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Abstract: The well-known Van der Pol equation with delayed feedback is considered. It is assumed
that the delay factor is large enough. In the study of the dynamics, the critical cases in the problem of
the stability of the zero equilibrium state are identified. It is shown that they have infinite dimension.
For such critical cases, special local analysis methods have been developed. The main result is the
construction of nonlinear evolutionary boundary value problems, which play the role of normal
forms. Such boundary value problems can be equations of the Ginzburg-Landau type, as well as
equations with delay and special nonlinearity. The nonlocal dynamics of the constructed equations
determines the local behavior of the solutions to the original equation. It is shown that similar
normalized boundary value problems also arise for the Van der Pol equation with a large coefficient
of the delay equation. The important problem of a small perturbation containing a large delay is
considered separately. In addition, the Van der Pol equation, in which the cubic nonlinearity contains
a large delay, is considered. One of the general conclusions is that the dynamics of the Van der Pol
equation in the presence of a large delay is complex and diverse. It fundamentally differs from the
dynamics of the classical Van der Pol equation.

Keywords: delay; bifurcations; stability; normal forms; singular perturbations; dynamics
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1. Introduction

The Van der Pol equation
i 4 a4+ u + 1 = 0 (1)

is the basic model for many applied problems (see, for example, [1-8]). Under the condition
a > 0, all solutions (1) tend to the zero equilibrium state as t — oo, whereas for a < 0, there
exists a stable cycle. Currently, a lot of research is devoted to problems that use Equation (1)
with delayed feedback [9-16]
i+ ati + u 4 iu? = qu(t—T), T >0. (2)

Numerical methods are mainly used to study the behavior of solutions to an equation
of the form (2).

In this paper, it is assumed that the parameter T is sufficiently large:

> 1

This condition opens up the possibility of applying asymptotic methods to the analysis
of solutions to Equation (2).
In (2), it is convenient to change t — Tt. As a result, we obtain a singularly per-
turbed equation
e2ii + eatt + u + euu® = yu(t — 1), 3)
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in which
e=T 1«1 (4)

Note that the degenerate equation for ¢ = 0 is not informative: if |y| < 1, its solutions
tend to zero as t — oo, whereas if |y| > 1 the solutions are unbounded as t — oo.

Here, we will study the local dynamics of Equation (3) under the condition (4), i.e., the
behavior as t — oo of all solutions with sufficiently small initial conditions in the norm
C[O,l] x R2.

The location of the roots of the characteristic equation

A2 fead +1 = yexp(—A) )
plays an important role for the equation linearized at zero (3)
e2ii +ean +u = yu(t —1). (6)

In the case when all roots (5) have negative real parts and are separated from the
imaginary axis at ¢ — 0, all solutions (3) from a sufficiently small (and independent of )
neighborhood of the zero equilibrium tend to zero as t — co. If (5) has a root with a positive
real part separated from the imaginary axis at ¢ — 0, then there cannot be stable solutions
in a small neighborhood of the zero solution (5), and hence the problem of dynamics (3) is
nonlocal. A necessary condition for locality is

a> 0.

Below, Equation (3) is studied in the critical case when Equation (5) does not have
roots with positive real parts separated from the imaginary axis at ¢ — 0, but there are
roots with their real parts tending to zero as ¢ — 0.

The roots of Equation (5) are studied in Section 2. It is shown that the critical cases
have infinite dimension, that is, infinitely many roots of (5) tend to the imaginary axis at
€ — 0. In this situation, in the nonlinear analysis of Equation (3), it is neither possible to
use the known results on the existence of local invariant integral manifolds [17,18], nor the
normal form methods. Therefore, in [19,20], special asymptotic methods for the nonlinear
analysis of equations with large delay were developed. These methods allowed in critical
cases to construct nonlinear boundary value problems of the Ginzburg-Landau type, which
do not contain small parameters, and the nonlocal dynamics of these boundary value
problems determines the local behavior of the solutions to the original equation for small e.
It is possible to obtain asymptotic formulas relating the solutions of the original equation
and the constructed boundary value problems. This work is based on the results in [19-22].
Note that systematic presentations of studies for the Van der Pol equation with delayed
feedback are considered for the first time. All the main results are new. The solutions of
the equation with a large delay were also studied analytically and numerically in [23-25].
A number of interesting results in problems of laser physics with a large delay are given
in [26].

Section 3 is devoted to the nonlinear analysis of Equation (3) in critical cases. There
are two fundamentally different cases. In the first, we will deal with solutions that slowly
oscillate in time, whereas in the second, we study rapidly oscillating solutions. The main
result in both cases is the construction of nonlinear boundary value problems which play
the role of normal forms. They are called quasi-normal forms.

In Sections 4 and 5, the construction of a normal form for 2 = 0is considered separately.
The corresponding results differ significantly from the case when a > 0. In Section 4,
the solutions are studied in the neighborhood of the equilibrium state, whereas, in Section 5,
in the neighborhood of the cycle. The results of Section 6 are closely related to the results of
the previous sections. Specifically, the dynamics of the Van der Pol equation with a large
delay control coefficient,
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i+ a4 u+uu? = yfau(t—T) + Bu(t—T)], +>1,

is studied.
Section 7 is concerned with the construction of a quasi-normal form for the Van der
Pol equation with a delay in the nonlinearity

i+ a4 u+u(t — T)u?(t —T) = 0.

