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COMPUTER-ASSISTED PROOF
OF A PERIODIC SOLUTION
IN A NONLINEAR FEEDBACK DDE

MIKOLAJ ZALEWSKI

ABSTRACT. In this paper, we rigorously prove the existence of a non-trivial
periodic orbit for the nonlinear DDE: z/(t) = —K sin(z(t — 1)) for K = 1.6.
We show that the equations for the Fourier coefficients have a solution by
computing the local Brouwer degree. This degree can be computed by using
a homotopy, and its validity can be proved by checking a finite number of
inequalities. Checking these inequalities is done by a computer program.

1. Introduction

The equation:
2/ (t) = =K sin(z(t — 1))

is an example of a nonlinear feedback delay differential equation (see [2]). It is
used to model, for example, delay-lock loops in electronics (see [5]). Numerical
simulations shows that for small K < 7/2 the solutions tends to 0, for 7/2 <
K < 5.1 there is an attracting periodic orbit oscillating around 0, but for K > 5.1
there is chaos — the solutions jump by +27.

However, there are no rigorous proofs for such behavior. In [3] there is a proof
of the chaos for large K, but after changing the sinus to a function close to
a piecewise linear function. The [5] analyzes the eigenvalues of the linearization
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and provides an informal argument for the bifurcation in K = 7/2 and for the
creation of an attracting orbit, but this is not a proof.

In this paper we will strictly show that there is a periodic solution for K =
1.6. By a solution we mean a C!-function that satisfies the equation.

In the remainder of the introduction, we briefly outline our method. We
will use the Fourier coefficients of the periodic orbit. First, we rescale the time
to obtain a 27 period. We make the substitution: Z(t) = z(t/7), where 7 is
a parameter. If 7 is equal to 27 /T (where T is the period of the solution in the
original equation), we will have a 2m-periodic solution of the new equation:

() = %x’<£) = —?sin (x(é - 1))
—gsin <x<t;7>) _ —§Sin(§(t—r)).

By renaming = to x we obtain:

(1.1) Z'(t) = —§Sin(:r(t—7')).

We will prove for this equation that there exists a 7 from a small interval
such that there exists a 2m-periodic orbit in a small neighbourhood of a specified
function. Note that we do not obtain the exact value of the period (even if
numerical solutions suggest it is 4, i.e. 7 = w/2), but treat 7 as a variable.

To prove the existence of the orbit, we will use the method of self-consistent
bounds that was introduced in the context of Kuramoto—Shivashinsky PDEs
in [6] and [7]. When applied to the boundary value problem for ODEs or DDEs,
this method is similar to the Cesari method introduced in [1] but does not require
one of the conditions — see Section 2.4 in [7] for a comparison. Below we briefly
describe the method.

We will derive from (1.1) the equations for the Fourier coefficients. Let us
first write (1.1) with a Taylor expansion instead of the sinus:

> _1\k
xl(t) _ _g Z (2(k _]|A_>1)! [CL‘(t _ 7_)]216—1-1'

n=0

The equations on the Fourier coefficients will look similar:

. K - (_1>k *(2k+1) —inT
mne, = - ,;0 m(c Jne foralln € Z

where (¢*(2#+1)), ‘means convoluting the sequence ¢ with itself 2k 4 1 times and
then taking the n-th coefficient. The operation of convolution and this notation
is introduced in details in Section 2.
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We will show that the following function has a non-trivial zero:

_ . inT - (_1>k *(2k+1) >
F(T,c)—{mTe cn—l—Kl;O@k_'_l)! ¢ i

n=—oo

where the domain is:

Xp = {x:Z—>(C

|xn| < ( and x, = T_, for allneZ}

| +1)?
for some 3 > 0. On X3 we consider the product topology (which is equivalent
to component-wise convergence). It turns out that on such a domain the sums
in the definition of F' are convergent, F' is continuous, and each sequence ¢ € Xg
corresponds to a real-valued continuous function. Moreover, if F(¢) = 0 then
the function is C'.
We will search for a zero in the neighbourhood of an approximate solution,
obtained from numerical simulations. We will denote this approximation by ¢.
For 0 < n <5 it is equal to:

n Cn

0 0

1 | —0.1521000000 — 0.1163508047%
2 0

3| 0.0001123121 — 0.00027461074
4 0

5 | —0.0000008173 — 0.00000010147

TABLE 1

For n > 5 the &, is zero, for n < 0 we have &, = ¢_,. The variable 7 in the
approximation is: 7 = 1.570796.

For each [ € N| let us define the Galerkin projection P, and immersion Q:

P:C% 3¢ — (co,...,¢) ERxCL
QR xC'> (co,...,c0) = (...,0,0,27,... ,¢0,...,¢,0,0,...) € CZ
Let us note that we need only the non-negative terms in the finite space, as

the negative terms can be obtained by conjugation. Also as ¢y = ¢—g, we have
co € R. From the compactness of Xg, it will be easy to show that:

LEMMA 4.1. Let 8 > 0, lp > 0, 7,7 € R be fixed. If for each I > Iy
there is a ¢! € Xz and 7, € [1,7] such that PF(m,c') = O then there exists
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a (°,719) € Xg x [1,7] such that F(19,c°) = 0. Moreover, if all the ¢! are in
a closed set D then ¢ € D.

