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Abstract A branching process of particles moving at finite velocity over the geodesic lines
of the hyperbolic space (Poincaré half-plane and Poincaré disk) is examined. Each particle
can split into two particles only once at Poisson spaced times and deviates orthogonally
when splitted. At time ¢, after N (¢) Poisson events, there are N (¢) + 1 particles moving along
different geodesic lines. We are able to obtain the exact expression of the mean hyperbolic
distance of the center of mass of the cloud of particles. We derive such mean hyperbolic
distance from two different and independent ways and we study the behavior of the relevant
expression as ¢ increases and for different values of the parameters ¢ (hyperbolic velocity of
motion) and A (rate of reproduction). The mean hyperbolic distance of each moving particle
is also examined and a useful representation, as the distance of a randomly stopped particle
moving over the main geodesic line, is presented.

Keywords Branching processes - Difference-differential equations - Hyperbolic Brownian
motion - Hyperbolic trigonometry - Laplace transforms - Non-Euclidean geometry -
Random motions

1 Introduction

Random motions in hyperbolic spaces have been studied since the Fifties and much empha-
sis has been placed on the so-called hyperbolic Brownian motion on the Poincaré half-plane
(see, e.g., Gertsenshtein and Vasiliev [3], Getoor [4], Gruet [6], and Lao and Orsingher [10]).

Hyperbolic Brownian motion has been revitalized by mathematical finance since some
exotic financial products (Asian options) have a strict connection with the stochastic repre-
sentation of the hyperbolic Brownian motion (Yor [14]).
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Branching hyperbolic Brownian motion has been analyzed by Lalley and Sellke [9] who
investigated the connection between the birth rate and the underlying dynamics in super-
critical and subcritical cases. Also Kelbert and Suhov [8], and Karpelevich, Pechersky, and
Suhov [7] have studied the asymptotic behavior of the hyperbolic branching Brownian mo-
tion, developing the ideas in [3] and [9].

The space on which the above considered hyperbolic Brownian motions develop is the
Poincaré half-plane (and its higher-dimensional equivalents, see Gruet [5]) or the Klein
model (see [8]).

The half-plane Poincaré model is a fine tool to describe the light propagation in a non-
homogeneous medium where, on the basis of Fermat’s principle, the angle «(y) between the
tangent to the geodesic curve at point of ordinate y satisfies the equality [sina(y)]/[cy] =
1/ k. The randomly scattered irregularities in the medium cause deviations of the trajectories
and their decomposition into different rays.

Random motions with finite velocity have been considered in Orsingher and De Gregorio
[12] (on H;r and on the Poincaré disk) with the assumption that they develop on geodesic
lines and have independent components.

Several models of random motions in H; with finite velocity have been examined in
Cammarota and Orsingher [1], where the components of the motion have been assumed
dependent and the particle moves on mutually orthogonal geodesic lines.

Here we study a random motion of a cloud of particles moving at finite velocity on geo-
desic lines of the hyperbolic space H,". Such particles are generated by successive splitting
out of a unit-mass particle initially placed at the origin O of H;r . The disintegration process
of the unit-mass particle is governed by an underlying Poisson process of rate A as follows.
The original particle keeps moving on the main geodesic line with constant hyperbolic ve-
locity c; at the first Poisson event it breaks into two parts of equal mass 1/2. One particle
continues its motion on the main geodesic line, while the other one deviates orthogonally.
At the second Poisson event the deviated particle is separated into two pieces each of mass
1/22; one piece continues its motion on the same geodesic line whereas the other one starts
moving on the geodesic line orthogonal to that joining its position with the origin O. In gen-
eral (see Fig. 1), at the k-th Poisson event, only the deviating particle of mass 1/2* breaks
into two fragments of equal mass 1/2¥*!; the first continues its motion on the same geodesic
line while the other one deviates orthogonally.

If up to time 7, N(¢) Poisson events have occurred, we have N (t) 4 1 particles running,
at a constant hyperbolic velocity ¢, along different geodesic lines with a mass depending on
the instant of separation from the generating particle.

In the above branching process each particle can reproduce only once and the particle
splitting at time T; of the k-th Poisson event and which never more disintegrates will pre-
serve its mass, equal to 1/2%, for the successive time interval (7, t).

Our main result concerns the dynamics of the center of mass c¢m of the cloud of particles
performing the branching and diffusion process. In particular, we are able to give an exact
expression for the mean hyperbolic distance from the origin O, 1., (t), of the center of mass
cm at any time t > 0

(cosh \ 232, iy JaViEE
E{coshne, ()} = { + }
‘ VA 202 3V + 242+ 50 3V/A2 4+ 242 — 50

n A+2c¢ oy A—=2c _, (1.1
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2(A +3c¢) 2(h —30¢)
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We give two different and independent proofs of the above result: our first technique is based
on Laplace transforms, while the other one brings about the following non-homogeneous
second-order differential equation

@u cu T

which is satisfied by (1.1).

The behavior of the hyperbolic distance of each individual particle can be compared with
result (1.1). In a previous paper (see [1]) we have shown that the mean hyperbolic distance
n(t) of the particle which underwent changes of direction at all Poisson events is

2020 % e 5V 4222 e i/ 324222
+
A2 2202 | A2 422240 A2 4222

3
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d L e 2 {efzga/xhrzw _eZLZN/AZJrz“CZ}

E{coshn(t)} = (1.2)

If in (1.2) the Poisson rate X is replaced by A/2 we see that the exponential terms in (1.1)
and (1.2) have the same form but different weights.

We illustrate the model above also in the Poincaré disk D (isometric to H; ) which offers
a different picture of the decaying diffusion process treated in this paper. Geometric features
of D and their relationships with the Poincaré half-plane H;’ are showed in Sect. 2.