The following sections share the same structure which we describe here. First, the pa-
rameters of the problem are identified for which the critical case is observed in the problem
of the stability of the zero equilibrium state. Then, a linearized boundary value problem is
considered, and its characteristic equation is given. After that, we study the asymptotic
behavior of all those roots of the characteristic equation whose real part tends to zero
as the small parameter ¢ tends to zero. There are infinitely many such roots. Based on
them, a set of special solutions is constructed for the linearized problem. Such solutions
can be written in a form that allows them to be used to analyze solutions (with unknown
amplitudes) of the original nonlinear boundary value problem. It is possible to determine
an explicit form for the leading approximation (with respect to the parameter ¢) of the
corresponding solution. Let us conditionally denote it here by eU;. Then, we seek solutions
of the nonlinear boundary value problem in the form

u(t,x,e) =elly + Uz + ...

Note that, here, the absence of coefficients quadratic in € is due to the fact that there is
no quadratic nonlinearity in the original equation. Regarding Uj3, it is known in advance
that it is periodic in several of its arguments. Substituting the above expression for u(t, x, €),
to determine Uz, we arrive at a special linear inhomogeneous boundary value problem.
The solvability condition for this boundary value problem in the specified class of functions
allows us to write an equation for the unknown amplitudes in U;. Obtaining such equations
is the ultimate goal. Such equations are called quasinormal forms. This term arose because,
in contrast to normal forms for the finite-dimensional critical case, there is no theorem
stating that the normalized equation completely describes the local behavior of solutions.
The nonlocal dynamics of these equations, which are also called quasinormal forms, makes
it possible to describe the local behavior of solutions to the original boundary value problem.
Note that the fulfillment of the conditions for the solvability of the equations for Us allows
us to define this function explicitly. Below, we will use the U3 function, but sometimes we
will be omitting its formula.

2. Asymptotics of the Roots of the Characteristic Equation

First, we find those values of the parameter y for which the critical case occurs in (5).
Assume that A = iw (w > 0) is a purely imaginary root of (5). Then, from (5), we
arrive at the equation

plw) = yexp (—iwe 1),

where p(w) = 1 — w? + iaw. From here, we obtain
[p(@)] = |7
By po we denote the smallest value of function |p(w)|:
po = min [p(w)],

and by wy the value w for which |p(wp)| = po. The definition of p(w) and py immediately
implies the following statement.
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Lemma 1. The following holds:

0/ ifaz > 2’

¢ (1—’2) , ifa? <2,

The smallest value |y| = 7y for which Equation (5) has a purely imaginary root is determined
by
ifa® > 2,

Yo = |p(wo)| = 4—?)72, ifa? <2

T

Note that vy = 0 for a = 0.

Let us formulate the main statements about the asymptotic behavior in critical cases
of those roots of (5) whose real parts tend to zero as ¢ — 0. We omit simple justifications.

Lemma 2. Let
7] < 70

Then, for all sufficiently small ¢, all roots (5) have negative real parts separated from zero as
e— 0.

Lemma 3. Let
7] > 70

Then, for all sufficiently small e, Equation (5) has a root with a positive real part separated
from zero as e — 0.

In order to justify Lemma 2, it suffices to note that for v = 0, and hence for all
0 < || < 70 the real parts of all (5) roots are negative. Same for Lemma 3.

In this paper, we study critical cases when it is assumed that for arbitrary fixed 71,
the parameter 7y either satisfies the equality

v =70+ €1, )

or
v =—v—&Mn. (8)

In these cases, there is no root of the characteristic equation with a positive real part
separated from zero, but there are roots whose real parts tend to zero at ¢ — 0.

Consider the asymptotic behavior of all the roots of Equation (5) whose real parts tend
to zero as ¢ — 0. The corresponding asymptotic expansions are fundamentally different for
the cases when a3 > 2 and when a3 < 2. The justification of the corresponding expansions
is based on the standard perturbation theory.

Lemma 4. Let
% > 2. 9)

Then, o = 1, and for those roots Ay (€), k = 0, £1,+2,. .., of Equation (5) whose real parts
tend to to zero as € — 0, the following asymptotic equalities hold:

1. For
y=1+¢m (10)
we have
Ae(e) = 2mik + eAgg + A + O(€%), k=0,41,%2,...,
where

Aa = —2mika, A = —27m°k?*(a® — 2) + 2mtika® + 1.
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2. For
7=-1-¢n (11)
we have
Me(e) = im(2k +1) + edgg + A + O(€3), k=0,%+1,%2,...,
where
1 )
Mr=—-1(2k+1)a, Mo = —§n2(2k +1)%(a® = 2) +im(2k + 1)a* 4 7.
Next, consider the case when
0<a®<2 (12)

Let us introduce some notation. Let 0 = 6(e) € [0,1) be the value that completes the
expression wpe ™! to an integer. Set
Ry = (ia — 2wp) 7y ' exp(—iQ),

1 _ . . _ )
Ry = ER% +99 exp(—iQ), Rz = (a —2iwo)Ryyy " exp(—iQy).

Lemma 5. Let (12) hold. Then, for those roots Ak (e), k = 0, £1,£2,..., of (5) whose real parts
tend to zero as € — 0, the following asymptotic equalities hold:

Me(e) = i(woe ™t 4 0) +i(Q + 27k) + A + 2 + O(€2),
where

)\kl = R1(9 - QO + 27'[k),
Mo = Ry (0 — Qg + 27tk)% 4 R3(0 — Qg + 271k) + 71 exp(—i€Y),

and, moreover,
RR1 =0, RR, <O0. (13)

3. Nonlinear Analysis

We study cases (9) and (12) separately. Note that the corresponding results for them
are essentially different.