Thus, it is enough to show that there is a zero for every Galerkin projection

of F':

F:Rx (RxC 3 (r,¢) = BF(r,Qic)) € R x C".

This will allow us to use a finite-dimensional topological method to prove the
existence of a zero of F. Let us note that the real dimension of the domain
is 21 + 2 while that of the image is 2] + 1. Thus, if there is a zero, one can
expect a 1-dimensional manifold of zeros. This manifold can be easily identified
— if x(+) is a solution then z(- + ¢) is also a solution. This means that if
E(T, o, ... ,¢) =0 then E(T, co,€cy, ... ,e'%¢;) = 0, as can be easily checked.
To use the topological method, we want to have the zero isolated — we will limit
the domain assuming that ¢; € ¢3 + R. Of course, finding a zero in a limited
domain implies a zero of the full system. By F; we will denote the ﬁ'l limited to
the smaller domain.

The before-mentioned method to prove the existence of a zero of Fj is the
local Brouwer degree (introduced e.g. in [4]). Let us denote by deg(F;, U, x) the
degree of x on U. It is known that if the degree is non-zero then there exists
y € U such that Fj(y) = z. We will use a neighbourhood of ¢ as U and = = 0.

To compute the degree, we will use the homotopy invariance of the local
Brouwer degree. As our homotopy H;, we will use a linear deformation of F;
into a function G; that contains the most important terms of F; (that is not
strictly a linearization of F; but it is close to it):

Hi(h,7,¢) = hE|(1,¢) + (1 — h)G(7, ¢).

It will be easy to show that the degree of (G; is non-zero. We will need
to show that 0 ¢ H;([0;1];0U). To show that, it is enough to show that the
terms in G; dominate the (mainly nonlinear) terms that are in F; but not Gy,
i.e. that |G| > |F; — G;|. That part of the proof is computer-assisted — the
proofs of the estimates are given in this paper but computing the exact values
and checking that the inequalities holds is done by a computer program using
the CAPD package for rigorous interval arithmetics.

The program. This program is written in C++ and can be downloaded
from http://www.im.uj.edu.pl/MikolajZalewski/dl/delay-sin.tgz. The
rounding-mode changing code required by the interval arithmetic is system-
dependent and has been checked to work on PCs (both 32-bit and 64-bit) on
both Windows (compiled with cygwin) and Linux (compiled with gec). It should
also work on SPARC and Mac OS X, although that has not been tested. Using
other CPUs or compilers might require modifications to the rounding code.
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The constants used in the theorems — the K, (1, (B2, A7, T and ¢, —
are represented in the program as small intervals containing the values. Thus
the theorems are true for values as written in the paper, even if they are not
representable as IEEE floating point numbers.

2. Fourier coefficients

We will use the following notation: if {z,}52 __ and {y,}>__ are se-
quences with complex values then by x * y we will denote the convolution of the

oo oo

k=—o0 n=-—00

It is well known that if the sum converges, the operation of convolution is

sequences:

associative. We will also use the notation (-), for the n-th coefficient of the
sequence in brackets, e.g. (x * y)n = > po . TkYn—k. Also:

. 0 1 ifn=0,
oF = rx. . xx (forkZl), (:17* )n =
m 0 ifn=£0.

Of course, the sum in the definition of the convolution may be not convergent, so
we will limit our attention to a domain where the sum will be always convergent.
The following lemma holds:

LEMMA 2.1. If x and y are such that there exists a« > 2 and (31,82 > 0 such
that

B Pa
[Tn] < sy Yl € gy foralln,
(In] + 1)« (In| + 1)«
then (z *y), is convergent, for each n, and
2(2 1
|(!E*y)n|§0ﬂ whereC:M.
(In] + 1)« a—1

PROOF. Let us assume n > 0 and let us estimate |(x * y),|:

00 00 n—1 0
Z ThYn—k| < Zx—kymk + Zxkyn—k + Zx”““y"“ ’
k=—oc0 k=0 k=1 k=0
n—1 n—1
1 1
el <
Zxkyn k _51622 (k—Fl)a (n_k+1)a
k=1 k=1
1 1
< 20152 Z P a
12 (k+1D(n—k+1)
1 1

< 26132 Z (kF+ 1) ((n/2) + 1)«

1<k<2
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2ﬁlﬁ22a Z 1 ﬁ1ﬁ22
= (n—|—2)°‘1§k§%(/€—|—1) 2t 2y = k+1
— 1 1 3162
< .
—6162;:0(k+1)a(n+k)a+ = (n+1)° Z: k+1a

Analogously:

= B152 1
§ TntkY—k| < = E =
P (n+1) = (k+1)

The sums Y7, 1/(k% 4+ 1) can be estimated by integrals:

i 1—|—/OO ! dz c
_0 (k+ 1)« o [+ a—1’

[+ 1T

1 oL 1 +/°° 1 a+1
- T = .
(k—i—l)a - 2@ 1 (@+1)e 2¢(a — 1)

From that we obtain:

oo

B152 {20&1 a+1 a ]_ BB 2(2a+1)
)a 2a .