We also examine the mean hyperbolic distance of each individual particle which stops
changing direction after the k-th Poisson event. Our main result shows that

1 t
E{coshni(t) Iiniy=k)} = 7" / coshe(t — s)h(k,c,s)g(s; k, L) ds (1.3)
0
where g(s: k, &) = 12— is a Gamma distribution and h (k. ¢, 5) = Y5 _y (*) E{e® @7+~ 1)

with Y, ~ Beta(r, k —r) so that (2Y,, — 1) € (—1, 1) and with the assumption that Y ; = 1
and Y; , = —1. Thus (1.3) shows that the mean hyperbolic distance, at time ¢, of a particle
generated at the k-th Poisson event can be seen as the mean hyperbolic distance of a particle
which never deviates from the main geodesic line and which stops moving at a random time
with law h(k, c, s)g(s; k, A).

2 Some Geometrical Features of the Hyperbolic Spaces

We present in this section some basic features of the Poincaré half-plane H," = {(x,y): y >
0} which is endowed with the metric

o - V@ 1 @2

y

. 2.1

Some information on hyperbolic spaces and non-Euclidean geometry can be found in Faber
[2] and Meschkowski [11]. The position of points in H;r can be given in Cartesian coor-
dinates (x, y) or in hyperbolic coordinates (1, o). These are connected by means of the
well-known relationships

sinh 7 cosa

=R E >0
coshn—sinhnsina ’ n ’
1 bid g (22)
= _—— < =
y coshn—sinhnsina ’ 2 <o= 2°
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The hyperbolic coordinate n represents the distance of (x, y) from the origin O = (0, 1) of
H; measured by means of the metric (2.1). The coordinate « is the angle of the tangent in
O to the half-circumference joining O with (x, y) (see Rogers and Williams [13] page 213
and Cammarota and Orsingher [1] for some details).
For each point (x, y) € H,' it is possible to obtain the hyperbolic distance 1 as well as
the angle o by means of the formulas
2ryi4l 24y -1

coshp= ——, tano = >
X

2 (2.3)

Formulas (2.3) are easily derived from (2.2) and vice versa (see [12]).
In H, the trigonometrical formulas we need are either the Pythagorean theorem for right
triangles

coshn = coshn; coshn;, 2.4)

or its Carnot extension for arbitrary triangles
cosh n = cosh n; coshn, — sinh ; sinh n; cos(a; — ay). 2.5)

Clearly, if &1 — ap = /2, formula (2.5) becomes (2.4).
The half-plane H; can be mapped onto the disk D = {(u, v) : u> + v?> < 1} by means of
the conformal mapping
iz+1
w= . 2.6
z+i (26)

The x-axis of H;r is mapped onto the boundary d D of D while the origin O is transformed
into the center of D. An arbitrary point (x, y) € H,” is mapped onto the point (u,v) € D
with coordinates

2x x24+y2 -1
U= ——"—"—, V= ———.
X2+ (y+1D? X2+ (y+D?
A point (4, v) € D is instead mapped by (2.6) into the point (x, y) with coordinates
2u 1 — W?+v?)
x = 7’ y P
u?+ (1 —-v)? u? + (1 —v)?

A similar mapping is the so-called Cayley transformation which reads

i—2z
w:. bl
1+2z

2.7

and it slightly differs from (2.6). The geodesic lines of H2+ with radius » and center at (x, 0),
are mapped by (2.6) into arcs of circumferences inside D with center at

and with radius R given by R? = —4=
-0
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Cascades of Particles Moving at Finite Velocity in Hyperbolic Spaces 1141

3 Description of the Randomly Moving and Branching Model

We assume that a unit-mass particle is placed at time ¢ = 0 at the origin O of H2+ and starts
moving on the main geodesic line represented in H," by the half-circle of radius 1 passing
through O. This particle chooses with probability 1/2 one of the two possible directions and
moves with constant hyperbolic velocity equal to ¢ (see Fig. 1(a)). The hyperbolic velocity

is assumed to be constant. For an Euclidean observer, the closer to the x-axis is the moving
particle the slower it moves.

A Poisson process of rate A governs the changes of direction. At the first Poisson event the
particle splits into two pieces of equal mass: one continues its motion on the same geodesic
line while the other one starts moving (in one of the two possible directions) on the geodesic
line orthogonal to the previous one (see Fig. 1(b)). In general, at the k-th Poisson event,
the deviating particle of mass 1/2* undergoes a further decomposition: one splinter of mass
1/2k+1 continues undisturbed its motion, while the other one, also of mass 1/2¢*!, is forced
to move onto the geodesic line orthogonal to that joining O with the position it occupied at
the time where the splitting took place.

Therefore, if no Poisson event occurs (i.e., {N () = 0}, where N (¢) is the number of
Poisson events in [0, 7]), the unit-mass particle is located, at time 7, on the first geodesic line
at an hyperbolic distance from O equal to ny(¢) = ct (see Fig. 1(a)).

1/22

e}
o

112\,

3\
W2 12 gcoshc(s, -Si1)

4
l;[cashc(sJ -Si1)

s
[Tgashe(S,7S; 1)

0

:\o\shcs cg\s}v({(( -S1)

\

[ 1% coshet|
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(d) N(H=3 (6) N(Y=4 (f) N(t)=4

Fig.1 In (a), the trajectory of the unit-mass particle initially placed at the origin O of H2+ and moving on the
main geodesic line is shown. When N (¢) = 0, no disintegration occurs. In (b), (¢), (d), and (e), the trajectories
of the particles generated by N (t) = 1, 2, 3, 4 Poisson events are plotted. The relevant mass associated with
each particle is also indicated by a suitable label. In (f), for each particle the relevant hyperbolic cosine of the
hyperbolic distance from the origin is also reported
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1142 V. Cammarota, E. Orsingher

If one Poisson event happens, at time S; < ¢ (i.e., {N(¢) = 1}), then, at time #, one frag-
ment of mass 1/2 will be at distance 7y(t) = ct on the first geodesic line, while the other
splinter, also of mass 1/2, will be located at hyperbolic distance n;(¢) given by

coshn,(¢t) =coshcS; coshe(t — §y), 3.1

where in formula (3.1) the hyperbolic Pythagorean theorem (2.4) has been applied (see
Fig. 1(b)).

