

Remark 2.5. The form of the Laplace transform of the vector (e, fot e2B« du) in the last propo-
sition, that is, (2.13), is very simple when compared to the form of density of this vector ob-
tained by Matsumoto and Yor [17]. Indeed, the density given in [17] has the oscillating nature
in the neighbourhood of 0 and is not convenient for computational use (see [4]). The knowl-
edge of the Laplace transform makes it possible to invert it numerically and obtain the density
of (e, fé e?Bu du). It is also important to realize that it enables one to obtain the density for

) o)
8", fot 2B du), where Bt(“) := B, + ut, u € R, as we know from [17] that

t (W) t
P(Bf“) e dx, / 2B qu ¢ dy) = e”x_"zt/zP<Bt e dx, / e?Budy e dy>.
0 0
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Theorem 2.6. Letk €N, y > 0, L > 0 and R be a hyperbolic Bessel process
t
R, =arcosh(y/}) + B; + k/ coth R, du. (2.14)
0

For A > 0, we have

F*ply,r)

Eexp(—AcoshR;) = (— 1)ke(k2/2)l
ayk

where

p(y,A) = Eef)\cosh(arcosh(y/)\)JrBt)‘

Proof. By Proposition 2.4, for x = arcosh(y /1),

, A2t
py,A) = e coshCx+B1) _ Eexp(—yeB’ — 7/ e2Bu du).
0

Define the new probability measure Q by

@ :ekB,f(kz/Z)t
dP |z, '

Then V; = B; — kt is a standard Brownian motion under Q and

k2 )\(2 t
ply,A) =Eq exp(—kB, - yebr — ?/ e2Bu du)
0

2 g
=K/ DRy exp(—k(Vt +kt) — yelVHED — %/ e?Vuthu) du).
0

The result follows from Theorem 2.3 after taking the kth derivative of p with respectto y. U

Proposition 2.7. Ifk € N and Y; = B then for . > 0,y > 0,

2 pt k
Eexp —yY,—A—/ Y2du ) = (— ke P& 2
2 0 “ 8)/k

where p(y, A) is as in Theorem 2.6.

Proof. This follows from Theorems 2.6 and 2.3. O

Theorem 2.8. If R is a hyperbolic Bessel process of index o > —% starting from x, then for
A>0,

V2T o
Eexp(—AcoshR;) = 76 (@ f/z)E(l{VtZwt”V,h,(B,,x)Jo()»(b(B,, ).
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where a = o + %, Jo is the Bessel function of the first kind of order 0, h;(z, x) = exp(% +az —
Acosh(x)e?), ¢ (v, z) = v/2e"/%(coshz — coshv)!/2 for z > |v|, and V, B are two independent
standard Brownian motions.

Proof. Let W, = B; + at and let QQ be the new probability measure given by

@ =e—aB,—(a2/2)t
dP |z, '

From Theorem 2.3, we have

)\(2 t
]ECXP(—)\, cosh Rt) = ECXP<—)\, COSh()C)eal+Bl _ ?/ e2(Bu+au) dl/t)
0
612 )\2 t
= EQ exp(a W, — ?l — )»COSh(x)eW’ — 7/ e2Wu du)
0

)\,2 t
= e_(“2/2)’Eexp<aB, — Acosh(x)eB — 7/ e?Bu du),
0

SO
Eexp(—AcoshR;) = e_(“z/z)’IE[e“B’_lCOSh(x)eBt E(e_()‘z/z) Jo &P du |Bz)].

To finish the proof, we use the conditional Laplace transform (see (5.5) in [17])

Ele-022 fitan g _ v L jen _ [T 2 e d
(e |B,—x)me = e Jo(A(x,2)) dz.
|

2 x| A/ 2mt3 U
Now we define a process '@ Let B be a standard Brownian motion, « € R, A > 0 and
B;+at
re— © (2.15)

t

Lt eBtandy

Theorem 2.9. If R is a hyperbolic Bessel process of index o > —% starting from x, then for
A>0,

t —a—1
Eexp(—icosh R;) = e—AE|:e—)»(cosh(x)—1)r‘t(a+1/2) <l n A/ e But(a+1/2)u du) il’
0

where B is a standard Brownian motion and F,(a) is given by (2.15).

