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OPERATOR FUNCTIONS GENERATED BY FUNCTIONALS
AND THEIR APPLICATION TO PROBABILITY THEORY

V. G. ZADOROZHNIY

ABSTRACT. We consider special operator functions generated by analytic
functionals. For these functions, the variational derivatives and ordinary
derivatives are calculated. A formula is obtained for solving the initial prob-
lem for a linear inhomogeneous system of differential equations with ordinary
and variational derivatives. A general explicit formula is obtained for the
mathematical expectation of the solution of a linear inhomogeneous system
of ordinary differential equations, the coefficients of which are random pro-
cesses. As an example, a calculation is made for a system with Gaussian and
uniformly distributed random processes.

1. Operator functions

Let R be a set of real numbers, ¢ € R, X be a finite-dimensional linear space
with the norm || - || and L(X, X) space of linear operators acting in the space X
with the norm ||A]|L.

In mathematics, operator functions generated by analytical functions play an
important role [1]. For example, if A € L(X,X),E is the identical operator,
expA=F+ A+ "21—!2 + .... Operator function exp(At) is a solution of the Cauchy

operator problem
dy
— =AY Y(0)=F
dt ) ( ) i
where Y : R — L(X, X)) the required operator function [1].
Let L1(T) be the space of summable functions on the segment T = [tg, ;] with

the norm [Jully = [ [u(t)|dt and f: L1(T) — C have the form

/ / (81,82 .y S)u1(s1)U(S2)...u(sk)ds1dss...dsg,

where b is a function that is symmetric for each pair of variables.

Let x(s) = x(to,t,s) be a function of the variable s € R defined as follows:
X(to,t,s) = sign(s — to) if s belongs to a segment [min{ty,,t}, max{ty,t}] and
X(to,t,s) =0, if s no belongs to a segment. Note that equality is true

x(to, t + At, s) = x(to,t, s) + x(t,t + At, s). (1)
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We will use the concept of variational derivative. Recall its definition [2, p. 14].
Let Y : L1 (T) — L(X,X),u € Li(T),h € L1 (T). It

Yu+h)=Y(u) = /T<p(t, w)h(t)dt + o(h),

where integral (Lebesgue) is a linear bounded on L;(T") operator and o(h) is in-
finitesimal of higher order relative to h, then ¢ : T x L1(T) — L(X, X) is called

the variational (functional) derivative of mapping Y at the point u and is denoted

b 6Y (u)
Y Fu(D)
Consider the special operator function

Yt fE +ax(to,1)A) =

/ / 51,82, ..5%) (u(s1) E

+a(s1)x(to,t,s1)A)(u(s2)E + a(s2)x(to,t, s2)A)...(u(sk)E
+a(sk)x(to,t, si)A)ds1dss...ds.

We have not seen such functions in the literature.
Further );(é)u denotes the partial variational derivative with respect to the

variable u.

Theorem 1.1. If a is a continuous function on T and b is a continuous function

that is symmetric for each pair of variables, then there exists the derivative 6";; ((tt)u)

and

m =k / / 51,89, e8k-1, 1) (u(s1) E + a(s1)x(to, t, 51)A) (u(s2) E

+a(32)x(t0, t,859)A)...(u(sk—1)E + a(sk—1)x(to, t, sp—1)A)ds1dsa...dsk—1. (2)

Proof. Let h € L1(T) be an increment of the variable u. Since b is a function
that is symmetric for each pair of variables, then

Y(t,u+h) =Y (t,u) =
/ / 81,82, -y Sk)[(u(s1)E + a(s1)x(to, t,s1)A

+h(s1)E))(u(s2)E + a(s2)x(to, t, s2)A
+h(s2)E)...(u(sg)E + a(sk)x(to, t, sk) A+ h(sk)E)ds1dsa...dsy—
(u(s1)E + a(s1)x(to, t, s1)A)(u(s2) E + a(s2)x(to, t, s2)A)...(u(sg) E
+a(sk)x (o, t, sk)A)]ds1dsy...ds, =

:k/T.../Tb(sl,s%...,s(k_l),t)[(u(sl)E+a(sl)x(to,t,sl)A)...(u(sk,l)E
+a(sg—1)x(to,t, sk—1)A)h(sk)Edsidss...dsg_1+
k
+/T.../Tmz:QC,T(u(sl)E+a(sl)x(to,t,sl)A)...(u(skm)E

+a(Sk—m)X(to, t, Sk—m)A)A(Sk—m+1)...-h(sk)Edsidss...dsy.
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Here C7* is the number of combinations of k by m. Let’s estimate the norm of the
last term

||h||1 |/ / Z Ci' (u(s1)E + a(s1)x(to, t, 51)A)...(u(sk—m) E

+a(8k_m)x(t0,t Sk_m)A)h(Sk_m+1)...h(Sk)EdS1d82...dSk||L <

1 m -
< T ——CMB(||[u(s1)] + mazs, er|a(s)||| Al Lllz,) ™A — 0
for [|h]l1 — 0,m > 2. Here B = maxs,er|b(s1, 52, ..., $)|. According to the defini-
tion of the variational derivative, SpY (t,u)

sun) - exists and the equality (2) is valid. The
theorem is proved.