< 2
“(n+1 (a—1)+ a—-1] 7" (n+1)> a-1

The result for n < 0 can be obtained by analogous estimations or by taking
sequences T, Y: Ty ‘= T—n, Yn ‘= Y_pn and applying for them the result for
n > 0. ]

With one exception, we will use this lemma for o = 2. For o = 2 we have
C =10.

OBSERVATION 2.2. If x is such that there exists « > 2, 3 > 0, for all n such
that |z,| < B/(In] + 1)%, then

k
p where C = M.

*k < k—1
(@l < € (In| + 1)« a—1

OBSERVATION 2.3. If x and y are such that x_, = Tpn, Y—n = Un then
(@ *y)—n = (T xY)n.

Thus, we have that if z € X, and y € Xg, then z xy € Xcg,3, (where Xz
was defined in the introduction and C' is from Lemma 2.1). It will be also useful
to define a set of sequences from any Xg:

=J X5
B>0

We will limit ourselves to the sequences in X. For them we have:
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LEMMA 2.4. Let ¢ € X. Then .00 _ c,e™ converges to a real-valued

n=-—oo N
continuous function.

. N ; . .
PROOF. The functions Zn:_ N cne'™ are continuous and real-valued as if
Cn = €y, then ¢, e™ + c_,e”™ € R. They converge uniformly because

Z lene™| < Z W<oo.

n=—oo n=-—00

Thus, the limit is also real-valued and continuous. O

Let us note that ¢ € X does not guarantee that the function is C*.

We use the convolution because of the following well known fact:

LEMMA 2.5. If ¢ € X are the Fourier coefficients of z(t), d € X are the
coefficients of y(t) then the Fourier coefficients of x(t) - y(t) are cxd. As a con-
sequence, the coefficients of ™(t) are ¢*™.

Now, we can write the equation (1.1) on the Fourier coefficients.

THEOREM 2.6. Let 7 be fized and x(t): R — R be a 2w-periodic function with
the Fourier coefficients c € X. Then:

(a) for each n € Z the sum on the right-hand side of the following equation
converges:

. K§~ (=D -
21 = *(2k+1) ne T
(2.1) e T kZ:O PIESIS e
(b) x(t) is a 2m-periodic solution of (1.1) if and only if ¢ satisfies the equa-
tions (2.1).

To prove the theorem, we will need some lemmas. As already mentioned,
¢ € X does not imply that x(t) is C'. However, if c is the solution of equation
(2.1), we have the following lemma that will allow us to show that z(t) is C!
(using this method one can show that that x(¢) is C*°, but we don’t need it):

LEMMA 2.7. If ¢ satisfies equation (2.1) and B > 0, a > 2 are such that
len| < B/(In] +1)% for all n, then there exists 3 such that |c,| < B'/(|n] + 1)2+L
for all n.

ProOF. Let C':=2(2a+ 1)/(a — 1). We have that:
K& (-D* L K 1
29 _ T )k (2k41) i g *(2k+1) .
22 | Il EE D M
K > 1 ok ﬁQk—H B 5
-

< — =
T = (2k+ 1) (Jn| + 1)

1 .
i+ 1" sinh(Cp).
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We also have |inc,| = |n||cn|. The two sides of the equation (2.1) must be
equal hence we obtain:

K

e S > .
e (CTESE sinh(C3) > |n||cn]

Thus for n # 0 the 3/ = (2K /(C7)) sinh(CB) satisfies the assertion. If it is not
satisfied for n = 0, we can increase 3. O

Increasing « is important, as we have:

LEMMA 2.8. Let ¢ be a sequence of complex values satisfying, for some (3,
len| < B/(In] +1)% and let ¢, = ©=,. Then the sequence c is a sequence of
Fourier coefficients of a real-valued C' function x(t).

PROOF. The sequences Y o_ . cxe’®® and > ikcge®™ are real-valued,
the second is the derivative of the first one, and are uniformly convergent as
n — oo. Hence both converge to continuous function and the second is the
derivative of the first one. Thus z(t) = Y oo cxet is CL. O

PROOF OF THE THEOREM 2.6. (a) The convolutions are convergent because
x € X. From the equation (2.2) from the proof of Lemma 2.7, we have that if
x € Xz then

>

k=0

-1 k * —inT 1 1
B e € G snh(CB) < o

(b) Implication =: It is enough to show that {inc,}>2 are the Fourier

— 00

coefficients of z’(t) while

_Ei (_1)k (C*(2k+1)) e—in'r
T (2k+ 1)! "

are the Fourier coefficients of —(K/7)sinx(t — 7).

The first part can be obtained by integrating f02 "2 (t)e?*t dt by parts.
As for the second, we have that

K~ (=DF K
—?;m(x(t—ﬂ)%ﬂ — —?smx(t—T) as N — oo.

