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Abstract

We present a technique to find periodic orbits for the Van der Pol sys-
tem with state-dependent delay. The approach presented involves comput-
ing fixed points of an appropriately defined Picard Operator and isolating
periodic orbits by employing a multiple-shooting method. These tools
are then rephrased in a computational context, utilizing the Lagrange-
Chebyshev interpolation operator and Newton-like methods to numeri-
cally compute periodic orbits of this system.
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1 Introduction

The principle objective that lies at the heart of dynamical systems theory,
whether it be studying a map, a flow, or a system of partial differential equa-
tions, is to understand precisely how a given system evolves over time. Perhaps
the simplest types of dynamical systems are the linear systems of ordinary dif-
ferential equations (ODEs), whose dynamics are completely characterized by
exponential functions. However, even a small perturbation of a linear system
of ODEs can give rise to complicated, chaotic dynamics. In a similar vain, the
dynamics of delay differential equations (DDEs) tend to be far more compli-
cated than their ODE counterparts. Due to their rich dynamics and potential
for novel applications, the dynamical study of DDEs has received significant
interest in recent decades [2, 8, 9, 10, 12, 14, 15, 17, 19, 20, 25, 26].

The underlying cause of a DDE’s complexity lies in the mechanism that
drives the system’s evolution. For an ODE, the system evolves infinitesimally
at time ¢ in response, either implicitly or explicitly, to the system’s current state
x(t), the time t itself, and certain immutable parameters. The evolution of a
system of DDEs, however, depends also on certain past states of the system. In
particular, given positive real numbers 7, ..., 7, for some n € N, the DDE will
respond to the past states z(t—71),...,2(t—7,) [7]. An immediate consequence
of this difference in ordinary and delay differential equations is the dimension
of their respective spaces of initial conditions. For an ODE system defined on
an open set U C R%, an initial condition is simply a vector in U, and thus the
space of initial conditions is finite-dimensional. However, for a DDE system
whose output is in R¢, an initial condition is a function (sometimes referred
to as the initial history or initial past function) defined on the interval (—7,0),
where 7 = max{7,...,7,}. The space of initial conditions for a DDE is thus a
function space, and necessarily infinite-dimensional.

In this work, we will not be studying delay differential equations as they
were presented above, but instead their state-dependent counterparts. In other
words, instead of the system responding to the fixed-delay state z(t — 7), it
will instead depend on the state-dependent delay state x (t — 7 + ex(t)), for |¢|
sufficiently small. Of particular interest will be the state-dependent delayed Van
der Pol equation

#—pu(l =22t —7(1 —ex(t))i + 2z =0, (1)

which can be equivalently characterized as

ro=y
{ gy o= wl—a?(t—7(1—ex(t)))y—x, (2)

where 1 and € are given parameters and 7 > 0 is the centralized (or unperturbed)
delay. The classic Van der Pol [28] equation,

i—p(l—2Hi+z=0, (3)

is often viewed as the precursor for the development of nonlinear oscillation
theory. Here, x(t) represents the amplitude of an oscillating current and p is the



damping parameter, controlling the effect of the nonlinear term. This equation
has been used as a model for certain electronic systems, the dust density in
dusty plasmas, as well as earthquake faults [1, 14, 27, 29], and thus has garnered
interest from researchers in electronics, engineering, physics, and mathematics.
The Van der Pol equation with delayed feedback has also been studied, as can
be seen in [3, 9]. In fact, according to [3], indicators of chaos within the delayed
Van der Pol equation have been observed for certain parameter choices. As will
be seen in Section 5.3, evidence of chaos is also observed in the state-dependent
delay Van der Pol equation for certain parameters. A thorough study of chaos
and bifurcations within this system is beyond the scope of this work, but would
make for an interesting future pursuit.

Due to their complexity, the methods used to study DDEs differ from those
used for ODEs. Even when the delay term is constant, one cannot directly use
the classical ODE methods to solve a DDE. For example, consider the equation

z(t) = Flz(t—71)], t>0, (@)
z(t) = zo(t), -7 <t <0,
where F' is an integrable function. One may notice that the solution to (4)
on the interval [0,7) depends entirely on the history function x(t), whereas
the solution on the interval [r,27) depends on the one found on [0,7). Thus,
if one wants to find a global solution to (4), then it must be done iteratively
on intervals of length 7. This is sometimes referred to as the method of steps
[21, 22, 29] and is often seen as the most basic approach to solving a DDE.
When the delay term is state-dependent, however, the situation becomes far
more nuanced. Consider now the equation

z(t)=Flz(t —7(1 —ex(t)))], t>0, (5)
x(t) = zo(t), t <0,

where F' is an integrable function. If one were to try using the method of steps
to calculate a solution of (5), then the step sizes need to be chosen more carefully
than when solving (4). In particular, one might like to find ¢ € R such that the
solution z(t) on the interval [0, ¢) only depends on the given history xo(t). If ¢
is chosen too large, however, then this will not be possible. On the other hand,
an arbitrarily small choice of ¢ would work in theory, but computing a long-
time solution z(¢) may then become infeasible. One possible remedy for this
interval-size dilemma, as explored in [4] in the case of the delayed Cubic Tkeda
equation, is to consider a Picard-like operator which first computes a solution
on a smaller interval, but then “retraces” its steps to find a solution on a larger
interval of interest.

This last method works particularly well when searching for periodic solu-
tions of (5) as it allows us to compute the solution on intervals whose sizes are
not too small, but evenly divide the period. This method differs from the sim-
ilar Picard-like method introduced in [22] in that, by integrating over a larger



time-interval, the computation of periodic orbits becomes more easily obtain-
able. In this paper, we further explore the computation of periodic orbits in
state-dependent DDEs, but in the case of the Van der Pol system outlined in
(2). As will be seen in the following sections, the methods used to solve (2)
differ from those used to solve (5), as the Van der Pol system depends both on
a delayed and undelayed state. It is important to disclose that, while we do
indeed compute and illustrate many periodic orbits for the system (2), the pro-
posed method cannot guarantee us to be able to calculate all periodic orbits for
given parameters pu, 7, and €. For results which prove the existence and persis-
tence of periodic orbits in a separate class of state-dependent delay differential
equations, see [13].

