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Abstract: The article considers the Van der Pol equation nonlinearity aspect related to a moving
singular point. The fact of the existence of moving singular points and the uniqueness of their solution
for complex domains have been proved. An answer to the question about the existence of moving
singular points in the real domain was obtained. The proof of existence and uniqueness is based on
an author’s modification of the technology of the classical Cauchy theorem. A priori estimates of the
analytical approximate solution in the vicinity of a moving singular point are obtained. Calculations

of a numerical experiment are presented.
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1. Introduction

Many problems of the theory of nonlinear oscillations lead to the Van der Pol Equa-
tion [1-6] and relaxation oscillations [7]. In recent publications, the Van der Pol equation
is used in modeling human movement in synchronization when processing and transmit-
ting information in neural networks [8]. To study this equation, methods of qualitative
and asymptotic theory of differential equations are used [9-11]. If the applied methods
of qualitative [9,10] and asymptotic [11] as well as analytical [12] theories to nonlinear
differential equations allow for establishing the fact of the existence of moving singular
points, then the following questions remain open: 1. On the structure of an analytical
approximate solution in the neighborhood of a moving singular point; 2. The question of
the error of this approximate solution; 3. The question of the size of the very neighborhood
of a moving singular point; and 4. The question of the technology for obtaining these
moving singular points. The Van der Pol equation is a non-linear differential equation
that is generally not solvable in quadratures. It should be noted that publications on the
Van der Pol equation do not include terminology of a moving singular point, although
some studies have considered the existence of such points. This category of differential
equations actually includes: (1) solvability options in quadratures for specific cases and
is presented in publications [13-19]; (2) a version of the analytical approximate solution
method, effectively implemented for the study of a number of classes of nonlinear differen-
tial Equations [20-24] developed by the author of this paper. The author’s version of the
modification of the classical Cauchy majorant method acts as the basis in the proofs of the
theorems of existence and uniqueness of the solution, which allows for, in the end, solving
all the problems listed above. Considering the Van der Pol equation in the complex domain,
on the basis of the author’s modification of the majorant method, we prove the existence
theorem for the uniqueness of the solution in the neighborhood of a moving singular point.
As a result of the theorem, the existence of the moving singular point is also proved. Based
on the analysis of the parameter of the equation, as in a particular case, we obtain an answer
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to the question of the existence of a moving singular point in the real region. It follows
from the proved theorem that, in the real region, there are no moving singular points for
positive values of the equation parameter, but there are singular points for negative values
of the equation parameter. It is possible to construct an analytical approximate solution,
and an a priori error estimate is obtained. It also presents a technology for optimizing a
priori error estimates based on a posteriori one. The theoretical results are accompanied by
a numerical experiment.

2. Research Method and Result
For the Van der Pol equation, consider the Cauchy problem:

w"(z) = —a(w?® — 1w’ —w, 1)

w(zo) = wy, w'(z) = wy, 2)

where a = constant — parameter.

Let us create a proof of the existence and uniqueness theorem for the solution of the
Cauchy problem (1)—(2) in the vicinity of a moving singular point z*. As a consequence, we
will have the fact of the existence of the moving singular point.

Theorem 1. Let z*—moving singular point of solving the Cauchy problem (1)—(2). Then, there is
a unique solution to the problem (1)—(2) in the vicinity of a moving singular point z* as

w(z) = (z* — z2) %Zan —z) (3)

for |z* —z| < 1/]a+1].