3.1. Slowly Oscillating Solutions

Here, we assume that (9) is satisfied, i.e., a% > 2 and g = 1. First, let us formulate the
final result. To do this, we introduce the equation

ag
ot oz X

= _22=
with two types of boundary conditions: (1) the periodicity condition

&, x+1) =¢(t,x). (15)
and the (2) the antiperiodicity condition

é(t,x+1) = —&(t,x). (16)
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Theorem 1. Let conditions (9) and (10) ((9) and (1 1)) hold, and let function (T, x) be a bounded
solution for T — oo, x € [0, 1] of the boundary value problem (14) and (15), for v = 1, and (14)
and (16), for v = —1. Then, function

u(t,x,e) = e'/2&(1,x) for t = %, x = (1 — ea)t (17)
satisfies Equation (3) up to 0(e>/?).

Justification. We notice that the roots Ay (¢) discussed in Lemma 4 correspond to the
solutions v (¢, €) of the linear Equation (6) and vi(t,¢) = exp(Ak(¢)t), which means that
the solutions (6) are

olte) = _i Zeexp(A(e)t),

where ¢y are arbitrary complex constants. For the cases (7) and (8), this expression can be
represented, respectively, as

v(t,e) = i ¢k (T) exp(2mikx)

k=—c0

and

v(te) = i Cr(T) exp(mi(2k +1)x),

k=—o00

where T = €%, x = (1 — ea)t, and the Fourier coefficients of &(, x) are defined by & (1) =

Zkexp (A2 +0(e)) 7).
We seek solutions u(t, x,¢) of the nonlinear Equation (3), namely ‘close to critical’
solutions v(t, €) of the linear Equation (6), in the form

u(t,x,e) = sl/zé(f,x) + 53/2u3(r,x) + 55/2u5(r,x) + O(s3), (18)

where (7, x) is an unknown real function for which:
1. In the case (7), the periodicity condition in x

&, x+1) =¢(t,x).

2. In the case (8), the periodicity condition in x

(t,x+1) = —¢&(1,x).

We substitute the formal series (18) into Equation (3) and equate the coefficients of the
various powers of e.

Note that the expression (7, x) when t is replaced by t — 1 in (18) corresponds, up to
O(€?), to the following:

9&(T, x) of(t,x) 1, 50?xi(T,x)
2 2.2
CTor THT Tt T e

E(t—e,x—1+ea) =¢&(T,x) -

for y =1, and

o&(T, x) of(t,x) 1, ,0%¢(T,x)
o2 12 207°6(T,X)
€ 9T +éea ox + 28 a Fy%)

Fr—e,x—14¢ea) = —(C(T,x)

for v = —1.

In the cases, v = 1 and v = —1, the calculations are the same, so, here, we restrict
ourselves to the case vy = —1.

At the first and second steps, collecting the coefficients of £'/< and &>/~ respectively,
we obtain &(t,x) = —&(t,x+ 1), us(t,x) = —u(7, x — 1), which are true. Thus, (7, x) is

1/2 3/2
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not yet defined, and for u3 one can set uz = 0. Then, collecting the coefficients at /2

arrive at the expression

, we

_ 9 a? P 59 298
us (T, x) +us(t,x — 1) __$+(3_1)ﬁ_a 5—1—715—5 3

From the condition that the function u5(7, x) is antiperiodic in x, from this equality,
we immediately arrive at the equality (14) and we can set u5 = 0. The theorem is proven.

It follows from this theorem that, under the formulated conditions, the constructed
boundary value problems (14)-(16) play the role of normal forms for Equation (3).

Note that the solutions of the boundary value problems (14) and (15) for 7 < 0 tend to
zero as t — oo; for 1 = 0, all solutions tend to an equilibrium state; and for y; > 0, there are
solutions unbounded as ¢ — oo (for example, &y exp(iy1T), where {y is arbitrary). For the
boundary value problem (14) and (16), the situation is similar. For y; < (a?/2 —1)7?, all
solutions tend to zero as T — oo; for v = (a2 /2—1/ )7'(2, the zero solution is neutrally

stable; and for 1 > (a2 /2 — 1) 72, there are solutions unbounded as T — oo (for sufficiently

small initial conditions). Thus, we conclude that cases (7) and (9) are not interesting.

Remark 1. Consider an equation of the form (1), but with the nonlinearity u® (instead of 11u?).
Repeating all the previous constructions, we obtain as a quasi-normal form the boundary value
problem

98 (2 N L& ;

50— (3 V5e hetmee
with boundary condition (15) or (16). The properties of the solutions to this boundary value problem
for 1 > 0 are less trivial: in the case of (15), positive and negative homogeneous equilibrium states
are stable, and in the case of (16), as 7y increases, starting from the value (a2 /2—1) 712, a stable
2-periodic in x equilibrium state bifurcates from zero. In addition, in the analogue of (17), which
relates the solutions of the quasi-normal form and the original equation, the factor €'/ is replaced
by e.

