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Abstract: Chains of coupled van der Pol equations are considered. The main assumption that
motivates the use of special asymptotic methods is that the number of elements in the chain is
sufficiently large. This allows moving from a discrete system of equations to the use of a continuity
argument and obtaining an integro-differential boundary value problem as the initial model. In
the study of the behaviour of all its solutions in a neighbourhood of the equilibrium state, infinite-
dimensional critical cases arise in the problem of the stability of solutions. The main results include the
construction of special families of quasi-normal forms, namely non-linear boundary value problems
of either Schrodinger or Ginzburg-Landau type. Their solutions make it possible to determine the
main terms of the asymptotic expansion of both regular and irregular solutions to the original system.
The main goal is the study of chains with diffusion- and advective-type couplings, as well as fully
connected chains.
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1. Formulation of the Problem
The classical van der Pol equation

fi4at+u=f(uu), f(uu)=ruu?

arises in many applied problems. Here, we consider a system of N coupled van der Pol
equations

N
ij+aij+u = f(uji;) +dY agu;, j=1,...N. €]
j=1
Systems of this type have been considered in the works of many authors (see, for
example, [1-15]). We will assume that the coupling coefficients of each j element are the
same for all j, i.e., ajj = a;j_j, and that the chain is circular, i.e, the j &= N element coincides
with the j element.
Let x; = 27tjN ~1(j = 1,...N) be uniformly distributed points on some circle with
angular coordinate x;. Function u;(t) is the value of u(t, x) at x = x;.
In this paper, we will consider several of the most common types of coupling, namely
the following.

1.  Diffusion chains. For such chains, we assume that
am=a_1=1,a3=2, aj:0atj:2,...N—2,
i.e., the second term on the right hand side of (1) has the form

dlu(t, xjy1) —2u(t, xj) +u(t, xj-1)]. )
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Sometimes, in the case of d < 0, (2) is called anti-diffusion.
2. One-way coupled chains. They are determined by the relations
am=1,ay= -1, a]-:0atj:2,...N—1,
that means that in (1) we have
dlu(t, xj1) —u(t, xj-1)]- 3)

Sometimes the coupling (3) is called advective. Another variant of the advective
coupling is often used, when
a=1a_1=1

In this case, we have
d[u(t, Xj+1) — u(t, x]‘_l)].

3.  Chains with two-way or semi-diffusion coupling. Here,
m=a_1=1a=a=...=any_ =0
and the analogue of (2) and (3) has the form
fu(t, %j1) + u(t,x-1)]. @)

4. Fully coupled chains. In this case, we assume that

N 1 N
d Zaijui =d— Eaiu(t,xi).
i=1 N i=1

The next assumption is central. We will assume that the number of N elements in (1)
is sufficiently large, which means that the parameter ¢ = 271N ! satisfies the relation

O<exk 1.

This condition allows us to naturally pass from the fixed variables u(t,x;) (j =
1,...,N) to the continuous variable x € [0,27] of function u(#, x). Then, system (1) can be
written in a more general form as

azi+aal+u—f(u au>+d7°1:(s e)u(t,x+s)ds )
o2 "ot T\ ot Y ’

with periodic boundary conditions
u(t,x +2m) = u(t, x). (6)
Note that the last term on the right-hand side of (5) can also be written as an integral

27
d / E(s,e)u(t, x +s)ds.
0

We will describe function F(s, ) in more detail. For the values k = 0 and k = +1,
we set

+o0
F(s) = 28(71\/E exp (— (e0) (s + €k)?), ¢ >0 (_Zo Fr(s)ds = 1>.
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Note that for a fixed function u(t, x), for ¢ — 0, we have
—+o00
lim [ Fe(s)u(t,x +s)ds = u(t,x + €k).
c—0
Function
F(s,e) = Fi(s) — 2Fo(s) + F-1(s) @)

generalises the diffusion coupling, since it satisfies

+o00
lim [ F(s,e)u(t,x+s)ds =u(t,x +¢€) —2u(t,x) + u(t,x —e).

c—0
—00

Note that the coupling of diffusion type (3) is the simplest difference approximation
of the diffusion operator 021 /9x2.
For semi-diffusion coupling, it is natural to assume that

F(s,e) = Fi(s) + F_1(s).

The expression (3) is the simplest difference approximation of the advection (transfer)
operator du/0dx. At the same time, we will also consider a coupling “similar” to (4):

u(t,x+¢e)—u(t,x—e), (8)

since it also approximates the advection operator to the same extent. In relation to the
function F(s, ¢), for (3), the following expression arises:

F(s,e) = Fa(s) — Fo(s),
whereas for (8)
F(s,&) = Fi(s) — F_1(s).
Note that the following relations

—+o0

/ Fi(s) exp(ims)ds = cos(em) exp(—o?(em)?), ( wak(s)ds - 1)

indicate the convenience of representing F(s,¢) in terms of functions of the form F(s).
Functions F(s, €) of this type have been used in [16]. Similar expressions for F(s), where
F(s) = Const - exp[—0?|s|], are also given in [17]; however, they are less convenient.

For fully coupled chains, for N > 1, the representation

2
1N 1
dﬁ];aiu(t,xi) :dzno/(p(s)u(t,x—f—s)ds )
arises naturally. Note that the case when
p(s) =1

seems to be the most important.

In this paper, we will study the behaviour of all the solutions to (5) and (6) with
sufficiently small initial conditions (in the norm) under the constraints (7)—(9). More
precisely, we will study the asymptotics as ¢ — 0, for all t € (tp, c0), x € [0, 2] of functions
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that are sufficiently small and satisfy the boundary value problems (5) and (6) with a high
degree of accuracy in € (uniformly in ¢, x).
We fix the space of initial conditions

Ju

u(0,x) € Cpoon)s 9 o € Co2n)

to be the phase space of the boundary value problem (5) and (6). In addition to the model
in (5) and (6), we consider another model by replacing u(t, x 4 s) with ou(t,x +s)/dt in
the integral of the right-hand side of (5), namely

—+o0
%u ou Ju d
FY) +a§ +u ff<u,§) +d / F(s,s)gu(t,x—ks)ds.

We shall comment on the similarities and differences between the solutions of
such models.

When studying the local behaviour of solutions, the main focus is on the study of
the properties of boundary value problems linearised at zero with 27r-periodic boundary
conditions (6)

?u  ou +°o
Sy e tu—d / F(s,e)u(t, x +5)ds (10)
and .
u  ou - ou(t,x +s)
gy —I—ag +u=d / F(S,S)Tds.

In turn, the behaviour of solutions to these boundary value problems is determined
by the location of the roots of the characteristic equation

+o0
A yar+1l=d / F(s,€) exp(iks)ds, (11)

wherek =0, £1, +2, ....
We now formulate some statements of a general plan which are analogues of Lya-
punov’s theorems on stability in the first approximation.

Proposition 1. Let all roots of the characteristic Equation (11) have negative real parts and be
separated from zero at € — 0. Then, the zero equilibrium of (5) and (6) is asymptotically stable,
and all solutions from some sufficiently small e-independent neighbourhood of the zero equilibrium
state tend to zero as t — co.

Proposition 2. Let the characteristic Equation (11) have a positive real part separated from zero at
e — 0. Then, the zero equilibrium in (5) and (6) is unstable, and no attractors of this boundary value
problem can exist in a sufficiently small e-independent neighbourhood of the zero equilibrium state.

Thus, only such critical cases need to be considered when the characteristic Equa-
tion (11) does not have roots with positive real parts separated from zero as ¢ — 0, but there
are roots whose real parts tend to zero as ¢ — 0. Below, we study the local behaviour of
solutions to the boundary value problem (5) and (6) in critical cases.

An important feature of these critical cases is the fact that an infinite number of roots
of the corresponding characteristic equations tend to the imaginary axis as ¢ — 0. Thus, we
can say that critical cases of infinite dimension are realised. Critical cases of this type have
been considered in [18-20]. The methodology of these works will be essentially used here.
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The main result is the construction of special non-linear forms, the so-called quasi-
normal forms (QNF), namely boundary value problems of parabolic type. They do not
contain small parameters and their non-local dynamics determines the local behaviour of
solutions to the original boundary value problems.

Solutions of quasi-normal form determine the principal terms of the asymptotic
expansions of the original boundary value problems. As a rule, they are classical Ginzburg-
Landau equations or integro-differential equations. Numerical methods are well developed
for such equations. For the original boundary value problems, the use of numerical methods
is difficult, since they are singularly perturbed and the solutions contain components that
rapidly oscillate in the space or time variable. Therefore, despite the apparent complexity,
quasi-normal forms are simpler objects, ready for further study using standard methods.
In addition, the above quasi-normal forms allow one to immediately draw a conclusion,
for example, about multistability (for quasi-normal forms in which continuum parameters
are present) and about high sensitivity to parameter changes. The conclusion that many of
the presented quasi-normal forms are characterised by complex irregular dynamics follows
from the well-known results of the analysis of this type of system (see, for example, [21]).

The parameter ¢ in the formulas for F(s,¢) has a clear meaning. It defines a set of
chain elements that significantly affect each specific element. This effect is weaker the
farther the elements are from each other. For ¢ = 0, additional critical cases arise when
infinitely many roots of the characteristic equation, which correspond to harmonics with
arbitrarily large numbers, have asymptotically small real parts. To describe the dynamic
properties of the problem in this situation, the condition ¢ < 1 is considered. Note that the
quasi-normal form in such cases acquire an additional spatial variable, which means that
there is a tendency to complicate the oscillations.