Theorem 1.2. Under the conditions of theorem 1, there exists the partial deriv-

ative M, while

GY((;; W = ka( / / S1, 82, ---Sk—1,t)(u(s1)E + a(s1)x(to, t, s1)A) (u(s2) E
+a(s2)x(to,t, s2)A)...(u(sk—1)E + a(sk—1)x(to, t, Sk—1)A)ds1dsz...dsy_1.  (3)

Proof. Let At be the increment of the variable ¢t. Then

! ( (t+ At,u)) —Y(t,u)) =

At/ / S1, 82, .-, Sk)[(u(s1) E

+a(s1)x(to, t,s1)A + a(s1)x(t, t + At,s1)A)) (u(s2)E
+a(s2)x(to,t, s2)A + a(sa)x(t,t + At, s9)A)...(u(sk)E
+a(sk)x(to, t, sk)A + a(sg)x(t, t + At, s;)A)ds1dss...ds,—
(u(s1)E + a(s1)x(to, t, s1)A)(u(s2) E + a(s2)x(to, t, s2)A)...(u(sg)E
+a(sk)x(to,t, si)A)|ds1dss...dsy, =
/ / (81,82, ..y k) (u(s1)E + a(s1)x(to, t,s1)A)...(u(sg—1)E

+a(sg—1)x(to,t, sk—1)A)Aa(sg)x(t,t + At, si)ds1dss...dsp+

+At/T.../Tmz_:zcgl(u(sﬂE—Fa(sl)x(to,t,sl)A)...(u(sk_m)E

+a(sg—m)x(to, t, Sk—m)A)a(Sk—mr1x(t,t + Aty Sg—mi1)A...c
-a(sk)x(t,t + At, si)Ads1dss...dsg. (4)

Further

k
ﬁH/T.../TZC’;T(u(&)E—f—a(sl)x(to,t,sl)A)...(u(sk,m)E

+a(sk—m)x(to, t, sk—m)A)a(sk—m+1):
Xt t+ Aty sp—my1)A.a(sk)x(t, T + AL, si)Adsidss...dsg|| L <

< |A1t|ck (mazerla(s))™ A7 [/T(|u<51)|
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+mazs,erla(s)||Allp)ds)" A" =
= Cf (mazserla(s))™ | AL Blllu(s1)| + mazg, erlalsy) | Al L[7™™1A™ " = 0

for At — 0,m > 2. Using the definition of function x and the mean value theorem,
we go to the limit in (4) for At — 0, and get (3). The theorem is proved.

Corollary. If the conditions of theorem 1 are satisfied, Y (¢,u) is a solution of
the operator equation

oY oY
F TR TIO) (5)
with the initial condition
Y(to,u) = f(u)E. (6)

Indeed, substituting equality (3), (4) into equation (5), we get the equality. Next
Y (to, u) :/ / b(s1, 82, ..., S )u(s1)u(s2)..u(sp) E¥dsidsy...dsy = f(u)E.
T Jr

2. More general initial conditions

Let f : L1(T) — C be decomposed into a power series that converges for all
u e Ll(T)

flw) :kZ_O/T/T.../Tbk(sl,SQ,...,sk)u(sl)u(SQ)...u(sk)dsldsz...dsk., (7)

where by is symmetric for each pair of variables of the function.

Theorem 2.1. Ifa: T — C be a continuous function, by, be continuous symmetric
functions for each pair of variables, then the operator function

Y(tu) = f(uE + ax(to, t)A) =

:kZ_:O/T/T.../Tbk(shsm...,Sk)(u(sl)E+a(sl)x(t07t,31)A)(u(52)E

+a(s2)x(to, t, s2)A)...(u(sk)E + a(sg)x(to, t, sk)A)ds1dss...dsg (8)
is a solution of operator equation (5) with the initial condition Y (tg,u) = f(u)E.
Proof. According to the previous corollary, each term of series (7) satisfies
equation (5), then (formally)
Y 0,Y
— =a(t)A .
o~ O350

In this equation, power series are on the left and on the right, so Y (¢, u) satisfies
equation (5). In this case,

Y(to,u):kZ_O/T/T.../Tbk.(sl,sQ,...,sk)u(sl)u(SQ)...u(sk)EdsldSQ...dsk

= f(WE,

in other words, the initial condition is also satisfied. The theorem is proved.
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Comment. In the particular case f(u) = >~ o( [ br(s)u(s)ds)* we get
V(tu) = FuB -+ axtio ) A4) = 3| o) ul)E + als)xto.t.5)4)ds)"
k=0

3. Vector problem

Consider the vector problem

dy opy
5% a(t)Aéu(t). (9)
y(to) = f(u)é. (10)

Herey: T x L1(T) —» X, € X.