Proof. Set Y,(“) = e8! Define the new measure Q by

dQ| P as,—02/2) i PR
dP | -
t
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Theorem 2.3 implies
Fe—cosh Ry _ E[e* cosh(x)n Y T2 32 2) [ty du]
= Egle cosh(n)r Y@ T2y [y et/ dB,,]

_ EQ[efcosh(x)kY,(a+1/2)+k(Yt(a+l/2>71)7(a+1))\f(; yott/d du] —7

where we have used the fact that

Y+ +/'

t t
YD a4 (a+ 1)/ Yot g, (2.16)
0 0

From the Girsanov theorem, the process V; = B; + A fé Y,,(QH/ 2 du is a standard Brownian mo-
tion under Q. By the result of Alili, Matsumoto, and Shiraishi [3], Lemma 3.1, we have

t
B, =V, —1n<1+/\/ gVut(@t1/2u du). (2.17)
0
Thus,
yle+1/2) _ et/
' 44 [ eVite+1/u gy’
and

Vit(a+1/2)

1+ )‘f()t eVut@+1/2)u gy

t —a—1
:e—AE[e—,\(cosh(x)—l)r,(““/z)<1 +A/ But(@+1/2)u du) }
0

I=e"Eg [exp(—k(cosh(x) —1) —(a+ DV, - Br)>i|

O

Let us observe that for a hyperbolic Bessel process of index o > —% starting from x = 0 the

expectation E[exp(—A cosh R;)] involves the random variable fot eBut(@+1/Du 4y and not F,(“).
Taking o« = —1/2 in the previous result, we obtain the following corollary.

Corollary 2.10. For A >0, x >0,
) ! -172
Efexp(—Acosh(B; + x))] = e *E|e ACosh)=DE 1y 4 5 | eBudy .
p
0
We will use the following notation:
t
A = / Bt gy geR, A=A, (2.18)
0

with B being a standard Brownian motion.
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Theorem 2.11. If R is a hyperbolic Bessel process of index a = 0 and x = 0, then the density of
cosh R; on [1,00), t > 0, has the form

1 —1
P(cosh R, € dz) = E[T exp(—z—(l)):| dz. (2.19)
4A0) 4A0)

Proof. Fix ¢t > 0. Using Theorem 2.9 for « = x =0 and A > 0 we obtain

Ee—)\(coshR,—l) — E|: 1 ]
14 A [y eButu/2dy

From the last equality and the scaling property of Brownian motion, we have

e —*(cosh Ry —1) :E[ 1 ] :E|: ! ] (2.20)
1+ 44 [} eBut2u dy 1+42A0"

From Theorem 2.8 in [15], we know that

1 oo
E|:—(1)] =1- 4)"/ Gt(y)e_‘uy dy,
14+4)1A; 0

where G, (y) = E(e~/A1 ).
Since G, is differentiable, integration by parts yields

o o0
E[i(l)} =1 +/ Gi(y(e™) dy = _/ G (y)e ™ dy.
1 +4)A; 0 ;

From the last equality and the definition of G/, we have

1 < _m 1 Y
Bl——wm =] ¢ "El-meel——w )|
1+ 41A! 0 Al Al

2.21)
OO —Az 1 Z
= e “E o el ——5 dz.
0 4A, 4A;
From (2.20) and (2.21), we conclude that
1 z
P((COSh R4[ — 1) € dZ) =K T exp _T dz
44, 44,
for z > 0, which ends the proof. U

Remark 2.12. Using the explicit form of the density of A;l) and Theorem 2.11, we can obtain
the integral form of the density of cosh R, with « =0 and x = 0.
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Proposition 2.13. If R is a hyperbolic Bessel process of index « =0 and x =0, then on [1, 00),

