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FRACTIONAL STOCHASTIC EVOLUTION EQUATIONS:
WHITE NOISE MODEL

M. ILOLOV, KH.S. KUCHAKSHOEV, AND J.SH. RAHMATOV

ABSTRACT. The paper is dedicated to solvability of fractional order stochastic
evolution equations perturbed with Balakrishnan white noise type additive
terms. The results obtained in this paper can be applied in the analysis of
various stochastic relaxation and diffusion processes in complicate systems or
in fractal and porous media.

1. Introduction

The theory of stochastic evolution equations and it’s applications has devel-
oped significantly in recent decades. On the one hand, this is due to the infinite
dimensional analysis of semi-groups and evolution operators of solutions, but on
the other hand, this is due to the fact that their finite dimensional realizations of-
ten occur as mathematical models in physics, technique, chemistry, mathematical
biology, financial mathematics and other areas of the sciences. Generalization of
the theory of Ito-—Stratonovich-—Skorokhod in the infinite dimensional case was
originated in the works [1,2]. Within the framework of this theory in particular
Ito’s linear differential equation with multiplicative noise was investigated [3-6].
In [7-10] a different approach based on Nelson — Gliklikh derivative was offered
to the analysis of stochastic differential equations. It was found in [10] that Nel-
son — Gliklikh derivative of Wiener process is well consistent with the predictions
of theory of Brownian motion of Einstein-Smoluchowski. Therefore, the relevant
stochastic process was called ”white noise”.

In this paper, we investigate a class of stochastic equations of fractional order
perturbed with absolute random process or Balakrishnan type of white noise. This
type of white noise was first introduced in the monograph [11].

We consider the following Cauchy problem

Dy 4+ Au(t) = f(u(t)) + Bw(t), u(0) = ug (1.1)
where ¢Dy* - Caputo fractional derivative order a,0 < o < 1, A - almost sectorial

operator in separable Hilbert space H, f : H — H - given nonlinear mapping, w(t)
- absolute random process (white noise in the sense of Balkrishnan) in another

Date: Date of Submission June 02, 2020; Date of Acceptance July 20, 2020 , Communicated
by Yuri E. Gliklikh .

2010 Mathematics Subject Classification. Primary 76S05; Secondary 35B06, 58J70.

Key words and phrases. white noise, Balakrishnan stochastic integral, fractional derivatives,
Hilbert-Schmidt operator, resolvent families of operators.

55



56 M. ILOLOV, KH.S. KUCHAKSHOEV, AND J.SH. RAHMATOV

separable Hilbert space H,,, B - linear operator, defined in H with values in the
space of operators from H,, in H.

In analysis of Cauchy problem (1.1) the standard requirement is the generation
of family of resolvent operators by operator A {S,(t)}i>0 and {Z,(t)}1>0. This
condition guarantees the correctness of Cauchy problem for deterministic unper-
turbed homogeneous equation

Dy + A(t)u(t) = 0.
Next we should require that nonlinear mapping f(-) satisfies a Lipschitz condition.
Conditions imposed on operator B are closely related to the properties of an
absolute random process (white noise). Next, everywhere in this paper by random
process w(t) we will understand white noise in the sense of Balakrishnan. We
introduce the space W = Ly((0,T), H), where 0 < T < oo, which will be a
separable Hilbert space if H is a separable Hilbert space. We use the notations w
and p for element of space W and standard Gaussian measure accordingly. The
space W defined in this way is said to be a white noise and each element w € W

is called a realization of white noise.
Let

t

W(t,w) = /w(s)ds.
0

Function W (t,w) is continuous with respect to ¢ when w is fixed and when ¢ > s
the difference [W(t,w) — W (s,w)] is a Gaussian random variable with expected
value equal to zero and variance equal to (¢ — s)||h||?, where h € W. However
[W(t,w), h] cannot be the realization of Wiener process, because such realization
has bounded variation at each finite interval when w is fixed.

