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Abstract: The Schwarz problem for J-analytic functions in an ellipse is considered. In this case,
the matrix J is assumed to be two-dimensional with different eigenvalues located above the real
axis. The Schwarz problem is reduced to an equivalent boundary value problem for the scalar
functional equation depending on the real parameter l. This parameter is determined by the Jordan
basis of the matrix J. An analysis of the functional equation was performed. It is shown that for
l ∈ [0, 1], the solution of the Schwarz problem with matrix J exists uniquely in the Hölder classes in
an arbitrary ellipse.

Keywords: J-analytic functions; λ-holomorphic functions; matrix eigenvalue; ellipse; functional equation

MSC: 35J56; 39B32

1. Introduction

This paper considers the Schwarz problem for J-analytic functions. These functions
were first considered by Avron Douglis [1], who called them hyperanalytic. The theory of
J-analytic functions was further developed by D. Pascali [2], J. Horvath [3], R. Gilbert [4],
B. Bojarski [5], G. Hile [6], A.P. Soldatov [7–9], and many other authors. In particular, an
analogue of the theory of analytic functions was constructed for them [5,8,10], so now, we
call these functions Douglis analytic functions.

It is well known [5–7] that solutions to the Laplace equation in a simply connected
domain are described as the real parts of analytic functions. Solutions of more general
elliptic equations with real analytic coefficients are also expressed through analytic func-
tions. A unified approach to the study of such representations was suggested by I.N.
Vekua [10]. Later on, A.V. Bitsadze [11] obtained a representation of the general solution
to elliptic systems through analytic vector-functions and their derivatives. Recently (A. P.
Soldatov [9], R. Ieh [12]), it turned out that using Douglis analytic functions, the Bitsadze
representation can be substantially simplified. It is possible to say that with respect to
elliptic equations and systems with constant (and only higher) coefficients, these functions
play the same role as the analytic functions with respect to the Laplace equation. Similar
properties were identified (N.A. Zhura [13]) for second-order systems, which are elliptic
according to Douglis-Nirenberg.

Thus, the study of various boundary value problems for Douglis analytic functions is
relevant. The Schwarz problem considered in the paper is one of them. It should be noted
that B. Bojarski [5] studied the Schwarz problem for triangular matrices in Hölder classes.
He obtained significant results. However, for non-triangular matrices, this problem has
been studied insufficiently.

It should be noted that A. P. Sodatov in [9] proved the Fredholm solvability of the
Schwarz problem for the case when all the eigenvalues of the matrix J lie in the upper
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half-plane. In this case, the boundary of the domain D should be the Lyapunov contour. It
should also be noted that the work [14] is closely related to the topic of this study.

The problem is describing a certain class of matrices J and domains D for which the
Schwarz problem is solvable. At the same time, the solvability should be for a certain class
of functions.

Let us take an arbitrary ellipse as region D. Let the matrix J be two-dimensional, with
different eigenvalues. Then, the goal of the current work is as follows. It is necessary to
obtain sufficient conditions on the matrix J such that the solution of the Schwarz problem
exists and is unique in the Hölder classes of an arbitrary ellipse.

The authors propose the following original method. Namely, the Schwarz problem for
two-dimensional matrices is reduced to an equivalent scalar functional equation. In this
equation, the matrix J is represented by some real parameter l. Then, we find a sufficient
condition for the parameter l, under which the Schwarz problem is solvable in an arbitrary
ellipse in the Hölder classes.

2. Statement of the Problem

Let us assume that the matrix J ∈ C`×` has no real eigenvalues. Let an `-vector-
function φ = φ(z) ∈ C1(D), where D is a domain in R2. Let us consider the following
homogeneous elliptic system of first-order partial differential equations in a domain D:

∂φ

∂y
− J · ∂φ

∂x
= 0, z ∈ D. (1)

Definition 1 ([5,7,9,15]). Function φ = φ(z), considered as a solution to system (1), is called a
Douglis analytic function, or a J-analytic function with the matrix J.

Also, here is a scalar analogue of Definition 1, which will be substantially used below.