P(cosh R; e dz) = _%G;M(%) dz (2.22)
fort >0, where
G:(y) =e¢*Eexp (B, + 2%(33 - gog(Bt))), (2.23)
B is a standard Brownian motion and
@y(2) =In(ye™* + cosh(z) + \/yze—zz + sinh?(z) + 2ye~< cosh(z)). (2.24)

Proof. As before, let G;(y) = E(e™>/ A ). As an easy consequence of the Matsumoto—Yor result
[17], Theorem 5.6, we find that G, is given by (2.23) (see the proof of Theorem 2.5 in [15]). Now
the assertion follows from Theorem 2.11 and the observation that

Lol =5on(F)
exp| — =—- :
4A0) 44" 471 4 0

t/4 t/4

Let us recall that the formula of Laplace transform of a squared Bessel process X of index o
has the form

Ee X = (14 241)~@*D exp(—Ax /(1 + 221)) (2.25)

for L > 0, > 0and Xg = x > 0 (see [19], Chapter XI, page 441). We will use (2.25) in the proof

of the next theorem and subsequently.

1 .
The next theorem states that, for a fixed ¢, that R; (aw) F(B, A, X) for some functional F, so

the distribution of R, can be represented as a functional of A, B and a squared Bessel process X
of index « independent of B.

Theorem 2.14. If R is a hyperbolic Bessel process of index o > —%, Ro=x >0, then

(law)

cosh(R,) "2 1 + 2A§§j‘+”xl (2.26)

for every t > 0, where X is a squared Bessel process of index «, independent of a standard

} : . 1 2B4HD (a4
Brownian motion B and starting from 5(cosh(x) — 1)e 14 /At/4 . Moreover, we have

R; (1aw) arcosh(1 + ZAgZH)Xl). (2.27)

Proof. From Theorem 2.9 and the form of the Laplace transform of a squared Bessel process,
that is, (2.25), we have

t —a—1
Eexp(—Acosh R,) = C—AE|:e—A(cosh(x)—1)I‘t(a+1/2) <l n )\/ e But(a+1/2)u du) ]
0



On hyperbolic Bessel processes and beyond 2447

- B 1/2)t %
=¢e ]Eexp(—ke iHetl/ )ZX/OI eBu+(a+1/2)u du/(zeBt+(a+l/2)T))
for arbitrary A > 0, where Xisa squared Bessel process of index «, independent of a standard
Brownian motion B and starting from cosh(x) — 1. It is now clear that

(law) S
cosh(R;) ="1+ eBr+(“+1/2)fXﬁ)t eBu+@+1/Du dy  QeBr-++1/2))- (2.28)

Using the scaling property of a squared Bessel process (see [19], Chapter XI, Proposition 1.6),
we obtain

. 1— [!
I+ eB[Jr(aH/Z)tXfé eButart1/2u dy j2eBiHarti /oy = 1+ EXI / eBut @t /2u gy (2.29)
. 0

where_y is a squared Bessel process of index « independent of B and starting from the stochastic
point X = 2(cosh(x) — l)eB’+(“+1/2)’/f(; eBut@+1/2u qyy  Hence, taking 4t instead of 7, we
infer that

(law) —Qa+1)

1 4t
COSh(R4t) — 1+ 5){]/ eBz¢+(a+1/2)u du (la=W) 1 +2At X],
0

where X is a squared Bessel process of index « independent of a standard Brownian motion B
. 1 HPeth —(2a+1) —Qa+1) . . .
and starting from Xo = 5(cosh(x) — 1)e=* /A, , where A, is given by (2.18) with
B instead of B. As R, > 0, the second part of the theorem follows from the first one. The proof
is complete. (]

Remark 2.15. Fix o« > —1/2 and x > 0. For every ¢ > 0, from the proof of Theorem 2.14 we
deduce that

R; (aw) arcosh(l + (l/2)a;X1)7 (2.30)

where a; = f(; eBut@+l/2uqy X is a squared Bessel process of index o > —1/2 indepen-
dent of a standard Brownian motion B and starting from the random point Xo = 2(cosh(x) —
DeBitetl/2r) (HeButetl/Du gy (see (2.28) and (2.29)).