The Fourier coefficients of x(t — 7) are equal to d := {c,e™™7}22 __ . Hence the

coefficients of z(t — 7)2**1 are d*(?*+1) which is equal to c*(2F+1e=inT,

Hence, we have that the Fourier coefficients of

K~ (1" 2t 1
—7;0m($(f—7)) it
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are equal to
o0

N k
_ 5 Z (_1) (c*(2k+1))ne—inr
T = (2k+ 1)!
It has been shown that this sequence in convergent as N — oo, thus the n-th

coefficient of —(K/7)sina(t — 1) is

_Ei (_1>k (c*(2k+1)) e~ InT
T = (2k+ 1)! "

This ends the proof of this case.

n=—oo

Implication <: from Lemmas 2.7 and 2.8 we obtain that z(¢) is a C'-function.

We know that
K - (_l)k *(2k+1) —inT
_?; CIESA Jne

are the Fourier coefficients of —(K/7)sinz(t — 7). They are equal to inc,, — the
Fourier coefficients of 2/(t). So both —(K/7)sinz(t —7) and 2/(t) are continuous
and 2m-periodic functions with equal Fourier coefficients. Hence the functions
themselves are equal, and equation (1.1) is satisfied. |

Let us define a function F: R x X — C? (with the product topology on C%)
corresponding to equation (2.1):

o _1\k
F(r,c) := {inTei”Tcn + Kkz %(C*@k—i—l))n}
=0

oo

2% + 1)

n=—oo

Of course, having F(1,¢) = 0 is equivalent to the fact that 7, ¢ satisfies
equation (2.1). In the rest of the paper, we will show that F' has a nontrivial
zero. Let us note that F(7,¢), = F(1,¢)_p.

As we will use topological tools, we will want F' to be continuous. First, let
us note that the convolution is not continuous on the whole X (as written above,
we use the product topology on X) but we have:

LEMMA 2.9. The operation of convolution is continuous on each Xg

PROOF. Let us fix some 2°,94° € X5 and some §. Let Nj be large enough
that, for |n| > Ng, if z,y,2°,9y° € X then |z, — (2°),], |yn — (¥°)n| < &. Let us
take a neighbourhood U of (x°,4°) such that for each (x,y) € U we have, for all
In] < Ns, |2 — (2%)nl, |yn — (¥°)n| < §. Then, we will have:

(2% % y° — 2 s y)n] < (@0 % (4" = y))nl + 1((@° — 2) % y)nl,

1

(600 =l = 30 @100y — s 56D e

j=—o00 J=—00

This tends to zero as § — 0. After an analogous estimation for |((2° — ) * y),|,

we have that the convolution is continuous. O
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LEMMA 2.10. The function F is continuous on each Xg.

ProOF. The convolutions are continuous on each X g, and the result of a con-
volution lays in a X4 for some 3. Thus K 30 ((—=1)F/(2k + 1)) (c*@F+D),, is
continuous for each N. From estimates as in equation (2.2), we have that, for
each coeflicient, this series converges uniformly as N — oco. Hence, we obtain
that the limit K > o, ((—=1)/(2k + 1)!)(c*#+1D),, is continuous.
inT

The term inte'" ¢, is also continuous, so F' is continuous. O

3. Some estimates

As mentioned in the introduction, we will need some estimates to show that
the inequality holds in the neighbourhood of the ¢. We will use two kinds of sets:
¢+ X3, that will be used to obtain finer estimates (as 2 will be small) and Xg,
(where ;1 will be large enough to contain the whole set ¢+ Xg,) for some more
rough but simpler ones.

In this section, we will only assume about ¢ that almost all coefficients are
equal to zero. We will denote by Y] the space of the possible values of ¢ — the
set of sequences such that at most the elements —I, ... ,l are non-zero:

Y, :={ce X :if [n| > [ then ¢, = 0 for all n}.
First, let us note two simple properties:
OBSERVATION 3.1. Ifc € Y] then ¢** € Yy,.

LEMMA 3.2. Ifz,y € X then

n

*n n * *(n—
(x+y) =Z<k)x ko gy (n=h),

k=0

PROOF. Let the sequence = corresponds to a function f,(t), and let y corre-
sponds to a function f,(t). Then, the RHS corresponds to the function (f5(t) +
fy(t))™, while the LHS corresponds to >_p_o (1) fz(¢)* f,(t)"*. These functions
are equal, so their Fourier coefficients are as well. O

To estimate (K/p!)(x*P),, — an element of the sum in the equation (2.1) —
for x € Xg, it is enough to use Lemma 2.1. However, for the sets of the form
¢+ X3, we will use a more sophisticated estimates:

LEMMA 3.3. Letc €Y, p>1, 8> 0. Then, for any x € Xg and C = 10,
we have:

K *
\H@ww

K p—1 P lk ﬁp_k
< = *D *k|owp—k-1__ ~ .
< (1 '*;@ > et )

j=—Ilk
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PROOF. From Lemmas 2.1 and 3.2 we have:

K | KD\ ek 1)< & - A
o] < 5> (et ewr v < 55 () > el )
k=0 k=0 j=—o00
K S (p) g
<= c:;p + *k o/ k—1 )
(1 ngjgi" R
We have c € Y] so c;k =0 for j > kl what ends the proof. O

Of course, we can use the previous lemma only for a finite number of terms.
To estimate the tail, we will use a weaker estimate by using a neighbourhood of
the second type, applying Lemma 2.1 and summing the geometric sequence:

LEMMA 3.4. Let N be odd, 8 € [0; N/10]. If x € X3 then

- (=" L+ (2h+1) K- (gt p
\(Kkﬂ§§nm<2k+1» ) |< 5 o G

where C = 10.