The space-time correlation Balakrishan model is one of the possible models
based on delta function. Another approach is based on the theory of martingales
and Wiener processes. If we limit ourselves to considering only linear operators
both approaches will lead to the same results. When we use non-linear operators,
there will be a profound difference between these approaches (see, for example,
12-14)).

The paper consists of an introduction, a list of literature and five paragraphs.
The main definitions and results of the theory of integrals and fractional derivatives
are outlined in the §2. §3 is dedicated to the study of the resolvent families of
operators S, (t) and Z,(t). The main properties of Balakrishnan white noise and
the corresponding stochastic integral are cited in the §4. Linear case of the Cauchy
problem is studied in §5, and non-linear case in §6.

2. Integrals and derivatives of fractional order

Let J =[0,T], X - Banach space, N - set of natural numbers, R - real number
line, L(.J,X) - space of Lebesgue integrable functions defined on J with output
values from X, AC™(J, X) - space of (m — 1) times continuously differentiable
functions on J X - valued functions with absolutely continuous derivative of order
m, W™-1(J, X) - Sobolev space.
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Definition 2.1. Fractional integral of order o > 0 of function f € L*(J, X) is

e L[ fs)ds
I f(t)—F(a)O/(ts)la, £>0 (2.1)

if, the right side is a pointwise defined function on J, where I'(-) - Euler gamma
function of second type.

Definition 2.2. Liouville fractional derivative of order o« > 0 of function f is

RLpya gy _ L d" f(s)ds B
th(t)_F(n—a)dt"O/(t5)(oa+1n)’t>0’n l<a<n (22)

For convenience integral (2.1) will be written in the form

I7f(t) = (g0 % £)(F)

for function

a—1

ga(t) = { T(a)’
0if ¢ < 0.

ift >0,

Here is a brief summary of the main properties of fractional order integral (2.1)
and derivative (2.2) in the form of the following statements (see, for example.
[15-18)).

Lemma 2.3. Let >0 and m = [f].

(1) If f € LNJ, X), then gmp x (I f) € W™ (J, X) and "ED]I] f(t) = f(t)
almost everywhere.

(2) If « > B and f € L'(J,X), then BEDPICf(t) = IPP £(t) almost every-
where, in particular, if o > k, then Dklff(t) = I,gg_kf(t) almost everywhere.

(3) If p > % and f € LP(J, X), then I®f is continuous on J.

Riemann-—Liouville derivative is not very convenient for modeling real physical
processes. Therefore, a modified fractional derivative associated with the name
M. Caputo is introduced.

Definition 2.4. Caputo fractional derivative order o > 0 of function f : J — X
is

Il
i
~+

n

Dy f(t) =" D[f(t) -

k

RO), >0, n—1<a<n. (2.3)

b
]
=

0

It is obvious that Caputo derivative of constant function is equal to zero. Note
also that integrals in all definitions (2.1), (2.2) and (2.3) are understood in the
sense of Bochner.
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Lemma 2.5. Let « € (0,1) and h : J — X is continuous functions. Function
u € C(Y,R) given in the form

t
1
u(t) = uo F—/t—salh )ds
0

is a unique solution of the following fractional Cauchy problem
°Diu(t) = h(t), t € J
u(0) = ug
Corollary 2.6. If instead of a continuous function h in the lemma 2.5 we take
the integrable function, the result of the lemma will remain true.
3. Almost sectorial operators and main properties

Let X be a Banach space with the norm ||-||, A closed linear operator, D(A), R(A)
and o(A) domain, range and spectrum of operator A accordingly.

