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The solvability and the properties of solutions of nonhomogeneous and homogeneous vector
integral equation f(x) = g(x) + [" k(x — £)f(t)dt + f?m T(x - t)f(t)dt, where K, T are n x n
matrix valued functions, n > 1, with nonnegative integrable elements, are considered in one
semiconservative (singular) case, where the matrix A = f’m K(x)dx is stochastic one and
the matrix B = ffooo T(x)dx is substochastic one. It is shown that in certain conditions the
nonhomogeneous equation simultaneously with the corresponding homogeneous one possesses
positive solutions.

1. Introduction: Problem Statement

Consider the scalar or vector integral equations on the whole line with two kernels (see [1-

4]):
) 0
Fx) = g(x) + f K(x - f(Hdt + f T(x-Hf(dt, —-w<x<oo, (1.1)
0 -0

where the kernel-functions K(x), T(x) are matrix-valued functions with nonnegative ele-
ments; g and f are the given and sought-for column vectors (vectorfunctions); respectively.
Assume that

K,TeL”, gelL' K,€T,g>O. (1.2)

Here L™" is the space of n x n- (n > 1) order matrix-valued functions, and L" is the space
of column vectors, with components in Lebesgue space L = L;(—o0, o0). The zero vector or
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matrix is denoted by O. The inequalities between the matrices or vectors, the operation of
integration, and some other operations shall be treated componentwise.
Denote by ¢ the following n-dimensional row vector:

¢=(1,1,...,1). (1.3)

Let C > O be an n x n matrix. If

C=g, (1.4)
then the matrix C is a stochastic one (accurate within transpose, see [5]). If

¢C<yg, (1.5)

then the matrix C is substochastic to a wide extent. We shall call the matrix C really
substochastic, if C < g, ¢C#¢ and uniform substochastic if there exist y € [0, 1) such that

¢C<pug, O0<p<l (1.6)

Let us introduce the following 7 x n matrices A, B > O, related with the equation (1.1):

A= J‘OO K(x)dx, B = Jm T(x)dx. (1.7)

—o0

We shall call the kernel K conservative, dissipative, or uniform dissipative if the matrix
A is stochastic, really substochastic, or uniform substochastic, respectively. We shall use
analogous names to the kernel T

We shall call (1.1) semiconservative, if one of the kernels K,T is conservative and the
other is dissipative. Without the loss of generality, one can assume that

¢A=g, ¢B<g  ¢B#g. (1.8)
In the uniform semiconservative case of (1.1) we have
¢A=g, ¢B<pg, O0<pu<l, (1.9)

whereas in the conservative case, both of the kernels K, T are assumed to be conservative.
If T = O, then (1.1) is reduced to the well-known Wiener-Hopf integral equation:

p(x) = h(x) + J? K(x-t)pt)dt, x>0, (1.10)

Here ¢ = fj0,c) and h = g|[0,0) are restrictions on [0, o0) of f and g, respectively.
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The theory of the scalar and vector conservative Wiener-Hopf equation (1.10) (where
K is the conservative one) passed a long way of development. Many (conservative) physical
processes in homogeneous half-space are described by such equations. They are of essential
interest in the radiative transfer (RT), kinetic theory of Gases (see [6, 7]), in the mathematical
theory of stochastic processes, and so forth.

In the RT, the conservative equation (1.10) corresponds to the absence of losses of the
radiation inside media (case of pure scattering). However, such losses occur as a result of an
exit of radiation from media. In case of the dissipative one, there are losses inside media as
well.

Equation (1.1) with two kernels arises in some more general (and more complicated)
problems, where the physical processes occur in the infinite media, consisting of two adjacent
homogeneous half-spaces (see [7]). In each of these half-spaces, the processes may be
dissipative or conservative. Another area of applications is connected with the RT in the
atmosphere-ocean system.

In the theory of RT, the free term g in (1.1) plays the role of initial sources of radiation.
The conservative and semiconservative cases belong to the singular cases of (1.1). In these
cases, the unique solvability of (1.1) in the “standard” functional spaces Ly (1 < p < oo) is
violated.

A number of results concerning to the scalar conservative equation (1.1) have been
obtained by Arabadzhyan [3]. The systems of conservative or semiconservative equations
with two kernels have not ever been treated.

The present paper is devoted to the solvability and the properties of the solutions of the
nonhomogeneous and homogeneous vector equation (1.1). The main attention will be paid
to the uniform semiconservative case (1.9). It will be shown that in certain conditions both
the nonhomogeneous equation (1.1) and the corresponding homogeneous equation possess
positive locally integrable solutions.