ProOOF. Using Lemma 2.1 we have

(.2, mmm ),

k=(N—1)/2
= 1 *(2k+1
<K Z WKCE GFHD),|
k=(N—1)/2
K < (CB)** s
< Z -
- | 2k—(N-1 2
(N NEEED () + 1)
_K(CpN i e\ B
B NI —\ N? (In| +1)2
K(CpNt p

~ NI CB/NP) (al + 1%
The geometric sequence is convergent because if 3 < N/10 then (C3/N)? < 1.0

From Lemma 3.3 we can obtain an estimate that after multiplication by
(Jn| + 1)? is independent of n. That will be used to estimate the term in all
inequalities for high n’s with one formula:

LEMMA 3.5. Let 3 >0, c €Y, p>1, N > pl. Then for each x € Xg,
n > N we have:

K = D & ok p—k—1 (N +1)2 154
§w<§:Q)§:“”wm (N—m+n9um+nf

k=0 j=—lk

K
el (+p)
g
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ProOF. Note that if n > pl then ¢? = 0 and
B (n+1)? B (N+1)P B

(n=dl+1%  (n=j+1)? (n+1)? = (N=[j[+1)2 (n+1)

asn > N > j, then apply Lemma 3.3. 0

For the first terms, we will need to have a better estimate than in Lemma 3.3,
so we will regroup the terms (to understand why this regrouping helps, let us
compare two estimates: |1.1-z—1-2| < 1.1|z|+1|z| = 2.1|z| and |1.1- 2 —1-z| =
[(1.1 = D)z| = 0.1]z]).

LEMMA 3.6. Letx € Xg, c€ Y.

3
o (—1)* 2kt 1
inTe" (¢ + ) + KZ — (¢ + x)FD
' n
pars (2k +1)!
(s inT K *3 K *5 K *7
= (inte +K)Cn—§(0 )n‘FE(C )n—ﬁ(c )n
7 6l
+ (inTe"" 4+ K), + Z Z Vp.i T
p=1j=—61

where

K /3 K /(5 5 K (7
- *(3-p)y. 4 = #*(B5-p)y. _ #(7—p)y .
’YpaJ - 3! (p) (C P )J + 5! <p> (C P )J 7! <p> (C P )J

and we assume (}) =0 for k > n.

4. Proving the existence of the periodic solution

We will search for the orbit in the neighbourhood of ¢ and 7 defined in the
introduction. Let us define the sets and boundaries on which we will work:

X1 :ZXgl, Xo :=E+Xﬁ2v X3 = {yEXQ:yl—EleR},

T:=T—A71, T:=T+AT

where A7 = 0.000001, (52 = 0.0000002438, 31 = 0.766763.

We will prove that a solution exists in the set [r;7] x X3. The X is the
bigger but simpler neighbourhood, mentioned at the beginning of Section 3 —
the By, B2 are such that X5 C X;. Obviously, we have X3 C Xo.

As mentioned in the introduction, we will use the Galerkin projections of F'
with the condition y; — ¢; € R. This condition make the dimensions of the
domain and the image equal, what allows us to use the Brouwer local degree.
Hence the condition in X3. The P, and @); were defined in the introduction as
the projection and immersion of the finite-dimensional space. Let us first prove
the lemma stated in the introduction.
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LEMMA 4.1. Let 8 > 0, lp > 0, 7,7 € R be fized. If for each I >
there is a ¢! € Xz and 7, € [1,7] such that P,F(m,c') = O then there evists
(10,%) € [1,7] x Xg such that F(m0,c”) = 0. Moreover, if all the ¢! are in
a closed set D then ® € D.

PRrROOF. From the compactness of [1,7] x X3, there exists a subsequence Iy
such that ¢l converges to a limit c® and T, converges to 79. Let us fix n > 0
and note that, for [ > n, if P(F(7,¢)) = 0 then F(7,¢), = 0. Thus, from the
continuity of F', we have

F(mo, CO)" - klingo F(m,, Clk)" - klingo PlkF(levclk)n =0.

For n < 0 we have

F(19,%)n = klim F(le,cl"‘)n = klim F(m,,c%)_, =0.

— 00 — 00

Thus F(79,c%) = 0.
The last assertion follows from the fact that ¢ is then a limit of a sequence
in the closed set D. O

Before defining the homotopy, let us introduce some auxiliary notations.
Let us denote: f,(7) := inte". By L, we will denote the linear part of f,:
Lo(1) == f.(7)(1 = 7) = (ine™" — n2e"7) (1t — 7). By r, we will denote the
nonlinear part: r,(7) := fn(7) — fu(T) — Ln(7).

We will define the homotopy on the whole infinite-dimensional space

H:[0;1] x [1;7] x X3 — CZ.

