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Abstract. In the present work we consider a new type of homogenous Fredholm integral equations (or
limit integral equations). We study the question on transference of homogenous case of Fredholm theory to
the Bohr spaces. As in the ordinary case, we establish that for every characteristic number corresponding
subspace of solutions has finite dimension. For symmetric kernel we establish expansion of the kernel.
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1 Introduction

In the work [4] a new kind of integral equations of Fredholm type are considered in Bohr
spaces. There the analog of the first theorem of Fredholm is obtained. We, using the main
characteristic property of Bohr almost periodic function on representation of almost peri-
odic function as a limit periodic function, succeed in leading of the question to investigation
of some family of ”ordinary” Fredholm type equations and obtain needed results. The same
approach is applicable in the case of homogeneous equations (see [1,2,5,6,8]).

Let us consider a limit integral equation of a view:

ϕ(x) = f(x) + λ lim
T→∞

1

T

∫ T

0
K(x, ξ)ϕ(ξ)dξ (1.1)

In ordinary case, this equation is called as a second kind Fredholm equation. When f(x) =
0 we call this equation homogenous. It is clear that the homogenous equation has a trivial
solution ψ(x) = 0, x ∈ R. Since the operator on right hand side of the equation (1.1)
is a linear operator, then the set of solutions of the equation is a linear subspace in the
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Bohr space, i. e. every linear combination of solutions with real coefficients will be solution
again. As trivial solutions are not substantive, we shall consider two basic questions for
homogenous equations: has the equation (1.1) nonzero solutions and if yes, how we can find
them? Moreover, we shall study the properties of solutions, to solve the question completely.

2 Some properties for analogs of Fredholm functions

In [4], following functions are introduced:

D(λ) = 1 +
∞∑
n=1

bnλ
n

n!
,

with
bn = (−1)n lim

T→∞

1

Tn
×

×
∫ T

0
· · ·
∫ T

0

∣∣∣∣∣∣∣∣
K(ξ1, ξ1) K(ξ1, ξ2) · · · K(ξ1, ξn)
K(ξ2, ξ1) K(ξ2, ξ2) · · · K(ξ2, ξn)

...
...

. . .
...

K(ξn, ξ1) K(ξn, ξ2) · · · K(ξn, ξn)

∣∣∣∣∣∣∣∣dξ1dξ2 · · · dξn; (2.1)

also

D(x, y;λ) = λK(x, y) +
∞∑
n=1

(−1)nQn(x, y)λ
n+1

n!
;x, y ∈ R,

where

Qn(x, ξ) = lim
T→∞

1

Tn

∫ T

0
· · ·
∫ T

0

∣∣∣∣∣∣∣∣
K(x, ξ) K(x, ξ1) · · · K(x, ξn)
K(ξ1, ξ) K(ξ1, ξ1) · · · K(ξ1, ξn)

...
...

. . .
...

K(ξn, ξ) K(ξn, ξ1) · · · K(ξn, ξn)

∣∣∣∣∣∣∣∣ dξ1 · · · dξn. (2.2)

These functions are analogs of classical Fredholm functions (see p. 304 of the book [9]).
The relation of following Lemma is an analog of the first fundamental relation of Fredholm.

Lemma 2.1. For real x, y and λ following equality holds true:

D(x, y;λ) = λD(λ)K(x, y) + λ lim
T→∞

1

T

∫ T

0
K(u, y)D(x, u;λ) du; x, y ∈ R.

Proof. For the proof of the lemma 1, we have to find the relation between coefficients of
expansions of the functions D(λ) and D(x, y;λ) into power series with respect to the pa-
rameter λ. In the right-hand side of the equality (2.2), take the expansion of the determinant
with respect to entries of the first column. Then we get

∫ T

0
· · ·
∫ T

0

∣∣∣∣∣∣∣∣
K(x, ξ) K(x, ξ1) · · · K(x, ξn)
K(ξ1, ξ) K(ξ1, ξ1) · · · K(ξ1, ξn)

...
...

. . .
...

K(ξn, ξ) K(ξn, ξ1) · · · K(ξn, ξn)

∣∣∣∣∣∣∣∣ dξ1 · · · dξn

=

∫ T

0
· · ·
∫ T

0
K(x, ξ)

∣∣∣∣∣∣
K(ξ1, ξ1) · · · K(ξ1, ξn)

...
. . .