2. Auxiliary Propositions
2.1. Integral Operators

Let (a,b) C (—oo,0). Consider Banach space (B-space) L(a,b) = Li(ab) and the
corresponding B-space L (a, b) of vector-valued functions (vector columns) f = (fi, ..., fa)'.
Here T is a sign of the transpose. The norm in L"(a, b) is defined by

n b
1A= X el = J 170l @

Consider the linear topological space Lio.[0,o0) of the functions, which are integrable
on each finite interval (0,7), r < oo.The space L} [0,o0) possesses the topology of the
componentwise convergence.

The unit operator in each of spaces introduced above is denoted by I. Let Q, be the
following class of matrix convolution operators on the whole line: if U € Q,, then

p(x) =Uf(x) = f U(x -t f(t)dt, U eL™™. (2.2)

The operator U € Q, acts in the spaces L", Ly (1 < p < o0), and in some other spaces of
vector-valued functions.
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The class €2, is an algebra where the kernel function of the operator product is the
convolution of the kernel functions of the factors.

Let us estimate the norm of operator U € Q, in the B-space L". Let C > O be the
following n x n matrix: C = (ckm) = ffooo |U (x)|dx. Taking the (componentwise) modulus in
(2.2) and integrating on (-0, o0), we come to the following inequality:

[ toeota<c [ 1 3)

Multiplying this inequality on the left by the vector g, we come to the following
inequality:

”l:lf“ <yllf|l, wherey= ml?xi_lckm. (2.4)

From here the estimate follows:

@ | < 2.5)

Let us introduce the projectors (projection operators) P,, acting in the spaces of
summable or locally summable functions on (-oc, o) by the equalities:

Pif(x) = f(x)3(x),  P-f(x) = f(x)8(=x). (2.6)

Here 8 is the Heaviside function of the unit jump. In each of the spaces L, (1 <p < o),
we have

[[Pel = 1. (2.7)

Denote by K , Te Q, the following operators, whose kernel functions K, T participate
in (1.1):

Kf(x) = f K(x-tft)ydt, Tf(x)= f T(x —t) f(t)dt. (2.8)
Equation (1.1) admits the following operator entry
f=g+Wf, (2.9)

where W = 1213+ + "fIA’_.A
The projectors P, are the diagonal matrices of the operators with the diagonal
elements P,.
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The operator W is an Integral operator:

WF(x) = f W(x,t)f()dt,  where W(x,t) = K(x - )O(t) + T(x - )d(-t).  (2.10)
Here 1§(x) is the diagonal matrix with the diagonal elements 3(x).

2.2. On the Invertibility of the Operator [ - W in L"

Let us estimate the norm of W in L". Assume at first that the kernel functions K, T are
arbitrary elements of L. Let ¢ = Wf, f € L". One can obtain the following inequality
(similar to (2.3)):

oo o 0
J |(p(x)|dx§Af |f(t)|dt+Bf £ ()|t (2.11)
-0 0 -0

Here A = (axm) = [©_ |K(x)|dx, B = (bxm) = [~ |T(x)|dx.
We have gA < Ag, 6B < pg, where

A= maxZakm, U= mabekm. (2.12)
" k= =
Multiplying (2.11) on the left by the vector g, we get

© 0
loll <6 [ "I @ars s [ |7lde< max( )] 213)

Thus, we proved the following.

Lemma 2.1. The following estimate for the norm of the operator W in L" is valid:

|| < = max(y p). (2.14)

If g < 1, then the operator Wis contracting in L", hence the operator I - W is invertible,
and (1.1) with g € L" has a unique solution f € L". If therewith K, T, g > O, then f > O.

In accordance with the general theory of the integral equations with two kernels (see
[1, 2]), for the invertibility of the operator I — W in L", it is necessary the fulfilment of the
following conditions of nondegeneration:

det[] - f(s)] £0, det[] —T(s)] #£0, —o0<s < +oo. (2.15)

Here ] is the unit n x n matrix; the matrices E(s)_and T(s) are the (elementwise) Fourier
transforms of K and T, respectively. For example, K(s) = j:o K(x)e*dx, —oo < s < +00.
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In the semiconservative case (1.9), we have: ¢[J - K(0)] = ¢[J - A] = O. Hence det(J —
A) =0, that is, the symbol | - K(s), is degenerated in the point s = 0. In the conservative case
(where A and B are stochastic matrices), both of the conditions (2.15) are violated. Thus, the
operator I — W is noninvertible in L" in the semiconservative and conservative cases.