Definition 3.1. (see. [19]). Let —1 <y < 0and 0 <4 < 7. By ©](X) we denote
the set of closed linear operators A : D(A) C X — X such that: (1) spectrum
o(A) belongs to the sector

o ={re O~ A0} : JargA| < p}U{0};
(2)for every 6 < p < 7 exists a constant ¢, > 0 such that
(A = A) 7| < culA]” for all AEXZ 5 5.
If A€ ©)(X), then A named almost sectorial operator.
Let’s introduce family of operators
{TM}iexe ,  {Sa(b)rese , AZa()}iexe , |

associated with operator A as follows

T(t) = e (A) =

1 —tA 1
= — —A pId — ;
5 Fee (A )TdA teX] 5 5, A€ C N (—o0,0];
Sa(t) = Ea(_/\ta)(A)e =
1 a 1 .
=5 FQE&(—M YA —A)"HdA, tE€ X7 o s, A€ C~ (—o00,0];
Za(t) = Eo,a(=A")(A) =
1
=50 . EM( M)A = A)7HdN, t €32 )5 5, A€ TN (—00,0], (3.1)
m

&)

where E, , ()\) = > Wkﬂ)), a >0, XA € C - two-parametric Mittag-Lefller
k=0

function, E,()\) = E} 4(2), contour I'y = {R e} U{R e *}(0 < 6 < 7) directed
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in a way that open sector Zg ={A € C~ {0} : |argA| < 0} U {0} is on the right
side of I'y.
Note that the family {T'(¢t)}; € Eﬁ/Q_(; is a semigroup due to the property

T(s+1t)=T(s)T(t)
for all 329 , 5, in addition operator T'(t) characterized as resolvent (A + A)~L of
operator A, which is the Laplace transformation of semigroup 7'(¢), i.e.

A+ A = /e—“T(t)dt, A € C, ReX > 0. (3.2)
0
From (3.1) and (3.2) it follows that there is one to one mapping between oper-

ator A and semigroup 7'(t) . From Definition (3.1) it follows that operators S, ()
and Z,(t) can be presented through 7'(¢) in the following way

St = / Do (5)T(5t%)ads, t € 22,5 5, € D(Salt)), (3.3)
0
Zo(t)z = /oz<I>a(S)T(sto‘)avds7 teEX] n 50 € D(Za(1)), (3.4)

0
where function ®,(s) (see for example [19]) is defined as

I (—)\)F .
d,(\) = - kZ:l mr(m) sin(kra), 0 < a < 1,\ € C.
The main properties of operators S, (t) and Z,(t) will be given in the form of

following statements.

Lemma 3.2. Let A€ ©], -1 <~ <0, 0<0<m/2. There are statements:
(1) For everyt € 22/275, Sa(t) and Z,(t) are bounded linear operators on X .

Moreover, there exist constants Cs = C(a,7y) > 0 and Cz = C(a,7y) > 0 such
that, for allt >0

S0 ()] < Cst= ) and || Zo(t)|| < Cot—*0+),

(2) Fort > 0, the families S (t) and Z,(t) are continuous in uniform operator
topology. Moreover, for every r > 0 uniformly continuous on [r,o0).
(3) For every fived t € ¥r/5_s5 and all v € D(A),

(Sult) — Dz = / O AZ, (2)ads.
0

(4) For all z € D(A) and t >0
CDPSo(t)r = —AS,(t)z

(5) For allt >0 S, (t)IF(t*"1Z,(1)).
(6) Let > 1+~. Forallxz € D(AB),tlirél+ Sao(t)z=2x.
—
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Lemma 3.3. ([19]). Let A € ©)(X), -1 < v <0, 0 < < /2, and let
0<pB<1—r, then:

(1) The range R(Z,(t)) of family Z,(t) for t > 0 is contained in D(AP).

(2) SL(t)yx = —t*"YAZ,(t)z, and S, (t)x for x € D(A) locally integrable on
(0,00).

(8) For all x € D(A) and t > 0, ||AS®(t)z| < ct= 0| Az|, where n is a
constant depending on v, «.

(4) For every fized t € X7 5 5, Zo(t) is a bounded linear operator on XA,
Moreover, there exist a positive constant Cy such that, for allt >0

't —a—
AP Z,(t)z|| < anMt—a(wﬁﬂ)m”.