...
K(ξn, ξ1) · · · K(ξn, ξn)

∣∣∣∣∣∣ dξ1 · · · dξn
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+
n∑

i=1

(−1)i
∫ T

0
· · ·
∫ T

0
K(ξi, ξ)

∣∣∣∣∣∣∣∣∣∣∣∣∣

K(x, ξ1)
K(ξ1, ξ1)

· · ·
· · ·

K(x, ξn)
K(ξ1, ξn)

· · ·
K(ξi−1, ξ1)

· · ·
· · ·

· · ·
K(ξi−1, ξn)

K(ξi+1, ξ1)
· · ·

K(ξn, ξ1)

· · ·
· · ·
· · ·

K(ξi+1, ξn)
· · ·

K(ξn, ξn)

∣∣∣∣∣∣∣∣∣∣∣∣∣
dξ1 · · · dξn.

In every determinant of the sum over i we make i − 1 replacements of the i-th column,
consequently with every column before it, while this column does not stand in the position
of the first column. Then we get the sum of following expressions:

(−1)2i−1
∫ T

0
· · ·
∫ T

0
K(ξi, ξ)

∣∣∣∣∣∣∣∣∣∣∣∣∣

K(x, ξi)
K(ξ1, ξi)

K(x, ξ1)
K(ξ1, ξ1)

· · ·
· · ·

K(x, ξn)
K(ξ1, ξn)

· · ·
K(ξi−1, ξi)

· · ·
K(ξi−1, ξ1)

· · ·
· · ·

· · ·
K(ξi−1, ξn)

K(ξi+1, ξi)
· · ·

K(ξn, ξi)

K(ξi+1, ξ1)
· · ·

K(ξn, ξ1)

· · ·
· · ·
· · ·

K(ξi+1, ξn)
· · ·

K(ξn, ξn)

∣∣∣∣∣∣∣∣∣∣∣∣∣
dξ1 · · · dξn.

Now under the integral we replace the variables ξi, ξi+1, ..., ξn, correspondingly by vari-
ables y, ξi, ..., ξn−1. Then we get n identical expressions of form (due to symmetricity of
the kernel):

−
∫ T

0
· · ·
∫ T

0
K(y, ξ)

∣∣∣∣∣∣∣∣∣∣∣∣∣

K(x, y)
K(ξ1, y)

K(x, ξ1)
K(ξ1, ξ1)

· · ·
· · ·

K(x, ξn−1)
K(ξ1, ξn−1)

· · ·
K(ξi−1, y)

· · ·
K(ξi−1, ξ1)

· · ·
· · ·

· · ·
K(ξi−1, ξn−1)

K(ξi, y)
· · ·

K(ξn−1, y)

K(ξi, ξ1)
· · ·

K(ξn−1, ξ1)

· · ·
· · ·
· · ·

K(ξi, ξn−1)
· · ·

K(ξn−1, ξn−1)

∣∣∣∣∣∣∣∣∣∣∣∣∣
dydξ1 · · · dξn−1,

being equal to the corresponding multiple integral in the expression of −Qn−1(x, y), in
consent with (2.2). So,

Qn(x, y) = (−1)nbnK(x, y)− n lim
T→∞

1

T

∫ T

0
Qn−1(x, t)K(t, y) dt. (2.3)

Substituting this expression in the series for D(x, y;λ), and using the relation (2.1), we
obtain

D(x, y;λ) = λK(x, y) +
∞∑
n=1

(−1)nQn(x, y)λ
n+1

n!

= λK(x, y) +

∞∑
n=1

(−1)nλ
n+1

n!
(bnK(x, y)− n lim

T→∞

1

T

∫ T

0
Qn−1(x, t)K(t, y) dt)

= λD(λ)K(x, y) + λ
∞∑
n=0

(−1)nλ
n+1

n!
lim
T→∞

1

T

∫ T

0
Qn(x, t)K(t, y) dt

= λD(λ)K(x, y) + λ lim
T→∞

1

T

∫ T

0
K(t, y)

∞∑
n=0

(−1)nλ
n+1Qn(x, t)

n!
dt
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= λD(λ)K(x, y) + λ lim
T→∞

1

T

∫ T

0
D(x, t, λ)K(t, y) dt. (2.4)

Proof of Lemma 2.1 is finished.
Denoting

k(x, y, λ) =
D(x, y, λ)

λD(λ)
,

we can rewrite the previous equation as follows

k(x, y;λ)−K(x, y) = λ lim
T→∞

1

T

∫ T

0
K(u, y) k(x, u;λ) du; x, y ∈ R. (2.5)

The last equality shows that the function k(x, u;λ) is a solution of the equation (1.2) of the
work [4], with the function K(x, y) at the right-hand side, instead of f(x).