It will be a bit more convenient to prove that there are no zeros on the boundary
for such a homotopy, and later use the Galerkin projections of it to deform
F; (that is the Galerkin projection of F' — see introduction). As written in
the introduction, the homotopy is a linear deformation of F' to a nearly linear
function G:
H(h,7,z) = hF(1,c+2)+ (1 - h)G(r,2)
where GG on the n-th coefficient is equal to:
{ (fn(T) + K)x, for n # +1,
G(1,2)p =
(fn(T)+ K 4+ 1,0+ V1,20)%n + L(7)C, for n = +1.
Where 7, ; is from Lemma 3.6. The z4+; € R (from the definition of X3), thus
for n = 1 we have x,,_2, = 5, = 2y, and the term 7; 2,22, that appears in
the definition of F' is in fact a linear term with respect to x,,.
The G is not strictly a linearization of F', as it does not contain all the linear
terms and it is not linear with respect to 7. However, it contains the most
important terms — the rest will be shown to be small compared to them.
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One can write explicit formulas for H. For n # £1 we have:

H(h,7,2)pn = (fu(7) + K)z,

- o~ (=D* ~#(2K+1)
1)+ K08+ K3 G (e, )

and, for n = £1,

H(t7 T, x)n = (fn(?> + K + ’Y1,0 + ’71,2n)xn + Ln(T)/c\n

~ -~ K ~x3 K ~x5 K ~xT
() + K)o = 3@+ 3@ 2T
7 6-5
heo D> mgmeth)y ] Y el
—6-5<j<6-5,j#0,2n p=2 j=—6-5

+ hrn (1)en + h(fu(7) = fu(T))zn + hR(C + ).

Where R is a short notation for:

0 k
R(y) =K %y*(%“)-
k=4
To show that any Galerkin projection of H does not have a zero on the
boundary of [1;7] X P;(X3), it is enough to show that H does not have a zero
on the boundary. More exactly:

THEOREM 4.2. Letx € X3, 7 € [1,T|. Let x be such that there exists n such
that |z,| = B2/(In] +1)? or let 7 € {z,7}. Then H(h,T,x) # 0 for all h € [0;1].

PROOF. The proof is computer assisted — the calculations are done by the
program. The computation is as follow.

First, let us note that if |z,| = B2/(|n| + 1)? for n < 0, then also |z_,| =
|7.] = B2/(] —n|+1)%, where —n > 0. Thus, it is enough to consider this
condition for n > 0 (and the case 7 € {7,7}). We do it in two steps.

Step 1. Let us assume that |x,| = B2/(|n| +1)? for some n > 0, n # 1. We
will show that H(h, T, x), # 0 (what obviously implies H (h, T,z) # 0). We have:

|H(h, T, )]

oo Nk
=+ Kyt 1 (1) 4 10+ Y o), )
k=1 ’

0k
> [(fu(r) + K)wn| - ‘ ((f,,(T) LR+ KY (2(k i)w ((x + E)*(2k+1))n> ’
k=1 '

Thus, it is enough to show:

|(fn(7) + K)zn| >

~ - (_1>k ~*(2k+1
(fn(T) +K)Cn+K; m((gﬁ"'c) (2t ))n"
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To prove it, we will use the estimates from the previous section to compute
a lower bound of the LHS and an upper bound of the RHS. As it will require a lot
of computations, we will use the program to compute the results. To overcome
the problem of computers being able to represent naturally only a finite subset
of R, we will use the interval arithmetics. It will compute some small intervals
where the mathematically strict results lies. This will be enough to be able to
prove the inequality — if the left bound of LHS estimate interval will be bigger
than the right bound of the RHS estimate interval, then the inequality will be
proved.
The LHS will be estimated by:

b
(In[+1)2

Pa

A1) [(fa(r) + K)aa| = || fa(r)] - K| T+ 12

|nT — K|

The 7 can be any number from the interval [1;7]. We can take advantage of
the interval arithmetics and substitute the whole interval as 7. Hence, for any
specified n, this estimate is computable by a program. We will use it for every
n < 225 to obtain an interval containing a mathematically strict lower bound
for the LHS.

Of course, our program cannot compute the bounds for each n € N sepa-
rately, thus for n > 225, we want to prove all the inequalities in some finite
computations. Thus, we have two cases:

(a) For n > 225. Let us multiply the estimate for LHS by (n + 1)%. We have

|(fu(7) + K)zn|(n + 1)? > |nT — K|B2 > (2257 — K)f32

what, after substituting [r; 7] for 7, gives us an estimate independent of n.
On the RHS, we have (f,(7) + K)c, = 0, because ¢,, = 0 for n > 225. Thus,
we have only the sum

Ki (_1)k ((.’L’+/C\>*(2k+l)>
= (2k +1)! "

ok

e _1)k
o @+ )]+ 'K 2 (;Ti)m(<x+e>*<2k+l>>n .

k=22

The terms for k = 1,...,21 are estimated from Lemma 3.5 (with N = 255).
For the sum for k > 22, we will use Lemma 3.4.

Both Lemmas 3.5 and 3.4 gives us estimates that after a multiplication
by (n + 1)? are independent of n. Of course, |LHS| > |RHS| is equivalent to
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|[LHS|(n 4+ 1)2 > |RHS|(n + 1)2, and the latter can be checked for every n > 255
by the program by checking just one inequality.

The program checks that inequality, and it is satisfied.