If N(t) = n, the process described above produces n + 1 splinters. The particle generated
at the k-th Poisson event, with k =0, ..., n — 1, (and which will not break up after the k-th
event) has mass 1/2¢*! while the last splinter, which has changed direction at all fission
events, has mass 1/2". For every k =0, ..., n, the particle generated at the k-th Poisson
event is located, at time ¢, at the hyperbolic distance 7, (¢) from O. Such a distance, in force
of the hyperbolic Pythagorean theorem, reads

k+1
coshne(t) = [ Jcoshe(S; — S;-1).

j=1

where S) =0, Sy =t and the random times S; with j =1, ..., k represent the instants
where the Poisson events happen and the deviations of motion occur (see Fig. 1(f)).

In general, if the number of splits recorded is N (), the number of particles is N (t) + 1
and each runs on a different geodesic line of H;r . The hyperbolic distance of the center
of mass cm of the cloud of moving particles, at time ¢ > 0, is denoted by 7., (#) and is
represented by

N@)-1 k+1 N@)+1
coshnen () = Y ST [ Jeoshe(S; = S;-D)Iinay-0) + N [] coshe(s; —s;-0).
k=0 j=1 j=1
(3.2)
where S, S», ..., Sn() are the random times at which the disintegrations occur, and Sy =0,

Sn@+1 =t. The second term in (3.2) refers to the splinter which underwent all disintegra-
tions occurred until time ¢, while the first one is related to those particles produced during
the branching process.

The assumption that the particles deviate on geodesic lines orthogonal to those joining
the origin O with their current position is crucial since it makes the hyperbolic Pythagorean
theorem applicable. Otherwise it should be necessary to apply the Carnot hyperbolic formula
and this would make the analytic treatment of the problem extremely difficult.

Under the condition that N (¢) = n, the hyperbolic distance of the center of mass of the
cloud of particles at time ¢ is the random variable

n—1 k+1 n+l
1
> ST [ Jcoshe(S; = S;-D) im0y + o [ Jcoshe(s; = $;-1). (3.3)
k=0 j=1 j=1
We observe that the » instants Sy, ..., S, where the fissions take place are uniformly distrib-

uted under the condition that N (¢) = n, and possess density
n!
Pr{S, eds,..., S, eds,} = t—ndsl --ds,
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Cascades of Particles Moving at Finite Velocity in Hyperbolic Spaces 1143

for0=s9 < s <+ < 8,41 =t. Therefore, under the condition that the number of splitting
events is N (¢) = n, the hyperbolic distance 7, (¢) of the k-th splinter is for k =0, ...,n — 1

gt ' ' k+1
E{coshn;(t)|N(t) =n} n ds1~--/ dsk~~/ dsnl_[coshc(sj —Sj-1)
Sk—1 Sn—1 j=1

" Jo
nl [ C s
= | ds--- ds, — %2 hels: — s
o) S /;H Sk b Jl:[lcos c(s; —sj-1)
n!
= t_nGn,k(t)’ 34

and fork=n

n+1

n‘ t t
E{coshn,(t)|[N(t) =n} = t_"/ dsl--~/ dsnl_[coshc(sj—sj_l)
0 Sn—1 j=1

n!
= 2 Gun(®). (3-5)

The branching process described above can be adapted to the Poincaré disk D: since the
mappings (2.6) and (2.7) preserve the hyperbolic distance, the trajectories of splitting and
moving particles can be conveniently depicted in D as well as H,' (see Figs. 1 and 2).

We restrict ourselves to the mean hyperbolic distance because this leads to fine explicit
results. The analysis of the distribution of the hyperbolic distance, even in the case of a

o o o

(a) N(t)=0 (b) N(t)=1 (¢) N()=2

p ::osh(‘i(SA -Si1)
4 1

gc fo(s;-S))
‘coshc(S;— S,_;)

o o o

(d) N(t)=3 (e) N(t)=4 (f) N(t)=4

Fig. 2 Same trajectories as in Fig. 1 represented through the Poincaré disk model
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1144 V. Cammarota, E. Orsingher

random motion of an individual particle that changes direction at all Poisson events, implies
a much more complicated analysis and is almost intractable since multiple integrals of the
form

; n! (! LTI coshe(ss—s
E{eracoshn(t)lN(t)zn}z_ ds; - - e“"njzl“”hf(sj sj,l)dSn
" Jo
1

must be evaluated (see Cammarota and Orsingher [1] for details on this point).

4 Mean Hyperbolic Distance of the System of Randomly Moving and Disintegrating
Particles: The Laplace Transform Approach

We are able to obtain the explicit form of the mean-value of (3.2) by means of two different
and independent approaches. In this section we present the Laplace-transform derivation
which leads to our first theorem.

Theorem 4.1 The mean-value of the hyperbolic distance (3.2) of the center of mass is

3 1 24942 4 24042
23(_26—27)@ e—?«/k +2%¢ 6272\/)» +2%¢

Eleoshnan O} = i | sz s o 5% | s/

n A+2c A—2c
200430 T 20.=30)

e, t>0. 4.1)

Proof In view of (3.3), (3.4) and (3.5), we first note that

k+1

n—1
E{coshn., (t)|N(t) =n} t" Z S / dsy - - / ds, l_[coshc(s, —Sj-1)
k=0 Sn—1

n+l

n‘ 1
t” 2”/ dsy - / dsnl—[coshc(s, si-1)

Y Gk + B4 G, n>1,
Goo(1), n=0.

