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ELENA V. KARACHANSKAYA (CHALYKH)

DYNAMICS OF RANDOM CHAINS OF FINITE SIZE WITH AN
INFINITE NUMBER OF ELEMENTS IN R2

A finite chain with infinitely many units within the stochastic dynamical model in R?
is considered. The equation for the probability distribution density of chain lengths
is constructed. This equation is a function of the parameter ¢ which stands for the
time. This research is a sequel to work [1].

1. FORMULATION OF THE PROBLEM

In Feller’s book [2], the problem of the length of a random chain is considered. This
chain is described in the following way: the number of elements is equal to n, the length of
all its elements is equal to one, the angle of one component with respect to the previous is
always the same up to a sign (the probability of each angle is equal to 1/2), the distance
between the end points of the chain (length of the chain) is defined by means of the

average square length
1 1 —cos™
M{L2] = p LECOSO ) , Lcos"a
1—cosa (1 —cosa)?

We will consider the following chain: the length of the chain is finite, the number of
components is infinite, the length of each component is a random variable, the angle of
each component with respect to the previous one is also random.

y

Yol

. -

The physical model can be a rope in a medium of Brownian particles. We can understand
the modulus of the vector joining the starting point and the end point of the chain as
the chain length.

Let | € [0,L] be a parameter, L a constant, l1, I, ... the values of the parameter,
li<lp< ... < L A=L/N, [ =j-A. We will consider the model of the chain
described by the following system of equations:

(1) an(t) =0 alls)A cosps(t),  yn(t) =N a(ls)A - singp(t),
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where a(ls), ps(t) are, in general, random processes, a(l) > 0, p(t) is the angle between
the s-th component with respect to the previous one, ¢1(¢) is the angle of the first
component of the chain with respect to the positive direction of the x-axis.

If we denote the length of the chain consisting of n elements by |z, (t)|? + |yn(t)|?,
then the length A(I) of the real component of the chain is expressed by the variable

L
AQ) = a)A, a(l) >0, / a(l)dl = L.

Models of type (1) describe the distribution of the length L£(t) of the chain in the case
where the following inequality is satisfied:

£2(t) = [an (O] + [y (1) < const.

From the point of view of the representation of the phenomenon of turbulent diffusion,
model (1) can be useful for some generalizations of the passive displacement under the
action of vortices of different sizes [3].

Let n < N (i.e., we consider not the whole chain but its part), N — oo. Since the
coordinates of the initial point and the end point of each component depend on time ¢
and on the parameter [, we introduce some changes in model (1):

(2) o (lit) = 22:1 a(ls)A - cos ps(t), yn(lst) = 22:1 a(ls)A - sinpg(t).

In this way, the random field {z,,(I;¢); y,(l;¢)} is a dynamical stochastic process. We
will study its limit behavior as n — oo.

2. ASSUMPTIONS ON THE MODEL

In order to obtain the coefficient of the limit equation in analytical form, we restrict
ourselves to the model satisfying the following assumptions:

al)>0, leo,I],
(3) ps(t) = Z n(lk; ) A(w(lk)), te€0,T],
lk, fO (li; 7) dwg (1),

where A(w(lg)), A(wk (7)) are independent among themselves and for different s, and 7
are anticipating increments of the corresponding Wiener processes defined on the product
of independent probability spaces

{le %lv Pl} X {QQa %t(n)a PQ}

Here, 3y, and S¢(n) are the corresponding flows of sigma algebras generated by the

processes w(l) and w(t) € R"; the functions a(l) € Cjy ;; and o(l;t) € CF, 1,1 1) are

deterministic functions depending on [ and ¢, and n(ls;t) is the intensity of the angle.
Therefore, we have

" xn(z;t)zzg_la(zs)A.cosL (fo (s 7) dwp (7 ))A(w(lk))]
(1) = 7 a(lo)A - bm{ (fo (li: 7) duw ( ))A(w(lk))].