Note that the condition that the real parts of the roots of the characteristic equation are
nonpositive implies that

a>0. (12)

Below, when considering critical cases for fixed coefficients 2y and d, these coefficients
will vary, i.e., we will assume that

a=ag+ea, d=dy+ed,. (13)

This is a quite important remark, since for a > 0, all solutions of the van der Pol
equation tend to zero as t — oo, and, for ap = 0 and a; < 0, this equation has a stable
limit cycle.

The solutions studied in this paper are conditionally divided into two types: regu-
lar and irregular. Regular solutions are solutions “well dependent” on the parameter ¢,
i.e., solutions for which the following asymptotic representation holds:

B 0 1 ,0%u
u(t,x+¢)=u(t,x)+ sau(t,x) + 7€ @u(t,x) +....

Irregular solutions have a more complex structure, which consists of a superposition
of functions smoothly (regularly) depending on the parameter ¢ and functions smoothly
depending on the parameter e~ 1.

Note that for some types of couplings, only regular or only irregular solutions can
exist or both can exist simultaneously.

Regarding the methodology, for finite-dimensional critical cases in the problem of the
stability of solutions, as a rule, it is possible to substantiate statements about the existence
of local invariant integral manifolds whose dimension is determined by the dimension
of critical cases. The initial system on such manifolds is represented as special non-linear
systems of ordinary differential equations, which are called normal forms. Their non-local
solutions determine the local behaviour of all solutions to the original systems as t — co.

In this paper, we study situations where the critical cases have infinite dimensions. It
is difficult, and sometimes even impossible, to substantiate the existence of an invariant
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manifold if it does not coincide with the entire phase space. Nevertheless, it is possible to
use the formalism of the method of normal forms, which is based on the use of the structure
of “critical” solutions of linearised equations. Such constructions were successfully used,
for example, in the works [22,23]. The fact that there is no quadratic non-linearity in the
original van der Pol equation considerably simplifies the corresponding calculations, but is
not fundamental. All constructions extend to non-linear second order equations with
quadratic and cubic non-linearities of general form.

The main assumption that opens the way to the application of special asymptotic
methods is that the number of elements N in the chain is sufficiently large. Thus, the small
parameter e~ N ! arises in a natural way.

The main result is the construction of the so-called quasi-normal forms and continuum
families of quasi-normal forms, which are special non-linear distributed boundary value
problems that do not contain a small parameter. The non-local structure of the solutions of
these quasi-normal forms determines the principal terms of the asymptotic expansions of
the original problem.

The paper is organised as follows. The main content deals with the study of chains
with diffusion-type couplings. Sections 2, 3 and Appendix A.1 are devoted to this. In Ap-
pendix A.2, the results are extended to equations in which, instead of the van der Pol
non-linearity, there is a conservative non-linearity describing dislocations in a solid.

In Section 4, the dynamic properties of chains with advective coupling are studied,
which is an equally interesting problem. In Section 5, we will discuss the asymptotics of
solutions in fully connected chains. We note that, on one hand, the results of the above
sections differ significantly from each other, and on the other hand, they serve as an
important addition to the existing studies.

2. Asymptotic Behaviour of Solutions in Chains with Diffusion-Type Connections

The linearised zero boundary value problem for chains (5) and (6) with diffusion-type
couplings has the form (10), (6), where F(s, &) = F(s) — 2Fy(s) + F_1(s). Substituting
u = exp(ikx + At) into these equations, we arrive at the characteristic equation

A2 +a)A +1 = —4dsin? (%) exp(—&zzz), (14)

where z = ¢k, k = 0,41, £2, .. .. In order for this equation to have no roots with positive
real parts, it is necessary and sufficient that the following condition is satisfied

1+ 4dmzax (sin2 % : exp(—5222)> > 0. (15)

In what follows, this condition is assumed to be satisfied.

2.1. Asymptotic Behaviour of Regular Solutions

Given that
apg >0

for some fixed integer k, all roots of (14) have negative real parts separated from the
imaginary axis as ¢ — 0. Therefore, the critical case in the stability problem is realised
only for

apg = 0.

Then, the roots A (¢) and Ax(€) are complex and

. 1 idk?
A(e) =i+erg+o(e?), A= —5mt ZT
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Equation (10) has a set of solutions
u(t,x,e) 2 Ck(T) exp(it), (16)
k=—c0

and (1) = exp [(A1x + 0(¢?)) 7], where T = €t is a slow temporal variable. The expres-
sion (16) can be written as u(t, x,¢) = &(t,x), where the Fourier coefficients ¢(t, x) are
equal to (7). Solutions to the non-linear boundary value problem (5) and (6) are then
sought in the form of a formal series

u(t,x,€) = e(&(, x) exp(it) + c¢) + Suz(t, 7, x) + ... (17)

The expression cc in (17) and below denotes the complex conjugate of the previous
term. Here, ¢(7, x) is an unknown function and u3(t, T, x) is 27t periodic in t and x. We
substitute (17) into (5) and collect the coefficients of the same powers of e. Then, for uz =
usg + 39, we arrive at

881:230 +ugo = [—img - 21£ +d8 i i§|§|2] exp(it) + i3 exp(3it).

This equation is solvable with respect to ¢(7, x) in the specified class of functions if
and only if the equalities

22 = a2 e gef, a2 =iy 18)

are satisfied.

The boundary value problem (18) plays the role of a normal form. Its solutions
bounded at T — oo, x € [0,27] determine, according to (17), the asymptotics of regular
solutions to the original boundary value problem (5) and (6).

At a; < 0, the boundary value problem (18) has an infinite number of periodic
solutions pg exp [ikx + idk?T/2]. Note also the formula for y(t, x) = [&(7, x)|? is

27 5
/{az—l—uly—i—yz}dxzo.
0

2.2. Asymptotic Behaviour of Irregular Solutions
We fix 6 > 0 arbitrarily and define the function

5 1/2
7(6) = {1 + 4d sin? <2) exp(—ézcrz)] .
Note that
/ -1 2 v (9 4 2. 0
v (8) = 2dy™ () exp(—d-0°) sin 5) | cos; — 260 sin 5 |.
Additionally, we assume that 7/(8) # 0, i.e.,
4 2
0 #nn and ctgi # 200°. (19)

We denote the value that completes the expression de ! to an integer by 0 = 0(J,¢) €
[0,1). Consider the set of integers

Ke(6) = {6 ' +04+m, m=0+1,42,...}.
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Thus, 0(¢) is a piecewise linear function, which, for ¢ — 0, runs over all values from
zero to one infinitely many times. For the values k € K¢(J), we consider the asymptotics of
the roots A}, (¢) and A;} (¢) of the characteristic Equation (14). We obtain

Afi(e) = iy () +ie(8 4+ m)y (6) + €A S, (e),

A () = —iy(8) +ie(6 +m)y'(8) + 82)\;12(8),

where m =0, +1,+2,...and Aiz(s) are some functions bounded as ¢ — 0, whose explicit
form is not required.
The linearised boundary value problem (10), (6) has solutions

exp (z(i +9+m>x+}\$(e)t>.

Hence, it follows that the solutions to the same boundary value problem are the set
of solutions

[e9)

u= Y <<§m exp (i(0e™" + 0+ m)x + A (e)t) + ce+

k=—o00

+ m exp (i(de_l + 0+ m)x + A, (e)t) + c‘c),

where the quantities ¢, and 77, are arbitrary. This expression can be rewritten in the form

up = U (t,7,x,€) = exp [i(6e71 + 0)x +i(y(6) + €07/ (6))t] (E(T,xT) + o)+ 20)
+exp [i(6e7 1 +0)x —i(y(8) + €07/ (6))t] (n(T,x™) + ce),
where T = £2t,
xF=xxey (),

and the Fourier coefficients of the functions ¢(7, x) and 7(t, x) satisfy the following

En(T) = Cnexp (Ahn(e)T),  1m(T) = mexp (A, (e)7).

Note that due to condition (19), the values x* do not coincide with x. Based on the
obtained representation of solutions of the linear equation, we shall look for solutions to
the non-linear boundary value problem (5) and (6) in the form

u(t,x,€) = euy + 2uy + €us. (21)

Functions u; are 27t (y(8) + €69/ (9)) - periodic in ¢ and 27 periodic in x. The expres-
sion for 17 is the same as (20), with the only difference that now (7, x) and #(7, x) are
unknown complex amplitudes.

We substitute (21) into (5) and successively collect coefficients of the same powers of e.
In the first step, we arrive at an equation for 11, whose solution is presented in (20). In the
second step, we obtain the same equation for uj :

[e0)

2
outy +uy=d / F(s,e)uy(t, T, x + s)ds.

ot?
We fix u, to be the function

uy = ET(t,x,e)ft(t, T,x) +cc+E (t,x,e)f (t,T,x) +cc, (22)

where
EX(t,7T,x) = exp (i(0e " +0)x £i(7(6) + €6 (5))t), t =et,
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and the expression f(t, T, x) is not defined at this step. It will be chosen in the next step.
The next step is central. We obtain an equation for u3 of the form

82u3

T +uz—d / F(s,e)us(t, T, x +s)ds = E+(t,T,x)BO+(t1,x,T)+

+E~(t,7,x)By (t1,x,T) + EX(t, T, x)BT (x*,T) + E~(t,T,x)B~ (x~,T) + cc+
+ E3B(ty,x,x",x7, 1) + ce.