Our task is therefore to study the Laplace transform,

/ e M E{coshne,(t)}dt = / e M Z E{coshn,(t)|N(t) =n}Pr{N(t) = n}dt
0

n=0

oo n—1
= Z Z k1 / e UG (n)dt

n=1 k=l
(o]
}\'n o0
w5 [ eta,L 0 (42)
n=0
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Cascades of Particles Moving at Finite Velocity in Hyperbolic Spaces 1145

where 1 > 0. We evaluate the Laplace transform appearing in (4.2) in the following way. If
y = A+ u and ¢ < y, then we have, by successively inverting the inner integrals, that

/ e VG, (H)dt

t_
e V! / ds; -- d k( %)
Sk—

n—k k+1
ncoshc(sj—sj_l) dr
Jj=1

(n—k)!

—k k+1
t_sk)n k

e V'dt / ds; - d Sk l_[coshc(sj —5j-1)
Sk— (I’l - k)' j=1

k
/ / dskHcoshc(sj —5j-1)

/

[e9) _ n—k
X {/ P ((:1 _”Z‘))' coshe(t — sk)dt}

k—1

oo o0
=/ ds1~~~/ dsj_ lncoshc(s — 5 1)/ e 7k coshe(sy — si—1)ds
0 Ky

k=2

(o] wn—k
X / e v coshcwdw
0

(n—k)!
00 k oo wnfk
= (/ e 7" cosh cw) / e v coshcw dw.
0 0 (n —k)!
In the last step above the change of variable s; —s;_; = w; applied k times leads to the final

expression. For k = n, from the previous calculations, we obtain

1

00 00 n+
/ e G, (t)dt = (/ e " coshcw dw) .
0 0

Y
)/2_6.2’

Since

o0
/ e " coshcw dw =
0

/OO e v Wt coshcwdw = 1 ! + ! ,
0 (n —k)! 2L (y —on =k (y +o)nhd

we have that

(o]
/ e M E{coshn,,(t)}dt
0
0 n—1 k
1 1 1 1
= Z)\.” Z 1 y = — + —
2k+1 )/2 — 2 2 ()/ _ C)n k+1 ()/ + C)n k+1
0 n n+1
A Y
2(G) =)
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1 00 . 1 n—1 ¥y k 1 n—1 v k
:?EA [(y—cwl;[zwm] +<y+c>"+1;[2(y—c>]
2y
+ 292 —2c2 —yA’ “4.3)

where the last sum converges if u satisfies the inequality 2c? < A2 4212 + 3. The double
sum in (4.3) can be calculated by inverting the order of summation in the following way:

=) n—1 k n—1 k
;An {(V —16)"“ ; [2(yy+ C)} o +IC)”+' ; [2(Vy— C)] }
Ty cg[Z(VJrc)Tnil(yﬁc)uVic§[2(yy—c)]k,,il<yic)n
oo k k+1 o0 r
lwms) () 265)
+yicg[Z(yV—c)]k(yic>k“§3‘<1/16>r

[ T y—c A i[ Y }k y+c
—C)ZZ 2(y*—c?) y—c—k+(y+6)2k:0 22 =] y+e—2

1 1 1 1 2(y? —¢?
— + = (4.4)
y—cy—c—A y4+cy+c—Ar 2y2=-2c2—yr

The inversion of the Laplace transform is made possible by suitably rearranging the expres-
sion (4.4) as follows:

o0
/ e M E{coshn,, (t)}dt
0

A 1 1 1 1 y?—c? 2y
:E[y—cy—c—k y-l—cy+c—k:|2y2—202—yk+2y2—2c2—yk
A 1 1 1 1 A +p?*—c?
:2|:A+u—cM—c+)»+u+cM+C]AZ+2M2+3AM—2c2

204+ 2u
+)\.2+2/1/2+3A./1/_2C2
AMAi+pu+cec A4+p—c 1
=§|: w—c + uw—+c i|)»2+2u2+3)\/¢—202

20 42u
A2 42u2 43 —2c2°

4.5)

By means of the decomposition

30— /A2 +24¢2 3A A2+ 24¢2
2M2+3)LM+)\2_202:2[M++}[MJF%}
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Cascades of Particles Moving at Finite Velocity in Hyperbolic Spaces 1147

the expression (4.5) can be further worked out by writing

f e M E{coshn,,(¢)}dt
0

A 1 [2+)\+2c+k—2cj|
22 3h—a/ 224242 3h+A/ 224242 m—c n+c
M+ 7 Mt =7
3 A
. +i+2u
a2t /324042
2|:M+3A ;2+2ci||:u+3x+ 2)\2+2 ]
B 1 1 »
a "t 31-«/;22+24c2 "t 3x+\/;22+24c2 AT 2432
1 1 1
+ E 3r—a/22424c2 + 3rt+a/ 224242
Mt+——"0——— U+t —5
n 1 1 A |:)» +2c A— 20i|
e 3)»7«/;22+2402 i+ 3)»+«/§»22+24(72 | 2/02 4242 L u—c w—+c
1 1 A
+ + - (4.6)
L 3xj/2122+24c2 e 3)»+\/§»22+2402 | 222+ 5A)

It is now a simple matter to invert the Laplace transform (4.6) and we arrive at the mean
hyperbolic distance of the center of mass in an integral form

E{coshnen (1)}
1 A _ 324232 1 A _ 324032
=4+ —¢ 22 - e 22
2 A2 242 2 A2 4242
AL+ 2c¢) " 7(,7S)3x—«/'2§+2402 B " 7“73,)3“«/;?24(:2
+72W e“e ds e“e ds
+ 2% 0 0
A(A —20) U EV/ LT T (i) 22082
+ W / e “e 22 ds —/ e “e 22 ds
+ 2% 0 0
A 3, () 2224232 3, () 2221282
—i—? /e 2% 22 ds—i—/ e 27e 22 ds|. 4.7
0 0