2 Preliminaries

When discussing delay differential equations, one must be careful with how to
properly define a solution. The most general setting to study Eq. (2) must take
into consideration the solution’s ‘history’ function as an initial condition. We
therefore consider the following equation:

T =y, y::u(l_1'2(1;_7—(1_61'(15)))):[/_1'7 t>0

z(t)=p(t) <0,

where ¢ is the (given) initial history function for  on the interval (—o0,0).
Also recall that, in this system, p is the damping parameter and ¢ is a small
parameter that perturbs the initial delay 7. By using a time rescaling of the
form t = 7u, and setting

Z(u) = z(tu), F(u)=y(ru) and @(u) = ¢(Tu),
our original system is equivalent to the following, more convenient system:

P=r1y, §=1p(1-3%*u-1+cei(u))y— 11, u>0

B(u) =@u)  uw<0,

where / denotes the derivative with respect to u. For convenience, however, we
would like to use the variable t instead of u, use “” instead of “/”, and remove
the hats and tildes in the above system. This gives rise to the more digestible
system below, to which we will be referring to throughout the rest of this article:

[k
/

i=7y, gy=tp(l-a?(t—-1+eat))y— Tz, t>0

(6)
x(t) = p(t) t < 0.

At times, we will sometimes adopt the following more compact but equivalent
notation for equation (6)

2 =H,,(t) = rF(z(t), z(t — 1 + ex(t))), t >0, (7)



where z(t) = <$<t)> and

F(z,u) = ( u(lﬂié)y*x >

and z(t) = p(t) for ¢ < 0. Now that the DDE has been properly defined, we
will now demonstrate how to estimate the solution of Eq. (6) given an initial
history function.

3 Step Maps

In what follows, we elect to use the following norm on R?:

H( " )H = max{fua, |uz}.

Let I C R be an interval and b > 0. We say that g € C}(I) where
g:IT=R, t—g(t),

if g is continuous and piecewise C! on I and |¢/(¢)| < b whenever ¢'(t) is well-
defined. (Note: when we say g is piecewise C! on I, we mean that g is differen-
tiable everywhere except for a finite number of points in the interior of T). Now,
let @« > 1,09 >0, and ¢ € Cio([—a,()}) In what follows, we will choose b > by
and M > 1 large enough such that

t
sup .90( ) <M/2 (8)
te[—a,0] ‘P(t)/T
and
T sup IF(z,u)]| + 1 <b. (9)
|z] <M, |u|<M

Let 8 > 0. We define
Se.s = {f = (f1, f2) € C,((0, 8)) x C; ([0, B]) -

£ <M, 0<t <8, f1(0) =(0), f2(0)=¢"(0)/7}.
The set S, g is equipped with the metric

ds(f,g) = |If —glls = jngc}g{ts[%%] |fi(t) —g; ()] }-
st

(The authors note here that S, g is not a vector space and thus the notation
IIf — gl||g will only be used for convenience and when it makes sense to do so.)



3.1 Picard Operators

The goal of this section is to estimate the solution of (6) on the interval [0, «].
We will shortly see that such a solution is the fixed point of a specific Picard
operator. To show that this operator admits a unique fixed point, we will show
that the same Picard Operator restricted on a sufficiently small interval is a
contraction. We then deduce that this operator admits a unique fixed point
when the set of functions are defined on [0, ¢].

Let 0 < 8 < and p € C}([—a,0]). We first define
Uop: 805 = Sep

z = (z,y) = VU, 5(2)

where

0 t
U, 5(z)(t) = ( (;fé)/)T ) +T/O F(z(s),Z(s — 1+ ex(s))ds (10)

where we define

Z(u) =

{SL‘(U), if >0,

o(u), if u<O0.

Equivalently, we can write ¥, 5(z)(t) = <‘Ifg’27/3(z)(t), \I/Syp’ﬁ(z)(t)) , where

@) = 0)+7 / y(s)ds

5(0 s
Y 4(2)(t) = £(0) + T/ (u [1 — (s —1+ ex(s))] y(s) — x(s)) ds.
; T 0
This construction naturally leads us to the following theorem.

Theorem 1 There exists 0 < By < a such that, for all 0 < < By, ¥y, 8 is a
contraction. More precisely, we have

a5 (Vs ¥,5(0)) < je)

The proof of Theorem 1 is rather technical and is given in the appendix, though
a more general proof of this theorem for state-dependent delay differential equa-
tions with Lipschitz delay term can be found in [36, 37].

Since our search is for periodic orbits of Eq. (6), it is reasonable to assume
that every component of the solution is bounded. More precisely, without lost of



generality we assume that the upper bound stated in (8) always remains valid,
i.e. for each solution z(t) = (z(t),y(t)), we have

(t)
Hm( #(t))7 >H§M/2, vt > 0. (11)
Under the above assumption, the former proposition admits the following
corollary.

Corollary 1 For all 1 < a < 2 and for all ¢ € C}([—,0]), the operator U,
admits a unique fized point, i.e. there exists z, € Sy, o such that

Vya(zp) = 2y,

and therefore z, is the unique solution of (6) on [0,a].

PrOOF OF COROLLARY 1: For clarity, we rename our initial history function
on [—a,0]:
wo(t) = (t), —a<t<D0.

Observe that since the first line of Eq. (6) writes & = 7y, we have that z(t)
is uniquely defined by z(¢), as second component can be deduced by writing
y(t) = &(t)/7. Thanks to Theorem 1, Eq. (6) admits a unique solution z,, (t) =
(o (1), Ypo (£)) on the interval [0, 5]. We then write

1) = Tpy(t+ B), if =B <0, oi(t) = polt+B), if t<—B.