3.2. Rapidly Oscillating Solutions

Let (12) hold, i.e., a> < 2. The roots Ai(g), k = 0,£1, £2,.. ., which were mentioned in
Lemma 5, correspond to the solution of the linear Equation (6), v, (t, &) = exp(Ax(e)t), and
hence the function -

o(t,e) = ) Crexp(Ar(e)t), (19)
k=—o0

where ¢ are arbitrary complex constants, also satisfies Equation (6). Taking into account
the asymptotic formulas for Ay (¢) presented in Lemma 5, the expression (19) can be written
as

v(t,e) = E(t,€)&(T, x).
Here, E(t,€) = exp [(i(woe ™' + 6 — Qo) +eR1 (0 — Q) )t],

é(t,x) = i & () exp(27tikx), T = €2t, x = (1 + ieRy)t,

k=—00

k(1) = Zrexp ((Ak2 + O(e)) 7). Recall that, according to (18), the value of iR; is real.
In the case under consideration, we seek solutions u(t, x, €) of the nonlinear Equation (3)
in the form of a formal series

u(t,x,e) = e'/? (&(t,x)E(t,e) + &(T,x)E(t,€)) + 83/2u3(t, xX)+..., (20)

where (7, x) is an unknown complex function to be determined, which is 1-periodic in the
space variable x:

fr,x+1)=¢(t,x), (21)
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and the dependence of 13 on ¢ is periodic.
Let us introduce the boundary value problem

X __p %

i N L @)

ox ox
where Ry = —i(2R2(60 — Qo) + R3), Rs = Rp(6 — Qo)z +R3(0 — Q) + 1 exp(—iQO) with
periodic conditions (21).

We introduce some notation. We denote by ¢, = €,,(6) a sequence ¢, — 0 such that
6(en) = 6p. We have the following.

Theorem 2. Let (7) and (12) hold. Let the boundary value problem (21) and (22) have a solution
¢(t) bounded at T — oo for an arbitrarily fixed value 6y € [0,27). Then, for the sequence
en = €n(60), the function

u(t, x,en) =e5/>[E(t,x)E(t,en) + &(T,x)E(t, e4)] +

-1
+£3/2 { —9wE + 1+ Biwy — exp(—3i00)} iwol3E3(t,€0)+
-1
+£3/2 { —9wE +1 — Biwy — exp(BiQO)] i(—wo)BE3(t,€n)

where T = €2t, x = (1 — e,a)t satisfies (3) up to o(e3/?).
Justification. Let us substitute (20) into (3) and equate the coefficients at the same
powers of e. We take into account that

1

E(t—1,¢) = E(t,e) - exp(—iQp) |1 — €iR1 (6 — Q) — EszR%((J —0p)2+0()

and, when ¢ is replaced by t — 1, function (7, x) becomes

. o .. od¢ 1 0°¢
I _ _ 206 96 1250076
flt—e,x—1—¢iRy) =¢(T,x) —¢ 5 ieRq 5 3t Ry 32

Then, collecting the coefficients at €3/2 we arrive at an equation for u3. We represent
this function as the sum of the first and third harmonic (with respect to the frequencies

iwpel):
us = uz1 (T, %)E(t,€) + 131 (T, X)E(t, €) + uzy (7, X) E> (1, €) + i1z (T, %) E* (1, ¢).

Equating in the resulting equation for u3 the coefficients at the first harmonic (i.e.,
at E(t,¢)) and separately at the third harmonic (i.e., at E3(t,¢)), we first arrive at (22) and
we can set 137 = 0. Then, we obtain

-1
usp = | — 9w(2) + 14 3iwy — exp(—3iQy) iwo .

Thus, the boundary value problem (22), (21) is a quasinormal form for the Equation (3)
in the considered critical case. Due to condition (13), this boundary value problem is
parabolic. The structure of its solutions can be complex. This boundary value problem
determines the principal terms of asymptotic approximations of solutions to the original
Equation (3). It follows that the local dynamics (3) can also be complex. We also note that
Equation (22) has a more complicated form than the classical Ginzburg-Landau equation.
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4. Van der Pol Equation with a Large Delay and a Small Coefficient of
Delayed Feedback
It was shown above that the critical case for Equation (3), for a = 0, is realized for
v = 0. Here, we assume that the coefficients a and -y are sufficiently small, i.e., for some a4
and y; we have
a=c¢ea, vy=¢y1 (0<e<k1). (23)

Let us first consider the Van der Pol equation with delayed feedback
ii 4 eayii + u + uu? = eyu(t —h), (24)

without assuming that the value of / is large.
For the equation linearized at zero, the characteristic quasi-polynomial has the form

A% 4 eaiA +1 = ey exp(—Ah).

In this section, we first study the solutions to (24) from a small neighborhood of the
zero equilibrium state for fixed values of /1, and then we consider the case when the delay
is asymptotically large.

This equation has two roots, A(e) and A(e), the real parts of which tend to zero as
e — 0, while all other roots have negative real parts separated from zero as ¢ — 0. Note that

AMe)=i+er+...,

where . )
)Ll = —Eul - %’Yl exp(—ih).

In the vicinity of the zero state of Equation (24), for sufficiently small ¢, there is a stable
two-dimensional local invariant integral manifold [17,18], on which Equation (24) can be
written up to order O(¢) in normal form, namely as a scalar complex first-order equation:

9 _
ot

1 1 i .
al — §§|§|2, T=¢t, a= 501~ 3m exp(—ih). (25)

Equations (24) and (25) are related via the relation
u=e/2[E(1) exp(it) + &(T) exp(—it)] + O(¥/?).