Here, we use the notation

B (,x,7) = ~207(0)| (S + TR L) e (P - M),
By (%) = 20700) | (S - TRV ) 22 - miey)|,

~_ T

92

d
B () = () — v (0) - 55 + 205 + 6% ) — O)me -
—e(leP + 2m (g ),

_oaon . 02 d ,
B (x7,1) = zy(&)a—z + 1’)/”(5)< a—z +219817 + 0217> +iy(6)an—

n(n? +2M(1Z ).

1 27
= 2710/4)(x)dx

The expression for B(t1, x,x*,x~, T) is not given, since it will not be used to find ¢ and
1, only when deriving a formula to determine u(t, x, €) in (21). Note that BSE and B* have
different arguments. Therefore, to solve Equation (22) in the specified class of functions, it
is necessary to require that the equalities

In these formulas

Bt =0

+
BO

are satisfied. We consider the equalities Bat = 0 as equations for the unknown functions
f*(t1,x). Its solutions can be written explicitly. One can verify that

fH(t,x, 1) = —(27’(5))’1€(T,x*>/(In(w)lz—M(M(T,x)lz))dx,
0 (23)

xt

f(tx, 1) = (29/(8)) (T, x7) / (167, 0)> = M(|& (7, x)[?)) dx.

0

Then, from the equalities BX = 0, we obtain that & and 7 satisfy the following

2
2iv(00) 35 = 7'(00)| 55 + 205 -

s 205 6| —intohm — (@) +2M (), @

9 9 0 , .
~2i7(00) 5% = 7' (%) [axZ—zzeaZ—ezn} (@) +iv(6o)y (In> +2M([2%), (25)
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&(t,x+2m) =¢(t,x), n(t,x+2m) =n(t,x). (26)

The main result is that the boundary value problem (24)—(26) plays the role of a normal
form for (5) and (6), when considering solutions with modes from the set K¢(6) N K¢(—9).
In order to formulate the corresponding result more precisely, we introduce some notation.
We arbitrarily fix 6y € [0,1). By ¢, = €,(6,6p), we denote a sequence ¢, — 0 (n — o0),
where the value of 6y(e,, §) does not change.

Theorem 1. We fix arbitrarily 6y € [0,1). Let ¢(t,x),5(T,x) be a solution of the boundary
value problem (24)—(26). Then, for sufficiently small values of € = €,(J,6y), the function (21) for
& =&(t,xT),n = n(t,x) satisfies the boundary value problem (5) and (6) up to o(e3).

We note again that, in this section, we have studied the asymptotic behaviour of
solutions whose modes belong to the set K(6). It is natural to call the value de ! + 0 the
base mode for such solutions.

2.3. Quasinormal Form in the Case ' (6) =0
Let the condition
7' (60) =0 (27)

be satisfied for some value 6 = Jy. For example, &y could be éy = 2mng, where ny > 0
and is an integer. The expression 27tnge ! is an integer because ¢ = 27tN~1, which means
6(27tng, ) = 0.

Under condition (27), the constructions are substantially simplified. This follows from
the fact that x™ = x~ = x. In the asymptotic representation (21), we have u; = 0, and
hence f* = 0. Here, we restrict ourselves to presenting the final boundary value problem
for the amplitudes (7, x) and #(T, x):

2
2iv(00) 35 = 7"(00)| 55 + 2055 — %] — (oo —ir(@)E (P + 2, 29

. 0 02 ) . .
2 (8p) oL = " (J0) | ot — 2105 — 02| + i (Jo)ary + i (So)n (22 + 1nl?),  (29)
oT ox ox

&(t,x+2m) =¢(t,x), n(t,x+2m) =n(t,x). (30)

The final result is the assertion of Theorem 1. It should be noted that in the case of
bo = 27mng in (28)—(30), and hence in Theorem 1, the value 6 is zero.

2.4. Quasinormal Form in the Case y(6) = 0
Let v(dp) = 0 be satisfied for some &y > 0. In this case, we conclude that

1+ 4d sin? %0 -exp(—6%0?) = 0. (31)

Hence, taking into account condition (15), we conclude that ' (dy) = 0,79"(ép) < 0
and ¢y is the first positive root of the equation

élctg%O = 02d.

Finding 4y, from (31) we find the value of the coefficient d. For coefficient a in (5), it is
convenient to take the equality a = ea;.



Mathematics 2023, 11, 2047 11 of 34

In the case of (31), the situation is even more simplified. In the analogue of the
asymptotic representation (21), we have

u(t,x,e) =et/? <§(t1,x) exp(i(doe 1 4 0)x) + c‘c) + 3 %u3(ty,x), t = et (32)

Substituting (32) into (5), after some calculations we obtain the quasi-normal form

02 02 . a of
af* b =y (50)(85 02 g )2é‘|2 o, )

(T, x+2m) = (T, x)

as the main result. Note that the linear and non-linear components in (33) differ significantly
from the above quasi-normal forms.

In Appendix A.1, we consider the question of constructing a CNF for finding the
amplitudes of multi-frequency solutions.

3. Equations with a Small Parameter o

In this section, we assume that the parameter ¢ appearing in the definition of F(s, ¢) is
sufficiently small:
o = e07. (34)

Therefore, in the case under consideration, the function Fy(s, ¢) is essentially “closer”
to the J-function.

In addition, here we study the influence of variations in the value of N on the asymp-
totic behaviour of the solutions. We fix an arbitrary integer value c, and let the number of
elements in (1) be N + c.

3.1. Asymptotic Behaviour of Solutions with One Base Mode

We set
2

N+c

On the right-hand side of Equation (5), the parameter ¢ is replaced by y; that is, instead
of F(s, &), we have F(s, u):

;,[:

aZ

ou
at2+ealat+u+f(uu —d/ (s, u)u(t, x +s)ds. (35)

Considering that e = 2N !, we obtain

=¢ 1—i€—|- ¢ e2 4
H= P77

The boundary value problem (35), (6) linearised at zero has the characteristic equation

A%+ emA +1= —4dsin? (%) exp(— 82(71222) z=upk, k=0,£1,%2,.... (36)

As in the previous section, we consider the question of constructing the asymptotes of
solutions to (35), (6) based on modes from K(8) = {de =1 +0+m, m =0,£1,42,...,5 > 0}.
We consider the most important case when ¢ is not an integer multiple of 2 pi : § # 27;.

The roots Ay () (m = 0,£1,+£2,...) of the characteristic Equation (36) corresponding
to modes from K(é) have amplitude

5\ 172
Am(e) = iv(6) + €Ay + EAma + ..., 7(0) = <1 + 4 sin? 2) ,
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where
w1 = id(27(8)) " Lsin(8) (m + 0 — dc(2m) L),

1
Amag = —501 - iAg—iA1(m+0 —dc(2m)~Y) —iAy(m + 0 — bc(2m) ™12

The coefficients Ap, A1 and A; satisfy

2
Ay = 2do?6? (sin g) 7 15),
Ay =dcsiné - (4y(8)) 71,
Ay = d[(sin 8)? — 292(8) cos 6] (8 (8)) 3.
The solution of the linearised equation for (35) corresponding to the root A, (¢) can be

written as
um(t,x,€) = En (T, xVET + (T, x7)E,

where T = €2, x* = x £ 2¢d,

E* =exp [i(6e™ P+ 60— cd(2m) V)x £i(v(8) +e(2v(8)) ' (0 — dc(2r) 1) sind)t],
En(T) = Cmexp (Am2 +0(e))7),  1m(T) = mexp ((Amz +O(e))7),

where ¢, and 1, are arbitrary complex constants. As in the previous sections, we seek
the asymptotes of the solutions to the non-linear boundary value problem (5) and (6) in
the form

u= 81/2<§(T,x)E+ +cc+n(t,x)E” +c‘c) +£(f+E+ +cc+ fTE” +c‘c)+

(37)
+&3/2uz(t, T,x)+....

The functions f* = f*(t, 7, x) are defined by the same formulas as in (23), where
t; = et and

v(6) = (1—}—451112 ;)1/2

We substitute (37) into (5). We collect the coefficients at €3/2, and in order to determine
the known amplitudes ¢ and 77, we obtain the boundary value problem
e 1 4 i . i\’
37 = a1§ iApE —iAq <9 —c6(2m) " — 8x>§ —iA; (9 —c6(2m) T — I &—

— S8 (12 +2m(1g)),

an id . i)
m_——a117~|—1A011—|—1A1<9—c5 (2m)~ —ax>17+1A2(9—c6(27r) _ax) n—
)

(|77|2+2M (¢

7

(t,x+2m) =¢&(t,x), n(t,x+2m) =n(t,x).

The main result is that this boundary value problem plays the role of a normal form.
For every fixed 6 € [0,1), its non-local solutions bounded as T — oo, x € [0,27], allow us
to construct asymptotes for sufficiently small functions ¢, = €,(6p) that satisfy the original
boundary value problem (5) and (6) up to o(e3/2).

Remark 1. The roles of the coefficients c and oy are determined by the above formulas. Under the
conditions of the next Section 3.2, these coefficients play a much more important role.
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3.2. The Case of an Infinite Set of Basic Modes

Significantly new and interesting points arise when considering the asymptotics of
solutions containing various infinite sets of basic modes. Here, we emphasise an important
class of solutions whose base modes belong to the set

Keo(6) = {0 + 0+ 2mnet +m, m,n =0,+£1,+2,...}.