Under the condition of a bounded length of the chain, we can define the limit for the
random function ¢4(t) as n — co. In this context, the variable [ appears as a parameter.
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3. TRANSITION TO AUXILIARY PROCESSES

Let us transform (2) by means of the Euler representation:

zn(lit) = Z:l a(l)A - cos o4 (t) = 2221 a(ls)A - EXp{i@s(t)}+QeXP{—i@s(t)} —
= 5 2oy alls)A - explips ()} + 3 270 a(ls)A - exp{—ips(t )}

un (1) = S5y alla)A - singa (1) = 30y a(ly)A - eteOlspel=reO)
= % 22:1 a(ls)A - exp{i(ps(t) - % 2:1 a(ls)A exp{—ztpg( )}

By introducing the auxiliary process

z1(s;t) = exp{—i >j_, Aw(l fo (I;7) dw; (1)},
zna(lt) = 22:1 a(ls)A - exp{—ips(t)} = ZS 1a(l)A -z (s3t), A= O(n=1)

and using the Euler representation, we rewrite the process {z,(l;t); yn(l;¢)} in the form
1
on(lit) = 5 (zna(l ) + 2000 1), yn(lit) = 2(Zm(l t) = 2,1 (0, 1))-

For the construction of the characteristic function of the random field {z,(I;t); y.(l;¢)},
we define the form of the function exp{i(az,(l;t) + Byn(l;1))}:

expli(azy(l;t) + Byn(l;1))} =

= exp {mzn,l(z;t);z:,l(l;t) _IBZnJ(l;t);z:,l(l;t)} _
= 3 GednGee sz ()

Moreover, the analysis of the process {x,(l;t);yn(l;t)} requires to study the process

zp (1 t)Z;Tl(ZQ t).
Since the summation and the integration operations have similar properties, we replace
(in a symbolic form for A — 0, which corresponds to n — o) the process

n t
Zn1(l,t) = Za )JA - exp —’LZ /0’ T)dw;(1) | Aw(ly)
s=1 J=1 \0

by the process
n s l u
= > a(ls)A-exp {— > n(ls, t)Aw(ls)} = fa(u)exp {—i F (6, t)dw(@)} du,
s=1 j=1 0 0

where n(u,t) = fot o(u,7)dr. We do not lose any generality in the analysis with this
assumption, and, in what follows, we use the symbol f instead of S

4. DEGREE TRANSFORMATION

By considering the continuity of the process z, 1(l;t) and, consequently, of the process
z 1(1;t) with respect to both variables [ and ¢, we define the degree transformation

21 (l;t) = [ u)exp {—i £, n(0;t) dw(6)} du} =
5) =m) fo a(uy) duy exp {—zm tn(01;t) dw(6y) } X
><f a(ug) duy exp{ m—1 fuZn 0; )dw(Gg)} S X
X f a(tpm) duy, exp {—z fum N(Om;t) dw(@m)} ,
where 0 < 43 < ... < Uy, < [. In different intervals, we have different dw() for every

time instant t.

I This symbol does not concern known designations. It is a label only.
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5. DETERMINATION OF MOMENTS

Since the process 2'7'(;¢)z" (I;t) depends on two variables, for the calculation of the
mean M [2'7(I;t)27 (I;1)], it is necessary to carry out the averaging for ¢ constant (on
the space Q1) and then ;.

5.1. Averaging with respect to [. On the disjoint intervals [u;, u;1) forall i, for

all 4, the processes
Uit-1

flui, uipr) = ][ N(0i+1;t) dw(0it1)

w;

are independent by construction (since dw(#) are Wiener processes, n(6;t) for fixed ¢ is
a non-random function depending on #). Because of this, since a(l) is also a non-random
function, the mathematical mean of each factor is defined in the following way:

!
M, [277(1; )] = m! gf a(uy) duy My [exp {—im £, n(61;t) dw(61)}] x

(6) x fil alug) dus My [exp {—i(m -1) f:f n(fa;t) dw(ﬁg)}] X ...X
X fim% a(Upm,) dum, My [exp {—i for n(0m;t) dw(@m)H :

In this way, it is necessary to find the mean of an expression of the following type:

exp {—z'<m — ) f n(6: 1) dw<9>}.

J

Lemma 5.1. The following equality holds:

b b
(7) M, [exp {a][ n(u;t) dw(u)}] = exp {%of][ n*(u;t) du}.