(b) For n < 225. In this case, the program computes a separate estimate for
each n € {0,2,3...,224} and checks that the inequalities are satisfied. We will
also have to use some more sophisticated estimates.

Let us use Lemma 3.6 to group the terms of the RHS:

k
) + 1060 1Y e

= | (Gl + KOz = 5@+ @ = @)

7 61
Y ek + RE+x)

p=1j=—61
~ K ~~k K ~k K ~~k
< | 4 08 = @+ B @) - B
7
Z Z 'Vpdx i| IR+ )
p=1 j=—6l
<[fnl(T) = fa@llenl + |(fu(T) + K)en — y(c 3)n + a(c 5)11 - ﬁ(c 7)n
iz 521052)”1 i K (2k-+1)
+ | pgl + |((z +2) D),
= —jl+1)? = (2k+1)!
+ K i ﬂ((:ﬂ—c) *(2k+1))
(2k + 1)! '
k=22
For the first term, we will use the estimate:
(42) 1(a(7) = Ju(FDI < mase 1) =7)
< m[ax] line™™™ — %™ - |AT| < In[ax](n +n27)|AT].
TE|T,T TE|T,T

To compute the maximum, it is enough to substitute [r,7] as 7 and use the
interval arithmetics — if we compute this expression for all possible 7, then the
result interval will also contain the value of the expression for the maximal 7.
Thus, the mathematically strict result will be in the interval.

The fact that this estimate grows quickly with n is irrelevant, as for n > 5
we have ¢,, = 0.

The [(fn(T) + K)&, — (K/3)(€*3), + (K/5)(¢*®)n, — (K/7)(¢*7),| can be
directly computed and is small as it is the numerical solution that is close to
Zero.
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The 22:1 Z?L_Gl 1Vp,i|(B2(1082)P~1 /(Jn — j| + 1)?) can be directly compu-
ted and is small for p > 1 as 103; is small. The terms for p = 1 happens to
be small and they are not a problem for the inequality to hold (if they were
not, we could try to change the coordinates to diagonalize the linear part). We
estimate (K/(2k + 1)))|((z +2)*@F+1),| for k € {4,...,21} from Lemma 3.3.
To estimate |K Y 5o oo ((—1)%/(2k + 1)) ((z +2)*(k+1),, |, we use Lemma 3.4. In
both estimates we have 1/(2k + 1)! with k large enough to make the result small.

Thus, we see that, unless the v;,. are big, the estimate of the RHS upper
bound should be small. And the program checks that they are — it computes this
upper bound of the RHS and the lower bound of the LHS from equation (4.1),
compares them and for each n in {0, 2,3, ... ,224} finds that the inequality holds.
This ends the case for n # 1.

LHS RHS
4.1792-1077 | 0.1687- 107
0.4474-1077 | 0.0958 - 107
0.5080-10~7 | 0.0827 - 107
0.4893-10~" | 0.0160- 107
0.4537-10=7 | 0.0118 - 107
0.4171-107" | 0.0070 - 107
0.3834-1077 | 0.3465- 107
0.3536-10~7 | 0.0040 - 107
0.3274-107" | 0.0036 - 10~7

© 00 N O Ut s W N OfS

TABLE 2. Estimates of the LHS and the RHS for small n. The estimates
obtained by the program. The RHS is closest to the LHS for n = 7, because
we have arbitrarily chosen ¢7 = 0. That makes the term |(fn(7) + K)¢n —
(K/30)(@*3)n 4 (K /5 (¢*)n — (K/T)(¢*")n| for n = 7 approximately equal
0.3411-1077.

Step 2. We have two cases left: 7 € {z,7} and |z1| = B2/4. We have two
variables left but only one equation — the equation for n = 1. However, this is
a complex equation and the variables are real, so we will be able to show that in
both cases H(7,x) # 0. Let us denote:

L. := Lyi(7)cy, Ly:=(fn(?)+ K+v1,0+7.2)21,

K _, K, K .
—g(c 3)n+a(c 5>n_ﬁ(c 7)n

7 61
D gt t D g AR ra(r)E H(f (1)~ f (7).

—61<5<61,j#0,2 p=2 j=—6l

N = (fu(7) + K2,
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The L., L,, N depend on 7, x, but to make the notation short, we skip it.
They are chosen such that G(r,2); = L, + L,, F(r,z)1 = L, + L, + N and
H(h,7,2)1 =L; + L, + hN.

If 7 € {z,7}, then we will show that:

(4.3) |Lr| > |Ly| + |N|
what will give H(h, T, x)1 # 0. The |L;| can be computed:
|Li(7)é1] = |in — n?| - AT - [En|n=1 = V2AT - [&1].
We estimate the terms in |[N| like for n # 1, with the exception of the new
terms: |(f(7) — f(7))zn| and |r,(7)¢,|. For the first one we use inequality (4.2).
For the second we use the estimate:

~ 1 ~ ~
(il < o |37 -7 e

T€[r;7]
= el max | — (2n? 4+ in®7)e"7| = &l max |2+ 47|
2 relnm) 2 relnm

Like for equation (4.2), we compute the maximum by substituting [r;7] for
7 and computing all the possible values.