The roots Ay, (€) of the characteristic equation corresponding to these modes have the
asymptotics
Amn (8) = i’)’(é) + Ay + ngng/

where

A1 = ib (m —n+6— 25;> b= (v(6)) 'sing,

1 5 oc oc\2 5
Amnz = —2a1+B1<(m—cn) +2(m—cn)(9—ﬁ) + (Q_E) )+B2((5+27m) ,

By = —i(27(8)) " ((7(0)) 2sin?6 —cosd), By = —i2(y(5)) o sin? g

The solutions of the linear boundary value problem ,,,(t, x,¢) corresponding to
Amn(€) can be written as

U (8, %, €) = Epn(T) exp [i(&e_l +0)x + imxT + 27mwiny ™ + i(’Y(‘S) +¢eb (9 - ;;))t} /

xt =x+ebt, yF=yFecht, y=2me lx.

Therefore, in order to construct the asymptotes of the solutions to the boundary value
problem, we use the expressions

u(t,x,e) = U(t, x,€) + O(SZ) (38)
and
Ut x,e) = 81/2(5('(,3(*,3/*)1-3:r +cc+n(t,x",y)ES +c‘c)+
Jre(f;“(t‘l,x,y)E;r +cc+ fo (t,x,y)Es + c‘c>+
+-£3/2 (Hfr (T,x,y)Ef +cc+ Hy (t,x,y)E; +c‘c)+
+H{ (t,x,y)(EF)® + ce + Hy (1,x,y)(Ec)® + ¢c

(39)

where t; = et and EZF is given by

EF = exp {i((se—l - ;;)xii('y(é) +eb<9— ;;)H

Substituting (38) and (39) into (5), after simple calculations, we obtain equations for
HljE and H?:f The functions H?:f are determined from these equations, and the solvability
conditions for Hi allow us to determine £ and obtain equations for &(t, x,y) and (7, x, ).
The difficulty lies in the fact that the equations for determining HfE include functions whose
spatial arguments x*,y" and x~,y~ are different; for some of these are x™ and y*, while
for others x~ and y~. In non-linearity, these arguments are present in different factors.
The purpose of the constructions being carried out is to obtain systems of boundary value
problems for determining the unknown functions ¢ and # with the same arguments.
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In order to have arbitrariness in the choice of functions f*, we consider the question
of the solvability in the class of 27r-periodic functions in x and y of the equation

ag(x, ag(x,
gS;y) —c g(axy]/) =p(xy), (40)

where p(x,y) is 27 periodic in x and y. To do this, we introduce some notation. By D, |
and Jo, we denote [24] operators defined on continuously differentiable functions v(x, y) of
two variables x and y, acting according to the rules

Jdv  Jdv
Dou(x,y) = a—ca,

X

Jo(x,y) = /v(s,cx—l—y—cs)ds,

0
1 27T
Jov(x,y) = E/U(S’ cx +y — cs)ds.
0
Under the condition
Jop(x,y) =0

there exists a periodic solution of Equation (40) in both variables, which is given by

g(xy) =Jp(xy).

Note that an arbitrary 27t-periodic function p(x,y) in x and y can be represented as

p=Jop—(1—Jo)p
and the following is satisfied
Jo(p — Jop) = 0.
Below, we shall need the following relations, which follow from these definitions:

Dou(cx+y) =0, D(J]—Jo)v(x,y) = DJv(x,y) = v(x,y).

The cubic non-linearity R = (iv¢E} + ¢c +iyyE; + ¢c) - (EEF + ¢c +nE- + ce)? for
EZ implies the following

R = —iy(8)¢(1* + 2y *) — iv (8)y(Inl* +21¢]?).

It is convenient to represent the above expression as a sum of four terms

Ry = —iv(6)E(IE* +2Joln[?), Ra = —iv(8)&(2[n*> —2Joln|?),
Ry = —iv(8)n(|n* +2Jol&[), Ra = —iv(6)n(2|¢[*> — 2Jo|¢]?).

The functions Ry and R3 depend only on x*,y* and x~,y~, respectively, while both
of the functions R, and R4 depend on all arguments. We manage the arbitrariness in the
choice of f* in such a way as to “remove” the terms R, and Ry in the equation for Hli
From here, we arrive at:

X
207(6) % = 2i(sin8)Df * ~ v(O)E 2 - 2Dl ), )
iy ()2 = 2i(sind)DF~ — i (8)y (2122 - 2702 ). )

ot
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In (41), we set f(t,x,y) = &(t,x",y") - ¢(t1,x,y). Then, we obtain

. agt o ) - -
20(8) S~ — 2i(sind) - Dg*™ = ~2ix(8) (1 (v, 4~y = ol (v, y7)P).

Then, for x = x~ — bt;, y =y~ + cbt;, we arrive at the equation for g* = ¢t (x,y):
bDg™* = |n(t,x,y)* = Jo(ln (7, %, y) ).
Hence, we conclude that
g (xy) =67 (J(In(mx,y) 1 = Joln (T, x,y)%)).
Analogously, we find that f~ (1, x,y) = n(t,x~,y) - g(t1,x,y) and
g (xy) =" (J(E(r,x,y)* = Jole(z,x,9)1)).

Let us formulate the main result. Consider the boundary value problem

2 2
% — (5—iaay> C—i—iBl[—Dz—Zi( —;;i)D+( —52)]@% w)
418y (6= £ =D )¢~ hmé — JE (P + 21,
2 2
9 - <c5—iaay>n—zBl[—DZ—Zi(Q—chr>D+ 9—5;1)]17— w
~i82 (60— 52 =D )y — davy — n (1 +21(<P)),
S(t,x+2my) =¢(t,x,y) = &(t,x,y +27), (45)
n(t,x+2my) =n(t,x,y) =n(t,x,y+2m). (46)
Recall that of of

By €x(60) (k = ko, ko +1,...), we denote a sequence such that ¢, (6y) — 0 for k — oo
and 6(ex(6p)) = 6.

Theorem 2. Let (34) be satisfied. We fix arbitrarily 6 # 2mk (k =0,1,...),00 € [0,1) and an
integer c. In addition, let y = N + c and let ({(7,x,y),7(T,x,y)) for their derivatives with
respect to T and let their second order derivatives with respect to x and y be bounded functions
as T — oo, x € (0,27}, y € [0,27]. Moreover, let (&(T,x,y),1(T,x,y)) be a solution to the
boundary value problem (43)—(46) for 6 = 6y. Then, the function U(t,x, &), for T = €x(60)t,
xt = xtebt, y*t = yFecht, andy = 27rs;1x satisfies the boundary value problem (5)
and (6) up to o(e}).

3.3. Examples

We consider two cases. In the first of them, we assume that Ko, = {27mz—1_1 +m; m,n =
0,£1,£2,...} and 0 = €0y, 6 = €2t, y = 2te x,a = €2ay, d = dy + €2d; and 4dy > —1.
Then, the final quasi-normal form is

a¢ a, do o, Ao0T T 1. .9
o Ax H0p2. 0175 2
gr = 20 gD i g 5t

&(t,x+2m,y) =¢(t,x,y) =&(t,x,y+2m).
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The function (7, x,y) determines the asymptotes of the solutions of (5) and (6) ac-
cording to the formula

u(t, x,e) = e'/2(&(t, x,y) exp(it) + cc) + O(e/?).

It is interesting to compare this result with the situation considered in Appendix A.1.2
(see Formula (AS8)).
In the second case, we assume that

dg = —-.
07 74

It is convenient to assume that the value of N is even. Otherwise, it suffices to replace
the integer c by ¢ + 1. Then, the expression e~ lis an integer, and hence § = 0.

Consider the basic set of modes Koo = {7(2n 4+ 1)e™! 4+ m; m,n = 0,4+1,+2,...}.
Here, we assume that ¢ = €0y, a = eaq, i} = et and d = dy + €2d;. As a result, we arrive at
the real quasi-normal form

9°¢ a¢ 212 228 508
— = +di=4"°D —2 — &2,

o Moy e AT
S(t,x+2my) =¢(t,x,y) = —C(t,x,y+ )

where u(t, x,e) = e'/2&(t, x,y) + O(¢3/2). The obtained result differs significantly from the
case considered in Section 2.4.

In Appendix A.2, the results obtained are applied to the problem of dislocations in
a solid.

4. Advective Coupling
Here, we consider the equation

Pu 9 9 T
T e = f(u, at) +d [ (Rls) = E-o(s))ult, v+ 5)ds @7)

with boundary conditions (6).
The equation linearised at zero has the form

9%u Jou 7
S tas tu=d / (Fu(s) — Fue(s))u(t, x + s)ds. 48)

We investigate the roots of the characteristic equation for (48)

A2 4 aA +1 = 2idg(z)sinz, (49)
where g(z) = exp ( — 0222), z =¢k, k =0,£1,£2,.... Let the following nondegeneracy
condition be satisfied

a>0. (50)

We consider separately two cases depending on the value of parameter J. First,
in Section 4.1, we will focus on “average” values of this parameter, i.e., the value § > 0
is supposed to be somehow fixed. In Section 4.2, we will consider the case of sufficiently
small values of ¢.

4.1. The Case of “Average” Values of &

For d = 0, all roots of (49) have negative real parts. We denote the smallest (if it exists)
value of the parameter d by dJ > 0, for which there exists a value z; such that, for d = d
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and z = z;, Equation (49) has a purely imaginary root A = iw (w > 0). We denote the
largest (if it exists) value of the parameter d by d;; < 0, for which there exists z, such that,
ford = d; and z = z;, Equation (49) has a purely imaginary root A = iw (w > 0). Let
z be the first positive root of equation tgz = (20z)~!. We set gg = max g(z) sinz. Then,

<0 = g(2p) sin zp.