Proof. We denote

b
(8) a(a, ;1) =][ (s ) du(u)

and differentiate g(a, b;t) with respect to the upper limit b. As a result, we obtain
dy q(a, b;t) = n(b;t) dw(b).

Therefore, by the It6 formula, the stochastic differential of the expression
b
exp {a][ n(u;t) dw(u)} = exp {aq(a, b;t)}
a
with respect to b is equal to

dy exp {axa(a, b 1)} = exp aa(b; )y (bs ) dw(b) + 5002 (b 1) exp {g(a, b; 1) b

We compute the average with respect to [ of the obtained expression:

(9) dpy M, [exp {aq(a,b;t)}] = %a2772(b; t)M; [exp {ag(a, b;t)}] db.
We denote
(10) Ii(a,b;t) = My [exp {ag(a, b;t)} ]

Let 1(b;t) be independent of the stochastic process w(u). In view of (9), we obtain the

differential equation

dli(a,b;t) 1 5 5 .
— =5 (b;t)11(a, b;t).
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1 b
I(a,b;t) = exp {5042][ n*(u;t) du}

satisfies the initial condition I(a,a;t) = 1. In view of (8), (10), the statement of the
lemma is proved. [

As a consequence of Lemma 5.1, the mathematical mean (6) takes the form (for
constant )

Its solution

M, [277(1;1)] m'fo uy) duy exp{—mT2 - 2(9't)d9}><
><f a(uz) dug exp{ (m— 1) qu (0;t) d@} X
l U,
X fum_l a(tp) dity, exp {—% fum 2(0;1) dﬁ}
5.2. Averaging with respect to . Now we average the process 2'f'(I;t) on the space
Q. Since wy(t) for all s are independent Wiener processes, 1?(I4;t) are independent, and

the average of the product is therefore equal to the product of the means. As a result,
we obtain

M [Mt (277 (13 t) ] —m'fo a(uy) dug M {exp{—mT2 “ 2(9't)d9}] X
X ... fimﬂ a(p) diy, M {exp{—%fizl 2(0;1) dﬁ}]

Lemma 5.2. The following relation holds:

M [exp{-%ibn2(u;t)du}1 :exp{—%Qfab (/Ot,,2(u;7) m) du}.

Here, n(u;t) fo u; T) dw(T), and o(u;t) is a non-random function.

Proof. We use the representation

b N
][n(ut Z (ug;t

which is valid due to the model assumptions. By definition, the processes n?(ug;t)
(k=1,N) are independent for different values of k. We introduce the notation

t
Py(t) = n(ug;t) = / o(ug; T) dwg (1),
0
where o(ug;t) is a non-random function depending on ug and ¢. We consider now two
cases.
A. Let o(ug;t) be constant. For the sake of simplicity, we assume that o(ug;t) = 1
and study the problem for the processes

(11) n(uk; t / dwy () = Py(t).

By considering the representation of the integral in the form of sums, we carry out the
transformation

exp{—%ﬁ(uk,t)} = exp{—% [/Otdwk(f)r} -

:exp{—%f(t)}.
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Therefore,
a?(b—a) N ~o N a?(b—a) ~o
exp{— o> r b= [Tew {07 r200.)
k=1 k=1
We denote
0‘2(5—0) al D2 2
exp{— o 3 PO [ = Ix(ha)
Since

M [exp {aq(a, b;t)}] = M [exp {—aq(a,b;t)}],

the following relations hold:
N a?(b—a) 7
M| Tew {42 720} | -
=1

= kﬁl M [exp {—QZ(;;\?‘I) P,?(t)}] —4™ M [exp {ag(a, b;t)}].

Then we carry out the Ito differentiation:

dP, (t) = dwg (1),

(12) dPE(t) = dt + 2wy (t) dwy(t)

and in view of (11) we have that:

2(b—a) B a?(b—a) 7 a?(b—a D
dvexp { — 4 PR() | = —exp {— G P2(1) [ g a2 () +

a*(b—a)?

+ 8 P2(t) exp § — 209 P2(#) L dt.

In the last differential, we introduce expression (12):

dy exp {— QZSE\?”) P? (t)} = —exp {— o (b_a) p2 (t)} X

x (2200 9B (1) dun (1) — 2952 (14 =2 52(r)) ]

We calculate the mean for the last expression by denoting

L(t;a?) =M {exp {_% P,f(t)H .