Definition 2.1. The function k(x, u;λ) we call a function relative to −K(x, y); also the
function

r(x, u;λ) = λk(x, u;λ) =
D(x, y, λ)

D(λ)

we call a resolvent of the equation (1.1) (see [7]).
If λ is not a root of the function D(λ) then the relative function is unique, in accordance

with Theorem 2.2 of the work [3]. We can formulate the analog of the first theorem of
Fredholm from [4].

Lemma 2.2. Let λ be a real number such that D(λ) 6= 0. Then the equation (1.1) has
unique almost periodic solution given by the equality

ϕ(x) = f(x) + λ lim
T→∞

1

T

∫ T

0
f(ξ)k(x, u;λ)dξ. (2.6)

Theorem 2.1. Let a real number λ be distinct from any roots of the function D(λ) ,
and the function K(x, y) be some symmetric almost periodic function, and k(x, u;λ) be
relative to it. If the function ϕ(x) is a solution of the equation

ϕ(x)− f(x) = λ lim
T→∞

1

T

∫ T

0
K(x, ξ)ϕ(ξ)dξ

then the function f(x) is a solution of the equation

f(ξ)− ϕ(ξ) = λ lim
T→∞

1

T

∫ T

0
k(ξ, u;λ)f(u)du.

Proof. Multiplying the first equation in Theorem 2.1 by the function k(x, u;λ), let us
integrate it with respect to the variable x. Then we get

λ lim
T→∞

1

T

∫ T

0
k(x, u;λ)f(x)dx = λ lim

T→∞

1

T

∫ T

0
k(ξ, x;λ)ϕ(x)dx

−λ2 lim
T→∞

1

T

∫ T

0
k(x, u;λ)dx lim

T→∞

1

T

∫ T

0
K(x, ξ)ϕ(ξ)dξ.

Using boundedness and continuity, we can change the order of integration and limiting
processes. So, we can rewrite the second integral in the right-hand side of the last equation
as follows

= λ2 lim
T→∞

1

T

∫ T

0
ϕ(ξ)dξ lim

T→∞

1

T

∫ T

0
K(x, ξ)k(x, u;λ)dx.
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Inner mean value in the right hand-side of the last equation can be substitute by the left
hand-side of the equation (2.5). Now, using conditions of the theorem, represent the last
relation as below

λ lim
T→∞

1

T

∫ T

0
ϕ(ξ)(k(u, ξ;λ)−K(u, ξ))dξ

= λ lim
T→∞

1

T

∫ T

0
ϕ(ξ)(k(u, ξ;λ))dξ − (ϕ(u)− f(u)).

So, we have

λ lim
T→∞

1

T

∫ T

0
k(x, u;λ)f(x)dx = f(u)− ϕ(u),

as stated in the theorem. Theorem 1 is proven.
Definition 2.2. Roots of the equationD(λ) = 0 are called characteristic numbers of the

equation or the kernel K(x, y).
As the function D(λ) is an entire function then it has no more than denumerable set of

complex roots with finite multiplicities. They have not any limit points in a compact subset
of complex plane. Defined by Theorem 2.2 of the work [4] formula, cannot be applicable
when the number λ is a characteristic number.

Theorem 2.2. Every characteristic number of integral equation is a pole of the resolvent
function r(x, u;λ).

Proof. Taking into account the expression (2.5) and letting x=y, we find

D(x, x;λ) = λD(λ)K(x, x) + λ lim
T→∞

1

T

∫ T

0
K(u, x)D(x, u;λ) du; x ∈ R.

Let us derive from the equality (2.3) another relation between the coefficients of the series
D(λ) and D(x, u;λ). If to put x = y in the formula for Qn(x, y), and take the mean value,
we obtain (−1)n+1 bn+1:

(−1)n+1 bn+1 = lim
T→∞

1

T

∫ T

0
Qn(x, x) dx. (2.7)

In consent with this formula every coefficient of the series D(λ) and D(x, u;λ) could be
calculated by the recurrent relations (2.3) and (2.7), using initial values b0 = 1, Q0(x, y) =
K(x, y). Using these relations, we shall find some formulae from which we shall derive our
theorem. Note firstly that

lim
T→∞

1

T

∫ T

0
D(x, x, λ) dx = lim

T→∞

1

T

∫ T

0
(
∞∑
n=0

(−1)nλ
n+1Qn(x, t)

n!
) dx

= −
∞∑
n=0

bn+1

n!
λn+1 = −λ

∞∑
n=0

bn+1

n!
λn.