Lemma 1. We fix arbitrarily ag > 0. We have:
+_ 1 4 o1 _+ -
w=1d; = >80 dy = T80 s %0 =20, % = TZ0:

Lemma 2. Assume that the following relations hold:
— +
dy <d<dgj.
Then, all roots of (49) have negative real parts and are separated from zero as € — 0.

Lemma 3. Let one of the followings relations,
dy > dy ordy < dy,
hold. Then, Equation (49) has a positive real part separated from zero as € — 0.

The proofs of these Lemmas are simple, and thus we omit them.
From Lemmas 1-3, it follows that, for d = dS—L, in the boundary value problem (48), (6),
the critical cases are realised in the stability problem. In (47) we set

a=ay+€ea, d= dO+ + €2d;. (51)

Let us find the asymptotes as e — 0 of all the roots A (¢) and Xi (e) (m=0,+1,+2,...)
of Equations (49) whose real parts tend to zero. We first introduce some more notation. Let
@ = O(g,z) € [0,1) be the value that completes the expression |z|e~!. By g%, we denote the
expression

o_ @ -
¢ = gala@ena)|

Note that g° < 0. Consider the set of integer values k = zpe ! + @ + m (m =

0,£1,+£2,...). Then, substituting them in (49), we have the equality z = zy + ¢(© + m).

Lemma 4. The assympotic equalities

AMi(e) =i+ e (Lo(@ +m)> + Ly) + O(eh), (52)
where
Lo = (ap +4) (iag — 2)2dog°,
Ly = (ag +4) (iag — 2)(2dogo — a1),
hold.

Note that formula (52) does not change when the value dO+ in (51) is replaced by d,; .
Equation (48), for m = 0,£1, £2, ..., has the solution

um(t,x,e) = exp [i(zge ' + O+ m)x+ (i +*(Lo(® + m)* + Ly) + O(e*))¢].
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At the next stage, we introduce the non-linear boundary value problem
9¢ P o 59 2 2
== = Loz +2iLe®==>+ (L1 — L
e 08x2+ i 0®ax+( 1— Lo®%)& + o¢|E|7, (53)
&(t,x+2m) =¢&(1,x), (54)
where 0 = —(a§ +4) (2 + iag). Moreover, we define function Uy (T, x) by

Up(t,x) = BiAexp (i(3(z0e ! +©))x +3it) — & i Aexp (—i(3(z0e ! +@)x) — 3it),

where A = — (a3 +4)71(2+ iag). Below, by ¢, = €,(0) we denote a sequence ¢, — 0, on
which A = — (a3 +4)1(2 + iap). We formulate the main result of this section.

Theorem 3. Let conditions (51) be satisfied. We arbitrarily fix ©y € [0,1). Let ¢(t,x) be a
bounded, for T — oo, x € [0,27|, solution to the boundary problem (53) and (54) for ® = ©y.
Then, the function

uo(t, x,€) =e(&(t, x) exp(i(zoe L + O)x +it) +
+ &(1, x) exp(—i(zoe L + @)x — it)) + 3Up(7, x),

for e = &, (@y), satisfies the boundary value problem (47), (6) up to o(e3(®p)).

4.2. Advective Connection for Small Values of the Parameter o

Here, we assume that the parameter ¢ appearing in g(z) is sufficiently small. For some
o1, the condition
o =¢emn (55)

is satisfied. In this case, we have w = 1, d; =a9/2, d, = —ap/2. The main difference is
that for each z, the equality g(z) = 1 — e20722 + O(&*) holds. Thus, the values of z; are not
uniquely determined: zj = 27mn + 71/2, zy =27 — /2 (n =0,£1,£2,...).

Let us make one simplifying assumption. Let the number of elements of the considered
chain N be a multiple of four. Then, the values of z;"¢ ! are integers for all 1, and therefore
(e, zE) =0.

Asymptotic formulas similar to (52) for the roots of A, , (¢), X;/n (¢), (m,n=0,%1,£2,
...), whose real parts tend to zero as ¢ — 0, have the form

2
AMn(e) =i+ e* (a3 4+ 4) 71 (2 + iag) {dl —ay — d()(;mz + o2 (27m + 72-[) 2)} + O(e*).

These roots correspond to solutions of the linear boundary value problem

Umn(t,x) = exp [i((m’m + 72-[)8_1 + m) x+ (i+ O(ez))t} .
Therefore, we seek formal solutions of (47) in the form

u(t,x,€) =e(&(t,x,y) exp(in(2e) 'x +it) + &(7, x,y) exp(—im(2e) 'x —it)) +
+ £3U(t, T,Xx,Y), T= e, y= ne lx, (56)

where U(t, T, x,y) is 27t periodic with respect to t and x and 1-periodic with respect to y.
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Substitute (56) into (47). After standard operations, we obtain an equation for
U(t, T,x,y). From the condition of its solvability in the indicated class of functions, we
arrive at a boundary value problem for determining the amplitude ¢(7, x,y) :

% =(ag +4) " (2 + iap) [ - do<1 * +(7282—§ + iaznag) +

T 2022 92 2 9y
2
+ (= - o Yo gieP, &7
E(t,x+2my) =¢(t,xy) =&(t,x,y+1). (58)

Thus, we justify the following result.

Theorem 4. Let (50), (51) and (55) be satisfied and o(t,x,y) be bounded as T — oo, x €
[0,27], y € [0, 1], by the solution of the boundary value problem (57) and (58). Then, function (56)
for & = & (T, x,y) satisfies the boundary value problem (47), (6) up to o(&3).

Note that Equations (53) and (57) are equations of Ginzburg-Landau type. It is known
(see, for example, [21]) that their solutions can have complex structures, including irregular.
In this respect, Equation (57) is much more complicated than (53) because it contains two
spatial variables.

5. Fully Coupled Chains of van der Pol Equations
It suffices to consider the most important example of such chains of the form

1 & .
u']'—i—szalblj—i—uj—uuz:dﬁlguk, j=1,...,N.
+

For sufficiently large values of N, we pass to the boundary value problem

1
02 d d
T£+gzg1£+u—uza—j :d/u(t,s)ds, (59)
0
u(t,x+1) = u(t,x). (60)

The behaviour of the solutions of this boundary value problem differs significantly
from the cases considered above. Here, we briefly dwell on the consideration of two cases
depending on the value of the coefficient d.

5.1. The Case of Small Values of the Coefficient d

We assume that for some fixed value d, the condition
d= Sdl. (61)
For £ = 0, the linearised boundary value problem

0%u .
F) +u=0, u(t,x+1)=u(tx)

has the same characteristic equation,
A +1=0, (62)

for all modes exp(2mikx), k = 0,£1,+£2,.... Therefore, under condition (61), we consider
the critical case of an infinite set of pairs of purely imaginary roots with resonances1:1: .. ..
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We seek solutions of the boundary value problem (59) and (60) based on solutions of (62)
in the form
u(t,x,e) = U(t,x,€) + O(eh), (63)

U(t,x,e) = €(E(t,x)exp(it) + cc) + € (uz (T, x) exp(it) + cc+ 64
+uzs (T, x) exp(3it) + ¢c), T =€t (64)

Substituting (63) and (64) into (59) and performing standard operations, we find an
expression for 133, and from the condition that the equation is solvable with respect to u3;,
we obtain a boundary value problem for determining the unknown amplitude &(t, x). As
a result, we arrive at the relations

1
% — a1 e el (65)
0
&(t,x+1) =¢(t,x). (66)
uz1(t,x) =0, uzs(t,x) = —é?(r,x).

The next statement says that this boundary value problem plays the role of a quasi-normal
form for (59) and (60).

Theorem 5. Let (61) be satisfied and the boundary value problem (65) and (66) have a bounded
solution ¢(T,x), for T — oo, x € [0,1]. Then, function U(t, T, x) satisfies the original boundary
value problem (59) and (60) up to O(e*).

5.2. Quasi-Normal Form for “Average” Values of the Parameter d

A boundary value problem linearised at zero for (59) and (60),

1

2
P a s, =, )
0

has the characteristic equation

d, ifk=0,
At ear+1= {0 £k 0
Therefore, there is a pair of roots Ag(e) and Ag(g), where Ag(e) = iwp + O(e) and
wp = (1 —d)/2, and infinitely many identical pairs of roots A (e) and A (e) and Ax(e) =
i+0(e) (k= =£1,%2,...). These roots correspond to solutions of the linear boundary value
problem (67)
ug(t, x,€) = exp(2mikx + Ag(e)t).

Following the above method, we look for solutions to the non-linear boundary value
problem (59) and (60) in the form u(t, x,e) = U(t, x, &) + O(&*), where

U(t, x,€) = e(&(T, x) exp(it) + cc + 1 () expliwot) + cc) + uz(t, T, x). (68)

It is important to keep in mind that the Fourier coefficient of function (7, x) for a
zero-mode harmonic is zero, so

1
M(&(t,x)) = / &(t, x)dx = 0.
0
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We substitute (68) into (59). After standard operations, we arrive at a system of
equations for determining the unknown amplitudes (7, x) and #(7):

% = JmE— S [leP — M) + 28l P), (©)
&(t,x+1) =¢(t,x). 70)

) 1 1
£ = —ya = 5n[l* +2M(Ig]*)] 7

Let us formulate the final result.