3. Semiconservative Nonhomogeneous Equation

In this section, we shall consider the question of the solvability of the uniform semiconserva-
tive nonhomogeneous equation (1.1), (1.9) under the following additional assumption: there
exists a strong positive vector-column # such that An =7, 7 > O. In accordance with Perron-
Frobenius theorem (see [8]), the existence of such vector 77 is secured if the stochastic matrix
A is an irreducible one.

3.1. One Auxiliary Equation

At the outset, consider the auxiliary conservative Wiener-Hopf equation (1.10), where

O<hel"0,x), x>0, cA=g, An=rn€ (3.1)

with the conservative kernel K participating in (1.1).
The following lemma follows from the results [9]:

Lemma A. Equation (1.10), (3.1) possesses the minimal solution ¢ > O which is locally integrable
on [0, 00) (see [9]). The following asymptotics holds

fo p(t)dt = o(xz), x — oo. (3.2)

This asymptotics admits an adjustment subject to additional assumptions on kernel K and free term h

(see [9]).

Denote by v the following matrix the first moments of matrix-function K:

V= Jm xK(x)dx, (3.3)

)
with the assumption of componentwise absolute convergence of this integral. Let

o=¢vy, - <0<+o0. (3.4)

The number o plays a principal role in the classification of the conservative equation (1.10)
(see [9]). If 0 < 0, then

J: p(t)dt =o(x), x— oo. (3.5)
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If therewith the free term h has a finite first moment: jgo th(t)dt < oo, then ¢ € L™(0, 00).

Consider the simple iterations for (1.10):

™ (x) = h(x) + f K(x-te™tydt, ¢© =0, m=0,1,2,.... (3.6)
0

The sequence (™ possesses the following properties: O < ™ € L"(0, ). It is easy
to show that the sequence ¢™ is monotonic. Indeed we have

0™ (x) — ™ (x) = f Kex=0)(p™ 1) - g™V ®)dt, ¢¥=0,m=012,.... (37)
0

Using the induction by m, we obtain that ¢ (x) — ¢ (x) > O, which implies the

monotonicity of the sequence ¢™. The sequence ¢™ converges monotonically by the
topology of L [0, %) to the minimal solution ¢ of (1.10):

"™ 1¢ inL!' [0,00). (3.8)
3.2. One Existence Theorem for (1.1)
Consider now (1.1) under conditions
¢A=g,  An=mn,  ¢B<pus 0<p<l (3.9)
Let us consider the following iterations for (1.1):
o 0
FO (x) = g(x) + f K(x -t f™(t)dt + f T(x —t)f™ (t)dt, (3.10)
0 )
fO9=0, m=0,1,2,.... (3.11)
We have
fmert, m=0,1,..., O<f™(x)1 by m. (3.12)
Let f > O be any positive solution of (1.1), (3.9):
~ o ~ 0 ~
fx) =g(x)+ j K(x-t)ft)dt + f T(x—1t)f(t)dt. (3.13)
0 -

It is easy to verify by induction that f™ < f, for each m > 0. Hence, if the sequence f™ — f
converges by the topology of L' (-0, 00), then f < f.

Loc
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n

Remark 3.1. 1f the sequence f™ — f converges by the topology of L} _(-oo,0), then one
can take the limit in (3.10), and f > O will be the minimal positive solution of (1.1).

This fact is proved using the monotonicity of ™ and the two-sided inequalities (see
[10] Item 2).
Let us introduce the restrictions of the functions f™ on (0, o) and (-co, 0):

w(m) = f(m) | [0,00) 7 q),(m) = f(m) |(—oo,0) € Ln(_oor 0) (314)

Theorem 3.2. Let the conditions (3.9) hold. Then (1.1) has the minimal positive solution f €
L} (-0, 00) with f|_, ) € L"(=c0,0) and

Loc
fo f(t)dt = o<x2), x —> +oo. (3.15)

If3 0 <0, then [§ f(t)dt = o(x), x — oo.

Proof. After the integration of (3.10) over x on (-0, o), we shall have

A L ) — 4 Ag(m) 4 B (3.16)

where a™ = [* w™ (x)dx, b™ = f?w g™ (x)dx, y = [%_ g(x)dx.
Multiplying (3.16) on the left by the vector ¢ and taking into account (3.9), we obtain
the inequality

ga(m+1) + gb(m+1) <gy+ ga(m) + ‘ugb(m), (3.17)

whence it follows, with due regard for the monotony of sequences a™, b™, that (1 —
1) ¢b™ < gy. We arrive at the following estimate:

gb'™ = ”q;(m)” <(1-p) gy (3.18)

It follows from B. Levy well-known theorem that the monotonous and bounded by norm
sequence ¢ converges in L"(~o0,0):

O < ¢™ 1 ¢ eL"(~x,0). (3.19)