Equation (25) can be integrated explicitly, so it is easy to conclude about the existence
and stability of its cycle. According to (25), the same conclusion about the existence and
stability of the cycle is true for Equation (24).

Let us then consider the case when the delay in (24) is sufficiently large. Let

h=Te L. (26)
Then, infinitely many roots, Ax(¢), k = 0,41, £2,.. ., of the characteristic equation
A2 feaiA +1 = ey exp(Tie M)

tend to the imaginary axis as ¢ — 0, and there is no root with a positive real part separated
from zero as ¢ — 0. Thus, in the problem of stability of the zero solution of (24), the critical
case of infinite dimension is realized. For Ay (), we have the following asymptotic repre-
sentations:

Ap(e) =i4erg+ ...,

where Ay is the root of the quasipolynomial

1 i .
Al + 50 ="3mM exp(if — TiAk). (27)
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The quantity 6 = 6(e) € [0,277) appearing in (27) complements the value Te ! to an
integer multiple of 27t. Note that the quasipolynomial (27) has infinitely many roots.
We seek solutions to the nonlinear equation in the form of formal series:

u=e"2(&(t)exp(it) + &(t) exp(—it)) + e 2us(t, 1) + ..., (28)

where the dependence on the argument ¢ is 27t-periodic. We substitute (28) into (24).
After standard calculations, we arrive at an equation for u3. From the condition of its
solvability in the class of 27-periodic functions in ¢, we obtain an equation with a fixed
delay for determining the unknown complex amplitude ¢(7):

a1, i

% JmE— smexp(i6) - E(t—Th) — 52, 29)

Let us introduce some notation. We denote by ¢, = ¢, (6o) a sequence ¢; — 0 such
that 6(e,) = 6p. We now formulate the final result; its justification is obtained according to
the above standard scheme.

Theorem 3. Let (23) and (26) hold. Let Equation (29) have a solution &(T) bounded at T — oo for
an arbitrarily fixed value 0y € [0,271). Then, for the sequence €, = €,(6p), the function

u(t,en) = e/ > (&(t) exp(it) + &(t)exp(—it))
where T = et satisfies (24) up to O(e3/?).

It follows from this theorem that the distributed Equation (29) is a quasinormal form
in the case under consideration. For Equation (29), it is easy to investigate the existence
and stability of the simplest cycles of the form pexp(icT). We do not dwell on this in
more detail.

5. Investigation of the Solutions in the Neighborhood of a Cycle of the Van der Pol
Equation with a Small Perturbation with a Large Delay

Let us first consider the Van der Pol equation with a small perturbation and a fixed
delay h
i+ a4+ u+uu? =eyu(t—h), 0<e<l. (30)

Assume that for ¢ = 0, the Van der Pol equation
ii 4 a4+ u + 1 = 0 (31)

has an exponentially orbitally stable periodic solution u(t) of period L. Equation (31) can
be written as the system

. _ 251 . 2]
uw=F(u), u= ( I ), F(u) = ( 1 — atp — g2 ) (32)
The system
V=AMV, A() = 0 ! (33)
- ’ T\ —1-2uguy —1-u3

linearized on

has periodic solutions
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N wo(t) = (1)) ) #0
t

wa(t)

we denote a periodic solution of the system conjugate to (33). It is convenient to assume that

L
1
< Vole), Wot) >= 1 [ (Vole), Wo(e))dt = 1.
0
Equation (30) defines a “perturbed’ system with respect to (32)

it = F(u) + eyK(u(t — h)), where K(u) = ( ) ) (34)
It is known that, for small ¢, system (34) has an exponentially orbitally stable L-
periodic solution Vy(t,¢), and

V(t,e) = Vo(t) +eVi(t) +..., (35)
where T = T(t) is related to f via

d
d—le—i—sal—l—.... (36)
Substituting (35) and (36) into (34), and collecting the coefficients of the various powers
of ¢, one can determine the coefficients of the formal series (35) and (36). For example,
by collecting the coefficients of ¢, we obtain an equation for V4 (7), and from the condition
of its solvability in the class of L-periodic functions in T we arrive at

a =1 <up(t) wat) >.

In this section, we study the structure of solutions to system (34) in a neighborhood of
the cycle Vy(t) under the condition that the parameter ¢ is sufficiently small and the delay
h is sufficiently large:

h= T]S_l.

Let us consider formal series more general than (35) and (36), namely

V(te) = Vo(t) +eVi(T,8) + ..., (37)
dt
Ezl—i—u(s)—i—..., s = ¢et, (38)

where functions Vj(t,s) are L-periodic in 7, and u(s) is a scalar almost periodic function.
Substitute (37), (38) into (34). Collecting the coefficients at the first power of ¢, we arrive at

the system
. dv; _
9()Vo+ = = A(MVi + 11K (up(t(t — Tie™))). (39)
Let us introduce some notation. Let 6 = 6(¢e) € [0, L) denote the value that completes
the expression Tie~! to an integer multiple of L. Thus, for ¢ — 0, the value of 6 changes

infinitely many times from 0 to L. Then, consider the L-periodic function g(z) defined by

8(z) = =71 <wuo(t —z) wy(t) >.
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From (38), we obtain that

t

T(t) :t—t0+s/((p(£s)+...)ds,

to

and therefore,
S

T(t—Tie ) =1(t) — Tye ' — / (p(1)+...)dr.
s—'Tl
We return to system (39). The condition for the existence of a solution L-periodic in

T is that the terms of function Wy (#) which do not contain V; are orthogonal on average.
From here, we arrive at

0
¢(s) :g<0+ / ([)(S-I-T)d’f). (40)
-1

After the solution (40) is found, the algorithm for determining successively the ele-
ments of the series (37) and (38) can be continued indefinitely.