We see that ¢; € Ci([—«,0]) and satisfies (11). We may then deduce the
solution of (6) on the interval [3,23] by considering the fixed point of ¥, g,
i.e., we write

Zp, = (xaplayapl) = \Iltplﬁ(xapuyapl)~
Again, we write

(pg(t):le(t+ﬂ), lf 75§t§07 @2(t):§01(t+5)7 lf tSB

Now, assume we have defined

Zgoovzsalv'-'aztpkfl and P15,$P2, -+ Pk

for some k > 2. Observe that all the ¢;’s belong to C}([—«,0]) and satisfy
(11). We may then deduce the solution of (6) on the interval [(kS, (k + 1)5] by
considering the fixed point of ¥, g, i.e., we write

Zop = (xtpkvytpk) = ‘llSok;/B(Zipk:)7
and the z-component of the solution of (6) on [0, (k + 1)5] writes

x(t) =ap;,_ (t— (G —1)B) =it —3p), if j-1)<t<jp, 1<j<k+1

Thus, Eq. (6) admits a unique solution z,, on [0, a].



3.2 Lagrange-Chebyshev interpolation

The main difficulty that one encounters when dealing with the above Picard
operator is that its range is of infinite dimension. Since we are interested in ex-
plicitly computing periodic solutions to (6), working in an infinite-dimensional
space will be infeasible. To overcome this issue, we aim to restrict the domain
and range of the operator to a finite-dimensional space. This will allow us to
introduce a new operator, called the Reduced Picard Operator (see next subsec-
tion), of which fixed points will approximate fixed points of the former, infinite-
dimensional operator. We succeed in doing this by using Lagrange-Chebyshev
interpolation.

Let ap > 1, ¢ > 1 be an integer, and Py[t] be the space of polynomial
functions in the variable ¢ of degree less or equal than ¢ — 1. We first define

2
R:[0,a0] = [-1,1], t— -1+ —t,
Qo

a linear map that rescales the interval [0, ap] to the interval [—1,1] in a one-
to-one manner, preserving the orientation. We then define the interpolation

operator
L,:Cy([0,a0]) = Py, g+ Ly(g)

by
q—

Z (T; oR) (

where the T}’s (j = 0,...,q — 1) are the Chebyshev polynomials of the first
kind,
T;(t) = cos (j arccos(t)), j=0,...,q — 1,

and for j=0,...,q—1,

ZgoR w)Tyu), 7>0. and e =2 Y (goR) (w)
k;:

where the uy’s are the Chebyshev nodes on [—1,1], i.e
2k +1
uk—cos< + 77), k=0,...,q—1.
2q

Similarly, we define the same interpolation operator, but this time on the interval
[17 Oéo],

Ly : Cy([1,00]) = Py, g+ Ly(g)

where
qg—1

& (Ty0R) (1)

=0



where

R:[1,a0] = [-1,1], t = —1+ (t—1).
ag —
and for j =0,...,q9—1,
2 K 1q71
¢ = 52 (g ° R_l) (up)Tj(uk), j>0, and &= gz (g o R_1> (k).
k=0 k=0

See [38] for more details.

We now extend the above definitions to vector-valued functions. More pre-
cisely, if we write

then we have

_ | Lalfr) oo [ Lalfr)
gq(f>._<£q(f2)), gqm._(ﬁq(ﬁ)).

These operators are linear projections and the following lemma holds.
Lemma 1 Let b > 1 and let f1, f; € C}([0,a0]). Then for i=1,2,

oo(l +
sup [£,(6)(1) — 5,1)] < 2L EH)
0<t<ayg q

where

182 /G+1/2)r 2

Hence, by writing f = < h ), we have

fa

1+ pg)

o
do, (L(£),£) < =2 T

Similarly if f € Ci([1,0)), then

sup | Ly(F)(t) — f(1)] < %Wb

This lemma is a direct consequence of Jackson’s Theorem and its Corollary
6.14A in [38].

10



3.3 The Reduced Picard Operator

Let 1 < a < ap, ¢ € C}([—a,0]), and ¢ > 1 be an integer. We define the
Reduced Picard Operator

T 2 U, ox(2
Vo 1Py x Py =Py x Py, z=(2,y) = Py 4(z) = ( \ij%q" EZ§ )
©.q.y

by

b, (2)(t) = ( JS% ) +T/Ot Eq_l(F(z(s),is(s 1 +€x(s))) ds,

or, equivalently,

yym) = @(0)+7 / Lqa(y(s)) ds

\il%q’y(z) = @ + T/O L1 (u (1 — (s —1+ E:C(S))) y(s) — m(s),) ds

T

recalling that

Z(u) =z(u) if >0, and Z(u) = p(u) if u<O0.
Note that a fixed point of the above operator is a solution (on the interval
[0, ag]) of the system

T = TEQ*l(y)v

Ly 1 (M (1 —B2t—1+ gx(t)]y(t)> —x(t)), (13)

.
|

with
z(t) = p(t), —a<t<O0.
We shall verify a posteriori that the solution of the above equation can be

arbitrarily close to the solution of (6), see last section for more details. This is
demonstrated in the following theorem.

Theorem 2 Let § > 0 and 1 < a < ap. For all p € C}([—a,0]), there exists
g1 > 1 such that, for all ¢ > ¢,

da(zgaa Zcp) <9,

where

‘IJSDJI(ZAP) = Zgoy and \Ijga,a(zap) = Z.

The proof of this theorem is rather technical and can be found in the appendix.

As a consequence, for a given past ¢ € C}([—a,0]), the fixed point of the
Picard Operator, and therefore the solution of (6) on the interval [0, o] can
be computed with any desired precision by computing the fixed point of the
Reduced Picard Operator as long as we choose ¢, i.e. the number of nodes for
the interpolation, sufficiently large.

11



3.4 A first Newton-like operator

For a given history function ¢, to compute the fixed point of ¥, ,, we introduce

the Newton-like operator

Ry

Noy: Py =P, zs2z—Lo <\il¢7q(z) —z),

where L is an operator “close” to (d\i/M (z) —Id)~!, Id being the identity op-
erator. More precisely, we choose
-1
5-0) .

To compute the Reduced Picard Operator and the Newton-like operator above,
we must first identify each polynomial with its coefficients. To do this, we
introduce the following isomorphisms:

L= ((d\if%q —Id)

q—1
J:R?—=P,, a=(ag,...,aq-1) — Zajtj,
§=0
J :RTxR?— P, xP,, (a,b)— (J(a),J(b)).