Definition 2 ([8,9,16]). Let us assume that J = λ ∈ C, Im λ 6= 0. The scalar function fλ =
fλ(z) ∈ C1(D), satisfying the equation

∂ fλ

∂y
− λ · ∂ fλ

∂x
= 0, z ∈ D, (2)

is called a λ-holomorphic function.

Examples of J-analytic and λ-holomorphic functions are vector polynomials of the form

φ(z) =
m

∑
k=0

(xE + yJ)k · ck, ck ∈ C`, ` = 1, 2, 3, . . . ,

where E is the identity matrix for ` ≥ 2. If ` = 1, we must put xE + yJ = x + λy.
Let us consider for System (1) the following boundary Schwarz problem [5,8,9,13,17].
Let the finite domain D ⊂ R2 be bounded by a smooth contour Γ. A J-analytic with

the matrix J in the domain D function φ(z) ∈ C(D), which satisfies the boundary condition

Re φ(z)
∣∣
Γ = ψ(ω), ω ∈ Γ, (3)

where the real `-vector-function of ψ(ω) ∈ C(Γ) is set needs to be found.
If ψ(ω) ≡ 0, then we talk about the homogeneous Schwarz problem:

Re φ(z)
∣∣
Γ = 0. (4)

The obvious solutions to Problem (4) are constant functions φ(z) ≡ ic, c ∈ R`, which
we call trivial solutions. If ` ≥ 2, then non-constant solutions of the homogeneous Problem
(4) are possible. Here is an example for ` = 2.
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Example 1. Let

J =

 10i −49
3

−27
7 −6i

, φ(z) =

−6x(x2 + y2 − 1) + (−20y3 − 12x2y + 18y)i

54
7 y(x2 + y2 − 1) +

(
− 24

7 x3 + 18
7 x

)
i

. (5)

The matrix J in (5) has eigenvalues λ = 3i, µ = i. The vector-polynomial of the third
degree φ(z) is a J-analytic function with the given matrix J. We have Re φ(z)

∣∣
Γ = 0 on the

unit circle Γ : x2 + y2 = 1. Here, according to Formulas (27) and (28) below, the number
|l2(J)| = 8.

3. Transformation of the Schwarz Problem to a Boundary Value Problem for a Scalar
Functional Equation

Let the matrix J ∈ C2×2 have different eigenvalues µ 6= λ. Denote by x the eigenvector
corresponding to µ, and by y the eigenvector corresponding to λ. Denote also by J1 and Q
the Jordan form and the Jordan basis of matrix J, respectively:

J =
(

a11 a12
a21 a22

)
, J1 = diag (µ, λ) =

(
µ 0
0 λ

)
, Q = (x, y), J = QJ1Q−1. (6)

Let us assume that one of the eigenvectors of the matrix J, for a certain vector y, is not are real.
We expand complex conjugation y of the vector y in the Jordan basis x, y of the matrix J:

y = l1x + l2y, l1, l2 ∈ C, l1 = l1(J) =
det(y, y)
det(x, y)

, l2 = l2(J) =
det(x, y)
det(x, y)

. (7)

In (7), Cramer formulas were applied to find the numbers l1, l2. In this article, only the
number l2(J) will be used. The following statement is true.

Lemma 1. The module |l2| of the number l2 = l2(J) in (7) does not depend on the choice of the
Jordan basis Q of the matrix J. In addition, the number l2(J) itself is invariant with respect to real
transformations, that is, it coincides for matrices J and BJB−1, where B ∈ R2×2.

Proof. The eigenvectors of the matrix J are defined with exactness up to the complex
multiplier. Therefore, let Q∗ = (ax, by), a, b 6= 0 be another Jordan basis of the matrix J.
Denote by l∗2 the number that (7) calculated from the Jordan basis Q∗:

|l∗2 | =
∣∣∣∣∣det(ax, by)
det(ax, by)

∣∣∣∣∣ =
∣∣∣∣∣ ab · det(x, y)
ab · det(x, y)

∣∣∣∣∣ =
∣∣∣∣∣ ab
ab

∣∣∣∣∣ ·
∣∣∣∣det(x, y)
det(x, y)

∣∣∣∣ = |l2|,
which is exactly what was required.