Lemma 3.4. If the resolvent (A + A)~! is compact for every X > 0, then S, (t)
and Z,(t) are compact for every t > 0

Proof. Let € > 0 arbitrary number. We will demonstrate that

C(t) = / B (5)T (5" — £t®)ds, E.(t) = / B (5)T(5t%)ds,

Then & (t) = T'(et*)(-(t) and it is easy to prove that for every ¢ > 0, &.(¢) is a
bounded linear operator on X. Next, with the use of compactness of T'(t),t > 0
we can demonstrate that £.(t) is compact for every ¢ > 0.

Notice that

16(6) — Sa ()] < | / Bo(8) T (st%)ds]) < cot =1+ / Bo(s)s~ 1 ds.
0 0

Therefore, from compactness of £.(t), t > 0 it follows that S, (t) is compact for
every t > 0. Using similar reasoning we can conclude that Z,(t) is compact for
every t > (. Lemma is proven.

4. White noise and Balakrishnan stochastic integral
Let H be a separable Hilbert space and W = Lo((0,T), H) Hilbert space of all
measurable functions

f:0,T] - H
such that

T
/ 1F(0)]2 < oo,
0

where || - || is a norm in H.
Let’s define the cylindrical measure p on (W, %) (X - algebra of cylindrical sets)
as
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w(E) = [ Gla)da,
B

where B is a Borel set in R” isomorphically to B- base of cylinder E, and G(x) -
n - dimensional Gaussian density with the zero mean and covariance equal to one.
Such measure p is said to be Gaussian measure on W.

Let H be a separable Pre-Hilbert space. It is obvious that H C H. Borel
measurable mapping f : W — H is said to be random vector if the Gaussian
measure u can be extended to countably additive on o - algebra of sets of type
(f~Y(B), A - Borel set on H).

If H = R!, then f is said to be a random variable.

Under the finitely additive white noise in W we understand the process with
trajectory in w(-) in W with Gaussian measure g and with the characteristic
function

T

C(h) = Eleap(i / (N (1), h(D)de)) = exp(— / [h(t), h(D)dt).

This measure cannot be extended to the countably additive on W. Let f(-)
stands for any Borel measurable function mapping W to another (separable)
Hilbert space H,. In general, there is no need to determine the distribution over
H,. Let Py be any sequence of finite dimensional projectors on W such that Py
strongly converges to the identity operator. Then for every N, f(Py f) is a random
variable. Assume that

{f(Pyw)}
is a Cauchy sequence of probability measures. Then
C(h) = li]{]nC’N(h),h € H,, (4.1)

where

Cn(h) = Elexp(i[f(Pyw), h])]
determines the countably additive measure on Borel sets of space H,.. If the limit
characteristic function C(h) is independent of the partial sequence of projectors
Py, then we call f(-) physical random variable (PRV) and will determine the limit
measure as distribution f(-). In this regard we recall the famous Prokhorov limit
theorem [12]: for any Borel set A in H,.

pun(B) = py(B) if 11y (0B) = 0, (4.2)
where py(-) is a distribution function f(Pyw).
Now using relations (4.1) and (4.2) will give the characteristic of the PRV. To
that end, let’s use the following concept of continuity.

Definition 4.1. Let H', H? are real separable Hilbert spaces. F : H' — H? is
continuous in € H' with respect to S - topology if for any € > 0 exist Hilbert-
—Schmidt operator L.(z) : H' — H! such that

I Le (@) (@ — 2] < 1 (4.3)
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follows

IF(z) — Fa')|| <e (4.4)
F is uniformly S - continuous on U C H! if Hilbert-Schmidt operator in (4.3) is
independent of x € U

Definition 4.2. F : H' — H? is said to be uniformly S - continuous in the
neighborhood of origin if F' is uniformly S - continuous on sets

U,={uec H" : ||Lu| <1},
where {L, }1 is the sequence of Hilbert-Schmidt operators such that

o0
{Ln}ms —0and |J U, = H".
n=1
It is obvious that uniformly S - continuous mapping is also uniformly S - contin-
uous in the neighborhood of the origin.