If we write
) = @O, (0), 20 =3 ey at™ y) =Yt

then we may also write

d‘i'w,q =JoLygq0 J

To compute this operator Ly, 4, we express it in the form

_( Li(z) La(z)
L%Q(Z) - ( L3(Z) L4(Z) .
It is easy to verify that L; = 0, (i.e., the ¢ X ¢ matrix with 0 entries). Further-
more, for each £ = 2, 3,4 when writing

I [E
1<i<q, 1<j<gq

we have
2 cep o . 2 Aip s .
Li;=7/jiti=j+1,j<qg-1, Lj;=0ifi#j+1, j<q-—1,

and
L},=0, and L7 =7c;io/(i—1), 2<i<gq,

12



where
tq 1 ZC’L 1tz 1

By definition we have

ow 4,y 3 v 0w O%¥p,q,y\%) 4 1
— 2y L; tZ 23,y L; t’
83:] 1 Z 82{] 1 Z
For each integer j =1,...,q, we have
0,4,y (2) /t N o o
92, 1 = T ; Lo—1| —27uz(s — 1)y(s) 72, (s—1 72, (s—1))ds
a‘ilw q.y(2) /t ( dy >
—— =T Lol (I—-27(s—1 s) |ds
o w ) L (0261050
where
Z(u) =x(u) if u>0, Z(u)=ep) if u<O0.
Therefore
0T ox :
t—1)=0 ift <1, t—1)=@t—-1)7"1if t>1,
5ot D <1 gD =)
and 5
Y j—1
t)y=t"".
8yj_1( )

Numerical evidence suggests that this Newton-like operator is indeed a contrac-
tion, (for initial values close enough to the ensuing solution) however a formal
proof of this can not be presented at this time. An implementation of this
algorithm is presented in Section 5.

3.5 The Step Map and the multi-shooting map

We are now in the position to introduce the Step Map, which will allow us to
compute periodic solutions to (6). Let o > 1 as above and ¢ > 1 be an integer.
For a given ¢ € P, we denote by

2y (t) = (24 (1), 9 (1)) (14)

the fixed point of the Reduced Picard Operator defined above. We may now
define the Step Map
Saq:Pg =Py, @ S q(0)
by
Sa.q(p)(t) = 2o (t + ).



Due to Theorem 2, a periodic solution of (6) is approximated by a periodic
solution of (13) with the same period T > 0. Thanks to the above definition, a
solution of (13) is periodic if there exists @ > 1, an integer p > 1, and ¢ € P,
such that

Sh.4(#) = 80,4088 (0) = .

This implies that T = pa and, as T is a-priori unknown, calculating T amounts
to finding o > 1 and the integer p. The strategy to do so consists of fixing the
integer p and finding 1 < « < o using a different Newton-like operator (to be
introduced shortly). In this context, and for each iteration of this operator, «q
will remain fixed. For the periodic orbits displayed at the end of Section 5, we
set ag = 1.4.

To account for the fact that shifted periodic solutions of (6) are themselves
also periodic solutions (see [4] for more details and discussion), we need to
impose the value of ¢ at the origin. We set

©(0) =1,

where 7 is to be chosen in the interior of the range of the ensuing solution.
A-posteriori, we will be able to choose v = 0.
We define the following injection:

g—1
TR 5 Py, b= by, bgm1) oy + Y byt
j=1

Let p be an integer and let R, = [1,3/2] x R?~!. Each element in R, writes as
aj = (a,a;) where
a; = (a1,17a1,2, .- -7a1,q71)~

We may then define the following multi-shooting map:

G:RyxRTx.-xR? 5 R x ... xRY

p—1 times p times

(al,ag,...,a,) — (J_l(qu(J*(al)) - J(ag)),J_l(qu(ag)) —J(as)) ...,

I (I (Saq(I(ap-1)) = I(2)), I (I (Saq(I(ap)) — I(v, al)))

where
(v,a1) = (%al,l,am, . 7a1,q—1)'
Observe that if
W = (W], Wa,...,Wp_1)

satisfies G(W) = 0, then J*(wy) represents a periodic solution of (13). More
specifically, J*(w1) denotes the first coordinate of the periodic solution, but,
through the relation y(t) = 4(t)/7, we may uniquely determine the second

14



coordinate as % . %J* (w1) . Thus, our search is for zeros of the map G, and so
we introduce the following Newton-like operator:

H: Ry xR x--- xRT 5 R, s xRTx - xRY,
—_——— ’ ———
p—1 times p—1 times

(15)
W s W — Bo G(W),
where B is an operator to be defined shortly and is “close” to [dG(W)] L.

A heuristic evidence suggests that, for hyperbolic orbits, the above algorithm
does indeed converge (for initial condition close enough to the ensuing solution).
However, A formal proof of this claim can not be presented and is outside
the scope of work for this paper. It should also be stated that this algorithm
is expected not to converge in the case where the system undergoes certain
bifurcations, e.g. fold bifurcations, heteroclinic bifurcations, etc. In the next
section, we will explain how to estimate the differential dG(W) and how we
choose B. Computing such a differential amounts to computing the differential
of the Step Map. To do so, we must estimate the Step Map of the variational
equation associated with equation (13).

4 Differential of the Step Map

Recall that the Step Map accepts two inputs: « and the initial history data
@ =J71(p). Our objective is to determine an operator A(¢) sufficiently close
to [dSa.q()] 7! in order to use the Newton-like method illustrated in Section
3.5. To do this, we calculate the differential of the Step Map when € = 0.

To begin, the partial derivative of the Step Map with respect to a can be
easily estimated thanks to the below observation. Recall that & (t) denotes the
z-component of the fixed-point of the Reduced Picard Operator, i.e.

Sa,q()(t) = 2ot +a), —a<t<O. (16)
Assuming
q—1 q—1
Tp(u) = ijuj, and S, 4(p)(u) = Z Sud,
j=0 =0
we have that
So Po
St - b1
: =T : : (17)
S(I*l Pg—1

~ ~ ~ (7 —=1 A
T = (Tj> with T; ; = o/~ (J, ) if j>i, To; =0if j <i. (18)
1<i,j<q—1 1



From (16), we have that

9844 (¥) _ dzy
Oa

With (17) and (18), we then have

D1
2p2
— asa (90) T
1 q _ .
J { Do ] T : (20)
(q - 1)pq—1
0

To estimate the other partial derivatives, we study the variational equation
associated with (13) when ¢ = 0.