Proof. Consider the representation of the solution for Equation (1) in the vicinity of a
moving singular point in the form

w(z) = (z" —z)f ) Cu(z" —2)2. 4)
From (4), we obtain expressions of the first and second derivatives:

ZC ( ) zF —z)2tP1, @)

"(z) = i)cn(’;ﬂo) (5+p-1)( —n)ir2 ©)

Substitute (4)—(6) in (1), we obtain

gCn(Z'FP) (g—'—p_l)(z*—z)%ﬂ:—z

2
© n ad n n
=aq C,(z¥—2z)2TP | —1 Cu(z +p)(z" —z)21P~ 1 Cn(z* —2)
(z (e —2) ) 3 cul+o -5

or

écn(g+p) (g"‘P—l)(z*_z)%ﬂFZ

Mz

Cy* (2 —z)2+3 1 Ecn z* —2) @)

3
i
o



Mathematics 2023, 11, 873

30f7

where

n -1
G =yeran(), G =G w2 =G,
i=0

n
Ci=Y.CCy .
i=0

From (7), by virtue of the identity requirement, the degrees of the left and right sides
must be equal, which leads to the condition

n

n
— -2
+p 5

5 +3p—1. 8)

Then, from (8), we obtain p = —1/2.
At the next stage, due to the identity requirement in (7), we obtain recurrent relations
for the coefficients C;:

n 1 n 3 *okok —
Cn(22>(22)_aCn , Vn=0,1,2,3 ©)

and

n 1 n 3 .
Cn (2 — 2> <2 — 2) = ﬂcn — Cn74, Vn = 4, 5, e (10)

The relations (9) and (10) allow us to unambiguously obtain the expressions of coeffi-
cients C, for a series in (3). Then, from (9), we obtain
3.1
0 2’

3
= iy /.
CO 1 5

For C; from (9) follows the value C; = 0. Similarly, from (9) we obtain expressions for
C2 and C3:

Co- % = —aC (11)

whence follows

1
Cz = —tZ-ZCO, C3 =0.

Subsequent expressions, due to the recurrent ratio (10), determine the conformity—
odd coefficients Cp, 11 = 0. The formulas (8) and (9) enable uniquely determining all the
coefficients in solution (3). Thus, we obtain a proof of the uniqueness of solution (3). We
pass to the second part of the proof of the theorem, the convergence of the correct part of
the series in (3). We prove the validity of the estimate for coefficients with an even index

forn>2
3 n
|Cou| < 2 (12)
2

(21171) (271;3) ’

From (10), we have

1 1 .
Conta <” + 2) (” - 2> = aCy50 — Con—y

or, taking into consideration the formula,

o & *% n—1
G = Z G C”i( 2 >’
i=0
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we obtain

1 1 ) 1 2n+1 1
C2n+2 (1’1 + 2) (1”1 - 2) — aCOC2n+2 (7’[ + 2) =a Cz‘**C2n+27i (7’! + 2) - Czn_4.
i=1

After transformation from the last one, we have
1 2n+1 1
Con+2 (n + 2) (n+1)=a) C*Couiri (n + 2) —Cop-g- (13)
i=1
Hence, from (13), we have

1 2n+1 1
|C2n+2‘ = (— a Z Ci**c2n+2—i(n+ 2) —Cop4

n+%>(n+1) i=1

1 2n+1 i 1
=77, | Y. | Y GG (" + 2)C2n+2i —Cop—a ||
(n+ 2)(n+1) i=1 \j=1

From the latter, taking into account (12), we obtain

1 241 [ ,/z%(a+1% ,/%(a+1)%

|Canga| < W a 1; j; (%)9‘(?)* (i_];l)* i_£—3>*

2n+2—i 2n—4
Vaa+ )™ V1)
>< —
(2n+27i71 ) * (2n+27i73) * (2;17471) (2717473)
2 2 2 2
for n > 4, or, after a series of transformations in the latter,

/%|a+1|n+1 B /237|a+1|71+1

(n+%)(n+1) B (n+%)(nf%

|C2'rl+2| S ) = A2n+2/

in this connection
. * 1, j=1 . * 1, j=3
G=1 {J—LJ#L G =3) {1—3,1#3,

L L i-j=1 e L i—j=3
(i=j=1 {ijl,ij;él, (i=j=3) {ij3, i—j#3,

1, m42-i=1
(@n+2-i-1) _{2n+2—i—1, MmA2-i#1,

(2n+2—i_3)*:{ 1, 2n+2—i=3;

2n+2—i—3, 2n+2—i#3.