Let us prove the invariance of the number l2 with respect to real transformations. Since
the vectors x, y are eigenvectors for the matrix J, then Jx = µx, Jy = λy. We write these
two equations in the following equivalent form: BJB−1 · Bx = µBx, BJB−1 · By = λBy.

Thus, Q∗ = (x′, y′) = (Bx, By) is the Jordan basis of matrix J∗ = BJB−1. It is similar
to matrix J, and therefore, it has the same eigenvalues µ, λ. Let us denote, as above, by l∗2
the number that (7) calculated from the Jordan basis of the matrix Q∗. Then,

l∗2 =
det(Bx, By)
det(Bx, By)

=
det(Bx, By)
det(Bx, By)

=
det[B · (x, y)]
det[B · (x, y)]

=
det B · det(x, y)
det B · det(x, y)

= l2,

which is exactly what was required.
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Thus, the real number |l2(J)| is an invariant characteristic of the matrix J. Taking into
account (7) and the equalities Jx = µx, Jy = λy, we have

Jy = J(l1x + l2y) = µl1x + λl2y = µl1x + λl2y + µl2y− µl2y =
= µl1x + µl2y + λl2y− µl2y = µ(l1x + l2y) + (λ− µ)l2y =

= µy + (λ− µ)l2y = µy + (µ− λ)l2(−y).

In addition, it is obvious that J(−y) = λ(−y). Therefore, the matrix J′1 = (Q′)−1 JQ′

of the operator J in the special basis Q′ = (y,−y) has the form

J′1 =

(
µ 0

(µ− λ)l2 λ

)
, µ 6= λ. (8)

Let us substitute the expression J = Q′ J′1(Q
′)−1 in (1) and then multiply both parts

by (Q′)−1 :

∂φ

∂y
−Q′ J′1(Q

′)−1 · ∂φ

∂x
= 0,

∂

∂y
[
(Q′)−1φ]− J′1 ·

∂

∂x
[
(Q′)−1φ] = 0.

The second equality of the obtained equalities will be explained in detail, taking into
account (8):

∂

∂y

(
g
F

)
−
(

µ 0
(µ− λ)l2 λ

)
· ∂

∂x

(
g
F

)
= 0, (g, F)T = (Q′)−1φ = (y,−y)−1φ. (9)

From (9), according to (2), it follows that the function g = gµ(z) will be µ-holomorphic.
In this case, for the function F = F(x, y), there is a relation

∂F
∂y

+ l2(λ− µ)
∂g
∂x
− λ

∂F
∂x

= 0. (10)

Substituting F = l2gµ + f in (10) after simple transformations gives the identity

∂ f
∂y
− λ

∂ f
∂x
≡ 0,

that is, f = fλ(z) is an arbitrary λ-holomorphic function. Thus, the general solution (9) will
be the functions

g(z) = gµ(z), F(z) = l2gµ(z) + fλ(z). (11)

Next, let us denote

g(z)
∣∣
Γ = u(x, y) + iv(x, y), F(z)

∣∣
Γ = p(x, y) + iq(x, y), (12)

where functions u, v, p, q ∈ C(Γ) are real. Assuming φ(z) ∈ C(D) and taking into account
(9) and (11), the notation in (12) is correct. Let us continue:

y = (a1, a2) = (a + bi, c + di), a, b, c, d ∈ R (13)

is the eigenvector of the matrix J, which, by condition, is not a real vector. Then, taking into
account (9), (12), and (13), the general solution to φ(z) of Equation (1) for ` = 2 and the
diagonalizable matrix J can be written as

φ(z) = Q′ · (g, F)T = (y,−y) · (g, F)T =

(
a1 −a1
a2 −a2

)
·
(

u + iv
p + iq

)
. (14)
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Let us write down the Schwarz problem (3) for ` = 2 :

Re φ(z)
∣∣
Γ =

(
ψ1(ω), ψ2(ω)

)T, ω ∈ Γ. (15)

The boundary condition in (15), taking into account (14), is written as{
Re[ a1(u + iv)− a1(p + iq) ]

∣∣
Γ = ψ1,

Re[ a2(u + iv)− a2(p + iq) ]
∣∣
Γ = ψ2.

(16)

The following statement is true.