4.1 Variational Equation

We express the initial history function as
q—1
I(p)=p(t) =D ot
j=0

In what follows, we will use the notation

wi(t) = 2E(8), wy(t) = 2L

= = (t), j=0,...,q—1.
0p; ip;

For each integer j = 0,...,q— 1, we differentiate both sides of (13) with respect
to ¢; After doing so and setting € = 0, we obtain the following system:

aj = TLe-1(v), j=0,...,¢-1
(21)
QI)j = T£q71 |:/J,(]. - ffz(t - 1)>’Uj —U; — 2/15}(15 - 1)’L~L](t — ]'):IQW?
where

a;(w) =w’, if w<0, and ;(w) = u;j(w), if w >0.

and where
F(u) = p(u), if u<0, #(u)=d,(u), if u>0.

Assume that, for each 7 = 0,...,q — 1, the above equation is solved. We then
write the matrix

Ate) = (854(0))

Jj=1,....q, k=1,....q

16



where for each k =0,...,¢—1,
q .
ur(t) =Y Ajrp (@)t "
j=1

Thanks to (17) we have

Aq ki1
A k1
g [asa,q(w)] -7 : . (22)
0Pk ’
Aq—l,k—i—l
Aq,k—i—l

and therefore, for each vector w € R? we have
I 0 dS,q(¢) 0 I(w) ~ Al) - w (23)
where
Alp) = TA(p). (24)

Like before, we may solve Eq. (21) by seeing the corresponding solution as a
fixed point of the following Picard operator:

Vi i Pyoaft] x Pyoa[t] = Py [t] x Py_1[t],

(uj,v5) H<Vq,j,1(ujaUj)yvq,j,z(uja Uj)>7
where .
Vs (us.00) = us0) +7 [ £42(05()ds
and

Vyi2(uj,vj) =v;(0)+

7'/ L1 (p(l — 72(s — 1))vj(s) — u;(s) — 2uF(s — 1) (s — 1)gj¢(s)>ds,
0
where

UO(O) = 1, ’U,j(O) = O, if _j Z 1.

Since a solution (z(t),y(t)) of (6) needs to satisfy dz/dt = y(t)/7, we then must
have
1v9(0) =0, v1(0)=1/7, and v;(0) =0, if j>2.

17



4.2 Another Newton-like operator

To compute the desired fixed point, we again use the same Newton-like method,
i.e. we construct the operator

Ny,j : Bylt] x Py[t]x — Py t] x Py[t], (26)

(uj,v5) = (u,0;) — Ao (Vq,j(uj:vj) - (Ujvvj))

where A is an operator estimating the inverse of dV,;(u;j,v;) — Id. Let h,k €
P,[t]. When setting € = 0, a straightforward computation shows that, for any
7=0,...,9—1, we have

dvl]»j (ujv Uj)(ha k) = <Lz(h7 k)a Ly(ha k)) 5

where
L.(h, k) = 7/0 Lq—1(k(s))ds,
Lk = 7 [ Ly (1l 32— D)) - )
—2u(s — 1)hj(s — 1)§¢(8)>d8
where

h(w) =0, if w<0, and h(w) = h(w), if w>0.

Observe that this differential does not depend upon the choice of j. We will
need to express this differential in the standard base, i.e., writing

qg—1 qg—1
h(t) = het®, h(t) = ht*,
s=0 s=0

or equivalently

hl kl
h=J 5 k=J )
hg—1 fig—1
we have
hi
I7Y(L,(h, k)) :
= 5 hq_l
I 1Ly (h, k) b
kg1

18



where R
g ( 9« B2
B; By

and where 0, is the g x ¢ matrix with 0 entries. Furthermore, for each ¢ = 2,3, 4,
if we denote by By, the rt column of Eg we have

t
]:))2’7‘ = J_l (T/ £q1<5r_1)d8>,
0

By, =" ( / Lo (205~ D e)r s~ 1)) - )d) ,

where for r > 1,
we(u) ="t ifu>0, we(u)=0 if u<O0.

If we apply the above definition for r = 1, the corresponding function w; is
discontinuous and therefore one encounters a Gibbs-like effect. To avoid this
issue, we write

N O

o

Bg’lz—J_l(Tt):— if tél,

S e

and
A t ~
By, =J" <T/ Lo-1(—2pF(s — 1)g¢(s))d5) —J7 ), if t>1,
1

where qu_l is defined in the former section. Finally we have

By, =J" <7’ /Ot Ly (u(l — 2 (s— 1))5*—1>d3>.

In what follows, Idy, designates the 2¢ x 2¢ identity matrix. We define the
operator A as follows:

~

-1
A=7Jo <B - Id2q> oJ7 L.
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4.3 Construction of B
The differential dG(af,aq, .. .,a,) writes

dG(al,as,...,ap)(w) =M - w

where
Az —1Id, 0, 0, 0,
2’2 A(a2) _qu Oq e e Oq
M= 0;7j 0, A(aj) —Id, 0,
Ot*l,pfl 04 Aa,-1) —l1dq
~1d; 0, 0, A(a,)

where O, and Id, are respectively the zero matrix and the identity matrix, both
of dimension ¢, and the matrices

A(ag), 522,...,])—1

are defined thanks to (24). Furthermore, every column of the matrix A} co-
incides with those of A(a;), except for the first columns of Af. This latter is
given by the vector

wW1,1
2w1,2
J—l(asa,q(']%ai))) _
O : ’
(q— 1)w1,q71
0
w1,0
wi,1
where J( ) ) = Sa.q (J*(a’{)).
W1,q—1

Similarly, for each integer 2 < j < p — 1, every column of the matrix O} ;

coincides with those of Oy, except for the first columns of OF ;. This latter is
given by the vector

Wi 1
271)]‘72
o1 08aa3(@)) _
O : ’
(¢ —Dwjq—1
0
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wj,0

wj71
where J( . ) =Sa,q (J(aj)>7

Wj,q—1
Finally, fIdZ coincides with —Id,, except that the first column is given by the
vector

wp,l
2wp’2
J-! asa,q('](ap>) _
oo : ’
(g — Dwp,g—1
0
wp,o
U)p71
where J( ) ) =Saq <J(am_1)>.
Wp,q—1

5 Implementation

To conclude, we describe how the orbits obtained from the methods described
in the previous section can be computed within a given tolerance. Furthermore,
we illustrate in Section 5.2 one method to solve the state-independent case,
i.e. when € = 0. Doing this allows us to generate initial conditions to use in
the Newton-like method described above. Using these as seed values, one may
generate periodic orbits for systems with € # 0, but small in magnitude. Then,
one may use those orbits to generate periodic orbits for slightly larger values of
€, and so on. This technique of course does not yield all periodic orbits for a
given set of parameters.