Theorem 2.14, in the special case x = 0, gives

Proposition 2.16. (a) If x =0 and o > —1/2, then for every t the density function of cosh(R;)
on[l,00)is

1 (z—-D* [ —(z=1)/@4AR2TDy 1 }
P(cosh(R,) € dz) = —— ——_R|e ¢ v |4z 2.31)
( N eda) = T(a+1) (ALt

®) If x =0 and o = —1/2, then for every t the density function of R; on [0, 00) is

I (cosh(z) = )"sinh(2) [ —(cosha)—n/@afy ) 1
4o+1 F'a+1) (At(fg+1))a+1

]P)(R[ (S dZ) -



2448 J. Jakubowski and M. Wisniewolski

Proof. From Theorem 2.14 for x =0 and o > —1/2, we obtain

cosh(R)) "= 1+2405 0 x,, (2.32)

where X is a squared Bessel process of index «, independent of B and starting from 0.
(a) (2.32) implies, for x =0 and o > —1/2, that

z—1
P(cosh(R,) <z) = P<X1 < W)
t/4

Hence and from the form of the density of a squared Bessel process (see [19], Chapter XI,
Cor. 1.4), we have for x =0 and o > —1

1
o+ (Z _ 1)0[ ]E|:e—(z—1)/(4AgZ+l)) 1 i|

1
]P’(cosh(R,) € dz) = <—> NCES) (A(?ZH))QH
t

4

that is, (2.31).
(b) From the properties of a hyperbolic Bessel process for « > —1/2 and x > 0 it follows that
R; > 0. Thus, by (2.32),

(la

R; :W) arcosh(l + ZASZH)X]),
SO
cosh(z) — 1
P(R; <2) =P(X1 =< w)
2‘4;/4

Using this equality and again the form of the density of a squared Bessel process, we have, for
x=0and o >—-1/2,

P(R; € dz)
_ ( 1 )““ (cosh(z) — )* sinh(z)E[e_<cosh<z>_1)/A;;g+n § +11) } ’
4 IN'a+1) (Az/fl[ yetl
and the proof is complete. (|

Remark 2.17. Using the explicit form of the density of Afh“) and Proposition 2.16, we can

obtain the integral form of the density of R; for « > —1/2 and Ry = 0. This formula is new and
differs significantly from the density obtained by Borodin (see formula (5.4) in [5]).

The next two facts follow immediately from Theorem 2.14 and in slightly different forms can
be found in [17].



On hyperbolic Bessel processes and beyond 2449

Corollary 2.18. For any z > 1, we have

E[ 1 ( (cosh(z)—l))] \/7«/cosh(z)—1 <_i>
JA, P ¢t sinhz) P\ Ty )

Proof. This follows from Proposition 2.16 for x =0 and @ = —% and the form of the density of
cosh(B;). O

Proposition 2.19. For every A > 0, we have

E(cosh(Bs) — 1*

EA* = .
1 ZAE( B, )ZA
where B is a standard Brownian motion.
Proof. This follows from Theorem 2.14 for x =0 and o = —1/2. (I

In the next proposition, we deduce from Theorem 2.14 an alternative purely probabilistic proof
of Bougerol’s identity (see [7], [3], Proposition 6.1, or [17], Section 3). For completeness, we also
present the generalized version of Bougerol’s identity which is exactly Proposition 4 in [2]; in
our proof we use similar ideas as in [11]. An interesting discussion of Bougerol’s identity and its
consequences can also be found in [1].