Taking into account inequalities (4.3), (4.4) and definitions (4.2) we can give a
criterion characterizing the PRV.

Lemma 4.3. Uniformly S - continuity of F : H' — H? in the neighborhood of
the origin is the sufficient condition that F' is PRV.

5. Stochastic evolution equation with linear drift

Let H be a separable Hilbert space, A - almost sectorial operator, i.e. A €
OY(H), -1 < v < 0,0 < 0 < 7/2. According to the results from section 4
we determine the functional space W = Lo((0,T), H), where T < co. Let H,, -
another separable Hilbert space (here n - stands for white noise) and let W,, =
Ls((0,T), Hy,). Let A be a bounded linear operator from H,, to H.

We will consider evolution equation

D u(t) + Au(t) = Bw(t),t > 0,u(0) = uo, (5.1)
where °D¢ - fractional Caputo derivative order a,0 < < 1, A € QY(H),—1 <
v < 0,0 <o <7/2,w(t) - white noise with output values from another separable
Hilbert space H,,, B - linear operator from H to H,.

Since we want to emphasize the dependence of the solution on the random entry
of w, we will use the notation u(¢,w) for it.
The equation

t0), 0] = w0}, 0] + (¢ = 1) ult,w), Al
0
/(t — 7)Y Bw(r),v]dr,v € D(A*) (5.2)
0
has a solution given by
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t

u(t,w) = Sq(t)uo + /(t — 7)1 Z(t — 7)Bw(T)dr (5.3)

0

and for every w this is a unique solution in the class of weakly continuous functions
which satisfies equation (5.2). Here S, (), Z,(t) are family of resolvent operators
introduced in section 3. The statement directly follows from theorem 4.8.3 of
monograph [11] and paper [20]. Next, using the formula (5.3), we calculate the
correlation operator corresponding to the process u(t,w). Since u(t,w) defined for
every t, it can be found for every moment ¢. Suppose that wug is given, we obtain

E([u(t,w) — Squov][u(T,w) — Squg, 2]) =
E(/[(t — )12 (t — ) Beo(r), o)) dr /OT[(T = )12 (r — 0)Buw(r), 2ldo) =
0

T

_ E(O/[M(T), BY(t— )21 22 (¢ — r)]dr O/[M(a), B (7 — 0)*12% (r — 0)]dr) =

/[w(o), B*(t —0)* ' Zx (1 — o), B*(t — 0)* ' Z} (1 — 0)2]do =

[v,(t = T)* Ry (7,7)2],t > 7.
Hence, the correlation operator R, ;) is determined by the formula

Ru(t,7) = So(t — T)Ro (7, 7),t > T, (5.4)

where
.

R (7, T)ug = /(T —0)* ' Z, (1 — 0)BB*Z (T — 0)uodr. (5.5)

0
From the last formulas directly follows the equation

CD?[RQ(Tv T)UO,U] = [RQ(T,’T)A*'LLO,U]—I—

+[Ro (7, T)ug, A"v] + [B*ug, A*0]R4(0,0) = 0 (5.6)
for all ug,v from the domain of D(A*). And vice versa, the equation (5.6) has
unique solution and the solution determines by formula (5.5).

Next, for every ug the following equation is true

(R (7, 7)o, 6] = / 1B*S* (7 — o) [2do,
0

and therefore this value does not decrease when 7 > 0.
Let
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[Raootio, Up) = li_>m [Ra (T, T)ug, ug.