We obtain the equation

a2<25]\; ) g+ a4<21’]\;2“)2 M [P,f(t) exp {—M ~E(t)H dt.

By considering the differentiation of the expression

)

with respect to 2, the last equation can be represented as a partial differential equation
with constant coefficients:

dI>(t; a?) a?(b—a) 5, ai(b—a) 0
1 =— Io(t; -
(13) dt N Lha’) N  9a?
The solution of this equation will be obtained by exploiting the properties of the sto-
chastic processes. With this purpose, we evaluate the mean of the function

exp{—% P,f(t)}.

dly(t;0*) = I(t; )

IQ(t; a2).
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By considering that the process is a Wiener process (that is, a Gaussian process) we have

| ) L1 SO EY g P
%

! ooe { (7(17—(1)% )}dx
= X —
Vort ) 2N
Furthermore,

M {exp{—% f(t)}] = \/%\/% %ﬁ/(%t—i—l) =
_ (Mt n 1)1/2 .

2N

—-1/2
In this way, the obtained expression I(t;a?) = (%t + 1) is a solution of the

differential equation (13). In addition, in view of Lemma 5.1, we have

2 b a?(b—a) <
{—%/ 772(u,t)} :exp{—%Zﬁ(uk,t)}
2(

ﬂ { TG)WQ(UICJ)}

M, [exp {—aq(a,b;t)})]

I
@
b
o

Therefore,
MM, fexp{-ag(a.ti}]] — T M [exp {-24c2 P20} -

N 12 —N/2
_ H (angl\?a)t-l-l) _ (a2gz,1\7a)t+1) .

Passing to the limit, we obtain the complete averaging with respect to both components:
a?(b—a) —N/2 a?(b—a)t
M [I ;)] = 1 —_— 1 = —_— .
[I1(a,b;t)] i ( 5N t+ ) exp{ 1 }
B. We now consider the case o(ug;t) # 1. For Pg(t), we obtain the expression
di Py (t) = o(ug;t) dwg(t).

In this way, we have

2 -t
4P (t) = i CEOPyI 2P, (t) o (up; t) dwy(t)
and , )
a®(b—a a®(b—a
dexp { =28 P2(1) b = — exp { -5 PR} ¢
2
T2 52 (uy; £) dt + 2Py (t) o (up; t) dwy (1)] +
ot (b—a)® p2 20, 1) . _a*(b—a) p2
+ 5xz— B (t) 0% (ug;t) - exp (0-a) p2(t) ¢ dt.
Therefore,

deIy(k; 0?) = 0, M {GXP{ (b 2 p2(t )}] =
- M [exp{—“g;;“) P,g(t)} U’ D 52 (44 t)] dt.
By exploiting the possibility of the differentiation with respect to the parameter o2, we
arrive at the equation
i 11 (k; a?) a?(b—a) , atlb—a) ,

) — . L2 .
(14) ot - N o (Uk,t) It(kva ) N a (Uk,t)

oI (k; a?)
da2
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We divide both terms by o2 (ug;t) and denote

t
o(t) :/ o2 (ug; 7) dr.
0
So, we pass to the auxiliary equation

(15) Oplki?) __a(b—a) ooy

at(b—a) dlp(k; a?)
00 2N '

N Oa?

Equation (15) is a differential equation with constant coefficients which is stochastically
equivalent to Eq. (13) . Therefore, its solution has the form

201, —1/2
Ip(k;a?) = (%94— 1) .

Hence, the solution of Eq. (14) reads

2 bh— a) t -1/2
Lka?) = (¢ ( / 20, . 1
i) = (G5 [ Puiryar +
As a consequence, we have
N N 2 t —-1/2
a?(b—a) 9,
(16) M IN k‘ Oé 1:[ kl_[l (T /0 g (Uk,T) dr + 1)
In order to evaluate I1(a, b;t), we take the logarithm of (16):
N 1/2
InM [Iy(k;a?)] =In [] ( 2(ug; T) dr + 1) =

N
=—3 > In a2él;\7a) JUQ(Uk;T)dT+1).