Theorem 6. Let d < 1 and the boundary value problem (69)—(71) have a bounded solution
é(t,x),n(t) as T — oo, x € [0,1]. Then, function U(t,T,x,¢€) satisfies the boundary value
problem (59) and (60) up to O(e*).

In Appendix A.3, the results obtained are applied to the problem of vibrations of
pedestrian bridges.

6. Conclusions

Non-linear integro-differential boundary value problems that arise in the study of
various chains of coupled van der Pol equations were investigated. Critical cases are
singled out in the problem of the stability of the equilibrium state. An important conclusion
is that these critical cases have infinite dimensions. A special technique was developed
for studying the local behaviour of solutions in critical cases based on the construction of
quasi-normal forms for finding the amplitude of solutions to the original boundary value
problem. The above quasi-normal forms can be conditionally divided into three groups.
The first group includes continuum families of equations depending on some parameters
of Schrodinger type, in which the linear part is the same as in the Schrodinger equation.
The number of parameters included in such quasi-normal forms is determined by the
number of basic—asymptotically large—modes of the studied classes of solutions. Ac-
cordingly, the critical cases in the problem of stability are almost naturally called continual
here. For an infinitely large number of such modes, an equation of the Schrédinger type
arises with two spatial variables. Such quasi-normal forms are characteristic of chains with
diffusion-type couplings. They are discussed in Sections 2 and 3 and Appendix A.1.

The second type of quasi-normal forms describes solutions that include one basic
mode. It is determined from the condition of the presence of a “point” critical case in
the problem under study. Such quasi-normal forms are Ginzburg-Landau-type boundary
value problems. Here, we can talk about complex dynamics which are characteristic of the
Ginzburg-Landau equation with one or two spatial variables. Hence, it follows that in the
original problem, the structure of the solutions can be complex. Quasi-normal forms of the
second group are presented in Section 4.

Quasi-normal forms of the third group are typical for problems describing fully
connected chains of equations. These quasi-normal forms are special non-linear integro-
differential equations. Section 5 shows that they can have interesting families of solutions
which are discontinuous in the spatial variable.

Note that in each of the above problems, we study the asymptotes of both regular
(i.e., solutions that smoothly depend on a small parameter) and irregular solutions that
have regular components, as well as solutions that smoothly depend on some large param-
eter. In the latter case, this leads to the appearance of solutions rapidly oscillating in the
spatial variable.

In this work, with the help of solutions to quasi-normal forms, functions are con-
structed that satisfy the original boundary value problem with high accuracy. Even in
regular cases, we are not talking about the asymptotes of exact solutions. The same conclu-
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sion also applies to the works of other authors (see, for example, [25]). From the point of
view of problems of mathematical physics, the obtained conclusions are sufficient. In some
cases, more accurate results can be obtained. For example, in the case when a quasi-normal
form has a rough solution periodic in T and some nondegeneracy-type conditions are
satisfied, then it is possible to substantiate the existence of an exact solution (torus) for the
original boundary value problem of the same stability and with the same asymptotes as
the cycle in the quasi-normal form.

The proposed methods can also be used to study chains with other types of couplings
with more general non-linearities, as well as with Neumann- or Dirichlet-type boundary
conditions. In this connection, we note the problem of dislocations in a solid given as
an application.

Note that under the condition 9/(8) # 0, where (6) is the oscillation frequency of
solutions with base mode de~!, the solutions contain different spatial variables x* and
y*. In order to obtain a quasi-normal form with the same spatial variables and spatial
derivatives, certain efforts had to be made. Auxiliary functions f* were introduced and
special partial differential equations were solved to determine these functions.

It is worth noting that, under the condition () = 0, i.e., in the non-oscillatory case,
the corresponding quasi-normal forms differ significantly from the quasi-normal forms
in the case of 7(6) # 0 (see Formula (33) and the formulas in Section 3.3). Note that
oscillations in chains can also occur when the van der Pol equation itself has only a stable
stationary solution.

It may be of interest to study chains of coupled van der Pol equations in which the
integral term is replaced by

d / F(s, S)st.

The proposed methods also extend to the study of solutions with an arbitrary number
of basic modes, including those in the presence of resonance relations. In particular, the role
of resonance relations is illustrated by considering problems with an infinite number of
basic modes.

We dwell separately on the role of the parameters ¢, 8 and c. The parameter ¢ char-
acterises the depth of the connection between the elements of the chain. For a large o,
this relationship is significant only between neighbouring elements, while for a small ¢,
the influence of relatively distant elements increases. If for a relatively large o, the quasi
normal form contains derivatives with respect to only one spatial variable, then for a small
o, differential operators contain derivatives with respect to two spatial variables. Obviously,
the complexity of the solutions in the latter case increases.

Many of the above quasi-normal forms contain the parameter 6, which varies from 0
to 1 depending on the number of elements, N, in the chain. For different 8, the properties of
the solutions of quasi-normal forms can change significantly [26]. Therefore, as N increases,
an infinite process of direct and inverse bifurcations in the quasi-normal form is possible,
and hence it is possible in the original system.

The integer parameter ¢ also shows the changes in the properties of solutions when
the number of elements in the chain changes from N to N + c. It is worth noting that this
parameter is the coefficient of the second spatial derivative in problems with an infinite
number of basic modes of solutions.
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Appendix A
Appendix A.1. Construction of a CNF for Finding the Amplitudes of Multifrequency Solutions

In this section, we briefly describe the new points that arise when the asymptotes of
solutions to the boundary value problem (5) and (6) are based on several periodic solutions
to the linear boundary value problem (10) and (6).

Appendix A.1.1. Dual Frequency Quasiperiodic Solutions

We fix arbitrary positive distinct values of 41 and 6,, and let (5j) #0 (j =1,2). Thus,
61 do not match integer multiples of 271. We consider the question of the asymptotes of
the solutions (5), (6) based on the modes K(41) and K(&,), (K(6) = {de"1 + 0+ m, m =
0,+1,...}).

We set x]i = x+e9/(4;)t and

(9] ,
E]i = E].i(t, X,€) = exp {z (; + 0]->x +i(v(6;) + sﬂj'y’(éj))t].
An analogue of the asymptotic expression (21) is the equality

u= Y1 (sl/z ((jj(r, x].Jf)E;r +ec+(t,x )E; + c‘c) +
(A1)
+s<f].+(t1,1, x)E;r + ¢c +f]f(t1,f,x)E]f + c‘c) +.. .),

where t; = ¢et, T = €%t,

X1

i (h,%,7) =~/ @) (o) 0/ (i (5, = M(ln () P)dx ) +
+07<|n2<r,x>|2 — M(a(r,0))dx + jﬂé‘z(ﬂx)lz ~ M(& (0P,
f (3,7 = (27'(52))_152(Trx2+)(;/1(|771(Trx)|2 - M 0P ) +
+7(|nz<r,x>|2 — M(pa(, 0))dx + 7<|cl<nx>|2 — M 0P)dx,

0 0

fi (b m) = v 0) (e ([ (5 0P = MU& (5 0P)dx) +
0

+ —

+ [ (2P = M2 ) P))ds + [ (Ina(7, ) = Mlna(z,0)2) d,
0 0
fo () = (29 00) s ([ (a0 = M () ) ) +
0

n _
X5

+ [ (lea(e, 0P = MUzt 2)P)dx+ [ (I (xR = Ml (7)) dx.
0

0
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The final boundary value problem for finding ¢, and 71 has the form
AE; . 2 oE;
252 = —ld'Y(&j)[ } +2i0, 51 — fofj] —v(8))a1g; — (161 + (A2)
+A2M(|m [+ 2 + (841 1)),
22— iy (87) | 2 — 2002 — 62y — 4(8))arn; — (1,2
9t — ! 7( ) Wigx — Y 7( ])a117] 77](|’7]| + (A3)
+2M(|§1\2 +[&2*+ [74117)),
Gi(r,x+27) = g(n,0), (Tt 2m) = (), =12 (A9

where ¢ 1 (77j1) means that for j = 1, we have §;,1 (17;41) = ¢2 (2), and for j = 2, we
have Gj1 (7j41) = 1 ().

Additional difficulties arise when formulating a statement similar to Theorem 1. These
difficulties are related to the choice of a sequence ¢;; — 0, such that the values of both
quantities 6;(e) can be replaced by fixed values 0jy (j = 1,2). Let us illustrate this choice in
more detail.

We fix arbitrarily 619 and 6, from the interval [0,1]. By &, = € (619), we denote a
sequences such that e,, — 0 (m — o) and 61 (e,n) = 619. Let Q2(610) be the set of all limit
points of the sequence 6, (&) and 629 € Q(019). Note that there are situations when Q(610)
consists of a single point, and it is possible that Q(619) = [0, 1]. Then, for some subsequence
em, of sequence &, the conditions 01 (ey, ) = 610, 02(em,) — 20 are satisfied for k — co.
Thus, for &, — 0, the solutions of the boundary value problem (5) and (6) are determined
using the above formulas.

Theorem A1. Let the boundary value problem (A2)~(A4) have bounded solutions ;(t, x),1;(T, x),
as T — oo, x € [0,27], for some fixed values of 0; = 0jy. Then, the function (A1) satisfies the
boundary value problem (5) and (6) up to o(ey, ) for my — oo.

Remark A1. For o'(5;) = 0(j = 1,2), the formulas are substantially simplified. We obtain a
boundary value problem only for & (t, x) and & (T, x). Here, xi and x5 coincide with x.

Remark A2. The question of constructing the asymptotics of solutions based on modes from an
arbitrary number of sets K(61), ..., K(Js) is considered similarly.