Now compare relations (3.10) for x > 0 with iterations (3.6), in which h(x) = g(x) + J'?w T(x—
tyg(t)dt, x > 0 (¢ is determined according to (3.19)). In virtue of ¢™ < ¢, we have the
inequality w™ (x) < (p(m)(x), x>0, m=0,1,.... Hence w™ (x) < p(x), x>0, m=0,1,....
According to the Lebesgue theorem, the monotonic sequence w™ converges by the topology
Lt [0, 0):

Loc

O<w™ TwelL [0,00). (3.20)

Loc
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We have obtained that the narrowing of the monotonic iteration sequence f ™ to the negative
semiaxis is convergent in L"(—co,0), and the narrowing of f™ to the positive semiaxis is

convergent in L7 [0, 00). If we denote f(x) = {‘;’E;‘)) 0, then f — fin L} [-o0,) (ie.,

in L"(-oo,r), for all ¥ < +oo). Taking limit in (3.10) (see Remark 3.1), we obtain that the
vector function f satisfies (1.1),(3.9), and thereby, it is its minimal solution. The Theorem is
proved. O

Observe that, under the assumptions of Theorem 3.2, the existence of the locally
integrable solution of (1.1) could be proved using the fixed point principle of the paper [10].
Anyway, with this method, one cannot obtain the properties f|__ ; € L"(-o0,0) and (3.15).

4. The Homogeneous Semiconservative Equation

The homogeneous system (1.1) under the conditions (3.9) will be considered in the present
section:

G(x) = f K(x-t)G(t)dt + fo T(x - t)G(t)dt. (4.1)

Consider at first the corresponding conservative homogeneous system of Wiener-Hopf
equations:

S(x) = f:o K(x - 1)S(t)dt. (4.2)

Let us formulate some results on the existence of positive solutions of the system (4.1) (see

[91)-

Theorem A. Let K satisfy the conditions ¢ A = g, Ay = 1 (see (3.9)), and one of the following
conditions (a) or (b):

(a) the property of symmetry (here T is the sign of transpose):

K(-x) = K'(x), (4.3)

(b) the kernel K has a finite first moment v (see (3.3)) and that
0<0, (4.4)

where o is determined by (3.4).

Then the equation (4.2) has a positive solution S(x) > O. The vector function S is absolutely
continuous and monotone increasing. The following asymptotics holds

S(x) =0(x), x— co. (4.5)
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Let us (in conditions of the Theorem A) continue the vector function S to all the real
axis in accordance with the equality (4.2). Then the equality (4.2) takes place on the whole
real axis.

The convergence of the following integral is necessary and sufficient in order that S
has a integrable extension on the negative semiaxis

Iw S(b)dt r K(x)dx < +oo. (4.6)
0 -0

If (4.6) holds, then we will have S € L] _[~o0, ), S(x) > O.
It follows from the asymptotics (4.5) that for the fulfilment of the requirement (4.6), it
is sufficient that the kernel function K has the (componentwise) finite second moment on the

negative semiaxis, that is,
f K(-x)x*dx < +o0. (4.7)
0

Now consider, uniform semiconservative (4.1).

Theorem 4.1. Let the homogeneous equation (4.2) satisfy the conditions (3.9), (4.7) and either of the
conditions (4.3) or (4.4). Then there exists a solution G > O, G € L} _[-c0, ) of this equation. The
following asymptotics hold:

fx G(t)dt = O<x2>, x —> oo (4.8)

—o0o

Proof. In accordance with Theorem A, there exists a solution S > O of (4.1). The inequality
(4.6) follows from the condition (4.7) and from the asymptotics (4.5); hence, S € L" (-0, 0).

Let us introduce a new sought-for vector function f > O in (4.1) by means of the
relation:

G(x) = f(x) +S(x), —o0<x<+oo. (4.9)

Substituting (4.9) into (4.1) with due regard for (4.2), we obtain an inhomogeneous equation
of the type (1.1) with respect to f, in which

g(x) = J‘i) T(x—t)S(t)dt, x€R. (4.10)

Because of S € L"(-0,0), we have g € L". In accordance with Theorem 3.2, there exists a
(minimal) solution of (1.1) with a free term (4.10) that implies the existence of the strong
positive solution of the form (4.9) of the homogeneous equation (4.1).

The asymptotics (4.8) follow immediately from the properties of f and S, included in
Theorem 3.2 and Theorem A. The Theorem is proved. O
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It is remarkable that under the conditions of Theorem 4.1, both the nonhomogeneous
equation (1.1) (with ¢ € L") and the homogeneous equation (4.1) simultaneously have
positive solutions.
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