The expression (4.7) can be further developed and simplified by observing that, after some
simple calculations, we have that

t /22 t Py )
}\()\' + 2¢) |:/ g”e_(t_s)@ds _ / e”e_([_S)@ds]
0 O

24/ A2 4 24¢2
A +2¢) 2? [ o 19T ]
= e —e
2VA2 42402 22¢ 430 — A2 £ 24¢2
2 JZAE
A3 +20) 2 [e” - e_tm%] (4.8)
AZ 4242 220 4 3A + /A2 4 24¢2
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1148 V. Cammarota, E. Orsingher

Similar manipulations yield

AA—2 ! () 2282 RPN SRV e )
0

A2+ 24c2
A —2¢) 2 [ e ,,w]
= e —e 22
A2 4242 —22c 4+ 31 — /A2 24¢2
_ 2 W
AR -20) 2 [ et eﬂ%} 49)
24/A2 +2%¢2 —22¢ + 30 + /A2 4242
and also
o PN vy ) o /021242
i’; [/ efziz)‘.vef(tﬁv)%ds + / eizizmei(tix)%ds]
2 [ Jo 0
A 3 |: 324242 _ A2+24c2:|
= ¢ 22 e 22 —e 22 . (4.10)
24/ A2 4 24c2
By inserting results (4.10), (4.8), and (4.9) into (4.7) we now obtain the final formula
E{coshne, (1)}
— 3
_e 2 |:<1 N 3 >€2L2 /321242 n <1 B 3 )e,sz /;Lz+24cz:|
2 VA 24¢2 VAZF 242
A+2c oy 2X _,wivggu“tz[ A —2c
e e
2(x 4+ 30) VA2 242 22¢ — 3h 4 /A2 4 24¢2
A+2c ]
22¢ 4+ 3% — /A2 24¢2
A—=2c _, 2\ 3224232 A+2c
e —— 2
2(A — 30) A2 4 24c2 22¢ + 31 4+ /A2 +24¢2
A —2c ]
22¢ — 3% — VA2 4242
_ e_z%)”tez% W2424c2 |:l 3
2 2/A2 4242
2 32 — AVAZ 4242 — 232
VA2 4242 SA —34/A2 +2%¢2
+ e_z%“e_z%““‘brz‘“z |:1 _ 3A n 2
2 224282 A2 4242
302+ VA2 4242 — 232 A+2c ,  A—2 _,
e e
SA+34/A2 +24¢2 2(A+3c¢) 2(A —3c¢)
3 2g B Ve pmVie A2
= - + e
VAT F24c2 | SA 43024242 5A—3/A2 4242 2(A+30)
A—=2c _,
—e .
2(A —30¢) O
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Cascades of Particles Moving at Finite Velocity in Hyperbolic Spaces 1149

Remark 4.1 Apparently a critical point in formula (4.1) is A = 3c. We show that the
mean hyperbolic distance (4.1) is finite for A = 3c. We first write ¢ = A — 3¢ and r(¢) =

€2 + 6¢ce + 52¢? and evaluate the limit

3 —2¢ / 320 72 At ezLZ‘/)‘ZH%Z
lim ———e“ —
r—3c 2(A — 3¢) VA2 £ 24250 — 34/02 £ 24¢2
3.2
—1i e+c —ct 2°c 7217(9c+3£7r)’ (41 1)

m e —
e—>0 2¢ r(15¢ 4+ 5 — 3r)

which refers to the components of (4.1) with diverging coefficients. We expand the second
exponential in (4.11) as

e—sz(chs—r) — e e 2’—2 (5¢c+3e—r)

t 2
:e‘C’[l—?(5c+38 )+ Ge+3e—r)’ +0(8)]

where we have taken into account that r(e) — 5¢ for ¢ — 0. It is now convenient to write
(4.11) in the form

et s e+c 23¢2 2tc2(5¢+3e—r)  t2c2(5¢ 43¢ —r)? )
e lim - - +o(g9)].
e—>0| 2e r(15c+5¢ —3r)  r(15c+5¢ —3r)  2%2r(15¢ + 5¢ — 3r)
By considering that r () ~ 5¢ + %8 for ¢ — 0, we can easily realize that
i e+c 23¢? 2-7 lim 2tc?(5¢ +3e —r) 3 ,
- =—, —_——— = ——f,
e—>0| 2& r(15¢ +5¢ — 3r) 52 e—>0 r(15¢+5¢—3r) 2.5

t2c2(5¢ + 3¢ — r)2
im
£—0 22r(15c + 5¢ — 3r)

This suffices to show that near 1 = 3¢ the mean hyperbolic distance is finite. Considering
also the two additional terms of (4.1) leads to the following asymptotic estimate of the mean
hyperbolic distance of the center of mass for large values of # and near A ~ 3c. In particular,
we have that

5 .
E{COSh Nem ([)} ~ Ee”-

In Fig. 3, the function E{coshn,, (¢)} is plotted for ¢ = 1 and different values of A in the
neighborhood of A = 3¢ (including the limiting case A = 3c).

Remark 4.2 We now show that the center of mass (as well as each individual particle) goes
further and further away from the origin O of H," (or equivalently it migrates towards the
frontier of the Poincaré disc D) as time ¢ increases. In order to show this result we work on
(4.7) and, after some manipulations, we obtain that

22c%e 2M ot
E{COSh Nem (Z)} = \/ﬁ sinh ? A2 + 24c?
2cA? !
AZ+24¢2 Jo
222 !
AZ+24¢2 Jo

3
¢ 7" sinhe(r — s) sinh % W2+ 24c2ds
3
¢ 7" coshe(r — s) sinh % W24 24c2ds. (4.12)
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1.036 -
1.034 -
1.082 -
1.030 -

1.028 —

. . . . . 1.026 - . . . ,
0.10 0.15 0.20 0.25 0.30 0.250 0.260 0.270

(@) (b)

Fig. 3 In (a) and (b) the mean-value E{coshnen(¢)} is plotted for ¢ = 1 and different values
of A, the curve corresponding to A = 3¢ is obtained by plotting the limit value E{coshnen (1)} =

Tct ~2
et ct 5 - 2
(2252 + 0c1)+e 5 te oo

The first term in the right hand side of (4.12) is produced by the derivatives of all terms of
(4.7) while the integrals stem from the third and fourth term only. From (4.12) it is easy to
check that d 5 E{cosh ., (t)} > 0 for all # so that the center of mass gets off from the starting
point with posmve acceleration.