The limit on the right side is finite if the following conditions are satisfied

1
lim —log||S(t)|| =wo <0 (5.7)
t—oo t

In this case the operator R, will be a bounded linear operator determined by
the equation

[Rootto,v] = lim [Ry (T, T)ug, v],ug,v € H (5.8)
T—00

Taking into account equations (5.6) we can say that R, satisfies the equation

[Raco A% g, v] + [Rasoto, A™v] + [B*ug, B*v] = 0 (5.9)
for all ug,v € H from the domain of operator A*.
It is obvious that condition (5.7) is not necessary for the operator R,so tO
be defined correctly. As an example, we might consider the case of a compact
semigroup such that S(t)Bx = exp(—(t)x,{ > 0. Notice that condition

[Ro (7, T)uo, uo] = 0 implies ug

does not mean that zero belongs to the resolvent set. This fact reflects the specifics
of the infinite case.

The fact is that in finite dimensional case operator R(7,7) is always compact.
Next, let

t
it w) = /(t )17, (t — 5) Buo(s)ds.
0
Then the equation

Lw =a(-,w) (5.10)
determines the bounded linear operator, which maps space W,, to W. The formula
x(€) = plw : Lw € C}] (see section 4) determines Gaussian cylindrical measure
on the class of cylindrical sets from W. It will be countably additive 7 algebra of
Borel sets of this space if an only if when L is a Hilbert-Schmidt operator, or if
and only if whenZ, (¢)B is Hilbert-Schmidt operator for almost all ¢ € (0,7) and

t t
//Il(t — 1)1 Z,(t — 7)B|]2drdt < .
0 0

This condition will be satisfied if Z,(¢) is a Hibert-Schmidt operator, or if B is
Hilbert- Schmidt operator. Notice that

BE((Lw)(Lw)*) = LL*.

The above reasoning makes it possible to formulate the following statement.
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Theorem 5.1. Let f(w) = L(w), where L is any bounded linear transformation
from H to H,. f(-) is physical random variable if and only if when L is Hilbert-
Schmidt operator.

6. Stochastic evolution equations with nonlinear drift

In this section we will consider nonlinear fractional Cauchy problem

“Dfu(t) + Au(t) = f(u(t)) + Bw(t),t > 0,u(0) = uo, (6.1)

where A € 07, -1 < v < 0,0 < ¢ < 7/2. Under weak solution of problem (6.1)
we understand function u(t,w) : W,, = L2((0,T), H,) — H which satisfies the
equation

u(t,w) = So(t)ug + [ (t — 7)1 Zo(t — T)d7[f (u(T,w)) + Bw(7)]dr, (6.2)

o _

1 - Gaussian measure on W,,, w point in H,, B : H — H, - bounded operator
and f: H — H Lipschitz uniformly mapping such that

[1f (1) = flu2) || < L{f)l[ur = o, (6.3)

where L(f) is a constant which depends on f.

We will determine the integral contour T, directed in a way that open sector %%
is on the right side of I',. Let § € Cand A € ©OY(H),-1<~v<0,0 <0 < 7/2.
Then the complex power A? of operator A determines in the following way

1
AP = )P (A) = — //\5(/\ — A7\ A e C N (0,0
T
T

In the case Re(B) > 1+ v, A" belongs to £(H) - space of all bounded linear
operators from H to H. Linear space H? = D(A”) is a Banach space with the
norm

lullg = | A%u]l,u € H”.
Let’s formulate and prove the following statement.

Theorem 6.1. Suppose (6.3) and u(t,w) satisfies the problem (6.1). Then for
every u® € HP function u(t,w) satisfies the equation

t

u(t,w) = Sa(t) + /(t — 7)1 Z(t — 7) fu(t,w))dT+

0

(t—7)*"1Z,(t — 7)Bw(r)dr (6.4)

o
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Proof. It is obvious that in the conditions of theorem the problem (6.1) is
equivalent to the solution of integral stochastic equation

t t

u(t,w) = ug — ﬁ /(t — 1) Au(T, w)dT + ﬁ /(t — 1) f(u(r,w))dr+
1 / a—1
) 0/ (t = 7)° L Buo(r)dr,t > 0. (6.5)