Appendix A.1.2. The Case of an Infinite Set of Basic Modes

[ee]
It is of interest to consider an infinite set of basic modes, K = |J K((Fj). We first
j=1
consider the case when

Note that for such §;, the value of 6; is zero. The main part of the solutions to (5)
and (6) under the condition (A5) is based on the expression
U= Z Enn (T) exp (i(27tne™ +m)x +it) = &(,x,y) exp(it), T = e, y = 2me 'x

m,n=0

and the periodicity conditions
E(r,x+2m,y) = E(t,x,y) = E(T, 5,y + 2n) (A6)

are satisfied. In the situation under consideration, there is an infinite resonance 1 :1:1:....
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We seek solutions of the non-linear Equation (5) in the form

u= ¢2(&(t,x,y)exp(it) +cc) + &% (uz (7, x,y) exp(it) + cc+

+uz (T, x,y) exp(3it) + cv) + O(?). (A7)

We substitute the expression (A7) into (5). After standard calculations, at the third
step (collecting the coefficients at €3/2), we obtain equations for u3; and u3p. The second of
these functions is found and the condition for the solvability of the equation with respect
to 131 leads to the appearance of an equation for determining &(t, x,y). In order to write
the corresponding equation in a convenient form, we take into account the equalities

[e0]

d / F(s,e)&(t,x + s,y +2mme 's)ds =

—00

= dexp(it) / F(s,e) i Enn(T) - exp (im(x +s) + i27te 'n(x +5))ds =

mn=—oo

= 4d exp(it) i Enn (T) sin? (?) exp (—o?(2rmn)? +0(e)) =

ar;,n:—oo
— dexp(it) 5> (R(0)Z),

where R(p) = exp(—0c?p?), p = 9/dy. Then, the boundary value problem for finding the
amplitude ¢(7, x, y) can be formally written using the infinite differentiation operator with
respect to y in the form

d 02
% — D R+ qmé — 8l (A8

Finally, we have the following.

Theorem A2. Let the boundary value problem (A8), (A6) have a bounded solution &(t, x,y) for
T — o0, x € [0,27], y € [0,27]. Then, the function (A7) satisfies the original boundary value
problem (5), (6) up to o(e3/?).

Appendix A.2. Application to the Problem of Dislocations in a Solid

Assume we have the simplest crystal structure, consisting of layers of atoms located
at some distance from each other. J. Frenkel and T. Kontorova proposed a mathematical
model describing the behaviour of a point defect in the crystal structure of a solid [27].
These defects are called dislocations. At present, dislocations are understood as a more
complex imperfection of the crystal structure than any of the point defects [28].

As a reference equation for describing vibrations of an isolated atom, a conservative
second-order equation is used

mii +asinu = 0.

In [27], the equation of motion of the j-th atom in the lattice,
mil; +asinuj = Bluj 1 —2uj+ujq], j=1,...,N, (A9)

was proposed in order to describe dislocations in a solid. Here, m,« and 8 are positive
coefficients, whereas u; = u;(t, x;) is the deviation of the j-th atom from the equilibrium
position.The function u ]-(t, x]-) satisfies the periodic boundary conditions x4 = 11,1y =
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un. The values of x; are the angular coordinates of the corresponding point on some circle.
It is assumed that the number of atoms, N, is sufficiently large, i.e., N > 1. Therefore,

27T
= — 1. Al
€ N < (A10)

Passing to a continuous mass distribution, from (A9), after obvious renormalisations
and replacement of sin u by a more general function f(u), we obtain the equation

i+ f(u) =d(u(t,x+e) —2u+u(t,x —e)), (A11)

whered > 0,
u(t,x+2m) = u(t,x), (A12)

and for f(u) we have
f(u)=au+bu’+¢(y) and ¢(y) =o(y*) as y— 0.

It is natural to consider Equation (A11) with a more general coupling

o%u T
() =d / (Ee(s,€) — 2Fy(s,€) + F_c(s,€))u(t, x + s)ds. (A13)

In [29], one can find interesting results for the case when the coefficient « in (A9) is
sufficiently small. We also refer to the papers [25,30], in which the Fermi-Pasta—Ulam
problem similar to Equation (A9) was considered.

We now consider the problem, under condition (A10), of the behaviour of all solu-
tions to the boundary value problem (A12) and (A13) with initial conditions from some
sufficiently small (and e-independent) neighbourhood of the zero equilibrium state. The be-
haviour of solutions of the linearised boundary value problem

%u

g Tan= d / (Fe(s,€) — 2Fy(s,€) + F—e(s,€))u(t, x +s)ds, (A14)

—00

for a 27 periodic in x function u(t, x) plays an important role. Its characteristic equation
has the form .
A? +a = —4dsin® 5 z=¢k k=0+142,.... (A15)

In what follows, we assume that
a=1+ ezal.

All roots in (A15) are purely imaginary, so (A14) has a critical case of infinite dimension.
We use the same technique as in Section 3 and Appendix A.1. Repeating the corresponding
constructions for (A12) and (A13), we obtain the final quasi-normal forms for finding
the asymptotics of solutions. The only difference between these forms—boundary value
problems—and (24)—(26) and (A2)-(A4) is that instead of cubic non-linearity

1 1
~5EUER + 2, (= Gn(nP -+ 24
with a real coefficient, the same non-linearity appears with a purely imaginary coefficient

3

sy Ve e + 2, (—;@ibﬂ(ﬂlzﬂlé‘lz)),
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and —ia1¢/(2(6)) appears instead of —a1& /2. In this case, it is possible to completely split
the corresponding boundary value problems from two coupled equations with respect to ¢
and # into two independent equations. In order to so, we make the Lyapunov substitutions

e =G ew (a2 [l sy Pis),
0

(T, x,y) = n1(7,x,y) exp (27_(;)1117— 2’??;) / ]0(|§(s,x,y)2)ds>.

0

Note that these formulas imply that

&i(r, ) = Exyexp (5oh = oo [ Rln(s s s ),

0
. b. T
n(e) = 1 sy exp (st + g [ ol x P ).
0

Thus, the boundary value problems for determining the amplitudes for rapidly oscil-
lating modes for irregular solutions constitute a system of two independent equations of
the Schrodinger type.

Appendix A.3. Applications to the Problem of Vibrations of Pedestrian Bridges
Appendix A.3.1. Formulation of the Problem

In [31], in connection with the study of the stability of pedestrian suspension bridges,
a model was proposed that takes into account the influence of pedestrians on structural

vibrations ) ) )
il +A(L‘tj +uj —s)uj +wuj = —j,

;N (A16)
j+2hy+ O =~ } i,
i=1

where j =1,..., N. Here, the value u j determines the deviation of the “pedestrian” from
the bridge and y specifies the deviation of the bridge. All parameters of this “walker-bridge”
model are positive. They are described in [31,32]. A number of interesting results on the
dynamic properties of this type of model based on studies of synchronisation phenomena
are given in [33-38]. The known results for this problem refer only to systems with a small
number of elements. In this paper, quasi-normal forms are obtained for the most interesting
cases with a large number of elements (pedestrians).

In this paper, we present several analytical results on the collective behaviour of a
chain of coupled oscillators (A16).

The values of u;(t) can be associated with the values of functions of two variables
u(t,x;). Here, x; € [0,1] are points uniformly distributed on some circle with angular
coordinate x; = 27tN ~1j. With this definition of xj, periodic boundary conditions with
respect to the variable x arise in a natural way. Note that one could also consider points x;
uniformly distributed on the segment [0, 1]. Then, it is more natural to use Neumann-type
boundary conditions. Since this case of a segment does not differ significantly from the case
of a circle, we restrict ourselves to considering the case of periodic boundary conditions.

There are two main assumptions that open the way to the application of analytical
methods. First, we assume that the number of oscillators (pedestrians) is large enough,
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i.e, N > 1. This gives grounds to move from a discrete system with respect to u(t, x;), y(t)
to a continuous spatially distributed boundary value problem for u(t,x), y(t)

at2 ot ot dr?’

(A17)
Py o o Fult,s)
2 Oy =—
ae Tt / TR
u(t,x+1) = u(t,x). (A18)
The second limitation is that the e parameter is small enough:
0<ex (A19)

Note that, under this condition, the van der Pol equation
i+ Al +u? —eli+w?u=0
has a stable cycle uq(t, &) = e'/2pg cos(wt(1+ O(e))) + O(e3/2) with period 27t (w + O(e)) 7},
where pg = (3w? +1)71/2.
Under condition (A19), consider the behaviour of all solutions to the boundary value
problem (A17) and (A18) with initial conditions from some sufficiently small e-independent

neighbourhood of the zero equilibrium state.
We introduce some notation. Let

1
M(o(x)) = / o(x)dx.
0

In (A17) and (A18), set
u(t,x) =ug(t) +uy(t,x), M(u;)=0.
As a result, we arrive at the system
9%u ou Ju dug 2 d%y
o2 +AM(( (at>)at> Aegr Tt =T gn

Py | dy o dug
2h=L + Oy = —r——
ar + dt + T

0211 2 ou ou 2, ou\ "\ du ouq 2
S|+ () >at—M<( “(5))5)] A+ ot =0 am

Taking into account boundary condition (A18), we have

(A20)

ur(h,x+1) = uqg(t, x). (A22)

When studying the local dynamics of solutions, an important role is played by the
behaviour of solutions of linearised systems for ¢ = 0 that are linear in 1o, #; and y:

d?ug 5 d’y

PR Tk (A23)
2 2

Y L op Wy — L0
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%u
?21 + wzul =0. (A24)

Let us consider two cases separately, when the parameter r is small and when it is not.