Having all these estimates our program checks that the inequality (4.3) is
satisfied.

In the case |z1| = [2/4, the inequality |L,| > |L.| + |N| is obviously false.
To prove that there is no zero, we will need to use the fact that 7 € R and
1 € R. On Figure 1, we sketch how the sets of possible values of L, and
L, 4+ N look like on the complex plane. We see that they should not intersect,
ie. 0 ¢ L, — (Ly + N). That, for an estimate that is symmetric with respect
to 0, is equivalent to 0 ¢ L. + (L, + N).

Formally, we will show that

{tan[arg(LT)] c(myx) € [1,7] X X3, 1 = :I:%}

N {tan[arg(Lm +N)|:(r,z) € [1,7] X X3, 21 = :I:%} =

(where arg is the complex number argument). This implies that if we take an a
from the first set and a b from the second, then a+b # 0. Thus 0 # L, +L,+N =
H(h,7,2);.

The arg(L,) is easy to compute as this is tan arg((ie’” —e?7)¢; ), and tan arg 2
for a complex number z can be computed as Sz/Rz. To estimate the other set,
we will use the estimate for N from the previous point. Let us denote by A
the right end of the interval containing the upper bound for N. Then we have
IN| <A Thus, Ly + N € £(fu(7) + K + 71,0 +71.2)(B2/4) + [N Al + [ A5 Ali
and using the interval arithmetics we can find tanarg(L, + N).
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L,+ N

~

FI1GURE 1. The possible values of L and Ly + N

The program checks that these two sets are disjoint, and this ends the proof
of the theorem. O

To finish the proof of the existence of the orbit, let us define a second homo-
topy:
n(T+h(t—7))+ K)z,, for n # +1,
Hhray o { 4R =P) 4 E) /
(fu(T) + K + 710 + 71,20)T0 + L(1)er for n = £1.
It deforms G into:
n(T) + K)xy for n # £1,
GL(h, T JZ) — (f (A) ) 7&
(fn(T)+ K 4+ 71,0+ 71,20)20 + L(7)cr for n = £1.

LEMMA 4.3. If (1,2) € [1,T] X X3 such that T € {T,T} or there exists n such
that |x,| = B2/ (In| + 1)2 then H*(h,z,7) # 0.

PROOF. Let h, x, 7 be such that HY(h,z,7) = 0. Let n # £1. The
T+ h(r—=7) € [1;7) thus |fn(T+ h(T — 7)) + K| can be estimated as in equation
(4.1). For each such value we have proven that it is strictly greater than an
RHS> 0. Hence |f,(T+h(r — 7))+ K| > 0 and, if HX(h, 7,2) = 0, then z,, = 0.

Thus we have z,, = 0 for each n # +1. But then H*(h,7,z) = G(1,7) =
H(0,7,2) and H has no zeros on the boundary. O
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OBSERVATION 4.4. The Galerkin projection of H, i.e. H(T,y0,-..,y1) :=
PH(T,Qi(y0,---,u)) (for (yo,---,yn) € Rx R x C"!) is a homotopy from
FY(7,c+ ) to the projection of G. Analogously, the projection of H" is a homo-
topy from G to GL. There are no zeros on the boundaries for these homotopies.

OBSERVATION 4.5. The degree deg(Fy, [r,T] x P;(X3),0) is well defined.

PROOF. The homotopy H; for h = 1 have no zeros on the boundary and this
is Ij. O

LEMMA 4.6. deg(Fy, [r,7] X P(X3),0) #0

PROOF. We know that the degree of Fj is equal to the degree of the Galerkin
projection of G — let us denote it by GF. Function GF is linear. If the
determinant of the differential were zero then there would be a zero on the
boundary of any neighbourhood of (7,0). Hence, the determinant is non-zero.
That means that the degree is £1, i.e. non-zero. |

THEOREM 4.7. Equation (1.1) has a periodic solution for some T € [1,T]
whose Fourier coefficients are in the set Xs.

PROOF. From Lemma 4.6 we know that the local Brouwer degree is non-zero,
thus each Fj has a zero in X3. From Lemma 4.1 we have that F" has a zero in X3.
From Theorem 2.6 we obtain that in X3 there is a solution of the equation. [J

5. Conclusions

In this paper, I rigorously proved the existence of a periodic orbit for K = 1.6.
I was not able to show that the period is 4, although the numerical simulations
suggests that. We needed the 7 as a variable in the proof for the image and the
domain to have the same dimension.

The value K = 1.6 has been chosen, because it is easiest to find the ¢,, values
for an attracting orbit. However, using the Newton method, it should be possible
to find an approximation of an orbit which is not attracting (from the numerical
simulations, it seems to happen for K > 5.11). For larger K, the values of ¢,
may not decrease as fast, so we may need to diagonalize the first coefficients
of Fj, as mentioned in the proof.

Of course, the sinus function is periodic, so there exist infinitely many such
orbit that differ by 2k7 (k € Z). As mentioned, for K > 5.11 it seems that these
periodic orbits stop to be attracting. The orbits from numerical simulations
jump by 27, from one periodic orbit to another. This suggests heteroclinic
connections and chaos but proving it would require some new ideas.
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