5.1 A posteriori check

We choose § > 0 a small real number to be the tolerance in our computation.
Let 1 < a < ap, (in our computation, we choose ag = 1.4). Thanks to Lemma
1, there exists go = go(b) > 1 such that for all ¢ > o and for all z € C([0, o))

sup |Lq—1(2) — 2| < 6/3.
0<t<ap

Let ¢ > go and ¢ € P, that satisfies

sup |p(t)| < M.
—a<t<0

We compute S, () as follows. Assuming

q

p(t) = ot

Jj=0
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we define our ‘initial guess’
fo(t) = (po + p1t,/7),
and construct the sequence
£ = Voo (fr), k=0,....
We choose n > 1 such that for all p > 0
lfasp(t) —Ea(t)]| <6/2, YVO<t<a and Vp>0. (27)

This implies that
1z(t) — fa(®)|| < 6/2, VO<t<a, (28)

where z is defined in Theorem 2. Thanks to Theorem 2, we choose q >
max{qi, qo} such that

la(t) — a(t)] < 6/2, VO<t<a, (29)
and with (28) it follows that
lz(t) — fa(t)|| <0, YVO<t<a. (30)

We also verify that

Hddf; —TF(fa(t), fa(t — 1 +efn (1), | <0, VO<i<a (31)

(where £, = (fa,z,fny) )-

5.2 State-Independent Delay Equation

To conclude, we illustrate one method to find periodic solutions of the state-
independent case of the DDE (6), i.e. when ¢ = 0. Our motivation for solving
the state-independent case is to have data to be used as an adequate initial
condition for the Newton-like procedure described in Section 3. Specifically, we
study the system of the form

(x(t),x(t = 1))

x(t) =7F
x(t) = ¢(t) te[-1,0]

where z(t) € R", F : R” — R”, and ¢(t) € R” is a known function. Fur-
thermore, we assume that 7 > 0 is a known parameter, obtained from the
(unperturbed) delay of the original state-dependent equation.

Since our search is for periodic solutions of (32), we can reasonably propose
a Fourier series ansatz solution of the form

x(t) =Y aget, (33)

kEZ

(32)
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2mik
where a; € R” for all k¥ € Z and wy, = T T being the (unknown) period
of X. A rigorous treatment of the method to follow, as well as an outline for
computer-assisted proofs of the existence and uniqueness of periodic solutions
in similar systems, can be found in [35, 16]. In the case of the delayed Van der

Pol system,
r(t) = t
H = o), 0
g(t) = i (1 —2*(t — 1)) y(t) — 72(t)
plugging in the ansatz (33) with ay, = (Zk) yields the relations
k
Z wrapett =T Z byevrt
kez keZ
(35)
Zwkbkew’“t =T <Z bre?rt — Z cke‘*”“t> -7 Z ape”rt.
kez kez kez kez

where ¢, is to be defined below. Recall the discrete convolution *, defined by

(axa), = Zak_jaj.

JEL
Hence, ¢ in equation (35) is defined as
= ({ajef“’-” }jeZ * {aje” }jez * {bj}jez>

=D D an—jaj_gbe”rmiteine),

JEZ ter

k

Finally, after bringing the sums to one side and setting them equal to zero, we
conclude that the ansatz will be a solution to the delayed Van der Pol system
(34) if and only if

Wwrag — Tbk = 0,
Tag + (wg — Tp)bg + Tcr =0,

for all k € Z.

In order to find such a sequence that satisfies the relations above, we must
formulate the proper functional equations to solve, as well as define a proper
space in which to solve them. As System (34) is analytic, its periodic solutions
must also be analytic [24]. Hence, we consider Fourier coefficients in the space

0 = {{ak}kez eC?:.qp=a-f and Z |ag|V*! < oo} ,

keZ

where v > 1 is a fixed real number. The conditions of the space £} above for
v > 1 ensure that the Fourier series expansion (33) will be well-defined, analytic,

23



and real-valued for all t € R. Furthermore, the space ¢} forms a Banach algebra
under the discrete convolution product * defined above.
For each k € Z, define the map F}, : (£2)? x R — R? by

o Wrap — Tbk
Fi(a,T) = (Tak + (wk — )by + T,uck) )

Concatenating these maps allows us to define the operator F : (€})2xR — (£}, )*:

F(a, T) = {Fk(aa T)}kez )

where the image space depends on vy < v, as {wrax} is not guaranteed to
converge in £1. See [16] for more details and a proof that v exists.

We note that finding zeroes of F' above allows us to discover periodic solutions
of (34). However, we must still consider the phase condition x(t) = ¢(t) for ¢ €
[~1,0] given in (32). To achieve this, we define the map Go(a,T) : (€})?xR — R
by

Go(a,T) = (Z ak) — ¢1(0),

keZ

where ¢1(t) is the first component of ¢(¢). Finally, we concatenate our maps
and study the operator G : (&1/)2 xR — (EiO)Z x R, defined by

c = (G 7))

It can be seen that zeroes of the above map G correspond to solutions of
(34) via the isomorphism a — Y-, -, aye“**, and it would be natural to define

the associated Newton-like operator H : (E},)Q xR — (611,0)2 x R defined by

H(z) =z — (DG ' 0 G) ().

We first note here, however, that like in the sections above, it is infeasible to
calculate the true action of DG~!, and thus this map will be replaced with a
nearby approximation in the Newton-like approach, detailed below. Further-
more, as the image of H in the way it is defined above is not the same as its
domain, a contraction argument cannot be immediately applied to find fixed
points of H.