Proposition 2.20. Let B and W be two independent standard Brownian motions.
(a) (Bougerol’s identity) For t > 0,

sinh(B;) "2 Wy, . (2.33)
(b) (12]) If x € R, then
sinh(x + B;) " sinh(x)eB + Wy, . (2.34)
Proof. (a)
(WA,)2 (Iaw) At(Wl)2 (law) Cosh(Bz4,) —1 _ e2(1/2)By e4—2-(1/2)B4t -2 (law) (Sinh(Bt))z,
where in the second equality we use Theorem 2.14 with x =0 and @« = —1/2. Hence, using the

fact that Wy, and sinh(B;) are symmetric random variables we obtain (2.33).
(b) By the same arguments as in (a), we conclude that

| (lgv)

|sinh(x + B;) |sinh(x)e® + Wy, |

and we can expect that we can skip the absolute value signs. Indeed, define

t
M, =B <sinh(x)+/ e Bu qu>.
0
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Observe, by Proposition 2.1 in [12], that

t
sno)el + Wy, 2 sinhoel + e [ e Baw, = .
0

It is easy to check that M is a diffusion with the generator

Ay ==(x +1)7+—x—x. (2.35)

It is also evident that the SDE corresponding to the above generator has a unique strong solution.
To finish the proof it is enough to observe that M, := sinh(x + By) is a diffusion such that the

(law)

generators of M and M are equal on Cf, soM ="M. (]
A simple but interesting consequence of Proposition 2.20 is the following proposition.
Proposition 2.21. Let B be a standard Brownian motion. For any A > 0 and t > 0 we have
E(1 4 2).4,)" /2 = Ee—*sinh*(B)) (2.36)
Proof. Let B and W be independent standard Brownian motions. Using (2.25), we have
Ee i = BE(e YA |0:(By,u < 1) = E(1 + 22472,
The assertion follows from Bougerol’s identity. ]

In the next proposition, we deduce from Theorem 2.20 a simple form of the characteristic
function of the vector (5, Wa,).

Proposition 2.22. Let B and W be two independent standard Brownian motions. Then, for u € R
and v #0,

Reiue® +ivWa, _ eivsinh(arsinh(u/v)+B;) (2.37)
Proof. From Theorem 2.20, we infer that
~P 4 Wy, "2 sin(arsinh(u/v) + B).
which implies (2.37). U

Now we establish a representation of the law of the process sinh(R), where R is a hyperbolic
Bessel process of index o = 0, in terms of functionals of independent Brownian motions.
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Theorem 2.23. Let x > 0 and R be a hyperbolic Bessel process of index a = 0 starting from x.
Then

(sinh(R;), t > 0)
(2.38)

(law) t 2 t 2\ 1/2
= (e_B’+’/2<<sinh(x) +/ eB”_”/deM) + (/ gBu—u/2 dZ,,) ) 1> 0>,
0 0

where B, V, Z are three independent standard Brownian motions.

Proof. Define & = sinhz(R,). Then the diffusion & satisfies the SDE

dg, =2\/E2 + & dB, + (2 + 3&,) dt,

2

d d
A =2(x? +x)@ +2+30) . (2.39)

Denote the diffusion and drift coefficients of £ by o (x) = 24/x2 + x and p(x) = 2+ 3x. Observe
that forany x >0and y e (x — 1, x + 1),

and the generator of £ is

2
()=o) <4(|¥* =y +1x = yl) =4lx = yI(Ix + ¥ +1) < 4lx = yI(21x] +2)
<4lx — yl(o(x) +2) <4lx — y|(a*(x)/2+5/2).
The uniqueness of solution for the corresponding SDE follows now from [19], Chapter IX,

Ex. 3.14. Thus there is a unique solution of the martingale problem induced by As.
For a standard Brownian motion B we define, as previously, ¥; = e®~"/2. We now consider a

SDE of the form

dX; =2/X,Y, dW, 4+ 2Y2 dt, (2.40)
where X = sinh?(x) and W is a standard Brownian motion independent of B. Observe, using
the Itd lemma, that the process ¥ = % is a diffusion with the generator Ay having the same

form as Ag on CCZ. Hence, by uniqueness of solution of the martingale problem induced by Ak,
the processes |sinh(R)| and [v/X/Y| have the same law. To skip the absolute value signs we
note that both processes are nonnegative. Moreover, the SDE (2.40) has a unique weak solution.
Indeed, using the change of time t; = inf{s > 0: fos Yu2 du > ¢t} we find that the process X is
the square of a 2-dimensional Bessel process, and it is not difficult to see that the process X
inherits “good” properties of the square of a 2-dimensional Bessel process. To finish the proof,
we observe that the unique weak solution of (2.40) can be written as

t 2 t 2
X; = (sinh(x) +/ Y, qu> + (f Y, dZu) . (2.41)
0 0
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To verify that (2.41) satisfies (2.40), it is enough to observe that W defined as