Appendix A.3.2. First Case

Let the parameter r be small, i.e., for some fixed value r; we have
r = erq. (A25)

The boundary value problem (A22)—(A24) implements the critical case of an infinite
set of pairs of purely imaginary roots £iw. They correspond to periodic solutions

ug(t, x) = exp(iwt + 2mikx), yx(t,x) =0 (k=0,£1,+£2,...). (A26)

We use the technique for constructing quasi-normal forms developed in [20,38]. We
seek the asymptotes of the solutions to the boundary value problem (A20)—-(A22) based on
solution (A26). To do this, we use the formal asymptotic representation

u(t,x) =¢e/? (cj(r,x) exp(iwt) + &(T, x) exp(—iwt)) +%us(t, T, %) + ..., (A27)

y(t) = 2yt 1) +....

where T = ¢t is a slow temporal variable, the dependence on x is 1-periodic, ¢ (1,x) are
unknown amplitudes and functions u3 and y3 are 27t/ w periodic in t.

We substitute (A27) into (A20) and (A21) and equate the coefficients of the same
powers of e. For ¢!/2, we obtain an identity, and by collecting the coefficients of £3/2, we
arrive at a system of equations for u3, y3. The condition for the solvability of this system in
the indicated class of functions is the following equation

1

2

£ _ %Ag + 'y/g('r,s)ds + bl (A28)
0

together with the boundary conditions
S(t,x+1) =¢(T,x). (A29)

For the coefficients 7y and b, we have
2 2 2 ; - 1 2
v =rw [2(0 —w+ 21wh)] , b= —EA(?)w +1).

The following theorem plays a central role; it states that the boundary value prob-
lem (A28) and (A29) is a quasi-normal form.

Theorem A3. Let the condition (A25) be satisfied and the boundary value problem (A28) and (A29)
have a bounded solution (T, x) as T — oo, x € [0,1]. Then, the 27t periodic in x functions

u(t,x,e) = /2 (@(T,x) exp(iwt) + &(T,x) exp(—iwt))—i—

+&3/24 (1 — w?) (@3(T,x) exp(3iwt) — &(t, x) exp(—3iwt)>, (A30)

y(t,x,e) = s3/zrw2M( [Q? — w? + 2ihw] “E(r, x) expliwt)+

L 4 (A31)
+[0? — w? = 2ihw] " E(T,x) exp(—zwt))
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satisfy the original system (A17) up to o(3/?).

Consider the question of constructing exact solutions to the boundary value prob-
lem (A28) and (A29). Set ¥ = (71 +i72)A/2, by = 3w? +1 (by > 0).
Under the condition A/2 + 7 > 0, we have infinitely many periodic solutions

1\ V2 1 _ .
So(T,x) = ((1 +71)by 1) exp (1725)&1), Ge(T,x) = b, V2 exp (i27tkx),

(k==1,£2,...).
It is more interesting to construct solutions that are periodic in T and piecewise constant
in the spatial variable. For example, we fix an arbitrary (finite) number of intervals from the

1/2

segment [0, 1] with a total length of 1/2 and set (7, x) = ((1 + 'yl)bal) exp (i’)/z/\T/Z) ,
1/2

whereas for other x values from [0,1], we set &(T,x) = — ((1 + ’h)bal) exp (i’)/z)\T/Z).

One can construct families of 47t(Ay,)!-periodic in T and 1-periodic piecewise-
continuous in x solutions §(7, x, &, k1, kp) = p(x, &, k1, k) exp(i2AT/2), where

(a+m51)"”

((1 +71)b61)1/2

exp (ime‘lklx), x € (0,a), k; ==£1,£2,...,
P(x/ x, kl/kZ) -
exp <i27r(—¢x)’1k2x), x € (a1),kp==21,4%2,....

More interesting are the cycles consisting of two steps with different amplitudes in
the interval [0,1]. To construct them, we fix arbitrarily the parameters « € (0,1) and
P12 € [0,27'[]. Let

Eol, ) = plx) explion),  p(x) = { P10 X E el

Substitute this expression into (A28). Then, we obtain a system of four algebraic
equations in five real variables p1, p2,J,« and ¢ = ¢, — ¢1 € [0,271]

() =(0n)

where
g_( 7 —(1—a)(y1cos @ —72sing)
—ay1 sin ¢ + ayp cos ¢ (1—a)y2 !
bop; = (14 a71)p1 + (1 — &) (771 cos ¢ — 72 sin @) p2, (A33)
bopg = (14 (1 —a)y1)p2 + a(y1 cos @ + vz sin @)p1. (A34)

The condition for the eigenvalues J; and é_ and the corresponding eigenvectors
in (A32) to be real is
4a(1—a)sin® 9 < 3(17 +73) " (A35)
Then,
1 1/2
br = 5mE |73 —4a(1—a)sin? - (7] +73)

and

,02i = cipf, where ¢+ = (6+ —ayy)[(1 — a)(y2cos ¢ + 71 sin (p)}_l. (A36)



Mathematics 2023, 11, 2047 31 of 34

Given (A35) and (A36), the expressions (A33) and (A34) take the form

bo(py)? = Ry, where Rf" = 1+ a1 + (1 — a)c+ (71 cos @ — 125in ), (A37)

bo(py)? = Ry, where Ry = [(14 (1 —a)y1)cs +a(yicos @+ 7asing)]ci’.  (A38)

We fix the parameter ¢ € [0,27] arbitrarily. Denote by ®.(¢) the set of all values
a € [0,1] for which Equation (A35) holds and R]i > 0 (j = 1,2). Equating the right parts
in (A37) and (A38), we arrive at
Rf =Ry
1 27

which we consider as an equation with respect to a+ = a4 (¢). In the case when the root
a+ (@) of this equation exists and belongs to the set @ (¢), we determine all elements of the
stepwise periodic solution p(x) exp(idT) of the boundary value problem (A28) and (A29).

Numerical experiments allowed to establish that, for certain values of the coefficients
in (A28), there are one-parametric families of such stepwise periodic solutions.

Appendix A.3.3. Second Case

Here, we consider the situation when the parameter  # 0 and is somehow fixed. We
assume that all roots of the characteristic equation

(A2 4+ w?) (A2 + 211 4+ O?) —rA* =0

for the linear system (A23) have negative real parts. Then, the boundary value prob-
lem (A24), (A22) has infinitely many periodic solutions (A26), where the index k takes the
values £1,£2,.... Due to the fact that k # 0 in (A27), there is an additional condition

M(&(t,x)) =0.

Substituting (A27) into (A17) and (A18) and collecting the coefficients of the same
powers of ¢, we obtain a system of equations with respect to 271/ w-periodic in ¢ functions
u3 and y3. From the solvability condition for this system, we arrive at the equation

d
22> = Ag — A(143w?) (8¢ — M(8IE) (A39)
with conditions
ft,x+1)=¢&(t,x), M(&(t,x)) =0. (A40)

Theorem A4. Let the condition v # 0 be satisfied and the boundary value problem (A39) and (A40)
have a bounded solution &(7,x) as T — oo, x € [0,1]. Then, the 27t periodic in x functions (A30)
and y(t, x,e) = 0 satisfy the original system (A17) up to o(e3/2).

Thus, the resulting boundary value problem is a quasi-normal form in the situation
under consideration.

For example, functions (1 + 3w2)’1/ 2 exp(i2mtkx), k = £1,£2,.. ., are periodic solu-
tions to (A39) and (A40).

The equilibrium states for (A39) and (A40) are the family of step functions

o= { -0 +30272) ", xc o) (Ad1)
(1+3w?)7 12, x e (a,1],

depending on the parameter « € (0, 1).
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Remark A3. The stepwise solutions constructed above allow an asymptotic study of their stability.
We do not dwell here on this. We only note that some results on the stability of solutions of the
form (A41) are given in [38].

Remark A4. In a more general case, when in the original system (A17) the left side of the first equa-
tion contains, for example, the term yu?, we arrive at a quasi-normal form that differs from (A39)
only in the presence of one more purely imaginary term, 3iAy¢|&|?. This leads to the fact that,
instead of a family of equilibrium states in (A39) and (A40), continuum families of solutions periodic
in T appear with different periods.

Remark A5. When considering the construction of three, four, etc., stepwise solutions with different
amplitudes on the segment [0, 1], multiparametric families of such solutions arise.

An important conclusion is that the dynamic properties of the boundary value prob-
lems (A28) and (A29), (A39) and (A40) are quite rich.
We note that similarly we consider the quasi-linear case when the first equation

in (A17) is replaced by
0%u 5 ou d?y
 te ““f(”'at) T
In this case, the quasi-normal form analogous to (A28) has the form

29w = g(E) ~ M(3(2)),

27/ w
$(6) = 5= | F(explin) + Eexp(—iw), iwt explico) - (an2)
0

- iw{fexp(—iwt)) exp(—iwt)dt

and for u(t,7,x), y(t,7), we have the asymptotic representations

u(t,t,x) = &(t, x) exp(iwt) + &(t, x) exp(—iwt) + euy (t, 7, x) + ...,
y(t, ) =eyr1(t,7) +....
It is possible to choose the function f in such a way, for example, in the form of a
polynomial in u and du /9t of degree 5, such that the oscillations have cluster character; the

boundary value problem (A42), (A40) had stepwise solutions such that different “steps”
oscillated with different periods in t.
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