5 Equation Governing the Hyperbolic Distance

We are able to confirm result (4.1) by a completely different method based on a system of
differential equations governing all the quantities appearing in the mean hyperbolic distance
of the center of mass. In view of formulas (3.4) and (3.5) we can write the mean hyperbolic
distance of the center of mass in the following form

0o n—1 o)

1 k”
E{coshan (O} =™ D 3" Y s Gua®) e Y 2o Gun(0). (5.1)

n=1 k=0 n=0

We start by deriving the difference-differential equations governing the functions G, (),
with # > 0 and 0 < k < n. As it has been pointed out in our previous paper [1], the j-th
moment of the conditional hyperbolic distance of a single particle leads to a difference-
differential equation of order equal to j + 1. The same type of phenomenon occurs in the
present case where the hyperbolic distance of a cloud of points is envisaged.

Lemma 5.1 The functions represented by the following multiple integrals

n—k k

t_

nk(z)_f dsy -- / dsy ( ;{k))' l_[coshc(sj—s_,«_l)coshc(t—sk), 0<k<n,
Jj=1

are solutions to the difference-differential equations

d2 d 2

20k =24Gu1k — Guoap+c Gy, k<n-2,

E G =24G G G k=n—1 5.2
a2 nn—1— 43 Yn-1,n—1 =" YUn-2,n-2 +c n,n—1», =n-—1, ( . )
d2 d 2

dt_an,n:aanl,nfl +c Gn,m k=n.
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° o o

©=0.05, t=40, N(t)=20 ©=0.05, t=40, N(t)=20 ©=0.05, t=40, N(1)=20
(@ (b) (©

©=0.05, t=50, N(t)=300 ©=0.05, t=50, N()=300 ©=0.05, t=50, N()=300
(d) (e) ®

Fig. 4 In (a), (b), and (c) the trajectories and the positions of the splinters at time ¢ = 40, when ¢ = 0.05
and N (1) = 20, are shown. In (d), (e) and (f) only the positions of the splinters at time 7 = 50, when ¢ = 0.05
and N (¢t) = 300, are drawn. In (a) and (d) each splinter chooses the clockwise direction, in (b) and (e) each
splinter chooses the counterclockwise direction, in (c¢) and (f) the clockwise and counterclockwise directions
are alternatively chosen

Proof We start by considering the case k < n — 2 where the first derivative reads
d

T Gk =Gn 1k

t — n—k k
—I—C/ dsy - / ds k( Sk])()' HCOShC(Sj —sj_y)sinhc(t —s), (5.3)
=1

and, from (5.3), the second derivative becomes

d d ,
@Gn.k = aGnq,k +c"Gux
+c ds d Z_Sk)n - lﬁcoshc(sz—sv )sinhc(t — s¢)
1 k 1)‘ 1 Jj j—1 k
_2dt Guoih— Grozp +*Gp. (5.4)

The expression (5.3), for k =n — 1, is qualitatively different and must be handled carefully.
In this case we have that
d

aGn,nfl = anl,nfl

n—1

—l—c/ dsy -- / ds,_1(t —s,_ 1)1_[coshc(sj—sj () sinhce(t — s,-1), (5.5)
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and thus, from (5.5),

L 46 + G
nn—1 = T Un—1n— C GUpp—
d[2 n—1 dr 1,n—1 ,n—1
n—1
/ dsy -- [ ds,_ | |coshc(sj sj—1)sinhc(t —s,-1)
46 (L6 G +7G
= 1. YUn-1n— 7. Yn—1n—1 — YUn-2n— C GUpn—
dr 1,n—1 dr 1,n—1 2,n—2 n—1
d 2
= 2_Gn—l,n—l - Gn—2,n—2 +c Gn,n—l .
dt

We omit the derivation of the last formula in (5.2) because it coincides with the result of
Lemma 3.1 in [1]. O

The results of Lemma 5.1 permit us to obtain the equation governing the mean-value of
the hyperbolic distance of the center of mass of the randomly moving splinters produced by
the disintegration process.

Theorem 5.1 The mean-value of (3.2), E{coshn,(t)}, is solution to the non-homogeneous
second-order linear equation

300
d_zu —ctu= 7AC ¢’ pVRE et (5.6)
dr2 /22 ¥ 242 )

Proof We begin by successively deriving the expression (5.1) as follows

4, _M+ean§;gG e g
dr n=1 24 dr " n=0 2ndt "
and
& d L, el @ A
Eu=—2)\au—k u-+e Z}\. ZWFGn’k—Fe Zanz nn- (57)
n=1 k=0 n=0

We must now insert all the expressions of Lemma 5.1 into (5.7) by accurately taking into
account the constrains on n and k. It is convenient to write the last two terms of (5.7) as
follows

o0 n A‘n d2
PRI DE NS B T

n=1 k=l n=0
0
n=2

-2
1 & An d? A d?
PYSREEC) n n,n— G
g()z k+zzndt2 1—+_2(12

00
At d2 d2
__Gnn —G

+;2n a2 O g o
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1153
o a2 i
n=2 k=0
© yn
+ ; ;_n [Z%Gnqmﬂ —Gpona+ ch,l,,,71i| + )‘%Goﬁo + %CZGI,O
% nrg 2
+;2_n|:dth 1n—1+¢C Gnn]—f-c Goyp. (5.8)