We examine the equilibrium state ¢(s) = ¢ of the Equation (40). In order to find them,
we obtain the equation

¢ =g(0+Tigp). (41)

The number of solutions to this equation depends on function g(z). Let (41) have
a solution ¢, for some 6 = 6, i.e., for 8 = 6p; Equation (40) has the equilibrium state
¢(s) = @o. We study the stability of this solution. To do this, consider the equation

linearized on ¢q
0

(s) = &' (60 + Trgo) / ¥(s + T)dr. 42)

We have the following.

Lemma 6. When
Tlg/(e() + T1q)0) <1,

all roots of the characteristic quasi-polynomial for the Equation (42) have negative real parts,
and when
T1g/(90 + Tigp) > 1

there is a positive root of this quasi-polynomial.
The following proposition reveals the main result.
Theorem 4. Let Equation (41) have an equilibrium ¢y, for some 6 = 6, and let

T1g' (6o + Trgo) # 1.

Then, there exists a sequence €, — 0, determined by the condition 6(e) = 6y, such that for
e = g, and for sufficiently large n, the function

V(t,e) = Vo(1) +eVi(t), where T = (14 eqpo + 0(e?))t (43)
satisfies (34) up to O(e?).

Remark 2. The results in [27] indicate that there is a stronger statement than Theorem 4 about the
existence, stability, and asymptotic behavior of a periodic solution (34) close to (43).
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Note that Equation (40) can have any number of equilibrium states, which means
that system (34) can have any number of stable periodic solutions. In addition, (34) is
characterized by an unbounded process of forward and backward bifurcations as ¢ — 0.
This is due to the fact that the number and stability of equilibrium states in (40) depend on
the quantity 6 = 6(e), which changes infinitely many times from 0 to L as ¢ —0.

6. Van der Pol Equations with a Large Delay Control Coefficient

The Van der Pol equation with delay control reads
i+ ai+u+ uu? =y ([u(t —T) — ] +afu(t — T) — u]). (44)

Here, the coefficients oy and « are positive. Equations of this form arise in many applied
problems (see, for example, [27-31]). The basic assumption that paves the way for the
application of asymptotic methods is that the parameter 7 is large enough:

¥>1 (e=9tx1).
After dividing by -y both sides of (44), we obtain
gii + eati + eu + enu® = u(t — T) — i+ a(u(t — T) —u). (45)
Note that the simpler equation
eii + eati + eu + enu® = a(u(t —T) —u),

in a region of the phase space C|_t X C[_1 bounded at ¢ — 0 cannot have stable
solutions to Equation (45) for sufficiently large <. This follows from the results of Section 3.
Equation (45) can be written equivalently as the system

=0v—au, (46)
eo=¢l(a—a)o— (1—aa+a®)u—(v—au)u’] +o(t—T) - 0. (47)

We employ the results obtained in [21] for solutions to
e0 = &B(T) v+ v(t — T) — v+ epo®, (48)

where the parameter ¢ takes one of the values 6 = 1 or § = 2, and B(7) is some bounded
smooth function dependent on ‘slow’ time as T — oc:

et atd =1,
T =
el/2t ats =2.
For each of the two values of ¢, the case of infinite dimension, which is critical in the
stability of the zero solution, is realized. Therefore, the structure of solutions is determined

by special quasi-normal forms. The quasi-normal form in the case § = 2 is a parabolic
boundary value problem for an unknown function ¢(7, x), where

=2, x=(1+0(e))t. (49)

The leading term of the asymptotic representation of the solution, v(t, €), to Equation (48)
is defined by
o(t€) = /28 (1, x) + O(e¥/?).

In the case when § = 1, the situation is much more complicated, and it is studied
in [21,32]. Here, the quasi-normal form is a family of parabolic-type boundary value
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problems for (7, x), depending on the continuum parameters z € (0,00) and 6 € [0,1).
Unlike (49), here, the spatial variable x and variable T are related to t via

T=¢t, x=(2¢24+040())t, (50)
whereas for the solutions to (48), v(t, ), we have the asymptotic relation
v(t,e) =&(t,x)+o(1). (51)

We return to system (46) and (47). Suppose that in (47) for some function ¢(7), we
have the asymptotic representation

u=g(t)+o0(1),

where T = ¢t. Then, this equation belongs to the class of Equations (48), where § = 1,
and hence the asymptotic behavior in the principal function u(t, ¢) is determined by an
expression of the form (51), and (7, x) changes slowly with respect to its first argument
(T = et) and oscillates rapidly with respect to its second argument (x = (ze~1/2 4+ +
0(1))t). With this in mind, consider Equation (46). The right side of it can be averaged [33]
over the rapidly oscillating variable x. Then, we arrive at

0= My(E(,%) —au,  My(p(x)) = 2

~

T
/lp(x)dx.
0

Since the expression M, (¢(7,x)) changes slowly with respect to the time variable, we
can use the well-known results (see, for example, [34]) on the applicability of the frozen
coefficients method. Hence, we obtain that

u(t,e) = a ' My (&(T,x)) + o(1). (52)
Using (50) and (52), and the asymptotic representation
v(te) = (T, x) +0(e),

for the definition of function (7, x) from (47), we obtain the boundary value problem

0 1298 ~198
po =(2T)" 'z Eye] —0,T £+(a—a)§— (53)
2

(1 - w(a - ) Ma () + a2 (& — Me(2)) (M (2)),
with periodic boundary conditions
E(t,x+T) = &1, x). (54)
We have the following.