Consider a series of .
Y An(z* - z)%, (14)
n=1
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is a majorant for the correct part of the series in (3). Given that the series (14) is convergent
in the domain, on the basis of the sufficient feature of fraction series convergence

1

¥ —z| < ——
| | la + 1]

- (15)

then, therefore, the correct part of the series (3) will also converge in the region (15). O

Comment 1. Theorem 1 is a theorem for the existence of a moving singular point z*.

Comment 2. The Van der Pol equation has no moving singular points of algebraic
type in the real domain for the case « > 0. This follows from (11) that all coefficients C,, = 0.

Comment 3. For « < 0, the Van der Pol equation has moving singular points of
algebraic type in the real domain.

Theorem 1 allows us to construct an analytical approximate solution in the vicinity of
a moving singular point z*:

n

N
wn(z) = (zF —2) %Z (z" —2)2. (16)

The following Theorem 2 allows us to obtain an a priori estimate for the analytical
approximate solution (16).

Theorem 2. For an analytical approximate solution (16) in the domain (15) the error estimate

is valid - N
.
Valar 1"z 2}

1—|a+1|z* —z|

Awy <

Proof. Taking into account (12), we have in the case N + 1 = 2k

Awn(z) = |w(z) —wn(2)| =

n=0 n=0
0 2la+1|? _
Z Cn Tl S 21)( ‘ | (Z* _ Z)nTl
n=N-+1 n=N+1 (”T‘l)("T‘?')

\/2a‘a+1| 2 |Z |

- 1-l|a+1||z* —z|

given that |z* —z| < 1/]a+1|. Given the area (15) for the structure of the analytical
approximate solution (16), we obtain the area (15) for the a priori error estimation. [

3. Discussion

Consider the Cauchy problem (1)-(2): a = 2, w(0) = i, w'(0) = —i, z* = 0.8571773685,
p = 0.33333333, z1 = 0.6571773685, zo = 0.83. Consider the option

3
Co =1/ =1
0 2a
The calculations are presented in Table 1, in which wy(z;)—approximate solution (16);
Aj—a priori estimation of error, theorem 2; and Ay—a posteriori estimation of error.
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Table 1. Characteristics of the calculations.

Zi wy(z;) Aq Ay
z1 = 0.6571773685 1.5075188i 0.6185 0.0104
zo = (0.83 4.8204059i 0.000584 7.10~7

The values z; and z; fall into the domain determined by Theorem 2 condition.

In the case z; of a posteriori evaluation A, = 0.0104 in the structure of the approximate
solution (16), the value required is N = 20. The summands from 6 to 20 in the sum do
not exceed the required accuracy. Therefore, w4(z1) has a precision ¢ = 0.0104. In the
case z; for a posteriori evaluation Ay = 7 - 10~7 similar to Theorem 2, N = 10 is required.
The summands from 6 to 10 in the sum do not exceed the required accuracy. Therefore,
w4(2z7) has an accuracy of ¢ = 7 - 10~7. In the above example, two argument values are
considered. The above calculations show how the structure of the analytical approximate
solution is related to the accuracy of the calculation result. The closer the argument is
to the value of the moving singular point, the more accurate the result. The structure of
the analytical approximate solution (3) requires fewer terms. The a posteriori estimate
substantially improves the a priori estimate.

4. Conclusions

In this paper, for the Van der Pol equation in the complex domain, the theorem of
the existence and uniqueness of the solution in the vicinity of a moving singular point
of algebraic type is proved. Along with the fact of the existence of a moving singular
point, a condition is set for the parameter of the equation “a”, with which the equation
under consideration will not have the indicated type of moving singular points in the real
domain. In this case, it is possible to apply classical numerical methods to the Van der
Pol equation solution. An analytical approximate solution is obtained in the vicinity of a
moving singular point. A numerical experiment was performed to confirm the theoretical
results. The technology of optimization of a priori estimates of an analytical approximate
solution using a posteriori estimates is presented.
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