Theorem 3.1. Ifa: T — C is a continuous function and f erpands into power
series (7), £ € X, then

y(t,u) = f(uE + ax(to, 1) A)
is a solution of problem (9), (10).

. Therefore y is a

}Y ) B¢ = f(u)é. The

ou(t)
solution to equation (9). Further y(to,u) = f(uE)¢
theorem is proved.
Let the initial condition have more general form

y(to,u) = ZfK (11)

Here &1,&5,...,&, is a basis in X. Then

Proof. We have % = q(t) L @Btaxto.)A) _ )

y(t,u) =Y fr(uE + ax(to, t) A&
k=1

is a solution of problem (9), (11). This formula can be formally written in mind
y(t,u) = F(uE + ax(to, t)A))

4. Linear inhomogeneous problem

Consider the linear inhomogeneous problem

dy opy
5% a(t) Sult) (t,u). (12)
y(to) = F(u). (13)

Here y : T x L1(T) = X, F: L1(T) = X, b: T x L1(T) —» X.

Theorem 4.1. Ifa : T — C is a continuous function, b = Z;‘L:1 b;&; and b,
expands into power series

b;(t,u) :Z/T.../Tbjk(t,sl,sQ,...,sk)u(sl)u(sz)...u(sk)dsldSQ...dsk,
k=0
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F(u) =) fu(w),
k=1

then
y(t,u) = F(uE + ax(to, t)A) + / b(s,uE + ax(s,t)A)ds (14)

to

is a solution of problem (12), (13).

Proof. Since

OF (uE + ax(to,t)A) —at) OF (uE + ax(to,t)A)
ot du(t) ’

we have

dy SF(uE + ax(to,t)A) /t §b(S,uE + ax(to,t)A)
5 = a(t) Sut) +b(t,uE) + \ aA 5ult) ds,

ds

du(t) du(t)
Obviously y satisfies equation (12) and

opy  OF(uE + ax(to,t)A) /t db(s,uFE + ax(to,t)A)
t du(t)

0

y(to,u) = F(uE) = > fr(uB) = Y fr(w)éx = F(u),
The theorem is proved.

5. Application to probability theory

Consider the system of differential equations with random coefficients

dx
i e1(t)Azx + e2(t)€ (15)
with the initial condition

J,‘(to) = Xp. (16)
Here © € X, A € L(X,X),g : T — R, is a random vector, €1(t),e2(t),g are
random processes, xg is a random vector. Let

w=capli [ (e1(5)uls) + 2a((s))ds) w0 € La(T)

and let the characteristic functional be known [1, p. 30] ¥(u,v) = Elw],u,v €
Li(T), E means the mathematical expectation of the distribution functions ¢, g.
We need to find the mathematical expectation of the solution of problem (15),
(16).

We multiply (15), (16) by w and take the mathematical expectations of the
obtained equalities

E[(ji—fw] = Ele1(t) Azw] + Elea(t)éw]

Elz(to)w] = E[zow]
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We introduce the mapping y(¢,u,v) = E[z(t)w]. Note that y(¢,0) = E[x(t)]. The
last equations can be written as

Jy . opy dpp
o~ " T e (a7)
y(to, u,v) = Elzo]ih(u,v). (18)

Here we assume that xy does not depend on €1, 5.
Problem (17), (18) has the form of problem (12), (13). Using formula (14) we
find

Vlts0) = ¥l ixlto, ) o) Blan] i [ 2O )
Assuming v = 0,v = 0, we easily find
t o .
Elo(t)] = v(-ixtto. )4, 0)Elao] — i | HTEE D80 g,

Let 1,2 be given by the characteristic functional

Y(u,v) = eacp(i/ Ele1(s)u(s)ds

_% /T /T b(s1, 5)]u(s1)u(s2)ds1dsy) S’?TfT / Elea(s)v(s)ds])

This means that €; is a Gaussian random process, and €9 is a uniformly dis-
tributed random process, b(s1,s2) = Ele1(s1)e(s2)] — Ele1(s1)]E[e(s2)], B(s) >
0,u € L1(T),v € L1(T). Using the formula, we find

Elz(t)] = egcp(i/t AEFE[e1(s)ds

2 rtort sin [ B(s)ds t
+A7 /to /t0 5(81782)]d31d82)‘ﬁj;é(()exp(i/t0 Elea(s)ds])

/ewp /AEsl T)dT

sin ft
/ / (s1,82)]ds1ds2) f ea:p(i E[Eg(s)ds})E[ag(s)]dsf.
to
Similarly we can find the other moment functions for the solution of problem
(15),(16).
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