Lemma 2. In the solution of (16), which is an inhomogeneous algebraic system with respect to real
functions, the variables u, v can be found in the following form:

u = p + r(ψ1, ψ2), v = −q + h(ψ1, ψ2), (17)

where r(·), h(·) are linear functions of their variables.

Proof. The equalities in (16) on Γ, taking into account the notation in (13), have the form{
Re[ a1(u + iv)− a1(p + iq) ] = au + bv− ap + bq = ψ1,
Re[ a2(u + iv)− a2(p + iq) ] = cu + dv− cp + dq = ψ2.

(18)

Obviously, after substituting (17) into (18), the variables p, q are reduced. To define the
variables r, h, we have the following system with the determinant ∆ 6= 0 :{

ar + bh = ψ1,
cr + dh = ψ2,

∆ =

∣∣∣∣a b
c d

∣∣∣∣ 6= 0. (19)

In (19), ∆ 6= 0, since by condition, the vector y is not a multiple to a real one. From
(19), by Cramer formulas, we have

r(ψ1, ψ2) =
dψ1 − bψ2

∆
, h(ψ1, ψ2) =

aψ2 − cψ1

∆
, ∆ 6= 0, (20)

which is exactly what was required.

Further, note that the pair of equalities of real functions in (17) equals one complex
functional equality:

(u− iv)− (p + iq) = r− ih. (21)

Taking into account the notations in (11) and (12), Equality (21) will have the form

gµ − l2 · gµ − fλ = r− ih.

Multiplying both parts of this equality by (−1), we have

fλ − gµ + l2 · gµ = −r + ih = ϕ, l2 ∈ C. (22)

The functional Equation (22) will be further considered as the problem of finding
functions fλ = fλ(z) ∈ C(D) and gµ = gµ(z) ∈ C(D), which on Γ = ∂D satisfy Equality
(22). In this case, the complex boundary function ϕ = ϕ(ω) ∈ C(D) is set.

Remark 1. Let us write the number l2 = l2(J) ∈ C in (7) in exponential form: l2 = |l2|ei(α+π),
that is, α = arg(−l2). Let us make the following substitutions in (22):

fλ = f ∗λ · e
iα
2 , gµ = −g∗µ · e

− iα
2 , ϕ = ϕ∗ · e

iα
2 . (23)
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Taking into account the identity l2 = |l2|ei(α+π) = −|l2|eiα, we have

e
iα
2 f ∗λ + e

iα
2 g∗µ − |l2|eiα(−e−

iα
2 )g∗µ = e

iα
2 ϕ∗, α = arg(−l2),

from which, after reduction by e
iα
2 , we obtain the equality

f ∗λ + g∗µ + |l2| · g∗µ = ϕ∗. (24)

Thus, we study the Equation (24). This is studied below. The transformations carried
out in this paragraph are formalized in the following statement.

Theorem 1. Let the matrix J ∈ C2×2 have different eigenvalues µ, λ, and let Q = (x, y) be its
Jordan basis, where the eigenvector y is not are real. Then, the Schwarz problem (15) in the class
of functions φ(z) ∈ C(D), ψ1(ω), ψ2(ω) ∈ C(Γ) is equivalent to the problem of finding the
functions fλ(z), gµ(z) ∈ C(D) as solutions to the following scalar functional equation:

fλ(z) + gµ(z) + l · gµ(z)
∣∣
Γ = ϕ(ω), ϕ(ω) ∈ C(Γ),

l = l(J) = |l2(J)| =
∣∣∣∣det(x, y)
det(x, y)

∣∣∣∣. (25)

In this case, the boundary function ϕ(ω) is defined by Equalities (20)–(23).

Proof. Let there exist a solution φ(z) ∈ C(D) of Problem (15). Then, by construction and
taking into account Remark 1, there exists a solution fλ(z), gµ(z) ∈ C(D) of Equation (25)
with an appropriate boundary function.

In the opposite direction, let the number l be found for a given matrix J. Let there
exist a solution f ∗λ = f ∗λ(z), f ∗µ = f ∗µ (z) of Equation (25) in the domain D for any boundary
function ϕ∗(ω) ∈ C(Γ). It must be shown that in this case, the solution to Problem (15)
exists for any continuous boundary vector-function ψ(ω) =

(
ψ1(ω), ψ2(ω)

)
.