Theorem 5. We arbitrarily fix z # 0 and 6, € [0,1), and let (T, x) be a bounded solution of the
boundary value problem (53) and (54), for T — oo, x € [0, T] . Then, for sufficiently small and ¢
such that 6(e) = 6, the vector function

( u(t,e) > _ ( “ﬂf{%(,iffé@f“)' )

fort=¢et, x= (272404 O(e))t, satisfies the system (46) and (47) up to o(1).

The theorem states that the boundary value problem (53) and (54) plays the role of
a normal form for the system of Equations (46) and (47). Note that, in the formulation of
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the theorem, the case z = 0 is excluded. This case is special. Solutions to the boundary
value problem (46), (47) are no longer rapidly oscillating, so the averaging principle cannot
be used. In this case, it is necessary to assume that the Van der Pol Equation (1) has a
T-periodic solution u(t)(# 0). In (44), we set u(t,e) = &(t,x) +0(1), where T = et, x = ¢.
Then, for ¢(7, x), we arrive at the boundary value problem

P Hd 2°¢ a¢
w2 S Tawr “Tor (55
&(t,x+T)=¢&(t,x). (56)

This boundary value problem also plays the role of a normal form for Equation (44)
for sufficiently small e. Its solutions determine the leading terms of the asymptotics of the
solutions to Equation (44). Note that u(x) is the equilibrium state of the boundary value
problem (55) and (56).

From the Theorem 5 we can conclude the following. For large values of the delay
control coefficients in (44), there is no stabilization to the homogeneous cycle of the Van der
Pol equation. The structures that arise in such systems are complex, but on the other hand,
they have a detailed analytical description.

7. Van der Pol Equation With Delayed Nonlinearity

We study the behavior of all solutions from a sufficiently small neighborhood of the
zero equilibrium state for the Van der Pol equation with delayed nonlinearity

i+ ai+u+i(t—T)u*(t—T) =0, (57)

which differs from (1) only by the presence of a delay in the nonlinearity. The critical case
in the zero stability problem is determined by the linear part, so we assume that for some
fixed value a4,

a=z¢ea,0<e1.

In the absence of delay, i.e., for T = 0, the local behavior of solutions of (57) is
determined primarily by the normal form

d
£ = —%511‘:_ %§|§|2/ T = ¢t (58)

Functions u(t,¢), for T = 0, and &(7) are related via
u(te) = e/2(&(t) exp(it) + &(t)exp(—it)) + O(¥/2).

The same formula relates the solutions to (57) for T # 0 and the solutions to (58),
and for the normal form, we obtain

X = JmE— b1l 9)

where T = ¢t, b(T) = exp(—iT). The stable non-zero periodic solution

1/2

¢o(t) = Goexp(ipt), where &y = (—ajcosT)"/%, o = %Cg sinT,

exists under the condition
a1 <0, cosT > 0.

Thus, the existence and stability of the corresponding cycle in (57)

up(t,€) = e/ (& exp(i(1 + goe)t) + Eoexp(—i(1 + oe)t)) + O(e3/?)
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can be controlled by choosing the appropriate parameter T.
The situation when the parameter T in (57) is sufficiently large, namely

T =Tye L.

for some T; > 0, is more interesting. In this case, instead of the ordinary differential
equation (59), as a normal form, we obtain an equation with delay

;Lf_ = S — 5 exp(ib(6)) - E(r — TIE(T ~ T, (60)
where 0(¢) = — (T1e )| mod 27-

We fix arbitrarily 8y € [0,27). Then, for ¢ = &, = e,(6)) = (Ti6p)(27tn)~?
(n = no,ng+1,...), we have exp (i(en)) = exp (ifg). By ¢; = ¢;(6y) we denote the
roots of the equation numbered in ascending order

tan (6 — ¢Ty) = 2¢a; "

and set 12
pj = (a1 +4¢97) "
Unlike (58), (60) has infinitely many different periodic solutions ¢;(7) = p;exp(ip;T).
This implies, in particular, that Equation (60), and hence Equation (57), is not dissipative.
The periodic solutions &;(7) allow us to determine the corresponding periodic solu-
tions for Equation (57) for ¢ = ¢,(6p)

it e) = e'/2(&(t) exp(it) + &i(T)exp(—it)) + O(e¥/?).

The stability of these solutions mainly depends on the location of the roots of the
characteristic quasi-polynomial of the equation linearized on u;(t, ¢)

A2 =24+ (1+u;) (1 —exp(—24)) = 0. (61)

For stability, it is necessary that all roots of (61) have negative real parts. It can be
shown that, for all sufficiently large numbers j, Equation (61) has a root with a positive
real part.

The given results indicate that the dynamics of solutions to Equation (57) for large
delays is much more complicated than in the case of the ordinary differential Equation (1).