Applying Laplace transformation to both sides of (6.5), we obtain

U(s) = S* 1S + A)tug + (S* + A)7LF(s) + (8% + A) " Guw(s), (6.6)

where

Uls) = /0 T emstu(t)dt, F(s) = / et (b))t

0
Guw(s) = / e "Guw(t)dt, Res > 7.
0

Using lemmas from section 3, integration by parts and taking into consideration
(6.5) we obtain

S8 4 A)lug + (8% + A) " Gw(s) =
_ /OOO eStSa(t)uodth/Ooo e“(/ot(t )Lt — ) f(u(r)dt)) i+
+/0 e’ (/O (t — 1) Zo(t — 7)Bw(7)d7)dt. (6.7)

Combining (6.6) and (6.7) and taking into consideration theorem about unique-
ness of Laplace transformation, we obtain

u(t,w) = Su(t)uog /0 (t — 1)1 Zo(t — 7) f(u(r,w))dt+

/O/(t — 7)1 Zo(t — 7)Bw(T)dr.

Theorem 6.2. Let the conditions of theorem 6.1. are satisfied. Then the solution
u(t,w) of problem (6.1)is a physical random variable, if A is Hilbert- Schmidt
operator and/or B is Hilbert-Schmidt operator

Proof. Let’s write down the equation (6.1) in an integral form
t
u(t,w) = ugp + / (t — 1)t Au(r,w)dr+
0

/ (t— T)o‘flf(u(T, w))dT + / (t— T)aile(T)dT (6.8)
0 0

or equivalently
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u(t,w) = Su(tyuo + /O (t— Y120 (= ) f(u(r, ) )dr+

/0 (t = 1) ' Zy—ryBw(r)dr (6.9)

Solution (6.9) is a unique weak continuous solution of problem (6.1)

[u(t,w),v] = [ug, ] +/O [(t —7)* tu(t,w), v]dr+

! a—1 i a—1
+/O [(t—7) " fu(r,w)),v]dr + /0 [(t —7)* " Bw(r),v]dr

for every v € D(A*), where D(A*) is the domain of conjugate almost sectorial
operator A*. We would like to demonstrate that u(-,w) is a physical random
variable.

From (6.9) we obtain

uswn) = o)y <
<2 / || / o1 Za (t = ) [Fulraw1)) — Flulr, o))l 2di+
2 [ / ) LBl (r) — wa(r)dr it <
<2 / || / )1 Za(t = TP (ulry o) — £ (ulr,wn)]|Pdrdt+

/0 || / o1 Za (= 7)Blun (7) — w (1)l 2dt <
:)e’“TtL(f) / I [ utro0) = Fatr, o) it

2/0 ||/0 (t—T)a_IZa(t—T)B[Wl(T)—WQ(T)]dTH%{dt. (6.10)

Let m(t) = [y [[u(r,wr)) = f(u(r,ws)|}dr,
o P(a) = 2M ()" L(f), B(T) =
=2 [ 1 [=n)" a0 = ) % BLln() = wa(r)lirla,

then (6.10) can be written in the form

T
T)g/o Nm(t)dt + B(T) (6.11)

and from Gronwall inequality it follows that

m(t) < eNTB(T) (6.12)
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(- w) = ul wo)llfy < 2eNTII/ (t = 7)* 7 Za(t = 7)Blwi (1) — wa(7)]dr [y -
0

Now, since Z,(t — 7)(t — 7)*~! is Hilbert-Schmidt operator, we can determine
operator L : W1 — W? such that

t
Lf=g,9= /0 (t— T)O‘lea(t —7)Bfdr.

= 2eNT

then introducing v(NV) , we obtain

(-, wi) = u(wa) Iy < Y(V)IIL(wr = w2)lliy

or u(-,w) is uniformly continuous in S - topology and u(-,w) is physical random
variable.

The theorem is proven.

Notice that similar problems were considered also in the papers [23-26].
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