Indeed, let the function (ψ1, ψ2) and the matrix J. be given. Taking into account (23)
and (24), we arrive at a solution to Problem (25) for the boundary function

ϕ∗ = e−
iα
2 ϕ = e−

iα
2 (−r + ih) and the numbers l = |l2(J)|. In doing so, we use (20). Recall

that α = arg(−l2). Further taking into account (11), (14), (23), and the reversibility of the
transformations, we have

φ(z) = Q′ · (g, F)T = Q′·
(

gµ, l2gµ + fλ

)T
= Q′·

(
− e−

iα
2 g∗µ, − l2 · e−

iα
2 g∗µ + e

iα
2 f ∗λ

)T,
Q′ = (y,−y), α = arg(−l2),

which is exactly what was required.

Let us express the number l = |l2| in (25) in terms of the coefficients of the matrix J
in Notation (6). As above, let xµ, yλ, the eigenvectors of the matrix J, correspond to its
eigenvalues µ, λ. Let a21 6= 0. Using the Cayley–Hamilton theorem, it is easy to show that
eigenvectors can be written as xµ = (a11 − λ, a21), yλ = (a11 − µ, a21). As a result, by
Formula (7), we have

l2 =
det(xµ, yλ)

det(xµ, yλ)
=

∣∣∣∣ a11 − λ a11 − µ
a21 a21

∣∣∣∣∣∣∣∣ a11 − λ a11 − µ
a21 a21

∣∣∣∣ =

=
(a11 − λ)a21 − a21(a11 − µ)

a11a21 − λa21 − a21a11 + µa21
=

a11a21 − a21a11 − λa21 + µa21

−λa21 + µa21
=
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=
a11a21 − a11a21 − λa21 + µa21

(µ− λ)a21
=

2i · Im(a11 · a21) + µa21 − λa21

(µ− λ) · a21
. (26)

Thus, by virtue of (25) and (26),

l = |l2(J)| =
∣∣2i · Im(a11 · a21) + µa21 − λa21

∣∣∣∣(µ− λ) · a21
∣∣ , a21 6= 0, µ 6= λ. (27)

Let a12 6= 0. Then, the eigenvectors have the form xµ = (a12, a22 − λ),
yλ = (a12, a22 − µ). By performing transformations similar to (26), we obtain

l = |l2(J)| =
∣∣2i · Im(a22 · a12) + µa12 − λa12

∣∣∣∣(µ− λ) · a12
∣∣ , a12 6= 0, µ 6= λ. (28)

Finally, if the matrix J is diagonal, then both of its eigenvectors are real. Therefore,
according to (7), |l2(J)| = 1. Note that by Formulas (27) and (28) for matrix J in (5), the
number l = |l2(J)| = 8.

4. Application of the Functional Equation (25) to the Schwarz Problem in an Ellipse

Equation (25) depends substantially on the parameter l and is of interest as an in-
dependent function theory problem. For l = 0, it was studied in [15]. In this work, it
was proved:

Theorem 2 ([15]). (A. P. Soldatov) Let Γ = ∂D be Lyapunov contour, let ϕ(ω) ∈ Hσ(Γ), and
let Im λ > 0, Im µ > 0. Then, the solution of the equation fλ(z) + gµ(z)

∣∣
Γ = ϕ(ω) exists and is

unique up to constants in function classes fλ, gµ ∈ Hσ(D).

However, for l > 0, the situation becomes more complicated: non-constant solutions
of the homogeneous problem are possible. Let us consider the following

Example 2. Let l = 5, λ = 2i, µ = i. Direct calculations show that a pair of quadratic functions
fλ(z) = −3i(x + 2iy)2 and gµ(z) = i(x + iy)2 − i will be the solution of the homogeneous
problem fλ(z) + gµ(z) + 5gµ(z)

∣∣
Γ = 0 in the ellipse K with the Γ border: x2 + 8y2 = 4.

In this paragraph, we study Equation (25) in an ellipse. A few words about terminology.
By an ellipse, we mean both the curve Γ in the plane and the domain K, bounded by the
curve Γ, depending on the context.