8. Conclusions

The local structure of solutions to the Van der Pol equation with delayed feedback is
studied under the assumption that the delay parameter T is sufficiently large. All possible
critical cases in the problem of the stability of the zero equilibrium state are singled out. It
is shown that they all have an infinite dimension in the sense that infinitely many roots of
the characteristic equation of the linearized problem tend to the imaginary axis as the small
parameter ¢ = T~! (or e = 7! in Section 6). A technique was developed for constructing
analogs of normal forms, the so-called quasi-normal forms. Their nonlocal dynamics allows
us to describe the asymptotics of solutions to the original equation in the vicinity of the
equilibrium state.

Under the condition a?> > 2 and 7 = 1y, the solutions to (3) for small ¢ are mainly
formed on relatively small modes. They are described by quasi-normal forms, which are
the Ginzburg-Landau Equations (14), with real coefficients and boundary conditions, (15)
or (16). In the case a* < 2, the solutions are rapidly oscillating. The asymptotic behavior
of the amplitudes of these solutions is determined by the quasi-normal form, namely a
complex boundary value problem of the Ginzburg-Landau type (22) and (21). For the
important case, when in (3) 4,7 ~ ¢, the quasi-normal form is a first-order nonlinear
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complex equation with delay (29). For the case when a < 0, the behavior of solutions to
(3) in a neighborhood of a nonlocal cycle u(t) of the Equation (1) is studied. In order to
find other cycles in the neighborhood (), an equation with delay (40) is constructed.
The existence and stability of equilibrium states (40) is investigated. It is these equilibrium
states that correspond to cycles from the neighborhood ug(t).

The dynamics of the Van der Pol equation with a large delay control coefficient, which
is closely related to problems with a large delay, is studied. Here, quasi-normal forms
are constructed, namely complex equations of the Ginzburg-Landau-type (53) for rapidly
oscillating solutions of Equation (44), and the boundary value problem (55) and (56) for
slowly oscillating solutions.

In the problem of the dynamics of the Van der Pol equation with a large delay in cubic
nonlinearity (57), the role of the quasi-normal form is played by a complex equation with
delay also in cubic nonlinearity (60). An explicit form of an infinite set of quasi-normal
form cycles is given.

To conclude, we note that analytical statements about the behavior of solutions to
the original problem in cases close to critical are given. Moreover, asymptotic formulas
for solutions are presented, which is particularly important for applications. From these
formulas, it follows that the use of the degenerate Equation (3) for ¢ = 0 does not make
sense. Indeed, the local dynamics of the corresponding one-dimensional map u(t) +
f(u(t),0) = yu(t — 1) is well known, even for an arbitrary smooth function f(u, i) (see,
for example, [35]) and has nothing to do with the behavior of solutions of Equation (3)
described above for small €. In addition, note that the numerical study of (3) for small e
is difficult since it was shown that the solutions can be asymptotically rapidly oscillating
and their dynamics can be sensitive even to small changes in the problem parameters. We
formulate some of the most important conclusions that follow from the analysis of the
constructed quasi-normal forms:

1. In all the cases considered above, the local dynamics of the initial equations is de-
termined by the nonlocal dynamics of distributed quasi-normal forms of nonlinear
equations, either with partial derivatives or with delay. Thus, the considered prob-
lems are characterized by a complex structure of solutions. It is known that the
Ginzburg-Landau equations can have irregular dynamics. Therefore, the same con-
clusion is also true for the original equation.

2. Separately, we note the effect of multistability. For example, it is demonstrated
for Equation (44). The point is that these equations involve an arbitrary parameter
z € (—o0,00), and each dynamic mode of the corresponding equations for &(t, x)
for each fixed z corresponds to a solution of the original equation. Thus, pseudo-
continuum families of solutions to (44) may arise.

3. After the leading asymptotic approximations for the solutions (44) are found, it is
possible to obtain, using standard methods, asymptotic expansions that are more
accurate with respect to the small parameter . This way, it becomes possible to justify
the proximity of the constructed solutions to the exact solutions of the corresponding
equations and conclude about the inheritance of stability properties. Note that there
are significant technical difficulties here.

4. It should be noted that the dynamic properties of Equation (44) are highly “sensitive”
to changes in the small parameter ¢ = T~! or ¢ = ¢ ~!. This is due to the fact that
the construction involves the quantity 6, (¢), which varies infinitely often from 0 to 1
for e — 0. It remains to be noted that for various 6, the dynamic properties can also
be different [36]. Thus, at ¢ — co, an unlimited process of forward and backward
bifurcations occurs. Hence, it follows that the application of numerical methods in
the problems under consideration requires serious efforts.
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5. Note that solutions (3) with arbitrary initial conditions as t — oo tend to a “critical”
set of solutions, i.e., to solutions corresponding to the main function

ote)—e Y. Grexp(hele)) = E(r,x) (v = (1—ea)h).

k=—o0

Therefore, the choice of initial conditions is arbitrary. Of course, the process of
establishing solutions will be faster if the initial conditions at t € [0, 1] are taken as an
arbitrary function close to ¢(7, (1 — ea)t). The specificity of the Van der Pol equation
was practically not used. The same study could be applied to an arbitrary second-order
differential equation with sufficiently smooth nonlinearity. It is interesting to note that
quasi-normal forms very similar to those given above arise in the analysis of critical
cases for many classes of partial differential equations (see, for example, [17,18]) and
for evolution equations describing chains of coupled oscillators with a large number
of elements (see, for example, [8,31]). The dynamics of the Van der Pol equations,
in which the feedback delay is not large enough, does not have such effects. The critical
cases in them are finite dimensional, which means that they are described by much
simpler normal forms, finite-dimensional ordinary differential equations.
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