Differentiating D(λ) we write:

λ
dD( λ)

d λ
=

∞∑
n=0

bn+1λ
n

n!
= − lim

T→∞

1

T

∫ T

0
D(x, x, λ) dx. (2.8)



I.Sh. Jabbarov, N.A. Neymatov, N.E. Allahyarova 87

Dividing every part of the last equality by D(λ), we get a formula for the logarithmic
derivative of the function D(λ) in terms of mean values for the functions k(x, x, λ) and
r(x, x, λ).

dlnD( λ)

d λ
= − lim

T→∞

1

T

∫ T

0
k(x, x, λ) dx = −λ lim

T→∞

1

T

∫ T

0
r(x, x, λ) dx.

To prove our theorem, suppose that λ is not a pole for the resolvent. Then λ must be a root
of the nominator of the resolvent, moreover, the order p of multiplicity of this root is not
less than the order q for multiplicity of λ , as a root of D(λ), that is p ≥ q. Differentiating
the equality (2.8) term by term, we find out:

dh+1D( λ)

d λh+1
= − lim

T→∞

1

T

∫ T

0

dh

d λh
D(x, x, λ) dx.

When h = 1, 2, . . . , p− 1, we have

dh

d λh
D(x, x, λ) = 0, x ∈ R.

Then,
dh+1D( λ)

d λh+1
= 0,

which shows that q ≥ p+ 1. The obtained contradiction proves Theorem 2.2.

3 Solution of homogeneous equations

In [4] it was studied the Fredholm type equation in the case of non-homogenous equations
with values of the parameter does not satisfying the equationD(λ) = 0. If we take homoge-
nous equations, then from the results of the works [5,9] one can deduce, as in the case of
ordinary Fredholm equations, the equation has trivial solutions only, when D(λ) 6= 0 .

In this section we consider homogenous equations and find their solutions. It is clear that
the equation (1.1) has a trivial solution ϕ(x) = 0 which we can count as an almost periodic
function. But one needs in nontrivial solutions of this equation. If ϕ1(x), . . . , ϕk(x) are
almost periodic solutions, then every linear combinations of these functions also will be a
solution of the equation. So, the set of solutions sets up a linear space. We shall show that
this is a finite dimensional linear space and find its basis.

Theorem 3.1. If the number λ is a characteristic number of the kernel K(u, x), then the
equation (1.1) has nonzero solutions.

Proof. Taking the equality

D(x, y;λ) = λD(λ)K(x, y) + λ lim
T→∞

1

T

∫ T

0
K(u, y)D(x, u;λ) du; x, y ∈ R

of the Lemma 1, we note that when λ is a characteristic number then

D(x, y;λ) = λ lim
T→∞

1

T

∫ T

0
K(u, y)D(x, u;λ) du,

that is, the function D(x, y;λ) is a solution of the equation (1.1). But this function can be
equal to zero identically. Let D(λ0) = 0 for some real λ0. Since D(λ) is an entire function,
then it can be expanded into power series

D(λ) = ds(λ− λ0)s + ds+1(λ− λ0)s+1 + · · · ;
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here s is a natural number. The number λ0 can also be a root of the function D(x, y;λ)
which also is an entire function, and, therefore, can be expanded into power series:

D(x, y, λ) = ar(x, y)(λ− λ0)r + ar+1(x, y)(λ− λ0)r+1 + · · · ; r ≥ 0.

Let’s denote

cm = lim
T→∞

1

T

∫ T

0
am(u, u) du;m = 0, 1, . . . .

Then, using (2.8) we get

−dD( λ)

d λ
= cr(λ− λ0)r + cr+1(λ− λ0)r+1 + · · · .

The multiplicity of the root λ0 in the left hand-side is equal to s−1 (we suppose that λ 6= 0,
otherwise the integral equation has a trivial solution). Since the right hand-side has the zero
λ0 of multiplicity r, then s− 1 ≥ r.