Let the real parameters r1 > 0, r2 > 0 be the semi-axes of the ellipse Γ, and let
α ∈ [0, 2π) be the angle in the positive direction between the ellipse semi-axis of length r1
and the positive direction of axis Ox. Then, the ω(t) parametrization of the Γ ellipse with a
center at the origin of coordinates can be written in the form

Γ : ω(t) =
{

x(t) = r1 cos α · cos t− r2 sin α · sin t
y(t) = r1 sin α · cos t + r2 cos α · sin t, t ∈ [−π, π).

(29)

Let Im λ > 0, Im µ > 0, r1 > 0, r2 > 0, α ∈ [0, 2π). Denote

a = a(α, λ, r1, r2) =
r1 cos α + ir2 sin α + λ(r1 sin α− ir2 cos α)

2
,

b = b(α, λ, r1, r2) =
r1 cos α− ir2 sin α + λ(r1 sin α + ir2 cos α)

2
,

a1 = a1(α, µ, r1, r2) =
r1 cos α + ir2 sin α + µ(r1 sin α− ir2 cos α)

2
,

b1 = b1(α, µ, r1, r2) =
r1 cos α− ir2 sin α + µ(r1 sin α + ir2 cos α)

2
.

(30)
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The numbers in (30) are determined by the parameters r1, r2, α of the ellipse Γ, as well
as the complex numbers λ, µ. In [16], it was proved.

Theorem 3. Let Im λ > 0; Im µ > 0; and the numbers a, b, a1, b1 for the ellipse Γ (29) be found
using Formula (30). Let the following relations be fulfilled:

∆n = ∆n(l) = l2 ·
∣∣∣∣ bn

an −
bn

1
an

1

∣∣∣∣2 −
∣∣∣∣∣1− bn

an ·
bn

1

an
1

∣∣∣∣∣
2

6= 0, l ∈ R, l ≥ 0, n ∈ N. (31)

Then, for any boundary function ϕ(ω) ∈ Hσ(Γ), the solution of the problem (25) in an
ellipse K with a boundary Γ = ∂K in the class of functions fλ, gµ ∈ Hσ(K) exists and is unique
up to a constant.

We obtain sufficient conditions for the parameter l, under which the relations in (31)
are fulfilled in an arbitrary ellipse Γ. In this case, we use the following lemma [16].

Lemma 3. Let Im λ > 0, Im µ > 0. Then, in (30), |b| < |a|, |b1| < |a1|.

Next, taking into account (31), we formally express the parameter l from the equation
∆n(l) = 0 :

l =

∣∣∣∣∣1− bn

an ·
bn

1

an
1

∣∣∣∣∣∣∣∣∣ bn

an −
bn

1
an

1

∣∣∣∣ ,
∣∣∣∣ ba
∣∣∣∣ < 1,

∣∣∣∣ b1

a1

∣∣∣∣ < 1, n = 1, 2, 3 . . . (32)

Let us prove the following statement.

Lemma 4. Let Im λ > 0, Im µ > 0, and let in (32),

bn

an −
bn

1
an

1
6= 0, n ∈ N′ ⊆ N.

Then, if ∆n(l) = 0 for n ∈ N′, then the number l > 1.

Proof. We denote the following, taking into account Lemma 3:

bn

an = ξ1eit1 ,
bn

1
an

1
= ξ2eit2 , 0 ≤ ξ1 < 1, 0 ≤ ξ2 < 1, n ∈ N′. (33)

For n ∈ N′, Equality (32) is equivalent to the equality ∆n(l) = 0. We transform (32),
taking into account the notations in (33):

l =

∣∣∣∣∣1− bn

an ·
bn

1

an
1

∣∣∣∣∣∣∣∣∣ bn

an −
bn

1
an

1

∣∣∣∣ =

∣∣∣1− ξ1ξ2ei(t1−t2)
∣∣∣∣∣∣ξ1eit1 − ξ2eit2
∣∣∣ =

=

∣∣∣1− ξ1ξ2ei(t1−t2)
∣∣∣∣∣eit1

∣∣ · ∣∣∣ξ1 − ξ2 ei(t2−t1)
∣∣∣ =

∣∣∣1− ξ1ξ2ei(t1−t2)
∣∣∣∣∣∣ξ1 − ξ2 ei(t2−t1)
∣∣∣ .