By using the expansion of In (x 4+ 1) in a series, we obtain

In M [fl(b't)} =-1 ’jl [ Z(b a) fo (up; ) dT—

4 () o) ar) o).

We calculate the limit as N — oo:

N
limy oo In M [IN(k,a2)] =—1limye Y { o20a) [t 52 (uy; ) dr—
k=1
4

-5 i (o (ups 7)2+O(N_3)]:

=1 thHoo Z 2(b @) fo (ug;7)dr = _%2 f; (fo (w7 dT) du.
k=1

By using the limit and by passing to the antilogarithm, we prove that Lemma 5.2 holds,

and
M [exp{—og/abvf(u;t)du}] zexp{—%Q/ab (/Ota%m)m) du}. 0



66 ELENA V. KARACHANSKAYA (CHALYKH)

5.3. Passage to the limiting process. The field {z,(I;t); y,(I;t)} is defined by the
model assumption (3):

n(ls;t) :/0 o(ls;7) dw(T).

We change the model assumption

1t 1/2
n(ls;t) = (—/ o?(lg;7) d’T)
2Jo
and consider the field {Z,,(I;t); §,(I;t)} of the form
n 1/2
Fallit) = 3 a(ls) cos z Alw ( JEo2(15:m) dT) A,
s=1
(17) . i 12
In(l:t) = 3 a(ly)sin z Aw ( JE o2y dT) A,

Il
=

S

where A(w(l;)) is an increment of the Wiener process on the interval [I;;1;41]. This
means that the variable ¢ is not a random variable. From the analysis of the process on
the flow of the o-algebras S¢(n) @ Sy, it is possible to pass to the process defined on
the flow of the o-algebras (1), Vt = const. Averaging with respect to ¢ has already
been carried out. We observe that the fields {x,,(I;t); yn(I;t)} and {Z,,(I;t); §n(l;t)} are
defined on different spaces. We consider the processes

k 1 t 1/2
zo(k;t) = exp § —1 Z Aw(ly) (5/ o?(1;;7) dT) ,
i=1 0

n

Zna(lit) = zo(kt)ally) - A, A=0m™").
k=1

In view of the Euler representation, the components of fields (17) take the form

We now construct the characteristic functions: g, («; 3;t) for the field {x, (I;t); y.(l;)}
and g, (o; B;t) for the field {Z, (I;t); . (1;1)}:

onles 356) = M [exp { 50 +19) sna1:0)+ 50 = i) 5,00 .

[\)

gn(o; Bit) =M [exp{2(a+zﬂ)zn2(l t) + 2(a—zﬂ) n2(l;t)H.

For the continuation of the research, the next lemma is necessary.

Lemma 5.3. Under the model assumptions for the random fields {z,(l;t); yn(l;t)} and
{&n(L;); gn(l;t)} and for a fived integer m, there exists a number n’ such that, for all
n > n', the following relations hold:

(18) Mz3(1; )] = M[25" (1)) = M[27y (1)) = Mz (I; 2)]-
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Proof. We calculate all increments in the series of equalities (18) by having in mind

the lemmas. We introduce the notation 7(6, t) ( fo @, dT) . We have

M[z2 (I;t)] = m! fo a(uy) duy M [exp {—im £, (61, t) dw(61)}] x
. X f a(tm) i) M {exp{—z £ 1(Om, )dw(ﬁm)H =
=m)! (fo auy) duy exp{ %2 726y, )dﬂl}) X
X ... X (fim a(um) duy,) exp{—§ for (O ) d@m}) =
=m! (fol a(uy) dus exp{—mT2 0 (% 502(91,7)d7) dﬁl}) X ...X
X (:ﬁfm a(tim) dig) exp{—% fim (% 502(9m,7)d7) dem}) — M7 (L; 1)),
Then, by virtue of (5) and (7), we have
M= (15 1)) = M2 (1 1))

In this way, we complete the proof of the lemma. O

Lemma 5.4. The characteristic functions of the fields {x,(l;t); yn(l;t)} and {Z,(l;1t);
Gn(l;t)} for n — oo coincide for all l and t.