We then proceed by numerically approximating fixed-points of H by trun-
cating all of the maps above and numerically approximating DG~ ' in finite-
dimensional space. A rigorous analysis of this exact method is common in
computer-assisted proofs, and the reader is again referred to sources such as
[35, 16]. As we are only interested in using the generated solutions to (34) as
initial data for the Newton-like operator in Section 3, we forego the analysis
complete and continue with a heuristic approach.
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In order to obtain a periodic solution of (34), one may choose values of
7 and p such that there exists a numerically stable attracting periodic orbit.
(Examples of orbits with such values of 7 and p are illustrated in Figures 1
- 3 below). Once a periodic orbit is numerically obtained and T is estimated
with T, one may deduce the initial sequence-valued data a for the truncated
Newton-like operator H by numerically integrating the orbit on an interval of
length T. Iterating the process yields an approximate periodic solution of (34).
The resulting data may then be used as initial conditions for the multiple-
shooting, Newton-like method described earlier and was often used to generate
the illustrations below.

One may then use these outputs for the e = 0 Newton-like method as suit-
able initial conditions for a new Newton-like method for parameters 7+ §; and
i+ d2, where 67 > 0 and d > 0 are sufficiently small. Iterating this process
yields sufficient data of periodic orbits of the state-independent system for many
different choices of the parameters. These data may then be fed as initial con-
ditions to the Newton-like methods described in Section 3. It should be noted
that it is not feasible for this method to robustly describe all periodic orbits for
a given set of parameters whether in the state-dependent or fixed delay case.

By nature of the Newton-like method employed, the convergence of this
algorithm can only be achieved for hyperbolic periodic orbits. Similarly, we do
not observe (nor do we expect) this algorithm to converge nearby saddle-node
bifurcations, as the derivative DG is degenerate at these values.

5.3 Figures & Conclusion

We present below some illustrations of periodic orbits calculated for various
choices of 7, 4, and €, as well as examples of typical orbits in this system with the
given parameters. To generate these select periodic orbits, we used a fixed toler-
ance of § = 1078, which was achieved with the number of Lagrange-Chebyshev
nodes set to ¢ = 10. A tighter tolerance would require a higher number of nodes,
which would ultimately increase computational runtime of this algorithm. How-
ever, we are not necessarily interested in high-precision periodic solutions, and
so the choices of v and ¢ above suffice for the scope of this paper.

The methods described above were highly successful in generating periodic
orbits of a state-dependent Van der Pol system. The authors feel that a gener-
alization of this method for higher-dimensional problems can be achieved using
similar methods. Of more interest, however, would be the natural extension of
this work, namely framing the results of Section 4 in the context of computer-
assisted proof. In particular, following closely the techniques found in [16, 35]
and [13] (this latter already framed in the context of state-dependent DDEs),
one could derive rigorous, validated numerics of the Newton-like method de-
scribed above and formulate proofs of the existence and persistence of such
orbits. Such an analysis is beyond the scope of this present work, but would
make a thoroughly interesting future project.
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-1.0 -05 0.0 0.5 1.0

Figure 1: Top and Middle Left: Coexisting (Lyapunov unstable) periodic orbits
(in the (z,y)-plane) when 7 = 1.8, u = 0.95, ¢ = 0.03.

Middle Right: A typical orbit.

Bottom Left and Right: Coexisting (Lyapunov stable and unstable, respec-
tively) periodic orbits when 7 = 1.5, p = 0.95, £ = 0.02.
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Figure 2: Top: Two Lyapunov stable periodic orbits when (left) 7 = 1.63, u =
1.1, € =0.03 and (right) 7 = 1.58, p = 1.2, £ =0.012.

Bottom left: A Lyapunov unstable periodic orbit when 7 = 1.8, u=1.25, ¢ =
—0.0152.

Bottom Right: A typical orbit for the same value of the parameter.
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Figure 3: Top left: A Lyapunov stable periodic orbit when 7 = 1.59, u
1.21, € = 0.015.

Top Right: A more complicated orbit for the same parameter values.
Bottom left: A Lyapunov stable periodic orbit when 7 = 1.51, u = 1.21, ¢
0.015.

Bottom Right: a more complicated orbit for the same parameter values.
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6 Appendix

In this appendix we give the details for the proofs of Theorem 1 and 2.

Proof of Theorem 1

PRrROOF: In what follows, we have, for i = 1,2,
fiwlw) = fip, ifu>0, and f;.(u) =) if u<0.

We first observe that, with the choice of b made in (9), we can easily verify that
forall >0, and forall0 <t < g

Hi(\pm(z)(to H < 7||F(2(t), Z(t — 1 +ex(t)|| <o

Furthermore, we have

©(0)
@y 5(2)()]] < 5(0) + Tﬂoiltlgﬁ |F(z(t),2(t — 1+ ex(t)]|
< M/2 +Tﬁb.

This implies that if 5 < 8; = M/2b, then ¥, 3 leaves S, g invariant. The
remaining statement of Theorem 1 is a consequence of the following lemma.

Lemma 2 There exists 0 < By < 1 such that, for all § < By, a >0, t > 0,
and 1, f5 € CL([0,a + B]),

a+t 5 _
LR fuate = 14 a6 = PO, foats = 14 et
’ (36)
< %da-i-ﬁ(flv f2).
PROOF: Recall that
_ Y _ xz
F(z,u) = ( w1l — )y -z >, where z = < y >
We write
F(fi(s), fie(s — L+ efia(s) — F(£2(s), fou(s — 1+ efo0(s))) an
=J(s) + W(s),
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where

I(s) = F(f1(5), fra(s — L+ efra(s) = F(fi(s), fou(s — 1+ efau(s)),
and

W(s) = F(fi(s), foul(s — 1+ efou(s)) = F(fa(s), fou(s — 1+ efa,a(s)).
A straightforward computation reveals

f1y(8) = fo,u(s)
Wi(s) = (38)
pU(8)[fry(s) = fay(s)] + foa(s) = fr,2(s)

U(s) = [1 = f3.(s = L+ efouls)],

0
J(s) = ) ) (39)
ffry($)[f30(s = L+ efon(s)) = f7o(s = 1+efiu(s))]
Since ||f;]| <M (i =1,2), we have
[U(s)| <14+M?, 0<s<a+p,
and thus
[W(s)[| < (u(1+M?) 4+ D)darp(fi, f2), 0<s<a+p. (40)
Observe also that

[f2als =1+ efou(s) = fRals — 1+ efia(s))]
SIf3a(s =14 efou(s)) = fals — 1+ efia(s))]]
Hf3ols =14 efia(9) = fiols = 1+ efia(s))]]-

Using the Mean Value Theorem, we see that

[f2a(s = 1+ efou(s) = f2a(s — 1+ ef10(s))]] < 2Mbedass(fy, f2)

and, by factoring,

f3.(s = 1+efia(s) — fio(s — L+ ef1,0(5)]] < 2Mdays(f1, o).