(34)

We denote t = t1 − t2 and write the inequality l2 > 1, taking into account the last
fraction in (34): ∣∣∣1− ξ1ξ2eit

∣∣∣2 > |ξ1 − ξ2e−it|2. (35)
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Let us rewrite (35) taking into account the Euler formula eit = cos t + i sin t :

(1− ξ1ξ2 cos t)2 + ξ2
1ξ2

2 sin2 t > (ξ1 − ξ2 cos t)2 + ξ2
2 sin2 t. (36)

Let us remove the parentheses in (36). After performing simple transformations and
using the identity cos2 t + sin2 t = 1, we have the following inequalities:

1− 2ξ1ξ2 cos t + ξ2
1ξ2

2 cos2 t + ξ2
1ξ2

2 sin2 t > ξ2
1 − 2ξ1ξ2 cos t + ξ2

2 cos2 t + ξ2
2 sin2 t,

1 + ξ2
1ξ2

2 > ξ2
1 + ξ2

2, 1− ξ2
1 − ξ2

2 + ξ2
1ξ2

2 > 0,

1− ξ2
1 − ξ2

2(1− ξ2
1) > 0, (1− ξ2

1)(1− ξ2
2) > 0, ξ1, ξ2 ∈ [0, 1).

(37)

The inequality (1− ξ2
1)(1− ξ2

2) > 0 in (37) is independent of the parameter t and
holds for all ξ1 < 1, ξ2 < 1. Therefore, by virtue of (34) and (35) and the reversibility of the
transformations performed, we have l > 1, which was required. Lemma 4 is proved.

From Lemma 4, we have the following:

Lemma 5. Let Im λ > 0, Im µ > 0. Then, for l ∈ [0, 1], the relations are valid as ∆n(l) 6= 0,
n ∈ N (31) for any ellipse Γ.

Proof. If n ∈ N′, then, by virtue of Lemma 4, the equality ∆n(l) = 0 can be fulfilled only if
l > 1. Let n /∈ N′. Then,

bn

an −
bn

1
an

1
= 0.

Then, by virtue of (31), Lemma 3, and the two inequalities in (7), we have

∆n(l) ≡ −
∣∣∣∣∣1− bn

an ·
bn

1

an
1

∣∣∣∣∣
2

6= 0,
∣∣∣∣ ba
∣∣∣∣ < 1,

∣∣∣∣ b1

a1

∣∣∣∣ < 1,

which is exactly what was required.

The obvious consequence of Lemma 5 is as follows:

Lemma 6. When l ∈ [0, 1], the statement of Theorem 3 is valid for any ellipse K with boundary
Γ = ∂K.

In deriving Equation (25), we used the condition that the matrix J has a complex
eigenvector. However, in [17], we have the following:

Theorem 4. Let the matrix J ∈ C2×2 have at least one real eigenvector. Let the domain D be
bounded by a Lyapunov contour Γ. Then, for any boundary function

(
ψ1(ω), ψ2(ω)

)
∈ Hσ(Γ),

the solution to the Schwarz problem in (15) exists and is unique up to a vector-constant in the
classes of functions φ(z) ∈ Hσ(D).

Let us note in connection with this theorem that if the matrix J has a real eigenvector,
then according to (25), the number l(J) = 1. Thus, by virtue of Theorems 1, 3, and 4 and
Lemma 6, the following basic statement is proved.

Theorem 5. Let the matrix J ∈ C2×2 have different eigenvalues λ, µ, where Im λ > 0, Im µ > 0.
Let l = l(J) (25) fulfill the condition l ∈ [0, 1].

Then, for any boundary function
(
ψ1(ω), ψ2(ω)

)
∈ Hσ(Γ), the solution of the Schwarz

problem in (15) in an arbitrary ellipse K with boundary Γ in the classes of functions φ(z) ∈ Hσ(K)
exists and is unique up to a vector-constant.
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In conclusion, we note that the number l(J) = 1 is the same for matrices J with a
Jordan basis of the form Q = (x, x).