By regrouping the above terms we notice that (5.8) can take the form

[ErEaetre ] me[ErEhe fie]
n=1

n=0

n—1 0 a5 d )\’2 X an
|:Z HZZk-H ”k+22nG””:|__ o

_Gn n Gn n
= 2nde Ty 22 2"
d A At d 22
2 At At 2 At
= 20— —A - = —— — —Gpn. 5.9
ceutBglumreu Ty Loy 2 69
Multiplying by e the right hand side of (5.9), we have that
~1
1 At d?
oM —t
Z 22k+1dt2 nkte ZzndtzG
n=1 n=0
d by > A d
=u+22u+2r—u —22u— ZeM —— Gy,
dr 2 ot 2ndr
)\2 N S n
+—eM —Gun- (5.10)
2 n
2 —~ 2
By inserting result (5.10) into (5.7) we finally obtain
d? 5 A e Atd 22 =
—u—cu=-"eMY ——Guut e Y =G (5.11)
2 n 4 2 n )
dr 2 = 2 dt 2 2

n=0

The series e~ 7 Zn —0 2" G,., has been studied in [1] and represents the mean hyperbolic

distance of the particle moving in H;r and changing direction at each Poisson event when
the rate of the Poisson process is A /2. We have that

_7 o )“”G
e 2” n,n
n=0
A
_¢’ [(1 + A )eg«/xuz%z + (1 _ A )eﬁ«/ﬂﬂ“cz].
2 A2+ 24¢? A2+ 24¢?
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Since
o0 o0 o0
_u At d d| _u " A _u "
e ? Zz_naGnn:a |:€ 2 z_nGn,n:| +§e 2 ?GHJH
n=0 n=0 n=0
the right-hand side of (5.11) can be rewritten as
A e Atd 22 = A A d | uea At
~ N n,n ey _Gn n— " S 2 — 2 n,n
2 X:; Tt Ly 2¢ Tar|© X:; 2

A Y A ,2% 1+ A L322
=——e ——e — e
2 23 /32 F 242

n (1_ : A . 2)672% /;L2+24€2:|
VA2 4 2%

2 4.2 P i X
n VA2 2% e_;\_ L+ A >e2_2 /324242
23 /A2 242

_(1_#%—2&\/@“

A2+ 242
_ )\_26_% 4 A eZLZ /3242402 +(1- A e_zLZ /3242402
24 A% 4242 VA% 4242
B A )\2+24cze,% 14 A esz /321242
24 /32 F+ 232
_ (1 _ A >672L2 /)L2+2402i|
VA2 4 24¢?
_ —67%62% /321242 rc? n 6732%672% /324042 rc? .
VA2 4 24¢? VA2 4242
This lets (5.6) appear. ]

The expression (4.1) of the mean-value E{coshn,,(¢)} derived in Sect. 4 satisfies the
non-homogeneous second-order linear equation (5.6) as shown in the next theorem. This
proves that the mean hyperbolic distance (4.1) is obtained by two different and independent
methods.

Theorem 5.2 The mean hyperbolic distance (4.1) is the solution to the following Cauchy
problem

_3,
d? 2 ke 22V {e_szx/xbrz‘*cZ _ezLZN/A2+24c2}
)

ar? e
u0) =1,
(?_tu(t)|t—0 =0

Proof In order to perform the calculations it is convenient to write (4.1) as

Efcoshnon (1)} = KA B(@) + 2 gt ¢ * 72 a
cosh ., (1)} = e e
L 20.+ 30) 20» — 3c¢)
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where

23¢2 3
K=—2S AW =e 2",

)
A2 4 24¢?
o /A28 L a/32+424¢2

e2?

B(1)

T SA4+3VAZ 1252 SA—3VAZ+ 20

and B(t) has derivatives

t 2 4.2 t 2 4.2
/)\'2 +24C2 672—2«/1 +2%¢ ez—zq/)\ +2%¢

B'(t)=— 4
22 5h0+3vA2 4252 50— 32+ 242

224242

B//(t) — 24

B(1).

Therefore

2
d_ E{COSh Nem (t)} - C2E{COSh Nem (t)}

dr?
LKA 51 /
=222 2238
2 22
2c2e M | 52 ¢ Ve e Ve

VA2 F 2232 22 SA+3 )»2—|—24c2_5)‘_3 22+ 242
VIETBE [ e VEe V=]
_|_
2 SAH3VATH AT 5h 32242

}\Czeil%)‘t ok /324242 . -
= (5A + 3V A2 424¢2)
VA2 242 | SA 4+ 34/A2 +24¢2

pi N A2
_l’_ -
S5A —34/A2 4 24¢2

+3

(=514 3VA2 4+ 24¢?)

3

20722
_ Acte 2 e*i«/12+2402_e£\/*2+2402 .
VA2 4242

We can easily check that E{coshn.,(0)} =1 and we have that %E{cosh Nem () }Hi=0 =0
since

@ prcostmn ) = KAl 254 5|4 et g A2
— E{coshn., = - c el —¢ e
dr g 2 20+ 3¢) 20.—30)

sz A/ 224242

2C2€_2%M e \/ﬁ
= i | savigma VTR
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- 2L2 A/ 224242

e
- GA+VA2 424
SA+3VA2+ 22

A+ 2c¢

n A—2c _,
c
2(A+3¢)

20 -30° O

ct

Remark 5.1 From Theorem 5.2 an interesting relationship between the hyperbolic mean
distance of the center of mass and its acceleration can be extracted

3
d? 2cte 2H t
2 _ .
C E{COShnL-m(t)} — ﬁE{COShT]Cm(t)} = msmh? )\,2+24C2, (512)

For large values of 7, if +/A%2 +24c%2 — 3) > 0, the mean distance and its second derivative
tend to coincide while in the opposite case they tend to diverge. In view of Remark 4.2 this
means that there is a different rate of growth for the mean distance and its acceleration only

if A/A2 424¢2 —3A < 0.