Recalling (39), we have

13 ()]l < 2uM>(1 + be)dasp(f1, f2).

33



Combining the results of (37) and (40), we have
[P s = 14 i) = (o) a1+ a0
(41)
< [2uM?(1 + be) + (u(1 +M?) + 1)]daip(fi, f2), 0<s<a+p.

We now choose Sy such that

Bor[2uM?(1 + be) + (u(1 + M?) +1)] < 1/2
and (36) follows.

Proof of Theorem 2

Before presenting the proof of Theorem 2, we must note the following lemma.
Lemma 3 The sequence (ay) defined by
n
ar =1, as =2, an+1:2—|—2ajwhenn22
j=2

satisfies
a, =2""1 n>1.

The proof of this follows immediately from induction on n.

PROOF OF THEOREM 2. Let ¢ € C}([—«,0]) and z € S, ». Let L > 1 be such
that
LBy < ag < (L +1)po,

where By is given in Lemma 2. Recall the function

H,,:[0,a0] — R? t+s ( H,(?) ) =71F(2(t),z(t — 1 + Z(t))).
One can verify that, for all 0 < t < «y,
[Hy ()] < 7b, [Hy(t)] < £

where
0 =T (2Mb(1 + €b)) M + pu(1 + M?)b+b.

Due to Lemma 1, given § > 0, there exists ¢; = ¢1(d) > 1 such that

1£,(H) —H]|,, <9, (42)

34



for all ¢ > ¢, where 6 = §/2LF1. Let z, and 2z, be as in the statement of

Theorem 2 and v := ( '<p(0) > We have

¢(0)/7
Z,—V = /0 TF(z,(s),z(s — 1 4+ eZ(s)))ds (43)
B,—v = /0 L, <TF(2¢(5), i(s—1+ sé(s)))>ds, (44)

recalling that
Z(u) =x(u) if u>0, Z(u)=¢pu) if u<0,

t(u) = &(u) if u>0, (u)=¢u) if u<0.
Subtracting (44) from (43), it follows that

t
by — 7y = / (Gl(s) + G2(3)> ds (45)
0
where
Gi(s) =L, (TF(%(S), P(s—1+ aé(s)))> — TF(2,(s), 2(s — 1 + €i(s))
and
Go(s) = TF(2,(s), &(5 — 1 +d(5)))) — TF (24 (), 2(s — 1 + £d(s)),
or, using the notation introduced earlier,
Ga(s) = Hy2(s) — Hyx(s).

We now choose ¢ > ¢; so that, due to (42), we have ||G1]la, < 0 and therefore

we may write o
G1(f)=(5G1(t>, OStSaO.

where ||G1||a, = 1. From (45), we have that

zp — 2 = 01(t) + /Ot <H¢>,i(3) - Htp,z(s)>d8 (46)

where .
51(t):5/ Gi(s)ds, with [|G1lla, < 1. (47)
0

From (46), we have that

Iaol0) - 2,01 < Incol + | [ t (Fpale) ~ Hioalo) )t
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Using Lemma 2, we obtain

‘ /ot <H‘p’i(s) - Hw,z(5)> ds

and therefore, combining (47), (48), and (49), and following the notation from
Lemma 3, we have

1
< §||2¢*Z¢Ha 0<t<B, (49)

|2, — 2, <20 =azd, 0<t<§. (50)

When 8 < ¢t < min{ay, 25}, from (46) we have
B
20) =200 = 0+ [ (Hoale) ~ Hoalo) )

" /ﬁt (Hm(S) — H%Z(S)) ds.

Thus, for 8 < ¢t < min{ag, 28} we get
B
loolt) — 2o = 5206+ ] / (Hm(s) - Hw<s>>ds

)

Thanks to (49) and (50) we have

’ /oﬂ (Hm(s) - H%Z(5)> ds

Then from (51) and again using the notation in Lemma 3,

(51)

. (52)

S 0/25/2.

)

500 =201 < and+ a2 /;(H@,m—H@,z(s))ds

B <t < minf{ay,28}.

It then follows from Lemma 2 that

Y

and therefore we have

1.
< §||Z<p — Zy||

Z,(t) —z,(t < 25+a25:a35, b <t <min{ag,25}.
® @

We conclude the proof by way of induction. Assume that, for some 1 < j < L
and for each 1 <k < j,

I124(t) = 2o ()l < arrd, (k—=1)8 <t <kp. (53)
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Then we have

Jj—1 (L+1)p
Jiolt) =0 < a0+ [ (Haslo) = Hoato) as| (59
=0
¢
+ ‘ / (H%i(s) - H%z(s))ds ,
JB
B <t <min{(j +1)8, a0}
Thanks to Lemma 2 and (54) we have
j—1
. L.
I24(t) =z, (0)] < 6u() +) l2(s) = 2(s)lep<s<erns (55)
=0
1. . s
boglam e, 8 <t<min{(+ 18,00},
and thus, due to to (53), we have
1 I
sz — 2,0l < 943 gaew, jB <t <min{(j+1)8, a0},
ie.,
j—1
12 () — 2, (B)]] < 0 (2 +> ae+2> = aj420, B <t <min{(j+1)8, a0},
=0

which implies that the inequality stated in (53) is valid for all k¥ < L + 1.
Therefore, using Lemma 3, we deduce that

|24 () — 2, (1)]] < 2F7D6 = 6,

which ends the proof of Theorem 2.
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