Substituting expansions of functions D(λ) and D(x, y;λ) in the relation of Lemma 2.1,
we can write

ar(x, y)(λ− λ0)r + ar+1(x, y)(λ− λ0)r+1 + · · ·

= λK(x, y)(ds(λ− λ0)
s + ds+1(λ− λ0)s+1 + · · · )

+λ lim
T→∞

1

T

∫ T

0
K(u, y)(ar(x, y)(λ− λ0)r + ar+1(x, y)(λ− λ0)r+1 + · · · ) du.

Dividing by (λ− λ0)r, and passing to the limit as λ→ λ0, we find

ar(x, y) = λ lim
T→∞

1

T

∫ T

0
K(u, y)ar(x, y)du .

Moreover, the function ar(x, x) at some x is distinct from zero. So, ar(x, y) is not identi-
cally zero for some y=y0. The proof of the Theorem 3.1 is finished.

Consequence. The equation (1.1) has not any solutions, or it has infinitely many solu-
tions, when λ = λ0.

Note that, ifD′(λ0) 6= 0, then from the said above one deduces that the functionD(x, y;
λ0) is not identically zero for some y=y0. Then, the function D(x, y; λ) is a solution of the
homogenous equation (1.1), when λ = λ0.

The Theorem 3.1 answers the question on existence of the solutions of the homoge-
nous equation. Moreover, the set of solutions sets up a linear space. The main question is
consisted in defining of dimension of this space and its basis.

This question is successfully solvable for equations with symmetric kernel.

4 Orthogonal system of almost periodic functions

Definition 4.1. We say that almost periodic functions f1(x) and f2(x) are orthogonal, if

lim
T→∞

1

T

∫ T

0
f1(x) f2(x) dx = 0.

System of almost periodic functions f1(x), f2(x),. . . , fk(x) is called orthogonal, if fore
every pair of different indices 1 ≤ i < j ≤ k following relation is valid:

lim
T→∞

1

T

∫ T

0
fi(x) fj(x) dx = 0.
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We call the expression

‖f‖ =
{

lim
T→∞

1

T

∫ T

0
|f(x)|2 dx

}1/2

a norm of the almost periodic function f . If the norm of almost periodic function is equal
to 1 then this function is called normalized.

From existence of mean values for almost periodic functions and Parseval formula ([1–
3,5,6,8]) one deduces that the norm of the almost periodic function is equal to zero if and
only if the function is identically zero.

Let us consider homogenous equation

f(x) = λ lim
T→∞

1

T

∫ T

0
K(x, ξ)f(ξ)dξ.

Let λ = λ0 be some characteristic number for which some system of orthogonal solutions
f1(x), f2(x),. . . , fk(x) is given. We shall call this system of solutions a system of charac-
teristic functions. Note that such a system of functions could well constructed by standard
Gram-Shmidt process. We may also suppose all of these functions be normalized.

Theorem 4.1. The number n of various normalized characteristic functions related to
given characteristic number λ0 satisfies the inequality:

n ≤ λ20 lim
T→∞

1

T

∫ T

0
lim
T→∞

1

T

∫ T

0
(K(x, y))2dxdy.

Proof. Consider the limit

lim
T→∞

1

T

∫ T

0

∣∣∣∣∣
k∑

m=1

fm(y) lim
T→∞

1

T

∫ T

0
K(x, ξ)fm(ξ)dξ

∣∣∣∣∣
2

dy

= lim
T→∞

1

T

∫ T

0

k∑
m=1

fm(y)

× lim
T→∞

1

T

∫ T

0
K(x, ξ)fm(ξ)dξ

k∑
n=1

fn(y) lim
T→∞

1

T

∫ T

0
K(x, θ)fn(θ)dθdy.

Using orthogonality and normality (with respect to y) one can rewrite the last expression as
follows

k∑
m=1

∣∣∣∣ limT→∞

1

T

∫ T

0
K(x, ξ)fm(ξ)dξ

∣∣∣∣2

= lim
T→∞

1

T

∫ T

0
K(x, y)

k∑
n=1

fm(y) lim
T→∞

1

T

∫ T

0
K(x, θ)fn(θ)dθdy = lim

T→∞

1

T

∫ T

0
KXdy,

where

K = K(x, y), X =

k∑
n=1

fm(y) lim
T→∞

1

T

∫ T

0
K(x, θ)fn(θ)dθ.

Using orthogonality again, we can write

lim
T→∞

1

T

∫ T

0
X2dy = lim

T→∞

1

T

∫ T

0

k∑
n=1

fn(y) lim
T→∞

1

T

∫ T

0
K(x, θ)fn(θ)dθ
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×
k∑

m=1

fm(y) lim
T→∞

1

T

∫ T

0
K(x, θ)fm(η)dηdy =

k∑
m=1

∣∣∣∣ limT→∞

1

T

∫ T

0
K(x, ξ)fm(ξ)dξ

∣∣∣∣2.
Comparing both sides of last two equalities we get:

lim
T→∞

1

T

∫ T

0
KXdy = lim

T→∞

1

T

∫ T

0
X2dy.

Then

lim
T→∞

1

T

∫ T

0
K2dy − lim

T→∞

1

T

∫ T

0
(K −X)2dy

= lim
T→∞

1

T

∫ T

0
(2KX −X2)dy = lim

T→∞

1

T

∫ T

0
KXdy.

So,

lim
T→∞

1

T

∫ T

0
KXdy ≤ lim

T→∞

1

T

∫ T

0
K2dy,

because we omitted the non-positive addend. So, using the fact that the taken functions are
solution of homogenous equation, we get:

lim
T→∞

1

T

∫ T

0

∣∣∣∣∣
k∑

m=1

fm(x) lim
T→∞

1

T

∫ T

0
K(x, ξ)fm(ξ)dξ

∣∣∣∣∣
2

dx

= lim
T→∞

1

T

∫ T

0

∣∣∣∣∣
k∑

m=1

fm(y)fm(x)

λ0

∣∣∣∣∣
2

dy ≤ lim
T→∞

1

T

∫ T

0
(K(x, y))2dx.

Using orthonormality, we find

k∑
m=1

(
fm(x)

λ0

)2

≤ lim
T→∞

1

T

∫ T

0
(K(x, y))2dx.

Taking mean value with respect to x, and using orthonormality, we get, finally:

n ≤ λ20 lim
T→∞

1

T

∫ T

0
lim
T→∞

1

T

∫ T

0
(K(x, y))2dxdy.

Theorem 4.1 is proven.
Theorem 4.2. Characteristic functions related to various characteristic numbers are or-

thogonal.
Proof. Let functions f1(x), f2(x) be characteristic functions relative to characteristic

numbers λ1, λ2, correspondingly. Then we have

f1(x)f2(x) = λ1 lim
T→∞

1

T

∫ T

0
K(x, ξ)f1(ξ)f2(x)dξ.

Taking mean value, we write:

lim
T→∞

1

T

∫ T

0
f1(x)f2(x)dx = λ1 lim

T→∞

1

T

∫ T

0
lim
T→∞

1

T

∫ T

0
K(x, ξ)f1(ξ)f2(x)dxdξ.
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Analogically,

lim
T→∞

1

T

∫ T

0
f1(x)f2(x)dx = λ2 lim

T→∞

1

T

∫ T

0
lim
T→∞

1

T

∫ T

0
K(x, ξ)f1(x)f2(ξ)dxdξ.

Subtracting, we get

λ1(λ1 − λ2) lim
T→∞

1

T

∫ T

0
f1(ξ)f2(ξ)dξ = 0.

Since first two multipliers are distinct from zero, then we have established the demanded
result. Theorem 4.2 is proven.

Theorem 4.3. If the kernel of the equation is symmetric then all characteristic numbers
are real.

Proof. Consider the equation

f(x) = λ lim
T→∞

1

T

∫ T

0
K(x, ξ)f(ξ)dξ,

with real symmetric kernel. Taking complex conjugate, we get

f(x) = λ lim
T→∞

1

T

∫ T

0
K(x, ξ)f(ξ)dξ;

so, the characteristic function relative to the characteristic number λ is complex conjugate
to f(x). Supposing that λ is not real, we see that λ 6= λ. By Theorem 4.1,

lim
T→∞

1

T

∫ T

0
f(x)f(x)dx = lim

T→∞

1

T

∫ T

0
df(x)e2dx = 0,

which is not true. The got contradiction completes the proof of Theorem 4.3.
As in the case of ordinary integral equations, in the case of limit integral equations with

symmetric kernel, the equation has only real characteristic numbers. The set of character-
istic functions is a linear subspace with finite dimension. Above we obtained an estimate
for that dimension. The characteristic functions relative to different characteristic numbers
are orthogonal. Since Fredholm functions are entire functions, then the set of characteristic
numbers is a countable set. Therefore, the set of all characteristic functions is a countable
orthogonal system of functions.