6 Mean Hyperbolic Distance of the k-th Splinter

If N(¢) =n > k, the k-th splinter, at time ¢, is located at the hyperbolic distance 1 (¢) from
O equal to

k+1
coshnk(t):l_[coshc(Sj—Sj,l), 0<k<n. (6.1)

j=I
The expression (6.1) refers to sample paths of particles which change direction until the
k-th Poisson event and then remain on the same geodesic line until time ¢. Clearly ()

represents the distance of the particle which never changed direction and 7, (¢) is the distance
of the particle that changed direction at all Poisson events.

o ool o

=

0 ] o

620,05, t=50, N(1)=300 ©=0,08, 1=50, N(1)=300 ©=0,05, =50, N(1)=300
(@) (o) (L]

Fig. 5 The position of the splinters in the hyperbolic half-plane H2+ at time ¢ = 50, when ¢ = 0.05 and
N(t) =300, are drawn. In (a) each splinter chooses the clockwise direction, in (b) each splinter chooses the
counterclockwise direction and in (c) the clockwise and counterclockwise directions are alternatively chosen
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The mean-value of (6.1) becomes

[o]
E{coshm(t) vz} = Y _ E{coshni(t) iy}

n=k

= E{coshni()|N(t) =n}Pr{N(t) =n}. (6.2)

n=k

We now evaluate the Laplace transform of (6.2). By letting y = A 4+  and by considering
(3.4) we have that

o0
/ e " E{coshn (1) Iy )= }dt
0

oo

o0
=y / e G (H)dt
0
0 k
1 1 1
=y A r = +
— yz — 2 2 ()/ _ c)n—k+1 (J/ + c)n—k-H

SICIEC R C
T2 \y2-¢? y—ci=\y—c y+eci= \y+c

SIKCEN (R,

T2+ —c? nw+c pu—c

:l/ e Mdt |:f e_"(’_s)fk(s)ds—f—/ ec(’_s)fk(s)dsi|
2 0 0 0

= /oo e‘“’dtf coshc(t — 5) fi(s)ds (6.3)
0

0

AA+p)
(A+p)2—c2

A+ 10 Ak Lo, k
A+w?2—c2] 2% r+pu—c A4p+c

kg (k) 1 1
Tk —\r A4+pu—c) A+u+co)r’

where f; (s) is the inverse Laplace transform of the function [ 1. Let us write

If k =0 we have fy(s) =68(s). When k =1, 2, ..., recalling that L[’%e"‘“h(u)] =
withs >« and j =0, 1,2..., we obtain the inverse Laplace transform

1
(s—ar)/+1
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1158 V. Cammarota, E. Orsingher

ko ok—1
AT s PRGN
2k (k —1)!

fi(s) =

k—1

)»k k s wrfl (S _ w)kfrfl
- wle=A) 22 77 ,=G-w)tag
+2"Z<r>/o D h-r—11° v

r=1

)\.k sk—l

~ —s(c+Ar)
N7

By inverting the Laplace transform (6.3) we obtain for k = 0 that E{coshno(t)I{n¢)>0;} =
coshct, while for k=1, 2, ... we have

E{coshni(t) Iiny=x)}
o5 3k gk—1

G ¥

k—1
1 k t 1 yr71(1 _ y)kfrfl
he(t — 7)@}\1( k—1 / cs(2y—1) dvd
+_2k§<r)/0 coshe(t — s)e s A e T — yds

1 t
= ?/o coshc(t — s)e”

1 t e*kl)\’kskfl

+ = he(t —s)e”® ——d
2 J, coshce(t — s)e *— D s

1 t o e*k.&‘)"kskfl

= ?/0 coshe(t — s)e 4(]( 1 ds

= P v oMk gk
— he(t —s)E{e” k=Y ———d

+ T ;(i’)/o coshe(t — s)E{e } NG s
1 t e—)»skksk—l

+ — / coshe(t —s)e ™ ———ds
2k Jo k=1

1 /’ < (k)
=— [ coshe(t —s)| e + § E{eCri=Dy 4 o7 | o (57 k, )ds (6.4)
2k 0 |: —_ r

where g(s: k. &) = A3 ¥, ~ Beta(r, k— r) and (2%, — 1) € (=1, 1). If we adopt the
convention that Yy, = 1 and Y} , = —1 it is possible to simplify the last expression rewriting
it as

1 [ Ly \
E{coshni(t) Iiniy=x)} = ?/ coshe(t —s5) Z <r>E{€”(2Y’*"7')}g(s; k, \)ds
0 r=0

t

1
= % coshe(t —s) h(k,c,s) g(s; k, L)ds
0

where h(k, ¢, s) = Y () E{e®*@+~D}. The last result suggests regarding the mean hy-
perbolic distance of a particle generated at the k-th Poisson event as the mean hyperbolic
distance of a particle moving on the first geodesic line and stopping at a randomly distrib-
uted time; the law of the stopping time is a suitable combination of a Beta and Gamma
distributions.
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Remark 6.1 In some particular cases it is possible to check easily that formula (6.4) gives
exactly the same expression of the mean hyperbolic distance of the k-th particle as that
obtained starting from formula (6.2). In particular for k = 1 we have

E{coshni(t) in@y=1)}
t

l t
= E/‘ COShC(t - S) [eﬂs + 6_55] g(s; 1, )\.)ds :/ COShC(t _ S) coshcs )\,e_)LSdS.
° 0

For k = 2 we obtain
Efcoshmy(t) [y}

1 t
= » / coshe(t —s) [e” + 2E{e"s(2yl~2_1)} + e_“] g(s;2,1)ds
0

2. ,—As

1 [ Alse 1 (! SV 2 1)
= — [ coshe(t —s)coshcs———ds + = [ coshe(t —s) E{e*“"127 "}
2 Jo ) 2 Jo

Ase™s

S P
T Q)

where Y, » ~ Beta(1, 1).
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