5. Conclusions

Thus, instead of the Schwarz problem for two-dimensional matrices with different
eigenvalues, we can study the functional Equation (25), where l is an arbitrary real pa-
rameter. In this paper, it is shown that for the ellipse, this approach is quite promising.
Moreover, Equation (25) is also interesting as an independent problem of the function
theory. Further, it is necessary to consider the case when the parameter l > 1. The most
interesting values are those l > 1 at which the solution of Equation (25) in Hölder classes
exists and is unique precisely in an arbitrary ellipse with the boundary Γ. But finding such
values of l will require a more in-depth analysis of the relations (31), which is beyond the
scope of the paper.

Remark 2. We suggest using the theory of reproducing kernels [14]. It may permit simplification
of the proofs. We will try to verify this opportunity in the near future.

Author Contributions: Writing—original draft, V.N.; Supervision, V.V. All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: We are very grateful to all referees for their useful and valuable remarks.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Douglis, A. Function theoretic approach to elliptic systems of equations in two variables. Comm. Pure Appl. Math. 1953, 6, 259–289.

[CrossRef]
2. Paskali, D. Vecturs analytiques generelises. Rev. Roumeine Math. Pure Appl. 1965, 10, 779–808.
3. Horvath, J. A generalization of the Cauchy-Riemann equations. Contrib. Diff. Equ. 1961, 1, 39–57.
4. Gilbert, R.P.; Wendland, W.L. Analytic, generalized, hyper-analytic function theory and an application to elasticity. Proc. R. Soc.

Edinb. 1975, 73, 317–371. [CrossRef]
5. Bojarski, B. Theory of generalized analytic vector. Ann. Polon. Math. 1966, 17, 281–320.
6. Hile, G.N. Elliptic systems in the plane with order term and constant coefficients. Commun. Pure Appl. Math. 1978, 3, 949–977.
7. Soldatov, A.P. Douglis Analytic Functions: Study Guide; Publishing House BelGU: Belgorod, Russia, 2016.
8. Soldatov, A.P. Elliptic system of high order. Russ. Differ. Uravn 1989, 25, 136–142.
9. Soldatov, A.P. The Schwarz problem for Douglis analytic functions. J. Math. Sci. 2011, 173, 221–224. [CrossRef]
10. Vekua, I. New Methods of Solving Elliptic Equations; Gostekhizdat: Moscow, Russia, 1948.
11. Bitsadze, A. Boundary Value Problems for Second Order Elliptic Equations; Nauka: Moscow, Russia, 1966.
12. Ieh, R.Z. Hyperholomorphic functions and higher order partial differentials equations in the plane. Pac. J. Math. 1990, 142, 379–399.
13. Zhura, N. On a general solution of Leray-Douglis-Nirenberg systems with constant coefficients in the plane. Dokl. Math. 1994, 48,

142–147.
14. Li, Z.; Chen, Q.; Wang, Y.; Li, X. Solving two-sided fractional super-diffusive partial differential equations with variable coefficients

in a class of new reproducing kernel spaces. Fractal Fract. 2022, 6, 492 [CrossRef]
15. Nikolaev, V.G.; Soldatov, A.P. On the Solution of the Schwarz Problem for J-Analytic Functions in a Domain Bounded by a

Lyapunov Contour. Differ. Equ. 2015, 51, 962–966. [CrossRef]
16. Nikolaev, V.G. A Class of Orthogonal Polynomials on the Boundary of an Ellipse. J. Math. Sci. 2019, 239, 363–380. [CrossRef]
17. Vasilev, V.B.; Nikolaev, V.G. Schwarz problem for first-order elliptic systems on the plane. Differ. Equ. 2017, 53, 1318–1328.

[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/cpa.3160060205
http://dx.doi.org/10.1017/S0308210500016474
http://dx.doi.org/10.1007/s10958-011-0244-7
http://dx.doi.org/10.3390/fractalfract6090492
http://dx.doi.org/10.1134/S0012266115070150
http://dx.doi.org/10.1007/s10958-019-04311-z
http://dx.doi.org/10.1134/S0012266117100081

	Introduction
	Statement of the Problem
	Transformation of the Schwarz Problem to a Boundary Value Problem for a Scalar Functional Equation
	Application of the Functional Equation (25) to the Schwarz Problem in an Ellipse
	Conclusions
	References