Let the sequence f1(x), f2(x),. . . be a complete system of orthogonal functions satisfy-
ing following homogenous limit integral equation

f(x) = λ lim
T→∞

1

T

∫ T

0
K(x, ξ)f(ξ)dξ,

and λ1, λ2, . . . be sequence of all characteristic numbers. Suppose that the series
∞∑

m=1

fm(y)fm(x)

λm

uniformly converges in the product R×R; here characteristic numbers are taken with their
multiplicities.

Theorem 4.4. For the kernel of the equation (1.1) the relation below is satisfied:

K(x, y) =

∞∑
m=1

fm(y)fm(x)

λm
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Proof. Consider a new kernel

L(x, y) = K(x, y)−
∞∑

m=1

fm(y)fm(x)

λm
.

This is a symmetric kernel. If this function is not equal to zero, then it has non-zero charac-
teristic number µ. Take any characteristic function

f(x) = µ lim
T→∞

1

T

∫ T

0
L(x, ξ)f(ξ)dξ.

Let us take the mean value

lim
T→∞

1

T

∫ T

0
fm(y)f(y)dy

= µ lim
T→∞

1

T

∫ T

0
lim
T→∞

1

T

∫ T

0

{
K(x, y)−

∞∑
n=1

fn(y)fn(x)

λn

}
fm(y)f(y)dydx.

Performing term by term integration, we get the following expression in the right hand-side:

µ

λm
lim
T→∞

1

T

∫ T

0
fm(ξ)f(ξ)dξ − µ

λm
lim
T→∞

1

T

∫ T

0
fm(ξ)f(ξ)dξ = 0.

Then, from previous relation it follows that the function f(x) is orthogonal to every function
from the set of characteristic functions. So,

f(x) = µ lim
T→∞

1

T

∫ T

0
L(x, ξ)f(ξ)dξ

= µ lim
T→∞

1

T

∫ T

0

{
K(x, y)−

∞∑
n=1

fn(y)fn(x)

λn

}
f(ξ)dξ

= µ lim
T→∞

1

T

∫ T

0
K(x, ξ)f(ξ)dξ.

These equalities show that µ is a characteristic number and the characteristic function f(x)
must be a linear combination of several number of characteristic functions, relative to this
characteristic number:

f(x) =
S∑

j=1

cjfj(x).

The function f(x) is orthogonal to all functions. Then, mean value for absolute value of
this function is equal to zero, because:

lim
T→∞

1

T

∫ T

0
f(ξ)fj(x)dξ = cj = 0,

for every j. Since the function f(x) is almost periodic, then this function is identically
equal to zero, which is a contradiction. Therefore, the kernel constructed above, that is, the
function

L(x, y) = K(x, y)−
∞∑

m=1

fm(y)fm(x)

λm

identically equals to zero. Proof of Theorem 4.4 is completed.



I.Sh. Jabbarov, N.A. Neymatov, N.E. Allahyarova 93

References

1. Besicovitch, A.S.: Almoct periodic functions, Cambridge, 180 pp.
2. Bohr, H.: Almost periodic functions, Moscow: Publishing hous ”Libricom”, 128 pp.

(2009)
3. Ebadpour Golanbar,J., Aliev, N., Jahanshahi, M.: Transportation of a bvp including

generalized Cauchy-Riemann equation to Fredholm integral equation, TWMS J. Pure
Appl. Math. 11 (1), 30-42 (2020).

4. Jabbarov, I.Sh., Allakhyarova, N.E.: On integral equations of Fredholm kind in Bohr
space of almost periodic functions, Ufa Mathematical Journal, 14:3, 43-52 (2022).

5. Levitan, B.M.: Almost periodic functions, Moscow: GITTL, 396 pp. (1953).
6. Levitan, B.M., Zhikov, V. V.: Almost periodic functions and differential equations,

Cambridge University Press 224 pp. (1982).
7. Privalov, I. I.: Integral Equations, M.:Librokom, FMN, 248 pp. (2019).
8. Temirbekov, N.M., Temirbekova, L.N., Nurmangaliyeva, M.B.: Numerical solution of

the first kind Fredholm integral equations by projection methods with wavelets as basis
functions, TWMS J. Pure Appl. Math. 13 (1), 105-118 (2022).

9. Wittaker, E.T., Watson, G.N.: A Course of Modern Analysis, 2nd ed., M.:GIFML, 344
pp. (1963).