Proof. The proof is based on the coincidence of the representations for the character-
istic functions g, («, §,t) and g, («, 5,t) by means of the Maclaurin expansion (inside the
mean) with respect to z 1(I;t) and 27 (I;t), and z2(l;t), 2%(l;t), respectively, and on the
conclusions of Lemma 5.3. [

Lemma 5.4 allows us to pass to the study of the limit behavior of the field {,(I;t);
On(l;t)} for n — oo exclusively.

Theorem 5.1. Let us assume that, for the field {x,(I;t); yn(l;t)}, the model assumptions
(17) are satisfied:

alst) = 35 all)eos | 35 AGw(t) (34; o nar)”| a
ultit) = 3 allsin | 32 Aw(l) (4 ;0157 yar) | a.
s=1 j=

We also assume that the field {x(l;t);y (l' t)} is defined in the following way:
fo ) cos (fo (s dT) dw(0)| du,
= fo a(u) sin (fo 0,7 d’T) dw(0)| du.

Under these conditions, the characteristic functions of the processes {x(l;t);y(l;t)} and
{zn(;t); yn(l5t)} coincide.

Proof. The comparison of the characteristic functions for {&,,(; t), §»(I;t)} and {z(l; t),
y(I;¢)} for all values of t € [0,T], as n — oo leads to the proof of the theorem. [

(19)

Theorem 5.2. The stochastic process {x(l;t);y(l;t)} is a solution to the Cauchy problem
for the Ité stochastic differential equations
(20)

dip(l;t) = { (I;t) 2 Ina(l t

(57 dT] dl — ( <72(l;T)dT>O’5 q(l; t)dw(l),
dig(l;t) = [ (I;t) 2 na(l 2(1;7) dT] dl + (%

diz(l;t) = q(;t)dl,  diy(l;t) = p(l;t) di

0,5
o2<z;7>d7) p(i; t)dw(D),

OH@»O
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satisfying the boundary conditions
x(0;) =0, y(0;¢) =0, p(0;t) =a(0), q(0;¢)=0.
Proof. We differentiate x(I;t) and y(I;¢) in (19) with respect to I:

(21) % = a(l) sin [/Ol % (/Ot 02(9,7)d7> dw(ﬁ)} =q(l;1),

. l t
(22) ayézl, D _ _a(l) cos [ /0 % ( /0 02(9,7)d7-> dw(G)] ——

The obtained expressions are now differentiated by the It6 formula with respect to the
variable [:

i (#) g e 5% (15700 df) dw<9>] -
) sin Uo 5 (fo dT) dw(6 } : % (fo ) dw(l)—
—§cos[ (fo erT) } ( It o? erT) dl.

Taking (21) and (22) into account, we obtain the last equation of system (20) . In a
similar way, we get the second expression of the system. The functions z(l;t), y(l;t),
p(l;t), q(l;t) defined by (19), (21), and (22) satisfy the given initial conditions. [

Within the framework of the given formulation (L is constant), we have found
Fy(x;y; L) for different values of ¢.

Theorem 5.3. The distribution function of the process {x(l;t);y(l;t)} can be obtained
by integrating the Kolmogorov equation of system (20) with respect to the variables p
and q.

Proof. After the enlargement of the space obtained by introducing the new variables
p and ¢, the compound process {x(I;t); y(I;t);p(l;t); q(I;t)} becomes a Markov process.
This means that it is possible to obtain a Kolmogorov equation for the density function
p(x,y,p,q,1,t) and then, by integrating with respect to p and ¢, infer the density function
of the distribution p(x,y,(,t) for all [ and ¢t. O

Theorem 5.4. The distribution function of the original process {xn(l;t); yn(l;t)} under
the model conditions (4) coincides with the distribution function of the Markov process
{z(:t);y(l: 1)} (19).

Proof. The proof is based on the conclusions of Theorem 5.1 and Theorem 5.2. O

Remark 5.1. The character of the analysis doesn’t substantially changes when, for exam-
ple, a = a(l,t) (vibrating chain), o(l;t) is a non-anticipating measurable random func-
tion with respect to independent flows of o-algebras governed by independent Wiener
processes w(l) and w(t).

In this way, we arrive at a coherent representation of distribution: the parameter ¢
defines also the structure of the chain.
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