(sinh(x) + [ Y dVi) dVs + (fy YudZ,) dZ;
\/ (sinh(x) + [2 ¥, dV)2 + (f¢ Y dZ,)?

(2.42)

t
W, = / LA z0)
0

where A, = (sinh(x) + [y Y, dV,)? + (f; Y4 dZ,)?, is a standard Brownian motion. A simple
use of the Itd lemma finishes the proof. ]

It turns out that the methods of the proof of Theorem 2.23 also allow us to find a representation
of the law of the hyperbolic sine of a hyperbolic Bessel process.

Theorem 2.24. Let x > 0 and R be a hyperbolic Bessel process of index o > —1/2 starting
from x. Then

(sinh(R)), ¢ > 0) "2 (/X,/¥,. 1 > 0), (2.43)
where Y, = eBi—@+1/2t "X satisfies the SDE
dX, =2v/X, Y, dW, +2(1 + a) Y} dt, (2.44)

Xo = sinh?(x) and B, W are two independent standard Brownian motions.
Proof. The proof follows the lines of the previous one. ]

Theorem 2.25. Let Y be given by Y; = eBr=@ /2t \ohere B is a standard Brownian motion.
Forany w>0,t >0,

(1aw)

. -1
(sinh(Rp), 1> 0) =" ((Y) 'St y2,.1 2 0), (2.45)

where S is a Bessel process of dimension 2(1 + «) independent of B, and Sy = sinh(x).
Proof. Consider the process X having dynamics given by (2.44) with B and W independent
standard Brownian motions. Let 7, = inf{s > 0: fg Yu2 du > t}. Observe that the process X,
is the square of a 2(1 + «)-dimensional Bessel process. Observe also that conditionally, under

the knowledge of the trajectory of (¥, s <t), the process X, is still the square of a 2(1 + «)-
dimensional Bessel process. Hence, the assertion follows from Theorem 2.24. O

Proposition 2.26. Let k € N, x > 0, and let Y be a given continuous process such that
Ef(; YM2 du < oo for any t > 0. Then the unique solution of the SDE

dX; =2/X,Y, dW, + kY?dr, (2.46)

where W is a standard Brownian motion independent of Y and Xo = x, is

t 2 k t N2
X,=<ﬁ+/ Y,,dWJ) +Z</ Yudw;), (2.47)
0 i=2 0
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where Wi i=1,...,k, are independent standard Brownian motions.

Proof. As previously, the uniqueness of solution of (2.46) follows from the fact that the standard
change of time (t; = inf{u: fou Y 32 ds > t}) results in X becoming the square of a k-dimensional
Bessel process. We complete the proof by the direct checking that X defined by (2.47) satisfies
(2.46), using analogous arguments to those in the proof of Theorem 2.25. ]

2.1. Hyperbolic Bessel processes with stochastic time

Proposition 2.27. Let Ts be a random variable with exponential distribution with parameter
8 > 0. Assume that Ty is independent of a standard Brownian motion B. Then for a hyperbolic
Bessel process of the form (2.1) with « > —1/2, we have

o o
Eexp(—Aicosh Rz,) = / / e Aucosh)=(/2v by 4y 1, y)dy du, (2.48)
0 0
where for y = /28 + (o + %)2,
8 2 y
y _ ~rh/@u g (Y
p (u,l,y)—yl/z_aue Iy<u) (2.49)

and I, is a modified Bessel function.

Proof. We use Theorem 2.3 and the result of Matsumoto-Yor [17], Theorem 4.11. ([l
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